


Learning the Art of Electronics 

This introduction to circuit design is unu ual in several respect . 

Fir. t it offers not ju t explanations, but a full lab course. Each of the 25 daily se ions begin with a 

discu ion of a particular so1t of circuit followed by the chance to try it out and see how it actually 

behave . Accordingly, . tudents understand the circuit's operation in a way that is deeper and much 

more sati sfying than the manipulation of formulas. 

Second, it describe circuits that more traditional engineering introduction would postpone: thus, 

on the third day we build a radio receiver; on the fifth day, we build an operational amplifier from 

an array of tran i tor . The digital half of the course center on applying microcontrollers, but gives 

expo ure to Verilog a powerful Hardware Description Language. 

Third it proceeds at a rapid pace but requires no prior knowledge of electronics . Students gain intuitive 
under tanding through immersion in good circuit design. 

• Each session i divided into several part , including Notes, Labs; many also have Worked Exam­
ples and Supplementary Note 

• An appendix introducing Veri log 

• Further appendices giving background facts on oscilloscopes Xilinx, transmi. -ion lines, pinouts, 
programs etc, plus advice on parts and equipment 

• Very little math: focus i on intuition and practical skills 

• A final chapter showcasing some projects built by students taking the course over the years 

Thomas C. Hayes reached electronics via a circuitous route that started in law school and eventually 
found him teaching Laboratory Electronic at Harvard, which he has done for thirty-five year . He 

ha. al o taught electronics for the Harvard Summer School, the Harvard Extension School, and for 

seventeen years in Boston University's Department of Phy ics. He hares author hip of one patent, 
for a device that logs exposure to therapeutic bright light. He and his colleagues are trying to launch 

this device with a startup company named Goodlux Technologies. Tom design circuits a the need 
for them arises in the electronics course. One . uch design is a versatile di play, serial interface and 

programmer for use with the microcomputer that students build in the course. 

Paul Horowitz is a Research Professor of Physics and of Electrical Engineering at Harvard Univer­

sity where in 1974 he originated the Laboratory Electronics course from which emerged The Art of 

Electronics. 
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Preface 

A book and a course 

This is a book for the impatient. It's for a person who's eager to get at the fun and fascination of 

putting electronics to work. The course queeze what we facetiou ly call "all of electronic " into 

about twenty-five days of class. Of course it is nowhere near all, but we hope it is enough to get an 
eager person launched and able to design circuit that do their ta k well. 

Our title claims that this volume, which obviou ly is a book, is also a course. It is that, because 

it embodie a class that Paul Horowitz and I taught together at Harvard for more than 25 years. It 
embodie that cour. e with great specificity, providing what are intended as day-at-a-time dose . 

A day at a time: Notes, Lab, Problems, Supplements 

Each day's dose includes not only the usual contents of a book on electronic - notes describing and 

explaining new circuits - but also a lab exercise, a chance to try out the day' new notions by building 

circuit that apply the e ideas. We think that building the circuits will let you understand them in a 

way that reading about them cannot. 

ln addition nearly every day include~ a worked example and many days include what we call 
"supplementary notes." These - for example, early notes on how to read resi tor and capacitors 

- are not for every reader. Some people don't need the note becau e they already understand the 

topic. Others will skip the note because they don't want to invest the time on a first pass through the 
book. That's fine. That's ju t what we mean by" upplementary:" it' omething (like a supplementary 

vitamin) that may be useful, but that you can quite safely live without. 

What's new? 

If any reader i acquainted with the Student Manual. . . , published in 1989 to accompany the second 

edition of The Art of Electronics it may be worth noting principal differences between thi book and 

that one. Fif't, thi book m ans to be elf- ufficient, wherea the earlier book was meant to be read 

alongside the larger work. Second the most important change in content are the e: 

• Analog: 

we devote a day primarily to the intriguing and difficult topic of parasitic oscillations and 
their cures; 

we give a day to building a "PID" circuit, tabilizing a feedback loop that control. a motors 

po ition. We apply signals that form three functions of an error ignal, the difference between 
target voltage and output voltage: "Proportional" (P), 'Integral" (I), and "Derivative" (D) 
functions of that difference. 
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• Digital: 

application of Programmable Logic Devices (PLDs or "PALs") programmed with the high­

level hardware description language (HDL), Verilog; 

a shift from use of a microprocessor to a microcontroller, in the computer section that con­

clude the course. This microcontroller, unlike a microprocessor, can operate with little or 

no additional circuitry, o it is well-suited to the con truction of useful device rather than 

computers. 

• Website: The book' website learningtheartofelectronics. com has a lot more things, in par­

ticular code in machine readable form. Appendix H lists these . 

. . . And the style of this book 

A reader will gather early on that this book, like the Student Manual i strikingly informal. Many 

figures are hand-drawn; notation may vary· explanations aim to help intuition rather than to offer a 
mathematical view of circuits. We emphasize design rather than analysis. And we try hard to devise 

applications for circuits that are fun: we like it when our de igns make sounds (on a good day they 

emit music) , and we like to ee motor pm. 

Who's likely to enjoy this book and course 

You need not resemble the students who take our cour eat the univer ity, but you may be interested to 

know who they are since the cour e evolved with them in mind. We teach the course in three distinct 

forms. Mo t of our students take it during fall and spring daytime classes at the College. There, about 

half are undergraduates in the cience and engineering· the other half are graduate students, including 

a few cross-regi tered from MIT who need an introduction quicker (and, admittedly Jes deep) than 

electronics cour ·es offered down there. (We don't get EE majors from there· we get people who want 

a le formal introduction to the subject.) 

In the night ver ion of the cour e we get most]y older tudent , many of whom work with tech­

nology and who have become curious about what' in the "box" that they work with. Most often the 

my terious "box" i imply a computer, and the student is a programmer. Sometimes the "box" is a 

lab setup (we get students from medical lab , acros. the river), or an industrial control apparatus that 

the student would like to demystify. 

In the summer version of the course, about half our students are rising high school seniors - and 

the ablest of these prove a point we've seen repeatedly: to learn circuit design you don't need to know 

any ubstantial amount of physics or ophisticated math. We ee this in the College course, too where 

some of our outstanding students have been Freshmen (though mo t tudent are at least two or three 

year older). 

And we can ' t help boasting, a' we did in the preface to the 1989 Student Manual, that once in a 

great while a professor takes our course or at lea t sits in. One of these buttonholed one of us recently 

in a hallway, on a visit to the University where he was to give a talk. 'Well, Tom," he said, "one of 

your tudents finally made good." He wa modestly referring to the fact that he'd recently won a Nobel 

Prize. We wish we could claim that we helped him get it. We can't But we're happy to have him as 

an alumnus. 1 

We expect that some of the e note will . trike you as elementary, some a exce sively dense: your 

I This was Frank Wilczek. He did sit quietly at the back of our class for a while, hoping for some insights into a simulation 
that he envisioned. If those insights came, they probably didn't come from us. 
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reaction naturally will reflect the uneven experience you have had with the topics we treat. Some of 

you are sophisticated programmers, and will sail through the assembly-language programming near 
the course's end; others will find it heavy going. That's all right. The course out of which thi book 
grew has a reputation a fun, and not difficult in one sen e, but difficult in another: the concept 

are straightforward; ab tractions are few. But we do pas a lot of information to our students in a 
hort time; we do expect them to achieve literacy rather fast. This cour e is a lot like an introductory 

language course, and we hope to teach by the method sometimes called immersion. It is the laboratory 
exercises that do the best teaching; we hope this book will help to make those exercises instructive. I 
have to add though, in the spirit of modern jurisprudence, a reminder to read the legal notice appended 

to this Preface. 

The mother ship: Horowitz & Hill's The Art of Electronics 

Paul Horowitz launched this course, 40-odd years ago, and he and Winfield Hill wrote the book that, 
in its various editions, has served as textbook for this course. That book, now in its third edition and 
which we will refer to as "AoE," remains the reference work on which we rely. We no longer require 

that students buy it as they take our course. It is o rich and dense that it might cause intellectual 
indigestion in a student just beginning his study of electronics. But we know that some of our students 
and reader will want to look more deeply into topics treated in this book, and to help those people we 
provide cross-references to AoE throughout this book. The fortunate student who has access to AoE 

can get more than this book by itself can offer. 

Analog and digital: a possible split 

In our College cour e we go through all the book's material in one term of about thirteen weeks. In 
the night course, which meets just once each week we do the same material in two terms. The first 

term treats analog (Days 1-13), the second treats digital (Days 14-26). We know that some other 
universities use the same split, analog versus digital. It is quite possible to do the digital half before 
the analog. Only on the first day of digital - when we ask that people build a logic gate from MOSFET 

switches - would a person without analog training need a little extra guidance. For the most part, the 
digital half treats its devices a black boxes that one need not crack open and understand. We do need 
to be aware of input and output properties, but these do not raise any subtle analog questions 

lt is also pos ible to pare the course somewhat, if necessary. We don't like to ee any of our labs 
missed, but we know that the summer version of the class, which compresse it all into a bit more than 
six weeks, make the tenth lab optional (Day 10 pre ents a "PID" motor controller) . And the summer 
course omits the gratifying but not-essential digital project lab, 20L, in which students build a device 

of their own design. 

Who helped especially with this book 

First, and mo t obviously, comes Paul Horowitz, my teacher long ago, my co-teacher for so many 

years, and all along a demanding and invaluable critic of the book as it evolved. Most of the book's 
hand-drawn figures a well, still arc his handiwork. Without Paul and his upport, this book would 
not exist. 

Second, I want to acknowledge the several friends and colleague who have looked closely at parts 
of the book and have improved and corrected the e parts. Two are friends with whom I once taught, 
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and who thus not only are expert in electronic but al o know the course well. These are Steve Morss 

and Jason Gallicchio. Steve and I taught together nearly thirty years ago. Back then, he helped me to 

try out and to understand new circuit . He then went off to found a company, but we stayed in touch, 

and when we began to use a logic compiler in the course (Verilog) I took advantage of his experience. 

Steve was generous with his advice and then with a close reading of our notes on the subject. As 

I first met Verilog' daunting range of powers it was very good to be able to consult a patient and 

experienced practitioner. 
Ja on helped especially with the notes on sampling. He has the appealing but also intimidating 

quality of being unable to give half-power, light criticism. I was looking for pointers on details. The 

draft of my notes came back glowing red with his a. tute markups. 1 got more help than I'd hoped for 

- but, of cour e that was good for the notes. 

A happy benefit of working where I do i to be able to draw on the extremely knowledgeable 

people about me, when I'm stumped. Jim MacArthur runs the electronics shop, here, and is always 

overworked. I could count on finding him in hi lab on most weekends, and, if I did, he would accept 

an interruption for que tions either practical or deep. David Abrams is a imilarly knowledgeable 

colleague who twice has helped me to explain to students results that l and the rest of us could not 

under tand. With experience in industry as well as in teaching our course, David i anoth r specially 

valuable resource. 

Curtis Mead, one of Paul Horowitz's graduate. tudents, gave generously of his skill in circuit layout, 

to help us make the LCD board that we use in the digital part of this cour e. Jake Connors, who had 

served a our teaching assi tant, also helped to produce the LCD boards that Curtis had laid out. 

Randall Brigg , another of our former TAs, helped by giving a keen close reading. 

It probably goes without aying but let say it: whatever is wrong in this book despite the help 
I've had, is my own responsibility, my own contribution , not that of any wise advisor. 

In the laborious proce s of producing readable ver ion of the book thousand-odd diagrams two 

people gave es ential help. My son, Jamie Hayes helped first by drawing and then by improving the 

digital images of canned drawings. Ray Craighead, a skilled illustrator whom we found online,2 made 

up intelligently rendered computer image. from our raggedy hand-drawn 01iginals. He was able to do 

thi in a style that does not jar too strikingly when placed alongside our many hand-drawn figures. We 

found no one el e able to do what Ray did. 

Then when the piece were approximately as ·embled, but still very ragged the dreadfully hard job 

of putting the pieces together, finding inconsistencies and repetitions, cutting reference to figure that 
had been cut, attempting to impose ome consistency. ("Carry _Out' rather than "Carry0 u/' or "Coui" 

- at least on the ame page - and so on) in 1000 page or so, fell to my editor, David Tranah. He put 

up not only with the initial raggedne s, but also with continual small changes, right to the end, and he 
did thi soon after he had completed a. imilarly exhau ting editing of AoE. For this unflagging effort 

I am both admiring and grateful. 

And, finally, I should thank my wife, Debbie Mill , for tolerating the tiresome sight of me sitting, 

di tracted, in many ettings - on back porch vacation terrace in Italy fireside chair - poking away at 

r visions. She will be glad that the book, at last is done. 

2 See craighead.com. 
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Legal notice 

In this book we have attempted to teach the techniques of electronic design, using circuit exam­
ples and data that we believe to be accurate. However, the examples, data, and other information 
are intended solely as teaching aids and should not be used in any particular application without 
independent testing and verification by the person making the application. Independent testing 
and verification are especially important in any application in which incorrect functioning could 
result in personal injury or damage to property. 

For these reasons, we make no warranties, express or implied, that the examples, data, or 
other information in this volume are free of error, that they are consistent with industry stan­
dards, or that they will meet the requirements for any particular application. THE AUTHORS 
AND PUBLISHER EXPRESSLY DISCLAIM THE IMPLIED WARRANTIES OF MERCH­
ANTABILITY AND OF FITNESS FOR ANY PARTICULAR PURPOSE, even if the authors 
have been advised of a particular purpose, and even if a particular purpose is indicated in the 
book. The authors and publisher also disclaim all liability for direct, indirect, incidental, or con­
sequential damages that result from any use of the examples, data, or other information in this 
book. 

In addition, we make no representation regarding whether use of the examples, data, or other 
information in this volume might infringe others' intellectual property rights, including US and 
foreign patents. It is the reader's sole responsibility to ensure that he or she is not infringing any 
intellectual property rights, even for use which is considered to be experimental in nature. By 
using any of the examples, data, or other information in this volume, the reader has agreed to 
assume all liability for any damages arising from or relating to such use, regardless of whether 
such liability is based on intellectual property or any other cause of action, and regardless of 
whether the damages are direct, indirect, incidental, consequential, or any other type of damage. 
The authors and publisher disclaim any such liability. 



Overview, as the Course begins 

The circuit of the first three days in thi . course are humbler than what you will see later, and the 

devices you meet here are probably more familiar to you than, ay, transistors, operational amplifiers 

- or microprocessors: Ohm's Law will surprise none of you; I = CdV /dt probably sound at least 

vaguely familiar. 

But the circuit elements that this section treats - passive devices - appear over and over in later 

active circuit . So, if a student happen. to tell u , "I m going to be away on the day you're doing 

Lab 2" we tell her she will have to make up the lab omehow. We tell her that the second lab, on RC 
circuit , is the most important in the course. If you do not use that lab to cement your understanding 

of RC circuit - especially filters - then you will be haunted by muddled thinking for at least the 

remainder of the analog part of the course. 

Resistor will give you no trouble· diodes will seem simple enough, at least in the view that we 

. ettle for: they are one-way conductors. Capacitor and inductors behave more strangely. We wilJ ee 

very few circuits that use inductor , but a great many that use capacitors. You are likely to need a 

good deal of practice before you get comfortable with the central facts of capacitors' behavior - easy 

to state hard to get an intuitive grip on: they pa s AC, block DC, and only rarely cause large pha e 

hifts. 

We hould also restate a word of reassurance: you can manage this course perfectly even if the' - )" 

in the expression for the capacitor's impedance is completely unfamiliar to you. If you consult AoE 

and after reading about complex impedances in AoE's spectacularly den e Math Review (Appendix 

A) you feel that you must be spectacularly dense, don't worry. That is the place in the course where 

the queami h may begin to wonder if they ought to retreat to some slower-paced treatment of the 

ubject. Do not give up at this point· hang on until you have seen transistors, at least. One of the most 

, triking qualitie of thi book i it chee1ful evasion of complexity whenever a simpler account can 

carry you to a good design. The treatment of transistors offers a good example, and you ought to stay 

with the course long enough to see that: the transistor chapter is difficult, but wonderfully simpler than 

most other treatments of the subject. You will begin designing u eful transistor circuits on your fir t 

day with the ubject. 

It i also in the first three labs that you will get u ed to the lab instruments - and especially to the 

most important of these, the oscilloscope. It is a complex machine; only practice will teach you to 

use it well. Do not make the common mistake of thinking that the person next to you who i turning 

knob so confidently, flipping switche and adjusting trigger level - all on the first or second day of 

the cour e - is smarter than you are. No, that person ha done it before. In two week , you too will 

be making the scope do your bidding - assuming that you don ' t leave the work to that person next to 

you who knew it all from the tart. 

The image. on the scope screen make silent and invisible events vi ible, though strangely abstracted 

a · we]l· these cope trace will become your mental images of what happens in your circuits. The 

cope will erve as a time microscope that will let you see event that last a handful of nanoseconds: 
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the length of time light takes to get from you to the person sitting a little way down the lab bench. 
You may even find yourself reacting emotionally to shapes on the creen, feeling good when you see 
a smooth, handsome sinewave, disturbed when you see the peaks of the ine clipped, or its shape 
warped; annoyed when fuzz grows on your waveforms. 

Anticipating some of these experiences, and to get you in the mood to enjoy the coming weeks in 

which small events will paint their self-portraits on your screen, we offer you a view of some scope 
traces that never quite occurred, and that nevertheless seem just about right: just what a scope would 
show if it could. Th1s drawing wa posted on my door for years, and students who happened by would 
pause peer, hesitate - evidently working a bit to put a mental frame around these not-quite-possible 
pictures. Sometimes a person would ask if these are scope traces. They are not, of course; the leap 
beyond what a scope can show was the artist's: Saul Steinberg's. Graciously, he has allowed us to 
show his drawing here. We hope you enjoy it. Perhaps it will help you to look on your less exotic 
scope displays with a little of the respect and wonder with which we have to look on the traces below. 
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• DC voltage sources (things whose output voltage is constant over time; things like a battery, or a 
lab power supply); and ... 

• resistors. 

Sounds simple, and it is. We will try to point out quick ways to handle these familiar circuit elements. 
We will concentrate on one circuit fragment, the voltage divider. 

lN.1.1 Why? 

In each day s class notes we will sketch the sort of task that the day's material might let us accomplish. 
We do this to try to head off a challenge likely to occur to any keptical reader: OK, thL is a something­

or-other circuit, but what' it for? Why do I need a something-or-other? Thi. is an integrator- but why 
do I want an integrator? Here i our fir t try at providing uch a sample application: 

Problem Given a constant(' DC") voltage source, design a lower voltage source trong enough to 

' d1ive' a particular "load' resistance. 
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Shorthand version of the problem: Make a voltage divider to deliver a , pecified voltage. Arrange 

thing so that increasing Joad cu1Tent to a maximum cause V001 to vary by no more than a specified 
percentage. 

lN.1.2 What is "the art of electronics?" 

Not art that you're likely to find in a museum I but art in an older en e: a craft.2 No doubt the title of 
The A rt of Electronics (hereafter referred to as "AoE") was chosen with an awareness of the suggestion 

that there something borderline-magical available here: perhap a hint of "black art"? ..... I A_o_E_§_1._1 __ __.. 

Here is AoE' formulation of the subject of thi course: 

the laws, rules of thumb, and tricks that constitute the art of electronics as we see it. 

A you may have gathered if you have Jooked at the text, this course differs from an engineering 

electronic · course in concentrating on the "rules of thumb' and the bag of "tricks.' You will learn to 

use rules of thumb and reliable "tricks" without apology. With their help you will be able to leave the 
calculator-bound novice engineer in the dust! 

lN.1.3 What the course is not about 

Wire my basement? Fix my TV? 
Alumni of this course sometimes are asked for help that is beyond their capacities, and sometime 

below - or beside - what they know. "So, now you can wire some outlets in my basement?" No. 

Thi course won' t help much with that task, which is easy in a ens<:? but difficult in another, in that 

it requires a detailed knowledge of electrical codes (required wire gauge · types of jacketing; where 

ground-fault-interrupter are required). And when your friend's TV quits, you're probably not going 

to want to fix it: much of the set's circuitry will be embodied in mysterious proprietary integrated 

circuit ; an effective repair - if it were economically worthwhile - would likely amount to ordering 

a replacement for a substantial module, rather than replacing a burned-out resistor or transistor, as in 

the good old day of big and fixable devices. 

Delivering power 
A subtler point is worth making a well: only now and then in this course, do we unde1iake to deliver 

power to something (the "something" is conventionally called a "load'). Occasionally, we are int.er­

e ted in doing that: when we want to make a loud ound from a speaker, or want to spin a motor. But 

much more often, we would like to minimize the flow of power; we are concerned, instead, with the 

flow of information. 

On the wall of the lobby of MIT's Electrical Engineering building is a huge blowup of a photo of 

some MIT engineers standing among what look like large generators or motors, each about the ize 

of a small cow. The photo in Fig. 1 N. l seem to date from the 1930s. 

The "Electrical , ' back then, were concerned mostly with tho e big machines: with delivering 

power. ft was the power companies that were hiring, when one of our uncle finished at MIT, around 

1936. Hoover Dam, finished in 1935, was the engineering wonder of the day. Big was beautiful. 

(Even now, Hoover Darns web ite boasts of the dams weight! - 6.6 million tons in ca e you were 
wondering.) 

I But see, if you find yourself in Mun ich, a spectacular exception : the world 's greate t mu cum of science and technology, 

the Deutsche Mu eum. There you will find wondedul machines demonstrating such arcana a the history of the 
manufacture of threaded fasteners. 

2 ' An industrial pur uit. .. of a ski lled nature; a craft, bu ine ' s, profession ." Oxford Engli h Dictionary ( 1989). 
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lN.1.4 

lN.2 Three laws 

Figure IN.I Electronics ca . 1935 
[used with permission of MIT.] 

What the course is about: processing information 

5 

Times have changed, as you may have noticed. Small is beautiful; nano i extra beautiful - and elec­

tronics, the e days, is concerned mostly with processing information.3 So, we like circuits that pass 
and process signal while generating very little heat - u ing very little power. We like, for example, 

digital circuits made out of field-effect transi tors that form witches; they offer low output impedance, 

gargantuan input impedance, and quie cent current of approximately zero. To a good approximation 

they're not tran ferring power, not u ing it, not delivering it. They're dealing in information. That's 

almost always what we ' IJ be doing in this course. 

Obvious, perhaps? Perhaps. 
We will postpone till next time- not to overload you, on the fir t day - discussion of a related topic: 

just what form the information is likely to take, in our circuit : voltage versu current. The answer 

may urpri e you; or you may be inclined to reject the question as empty, ince you know that long 

ago Ohm taught us that current and voltage in a device can be intimately related. Next time, we' ll 

try to persuade you that you ought not to reject the question; that it 's worth considering whether the 

signal is represented as a voltage or as a current (and ee Note 1 S on this topic) . 

Now on to le s abstract topics and our first useful circuit: a voltage divider. 

lN.2 Three laws 

A glance at three laws: Ohm's law, and Kirchhoff's law (Voltage - "KVL" and cunent-' KCL") . 

We rely on these rules continually, in electronics . Nevertheless we rarely will mention Kirchhoff 

again. We use his observation implicitly. By contrast, we will see and use Ohm 's law a lot; no one has 

gotten around to doing what s demanded by the bumper sticker one ee around MIT: Repeal Ohm 's 

Law! 

lN .2.1 Ohm's law: V = IR 

• V is the analog of water pre sure or 'head' of water 
• R describe the re, triction of flow 

• I is the rate of flow volume/unit time) 

The homely hydraulic analogy works pretty well, if you don't pu hit too far - and if you re not too 
proud to u. e such an aid to intuition. 

3 We gue. s a potentially big exception i the continuing struggle to produce an effi ienr and economically-viable 
e/ecrrically-po11·ered car. Some glory awaits the e/ectricals who ucceed at that ta k. 
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Figure lN.2 Hydraulic analogy: voltage as head of water, 
etc. Use it if it helps your intuition . 

What is "voltage," and other deeper questions 

./""-~'1\t'J"" ..... ,,_ 

~ ~,,,...-
.,,--y,/" ,,..,,_ ./' '°\,-

Sed. ,,,--

For the most part, we will evade such deep questions in thi cour e. We're inclined to say, "Oh, a Volt 

is what pushes an Amp through an Ohm." But you don't have to be quite so glib (you don ' t have to 

sound so much l.ike a Harvard student!). A less circular definition of voltage i the potential energy 

per unit charge. Or, equivalently, it can be defined as the work done to move a unit charge against an 

electric field (a word that we hope doesn' t woffy you; we sugge t you try to get accustomed to use of 

the word, even if you have re ervations about its usefulness4), from one electric potential (analogous 

to a position on a hill ide) to a higher potential (higher on the hillside). 

Figure lN.3 Voltage is work to raise a unit charge 
from one level to a higher level ( or "potential"). 

The voltage difference between two points on the hillside (or stairca e, as in Fig. lN.3) can be 

described as a difference in electric potential or voltage. The so-called "electric field' will tend to 

push that charge back down, just as gravity will tend to push the water down from the tank. You may 

or may not be interested to know that one volt is the work done as one adds one joule of potential 

energy to one coulomb of charge.5 But we'll not again speak in these terms - which sound more like 

phy ics than like language for the 'art of electronics." 

"Ground" 
Sometimes we speak of a voltage relative to some absolute reference - perhaps the planet earth (or a 

bit more practically, the potential at the place where a copper pike has been driven into the ground, 

in the basement of the building where you are doing your electronics). In the hydraulic analogy, that 

absolute zero-reference might be sea-level. More often, a we will reiterate below, we are interested 

only in relative voltages: differences in potential measured relative to an arbitrary reference point, not 

relative to planet earth. 

Ohm 's is a very useful rule· but it applie only to thing that behave like resistors . What are these? 

4 You may be inclined to wonder, as Purcell suggests in hi . excellent book, " ... what i a field? I it something real or i it 

merely a name for a fac tor in an equation which ha to be multiplied by something else to give the numerical value of the 
force we mea urc in an experiment?" E.M. Purcell and D.J . Morin. Elecrricity and Magnetism. 3rd ed. (2013), §1.7. Purcell 
makes a per ua ive argument that the concept of "field" i u efu l. 

5 See Purcell and Morin. §2.2. 



j AoE §C.4 

j AoE § l .2.6 

lN.2 Three laws 7 

They are things that obey Ohm' Law! (Sorry folks: that' a deeply as we'll look at this question in 
this course. 6) 

Why does Ohm's law hold? 
The restriction of current flow that we call "resi tance ' - which we might contrast with the very-easy 

flow of current in a piece of wire 7 - occurs because the charge-carrying electrons, accelerated by an 

electric field, bump into obstacle (vibratjons of the atomic lattice) after a ho1t free flight, and then 

have to be re-accelerated in the direction of the field. Materials that are good conductors - metal -

have a sub tantial population of electrons that are not tightly bound and con equently are free to travel 

when pushed. The conductivity of a metal depends on the density of the population of charge carriers 
(u ually un-bound electrons) and it' kind of reassuring to find that conductivity degrades with ri ing 

temperature: the free flights become shorter, as electrons bump into the jumpier atoms of the hotter 

material. This effect you will see confirmed in Lab IL if things come out right in your experiment 

(you'll have to do a little reasoning to ee this effect confirmed; the notes to Lab IL do not point 

out where this occurs). The stronger the field, the faster the drift of the electron . Field strength goes 

with voltage difference between two points on the conductor; rate of drift of the electrons measures 

current. So, Ohm's Law is pretty plausible. 

What determines the value of a resistor? 
A "resistor" is also, of course, a "conductor"; it may seem a bit perverse to call this thing that is 

inserted in a circuit to permit current flow a "re istor." But the name comes from the assumption that 

the re istor is inserted where an excellent conductor - a piece of wire - might have stood, instead. To 

make a resi tor one can use either of two strategies: to make a "carbon composition' resistor (the sort 

that we' ll use in lab because their value, are relatively easy to read), one mjxe up a batch of powdered 

insulator and powdered conductor (carbon) adjusting the proportions to give the material a particular 

resistivity. To make a "metal film' resistor (much the more common type, these days), one "deposits" 
a thin film of metal on a ceramic substrate, and then partially cuts away the thin conducting film. 

How generally does Ohm 's law apply? We begin almost at once to meet devices that do not obey 

Ohm's Law (see Lab IL: a lamp; a diode). Ohm's Law describes one possible relation between V and 

I in a component; but there are others. As AoE ays, 

Crudely speaking, the name of the game i to make and use gadgets that have interesting and useful I versus V 
characteristics. 

In a resistor, cunent and voltage are proportional in a nice, linear way: double the voltage and you 
get double the current. Ohm' Law holds. Don't expect to use it where it doesn't fit. Even the lamp -

whose filament i, just a piece of metal that one might expect would behave like a resistor - doesn't 
follow Ohm's Law, as you'll see in Lab 1L. Why not?8 

... But we can extend the reach of Ohm's law? Dynamic resistance: After today, we rarely will 

limit ourselves to device that show simply resistance - and as we have aid, even the resistor-like 
lamp that you meet in Lab IL along with the diode, defy Ohm's-Law treatment. But an extended 

version of Ohm' Law that we'll call dynamic resistance will allow u to apply the familiar rule in 

6 If thi remark frustrates you. see an ordinary E&M book; for example, see the good discus ion of the topic in E.M . Purcell 
and D.J. Morin , Elecrricity & Magneti m, 3rd ed. (2013), or in S. Burns and P. Bond, Principles of Electronic Circuits 
(1987). 

7 You may prefer the contrast with a superconductor who. e resistance is not just small but i zero . 
8 Here a powerful clue: it would follow Ohm's Law if you could hold the filament '. temperature constant. 
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etting where otherwi e it would not work. The idea i just to define a local re istance - the tangent 

to the lope of the device s V-1 curve: 

Rctynamic = 6 V / 6 / . 

This redefinition allow us to talk about the effective resistance of a diode, a transi tor, or a current 

ource (a circuit that holds current con tant). Here i a sketch of a diodes V-l curve - oriented so 

that V is the vertical axis . This orientation puts the curves' slope into the familiar unit , Ohms (rather 

than into 1 / Ohms,9 as in the more tandard l-V plot). 

v 
2 

f 
o~ CURRENT f)~ SOURCE 

(<,(/j I 

<f 01 tfE 

5 I(mA) 

v 
1.0 
0.8 
0.6 
0.4 
0.2 

1 I(mA) 

Figure lN.4 Dynamic resistance 
illustrated : local slope can be defined 
for devices that are not Ohmic. 

SEVERAL V-I 
CURVES-­
ONLY ONE Ohmic 

OETAILS OF 
0/00ECURVE 

You may like the resistor's well-behaved traight line, becau e it i familiar. But the nice thing 

about the notion of Rctynamic i that is o broad-minded: it i happy to describe the V-1 curve (or ' l -V 
curve' as it is more often called) for any device. It will happily fit a transi tor, an exotic cun-ent ource 

- anything. The nearly-vertical plot of the current source, implying enormous Rctynamic, will become 

important to your under tanding of transi tors. 

Power in a resistor: Power is the rate of doing work as you may recall from a course on mechanics. 

The concept comes up most often, in electronics, when one tries to specify a component that can 

afely handle the power that it i. likely to have to dissipate. High power produces high heat, and 

calls for a component capable of unloading or dissipating that heat. The three resistors hown below 

illustrate the rough relation between power rating and size - because large size usually offers large 

area in contact with the surroundings or "ambient. ' 

The indicated power ratings how the maximum that each can di sipate without damage. The tiny 

"surface-mount' on the left ('"0805 size," large by urface-mount standards) dissipate more than one 

might expect if one compares its size to that the of the l/4W carbon-comp (the sort we use in the lab)· 

it does better than one might expect because it is soldered directly to a circuit board, whose copper 

traces help to draw off and diss ipate it heat. 

In the coming lab you will sometimes run into the question whether your component can handle 

the power that is expected. Our u ual resistor are rated at J/4W. You can confirm that such a resistor 

can handle 15V (our usual maximum supply voltage) if the re i tor' value is at least lkQ. Let's try 

that calculation: P = T x V. 
Thank to Ohm's Law, the formula for power can be written in any of three ways: 

• P = I x V (as weju t said); but since V = IR 
• P = I 2R; and since I = V / R. 

9 . .. or Siemens. the official name for inverse Ohms. 

I AoE § I .2.2C 
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• P = V2 /R 

lN.2 Three laws 

Figure lN.5 Three resistors (plus a 
pretty good copper-nickel-a lloy 
conductor) . 

g 

In the present ca. e, it is the last form that is most useful. 1/4W = 152 / Rmin · SoRmin = 225/(1/4) = 
900. So lk is close to the minimum safe value, at 15V (910 would be safe, but let ' not be so fussy· 

call it lk. 
So far, we have mentioned only power in a resistor. The notion is more general than that, and the 

formula 

P = V x i 

holds for any electronic component. 

A closer look at what we mean by V and I makes this formula seem almost obviou : 

• current measure charge/time 

• voltage measures work/charge 

So the product V x I= work/charge x charge/time= work/time and this i power. 

In this course, the exceptional cases where we do worry about power are those cases in which we 
either use large voltage swing (for example, the 30V output swing of the comparator" in Lab 8L) or 

want to provide unu ually large currents (for example, the speaker drive of Lab 6L, the light-emitting 

diode drive of the music-tran mission lab, 13L, and the voltage regulators of Lab 11 L). 

lN .2.2 Kirchhoff's laws: V, I 

These two ' laws probably only codify what you think you know through common sen e: 

• Sum of voltages around the loop (or "circuit") is zero; ee Fig. lN.6, left. 

• Sum of currents in and out of a node is zero (algebraic sum of cour e); see Fig. lN.6, right. 

Figure lN.6 Kirchhoff's two 
laws. Left : KVL - sum of 
voltages around a loop is zero; 
right : KCL - sum of currents 
in and out of a node is zero. 
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Applications of these laws: series and parallel circuits: 

Series /101.aJ = 11 = '2 
Parallel ltotal = l 1 + Ii 
Series Vtotal = Vi + V2 

Parallel Ytotal = Vi = V2 

Figure lN.7 Applications of Kirchhoff's laws: series 
and parallel circuits: a couple of truisms, probably 
familiar to you already 

,---. 
\1. I1l R1 
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~ 12! R2 
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V1 R1 R2 
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Query Incidentally, where is the "loop" that Kirchhoff 's law refers to? Answer: the "loop" (or 

"circuit,' a near- ynonym) is apparent if one draws the voltage source as a circuit element and ties its 

foot to the foot of the R: ee Fig. 1 N.8. 

+ 30 v 

n,, dooJn't ( ok ... 1.rh.ereas th.~s Joes; + 
' t·l [-IYWO\ ,.<e a r>op ... bvt they're eler. t v-i c al/j ....:::_ 30 v 

eqyiva.!e~it. 

Figure lN.8 Voltage divider redrawn to 
look more like a "loop" or "ci rcuit". 

Usually we don' t bother to draw the voltage ource that way; we label points with voltage vaJues, 

and assume that you can picture the circuit path for yourself, if you choose to. 

This is kind of boring. So, let's hurry on to less abstract circuits: to applications - and trick . First, 

some labor-saving tricks. 

Parallel resistances: calculating equivalent R 
The conductances add: 

Conductancetotal = Conductance 1 + Conductance2 = l / R 1 + 1 / R2 
Figure lN.9 

This is the ea y notion to remember, but not usually convenient to apply, for one rarely speaks of Parallel resistors: 
conductances. The notion resistance" i so generally used that you will ometimes want to use the the conductances 

add; unfortunately, 
formula for the effective resistance of two parallel resistors: 

Believe it or not, even this formula is messier than what we like to ask you to work with in thi 

the resistances 
don 't . 
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lN.3 First application: voltage divider 11 

course. So we proceed immediately to some trick that let you do mo t work in your head. Consider 

the easy cases in Fig. lN.10. The first two are especially important, because they help one to estimate 

the effect of a circuit one can liken to either case. Labor-saving tricks that give you an estimate are not 

to be corned: if you see an easy way to an estimate, you 're likely to make the estimate. If you have to 

work too hard to get the an wer, you may find yourself simply not making the estimate. A deadly trap 
for the student doing a lab is the thought, 'Oh, [ ' JI calculate this later - some time this evening, when 

I'm comfortable in front of a spreadsheet." This student won't get to that calculation! The leftmost 

case in Fig. lN.10 surely doesn' t call for pulling out a formula: two equal Rs paralleled behave like 

R/ 2. The middle case is easier still, given that we're willing to ignore error under LO%. (On the other 
hand when you do want to trim an R value by 10% this is an easy way to do just that.) The rightmo t 

calls for slightly more imagination: think of the lone Ras a paralleling of two resistors of equal value: 

l / R = 2/ 2R. Then the whole looks like three paralleled resistors, each of value 2R. The result then i 

2R/ 3. 

R R. 10R 
Figure lN.10 
Parallel Rs: 
Some easy cases. 

In this course we usually are content with answers good to 10%. So, if two parallel resistor differ 
by a factor of ten or more, then we can ignore the larger of the two. 

Let 's elevate this observation to a rule of thumb (our first). While we're at it, we can tate the 

equivalent rule for resistors in series. 

Small 'fl 

lN.3 

Figure lN.11 Resistor calculation 
shortcut: parallel , series. In a parallel 

small R. circuit, a resistor much smaller than 
others dominates. In a series circuit, the 

larger resistor dominates. 

First application: voltage divider 

Why dividers? Are divider necessary? Why not tart with the right voltage? The answer as you 

know, is just that a typical circuit needs several voltages, and building a "power supply" to deliver 

each voltage is impractical (meaning, mostly, expensive). You ' ll soon be designing power supplies, 

and certainly at that time will appreciate how much simpler a voltage divider is, compared to a full 
power supply. 

To illustrate the point that voltage divider are useful , and not ju t an academic device used to 

provide an easy introduction to circuitry, we offer here a piece of a fairly complex device, a ''function 

generator" - the box that soon will be providing waveforms to the circuit that you build in Lab 2L. 

Fig. 1 N.12 show pat1 of the circuitry that converts a triangular waveform into a inusoidal shape. 
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Figure lN.12 Voltage dividers in a function generator: dividers are not just for beginners [Krohn-Hite 
1400 function generator) . 

Aside: variable dividers or "potentiometers": Before we look closely at an ordinary divider, let' note 

a variation that's often useful: a voltage divider that is adjustable. This circuit, available a ready-made 
component, is called a "potentiometer." 

Figure lN.13 Symbol for 
potentiometer, and its 
construction. 

Poteh1i ometer 

+ 

[nds of ~ OVT 
Fixed Reststw~--~-

5l i 'er 
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The name describes the circuit pretty well: the device "meters" or measures out 'potential." Recall­

ing this may help you to keep separate the two way to use the device: 

• a a potentiometer versus ... 

• a. a variable re istor 

"Variable resistor:" just one way to use a pot : The component is called a potentiometer (a 3-terminal 

device) but it can be u ed as a variable resistor (a 2-terminal device). 

The pot become a variable resistor if one uses just one end of the fixed re istor and the lider, or if 

(somewhat better) one ties the slider to one end. 10 

IO The difference between thos two option i subtle. If the fixed resi tance i , say lOOk, the variable resi tance range for 
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Figure lN.14 A "pot" can be wired to operate as a 
variable resistor. 

How the potentiometer is constructed: It helps to see how the thing is constructed. In Fig. 1 N .15 
are photo of two potentiometer . It i not hard to recognize how the large one on the left works. A 

(fixed wire-wound resistor, not insulated, follows most of the way around a circle. A sliding contact 

presse again. t thi wire-wound resistor. It can be rotated to either extreme. 

slider contact 

~ 
fixed resistor (uninsulated) 

end 
terminals 

slider 
terminal 

big old (high power) potentiometer 
small trim pot 

(top view; 0.5'' dia) 

slider 
( makes contact 
joining slider contact 
to fixed resistor) 

guts of small trim pot 

Figure lN.15 
Potentiometer 
construction 
details . 

JO v At the po ition hown. the contact eems to be about 70% of the way between lower and upper 

terminals. If the upper terminal were at 1 OV and the lower one at ground, the out.put at the slider 

1ok terminal would be about 7V. 

1ok 

Figure lN.16 
Voltage divider . 

The mailer pot shown in middle and right of Fig. IN.15 (and bown enlarged relative to the left­

hand device) is fundamentally the ame, but constructed in a way that makes it compact. Its fixed 
resistor - of value 1 kQ - is made not of wound wire but of "cermet:· 11 

lN.3 .1 A voltage divider to analyze 

Figur 1N. l6 i a imple example of the more common .fixed voltage divider. At last we have reached 
a circuit that doe something u eful. It delivers a voltage of the designer choice· a voltage les than 
the original or" ource' voltage. 

Fir ·t, a note on labeling: we label the resi tor " 1 Ok' ; we omit " Q." lt goes without sayj ng. The "k" 

means kilo- or I 03 , a you probably know. 

One can calculate Your in several ways. We will try to push you toward the way that make. it easy 
to get an an, wer in your head. 

eilher arrangement is Oto l OOk. The difference - and th rea ·on to prefer tying lider to an end - appears if the pot 
become dirty with age. ff the slider ·hould momentarily Jo. e contact wi th the fixed resistor, the tied arrangcmenl takes the 
effective R value to I OOk. In contrast. the lazier arrangement take R to open (call it "infinite resi tance,"' if you prefer) 
when the sl ider lose. contact. 
The difference often i not important. But . ince it costs you nothing LO use the "tied .. configuration. you might as well make 
that your habit. 

11 ··c ermet" i. a composite material formed of ceramic and metal. 
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Three ways to analyze this circuit 
First method: calculate the current through the series resistance ... : Calculate the current (see 

Fig. 1 N. J 7): 

That's 30V /20kQ = 1.5 mA. After calculating that current, use it to calculate the voltage in the lower 

leg of the divider: 

Here that product is 1.5 mA · 1 Ok= l 5V. That take too long. 

Second method : rely on the fact that I is the same in top and bottom ... : But rely on thi equality 

only implicitly. If you want an algebraic argument, you might ay, 

or, 

(l N.l ) 

In this case that means 

Vout = Vin · ( 1 Ok/ 20k) = Vin /2 . 

That's mu.ch better, and you will use formula (IN .1) fairly often. But we would like to push you not 

to memorize that equation but instead to work less formally. 

Third method: say to yourself in words how the divider works . .. : Something like 

Since the currents in top and bottom are equal, the voltage drop are proportional to the resis­

tances (later, impedances - a more general notion that covers devices other than resistors). 

So in this case where the lower R make. up half the total re istance, it also will show half the total 

voltage. 

For another example, if the lower leg is l O time the upper leg, it will show about 90% of the input 

voltage ( 10/11, if you're fussy, but 90%, to our usual tolerances). 

lN.4 Loading, and "output impedance" 

VO!lt 

Figure lN.17 
Voltage divider: 
first method (too 
hard!) : calculate 
current explicitly. 

+3ov "; 
r 

v, 
~ 

Vovt-
r 

Va 

'-

Figure lN.18 
Voltage divider: 
second method: ( a 
little better) : 
current implicit . 

Now - after you've calculated Vout for the divider - suppo e someone comes along and puts in a 30"" 

third resi tor, as in Fig. 1 N.19 . (Quer : Are you entitled to be outraged? ls this not fair? 12) tok 

Again there i more than one way to make the new calculation - but one way is tidier than the other. 

lN.4.1 Two possible methods 
tole lok 

"load." 

Tedious method: Model the two lower Rs a one R; calculate VouT for this new voltage divider: see Figure lN.19 

Fig. I N.20. The new divider deLivers 1/3 ViN- That's rea onable, but it requires you to draw a new Voltage divider 
loaded. model to describe each possible loading. 

12 We don ' t think you're entitled to be outraged - but perhap you should be mildly offended. Certainly it' , normal to see 
something attached 10 the output of your circuit (that". omething" i called a '' load.'). You built the divider in order to 
provide current to omething. But. a · we' ll oon be saying repeatedly, you are entitled to expect loads that are not too 
" heavy · (that is. don ' t draw too much current). By the standards of our course, this I Ok load is too heavy. You'll see why in 
a moment. 
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3ov 

-
1ok 10k 

tok 

(10kll 10k} Ski 
Figure lN .20 Voltage divider 
loaded: load and lower R combined 
in model. 

Better method : Thevenin's model: Here's how to calculate the two elements of the Thevenin model: 

Thevenin's good idea. Model the actual circuit (unloaded) with a simpler circuit-
the Thevenin model - which is an idealized voltage source in serie with a resistor. One can 
then see pretty readily how that simpler circuit will behave under various load . 

2 v 

----~- / 
' ' ' ' 

: R1.aad ; 

?l ofe f hat I oJd 
is not par>t of 
Thevenin mod.el 

Figure lN.21 Thevenin model : perfect voltage source in series with output resistance. 

VThevenin Just Vopencircuit: the voltage out when nothing i attached ("no load") 

RThevenin Often formulated as the quotient of VThevenin / !short-circuit, which is the current that flows 
from the circuit output to ground if you imply short the output to ground. 

[n practice, you are not likely to discover RThcvenin by so brutal an experiment. Often, shorting the 

output to ground is a very bad idea: bad for the circuit and ometimes dangerous to you. Imagine the 

re ult, for example, if you decided to try thi with a 12V car battery! And if you have a diagram of the 

circuit to look at, a much faster hortcut is available: see Fig. 1 N.22. 

lN.4.2 Justifying the Thevenin shortcut 

Our shortcut, hown in Fig. 1 N.22, a serts that RThevenin = Rparallel, but the result still may strike you a 

a little odd: why should R 1 going up to the po itive supply, be treated as parallel to R2? Well suppose 

the positive supply were set at zero volts . Then surely the two resi tances would be in parallel, right? 

And try another thought experiment: redefine the po itive upply as OV. It follows then that the 

voltage we had been calling' ground" or "zero volts' now is - 30V (to use the number of Fig. l N.16). 

Now it seems clear that the upper resi . tor, to ground, matters; the lower resistor R2 going to - 30V 
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Shortcut calculation of RThevenin · Given a circuit diagram, the fa te ' t way to calculate RThevenin i to 
see it a. the parallel resistance of the several resistances vieH ed from the output. (Thi formulation 
assume that the voltage sources are ideal, incidentally ; when they are not, we need to include their 
output resi tance. For the moment. lets ignore this complication.) 

Figure lN.22 RThevenin = Ri parallel R2. 

now i the one that eem. odd. But, of cour e, the circuit doe n't know or care how we humans have 

chosen to define our "zero volts" or "ground.' 

The point of this playing with "ground" definitions is just that the voltages at the far end of those 

re istor " een" from the output do not matter. It matters only that tho,·e voltage are fixed. 13 

Or suppose a different divider (cho en to make the numbers easy): 20V divided by two I Ok resistors. 

To di cover the impedance at the output do the usual experiment (one that we will speak of again and 

again): 

A general definition and procedure for determining impedance at a point: 
To discover the impedance at a point: 

apply a ~V; find Af. 

The quotient is the impedance. 

You will recognize the circuit in Fig. lN.23 a just a "small signal' or "dynamjc' version of Ohm 

Law. In this case lmA wa flowing before the wiggle. After we force the output up by IV, the current 

in top and bottom resistor no longer match: upstair : 0.9mA; down tairs 1.1 mA. The difference must 

come from you, the wiggler. 

Result: impedance = ~V / M = 1 V / 0.2mA = 5k. 

And - happily - that i the parallel resistance of the two Rs. Does that argument make the result easier 

to accept? I AoE § 1.2.6 

You may be wondering why thi model is useful. Fig. 1 N.23 show one way to put the answer, 

though probably you will remain skeptical until you have . een the model at work in several examples. 

13 Later we will relax this requirement, too. Thevenin's model works a well to defi ne the output resistance of a time-varying 
voltage source as it does for a DC source. 
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Rationalizing Thevenin's result : parallel Rs 

Figure lN.23 Hypothetical divider: 
current = lmA; apply a wiggle of 
voltage, .1 V ; see what .1 / results. 

Any non-ideal voltage source "droops' when loaded. How much it droops depends on its "output 

impedance." The Thevenin equivalent model, with its R Thcvenin, describes this property neatly in 

a single number. 

lN .4.3 Applying the Thevenin model 

First, let' make sure Thevenin had it right: let' make ure his model behave the way the 01iginal 

circuit does. We found that the lOk, lOk divider from 30V, which put out 15V when not loaded, 

drooped to lOV under a I Ok load; ee Fig. lN.24. Does the model do the ame? 

30V 

Figure lN.24 Thevenin model and 
load : droops as original circuit 
drooped . 

Ye , the model droop to the extent the original did: down to I OY. What the model provides that the 

original circuit lacked i that single value, RThev, expressing how droopy/stiff the output is. 

If omeone changed the value of the load, the Thevenin model would help you to see what droop 

to expect; if, instead, you didn't use the model and had to put the two lower resi tors in parallel again 

and recalculate their parallel resistance, you d take longer to get each answer, and still you might not 

get a feel for the circuit output impedance. 

Let' try u ing the model on a set of voltage sources that differ only in RThev · At the same time we 

can ee the effect of an instrument 's input impedance. 

Suppo ewe have a et of voltage divider , but dividing a 20Y input by two; ee Fig. lN.25. Lets 

assume that we u e 1 % resi , tors (value good to ± 1 %): VThev i obvious, and is the same in all ca e. ; 

but RThevenin evidently varies from divider to divider. 

Suppose now that we try to measure Vout at the output of each divider. If we mea ured with a pe,ject 
voltmeter, the an wer in all case would be I OY. Query: is it 10.000Y? 10.0V?14) 

14 It could be I O.OV - but it could be a bit le, · than 9.9V or a bit more than I 0.1 V, if the 20V ourcc were good LO 19! and we 
u. ed I% re i tor . We . hould 11ot expect perfection . 
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Zov 
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2ov 

10M 

2ov 2ov 

voltl'Ylehr 

r~ lk ----nR· ,,, 
-;- r -

Figure lN.25 Set of similar 
voltage dividers: same VTh , 

differing RThevcnin's. 

la rqe l(s .s,.,a 11 R. 's 

But if we actually perform the measurement, we will see the effect of loading by the R1N of our 

impeifect lab voltmeters. Let's try it with a VOM ("volt-ohm-meter," the conventional name for the 

old-fa hioned "analog" meter, which gives its answers by deflecting it needle to a degree that forms an 

analog to the quantity mea ured) and then with a DVM (' digital voltmeter," a more recent invention, 

which usually can measure current and resistance as well as voltage, de pite its name; both types 

sometimes are called simply " multimeters"). 

Suppose you poke the everal divider outputs, beginning from the right side, where the resistor are 

I kQ. Here's a table showing what we found, at three of the dividers: 

R values measured V OUT inference 
lk 9.95 within R tolerance 

lOk 9.76 loading barely apparent 

IOOk 8.05 loading obviou 

The 8.05V reading show such obvious loading- and uch a nice round number, if we treat it as '8V" 
- that we can u e this to calculate the meter' R, without much effort: see Fig. IN.26. 

Figure lN.26 VOM reading departs 

from ideal; we can infer R1N- VOM . 

+2ovl 

J_ 

1ook 

= 

Sok 
RT;, +Bv -----

~\/V\,--~· ---, EJ 

VOM 

As usual , one ha a choice now, whether to pull out a formula and calculator or whether to try 

in. tead, to do the calculation "back-of-the-envelope' style. Let' try the latter method. 

First we know that RThev i lOOk paral1el LOOk: 50k. Now let ' talk our way to a solution (an 
approximate olution: we'll treat the measured Vout as just "8V '): 

The meter , how u 8 parts in 10; aero s the divider's RThev (or call it "RouT") we must be 

dropping the other 2 parts in 10. The relative size of the two re ·istances are in proportion to 

the e two voltage drop : 8 to 2 so RIN- VOM must be 4 · Rn1ev: 200k. 

_l_ 
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If we look clo ely at the front of the VOM we 11 find a little notation, 

20,000 ohms/volt. 

That specification means that if we u ed the meter on its IV cale (that is if we set things o that an 

input of IV would deflect the needle fully), then the meter would show an input resistance of 20k. In 
fact, it's showing us 200k. Does that make sen e? It will when you've figured out what mu t be inside 

a VOM to allow it to change voltaoe ranges: a et of big series resistors. 15 Our an wer, 200k, i correct 

when we have the meter set to the I OV cale, a we do for this measurement. 

This is probably a good time to take a quick look at what's inside a multimeter - VOM or DVM: 

How a meter works: some meter types fundamentally sense current others sense voltage; see 

Fig . IN .27 and 1 N .28. Both meter mechanisms however, can be rigged to measure both quantities, 

operating a a "multimeter." 

i11. 

readout 
cir cu,"tr1r 

..j 

Figure lN.27 An analog meter senses current in its 

guts. 

Figure lN.28 A digital meter senses voltage in its 
innards. 

The VOM specification, 20,000 ohms/volt, de cribe the sensitivity of the meter movement - the 

guts of the in trument. This movement put a fairly low ceiling on the YOM's input re istance at a 
given range setting. 

Let' try the ame experiment with a DVM, and let suppo ewe get the following readings: 

R values Measured V0 u1 Inference 
lOOk 9.92 within R tolerance 

IM 9.55 loading apparent 

IOM 6.69 loading obviou 

Again let'. u e the case where the droop i · obvious; again let' talk our way to an answer: 

Thi time RTh is SM; we're dropping 2/3 of the voltage acros Rr - DVM, 1/3 across RTh· So, 

R1N - DYM mu t be 2 x RTh, or lOM. 

If we check the data sh t for this particular DVM we find that it RIN is specified to be " lOM, all 

range .' Again our reading make sense. 

15 You ' ll under tand thi fully when you have done AoE Problem l.8; for now, take our word for it. 
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Figure lN.29 DVM reading departs from ideal; we can infer R1 - DYM. 

lN.4.4 VOM versus DVM : a conclusion? 

Evidently, the DVM i a better voltmeter, at least in it R1N - a well a much easier to u, e. A a current 

meter however, it is no better than the VOM: it drops l/4V full scale, as the VOM doe ; it measure 

current imply by letting it flow through a small resistor; the meter then measures the voltage across 

that resistor. 

lN.4 .5 Digression on ground 

The concept "ground'' ("earth' in Britain) sounds solid enough. It turns out to be ambiguous . Try 

your under tanding of the term by looking at ome ca es: see Fig. I N.30. 

Figure lN.30 Ground in 
two senses. 

B 

~ 10. 

A B 

1 
'!2k ; 

r---; 

Query What i the resistance between points A and B? (Easy, if you don't think about it too hard. 16 

We know that the ground symbol means, in any event, that the bottom ends of the two resistors are 

electrically joined. Doe it matter whether that point is also tied to the pretty planet we live on? It 

turns out that it does not. 

And where is "ground" in the circuit in Fig. I N.31? 

Two senses for "Ground" 

"Local ground" Local ground is what we care about: the common point in our circuit that we 

arbitrarily choose to call zero volts. Only rarely do we care whether or not that local reference 

is tied to a , pike d1iven into the eaith. 

16 Well, not easy. unless you understand the "ground" indicated in Fig . lN.30 to be the ommon zero-reference in the circuit 
at hand. In that case, the hared "ground" connection mean , that the I Ok and 22k resistance · are in serie . . If you took 
.. ground .. 10 mean "the world, with one connection in New York. the other in Chicago:· the answer would not be so easy. 
Luckjly. that would be a rare- and perverse - meaning to attribute to the circuit diagram. 
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Figure lN.31 Ground in two senses, revisited. 

"Earth ground" But, be warned, sometimes you are confronted with line that are tied to world 

ground - for example, the ground clip on a cope probe and the ' ground' of the breadboards 

that we u e in the lab· then you must take care not to clip the scope ground to , say, + 15 on 

the breadboard. 

For a vivid illustration of "earth grounding, ee an image from Wikipedia: 

http : //en.wikipedia.org/wiki / File:HomeEarthRodAustralial . jpg. 

It might be u eful to use different symbols for the two sen es of ground and such a convention does 

exit: ee Fig. lN.32. 

J_ 
"local" or 
"chassis" ground 

"earth" or 
"world" ground 

Figure lN.32 Symbols can distinguish the two senses of 
"ground". 

Unfortunately, this distinction is not widely observed, and in thi book as in AoE, we will not 

maintain this graphical di tinction. Ordinarily, we will u e the . ymbol that Fig. lN.32 suggests for 
"local ground." In the rare ca e when we intend a connection to 'world" ground, we will say o in 

words, not graphically. 

lN.4.6 A rule of thumb for relating RouT_A to R1N_B 

The voltage dividers whose output we tried to measure introduced u to a problem we will see over 
and over again: some circuit trie to "drive" a load. To some extent, the load changes the output. 

We need to be able to predict and control this change. To do that, we need to understand, first, the 

characteristic we call R1 (thi rarely trouble anyone) and, econd the one we have called R Thevenin 

(this one takes longer to get u ed to). Next time, when we meet frequency-dependent circuits, we wil1 

generalize both characteri tic to "Z1N" and 'ZouT.' 
Here we will work our way to another rule of thumb; one that will make your life a designer 

relatively ea y. We start with a Design goa l: When circuit A drives circuit B: arrange things so that B 

loads A lightly enough to cause only in ignificant attenuation of the ignal. And this goal lead to the 
rule of thumb in Fig. lN.33. 

How does this rule get u the desired re ult? Look at the problem a a famjliar voltage divider 

question. If RouTA i much smaller than R1NB, then the divider delivers nearly all of the original 
signal. If the relation is 1: 10 then the divider delivers I 0/ l 1 of the signal: attenuation i just under 

10%. and that' good enough for our purpo e . 
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Design rule of thumb 
When circu it A drjves circuit B. 

Let RouT for A be ::; /0R, for B. 

Figure lN.33 Circuit A drives circuit B. 

out., A 

We like this arrangement not just because we like big signals. (If that were the only concern, we 

could always boo t the output ignal, imply amplifying it.) We like this arrangement above all be­

cau e it allows us to design circuit-fragments independently: we can design A, then design B, and o 

on. We need not consider A,B a a large . ingle circuit. That's good: make our work of de ign and 

analysis lot easier than it would be if we had to treat every large circuit a. a unit. 

An example, with number a in Fig. lN.34: what RThev for droop of :S 10%? What Rs therefore? 

Figure lN.34 One divider driving another: a 

chance to apply our rule of thumb. 

i ..,. 
F.' 

• cut, A JI'\, •• 

L 
1 

' __ :,. 1~, 

The effects of this rule of thumb become more interesting if you extend this chain: from A and B 
on to C, see Fig. lN.35. 

As we design C, what RThev should we use for B? ls it just lOk parallel lOk? That , the answer if 
we can consider B by it elf, using the usual si mplifying assumptions: source ideal (RouT = 0) and 

load ideal (R1N infinitely large). 

But should we be more precise? Should we admit that the upper branch really looks like 10K+2K: 

12k? That's 20% different. Is our whole cheme crumbling? Are we going to have to look all the way 

back to the tart of the chain, in order to de ign the next link? Must we, in other word , con ider the 

whole circuit at once, not ju t the fragment B, as we had hoped? 

No. Relax. That 20% error gets diluted to half its value: RThev for B i lOk parallel 12k, but that ' .. a 
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Figure lN.35 Extending the 
divider: testing the claim that 
our rule of thumb lets us 
consider one circuit fragment 
at a time. 

shade under 5.Sk. So we need not look beyond B. We can, indeed, consider the circuit in the way we 

had hoped: fragment by fragment. 

If this argument has not exhau ted you, you might give our claim a fu1ther test by looking in the 

other direction: does C alter B 's input resistance appreciably (> 10%)? You know the answer, but 

confirming it would let you check your under tanding of our rule of thumb and its effects. 

Two important exceptions to our rule of thumb: signals that are currents, and 
transmission lines 

The rule of § lN.4.6 for relating impedance i extremely useful and impo1tant. But we , hould ac­

knowledge two important classes of circuits to which it does not apply: 

• Signal source that provide current signal rather than voltage signals. At the moment, this dis­

tinction may puzzle you. Yet the distinction between voltage sources - the sort familiar to mo t 

of us - versus current sources is ubstantial and important. 17 

• High-frequency circuit where the ignal paths must be treated as "tran mi. sion lines ' (see Ap­

pendix C). 

Only at frequencie. above what we will use in thi course do uch effects become apparent. 

The ·e are frequencies (or frequency components since • steep' waveform edge include high­

frequency components, as Fourier teaches - see Chapter 3N) where the period of a signal is 

comparable to the time required for that ignal to travel to the end of it path . For example, a 

ix-foot cables propagation time would be about 9ns, the period of a I lOMHz sinusoid. Square 

waves are sti ll more trouble. ome; one at even a few MHz would include quite a strong component 

at that frequency and this component would be di torted by such a cable if we did not take care 

to' terminate" it properly. In fact, these calculations understate the difficulties· a round-ttip path 

length greater than about 1/10th wavelength calls for termination. 

We don't want you to worry, right now, about theL e two points. Signals a currents are unusual 

in thi. cour e, and in this cour e you a.re not likely to confront transmi. sion-line problems. But be 

warned that you will meet the elater, if you begin to work with signals at higher frequencie . 

17 You may be inclined to protest that you can convert a current into a voltage and vice ver a. You will build your fir t circuit 
with an output that is a determined curren/ in Lab 4L, and you wi ll meet your first current-source transducer (a photocliode) 
in Lab 6L. 
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lN.5 Readings in AoE 

Thi i the first instance in which we ve tried to teer you toward particular sections of The Art of 

Electronics. That book i , of cour ea ibling (or is it the mother?) of the book you are reading. You 

should not consider the readings listed below to be required. But if you are proceeding by using the 

two books in parallel, these a.re the ection we consider mo t relevant. 

Readings: 

Chapter l, §§ 1.1- 1.2.7. 

Appendix C on re ·istor type : re istor color code and preci ion resi. tors. 

Appendix H on transmission lines. 

Problem: 

Problem in text. 

Exercises 1.37, 1.38. 
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IL.I Ohm's law 

A preliminary note on procedure 
The principal challenge here is simply to get used to the breadboard and the way to connect in tru­

rnents to it. We do not expect you to find Ohm's law surprising. Try to build your circuit on the 

breadboard, not in the air. Novices often begin by uspending a resistor between the jaws of alligator 

clips that run to power supply and meter . Try to do better: plug the two leads of the DUT ("Device 

Under Test") into the pla tic breadboard strip. Bring power supply and meter to the breadboard u ing 

banana-to-wire leads, if you have these, to go direct from banana jack on the source right into the 

breadboard. In Fig. l L.1 is a sketch of the poor way and better way to build a circuit. 

"'~·- "' . .,.,._ 
3rou111d "bus" 

Figure ll.l Bad and good 
breadboarding technique: Left : labor 
intensive, mid-air method; Right: tidy 
method, circuit wired in place. 

Color coding, and making the circuit look like its diagram 
Thi i. also the right time to begin to establish some convention that will help you keep your circuits 

intelligible: jn Fig. 1 L.2 i a photo of one of our powered breadboard boxe , howing the u ual power 

supply connections. The individual breadboard strips make connections by joining inserted wires in 

mall spring-metal trough : see Fig. lL.3. Use a variable regulated DC supply, and the hookup shown 

in the Fig. I L.9. 

Caution! You mu t not connect the external supply to the colored banana jacks on the powered bread­

board (Red, Yellow, Blue): these are the outputs of the internal supplies of the breadboard, and even 

when the breadboard power i. off, the e connector tie to internal electronics that can be damaged by 

an att mpt to drive it. The same warning applies to the three white horizontal power supply ·'buses" at 

the top of the board , trips that are internally tied to tho e three internal power supplies. (In case you 

are curiou , Red is + 5, while Yellow and Blue are adju table , and normally are et to about ± 15Y.) 

Note by the way, that voltages are mea ured between point in the circuit, while currents are mea­

ured through a part of a circuit. Therefore you usuaJly have to 'break' or interrupt the circuit in order 

to measure a current. 
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three fixed supplies (though +-15V are adjustable) 
These are color coded: +15 yellow. +5 red, ground black, -15 blue. 

midpoints of horizontal strips bridged with jumper wire Keep this code as you wire individual breadboards and your circuit supplies 

we have connected 
two fixed supplies to 
vertical two-line 
supply buses 

input lead of DVM 
measures voltage 
at midpoint of RR 
voltage divider 

,, () r\ 0 4)(:.) 
.,, .... . . - , 

,ca15rw,on ., • 

--' 

ground reference for DVM 

·.;;,·,-:c--·5.,...., fixed supplies are internally connected 
~==--~;;:-.·~ to horizontal supply "buses;' we have 

connected these horizontal buses to 

meter reads midpoint of voltage divider 

we have connected vertical supply 
buses to horizontal supply buses 
of individual breadboards 

Figure ll.2 Breadboard power bus connections, again . 

TOP VIEW 

connection troughs 
join five vertical holes, 
in one column 

UNDERSIDE VIEW 

.. .. .... .... ... .. ..... .. ...... .. ...... ..... ._ ... ., .................. . . ... .. .. ..... ..... ................. ........... ..... .. .,,. .... .... .... ..... .............. . . . . ' ....... .... ~ .. . " ............. ,. ........... . .., ... . ............ _.. ~ ........ .. . . ....... .. ........ ...... .... .. ....... , ..................... .. ... .......... , ..... , .. .. . . ...... . ~ ........ ...... .. .................. ........ " ................... . 
break at midpoint of 
horizontal buses 

horizontal power buses 

.... ,...__trench separates vertical 
connection troughs at 
midpoint 

Figure ll.3 Single breadboard strip: a look at underside reveals the pattern of connecting metal 
troughs. 

ll.2 Voltage divider 

Con truct the voltage divider shown in Fig. 1 L.4 Apply Vin = I 5V(use the DC voltages on the bread­
board). Mea ure the (open circuit) output voltage. Then attach a 7.5k load and. ee what happens. 



Figure ll.4 
Voltage divider. 

ll.3 Converting a meter movement into a voltmeter and ammeter 27 

Now measure the short circuit current. (That means "short the output to ground, but make the 

current flow through your cuITent meter." Don't let the scary word "short" throw you: the current in 

this case will be very modest. You may have grown up thinking "a short blow a fuse." That's a good 

generalization around the house, but it often doe not hold in electronics.) 

From lshorcCircuit and VopenCircuit you can calculate the Thevenin equivalent circuit. 
Now build the Thevenin equivalent circuit, using the variable regulated DC supply as the voltage 

source and check that its open circuit voltage and short circuit current match those of the circuit that 
it model . Then attach a 7 .5k load, ju t a you did with the original voltage divider, to ee if it behave 

identically. 

A Note on Practical Use of Thevenin Models 
You will rarely do again what you just did: short the output of a circuit to ground in order 

to discover it RThevenin (or 'output impedance " a we soon will begin to call this charac­
teri stic). This method is too brutal in the lab, and too slow when you want to calculate RTh 

on paper. 
In the lab, lsc could be too large for the health of your circuit (as in your fuse-blowing 

experience). You will oon learn a gentler way to get the same information. 

On paper if you are given the circuit diagram the fastest way to get RTh for a divider is 

always to take the parallel resistance of the everal re i. tance that make up the divider 

- again as urning Rsource is ideal: zero ohms. (A hard point to get used to, here: look at all 
path in parallel , going to any fixed voltage not just to ground. See the attempt to rationalize 

this re ult in Fig. lN.23 on p. 17.) The ca e you just examined i illu trated in Fig. lL.5. 

+]S'y 

ll.3 

~ = R1/I R2 = 7.5k 

Rrhev 

Figure ll.5 RTh = parallel 
resistances as seen from the circuit's 
output . 

Ohm's law applied to convert a meter movement into a 
voltmeter and ammeter 

A Thevenin model i. extremely useful as a concept' but you'll not again build such a model. The 

circuit you ju t put together is u eful only a a device to help you get a grip on the concept. Now 
comes, instead, a chance to apply Ohm 's law to make something almost useful! - a voltmeter, and 

then a current meter ("ammeter"). 
You will tart with a bare-bone "meter movement" - a device that let a current deflect a needle. 

Thi mechanism i basically a current-measu1ing device: the needle's deflection is proportional lo the 

torque developed by a coiJ that sits in the field of a permanent magnet, and this torque is proportional 

to the urrent through the coil. See the ketch 1 in Fig. I L.6. 
An analog multimeter" or VOM (volt-ohm-milliammeter) is just such a movement, with switch­

able resi tor networks attached. We would now like you to re-invent the multimeter. 
1 After Google images fi le: "analog meter movement.'' Source unknown. 
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Figure ll.6 Mechanism of analog 
current/volt-meter. From The Free Dictionary, 
see www.globalspec.com . 

ll.3.1 Internal resistance of the movement 

mO\ltng 
coi - rr----.u _J 

·--------· ./ 
permanent // 

magnets 

You could de ign a voltmeter - as you will in the next subsection - imply assuming that the move­

ment's R1NT i negligibly small. The resistance of this movement is low - well under I kQ. But let' be 

more careful. Let's first measure the internal resistance. Here plea ·e note we want you to work with 

a simple bare meter movement, not with a multimeter. (It's more fun to start from scratch.) 

Do this measuring any way you like, u. ing the variable power suppl), DVM (digital voltmeter -

really a multimeter, despite its name), and VOM if you need it. If you u, e DVM as current meter, 

we should warn you that it i easy to blow the meter' internal fuse, because a moment's touch to a 

power supply will pass an essentially unlimited current. To make things wor e, a DVM with blown 

fuse offers no display to indicate the problem. Instead, it ·imply per ist. in reading zero current. There 

are everal good ways to do this task. 

The meter movements are protected2. Don't worry about burning out the movement, even if you 

make some mistakes. Even "pinnjng' the needle against the stop will not damage the device, a we 

found by experiment - though in general you ' ll want to avoid doing thi s to analog meters. We have 

provided diodes that protect the movement against overdrive in both forward and rever e dire tion . 

You should note, a a re. ult, that these diode that protect the movement also make it behave very 

trangely if you overdrive it. (No doubt you can o-ues what device it behave Jike.) So, don ' t use data 

gathered while driving the movement beyond full scale. 

Sketch the arrangement you use to mea. ure Rr T and note the value of R1 T and / FULL- SCALE · 

ll.3 .2 lOV voltmeter 

Show how to use the movement, p)u whatever else is needed, to form a 1 OV-full-scale voltmeter (that 

just means that lOV applied to the input of your circuit should deflect the needle fully). Draw your 

circuit. 

Note: this i a good time to start getting used to our canny use of approximations, as we design . As 

you specify the resi tor that you want to add to the bare meter movement recall that you are limited 

to "5% values' - resistors whose true value i known only to lie within ± 5% of the nominal value. 

Does the movement 's internal resistance cau ·ea ignificant error? (What does "significant" mean? 

Well you might compare the contribution of R1NT against the contribution of error from your uncer­

tainty about the value of the re istor that (we hope!) you have included.) 

2 Note to instructor.: plea. e add two paralleled and oppositely-oriented silicon diodes such a 1 N4004 in paralle l with the 
meter movement. The ·e will conduct al about 0.6Y, protecting the movement during overdrive. 
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ll.3.3 lOmA current meter ("ammeter") 

Show how to use the movement, plus whatever el e is needed to form a lOmA-full- cale ammeter. 

(Thi i, a bit trickier than the 1 OV voltmeter.) Sketch it, and test your circuit. 

ll.4 The diode 

Here i another device that doe not obey Ohm'. law: the diode. (We don 't expect you to under tand 

how the diode work yet; we just want you to meet it, to get ome perspective on Ohm's Law devices: 

to see that they con titute an important but spedal case. 

We need to modify the test setup here, because you can t just stick a voltage across a diode, a you 

did for the resi tor and lamp above3 . You'll ee why after you've measured the diode's V versus!. Do 

that by wiring up the circuit shown in Fig. IL.7. 

I ' mA 
11< R + 0 - l. v 

Figure ll.7 Diode VI 
measuring circuit . 

In thi. circuit you are applying a current, and noting the diode voltage that result ; earlier, you 

applied a voltage and read resulting current. The I k resi tor limits the current to safe values. Vary R 
- use a lOOk variable resi tor (u ually called a potentiometer or' pot" even when wired, as here, as 

a variable resistor), a resistor substitution box, or a selection of various fixed resistor ) - and look 

at I versu V . First, get a feel for the behavior by sweeping the R value by hand and noticing what 

happens to the diode current. Then sketch the plot in two form : linear and lin- log (or emi-log), in 

Fig. lL.8. 

First get an impression of the shape of the linear plot; ju t four or five points should define the 

hape of the curve. Then draw the same points on a Lin-log plot, which compres es one of the axe . 

(Evidently it is the fast-growing current axis that need compressing, in this case. If you have some 

lin- log paper use it. If you don 't have uch paper you can use the small version laid out below. The 

point is to see the pattern . 

See what happen if you reverse the direction of the diode. How would you summarize the V ver u 

I behavior of a diode? Now explain what would happen if you were to put SY across the diode (don't 
try it!). Look at a diode data sheet if you ' re curious: see what the manufacturer thinks would happen. 

The data sheet won t say "Boom" or "Pfft," but that is what it will mean. 

We'll do lots more with this important device. 

3 Well. you can: but you an't do it twice with the same diode! 
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Figure ll.8 Diode I versus V: linear plot; 
lin-log plot. 

1 .... 

0.1,...4 
o o~...._,_~o.'-s .L....L..-'-'-' 

v, "() ' s 

ll.5 I versus V for some mystery boxes 

Find two mystery boxe which your instructor4 will have set up for you (we will call these DUTs: 
Device Under Test). The e are two-terminal device , one of which is an ordinary resistor the other an 

odder thing. The devices are hidden inside black plastic 35mm film cans. Apply voltages in the range 
zero to a couple of volts, using a variable power supply, and note voltage and current pairs. For the 
range between O and l V, measure at increments of 0.1 V (because this is the range where you need a 

detailed picture). 

0 

Figure ll.9 Circuit for measurement of I versus V. 

Sketch a graph of a few points to get the trend. Turning the power- upply voltage knob by hand, 

you may be able to get a sense of the shape of the curve, or see where more points are needed. 

Decide which device is which: which ordinary, which odd. Warning: keep the applied voltage below 

7V or you may destroy one of the DUTs. 

To make your task challenging, we ask that you measure voltage and current simultaneously, as 

you do this exercise. We ask thi so that you will be obliged to consider the effects of the instruments 
on your measurements (more on this point, below). 

4 If you're working through this book on your own, no one will have set this up of course. But you and in tructors can get 
more information at www.artofelectroni .corn. 
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Effects of the instruments on your readings: Consider a couple of practical questions that arise in 
even this simplest of "experiments." 

A qualitative view: Is the voltmeter measuring the voltage at the place you want, namely across the 

object under te t? Or does the voltage reading include the effect of the ammeter, in your arrangement? 

Does that matter? If you are measuring the object' voltage precisely, then are you readjng its current 

or are you measu1ing the current in object plus the cuITent passing through the DVM as well? If you 
can't have it both ways (as you can't), and must live with one of the two e1Tors, which experimental 

setup give you the smaller error? 

Figure lL.10 shows two sketches of the two possible placements of the voltmeter. 

OVM VOM ~ reading current 

(R1N:: fOM) 0 ~:;:~;zrnat
0 
(VOM r reading 

----,~ / current 

OVM 
(RtN= 10M) 

fOM 

) ~ me~er's internal 
~ resistance 

+f--~~~~A,Ar~ ~ ~ ~......-~--;;t--~--, 

(~ V full-scale) (14 V full-scale) 

Figure ll.10 Measuring I and V simultaneously : only one instrument gets a true reading at OUT. 

If you know (and we'll now reveal this fact to you) that the LOAD resistance is under lk (' resis­

tance' or some near-equivalent; we're not promising you Ohmic behavior), then you can judge which 

of the two setups illustrated above gives the truer pair of 1 and V readings. Use that preferred setup to 

get a set of I and V readings, and try to infer an R value, if you can. 

ll.5.1 Estimate % error caused by the instruments 

Once you have your best estimate of R in hand, estimate the errors that the instruments cause. Specif­

ically, when the ammeter is on the JOmAfull-scale range, what percentage error in inferred R re ult 

from the presence of ... 

• ammeter when you mea. ure V where the ammeter causes an error? 

• voltmeter, when you measure V where the ammeter causes no error? 

After getting answers to the e questions, probably you can say what an ideal voltmeter (or ammeter) 
should do to the circuit under test? What does that say about its "internal resistance"? (Perhaps you 

caught on to this theme, pages earlier.) 

Now sketch the curves described by your data points. Don't work too hard: it's the shapes that 

we 're after. The resistor isn't very interesting (what's its value?)· the mystery device is a little more 

intriguing. 

What do you suppo e the mystery gadget i ? We hope you saw its curve. In fact, its made of 

material much like what form the resistor. Why doe. its 1- V curve look different? The bend can be 

useful: much later, in Lab 8L, we will exploit thi curvature to make a circuit regulate it own gain. 

Now you have earned the right to open up the film cani ter and discover what's in ide. 
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ll.5.2 Where should DVM and ammeter go, for large RLOAD? 

Now you may have "learned'' in the previous exercise where to place the voltmeter in order to get the 

best simultaneous I and V reading . Just to make sure you don t go away thinking you've learned 

something5 , we'd like you to try a pencil-and-paper exercise, this time assuming that the OUT 

(RLOAD) is a very large resistance: lOMQ. Assume that the DVM's RrN = lOMQ. (Note that we're 
not asking you to carry out this experiment; only to predict what you would see if you did do the 
experiment.) 

If you placed your DVM at the load, the DVM would appear in parallel with the load. What percent­

age error would this evoke in the imultaneous current mea, urement? In contrast, the voltage error 

cau ed by reading upstream of the ammeter in this case would be no larger than in the case you tried 

in the lab experiment. 

Perhaps now you can begin to generalize about which cases oblige one to worry about the DVM's 

RIN· 

ll.6 Oscilloscope and function generator 

Thi is just a first view of oscilloscope to give you a head tart (more about o cilloscopes can be 

found in Appendix D and AoE, Appendix 0). You'll get a big (oscillo)scope workout later in Lab 2L. 

We'll be using the oscilloscope and function generator in virtually every lab from now on. For 

today' lab, voltmeters were sufficient - and, in fact more convenient than an o. cilloscope, because 

our circuits voltage and currents have been politely sitting till, giving u time to measure them. If 
you are familiar with the scope, go right on to the first real exercise in Lab 2L - or go home, having 

earned a rest. 

The scope 'oon will become our favorite in trument as we begin to look at signals that are not 

static (called DC in electronics jargon): signal that, instead, vary with time. Lab 2L is concerned 

exclusively with such circuit , and with rare exception this will be true of all our work from now on. 

The cope draws a plot of voltage (on the vertical axis) versus time (on the horizontal axis). 

Get familiar with scope and.function generator (a box that puts out time-varying voltages, or "wave­

forms: " things like inewaves, triangle wave and quare waves) by generating a l kHz sinewave with 

the function generator and displaying it on the scope. Connect the function generator directly to the 

scope, using a "BNC cable,' not a probe.6 

If it seems to you that both instruments pre ·ent you with a bewildering affay of witches and knob. 
don't blame yourself. These front-panels just are complicated. You will need several lab sessions to 

get fully used to them - and at term's end you may till not know all: it may be a long time before 

you find any occa ion for use of the ho/doff control for example, or of single-shot triggering, if your 

cope offers this. 

Play with the scope's sweep and trigger control . Mo t of the discussion , here, applies fully only to 

an analog scope. The digital scope automates some function. such a triggering and gain setting if 

you want it to. We sugge t that you ought not to begin your scope career using such fancy feature : 
beware the mind-stunting button labeled AUTOSET! 

Specifically, try the following: 

5 Just kidding. 
6 BNC (Bayonet Neill- Concelman) name the connectors on the ends of thi s coaxial able. (See AoE § 1.8). We usually call 

the cable by thi s name, though strictly the term applies to its connectors. 
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• The vertical gain witch. This control "volts/div"; note that "div" or "division' refers to the 
centimeter marks not to the tiny 0.2crn marks) · 

• The horizontal sweep speed elector: time per division. 

On thi knob as on the vertical gain knob, make sure the switch is in its CAL position, not 

VAR or "variable." U ually that means that you should turn a small center knob clockwi e 

till you feel the witch de tent click into place. If you don t do thi you can't trust any reading 

you take.) 

• The trigger control . Don t feel dumb if you have a hard time getting the scope to trigger properly. 

Triggering i by far the ubt]est part of scope operation. "T1igger" circuits tell the scope when to 

begin moving the trace across the creen: when to begin drawing a waveform. When you think 

you have triggering under control invite your partner to prove to you that you don't: have your 

partner randomize some of the scope controls, then see if you can regain a ensible display (don't 

let your partner overdo it here). 

Beware the tempting o-called "normal" etting (usually labeled NORM"). They rarely 

help and instead cause much mi ery when misapplied. Think of "normal' here as short for 

abnormal! Save it for the rare occasion when you know you need it. 'AUTO' i almost 

alway the better choice. 

The scope waits around till triggered. In AUTO mode, it weep either when triggered, 

or when it has waited so long that it loses patience. Thus you always get at least a trace, 

in AUTO mode. 

NORMAL, in contrast, make the cope infinitely patient: it will wait forever drawing 

nothing on the screen, until it ees a valid trigger signal. Meanwhile, you look at a dark 

creen; u ually, that is not helpful! 

Trigger 'source': here another way to go wrong: trigger can be et to look at either 

of the cope two input' channels" (CHI or CH2), or at the external BNC connector, 

called EXT. 

Switch the function generator to square wave and use the scope to measure the "risetime" of the 

square wave (defined as time to pass from 10% to 90% of its full amplitude). 

At first you may be inclined to de pair, aying "Ri etime? The quare wave rise in tantaneously." 
The scope, properly applied, will show you thi, is not o. 

A suggestion on triggering 
It s a good idea to watch the wavefom1 edge that triggers the cope, rather than trigger on 

one event and watch another. If you watch the trigger event you will find that you can 

sweep the scope fast without losing the display off the right side of the screen. 

So, to measure risetime of a signal connected to Channel One, trigger on Ch 1, rising-edge. 

What comes out of the function generator's SYNC OUT or TTL7 connector? 

Look at this on one channel while you watch a triangle or square wave on the other scope channel. 
To see how SYNC or TTL can be useful, try to trigger the scope on the peak of a sinewave without 

u ing the e aid ; then notice how entirely easy it is to trigger so when you do u e SYNC or TTL to 

trigger the scope. 

Triggering on a well-defined point in a waveform i. especially u eful when you become interested 
in measuring a difference in phase between two waveform · thi. you will do everal time. in the next 

7 TIL tands for the equally cryptic phra e. Transi Lor-Transistor Logic. which i. a kind of digital logic gate that you will 
find described in Chapter 14N. [n the pre ent context. TTL should be under rood to mean simply Logic-Level square wave, 
a quare wave that . wing between ground and approximately four volts. 
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lab. You can use a zero-crossing (where the waveform crosses the midpoint of it excursion), or, when 
using SYNC OUT, you can use the peak or trough of the waveform. 

How about the terminal marked CALIBRATOR (or CAL) on the copes front panel? (We won' t 
ask you to use this signal yet; not until Lab 3L do we explain how a scope probe works, and how you 

"calibrate" it with this signal. For now, just note that this signal is available to you). Postpone u ing 

cope probes until you understand what is within one of thee gadgets. A "lOx" scope probe i not 

just a piece of coaxial cable with a grabber on the end. 
Put an "offset" onto the signal if your function generator permits, then see what the AC/DC switch 

(located near the scope inputs) does. 

Note on AC/DC switch 
Common sense may seem to invite you to use the AC position most of the time: after 
all, are these time-varying signals that you 're looking at not "AC" - alternating current (in 
some sense)? Eschew this plausible error. The AC setting on the scope puts a capacitor in 
series with the scope input, and thi can produce startling distortions of waveforms if you 
forget it is there. (See what a 50Hz square wave looks like on AC, if you need convincing.) 
Furthermore, the AC setting washes away DC information, as you have seen: it hides from 
you the fact that a sinewave is sitting on a DC off et, for example. You don' t want to wash 

away information except when you choo e to do so knowingly and purposefully. Once in a 
while you will want to look at a little sine with its DC level stripped away; but alway you 
will want to know that this DC information has been made invisible. 

Figure ll.11 AC/DC scope 
input select . 
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Set the function generator to some frequency in the middle of its range, then try to make an accurate 
frequency measurement with the scope. (Directly, you are obliged to measure period, of course, not 
frequency8 .) You will do this operation hundreds of times during this cour e. Soon you will be good 

at it. 
Tru t the cope period readings; distru t the analog function generator frequency markings ; these 

are useful only for very approximate guidance. 

8 Well , if you're using a digital scope you could resort to the shabby trick of asking it to rnea ure frequency for you. But 
don't start that way today. 



15 Supplementary Notes: Resistors, 
Voltage, Current 

15.1 Reading resistors 

In the lab exercise , from now and ever after, you will want to be able to read resistor values without 

pulling out a meter to measure the part's value (we do sometimes find desperate students resorting to 

such desperate means). The proce swill seem laborious at first; but soon, as you get used to at least 

the common resi tance values, you will be able to read many color code at a glance. We will use 

resistors whose packages are big enough to be readable. The now-standard suiface-mount part are so 

tiny that the mailer ones normally are not labeled at all. Thi spares you the trouble (and opportunity) 

of reading them. If you mix a few surface-mount parts on the bench you can only sweep them up and 

start over - unless you are willing to measure each. 

15.1.1 A menagerie of 10 resistors 

Fig. lS.1 show. a handsome collection of IOk re istors in a variety of packages. 

ICJ.l 

•• 

Figure 15.1 lOk resistors. 

RC07 1/4W carbon composition , 5% 

metal film, 1 % (last stripe, brown= 1, ==> 1 %) 

RN550 metal film, 1 % 

0805 surface mount (dimension in 10 mils = 0.01 in, 
so this is 0.08 X 0.05 in.) 

0603 

0402 

0201 

The type that we use - the carbon composition resi tor at the top - is nearly obsolete, and relatively 

expensive, as a re ult. But we like them for lab work, because (on a good day) we can read them. The 
others are pretty nasty for breadboarding. The one with the value written out in numerals may appeal 

to you, if you don t want to learn the color code - but it really isn't much fun to work with, because 

if it happens to be mounted with the value label down you re out of luck. 
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15.1.2 Resistor values and tolerances 

Figure lS.2 hows a re istor of the sort we use in this cour e's labs: it is a' 5% carbon composition' 
part. "5%" ' tolerance" means that its actual value is guaranteed to lie within 5% of its nominal value. 
If it is labeled " lOOk' (100,000.Q) it actual value can be expected to lie in the range rv95 - 105k.Q. 

The first problem one confront on a fir t day with re istors is which way to orient the part. 

Figure 15.2 Which way? Put the tolerance 
stripe to the right . 
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' Tolerance stripe?,' you protest. "How do I know which that is?' In our labs, the answer is the 

fourth band, colored silver or gold. If you are using color-coded 1 % re istor , the tolerance band will 

be the fifth. Fig. IS .3 hows such a part. 

Figure 15.3 Extra band for color-coded 1 % 
resistor . 

value: 1 0 0 2 = 100 X 1()2 = 10k 
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The use of four bands to define the value indicates (implicitly) that thi is better than the u ual 
5% part~ the color of the fifth band, brown represents " 1," for this "l %" re. istor. (A red band would 

indicate 2% and so on.) 

Tolerance: Only two tolerance values are common, for the 3-band carbon composition parts you are 

likely I to meet in the labs: 5% and 10%: 

• silver: ± 10% 

• gold: ±5% 

Value: Once you ve oriented it properly - tolerance to the right - you can read off the value color , 

and then can tran late those to numbers. Finally, with the three numbers in hand, you will have enough 

information to discover the value. The resistor we just looked at is brown-black-yellow: see Fig. lS.4. 

Brown-black-yellow i one-zero-four and the fourth band, gold, say '± 5%."2 . The third band, the 

"four" is an exponent - a power of ten. So this resistor's value i 1 OOk. 

1 No tolerance band. in a 3-stripe part, indicates ± 20~. Such re istor are rare. 
2 Sometimes the fourth band i not the last band; one more is added, for military components. to indicate the "failure rate ." 
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Figure 15.4 Value stripes reveal 
what this resistor is . 

The color code: The colors represent number · a set out below. A variety of mnemonics have arisen 

mo t of them more-or-les offensive, in order to help engineers to memorize thi code. One of the 

blander mnemonics i "Big Boys Race Our Young Girl , But Violet Generally Wins." This mnemonic 

is not very clever. It fails to distingui h the trio Black, Brown and Blue and also between the pair Green 

and Gray. Black i a plausible representation of the value zero, since black represents the absence of 

color· the color Brown is close to the color Black; perhaps one might remember Gray's position as 
"next to White." None of this is very sati factory. We keep charts of the color codes up on the walls 
of our own teaching lab. 

Here are the colors and the values they represent: 

• black: zero 

• brown: one 

• red: two 

• orange: three 

• yellow: four 

• green: five 

• blue: six 

• violet: seven 

• gray: eight 

• white: nine 

the next two a.re used as multipliers only, and are rarely seen: 

• gold: 0.1 

• silver: 0.01 

15 .1.3 The set of "10% values" 

It i hard to get u ed to the strange set of values that are "standard" in the lab. They are not the nice 

round values that one might expect. They seem weird and arbitrary at first. But their strangeness does 

make en e. Because of our uncertainty about the actual value of a re istor it doe n' t make sense to 

specify distinct nominal values that are too close together; if we specify nominal value that are too 
close, their actual values are likely to overlap. To avoid this the nominal value are placed far enough 

apart so as to make overlap slight. 

A 10%" resi tor of nominal value ' l 00.," for example could be a large a LlQ. A " 120." re istor 

could be lOo/£ smaller - a bit under 11.Q. So, 12 i about as close as it makes ense to place the next 

10% value after "10. ' And so on - the steps growing proportionally a the values ri e, producing such 
unfamiliar numbers as 27, 39, 47, and so on. Here is the l 0% et (known as 'E 12, ' twelve values per 

decade. See Appendix C in AoE). Most of our laboratory circuits will use the e 10% value. (with 
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appropriate multipliers: we rarely use IO ohm resistors , but often use lOkQ parts, for example). This 

is so even though our lab resi tors are better than 10% pa11 - normally they are good to ± 5%: 

10, 12 15 18, 22 , 27 33 39 47 56, 68 82, 100. 

15.1 .4 Power 

Only now and then are we obliged to consider power ratings of the component we u e in the lab ·. 
That is true because our signal voltages are modest (under ± lOV) and our current. are mall (a few 
tens of milliamps). Power in our components, therefore, is mode t as well, since power i the product 

of the two: Voltage times Current. I OV x l OmA, for example, dissipates 1 OOm W - one tenth of a watt. 
But our standard resistors cannot handle much power: 1/4 watt i the most they can stand, sustained. 

So, recall this limitation - or you may be reminded by burned fingertips. 

Incidentally, you may need to remind yourself, until your intuition catches up with your book 

knowledge, that it is low-valued resistor that are likely to overheat. 1 OV acros I k is no problem; 

1 OV across 100Q will hurt, if you touch that quarter-watt resistor. 

15.2 Voltage versus current 

Two points to make here: 

1. What is it that "flows' in mo t of our circuits? Current versus voltage. 
2. It s usually information, not power, that intere ts us in this cour e. 

15.2.1 Is this note necessary? 

I hope you don 't feel insulted by this note - by its suggestion that you could get current and voltage 

muddled. Lest you should feel so insulted, let' adopt the device that we often find u eful in this 

course: assume that we're talking not to you but to your lightly confused lab partner. We're trying to 

provide you with some arguments that will help you traighten out that intelligent but slightly-addled 

fellow. 

Figure lS.5 is a piece of evidence to support our claim that intelligent students can find it hard to 

keep I and V in their place . This is a drawing from a very good answer to a recent exam question. 

The answer was good - but includes a tartling error that hows the student thinking current while 

handling voltage. 

Do you see a place where the student seems to have interchanged the two concepts? (We don t 

think you need to understand this circuit fully to see the problem: you do need to understand that two 
circuits are included to provide a voltage gain of 2; we have indicated tho e.) We think this drawing 

shows that a smart student with quite a good grasp of electronics can still get this fundamental point 

wrong. 
The evidence for the misunderstanding is just the presence of the two 2 x amplifiers, with the 

slightly cryptic explanatory note at the left side, "1 /2 of Vi takes path 2 x amplify." Notice that "V1" 

appears again at the output of the upper 2 x amplifier. Apparently. the author thought that Vi coming 

from the 1 Ok potentiometer would be cut in half because it goes two place - horizontally to the upper 
part of the circuit, and vertically to the lower part of the circuit. 

This view is wrong: both destination are very high-impedance inputs (input to triangle labeled 

"311", and input to lower triangle's '+" input). This voltage can go to many high-impedance in­
puts without suffering attenuation. The thought that "two imilar destinations implies it's cut in half 
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Figure 15.5 Exam drawing: 
current and voltage confounded? 

sounds like a correct view of how a current would behave. Fig. lS.6 sketches what we guess the 

student imagined. 

I I 

'12[1 

Figure 15.6 Currents, in contrast to voltages, do split 50-50 when 
given two equal resistive paths. 

Well , perhap this example has convinced you that the question can puzzle a good student; perhaps 
we have not convinced you. Either way let's carry on with the argument. 

15.2.2 What is it that "flows" in most of our circuits? 

Your intuition may be inclined to say, "current flows," so the signals that we process and pas through 

our circuit probably are currents. That argument is plausible - but mi leading at best, and usually just 

wrong. 

It is true that current flows, whereas voltage emphatically does not. That 's an important point - and 

many tudents need to correct themselves du1ing the fir t weeks of the course as they find themselves 

referring to voltages flowing through a re istor. 

But - and here is the subtler point - though voltages don ' t flow, we often speak of signals flowing 

through a circuit; indeed, all our circuit serve to process signals - and nearly always the signals that 

we process are voltages, not currents. 

How can we reconcile these two truths: (1) currents, not voltages, flow ; but (2) the signals that 

interest us as we design and analyze circuits nearly always are voltages not current ? We can, as we 

hope some illustrations wHI per uade you. 

And here js a preliminary question that we ought to get out of the way: is this a question we 

need tt orr) about? Aren ' t voltages and current proportional , one to the other, in any case? So isn t it 
unimportant which we choose to describe - since one needs only to multiply by a con tant in order 

to convert one into the other? Not a bad que tion, or challenge, but flawed: the deep Haw is not that 
some devices are not ohmic (though certainly this is true it is a minor point)· the deep flaw is that 

circuit design strategy will head off in opposite directions, depending upon whether the signals that 

one intends to pass are voltages or currents . 
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Signal as voltage: Let' - illustrate that point. Suppa e one as 'Ume - as we usually do - that our ignal 

encodes its information as a voltage, not a a current. What follows? It follows that to keep this ignal 
trong and healthy as it pa ses from one circuit to another - a pas age that entail pas. ing a voltage 

divider- we want R1N8 » RouTA. Ideally, we want R1 8 infinite. 

Figure 15.7 Signal as voltage: 
preserving it implies impedance 
relation, A versus B. 

A B 

1~1 I f 
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Thi is the case that we normally assume. lt is the case introduced in Chapter lN, and then used to 

define a design "rule of thumb. ' 

Signal as current : Notice how different our design rules would be if our ignals were currents: we 
would want circuit B to interfere as little a possible with the output of A - and that means that we 

would want B to look like a short circuit to A. Ideally, we want R1Ns -ero! 

A An utterly silly circuit, yes: 

A silly load ... 

we show the ground just to 
show the input impedance that 
a current signal likes to see. 

Assume signal is a current 

A B 

A possible load .. . ~~ 
Something that responds 
to current. Here, lacking 

•'"1 a better idea, ~ show 
...i.. just a current meter: 

Figure 15.8 Signal as current : preserving 
it implies a very different impedance 
relation, A versus B. 

In our cour e, this case turns out to be rare (but you'll see it now and then: for example, see Lab 6L's 

photodiode circuit). 

A hybrid case? Signal as power: Sometimes our goal is to transfer from A to B, power: say for the 

ca, e where we want to drive a speaker and get a big sound out. In thi ca e we want to deliver both 

current and voltage to the peaker. We will be frustrated if either one i small since the speaker's 

power will be the product of voltage times urrent. For a given RouT, the R1N value that maximizes 

power in the load turns out to be neither large nor small relative to Ro TA· instead, we want to make 

the two value , RouT A and RrN8 . equal.3 

ote a subtlety here: we have tated a rule (first proposed by Jacobi) for choosing RLOAD for a given RouT- The opposi te 
problem, choo ing Ro T for a given R1N, yields a different result . For that case, the maximum power to the load i ' 
delivered by RoUT i zero. 

AoE Exerci e I . I 0 . 
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But thi , again i a ase very exceptional in our cour e. We are concerned almost always with 

proces ing and transferring information, not power; and that information we encode almost always a 

a voltage. 

An illustrative example: low-pass filter (a preview): Next time you will meetRCfrequency-dependent 

"filters." But we think you will be able to follow the argument presented in this example. A low-pass 

filter illustrate the point that it i a voltage signal that we want to pass: a wiggle of information. 

We do not want our filter to pa s current from input to output. This example i particularly triking 

because the frequency range in which the signal is passed is the frequency range when input current 

is minimal - and vice versa. 

wiggles in ... 

/\/\ 

substantial LN 
of high frequencies: 

NOT what interests us! 

wiggles out . .. 

JV\ 

Figure lS.9 Lowpass illustrates that it's 
voltage, not current , that we view as signal. 

Incidental point: the decibel definition that interests us: Because we are concerned with proce sing 

voltages, we use a definition of the term decibel that reflects that interest: 

(lS.1 

We use this in preference to the definition of a ratio of powers: 

( l S.2) 

The difference between the two form reflects the fact that power in a resi tive load varies with the 

square of voltage. 

15.2.3 Punchline: it's information, not power that interests us in this course 

So though the world still needs electrical power (and storage, delivery and control of electrical power 

for automobiles i a newly hot topic) , our interests in this course concentrate rather on the u e of 

electrical signals to convey and process information. 
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lW.1 Design a voltmeter, current meter 

A 50µA meter movement ha an internal resi tance of Sk. What hunt resistance is needed to convert 

it to a 0-1 A ammeter? What series resistance wilJ convert it to a 0- lOV voltmeter? 

This exercise gives you an insight into the instrument, of course, but it also will give you some 

practice in judging when to use approximations: how precise to make your calculations, to say this 

another way. 

lA meter : "50µA meter movement" means that the needle deflects fully when 50µA flows through 

the movement (a coil that deflects in the magnetic field of a permanent magnet: see Fig. 1 L.6 for a 

sketch). The remaining current mu t bypass the movement; but the current through the movement 

must remain proportional to the whole current. 

Such a long sentence makes the design ound complicated. In fact, as probably you have een all 

along, the design is extremely simple: just add a resistance in parallel with the movement (thi is the 
hunt mentioned in the problem): ee Fig. 1 W. l. What value? 

Figure 1 W.1 Shunt resistance allows sensitive meter 
movement to measure a total current of lA. 

~ 50µA --'f 

-----)> 1 A - SOpA~ 

Well , what else do we know? We know the resistance of the meter movement. That characteristic 
plus the full-scale current tell us the full -scale voltage drop across the movement: that' s 

Vmovement (full - cale) = lrull - . cale X Rmovemem = SOµA X SkQ = 250mV. 

Now we can choose R shunt , since we know current and voltage that we want to ee across the parallel 
combination. At this point we have a chance to work too hard, or instead to use a ensible approx­

imation. The occasion comes up as we try to answer the question, "How much current should pass 

through the shunt?" 

One po sible an wer i "l A Jes SOµA, or 0.99995A." Another i " 1 A.' ' 

Which do you like? If you ' re fresh from a set of physics course , you may be inclined toward the 
fir 'tan wer. If we take that, then the resi. tance we need i 

R = Vrull - scale 250 m V 
= 

0
_
99995

A = 0.25001250. 
hull - cale 

AoE 1.2.3, Multime­
ters, ex. 1.8 
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Now in some settings that might be a good answer. In this etting, it is not. It is a very silly answer. 

That re istor specification claims to be good to a few parts in a million. If that were possible at all, it 

would be a preposterous goal in an instrument that makes a needle move so we can peer at it. 

So we should have chosen the second branch at the outset: eeing that the SOµA movement current 

is mall relative to the the 1 A total current, we should then ask our elves, "About how small (in 

fractional or percentage terms)?" The answer would be 50 parts in a million. And that fraction is so 

small relative to reasonable resi tor and meter tolerances that we hould conclude at once that we 

should neglect the SOµA. 
Neglecting the movement current, we find the shunt resistance is just 250m V /1 A = 250mQ. [n 

short, the problem is very easy if we have the good sense to let it be easy. You will find thi happening 

repeatedly in this course: if you find yourself churning through a lot of math, and especially if you 

are carrying lots of digits with you, you're probably overlooking an easy way to do the job. There is 

no en e carrying all those digits and then having to reach for a 5% resistor and 10% capacitor. In 
thi case - designing a meter, we'll do a little better: we' ll use 1 % resistors - but approximations till 

make en e. 

Voltmeter: Here we want to arrange things so that I OV applied to the circuit causes a full-scale 

deflection of the movement. Which way should we think of the cau e of that deflection - "50µA 
flowing," or "250m V across the movement?" 

Either is fine. Thinking in voltage terms probably helps one to see that most of the lOV must 

be dropped across some element we are to add, since only 0.25V will be dropped across the meter 

movement. That should help us sketch the solution: see Fig. I W.2. 

10Y 

Figure lW.2 Voltmeter: series resistance 
needed . 

What series resistance should we add? There are two equivalent ways of answering: 

1. The resistance must drop 9.75 volts out of 10, when 50µA flows· so R = 9.75V/50µA = 195kQ. 

2. Total resistance must be 10V/50µA = 200kQ. The meter movement looks Jike 5k, we were told; 

so we need to add the difference, l 95kQ. 

If you got stung on the first part of this problem, giving an answer like "0.2500125Q," then you 
might be inclined to say,' Oh, 50µA is very small; the meter is delicate, so I'll neglect it. I 11 put in a 

200k eries resistor, and be just a little off." 

Well, just to keep you off-balance, we must now push you the other way: thi time, "50µA," though 

a small current is not negligibly small because it i not to be compared with ome much larger current. 

On the contrary, it is the crucial characteristic we need to work with: it determines the value of the 

series resistor. And we should not say "200k is close enough,' though l 95k is the exact answer. The 
difference i 2.5%: much less than what we ordinarily worry about in this course (because we need 

to get u ed to component with 5 and 10% tolerances); but in a meter it's surely wmth a few pennies 

extra to get a l % resistor: a l 96k. 
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lW.2 Resistor power dissipation 

Problem (Power dissipation in a lab circuit's resistors) Power dissipation in a lab circuit's resi -

tors. Please specify a I 0% value of power) in each case. Here are the 10% values ( of re istance) as a I AoE § 1.2.2c 

reminder: 

10; 12; 15; 18; 22; 27; 33; 39; 47; 56; 68: 82: 100 . 

Problem What is the 'mallest l/4W resi tor one should put acros a SY supp]y? 

Solution 

R = 2sv2 ;o.2sw = 1oon. 

Problem What i the lowest value surface-mount l/8W resistor one hould put between - 15V and 

+ lSV? 

Solution 

R = 900V 2 / 0.125W = 7200Q ~ 7.5k. 

8.2k is the nearest l 0% value that would not overheat. 

Problem What is the maximum voltage one ought to put aero a LOW, JOQ power re i tor? 

Solution 

v = JP x R = J 1 ow x 1 on = 1 ov. 

Problem (Power transmission . Effect of voltage step-up.) Electric power is transmitted at very 

high voltages to minimize power losse in the transmission cable . By what factor are long-distance 

power line losses reduced if the power company manage to raise its transmission voltage from 

100,000 volts to 1 million volts. (We a ume the power company is obliged to deliver a given amount 

of power to the customer, unchanged between the two cases.) 

Solution Power losses in the lines are proportional to V x l in the line, or, equivalentJy, to 12 x R, 

where R i · the resi tance of a unit length of the line (a fat cable, no doubt· but it resistance is not 

zero 1). 

Stepping up the voltage by a factor of 10 steps down the current by the arne factor (while transmit­

ting a given level of power). Since power loss is proportional to the square of the current, the power 

di sipated will fall by ( 1 / J 0)2 = 1 / 100. A big reward. The change sound worthwhile - though ex­

treme high voltages are troublesome to insulate: so, IMV i about the practical limit. 

Problem (Why AC?) Why doe high-voltage transmission militate strongly against Thomas Edi­

son s program of DC power tran mission? 

Solution AC transmission is favored , for most purpo es, because stepping AC voltages up and 

down i easy, requiring only tran former . Stepping DC voltage up and down require more complex 

processes. High-voltage DC tran mis ion is, in fact , u ed for special ca es, where AC los e caused by 

inductance and capacitance are unu ually high, as in undersea cables. For the most part, however, AC 

tran mi sion still prevail. because of its . implicity and the low lo se that are achieved in the tepping 

up/down process. 

1 ••. not. at leasl. until all power line are replaced by superconductor · . 

I AoE § I .2.2C 
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lW.3 Working around imperfections of instruments 

§ l L.5 asks you to go through the chore of confirming Ohm s Law. But it a lso confront you at once 

with the difficulty that you cannot quite do what the experiment ask you to do: measure I and V in 

the resistor imultaneously. Two placement of the DVM are suggested in Fig. 1 W.3 (one is drawn, 

the other hinted at). 

f\ 
o-1 ....,A VOM 

0 - 20 v 

A qualitative view 

2ok 

Figure lW.3 §ll.5 setup: DVM 
and VOM cannot both measure the 
relevant quantity. 

Ju t a few minutes' reflection will tell you that the voltage reading is off, in the circuit as drawn; 

moving the DYM solves that problem (above) , but now makes the current reading inaccurate. 

A quantitative view 
Here' the problem we want to pend a few minutes on. 

Problem (Errors caused by the meters) If the analog meter movement is as described in §JW.J: 

what percentage error in the voltage reading re. ult , if the voltage probe i connected as hown in the 

figure for the fir t Lab IL experiment, when the mea ured resistor ha. the following values. 

• R = 20k.Q. 

• R = 200.Q. 

• R = 2M.Q. 

A ·surne that you are applying 20V, and that you can find a meter setting that lets you get full-scale 

deflection in the current meter. 

Solution This question is easier than it may appear. The error we get results from the voltage drop 

acros the current meter· but we know what that drop is from earlier: full-scale: 0.25V. So the resi tor 

value do not matter. Our voltage reading always are high by a quarter voJt, if we can et the current 

meter to give full-scale deflection. The value of the resistor being mea ured does not matter. 

When the DVM reads 20Y the true voltage (at the top of the resistor) is 19.75Y. Our voltage reading 

i high by 0.25V /l 9.75V - about 0.25/20 or 1 part in 80: 1.25 rt (if we applied a lower voltage, the 

voltage error would be more important, assuming we still managed to get full- cale deflection from 

the current meter, as we might be able to by changing range ). 

Problem Same question, but concerning current mea urement error, if the voltmeter probe is 

moved to connect directly to the top of the resistor, for the . ame resistor values. Assume the DVM has 

an input resistance of 20M.Q. 
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Solution If we move the DYM to the top of the resi tor, then the voltage reading become coJTect: 

we are rnea uring what we meant to measure. But now the current meter i reading a little high: it 

measures not onJy the resi tor current but al o the DYM current, which flow parallel to the current in 

R. 

The ize of this error depends directly on the size of R we are measuring. You don t even need a 

pencil and paper to calculate how large the error · are: 

• If R is 20kQ - and the DYM looks like 20M - then one part in a thou and of the total current 

flows through the DYM: the current reading wil1 be high by 0 .1 o/c. 

• If R i. 200Q, then the cmTent error is minute: 1 part in 100,000: 0.001 %. 

• If R is 2MQ then the error is large: I part in ten. 

Figure lW.4 DVM causes current- reading error: how large? 
% error same as ratio of R to RovM . 

I 

Conclusion? There is no general answer to the question "Which is the better way to place the DVM in 

thi circuit?" The answer depend on R on the applied voltage and on the consequent ammeter range 

setting. 

And before we leave thi s question, let 's notice the implication of that last phra e: the error depends 

on the YOM range setting. Why? Well , thi is our first encounter with the concept we like to call 

Electronic Justice, or the principle that The Greedy Will Be Puni hed. No doubt these names my tify 

you, so we 11 be pecific: the thought i that if you want good re oJution from the YOM you will pay 

a price: the meter will alter re ult more than if you looked for le resolution see Fig. 1 W.5 . 

Figure lW.5 Tradeoffs, or Electronic 
Justice I. VOM or DVM as ammeter: the 
larger the reading, the larger the voltage 
error introduced; VOM as voltmeter : the 
larger the deflection at a given V in, the 
lower the input impedance. 

~ 

0.025"V 

1/10 { u I I Scd./e = 

i/ ~ 
poor 

r e.so/u.tion ... 
I-I I I I I I 
!_! !- I_! I I 

••. a.n d srni!l.l/ ~ 
t.rror introdf/ced 0.02.5'V 

If you want the current meter needle to wing nearly all the way aero the dial (giving be. t res­

olution: small changes in current cause relatively large needle movement), then you 11 get nearly the 

full-scale 1/4-volt drop aero the ammeter. The ame goe for the DYM a. ammeter if you under­

:tand that 'full scale' for the DVM means fi I ling its digital range: "3 I /2 digit " a the jargon goe 
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(the' half digit' i a character that takes only the values zero or one). So, if you set the DVM cun-ent 

range so that your reading looks like 

0.093 , 

you have poor re olution: about I %. If you are able to choose a setting that makes the same current 

look like 0.930, you've improved resolution tenfold. But you have also increased the voltage drop 

across the meter by the same factor; for the DVM, like the analog VOM drops I /4 V full-scale, and 

proportionately le s for smaller deflection" (in the VOM) or maller fraction of the full-scale range 

(for the DVM). 

1 W .4 Thevenin models 

Problem Draw Thevenin Models for the circuits in Fig. 1 W.6. Give answer to 10% and to 1 % 

10V 

1 k 

1 O I< 

11< 

":'" -:-

V+ 

10K 

0.1 rnA 

Figure lW.6 Some circuits to be 
reduced to Thevenin models. 

Some of these examples show typical difficulties that can slow you down until you have done a lot 

of Thevenin models. 

The leftmost circuit is mo t easily done by temporarily redefining ground. That trick put the circuit 

into the entirely familiar form in Fig IW.7. 

The only difficulty that the middle circuit pre ent comes when we try to approximate. The 1 % 

an wer is easy, here. The 10% answer is tricky. If you have been paying attention to our exhortations 

to use 10% approximations, then you may be tempted to model each of the re istor blocks with the 

dominant R: the . mall one, in the parallel case, the big one in the series case, see Fig. l W.8. 

Unfortunately thi i a rare case when the en-or gang up on u · we are obliged to carry greater 

preci , ion for the two elements that make up the divider. 

Thi example is not meant to make you give up approximations. It make the point that it's the 

result that hould be good to the . tated precision, not just the intermediate step . 

"25V" 

"OV" 

"10V" ... reverting to 

} 

original ground, 
215 of "10V"-+ "5V"" 
totaf drop: 
tov 

Gk (G.Ok) 

(5.0V) Figure lW.7 A slightly novel 
problem reduced to a familiar 
one by temporary redefinition of 
ground . 
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tOV 
opprox;motion m;sused: 

1k fOV 

10k 

10k 0.7GV -:::::.?-:::::. = 0.9tv ? = ? = VtN I 10 ::: 1V ? 
Lao 1%) tk ~ _/ 

1k 10k } 0.91k to 10%? 

Figure lW.8 10% approximations : 
errors can accumulate. 

Figure 1 W.9 Current source feeding 
resistor, and equivalent Thevenin 
model. 

-- -

0.1 mA 

= 

-
-20%error- NO! 

25% error 

fOk 

"-- Rn1 = 
tOK I I Rour -IsouRCE 

L--..,--) 

infinite: 

6,V 

C:--6I 
ideally zero 

The current source . hown in Fig. lW.9 probably looks odd to you. But you needn't under tand 

how to make one to see its effect· ju t take it on faith that it does what's claimed: ource (squirts) 

a fixed current, down toward the negative upply. The rest follow from Ohm's Law. (ln Lab 4L you 

will learn to design these things - and you will di cover that ome devices just do behave like current 

sources without being coaxed into it: tran. istor behave this way - both bipolar and FET.) 

The point that the current source shows a very high output impedance help to remind us of the 

defi nition of impedance - alway, the same: ~V / Af. It is better to carry that general notion with you 

than to memorize a truth like ' Current sources show high output impedance." Recalling that definition 

of impedance, you can always figure out the current source 's approximate output impedance (large 

versus small); soon you will know the particular re ult for a current ource, just because you will have 

seen thi. ca e repeatedly. 

1 W .5 "Looking through" a circuit fragment, and Rin, R out 

Problem What are R in Rout at the indicated point in Fig. 1 W. IO? 

Solution A. Rin· It ' clear what Rin the divider should show: just R1 + R1. But when we say that 
are we answering the right que tion? Jsn 't the divider surely going to drive som thing down the line? 

If not why was it con ·tructed? 

The answer is yes , it is going to drive omething el e - the load. But that something else should 

pre ent an Rin high enough so that it doe not appreciably alter the re, ult you got when you ignored 

the load. If we follow our 1 Ox rule of thumb (see § I N.4.6) you won t be far off thi idealiz.ation: less 
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Figure IW.10 Determining R in, Rout; you need to decide what 's 
beyond the circuit to which you ' re connecting. 

than 10% off. To put this concisely, you might . ay simply that we assume an ideal load: a load with 

infinite input impedance. 

Rt fOk 

R2 10k 

RLoAo: infinite, 
or 'huge# 

Figure lW.11 Rin : we need an assumption about the load that the 
circuit drives, if we are to determine R in· 

Solution B. R out · Here the ame problem arises - and we ettle it in the ame way: by assuming 

an ideal source. The difficulty, again , i that we need to make some assumption about what is on 

the far ide of the divider if we are to determine R out: see Fig. LW.12. The a sumption we make in 

determining R out is familiar to you from Thevenin model : we assume source impedance so .low that 

we can neg lect it, calling it zero. If each re istor is lOk R out is 5k. 

RsouRc1=: 
Zero n , 

fOk 

10k 

Rour 

Figure lW.12 R0u1: we need an assumption about the source that 
drives the circuit , if we are to determine R out . 

1 W .6 Effects of loading 

Problem In Fig. lW.13 , what i the voltage at X: 

1. with no load attached? 

2 . when measured with a VOM labeled 'l 0,000 ohms/volt?' 

3. when measured with a scope whose input re. istance is I M.Q? 
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Figure lW.13 Vou1 : 

calculated versus 
measured. 

20V 

100k 

x 

took 

This example recapitulate a point made several times over in Chapter IN, a you recognize. Re­
minder: The " ... ohm /volt'' rating implie that on the 1-volt scale (that is, when 1 V causes full 

deflection of the meter) the meter will present that input resistance. What re istance would the meter 

present when et to the 10-volt scale? (Answer: 10 time. the 1-volt R1 : lOOkQ.) 

We start, as usual, by trying to reduce the circuit to familiar form. The Thevenin model does that for 

us. Then we add meter or scope as load, forming a voltage divider, and see (Fig. 1 W. l 4) what voltage 

results. 

Figure lW.14 Thevenin model of the 
circuit under test; and showing the "load" 
- this time, a meter or scope. 

50k 

You will go through this general process again and again, in this cour e: reduce an unfamiliar circuit 

diagram to one that looks familiar. Sometime you will do that by merely redrawing or rearranging 

the circuit~ more often you will invoke a model , and often that model will be Thevenin s. 
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2N.1 Capacitors 

Now things get a little more complicated, and more interesting, as we meet frequency-dependent 

circuits. We rely on the capacitor to implement this new trick, which depends on the capacitor's 

ability to "remember" its recent hi tory. 

That ability allow us to make timing circuits (circuits that let something happen a predetermined 

time after omething else occurs); the most important of uch circuit are oscillators - circuits that do 

thi timing operation o er and over, endles ly, in order to set the frequency of an output waveform. 

The capacitor' . memory also lets us make circuit that respond mo tly to changes (diffe rentiator ·) or 

mo ·tly to averages integrators) . And the capacitor' , memory implement the RC circuit that i , by far 
the most important to u : a circuit that favors one frequency range over another (afilter). 1 

All of these circuit fragment will be u eful within later, more complicated circuits. The filters, 

above all other , will be with u constantly a, we meet other analog circuit . They are nearly as 

ubiquitou as the (resist ive-) voltage divider that we met in the first cla s. 

I Incidentally, in case you need to be per uaded that remembering is the es ence of the service that capaci tor provide, note 
that much later in this course, partway into the digital material we will meet large array of capacitors used imply and 
explicitly to remember: several sort of digital memory (dynamic RAM, Fla. h, EEPROM and EPROM) u e millions to 
billion · of tiny capacitors to store their information, holding that data in some ca, e · for many years. 
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2N .1.1 Why? 

We have suggested a collection of applications for RC circuits. Here is a sh011er answer to what we 
mean to do with the circuit we meet today: 

• generate an output voltage transition that occur a particular delay time after an input voltage 

transition; 

• design a circuit that will treat input of different frequencie. differently: it will pass more in one 

range of frequencies than in another (this circuit we caJI a "filter') . 

2N.1.2 Capacitor structure 

The capacitor in Fig. 2N. l is drawn to look like a ham , andwich: metal plates are the bread, some 

dielectric is the ham (ceramic capacitors really are about as imple as this). More often capacitor 

achieve large area (thus large capacitance) by doing omething tricky, such a· putting the dielectric 

between two thin layers of metal foil then rolling the whole thing up like a roll of paper towel (mylar 

capacitors are built this way). 

Figure 2N.l The simplest capacitor 
configuration : sandwich. 

A static description of cap behavior ... 
A static description of the way a capacitor behave would say 

Q = CV 

where Q i total charge, C is the measure of how big the cap i (how much charge it can tore at a 

given voltage: C = QIV) , and V i the voltage aero, s the cap. 

This , tatement just define the notion of capacitance. It is the way a physicist might describe how a 

cap behaves and rarely will we u e it again . 

. . . A dynamic description of cap behavior 
In, tead, we u ea dynamic description - a statement of how thing change with time: 

l = CdV 
dt 

(2N.1) 

This is just the time derivative of the 'static" de cription. C i con tant with time; I i defined a the 

rate at which charge flows. This equation i. n't hard to grasp. It ay "The bigger the current the faster 

the cap's voltage changes." 

A hydraulic analogy: Again, flowing water helps intuition: think of the cap (with one end grounded) 

as a tub that can hold charge: see Fig. 2N .2. 

A tub of large diameter (cap) holds a lot of water (charge) for a given height or depth (V). If you 

fill the tub through a thin traw (small I) , the water level - V - will rise slowly; if you fill or drain 

through a fire hose (big /) the tub wiJl fill ("charge') or drain ("di charge" ) quickly. A tub of large 

diameter (large capacitor) take, longer to fill or drain than a mall tub. Self-evident isn't it? 

j AoE § 1.4. 1 
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Time-domain view of RCs 
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Figure 2N.2 A cap with one end grounded 
works a lot like a tub of water. 

Now let's leave tub of water, and anticipate what we will ee when we watch the voltage on a cap 

change with time: when we look on a scope creen, as you will do in Lab 2L. 

An easy case: constant I 
This tidy waveform, called a ramp is useful, and you will come to recognize it as the signature of this 

circuit fragment: capacitor driven by constant current (or "current ource") . 

+V 

I 

I 
-:-

Vcap 
Vcap 

ti.me 

Figure 2N.3 Easy case: constant / --'; constant 

dV/ dt. 

Thi arrangement is used to generate a triangle waveform see Fig. 2N.4. 

\. 
vO;J 

Figure 2N.4 How to use a cap to generate a 
triangle waveform : ramp up, ramp down . 

But the ramp waveform is relatively rare, because current source are relatively rare. Much more 

common is the next ca e. 

A harder case but more common: constant voltage source in series with a resistor 
( "exponential" charging) 
Here, the voltage on the cap approache the applied voltage - but at a rate that diminishes toward zero 

a Vcap approaches it destination. Fig. 2N.5 shows Vcap starting out bravely moving fast toward its 

Vin (charging at I OmA in the example above, thu at lOV /ms); but a it gets nearer to its goal, it lo es 

it nerve. By the time it is l V away it has slowed to 1/10 it stru1ing rate. 

(The cap behaves a lot like the hare in Xeno 's paradox: remember him? Xeno teased his fellow 

Athenian by a king a question -omething like this: If a hare keep going halfway to the wall, then 

again halfway to the wall, does he ever get there? ' (Xeno really had a hare cha e a tortoise; but the 
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Figure 2N.5 
The more usual 
case: cap 
charged and 
discharged from 
a voltage 
source, through 
a series resistor. 
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i~s ZM t:t.'me. 
at IOV Qc.n,55 it : 10 ... ,A 

( dV _ :I. - IO>t ,o-"J :: to 11/Ytt"') 
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electronic analog to the tortoisee. capes u , so we ' ll simplify his problem.) Hares do bump their nose ; 

capacitors don t: Vcap never does reach Vapplied , in an RC circuit. But it will come a close as you want. 

Exponential charge and discharge 
The behavior of RC charging and discharging is called "exponential" because it show the quality 

common to members of that large class of function . A function whose slope i proportional to it 

value is called exponential : the function ex behave as the charging RC circuit does. Its slope is equal 

to it. value. 

Familiar exponential functions are tho e de, cribing population growth (the more bacteria, the fa ter 

the colony grows) and a draining bathtub (the shallower the water, the more slowly it drains). The 
capacitor's discharge curve follows thi rule more obviously than the charging curve, so let 's consider 

that ca e: a the capacitor discharges the voltage across the R diminishes, reducing the rate at which 
it discharges. This is evident in the discharge curve of Fig. 2N.6. The RC di charges the way a bathtub 

drain . . 

Figure 2N.6 RC charge, discharge 
curves. 
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Two numbers in the plot of Fig. 2N.6 are worth remembering: 

• in one RC (called ' one time-constant") Vcap goes 63% of the way toward its destination; 

• in five RCs 99% of the way 
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If you need an exact solution to such a timing problem: 

Vcap = Vapplied · (1- e- r/RC) 

In ca e you cant see at a glance what this equation is trying to teJl you, look at e- t/RC by itself: 

• when t = RC, thi expression is e- 1 = 1/e, or 0.37. 
• when t » RC,, i.e., very large, this expression i tiny, and Vcap:::::::: Vapplied 

A tip to help you calculate time-constant : 

MQ and µF give time-constant in seconds 

kQ and µF give time-constant in milliseconds 

(The econd case, kQ and µF is very common.) In the example above, RC i the product of lk and 

lµF: lms. 

The "time constant," RC 
You may be puzzled at first, to see frequent reference to a circuit's "time constant," even in settings 

where no one plans to u e the quantity RC directly a one might say in an oscillator circuit. The time 

constant serves to give a ballpark measure of how quick or slow a circuit element may be. If you see 

fuzz on an oscillo cope screen at I MHz, for example, you know at once not to blame an RC circuit 

whose time constant is in the millisecond range . 

. . . and a trick for the calculator-less 
The exponential expression, e- r/Rc, which desc1ibes the 'e1mr", may look pretty formidable to work 

with by hand. In fact, however, it is not hard to estimate. Just note the following pattern: 

• in one time-constant the error decreases to about 40% of what it was at the start of that time­
constant. 

So, after a couple of time constants, the error is down to 0.4 x 0.4 or about 0.16. One more time 
constant takes the error down to about 0.06. And so on. 

2N.2.1 Integrators and differentiators 

The very useful formula, I = CdV / dt will let us figure out when these two circuits perform pretty 
well as integrator and differentiator, respectively. ~,ynall-

Jn.. 

R. 

CI 
out 

Figure 2N.7 Can we exploit cap's I = C dV/ dt 
to make differentiators and integrators? 

Differentiator Let' first consider the impler circuit in Fig. 2N.8. The current that flows in the cap 

is proportional to dVin / dt; o, in once ense, the circuit differentiates the input ignal perfectly: its 
current i. proportional to the slope of Vin· But the circuit i pretty evidently useles (perfectly u. eless). 

It give us no way to mea ure that current. If we could devise a way to mea ure the current, we would 

have a differentiator. Fig. 2N.9 hows our earlier proposal, again. Doe it work? 
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Answer: Ye. and No. Ye to the extent that Vcap = Vin (and thus dVcap/ dt = dVin/ dt), it works. But 

to the extent that Vout moves, it is imperfect, because that movement makes Vcap differ from Vin· 

So the circuit errs to the extent that the output move away from ground; but of cour e it must move 
away from ground to give us an output. This differentiator is compromised. So is the RC integrator, 

it turn · out. When we meet operational amplifiers, we will manage to make nearly-ideal integrators, 

and pretty good djfferentiators. 

Figure 2N.9 Differentiator? - again . difFerentiafor ? 

AoE puts that point this way: 

• for the differentiator: ' . .. choo e Rand C small enough o that dV0u1/ dt « dVin / dt ... ' 
• for the integrator: ... [make ure that] Vout « Vin ... w ·RC» l. '2 

We can put this simply - perhaps crudely. As ume a inewave input. Then, 

the RC differentiator (and integrator, too) work pretty we11 ff it i murde,-;ng the ignal (that is, 

attenuate it severe]y), so that V. ut (and dVout) i tiny: hardly moves away from ground. 

It follow 3 , along the way, that differentiator and integrator will impo. e a 90° pha. e hift on a sinu­

soidal input. This result, obvious here should help you anticipate how RC circuit viewed a "filter_" 

(below) will impose pha e shift. 

Try out the differentiator: Fig. 2N.10 shows what a differentiator like the one you'll build in Lab 2L 

put out, given a square wave input. The slow sweep on the left makes the output look pretty much Jike 

a spike responding to each edge of the quare wave. The detail on the right hows the decay of the RC 
that form the differentiator4 (the time con, tant, RC, is LOOQ x IOOpF= l04 x 10- 12 = 10 x 10- 9 = 10ns . 

The square wave produces the most dramatic respon e from a differentiator. A si nu oid produces a 

quieter re ponse: another inu oid, simply pha. e shifted. Not that the output amplitude is much less 

than input: see Fig. 2N. l I. 
The output looks more or les correct: it measure the lope of the input. But it al ' O look a little 

funny: it is not a smooth inusoid. That . the fault not of the differentiator but of the ' inu oid" 

that goe in - coming from the function generator. That inu oid i a bit of a phoney, produced by 

whittling away the point of a triangle! The differentiator expose this fraud: one can make out at least 

a constant- ·lope section as the underlying triangle cros e zero. 

2 This may be the first appearance of w (omega) in the e notes . w de. cribes frequency not in cycles-per-. econd, properly 
called "hem,,·· but in radians-per-second. Since a full cycle include. 2,r radian . OJ = 2nf. 

3 When we say " it follows." we are a suming that you accept the propo ition that the derivative or integral of a sinusoid i 
another inusoid 90° phase-. hifted relative to the original. If thi · point is new to you. hang on. We'll soon ee chi 
happening in today 's lab. 

4 The amplitude i · not the same as in the lower sweep, because the detail shows re ·pon e to a po, itive 4V step (th edge of a 
"TTL" square wa e). used becau e it. edge is , teeper than the edge f the square wave hown in the . lower weep. The 
steeper edge produces a more-nearly-ideal respon ·e pulse. 

Figure 2N.8 
Useless 
"differentiator"? 

oE § 1.4.3 

J Ao s 1.4.4 
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Lob 2 d1fferentio.tor 
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.----r----·---1----·--1·-·-1? 
I V ouc (a!legedly • derrvaove of Vin) 

oE § 1.4.4 

Figure 2N.10 Differentiator, fed a square wave as input; detail shows RC. 

------

~ · \ ' ~'\\ ' '/ "' 
'- ~~ '-,,,.~,./ 

'"-...- Vm,;(allegedly O denv;;trw ol I/in~_/ 

Integrator 

Figure 2N.11 Response of RC differentiator to 
sinusoid : shows the "sine" isn't clean (note scale 
change from IN to OUT: Chl is input). 

Assvrne l1h ,s. co11sh.nt ••• 

L J:. not ccnsl:.an( fo +he extent Vout moves 

Vavt 
a'Vcvt should be crmstanf. 
~ 

Figure 2N.12 Integrator? - again , only sort-of. 

The circuit on the left in Fig. 2N. J 2 i. a pe,ject integrator - but it input is a current. When the input 
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is a voltage, as on the right, the RC integrator becomes imperfect. The limitations of the RC integrator 

resemble those of the RC differentiator. To keep things simple, imagine that you apply a step input; 
ask what waveform out you would like to see out, and what, therefore, you would like the current to 
do.5 

The integrator works if VouT « V1N - or less formally it works if its murdering the input. We 
achieve that by making sure that the cap doesn't have time to charge much between reversals of the 

input waveform: RC» {half-period of a square wave input}, for example. 

Try out the integrator: Again a square wave provides the easiest test of the integrator, since it's 
pretty plausible that a square wave input should charge, then discharge the cap at a nearly-constant 

rate, producing a ramp up, then a ramp down. Fig. 2N.13 show the lab's RC integrator responding to 
square wave, then sinusoid. 

I 
.J 

LQb 2 ,nteqrolor 

Vin.(yellow) 

I 

H 2.0011,lav 

j 
Vout (allegedly-,; iifegrefofVin) 

i , .. .,,.,. .. ("'~ 
, _,..,- · 

[ ___ ... 

Lab 2. 1nleqralor 

0.0 ' 

Figure 2N.13 Lab 2L's RC integrator responding to square wave and sinusoid (note scale change 
from IN to OUT: Chl is input) . 

Note that thi integrator is severely attenuating the signal as required for an RC integrator: the gain 

on the output channel is ten times the gain on the input channel, in Fig. 2N .13 . 

Incidentally, if you find it hard to get an intuitive grip on what the integral of a sinu oid should look 

like, try this trick: reverse the pro ess. Check that the in.put waveform show the slope of the output; 

in other words that the input hows the derivative of the output - the inverse of the integral function. 

2N.3 Frequency domain view of RCs 

We'll now switch to speaking of the ame old RC circuits in a different way, describing not what a 

scope image might show - the so-called "time-domain" view - but instead how the circuit behaves a 

frequency changes. This is the "frequency domain" view. Don't let the name care you: the reference 

to "domain" (a word that evokes ca ties and lord and ladies) is just a high-fallutin ' way to specify 

whats on the x-axis ("domain" de cribes the input to a mathematical function, as you may recall). 

5 What we'd like to see is an oulpul ramp: constant dV0 u1/ dt for con tanl Vin · 
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2N.3.1 The impedance or reactance of a cap 

A cap's impedance varies with frequency. Impedance i the generahzed form of what we called "resis­

tance" for "resistors;" "reactance" is the term re erved for capacitors and inductors . The latter usua1Iy 

are coils of wire often wound around an iron core. 

It ' obviou that a cap cannot conduct a DC current: just recall what the cap insides look like: an 

insulator separating two plates. That takes care of the cap's impedance at DC: clearly it's infinite (or 

huge, anyway). 
A time-varying voltage acros a cap can cause a current to pa. s through the capacitor. Thi is a 

point we hope wee tabli hed in discu sing differentiators, §2N.2. I. 
A related but different i sue concerns us when we consider filter however: we would like to un­

derstand why a rapidly-varying voltage can pas through the capacitor). But that doe happen and we 

need to under tand the proces in order to understand a high-pass filter. If you're already happy with 

the re ult, skip this ubsection. 

When we ay the AC signal pa es through a filter, all we mean is that a wiggle on the left cau es a 

wiggle of imilar size on the right: see Fig. 2N.14. 

. . . :::::. Cvlj'1 le () vi 
(" 

'L 

Scrne. c.ul'Yl!.r/'t. f/o«.ts, 
b1.1i 'J'.ot tcmq t!'>tau,JI, 
/;)r Vcap fc,J cJ,anye 
appre.dably 

Figure 2N .14 How a cap "passes" a signal. 

The wiggle make it "aero " the cap so long as there i. n t time for the voltage on the cap to change 

much before the wiggle has ended - before the voltage heads in the other direction . In other words 

quick wiggles pa s· low wiggles don't. 

Please note that what we just described is the passing of a voltage signal through a filter. This is not 

the same as the pas ing of a current through a capacitor - an effect that cannot be continuous. The 
pa sing of current can occur only o Jong as the voltage difference between the capacitor's plates i 
changing, as it is for a continuous sinusoidal input, for example. 

We can stop worrying about our intuition, if you like6, and state the expression for the cap's 

impedance: 

Zc = - )/we = - J/2rcfC 

We can ee at once that the cap's impedance falls with frequency and i inversely proportional to C. 

But whats this ")"? Two answers: symbolically, it s just an electronics convention representing the 

mathematician s " i,' i.e. J=T.7 That answer may not help if you consider Ff to be a pretty weird 

thing, a most right-mjnded people do! The second answer i. that j happen to provide a mathemati­
cally convenient way to talk about phase shifts. But it i. a way that we will not rely on in thi cour e. 

Instead, we will usually sweep j and even phase-shift itself under the rug ( ee later in this section). 

And once we have an expression for th impedance of the cap - an expression that shows it varying 

. moothly with frequency - we can see how capacitors will perform in voltage dividers. 

6 In §2S.2 we make another attempt lo offer intuitive fingerholds on thi s idea: ways to grasp intuitively what the math is 
trying to tell u . 

7 Iectrical engi neer avoid saying ·' j ' becau e it sounds like current. 
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Digression: deriving Z c 
Skip the following, if you're in a hurry. This is just for the person who f els uncomfortable when 

handed a formula that has not been ju tified. 

Why does the formula Zc = - j /we = - j /2nfe, hold? We will sneak up on the answer, using 

ome lazy approxhnation (very much in the style ohhis course). 

What we mean by "impedance of the capacitor" is equivalent to what we mean by 'impedance of 

the resi tor:" the quotient of V / I. If we plug in expressions for the somewhat novel V and I in the 
capacitor we should get the adverti. ed formula for Zc. 

Since we're interested in how the capacitor responds to time-varying ignals, and the sinusoid 

provides the simplest case,8 we lJ as ume a VcAP that i not DC, but rather inusoida1: 

VcAP = Asin(wt). 

Because the current through a capacitor is the ti me-derivative of the voltage across the cap (see §2N. 1, 
above), the expression for the current through a capacitor across which one applies VcAP will be 

(
dVcAP) I AP = C ~ = eAwcos wt. 

and ZcAP is the quotient, V /!, given by 

V VcAP Asin(wt) = = ~~~~~ 
I lcAP Awcos(wt)e · 

To evaluate this exactJy one i. obliged to confront the nasty fact that sine and co. ine are out of phase a 

fact that is handily expre ed - but cryptically, to tho e of us not yet accu tomed to complex quantities 

- in the"- j" that appears in the expre sion for ZcAP· Ju t now we choo e not to confront that nasty 
fact, and choose instead to sweep - j and pha. e hift under the rug. 

Hiding from phase shift l AoE §1.7. IA 

If we neglect phase shift, then we can impLify this quotient, A~~~~-;~~:/)c We can consider just the 
maximum values of the sine and cosine functions. i.e. 1, and then divid out the amplitude, A, along 

with the values of sin and co which we take to be one, so as to get the very imple expression: 

l 
XcAP = IZ AP! = -

we 
or 

I 
2nfe . 

The 'I" indicate 'magnitude, ignoring phase·. Reactance thus describe the ratio of current and 

voltage magnitudes only. Thi i · not quite the whole story, evidently since this account ignores phase 

shift. But this expre sion provide a pretty good rough description of the way a capacitors impedance 

behaves, and it is easy to understand. The expre sion tells us two important truths, a we noticed when 

we first met Zc: 

( l) the capacitor's impedance i. inversely proportional to C~ and 

(2) the capacitor's impedance varies inver ely with.frequency. 

The second point, of cour e, is the exciting one: here's a device that will let us build a new sort of 

voltage divider, more intriguing than the ones built with resi tors. These dividers can be frequency­
dependent. That sounds interesting. 

Later, we will return to the topic of pha e hift. For the moment, we won ' t worry about it. 

8 You· 11 recall that Fourier teache that any wavefonn other than inusoid - ·ay, square wave. or triangle wave - can be 
formed as a . um of inusoid . . It follows that we need only con. ider how a circuit responds to a inu ·oid. in rder to gain a 
fully-general under. landing of the circuit' behavior. 
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2N .3.2 RC filters 

The e are the most important application of capacitors . The e circuits are just voltage dividers , es­

sentially like the re istive dividers you have met already. The resistive dividers treated DC and time­

varying signals alike. To some of you that seemed obviou and inevitable (and maybe you felt insulted 

by the exerci eat the end of Lab IL that asked you to confirm that AC was Jike DC to the divider). 

Res istive dividers treat AC and DC alike becau e re istor can't remember what happened even an 

in tant ago. They're little existentiali ts, living in the present. (We're talking about ideal resi tors, of 

cour e.) 

" tow pi:1.1,~w 

A rare but simple case: C: C divider 

Figure 2N.15 RCs are most 
important as filters - more or less like 
coffee filters . 

You know how a resistive divider work on a ine. How would you expect a divider made of capacitors 

to treat a time-varying signal? The C:C divider is not quite a reali tic circuit, ince we' re normally 

tuck with substantial tray R values that complicate it. But it i usefu l to get us tarted in considering 

phase shift . 

Figure 2N.16 Two dividers that deliver 
1/ 2 of V in - with no phase shift . 

If this case worrie you good: you 're probably w01Tying about phase shifts. Turns out they cause 

no trouble here: output i in pha e with input. (If you can handle the complex notation write Zc = 

- j / wC, and you'll ee the j wash out.) 

But what happens in the combined case, where the divider is made up of both Rand C? This turns 

out to be the case that usually concerns u . This problem i harder, but still fit the voltage-divider 

model. Let's generalize that model a bit in Fig. 2N. l 7 . 

A qualitative view of the filter 's frequency response 
The behavior of these voltage divider - which we call filters when we peak of them in frequency 

term., because each favors either high or low frequencies - is easy to analyze, at least roughly: 
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Figure 2N.17 Generalized voltage 
divider; and voltage dividers made up 
of R paired with C. generalized vol/aye divider

Figure 2N.18 Establish the 
endpoints of each filter’s 
frequency response curve, by 
trying f = tiny, f— huge.

high-frequency extreme: opposite results, for the two configurations...

again, opposite results, for the two configurations

(1) See what the filter does at the two frequency extremes. (This looking at extremes is a useful trick; 
you will soon use it again to find the filters’ worst-case Z|n and Zout )
• At one end of the frequency range, one configuration of filter passes almost none of an input 

signal, while the other passes all, and vice versa:
At f = 0, what fraction out
At very high /, what fraction out?

As the annotations in Fig. 2N.18 say, each filter can deliver all of its input to the output at 
one frequency extreme, none at the other extreme; for the two filters those extremes occur, of 
course, at opposite ends of the frequency spectrum.

(2) Determine where the output “turns the comer” (comer defined arbitrarily9) as the frequency where 
the output is 3dB less than the input (always called just “the 3dB point”; the “minus” is under­
stood).

Knowing the endpoints, which tell us whether the filter is high-pass or low-pass, and knowing the 
3dB point, we can draw the full frequency-response curve; see Fig. 2N.19.

The “3dB point,” the frequency where the filter “turns the comer” is

/3dB = 2icRC

Beware the more elegant formulation that uses to:

Well, not quite arbitrarily: a signal reduced by 3dB delivers half its original power.



2N.3 Frequency domain view of RCs 63

That is tidy, but is very likely to give you answers off by about a factor of 6, since you will be 
measuring period and its inverse in the lab: frequency in hertz (or “cycles-per-second,” as it used to 
be called), not in radians. So avoid using (0 as you evaluate frequency.

Two asides
Caution! Do not confuse these frequency-domain pictures with the earlier RC step-response picture, 
(which speaks in the time-domain). Both sorts of plots are sketched in Fig. 2N.20.

Figure 2N.20 Deceptive similarity between shapes 
of time- and frequency-plots of RC circuits.

Not only do the curves look vaguely similar but, to make things worse, details here seem tailor-made 
to deceive you:

Step response: In the time RC (time-constant), VCap moves to about 0.6 of the applied step voltage 
(this fraction is (1 — 1/e)).

Frequency domain: At /3dB, a frequency determined by RC, the filter’s VOut/Vin is about 0.7 (this 
is l/x/2)

Don’t fall into that trap. Don’t confuse these two quite-different plots.

A note concernining log plots: You may wonder why the curves we have have sketched in Fig. 2N. 19 
AoE§i.7.8B I the curves in AoE introducing filters (§1.7.8), and those you see on the scope screen (when you

“sweep” the input frequency) don’t look like the tidier curves shown in most books that treat frequency 
response, or like the curves in Chapter 6 of AoE treating filters. Our curves trickle off toward zero, in 
the low-pass configuration, whereas these other curves seem to fall smoothly and promptly to zero. 
This is an effect of the logarithmic compression of the axes on the usual graph. Our plots are linear; 
the usual plot (“Bode plot”) is log-log: see Fig. 2N.21

Figure 2N.21 Linear and log-log
J u frequency-response plots contrasted.

We will illustrate the contrast in appearance between linear and log-log plots in §2N.3.3 after a 
brief introduction to decibels.
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2N.3.3 Decibels 

A "decibe1" 10 is a unitless measure of a ratio between two value . Since it u e a logarithm of the 

ratio, it can help to describe values who e range i very large. 

Since a decibel measures a ratio it mu t always rely on a reference level. In the application most 

familiar to most of u , outside of electronics, sound level or loudness is mea ured relative to a level 

approximating the quiete t audible sound. Sound mea ·urement makes good u 'e of the decibel because 
the range it needs to measure is enormous: the ratio of loudest sound to the quietest that is audible to 

a human ear can be as large as about three million to one (this is a ratio of sound pressure levels). This 

large quantity, awkward to expre s directly, shrinks to manageable form when expressed in decibels: 
130dB. "OdB" is the reference level for audibility. 

In electronics usage, decibel describes a ratio, a always - but sometime. the magnitudes that 

are compared represent power sometimes voltage or amplitude. Since power varies as the square of 

voltage, the two definition of decibel look different: 

(2N.2) 

- where P represents power, A amplitude. It is the amplitude definition that will be useful to us. 

Sometime a label indicates the reference value to which a quantity i compared. dBm, for example 

uses J milliwatt as its reference (with orne as urned load impedance). In thi course, however, we 

use dB most often to describe the attenuation. achieved by a filter, and in this context a few ratio. 

continually recur. 

Some dB values we often encounter: 

• -3dB = amplitude ratio of 1 /vi. Thi one come up all the time, most often in the formula for the 
frequency where a filter attenuates enough so that we say it has' turned the corner" (but a "comer" 

that is so gentle that it hardly deserves the name, a you can see for example in Fig. 2N.27). 

• - 6dB = amplitude ratio of I /2. This comes up in the description of the lope of RC filters. '' - 6d8 

per octave" describes the rolloff of a low-pass filter, in jargon that could be translated to "halving 

amplitude for each doubling of frequency. 
• +3dB and +6dB of course describe growth rather than attenuation: by amplitude factors factor of 

vi or 2, respectively. 

• 20dB = amplitude ratio of l 0. Thi comes up in the alternative desc1iption of the slope of an RC 
filter: a low-pass, for example, falls at ' - 20dB per decade " meaning 'cutting amplitude by a 

factor of ten for each l 0-fold multiplication of frequency." 

Rise and fall on linear and log plots 
Linear plots: In lab, when we watch filter attenuations on a scope, we see and perhap. draw linear 

relations of amplitude to frequency. (Some function generators can be set to sweep frequencies using 

a logarithmic weep that compresses the horizontal axi . But we don ' t ordinarily use such generators, 

and such a semi-log plot does not look like the u ual textbook and datasheet plot, which i log-log.) 

We see the low-pas roll off rather gently with its 1 / f shape. On a log- log plot (standard in electronic 

reference that describe filters) thi lazy and curvy rolloff i displayed as a straight line, as you can 

confirm with a look at Fig. 2N.24. 

Fir t, in Fig. 2N.22 is a reminder of what a plot rising or falling at ±6dB/octave look like. We 

have labeled the axes "Vo/Vi" and "frequency," as for a filter. 

10 A decibel is one tenth of a Bel - a unit defined by Bell Labs to measure signal attenuation in telephone cables, and named 
l honor Alexander Graham Bell. The Bel turned out ( like Faraci) to be impractically large. and is not used. You can find 
more lore on the decibel. if you like. in Watkinson's The Art of Digital Audio (3d ed. , 2001). §2.18. 

I AoE § I .3 .2A 
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Figure 2N.22 Linear plot of rise and 
fall at ± "6d B/octave". 

This slope can also be described, as we aid above, as ±20dB/decade. We have not hown thi 
in Fig. 2N.22 because we did not show a range sufficient to display a decade (a ten-fold) change in 
frequency. 

Log-log plots: Log-log plots, like those in traditional 'Bode plots,' make the humble RC look more 

decisive. In particular, the lazy and curvy 1 / f roll off of a low-pa. s tum into a straight line that eems 
to dive resolutely and rapidly toward zero. The rise, too, looks tidier on a log-log plot, though not so 
dra tically improved. In Fig. 2N .23 we have shown ri es at "6dB/octave" and " J 2dB/octave.' These 
are not measured filter results· they only how the behavior of curves on log-log paper. 

+6dB/octave 
+20dB/decade 

+ 12dB/octave 
+40dB/decade 

10 100 1000 10,000 

Figure 2N .23 Log-log plot of RC 
high-pass filter's rising response . 

Fig. 2N.24 shows how a log- log plot can make an RC filter's response look more decisive and can 
turn a curvy l /.f respon e into a tidy down ramp. 

On these log- log plots the behavior i easier to ee if you de cribe it as "± 20dB/decade" and 

'40dB/decade" rather than by octave. 
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Figure 2N.24 Log-log 
plot of RC low-pass filter's 
falling response ( often 
called "rolloff' ) . Low-pass 
rolloff figure on left side 
reproduced from AoE 
Fig. 1.104. 
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2N .3.4 Estimating a filter's attenuation 

• 12dB/octave 
-40d8/decad& 

10 100 

The shape of the frequency-response curves sketched in Fig. 2N. I 9 allows one to estimate the atten­

uation a filter will apply to a specified frequency range, given hctB· Here are some useful rules of 
thumb. 

Attenuation in the passband 
Attenuation will be under about l0%, if one keeps an octave (a factor of two in frequency) between 

signal and hcIB· In a low-pass, for example if you want to pass signal below lkHz, put hc1s at 2kHz. 

In a high-pass, if you want to pass signals above lOk.Hz, put /3dB at SkHz. 

In Fig. 2N .25 are high- and low-pass filters , showing the passbands and the /3dB frequencies. 

1000 10,000 

Figure 2N.25 Passbands 
for high-and low-pass 
filters. Loss is about 10%, 
an octave from f 3dB · 

These are linear-li near 
plots; it is the (swept) 
waveforms that are shown, 
not ( as in previous 

• .r 
• f 

• , I 
•~-,1.__..__.._.__._ _____ ~~·~1---....... __ ~-·~~-J • '--" . t' ~ ..: ·~ 

passband: high-pass passband: low-pass 

figures) a plot of response . 

Details of passband: We rarely will need more detail about passband attenuation than the point men­

tioned above, that we lose I 0% a factor of two away from hctB. (Specifical1y, we lose about 1 O~ at 

1/2 /3dB for a low-pa s; at 2 x hcts for a high-pass). 

But, in case you are curious, Fig. 2N.26 shows passband attenuation in detail 11 • 

11 This is modified from Fig. 4.8 of Tektronix ABC's of Probe '(201 l , p. 35. 
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-3dB Figure 2N.26 Details of RC rolloff in 
the passband . 

Attenuation in the stopband 
Where the filter attenuates substantially, amplitude falls or rises in proportion to frequency. This im­

ple pattern i accurate well away from hdB and is approximate close to hdB as can be een from 
Fig. 2N.27. 

. . T , · /f s amplitude falls, 
'" . I '\_ : · propo1onal:to 1/f 

/ ' 

,,1,...., .. J....i-.a....,..J....i....i..-i-4_:.................._u_i __ '"_r....~h .' otri~ ..... ·~~._..... 

lowpass: shrinks proportional to frequency 
(amplitude proportional to 1/f) 

Figure 2N.27 
Stopbands for high­
and low-pass filters . 
Growth or shrinkage 
with change of 
frequency. 

In a low-pass, for example, if hdB is 2kHz, then noise at 20kHz 10 x hcts) will be down to about 

I I l O what its level would have been at hdB . By thi reasoning it will be down about l / 10 x 0. 7, since 

the level is about 0.7 (by definition) at hctB· In fact, it will be attenuated somewhat less, because the 

1 / f shape is not achieved in the first octave or so above hcts. 

In Fig. 2N.27, one can see the deviation of the high-pass respon e from a perfect . traight line (that 

i , from strict proportionality to frequency) up to hdB · Far below !JdB, the deviation from straight line 

would be slight. 

It is harder to judge the low-pass deviation from a 1 / f shape, but you may be able to ee, if you 

look closely, that at 2 x !JdB amplitude is well above the 35% that one would predict if one expected 

a 1 / f slope even in the first octave above hdB· 

Still, the main point is not the imperfection of these approximations but their power. They let you 

give a quick and pretty-good estimate of what a filter will do to noi eat a specified di tance from hdB· 

Thats valuable. 
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2N.3.5 Input and output impedance of an RC circuit 

If filter A is to drive filter B - or anything else, in fact - it must conform to our J Ox rule of thumb, 
which we di cussed earlier when we were considering only re i tive circuits. The same reasons pre­

vail, but here they are more urgent: if we don't fo1low this rule, not only will signal s get attenuated; 

frequency respon e also is likely to be altered. 

But to enforce our rule of thumb we need to know Zin and Zout for the filter . At fir t glance, the 

problem looks nasty. What is Zout for the low-pas filter, for example? A novice would give you an 
answer that '. co1Tect but much more complicated than necessary. He might ay, 

R(- .i / mC) 
Zout = Zc 11 R = "/ · 

R- J mC 

Yow! And then this expression doe n' t really give an an wer: it tell us that the answer i frequency­

dependent. 

"Worst case" impedances 
We chee1fully sidestep this hard work, by considering only worst case value . We ask "How bad can 

things get?" 

We ask, "How bad can Zin get?' And that mean , "How low can it get?" 

We ask, "How bad can Zout get?" And that means, "How high can it get?' 

This trick delivers a tunningly ea y answer: the an wer is always just R! Here 's the argument for a 

low-pass for example (see Fig. 2N.28): 

worst Zin: cap looks like a short: Zin= R (this happens at highest frequencies). 

worst Zout: cap doe n t help at all; we look through to the source, and ee only R: Zout = R (this 
happen at lowest frequencies). 

Figure 2N.28 Worst-case Z in and 
Zout for RC filter reduces to just R. 

Z,n ~R R 
~ --1\/v'v--f-

l 
I 
r 
l 

..L 

Having an easy way to handle the filter's input and output impedance allow you to tring together 

RC circuits just as you could string together voltage dividers, without worrying about interaction 

among them. 

\ AoE § 1.7.ID 
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2N.3.6 Phase shift 

You already know roughly what to expect: the differentiator and integrator showed you phase shift 

of 90°, and did this when they were severely attenuating a inewave. But you need to beware the 

misconception that because a circuit ha a cap in it, you should expect to see a 90° shift (or even 

ju t noticeable shift). You should not expect that. You need an intuitive ense of when phase hifting 

occurs and of roughly it magnitude. You rarely will need to calculate the amount of shift. In fact, as 

we work with filters we u ually get away with ignoring the i sue of pha e shift. 

How we get away with largely ignoring phase shift in RC filters 
Before we get into some details, Jet' try to explain why we can come close to ignoring phase shift. 

Here is a start: a rough account of phase shift in RC circuits: 

If the amplitude out is close to amplitude in, you will see little or no phase shift. If the output i 

much attenuated, you will see considerable shift (90° is maximum) 

Fig. 2N.29 show curves aying the ame thing for the case of a low-pass filter. 

0.1 

0.01 

0.001 ---.....--~---'-----' 

o.01~de o.1f3.:i~ f&lB 1of~B 1cof.:dB 
Figure 2N .29 Attenuation and phase shift (log-log 
plot) . 

A you can see where the filter i passing a . ignal, the filter does not impo e much phase hift. 

How much? ff we assume that we can put hdB at twice the highest frequency that we want to pass 

(let's call that the highest signal" frequency). Then the signal will be attenuated only slightly (about 

I 0%) and will be shifted no more than about 25 degrees. Both attenuation and phase hift will be les 

at lower frequencies. 

But, you may want to protest, more severe shifts occur over much of the po sible input frequency 

range hown in Fig. 2N.29. At many frequencies, pha e shift i con iderable: - 45° at hc1s, and more 

than that a frequency climbs, approaching -90°. Why not wo1Ty about those hjfts? 

We don't worry because those shift are applied to what we consider not signal but noise, and we're 

just not much interested in what nasty thing we are doing to noi e. We care about attenuating noise, 

it's true; we like the attenuation, and are interested in its degree. But that 's only because we want to be 

rid of it. We don't care about the detaiL of the n i e' mutilation; we don't care about its phase shift. 
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Why phase shift occurs 
Why does this happen? Here 's an attempt to rationalize the result: 

• in an RC series circuit, the voltages acros the R and the C are 90° out of phase, a you know; 
• the voltages acros R and C must sum to Vin , at every in tant; 

• the voltage out of the filter, V0u1 is the voltage aero s either R or C alone (R for a high-pass, C for 
a low-pa. ); 

• as frequency changes, R and C hare the total Vin differently, and V001 thu can look much like Vin 

or can look very different. In other words, the pha e difference between Yin and V0 u1 varies with 

frequency. 

Consider, for example, a low-pass filter. If much of the total voltage Vin appears across the cap, then 
the phase of the input voltage (which appear across the RC series combination) will be close to the 

phase of the output voltage, Vcap· In other words, R play a small part, and Vour is about the ame as 
Vin in both amplitude and phase. Have we merely restated our earlier proposition? It almost seem o. 

But let's try a drawing. 

Figure 2N.30 R and C sharing 
input voltage differently at two 
different frequencies . 

(al hi.ghfrequ,mcic.t 
()rel/ above /_3(/Bi 

(or low}i-<'q11e11cies 
(,,ell below f _3dBJ 

The sketch in Fig. 2N.30 show what one would expect: little phase shift where the filter is passing, 
lot of phase shift where it is largely attenuating. Now let's try another aid to an intuitive understanding 
of phase shift: phasors. 

2N.3.7 Phasor diagrams 

These diagrams let you compare phase and amplitude of input and output of circuit that shift phases 
(circuits including C and L's). They make the performance graphic and allow you to get approximate 
results by use of geometry rather than by explicit manipulation of complex quantities. 

The diagram use axe that represent re istor-like ("real") impedances on the horizontal axis, and 
capacitor- or inductor-like impedances ("imaginary" - but don ' t let that strange name scare you; for 
our purposes it only means that voltages across such elements are 90° out of pha e with voltages 
aero . the resi tors). This plot is known by the extra-frightening name, "complex plane" (wi th na ty 
overtones, to the untrained ear of ' too-complicated-for-you plane !). But don t lo e heart. It's all very 

easy to under tand and use. Even better, you don t need to understand phasors if you don ' t want to. 
We use them rarely in the course, and always could use direct manipulation of the complex quantities 
in tead. Pha ors are meant to make you feel better. If they don ' t forget them. 

I AoE § 1.7. 12 
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Phasor diagram of an RC circuit 

Figure 2N.31 Phaser diagram : "complex plane;" 

showing an RC at f 3dB· 

Fig.2N.31 shows an RC filter at its 3dB point, where, as you can see, the magnitude of the impedance 

of C is the same as that of R. The arrows, or vectors, show phase as well as amplitude (notice that this 
is the amplitude of the waveform: the peak value, not a voltage varying with time); they point at right 

angles to indicate that the voltages in R and C are 90° out of phase. 

Phase: We are to think of these vectors as rotating counterclockwise, during the period of an input 

signal. So, thinking of the input as aligned with the hypotenuse, we see the voltage across the resistor 

leading the input (that is true of such a circuit: a high-pass, which takes output across R). We ee the 

voltage across the capacitor lagging the input (that i true of such a circuit: a low-pass which takes 

output aero s C). 

'Voltages?," you may be protesting, "but you said these arrows represent impedances." True. But 

in a eries circuit, where the currents in the two elements are the same, the voltages are proportional 

to the impedances. So both interpretation of the figure are fair. 

The total impedance that R and C present to the signal ource i not 2R but is a vector sum: it's 

the length of the hypotenuse, ./2.R. And from thi. diagram we now can read two familiar truths about 

how an RC filter behaves at its 3dB point: 

• the amplitude of the output relative to input is down 3dB: down to l/v'2: the length of either the 

R or the C vector relative to the hypotenuse. 

• the output is shifted 45° relative to the input: R or C vectors form an angle of 45° with the 

hypotenuse, which represents the phase of the input voltage. Whether output leads or lags input 

depends on where we take the circuit output, as we aid just above. 

So far, we re only restating what you know. But to get some additional information out of the diagram 

try doubling the input frequency several times in succession, and watch what happen : each time, the 

length of the Zc vector is cut to half what it was. 

However, the first doubling also affects the length of the hypotenuse ubstantially; so the amplitude 
relative to input (Jet ' assume a low-pass) is not cut quite so much a. 50% not quite so much as 

"6dB"). You an see that the output is attenuated a good deal more than at hdB however, and also that 

phase shift between input and output has increased a good deal. 
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Xe:. .: half what it- was : Rh 

RC after a first doubling of frequency relative to Fig. 2N .3 1. 

Again, on the second doubling of frequency, the length of the Zc vector is halved, but this time the 

length of the hypotenuse i changed le s than in the first doubling. So thing are becomjng simpler: 

the output shrinks nearly a much as the Zc vector shrinks: nearly 50%. Here we are getting close 
to the ultimate slope of the filter' · rolloff curve: - 6dB/octave. Meanwhile, the pha e hift between 

output and input i increasing too - approacrung the limit of - 90°. 

R::1sk.a 

Xe. ~ .s n14l( 

(« 1skn.) 

RC after a second doubling of frequency relative to previous diagram. 

We've been a urning a low-pass. If you witch assumptions and ask what these diagrams show 

happening to the output of a high-pass you find all the information is there for you to extract. No 

surpri e, there; but perhaps satisfying to notice. 

Phasor diagram of an LC circuit I AoE § l.7 .14 

Fina11y, let's look (Fig. 2N.32) at an LC trap circuit on a phasor diagram. (This i a sneak preview of 
a circuit we have not yet talked about, and a circuit element that you '11 encounter in the next lab. We 

can't resist including it here, where we're in the thick of phasors.) 
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COMbtned 
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Figure 2N.32 LC trap circuit , and its phasor diagram. 

Ill;) Z5eries LC, at resonance, • where Zc cancels z, 

Zc, of resonance 

~~ w < ikc" : Xe dor111t1aies 
(cafacitor - like) 

This is less familiar, but pleasing because it reveal the curious fact - which you will see in Lab 3L 

when you watch a similar (parallel) LC circuit - that the LC combination looks sometimes like L, 
sometimes C, showing the pha e shift characteristic of each - and at resonance, shows no pha e 
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hift at all. We 11 talk about LC s next time; but for the moment, see if you can enjoy how concisely 

thi phasor diagram de cribes this behavior of the circuit (actually a trio of diagram appear here, 
representing what happens at three sample frequencies). 

To check that these LC diagram make sense, you may want to take a look at what the old voltage­

divider equation tells you ought to happen. 

1r;n~'Yo11t 

'Z of 

COl'l'>bine.d 

Here 's the expression for the output voltage a a fraction of input: 

Vout Zcombination 

Vin Zcombination + R 

But LC 7 

Figure 2N.33 LC 
trap : just another 
voltage divider. 

Z - j +. L 
combination = we J (J) • 

And at ome frequency - where the magnitudes of the expressions on the right side of that last equation 

are equal - the sum is zero, becau e of the opposite sign . Away from thi magic frequency (the 

"re onant frequency'), either cap or inductor dominates. Can you see all th.is on the pha or diagram? 

I AoE §6.2.2 

Better filters 
Having looked hard at RC filters, maybe we should admit that you can make a filter better than the 

imp]e RC when you need one. You can do it by combining an inductor with a capacitor, or by using 

operational amplifiers (coming soon) to obviate use of the inductor. We will try that method in a later 

lab. Fig. 2N.34 shows a scope image showing three RC filters ' frequency respon es. Two of the three 
filters improve on the simple RC low-pass that we meet today. 

By the way: "sweeping" frequencies for a scope display: The scope image in Fig. 2N.34 uses fre­

quency for the horizontal axis - not time, as in the usual scope display. You may choose to use this 
technique in Lab 2L, and certainly will want to use it in Lab 3L (where it provides a pretty display 

of the dramatic response of the LC resonant circuit). The method is detailed in §2S.3 on p. 93. All 

we need say here is that at the left-hand edge of the cope display frequency is close to zero; the 

frequency climbs linearly to the right-hand extreme (where in thi case the frequency reaches about 

3.8kHz) . hctB for all three filters i about lkHz. 

passive RC 

2-pole 
active filter 

(Butterworth) 

8-pole 
active filter 
(elliptic) I 

1· 
·~ 

,._._~..._,_. .. ~l-'-~~,1..!.. . .......-.i-!..--.,..~ 
Ch2 2.00 V 

chJ\~ 2 v - e -roo v -

a common f_3dB M' lOOms 

Figure 2N.34 Frequency response of three filters : improvements on the simple RC. Some things to 
look forward to. Left panel shows wider frequecy range; right panel shows more passband detail. 
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1. The top trace in Fig. 2N.34 shows a passive RC filter. You can ee that it's pretty droopy where it 

ought to be passing signals, and only very gradually "rolls off (attenuates) signals at increasing 

frequencies. 

2. The middle trace shows an "active" 2-pole 12 RC filter. Its frequency response improves on that of a 

passive filter (even a 2-pole passive filter) by some clever use of an amplifier and feedback (at the 

moment, the term "feedback' may sound pretty my ·terious, to you. It will remain so until perhaps 
Lab 6L). This "active' filter improves on the passive RC in three sen e : the "passband" is more 

nearly flat than for the passive filter, the rolloff (the way the output shrinks as frequency cUmbs 

beyond the "passband' ) is steeper and the ultimate lope i steeper a well ( oc I / J2 rather than 

oc 1 / f). You will meet this filter in Lab 9L. 

3. The bottom trace shows a fancier "active filter." This is an "8-pole" filter (like eight simple RC 
low-pass filters cascaded, but optimized so that it performs much better than a simple cascade of 

like filters would. You will meet this filter in Labs 12L and 23L. Its rolloff is, as you can see, quite 

spectacularly steep. 

We don't want to make you a filter snob, though - don't want to make you look down on the simple 

RC. It would not be in the spirit of this course to make you pine after beautiful transfer functions. 

Nearly always, a simple RC filter is good enough for our purposes. It is nice to know, however that in 
the exceptional case where you need a better filter, such a circuit is available. 

2N.4 Two unglamorous but important cap applications: "blocking" 
and "decoupling" 

In part, we mention these to introduce some jargon that otherwise might bother you: the name "block­

ing capacitor" and "decoupling capacitor" might, at first hearing, suggest that these are peculiar spe­

cialized types of capacitor. The names do not mean that. The names imply refer to the application to 

which the capacitor i put (this usage i reminiscent of the "load" resistor that appeared in Chapter I: 

not a special ort of resistor; just a resistor considered as nothing more than a load to the circuit under 
discussion). 

2N.4.1 Blocking capacitor 

A capacitor so used is included for the purpo e of blocking a DC voltage, while passing a wiggle (an 

"AC" signal). In Fig. 2N.35, for example the capacitor blocks the DC voltage of IOV, permitting use 

of an input signal centered on ground. 

Figure 2N.35 A capacitor used to pass wiggles while 
blocking DC (permitting differing DC levels) is said to be 
a "blocking" cap. 

fOV 

+20V 

20k 

OV (§ ----j + (§ tOV 

''blocking"./ 20k 
capacitor 

You may be inclined to protest that the capacitor doing this job is al o a passing capacitor. Yes, but 

12 '2-pole" i jargon meaning, approximately. "behaves like two rdinary RC's ca caded (that i ·, placed in series)." 
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we re accustomed to such usage (a resistor is also a conductor) - and the blocking capacitor differs 

from a piece of wire not in its passing but in its blocking powers. 
You may further protest that you recognize this combination of cap and resistors as nothing new: it 

i a high-pass filter, with the relevant R just RThev for the divider. Yes, you're right: it doe behave like 
a high-pass. 

But it makes sense to call the cap blocking if the goal is to permit the peaceful coexistence of 
differing DC levels - that is , to block DC. This motive is not the ame as the usual for a high-pass, 

which i to attenuate low-frequency noise. 

When blocking i the motive, the choice of hctB becomes not critical: just make hctB low enough 
so that all frequencies that you consider signals can pass. A huge C is OK, when the motive is only 

to block DC. No value is too large - though it may be foolish to choose a cap larger than needed, 
because large C values cost more and take more space than smaller ones are often polarized, and are 
lower to settle. 

A familiar case: scope input's "AC coupling" 
When you switch the scope input to "AC" (as we suggest you ought to do only rarely), you put a 
blocking capacitor into the signal path. DC i blocked - and DC information i lost. That is why we 
advocate using DC coupling (which you can think of as "direct coupling") except in the exceptional 
case when you need to wash away a large DC offset in order to look at a small wiggle at high gain (a 
gain that would send a DC-coupled signal ailing off the screen). 

2N.4.2 Decoupling or bypass capacitor 

A very humble but important application for a capacitor i just to minimize power-supply wiggle . 
Power supplies are not perfect, and the lines that link the supply to a circuit include some inductance 
(and some resistance, though the inductance is usually more troublesome). 

Current surges cause 

~voltage spikes ~ 

Perp 

·' I. M 

Victim 
I. ;, 

0 

Figure 2N.36 A capacitor used to quiet a power 
supply is said to "decouple" one part of a circuit 
from another. 

If one part of a circuit draw urges of current, those urges flowing through the stray inductance of 

the supply lines will cause voltage jumps. Those supply disturbances can "couple" between one part 
of the circuit (the 'perp' or perpetrator, in Fig. 2N.36) and another (the "victim'') . 

Decoupling capacitors tend to stabilize the power supply voltage. Such a capacitor provides a local 
ource of charge for the perp - the circuit that need a sudden surge of current - so not all of the 

current urge need to flow in the longer path from the supply. A decoupling or "bypass" cap near the 
victim circuit simply tend to hold that supply voltage more nearly con tant. In Fig. 2N.37, a digital 
oscillator performed the role of pe,p; about 6 inches di tant at the far end of a breadboard, the cope 
watched the power supply near the victim. 

Small capacitors help a good deal (0.1µ.F). The cheapest crummie t capacitor , the ceramics 
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Figure 2N.37 Small 
capacitors between 
power supply and 
ground ("bypass") 
can stabilize the 
supply voltage . 
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scorned for other purpose , work fine; in fact, they work a little better than the more expensive mylars 

that we prefer for filters, as you can see in Fig. 2N.37. Often a large capacitor (say, a 4.7µF tantalum) 

is paralleled with a small ceramic (0.01 to 0.1,uF). 

Always the best general defen e against such trouble is to provide heavy power upply lines or 

"traces" on a printed-circuit board, with their low inductance. On high-quality printed ci rcuits, en­

tire layers are dedicated to ground and supply 'planes." But even after doing this, a wise de igner 

invariably adds decoupling cap ( ometimes as many as a few dozen). 

The use of a capacitor to· bypas "a circuit element is more general than the decoupling appl ication 

we have just looked at. You will see a resistor "bypassed by a capacitor, for example, in the high­

gain amplifier of §5N.5.2. You wBl see a imilar application in the "split feedback" of Chapter 9N, for 
example in the amplifier of Fig. 9L.8. 

2N.5 A somewhat mathy view of RC filters 

In this course, we do what we can to dodge mathematical explanations for circuit behavior. Often, 

math doesn't help intuition. But here we propose to see if a little math may help to make sense of the 

frequency re pon e of an RC circuit. If this does not help, ignore it. 

A high-pass filter as voltage divider: Fig. 2N.38 shows the highpa sand its response. 

1 
block pass Vo1\.1V: 

I -

Figure 2N.38 Highpass filter. 

And, treating it as a voltage divider, here is the fraction the output delivers: 

Vout R 

Vin R + Zc 1 + (Zc/R) 1 - j( 1 / wRC)" 

Let's try looking at what this expression is trying (perhaps not very clearly) to tell us. 

The interesting term, here, i - j( I/ wRC). Depending on frequency, this term can take a magnitude 
that is .. . 

• tiny, 
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• huge or 

• unity 

These are not the only possibilities, but these three define three distinct regions in the filter's behav­

ior - the ones labeled ''block," "hcts" and "pass' in Fig. 2N.38. Let' con ider these regions, one at a 

time. 

• if - j(l/ roRC) is tiny which mean ro >> I/ RC, then we re weU above hcta and V0uc/Vin ~ l. 
This is the "pa region." The near absence of j from the expression (becau e its coefficient is 

tiny) says, "No phase shift.' This fits your experience in Lab 2L experience that say_ pha e shift 

in an RC filter goes with attenuation. 

• if - j (l / roRC) has value unity, which means ro = 1 / RC, then we' re at hctB and V0 ui/Vin = 1 ~ F 

Thi has magnitude ) 2 , more usually described as "-3dB. 13 The pre ence of j in the expre , ion 

promi es phase shift. A phasor diagram like the one back in Fig. 2N.31 may be the best way to 

illu trate why that phase shift is 45°. The phase shift is the angle between the hypotenuse (Vin) 

and the voltage aero s R. The latter voltage' leads" Vin by 45°. Fig. 2N.39 hows a short form of 

that figure again. 

R 

impedances voltages 

Figure 2N.39 Phasor diagram explains geometrically 
the RC s 45° phase shift at f 3dB. 

• if - j(l/wRC) i huge, which means w« I/ RC, then we're well below h ctB and Vmt1 / V;11 ~ 
1 . RC Th. . 1 ' .,, "+90° h'f " " h f - J(l / wRC ) = JCtJ . is express10n says a ot: J says s 1 t; CtJ says t at a. requency 

grows amplitude grows proportionately. 

2N.6 Readings in AoE 

Readings: 

AoE: Chapter l.4-1.7.12 but omit §§ 1.5-1.6.8, and §1.7.2 about inductors, transformers, and 

diodes (we 11 reach those next time). 

Treat as optional §§ 1.7 .3- 1. 7 .9, where complex impedances are presented. Thi patch i heavy on 

math, and out of character for this course. These sections have scared many students, who later 

learned that they can manage perfectly well in thi course without such rigor. This mathematical 

treatment is not characteri tic even of AoE, and very unlike the treatments we u e in Learning the 

Art of Electronics ... . 

Appendix on Math Review. (World' shortest calculu cour .. e if you feel you want uch a re­

fresher. But in any event, you'll survive this course without it). 

Exerci e : 

Exercises in text. 

Additional Exerci es 1.39- 1 .42. 

13 You can get thi · result by multiplying l ~j by its "complex conjugate," I~J' Their product gives a magnitude quared that 

is real and equals 1 /2. Taking its sq uare root, we get )
2

• with the familiar value 0.7 or ·· - 3ctB.'' 
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2L.1 Time-domain view 

2L.1.1 RC circuit: time-constant 

Here' another try in our continuing effort to make your lab more exciting - more suspenseful: we ask 

you to do the first exercise (measuring the RC "time-constant") with unknown R, C values. To make 

this game possible, we engaged the great Christo to wrap an R C pair. The R i the skinny object; the 
C is the chubbier device. See Fig. 2N.6, which illustrate exponential charging and di charging. 

? 

;,,.t ~ ..,,,,t 
Figure 2L.1 RC circuit: step response. 

1 1· 1 
- -. . 

Measure RC: Drive the circuit with a square wave at 500Hz or less, and look at the output. Adjust 

frequency o a. to get au eful image: too high , and you won ' t allow time enough to ee the waveform 

move far; too low and you ' ll see the full waveform, but using ju ta mall portion of the scope screen, 

and thus your time mea urements will be only approximate. In Fig. 2L.2 i a cope image suggesting 

both pos ible e1rnr. : 

Figure 2L.2 A couple of wrong 
frequencies, for measurement of RC. 

i 
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Be sure to u e the cope DC input setting, even Lhough this is a time-varying waveform. (Remem­

ber the warning about the AC setting, last time?) 

You wi.11 have no trouble determining RC. Measure the time constant by determining the time for 

the output to drop to 37% (= 1/e). 

Suggestion The percent markings over at the left edge of the scope screen are made-to-order for 

thi task: put the foot of the square wave on 0%, the top on 100%. Then crank up the weep rate so 

that you use most of the screen for the fall from 100% to around 37%. 

Mea ure the time to climb from 0% to 63%. Is it the same as the time to fall to 37%? (If not, 

something is amiss in your way of taking these readings!) 

Try varying the frequency of the square wave. 

Deduce R and C values: You would have no trouble determining R if we allowed you to use an 

ohmmeter, but we don ' t allow that. See if, instead, you can use what you know of the limiting values 

of the RC circuit's input impedance to di, cover R, experimentally. Then you can solve for C. 

In case this advice seems a little cryptic, here are some hint . 

Hints: 

• First, try to determine R - despite the fact that C is also present. Form a voltage divider with a 

known re, istor ahead of the RC circuit. We uggest you start with RTEsT= lk. Apply a sinewave . 

.-------. ~ Ch. 1 

r-----------, 
I I 

; I 

IC! 
- I 

R 

Ch. 2 - I 
L-----------J Figure 2L.3 Test setup to use R1N to reveal R. 

Querie : 

How will you know that it is the effect of R that you are observing, rather than ome combi­

nation of Rand Xe? (Hint: do you see a phase shift between the waveforms on Channel , I 
and 2?) Note: keep !1 under about J MHz, so as not to complicate your search with the effect 

of the BNC cable's capacitance to ground. That capacitance - about 30pF/foot - becomes 

important at high frequencjes; it forms a low-pass with RThcvenin at the point marked 'Ch. 

2" in Fig. 2L.3. So, as you push the frequency high, looking for the disappearance of phase 

shift you will be frustrated if you go too far! 

Once you have eliminated the pesky phase hift, what should you as ume has happened to 

the value of Xe? 

• Once you have a value for R, you 're about done. 

2L.1.2 Differentiator 

Construct the RC differentiator shown in Fig. 2L.4. Drive it with a square wave at lOOk.Hz, using the 

function generator with its attenuator set to 20d8. Does the output make sense? Try a lOOkHz triangle 

wave. Try a sine. 



80 Labs: Capacitors 

1oopF 

o-----1I ~ouf-,ut 
100..Q 

1 1 
7 

Figure 2L.4 RC differentiator. 

Input impedance: Here's another chance to get used to quick worst-case impedance calculations, 

rather than exact and frequency-dependent calculation (which often are almost useless). 

What is the impedance presented to the signal generator by the circuit (as ume no load at the 

circuit' output) ... 

• ... at f = O? 
• ... at infinite frequency? 

Questions like thi become important when the signal ource isles. ideal than the function genera­

tors you are using. 

2L.1.3 Integrator 

Construct the integrator shown in Fig. 2L.5. Drive it with a I OOkHz square wave at maximum output 

level (attenuator set at OdB). 

(fl 

Figure 2L.5 RC integrator. 

----41..._--io ovt 

1
.01)'~ 

What is the input impedance at DC? At infinite frequency? Drive it with a triangle wave; what is 

the output waveform called? (Doe n't this circuit seem clever? Doe n't it remember it elementary 

calculus better than you do - or at least fa ter?) 

To expose this a only an approximate or conditional integrator, try reducing the input frequency. 

Are we violating the stated conditjon (§2N.2. l ): 

Vo T « Vi ? 

The differentiator is similarly approximate, and fail unless (§2N.2.l): 

dVo T/dt « dVi / dt? 

Too large an RC tend to violate thi restriction. lf you are extra zealous you may want to look again 

at the differentiator of §2L.1 .2 but this time increa ing RC by a factor of, ay, 1000. The "derivative" 

of the square wave gets ugly, and this will not surpri. e you; the derivative of the triangle looks odd in 

a less obviou way. 

When we meet operational arnpl~fiers in Chapter 3N we will see how to make 'perfect" differen­

tiators and integrator. - tho e that let u lift the re triction we have impo ed on these RC versions . 
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2L.2 Frequency domain view 

2L.2.1 Low-pass filter 

Construct the low-pass filter 1 hown in Fig. 2L.6. 

Figure 2L.6 RC low-pass filter. 

What do you calculate to be the filter's - 3dB frequency? Drive the circuit with a sinewave, sweep­

ing over a large frequency range to observe its low-pas property; the l kHz and I OkHz range. shou ld 

be mo t useful. 

Find hcts experimentally: measure the frequency at which the filter attenuate. by 3dB (VouT down 

to 70.70/t of full amplitude). 

Note Henceforth we will refer to the 3dB point" and ".hcts," not to the minus 3dB point, nor f - 3dB· 
Thi u age is confusing but conventional; you might as well start getting used to it. 

What is the limiting phase shift both at very low frequencie and at very high frequencies. 

Suggestion A you measure phase shift, u e the function generator's SYNC or TIL output to 

drive the scope' External Trigger. That will define the input pha e cleanly. Then if you are using an 

analog oscilloscope, use its continuously-variable weep rate2 so as to make a full period of the input 

waveform use exactly eight major divi ions (or eight centimeters). The output ignal, viewed at the 

same time, hould reveal it phase hift readily; ee Fig. 2L.7. 

Check to see if the low-pass filter attenuate 6dB/octave for frequen ies well above the - 3dB point; 

in particular mea. ure the output at 10 and 20 times hctB· While you re at it, look at phase shift versu 

frequency: what is the phase shift for 

f « hcts 

f = f3ctB , 
f » hcts? 

Finally, measure the attenuation at f = 2hctB and write down the attenuation figures at f = 2/JdB, 

f = 4f dB and f = lOf1ctB · 

1 A ide: Integrator ver us Low-pass Filter. "Wai t a minute!." you may be protesting 'Didn ' t lju. t build this circuit?" Yes, 
you did. Then why do it again? We expect that you will gradually divine the answer to that que tion a you work your way 
through this experiment. One of the two experiments might be called a pecial case of the other. When you fini h, try to 

determine whi h is which . 
On most scopes you'll invoke thi by turning a little red knob on the larger sweep rate knob: when the red knob is turned 
counter-clockwi e it come out of a clicked ·'detent" po -ition, u ually labeled ''CAL.'' Once you've done that, the scope 
·creen no longer i u able to read time. So. don't leave it that way when you finish your phase shift mea urement! 
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Figure 2L. 7 It's easy to estimate phase shifts if you 
make a full period equal eight divisions. 

lcbZ ~$1tl'J 
t , 1tt,g;e1os1d • 

.. ~"' o,;;r~ior>s'ioi·p~ni:id ; 
eese~ me "''1"'~"' ot 1~1, se ~h< 

Sweeping Frequencies Thi circuit is a good one to 1ook at with the function generator's 

sweep feature. This will let your scope draw you a plot of amplitude versus frequency 

instead of amplitude versu time as u ual. If you have a little extra time, we recommend this 

exercise. If you feel pres ed for time, save this ta k for next time when the LC resonant 

circuit offers you another good target for sweeping. 

You may want to look at §2S.3, our more detailed note on sweeping, but here i the 

strategy in brief. 

In order to generate such a display of VouT versus frequency, let the generator's ramp 

output drive the scope's horizontal deflection with the cope in "X- Y" mode: in X- Y, the 

scope ignores its internal horizontal deflection ramp ( or ' timebase") and instead lets the 

input labeled "X' determine the spot' horizontal po ition. 

The function generator's ramp time control now will determine sweep rate. Keep the 

ramp slow: a slow ramp produce a scope image that i annoyingly intermittent, but gives 

the truest, prettiest picture, since the low ramp allows more cycles in a given frequency 
range than are permitted by a faster ramp. 

2L.2 .2 High-pass filter 

Con trnct a high-pass filter with the components that you u ed for the low-pas . Where is thi circuit' 

3dB point? Check out how the circuit treats sinewaves: check to ee if the output amplitude at low 

frequencies (well beJow the -3dB point) is proportional to frequency. What is the limiting phase shift, 

both at very low frequencies and at very high frequencie ? 

.01,µF 

in_ . ~ 1------D ovt 

Figure 2L.8 RC high-pass filter . 
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2L.2.3 Filter application I: garbage detector 

The circuit in Fig. 2L.9 will let you see the "garbage' on the 1 lOV power line. First look at the 

output of the transformer, at A. It should look more or less like a cla sical sinewave. (The transformer, 

incidentally serves two purposes - it reduces the 11 OV AC to a more rea onable 6.3V, and it "isolates" 

the circuit we re working on from the potentially lethal power line voltage) 

B 

110 Voe 

Figure 2L.9 High-pass filter applied to the 
60Hz AC power. 

To ee glitches and wiggles, look at B, the output of the high-pa filter. All kinds of interesting 

tuff should appear ome of it curiou ly time-dependent. What is the filter's attenuation at 60Hz? (No 

complex arithmetic neces ary. Hint: count octave , or use the fact - which you confirmed just above 

- that amplitude grows linearly with frequency, well below hdn,) 

2L.2.4 Design: filter application 11: selecting signal from signal-plus-noise 

Now we will try u ing high-pas and then low-pas. filters to prefer one frequency range or the other 

in a composite signal formed as . hown in Fig. 2L. J 0. The transformer adds a large 60Hz sinewave 

(peak value about 1 OV) to the output of the function generator. Set the function generator frequency 

initially to around 1 OkHz. 

lk 
h.,11c1'1cn r---....l'VV\,---. 

6.3V~ 

G'ene~for 

n 
Ito Voe 

1 
7 

01.1+,i,r 

Figure 2L.10 Composite signal consisting of 
two sinewaves. 

In order to choo e the R value for your filter, you will need to determine the value of3 ZouT for the 

signal source you have constructed (function generator plus transformer). The function generator'. 

RouT is 50Q; the erie impedance of the transformer winding i negligible at the frequencies of 

intere t to u ~ the I k resi tor is included, incidentally to protect the function generator in ca e the 

compo:ite output accidentally is horted to ground. 

First design: high-pass: De ign a high-pa . filter that will keep most of the "signal'' and get rid 

of mo t of the 60Hz 'noi e.' Assume that the frequency of what you consider " .. ignals" may range 

between about 2kHz and 20kHz. As you design, consider: 

3 We are calling it "'ZouT:· a name that certainly i not wrong - but this charncteristi i. not frequency-dependent. so it 
would beju t as correct to call it ··RouT," 
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• what i an appropriate !Jc1B? 
• what Zin is appropriate for your filter? 

Run the composite waveform(" ' ignal' plu "noise") through your high-pass filter. 

High-pass .filter (your design): Do you Jike the output of your filter? Is the attenuation of the 60Hz 

waveform about what you would expect? (As you will gather gradually the 60Hz power lines are the 

mo t common and troublesome source of noise in the lab. This junk is often called 'line noi e.") 

Second design : low-pass: Now let's change assumptions : let's uppose that we consider the 60Hz 
"signal, and the function generator' l Ok.Hz "noise." 

De ign a low-pass filter that wilJ keep most of the "signal" and get rid of mo t of the 'noise.'' 

Low-pass filter (your design): Now run the composite signal through your low-pas filter, and ee if 

you like the re ult. If not, fix your design! 
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25 Supplementary Notes: RC Circuits 

25 .1 Reading capacitors 

25.1.1 Why you may need this note 

Most students learn pretty quickly to read resistor values. They tend to have more trouble finding say. 

a 1 OOpF capacitor. 

That' not their fault. They have trouble, a you will agree when you have fini hed reading this note, 

because the cap 1 manufacturers don ' t want them to be able to read cap values. The cap markings have 

been de igned by an international committee to be nearly unintelligible. With a few hints, however 

you can learn to read cap marking , despite the manufacturer ' effort . Here are our hints. 

25.1.2 Big caps: electrolytics 

The e are easy to read, becau, e there i room to write the value on the cap, including units. "16V" i 
the maximum voltage one can afely put acros the capacitor without damaging the part. The minus 
sign and arrow indicate which i the negative terminal for this polarized capacitor. 

Caps of lµF and above usually are polarized 

Figure 25 _1 A big All of the e big cap are polarized ("big,' in our world. means J µFor more). That means the ca-

cap is labeled pacitor s innard are not symmetrical, and that you may destroy the cap if you apply the wrong DC 
intelligibly. polarity to the terminals2 : the terminal marked + (or the one not marked ' - ' as in the capacitor 

of Fig. 2S. l) must be at lea ta positive as the other terminal3 . (Sometime , violating this rule will 

generate gas that makes the cap blow up; more often, you will find the cap internally shorted, after a 

while. Often you could get away with violating thi rule, at low voltages. But don ' t try.) 

One of our students brought a trophy to clas after inadvertently wiring a polarized cap backwards:4 

If cap wired backwards always reacted so pectacularly, they would never have a chance to subvert 

our circuits. Unfortunately a reversed cap usually turns quietly into a hort circuit, making your circui t 

behave weirdly while offering no due to what i. wrong. The goo that looks like spilled guts of the 

cap in Fig. 2S.2, incidentally, is not guts, but only glue that was used to fix the cap's remains to a piece 

of paper, for di play. 

1 ··cap" is horthand for •;capacitor,'' as you probably know. 
2 This i a rule for DC, sustained levels; a hon-term swing, not long enough to develop a sub tantial reverse voltage across 

the capacitor. i harm le s. 
3 They are nol symmetrical becau e the dielectric is a thin oxide layer on the surface of one metal electrode; the other 

terminal of the capacitor is immersed in goo that form the . econd electrode - in case that primitive explanation i of any 
help. 

4 Image thanks to Rick Montesanti. who told u proudly that the cap announced the error with a hang and fired junk twenty 
feet. 
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Figure 25.2 Polarized cap that was hooked up 
with reversed DC voltage. 

25.1.3 Pretty big caps: tantalum 

' ' " 
A the caps get smaller the difficulty in reading their markings begin . Tantalums, which can provide 

quite large capacitance often are physically large enough to be easy to read. 

The tantalums often are silver colored cylinders. They are polarized, like the big electrolytic . A+ 

mark the po itive end, on the tantalum cap pictured.5 The tantalum cap in Fig. 2S.3 uses the relatively 

ample surface area of its packages to state its value twice. 
The "4R7 ' means pretty much what it . ays, if you know that the "R" (radix point) mark the decimal 

place: it's a 4. 7 µ F cap, and it can stand SOY without damage. 

The second marking, '475M', under 'CS 13B'' (which is the capacitor type) , tates the value in 

exponential form, a if this were a re istor: 47 x 105M. What's 'M"? Microfarads. (Surely we' re not 

to take the capital eriously: Megafarad. ?!) 

But we mu t resist the plau. ible assumption that "M" i a unit. It i not. It indicates tolerance, 

instead: (±20o/£ ). (Wasn't that nasty of the labeler to choo e 'M?'' Guess what' another favorite 

letter for tolerance. That ' right: K, which look like "kilo,' but instead means ± 10%. Pretty mean!) 

What units? If' M" is not a unit but a tolerance marking, what are the unit ? 105 what? 105 of 

something small. You will meet thi question repeatedly and you mu t resolve it by relying on a few 

observations. The only units commonly u ed in the US in capacitor labeling are 

• microfarads: l o-6 Farad, 

• picofarads: 10- 12 Farad 

An intermediate unit , the nanofarad , nF: I 0- 9 Farad, i re pectable in circuit diagrams, but for­

tunately not used to label capacitors. We say "fortunately' because we rely on the huge difference 

between 'nF ' and 'pF' that allow us to gue which unit i intended in a capacitor label. 

"mF" ( I o-3 Farad) looks reasonable but is not used· instead, capacitors in this size range are mea­

sured in thousand of microfarad . For example, a cap will be de cribed as "4,000µF" rather than 

"4mF." Strange, but dictated by tradition. 

A Farad is a huge unit. The bigge t cap you will use in thi cour e is a few hundred µF. Such a cap 

is physically large. (We do keep a lFarad cap around but only for our freak show.)6 

So if you find a little cap labeled "680 " you know it ' 680 pF7 . 

5 For this particular series of cap., a met·1l nipple al:-o marks the positive end . The nipple is much easier to spot than the 
. mall "+'' mark, which i , quite invi ibl if the ap is not rotated just right - but unfortunately there eem to be no general 
consi ·1ency linking nipple and positive end. 

6 These giant caps are used a replacement for rechargeable batteries in calculators, portable computer . . even flashing bike 
lights. Their advantage over batterie is long life: since their charge and discharge involve no chemical reactions, they 
should tolerate a great number of charge/discharge cycles. 

7 Except. of course, when it's not - that i, , when the labeling scheme is exponential: . ee §2 .1 .5. 

,i 

Figure 25.3 
Tantalum cap. 



W~F 
.oa: rnnv "-'--
--cotrr-

Figure 25.4 
Mylar: still big 
enough to be 
labeled clearly. 

.... ,, J -

,. 

25.1 Reading capacitors 87 

A picofarad is a tiny unit. You will not see a cap as small as 1 pF in this cour e8 So, if you find a 
cap claiming that it is a fraction of some un tated unit - say " .0 l ' - the unit is µ F : here ' .01 " mean 

0.01,LLF. 

Beware the wrong a sumption that a p;cofarad is only a bit maller than a microfarad. A pF is not 

10- 9p (i.e. 10- 3 tLF); instead, it is 10- 12F: a million times smaller than a microfarad. 

So, we conclude, this cap labeled "475" must be 4 .7 x 106 picofarads. That, you will recognize, is a 

roundabout way to ay 

4.7 x 10- 6F. 

We knew that was the answer, before we started this la t decoding effort. This way of labeling is 

indeed roundabout, but at lea t it is unambiguous. It would be nice to see it used more widely. You 

will see another example of this exponential labeling in the case of the CK05 ceramic in §2S. l.5. 

25.1.4 A little smaller: polyester (mylar) 

These are yellow cylinders, pretty clearly marked· see Fig. 2S.4. 

' .Olk" is just O.OlµF, of course; by now you are sophisticated enough to know that "k" does not 

mean "kilo." In tead, it is another tolerance label, like M" on the lOOµF cap above. "k" means 

± I 0%. These caps are not polarized; the black band mark the outer end of the foil winding. We don 't 

won-y about that fine point. Orient them at random in your circuits. 

Ceramics (see next ection) do better in this respect, though they are poor in other characteristics . 

25.1.5 Small enough to be ambiguous: ceramic 

Figure 25·5 Mylar Ceramics are the proletarians of the cap world: hard workers, not refined, not predictable, not precise, 
("polyester" ) cap , 
unrolled , reveals but good workers in difficult conditions.9 They are used most often to "decouple" power supplie -
that it's a that i , to stabilize the upplie with re pect to ground. These ceramics are little rectangular boxes, or 
metal-foil coil, the older style) little orange pancakes, and are used by the electronics industry in colossal numbers. 10 

layers separated by They act like capacitors even at high frequencies. The trick, in reading these is to reject the markjng 
mylar film . that can't be unit . As we 11 see in a minute, we also need to be aware of the possibility of a non­

standard labeling scheme. 

CK05: These are little boxes, with their leads 0.2 inche apart. They are handy, therefore for insertion 

into a printed circuit (or were handy, before the tiny su,face mount part took over). Fig. 2S.6 hows 

the two side of a CK05-packaged part. 

Let' find the value throwing out what doesn't interest u , along the way: 

• 200V: ju t what it ound like: the maximum voltage one can safely put across the cap; 

• K: this time not a tolerance but indicating the manufacturer (Kemet · 

• 9902: not the value but the week of the part 's birthday : week 2 of [ I 9]99 11 

So far, no value information. That must lie on the other ide. There we se : 

8 There 's good reason for that: stray capacitance in our breadboarded circuits is on thi s ame cale. The . tray capacitance 
between two adjacent column on our pla tic breadboards is about 2pF. The input capacitance of a " I Ox '' osci lloscope 
probe (a device you will meet in Lab L) is about 1 OpF. The capacitance of three feet of BNC cable is abou t 90pF. 

9 As AoE teaches, some ceramic. perform well : the COG (class- I) type. 

IO Wikipedia, http: / / en . wikipedia. o rg / wiki/Ceramic\_capacitor, estimate. annual production at around one trillion. 
11 Important for entimental engi neer who celebrate with all their component ·. 
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Figure 25.6 CK05 capacitor markings. 

• CK05, and on the next line ... 

• . .. BX. These simply name the type of package 

• 680k: here is the value at la t: 680 i in exponential notation· Ki. the tolerance, once more 

So, this is a cap of 68pF (68 x 10° of something small , picofarads) 

Possible ambiguity: old-style disc capacitors 
Occasionally, you may run into a ceramic capacitor labeled acording to an older convention. Such disk 

capacitor come in relatively-large packages. In Fig. 2S.7 we show one of these, along ide a CK05 

part. 

Figure 25.7 Some old disk caps are labeled using a 
non-exponential convention. 

E: ' 0 ....,h 
201 

Having met and understood the CK05 labeling, one would assume that both the. e caps were 56pF 

parts. The one on the right is a 56pF cap. But the one on the left - in the older di c package - i. a 

560pF part. Nasty, but true. The comforting thought, though is that this disc package and its labeling 

scheme are nearly obsolete. 

25.1.6 Caps too small to label intelligibly: the coming thing! 

We have shown example of cap marking you are likely to run into as you do labs in this course. But 

when you start building printed circuits, you are likely to use the smaller surface mount package ' . 

Only the large t of the e even attempt labeling. The smaller ones are blank; it's up to you to recall 

which bin you took each from. If you get confused, all you can do is reach for another, from a properly­

labeled package or drawer. 

Surface mount cap: large enough for labeling 
The cap in Fig. 2S.8 i of large enough value (4.7,uF) that it needs a package that i large by surface­

mount standards. So, though it is small , it does show labeling. 

The enlarged view in Fig. 25.9 ·how the "475 K" that we would expect for a 4.7,uF cap. 
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Figure 25.8 Surface mount cap large enough to show 
labeling. 

Figure 25.9 Closer view of labeled SMT cap: "475K" states 
value . 

Figure 25.10 Smaller surface mount packages 
altogether give up the attempt at labeling. 

Surface mount caps too small for labeling 

As the surface-mount packag s get mal1er, however, they cease even to try to announce their values. 

Fig. 2S .10 show some caps that dare not speak their name . 

25.1.7 Tolerance codes 

Just to be thorough - and because thi information is hard to come by - we've Ii ted below all the 

tolerance codes. These apply both to capacitors and re istors; the tight tolerances are relevant only to 

re i tor ; the strangely-a ymmetric tolerance is u, ed only for capacitors. 
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Tolerance Code Meaning 

z 

M 

K 
J 
G 
F 
D 
c 
B 
A 

z 

N 

25.2 

25.2.1 

+ 80%, - 20% (for big filter capacitor , where you are as urned 

to have a, ymmetric worries: too small a cap al­

lows exce sive ' 1ipple;" more on this in Lab 3L 
and Chapter 3N) 

± 20% 

± 10% 

± 5% 
± 2% 

± 1% 

± 0.5% 

± 0.25% 

± 0.1% 

± 0.05% 

± 0.025% (precision resistors; context will show the asym-

metric cap tolerance 'Z" makes no sense here) 

± 0 .02% 

C notes: trying for an intuitive grip on capacitors' behavior 

Cs differ from Rs, of course 

This note tries ome very simple arguments, in the hope that they may help you to strengthen your 

intuitive grip on the behavior of capacitors: not the ort of grip provided by Zc = - j / we but the ort 
of grip that might be provided by a mental picture of the way voltages change on the two plates of the 

cap as an input is applied. 
Re i tors live in the present: capacitors, in contrast, are fundamentally con. ervative: see Fig. 2S. l I. 

The voltage across a cap can't change abruptly, and RC circuits may be much influenced by what 

happened a while ago. 12 

Let's look for some intuition that will let us expect caps to behave as they do. 

25.2.2 Low-pass filter 

A low-pass attenuates high frequencies If the input change fast the voltage on the capacitor cannot 

keep up with changes at the input, as we can see from Fig. 2S. J 2. 

The output CVcap) move. toward the input voltage - but then the fickle input quickly changes its 

level , and Vcap never quite catche up. So only a dimini hed sketch of the input waveform reache the 

filter ' output. 

A low-pass passes low frequencies If you are patient (or, more exactly, if the waveform is patient) 

and give the capacitor time to charge or discharge almost to the level of the applied voltage, then the 

input ignal does reach the output: the low frequency i passed; ee Fig. 2S. l 3. 

12 A s you' II soon see if you haven't noticed it on your own), the characterization as "conservative" applies mo t clearly to 
the low-pass configuration. 
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Moi, je pense toujours au temps perdu-­
I dwell on events of milli- and 

Figure 25.11 Top: Hippy Resistor: no sense of time. Bottom: Proustian Capacitor: . .. believes that 
the past does matter. 

IN OUT 

can't keep up 

Vcap starts to charge/ discharge, 
but then input reverses direction. 
Result is that Vout « Vin 

Figure 25.12 A low-pass 
attenuates quick wiggles; output 
cannot keep up with input 
changes. 

•towpass" passes low frequencies 

W OOT t most of V;n, so phase 
is close to phase of Vin 

~~~ 
r T ""'\ .--ha_s_f-im-e-,o-c-a-,c-h-, 

l 
..... s-lo_w_w_i,1-,n-fe-s~I up with Vin 
• ::1::1 • • •• not attenuating much, also does not 

shift phase by much 

25 .2.3 High-pass 

High-pass does transfer quick changes, from input to output 

Figure 25.13 A low-pass passes 
slow wiggles; output has time to 
catch up with input changes. 

A quick edge passes: The high-pas. behavior is a little bit harder to get a grip on. I find that it help 

to begin by thinking about the circuit in time domain (that is, by con idering what you might see on 

an o cilloscope screen, at input and output) rather than in the more ab tractfrequency domain view. 

Set up the RC in the so-called high-pass configuration, and imagine applying a voltage step at the 

input a in Fig. 2S.14. 
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Figure 25.14 High-pass must 
pass a step input, initially: only 
after the lapse of some time can 
output diverge from input. 

start with time-domain picture: 

IN®~~Q~ 
A~ ',' ..-----------1 

/ '"" 
1 

fnifiafly, OUT must foffow fN, becau5e cap 
cannot charge instanfaneou5/y. 

Therefore, step passes. 

OUT 

Step 

JOV ____ K _____ _ 
Vout __J "----

Vcap igy _ _ / 

A quick square wave passes: Repeat tho e quick edge., up, down, up . . . and you are applying a 

square wave; see Fig. 2S. I 5. Such a waveform, like the quick edge, passes too - so long a you don't 

allow it to sit still long. If you do allow it to sit high or low for a while, then you ' ll see the output look 

droopy. 

Figure 25.15 High-pass 
can pass a quick square 
wave , too - if we don 't let 
the input sit still for long. 

Ovie,k SQVA~[ I.JAVt : 

r f'/ 

ivic.k 

OIJT 

A quick sinusoid also passes: A quick sinu oid 13 passes, too 14, and for the same rea. ons: if we don t 

let the input sit anywhere for long, then the output voltage doesn t have time to move far from the 

input voltage . So, most of the input wiggle appears at the output (and , again, if the output amplitude 

looks like the input amplitude, then the output phase looks like the input phase). In other word , when 

you don ' t see attenuation you'll not see phase hift (the same was true for the low-pass) . 

13 U ·ually we don ' t speak so fancily - we call it a "sinewave." 
14 Fourier te lls us that this isn ' t really a new point: what we called a "quick edge," ays Fourier, can be described as a 

collection of si nusoid ' including some at highJrequencies. So, to say. "the teep edge pas. es'· i equivalent to saying, " the 
high-frequency sinu oids that form the edge pass: More on thi in Lab JL. 
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Ovi.ck. Ji n vsoid: 
IN OUT 

Figure 25.16 High-pass 
will pass a "qu ick" 
(high-frequency) sinusoid . 

. . . but the high-pass does not pass low frequencies 
No urprise, here: if we wiggle slowly, the output voltage has time to come to differ a great deal from 

the input voltage. So, the input can wiggle without being able to make the output wiggle much. ln this 

case, the phase of whatever wiggle get through will differ a lot from the phase of the input (this we 

haven't proven to you; but it seem plau ible doe it not?) . 

IN 

25.3 

... but slow sinusoid IN lets cap charge and discharge 
during each cycle. So, Vcap soaks up most of Vin· 

Little survives as Vout. 

Sweeping frequencies 

Figure 25.17 High-pass does a 
poor job of passing slow wiggles; 
there's time for cap to charge 
and discharge. 

An oscilloscope can let one see at a glance what the frequency response of a circuit looks like. It can 

how amplitude versus frequency rather than amplitude versus time, as in the usual scope display. 15 

All that's required is a function generator capable of "sweeping" frequencies - varying its output 

frequency in a regular manner. The function generators that we use in our lab can do thi . 

The best method for sweeping depends on whether the scope you are using is analog or digital. Our 

students begin with analog scopes, so our tips on sweeping frequencies also will begin by discus ing 
these scope, . 

25.3 .1 Function generator's "continuous sweep" operation 

We u ually set the generator frequency by hand. But the generator can be set to _ weep its main output 

frequency from a ta1t frequency to a stop frequency. 

15 Strictly, even in X- Y mode, the scope show amplitude versus time when the X-axis i driven by a repeating waveform like 
the sweep ramp . But when frequency changes with time, and the ·cope is properly synchronized, the horizontal axis 
[epresents frequency as well as time. 
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Analog function generator 
On our analog generators, this function is called ''continuous sweep." When so used, the generator 
also put out the ramp or sawtooth wavefonn that it uses to control the main generator' frequency. 
This waveform - from an output labeled "RAMP" on our generators - can be used to synchronize a 
scope display. 

In Fig. 25.18 one can see that the sinusoid frequency from the generator's output grows with the 
ramp voltage. 

Figure 25.18 Ramp and main 
outputs, with main frequency 
controlled by ramp voltage 
( "Continuous Sweep"). 

ramp, from 
function gen 

main out, from 
function gen 

The RAMP amplitude is constant, but its repetition rate is adjustable. The frequency range at the 
generator's main output (a sinusoid, in Fig. 2S. l8) is determined by START and STOP frequency 
settings. In our generators, those are set by two lider potentiometers ( on the left edge of the generator 
front panel, in Fig. 25.19), along with the usual range selection (three pushbuttons, on our generators). 

STOP frequency 
··continous Sweep" 

START frequency 

RAMP from func gen ... 

. . . feeds X input 

scope displays circuit response-­
with horizontal axis representing frequency 

Figure 25.19 Scope connections for a display of swept frequencies . 

frequency Range select 

Main output 
feeds circuit 
under test 

horizontal weep-rate 
set to X-Y 
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S art Fre1uencJ 
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25.3.2 Swept display on analog scope, analog generator 

The best way to weep differ for analog and digital scope , in our experience. The analog sweep is 
best done in so-called "X- Y" mode. The digital is best done in the usual timed-sweep mode. 

X-Y display 
The best method for an analog cope takes advantage of the scope's ability to substitute the Channel 

One input for it usual horizontal sweep timebase. Channel One is called the "X" input, when this 
display mode is selected, because it controls the horizontal position of the cope's beam, and X is the 

traditional name for the horizontal axi of a 2-variable plot. 
We illustrate the connections twice (perhaps overdoing it): first, Fig. 2S. I 9 showed what the setup 

looked like on our lab bench. Fig. 2S.20 gives it as a sketch. 

Y UY 
IN Ci Y- cutt 

Figure 25.20 Scope 
connections, for a display of 
swept frequencies . 

The signal that one applies to X is the sawtooth waveform available at the function-generator ter­
minal labeled "RAMP.' The left edge of the screen shows response at the START frequency, the right 

edge shows response at the END frequency, and the screen plots the variation between the e extremes, 
a was evident in Fig. 2S. l 8. 

Scope settings First, set up the scope: 

• Set the horizontal sweep to X- Y. On the analog scopes, this is the extreme counterclockwise 
position for the sweep-rate knob. 

• Set the Y channel (channel 2, on a 2-channel scope) to GND - temporarily. 

• While feeding RAMP into the X channel, note the width of the trace: adjust X gain so that the 
trace just fill the creen. You need to be careful not to overfill the screen: too much gain wiJl try 

to send the beam off the right-hand edge of the screen where it will disappear or even double 
back. So reduce the X gain til1 the trace fill just half the screen (as on left, in Fig. 2S.22): 

• Then double the gain, just filling the screen (as on the right in Fig. 2S.22). 

• Now you can take the Y channel off GND, to DC. The scope now should show you amplitude out 
versu frequency 

25.3.3 Function generator settings 

• Adjust the START and STOP frequencies until you see a re ponse that looks reasonable: 
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Figure 25.21 For analog scope X-Y display, set horizontal sweep to 
select that display. 

Figure 25.22 Adjust X 
gain to use full screen 
width . X gain (Ch l) too low: just half screen ... . .. X gain correct: fills screen 

For a low-pa or high-pass filter, START should be zero frequency (or the lowe t that is 

available). STOP you can adjust to get the display you want. At least, STOP hould be welJ 

above hctB· 

For the RLC re onant circuit of Lab 3L, you may want to START close to f~esonance rather 
than at zero to get a detailed view of the narrow pas band. STOP must, of course lie above 

!resonance· 

• Repetition rate: 
in X-Y mode, you can freely vary the repetition rate (the ramp frequency) without disturbing 

the display's placement on the scope screen. That i why we recommend X-Y mode, rather 

than timed-sweep. 
But the repetition rate does matter. If you set it too high, you will get a crude display, with too 

few cycles of stimulation reaching your circuit. In the case of the RLC, an excessive ramp 

frequency has even worse effects: it produces strange artifacts in the di play. You will see 

bumps and depressions in the response, after !re onance· 

These occur because the resonant circuit continues to "ring" for a while, after it is stimulated. 

Thi ringing - per istent oscillation at !resonance - then interacts with the gradually changing 

input frequency. 
The two frequencies "beat:" sometimes the two add, reinforcing each other. In that case, a 

bump appear . At other times, the two frequencies subtract - oppose each other in phase. In 

that case, a depression appear in the re ponse. 

Therefore, you should use as low a ramp frequency a you can stand to watch: a low fre­

quency repetition produces noticeable flicker on an analog scope. 

Low repetition rate does not produce flicker on a digital scope which tore the waveform), 

but may try your patience by taking a long time to update the display. (At l /div, for example, 

a screen update takes 10 seconds.) Find a comfortable compromise for the ramp rate. 
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Figure 25.23 If ramp repetition rate is too high, swept 
display goes bad . 

Figure 25.24 Slow ramp repetition produces cleaner 
swept display. 

Occasionally, timed scope sweep is better If you want to look at the response of two circuits, for 
compari on, on a two-channel scope, then X-Y is not available. You will need to use the scope s usual 

timed cope sweep (controlled by the "Horizontal" knob, as usual). This we ask you to do in Lab 9L, 

when you are to compare the frequency response of two filters: active versus passive. In the case of a 

digital scope we recommend that you always use thi familiar display method - a noted in §2S.3.4. 

25 .3.4 Swept display on digital scope 

A swept display is more straightforward, on a digital cope. There is no need to use the X-Y mode 

though it is available. (We have found that it i ·omewhat buggy on our Tektronix TDS3014 scope . . ) 
There is no need, because one can sweep very slowly without meeting the flicker problem that make. 

the adjustment of . weep on an analog scope a fu y operation, calling for continual readjustment. 

So, use the usual timed scope weep when u ing a digital scope. Use RAMP not to control the X 
axi but to trigger the sweep. Use the falling edge, which is steep (therefore a well-defined trigger 

ignal) and which just precedes the ramp that controls the main generator' . output frequency. 

The only issue that persist , from those mentioned in the notes on sweeping for analog scope 

(§2S.3.2) i the problem of artifact that one can introduce by setting the ramp repetion rate too 

high. 

Figure 2S.25 is a contrast between uch a too-fast repetition rate (leftmost image) and a clean sweep 
done more slowly (right-hand image ). The rightmost image how, a nice wrinkle: the scope can 

outline the "envelope" of the frequency respon. e for you if you choose the display option "envelope" 

rather than the usual ' ample.' 
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L 
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l 
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swept too fast, digital scope, like analog, 
shows artifacts ... 

... slow sweep gives a clean response 
(without flicker) ... 

Figure 25.25 Repetition rate must be low, for clean digital display; "envelope" display suits sweep 
well . 

25.3.5 Swept display on digital scope, digital generator 

No X-Y display, with digital function generator: timed sweep only 
A digital function generator is in some ways better than analog: it allows great precision in its weep. 

But it i in some ways worse: it offers no ramp output that can be used to drive an X-Y display. So, 

one is obliged to use a timed display. As a result any change in function generator timing requires 

readjustment of the scope. 

In Fig. 2S.26 we show the settings on an Agilent 332 lOA generator, and the resulting di . play as 

we weep the RLC circuit of Lab 3L. That circuit is resonant at about 16kHz, and we have et up the 

generator to sweep a narrow range of frequencies, between 15.SkRz and 16.SkHz. 

The generator includes a feature it calls "marker," generating a falling edge at a designated fre­

quency. We have u ed that feature to find (visually) the peak of the RLC' response, in Fig. 2S.26. 

Once that faJling edge is lined up with the response peak, which occurs at the resonant frequency 

then we can read that resonance value as the marker frequency. This frequency - about l 6.09kHz - is 

displayed in the lower-right corner of the figure. 

This marker lets one find /resonant approximately. But to get this value exactly one should use the 

method sugge ted in Lab 3L: watch input and output waveforms. Get close to resonance, then finely 

adjust fin until phases of input and output match. When they do, you have found /resonant· 

Slow sweep works best 
With a digital scope, since we don't need to worry about flicker it is wise to use a slow sweep. The 

slow sweep prevents the ugly complication - visible in the right-hand image of Fig. 2S.27 a problem 

we saw back in §§2S.3 .3 and 2S.3.4. 

The one-second sweep provides a pretty clean display (there are hints of artifacts, even here) . 

The 30ms sweep includes obvious beating between fin and /resonant, as we saw also in §2S.3.3 and 

Fig. 2S.23. 

A stranger corruption appears as well: the seeming /re onant i shifted when the circuit is swept fa t. 

Thi is an illusion caused by the time required to drive the RLC into resonance. In the right-hand 

image of Fig. 2S.23 a delay of almost 1 ms appears between the time when the resonant frequency is 

applied (indicated by the falling edge of the timing signal) and the time when the RLC show its peak 

Vout· So, to get an honest display, be patient: wait a second or o for your swept image. 
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_ ...................... ~--
M20. 0ms A Ch4 f l.60V 

RLC output; signal swept from 15.SkHz 
to 16.SkHz 

marker frequency 

Figure 25.26 Digital function generator permits precise sweep - but does not permit X-Y display. 
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Figure 25.27 Slow sweep provide an honest output; fast sweep corrupts the result with interactions 
between fin and fresonant · 
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2W .1 RC filters 

2W.1.1 Filter to keep "signal" and reject "noise' 

Problem : filter to remove fuzz 
Suppo e you are faced with a ignal that looks like that in Fig. 2W.1: a ignal of moderate frequency, 

polluted with some fuzz. 

Figure 2W.l Signal with fuzz added . 1 ms 

( 1) Draw a skeleton circuit (no part values, yet) that will keep most of the good signal, clearing away 

the fuzz. 

(2) Now choo e some values: 

(a) If the load has value~ lOOk choo e R for your circuit. 

(b) Choose hctB, explaining your choice briefly. 

(c) Choose C to achieve the hdB that you chose. 

(d) By about how much doe your filter attenuate the noi e "fuzz"? 

What is the circuit's input impedance: 

(a) at very low frequencies? 

(b) at very high frequencie.? 

(c) at hcts? 

(3) What happens to the circuit output if the load has re istance lOk rather than 1 OOk? 

A solution 
Skeleton circuit : You need to decide whether you want a low-pa s or high-pas , since the signal and 

noise are distingui hable by their frequencie (and are far enough apart o that you can hope to get 

one without the other, using the simple filter we have ju ·t learned about). Since we have called the 
lower frequency "good" or " ignal," we need a low-pass: see Fig. 2W.2. 



2W.l RC filters 101 

• VVv I • 

I - Figure 2W.2 Skeleton : just a low-pass filter. -

Choose R, given the load : This dependence of R upon load follows from the ob ervation that R of an 

RC filter defines the worst-case input and output impedance of the filter (see Chapter 2N). We want 

that output impedan e low relative to the load 's impedance; our rule of thumb . ays that 'low' means 

low by a factor of 10. So, we want R ::; Rioad/ 10. In thi ca e, that means R should be ::; lOk. Lets u e 

lOk. 

Choose hdB: This is the only part of the problem that is not entirely straightforward. We know we 

want to pas the low and attenuate the high but does that mean put h<lB halfway between good and 

bad? Does it mean put it close to good? ... Close to bad? Should both good and bad be on a steeply­
fal1ing slope of the filter's response curve? 

1.0 

0.7 

VouK 0.5 
ViN 

0.1 

I 
I 
I 
I 
I 

: !3d8 
I ~2Kl-fz 
I 
I 
I 

1Kl-{z 

fGOOO 

!3d8 

1GKl-lz 

!BAO 

Figure 2W.3 Where should we put f 3ctB ? 
Some possibilities. 

As urning that our goal is to achieve a large ratio of good to bad ignal, then we should not put hctB 

close to the noi e: if we did we would not do a good job of attenuating the bad. Halfway between is 

only a little better. Clo. e to ignal is the best idea: we will then attenuate the bad as much as possible 

while keeping the good, almost untouched. 

An alert person might notice that the greate t relative preference for good over bad come when 

both are on the steepest part of the curve showing frequency response: in other words, put .hdB so low 

that both good and bad are attenuated. Thi i a clever answer - but wrong, in most settings. 

The trouble with that an wer i that it assumes that the ignal i a ingle frequency. Ordinarily the 

signal include. a range of frequencies , and it would be very bad to choose hdB omewhere within that 

range: the filter would distort signals. 

So, let' put hctB at 2 x f signal(max ) : around 2kHz. Thi give. us 89% of the original ignal amplitude 
(this we claimed in Chapter 2N; you can confirm this result, if you like, with a phasor diagram or by 
direct calculation). Incidentally, the phase hift at that frequency i al. o moderate - around 25° lag. 

Again pha. or diagram or calculation can confirm thi value. At the same time we hould be able to 

attenuate the 16kHz noise a good deal we ' ll see in a moment how much). 
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Choose C to achieve the f 3ct8 that you want : Thi call for no more than plugging values into the 

formula for the 3dB point: 

f 1 
=> c = 

1 ~ 1 
= 

1 ~ o oos x 1 o-6F 3
dB = (2nRC) (2nf3ct8 R) 6 (2 x 103)(10 x 103) ( 120 x 106) . . 

We might as well use a O.OlµF cap. It will put our hcts about 25% low - I .6kHz; but our choice was 

a rough estimate anyway. 1 

By about how much does your filter attenuate the noise ("fuzz")? There are two quick ways to 

get this answer: 

• Look at the ratio of fnoi e to hctB· Attenuation will be roughly proportional since amplitude falls 

off as 1 / f (or equivalently "-6dB/octave '). 

Here, /noise/ hctB = 16kHz/2kHz = 8: 1. So, amplitude should be down to about 1/8 what it was 

at hctB· So the result is ~ 0.125 x 0.7 = 0.08. Amplitude will be a bit more, though, since the 

slope does not reach the full 1 / f shape till a few octave above /3dB . 

• Count octaves: we could also say that the frequency is doubled three times ( = 23) between .f3dB 

and the noise frequency. Roughly , that means that the fuzz amplitude i cut in half the same 

number of times: down to (1 /2) 3 : 1/8. Again, this is relative to the amplitude at hctB, where 

amplitude was already down to 70%. 

What happens to the circuit output if the load has resistance lOk rather than lOOk? Fig. 2W.4 is 

a picture of such loading. 

tOk - ZouT : worst case: ;----

Figure 2W.4 Overloaded filter. 

fOk ---~-

i i R,-dOk 

I -L ___ -

If you have gotten used to Thevenin models, then you can see in Fig. 2W.5 how to make this circuit 

look more familiar: 

Figure 2W.5 Loaded circuit, redrawn . 

< effective R cut in half 

'---- 5k 

I 
O.Of F 

The amplitude is down ; but wor e, .hdB has changed: it ha doubled. Fig. 3N.2 i a plot howing 

thi s effect. 

I To get exactly our target hdB we can readjust R. We have fewer choice of capacitor value. but can choo e any R (though it 
doesn ' t make sen. e, given a .. I 0%" cap, to do better than specify R to I Oo/c . 
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What is the circuit's input impedance? 

(1) at very low frequencie ? An wer: vet) large: the cap show a high impedance; the ignal sou rce 

sees only the load - which i. as urned very high impedance (high enough so we can neglect it as 

we think about the filter's pe1fom1ance) 

(2) at very high frequencie ? An ~ wer: R: The cap impedance falls toward zero - but R puts a lower 

limit on the input impedance. 

(3) at f dB. 

Thi i easy if you ,ffe willing to u e pha. ors, a nui sance to calculate, otherwi , e. If you recall that 

the magnitude of Xe= Rat hdB, and if you accept the notion that the voltage. across Rand Care 90° 

out of phase ·o that they can be drawn at right angles to each other on a pha. or diagram, then you get 

the pha or diagram of Fig. 2N .31, and can use a geometric argument to how that the hypotenu e -

proportional to Zin - is RJi. 

2W.1.2 Bandpass 

Problem: bandpass filter Design a bandpas filter to pa ignal between about 1.SkHz and 8kHz. 
To do thi , put the two hctB a factor of 2 from the nearest frequency. (Doing thi will limit attenuation 

to about 10~, as you know from §2W. l. l. 
Assume that the next stage that your band pa s filter is to drive has an input impedance 2: l MQ. 

A solution Roughly, Fig. 2W.6 . how. the hape of the frequency re ponse that we want. 

Your /,y 
IN 

'3ds frequency Figure 2W.6 Bandpass frequency response. 

To get this frequency response from the filter we need to put high-pass and low-pass in series. hctB 

for the high-pass should be about half the lowest frequency of interest, so put it at about 750Hz. hctB 

for the low-pa s should be double the highest frequency of interest, so put it at about l 6kHz. 

Viewed separately, the high-pas and low-pass responses are shown in Fig. 2W.7. The horizontal 

axis is frequency, and runs from close to zero up to 30kHz. 
If the two filters are "cascaded" - placed in series, so that the poor old input has to pass through thi 

double gauntlet - the result will be attenuation at the frequency extremes, and a bump in the middle: 

see Fig. 2W.8. 

The linear frequency plot shows that the bandpass is pretty far from the ideal - a filter that block 

all of the bad and lets through all of the good. Instead of being shaped like a steep-walled mesa, it's 

more like a gentle foothill of a mountain range. The log frequency plot make the response look a little 

more respectable - more as if there is a flat passband region ; but of course the changed plot doesn t 

change the facts. Using simple RCs, we'll have to settle for thi. imperfect, slopey pa sband. 
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Figure 2W.7 High-pass and 
low-pass f 3dB 's at 750Hz and 
16kHz, respectively. 

Figure 2W.8 Bandpass 
response that we want: linear 
and log frequency plots. 

ii 
I 

high-pass (f_3dB = 750Hz) 
swept, 0 to 30kHz 

-3dB 

f 3dB range of signal 

high-pass /quencies 
f_3dB 

low-pass 

l 
I 1 1 
:~~~~~~;~~~ J i 

I 1 

! 1 
~-.........1-----........J- ... .._ ___ -;-::,~).;:'-··- ..... -:.~-~ ... ·-l:---~: 

Bandpass. linear frequency plot 
(horizontal axis Is frequency, from o to 30kHz) 

low-pass (f_3dB = 16kHz) 
swept, 0 to 30kHz 

Bandpass: log frequency plot 
(horizontal axis is log frequency, from Oto 30kHz) 

Choose Rs: Now we need to choose R values, because the e will determine worst-case impedances 

for the two filter tages. The later filter must show Zout low relative to the load, which is 1 MQ· the 

earlier filter must how Zout low relative to Zin of the second filter tage. 

So, let the second-stage R be J OOk; the first- tage R is 1 Ok: 

... then calculate Cs: Here the only hard part is to get the filters right: it's hard to say to oneself,' The 

high-pas filter has the lower f3ctB~' but that is correct. Here are the calculations: notice that we try to 
keep things in engineering notation - writing' IO x 103" rather than " I 04 .' This form looks clum y 

but rewards you by delivering answer in standard units . It aL o helps you can for nonsen e in your 

formulation of the problem: it is easier to ee that" 10 x 103" is a good tran lation for" IOk" than it i 
to see that say "1 05 ' is not a good translation. 

Calculating the two C value i a purely mechanical proce . 

The low-pass: 

hdB - low = 16kHz ==} C = 2 rc x 16 x 1~3 x JO x 103 ~ 1/ 10
9 = O.OOIµF. 
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The high-pass: 

1 
hdB- high = 0.75kHz => C = 

2 
O ?S 

03 
OO 03 ~ I /(0.45 x 109

) ~ 0.002µF. n x. x l -x l x l · 

And the circuit look as in Fig. 2W.9. 

(J) Choose R's to keep Zour « ZtN·NEXT-STAGE 

-------, 10k ~ r-----
1 ---t---, 
I : F1~002 

•.. then I F 
calculate 

I <',. 
I <> RLOAO:: 1 M 

C's: 0.001 
-=- -=- F 

2W.2 RC step response 

: <,> 
I I 
I~ 
I 
L-----

Figure 2W. 9 The 
bandpass circuit. 

We were struck recently by how difficult an "old" topic like RC behavior can be when it's a little 

different from the tandard case. Several students convinced us we need more practice on such early 
learning. Here's a little workout on RCs. 

2W.2.1 Problem: step response of RC circuit (time-domain) 

Figure 2W.10 show a capacitor feeding a pulse into several alternative circuit elements. Please draw 

the voltage waveform at the point where the capacitor meets "X" for each case. Show time and voltage 

cales and label significant points on your waveform. As usual, we'Jl be happy with answers good to 

about 10%. Both RINx and CtNx describe the effect of a C and an R in parallel; the far end of each is 
tied to a fixed voltage; let's as ume that voltage i ground just so all our drawings will look the same. 

Note: Wed like you to draw Vout, not Vcap· 

fOV ---n 
ov _J L_ 

-~10µs 
input pulse 

inpuy~ 

O.OtµF L -

(draw this) 
- - - ., 
circuit 
fragment \ 

--=-!-- - .J 

Here are the everal alternative ' for the circui t element labeled' X:" 

• Idealized next stage: RtNx = 00 CINx = O; 

• Mixed next stage: RtNx = 00 but c/Nx = O.OOlµF; 

• Mixed next tage: RtNx = lOOk, CtNx = O· 

• Mixed next stage: RINx = lk, C1Nx = O; 

• Non-ideal next stage: RINx = 1 OOk, CtNx = 0.01 µF. 

Figure 2W.10 Pulse, 
capacitively-coupled to 
various circuit fragments. 
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2W.2.2 Solution 

Idealized next stage: R!Nx = =, C!Nx = 0: Since there is no path permitting current to pass to or 
from the second plate of the cap, leap = 0 and Ycap remain zero. Therefore Vout = Vi 11 •

2 

Figure 2W .11 No R, no C. 

10Vll 

ov Jlt~1ov 

Mixed next stage: R tNx = oo, but C tNx = 0.00 l µF: Thi is a C-C divider (rare or impo: ible in life). 
Vout shape is same a. Vin ·s, but amplitude is attenuated according to the impedance of the two caps. 

V0u1 = 0.9Vin· (Again a DC path to grou nd i required on the output to make thi circuit practical.) 

Figure 2W.12 A capacitive divider. 

10Vll 
ov ~~ Jll'-

I O.OOtµF 

gv 

Mixed next stage: R tNx = I OOk, C !Nx = 0: RC = I ms, » pulse width. So Vcap wil1 not change 
appreciably during pul e. Hence Yout looks like Vin· This case approximate the fir t case, of §2W.2.2. 

Again, Vout = Vin· 

Figure 2W.13 Approximately the first case: all passes . 

+fOVJl 

ov 
O.OtµF 

~r TI 
+fOV 

ov 

Mixed next stage: RtNx = lk, CtNx = 0: RC= 0.01 ms, ame as pulse width. So pulse output will 
decay to ~n x ( 1 / e )~37% Vin during pulse. Vout steps to + 1 OV, decays to about 4 V, steps down to -6V, 
then decays toward zero. 

Figure 2W.14 Quick RC makes the exponential 
decays apparent. 

+10VJl O.OtµF -~-+10V 
~I - --3.7V ov ~--

- ---G.3V 
tk 

2 Thi is nor a realistic case. A capacitor with no DC path to ground on the right side gradually would be charged by leakage 
current . A practical circuit requires a resistive path to ground on the output to define the DC level at that terminal. 



2W.2 RC step response 107 

Non-ideal next stage: R/Nx = lOOk, CtNx = O.OlµF : Redraw as C-C divider driving R (this echoes 

our old Thevenin model. the R-R divider). As in the Thevenin model, the effective driving C is the 

two C values in parallel: 0.02µF. So RC=2ms. Again pul e width « RC, so pulse urvives - but at 

half amplitude. 

?~rr·tt 
'1} fook 

- -- -

Figure 2W.15 A capacitive 
divider driving R: attenuates, 
but passes pulse . 
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The sort of problem we mean to olve with the most important of today's circuits is the conversion of 

a sinusoidal power supply voltage - AC coming from the wall supply (often called " line" voltage) -

to a constant DC level. 

3N.l Overloaded filter: another reason to follow our lO x loading rule 

Remember our claim that our ]O x rule of thumb would let us de ign circuit fragments? Let's confirm 

it by watching what happens to a filter when we violate the rule. 

Suppo ewe have a low-pass filter, see Fig. 3N. l, designed to give us !3dB a bit over I kHz (this is a 

filter you built last time, you 11 recall). 

If Rtoad is around 150k or more, the load attenuates the signal only slightly, and hdB tays put. But 
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IS K IS K 

-vw-y-1 o. 01 14 f ---::r1·" - Figure 3N.l RC low-pass: not 
loaded versus overloaded ; 
redrawn to simplify. 

what happens if we put R1oad = l5k? Attenuation i the lesser of the two bad effects. Look at what 

happens to hcts: 

f.O 

0.7 

!SdB • original !SdB • loaded frequency 

Figure 3N.2 Overloaded filter: we get 
something worse than attenuation : excessive 

loading shifts f 3dB· 

The shift of !3dB from where it wa designed to lie - in this case, a doubling of h<lB - is much more 
serious than the excessive attenuation at DC. The DC attenuation can be fixed by boosting circuit 

"gain' in a later stage; but the hifted hctB cannot easily be fixed by doing something in a later tage. 

We hope this example will reinforce your faith in our "times-ten" rule - the rule that allows us to 

de ign circuit fragments as independent module. confident that appending a new . tage will not mes 

up performance of what he have designed. 

3N.2 Scope probe 

That mi hap leads nicely into the problem of how to design a scope probe. We want to provide our 

cope with higher input impedance. 

You may be inclined to think we're awfully greedy, not to be content with the input impedance 

of a cope driven through a BNC cable: l MQ, in parallel with the capacitance of the cable. But the 

mode t input impedance presented by cable and scope can be troublesome. lt is particularly the tray 

capacitance that causes mi chief. 

"1 MQ' sounds nice enough - but consider what happens to the impedance of the cable as frequency 

climbs. Its capacitance to ground along with the cope input capacitance, adds up to about 1 OOpF, 

if the cable is about three feet long. l OOpF may till sound small - but at 1 MHz, this is a heavy load: 

I 1 l 
Xe = JZc J = (2nfC) ~ (6 x 106 x 0. l x ]0- 9) = (0.6 x 10- 3) ~ l.6kQ: 

pretty low, and di a trously low when source impedance is high. We'll see this effect as we work our 

way to a good design for a probe. We'll fir t de ign the probe wrong. 

The heavy capacitance of a bare BNC burdens the ircuit you look at and thi · burden can have 

effects even worse than just attenuation: it may make some of tho e circuit misbehave in strange 

way . The mo t common misbehavior is a spontaneou osci1lation. 1 

So, we nearly always use 'lO x ' probes with a scope: that 's a probe that make, the scope's input 

I The problem of unintended oscillation - . o-called '·para iti oscillation" - will concern us much. in later labs (it is the 
main topic of Lab 9L). lt cannot occur until we add power-amplification to our circuitry. So, today, your circuit. will not 
o cillate e en when heavily loaded by a BNC cable. But in Lab 4L you may . ee exactly thi . misbehavior, since any of your 
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impedance IOx that of the bare cope. If the bare scope looks like lMQ in parallel with lOOpF-cable 

and scope- the "I Ox" probe should look about 10 times better: JOMQ in parallel with 10-12pF. 

3N.2.1 Defective 10 x probe 

Figure 3N.3 shows a defective design for a 10 x probe Do you see what's wrong? It works fine at DC. 

But try redrawing it as a Thevenin model driving a cap to ground as in the example we did at the tart 
of these note, . The flaw should appear. What is hctB? Quite low, since the effective R driving the stray 

capacitance (RThevenin) is large, almo t IM: 

I 1 
hcts = 2nRC ~ (2 x 3 x 106 x 100 x 10- 12). 

So 
I 

f3ctB ~ 3 ~ l .6kHz. 
· 0.6 x lQ-

That's a disaster for a scope designed to work up to many tens of MHz. 

9M 

Figure 3N.3 Crummy lO x probe. 

1M 

B SCOP£ 

100pF I (STRAYC) 

Remedy: We need to make ure our probe does not have this low-pa s effect: scope and probe should 

treat alike all frequencies of intere t (the upper limit i set by the scope's maximum frequency: for 

mo tin our lab that is up to 60 or even 1 OOMHz). 

The trick i just to build two voltage dividers in parallel: one resistive, the other capacitive: see 

Fig. 3N.4. At the two frequency extreme one or the other dominates (that is. pa 'Ses most of the 

current); in between, they share. But if each delivers Vin/I 0, nothing complicated happens in this 

"in-between ' range. 

Figure 3N.4 Two dividers to deliver V1N/ 10 to 
the scope. 

9M 

1M 

What happen if we simply join the outputs of the two dividers? Do we have to analyze the resulting 

transistor circuits can provide the amplification or ··gain'· necessary to su, tain an oscillation: these para itics arc an 
interesting but n·oublesome novelty, comi ng soon. 
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compo ite circuit a one, fairly messy thing? No. No current flows along the line that joins the two 

dividers, so things remain utterly simple. 

So, a good probe is just these two dividers joined, a in Fig. 3N.5 (where the stray" Ci a sumed to 

sum scope and cable effect ). Practical probes make the probe's added C adjustable. Thi adjustment 

raises a question: how do you know if the probe is properly adjusted, so that it treats all frequencies 

alike? 

9M Cprobe 11 pF 

tM 100pF I (STRAYC) 

Probe "compensation": one way to check: sweep frequencies ... 

Figure 3N.5 A good lO x 
probe: one capacitor is 
trimmable, to allow use 
with scopes that differ in 
c,. 

One way to check the frequency response of probe and scope, together would be to sweep frequencies 

from DC to the top of the scope's range, and watch the amplitude the scope showed. In Fig. 3N.6 

we've ·ketched what the re ponse would look like for adjustments of Ccompensation that are wrong in 
each direction, and also correct. 

overstate highs @ 
V scopr: 0. t ------«.· . . . . . . . . . . . . . . . . . . . . . . . . . . . . correct 

-v;;;:RCE understate highs (@ 
to 100 11< fOK fOOK fM fOM 100M log f 

Figure 3N.6 One 
way to check probe 
compensation : sweep 
frequencies. 

At low frequencies, the resistive divider dominates; at higher frequencie , above what we might call 

a "crossover frequency," the capacitive divider dominates. The two dividers ought each to deliver 1/10 

amplitude. If the C:C divider is wrongly adjusted, it delivers either more or Jes than that, as shown in 

Fig. 3N.6.2 

to scope 

Ceo MP 

==> 
CsrRAYI 

- -

zftOpF 

0.9M 

-

to scope 

Figure 3N.7 Probe 
redrawn as equivalent RC 
network. 

But thi way of checlcing probe compen ation is clum y. It require. a good function generator, and 

would be a nuisance to set up each time you wanted to check a probe. 

2 The crossover frequency depend. on the effective RC. where the circuit can be redrawn (modeled) as in Fig. 3N.7. 
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Probe "compensation": ... an easier way to check: Fourier, again 
The easi r way to do the same ta k is just to feed scope and probe a square wave, and then look to see 
whether the waveform looks square on the scope screen. If it does, good: all frequencies are treated 
alike. If it doe not look square, ju t adjust the trimmable C in the probe until the waveform does look 

square. 

u 

;--- · .~ ... 

M) 200),IS 

overstates high frequencies ... ... understates high frequencies . . .treats high and lows alike (keeps t0%) 

Figure 3N.8 Using square wave to check frequency response of probe and scope. 

Neat? This i so clearly the efficient way to check probe compensation (as the adjustment of the 

probe's C is called) that every respectable scope offers a square wave on it front panel. It'· labeled 

. omething like probe comp or probe adjust. It's a mall wave (of fixed amplitude) at around lkHz. 

3N.3 Inductors 

In a phy ics course, inductor are treated with the same respect accorded capacitors and the comple­

mentary behaviors of the two devices seem to support this view. 

Here are the impedance of the two devices: 

impedance of capacitor Zc = - j / (2nf C) = - j / ( mC ) 
impedance of inductor ZL = j (2nf L) = jmL 

The impedances of the two devices are complementary in two senses: 

• the impedance of one device fall. with frequency (true of Zc ), while the other ri . es with frequency 

(true of ZL) ; 

• the phase hifts between current and voltage are opposite for the two devices as is indicated 

by the opposed sign ' of - j and j. Current leads voltage in the capacitor; it lags voltage in the 
inductor. 

It look a if you could use Lor C equally well to make a filter. Below, for example, are two version 

of a low-pa 

Figure 3N.9 In principle one can use RL or RC 
to form a filter . . . . RC lowpass RL lowpass 



IAoE § l.7.10 

I AoE §6.2.4 

I AoE § l.7.14A 

JN .4 LC resonant circuit 113 

Both ver ions of the low-pass filter work. But only the RC is practical, at all but very high frequen­
cies .3 

In this course - and in electronics generally - capacitors are used much more widely than inductors. 

The difference come from the fact that inductors are relatively large and heavy (often including a core 

made of ir n or another magnetically-permeable material) , and that, owing to departures from ideal , 

they dissipate power. 

In Fig. 3N.10 a self-righteous capacitor reminds u of this difference - and, like mo, t of the self­

righteou. , he somewhat exaggerate hi virtue.4 

Figure 3N.10 Capacitors don't ordinarily 
dissipate much energy; inductors do. 

That difference leads one to prefer capacitor and to avoid inductors altogether except at high 

frequencies (perhap I MHz, or more, where a small value of inductance is sufficient to do the job), or 

in power conver ion circuits (where they are ubiquitous). 

The resonant RLC circuit that we use in Lab 3L to select a radio broadca t frequency illustrates a 

typical ca e where inductors work well. The relatively high frequency permits use of an inductor of 

small value and small size. 

In circuit running below a few megahertz, where ordinary operational amplifiers perform well, 

clever circuitry even permit capacitors to emulate the behavior of inductor., without bringing along 

their na ty propertie, . 

3N.4 LC resonant circuit 

Figure 3N. l l show. Lab 3L's re onant RLC circuit. Before we acknowledge what's novel about thi 

circuit - its resonance - let' take advantage of what we know of the impedances of capacitors and 

inductors to make a simple argument that thi i , indeed, a bandpass filter: one that pas e. a range of 

intermediate frequencies while attenuating both frequency extremes. 

If we neglect the effect of the inductor - as in the lefthand circuit fragment in Fig. 3N .12 - we see 

a familiar RC low-pa . At high frequencies, it is fair to neglect the paralled inductor: its impedance 

i · much larger than the impedance of the capacitor. 

Toward the other end of the frequency range, the inductors impedance i much less than that of the 

capacitor (recall that ZL = jmL = j2nf L). In this frequency range, the RL forms a high-pa s. 

Over the full frequency range, then, the RLC forms a bandpa s filter. So much, we can e without 

considering the LC' re onance. 

3 "High" by the standards of this course: around l MHz and up. 
4 ln some circuits, such as 'witching power supplies, the capaci tor's "equivalent series resistance" (ESR) can di · ipate power 

and degrade pe1formance. See AoE §§6.2. 1 A and 9.6.3A. In Lab l lL you wi ll find that we needed to specify a low-ESR 
capacitor for use with the witching regulator. 
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in 

Figure 3N.ll Lab 3L's RLC circuit. 

tOOk 
in~out 

0.0fµF _e­
mylar~ 

1 mH 

ovf 

tOOk 

0.0fµF 
mylar tOmk 

Figure 3N.12 A first approximation 
of the parallel-RLC circuit: highpass 
and lowpass. 

lowpass (RC) ... ... highpass (RLJ. .. ... bandpass (RlC) 

3N.4.1 Resonance 

But that rough analy i mis es the intere ting novelty of this circuit: the "resonance" to which we 

have referred. At some frequency - where the magnitude of the impedances of inductor and capacitor 

are equal - something tartling occurs: the impedance of the parallel LC become very large. 

Lt's not hard to persuade yourself that this happen , if you write out the formula for the impedance 

of the LC pair: 

Zc x ZL 
ZLc- parallel = Zc II ZL = Zc + ZL · 

But, because Zc = - j / wC while ZL = jwL the opposite sign of the 'j" indicate that at some fre­

quency, where the magnitudes are equal, the two impedances should sum to zero. When this occurs, 

taking the denominator of the parallel impedance to zero, the parallel impedance "blows up ' - be­

comes very large.5 

The resonant.frequency where IZc l = IZLI occur · when I - j / wq = IJwLI and I/ we = wL: 

w2 = 1 / LC =? W = l / .JLc or !resonance = 1 / ( 2n VLC) · 

At this re onant frequency, where the impedance of the parallel LC becomes large, the circuit passes 

the largest-available fracti.on of its input. Ideally that fraction would be 100%, but losses in the in­

ductor mean that the maximum can be much less than 100% for large value of R. The RLC offer not 
just another way to make a bandpas ; it permit making an extremely narrow pa sband, compared to 

what one can achieve with RCs. 

The characteristic called "Q" describes ju t how narrow is the range of frequencies that are al­

lowed to pass: Q = fresonancc/ flf. Here flf is the width at the amplitude that delivers half-power - the 
amplitude that i 3dB below the peak, as ketched in Fig. 3N. 1 3. 

The RLC does not work the way an RC filter does. It is more dynamic. It does more than form a 

frequency-selective voltage divider, although it doe do that. It stores energy; it is more like a pen­

dulum than like a coffee filter. The inductor-capacitor combination o ciliate , once timulated with a 

5 • Infinite,'' you may want to , ay. But LC imperfections - largely cau ed by res i tance and core losses in the inductor - spoil 
thL result. But it is enough that the impedance becomes very large, and i ex tremely sensitive to small frequency changes. 

I AoE § 1.7.14 



3N .4 LC resonant circuit 115 

frequency close to its favorite - the frequency where it "resonates." In each cycle of oscillation, energy 
is tran ferred, back and forth, between inductor and capacitor. 

When the voltage across the parallel pair is at a maximum, energy is stored in the electrostatic 

field between the plates of the capacitor; as the capacitor begins to discharge through the inductor, the 

current gradually grows and when the current reaches a maximum, VcAP is zero. At that point in the 

cycle, all the circuits energy is stored in the magnetic field around the inductor. The energy sloshes 

back and forth between capacitor and inductor.6 

3N.4.2 The meaning of Q 

~ 
C_ill 

Figure 3N.13 Shape of RLC 
frequency response. 

Q measured using !!:if : The lab ask you to estimate the circuit's Q ("quality factor," a term whose 

name apparently reflects the use of resonant circuits in radio tuners where high selectivity is good). 

Mea ured thu Qi defined a follow , a. we have aid (Fig. 3N.13): 

Q = .fresonance 

11.f 

where !!:if" repre ents the width of the resonance peak between its " - 3dB" points: ee Fig. 3N .1 4. 

I 

-3clB . . · . ~ delta f 

. ·! 

·1 ., 
~ . i 

I l 1 j : ~...::.::::::.:!~~=!e:±-,; .. ,,i.,.._i._;_..j_.4-,._._._.:.,,., ___ ,.,_ 1 
g , 1.00V M 1.00s : 

lkHz 30kHz 

Figure 3N.14 Q measures the 
frequency-selectivity or peakiness of the 
resonant circuit. 

6 See Purcell & Morin. §8. l and especially Fig. 8.3 hawing a damped o cillation. 
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Q measured using decay time: Q can also be defined to de cribe how lowly energy leaks away from 

a resonant circuit, di ssipated in its stray resistance:7 

energy tored 
Q = U-0 d" . d averagepower 1ss1pate 

Or, less abstractly, Q can be defined as 

Q = 2n x { number of cycles required for the energy to di mini h to l / e} . 

This latter definition isn't illuminating when you are looking at the frequency re ponse of the LC 
circuit, as in the present exercise; thi. second definition will seem more helpfoJ when you reach 

§3N.4.4, which looks at the LC's response in the time domain. For the ca e of the parallel LC, one 

more rule is useful: Q = rooRC. 

Modifying Q : Q describes how efficient the RLC is and depends mostly upon the characteristics of 

the inductor. But you can modify Q with your choice of R. Large R produces higher Q, but lower 

amplitude out (the energy dissipated in the LC pair must be replaced; the larger the R feeding the LC, 
the larger the voltage drop aero ·s that R). So, one can trade off one virtue against another: high Q 

versu large amplitude. 

If you're energetic and curious you can look at the effect upon Q of substituti ng a lOk resistor 

for the I OOk. Amplitude-out increases. while Q degrades. As usual you 're obliged to trade away one 

desirable trait to get another. But good Q is likely to be much more important than large amplitude; 

an amplifier can solve the problem of low amplitude. 

\ .. 
-, 

~ 1$6mVMIOOs 

R = !Ok R= IOOk R = IM Figure 3N.15 Large R 
raises Q while diminishing 
output amplitude. 

(peak amplitude: 8.0Y) (peak amplitude: 2 .9V) (peak amplih1de: 0.47V) 

Figure 3N.15 -hows the effect of three R values in the RLC circuit: I Ok lOOk and IM. For the 

larger R value , Q doe indeed improve - but at the expen e of output amplitude. In Fig. 3N.15 we 

have adjusted scope gain so as to hold the graphical peak amplitude constant for the three images. 

We did thi in order to make it easy to ee the change, in the respon e shape (and Q). But note that 

the scope sensitivity increases from left to right (V /Div falls) - so that the amplitude out diminishes 

by more than a factor of 16. A smaller, secondary effect also appears, a R change : the resonant 

frequency shifts slightly.8 

ln Lab 13L, where you are likely to u e an RLC a part of an FM demodulator. you will take 

advantage of R's capacity to tailor the shape of the RLC r spon e: and you will feel the ten -ion 

between the e two desirable characteri tics, large amplitude versu , high Q. 

7 Sec Purcell & Morin, equation 8.12. 
8 This i a" ·econd order" for ''light damping . . . . " :ee Purcell , §8.1. 
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3N.4.3 Testing whether Fourier was right 

The parallel RLC ci rcuit allows you to test one of Fourier's claims - in case you doubted it. Fig. 3N. I 6 

repeat a figure from today's lab, a sketch of how the Fourier series for a square wave begins. 

-1 

/" ~ (s1nw,t + .1s,n3u;,-l +i s1115ul,1:) 
/;,. 

Figure JN.16 Fourier series for 
square wave . 

Less graphically, the Fourier eries for a square wave of amplitude A is 

~A(sin(u>t)) + ~ sin(3wt)) + ~ sin(5wt ) + · · · . 
n 3 5 

Your LC can pick out these frequency component for you: and the result, in the lab circuit, is a very 

pretty per pective-like display (the resemblance to receding telephone pole. or fenceposts beside a 
highway is striking). 

3N.4.4 Response to a slow square wave: "ringing" 

A low ·quare wave whose frequency is not at all critical (Lab 3L sugge t ' you might try 20Hz) 

stimulates the LC, even though 50Hz i very far from the LC's re onant frequency of I 6kHz. How 

come? Because, a, you know, Fou1ier teaches that a square wave includes in its edges high-frequency 

"harmonic " close to the resonant frequency. These harmonic are mall (since the Fourier . eries for 

a quare wave falls off like 1 / f). 

In Fig. 3N .17 is a figure showing the re on ant circuit of Lab 3L driven by a quare wave of a 

frequency far below f~c~onance (square wave frequency ~50Hz). 

T 
l!l -

1...1.t+l 
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-- -·- --·-· 
L n l ·noging o/05 

l- I Om~l C , U. I uF 
O meosured as t{cle ,ta_l • 10 
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Figure JN.17 Decay of RLC's ringing can 
reveal Q. 

Notice that it i the energy, not amp/it ude that hould decay to l / e at the rate thu related to Q. 

Since the energy stored in the capacitor is proportional to amp1itude squared (energy cap = !CV2) , we 
want to ee V2 - not V - fall to 37%, and V to about 60%. 

In Fig. 3N.17 such a point i marked by a cursor, and it seems to occur after about 5 cycles. Thi. 

would indicate a Q of about 30. 
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Why does it decay? A student recently asked "Why does it decay exponential1y?" - a good question. 

The short answer is "becau e the rate at which it lose energy is proportional to its amplitude." A 

slightly longer version of that answer would note: 

• energy in the LC circuit is proportional to V2 (if you consider the time in a cycle when all the 

energy is in the capacitor, for example, at that time energy cap = !CV2
: here Vis VRMs: we are not 

intere ted in the ign of V or in it instantaneous value); 

• energy is dis ipated in eiies resistance Rctrive, proportional to V2 / RL (thi. is the power dissipated 
in the resi tance). 

Thu energy and rate of energy lo s both are proportional to amplitude- quared. The squared factor 
only changes the time-con tant not the exponential hape of the decay.9 

Poor grounding can evoke LC resonant waveforms 
You will see such a response of an LC circuit to a step input whenever you happen to look at a square 

wave with an improperly grounded scope probe: when you fail to ground the probe clo e to the point 

you are probing you force a ground current to flow thrnugh a long (inductive) path. Stray inductance 

and capacitance form a resonant circuit that produce ugly ringing. You might look for thi effect now, 

if you are curious· or you might just wait for the day (almost sure to come) when you run into this 

effect inadvertently. 

The scope images in Fig. 3N.18 . how how shortening the ground return of a cope prob reduces 

ringing. The shorter ground return has less inductance, and pushes .fresonant higher while storing le s 
energy, a well. 
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Figure 3N.18 Scope probe, poorly grounded, shows resonance of stray Land C. Left : no probe ground 
(except through scope power supply) . Middle: probe grounded about 10" from point probed . Right : 
probe grounded about 1/ 2" from point probed . 

3N.5 Diode Circuits 

Diodes do a new and u efu l trick for us: they allow current to flow in one direction only: see Fig. 3N.19 

Figure 3N.19 Diode as one-way current gate. 

;,. 
1 ~es ) 

<.- .• 
{no) 

9 See R.E. Simpson. lntmducwry Elecrronics. 2d ed .. 1984 ), pp. 98-100. 

I AoE §1.6.1 
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The symbol looks like a one-way street sign, and that's handy: it's telling conventional current 

which way to go. For many applications, it is enough to think of the diode as a one-way current valve, 

though you need to note also that when it conducts the diode doe n't behave quite like a wire. In tead, 

it show a characteristic "diode drop' of about 0.6V. Thi you saw in Lab IL; Fig. 3N.20 may remind 

you of the curve you drew on that first day (you did not see the breakdown at~- lOOV fortunately 

for your safety). 

I 

Oiode conduction 

10mA 
( approxim_ately -100V) 

breakdown : ___ 1m_.'4_··....;.· ...,.:_ .. _._··-··_,. 

v 

reverse : f 
(destC__T 

O.GV Figure 3N.20 Diode /- V curves: reverse 
current is in nanoamp range. 

3N.6 The most important diode application: DC from AC 

Electrical power is distributed in AC form rather than DC, in order to minimize power losses in 

transmission lines. U ing AC permits transmis ion at high voltage , and conespondingly low currents. 

AC is easily "stepped" up or down using transformers - which are simply two windings placed clo e 

together so that they are "coupled" by their magnetic field . In Worked Example 1 W.2 you can find 

an example of the efficiency advantage that goes with high transmi sion voltage. 

Because power is transmitted in AC form whereas every electronic device needs a DC power supply, 

making this transformation from AC to DC is an important mis ion of diode circuit . 

3N.6.1 Half-wave rectifier and clamp 

We often use diode within voltage dividers, much the way we have used re istors, and then capacitors. 

Fig. 3N.21 shows a set of such dividers: what should the outputs look like? 

Rectifier Clamps ~1 ~-1- ~14 
v,N - . - /Ov -('\_-_ -- -- /'\ -__ · __ ',.,4-,v (\_ - (\ _· - - . 

1 __ \_J ___ L 1-~1=J-~ ,.&D~ 
-0.6V -· - - -0.6V -

Figure 3N.21 Three 
dividers made with 
diodes: one rectifier, 
two clamps. 

The output for the fir t two circuits look strikingly simi.lar. Yet only the rect~fier can u ed to gen­

erate the DC voltage needed in a power supply. Why? What important difference ex ists - invisible to 

the cope display - between the ·'rectifier" and the' clamp?" 10 

The bumpy output of the "rectifier" is still pretty far from what we need to make a power supply 

10 The an wer i. not the more obviou difference that one sh ws a 0.6V off et when pa. sing the ignal. wherea the other 
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- a circuit that converts the AC voltage that comes from the wall or 'line" to a DC level. A capacitor 

wiJl smooth the rectifier 's output for us. But, first let' look at a better ver ion of the rectifier. 

3N.6.2 Full-wave bridge rectifier 

This clever circuit in Fig. 3N.22 gives a second bump out, on the negative. wing of the input voltage. 

+V 

~II + 

Figure JN.22 Full-wave bridge. 

Neat, isn't it? Once you have seen the circuit's output, you can ee why the impler rectifier i called 

half wave. 

Figure 3N.23 show some details of the output of the full-wave rectifier, including the non-obviou 

fact that the bridge input drops below ground , on one half cycle. 

. .. other terminal of Xformer secondary 

Figure JN.23 Full-wave bridge rectifier . 
,M Jtol' Jett ••J•~ ... 1>.:J •~,• 
If". IH ~ 

Becau e of this wandering of the bridge input, the full-wave bridge can be used only with a '·float­

ing" source such as a tran. former secondary. Neither of its input may be tied to ground, a suming 

that one of the two output terminals is to be defined as ground. 

Rarely is there an excu e for u ing anything other than a full-wave bridge in a power upply, the. e 

day . Once upon a time, "diode" meant a $5 vacuum tube, and then designer tried to limit the number 

of these that they used. Now you ju t buy the bridge: a little epoxy package with four diodes and four 

legs· a big one may co t you a dollar. 

Full-wave bridge in a "split supply" 
A full-wave bridge can be used to generate a dual output: both positive and negative with respect to 

ground. Fig. 3N.24 hows such a circu it. 

Evidently, the only difference from the ingle-supply of Fig. 3N .22 aTises from use of the center tap 

on the tran former secondary, tying it to the point that we define a the ground of the , plit output. (We 

omit the load resistor from Fig. 3N.24; a load is, of course, assumed - if not, why build the upply?) 

doe. not; that difference would . eem to favor the . econd circuit, the "clamp.'' o. what's important i the difference 
between the two outpur impedances. (Remember? We promi ed you that impedances would be a theme. in the analog part 
of this course.) The left-hand circuit - the rectifier - places only a conducting diode between . ource and load (the ·ourcc 
usually is a power transformer) . The clamp places a resistor between source and load. A a result, the rectifier provides the 
efficient way to build a power supply; the clamp does not. 

I AoE §1.6.2 
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+V 

G nd 
D 

-V 
Figure 3N.24 Full-wave bridge used to generate both 
positive and negative ("split") outputs. 

One might be tempted to think that the center tap is not necessary: that one could form a split supply 

simply by defining ground as the midpoint between the capacitors in Fig. 3N.24. That view would be 

wrong. 

Absent use of the center-tap, the sharing of the total voltage, between positive and negative outputs 
would not be predictable· it would depend on the relative loading of the two output . The center­

tap make the two output independent, so that it is not just the total voltage V+ minus V_ that the 

transformer determines. Instead each of V+ and V_ show a voltage detennined by the half-winding 
of the transformer. 

ff that propo ition seem vague, and leaves you puzzled, you may want to trace the detail. of current 
flow on both half cycles of the line voltage, a flow sketched in Fig. 3N.25 . 

Dual-polarity {split) supply. 

~II 
positive output 

~II 
negative output: 

~bnd n 
-V 

v ~II 

•V 

I . ~bnd 
~~8 _____ ....... 

- V 

Figure 3N .25 Current flow in split-supply rectifier : positive and negative output flows shown 
separately. 

Figure 3N.25 hows four case, : but there are, of cour e only two half cycles to con ider. We have 

done 'eparate sketches for the positive and negative supplies, because we feared that thinking about 

both output polaritie at once might be too much. You will notice, al o, that we have drawn a dotted 

line between the two ground , ymbol in order to make the return of current to the center-tap ea ier to 

envi ion. 

In a minute, we'll proceed to looking at a full power supply circuit, which will include a full-wave 

b1idge. But before we do, let 's note one additional sort of diode: the zener. 



122 Diode Circuits 

3N.6.3 Zener diodes 

You will not apply a simple zener in our labs (though you will meet a fancier voltage reference in 

Lab l lL). But we would like to mention the zener here alongside the other diodes that we'll meet in 

today's lab, 3L: the standard silicon diode (like the I N914 we u e repeatedly today) and the Schottky 

diode, a low-forward-drop device that you are likely to choose as you build the AM radio detector late 

in 3L. \ AoE § 1.2.6A 

The zener diode conducts at some low reverse voltage, and likes to! If you put it into a voltage 

divider "backwards" - that is, "back-bia ed," with the current running the wrong way down the one­

way street - you can form a circuit whose output voltage i pretty nearly constant despite variation at 

the input, and despite variation in loading. 

V, ___ _,,,V\,__ __ ._._ ____ Vo.,1 :: Vzc.~J'E~ 

( u"ngu\ai..e.t! 

w i t. ~ me nprlr) 

Figure 3N.26 Zener voltage source. 

The plot of Fig. 3N.26 shows that the reverse conduction is not ideal: the curve is not vertical. The 

shape shows us why we need to follow AoE's rule of thumb that says 'keep at least 10 mA flowing in 

the zener, even when the circuit i loaded." 

Figure 3N.27 Zener diode 
/-V curve: turned on its side, 
it reveals impedances. 

r O,c.!e t oY. 1/v ion 

v 

conventional 1-vs-V plot... 

,,..-- Wa"1 i v" ltdt}e spurc.e i e look 
,,. v: >J:r !~ h,witonta, \ '. ow outt vt 

l jr.P.eila1-:,e ) .So r~~ ?. C,11 €.v wW1 
1. :m~ :ow.A 

. .. l-vs-V pl.ot rotated to let slope show impedance 

Rotating the curve as in Fig. 3N.27 let's us see the curve's slope as a value in Ohms. The slope 

reveal LlV / Af - the devices dynamic resistance. That value de cribes how good a voltage reference 

the zener is: how much the output voltage will vary as cmTent varies. (Here, current varies because of 

two effects: variation of input voltage, and variation in output current, or loading.) You can ee how 

badly the diode would p rform if you wandered up into the region of the curve where l zener was very 

small. 

A practical voltage ource would never (well hardly ever!) use a naked zener like the one we 

just showed you; it would always include a transistor or op-amp circuit after the zener, to limit the 

variation in output current ( ee AoE §2.2.4). The voltage regulators discussed on Day 11 (and in AoE 

Chapter 9) u e uch a scheme, though integrated references are u ed in preference to zeners. At least 

you should understand those circuits the better for having glimpsed a zener today. Now on to the diode 
application that you will ee most often. 
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3N.7 The most important diode application: (unregulat ed- ) power 
supply 

Figure 3N.28 hows a standard unregulated power supply circuit. We'll learn later just what "umeg­

ulated" means: we can't understand fu lly until we meet regulated supplies, upplies that use negative 

feedback to hold Vout con tant despite variation, in both "'in and output current. 

-
l ~ I -'-- ,,,.. 
l--·---

Figure 3N .28 
AC-line- to-DC power 
supply circuit . 

Now we'll look at a way to choose component value . In these notes we will do the job incom­

pletely as if we were ju t ketching a supply. In Worked Example 3W you will find a similar case 

done more thoroughly. Assume we aim fo r the following specifications: 

• VouT: about 12 volts 

• Ripple: about I volt 

• Rtoad: 120Q 

We must choo e the following values: 

• C ize (µF 
• transformer voltage CVRMS) 

• fu e rating 

We will po tpone until Worked Example 3W two les fundamental tasks (because often a ball-park 

guess will do). Those element that we will omit here are: 

• tran former current rating 

• "bleeder' resi tor value 

Let's do this in stages. Surely you hould begin by drawing the circuit without component values, a , 

we did above. 

3N.7.1 Transformer voltage 

Thi i just VouT plus the voltage lo t across th rectifier bridge. The bridge always put two diodes in 

the path. Specify as rms voltage: for a inewave, that mean VrEAK/ /2. Here, that give Vpeak at the 

transformer of about 14V ~ 10VRMs: ee Fig. 3N.29. 

pe..ak.-t o-p~a. r ipple. 
j__ 

r ..__ 

oulrl.fl w~t\\o\5\. cap 
"'*l_,., 

Figure 3N .29 Transformer 

voltage, given VouT- Peak · 

Figure 3N.30 how the urge of current that accompany the 1ipple. Current (labeled fxformer in the 

figure) i measured on the ground line. (Note the high scope sensitivity on that trace: 50mV/div.) 
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Figure 3N.30 Ripple on power supply: /wAo= lA, 
C= 3300pF. 

3N.7.2 Capacitor 

Vout 

l_xformer i .,Ci.-.,--- __ L._ .. , -·~ .... _ 
(gnd noise) [..........., i ...........__.. 

(gnd for VoutJ 

1 

\ 

UJ~'~ov~· -c:o-,, ..,.,.~0--,11.,.,..., ....,..,,.,,...2.oci"~~~--rrov 

A 5. 28rnl 

h'.! fl('·· 
lil1 .I It 

I AoE § I .6.3A 

This is the interesting part. This ta k could be hard, but we'll make it pretty ea y by using two simpli-
fying assumptions. Fig. 3N.3 l shows what the "ripple" waveform will look like. I AoE §

9
.
5

-
3

A 

Figure 3N.31 Time details of ripple 
waveform. 

t:.t approx 

- e.)(ac slcpe. 
( e>c:pone t u,l 

c.a t rve 

We can estimate the ripple (or choose a C for a specified ripple as in this problem) by using the 

general equation 

dV 
I = Cdt; 

d V or~ V i, 1ipple; d t or ~T is the time during which the cap di charges; I is the current taken out of 

the supply. To specify exactly the C that will allow a specified amount of ripple at the tated maximum 

load requires ome thought. SpecificaJly, 

• What is l out? If the load is resistive, the current out is not constant, but decays exponentially each 

half-cycle. 

• What is ~T? That is. for how long does the cap discharge (before the tran former voltage comes 

up again to charge it)? 

We will, as u ual, coolly sidestep these difficulties with some worst-case approximations: 

• We assume l out is constant at its maximum value· 

• We assume the cap i discharged for the full time between peaks. 

Both these approximations tend to over tate the ripple we will get. Since ripple is not a good thing, 

we don t mind building a circuit that deliver a bit less ripple than called for. 

Try those approximations here: 

• l out is just lout- max i.e., 100mA 

• ~Tis half the period of the 60Hz input waveform, i.e., 1/l 20Hz ~ 8rn 

What cap size does this imply? 

~T 10- 3 
C = I x - ~ 0. I x 8 x -- ~ 0.8 x 1 o-3p = 800µF. 

~V lV 
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That may ound big but it i n't for a power supply storage capacitor. 

3N.7 .3 Transformer current rating (rms heating) 

Becau e the current that recharge the capacitor comes in surges, rather than continuously the trans­
former heat more than one would assume if its current flowed steadily, a the load current does. (See 

Worked Example 3W on power supplies for more on this topic.) The extra heating can be calculated 

using the root-mean-square ( 'rms") value of the transformer current. Doing that is straightforward 

if you know the percentage of each cycle the transformer spend delivering current. That fraction is 

difficult to predict, but ea y to observe. 

Figure 3N.30 shows the ripple we saw on one of the lab's powered breadboards when we drew a 

steady 1 A from the supply (here, we're digre sing for a moment from the present design task, where 

the current is lower, at 1 OOmA). 

During the time when the tran former feed the storage capacitor alJ the charge that is removed 

during a cycle by the load must be replaced. So, the magnitude of the current that flows during the 

recharge portion of the full cycle - roughly 3/8 in Fig. 3N .30 - mu t be proportionately larger than 

the ' teady load current. In this case, it must be 8/3 the teady 1 A output current. Such a current spike 
heats more than a steady current that would deliver the same charge, so we must use this rms current 

value to determine how large a transformer we need. 

lf, a. in the scope image in Fig. 3N.30, the current flows during about 3/8 of the full cycle, therms 
value is 

Irm. = (fraction of cycle during which current flows) x (current)2 ) 

= V3/ 8 x (8/ / 3)2 ) = V3/8 x 7.1 / 2 = V2.7 l2 ~ 1.61. 

So, for a load current of lOOmA, you should specify a transformer that can handle at least 160mA. 
You 'd not want to put your specification right at the edge, so you might specify 200mA. 

3N.7.4 Fuse rating 

The current in the primary i sma11er than the current in the secondary, by about the same ratio as the 

primary voltage is larger. (This occurs because the transformer dissipates little power: PiN ~ PouT ). 

ttov 
(§i'0.09A 

Pour 

~ Iour • Vour 

if voltage steps down, 
current steps up. 

Figure 3N.32 Transformer preserves power, roughly; so, a 'step down' 

transformer draws less current than it puts out. 

In the present case where the voltage is stepped down about I l x , the primary current is lower 

than the secondary current by about the same factor. So, for I OOmA out, about 9rnA must flow in the 

primary. 
In fact, the spikes of current that heated the transformer also heat the fuse, o the fuse feels its 

"9mA" a somewhat more (see §3N.7.3)· call it 20mA. And we don ' t want the fuse to blow under the 
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maximum cutTent load. So, use a fuse that blows at perhaps four times the maximum lout , adjusted for 

its heating effect: so 80mA. A lOOmA, or O. lA fuse is a pretty standard value, and we'd be content 

with that. The value is not critical, since the fuse is for emergencies, an event in which very Jarge 

currents can be expected. 

It s a good idea to use a slow-blow type, ince on power-up a large initial current charges the filter 

capacitor, and we don ' t want the fuse to blow each time you turn on the supply. But note that it takes 

a pretty drastic overload to blow a fuse: afast-blow fu e rated "1 A" does not blow at IA. The table 

below shows how long a smal1fast-blow glass fuse ("AGX" 11 ) takes to blow under several overloads: 

3N.8 Radio! 

% of Amp Raring 

I LO% 
135% 

200% 

Time to Blow 

4 hours (min.) 

60 minutes (max) 

5 seconds (max) 

In this section we'Jl meet the two elements essential to an AM ("amplitude modulation") radio re­
ceiver: 

(1) a highly- elective bandpass filter that can pick out a single broadcast frequency; and 

(2) a rectifier circuit that can demodulate the information encoded in the AM signal (with the help of 

an RC to knock out the high-frequency broadcast "carrier signal). 

3N.8.1 Step 1: LC selects one "carrier" frequency 

Each broadcast station is alloted its peculiar frequency. 12 This is called a "carrier" frequency, chosen 

for its ability to propagate well, and conveying information by being varied or "modulated" in ome 

way. The earliest and simplest of these modulation schemes, AM, doe what the name suggests: 

varie. the size of the carrier signal. It lets an audio signal in the range of a few kilohertz (talk or 

music) modulate a carrier of about I MHz. (In Lab 13L you will use FM, a method that is more robust 

than AM but not quite so imple. The FM of Lab 13L will use not radio frequencies but a much 

lower-frequency carrier easier to demodulate.) 

An LC is well-adapted to the task of selecting one station's carrier: it is the most sensitively 

frequency-selective circuit we now know in the course, and can easily be set to resonate at standard 

AM frequencies , say I MHz. One does not need to in ert an R to feed the parallel LC- the antenna's 

impedance stands in for the R that we use in the first experiment of Lab 3L. 

The LC not only rejects unwanted radio broadcasts but also rejects the 60Hz noise that is a good 

deal larger than any of the radio signals. One can see this effect in Fig. 3N.33. The Jeft-hand image 

hows the 60.Hz sinusoid, trangely thick. The thickening is the ~ 1 MHz "carrier.' It is hard to notice 

the variation in thickness - but this variation carries all the information. In the right-hand image, the 

60Hz variation ha disappeared, filtered out by the resonant circuit. 

A second effect, more interesting and surprising, is visible in the right-hand image of Fig. 3N.33. 

The resonant LC i doing something intriguingly new. The output amplitude of the LC i larger than 

the input, for the selected carrier frequency (notice that the scope ensitivity is the ame for the two 

creen hot of Fig. 3N.33: the LC really does enlarge the modulating signal). 

11 Source: Data sheet for Cooper- Bus mann AGX Series Fast-Acting Glass Tube Fuse, current rating J/ I 6A to 2A. 
12 Suictly, each station is assigned not one frequency but a range of permitted frequencies: I OkHz wide, for AM broadca · t.. 

200kHz wide for FM (' frequency modulation"). 
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.. . antenna signal when attached to LC resonant 
at broadcast carrier frequency: 60Hz noise is gone, 
and signal (amplitude variation) is much larger 

Figure 3N.33 Radio signal : raw, from antenna , and after LC frequency-selection . 

That's a trick no RC could perform. 13 This is possible only when the input is more like a current 

ource than voltage source, a · is the ca e for the antenna. The LC tores energy, and - like a pendulum, 

or a hild s wing pu. hed repeatedly by an attentive parent - the LC amplitude can keep growing 

beyond the voltage-amplitude of the driving signal. Similarly, the child ' wing can move far beyond 

the limited range of the parent's push if the pushes are properly timed, adding a little energy each time 
the child pa ses. 

Here's another way to say why output can grow larger than input (thi account i somewhat less 
metaphorical): if Qi large - a it i , here - then a good deal more energy is put in than is lost in a 

cycle when amplitude out equal amplitude in. So the amplitude grows until the rate at which energy 

is dissipated reaches the rate at which it's coming in. That happens when the amplitude is a good 

deal larger than the original input level. Hence the enlargement of the signal by this passive circuit 

("passive" meaning 'no borrowing of power from a supply, as in an amplifier;' all the energy comes 

from the signal source). 

3N.8.2 Step 2: detect "envelope" of AM waveform 

If we sweep the scope fast enough to resolve the carrier frequency, we ee its amplitude modulation, 

which looks like strange uncertainty about amplitude: see Fig. 3N.34. 
The left-hand image in Fig. 3N.34 shows varying amplitudes superimposed; the right-hand im­

age shows a single-shot trace. Now, the task is to recover the information that lies in the amplitude 

variation, while ignoring the high-frequency carrier. 

Remove the carrier: The detector should ignore or remove the "carrier" frequency (around 1 MHz). 

The carrier can be stripped away, now that it has done its job which was to deliver the audio informa­

tion. The carrier is placed at a high frequency (around l .5MHz in the images) because such signal 

travel much better than lower frequency signals. 

13 lt's also a trick the RLC circuit of Lab 3L cannot pe1form. That circuit , driving the LC fr ma voltage source through a 
resistor, can never deliver amplitude greater than the input amplitude. Thi is because the "coupling" of source to LC 
through a resistor is "lo -y'' (in the jargon), wherea the coupling from antenna to LC in the radio circuit is not: it is 
capacitive, instead. 
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Ml -:Ooµs 

AM radio signal , swept to show single cycles of carrier ... . .. and the same, but single-shot image 

Figure 3N.34 Radio carrier resolved, showing its amplitude variation . 

Two concerns call for use of a radio carrier. One strong reason to use a carrier, rather than try 
to transmit the audio itself as a radio ignal, is the antenna size that audio frequency signals would 
require. The I MHz AM signal is most efficiently received by an antenna a half-wavelength long: about 
500 feet we get by with a less-efficient antenna about l/5 that long in our lab; if we were to transmit 

lkHz audio as a radio signal, an optimal antenna (half-wavelength) would be about 150 kilometers 

long! Cellphones, incidentally, can use very small antennas, thanks to their high carrier frequencies: 
most GSM phones for example (TMobile and AT&T) use about 2GHz calling for an antenna about 
three inche long. 14 

Another powerful reason for using a carrier is the need to permit multiple broadca ts in a locality 
without mutual interference. That would not be pos ible if one simply transmitted audio frequencies 
without a carrier. 

Removing the carrier sounds like a task for a lowpass filter. Well, it is and it isn't. A simple low-pass 
- meant to keep the "audio" signal (no more than 5kHz under the AM standard) while knocking out 
the carrier - would unfortunately get rid of everything: baby would exit with bathwater. So, before we 
apply a lowpass, we need another of Lab 3L's circuits .... 

Detect the envelope: A lowpas alone would fail: if applied to the signal arriving from the LC, a 

lowpass would get rid of the carrier - and with it, all its amplitude variations - since the voltage 
swings of the carrier are symmetric. The integrating effect of the Jowpas deliver a nicely-centered 
zero as output! What's needed, to prevent this ad result is a way to spoil the symmetry of the LC's 

output. If we rectify the LC output before applying the lowpass, we find that the shape of the envelope 

survives. 

3N.8.3 What the result looks like 

Conceptually, the rectification of the modulated carrier, and then the low pass elimination of the carrier 
are successive steps. The envelope, embodying the audio information, appear at last in the bottom 

14 A very good article on antennas (not very mathematical , published 2002), appears on the website of EDN Magazine: 
http://m . eet.com/media/1141963/21352-82250.pdf. 
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trace on the right in Fig. 3N.35. (Note that thi envelope comes from the canier hown above it, 
not from the left-hand scope image of Fig. 3N.35 which records a different moment in the radio 

broadca t.) 

·1· ... ··f--····,: :·i 
: '. ' I 

rv,,...,,,,._llid,V'\*1 l /\ 1,l 

~-~-~---"--J 

rectified and 
LP filtered 

AM radio signal recovery: rectifed ... ... the filtered, to remove carrier, keeping "envelope" 

Figure 3N.35 AM signal recovery stages: rectification, then low-pass filtering. 

3N.8.4 How to recover the AM information 

Half-wave or full-wave? 
• Half-wave is enough ... Having met the full-wave rectifier as an improvement on the half-wave, 

for u e in power supplies, you could quite rea onably suppose that the full-wave is needed for 

your radio. You might even fear that a half-wave could lose half the info1mation conveyed by 

the AM signal - losing the excursions below ground, keeping only those above ground. But this 

turns out not to be the case. The ymmetry of the carrier waveform means that we lose nothing 

by mea uring its positive excursions only: we get the amplitude information. If you worry that 

the carrier may change amplitude between the positive and negative swings (indeed, must change 
amplitude, ometimes), don't worry: our detector will average the amplitudes of hundreds of 

cycles of the carrier, ince one period of the highest audio signal (5k.Hz) will encompass about 

200 cycles of a I MHz canier. 

• ... half-wave is better than full-wave In fact there are good reasons to shun the full-wave rectifier, 

in thi context: 

full-wave rectifier 's input and output cannot share a single definition of ground. If the output 

is referenced to ground (the usual scheme), then neither input terminal can be grounded. This 

truth, mentioned in §3N.6.2 and illustrated in Fig. 3N.22, was the basis for a warning that 

appears near the start of §3L.3. 

In a power supply derived from the output of a transformer, this restriction is not trouble. ome; 
the transformer winding needs no reference to ground. And if one looks closely at input and 

output waveforms (while heeding the warning not to ground the input) , one ees each input 

going a diode drop negative on the half cycle when it does not squirt positive charge into the 

output. We saw this negative excursion in Fig. 3N.22. 

This property make. the bridge very inconvenient in the radio: either input or output must 

give up its connection to 'ground ." The antenna like a connection to world ground· output 

doesn't absolutely need it, but the lack of it is very inconvenient. If you had to ' float' your 
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output ground you could not use the scope to watch VouT in the usual way, because the 

cope ground is in ternally tied to world ground. After grounding one of the input terminal 

of the bridge, you could take the trouble to u e the scope in differential mode to watch VouT, 
by attaching two probe to the output: one to the normal Vo T terminal, the other to your 

floating "ground." then subtracting one from the other. But that's a nuisance. 

Thefull-wm e 's two-diode drops can lose too much of the signal. The iona1 coming from the 

antenna is only about a volt, so it belter not to lo e two diode drops from it amplitude -
ev n when u ing low-drop Schottky diode .15 The imple half-wave rectifier lo. es just one 

diode drop voltage. 

a plausible AM demodulator. .. 

~ i f< I 
- -- -

. .. a better design (simpler) 

lln ffi;iiff"ff EF' peak detect ... 

Figure 3N.36 Leaky peak 
detector is simpler than rectifier 
followed by lowpass. 

/.., V V ..,.., v U V l~ ... leaky peak detect 

Use a strange low-pass with the rectifier 
The straightforward way to get rid of carrier and detect the envelope certainly eems to be to build 

a rectifier as usual (using a diode and an R to ground) then apply a low-pass (using a JOR resistor 
value, in order not to load the rec6fier). That would work, but a impler and ufficient circuit doe the 

job with a single R. The diode feeds a cap, whose other end is tied to ground· diode and cap form a 

"peak detector," charging the cap to the highest input voltage (less a diode drop). Then, to allow the 

peak detector to droop when amplitude falls, we provide an R to ground (paralleling the cap) forming 

what we call a "leaky peak detector, a in Fig. 3N .36. 

This circuit is hard to analyze in the frequency domain, but very easy in the time domain: we want 

the peak detector's decay-rate to be slow relative to the quick wiggles of the lMHz carrier, but quick 

relative to the wiggles of the audio waveform. Those two frequencies - carrier versus audio - are so 

far apart that it is very easy to find an RC time-constant somewhere between. In fact the RC value is 
not very critical. In lab, you may want to experiment, li stening to determine how sensitive your radio's 

sound output is to your detector's RC value. 

3N.9 Readings in AoE 

Reading: 
Finish Chapter 1 including §§ 1.5- 1.6.8; and §1.7.2 on inductors, transformers and diodes -

sections omitted last time. 

Appendix on drawing schematics. 

Appendix I: Television.: A Compact Tutorial. 

Problems: 
Problems in text and Additional Exercises 1.43, I .44. 

15 Forward voltage drop for the I N5711 Schottky diode that we recommend for the lab radio i 0.4 V @ I mA. 
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3L.1 LC resonant circuit 

3L.1.1 Response to sinusoid 

Con truct the parallel resonant circuit shown in Fig. 3L. l. Drive it with a sinewave, varying the fre­
quency through a range that includes what you calculate to be the circuit's resonant frequency. Com­
pare the resonant frequency that you observe with the one you calculated. (The circuit attenuates the 

signal considerably, even at its resonant frequency; the Li not perfectly efficient, but jnstead includes 

ome series resistance.) As you watch for fre onance watch not for the frequency that delivers maximum 
amplitude out (this is difficult to determine), but instead watch for the other signature of re onance: 

the frequency where output is in phase with input. 

in ovf 

10mH 

Figure 3L.1 LC parallel resonant circuit . 

3L.1.2 Q: quality factor 

Estimate the circuit's Q ("quality factor," a term whose name apparently reflect the use of resonant 
circuits in radio tuners, where high selectivity is good): Q is defined as 

Q == .!'resonance 

~f 
where "~!" represents the width of the resonance peak between its "half-power" or - 3dB points. The 

skinnier the peak, the higher the Q· see Fig. 3L.2. 
You can make a very good measurement of Q if you u e afrequency counter1 to reveal the small 

change in frequency between the points below and above .f~esonance, where output amplitude is down 
3dB. Note that thi i "down 3dB" relative not to amplitude in but relative to the maximum amplitude 

out: amplitude at resonance. Amplitude out never equal amlitude in which it would if our compo­

nents were perlect. 

I Your DYM may include such a freq uency counter. This will be neces ary for tho e using analog osci lloscope . Or, if you 
are u ·ing a digital cope, it will mea ure th frequency for you. 
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Figure 3L.2 You can measure Q, getting a precise t:,,.f measure with a DVM . 

If you re energetic and curious, you can look at the effect on Q of substituting a I Ok resi tor for the 
lOOk. You'll notice that the amplitude out increases with thi reduced R. The fraction that urvive , 

VouT /V1 , grows. But as amplitude out grow. , Q degrades. A usual , you 're obliged to trade away 

one desirable trait to get another. Good Q, however i. likely to be much more important than large 

amplitude; an amplifier can olve the problem of low amplitude. 

3L.1.3 A pretty sweep 

U e the function-generator' sweep feature to show you a cope di play of amplitude-out ver us fre­

quency. (See §2S.3 if you need some advice on how to do this trick.) 

When you succeed in getting such a di play of frequency re ponse, try to explain why the display 

grows funny wiggles on one side of re onance as you increase the sweep rate. Clue: the funny wiggles 

appear on the side after the circuit has already been driven into resonant o cillation; the function 
generator there is driving an oscillating circuit. 

3L.1.4 Finding Fourier components of a square wave 

Thi resonant circuit can serve as a "Fourier Analyzer:" the circuit's respon e measure the amount of 

16.kHz (approx.) present in an input waveform. 

Try driving the circuit with a square wave at the resonant frequency; note the amplitude of the 
( inewave) response. Now gradually lower the driving frequency until you get another peak response 

(it should occur at 1/3 the re onant frequency) and check the amplitude (it should be 1/3 the amplitude 

of the fundamental response). With some care you can verify the amplitude and frequency of the first 

five or six terms of the Fourier series. 

Figure 3L.3 shows the fir t few frequencie in the Fourier erie for a quare wave. You met thi 

eries earlier today as Fig. 3N.16. 

3L.1.5 Classier: frequency spectrum display 

lf you sweep the square wave input to your 16k.Hz detector, you get a sort of inverse frequency 

spectrum: you should see a big bump at !resonance a smaller bump at !!resonance, and so on. 
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3L.1.6 Ringing 

3L.2 Half-wave rectifier 133 

Figure 3L.3 Fourier series 
for square wave. 

Now try driving the circujt with a low-frequency square wave: try 20Hz (but note that any low fre­

quency will do; what matters is the teep edge of the waveform with it high-frequency components. 

Or if you prefer, think of the edge as putting a jolt of energy into the resonant circuit, energy that 

slo hes back and forth between Land C until it has been dis ipated). You hould see a brief output in 

response to each edge of the input square wave. If you look closely at thi output you can see that 

it is a decaying sinewave. (If you find the display dim, increa e the square wave frequency to around 

JOOHz.) 
What is the frequency of this . inewave? (No urpri e, here.) 

Does it appear to decay exponentially? You may recall that we noted this behavior back in §3N.4.4. 

Estimating Q from decay envelope: As we said in §3L. l .2 one can evaluate Q by noticing how fast 

the oscillation envelope decays away, after a stimulu to the RLC. Specifically (to quote ourselves), 

Q = 2n X (Nctecay) , 

where Nctecay is the number of cycles required for energy to diminish to lie - where amplitude i down 

to about 60%, since energy is proportional to V2 ( ee Chapter 3N). 

When you see your own circuit's response to the slow square wave count the cycles before decay 

to about 60%, and see if your Q so calculated, matche the value you found by the method of §3L. l .2. 

See if you can confrm the claim we made in §3N.4.4, and illustrated with Fig. 3N.17, that poor probe 

grounding will produce ringing. While watching a quare wave, remove the probe's ground clip. 

Satisfactorily ugly? 

3L.2 Half-wave rectifier 

Construct a half-wave rectifier circuit with a 6.3Vac (rms) transformer2 and a 1N914 diode, as in 

Fig. 3L.4. Connect a 2.2k load, and look at the output on the cope. Is it what you expect? Polarjty? 

Why is Vpeak more than 6.3V? (Don't be troubled if Vpeak is even a bit more than 6.3V x J2: the 

transformer de igner want to make sure your power upply gets at least what's adve1tised, even 

under heavy load; you're here loading it very lightly.) 

You might well wonder where such a weird voltage came from : "6.3V ?" The an. wer comes from the history of vacuum 
tube radio . The tube had filaments that needed to be heated in order to emit electrons. In early day they were heated by 
batteries: often by three lead-acid cells in series, each with open-circuit voltage of 2.1 Y. When AC supplies were adopted 

to take the place of the battery. their rms voltage. were set to match the heating effect of the battery. Note that the 6.3 V nns 
AC waveform ha a peak va lue J2 x V,1115 and provide the same power as a DC supply at the ·inusoid 's rms value. 
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Figure 3L.4 Half-wave 
rectifier. 

3L.3 Full-wave bridge rectifier 

Now construct a full-wave bridge circuit, as in Fig. 3L.5 . Be careful about polarities: the band on 

the diode indicates cathode, as in the figure. Look at the output waveform (but don't attempt to look 

at the input - the signal across the transformer's secondary - with the scope's other channel at the 

same time· this would require connecting the second "ground" lead of the scope to one side of the 

secondary. What disaster would that cause?3). Does it make sense? Why is the peak amplitude less 

than in the last circuit? How much should it be? What would happen if you were to reverse any one 

of the four diodes? (Don't try it!). 
Don't be too gravely alarmed if you find yourself burning out diodes in this experiment. When a 

diode fails, does it usually fail open or closed? Do you see why diodes in this circuit usually fail in 
pairs - in a touching sort of suicide pact?4 

Look at the region of the output waveform that i near zero volts. Why are there flat regions? 
Measure their duration, and explain. 

1N'~j4 ' s 

,.3 Va.c. 2. .2.k 

Figure 3L.5 Full-wave bridge. 

3L.3.1 Ripple 

Observe ripple, given C and load: Now connect a 15µF filter capacitor across the output (Important: 
observe polarity). Does the output make sen e? Calculate what the "ripple" amplitude should be, then 

measure it. Does it agree? (If not, have you assumed the wrong discharge time by a factor of 2?) 

3L.3.2 Design exercise: choose C for acceptable ripple 

Now suppose you want to let your power supply provide a current of up to 20mA with ripple of about 

JV peak-to-peak. Your design task is to do the following: 

3 The disaster results from the consequent shorting out of one of the diodes. Scrutinize Fig. 3L.5 to see why.) A a result, 
nothing limits the current in a second diode, which is guaranteed to burn out. 

4 This suicide pact makes troubleshooting the full-wave bridge interesting, in the case the output waveform look wrong. 
Disconnect the tran former so that you can te, t the diodes (using a DVM' , "diode te t' function) and don't top on 
detecting a ingle bad diode. 1f you find one dead diode, expect to find one more as well. 



3L.4 Design exercise: AM radio receiver (fun!) 135 

• choose R1oad o as to draw about 20mA (peak) 
• choose C so as to allow ripple of about 1 V 

Draw your de ign and try your circuit. Is the ripple about 1ight? (Explain to your own satisfaction, 

any deviation from what you expected.) Thi circuit is now a respectable voltage source, for loads of 

low current. To make a "power upply" of higher current capability, you'd u e heftier diodes (e.g., 

1N4002) and a larger capacitor. (In practice you would alway follow the power supply with an active 

regulator a circuit you wil1 meet in Lab 1 lL.) 

3L.4 Design exercise: AM radio receiver (fun!) 

To make this exercise fun, you '11 need a strong source of radio signals: that requires a pretty good 

antenna (or a poor antenna who e signal has been amplified for you by someone who knows how to 
make a high-frequency amplifier). 

We get a strong signal in our teaching lab by running about 30 feet of wire from the window of 

the lab to a fire escape on the next building. The antenna i nothing fancy: just an old piece of wire, 

insulated from the fire escape by a piece of string. It gives us almost a volt in amplitude. 

If you looked (with a scope) at the signal coming from the antenna, it would look something like 

the image on the left in Fig. 3N.33 on page 127. After selection with a resonant circuit the signal 

would look like the scope image on the right side of that figure. The 60Hz noise is gone; that much 

is apparent. You cannot see a second benefit: the 'carriers" of other radio stations also have been 
eliminated from the muddle of frequencies that came in on the antenna. 

3L.4.l A small but remarkable point 

A we noticed in §3N.8. l, the resonant circuit not only selects a can-ier frequency from among many; 

in addition, it makes the amplitude of the carrier that is selected much larger than in the original signal 

that came in the window. 

3L.4.2 Detecting the AM signal 

In order to detect an AM radio signal, you need to do two tasks - and you already know how to do 

them: 

(1) rectify the signal (use a Schottky diode: IN5711 or similar· its low forward-voltage will let it 

rectify a signal of just a few tenths of a volt; 
(2) then low-pass filter this rectified signal. 

The output of your circuit will be a small audio signal (much less than a volt). It may be aud ible on 

old-fashioned high-impedance earphones; it can be made audible on an ordinary 8-ohm speaker if 
someone provides you with an audio amplifier with a gain of 20 or so (an LM386 audio amplifier 

works fine). You will recognize that we have offered you only a . trategy, not part values. We aid 
"select the carrier," but didn't say how. We said "rectify," but did not uggest a value for the R to 

ground. We aid "low-pass filter," but did not suggest h<lB. So, we have left to you some hard - and 

interesting - parts of the job. Here are some suggestions: 

• to detect the carrier, use an LC circuit like the one you built at the start of thi lab, but showing 

the following differences: 

the resonant frequency should be around l MHz; 
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you need no upper resistor in the ' divider: the antenna can drive the LC directly. 

• The value of the resistor to ground is not critical; try 1 Ok; 

• the low-pass filter's job is to kill the carrier, keep the audio. Fortunately, these two frequencies 

are ver) far apart; so, you have a lot of freedom in placing hctB. The form of the low-pass you 

de ign may trike you as odd (though this depends on the way you cho e to do the ta k: the "odd" 

configuration, described in §3N.8.4, Fig. 3N.36 uses the rectifier' resistor to ground as the R in 

the RC low-pa s). Just make ure to put thi in time-domain terms: that RC i very long relative 
to the period of the l MHz carrier," but short relative to the "signal ' or 'audio' period. 

The reward we hope you will get is , of cour e to hear the radio ignal. (You will probably need 

to experiment with your LC circuit by tacking in small additional caps in parallel , in order to select 

a particular station (or you can cheat by doing what everyone else who ever built a radio does: use a 
variable capacitor!) If you lack both high-impedance earphone and an audio amplifier, then at least 

look at the fruit of your labor on the cope. 

You hould see omething more or les like the AM waveform we showed in Chapter 3N. We 
hope you will look, with scope, first at the "raw" unfiltered mixture of signals coming off the antenna 

(before connecting thi. to the parallel LC) then at the elected carrier (selected by the resonant circuit) , 

then the rectified audio plus carrier, and finally the filtered and rectified output. 

3L.5 Signal diodes 

3L.5.1 Rectified differentiator 

Use a diode to make a rectified differentiator, a in Fig. 3L.6. Drive it with a quare wave at 1 OkHz 

or so, at the function generator's maximum output amplitude. Look at input and output, using both 
scope channels. Doe it make . ense? What does the 2.2k load resistor do? Try removing it. 

se,o pr 
,·ri o---\ 1------91f-------o ovi 

1k 2 . '2.k 

Figure 3l.6 Rectified differentiator . 

Hint: You should see what appear to be RC discharge curves in both cases - with and without the 2.2k 

to ground. The challenge here is to figure out what determines the R and C that you are watching -

and thi problem is quite subtle!5 

3L.5.2 Diode clamps 

Con truct the simple diode clamp ci rcuit shown in Fig. 3L.7. Drive it with a inewave from your 

function generator, at maximum output amplitude and observe the output. If you can ee that the 
clamped voltage j not quite flat , then you can see the effect of the diode's non-zero impedance. 

5 When you remove the 2.2k to ground, the scope probe itself becomes important. The discharge path now i e ·tremely slow: 

the probe' capacitance (perhaps 12pF) discharges through the probe's IOM to ground . At a high input repetition rate. a 
quare wave many produce what look · like a fiat output. 

! AoE l.6.6C 
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Perhap you can estimate a value for this dynamic resistance (see §3N.6.3); try a triangle waveform if 
you attempt this e timate. 

tn 
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r- _.., ._ _ - I 
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Figure 3L. 7 Diode clamp. 

Figure 3L.8 Clamp with voltage divider reference. 

Now try using a voltage divider a the clamping voltage, as shown in Fig. 3L.8. Drive the circuit 
with a large sinewave, and examine the peak of the output waveform. Why i it rounded o much? 

(Hint: What is the impedance of the "voltage source' provided by the voJtage divider? If you are 

puzzled, try drawing a Thevenin model for the whole circuit. Incidentally, this circuit i probably best 

analyzed in the time domain.) To check your explanation, drive the circuit with a triangle wave. 

As a remedy, try adding a 15µF capacitor, a shown with dotted lines (note polarity). Try it out. 

Explain to your satisfaction why it works. (Here, you might use either a time- or frequency-domain 

argument.) This case ilJustrates well the concept of a bypass capacitor. What is it bypassing, and why? 
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35.1 A puzzle: why LC's ringing dies away despite Fourier 

A tudent asked a good, hard question, recently. I was stumped, till the an wer truck me - more or 

less the way the apple is said to have bonked Newton on the head - next morning as I was pedalling 

to work. 

35.1.1 The puzzle 

A low-frequency square wave (say, 50Hz) evokes a brief shiver from an LC circuit resonant at 16kHz 

(the circuit we built in Lab 3L). We explain thi re ponse by noticing that the quare wave ha a 

harmonic at 16kHz, though its amplitude is smaJI. Our student put the puzzle this way: "Fomier say 
the l 6kHz component is present not just at the edges, but throughout the waveform. Why, then, is the 

resonant circuit not stimulated continuously? Why only at the edges?" 

A good question. 

35.1.2 The solution 

The key point is this: the resonant circuit i responsive to a range of frequencies not just to 16kHz. 

A first (and wrong-) inference might be, 'Oh: then we should see still more activity between the 

edges, timulated by several harmonics. That inference is wrong because it's only at the edges that 

the pha es of all the several harmonics coincide reinforcing one another. Away from the edges, they 

tend to cancel: and that is why (of course? well none of this seems obvious to me) the square wave 

is fiat between its edges: the several harmonics conspire to cancel one another once the edge-step ha 

occurred. 

The resonant circuit passes a set of harmonics not just one· the members of this set cancel one 
another away from the edges. Thi happens because the circuit's Qi wide enough to let through this 

set of frequencies. 

The limited-Q explanation find confirmation in the time domain, as well. The ringing after a 

square-wave's edge decays at a rate described by Q: high Q implies slow decay (Q, in this view, 

measures energy loss per cycle of oscillation). 

And you saw something like this earlier in the Lab 3L exercise When the square wave frequency 

i not very far below /resonance (say, at 1/3 or 1/5 of /resonance), the "ringing - the 16kHz harmonic 
- does persist all the way through, as the square wave sit high or low. In Fig. 3S.l are images from 

Lab 3L showing the expected components of a square wave at 3, 7 and 9 times the frequency of the 

square wave. In all the e ca es, the fourier component per ists across the "flat' ection of the square 

wave. Why doe it persi t? 

In the time domain the answer eem obvious: it hasn' t had time to die away. But this persi tence 
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Figure 35.1 Fourier components are sustained if f-square is not far from f - resonance. 

also is (of course?) consistent with the frequency-domain view: the nearest other harmonics are far 

enough from f~esonance so that they are knocked out. 

In other words, we can explain this case (where the ringing does persist), as we could explain the 

case where the ringing died away, by referring to the effect of limited Q, in both time and frequency 

domains: in this case, the Q is high enough so that: 

• in time domain: the ringing doe not attenuate much in the available time (the half-period of the 

square wave); 

• in frequency domain: the circuit is selective enough to keep the l6k.Hz harmonic while killing 

any neighboring harmonic that would have cancelJed the 16kHz, away from the edges. 

And in Fig. 3S.2 is the case that evoked the original question, where f,;quare is far be1ow !resonance, 

and the ringing dies away. 

35.2 Jargon: passive devices 

choke Inductor (noun). 

droop Fall of voltage as effect of loading (loading implies drawing of current); also, waveform 

di tortion from effect of high-pa s filter, applied, say to low-frequency square wave. 
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Figure 35.2 Ringing dies away, for 
slow square wave, of course. 

primary Input winding of transformer. 

u 

r_st1trnrc 
far helO\\ 
~_rc~oua n e 
(altenulati on 
b oln·io·u~t 

Q "quality factor" describes the harpnes. of the peak of a frequency-selective RLC circuit: 

Q = f~esonance 

{3dB width} 

or, equivalently, Q can be defined as time for resonant oscillation to decay: 

Q = number of radians for energy to decay to I/ e of its peak value. 

ripple Variation of voltage re ulting from partial discharge of power-supply filter capacitor between 

re-chargings by transformer. 

risetime Time for waveform to rise from 10% of final value to 90°!<. 
rms Root mean square (more literally 'root mean of squares"). Used to describe power delivered 

by time-varying waveform. For sine, Vrms = Vpeak / v12. This i the DC voltage that would 
deliver the same poH er a the time-varying waveform. 

secondary Output winding of transformer. 
stiff When applied to a voltage source it means it "droops" little under load. 

V peak 'Amplitude." For example in v(t ) = A in wr, the term A is peak voltage (see AoE § 1.3. 1 ). 

V peak - to- peak or V p- p Another way to characterize the size of a waveform; much less common than 

Vpeak· 
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3W.l Power supply design 

3W.1.1 Another power supply 

Here we will do a problem much like the one we did more sketchily in Chapter 3N. If you are com­

fortable with the design proce s, skip to §g3W. l .6 and 3W. l .7 where we meet some new issues . 

We are to design a standard unregulated power suppl) circuit. In thi example we will look a 
little more closely than we did in class at the way to choose component value . Heres the particular 

problem. 

Problem (Unregulated power supply) De ign a power supply to conve11 l lOVAC ' line' voltage 

to DC. Aim for the following pecifications: 

• Vout: no le s than 20V pp; 

• Ripple: about 2V 

• f1oad: lA (maximum). 

Choose: 

• C . ize (µF); 
• transformer voltage (Vrms); 

• fuse rating / ); 

• "bleeder" re. istor value; 

• transformer current rating (current in secondary of transformer) . 

Questions: What difference would you ee in the circuit output: 

• If you took the circuit to Europe and plugged it into a wall outlet? Th re, the line voltage is 220V, 

50Hz. 

• If one diode in the bridge rectifier burned out (open, not horted)? 

3W.1.2 Skeleton circuit 

First, as u ual, we would draw the circuit without component values; see Fig. 3N .28. Fu e goes on 

primary side, to protect against as many mishap as possible - including failures of the transformer 

and witch. Always u ea.full-wave rectifier (a bridge); mo t of the half wave rect{lier circuits you ee 

in textbook are relic of the days when "diode" meant an expensive vacuum tube. Now that diode 

mean a little hunk of ilicon , and they com as an integrated bridge package, there 's rarely an excuse 

for anything but a bridge. A "bleeder' resistor is useful in a lab power upply which might have no 

load: you want to be able to count on finding clo e to OV a few . econds after you shut power off. The 

bleeder achieves that. Many power supplies are alway. loaded. at least by a regulator and perhaps by 
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the circuit they were built to power; the e supplies are ure to discharge their filter capacitor promptly 

and need no bleeder. 

3W.1.3 Transformer voltage 

This is just the peak value of V0u1 plus the two diode drops imposed by the bridge rectifier, a usual. 1f 

Vout is to be 20V after ripple, then Vout(peak) should be two volts more: around 22Y. The transformer 

voltage then ought to be about 23V. 
When we specify the transformer we need to follow the convention that uses Vrms not Vpeak (re­

member, Vrms defines the DC voltage that would deliver the same power as the particular waveform). 

For a. inewave, Vrms is Vpeak/-)2, as you know. 

In thi case 

Vpeak 23 V 
;-;:; ~ -- = 16Vnns . 

v2 1.4 · 

This happens to be a standard transformer voltage. 

If it had not been standard we would have needed to take the next higher standard value or u e a 

tran former with a 'tapped primary that allows fine tuning of the step-down ratio. 

3W.1.4 Capacitor 

Figure 3W. I is the "ripple'' waveform, again. We have labeled the drawing with reminder. that b.t 

depends on circumstances - in thi particular rather conttived, problem where we ask you to carry 

your supply to Europe. So b.t varies under the changed conditions suggested in the que tions that 

conclude this problem. 

Figure 3W.l 
Ripple. 

Using 

VCAp: 

' 

I 
I 

I 

I I 

:-6 t (Europe) · : 
I I :-6 t (Un;ted Stafeg.), l 
I I I 
I I I 

c{7'~_f}~~~~~~~:1 E:urope} Ripple 

dV 
l = Cdt, 

I 
I 
I 

we plug in what we know and o1ve for C. We know that: 

• dV or b.V , the ripple, is 2Vpp; 

• d tor b.T is the time between peaks of the input waveform: 2 xJoHz ~sms (in the United States); 

• I is the peak output current: I A. 

Thi specification of load current rather than load resistance may seem odd, at the moment. In 

fact, it i typical. The typical load for an unregulated supply i · a regulator - a circuit that holds 

it output voltage cowtant· if the regulated upply d1ive a con tant resistance then it puts out 

a constant current de pite the input ripple and it thus draws a constant current from the filter 

capacitor at the same time). 

Putting the e number together we get: 

b.T 8 x 10- 3 

C = I · - = l A· = 4000µF . 
b.V 2V 
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Big, but not unrea onably so. You may want to call this "4mF." That would not be wrong - but would 

be unconventional and would mark you as an out ider. 

3W.1 .5 Fuse rating 

This supply steps the voltage down from l lOV to 16V; th current steps up proportionately: about 

sevenfold. So, the output (secondary) current of lA implies an input (primary) current of about 

tA~ l40mA. 
But this calculation of average input current under tates the heating effect of the primary cu1Tent, 

and of the primary and econdary currents in the transformer. Because these currents come in surges, 
recharging the filter capacitor only during part of the full cycle, the current during the surge are 

large. These urges heat a fuse more than a steady cuITent delivering the same power, so we need to 

boost the fuse rating by perhaps a factor of 2, and then another factor of about 2 to prevent fuse from 
blowing at full load. (It's designed for emergencies.) 

Thi set of rules of thumb carry us to something like: 

fu e rating (current)=l40mA x 2 (for current surges) x 2 (not to blow under normal full load) ~560mA. 

A 600mA slow-blow would do. Why low-blow? Because on power-up (when the supply first is turned 

on) the filter capacitor is charged rapidly in a few cycles; large currents then flow. A fuse designed 
to blow during a brief overload could blow every time the supply was turned on. The slow-blow ha 

larger thermal mass: needs overcurrent for a longer time than the normal fuse, before it will blow. 

3W.1.6 Bleeder resistor 

Polite power upplies include uch a resistor, or some other fixed load , so as not to surprise their users. 

Again the value is not critical. Use an R that discharges the filter cap in no more than a few econds; 

don't u ea tiny R that substantially load the supply. 

Here, let' let RC equal a few seconds: ==> R = { a few seconds} /C ~ lk 
Before we go on to consider a couple of new i sue , let' just draw the circuit with the values we 

have cho en, o far: see Fig. 3W.2. 

3W.1.7 Transformer current rating 

Figure 3W.2 Power 
supply: the usual circuit, 
with part values inserted . 

This is harder. The transformer provides brief surges of current into the cap. The 'e heat the transformer 
more than a continuou. flow of smaller current. We have made this point already today in Chapter 3N. 

Figure 3W.3 i a sketch of current waveform. in relation to two possible ripple levels: 

moderate ripple Inns = ( ! [5 A]2) 1/
2 = .Js A = 2.2 A. 

tiny ripple Inn. = ( 2
1
0 [20A]2) 112 = v/20 A = 4.4 A doubles tran former heating 

The left-hand figure hows current flowing for about 1/5 period. in pulse of SA, to replace the 

charge drained at the steady 1 A output rate. The right-hand figure shows current flowing for 1/20 

period in pulse of 20A. 
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VCAP / \ \ 

Figure 3W.3 Transformer I I \ I \ 
I I ' \ 

\ 
I \ 

\ I I I I 

Current versus Ripple: Small I ' I \ 
\ 

I ' ' I I I 

' 
I 

I I I I I 

Ripple =* Brief I I / \ / \ .' / 
High-Current Pulses, and 
excessive heating. fTFMI? 

Moral: a little ripple i , a good thing. You wil1 ee that this i so when you meet voltage regulator ·, 

which can reduce a volt of ripple out of the unregulated upply to les than a ,nillivolr at the point 

where it goes to work (where the output of the regulated supply drives some load). 

Questions 
What difference would you see in the circuit output: 

(I) If you took it to Europe, where the line voltage i 220V, 50Hz. 

(2) Tf one diode in the bridge rectifier burned out (open. not shorted). 

Solutions 
( 1) In Europe, the obvious effect would be a doubling of output voltage. That's likely to cook some­

thing driven by thi supply (that's why American traveler. often carry . mall 2: 1 step-down tran. -

formers - though contemporary power supplies u ually are of the switching type, and mart 

enough to accept happily the doubling of line voltage). It might aL o cook tran fonner and fil­

ter capacitor, unless you had been very conservative in your design (it would be foolish, in fact, 

to pecify a filter cap that could take double the anticipated voltage; caps grow substantially with 

the voltage they can tolerate). 

So you probably would not have a chance to get interested in le , obvious changes in the 

power supply. But let's look at them anyway: the output ripple would change: IJ.T would be 

l/50Hz = 10ms, not 8m . 

Ripple hould grow proportionately. If load cutTent remained constant, ripple ·hould grow 

to about 2.5Y. If the load were resi . tive , then load urrent would double with the output voltage, 

and ripple would double relative to the value just estimated: to around SY. 
(2) The burned out diode would make the bridge behave like a half-wave rectifier. t:.T would double, 

, o ripple amplitude would double, roughly. Ripple frequency would fall from I 20Hz to 60Hz. 

This information might omeday tell you what' wrong with an old radio: if it begin to buzz 

at 60Hz, perhap , half of the bridge ha failed; if it buzzes at 120Hz, probably the filter cap ha · 

failed. If you like such electronic detective work, many pleasure. lie ahead of you. 

3W.2 ZIN 

The problem: procedure to discover R1N and C1 
Describ a procedure for measuring Ri and C1 for the device in Fig. 3W.4. Note that your procedure 

should work even if the foot of the resi · tor shown to model R1 i not tied to ground. (Thi last 

requir ment make the problem harder than it otherwise might be . 

Solution 

The first step is to add a known R in series with the mystery box (let' s call this "Box''). We will u e 

two scope channels to watch the original ignal and the point loaded by Box; see Fig. 3W.5. 



IN 

(~~' 
first method: second method: 
apply a sine apply a step or 

square wave 

Measure R1 

Figure 3W.4 Input impedance problem. 

''BOX" 

I I 
I I 
I I 

I 
I 

RrN ICrN i 
v l 

I l 
L-=- -----=-___ ...! 

Figure 3W.5 Step 1: install known resistance in 
series with "Box". 

The challenge i essentially the same a, the one presented by the exercise in s2L. l.1 that a ks you to 

infer Rand C once you have determined the RC product. You need to peel apart the effects of R ver u 

c. 
To mea ure Rr our trategy will be to te t the circuit at a frequency low enough o that the 

impedance of the capacitor is unimportant relative to that of the re istor: Xe >> R. Thi will occur 

at a low fre 1uency. But the point that calls for a little thought is how to determine when we have 

arrived at ·uch a frequency. Here, we propose three alternative methods. 

Measure R1 using DC 
We can obser e the open-circuit input voltage. That reveal. the internal V. Then use RTEsT as in 

Fig. 3W.5, to form the usual voltage divider. If the internal V i zero, then we need an external DC 

ource a. input. 

Measure R1 using a sinusoid 
Jf we apply a . ine to the input and watch point. A and B. we need to make sure that whatever attenua­

tion we . ee is cau. ed by the R not by X as well. An R: R divider will how no phase shift; a divider 

with Ron top and R parallel C will show phase shift, unless Xe is very large relative to the Box's R. 
So, we apply a low-frequency sinusoid, and watch for pha e shift. If w ee none, our measurement 

of R1 is not being com1pted by the effect of CrN- The scope images in Fig. 3W.6 show results with 

the scope input AC coupled. 

Two possible hazards: 

• At a very low frequency, if you AC-couple the signals you may see a pha e shift that is a pure 

cope artifact. AC-coupling the cope input is a good idea, if you use the method of centering 

the . cope di play on the O ~ mark: since the lower part of the waveform goe off-screen a DC 
off'iet in the signal can deceive you. But when you use AC-coupling you can see the blocking­

capacitor' . effect, at extreme low frequencies: below about 10Hz. 1 This effect is vi ible in the 

leftmost image of Fig. 3W.6. 

I hdB for both our analog and digital scopes is about 7Hz (high-pas ·), when AC-coupled and fed by a B C cable ('" I x '"). 

When fed by a 10 probe. the scope shows an ./JdB so low it i. not likely to trouble you : about 0.7Hz. 
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lil0- ,-+-" •1 

-. .... ....,...,~ .J ~ J ___ ,..___ --

tilll 2.00 v "' Ch-! 2.00 v ~-10 .orns A Ch4 r 40 .ornv 
· _.. L---~-.... ~1 ,oloµs · 

SHz, AC-coupled: below f_3dB of high-pass 
at scope input, so phase-shift appears 

SOHz, A -coupled : no phase shift . TI1is is an 
honest reading of input resistance 

lkHz: !Ok: !Ok divider observed with 3 feet 
of BNC: pbase shift re-appears, this time a 
low-pass effect caused by capacitance of cable 

Figure 3W.6 Using sinusoid, look for zero phase-shift to be sure you are reading R1 . 

• At higher frequencie you may see pha e shift (lag, this time) cau ed by a low-pas filter formed 

by the combination of the test resistor and the stray capacitance of the BNC cable and scope 
channel with which you are watching point B. Thi effect is visible in the Lightmost image of 

Fig. 3W.6. 

In order to be sure that neither effect i fooling you, make sure you see no phase shift between the 
two channels, when you watch points A and B - as in the center image of Fig. 3W.6. The attenuation 

that you see there is caused by the circuit' RIN alone, not complicated by the effect of the capacitance 

to ground. 

Measure RIN using a square wave 

A square wave can reveal Rr , too. In Fig. 3W.7 the right-hand image shows the effect of a DC voltage 

at the foot of the unknown R of the box that we are measuring. We imposed this DC off et to remind 

ourselve of why we don't want to try to mea ure R1N by applying a DC voltage to the test setup. The 

DC voltage at the foot of R would throw u off, if we tried to infer R1 for this ca e. But the tep input, 

like the sinusoid above, allows a measurement that is not thrown off by that DC voltage. 

To infer R1N, compare input step amplitude to the amplitude that appears at the input of Box . 

.. _-.;~---- .......... .... ,__Jj 
T I 

-----~ 
I n r-----.· .___ . 

measuring D levels 
wou ld give a wrong 
answer, for R_in 

.r ·t _:· _ ... , I 
i ~ t J 

I 

--~--~L~-- : ~ .. J 
M 200µ5 

l°im I.OOV Ch4, 1. 00V 

square input: foot of R goes to grow1d .. . 

\ . r. . :'\.__ -· 

,.,foot ofR goes to +1.SV: this would throw off 
u DC reading-but not u meusurement of squun: 
or step amplitude 

Figure 3W.7 Square wave, like sinusoid, can allow one to measure RiN · 

comparmg 
step ampli tude 
gives correct R_in, 
despite D offset 
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A Fig. 3W.7 illustrate., whereas a single DC reading at point A and B (points defined in Fig. 3W.5) 
would be thrown off by such a DC offset, in contrast, a measurement of step- or square-wave amp] itude 

is not o distorted a the right-hand image of Fig. 3W.7 indicates. 

Discover C1 
Once one know R1 , the next step is to measure RC. Given that we will be able to calculate C1 . One 

can get RC in either of two ways, once more. 

Use sinusoid : find RC, and then C, by measuring f 3ctB 

If one applies a sinu oid a. above then one can gradually increa e f1N, watching amplitude at B fall, 

until it is about 30% below it low-frequency level : now one has found /JdB · Given hdB and knowing 

R one can ea ily calculate C1 . 

A you do thi calculation, you need to recall that the effective R driving C1N is R1N II RTEsT (thi. is 

RThevenin) . 

Use square wave: find RC, and then C, by measuring RC directly 
If you use a quar wave, then you can measure RC directly from the (time-domain) image on the 

scope . creen. As usual, you need to choose an appropriate we p rate: ee Fig. 3W.8. Thi concern is 

not new to you, of course. You did thi . at the tart of Lab 2L. 

I t I 

... .. ........... _._ l<-1- •!•··· • j , I I • • .~4J. ... - l••t • I f i • t • • •~ •1 V l ·r -

I _J 
I 

L_ , ,.J,.1<.f ..J.. .... • 1··~·,k!-
lll.i!l 1.00 \I M 2.00m< 

I 
.I ...... · ~·""" ......... '".... .. -....... l 

M40 0µ< 

Figure 3W.8 
To measure RC, 
choose an 
appropriate 
sweep rate. 

Ch4 1.00 V 

weep too s low l show RC sweep rate is good: shows RC and ultimate levels 
sweep and repetition rate 100 high. so 
neither RC nor ultimate levels appear 

The middle image of Fig. 3W.8 would permit an RC reading - but one could do better u ing still 

more of the scope creen to look at the time to 1ise from the lowest point to 63%. 

Once you have RC, again you need to remember that the relevant R i R TEST and R, in parallel, as 

we aid for the ca e of the inu oid. 
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What problems do todays circuit solve? They can modify signals in any of the following ways: 

• improve the apparent impedance of a circuit element (boo. t Rin , reduce Rout); 

• hold current constant as voltage varie, (make a "current source")· 

• amplify a voltage signal (a ~V); 

• let a voltage signal switch current to a load On or Off. 

4N.1 Overview of Days 4 and 5 

A novel and powerful new sort of circuit performance appear today and tomorrow: a circuit that can 

amplify. Sometime the circuit will amplify voltage; that's what most people think of as an amplifier's 
job. Sometimes the circuit will amplify only current; in that event one can describe it amplificat ion 

a a transformation of impedances. As you know from your work in the earlier labs, that can be a 

valuable trick. 
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The transistors introduced in AoE Chapter 2 are called bipolar (because the charge carrying mech­

ani ·m u es carrier of both polarities - but that is a story for another course). Only at the very end 

of the analog ection of this course will you meet the other ort of transi tor which i. called field 
effect (FET) rather than "unipolar" (though they were called " unipolar" at first). The FET type wa 

developed after bipolar, though as noted later, the di coverers of the bipolar transistor tumbled upon 

it while trying to develop a FET. But the FET, in a form called MOSFET1 ha turned out to be more 

important than bipolar in digital devices. You wilJ see much of the. e FET logic circuit later in thi 

cour e. In analog circuits, bipolar tran istors till dominate, but even there FETs are gai ning. 

You will ometime. apply transistor singly - a discrete part .2 More often, you will pair the 

brawn of a discrete tran sistor with the brains of an operational amplifier (op-amp)1 in order to get 

high-c urrent or high-power that is beyond the capacity of an ordinary op-amp. But an understanding 

of transistor circuit i important in this course not o much for this rea on a because an introduction 

to discrete transi tor design will help you to understand the innard of the integrated circuits that you 

are certain to rely on. 

After toiling through this section, you will find that you can recognize in the schematic of an 

otherwi. e my terious IC a collection of familiar tran i tor circuit . ln an effort to de-rnystif y the op­

amp, we conclude Lab SL by asking you to build yourself an op-amp from an array of transistors. 

Recognizing familiar circuit in the chematic of an op-amp, you will consequently recognize the 

op-amp's shortcoming as . hortcoming of those familiar tran ·i tor circuit element . 

This section on transi tors is difficult. It require , that you get u ed to a new device and at the same 

time apply technique. you learned in the ection on pas ive device . You will find your elf worrying 

about impedances once again: arranging things . o that circuit-fragment A can drive circuit-fragment B 

without undue loading; you will design and build lots of RC circuits. Often you will need a Thevenin 

model to help you determine an effective R. We hope, of cour e, that you wilJ find thi chance to apply 

new kill gratifying; but you are likely to find it taxing a well. 

We say this not to discourage you, but, on the contrary, to let you know that if you have trouble 

digesting the rule for design with transi tors, that' not a ign that there's omething wrong with you. 

Thi is a rich ection of the course - perhaps the most difficult. 

With Lab 6L, op-amps arrive, and uddenly your life as a circuit designer becomes radically easier. 

Operational amplifiers, used with feedback will mak the design of very good circuits very ea y. At 

that point you may wonder why you ever labored with tho e difficult di crete-tran i. tor problems. 

But we won t reveal to you now that op-amp are easy - becau e we don't want to , ap your present 

enthusia m for tran istors. In return for your close attention to their demand transi stors will perform 

some pretty impress ive work for you. 

Instead of yearning for op-amp , let's try to put ourselve into a state of mind appr aching that of 

the transistor 's three inventors, who found to their delight, two day before Christmas 1947, that they 

had constructed a tiny amplifier on a chunk of germanium. Probably they could not yet en i ion a time 

when there would be no more vacuum tube 4; no more high-voltage supplie · no more power wasted 

I MOSFET is Metal Oxide Field Effecl Tran istor: a strange way to say that its input terminal i insulated - by the "oxide," 
Si02. More on MOSFETs appears in haptcr l 2N. 

2 ·'Discrete" doe n t mean "polite. and able to keep a ccrel." The origins of the words discrete and discreet happen to the be 
same. But discrete, in thi context, mean ·'used singly,'' rather than as one of many elements in an integrated circuit. 

3 Operational mplifiers are high-gain amplifier. used to implement circu it. that exploit negative feedback . Op-amp. become 
our principal analog ci rcuit element ·, beginning on Day 6. 

4 Well. almost no vacuum tubes. Rock' n roll guitarists and some mad audiophil es prefer the ·ound of tub s. The guitari st. 
like the way the tubes sound when the amplifier i overdriven. The audiophiles like to ·pend money. 
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in heating filament . The world could look forward to the microcomputer, the iPod, the smartphone 

the - whatever comes next made possible by amazingly tiny microcircuits.5 

Here. in Fig. 4N. l i a Nobel prize-winning device, looking wonderfully homemade. It's not really 

made from paper clips, Scotch tap and chewing gum.6 

Figure 4N.l The first 
transistor: point-contact 
type (1947) . 

For some e eel lent history of the di co ery of the bipolar transistor. see Michael Riordan and Lillian Hoddeson. Crystal 
Fire, Nonon ( 1997) p. I 38ff .. and a hort article by auth r that inc lude the former head of Bell Labs: William Brinkman et 
al.. "A History of the In ention of the Tran i tor and Where It Will Lead Us;· IEEE Journal of Solid-state Circuits vol. 32, 
no. 12, Dec. 1997. 

6 Photo used with permi ion or AT&T Bell Labs. 



154 Transistors I 

4N.2 Preliminary: introductory sketch 

4N.2 .1 The name .. . 

A transistor i a 'trans[fer]"' [re ]istor:" a thing vaguely like a resi tor, but one that can be controlled 

- that can transfer a signal from input to output. In having three terminals, it differ from the passive 

devices we have met to this point (with the exception of the 4- or 5-terminal transformer - whose 
name similarly signals its behavior). The three terminals will make your first days with transistors 

challenging. 
But take heart, if you feel this difficulty: soon you will pop out above the clouds into to the bright 

and cheery world of operational amplifiers, as we promised in §4W. l We made the point there that 
we'd like you to know what's within an op-amp, so that its operation is not simply magical. 

4N.2.2 An intuitive model 

A transistor is a valve; see Fig. 4N.2. Notice, particularly, that the transistor is not a pump: it does 

not force current to flow; it permits it to flow, to a controllab]e degree, when the power supply tries to 

force current through the device. 

Figure 4N.2 A transistor is a valve 
(not a pump!) . 

4N.2 .3 The symbol 

smal.l 
control 
s19na.l 

(Ia) l CI1:) 

The transistor symbol apparently amounts to a sketch of the earliest prototype.7 In Fig. 4N.3 we have 
taken a fragment of the photo of the original Bell Labs tran is tor, rotating it to put emitter and collector 

above and below base. 

The claim certainly look plausible. The "base" was literally the base for the structure. Thomas 

Lee make. the intriguing observation that the bipolar transistor was discovered rather than invented 

by Shockley, Bardeen and Brattain - because the three investigators stumbled upon the structure.They 

were not trying to form a bipolar tran ·j tor. Instead, they were troubleshooting their defective field­

effect device, probing the surface of the "base" piece to investigate di turbances in current flow. 

4N.2.4 Assumptions 

For NPN type: 

( 1) Ve > Vi . (by at least a couple of tenths of a volt); 

7 Thoma, H. Lee, Planar Microwave Engineering Cambridge Univer ity Press (2004), p. 342. 
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COLLl:CTOR 

=~ 
1::MITTE°R 

Bell labs transistor of 194 7 ... ... turned on its side ... 

... and looking 
a good deal 
like its symbol 

Figure 4N.3 Transistor 
symbol seems to sketch the 
original transistor. 

I i\oE §2.2.58 

(2) "things are arranged" so that VB - VE is about 0.6V (VsE is a diode junction, and must be forward 
biased) 

4N.2.5 Starting simple : two views of transistor behavior 

We begin with two views of the transistor: one simple the other very imple. (Later, we will complicate 
things.) 

• Pretty simple: current amplifier: lc= /3 x /.8 ; see Fig. 4N.4. 

• Very simple: say nothing of beta (though assume its at work : Say only: 

4N.3 

VsE = 0.6V; 

le::::::: IE. 

Figure 4N.4 Transistor as current-controlled valve or 
amplifier. 

The simplest view: forgetting beta 

We can under tand - and even design - many circuits without thinking explicitly about beta (also 

called 'hrE ') , the ratio of current out to current in: /3 = le / iB. The implest view will let you under­
stand the following circuit . You can under tand ... 

4N .3.1 ... that a current source provides a constant output current 

See Fig. 4N.5 : pretty charmingly imple, eh? It is nothing more than Ohm's Law that determines the 

magnitude of the output current, thanks to the predictability of the VBE drop. Now turn to Fig. 4N.6 to 

see what happen if we vary the re. i ·tor on the collector - RLOAD· We'l1 al o tack in a base resistor, 

which will make no difference except in an extreme case that we'll consider in a minute, a case when 

the current source fail . 
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Figure 4N.5 Current source. 

+5.6v 
(applieJ ) 

Figure 4N.6 Current source with variable load shown . 

V+ 

sv (aP]'f'Dx) 

5:tk 

+5.6v 
(applied) 

1k 

once V8 i's f,"xe<J., 
VE foo is ti><e.d.. , 
ahd defer-m ines Ie- . 

V+=20V 

irvu!:-__ 
f Vee 

511 capp,'bx) 

5.1k 

If we vary RLOAD, how does /LOAD behave? Suppose that RwAD initially is 1 Ok and we drop it to 

I k. Doe the current increase? 

If you ' re inclined to ay, 'Yes,' then you are showing no talgia for the passive ection with which 

this book began and for the resistors of your acquaintance. You are a king the transi. tor to behave like 

tho ·e old friends - like an ohmic device: more voltage aero . it o more current. But, no it doe n' t 

behave that way. 

As you lower the value of RwAD it i true that Ve rises. But it does not follow that le grows. It 

doe not, becau e Jc ,;::;:,JE, and h is constrained - determined, in turn, by Va. Unfamiliar, perhaps, but 

imple - and useful. If you take RLOAD all the way down to zero doe the cu1Tent stay constant? Yes. 

What if you take RwAD to it maxjmum? Here, the answer is, 'No. In thi , case, the cun ent source 

fail s." It fails because we have violated one of the as umptions that we mentioned in §4N.2.4. 

In Fig. 4N.6 taking RLOAD beyond about l5k forces V: too low: we can no longer ati fy the 

requirement that Ve exceed VE, and the circuit cannot hold the cun-ent constant. The tran i tor can no 

longer do its magic - adjusting the voltage Ve as needed to hold le constant. When VcE fall below 

a couple of tenth of a volt, the transistor is aid to be saturated. 

When that happens, none of the usual rules that we have been advertising will hold. The circuit 

does become ohmic, the transistor looking like a . mall -valued re ·istor; further increases in R LOAD 

simply reduce /LOAD · Setting RLOAD to 50k, for example, would take JLOAD down to about 0.4mA 
(20Y aero about 55k): plain old Ohm's law behavior. 

Thi limitation on the range of the current source - called its output voltage compliance - reminds 

us that although the transistor circuit are clever, they till require u to u, e our head . They don ' t 

work if we don t play by the rule .. 

I AoE §2.2.60 
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4N.3.2 ... that a common-emitter amplifier shows voltage gain as advertised 

Adding a collector re istor to the current ource (as in Fig. 4N.7) is about all that's required to turn 

the source into a voltage amplifier. 

(i) !Jjj/e V,~: hV8 

rv 

~ ~ W'jj fe fJ{ Ic_ (AI.c ) => 
""rJ.5/e o_ Vout 
(la'::Je Re. ::-;, la':Je ~ Vovt) 

AVa w13~fe cf V,nJ-::;> 
t..Jr.3q le. of VE , ~ 
4..11 'l fe fJ} .rE, ~.rc.-

(<rnal/ I<: 7 l'd'Je ~ ) 
Figure 4N.7 Common-emitter amp. 

One can regard the common-emitter amp a a two-stage circuit: , ee Fig. 4N.8. The first stage is a 

current source (with current controlled by ViN); this is a V-to-/ block. The second is a resistor that 

converts that output current, and its variations, into a voltage: this is an /-to-V block. 

V+ 

Re 

r------ 8 Vour 

E) VtN $ 
v­
~ ~ 

V- TO ·I I - to - V 

Figure 4N.8 Common-emitter amp, described as V-to-/ block 
feeding an /-to-V block. 

You may object that we re being a bit pompou in u ing the name /-to-V block for the humble 

resistor. Maybe o, but that is, indeed, the resi tors function in this circuit.8 

4N.3.3 ... that a follower follows 

The circuit in Fig. 4N.9 may look, at first glance, totally pointless: you start with a voltage wiggle; at 

the output you get the same voltage wiggle . Clearly it is not a voltage amplifier. 
But it turns out that it amplifie current or, equivalently changes impedances. We'll appreciate 

how this works when we add one more element to our description of transistor behavior the current­

multiplication factor, f3 (see §4N.4). With the present, very simple view we can only confirm that the 

follower follow . . 

8 And if you think we' re giving a pretentiou. name to the resistor consider a more pectacular instance: some bored 
engineers, apparently enviou of their bosses' opportunities to go off and talk at conferences, got together to propose a 
paper. Their abstract de. cribed a new circuit element they had discovered: a very useful device that performs a bidirectional 
transformation between current and voltage, and one that - as an added benefit - kept the transformation linear! This novel 
devi e they named the linistor. To their delight, they . oon got the good new. from the . ponsors of the conference: they 
were invited to present the paper de cribing their invention. At that point, we are sad to report, the lost their nerve. The 
electronics world at large never got to hear about the linistor. The late Bob Pease tell thi story in "What's All thi Hoax 
Stuff?.' Electronic Design, April 4, 1994. 
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Figure 4N.9 Follower. 

4N.3.4 ... that a push-pull follower works, and also shows distortion 

Vcvt : lf.:" 
( t:here's a 
0.6 v de d;fferei!Ce) 

Again, the circuit (Fig. 4N.10) is intelligible - but its virtues are not. We will see shortly why it is an 
extremely useful variation on the impler follower. 

l"\J' 

Figure 4N.10 Push-pull. 

4N.4 Add quantitative detail: use beta explicitly 

To understand why afollower is useful, we need to add a quantitative element that we omitted from 

the "simplest" view: we need to note that the output current, le (or the near-equivalent, le) is much 
larger than the input current, /8 . It is larger by the factor /3. The notion of current amplification may 

be unfamiliar and uncongenial to you. 
Though this is an accurate view of a follower, we more often describe the follower's behavior as 

changing impedances. That notion, too, takes getting used to. But the idea is simple, and builds on 
your familiarity with Ohm's law.9 The point is simply this: voltage wiggles IN and OUT are the same; 

cun-ents are very different. The contrasting quotients (~V / Af) give high R1N, low RoUT-

4N.4.1 Digression on beta 

It can be hard to get used to our treatment of the transistor characteristic, f3, a treatment that follows 

that in AoE. 

On the one hand, we work hard to get across a piece of sound design advice: don't ever design 

a circuit on the assumption that you know the value of {3. You should not, because the value is not 
predictable. It varies with individual transistors of a given type; it varies for an individual transistor as 
le varies; it varies with temperature. 

9 We're not renouncing our earlier point that the tran i tor ' collector-emitter behavior is not ohmic (§4N.3. I, above). The 
impedance we speak of, here, are characteri stics of input (at the ba e) and output (at the emitter). 

\ AoE §2.4. 1 

\ AoE §2.1.1 
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On the other hand, we assume /3 ~ I 00 for "small signal" transistors like the 2N3904. We don't 

know beta; beta i 100 (the king i dead long live the king). This is ju t one more of Horowitz and 
Hill's permissions to "be wrong, but be wrong in the right direction ."10 We don't need to know beta 

as long as we underestimate its value, becau e beta is good. 

4N .4.2 Follower as impedance changer 

The follower amplifies current. The same truth makes it an impedance changer: a circuit that offers 

high R1N, low RouT; see Fig. 4N.11. 

/IV+ 
r\./\. 

~.Vcut = ~ Vef'l;fhr 

I far3e. ATE 

••• -f>ut very d,fferent Figure 4N.ll How a follower changes 
impedances. 

Figure 4N.l2 show a corny mnemonic device to describe this impedance-changing effect. Imagine 
an ill-matched couple gazing at each other in a dimly-lit cocktail lounge - and gazing through a 
rose-colored len that happens to be a follower. Each sees what he or she wants to see!! 11 

Vet.. 

\ 
'-1 

\ 
\ 
I 
J 

I 

fi!ase- ct>lored Lens 

Estimating f3 by looking at R1N 

Figure 4N.12 
Follower as 
rose-colored lens: it 
shows what one 
would like to see. If 
this figure seems 
very old-fashioned, 
feel free to 
interchange genders . 

In Lab 4L, we ask you to infer beta from the observed value of RJN. The experiment asks you to form 

a voltage divider using a known resistor (33k in the example ju t below) to feed the follower's ba e, 
and then to compare amplitudes on the two sides of this known resistor. Fig. 4N .13 shows what we 

saw when we tried it (watching signal source and emitter). 12 

10 See §4N.4. 
11 lf Fig. 4N.12 seems very old-fashioned, feel free to imerchange genders. 
12 Since we are watching signal swing (6V' ) we may watch at either base or emitter. 
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input, output 

Chl Pk Pk 
I 006 V 

i 

J 

l 
1 c~1:o~-sk 
J 

I 
I 

Ch2 Pk- Pk 
92 6.'imV 

(keeps about 
93%ofmput) 

Figure 4N.13 Slight 
attenuation caused by 
follower 's Rr can reveal /3 
at work . 

Ch 2 Pk- Pk 
941.11111' -~~--·l 

DC-coupled (showing drop across base R, plus Vbe ) ... ...AC-coupled 

The left-hand image shows the considerable DC offset between input and emitter - about l .5V. 

Why does this appear? 13 

We get a clearer picture of R1 when we strip away this DC difference by AC-coupling the two 

signals, as in the right-hand image of Fig. 4N.13. (Usually, we urge you not to use AC coupling in the 

lab, because it knock out interesting information; here, we're happy to strip away the not-interesting 

DC difference.) AC-coupling helps one do a visual comparison - though the difference here is so 
slight that it would be hard to mea ure by eye. This oscilloscope help us out by measuring the peak­

to-peak amplitude for u . We find we' re keeping 93% to 94% of the original ignal. Let' use that to 

get f3. 
If we take 93% as the truer reading (because it uses more of the cope screen the AC image should 

give the better resolution), then we lose 7%, keep 93%. We keep about 13 parts while losing one. That 

means R1N is about 13 times as large as the known resistance of 33k. 

We could now calculate R1N, and from this value infer {3 , in a two-step process. If you want to be 

lazier, though, try considering, as a sort of benchmark (see Fig. 4N.14), what you would ee if f3 were 

100, then compare what you ee against that reference. 

Figure 4N.14 A starting point or benchmark: estimate what RrN would 
be if /3 were 100. 

If f3 were a hundred, the R1 would be 330k, just ten times RTEST (we would see attenuation of ju t 

under 10% ). But we see an R1N that look about 13 times RTEsT. So, f3 mu t be about 130 rather than 
100. This is plau ible. Recall that we do not predict that f3 wi11 equal 100. Instead, we say, in effect 

"Call it 100, and you will safely underestimate f3. 14 

13 Probably you 're not puzzled by this effect; but it ' worth recalling that we are intere ted, here, in pa sing a wiggle, not a 

DC level, so the DC difference doesn ' t intere t us much. But let's :ee if the number make en e. 

The I .SY DC drop includes the substantial VB E along with the drop cau ed by /8 flowing in the base resistor. Our ba<;e 

resi stor i 33k, ·o the 0.9V drop attributable to that resistor would imply a current of 0.9Y /33kQ::::::27 µA. The emitter 

current is about I 3Y /3.3kQ::::::4mA. The ratio of /E to /8 should bee cntially {3 . Here. the ratio is 4mA/27 µ A-;::::, 145. That's 

not far from what wee timate with the more carefu l reading of amplitude just below. The numbers eem to hang together. 
14 Here is yet another of Horowitz & Hill's license to be " right in the wrong direction .'' Compare our approximation. 

Z1 RC - li1tc,=R, and the use of 8ms a. !).fin the calculation of power-supply ripple as we mentioned in §4N.4. 
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Figure 4N.17 
Detail of 
''fraudulent" demo 
circuit . 
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4N.4.3 Complication: biasing 

To this point - and early in Lab 4L - we have a sumed the use of plit" power supplies (. upplie of 

both polaritie ). Doing this allows our circuits to re pond to signals symmetric about ground without 
clipping (that i , without the "flattening that occur when the waveform hit a limit). 

The follower that you wire in the lab initially u es only a positive upply, and cannot follow an input 

voltage that swing below ground (or even below about one diode-drop po itive). An input centered 

on ground evokes a half-wave-rectified output like the lower output trace in Fig. 4N. 15. 

+15volfs (=Vc.c.) 

in. 

input (base) 
biased positive 

emitter 
(for biased base) 

J 

emitter (no bias) 

input (base) 
no bias 

Figure 4N.15 A follower that uses only one supply must have its input biased positive. 

Thi half-wave-rectified re ult reminds one how similar the follower may appear to be to a simple 

diode feeding a resistor. Wouldn ' t a diode and resistor (the first rectifier you met, back in Lab 3L), 

produce exactly the waveforms shown in Fig. 4N. l5? 

That i , wouldn ' t the two circuits of Fig. 4N..16 produce identical waveform ? Yes, to a very good 
approximation , they would. 

+Vc.c. 

in 

in 0--_...._..1._3 __ -03k. ovt 

Figure 4N.16 Follower and half-wave rectifier: do 
they differ? 

A small fraud to make a point ... In fact we like to perpetrate a little fraud on our students during 

cla , u ing the imilarity of the two circuits. We talk about the follower, sketch the circuit, and then 
show a scope display of the foJlower 's input and output. But - here'. the fraud - we "forget" to turn 

on the power upply. The circuit doesn' t eem to care. 15 

The very similar lower two trace of Fig. 4N.18 show how little ditt rence the power supply makes 

to the voltage waveform in this demonstration . How can this be? ls it possible that the power supply 

isn' t necessary? 

No. What thi demonstration shows, instead, is that the o. cillo cope, a voltage-sensing instrument, 
cannot directly show us what this circuit is doing. 

15 We sh uld admit that the fraud require. u · to insert a diode in serie with the coll ector, so that the ba e-collector junction 
cannot conduct current in to the po itive ·upply, which would . ink currelll even though ·wi tched off: see Fig. 4N. l 7. 



162 Transistors I 

Figure 4N.18 Emitter follower and a 
rectifier - implemented by failing to 
turn on the power supply: the voltage 
waveforms are hard to distinguish. 

input 
(base) 

(ground) 

power ON 

power OFF 

Making the follower's operation visible The follower is not a voltage amplifier. It is a current am­
plifier, instead - or, equivalently, it is an impedance changer. So, we need to insert a test resistor that 
will make the magnitude of current visible to the scope. At the input of each of the two competing 
circuits - follower versus rectifier, where the rectifier models the follower with power off - we' ll put 
a 33k resistor. This will form a voltage divider that pair it with the Rin of each circuit: see Fig. 4N. l 9. 

Figure 4N.19 Base 
resistor can make 
follower's impedance 
change or current 
amplification visible . 

input 
(upstream of 33k 
base resistor) ---+---~:/ 

emitter, 
power ON 

emitter, 
power OFF 

emitter, 
power OFF, 
enlarged 1 OX 
(0.1V/div) 

(note this trace uses ·-~c...-~~-c.i._........w.., , . ___,__,__._L_._uL.., .. -·~~~~ 
lower ground reference) chll i .oo v 1c1121 1 oomv IMl1.oomsl 

(input) 

(emitter. power OFF ) 
Ch2 Pk- Pk 

179 .SmV 

Now, what happens if we try the effect of power ON versus OFF as we watch signal source and 
emitter of the follower? It's a relief to see that power makes a giant difference to the follower's 
impedance: see Fig. 4N.20. 

Figure 4N .20 Base 
resistor makes evident the 
follower's use of the power 
supply. 

Input 
{upstream of 33k 
base resistor) --+-----t~/ 

emitter, 
power ON 

emitter, 
power OFF 

emitter. 
power OFF. 
enlarged 1 OX 
(0.1V/div) 

Ch li4='."oo0 

(,nput) 

Chl Pk-Pk 
2.463 V 

(emitter. power OFF) 
Ch2 Pk .. pk 

179.SmV 

With power ON, the follower input impedance is f3 x RE , as advertised: at least 330k. So the 
emitter waveform look almost equal to the input swing (and shows the characteristic diode-drop of 

VBE). 

With power OFF, in contrast, the "follower" becomes just a diode rectifier, with VsE serving a the 
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diode. The input resistance is just 3.3k, and we ee severe attenuation: less than 10% of the input 
wing survives. 

This omewhat silly experiment reminds us that the tran istor's output current - whether taken at 

emitter or collector - come almost entirely from the power supply not from the base. Thats the key 
to the impedance-changing magic. The base current is just a small downpayment, needed to provide 

the big loan of power from the supply. 16 Incidentally the experiment remind u that the term "power 

supply" i named appropriately. It means what the phrase says. 

A divider can provide needed bias In the lab exercises, we first provide this positive bias (pushing 
off-center) in the laziest way: simply by dialing up a positive offset from the function generator. But 
this is not a practical general solution. 

The more general design scheme, a in Fig. 4N.21, allowing use of a single power supply, is to 
add a voltage divider that pulls the base positive. Thus the emitter can swing down as well as up, as 
the input swings negative and positive. A blocking capacitor allows base and signal source to adopt 
differing DC levels without a fight. The wiggles pass happily from source to base. 

~blocking"' capacitor ------ +15V 

OV-4.:f'- 1 uF 
+ 

... allows signal source --;;-1 
(centered on ground) and0 
base (centered on BV) to 
disagree on OC level f 50k 
without a fight. Wiggle 
passes, meanwhile, from 
source to base. _ 

-£\.:{'- +7.5V 

Figure 4N.21 Single-supply follower uses 
biasing. 

The biasing divider must be stiff enough to hold the transistor where we want it (with Vout around 
the midpoint between Vee and ground). It must not be too stiff: the signal source must be able to 
wiggle the transistor's base without much interference from the biasing divider. 

The biasing problem is the familiar one: device A drives B; B drives C; see Fig. 4N.22. As usual, 
we want Zout for each element to be low relative to Z in for the next: 

'l,;., 
(bias) 

Vs,A.s 

c,~ 
C+r-?.nsisfor) 

Figure 4N.22 Biasing arrangement. 

You will notice that the biasing divider reduce the circuit's input impedance by a factor of ten 
compared to what it would have been in a "split supply" design. This is regrettable; if you want to 

investigate complication , see the "bootstrap" circuit in AoE §2.4.3 for a way around this degradation. 
You will have to get used to a funny convention: you will hear us talk about impedances not only 

16 Well , thi metaphor isn 't quite right, since we never repay the loan. But maybe, on second thought, thats about right. Isn't 
that the way our pre cnt debt-ridden culture works? 
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at points in a circuit, but also looking in a particular direction. For example: we will talk about the I AoE §2.2.4 

impedance ' 'at the base" in two ways (illu trated in Fig. 4N.23): 

• the impedance ''looking into the base" (thi s i a characteri tic of the tran ·istor and it emitter 

load) 
• the impedance at the base, looking back toward the input (this characteristic is nor determined 

by the transi ' tor· it depend on the biasing network and (at ignal frequencies) on the source 

impedance. 

Figure 4N.23 
Impedances "looking" in 
specified directions. 

V+ 
the. lmfeda nee '' Leio.' 1~9 
1nlo tJ-ie base" (thief 
is a c Ii ;u·ac+er,si/c. of 
the f.n.ns,sfor and ,f.s 
em,Her- load 

r- ~ 
I 

~ --'. 
fhe Jrr,_p@danee at 
the ba-e loo .115 bac 
l-oward Hie h1pv.f 

(tl,-,1s "-hira-~r,s.t/c. ,s 
'!'1£.t dl'rr?:t'Y'lt),•ti };J the 
f,-,;.ns ,s fer; •C de1 ° 11d< 
n fhe b,as, /'; !!!'~.!:_ J 

ancl, a $t9 il fr-eq{("n-.·1es, 
-'n ihe §0lr.'-f 1~r1!!nce .) 

4N.4.4 Another complication: asymmetry can produce clipping 

V+ 

We have asked you to admire the low RouT of the follower (and to mea ure this characteristic in 

Lab 4L. Now, candor compels u to admit 17 that the follower can misbehave, despite its low RouT. 
Fig. 4N.24 hows a hypothetical foJiower and a resi tive load.' 

Figure 4N.24 Emitter follower, loaded . Can it drive 
this load? 

-- - ....,_ 
( ~sovn.c.r.. ) 

/ 

+15\1 

3 ,>k 

R..e 

Will this circuit work properly? Let' calculate the impedances IN and OUT. 

/ 

/<..LOAl) 

I 

i lk 
I 

\ I 

• R1N at the base: looks like f3 x (RE parallel RLOAD) ~ 75k, taking f3 to be at lea t J 00. Since thi 

R1 > J Ox RsouRCE, we satisfy our "house rules" for impedances: OK. 

• RouT looking back at the emitter: RE parallel RsouRcE/ f3 ~ 50Q (the effect of RE is negligible, 

a usual ). Thi RouT is about 1/20 of RLOAD· So, again, no problem. 

17 People our age - is there any uch per on in our readership? - may recognize thi phrase as the one Lyndon John on liked 
to offer as preamble to a big fib! This i aot a fib. We are not crooks. 

I AoE §2.2.30 
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Thi is correct - but only for an input signal of mode t amplitude. If the signal amplitude grows to 

more than about 4V, then the circuit fail : the negative wings flatten - they "clip." You can see thi 

occurring in Fig. 4N.25. 

input 

output 

[___,_ _____ .,. -·-· -
M 100),lS 

r!l!l l oo v C.IH 2.01! v 

Figure 4N.25 Despite its low RouT, the follower 
can clip when loaded . 

Why does this happen? And why only on the negative swings? The answer is simple, almost obvi­
ous, once you have heard it: the follower i radically asymmetric. It uses the transistor to drive current 

into the load; it use a resistor, RE, to pull current out of the load. The transistor i good at pu hing 

current; the resistor i not so good at puJling current. At an extreme of negative wings, the transistor 
shuts off; see Fig. 4N.26. 

/,------- ...... 

, RtoAo \ 
I I 

I ~ ~3K 

I 
I 
I 
I 
I 
I 
I 
I 

I 
I Re 
t -::- I , ________ / 

at the most negative 
extreme of V;n the 
transistor simply shuts 
off entirely. .. 
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' - I ..... _______ .,, 
-15V 

.. . with the transistor 
OFF, we're left with a 
plain passive divider. .. 

-15V 

... the divider 
delivers about 
114 of 11. .. 

.. . and a Thevenin 
model makes clear 
the limit on a negative 
swing: j ust Vthev 

Figure 4N.26 Loaded follower clips when 
the transistor shuts off entirely, for an 
extreme negative Vin · 

At that point, all the transistor magic that produced the nice low RouT - thanks to f3 and the " rose­
colored lens" - di sipates like the magic that sustained Cinderella's beautiful carriage. The circuit 

turns back into a pumpkin: it become a simple re istive divider, and VouT gives up on it negative 

wing , sticking at a bit les than 1/4 of the negative supply ~ - 3.SV. 

4N .4.5 . .. A remedy for clipping: the push-pull 

What i ' to be done? We can offer a dumb answer and a smart one. The dumb answer is to decrease 

the value of RE so as to push the clipping voltage as clo e to the negative supply a needed. To go to 

- lOV, for example, we could cut RE , value to 0.5k. 
That doesn't sound bad. But it does sound bad if we change the numbers. Suppose our goal i to 

drive, a load, an 80. peaker. To cJip at - 1 OV calls for RE of 40.. That works, but consider the power 

dissipation when VouT i. zero volts - in other words, the power dissipated in order to achieve silence. 
The quiescent cutTent i 15V/4Q, almo, t 4 amps; thi current flowing between the 30V power supply 

pan dissipates almo t 120W - and this for ilence! 
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So, we need a better answer, and that is the push- pull follower, one that replace the pull-down 

resistor with a pull-down transistor, a in Fig. 4N.10, repeated in Fig. 4N.27 with added cope image 

howing crossover di tortion. 

Figure 4N.27 Push-pull , again . 

~ 
... but neither Qup nor GoowN 
conducts until ifs /VeE' I > 0.6V. 
So, there's a dead section at 

V- "crossover". 

input 
(base) 

output 
(emitter) 

The push-pull is much more efficient than the simpler follower- di sipating little or no power with 

VouT at OY. 18 The pu h- pull, with its good efficiency, dominates the output stages of amplifier . Your 
lab function generator uses one· your audio amplifier probably uses one; 19 so does the output of the 

-(ground) 

operational amplifiers that you soon will meet. j AoE §2.4.1 A 

A respectable push-pull must include a remedy for the cross-over distortion that u·ouble the simple 

design shown above. A pair of diodes or a pair of tran istor VsE s can bias the bases of the output 

transistors apart; or an operational amplifier and feedback can be used, as you will demonstrate in 

Lab 6L. 

4N.5 A strikingly different transistor circuit: the switch 

AoE presents this circuit first, as it introduces transistors, becau e the switch i easy to understand. 
We present it last, because it is so exceptional. Either way, it i important to keep it apart from all the 

other transistor applications in your thinking, becau e the switch deliberately violates a fundamental 
rule governing the design of all the other circuits: the switch operates in only two conditions, both 

pathological for an ordinary transi tor circuit: it is totally ON (" aturated,' in the transistor jargon) or 

totally OFF. Since it is aturated when ON, it does not show the high-input impedance we think of a 

one of the virtues of a transistor circuit. 

Nor does the usual rule, le = {3 x ls hold. A switch should be purpo efully overdriven, with about 

lO times the minimum base current to pass the required le. That saturates the switch strongly keeping 

VCE low to minimize power lost in the switch. The best switch would disappear electrically when ON, 

putting all power into the load, none into itself. 

Skeptical students sometimes ask, ' Why bother? You start with a witched input level (either High 

or Low), and that simply generates a switched output level (either High or Low). Pointless." (Sounds 

rather like the follower, which takes an input wiggle and delivers the ame wiggle as output.) It's a 

fair question. 
The answer is that the input level usually come not from a manual switch but from a circuit 

fragment not strong enough to switch the "load." So, you might think of the switch circuit as (once 

j AoE §2.2.1 

+S vol-ls 

again) a current amplifier. It resembles the follower, but it is simpler. It i al o true that one can build a Figure 4N.28 

system of switches driving switches, and of these one can make useful 'binary digital' circuit . Those Switch: a useful 

digital circuits are the ubject of the econd half of thi course. We concede that almost none of those circuit that may 

18 "No power." you may in ist, and you ' re right for the simple pu ' h-pu ll that we have pictured. The better version, howe er, 

which eliminate. cross-over distortion by permitting a small current to flow through both transistor with VouT at OV does 
dissipate a little power. See AoE §2.4.18. 

19 Not your digital music player, though . lt i likely to u ea power witch instead. for its still greater effi iency. See AoE 
§2.4. JC and the witching amplifier of Lab 12L, the LM4667 . 

seem silly at first 
glance .... 
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digital circuit u e bipolar transi tors like those we are di cussing now (they use MOSFETs in tead -

see Lab 12L); but they do rely on switching just like what we have been looking at. 

So, let' note that switches are important circuits - but lets also keep them in a compartment all 

their own, because the rnles for their use are o different from those for follower , current sources, 

and amplifiers - the linear circuits that form the mainstream of our designing with transistors. 

4N.6 Recapitulation: the important transistor circuits at a glance 

To start you on the proce s of getting used to what bipolar transistor circuits look like, and to the 

crucial differences that come from what terminal you treat as output, here is a family portrait, stripped 

of all detail: 

fnced 

. _cc< 
m ~ 

out 

FoJ.~W/£/?. 

out 

11'1 

ovt 
Cc.Jt 

. -AAA_cc< 
,0-v,~ 

fo<eJ 
Figure 4N.29 The most 
important bipolar 
transistor circuits: sketch . 

Note, among other differences in the circuits hown in Fig. 4N.29 that only the follower takes its 

output at the emitter. There the impedance can be low. 

4N .6.1 Impedance at the collector, by the way 

An output at the collector, in contrast, provides high impedance, because at that terminal it is current, 

not voltage that i determined. So, the quotient ~v; E/ Afe is very large ( ince Afe is very small -

ideally zero). Thi i a ca ewe fore aw back in §lN.2.1, when we promised you that the notion of 

dynamic resistance (Rdynarnic) would become important to your understanding of transistor circuits. 

Rctynamic at the collector is very large: ideally, infinite; practically, at least hundreds of kiJohms. This 

fact is important not only for current ources but also for the common-emitter amplifier, whose Rout 

is determined by Re alone, since the effective Rout is Re in parallel with the collector' huge Rctynarnic· 

4N .6.2 ... and the switch stands apart 

The switch behaves entirely differently from all the other applications; it stands apart because it i run 

in the two condition alway avoided for the other circuits - as we said in §4N.5: OFF or fully ON 

(" aturated ') . The uniqueness of the switch means you mu tu e Fig. 4N.29 with care. 

On Day 5 we will begin to use the more complicated Ebers- Moll model for the transistor. But the 

simple t model of the transi, tor, presented in this cla , will remain important. We will always try 

to use the least complicated view that explain circuit performance and often the very simplest will 

uffice. 
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4N.7 AoE Reading 

Reading: 

Chapter 2, §§2.1-2.2.8 and §2.4. I (push-pull). 
Take a quick preliminary look at §2.2.9 (transconductance). Next time we will look more 

clo ely at the Eber -Moll view of transi tor . In §4L.4.1 the high-gain amp pre ents for 
the first time a circuit that requires analy i with the Ebers-Moll model. 

Problem : 
Problem in text and Additional Exercise 2.25. 



8 c 
E 

"T0-92" 
CASE 

4L Lab: Transistors I 

4L.1 Transistor preliminaries: look at devices out of circuit 

4L.1.1 Transistor junctions are diodes 

Here i a method for spot-checking a suspected bad transistor: the tran istor mu t look like a pair of 

diodes when you te teach junction separately. But, caution: do not take thi as a description of the 

tran. istor' mechani m when it i operating: it doe not behave like two back-to-back diodes when 

operating (the circuits of Fig. 4L.J, if made with a pair of ordinary diodes, would be a flop, indeed). 

NPN PNP 

Figure 4L.1 Transistor junctions: 
(for testing, not to describe transistor 
operation). 

4L.1.1.1 A game: discover transistor type and pinout, on a desert island 
See if you can determine the type (npn or pnp) and pinout (base emitter collector lead ) of a 2N3904 

transistor by experiment. (On a desert island with DVM and a box of unknown transistors, you could 

ort and label the transistors ; thus you could start the process of building a radio tran rnitter to summon 

your re cuers.) You can settle both type and pinout que tions by flipping to the pinout section at the 

back of thi book, of course. 

But try using a DVM, instead, employing it diode test function. (Most meters use a diode symbol 

to indicate this function.) The diode test applie a small current (a few milliamps: current flows from 

Red to Black lead) , and the meter reads the junction voltage. Using the diode test function, you can 

determine the directions in which pairs of leads conduct. That will let you answer the npn versu, pnp 

question. You can al o distinguish BC from BE junctions this way: the BC junction is the larger of the 

two, and the lower current density aero s that larger junction is revealed by a lightly lower voltage 

drop. 

4L.1.2 'Decouple ' power supplies: fuzz warning 

Thi. i the first lab in which you may see high-frequency oscillation on your circuit outputs. At a 

modest sweep rate this fuzz will look like a thickening of the trace; at a high sweep rate it may reveal 

it elf to be a more-or-le s sinusoidal waveform in the range between a few hundred kHz and l OOMHz. 
If you see uch noi e you need to quiet your circuit with decoupling capacitors. See §4L.6. 
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4L.2 Emitter follower 

Wire up an npn transistor as an emitter follower, as shown in Fig. 4L.2. Drive the follower with a 

sinewave that is ymmetric about zero volts (be sure the de "off et" of the function generator is set to 

zero), and look with a scope at the poor replica that comes out. Why does thi s happen? 1 

If you turn up the waveform amplitude you will begin to see bump belmt ground. How do you 

explain these?2 

Figure 4L.2 Emitter follower . The small base resistor is often 
necessary to prevent oscillation . 

lfl. 

+J5vo}./-s (~Vc.c.) 

Now try connecting the emitter return (the point marked VEE3) to - 15V in tead of ground and look 

at the output. Explain the improvement. 

4L.2.1 Input and output impedance of follower 

Measure Zin and Z out for the follower in Fig. 4L.3.4 

Figure 4L.3 Follower: circuit for measuring Z in and Z 0 01 . 

Disconnect the lk load resistor while measuring Z in · 

Measure Zin 

+15" volts 

-JS volts 

't. 7-,u~ 
out ----i~+ __ - 1 I' I 

I 

':~ 1k 
<;· 

I 
I _ .... _ 

In the circuit of Fig. 4L.2 replace the small base resistor with progres ively larger resistors, in order 

to imulate a signal source of moderately high impedance, i.e., low current capability. 

Start with 33k as shown in Fig. 4L.3; you are likely to see attenuation of only 5% to 10%. With 

such small attenuation , it i possible but tedious to infer f3. 
I This i · pretty simple: when Vin fall below about +0.6V we are violating one of our transistor "ground rules:" we are failing 

to permit forward-biasing of the VsE j unction . le and IE fa ll to zero. 
2 Powerful hint: the data heel for the 2N3904 shows VsE breakdown can occur - for a reverse bias acros the BE diode - at 

a voltage as low as 6V. 
3 This notation , repealing the subscript letter. is used to indicate power supply voltage : VEE where the upply i negative 

(and applied to the emitter in an npn circuit), Vee where the su pply is posi tive (and applied to the collector. 
4 We are calling thi Z, but what interest u here i really R: we want to avoid effect that are frequency dependent. 

Particularly, we don ' t want to find ourselve studyi ng attenuations caused by stray capacitance. 
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If you install larger resistor in place of this 33k, eventually you will see attenuation of about 50%, 

and then your observation (and your arithmetic) will become ea y. You'll know, if you get to 50% 

attenuation, that your installed R i, about equal to RIN. Use this data to make your inference of f3. 

Caution: Make ure that it is RcN that you are observing, and not an effect of C1N or Cprobe that you 
are seeing. To make sure of this, adjust the input frequency until no appreciable phase shift appears 

between the original signal and what you see at the transistor' base. 

With lk "load" detached, measure Zin for the circuit. In thi. case, that is the impedance looking into 

the tran istor's base (the 33k setie resi tor or the larger value you may have installed, is not a part 

of the follower. It is included to model a signal source with mediocre Rout). You can discover Zin by 

u ing the scope's two channels to look at both sides of the ba e resi tor. For thi measurement the 3.3k 

emitter resi tor is treated as the follower's "load". Use a small signal - less than a volt in amplitude. 

The attenuation that you see may be slight at least at fir t, and therefore hard to measure. If you are 

using a digital scope you can be lazy, using its amplitude-measurement functions. If you are using an 

analog scope you need to work harder. The be t way to measure a small attenuation u ing an analog 

cope i to take advantage of the percent markings on the scope screen. 

Suggestions for measurement of Zin (analog scope): 

• Center the two waveform on the 0% mark - the e are the waveforms that appear on the two sides 

of the base resistor: let's call the waveforms 'source" and 'input"; 

• AC couple the ignal to the scope, to ensure centering. 

• Adjust the function-generator' amplitude to make the source peak just hit 100%; 

• Now read the input waveform's amplitude in percent. 

Does your result make sen e? I the follower transforming the impedance "seen through it," as 

promised? Once you have measured a value of Z1N you can infer the transistor's f3 (or "hpE:" see AoE 

§2.2.3B.) Make a note of this calculated {3; in a few minutes you will want to compare it to the f3 you 

infer from your measurement of Zout· 

Measure Zout 

Replace any other base resistor you may have in tailed, returning to the value of 33k shown in 

Fig. 4L.3.5 

Now measure Zout, the output impedance of the follower, by connecting a 1 k load to the output and 

observing the drop in output signal amplitude; again use a mall input signal, less than a volt. 

The procedure for measuring Zour is slightly different from the one used to measure Zin· 

In order to measure Zout , you need a two-step process: 

• with no Load attached, measure the amplitude of Vout· 

• then attach the lk load,' and note the resulting attenuation; 

• infer Zout : you recall that you have built a voltage divider, where the upper "resistor" is the cir­

cuit 's Zout and the lower "resistor" in the divider is the load. The value of the base resistor is 

critical to your calculation of course; this L the ' ource resi ta.nee" that the fo1lower reduces by 

the factor f3. So make note of what base resistor you are working with. 

Infer f3 once again: in principle it should match the f3 you inferred from your measured Zin· 

5 Larger R values make your work harder, not permitting you to ignore the effect of RE, whose value trictly parallels the 
path through the transistor. Rsourcc / /3 usually is so much mailer than RE that can ignore the latter. A very large base 
resi ·tor poi I that implification. Thi exercise i hard enough without that complication. 
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The blocking capacitor used in measurement of Zout: Why do we sugge t that you u ·ea blockjng 

capacitor as you measure Zour? The answer is rather subtle, in this case, because here you could get 

away with omitting the blocking cap; but in many other cases you could not get away with that. 

We include the blocking capacitor to avoid di turbing DC levels in the circuit, while we watch what 

happens to time-varying (or AC) signals. ln this case, the DC level at the emitter is approximately 

- 1 V; thi i close enough to ground so that omitting the blocking cap would do no harm. Omitting 

the cap would alter that level only slightly. But in many other cases, where the emitter's DC voltage 

happened to be well away from ground, attaching a I k DC "load" to ground would alter the DC or 

"bia " level appreciably. We do not want to do that; we mean only to see what the load doe to signal 

amplitude (and we assume the , ignal is a voltage wiggle). 

Its too bad that the cap in this case doesn't provide a more triking benefit. But we are trying to 

teach you a good habit: if you're interested in AC behavior, measure that behavior without disturbing 

DC conditions. 

4L.3 Current source 

Construct the current source shown in Fig. 4L.4 ( ometimes called more exactly, a current " ink").6 

Figure 4L.4 Transistor current 
source. 

+5 
I I 

OVM 

Slowly vary the !Ok variable load, and look for changes in current mea. ured by the VOM. What 

happen at maximum resistance? Can you explain in terms of voltage compliance of the current 

source(' compliance" i jargon for "range in which the circuit works properly)?7 

Even within the compliance range there are detectable variations in output current as the load i , 
varied. What cause the e variations?8 

4L.4 Common-emitter amplifier 

Wire up the common-emitter amplifier hown in Fig. 4L.5. What hould it voltage gain be? Check it 

out. Is the ignal's phase inverted? 

' The tenn ·'current source" unfortunately can be ambiguous. It de~ ribes the entire class of circuit ' that hold current 

constant despite voltage variation. But the term also can be u ed to describe a particular sub-class, the sort of circuit that 

feeds cuJTent into a load whose other other terminal is more negative. Such a source then is contrasted against a current 
sink, one like the one in Fig. 4L.4, which draws current from a load. Thu · current ources come in two flavor awkwardly 
called "sink " and "sources." Context u ually makes clear whether a reference to a ''current source' indicates ense of 
current flow a well a constancy of current. 

7 The current source fails when the tran istor saturates. The DYM will let you measure or infer VcE· Thu you can look for 
the relation between saturation and the fall of lout· 

8 Early effect i. the principal cau. e: varying V. E sligh tly varies the effective base width. See §5S.2. 
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+15' vol+s 

1. 5k 

Figure 4L.5 Common-emitter amplifier. 

I the collector quiescent operating point correct (that is, its resting voltage)?9 How about the am­

plifier' low frequency 3dB point?10 What should the output impedance be? 11 Check it by connecting 

a resi tive load - let's ay 7.5k - u ing a blocking capacitor. (The blocking cap, again, lets you test 

impedance at signal frequencies without mes ing up the biasing cheme.) 

4L.4.1 Maximizing gain : sneak preview of Ebers-Moll at work 

Now let' try a case that our first imple, view of the common-emitter amplifier does not de cribe 

accurately: check out Fig. 4L.6 to ee what happens if we parallel the emitter resistor with a big 

capacitor, so that at ' signal frequencies" RE is shorted out. 

+tS- volfs 

2N30dt --~ 

/ + ' 
I ' 

7SO I r5pF\ 
\ I 

\ / 
'_-:-- ;' 

.Sole a.,lrlitich 
to e1trf ier cirtlliit. 

Figure 4L.6 Grounded 
emitter amplifier. 

Modify your common-emitter amp to make the amplifier hown in Fig. 4L.6 (similar to Fig. SN.17). 

What circuit properties does your addition of the b_ passing capacitor affect? It affects gain, becau e 

RE di appears from the gain equation. Doe the C alter the biasing of the output (which was designed 

to be centered roughly at half the supply voltage ?12 

9 What level would be '·con-eel?" The voltage that permits the widest swing without "clipping" - hitting either upper or 
lower limit. Roughly, that quiescent point would be half the upply voltage. A perfectionist would say, "Better to put it 
midway between the lower limit of about IV (VE) and the ·upply. But with a I SV upply we don ' t mind the lazier an wcr, 
"'ha lf the upply voltage.'' This will be our u ual an wer, for single-supply circuits. 

10 To calculate thi · you'll need to decide what is the effective resistance that hould be paired with the blocking capacitor. C 
and that R form a high-pa . . as you know. 

11 Ye ·. ju ·t Re. You've ·een this point explained in Chapter 4 
12 o: biasing i. a simple DC effect. 
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Now drive this new circuit with a small triangle wave at I OkHz, at an amplitude that almost pro­

duces clipping (you'll need to use plenty of attenuation - 40dB or more - in the function generator). 

Does the output waveform look like Fig. 4L.7 (compare Fig. SN.12)? Explain to yourself exactly why 

this "barn-roof'' distortion occurs. 

Installing the cap that bypasses RE doe not deliver infinite gain: sony! In Day 5 you'll discover that 

we can predict the gain by adding to our transi tor model a little re istor-like element in the emitter, 

a modelling device that we call (affectionately) "little re." In the pre. ent circuit, where we re running 

a quiescent current of about l mA, little re take a value of about 25Q. See if your circuit' gain is 

con i tent that value for re. 

Thi mea urement will be difficult. First, you will need to reduce the function generator output to a 

level close to the minimum pos ible. Then you wil1 find the input is immea urable , mall, viewed with 

a JO x probe. This , then is one of the rare occasions when you need to re e11 to a 1 x di play: use a 

BNC rather than a 10 x probe as you watch the input ignal. 13 

Typically, the gain you observe is around 250 - lower than you predicted. Low le can help explain 

that; so can any curvature that remain in the output waveform: the gain revealed by such a waveform 

is sometimes higher than the quiescent value, sometimes lower but the net effect of the curvature i 
to reduce gain. 

4L.5 Transistor switch 

The circuit in Fig. 4L.8 differs from all those you hav built o far: the transistor, when ON, is satu.­
rated. In thi regime you should not expect to . ee le = {3 x /8 . Why not? 14 In addition, {3 for this big 

power transistor is much lower than what you have seen for the small signal tran i tor 2N3904 -at 

lea tat high current . Minimum {3 for the MJE3055T i a mere 20, at fc= 4A (see plot in Fig. 4L.9). 

But the transistor i. big and live. in a big package ("T0-220"), a package that can dissipate a lot 

of heat. e pecially if the metal package i thermally attached to a till bigger piece of metal (a 'heat 

sink"). The large size of the tran istor it. elf keeps current density down and . aturation voltag low. 

You'll mea. ure that VcE(sat ) in a few minute . 

Figure 4L.8 Transistor switch : twist 
each transistor lead 90° , so that each 
fits easily into the breadboard's slots . 

470 

+S vol-fs 

# 47 lamp 
( 0.15 Al (,. 3 V) 

gCE 

Turn the base current on and off by flipping the toggle witch - or, if you re too lazy to wire a 

witch, by pulling one end of the resistor out of the breadboard and touching it either to + 5 or to 

ground. What is iB roughly? What i the minimum required {3? 15 

13 If your scope probe has a IO x i I x selector switch, just select I x . 
14 One way to explain thi is just to note that achieving a current as high as that would require either a . mailer resi tance on 

the collector or a larger power upply. When the transistor is aturated, the current is limited not by the tran ·i ·tor but by the 
loud. 

15 You'll notice that we are overdriving the base, here. as is usual in a , witch . Since base current here i about IOmA. even at 

t V«~ 
} (\/\ 

0 

t ime -

Figure 4L.7 
Large-swing 
output of 
grounded emitter 
amplifier when 
driven by a 
triangle wave. 
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4L.5 .1 Saturation or "On" voltage: V CE(sat) 

Now let's make the transi tor work harder. Replace the lamp with a lOQ power resistor (not an ordi­

nary l/4W resistor· consider how much power the resistor must dis ipate: V2 / R= 25 / 10= 2.SW). A 

1/4W re" i tor would cook in this circuit. 

Mea ure the aturation voltage, V. E(sat), with DVM or scope. Then parallel the base re istor with 

1500, and note the improved VcE(sat). Compare your result with the re ults promised by the data set 

out in Fig. 4L.9. Note that the curves assume heavy base drive: /8 = lc/10, not Ic/f3. 

10 

+5 voHs 
le " 101• 

w 
(9 
<( 

10 ohms 
~ 
~ Figure 4L.9 0 

> Switch (power resistor z <ii 
0 .!!:., 

470 2.5W or more) w saturation: a ;: u 

c2 
> 

heavier load 
MJE3055 

0.1 
:::> <ii I current asks ~ .!!:., Vce(s~t) ll! more of the Cl) > - switch here ( data 0.01 

0.1 10 100 courtesy of ON 
lc(A], COLLECTOR CURRENT Semiconductor) . 

We will return to transistor witche later, in Lab 12L, when we'll meet the leading competitor for 
the tasks a '3055 can do: a big power field-effect transi tor ("MOSFET"). At that time, we'll et up a 

competition between a '3055 and a MOSFET and see which does a better job of delivering power to 
the load. 

4L.5 .2 Switch an inductive load ( more exciting) 

Now replace the re i tor at the collector with a lOmH inductor a in Fig. 4L.10. Replace the SY supply 

with l.5V from a single AA cell (we don't want to overheat the inductor - and the low cell voltage 

makes all the more impressive the voltage spike that soon will appear). Drive the 470Q base resi tor 

with a square wave from the function generator "TTL" or "Sync" temunal (thi is a " logic level" 

waveform: a quare wave switching between ground and four or five volts). 

f.5V AA cell T 

5V rm ova 
"TTL N 

IOm'1 ....... ] fN914 

1k ·····;;~ scop~ (add only after 

watching big spike) Figure 4L.10 Transistor switch with 
inductive load . 

At the transi tor's col lector, you should find the inductor giving the transistor an alarming voltage 
pike (we saw about 100V). When the transi tor tries to turn off, the inductor tries to keep the current 

flowing. Its method i to drive the collector voltage up, until the transistor "breaks down," permitting 

the inductor to have its way - keeping the current flowing despite the transistor's attempt to turn it off 

abruptly. 

A diode from collector to V + tame this voltage spike; 'uch a diode clamp is a standard protection 

the pecified minimum bera of 20, the tran i tor could pass more current than the load will permit. That's good: the switch 
wi II bt: well . aturated, and it. Ve . will therefore be low. 
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in circuits that switch inductive loads. Mo t transistors don't like to break down (thi time we didn't 

mind since our goal wa. to show you this spike). Incidentally, we'll , ee a circuit that makes good use 

of thi voltage spike when we look at switching power upplies later in Lab l 2L. 

4l.6 A note on power supply noise 

Note §9S.3 i devoted to noise problem . Here, we offer just a few pointers related to one form of 

noise. 
Fig. 4L.11 how one of today' followers, wept rather lowly (at 20µs/division). The follower has 

been fed a sine of about 15kHz from the function generator. A strange thickening of the trace appears. 

Figure 4l.11 Thickening of scope trace indicates 
a nasty "parasitic" oscillation . ti}E 2. 00 V 1\1120.0µs A 

Sweeping the scope fa ter (Fig. 4L. l 2, at lOns/div) resolves the "thickening" into a very fast si­

nu oid - up in the FM radio broadcast range. Decoupling the power supplies should eliminate this 

problem (see below). 

Figure 4l.12 Fast scope sweep 
can resolve the "thickened" 
scope trace. 

I 
: I 

Oscillations versus radio pickup 

., . -~·,. ........... r '~l. r' . 
..,_./ , .... ·'° \ .. / ·'".,: 

Ch2 Freq 
- 77 .48MHz 

If you . ee thi fuzz, try turning off your breadboard power supply. If the fuzz di appears, your circuit 

is guilty : it was causing the fuzz, by running a. an unintended oscillator (we'll look closely at the 

question how this can happen, in Lab 9L). If the fuzz persi. t , your circuit i inn cent and you 're 

probably seeing radio broadca t stuff picked up by your wiring. There's no quick way to eliminate 

that; you see it whenever your scope gain is very high and the point you look at i not of low impedance 

at those high frequencies. 

Remedies If your circuit is oscillating - not merely picking up radiated noi e - there are three reme­

dies you might try, in equence: 

( 1) make sure that you are watching the circuit output with a scope probe, not with a BNC cable. The 

lO x heavier capacitive load presented by the BNC cable often brings no cillation. 

(2) try hortening the power and ground leads that feed your circuit. Six inches of wire can show 

·ubstantial inductive reactance at megahertz frequencies· shoner leads make the power upply and 

ground line more nearly ideal - lower impedance - and harder for naughty circuits to wiggle. 

(3) if the oscillation persi t after those two attempted repair , then add a "decoupling' or "bypass" 

capacitor between each . upply and ground. Use a ceramic capacitor of value O.OJ or 0.1 µ.F; place 

it a close to your circuit as possible - again, inche can matter, at high frequencie . 
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IncidentaUy, we have li ted this opt ion last not becau e there' anything wrong with decoupling 

the , upplie ; soon you will be putting decoupling cap in routinely. We placed this remedy last 

ju t because it is so effective (and therefore mandatory): we wanted you to ee first that the fir t 

two remedies also sometimes are sufficient. 
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4W. 1 Emitter follower 

AoE works a similar problem in detail : §2.2.4A. The example below differ in describing a follower 

for AC ignals. That makes a difference a you will ee, but the problems are otherwi every , imilar. 

4W.1.1 Problem: AC-cou pled fo llower 

Design a ingle- upply voltage follower that will allow this source to drive this load , without attenuat­

ing the signal more than 10%. Let Vee= 15V, let the quie cent le be 0.5mA. Put the 3dB point around 

lOOHz. 

Figure 4W. l Emitter follower (your 
design) to let given source drive given 
load. 

4W.1.2 A solution 

s •rc:e 
r° -- - - "'i 
' I 
I • 

J_ 
I I ..._ _____ .) 

-tl5'v 

I 
load' ,-- - - - ' 

~ ii;tF .,,.l S la:9e b/«k/"'l 
, : er1pacitor p~~"if'5 
: I S(Ql\'il(S ...::isd'-f: 
I 'f, k : .J .) 

, , t3o 8 ~ 3 H~ 
I I 

I - I \. __ .__J 

Before we begin, perhaps we shou ld pause to recall why thi circuit i useful. It does not amplify the 

signal voltage; in fact we concede in the de ign specification that we expect some attenuation; we 

want to limit that effect. But the circuit does something useful: before you met transistor , could you 

have let a I Ok source drive a 4.7k load without having to settle for a good deal of attenuation? How 

much? We wi ll try to explain our choices as we go along, in scrupulou - perhap painful - detail. 

Draw a skeleton circuit 
Perhaps this is obvious; but tart by drawing the circuit diagram without part values, a in Fig. 4W.2. 

Gradually we will fill tho Ill. 

Choose RE to center VouT 
To be a little more careful, we hould . ay, 

"we aim to center Vou1 - quiesci::nt, given le - quiescent" 

"Quiescent' mean~ what it ·ounds like: it mean conditions prevailing \I\ ith 110 input signal. In effect, 

therefore, quiescent conditions mean DC condition , in an AC amplifier like the present design. 

\ AoE §2.2.4A 



S ovrc.q 
r- - - -- -
I 
I 

I 

I ' 
-- I 

~--· ___ ) 

/+ 

lead 
r-- --

1 \. _-:_J 

4W .1 Emitter follower 179 

Figure 4W.2 Emitter follower skeleton circuit: load is 
AC coupled. 

Figure 4W.3 Choose RE to center VouT · 

And anticipating some complication. that we will meet in other tran, i. tor circuits, namely the 

common-emitter amplifier and the differential amplifier we hould acknowledge thal, strictly, our 

goal is to center Vout in the range available to it . In the present ca e, that range does extend all the way 

from lowest voltage (ground) to most po itive (V + ). It doe not alway behave so simply. 

Center V ba. e 

Here we ' ll be a little lazy: by centering the base voltage we will be sure to miss centering VouT· But 

we'll mi , s by only 0.6V, and that error won t matter if Vee is big enough. The error is about 4% if we 

use a 15V supply for example. 

Centering the base voltage makes the divider resistor equal; that, in turn makes their RThevenin very 

easy to calculate. 

Choose bias divider Rs so as to make bias stiff enough 
Stiff enough mean , by our rule f thumb, ~ l / 10 of the R that it drive . What it drives i the base, and 

we need to know the value of this Rinatba e at DC (that is, not considering signal frequencie ). If we 

follow that rule, loading by the ba e wiJl not upset the bias voltage that we aimed for (to about 10%). 

Rinatbase i just /3 x R E, as usual. That s straightforward. What i not so obvious is that we should 

ignore the AC-coupled load. That load i. invisible to the bias divider, because the divider sets up DC 

conditions (steady tatc quie~cent condition whereas only AC ignal pa s through the blocking 

capacitor to the load. Fig. 4 W.4 spell out the process - but note that the proces. begins on the right, 

with the impedance that the divider is to drive. That concludes the setting of DC conditions. Now we 

can fini h by choo ing the coupling capacitor (also called "blocking capacitor;" evidently both names 

fit: thi. cap couple one thing block another). 

Choose blocking capacitor 
We choose C1 to form a high-pass filter that passes any frequency of interest. Here we have been told 

to put !3dB around I OOHz. 
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I 

I 

I 

I 
+15v 

\ 
\ +l5Y 

= Rn.,~ 1,0 \ 

~-- R,n = 
Th 

I \ 
\ Figure 4W.4 Set RTH - bia. « 

Rin atbase· 

--; 7 i 

The only difficulty appears when we try to decide what the relevant R i. in our high-pa filter: , ee 

Fig. 4W.5. 

Figure 4W.5 What R for blocking cap as 
high-pass? 

R11.... fir c /rcu it 

=- Th C bias 11 N,AJ (a.f: base. 

We need to look at the input impedance of the follower, seen from this point. The bias divider and 

tran istor appear in parallel. 

Digression on series versus parallel Stare at the circuit till you can convince your elf of that last 

proposition. If you have trouble think of your elf as a little charge carrier - an electron if you like -

and note each place where you have a choice of routes: there, the circuit offers parallel paths; where 

the routes are obligatory, they are in series. Don ' t make the mistake of concluding that the bias divider 

and tran i. tor are in serie becau e they appear to come one after the other as you travel from left to 

right. 

So, Zin - follower = RTHbias in parallel with Rin atba e· The slightly subtle point appears a you try to 
decide what Rinatba e ought to be. Certainly it is f3 x something. But x what? Is it just R which has 

been our usual answer? We did u e RE in choosing RTH for the bias divider. 

But this time the answer is , 'No, it's not just RE,' because the signal unlike the DC bias current, 

pa ses through the blocking capacitor that links the follower with it load. So we hould put R1oad in 

parallel with RE , this time. 

The impedance that get magnified by the factor /3 then, i not 15k but (15k II 4.7k), about l5k/4 

or 3.75k. Even when increa ed by the factor /3 , this impedance cannot be neglected for a 10% answer: 

Rin ~ I 35k II 375k . 

That 's a little les. than 3/4 of 135k (since 375k is a bit short of 3x l35k owe can think of the two 

resi tors a one of value R the other as three of those Rs in parallel - u ing a trick we mentioned in 

discus, ing the parallel circuits of Fig. 4N. l 1. Thi method i noted also in AoE Chapter 1). Re ult: 

we have four parallel resi tors of 375k: roughly equivalent to I OOk. (By unnatural good luck, we have 
landed within I % of the exact answer, thi time.) 
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So choose C1 for h<lB of lOOHz. Then 

----- ~ l = _2_ x 10- 6 ~ 0.016µF; 
2n 1 OOHz x l OOk 6 x 102 x LOO x J03 60 

C1 = 0.02µF would be generous. 

Recapitulation 

For people who hate to read through explanations in words, Fig. 4W.6 restates what we have just done. 

+ISV ~ 
~~ 

t~ c:o.SmA 

Rf; 
1Sk 

Place V13 rg«,·e~c~nt) 
around midfo1nt (7.Sv), 
rou3hfy cenr_erin3 ~ut (VE). 

Tnis delerrn,,,es ratio R1 : R2 ; 
here R.1 :: Rz 

Figure 4W.6 
Follower design : 
recapitulation . 

4W .2 Phase splitter: input and output impedances of a transistor 
circuit 

Problem De ign a circuit that puts out waveforms inverted with respect to each other 

Figure 4W.7 Unity-gain phase splitter: generic. 

Figure 4W.7 . hows a circuit that you can make sense of with the tool from this, your first, day with 

transistors - our' imple" view of tran istor operation. The circuit i called a 'phase splitter " becau e 

it puts out two waveforms, l 80° out of phase with each other. But it u eful to us just now, becau e 

it give a workout in calculating impedances - and that workout give u a chance to review much of 

what we met in Lab 4L. 

• Specification : 

Power upply: +20V only 

Signal frequency range: lOOHz and up 
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Figure 4W .8 Phase splitter, no 
component values. 

RouT-. ignal - source~SkQ 

Quie cent current Uc): 

• Calculate input and output impedance 

Solution 

Rsovllce 

r 
Re 

RE 

+2ov 

OUTc \; 
--- ,ov 

CUTE J 
ov 

--

Skeleton circuit: Fir t, let' start with the . keleton circuit of Fig. 4W.8 and calculate what component 

value: we ought to choo, e. 

Choose component values: We'll need the rule tated in the fir t transistor cla s: 

• Simple: le= ls x f3 

• Simpler: 1 ~ IE; VsE = 0.6V 

+2ov 

k 

OUTc. 

Figure 4W.9 
Choose value for 

The second rule is enough to let us calculate the voltage gain of this circuit; the fir t rule is nece . ary collector resistor . 

to let u calculate most input and output impedances. Lets do this in stage : 

• Choose Re the collector re ·i, tor, see Fig. 4W.9 

ln order to choose this value, we need to make an initial design choice - what the quie cent 

collector current should be. Let ' be lazy and conventional and make it J mA. Given that current. 

we can choose the R value by detennining what quiescent voltage we would like to , ee at output 

Outx. 

We don ' t want to reach mechanically, for the an. wer "Half the power supply." No. The basis 

for setting the quiescent voltage is to allow maximum wing without clipping- and this time the Figure 4W.10 

emitter voltage i not tamely itting still (or nearly) as in the usual common-emitter amplifier. Choose value for 

Instead, the emitter is swinging as widely as the collector swing - o, the range of voltage emitter resistor. 

available to the collector is not the full power . upply, but half of it. 

Therefore, we hould put Vc_quiescent at the midpoint of the range available to it. That range 

is I 0- 20V, so the quiescent voltage should be J SY. To get this result, we want to drop 5V. So, 180k R2 

RA = Sk. The neare:t 10% value is 4.7k. 

• Choose RE, the emitter resistor see Fig. 4W.10. 

• 

Again the goal is to allow maximum swing, so we place Vy _quie cent at the midpoint of its range: 

we place it at SV. With l mA flowing, we need 4 .7k again. 

The bias divider, se Fig. 4 W.11. 

Thi . i. a little more involved. 

Voltage: just a 1 ittle above Vi _guie cent. So, the exact target would be about 5 .6V. Our landard 

aren ' t as hioh a. that, in a 20V span. Lets be lazier and put the ba. voltage at SV rather than 

5.6V. That eases the arithmetic: we need 1/4 of the 20V supply so the ratio R2:R 1 i 3: 1. 

Values: we want the bia. divider to be "stiff'' relative to what it drives, the transistor bas . 

bSk Rt 

Figure 4W.ll 
Choose value for 
bias divider. 



Figure 4W.13 
R0 ut _ : turns out 
equal to collector 
resistor. 
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o Rin_ba e Thi , we learned last time, is f3 x RE2500k. 

o RThevenin_dividcr hould be mall relative to what it drive : ~ 50k. 

o R1 R2 values: RThevenin_divider=R1 II R2. Since R2=3R1, RThev= ?R. So the smaller R 
should be about 1RThev~66k: we're fine with 68k. The upper resistor should be about 

3 x that. 180k is a little low - but we don't really mind since we re happy to put Vba.e a 

little above SY, recalling the 0.6V VsE drop. 

• The blocking capacitor1, see Fig 4W.12. (We ve inserted the C value in the figure; we 11 explain 

how we chose that value.) 

---e-------- + 20V 

180k 4.7k 

~.-----
blocking cap falpF 

4.7k 

Figure 4W.12 Choose value for 
coupling/blocking capacitor . 

We need an .'3ctB as a design goal. Let's suppo ewe want to pass low-quality audio so we can 

put !JctB at 50Hz. 

After that choice, we need only to determine what effective R thi C is paired with. That effec­

tive resistance is the bias divider in parallel with the transistor's ba e.2 

You could calculate this - but a. usual we prefer to be intelligently lazy. We know that Rin _basc 

is much larger than RThevenin_divider· Why? Becau e we designed it that way, a moment ago. So, 

we can neglect Rin_ba e, and treat the effective Ra only RThevenin_divider· We needn ' t calculate that 

value, because we know it. This is the value we started with as goal. when we designed the bias 

divider: 50k. 

An exact C value would be about 0.06µF. O.J µF will do nicely. There is no harm at all in 

pushing hc1s a little lower than the target, here: the cap's function is only to block DC. If it pa. ses 

ignal at a little lower frequency than originaJly planned, good. 

Now that the values are in place we can calculate the impedances in and out. 

Rout at collector: Thi , i the straightforward one. Put the two paths in parallel, a u ual (by analogy 

to RThe enin - a model that i useful for impedance mea urement far beyond it original cope, which 

covered only resistors). 

How hould we treat the impedance seen " looking into" the collector? Step 1: don't fall for the 

etTor of thinking that the collector looks like the emitter, so that you'll see some lens effect using {3. 
No. The collector behave radically differently from the emitter. 

Step 2: take advantage of the fact that, wherea the emitter is a voltage , ource the collector is a 

current source: its current is determined. We have said thi e l ewhere, but Jet' say it again: when the 

urrent is determined, one can change voltage without changing current appreciably. So. the fraction 

s you know thi capacitor could just as well be called the ·'coupling capacitor." It blocks D ; it couple the AC ignal. 
We know you wouldn ' t fall into the trap of thinking that these impedances are in series, just because you may see one 
drawn to the left of the other. A wire join the two path . We offered the same reminder earlier in §4 W. l , the single-, upply 
follm: er. 
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~V / Af i very large (ideally infinite). That fraction is just our definition of effective resistance at a 

point (we ·ometimes call this "dynamic resistance"). 

So, this very-large impedance looking into the collector has no effect when paralleled with Re: the 

Re dominates and in this circuit defines Rout at the collector. A for the common-emitter amplifier, 

Rout at the collector is the collector resi tor R . 

Rout at emitter: This is not o simple as the impedance at the collector. Here, we do ee the transistor 

'lens' effect, and to determine Rout at the emitter we 'look through the transi tor toward the ignal 

source. You worked through uch a problem in Lab 4L when you measured Rout for the follower. 

Rout is RE in parallel with the other path, through the emitter. Let's write this out first, with painful 
rigor. Then we'll throw out what doe. n't matter much: 

R . _ R II (. + RThev_bias II R sourcc) 
out..Em1tter - E I e ( l + /3) 

This looks pretty formidable. So let 's start throwing out what has little effect. 

• 
• 

• 

RE normally can go: it should be much larger than what parallels it. 

RThev_bias can go ince it defines Zn for the circuit, as we , aw above and this Zin mu t be large 

relative to Ro T- signal -source· 

We cannot neglect re,3 since it value at I, = l mA= 25Q is not negligible compared with the value 

of RouT-signal - source/ /3. That value is 5k/ 100 = son. 

With the help of this intelligent laziness, then, we can reduce the formidable equation to the tame 

R ource 5k 
RouLEmitter ~re+ -/3-- = 25 + IOO · 

The value for Rout.Emitter calculated in thi lazy way i 750; the exact value i 690. The error is about 
8%, quite tolerable by our standard . . 

Zin: Again we wilJ make it simple for ourselve by neglecting what doe n't matter much. 

----------- t 20V 

180k 4.7k 

OUTc 

~ 
O.lJAF CUTE" 

63k 4.7k 

Figure 4W.15 Z i11 : bias divider dominates. -

• The capacitor: the key notion, here, i to recognize that what interest us is how this circuit be­

have at ignalfrequencies. We don't care how it look, to what we con ider noise: to frequencie 

below our input circuit's hdB· So, the C matters not at all: we ail right through it. as usual (if we 

didn't, we'd be using the wrong capacitor and should go fetch a bigger one). 

3 We admit it 's unfair to introduce this term before we reach its explanati n in Day 5. But we feel obliged to mention it here 
t make this olution as general as pos ible. re will not puzzl you after you· ve been through Day 5. 

Figure 4W.14 
R0u1..E: rather 
complicated , but 
approximately R­
signa I-source/ beta . 
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• The bia divider: we know this impedance is low relative to what the ba e looks like - becau e 

we de igned it that way. So ... 

• .. . we can neglect the input impedance at the base, which has been designed to be at lea t lO x 

larger than RThev _bias 

The short answer is that Zin ~ RThev_bias: i.e. 50k. This is within I 0% of the exact an wer, one that 

would take account of loading by {3 x (re+ RE); again good enough, by our standards. 

Perhaps we hould admit that we've done something a little unrealistic here: we have neglected the 

AC-coupled load that may be attached to the emitter. That load should be included in the calculation 

in a practical in tance . In that case, we would amend the Zin calculation:4 

Zin = RThev_bias II ({3 X RLoad..ACcoupled) · 

That load, unlike RE (which form a DC load for the bias divider) , cannot be assumed to be large 

re lative to RThev_bia . And if uch a load is to be attached then we should require that RouuignaLsource 
be lower than what is shown in this example: lower than 5k (make the limit perhaps 1 k; at this value, 

it would permit Rtoact ~ 400Q). With such a load attached, Zin would drop to 22k. 

Figure 4 W. l 6 shows the whole circuit. 

+2ov 

180k 
4.7k \J RsovRcE 

OVTc 

~ 
--- IOV 

OUTe J lJAF 
bSk 4.7k 

-- ov Figure 4W.16 Phase splitter circuit, 

- with values . -

Our main interest, in working through this example, wa not in getting the refinements right. In­
stead, we hoped to remind you of a few ba ic notions, and to give you a chance to apply them: 

• Output impedances are radicaJly diff rent at emitter and collector. 

• AC and DC paths are to be distinguished - and "signal frequencies" to be distingui shed from 

other frequencie we do not de ign our circuit for the benefit of the e other frequencies). 

4W.3 Transistor switch 

An ideal witch ought, when ON, to put maximum power into the load while dissi pating none itself. 

Fig. 4W. l 7 show two po ible switch circuits, and some que tions about them. 

Problem 

1. Collector current and switch power What is approximate load cuffent in the two case ? As­

ume that {3 is 100. 

2. Power in the switch What power is di ssipated in the transistor switch in the two ca es, a urning 

that aturation voltage, VcE- sat, is about 0.2Y? (Plea e include power in the base resistor.) 

3. Why is one better than the other'? Explain briefly why one i the prefeffed witch configura­

tion. 

4 We could, below, take account of RE that parallel the load, to be a little more accurate. But we prefer the ·implification 
that allowed u ro neglect the effccl of f3 x RE, much larger than the effecl of the bia. divider. 
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Figure 4W.17 Two 
possible "switch" circuits. 

A solution 

I 
+5" I 

oI 
I 

Off I Ori 

, - - -, '1Loacl" 
I I 
I I S'O.n. 
I 

(A) 

11LoaJ'
1 

.ro.n. I 

I 
'~- - _, 

(B, 

1. Collector current and switch power: Look at circuit A in Fig. 4W.17· it' a switch configuration: 

IB = 4.4V /Ik = 4.4mA. 

This current i · ample to saturate the transistor. The transistor saturate at perhaps 0.2V, making 

VLOAD~4.8V. 

So /LOAD = 4.8V /50.Q = lOOmA. (Note that it is the load that sets the current.) 

Now look at circuit B, which is afollower rather than a witch. Redraw a a voltage divider with RE 
VsE, and R8 . Note R8 is transformed by Q s beta into what look like lk/ {3 = 10.Q, ee Fig. 4W.J 8: 

4.4V 
le~ fE = 

60
Q ~70mA. 

Figure 4W.18 Circuit B - a 
follower - redrawn as voltage 
divider to show where power is 
dissipated. 

2. Power in the switch: 

Circuit A, switch: 

P = IV = PcE + Arn + ?base- resistor 

Circuit B,Jollower: 

= (0. lA x 0.2Y) + ( 4.4mA x 0.6Y) + [( 4.4mA)2 x I k] 

= 0.02W +2.6mW +20mW = 43mW. 

P = IV = R E + PsE + Pba. e-resi. tor 

= (70mA x 1.3V) + (0.7mA x 0.6V) + (0.7mA x 0 .7Y) 

= 91mW + 0.4mW + 0.5mW ~92mW. 
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3. Why is one better than the other? The switch (A) puts more power into the load, less into the 

witch (less by a factor of about 1/2 as ju t above). The witch comes clo er to putting the full power 

supply voltage aero s the load: 4.8V versu 3.7V for the fo1lower. 

If one puts the comparison into terms of percentage of total power that goe into the load, the 

contrast looks like this: 

Switch (A): 

Follow r (B): 

JloAD = 0.1 A x 4.8V = 0.48W 

f <;witch = 0.043W 

===? A.oad / Piotal = 0.48/ 0.52 = 92~ 

lloAD = 0.07A x 3.7V = 0.26W 

?follower = 0 · 09 W 

==} P1oad / Piotal = 0.26/ 0.35 = 7497< 

In hort - as you have gathered - when ON ver u OFF i all we need, we prefer the switch config­

uration because of its efficienc . We al o like the switch configuration for permitting output wing to 

any rail, independent of the base-drive range. 
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In thi · chapter we meet an amplifier sen itive to a difference between two input rather than to a 

difference from ground. This novelty permits implementation of the hugely important operational 

amplifier, which from the next class onward wi ll be our principal analog building block. 

5N.1 Some novelty, but the earlier view of transistors still holds 

Today we encounter ome familiar circuits that expo e the limitation. of our fir t view of transistor . 

High-gain amplifiers do this, with special clarity. But we wrn continue to use our fir t view whenever 

it suffices - because it i simpler. 

The other important topic of thi chapter i a circuit that doe not require a new under tanding of 

transistors but build a more complex circuit - and a very important one - out of circuit fragments 

that we met last time: the common-emitter amplifier and the follower. 

The new circuit made up of these elements is a difference amplifier (often called a 'differential 
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amplifier;" we will u e both terms), which when buffered with a follower output tage becomes an 

operational amplifier. We a k you to build such a circuit in Lab 5L, so that you can see that the op­

amp i made up of modest and familiar elements. Armed with this comforting knowledge, you should 

be able to appreciate that the op-amp's wonderful performance - which you will witne s next time -

i, not just the re. ult of magic within the black box. The circuit's behavior is comprehensible. 

The performance of op-amp circuits sometimes does eem magical - but we'll be pleased if you can 

enjoy that effect while al o enjoying the comfortable sen e that the device itself i just an aggregation 

of some old circuit friend of yours. 

5N.1.1 "Why transistors are hard" 

The basic difficulty in transi tor circuits - or, at any rate, the ba ic novelty - ari e. from the fact that 

these devices have three terminals rather than the two that we are accustomed to in the pas ive device. 

we have met: re istors, capacitors diode , inductor . 1 We noted thi novelty la t time. 

We have remarked before on the difficulty of di crete-transi. tor design, a difficulty that results 
perhap. from this three-terminal strangeness. On the other hand two comforting thoughts: everyone 

else s treatment of tran i tors i. much harder and more ob cure than the one you will find in this book 

and in AoE. And here' a further comfort: soon you 11 be u ing operational amplifiers, which will 

work very well while hiding from you the gritty difficulties of tran i tor circuit design. 

5N.2 Reviewish: phase splitter 

In Example §4W.2, we looked closely at the circuit in Fig. SN.1, fir t putting together this de ign, and 

then calculating input and output impedances. Here, we'd like to u e this circuit to bring out a few 

points that you saw in the first tran istor lab, 4L. 

+2ov 

180k 
4.7k \J RsovRcE 

OUTc 

~ 
--- IOV 

OUTE J 1 J.A-F 
b8k 4.7k 

-- ov 
- Figure 5N.l Phase splitter. 
-

We will use our two imple views of tran i tor operation from la t time, and these will be almo t 
sufficient for the whole analysi . We will bump up against one inadequacy - which may help motivate 
moving on after the e preliminaries, to the second view of tran i tors. That second view will form 

the central part of thi chapter. 
We can make sense of nearly all features of the splitter of Fig. 5N. l with two descriptions of 

transi " tor behavior from la t time: 

• Simple: le = IB x f3 
• Simpler: le~ IE· VsE= 0.6V 

I Perhaps you will object that your old friend the transformer has four terminals, o three terminals don 't daunt you . If . o, 
then you can skip thi part of the cla s note. 
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IE· .. : The second of the two propositions (labeled "simpler") lets us calculate emitter current. The 
base voltage in Fig. 5N.1 is 1/4 of the 20V suppJy, i.e. SY. The emitter voltage, VE, is a diode drop 

lower - still approximately SY in a 20V span (the 0.6Y error is fractionally small) - and the errutter 

current is just VE/ RE~ I mA (our favorite current, as you will gather: it makes the arithmetic so easy!) . 

. . . hence, I : The collector current, le , is just about the same as IE, 

. .. and quiescent output voltages: So we can calculate the quiescent (re ting) voltages at emitter 

and collector: 5Y and ISY (20V les the SY drop acros Re). Are these rea onable? Yes becau e they 
allow maximum swing without bumping ("clipping') on upswing or down wing. 

SN.2.1 Output impedances 

At collector ... : Here, Rout is just the value of the collector resistor, Re: 4.7k (if you wonder why, 

take a look at the phase-splitter example, §4W.2. 

.. . at emitter: Here, we see the "ro e-colored lens' effect that you saw in the follower of Lab 4L: 

R source is reduced by the transistor's current-gain, f3. (This is the first question for which we have 
needed the first of the two propo itions above - the one called "simple".) We would therefore predict 

Rout :::;50Q. 
This is also the first point where our answer would be substantially wrong. The correct answer is 

about 75Q, because of what we will soon call "little re," or 'the intrinsic emitter resi tance." (Intrigu­

ing new notion, coming later in §SN.3.3 and, we must admit, included in §4W.2, before you had heard 

the notion discussed.) 

SN.2.2 Input impedance 

Thi is dominated by the bias network - and thus is simpler than the case of the split- upply follower 

that you mea ured in Lab 4L. RThevenin for the bia divider i, much lower than the tran istor' input 
impedance, o we do not meet that version of the "rose-colored lens ' effect. (Of course, the design 

of the circuit distinguished from the analysis that we are sketching here, did require paying close 

attention to the f3 transformation that determines Rin at the base. This process is pelled out in §4W.2 
treating the splitter.) 

5N.3 Another view of transistor behavior: Ebers-Moll 

Some circuits that we worked with comfortably in the previous chapter will resist our first view, 

requiring u e of the second, "Ebers-Moll" analysi . We just met such a circuit - one whose Rout i 
not as low as our simple view would predict. Our major example, however will be another circuit, the 
common-emitter amplifier. 

SN.3.1 A case that calls for Ebers-Moll treatment 

The common-emitter amplifier of Lab 4L is easy to analyze: it', es entially a current source (the 

magnitude of the current varie with change of Vin) and that current is fed to a resistor. That resistor 

converts the current back to a voltage - but caled up to the extent that Re exceed RE. 
The amplifier gain is - Re/ RE, and we hoped, in Lab 4L, that you found this simplicity charming: 

j AoE §2.1 .38 

I AoE §2.2.7A 

j AoE §2.3 
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+15" volfs 

150 

Figure 5N.2 Common emitter amplifier, gain of -10. 

the expression for gain says nothing about the transistor, relying purely on the attached resistors. So 

far, good. 

But what happens if we get greedy for gain? Could we set the ratio of Re to RE as high as 100? 1000? 

What would happen if we made RE zero? Maybe you would hy away from that last as mathematically 

offensive; but the defect in this design is not mathematical. You would run into the limitations of the 

transistor long before reaching the impossibility of an infinite-gain amplifier. 

Let 's go tight to the harde t case: let' take RE to zero. How do we handle this? We seem to be 

applying a wiggle to VBE, but we have aid that VBE is fixed at 0.6V. 

+Vee 

G:: _ R, 
? 

Figure 5N.3 Grounded-emitter amplifier. Infinite gain? 

Well, we didn't mean exactly 0.6V. This is one of those circuits that obliges us to recognize that 

VBE varies lightly a le varies. In fact, the le versus VBE curve looks just like the diode curve, already 
familiar to you. It differs only in slope: the t.ransi.stor's curve is steeper, see Fig. 5N.4: 

le 

VeE 
transistor. .. 

Vo100E 

... diode 

Figure 5N.4 Transistor I versus V looks like 
diode's . 

If we omit RE from the amplifier, then we are applying the input signal directly to VBE· The cun-ent, 

therefore, changes a lot - given the exponential shape of the curve, see Fig. 5N.5. The gain for the 

amplifier is large therefore - but not , of course, infinite. 
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5-

Le -
(mA) _ 

2----~~~~~~~~+------,--

1-----~~~~~~~---:-,-~-
OUTPUT_.·· .. ···. 
(current) ·. 

small delta-~ ... evokes large delta-I out 
(f8mV) .. · S ·: (current changes by 

Q :· factor of two) Figure 5N.5 An input applied to VsE 
evokes large changes in l e. ~··: 

5N.3.2 Ebers-Moll equation describes transistor's VBE versus l e . .. 

Ebers and MoJI2 describe the transistor a a voltage-to-current device - wherea our first view de­
scribed it as a current-to-current converter (with f3 defining the multiplication factor). The two views 

are quite consistent ince the base current flows in a diode, the VsE junction (see §5N.6). 

We will write out the Eber. - MolJ equation - but then we will whittle it down to make it more 

manageable. Then we rarely will refer to the full equation again. We prefer, instead, to model its 
consequences in form. that are more convenient. Here i the Ebers-Moll equation: 

le = ls(e ~ - 1) . (5N. l ) 

It turns out that kT /q is 25rnV at room temperature, and the ' - 1" is unimportant once the transistor 

is operating.3 

So we can simplify the equation , omewhat: 

r rv J evBE / 25mV IC rv S · (5N.2) 

Since ls is a value that normally we don ' t know, Ebers- Moll u ually boils down to the insight that the 

collector current is an exponential function of VBE· 

Only occa ionally will we use the Eber - Moll equation directly, mo t often to calculate relative 

values of le a VsE changes. What happens, for example, if you increase VsE by 18mY? Let's call the 
old collector current /e 1, and the new one l 2 : 

Ie2 Is evaE2 / 25mV 

le, Is eVaE1 / 25mV 

= e(VBE2- VsEi) / 25 = e~VBE/ 25 

where V8 E2 - VsEt = e~vnE is measured in mY. But that is just 

e l 8mV / 25mY ~ 2 . 

This is a number perhaps worth remembering: J 8mV LWBE for a doubling of le; also sometimes 

handy: 60mY ~VBE per decade (that is, LO x ) change in le. 

2 T heir name make them sound like bearded German wi e men li ving in Heidelberg. In fac t, they"re a pair of 

friendly-looking fellows from Ohio State. 
3 The ' - I ' delivering " -Is' , is important when the exponential term i. negative: when the transistor i , off. Then lc~ - ls, 

which explains why Is is called the · reverse leakage current." 

I AoE §2.3.1 
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Now, we will move still farther from the cary original equation, heading for an application of 
Ebers- Moll that is pleasantly straightforward. 

5N.3.3 Little re 

On our way to taming Ebers-Moli we will take a trange preliminary step: we will turn the I versus 

VBE plot on it side, as in Fig. 5N.6: 

so.a. 25.a. 
I 

I 

O.Sr,.A 1n1A 2rnA 

Ic 

fe=~ .1'c (in mA) 

Figure 5N.6 Transistor 
transfer curve rotated : now 
slope is in ohms. 

The reward for this odd redrawing come immediately: we can model the transistor's gain4 a a re­

sistance. Thi 'resistance" simply de cribes how much additional current you d draw from the emitter 

if you tugged it down a bit (assuming the base voltage is fixed). (For a more elaborate expo ition of 

how one might envision re, see §SN.8.) And, as you can see from the rotated plot in Fig. 5N.6, that 

effective resistance is wonderfully easy to calculate: imply divide 25m V by the collector current (in 
milliamps). 

Grounded-emitter amplifier 
If thi notion still seems a little abstract, look at Fig. SN. 7 to see how wonderfully simple the problem 
of the grounded-emitter amplifier becomes when we draw in re as a little resistor. 

+Vee. 

the puzzle ... the simplifying model ... 

+Vee. 

... the puzzle resolved 

Figure 5N.7 Little re tames 
grounded emitter amplifier. 

Let's try it with ome values inserted, as in Fig. 5N.8. The gain, Re/re, can be evaluated if we know 
le. Do we? Well, yes, if the circuit has been designed or set up properly: it should be set up so that 

VouLquie cent is at the midpoint of it available range, in this case 5V. To get thi result, le mu t be our 
favorite: 1 mA. 

Given this le , we can evaluate re: it is just 25.Q (not 25k.Q, please note: we divide by collector 

current in milliamps (10- 3 A), not by the collector current). So the gain is - Sk/ 25=-200 (the minus 

4 Thi ·'gain'' i pe uliar - not the change-in- voltage-out per change- in-voltage- in that you used in Lab 4L. Instead, this is 
•·transconductance" (g111 ): change-in-current-out per cha11ge-in-voltage-i11. 
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+Vee =1 0V 

Figure 5N.8 Try re with some values inserted. 

sign indicates phase inver ion, not attenuation, incidentally: when Vin moves up, Vout move down). 

We will soon learn that this is the answer only at the quiescent point. Still, this is a good start. 

5N .3.4 re solves impedance problems, too 

re puts a floor under Rin: This model olves another pair of problem · that we had not mentioned: 

what is Rin for the grounded-emitter amplifier? It would be zero if we did not include re. It becomes 

f3 x re2::2 .5k when we include re, and this is the correct answer. 

re puts a floor under Rout: When our first view of the " lens effect" of a follower indicates an ex­

tremely low Rout, re b1ings things back down to earth. 

For the circuit in Fig. SN.9, our simple first view would predict Rout for this circuit might be under 

0.5Q. But re show us this is a little too good to be true. Increasing l can reduce Rout , but not to the 

level predicted by the simple view of tran istors, unless one pushe on to very large le, Again re tame 

the extreme case. 

Figure 5N.9 re puts a realistic floor under 

Rout · 

so.a 

V.:n.. 
( bias »ot shawn) 

Vee.= +15v 

Kovt = REii ( ~o.n. -He) 
F°E 

~ 25".n (re dom1nlfes) 

That concludes the good news about the grounded-emitter amplifier - a circuit that we soon will 

learn is not u able in the form we have presented. Now for ome for ome complications that oblige 

us to amend the circuit. 

5N.4 Complication: distortion in a high-gain amplifier 

A gain of 200 is high. But evidently the gain is not constant, si.nce le must vary a VouT moves 

(indeed, it i variation in le that causes VouT to move.) 

Figures 5N.10-5N.12 illustrate the funny "barn-roof' distortion5 that you ee if you feed this circuit 

a small triangle. First, in Fig. 5N. l0, i the variation in gain that we would predict, given the variation 

in le as VouT swings. 

5 We used this term back in §4L.4. l wilhout explanation . The name is not standard, incidentally; we just happen to live near 
Vermont's dairy barns with their gambrel roofs . 

j AoE §2.3.4 

\ AoE §2.3.3 

I AoE §2.3.4A 
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0.2V 2mA 

I AoE §2.3.4A 

5N.4 Complication: distortion in a high-gain amplifier 195 

re => Gain Vout 

50D. too 
7.5 

~ low gain at low current .. . 
25D. 200 

5 Figure 5N.10 Ga in of 

f2.5D. 400 ... high gain at high current 
grounded-emitter amp varies during 

~ output swing: gain evaluated at 3 
0 

time points in output swing. 

The plot in Fig. 5N. l l show how gain varie (continuously) duiing the output swing. Thi s is bad 

di tortion: - 50% to+ 100% . 

~1.S°LLI > ' 
~ 5 I 

3S I ' 
:::S I I 

I I 

Q I I {iMe : 
I I 

<( 2 ' 
E : 
~ 1 

I-{' : 

400 

Figure 5N.ll During swing of Vo T , le 
and thus re and gain vary. 

And Fig. 5N. l2 is a scope image confirming the predicted signal distortion . What is to be done? 

OUT 
(collector) 

IN 
(base) 

5N.4.1 

- u 
--.....,..- lower gain, at 

lower current ... 

(ground for V_in) 

/ /l ... higher gain, at ~ 11 higher current 

(ground for V_out) l ........ .. ............... . 
~o.~ ,v=;;;-"c~h~2 ~2.~oo~v.._,,M~1~0.o~µs...--~~~~ 

Figure 5N.12 Scope image of 
''barn roof' distortion . Note 
scope gain is lOO x higher for 
input waveform . 

Distortion remedy: emitter resistor - at the price of gain 

One cannot eliminate this variation in re, but one can make its effects negligible. Just add a constant 

resistance much larger than the varying re. That will hold the denominator of the gain equation nearly 

constant. 

With an emitter re i tor added, the gain variation shrinks harply, ee Fig . 5N.13. re still varies as 

widely as before ; but its va1iation i buried by the big constant in the denominator. Circuit gain now 

varie , only from a low of - 9.1 to a high of - 9.75: a - 4%, +3 % va1iation about the midpoint gain of 

9 .5. 

Punchline : an emitter resistor greatly reduce error (variation in gain , and consequent di tortion). 



196 Transistors 11 

Figure 5N.13 Emitter resistor cuts 
gain, but also cuts gain variation. 

r-v­
(bias not 

shown) 

+1ov 

Re.. 
5.1k 

V\.. G= J?E + re 

varies f,-o"" 

- S:1k "' - 9.101 
sr:.o _<).5±4% 

~o - S:1k :: - 9.75 
5"23 

Thi we get at the price of giving up some gain. (This is one of many instances of Electronic 1 u tice: 
here, those greedy for gain will be punished: their output waveforms will be rendered grotesque.) 

We will see shortly that the emitter resistor helps solve other problem as well: the problem of 
temperature instability (see §5N.5), and even distortion caused by Early effect. How can a humble 

resistor do so much? It can because in the latter two cases the resistor is applying negative feedback, 

a de ign remedy of almost magical power. In the next egment of the cour e in which we apply oper­
ational amplifiers, we will see negative feedback blossom from marginal remedy to central technique. 
Negative feedback is lovely to watch. Many uch treats lie ahead. 

5N.5 Complications: temperature instability 

Semiconductor junctions respond o vigorou ly to temperature change that they often are u ed as 
temperature sensors. If you hold VBE fixed, for example you can watch le vary exponentially with 
temperature. 

But in any circuit not de igned to measure temperature the respon e of a transistor to temperature 
is a nuisance. Most of the time, the simple trick of adding an emitter resL tor will let you forget about 
temperature effects. We will see below how this remedy works. 

Figure 5N.14 Transconductance of bipolar transistor varies rapidly with 
temperature . 
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Preliminary warning. Do not look for a description of this temperature dependence in the Eber -

Moll equation. That equation (mis-read) will point you in exactly the wrong direction: increa ing T 
should brink the exponent: I Ao §2.3. 1 

le = ls (eVsEl(kT /q) - l ) . 

Don't be fooled: Ebers- Moll equation seems to say lcfalls with temperature. Not so. 

But actual results are quite contrary to what thi point seem to sugge t: in fact, ri ing T increases 

le, and doe that fast. The solution to the riddle is that Ts grows very fast with temperature, over­
whelming the effect of the shrinking exponent. 

Here are two formulations for the way a tran istor re pond to temperature: \ AoE §2.3.2C 
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• I grows at about 9%/°C, if you hold VsE constant; 

• VsE falls at 2m V /°C, if you hold le constant. 

The first of these formulation is the easier to grasp intuitively: heat the device and it gets more 

vigorou , pas e more current. The econd formulation often makes your calculation easier. But if 

you use the second, just make ure that you don t get the feeling that the way to calm your circuits is 

to build small fires under them! 

5N.5.1 Temperature stabilizing: feedback, using emitter resistor 

The remedy described here is imple, and widely used. It is also quite subtle. The left-hand circuit in 
~I A_o_E_§-2.-3-.4B--~ Fig. 5N. l5 is so unstable that it is useles . An 8°C Iise in temperature saturates the transistor. 

! AoE §2.3.SA 

+1.Sv +15v 

sneak!! nt'j~+ive 

fe.eJbac.k f · · · circuit r-eaclie.s back 
to .1Cijuse valve f 

Figure 5N.15 An unstable circuit 
stabilized by emitter resistor. Note 
that we assume V13 is held 
constant. 

Why doe the right-hand circuit work better? How does the emitter resistor help, as le grows? Here 

feedback at work. The circuit senses trouble as it begins: 

• le begins to grow in response to increased temperature· 

• VE rises, as a result of increased le (this is just Ohm's law at work); 

But thi ri e of VE diminishes VsE, ince Vs is fixed. Squeezing VsE tends to close the transistor 

"valve." Thus the circuit slows itself down (as the somewhat-grotesque hand in Fig. 5N. l S is 

meant to ugge t). 

We don ' t claim that le will change not at all. Some Afe with temperature is necessary in order to 

generate the error signal. But the emitter resistor prevents wide movement of the quiescent point. 

The plot in Fig. SN .16 show how the emitter resistor' behavior - plotted as a straight " load line" 

intersecting with the transi tor 's shifting curve - limits the variation in le with temperature change. 

The larger the value of RE, the tronger the feedback, and the le s the variation in le with tempera­

ture. 

5N.5 .2 Temperature stability and high gain 

You don't have to give up gain in order to get temperature stability - contrary to an impression we 

may have given back in §SN.S. l. You can get both stability and high gain, by arranging thing so 

that RE does it good tabilizing work while not reducing signal gain. The trick is to include RE as 

in a low-gain amplifier, but then to make it disappear at signal frequencies. RE "disappears" at those 

frequencies because of the capacitor that parallel it, b passing it, see Fig. SN .17. 
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; 
I 

le if hotter I 

Figure SN.16 
Emitter resistor's 
effect plotted as 
"load line" 
intersecting 
transistor curves. 

Rt: 
resistor ~load lines"; 
(slope=flR) 

Figure SN.17 Bypassed-emitter resistor: high gain 
plus temperature stability. 

The circuit's gain, observed 

~; 
I 
I 
I 
I 

-+15v 

... c I toJ<F 

at 25°C 

if cooler 

small variation of le, because 

G 

t 
n6t RE, wh ,Ji ,;, 
bJpassed by C . 

The circuit in Fig. SN .18 shows the same high gain as the unsati factory grounded-emitter amplifier. 

If we make the output swing very small, distmtion is hardly notjceable: 

Figure SN.18 Gain at quiescent point 
(small output swing) is pretty constant, 
and close to calculated value. (Note lOO x 
difference in scope gains on the two 
channels.) 

output (collector) 

input {base) 

Sil) 1. oomv ·.., (.h l I OO mV 'W 1 10 Ol,IS 

Chi Pk- Vk 

2. 116rtW " • • 

chi••-•, ~ ratio, VoutlV,;,, shows gam: 
..... mv about 235 

The gain at the quiescent point appears to be about - 280 (the minus sign indicating only the signal's 

in.version). By calculation, we would predict gain of - 300: 

G = ~Vout/~Vin = -Re/re= - 7.Sk/25 = -300 . 

The difference between calculated gain and the gain observed in Fig. SN. 18 may be explained by the 

collector current being a little lower, in this circuit, than the target of 1 mA. 

The circuit's temperature stability, observed 
In Fig. SN.19 the stability of this circuit i contrasted with the na ty behavior of the grounded-emitter 

amplifier of Fig. 5N.8. We fed a mall triangle to both circuits, stable and unstable, and then warmed 
both with a heat gun. 
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output stabilized 
by emitter resistor. 
Note distortion 
at bottom of swing 

input 
(at 50mV/div). 
Note slight flattening 
of peak 

output of grounded-emitter 
amp 

- ~·---sr - -, 
I.I 

~ I\ l 
.. , , , • • ;- ground for input 

I 

~J 1- ground for outputs 

.....__,,__.__.-~~· .~ 
(.ill 0 ,l .l'IIV M 10. 0µs 
Ch '.I l 00 V 

Figure 5N.19 
Stable and 
unstable circuits 
contrasted : when 
heated, bad one 
clips . 

The stable circuit's Vout stayed centered where it started· the unstable circuit's V0u1 drifted down 

close to ground, producing nasty clipping. 

Curious detail: Rin degrades in saturation 
A detail of Fig. SN .19 is worth mentioning: the effect of saturation upon input impedance. The unsta­

ble output drifts down, and flattens ("clips") at ground. The transistor is saturated where the waveform 
clip : totally on. When that happens the usual rules of transistor behavior do not apply (these are the 

rules that apply in what's called the "linear region" of transistor operation, where the device is neither 

totally on (saturated) nor totally off (cut off)). 

When the transi tor aturate its input re istance - usually f3 x RE - becomes radically lower: no 
longer does any /3 multiplication occur. You can make out evidence of this effect in two details of the 
image in Fig. SN . I 9: 

• the input waveform itself is distorted - its peak flattened. That indicates that even the function 

generator, with it Rout of 50Q i getting overloaded by the tran istor' Rin · 

• the output of the stable circuit - a circuit driven by the function generator that drives the unstable 

circuit - also show. distortion, distortion produced by overloading of the signal ource shared by 
the two circuits. 

The moral seems to be don 't hang around with bad company: even the virtuous temperature-stable 

circuit ends up corrupted by sharing an input with the naughty grounded-emitter amp . 

. . . but note that distortion persists: The emitter resi tor neatly solve the temperature-stability prob­

lem. The distortion however, remains; it appears also, for both circuits, back in Fig. 5N.12. There is 

no way around this if you want so much gain in one stage. 

5N .5.3 Another temperature-stabilizer: Explicit DC feedback 

Figure 5N.20 show feedback in a form more obvious than through RE, but used to simjlar effect. 

When you have played with some operational amplifier circuits in the coming lab ·, you will rec­

ognize thi feedback a very similar to what you apply in those op-amp circuits: 1/11 of Vout is fed 

back to the input.6 But here a subtlety i at work that is not u ual in the op-amp circuit : the feedback 

affects DC levels, but not circuit gain. It does not affect gai n because the function generator who e 
Rout is low, is able to overwhelm the relatively feeble feedback signal at signal frequencies (those that 

6 It i. fed nOL quite to the circuit input but almost. The difference is only that it is fed to the base rather than to the far side of 
the blocking capacitor. As noted ju. t below, thi feedback affects DC levels, but not ·ignals. 



200 Transistors 11 

+15v 

S.2k 

ovt 

~Hiis is 
at Ve = l1 >< V8 E 

Figure 5N.20 DC feedback protects against temperature 
effects. 

get through the blocking capacitor). Yet at DC the feedback is strong enough to handle the problem 

of drift. 

5N.5.4 One more way to stabilize the circuit: add a compensating transistor 

The circuit in Fig. 5N.21 compensates for any change in one direction by planting a circuit element 

that tends to change at the same rate in the opposite direction. 

Figure 5N.21 Temperature stability through use 
of a second "compensating" transistor. 
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The circuit in Fig 5N.22 works if both transistors live on the same piece of silicon, o that their 

curve drift equally as temperature changes. 

If the circuit is heated, Qt 's VBE hrinks. But this shrinkage squeezes down Q2 as both transistors 

get hotter. So Q2 's current does not grow with temperature. (The l Ok resistor on the base of Q2 makes 

the biasing circuit not too stiff: the signal source (presumed to be of impedance « l Ok) can have its 

Figure 5N.22 Two matched transistors heated together 
can compensate to cancel drift . 
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way, as usual.) Thi circuit is a close kin to a "current mirror" a circuit discussed in §5S.2. AoE also 

treats mirror in §2.3.7. 

5N.6 Reconciling the two views: Ebers-Moll meets le = f3 x IB 

At first, we promoted the current-to-current view: le = f3 x /8 . A little later we offered Ebers- Moll's 
account, le = Is evaE/ VT . 

In case you 're troubled by the thought that our two view may not be consistent, here 's an argument, 
and then a picture, meant to reassure you: 

• An argument: since the BE junction is a diode feeding it a current UB) generates a corresponding 
VBE· Eber -Moll teaches that this VBE is the cause of the resulting le, If we u e this account to 

justify the first , simplest view of transistor operation - which treated base current as input - we 
are acknowledging and using Ebers-Moll. 

• If Fig. SN.23 does not make you feel better, forget it; you don ' t need to reconcile the two views 
if you don t want to. 

Ia}~---, ' . 
I I 
I I 

' 1 L_ __ J 

'B·E d,oJe 9enera+~s 1 . 
a VsE = k, l0jeIB f 

"lo3 machine') ''exp rnachi1>e '' 

~ Ic. ~ exp(k, loJeI'tJ) -=- 12 I 8 

Figure 5N.23 Beta .. . and 
Ebers-Moll descriptions of transistor 
gain reconciled. 

5N.7 "Difference" or "differential" amplifier 

The differential amp is the last standard transistor circuit we will ask you to consider. It is especially 

important to us because it lets us understand the operational amplifiers that you soon will meet. These 

wonderful devices are in fact just very good differential amps, cleverly applied.7 

5N.7 .1 Why a differential amp? 

A differential amplifier has an internal symmetry that allows it to cancel errors shared by its two sides, 
whatever the origin of those errors. Sometimes one takes advantage of that symmetry to cancel the 

effects of error that ari e within the amplifier itself: temperature effects, for example, which become 

harmless if they affect both sides of the amplifier equally. In other settings the hared error to be 

7 At the ri k of complicating the thought too much. we should acknowledge that the clever application i of fundamental 
importance. The cleverne lies in the u e of negative feedback. It is this. and not just the good diff-amp, that provides the 
rea lly impres ive behavior of the op-amp circuits that you . oon will meet. 
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canceled is noi e picked up by both of the amplifier's two inputs. Used thi way, the amplifier pick 

out a signal that is mixed with noise of this particular ort: so-ca11ed "common-mode" noi e. 

You built a circuit back in Lab 2L that did something . imilar: passed a signal and attenuated noise. 
But that RC filter method work only if the no.ise and signal differ quite widely infrequency. The dif­

ferential amp requires no such difference in frequency. It does require that the noise must be common 

to the two inputs, and that the signal in contrast must appear as a difference between the waveforms 

on the two lines. Such noise turns out to be rather common, and the differential amp faced with uch 
noi e can "reject" it (refuse to amplify it), while amplifying the signal: it can throw out the bad, keep 

the good. 

An application: brain wave detector 
Here is an example of a problem that might call for use of a differential amplifier. One can detect brain 
activity with skin contacts· the activity appear a small (microvolt range) voltage signals. The output 

impedance of these sources is high. 

Figure 5N.24 An 
application for a differential 
amp: brain wave detection . 

The feebleness of the signals makes their detection difficult. It is not hard to make a high-gain 

amplifier that can make the signals sub tantial. But the catch is that not only the signals but also noise 

will be amplified if we are not careful. We can try to shield the circuit· that helps somewhat. But 

if the principal source of noise is something that affects both lines equally, we can use a differential 
amplifier instead - or as well; such a circuit ignores such "common mode'' noise. The same difficulty 

applies to cardiac measurements - by the o-called EKG. 
60Hz line noise wjll be coupled into both lines and i likely to be much larger than the microvolt 

signal level . A good differential amp can attenuate thi noise by a factor of perhaps I 000 while 

amplifying the signal by say, 100. An amp that could do that would how a "common-mode rejection 

ratio' - a preference for difference ignals over common- of 105: JOOdB . 

. . . and a similar demo: music pulled out of nasty 60Hz noise 
In a cla s demo, we made up a imple imitation of this sort of case. The differential signal . ource 
was an audio player (a CD player). Two unshielded wires ran from the CD player to a differential 

amplifier. 8 

A large 60Hz voltage swing appears on each of the two wires running three feet or so in Fig. SN .25. 

That 60Hz noi e is shown in Fig. SN.26. A much smaller difference signal (music, in this case) looks 

like a barely noticeable tremor on the 60Hz swing. One can just make out a small difference, here 

and there in the left-hand image of Fig. 5N.26: it looks like a slight darkening, as one of the nearly­

identical-twin waveforms pokes out from behind its ibling. 

The difference between the two, however - shown in the right-hand scope image - is easy to make 

8 This amp we built with an operational amplifier, not with discrete transistors. because doing soi much the easiest method . 
You will soon share our preference for op-amp over discrete de igns we are confident. 
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common (60 1-{z buzz) 

differential 
amp 

! u 

Figure SN.25 Demonstration setup 
· for pulling music signal from large ... mus,c, 

recovered common-mode noise. 

difference 
(at unity gain), 
with common 
noise removed 
(Note higher gain 
on this trace, 3) 

two input lines carrying large 60Hz noise, 
and small differences ... 

... above, the small differences are revealed, 
once common noise is removed 

Figure SN.26 Difference 
amplifier can pick out a small 
difference in presence of large 
common noise. 

out once the large common-mode noise has been removed. Differential gain here is unity: so the 
"amplifier" here has done no more than remove the shared noise. (The "signal" looks a if it had 

been amplified in Fig. 5N.26; that's an illusion caused by the greater scope sensitivity for the output 
ignal.) The effect, for a listener is dramatic. The original signals sound like a loud 60Hz buzz, no 

music audible; the difference signal sounds like music, unpolluted by any audible 60Hz noise. 

Differential signaling helps even digital circuits 
When we reach the digital gates of Lab 14L we will encounter differential transmitter and receivers, 
applied for the purpose of achieving good noise immunity in the presence of daunting common-mode 
noi e. 

small swing (0.35V) 

Figure SN.27 Differential signalling applied in digital electronics: provides good noise immunity 
despite low supply voltage. 

Thi method, used in the LVDS (Low Voltage Differential Signaling) circuits, can give good be­
havior even with the very low power supply voltages that are coming to dominate digital circuitry: 
upplies of 2.5V l .8V and lower. Fig. SN.27 does not show common-mode noise, but when we tried 

this circuit ( ee Chapter 14N) the circuit easily rejected common noise five or six times larger than 
the signal. For a scope image howing rejection of drastic high-frequency noise by LVDS, see AoE 
Fig. 12.126. 
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5N.7.2 A differential amp circuit 

Figure 5N.28 shows the lab', differential amp. This is the circuit you will build in Lab SL. In order to 

achieve good matching of the two transistor , you will use an integrated ainy of tran i tors (a CA3096 

array). 

100 100 

10k 

Figure 5N.28 Differential amp. -15V 

The circuit may look a bit daunting but it is not hard to analyze. After we establi h DC quiescent 

conditions, we will u ea trick that AoE ugge ts: con ider only pure ca e - pure common signal, 

then pure difference signal. 
Before we ee what the circuit will do to input signals, let's fir t find the DC quiescent levels. 

Quiescent points 
Vout: Before you can predict Vout you need to determine currents. 

Currents: If the base are tied to ground, a we may assum for implicity the emitter voltages 

are close to ground, and it follows that point 'A" i not far from ground (close to - 1 Y.) . From this 

observation you can estimate ltail (in the lower lOk resistor): it i about 14V/10k;::::;:1.5 mA. 

Since the circuit's inputs are at the same voltage, symmetry9 requires that the l .5mA tail current 
must be shared equally by the two tran istor . So le for each of them i about 0.75rnA. 

Figure 5N.29 Lab diff amp, showing quiescent 
currents and voltages. 

~~--~~~~~~~--,,~~~ +f5V 

close to 
ground 

i 0.75.mA 0.75.mA i tOk 7.5V ___ ,.; 

f.5mA 1 fOk 

-f5V 

inputs assumed to 
be close to ground 

,_ _ ____. fNa 

From here Vout_quiescent is ea y: centered a usual - but note that it i · centered not between the 
supplies (that center would be OV). Instead, it is centered in the range through which it can swing. 

That is always the deeper goal. Since the floor on the output swing is defined not by the negative 

9 "Symmetry?,'' you may want to protest. "There's a co llector resistor on one sicJe and not on the other." True. But try to 
explain to yourself why that doe not matter. The resi tor doe affect the voltage at each collector. But what influence does 
that voltage have on collector current? Not much . Ideally, none: Early effect ay ·only a slight effect.' 

Compare 
Fig. 2.63 

AoE 
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upply but by the emitter voltage, the floor is close to ground, and the proper VouLquicscent is around 
7.5V. 

Differential gain 
Assume a pure difference ignal: a wiggle up on one input, a wiggle down of the same size on the 

other input. It folJows, you will be able to convince your elf after a few minute ' reflection, that the 

voltage at "A" of Fig. 5N.29 does not move. 

That observation lets you treat the right-hand side of the amp as a familiar circuit: a common-emitter 

amp, ee Fig. SN .30. 

+Vee +15V 

Re 10k 

33D. 

in general 
fOOD. 

in this case 

tfAH "AH 

The gain might seem to be 

G= 

Gdfff: 
Rel 2 (re +R~) 
: tOkl 2 (133) 
: approx. 40 

Re 

re+RE 

Figure 5N.30 Differential gain : just 
a common emitter amp again . 

That's almo t correct. But you need to tack a factor of 2 into the denominator, just to reflect the 

way we stated the problem: the .6.V applied at the input to this 'common emjtter" amp is only half 

the difference ignal we applied at the outset to the two inputs. You also might as well throw out the 

minus sign, since we have not defined what we might mean by positive or negative difference between 

the inputs. 

So the expression for differential gain includes that factor of 2 in the denominator (minus ign 

di carded): 

Common mode gain 
k sume a pure common signal: tie the two input together and wiggle them. Now, point "A' is not 

fixed. Therefore, this common-emitter amp has much lower gain, becau e R iail appears in the denom­

inator of the gain equation. The denominator - which wa, just 2(re + RE) for the differential case -

now mu t include the much larger value Rrail· 

Again that is almost the whole tory. But another odd factor of 2 appear , to reflect the fact that a 

twin common-emitter amp - the other side of the differential amp - is quirting a current of the same 

·ize into Riail. The result is that the voltage at A jump twice a far as one might otherwi e expect: one 

can ay this another way by calling the effective Riail "2Rrnil·' 

Let's redraw the circuit to show what's going on when we drive both inputs with the same signal 

( 'common mode"). The redrawn circuit is Fig. 5N.3 l 

To calculate gain we can con ider just the right-hand common-emitter amplifier peeled away, in 
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Figure 5N.31 Differential amp 
redrawn to show common-mode 
response. 

re 
33n. 

Re 
fOOn. 

20k 

-15V 

Fig. SN .3 J ). And the common mode gain is 

Re 
GcM= - -----

re+ RE+2 R1ait 

~2XRtail 

20k 

-15V 

The bigger we can make Riail , evidently, the better. A current source in the tail therefore, provides best I AoE §2.3.8 

common-mode rejection . Any re. pectable differential amplifier normal1y includes a current ource in 

the tail - a your lab circuit doe , once you have moved on after fir t trying a tail re istor. You used the 

resistor to mea urea predictable common-mode gain, and for contrast with the improvement effected 

by u ·e of the current source. 

5N.7.3 Differential amp evolves into "op-amp" 

In Lab SL we invite you to carry on, once you have tried out the differential amp, adding two more 

tages o as to convert your differential amp Ii fier into a not-bad operational amplifier. 

Fundamentally an operational amplifier is only a high-gain differential (or' difference") amplifier. 

But a good op-amp also include a buffer to provide reasonably-low output impedance. Fig. SN.32 
hows a block diagram of the lab 'op-amp,' with its gain of approximately I 000: pretty good. 

Figure 5N.32 3-stage op-amp of Lab SL. 

12k 

v-

X40 

___ _If 
~v-

follower 

Xf ::> Go/FF :::: 1000 

The IC op-amp you'll meet in Lab 6L provides gain a couple of hundred time better, along with 

Compare AoE 
Fig. 2.91 (a cir­
cuit tha1 , however, 
take~ it, feedback 
internally). 
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better common-mode rejection. But thi circuit offers a start - and one that we hope wiJI demystify 
the triangle that you'll begin to invoke next time .. 

5N.8 Postscript: deriving re 

Deriving the expression for re: The " intrinsic emitter resistance, ' re, is as you know, the inver e of 

the slope of the transistors gain curve: Afoul/ ~Vin (see §5N.3.3). A little more formally, then, re is the 

derivative of the Vas a function off· that is, dVsE /dlc. Let's evaluate this finding first the slope of 
the 1-V curve. 

If we write Ebers-Moll in the simplified form we use in Equation 5N.2 

l ,......, 1 ev8 E/ 25mV 
C""' S ) 

then 

~(le\ = (l/25mV)(is evaEl25mv);,, ( l/25mV)(Ic) = Ic/25,nV . 
d Vs . 

And re the reciprocal of the slope of the gain curve, is 

25mV 

le (in amps) 

which we prefer to write as 

25Q 

le (in mA) 

Alternative 'derivation :' Tess o' Bipolarville: Here is an altemativ argument to the same result: 

imagine a lovely milkmaid seated (in the summer twilight) on a stool tugging dreamily at the emitter 

of a tran istor whose base is fixed. She ha pulled gently, until about lmA flow .. . What delta-current 
fall into her milkpail for an additional tug? 

If the base is anchored, tugs on the emitter change Vse a little; in response, le change quite a lot. 

The quirts of AfE (which we treat as equivalent to Mc) reveal a relation between ~VBE and Afc . The 
quotient 

Figure SN.33 Dreamy 
milkmaid discovers the 
value of re, experimentally. 
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is re, which behaves ju t like a resistor whose far end is fixed. 

"Yes muses the charming milkmajd, her milkpail now filled (with charge, in fact; but he hasn't 

noticed). 'Just as I thought: re, though only a model , doe behave for all the world like a little resi tor. 

So thats why we draw it that way." And with that she rises, little suspecting what her discovery 

portend , and carries her milkpail off into the gathering dusk. 

5N.9 AoE Reading 

AoE s Chapter 2 treats both bipolar transistor and elementary applications of operational amplifier , 
so it material uits the topics of today's lab - though, as usual, it contains much that we do not require 

here. Here are some selected sections that are appropriate: 

• Ebers- Moll: §2.3. 

• §2.3 to end of chapter but. .. 
omit §2.3.7 (current mirror ) (we like cutTent mirrors but want to lighten your load a bit) 

omit most details in introduction to negative feedback: §2.5; we will devote lots of attention 
to negative feedback soon - in the context of op-amp circuits. But highly relevant to us now 
i circuit B (non-inverting amp) of Fig. 2.85 in §2.5 

• The most important ections of reading are: 

The Ebers- Moll model: §2.3 ; 

differential amplifiers: §2.3.8; 
push-pull output tages: §2.4. l ; 

boot trapping a general notion of applications wider than just the emitter-follower that is 
described here and shown in Fig.2.80): §2.4.3. 

• Problem. : Exerci e 2.28. 

In this book: you might glance at §9S.4 for the scary full circuit for the 411 op-amp. This note 

hows a circuit like the one you build today - but with a great many refinements added . Worry about 
the refinements later. 
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Overview of the lab 

To do all of today' lab is a challenge: the circuit i the most complex that you've built so far, and 

if some stage hold you up, you're likely to run out of time. But that shouldn t worry you. Only the 

differential amp (§5L.1) - not its conver ion into an op-amp - i fundamental. We hope you'll get at 

least partway into the op-amp construction, because that experience will make you feel more at home 

with the op-amp that enter next time~ but you need not fini h the exercise. 

5L.1 Difference or differential amplifier 

Predict differential and common-mode gain for the amplifier in Fig. 5L. l (don ' t neglect re). Note that 

you will build this u ing an IC array of transistors not our u ual 2N3904s. 

+15v 

10 k (use 3096 arra~ not discrete transistors) 

-15" v 

5L.1.1 Transistor array 

Figure 5L.1 First stage : 
differential amplifier, made from 
transistor array. 

We would like you to build the circuit on an array of bipolar transistors the CA3096 or HFA3096. 

The e tran i tor are fairly well matched, 1 and will track one another's temperatures; uch tracking 

helps assure temperature tability, as you know. 

Figure 5L.2 how the pinout which applie, to both packages: the CA3096 (DIP) and HFA3096 

(SOIC). The "substrate,' connected to pin 16, is the P-doped material on which the transistors are 

I HFA309611p11 tran i tor how VsE matching typically within l .5mY, max 5mV (at le= IOmA). 
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built. Since we don't ever want that implicit set of diodes to conduct, we should connect substrate to 

the most negative point in the circuit. Here, that is - l5V. 

Figure 5l.2 CA3096 array 
of bipolar transistors. 

PINOUT 

CA3096 (16-0IP) 
I-IFA3096 (16-SOIC) 

2 PNP's 

If you have the HFA3096, which comes in a surface-mount package (SOIC), you (or someone) will 

need to solder it to an adapter, o that you can plug it into the breadboard.2 Fig. 5L.3 how the DIP 

and surface mount versions of the '3096. 

Figure 5l.3 '3096 in two versions : CA3096 and 
HFA3096 mounted on DIP carrier. 

• ,c,. .. _ • 

~ 
[ . 

Figure SL.4 shows the way its pins are numbered, and the way it goes into the breadboard. It 

straddles the trench so that its 16 pins are independently accessible. (The same is true, of course, for 

the HFA3096 in its carrier. 

Figure 5L.4 DIP package pin 
numbering and insertion in 
bread boa rd. 

1 
2. ,::, ~ 

J 't ... 

p'in nuMkrin~ 
( bIP c.nsi) 

5L.1.2 Setting up the test signals 

----------
ooaooaaooao~u 

o o o o o n o c o a o 
O D O D O D O O O O O D O 
O DODODOOJOOO[l 

pin 16: 
CA3096: substrate 
HFA309G: no connection 

Now you will use two function generators to generate a mixture of common-mode and differential 
signals. 

5L.1.3 Setup I: using a function generator that can "float" 

The signal etup i. ea y if you have a function generator that permit you to "float" it common lead 

- the one tied to the BNC cables surrounding shield, a lead that until now we have alway left tied 

to ground. Here, "float" simply means "di connect from world ground.' Not all function generators 

however, permit uch floating, and for the ewe ugge tan alternative method in §SL. 1 .4. 

2 As you will see in thi book's parts li , l. Appendix E, we u ea company named Proto-Advantage to do thi ervice for us. 
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Preliminaries 
One generator will d1ive the other. In Fig. 5L.5 the cheme requires that you "float" the driven gener­

ator: find the switch or metal strap on the lab function generator that Jets you disconnect the function 

generators local ground from absolute or "world" ground. You will find uch a switch or strap on the 

back of most generator . 

Figure 5L.5 Float the external function 
generator. 

As you connect the two function generators to your amplifier, you will have to u e care to avoid 

defeating the "floating" of the external function generator: recall that BNC cables and connectors can 

make impli6t connections to ab. olute ground. You must avoid tying the external generator to ground 

through such inadvertent u e of a cable and connector. So, you must avoid use of the BNC jacks on 

your breadboard; you mu t also avoid linking function generator to cope with a BNC for external 

trigger. You may find 'BNC-to-mini-grabber' connectors useful to link function generator to circuit: 

these connectors do not oblige you to connect their shield lead to ground. 

Composite signal to differential amplifier 
Now let the breadboard's function generator (which cannot be "floated") drive the external function 

generator's local ground or "common ' terminal. Use the output of the external function generator 

to feed your differential amplifier. That output can carry pure common-mode, pure differential, or a 

mixture of the two; see Fig. 5L.6. You will exploit thi s ver atility later in §5L. l .5. 

Channel one ( to 

Channel two ) 'Score. 

5L.1.4 Setup II: using a function generator that cannot "float" 

Figure 5L.6 
Common-mode and 
differential signal 
summing circuit . 

If your main function generator lack a switch that can float it, then you can use a transformer to 

provid the requjred separate control of d{fference and shared ignal. (u ually called "differential" 

and "common-mode" signals). 
Figure 5L.7 how Lhe arrangement, using a 6.3V transfonner - the ame type that you u. ed in 

Lab 3L. Note that thi transformer is not to be plugged into the 120V wall socket! We will instead 
use the external function generator to drive the tran ·former's power-input plug. Thu the external 
generator drive the pr;mary of the transformer. 

The breadboard function generator driving the center-tap of the transformer secondary, provides 

equal signal to the two input of the amplifier. 
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difference signal: 
external 
function generator .---- - - ---~ 

common-mode signal: 
breadboard 
function generator 

100 

IN 
channel one} 

channel two 

15.3Vrms 
A 

B 

differential amplifier 

Figure SL. 7 Transformer allows two function generators to provide separate differential and 
common-mode signal sources. 

(to scope} 

Figure 5L.8 shows the ignals that this arrangement can generate at the amplifier' input . These 

are the pure cases: only djfference, or only common-mode. 

A 

CT 

8 --/ 

1&:m<.3 

difference signals (no common mode) common-mode signal (no difference) 

Figure 5L.8 Transformer use allows pure difference or pure common signals. 

5L.1.5 A mediocre differential amp: resistor in "tail" 

A a uggestion, try measuring common-mode and differential gain. 

Common-mode gain (first try): 

• Measure common-mode gain: 
Shut off the differential ignal (external function generator)3 while driving the amplifier with 

a ignal of a few volts amplitude. Does the common-mode gain match your prediction? If it 
is too high, the probable cause i the sneaking-in of a difference between the diff-amp' two 

input , o that the output you see includes ome differential gain as well as common-mode. 
You can discover whether this is happening by simply horting the diff-amp' two input 

together (parallel the series-pair of 27Q resi tor with a length of wire . That piece of wire 

a sures that the applied ignal i true common-mode. If you do insert this wire, be ure to 

remove it after you measure GcM. The two inputs must be permitted to diverge in the next 
step, where you measure differential gain. 

3 You may prefer to cut amplitude to a minimum. rather than . hut off power to the generator. 
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Differential gain : 

• Measure differential gain: 
Turn on the external function generator while cutting common-mode amplitude to a mini­
mum (there i no Off switch on the breadboard function generator). 
Apply a small differential ignal. Doe the differential gain match your prediction? If the 
differential gain appear to be high by about a factor of two, recall that when you watch 
a wiggle at a ingle input you are looking at about one-half the difference signal you are 
applying to the amplifier. If you doubt this, try watching both inputs on the scope's two 
channels. You should find approximately equal and opposite ( 180° -shifted) waveforms on 
the two inputs. 
Now tum on both generators and compare the amplifier's output with the composite input. 
To help yourself distinguish the two signals, you may want to use two frequencies rather far 
apart; but do not Jet this experimental convenience ob cure the point that this differential amp 
needs no uch difference. The method you used in Lab 2 to pick out a ignal while rejecting 
noi e did, of course, require such a difference. 

This experiment hould give you a sen e of what' common-mode rejection ratio" means: the small 
amplification of the common ignal and relatively large amplification of the difference ignal. 

Nevertheless, thi circuit still lets a large common-mode signal produce noticeable effects at the 
output. The improvement in the next step should make common-mode effect· much smaller. 

Common-mode gain (second try): Apply a current source to improve common-mode rejection. 
Replace the lOk tail resistor with a l .SmA cmTent ource. You may build this current source as you 
choose. The laziest way is to use a pair of field-effect transistor (JFETs: devices we will not discu s 
in thi course) that serve as current-limiting diodes. These are a part called 1N5294, rated at 0.75mA 
± 10~ . Two in parallel ( ee Fig. 5L.9) provide the desired 1.SmA. 

O,'tf ,,,A 

i1.5'" ~A 

o. 9S ~A 
~ 

-1.f v 

Figure 5L.9 JFET 
current-limiting diodes can 
provide the tail current source. 

Jf this trick is too shabby and black-box for your taste, you know of course, how to build current 
source u ing bipolar tran i tors. Fig. SL.10 show two possible circuit . 

Replacing the tail resistor with a current source should reduce the common-mode gain a great deal. 
(What i common-mode gain if the output impedance of the current ource i around 1 M?)4 You 
should see very good CMRR at low frequencies: say, I OOHz. As frequency climbs, however, you'll 
see the output grow. Thi appm·ently result from capacitive coupling between input and output as we 
argue in §SL.1.11. 

Common-mode and difference signals mixed : Observe how thi improved circuit treat a signal that 
combines common-mode and differential signals. Leave this circuit et up. You will be adding to it. 

4 Common mode gain is approximately R J (2 x Riai l ) ~ I Ok / 2M = 0.5 x I 0- 2• 
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62k 
ix 1.rmA 

2N3'fD'f 2N3CJOt z 2 v I 10k 1k 

330 330 

Figure 5L.10 ... or two 
alternative 
bipolar-transistor current 
sinks. 

- 1.r v 

5L.1.6 A homemade operational amplifier 

-1, v 

M ~rroY 

Here, we'll a k you to string together the three tage of the device that make up a standard operational 

amplifier. The op-amp is a just a good high-gain differential amplifier, so you can see that at this point 

in the lab you are partway to your de tination. 

An op-amp typically is a three-stage amplifier: a differential stage. a gain tage, and a pu h- pull 

output. Here, we a k you to add the two additional stages - a common emitter gain stage and a push­

pull output - to the diff-amp you have built. These addition will convert this diff-amp into a mode t 

op-amp. That device is a you know, the building-block that you'll rely on in most of your analog 

design , from Lab 6L onward. The op-amp you build today won't work a well as the IC ver. ion 

you meet in Lab 6L, but it hould help you to o-ain ome insight into what an op-amp is, and how it 

achieves its borderline-magical re ults. 

Figure 5L.1 l shows a block diagram that restate graphically the point we just made: an op-amp i. 

a high-gain diff-amp with low output impedance. 

Figure 5L.11 Generic 3-stage 
operational amplifier. 

simplified op-amp 

(;·) 
(/'J 

difference gain buffer 
..... ,. _____ ..,~ ...... ----... ~ ...... ____ _ 

+Va. 

We will a k you to modify your diff-amp somewhat to achieve higher gain, and to prepare it to drive 

the second stage conveniently. You ' 11 te t that; then the first two stages together; then the 3-stage amp. 

Finally, toward the end of thi exercise, we' ll ask you to apply overall feedback - a topic we have not 
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yet di cussed at any length. Perhaps you'll find the subject puzzling; we hope you won't mind this 

preview, even if the topic does come clear only later. 

5L.1.7 Stage 1: increase the gain of the bipolar differential amplifier 

First circuit change: maximize gain : Remove the IOOQ emitter re istors . Do you expect the circuit 

to lose temperature stability, with these gone? What happens to the constancy of gain?5 

Te t your views: 

• to test temperature stability, watch VoUT (with scope or DVM) as you try heating the CA3096 
with your finger; 

• to test constancy of gain use a smaJl triangle a input and see whether you notice the "barn-roof' 

di.stortion that we saw in Lab 4L. 

Second circuit change: move output quiescent point up: To get ready for addition of the nex.t 

stage, change the collector resistor, Re from lOk to l.5k. This will violate our usual rule that call for 

centering the output in the available range (here, 0-lSV). Thi change will also lower the circuit gain. 

But your circuit's modest gain is not so sad as it may seem. We hope CMRR will remain respectable. 

Calculate your circuit's new differential and common-mode gain - or, if you are energetic, measure 
these gains. 

(e-xten,a.L) ovr 

100 

Co M- wi ode IN n 'l'r (o. 95" 1nA) 
si9ria. l 

Figure 5L.12 Stage 1 
diff-amp: preparing it to 

-15" v drive later stages. 

5L.1.8 Stage 2: gain stage: common emitter amplifier 

When you reduced the Re to l.5k, you placed the diff-amp 's output quiescent voltage close to the 
po itive supply because we want this output to drive a common-emitter amplifi er made with a pnp. 

This second tage will provide mo t of the voltage gain in the circuit. 

5 The circuit i temperature-stable without emitter resi tors. because the two transistor run at equal temperatures. Though 
their VoE's will change with temperature changes, their sharing of / tail will not; so. the quiescent output voltage will not 
change as temperature changes. We noted this way of achieving stabi lity back in §SN.S. See, especially, Fig. 5N.22. 

Con tancy of gain, in con tra t, will suffer: you will see distortion. Gain changes as V0 u1 . wing . for much the same rea 011 

that cau c " barn roof' distortion in a common-emitter amp, as noted in Chapter SN. The diff-amp· di ·tortion i shaped 
differently; §5 . I explain this shape, in case you are curiou .. 
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Fig. SL.13 hows the amplifier circuit that we propose. It' a conventional common-emitter amp 

(except that it probably looks annoyingly upside-down to the npn-centric among us). The amplifiers 

input impedance is high enough not to load the preceding stage appreciably, as u ual. 

Figure 5L.13 Two-stage amplifier : 
differential and common-emitter. 

Measure gain 

+15v 

8 
• 

-1~v 

@ 

ovr -----

12 k 

Watch input and output of the CE amplifier stage and measure this stage' gain. Then mea ure the 
overall differential gain, circuit input to circuit output (simply ground pin l , applying a 'pseudo­
differential" input at pin 5). 

You may need to tinker with the function generator' DC offset a you watch thi high-gain ampli­
fier, in order to make sure that neither first nor second stage clip . . 

SL.1. 9 Stage 3: output stage: push- pull 

In order to give the circuit low output impedance we'll add a push- pull output stage. We won t 

bother to fix cros -over di tortion because we want to keep the circuit imple. In a minute, we'll let 
feedback try to undo thi. distortion. Fig. SL.14 show a push- pull voltage follower, made with two 
more transistors in the CA3096 aJTay. 

+15" v 

@ 

® ® 

@ (j) 

® 
12 k ® 10 k 

@ 

";' 

Figure 5L.14 Push- pull output stage {bipolar) . -1£°v 
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With this stage added, the baby op-amp i complete. The circuit - driven sti11 with a pseudo­

differential input, and still running "open- loop" rather than with overall feedback - is in Fig. SL.I 5. 

1.5 k 

@ 

I 
I I I --, ,- -

® (f) 
I I 

~ Ct) ®; 
Ceo mp 

'ttiput 

IN 

10 k 

1k 

330 

@ 

12k 

OllT 

© 

® 
@ 

@ 

OUT 

Figure 5L.15 Home-made 

op-amp: complete 3-stage 
circuit; still running open 
loop. 

Figure 5L.16 Xll amp? 

Feed a small inewave differential signal to the input, at a low frequency: 1 kHz or under· watch 

input and output of this push-pull stage. You should notice cros -over distortion: dead sections in the 

output, while the push-pull 's input is too close to zero to turn on either the pnp or the npn transistor. 

To show thi crossover distortion , the circuit output must cross zero. You may need to adju t the 

DC-offset of the input ignal, in order to center the output waveform. 

SL.1.10 Trying feedback 

Op-amp almost alway u e overall feedback. Let' try it with your circuit. 

A Xll amplifier? 
Now we '11 try the op-amp in the configuration that is normal for such devices: we feed back circuit out­

put to circuit input (more precisely, we'll feed back a fraction of the circuit output). This an-angement 

is hown in Fig. SL. I 6 . We mu t keep the sense of feedback " negative:" output tending to diminish 

the input. 

Connect the input at pin I to an attenuated version of the circuit output, marked X in Fig. SL. 15: 

1/11 of the amplifier output that appear at pin ' 7 and 13. This connection shown in Fig. SL.16, will 
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Figure 5L.18 Overall feedback imposed: a voltage 
follower . 

IN 
• 

force the amplifier to try to drive this input, ( 1 ), to the voltage applied at the other input, pin 5. As 

a consequence, we will trick your circuit into amplifying by about 11 x (thi i the nominal gain, 

because we are feeding back one part in 11). Try it. 

Gain is likely to be below the hoped-for X 11 because our circuit gain is o modest.6 

What's valuable and interesting about this feedback circuit is not, of course, that it delivers lower 

gain. As the British patent office reminded Mr. Black, reduced gain is not one' ultimate goal , in 

amplifier de. ign.7 Instead, one acrifices gain for other desirable characteristics. In the present exam­

ple, we hope you'll see two improvements in your amplifier's performance now that you've applied 

negative feedback: 

• Perhaps the most intere ting difference from the open-loop case that you tried one stage back i 

the disappearance of cro -over distortion from the circuit output - at least at mode t frequencies. 

Feed a mall sine, and continue to watch input and output of the last stage. We hope you 11 
find the output of the op-amp looking inusoidal while the input to the push-pull (pin 8, 14) 

looks trange - becau e feedback i forcing that point to do omething to cancel the cros -over 

distortion. Pretty magical? 

• A less striking virtue: the amplifier should not show the incon tant gain that causes 'barn-roof 

distortion in a triangu lar waveform. Such distortion somewhat troubled the pre-feedback design. 

If your circuit begins to oscillate on its own, you'll need to reduce its high-frequency gain. The best 

way to do this is to place a small capacitor (try lOOpF) between collector and base of the common­

emitter gain- tage transistor (pin 11, 12 · see Fig 5L. l 7. This exploits Miller effect (see AoE §2.4.5), 

forming a low-pas filter whose apparent C is enlarged by the gain of thi stage. Such reduction of 

high-frequency gain in order to achieve stability is called "compensation" and is routinely applied 

within op-amp . 

A follower? ( optional : risky business) 
Oddly enough the simpler circuit in Fig. 5L. l 8 - the voltage follower - i more difficult to stabilize 

330 

(10) 

(12) 

Figure 5L.17 
than the 11 x amplifier; that is, the follower is more likely to how those nasty parasitic oscil1ations. Compensation 

If your circuit is very tidily built, you may be able to see a table follower; some of these homemade capacitor can 

op-amps, however, cannot be tabilized at unity gain, even with the compensation effort described stabilize a 

above. feedback circuit by 
killing 

SL.1.11 Appendix: CMRR degradation as frequency climbs 

Here' a fine point we referred to in §5L. I .5: an explanation for the observation that CMRR degrades 

as frequency of the common-mode input grows. 

The waveform', pha e and frequency-response provide a clue that what we're seeing doe not 

6 Jf you want to compare your circuit's gain aga inst a theoretica l estimate, see AoE §2.5 .2. The ci rcuit gain ought to be 
A/( I + AB ), where A is your circuit 's "open loop gain" (the differential gain you just mea. urcd ), and Bis the " fraction fed 
back" (here, I /I I). 

7 S AoE §2.5.1 and §6 . I . Of course, the point of that s tory i. that Black had the la t laugh! 

high-frequency 
gain . 
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result from any failure of the current source in the tail. Here are a couple of scope image , showing 

output for common-mode inputs. The first, in Fig. SL. L9 shows output for sinusoids at two jnput 

frequencies: lkHz and I Ok Hz. The amplitude is much larger at the higher frequency. 

common-mode output @tOkl-(z: ~--4--- ( about tOX amplitude @tkl-lz) 

Figure 5L.19 
Common-mode rejection 
diminishes at higher 
frequency : sinusoid inputs 
at lkHz versus lOkHz . 
(Note that scope gain for 
output channels is 20 x 
greater than for input.) 

That sounds like high-pass behavjor certainly. The cope image in Fig. SL.20 says the ame thing 

in another way howing the output looking like a differentiation of the input. 

Doe your circuit behave the same way? If so, what you're seeing is capacitive feedthrough, from 

input (base of the input tran i tor) to output (collector resistor). A cascode could minimize this effect 

(see Mi11er Effect discussion in AoE §2.4.5). But let's not pau e for uch perfectionism now. 

Lob& homcmedo op M1p -OPOf\ loop. 

INPUT--i!r-----· - - -flUIUdo-dlll'llll ' output of first diff amp: 
looks like deriv of INPUT 

Figure 5L.20 
Common-mode output acts 
like a differentiator : shows 
slope of triangle input . 
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55.1 Two surprises, perhaps, in behavior of differential amp 

We have advertised the differential amp as just a pair of common-emitter amplifier · and have promised 

you that there 's not much new to under tand here: you can use what you know from the two earlier 

labs where you build C-E amps. But students have noticed some effects that are new: not what one 

might expect from experience with a single C-E amp. One of the 'e effects may not puzzle you for 
long, if at all; the other i quite . ubtle. 

55.1.1 Clipping of first-stage diff amp in Lab 5L op-amp 

ln the common-emitter amp, we are accustomed to see clipping at the positive upply, and close to 

ground where the transistor saturates. So, the clipping shown by this differential amp, when it Re 
ha. been reduced to J .Sk, is unfamiliar. The scope image in Fig. SS. l hows two output becau e 

we have inserted a collector resi tor above the left-hand Q making the circuit perfectly symmetiic, 

except in its drive. The drive is what we call " pseudo-differential.' 1 

Figure 55.1 Differential 
amp of Lab SL, with 
Re = l .5k: two collector 
outputs shown; distortion 
is symmetric. ( Note scope 
gain on input is 50 x higher 
than on output channels .) 

1 ~ 2 P" 3 ~ 4 ~~ ~ secondary output 
V {collector of left-hand Q) 

+15V (V+)----41 ~--~~ (5Vldiv) 

· ......_,./'---"' ~ main output 
1 ! I {colletor of right-hand Q) 
l .. . I 

~: ,j'/":, .. v/,/' ,4 input(0.2Vldiv) 
ground 

\ ·-
!!JjWINl6' .±1;•11 fS(,,. ~ J:l~ t 

The flattening clo e the positive supply is nothing new. But two novelties appear: 

• first, as the output swing down, the waveform flatten s again, in tead of growing steeper a · in 

"barn-roor' distortion; 

• , econd, thi flattening occurs not where the transi tor saturates ( which would be at a voltage close 

to ground) but at about 12.SV above ground where the tran istor is very far from saturating. 

Thi i unfamiliar, but we can make ense of this when we recall that the total current available 

to either transistor is limited - by the tail current source. So, the !owe t collector voltage occurs not 

I This ·art of input mixes differential and common-mode signals. in fact - but harm le ·sly. The differential signal is the full 
amplitude of the applied signal ; the common-mode is half that. As long as differential gain is much higher than 
common-mode, this ·ort of input is a very clo e equivalent to the true differential signal that we more laboriously applied 
earlier in Lab 5L. 
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when the transistor saturates, but when it is hogging the entire tail current, leaving none for the other 

side. Strange, perhaps· but explicable. 

55.1.2 A closer view of the distortion: barn-roof reflected in a puddle? 

We saw in Fig. 5S. l that the diff amp's distortion is symmeu·ic, unlike the 'barn roof'' distortion of 

a common-emitter amp. If we look closely at that di. tortion, when driving the amplifier less strongly 

than in that Fig. SS. I, we find what looks like barn roof distortion mirrored - offset to the side and 

perhaps reflected in a barnyard puddle.2 

~'?r· op "l"P' apel\loop. 
pHudo-difl I 

- 15110\lt·!ll I ' 

1 t,.. ----. - 0- \tl~ol&Q-· - --
I I ! •l.Sic/ 1' 

1 1 · · r • I · -~ · 
I ! I \ 

' "11 , .. . ...... .. . • .. v·!····; ' ... _, ,, -··-····r· ·· 'P 

- ;:. - - - --·-- -· \ 1 - ; - ·--:----~ 

• in,.,it).oela.) . ' 
-r , r ~ - -- -

I I 
I ! 
I I 
' r 

t 
Figure 55.2 Diff amp's distortion differs from 
C-E's: it's symmetric. (Note scope gain on input 
is lO x greater than on output channel.) 

If you would like a mathematical argument - unu ual in thi course - to explain the symmetry in 

th di tortion, we'll try one. The question we aim to answer i why gain should diminish on both both 

sides of the quie cent point. This i the barnyard-puddle symmetry. Here's the argument: 

• Gain of the diff amp, with one input grounded: 

G =- Re 
rei + re2 

• ... and at the quiescent point this i imple enough; the gain is just G = - Rc /2re. 

(SS.l) 

• But, as you recall from your experience with a common-emitter amplifier, the gain varies as the 

output swings, because le has to vary in order to cause the output swing; and the sum of re, + re2 
is not constant as the diff amp output swing - even though one re grows as the other shrinks. 

• More specifically, if we call the cuffent in the output transistor /1 while calling the total "tail" 

current fr (both assumed mea ured in milliamps) then: 

• 

(SS.2) 

If / 1 gets all or none of the tail current, gain is zero. If 11 is half the tail current, gain i at a 
maximum - about 22, for Re= l .5k and h = I .SmA, as in the lab circuit. 

The gain curve looks like the plot of Fig. 5S.3. The figure make, evident that 50:50 sharing provides 

maximum gain. 

2 The output in Fig.5S.2, appear to be centered on zero volt . This is an illusion that results from AC-coupling of the scope 
input. 
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Differential Amp gain dependence on current-sharing in Q l,Q2 

20 

c 15 
-~ 
OJ) 

10 

5 

0 
0 0.2 0.4 0.6 0.8 

Figure 55.3 Plot of diff amp's 
calculated gain as sharing of tail 
current diverges from 50:50 current in output transistor as fraction of "tail" current 

An expression for the derivative of gain: dG/df1 = 1- (2/i/h) says the same thing: the maximum 
gain occurs when f I is 1/2 the tail current. 

And the flattening that we saw in Fig. SS.1 occurs when the circuit gain falls to zero. This occurs 

when either transi-stor hogs all the current. 

55.2 Current mirrors; Early effect 

55.2.1 Mirrors, a topic you can skip 

We concede that there's something funny about opening a section with the remark "you can skip this.' 

We treat mirrors this way because of our evident ambivalence about these neat circuits. We chose to 

remove them from the lab exercises, judging them les important to a designer than the tran istor 

circuits that we have asked you to build. But mirrors come up fairly often for a reader of circuits. 
They abound in up-amp !Cs. So, it is useful to consider how they work, even if you are unlikely to 

adopt a mirror as an element in your own designs. 

Mirrors also are pedagogically useful, to demonstrate Early effect, a topic that we similarly removed 

from labs, but would like to make available to the curious. Early effect lets us make a quantitative 

estimate of the output impedance of a cuuent source. To this point we have had to content ourselves 

with saying that current sources show output impedance that is high. 
We will begin by introducing the current mirror. Then we will adopt it to watch Early effect in 

action. 

Applying the Ebers-Moll view to circuits: current mirror 
A current mirror makes no sense without the help of the Ebers- Moll view of transistor , illustrated 

min Fig. mirror. I AoE §2.3.7 

Why js a mirror u ·eful, given that we know other ways to make current ources? A mirror makes it 

ea y to link currents in a circuit, matching one to another. Such linking is useful in integrated circuits. 

A mirror also can show the widest possible output voltage compliance. You can see a zoo of minors, 
adopted for both these motives, in the schematic of the operational amplifier that we use in many of 

our analog lab , the LF41 I (see §9S.4). 

It's ea y to make /program = foul, and only a little harder to scale lout relative to lprogram· 

Earl) effect and temperature effects both could poil the neat equality between /program and foul· We 
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LOAO 

V a=2 varies from 
0.2V to 15V 

Figure 55 .4 Current 
mirror: Ebers-Moll 
view required. 

will learn later (see §SS.2.7) how to fight these problems. For now, let 's leave the mirror in its implest 

form, a shown above, and notice how the circuit works. 

55.2.2 Feedback sets mirror programming current . .. 

Look at Fig. SS.5. The program side of the cutTent mirror looks imple, if a bit weird (base and 

collector joined?!). It's quite neat, though: an application of negative feedback. 

V+ _ / co/lecto~ current. .. 

I / / ... determmes Ve); 
RPGM • I which, in turn, 

determines 

+15 

Figure 55.5 Subtle negative 
feedback: programming side of the 
current mirror. 

As you explain to yourself how this circuit fragment work - giving u our beloved 1 mA - it's 

helpful to notice that nearly all of the cunent flows not in the ba e path, but from collector to emitter.3 

55.2.3 ... while equal VBE's assure equal Jc's: the "mirroring" 

So, because of the equal VBE's of Q1 and Q2 (in Fig. 5S.4), l out = /program· So far, so neat. 
The main virtue of this circui t is its ability to operate almost from ''rail to rail" Uargon for "from 

one supply to the other"). The mirror wi11 work until Q2 saturates, so it shows wide "output voltage 

compliance." As Rioad varie in the circuit of Fig. 5S.4, current stays pretty nearly constant at lmA. 
The voltage range from V + ( l SV, in this case) down to about 0.2V Gust above Q2' saturation voltage). 

This wide compliance helps explain the widespread use of mirrors in operational amplifiers, as we 

have argued above (another reason is the preference for transistors over resistors, in IC fabrication). 

55.2.4 Complications 

A difficulty easily solved: temperature effects 
lfthe temperatures of Q1 and Q2 diverge, the claim of 1: I mirroring fails. You saw in Chapter SN how 

trongly temperature affects le. 
But it is easy to hold Q1 and Q2 temperatures equal: just put the two transistors close together on 

3 Doe it make sense? The base voltage - the same as collector voltage - i determined by the drop across R program · But 
le x Rprogram sets a value for VBE· Higher le drive down VaE, so this i a negative feedback loop. IL wi ll stabilize, having 
found an le that generates a Vs consistent with that le. 
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an integrated circuit. Any other way of building a mirror would be downright perverse. So temper­

ature matching takes care of it elf. (You saw this stabilizing technique applied to a common emitter 
amplifier, as well, in Chapter SN, Fig. SN.21: the 'compensating" transistor shown in that min·or-like 

amplifier circuit keep the amplifier temperature-stable.) It is true that VsE change with temperature, 

at a given le: as temperature rises, VBE falls , for example. But that altered VBE, produced by Qi is 

applied to a heated Q2, whose 1 mA le require just uch a reduced VsE· 

55.2.5 A harder problem, neatly illustrated by current mirrors: Early effect 

Another departure from the ideal simple mirroring is not o easily fixed: it i the slight degree to which 

collector current varies as voltage across the transistor varies. 

Output impedance of a current ource ideally is infinite (because the value Rdynamic , equivalent to 
t::Nc/ Mc, is infinite if le does not change at all). But in fact, le grows slightly as VcE grows: so an 
actual current source behaves like a large re i tor. In Fig. 5S.6 we model this imperfection. 

Figure 5S.6 A non-ideal current source can be modelled as 
ideal parallel {large-) R. 

BigR 
models 
early effect 

You may have met this model a a Norton Equivalent Circuit. Like the Thevenin model , it permit 

u to give a value to a circuit's degree of imperfection. 

Figure 5S.7 shows another way to repre, ent this behavior: as a non-zero slope in the le vs VcE plot. 

Figure 55. 7 Early voltage, where all the 
curves converge, provides a measure of 
departure from current constancy. 

le 

Strictly speaking, VA is measured not relative to zero on the VcE axis, but relative to the point at 
which the tangent is taken. The difference, however, between these two points is usually not substan­

tial. VCE ordinarily is much smaller than the value of VA. 
Figure SS.8 gives the measured response · of three transistor as we increa e VCE: 4 

The leftmost transistor curve how the best current-source behavior, as you ' ll recognize. But in 

other respects (say, its impedance-changing virtues as afollower) that tran istor with its low /3 , might 

be considered the worst of the three transistors. 

The mechanism of Early effect 
The resistor-like response of the transi tor to voltage across its C-E terminals is cau ed by base 

width modulation: an increase in VcE widens a carrier depletion region between collector and base, 

shrinlcing the effective base width and thus increasing collector current. Early effect can be moderate 

4 Data taken from AoE Fig. 2.59. The middle plot i. discus ed in §2x.8 of AoE - the x-Chapters. 

I AoE §2.3.7A 

Compare AoE Fig. 
2.59 

VcE 
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Figure 55.8 Early effect: slopes of le versus VcE reveal VA· taken from §2x.8 of AoE - the 
x-Chapters. 

2N5963 
hFE , 4700 IIP5mA 

or extreme, depending on the intrinsic base width: a thin ba e region responds more dramatically to a 

given narrowing because that narrowing constitutes a larger fractional change in the effective width. 

So tran istor with narrow base regions, which are tho e with high f3 - are e pecially sensitive to 
VcE variation. Thi appears in the pairings of values for VA and f3 shown below, for the three transistors 
plotted in Fig. 5S.8. 

Transistor f3 (typical) Early voltage, VA (from measured curves) 

MPSA42 25 6.8kV 
2N3904 130 150V 
2N5963 1200 (min.) 45V 

VA is useful- but also not ordinarily available a a transistor specification.5 The curves of Fig. 5S.8 
are difficult to measure, because temperature effects can muddle the attempt to see Early effect. If you 
have no VA spec or curves to work with, you will have to settle for an estimate of VA based on the 
tran istors's f3 range. The estimate will be approximate, but helpful. For a small-signal transistor like 

the 2N3904, you can guess at a VA of somewhere around 1 OOV. 

55 .2.6 Calculating the results of Early effect 

A VA specification gives a quick impression of the quality of a transistor as current ource. But it 
is rather an abstraction. It would be useful to be able to convert VA - or some other Early effect 

specification - into a measure of the behavior of a particular circuit. 

Two results of Early effect would be especially useful. .. 

• a prediction of the output impedance of a cmTent source; 

• a way to calculate a ceiling on the gain of a transistor amplifier, when it load (the impedance on 

the collector) is a cuITent source 

We can, indeed, calculate both results. 

5 Thi omis ion of VA from transi tor data sheets seem odd. We asked the late analog wise man Robert Pea e why, and he 
answered (in an email), ''Hardly anyone ask for it. And tho e that need thi info. know how to get it." meaning that they 
can measure ~VB E ver. u ~VCE . We remain puzzled by the omi ion , though. 
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Calculating Rout for a current source 

One way: use the slope of the le versus V CE curves directly: If you are lucky enough to have a plot 

if le vs VCE like tho e in Fig. 5S.8 you can measure Rout from the plot. 

For the 2N3904, for example, a simple current mirror (one with no emitter resistor) shows a lope 

that we have labeled for the particular curve that begins at about 17 µA: 

Mc/LlVCE = 4µA/40V = 0.l x 10- 6n- 1
. 

The units are inverse ohms: n- 1 or siemens. The inverse of this slope i the output resistance at the 

collector, Rout, a value in ohms: J OMQ. This is not a general answer, but an impedance at a particular 

output current (about 17 µA , in thi ca e). 

Thi is a start. We'd like to extend thj to Rout at other currents. Let's recast the slope a a percentage 

change in current per volt. Fig. 5S.9 show a hypothetical Early plot - similar to the 2N3904 curves, 

but showing a hypothetical Early voltage of lOOY rather than our measured VA. We chose this VA to 

keep the arithmetic as simple as possible. 

Figure 55.9 Effect shown 
as fractional or percentage 
change per volt . 

VA 
(-100V) 

Ic0 ---

Vl M=1% of Jc,, 

0 

For VA = 100, a IV increase in VeE -from an initial VcE clo e to zero-i a 1% increase. The 

straightline ramp of the le plot, up from zero at VA, enforces a resulting 1 % increase in I . 
This way to describe the Early effect slope is convenient, because it let us calculate Rout at any 

initial current (/c0 ) . At le0 = lmA, for example, the 1% Mc = O.OJmA = lOµA. So, Rout at lmA is 

the inverse of this slope: 0. IM = 1 OOkQ. 

Another way: Rather than use either VA or the le versus VCE slope directly, one can infer a useful 

relation, .1Vs / LiVcE· Thi relation - given the ymbolic representation r, - will help when we estimate 

Rout for current sources: 

LlVsE 
r, = --- at ajixed value of le . 

C1VeE 

This TJ is a little hard to get an intuitive grip on: it is the change in VaE (a decrease) required to hold 

le constant as VCE grows by a volt. 

Using the hypothetical le vers VCE curves again from Fig. 5S.8, we can calculate the value of r,. 
We saw a 1 % increase in le for each 1 V increase in VeE· (Incidentally, here comes one of the rare 

instance in which we use the Ebers- Moll equation explicitly.) 

Ebers-Moll tells us that le ~ ls ( e YsE/ 2501v). (We ignore the in ignificant " - 1" from the full expre -

sion, as usual. See AoE §2.3.1. The value 25m V is kT / q evaluated at room temperature.) The ratio of 

two collector current i therefore 

l II e(YsE2 - YsE1 )/25mv 
C2 Cl = · 

lf le2 is I % more than /e 1, as in the plot of Fig. 5S.8, Ebers- Moll lets u calculate the a sociated 

change in VsE: 

I AoE §2.3.20 
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For thi s I% change, then , e VsE/ 25mv = l.01. We should admit the embarrassing fact that this 

describes a ca e different from the one that we mean to evaluate: it describes the case were VcE is kept 

constant and an increase in VsE causes the rise in le . Starting with this different case may trike you 
as a bit weird; it seems that way to us too. But hang on, the procedure does work. 

~VsE/25mV = loge( l.01 ) 

~VBE = loge( l.01 ) x 25mV = 0.01 x 25mV = 0.25mV . 

Now we can pop out of thi thought experiment and admit that what we re after is the reduction in 

VaE that we would need in order to hold le fixed a VcE grows: this i the same value for ~VBE but is 
opposite in sign: 

1J = - ~VBE/ ~VcE = 0.25m v / 1 V = 0 .25 x l 0- 3 
. 

For the moment we will just note that we have found how to calculate thi value. Soon , in §5S .2.7, 

we will put 1J to u e. 

55 .2.7 Improving R out for a current source 

Cascade or "Wi Ison mirror" 
One way to eliminate the effect of changes in VcE is to add an extra tran i tor that prevents uch 

VcE changes. This trick - whose analogous design dates from vacuum-tube days - is called a "cas­

code" circuit.6 The additional transistor simply passes the current fed it by the transistor that i to 

be protected from Early effect. The pass-through transistor does feel wide variation in VcE, but this 

transistor does not set the output current; it merely passe the current determined by the protected 

transistor. This design, illustrated in Fig. 5S. l 0, is easily implemented in an integrated circuit, and i 

the standard form for mirror within operational amplifiers including the one that we rely on in most 
of our op-amp labs, the LF4 l 1 . 

ilour 

G pass-through 

Figure 55 .10 W ilson mirror or "cascode" configuration : hides 

changes in V1oad· 

The circuit fragment shown at the left side of Fig. SS.11, taken from the LF4 l 1 data sheet, looks at 

first like a bizarre new circuit component. Redrawn on the right, however, it reveal itself a the same 

circuit as that of Fig. 5S. l O (though done with PNPs rather than NPNs, to source rather than sink 

current) . Q13 you will notice - which looks pretty strange in the original drawing - is redrawn more 
conventionally on the right a two distinct transistors, sharing common emitter and base connections. 

Current source improvement by use of emitter resistors: 
The characteri tic that we called 1J, in §5S.2.6 will help u to calculate the improvement in Rout that 

emitter re istors can provide. Fig. SS.12 shows a imple mirror with emitter resistors added. 

6 The word , though now applied to transi tor c ircui ts, refl ects the date of its birth 1939: it merges the word "cascade" wi th 
' cathode," a terminal name famil iar to you from its use for diode but one that di d not cany over fro m vacuum tubes to 
tran istor . 
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Figure 55.11 Cascode or Wilson mirror in 
LF411 op-amp. 

G14 

IouT! 

w;tson m;rror: 
. .. as shown in '411 schematic ... 

Figure 55.12 Simple mirror improved by emitter resistors. 

. .. redrawn 

lour l 

ti< ti< 

If you have accepted the argument (made in Chapter 5N) that installing an emitter resistor in a 

common-em_jtter amplifier stabilize le, you will find it plausible that emitter resistors should tend to 

stabilize le in a mirror. In both cases, negative feedback is the key to the improvement. 

We will try to do better than claim that the effect is plau ible. We will use 17 to calculate the 
quantitative effect of these resistors. 

Use 11 to calculate Rout for a mirror with RE' s: A 1i e of 1 Vat the collector cau e, VsE to hrink by 
17 x 1 V, thu causing a rise of emitter voltage by that amount: 0.25m V (for the 17 value of 0.25 x 1 o-3 

that we found in §5S.2.6). 

Ohm law say that thi change in VE will increase IE and le by 

At the collector, Rout will be the inverse of this result: 4MQ. Generalizing thi re ult, we can see that 

a rise of 1 V at collector causes a rise 17 times smaller at the emitter. So the transistor, seen from its 

coJlector, behaves like a "lens': see Fig. 5S.13. 

Thi len, metaphor is remini cent of the follower that we likened to a ro e-colored len but radically 

different in its result: thi lens increases Rout , enlarging the emitter resistance by the factor l / 17. In 
this example, that factor was 4000, converting the lk RE to an Rout of 4M. 

Confirm rJ 's utility, by calculating Rout for the original mirror: We earlier calculated Rout for the 

simple mirror using the slope of the le vs VCE curve . Let 's test our faith in 11 by recalculating that 

value u ing r, instead, along with our usual Eber -Mo11 side tep, re. Let's see if we get the ame result 
- lOOk.7 

Using the result for the case where we installed RE's, we note that we'll get a ~VBE of 0.25mV for 

a l Y ~ VcE, and (having faith in our "little re ' model) we view thi as rai ing the voltage aero the 
model re by that amount. 

7 It would be . trange if we did not - for we are imply running in rever e the cal ulation that led to our value for rJ . 
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Figure 55.13 Viewed from collector, transistor 
current source acts like a lens that magnifies RE 
and re . 

For the lmA current ource, the value of re is 250 at room temperature, so le grows ... 

For an a sumed IV change in VcE, thi quotient is [( TJ x LWcE) = 0.25mV]/250: 

R om is the reciprocal, l /Mc: 

Rout = 250/0.25mY = lOOk, as we had hoped. 

We cou ld put it more s imply (and more metaphorically), as we did in Fig. 5S. l3, say ing that once 

again the Early effect "lens' enlarges what's at the emitter by the factor I / TJ , which we found to be 

4000 in the present case. Here where the circuit include no RE, we mu t use re evaluated to 250 at 

I mA. So Rout = 4000 x 250 = I OOkO. This lens method seems the most straightforward . 

. . . and a mirror can be improved by use of both both cascade and emitter resistors 
Wil on mirrors are available as !Cs, and one from Texa Instruments, REF200, which includes two 

cunent limiting element plus one Wilson min-or 8 use both of the improvements described above: 

cascode and emitter resistors. These are shown in Fig . SS.14. 

1k 1k 

Figure 55.14 REF200 IC mirror uses both cascode or Wilson configuration 
and additional stabilization by emitter resistors. 

8 See the discus. ion of thi part in Chapter I I . A TI app lication note shows many current source circuits, including 
applications of the REF200 cascoded to achieve enormou. R0u1 (> I OGigohm) . See 
http : //www. ti. com/li t v/ p d f / sboa046 , "Implementation and Applications of Current Sources and Current Receivers," 

2000. 
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Thi chematic makes the Wilson configuration much ea ier to recognize than in the LF411 data 
sheet - and adds the new element of emitter resistors.9 With this double protection, the mirror in 

REF200 achieve spectacular R out : a typical value of 1 OOMQ. 

55.2.8 Another consequence of Early effect: a ceiling on amplifier gain 

We will see, in operational amplifiers, that transistor current sources routinely replace col1ector resis­
tors, 10 in order to maximize gain of differential and common-emitter stages. When thi is done, the 

impedance of that current ource matters - but o does the output impedance of the amplifier tran­

sistor. A naive view might see a current source load a providing gain that wa infinite. A. u ual, we 

can bring such hyperbolic impressions down to earth using Early effect to quantify the ceiling on 

amplifier gain. 

Gain of ordinary common-emitter amp: determined by Re and emitter resistance I AoE §2.3.4A 

In the ca es familiar to u from this course, a transi tor amplifier converts changing collector current 

to changing collector voltage using a resistor on the collector. We have said that gain in a common-

emitter amplifier, is detetmined by the ratio of Re to either RE or to the resistor-like model of transistor 

gain that we call "little re"· 

Equivalently, the maximum gain of our u ual amplifier can be de cribed a 8m x Re, where gm = 
1 / re. 11 The "transconductance,' 8m is cun-ent-change out per voltage-change in: Mc/ L\VBE· 

This formulation ignores Early effect, and until now ignoring Early has worked. In order to take 

account of Early effect, one would acknowledge that the resistance driven by the transistor's collector, 

strictly, is Re II Yout -collector (let' call it r0 ) where ro quantifies Early effect. In the cases we have seen 
to this point, Re has been so much smaller than r0 that there wa no need to mention more than Re, 

Gain of a common-emitter amp using a good current source on the collector 
Now, if we consider the case where we maximize gain by using a very-good current source in place 

of Re, we need to take account of Early effect: we need to include the effect of the transistors own 
Y0 . To keep things manageable, let's assume an ideal current source as load (or if "ideal" bothers you, 

use a source like the REF200 mirror, with its Yo of around lOOMQ). 

In this case it will be the transistor's r0 , not the familiar Re that will define the circuit' voltage 

gain. Gain will be g111 x r0 , or (equivalently) r0 / re, At lmA, for the transistor we have been assuming 

in our discussion, with its VA of 1 OOV, this gain will be 1 OOk/25 = 4000. High, but a long way from 

infinite. 

55.3 Transistor summary 

Why this note? 
We're guessing that you re feeJing overloaded with information , as we approach the end of the 

di crete-transi tor ection of the course. You've heard important points and details, and there's some 

danger that details will elbow out more fundamental learning. So, here's a s01t of 3-rninute-Univer ity 

ver ion of what you've spent a week learning. Maybe it's a 6-minute-University. 

9 Thi circui t also add a fourth tran istor, a ort of pass element for the programming side, gilding the already impres ive 
Wi Ison mirror s protections. This fourth transi tor equalize the two lowe t transi ·tors ' VcE '. at one V8E drop rather than 
one and two VnE · a in the ·tandurd Wilson min-or. 

1° Collector resi tor equivalents are '"drai n" resistors for similar amplifier made with field-effec t tran. i tors, a · in the LF41 I 
op-amp. 

11 This definition - suggesting that g111 is derived from re - makes en. e in thi cour e, since we have used re repeatedly. In the 
bigger world. however, the definition i. a little odd. since g111 is the concept much the more gcneralJy u ·ed. 

AoE 
§2x.8 

x-Chapters. 
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55.3.1 Preliminary: why learn about discrete transistors? 

Soon we'll be de igning with op-amps, and the tran i tor design we've studied (say the common­

emitter amp) will eem clumsy and defective and very complicated. Do you need to understand a C-E 

amp? 

Maybe not, but the major argument pro is that you'll ee such amplifier within op-amps (second 

stage of 41 l, e.g.; and the differential amp that form the first tage of every op-amp i es entially a 
pair of linked C-E amps). As we have said earlier, it' satisfying - though not necessary - to be able 

to under tand how an op-amp work : to , ee that it's not on/ magic that lets an op-amp achieve its 

magical results. 

Then there i a little room for di crete-tran istor circuits: sometime as high-frequency circuit , be­

yond the range of a garden-variety op-amp; more often as higher-powered helpers that are controlled 

by an op-amp (say a push-pull put within an op-amp's feedback loop, as in §6L.8). 

55.3.2 Bi polars 

Main points, or truths worth recalling: bipolars 

• Simple View (Day 4) (note that this simple view often is enough. Use it when it suffices.) 

VsE :=:::::: 0.6V: thi truth (not contradicted by the Ebers-Moll view.) often allows quick analysis 

and design. 

le:::::::: IE: follows from notion that f3 is large (that is, that le >> /B). 

le is {3 times larger than la: we need this notion in order to understand input impedance 

of follower or of C-E amp, and to understand the follower's ability to change impedances 

("rose-colored lens" effect): the follower boosts RIN , drops RoUT, 

• Fancier View: Ebers- Moll (Day 5) 

le is determined by VsE (rather than by ls). More specifically, le is an exponential function 

of VsE. 12 

Often we use this information - model it - with the curious device of "re," a model that 

shows a little resistor in the emitter lead of the transistor. This modelling device allows us to 

use our simpler (Lab 4L) view of transistors in order to calculate gain and input impedance 

of transistor circuits where RE is very small or absent altogether. 

• A few formulas. 

Input and output impedance of follower (rose-colored lens effect): 

R1N = (1 + {3) x RE 13. 
RouT = [re+ RsouRCE/ {3 ] 11 RE. 

• Usually we can simplify this by ignoring RE, because that value usually is much larger than the 

re istance seen through the transistor "lens," RsouRcE/ {3. 

• If the circuit is biased, then RThevenin-Bias is parallel to RsouRCE: [RsouRCE I IRThevenin- Bias] / f3 · 
Again, RsouReE normally has been designed to be much lower than RThevenin - Bias, so the result 

usually boils down to RsouReE / {3 once more. 

12 We can reconcile thj s idea with Day 4 . view (that le is determined by ls) by recalling that the base-emitter junction i , 
after all, a diode, so that V86 and In are linked. More specifically, Ia looks like an exponential function of VsE- So, to say 
(as we do in Day 4) that I, is a constant multiple of l a is to say implicitly that le is an exponential function of VsE as 

Eber - MoJI teach us. 
13 Normally, we don ' l bother with the ' 1 + · · ·, ince we don't begin Lo know {3 with that preci ion . We' II write {3 rather than 

the correct-but- illy" l + {3 in these formula . Note, by the way, that "RE' represents the whole impedance at the emitter 

( ometime a load parallel the emitter re istor, for example) 
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• RouT for C-E amp (taken at collector): ~ Re because RouT = Re II Zcollector, and Zcollector is 
huge. 14 . 

• GainofC- Eamp: - Re/( re + RE) -

• Gain of differential amp: 

Differential gain 15 . 

Common-mode gain: GeM = - Re /(re + RE+ 2RTAIL)- Thi is approximately - Re / 2RTAIL· A 
large value of RTAIL permits low GeM. A current source in the place of RTAlL provides be t -

lowest - GeM. 

• ... and switches are weird: different from all the other circuits we have seen: 

55.4 

we want switches either to saturate, or to turn off - whereas all the other circuits call for 

avoiding both of these extremes 

none of the usual linear-region tran i tor rule apply to switche : 

No le =J. f3 x !8 , in a witch: we want instead, to overdrive the base by about a factor of 10. 

Load current i determined by the load, not by /3 x IB. 
No input re istance at the base does not equal f3 x RE or f3 x re . Since the switch i aturated, 

R1N is much lower than that. No helpful f3 limits the magnitude of base cun-ent. 

Important circuits 

Most of us store circuit as graphic element rather than as concepts. We invoke them like little lin­

gui tic idiom · we don t derive them each time from first principles or from formulas. Here, as a 

reminder, are some of your favorite transistor circuits. 

• current sources: 
single-tran i tor: 

4. ~......_v...,·p 
LOAD 

Current source (sink): single transistor 

14 That impedance is huge because that terminal behaves like a current source (or "sink"). and for any good current source, 
LW / M i very large. The transistor hold le nearly constant a Ve varies. Early effect de cribes the departure of the 
transi tor from thjs ideal. But Early effect describe a mall correction to the general truth that the transi tor hold le 
constant. 

15 The factor of two in denominator reflects the way we set up the as urned input : a pure differential input looks like 6V at 
one input and -6V at the other input, . o that the whole difference - or "differential" - signal is not 6V but two 6V: the 
differential gain i Rc/2(rc + RE)-
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• fol1ower: 
plit-supply (the simpler circuit, but require a second upply) 

Voltage follower ("emitter follower"): split-supply 

single- upply (less elegant, but the cheaper form): 

Voltage follower "biasing' 

B, rl> v"lt a,, 
at btis ... 

. . . and the input and output impedances: 

Fo11ower impedances 

Sioro~! 
>ovrlft.. -

( ~-Wv 

1, y ··~ 
...... -:-- - - - -

V; 

6) --tj 

+-

push-pull: solves the problem, in si ngle-transistor follower that the circuit' asymmetry 

makes it poor at sinking current from load (for the case of NPN). 

V1 

Push-pull follower 
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• amplifiers (voltage amp ) : 

common-emitter amplifiers 

V+ 

l 
modest gain. .. 

• common emitter impedances: 

Impedances in and out, ce-amp 

• differential amplifier: 

Impedances in and out, di ff-amp 

. .. high gain 
G ~ ~ RClre, at "signal frequencies, r, 
where Xe « RE 

V+ 

For 1nax 9iin c8J'\ omit R~ . 

It '.s 5tlU temp-stable 1 Ufn11i11g 
botJ... Q,5 are Oft one IC 
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• Switch (something completely different!): 

clamps voltage spike on turn-off of inductive load 

50.n. f (It's the load and not the base current 
that determines le , 

~ ,. +J · o"-[) ~ t 200 rnA 
~20,.,,.4 

ince the transistor is saturated.) 

Transistor switch ~ " -=-
"J "- IB >> Ic/f3: we overdrive the transistor, 

55.4.1 Fine points 

to saturate it, minimizing VcE and thus 
the power wasted in the transistor. (We'd like 
to put all power into the load.) 

Here are ome refinements that we want you to be aware of, even though we don't expect you to be 

nimble with the detail or with calculating the magnitude of these problem . 

• three important ideas, but ideas you 're not likely to treat quantitatively in this course: 

temperature effects: the fact that transistors are very sensitive to temperature is a fundamental 

point; the formulas that predict respon e are not so important. Your designs should include 

protection again t thi sensitivity to temperature: most often, RE does the job (providing 

feedback). 

Early effect: describe the impe1fection of a transistor current source. That is, describe the 

change in collector current with change in VcE· Often negligible (usually, thanks to an RE 

providing feedback); can cause substantial errors in a current mirror that lacks RE' . 

Miller Effect: a serious obstacle to design of high-frequency amplifiers. Miller effect results 

from capacitive feedback in any inve1ting amplifier tending to oppose changes at the input. 

Because we don't build high-frequency amps in lab, we're not likely to feel the importance 

of Miller effect - but you will as soon as you try to design an amp that's to operate above, 

say, lMHz. That will happen after this course. 

• Interesting ideas, but less important. 

55.5 

bootstrapping (though it' s a nifty idea: make a circuit element disappear electrically, by mak­

ing its two ends move the same way)· 

Darlington connection. 

Jargon: bipolar transistors 

biasing (see, for example, AoE §2.2.5). Setting quiescent conditions (see below) o that circuit el­

ements work properly. To bias mean literally, to push off-center. We do that in tran istor 

circuit to allow building with a single supply. The term is more general, as you know. (Com­

pare AoE §1 .6.6A, where a rectifying diode is biased into conduction.) 

bootstrap (see, for example, AoE §2.3 .SA). In general, any of several seemingly-impossible circuit 

tricks source of term: 'pull oneself up by the b otstrap :" impo ible in life, po sible in 
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electronics!). In this chapter refer to the trick of making the impedance of a bias divider 

appear very large to improve the circuit's input impedance. Al o collector bootstrap. See 

AoE §2.4.3A. 

bypassed (-emitter resistor) (see, for example, AoE §2.3.4A). In common-emitter amp a capacitor 

put in parallel with RE is said to bypass the re i tor becau e it allow AC current an easy path, 

bypa sing the larger impedance of the resistor. Used to achieve high gain while keeping RE 
large enough for good tability. 

cascode (applied in Wilson Min-or: AoE §2.3.7). Circuit that uses one transistor to buffer or isolate 
another from voltage variation so a to improve pe1formance of the protected transi tor. U ed 

in cascode amplifier to beat Miller effect, in current source to beat Early effect. 

clipping (illustrated in AoE §2.2.3D). Flattening of output waveform cau ed by hitting a limit on 

output swing. Example: single-supply follower will clip at ground and at the positive supply. 

compliance (AoE §2.2.6D). Well defined in text: The output voltage range over which a current 

source behave well. ... " 

Early effect (See, for example, AoE §2.3.7 A). Variation of le with VcE at a given value of VsE or 

le. Thu it de cribes tran istors departure from true cuITent-source behavior. 

emitter degeneration (AoE §2.3.4). Placing of resistor between emitter and ground (or other nega­

tive supply) in common-emitter amp. It is done so as to stabilize the circuit de pite variation 
in temperature. (Source of term: gain is reduced or "degenerated." General circuit pe,for­

mance is much improved, however!) 

impedance "looking" in a direction . Impedance at a point considering only the circuit elements 

lying in one direction or another. Example: at transistor's base impedance looking back one 

see " bias divider and Rsource · looking into base one "see ' only f3 x RE. 

Miller effect (AoE §2.4.5). Exaggeration of actual capacitance between output and input of an in­

verting amplifier, tending to make a small capacitance behave like a much larger capacitance 

to ground: (] + Gain) times as large as actual C. 

quiescent (-current, -voltage) (for example, see AoE §2.2.5). Condition prevailing when no input 

signal i applied. So, describes DC condition in an amplifier designed to amplify AC sig­

nals. Example: Vout- quiescent should be .midway between Vee and ground in a single-supply 
follower to alJow maximum output amplitude (or "swing") without clipping. 

split supplies (AoE §2.2.SB). Power supplies of both polarities, negative a well a positive. U ed 

in contra t to 'single , upply." 

transconductance (AoE §2.2.9). Well defined in AoE. Briefly, g 01 = Afoutl!::,,\/j 0 • 

Wilson mirror (AoE §2.3.7). Improved form of current mirror in which a third transistor protects 

the sensitive output transistor against effects of variation in voltage acros the load (third 

transistor in cascode connection, incidentally). 
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5W.1 High-gain amplifiers 

Problem How do high-gain amplifiers, see Fig. 5W.1, compare with respect to "linearity'' or con­

tancy of gain over the output swing? Explain your conclu ion, briefly. Assume that each amplifier is 

fed by a properly-biased input. 

V+ ---------

ra) o,J 

+ 

( c) 

V+ 

(d) 

V+ 

T Figure 5W.l 
High-gain 
amplifiers. 

For case (b) we should provide some hi nts, because this circuit is very simi lar to a "current mirror," a 

circuit we didn ' t require you to learn. Thi circuit, mirror-like, will sink a current through QI of about 

~;. That same current will flow in Q2, if we don't di turb thing · Q2 is said to 'mirror" the current 

pas ed by Q J, because the two VsE , are the ame. Thi is the cheme that et up the "biasing:" put 

\!, ut quiescent at about 0.5V +, a usual. Assume that the two tran istors are well matched and Jjve 

near each other on an integrated circuit. Enough said? 

Solution All are the same except circuit (c). The other will how gain variation as the output vol t­

age wing , becau e thi output swing i caused by varying le , collector current and the denominator 

of the gain equation for (a), (b), (d) i simply re, whose value varie with le. Circuit (c) di ffers because 

the con tant value of RE i added to the varying value of re. Circuit (c) gets its more con tant gain at 

a price of cour e: the price is its diminished gain . 
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Another way to put the same point is to speak not - as we usually do - of re but instead of its inverse, 

gm, the slope of the/, versus VBE curve. This lope, the transi tor's transconductance. i proportional 

to le, and so is the circuit gain, when no RE i present. Specifically the circuit gain i g111 x Rc. This 

formulation add nothing new to our usual account which u e re, but perhaps make the dependence 

on co11ector current more obvious. 

Problem Which of the circuits in Fig 5W. l are (i ?) protected again t temperature effects, and 

how? Explain the mechanism or mechani ms. 

Solution Circuits (c) and (d) are temperature stable thanks to the emitter re ·i. tor, RE, which pro­

vide the negath e feedback described in Chapter SN. Circuit (d) gives high gain along with stability 

(and al o poor constancy of gain, as we have noted). 

Circuit (a) is bia. -un table - and i therefore a bad circuit. 

Circuit (b) i a less familiar de ign, a the apologetic note in the problem statement suggest . This 

circuit is temperature-stable, but achieves it not by u e of feedback but by taking advantage of the 

circuits symmetry. Thi design i. effective when the two transi ·tors , Ql and Q2 are well-matched 

and fabricated on one integrated circuit, as the problem tatement declare they are. 

Because the coJlector currents in the two transistors are equal, the two VsE 's are equal. Imagine a 

change in temperature - let's imagine a rise of about 9°C. Thi drop. the VsE of QJ by about 18mY 

( ee Chapter SN: at constant le, LWsE / ~temp = -2. 1 mV /°C ). If this were an unprotected circuit, 
like circuit (a), that change would reduce Q2 's output to one half what it wa : in other word the output 

quie cent voltage would be radically upset. 

But becau. e Q2 i h ated just a QI is, Q2 current i unaffected by the heating of both tran i. tor . 

Heating reduced the VBE of Ql; but that reduced value evokes the original current from heated Q2. 

Thi . stabilizing scheme might be called tabilization by compensation rather than by feedback: a 

change in a component. otherwi e disturbing, is compensated for by a matching change in a . econd 

component. We will see this effect at work again in the next ction. 

5W.2 Differential amplifier 

Problem Lab SL begins with a djff-amp of modest gain (collector resistor i JOk. emitter resi ·tors 

are 1 OOQ, ee Fig. 5W.2). Modify the circuit to maximize gain (without use of current ources). What 

is the modified circuit's differential gain? Common-mode gain? 

1----.... fN8 

100 100 

10k 

Figure 5W.2 Differential amplifier of Lab SL . -15V 

Solution The change that maximizes gain (without u ing the fancy trick of real op-amps - current 
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min-or load, for example) is imply to remove the emitter resistors. Now the gain depend on re whose 

quiescent value is about 33Q at the 0.75mA collector current: 

Gdiff = Re/2(RE + re) = 1 Ok/ (2 x 33Q) :::::::: 150 

Gcommon- mocte =-R /(RE+ re+2R1ai1 ):::::::: - 10k/20k = - 1/2 . 

Problem When you have maximized gain, does your circuit remain temperature stable? (Explain 

your answer. 

Solution Ye , as long a. the two transistors run at the same temperature as they do when built on 

an integrated circuit as in Lab SL: the curves lide together, with temperature changes. If this were 

built with discrete tran. istor. , it would not be temperature stable. 

Problem (Tail of diff-amp) In Lab SL, we suggest that you replace the JOk resistor in the tail with 

a current ink. Why? What i the argument that suggests a CUtTent sink will improve CMRR? 

Solution CMRR i. the ratio of good gain to bad gain a you know: CMRR = Gctin-/GeM - The 

'tail" resi tor influences common-mode gain but not differential, ·o boosting Rrnil ounds like a good 

idea: the expre ' ion for common-mode gain (GeM) show 2Rtail in the denominator, whereas Rtail 

does not appear at all in the expression for Gctifferemial· So a current source, with it large dynamic 

resistance ~V / M enlarge the effective Rcail, cutting GeM while leaving differential gain untouched. 

Problem Would increasi ng the value of RTAIL by substituting a larger resistor - say, lOOk - im­

prove CMRR relative to the circuit of Fig. 5W.2? Explain your answer. 

Solution No, not at all. The larger resistor, unlike the current source, would cut the value of le by 

a factor of 10. To keep Vout - quie. cent properly placed (unchanged), we would need to boo t the value 

of Re by a factor of 10. Meanwhile, re would grow by the same factor, because of the reduction of le. 

So the sad r ult L that GcM would be unchanged (still 1/2); Gctiff would be unchanged: say 

100k/(2x330)= 150. CM RR, therefore, would be unchanged. We do indeed need a current ~ource 

to improve CMRR. 

5W.3 Op-amp innards: diff-amp within an IC operational amplifier 

In Fig. 5W.3 is a much-simplified chematic of an op-amp, the '41 1 JFET-input device that you 11 soon 

be using. We've included the gritty detail a well but we think you can an ·wer by referring only lo the 

left-hand implified figure. We will rai e que tion about each of the e lements circled in Fig. 5W.3. 

Observations 
The .fi!'. t stage - differential input stage - uses JFET rather than bi polars to achieve very low bias 

current (50pA typical, for the '41 1 ). The second stage - common-emitter amp, gain stage - uses 

bipolar. becau e the bipolar' exponential /-V curve i teeper than the FET' quadratic curve (thus 

providing hi gher gain 1 ). 

Prob I em Why all those current sources? Current source on " tail": (The . ource in thi s de ign are 

current mirrors, favorites of LC d . igners.) In particular, why are current sources, rather than resi stors 

used on tail and output of fir t tage, and why on the collector of the econd tage? 

I To be more precise, the bi polar , how · higher · tran conductance" - LVouT / Vi . 
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Figure 5W.3 Op-amp 
innards. 

Solution 

Simplified view ... ... detailed view 

Why all those current sources? The current ource on the tail of the input stage differential amplifier 

(the tail that's up in the air) i u ed to provide low common-mode gain, a u ual (giving large CMRR: 

Gdiff / Geom - mode), The common-mode gain when using bipolar transi tor is, as you know, Gem = 

- Ref (re + RE+ 2Rtai1): (for thee FETs one would change the labeling: GcM = - Rdrain / ( ...L + Rs + 
gill 

2R1ai1)). A large value for R 1ail help . 

The current ource make Rtail huge becau ea good current ource (as you well know) holds M 

close to zero a · voltage change, . In other words, a current source' Rdynamic = ~V / M = ~V / (tiny) i 

huge. The huge effective Rtail make - common-mode gain tiny, and CMRR very large (IOOdB typical, 

for the LF411). 

Current mirror on drains of diff-amp Qs: 

Short answer: A short answer, ba ed on the view of current mirror as just a cmTent source (here, 

a " ink") , i. just that the very large Rctynamic of the current source gives thi differential stage high 

gain (the large Rdynamie replacing the usual "Re' - here, an 'Rdrain,'' because these are field-effect 

tran istor ). 

A longer answer: If you have looked into current mirrors a bit, then you know that their mi ion in life 

is to hold their two currents equal. (Strictly, to hold one current - lout - equal to the other - /program,) 

The differential amplifier's two JFET tran i tors ' mission, by contrast i to make the two currents 

unequal in re ·ponse to any difference between the two input voltages. When these two circuit frag­

ments with their opposed goals meet, the re ult i very high voltage gain. 

Suppose the quiescent current for each of the two transistor is lmA a number that is not reali tic 

here: much larger than the '411 ' - but ea y to work with). Now . uppo e that an input- oltage dif­

ference makes the cmTents unequal: ay, the input or "programming" current becomes 0.9mA (while 

the other Q's current grows to 1.1 mA since the total, set by IQrail, i ' held constant). The mirror will 

accept only that 0.9mA and the difference current - 0.2mA - mu t squirt out to the next stage (to the 

common-emitter amplifier) . The mirror has doubled the output current from the fir t stage relatjve to 

the current that would have i sued to the second stage if the fir t tage had fed an ordinary current 

s ink. 

Or, to put this in terms we normally apply to voltage amplifiers the impedance the mirror pre ents 

i. not just large (as any cmTent -ource s dynamic impedance is). It is extra large because just as the 

current applied to the Rdrain grows (to 1.1 mA in thi case) the apparent impedance of thi side of the 
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minor i boosted. The minor not only trie to keep current con tant (a any cuITent ource does); in 

this ca e it trie to shrink the current, further enhancing the ~V response. 

Probably the account in current terms is easier to follow than the one peaking of voltage gain. 

Current source on collector of common-emitter stage ( "B" ): Thi. cun-ent source, replacing the Re 
that we are accu tomed to putting on the collector of a common-emjtter amplifier, again provides very 

high gain. If one did thi with an ordinary amplifier (one that did not use overall feedback to make 

it well-behaved), this would be a "bad circuit." Used without feedback it would be useless because 

its output could only bang again tone upply or the other. In an op-amp, using negative feedback as 

alway , uch extravagant gain i not a flaw but a virtue. 

Problem What is the purpo e of the element labeled "A" in the two part of Fig. 5W.3? (Note that 

the two part are equivalent; if the detailed schematic is a bit much, consider the "simplified" diagram 

in tead.) 

Solution The e two transistors drop two VBE's . You may want to think of them as two diode in 
eries as shown in the . implified diagram on the left side of Fig. 5W.3. Since the top of this VsE­
tack drive the base of the upper transistor and the bottom of the stack drive the ba e of the lower 

transistor, the stack biases the ba es apart, eliminating the dead zone that otherwise occur close to 

OV in a push-pull. It i thi dead zone that causes crossover distortion. 

Having seen that feedback does a pretty good job of hiding the ' dog" of crossover distortion (see 

Chapter 6N) you may wonder, "Why not let feedback solve this problem?" The an wer i · that feed­

back i not quick enough to do the job at high frequencie . In order to hide crossover distortion, the 

input to the push- pull mu t slew across about l .2V, up or down and doing this takes time. During 

that slewing, a glitch will appear on the circuit output. Fig. 5W.4 is a scope image of this effect in 
the home-made op-amp of Lab SL. The circuit does hide most of the cro -over distortion, but a close 
look at the image - using the higher sweep rate of the right-hand image - show that a glitch per ists. 

Slewing past those two VBE's take some time, and during that slewing, feedback, with its magic, fail . 
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feedback prevents cross-over distortion pretty well... 
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... but not perfectly, because slewing takes some time 

Figure 5W .4 Common-emitter stage slewing to hide crossover of output-stage push-pull: not perfect. 

The time scale of Fig. 5W.4 i wrong for the '411 which lews much faster than our home-made 

op-amp of Lab 5L. But the problem for the '411 would be the . ame at some time cale, if the pa sive 

protections against crossover disto1tion had not been included.2 The need for these pa sive protections 

Not all op-amp do include thi pa · ive protection against cros. over di . tortion . The LM3-8. for example - the 
ingle-supply op-amp that we u e in Lab 7L and I OL - does not include it. 
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remjnds us of the limitation of feedback: it doesn't work well at hi gh frequencie when implemented 

with ordinary op-amps. 

Problem Are the resistor that are labeled "C" essential? Explain. 

Solution Yes they are. They prevent "thermal runaway' that otherwise would be very likely to de­

stroy the push-pull transistors. The biasing-apart of the push-pull bases, described above, keeps both 
pu h- pu11 transi tors just bareJy conducting, when input and output of the push- pull are at ground. 

This is the strategy that prevent a glitch when the circuit wake up, in re pon 'e to movement away 

from ground. 

But that arrangement would be deadly without the emitter re i. tors. A a little current trickle 

through the push- pull transistors , it heat them lightly. But the heating increa es their current, at 

a given V8 E (the VsE imposed by the bia ing network we met earlier). The increa ed CUIT nt heat 

the tran istor further. And so on. That's a positive-feedback loop, ·'thermal runaway. The emitter 

resistors provide the usual negative feedback to prevent runaway: if cun-ent grows, the emitter voltage 

move apart somewhat, reducing VsE· You have . een this before, in the argument for including an 
emitter resistor in a high-gain common-emitter amplifier. 

Those RE s do another job in this circuit. They are part of a imple trick to limit the op-amp' 

output current to prevent damage by an overload. The scheme i o nifty that one can afely hort a 
'411 output to it positive or negative upply. 

Any current that flow. in or out of the op-amp's output pas es through one or the other of tho e 

resistors developing a voltage drop. That drop i applied to one or other of the transistors labeled 

Qlimit, as its VBE· When output current i ufficient to develop 0.5- 0.6V aero that resi tor, the Qlimit 

transi tor begin to teal current from the base of the push- pull transistor. Thi , effect - combined with 

the limited cmrent available from the common-emitter stage - put a safe ceiling on the total current 

available from the op-amp output. (This i a trick you will ee repeated in the voltage regulators of 

Chapter 1 lN and Lab 11 L.) 
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What problem do today 's circuits address? The very general ta. k of improving performance, through 

the application of negative feedback, of a great many of the circuits we have met to this point. 

6N.l Overview of feedback 

Fig. 6N. l shows a newspaper page on which Harold Black wrote one of his newly-conceived formal­
izations of feedback (thi new paper records not quite the ba ic notion, which he had sketched on a 

copy of the New York Times four days earlier, but rather an application of feedback in order to match 
impedance . He wrote this as he rode the ferry from Staten L land to work, one ummer morning in 

1927. (Was it chance, or caginess that led him to write it on a dated sheet?) 1 

We have been promising you the plea ure of feedback for some time. You probably know about 

the concept even if you haven't yet used it much in electronics. Now, at last, here it is. 
Feedback is going to become more than just an item in your bag of tricks; it will be a central con­

cept that you find yourself applying repeatedly, and in a variety of contexts, some far from operational 

1 (Copyright l 977 IEEE. Reprinted, with permi . ion . from Harold S. Black. "fnventing the egative Feedback Amplifier," 
IEEE Spectrnm, Dec. 1977). You may protest that the dated new. paper page ould hardly prove the date of hi s invention. 
Couldn't he have dug out an old newspaper page to backdate his invention? No, becau:e he was prudent enough to have 
each new paper ketch witnes ed and igned. a soon a he a1Tived at work. 
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Figure 6N.1 Harold 
Black's notes on the 
feedback amplifier. 

amplifiers. Already you have een feedback in odd corner of tran i tor circuits· you will see it con­

tantly in the remaining analog labs; then you will see it again in a digital setting when you build an 

analog-to-digital converter in Lab J 8L, and then a pha e-locked-loop in the same lab. lt i a powerful 

idea. 

Our treatment of negative feedback circuit begins as did our treatment of bipolar transi ·tors, with a 

imple idealized view of the new circuits. At the conclusion of Lab SL you buiJt a simple "operational 

amplifier." From now on, we will rely on the integrated version of these little high-gain differential 

amplifiers. They make it ea y to build good feedback circuit . 

As this section of the cour e continues we soon feel obliged once again to di illusion you - to tell 

you about the way that op-amp are imperfect. But this is a minor theme. The major theme remains 

that op amp and feedback are wonderful. We keep trying additional applications for feedback, and 

we never lose our affection for the e circuits. They work magically well. 

Lab 8L, introduce, the novelty of positive feedback: feedback of the sort that makes a circuit un­

stable - or makes its output slam to one power-supply limit or the other. Sometime that is u. eful, and 

, ometimes it i a nuisance. In Lab 8L w look at the b nign effects of positive feedback, including its 

use in oscillators. Lab 9L open with one more fruitful use of uch feedback in an active filter. 

The remainder of Lab 9L is devoted to the more alarming effects of positive feedback: parasitic 

oscillations that occur when unwanted po ' itive feedback neaks up on you. destabilizing a circuit. W, 

will learn some protection against such mi chief. Knowing how to apply uch defense may make 

you a hero when your group is plagued by my, teriou. fuzz on its cope traces. 
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Figure 6N.2 Righteous 
and deserving student, 
about to be rewarded for 
his travails with discrete 
transistors . 

We then devote three labs to three particular application of negative feedback: 

• A motor-c ntrol loop using a technique called "PID" (de cribing the three modified error signal 

that are u. ed in the feedback loop: ' Proportional," 'Derivative," and "integral") . Thi is Lab lOL 

the most complex circuit o far - and useful to let us see application for many circuits that we 

have demonstrated a circuit fragments but not yet applied: the PIO makes good u e not only of 

differentiator and integrator but al o depend upon a sumrning circuit, a diff-amp made with an 

op-amp, and a high-current motor-driver. 

• Voltage regulator : the e are specialized circuits designed for the narrow but important purpo e 

of providing table power supplies. We look at both linear and witching designs in Lab 11 L. 

• A group project, putting together a half dozen circuit fragm nt , ome passive, mo. t using feed­

back circuit . In this project, you tudents will de ign and combine the several ci rcuit fragments 

to make a ystem that can transmit audio u ing freq uency-modulated (FM) infrared light. This is 

Lab l 3L (the number hops by one, to leave room for a final discrete-transi . tor lab Lab 12L on 

MOSFET , where feedback i not prominent). 

With Lab l 3L we conclude the analog half of the cour. e, and in the very next lab you will find the 

rules of the game radically changed a · you begin to build digital circuit . But we will save that story 

till later. 

A piece of advice ( unsolicited): How to get the greatest satisfaction out of the feedback 
circuits you are about to meet 
Here are two thoughts that may help you to enjoy these circuit : 

1. A you work with an op-amp ci rcuit, recall the equi valent circuit made without feedback, and the 
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difficulties it presented: for example, the transi tor follower, or the tran i tor current sources. The 

op-amp version in general will work better, to an extent that should a toni h you . 

Having labored through work with discrete tran istors you have paid your dues. You are entitled to 

enjoy the ea e of working with op-amp and feedback. 

Figure 6N.2 shows you c]jmbing - a you are about to do - out of the dark valleys through which 

you have toiled, up into that sunny region above the cloud where circuit performance come close to 
the ideal. You reach the unny alpine meadow where feedback bloom . Pat your elf on the back, and 

have fun with op-amps. 

A second thought: 

• Recall that negative feedback in electronic · was not always used; was not alway obvious - a 

Harold Black was able to per uade the patent office (Black comes as close as anyone to being the 
inventor of electronic feedback). 

The faded and cribbled-on new paper that is shown at the tart of this chapter is meant to remind 

you of this second point - meant to help u feel some of the surpri se and pleasure that the inventor 

mu t have felt a he jotted sketche and a few equation on his morning newspaper. A fac imile of 

this newspaper, recording the second of Black's basic inventions in the field, appeared in an article 
Black wrote year, later to de cribe the way he came to conceive hi invention. Next time you invent 

something of comparable value don't forget to jot note on a newspaper, preferably in a picture que 
etting - and then keep the paper till you get a chance to write your memoir (and get a witness to 

confirm the date). 

6N.2 Preliminary: negative feedback as a general notion 

This is the deepe t, mo t powetfol notion in thi course. It is so useful that the phrase at least ha 
passed into ordinary usage - and there it ha been blurred. Let' tart with some example of such 

general use - one genuine cartoon (in the sense that it wa not cooked up to ilJustrate our point), 

and three cartoon that we did cook up. Ask your elf whether you see feedback at work in the sen e 

relevant to electronics, and if you see feedback, is its sense positive or negative? 

Now comes an example of feedback misunder tood. Outside electronic , the word "negative' ha 

Figure 6N.3 Feedback : same sense as 
in electronics? Copyright 1985 Mark 
Stivers, first published in Suttertown 
News, reproduced with permission . 
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negative connotations: so "negative feedback" ound nasty, 'positive feedback" sounds benign. A 

news tory in the New York Times (October 8, 2008) concerning an economic slowdown began thus: 

The technical term for it is "negative feedback Joop." The rest of us just call it panic. 
How else to explain yet another plunge in the tock market on Tuesday that . ent the Standard & Poor's 500-

tock index to it lowest level in five years - particularly in the ab ence of another nasty . urprise. 

What thi reporter describe i. of course, positive feedback. But since the new i bad - "panic'' -

he can't resi this inclination to call it negative. 

Sometimes a signal that usually would amount to negative feedback turns out to be positive (we will 

return to this topic, one that cau e. circuit instability, in Lab 9L). Is the observer applying positive or 

negative feedback to the two fellows on the left, in Fig. 6N .4? To decide, we need to judge whether 

his signal tends to increase or decrease the behavior that he senses. 

Figure 6N.4 Freaks? Will he 
hurt their feelings? 

The case in Fig. 6N.5 comes closer to fitting the electronic . ense of negative feedback. In op-amp 
term. (not Hollywood 's), who's playing what role? 
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Figure 6N.5 Negative 
feedback : a case pretty 
much like op-amp 
feedback. 

In conversation, people usually talk (a that reporter did above) as if "po itive feedback" is nice 

"negative feedback" is disagreeable. In electronics the truth i usuaJly just the opposite. Generally 

speaking, negative feedback in electronic i wonderful stuff positive feedback i na ty. Neverthele s 

the phrase means in electronic fundamentaJJy what it should be used to mean in everyday peech. 
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Harold Black was the first to formalize the effects of negative feedback in electronic circuits. Here 

the language of hi patent:2 explaining his idea: 

Applicant has discovered how to use larger 

amounts of 'negative feedback than were contem-

35 plated by prior art workers with a new and im­

portant kind of improvement in tube operation. 

One improvement is in lowered distortion arising 

in the amplif i er. Another improvement is 

greater consistency of operation, in particular a 

40 more nearly constant gain despite variable fac­

tors such as ordinarily would influence the gain. 

Various other operating characteristics of the 

circuit are likewise rendered more nearly con­

stant. Applicant has discovered that these im-

45 provernents are attained in proportion to the 

sacrifice that is made in amplifier gain, and t hat 

by constructing a circuit with excess gain and re­

ducing the ga i n by negative feedback, any de ­

sired degree of linearity between output and 

60 input and any des ired degree of constancy or 

stability of operating characteristics can be real­

ized, the limiting factor being in the amount of 

gain that can be attained, rather than any limi­

tation in the method of improvement provided 

55 by the Invention. 

H summarized his idea in an article that he publi hed many years afterward: 

.. . by building an amplifier who e gain i made deliberately, say 40 decibels higher than nece ary I 0,000-fold 
excess on energy ba is) and then feeding the output back to the input in such a way as to throw away the exce s 
gain. it ha · been found po ible to effect extraordinary improvement in constancy of amplification and freedom 
from nonlinearity.3 

One proof of the originality of Black idea was the fact that the British Patent Office rejected his 

application, seeing Black as a dull fellow who had not under tood that an amplifier hould amplify so 

that "throwing away ... gain howed the inventor' confu ion. Black had the last laugh. 

Le t we oversell Black's invention, let' acknowledge that Black did not invent or di cover feed­

back. Our bodie are replete with homeostatic system , like the one that holds our body temperature 

close to 99°F, whether we are shivering in the snow or weating on a beach (with shive1ing and 

sweating part of the stabilizing mechanism). And Newcomen used a peed "governour" on his mine­

pumping steam pump : the spin rate raised or lowered the weight', closing down or opening the steam 

valve appropriately, so a to hold the speed nearly constant despite variation in load. 

Open- loop versus feedback circuits : Nearly all our circuit , so far, have operated open-loop - with 

'Ome exception noted below. You may have gotten u ed to designing amplifiers to run open-loop (we 

will cure you of that); you would not consider driving a car open loop (we hope) , and you probably 

know that it is almo.'t impossible even to speak intelligibly open- loop. 

Examples of feedback without op-amps 
We know that feedback is not new to you , not only because you may have a pretty good idea of 

the notion from ordinary usage. but also because you have seen feedback at work in part of ome 

tran i tor circuits, see Fig. 6N.6. 

2 1-1,u·o ld S. Black, ·'Wave Translation y. tem,'' US Patent 2102671 ( 1937). 
3 fEEE Spectrum , Dec. 1977 
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Feedback with op-amps 

pushes Ve up, 
squeezing down 
Vee 

V+ 

OC feedback 
adjusts Vee, while 
permitting signal 
to wiggle 
this point 

Figure 6N.6 Some 
examples of feedback in 
circuits we have built 
without op-amps. 

Op-amp circuit make the feedback evident, and u. ea lot of it so that they perform better than our 

improvi . ed feedback fragment . The name' operational amplifier" derive from the a sumption, early 

in their u e, that they wou ld be used primarily to do a sort of analog computing.4 

Op-amps have enormous gain (that is, their open-loop gain is enormous: the chip it elf, used without 

feedback would how huge gain: ~200 000 at DC, for the LF41 l, the chip you will use in most of 

our lab. ). As Black proposed, op-amp circuits deliberately throw away most of that gain, in order to 

improve circuit performance. 

6N.4 The op-amp golden rules 

Just as we began our treatment of bipolar transistors with a simple model of device behavior, and that 

model remained sufficient to let us analyze and design many circuits, so in thi chapter we start with 

a imple, idealized view of the op-amp and usually we will continue to u e this view even when we 

meet a more refined model. 

The golden rules (below are approximations but good ones. 

(GR#l) The output tries to do whatever is necessary to make the voltage difference between the two 

inputs zero. 

(GR#2) The inputs draw no current. 

Three ob ervation before w start applying the e rule 

• Rule (2): we re confident that you understand that the "input " that draw no current are the signal 

input , labeled '+·' and"-", not the op-amp' power supply terminal (!)5 

• Rule (l ): the word 'trie." i. important. It remind us that it's up to us, the circuit designers, to make 

ure that the op-amp can hold its two inputs at equal voltage . . If we blunder- ay by overdriving 

a circuit - we can make it impossible for th op-amp to do what it "tries" to do. 

• More generally: the. e rules apply only to op-amp circuits that u e negative.feedback. 

The e simple rules will let you analyze a heap of clever circuits. 

-1 They eem ro have been named in a paper of 1947, which envi_ ioned their important u es as follows: "The term 
'operational amplifier' is a generic term applied to amplifiers who. e gain functions are such as to enable them to perform 
certain useful operation such as summation, integration. Llifferentiati on, or a combination of such op rations. ' Ragazzini. 
Randall , and Russell, "Analy ·i · of Problem. in Dynamics by Electronic Circuit:· Proceedings of the IRE. 35. May l947, 
pp. 444-452, quo1ed in op-amp Applications Handbook, Wall Jung. editor emeritus. (Analog Devices Series. 2006), p. 779. 

5 You may think thi s is ob ious, but every now and then omc students. impressed by all our praise of op-amps and their 
magic, fail to connect the op-amps power supply pin . The student wait expectantly for Lruly miraculous circuit 
performance - and are disappointed. 
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6N.5 

6N.5.1 

Op-amps I 

Applications 

A follower 

Figure 6N.7 hows about the implest circuit one can make with an op-amp. It may not seem very 

exciting - but it is the best follower you have een . 

The Golden Rules let you estimate ... 

• . . . RtN (try GR#2)· 

• . .. VoFFSET (try GR#1 ); and compare this to the DC-offset we are accustomed to in a bipolar 

• 
transistor follower. 

. . . RouT? ... 

6N .5.2 The effect of feedback on the follower's RouT 

RouT raises a much subtler question. The Golden Rules don't answer it, but you can work your way 

through an argument that will show that RouT is very low. The novel point, here i that it is low not 

becau e the IC itself ha. low RouT; this value, rarely specified, is moderately low - perhaps around 

lOOQ. What' new is that feedback accounts for the very low RouT of thi circuit - and of nearly all 

other op-amp circuit .6 

Let' redraw the op-amp to resemble a Thevenin model: perfect voltage source in erie with a 

erie resi tance that we might call "rout·" Our drawing will include the op-amp's high open-loop 

gain, A. Then we can try the thought expe1iment of tugging the output by a t1V, and eeing how the 

output respond , ee Fig 6N.8 . 

Figure 6N .8 Feedback lowers op-amp circuit 's 

RouT- general case ... 

out 
tv 

ffV 

fOk 
fk 

... a particular case 

If you try to change VouT, the circuit hears about it through the feedback wiring. It i outraged. It 

high-gain amplifier squirts a large cun-ent at you, fighting your attempt to push the output away from 

where the op-amp wants it to stand. We 11 leave the argument at this qualitative level, for now. We 11 

settle for calling the output impedance "very low." Later (mostly in Chapter 9N), we will be able to 

quantify the effects of feedback to an-ive at a \ alue for RouT. 

6N.6 Two amplifiers 

6N .6. 1 Non- inverting amplifier 

This circuit i a bit more exciting than the follower: it give us voltage gain. 7 

6 The one exception to this rule i · an op-amp current source. whose output hould be high (the ideal current . ource, as you 
know, would show Ro T infinite). 

7 lncidenLally. iL was this sort of circuit that interested Black. He was concerned about making "repeater" amplifiers for the 
telephone company, in order to transmit voice . ignal. over long dLtance . . It was this need to . end a ignal through a great 

l AoE §4.2.3 

,- - / c::: __ J 
Figure 6N.7 
Follower . 

l AoE §2. - .3C 

j AoE §4.2.2 
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1V __ -J,F\" ·--

... a particular case 

Figure 6N.9 Feedback 
lowers op-amp circuit's 

Ro T· 

Evidently to sati fy the Golden Rule. the op-amp has to take it output to 11 V, if we apply 1 V 

to the input. Generalizing, you may be able to persuade yourself that the gain is the inverse of the 

fraction fed back. l/11 is fed back, so gain i l l. The gain usually i recited more simply as 

G = l + R2/R1 . 

Students are inclined to forget thi pesky " I +." We hope you won't forget it. Sometimes of course, 

1t I en ible to 'forget it' in the sense that you neglect it: when the R2/ R I fraction i very large. But 

throw out the"+ I " only after you have determined that its contribution is negligible. 

6N .6.2 A skeptic's challenge to the Golden Rules 

Suppo e that a skeptical tudent want to take advantage of his awarenes that the op-amp is a differ­

ential amplifier (and a circuit familiar from the second transistor lab); . uch a tudent might pre ent a 

plausible challenge to the Golden Rule . This skeptic doesn ' t fall for the notion that the op-amp is a 

weird little triangle that relies on pure magic. 

Thi per on 1night object that our Golden Rules ' analysis mu t be wrong because the analysis is not 

consistent with our understanding of the differential amp that i the core of any op-amp. Our Golden 

Rules predict VouT = l l. But if GR#2 . ays that the op-amp has driven the input voltages to equality, 

then - Aha! We have caught a self-contradiction in the analysi . ! Equal voltage at the input of a diff 

amp cannot produce L 1 V out; the Golden Rule must be wrong! 

But, no· you won't fall for this argument. The way to resolve the seeming contradiction is only to 

acknowledge that the Golden Rules are approximate. The op-amp doe not drive the inputs to equality, 

but to near-equality. How close? Ju t close enough o that your differentiaJ-amplifier view can work. 

In order to d1ive Vo T to 11, the difference between the inputs - Vdiff, in Fig. 6N.9 - must be not O 
but VouT/GoL, where GoL is the op-amp's open-loop gain. For a '41 J op-amp at DC, that indicate 

Vctiff ~ 20
1d,cioo = SOµV. Not zero, but pretty close. 

Doing that calculation can help one to appreciate why it is useful to have all that excess gain to 

throw away (a Black put it): the Golden Rule approximation come closer to the truth a. open-loop 

gain ri. e . AoPEN- LOOP = 1 000 000, for example (a value available on many premium op-amps) 

would reduce Vctiff, in the example above, to just JOµV. 

many stages - hundred , in order to cros. the country - Lhat made the phone company more concerned than anyone else 
with the problem of di cortion in amplifier . Di tortion that i minor in one or two . tages can be disastrous when 
superadded hundreds of times. 
It a curiou hi torical fact that the telephone company, which we may be inclined to view a a todgy old urility, 
repeatedly stood at the forefront of innovation: not only Blacks invention, but al o bipolar transistor , field-effect 
transi tors , and fiber-optic signal transmission were developed largely at "the phone ompany,' if one includes within this 
company the farnou Bell Laboratories. 
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6N.6.3 Some characteristics of the non-inverting amp 

A couple of other characteristics are worth noting - perhaps they seem obvious to you: 

• R1 i enormou , as for the followef' 

• RouT is tiny, as for the follower8 

Incidentally, you might note that the follower can be described a a special ca e of the non-inverting 
amplifier. What i. its peculiar R1 value?9 

6N.7 Inverting amplifier 

The circuit in Fig. 6N.10 also amplifies well. It differs from the non-inverting amplifier in one respect 

that is obvious - it inverts the signal - and in some respect that are not so obvious. 

Figure 6N.10 
Inverting 
amplifier. 

in 

inverting amp: general case ... 

("virtual ·ground") 

10k 

-tov 

. .. a particular case 

GR#l tells us that the inverting terminal voltage hould be zero. From thi observation, we can get 

at the circuit's properties 

Gain: Let's look at the particular case: 1 V causes 1 mA to flow toward the inverting termjnal. Where 

does this current go? Not into the op-amp (that is forbidden by GR#2). So, it must go around the 
corner, through the lOk feedback resistor. Doing that it drops lOV. So, VouT = - lOV. 

Generalizing this result, you'll be pleased to see no nasty " 1 + · · ·" in the gain expression: just 
G = - Ri/R1. The minus sign means - as in the common-emitter amp- only that the circuit invert : 

that output and input are 180° out of phase. 

If you're not too proud to use a primitive way of looking at the circuit - a way that's based on its 

appearance, along with the fixed virtual ground at the inverting terminal - try thinking of the circuit 

as a child's see-saw. It pivots on virtual ground. If the two arms are of equal length, it is balanced with 

equal voltages: its gain is - 1. If one arm is 10 times longer, as in Fig. 6N. I 0, the long arm swings l O 

times a far as the hort arm. And so on. 

Impedances, in and out: Now, let's con ider the input impedance of the inverting amp of Fig. 6N.10. 

From the observation that the inverting input is fixed at OV also flow some of the circuits peculiarities: 

8 We'll see later. when we look at the effects of feedback quantitatively, that the amplifier trade away a very little of its 
impedance virtues in exchange for gain. Still, this correction to the claim that amplifier and follower share good input and 
output impedance i only a minor change. The dependence of circuit impedances upon B, the fraction of output that is fed 
back, is treated in AoE §§2.5.38 and 2.5.JC. In this book we return to the topic in Day 9. 

'> For the follower, R1 is infinite; o gain goe to I. 

J AoE §4.2. I 
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• Rr : let's see if we can get you to fall for either of two wrong answers: 

Wrong an wer #1: "R1 i huge, because input goes to an op-amp terminal and GR#2 says 
the input draw no current." 

Wrong an wer #2: "Oh, no - what I forgot is that it ' s the output of the circuit that is at low 

impedance (we saw that back in §6N.6. l). So R,N = RL + R2." 

What s wrong with the e answers? To give you a hance to see through our fol ehoods on your 

own , we'll hide our explanations in a footnote. 10 

• The inverting amp' inverting terminal (th one marked"-") often is called 'vi1tual ground." Why 

'virtual' ? 11 ) This point, often called by the suggestive name, "summing junction," turns out to 

be u eful jn several important circuits, and helps to characterize the circuit. 

6N .7.1 What virtual ground implies 

Rin: First, recognizing 'virtual ground" - the point locked by feedback at OV - makes the circuit's Rin 

very imp le: it is just R,. So, compared to the non-inverting amp the inverting amp' input resistance 
is only mediocre. 

"Mediocre?," you may protest. "I can make it a large a I like, just by pecifying R1• I'll make 

mine I OM or I OOM, if I'm in the mood." Well, no. Your defiant answer makes sense on this first day 

with op-amps, when we are pretending that they are ideal. But as oon as we come down to eaith 

(splashdown is cheduled for the next chapter), we're obliged to admit that things begin to go awry 

when the R values become very large. So if we treat approximately lOM as a practical limit on R 

values, we must concede that the inve1ting amp cannot match the non-inverting amp's Rin· 

What happen to the circuits Rin if you omit R1 entirely, replacing it with a wire? The resulting 

Rin~O, alarming though it looks, is exactly what pleases one class of sjgnal sources: it pleases a 
current source. In Lab 6L you will exploit this characteristic when you convert photodiode current to 

a voltage. 

Summing circuit 
The fact that virtual ground is fixed allows one to inject several currents into that point without caus­

ing any interaction among the signals; so, the several signals sum cleanly. The left-hand circuit in 

Fig. 6N. I 1 show a passive summing circuit. It is inferior because the contribution of any one input 

slightly alters the effect of any other input. 

In the lab you will build a variation on this op-amp circuit: a potentiometer lets you vary the DC 
offset of the op-amp output. The circuits shown in Fig. 6N. l 1 form a binary-weighted um. 12 In 
principle, this is one way to build a digital-to-analog converter (DAC), though this method is used 

only rarely. 

10 The fir t wrong an wer confounds two distinct questions: circuit- and op-amp-input impedances. These are not the same, 

here. It 's true that a Golden Rule say the inverting input wil I not pas current: but no rule ay that the circuit should not 
draw current, through R 1 a current that can pass around the op-amp, through R2 to the op-amp output terminal. T hat is of 
course, how the input current does flow. The second wrong answer neglecL the fact that the voltage at the inverting 

terminal is locked at OV (by feedback) , o that R2 i quite invi ible from the circuit input. 
11 Because it doe n' t behave like ordinary (real) ground: current flowing to virtual ground bounces; it doe n't di appear but 

runs off somewhere else (around the op-amp, using the op-amp' feedback path) , where it remain available for 
measurement as it flow · around the op-amp, u ing the op-amp's feedback path. 

12 Binary-weighted mean that one can think of the three inputs a digit of a binary value, with each given double the weight 
of it " les ignificant" neighbor (you may find this notion easier to remember if you recall the weight of Homer Simpson 

and his less significant neighbor, Ned Flanders). So, the output voltage in the right-hand circuit of Fig. 6N. I I i. 

Vout = -(4C + 2B + A) X \l\ n/4. 
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Figure 6N.ll Summing circuits . passive -a.c.+ive 

One more summing circuit: Doe a summing circuit have to use the inverting configuration? No, but 

the non-inverting form is not so imple, and is difficult to extend beyond two input . Does the circuit 

in Fig. 6N. J 2 form the sum of VA and Vs? 
Thi is almost a summing circuit. The output is the average, rather than um. An op-amp circuit 

could easily convert it to a sum (what gain is required?13). But unlike the inverting summer, this one 

doesn ' t easily extend to three, four and more inputs. So, the usual summing circuit u es the inverting 

configuration. 

Integrator, differentiator, and others 
Virtual ground allows one to make a nearly-ideal integrator, a we' ll see later. Again the key is that the 

point where R meets C, a point that must be kept close to ground in the passive version sit anchored 

at ground 14 in the op-amp version see Fig. 6N.13. 

Figure 6N.13 Op-amp 
integrator does nearly perfectly 
what the passive version can 
only approximate. 

V;n Vout 

~ 
I 

Vout 

The same sort of improvement is available for the op-amp differentiator, though there it i less 

impressive, compromised by a ubtlety that we are happy to postpone: concern for circuit stability. 

We wi11 meet differentiator and integrator in Day 7. 

6N.8 When do the Golden Rules apply? 

Now that we have applied the Golden Rule a couple of times we are ready to understand that they 

sometimes do not apply. 

Try some cases: do the rules apply at all? 
The question may seem to you silly: Fig. 6N. l 4(a) is pretty clearly not a golden-rule circuit; it 's just a 

high-gain amplifier - either a mi take or an anticipation of the circuit we will meet as a comparator" 
in Lab 8L. It use no feedback. Fig. 6N.14(b) works; Fig. 6N.14(c) does not and the rea on is that it 

u es the wrong flavor of feedback: positive. 

13 That's right: 2. 
14 Well , OK: very close to ground: we' ll see, nex t time. that some departure from the ideal i · inevitable. 

Figure 6N.12 
Summing circuit? 

I AoE §4.2.7 
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LI'\ 

works? 

c) 

Figure 6N.14 Do the Golden 
Rules apply to these circuits? 

So, generalizing a bit from these cases, one can see that the Golden Rules do not automatically 

apply to all op-amp circuits. Instead, they apply to op-amp circuits that. .. 

• u e feedback, and 

• use feedback that is negative, and 

• tay in the active region (don't let the op-amp output hit a limit, "saturating") . 

. . . Subtler cases: Golden Rules apply for some inputs 
Will the output's "attempt ... "to hold the voltages at its two inputs equal succeed in the two case in 

Fig. 6N. J 5? No. But for the other polarity of input fed to each cicuit the answer would be "Yes." We 

will return to such conditional-feedback circuits next time. 

+iv 

6N.8.1 

Figure 6N.15 Will the output's 
attempt succeed here? 

More applications: improved versions of earlier circuits 

Nearly all the op-amp circuits that you meet wiJl do what some earlier (open-loop) circuit did - but 

they will do it better. This is true of all the op-amp circuits you will see today in the lab. Let' consider 

a few of these: current source, sum.ming circuit, folLower, and current-to-voltage converter. 

Current source: The left-hand circuit of Fig. 6N.16 i straightforward - but not usually ati factory. 
For one thing, the load hangs in limbo, neither end tied to either ground or a power supply. For another, 

the entire load current mu t come from the op-amp it elf - so, it is limited to about ± 25mA, for an 

ordinary op-amp. 

V.n 
(de., or 
a 1'1jnil) 

R. 

Figure 6N.16 Op-amp current sources. 
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The right-hand circuit i better. It give you a chance to marvel at the op-amps ability to make a 

device that brought within the feedback loop behave as if it were pe,fect. Here the op-amp will hide 

VsE variation with temperature and current, and al o the slope of the le ver u VcE curve (a lope 
that reveals that the transistor is not a perfect current ource· this imperfection i described by "Early 

effect a topic discussed in §5S.2). 

Do you begin to see how the op-amp can do this magic? It takes some time to get u ed to the e 

wonders. At first it eems too good to be true. 

Followers: Figure 6N. l 7 shows three op-amp-assi ted followers along idea ·imple bipolar follower. 

Figure 6N.17 Op-amp 
followers . 

V+ 

Of.en- /.r;of. version 
( no feed 6ad:.; 
bias not shown) 

V+ 

ac+ive. version hi3'1- current active 

How a.re the op-amp versions better than the bare-transistor version? The obvious difference is that 

all the op-amp circuits hide the annoying 0.6Y diode drop. A ubtler difference - not obvious, by any 

mean , is the much better output impedance of the op-amp circuits. How about input impedance? 15 

Current-to-voltage converter: Figure 6N. l8 shows two applications for an op-amp "transresistance 
amplifier." A Puzzle: if you and I can design an " ideal" current meter so ea ily, why do our lab multi-

I AoE §4 . . IE 

meters not work that way? Are we that much smarter than everyone else? 16 I AoE §4.3. tC 

Figure 6N.18 Two 
applications for / -to- V 
converter: photometer; 
"ideal" current meter. 

Phofomefer 

15 Ye , the op-amp circuits win , hands down. Recall GR#!. 

Idea L Current He f-r r 

(a +e t problem) 

R 

Ijn Iin 
~ ~ 

l ti-e~enf I 

pisr,ive 
ver~1(Jn 

acf,ve. 
version 

16 Here's a thought or two on that que tion: a in the fir t current ·ource (Fig. 6N.16), nearly the entire input cu1Tent pa se 
through the op-amp, so maximum current is mode t, and the batterie powering the circuit will not last long. 

V+ 
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6N.9 Strange things can be put into feedback loop 

The pu h-pull follower within the feedback loop, shown in Fig . 6N. l 7 and 6N.20, begin to illustrate 

how neatly the op-amp can take care of and hide the eccentricities of circuit elements - like bipolar 

followers, or diode . 

6N.9.1 In general. .. 

Figure 6N.19 illustrates the cheerful scheme, showing two distinct case · that fit all the op-amp circuit 

we will meet. 

,;, ovt (srrancie.) /V ,J 

5o me.+ inies +!, is ,s 
th ovtpl.41. • We (.. ke.. 
the. s+ra ?jeness. 
(dofi, '" tl-ie f,jure) 

Hiding the "dog" . .. 

Some±imes +h,~ i's 
-Hie ovfru.t , 11,Je.' re 

t~,~ to hide ·!i-\e doJ Figure 6N.19 Op-amps can 
tidy up after strange stuff within 
the loop. 

Sometimes, instead of treating the op-amp output as circuit output - and thus showing the inverse of 

the ignal fed back, as we do in our op-amp voltage amplifiers for example - we use the op-amp to 
"hide the dog.' The push-pull follower is such a case. The weirdne s of the transfer function of the 

bare push- pull is not intere ting or useful; it i a defect that we are happy to hide. Active rectifiers do 

a similar trick to hide diode drops. 
To see the op-amp dutifully generating, at the input to the push-pull whatever strange waveform is 

needed in order to hide the push- pull is quite dazzling the first time one sees it. See if you find it so. 

Figs. 6N.21 and 6N.22 show ome cope images showing the process. 

Crossover distortion in two forms . . . : We rigged a demonstration of the op-amp's cleverness (see 

Fig. 6N.20) by switching the feedback path between two points. The "silly" point, the op-amp output, 

produces a clean sinusoid in the wrong place while delivering nasty crossover distortion at the circuit 

output. The "smart" feedback point, the circuit's output, delivers a clean sinusoid where we want it. 

feedback select J SMART 

V+ 

Figure 6N.20 Details of circuit set up to 
show op-amp cleaning up crossover 
distortion . 

Fir. t, here is cros -over distortion, shown in two forms. The left-hand image of Fig. 6N.21 show 

what this di tortion looks like when the load i re i tive. This might be called "clas ic" cro over 
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distortion. The image on the right show what the di tortion looks like when the load is not a resistor 

but an 8Q speaker, whose inductance produce tranger hapes. 

input 
(image reduced: 

2V/div) 

Figure 6N.21 Crossover 
distortion in two forms : 
resistive load, and speaker 
as load (stranger) . 

resistive load 
("classic" crossover distortion) 

speaker as load 
(grotesque crossover distortion) 

... Op-amp to the rescue: crossover fixed: Could the op-amp be clever enough to undo the strange 

di tortion introduced by the pu h-pull - and rendered even stranger (asymmetric too) by the speaker 

as load? Surely not! 

circuit 
output 

Figure 6N.22 Crossover 
distortion fixed by op-amp 
- which cleverly generates 
the inverse of the 
crossover transfer 
function. 

0011 2.00 v '-Ch2 soomv ~ \12.00,ns 
Chl sooniv .., 

resistive load ("classic" distortion) speaker as load (grotesque distortion) 

Well, yes: the op-amp is that clever (at moderate frequencies): it generates just what's needed 

(dog- 1) to produce a clean output. Fig. 6N.22 . hows the cleanup that the op-amp provides. (Note 

that the input waveform is shown with scope gain reduced 4x relative to the output waveforms.) 

.. . Admiring the "dog": In other cases, as the comments in Fig. 6N. l 9 say, we want - and treat as 

circuit output - the op-amp output. In such cases, the "strange tuff' in the feedback loop is omething 

we have planted in order to tease the op-amp into generating the inverse of that strange stuff ("inver e 
dog"11). 

The "strange stuff' need not be strange, of course; if we insert a voltage divider that feeds back 

1/ JO of V0 ui, then Vout will shows us 10 x '1in· 
But here are two more exotic cases: two example where the 'strange signal" (dog- 1) evoked by 

the "strange stuff' in the feedback is useful. The left-hand example in Fig. 6N.23 with the diode in 

17 We would like to have included a vi ual repre entation, in the figure. of inverse dog - hut we lost our nerve. What does 
inverse dog look like? I · it a dog with his paws in the air? ls it a cat? ls it a god? You can ee why we ab tained. 

! AoE §4.3. IE 
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the feedback loop may look at first like a rectifier. But con ider what it does for an always-negative 

input voltage. 

Figure 6N.23 Two cases where 
we plant strange stuff in loop to 
get "strange" and interesting 
op-amp output. 

Vout i, proportional to the log of Vin for Vin negative; in the right-hand circuit, Vout is the square-root 

of Vin for Vin po itive. Both circuit fail for inputs of the wrong sign, a we meant to ugge t when we 

fir t showed these two circuit in Fig. 6N. l 5. 

In Lab 6L you will be so bold as to put the oscilloscope itself in ide one feedback loop. Thi is an 

odd idea but one that produces entertaining result , ee Fig. 6N.24. 

, f hr>fofrans,s for Scope 

volta9.e t:o 
....:;, posiii.oh 

( ~ i.rdens i~) 
~ 

intensdij 
-to vol+aje 

-

-
Figure 6N.24 Scope 
brought within feedback 
loop: adjusts location of 
CRT beam . 

You ll see Jots of nifty circuit in this chapter. Soon you may find yourself inventing nifty cir­

cuit . Op-amp give you wonderful powers. IC manufacturer how collections of application circuits 

for their device . TI, for example, shows about 30 pages of circuits (reprinting National Semicon­

ductors application note 31): http://www.ti.com/ww/en/bobpease/a sets/AN-31.pdf. Or for a sam­

pling of application wisdom from the late analog wizard Jim Williams at Linear Technology, ee 

http://cds.linear.com/docs/en/application-note/an6.pdf. 

6N.10 AoE Reading 

• Chapter 2: Once again, introduction to negative feedback: §2.5 (this wa a signed for Lab SL, but 

remains a relevant introduction). 

• Chapter 4: §§4.1-4.2. 
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6L.1 A few preliminaries 

First a few reminders. 

Mini-DIP package: You saw a DIP 1 in the previou lab. Fig. 6L. l shows another, this time an 8-pin 

mini-DIP housing the operational amplifiers that we will meet in thi and later lab . 

Q O IJ a o o 0 0 0 0 0 0 
0 fJ Cl 0 D a a o 
0 0 o n Q 

5" 
1 2. 

3~ 
Figure 6L.1 p'in n""!"l'lkrind 
Op-amp D D O O D 

D D 0 0 0 0 0 0 
(m,ni -bIP c..o.se.. 

mini-DIP 0 0 O D a a o a 0 0 0 0 0 0 
package . 

The pinout (best represented by the rightmo t image of Fig. 6L. l) wa e tablished by op-amps even 

earlier than the classic LM741 2 and is standard for single op-amp in thi package. You will meet 

tbi pinout again in Lab 7L when you use the '741 and also the much more recent LTl I 50. Such 

standardization is kind to all of us users. Unfortunately, as parts get smaller DIP parts are becoming 
scarce. Many new designs are is ued in surface-mount packages only. 

Power: Second, a point that may eem to go without aying, but ometime need a mention: the 

op-amp always needs power applied at two pins; nearly always that mean ± l5V in this course. We 
remind you of this because circuit diagrams ordinarily omit the power connections. On the other hand, 

many op-amp circuits make no direct connection between the chip and ground. Don't let that rattle 

you: the circuit always includes a ground in the important sense: a common reference treated as OV. 

Decoupling: You should alway "decouple" the power supplies with a mall ceramic capacitor (0.01 -

0. I J.LF), a sugge ted in Fig. 6L.2 and as we said in Lab 4L. If you begin to see fuzz on your circuit 

outputs, check whether you have forgotten to decouple. Most student don 't believe in decoupling 

until they see that fuzz for the fir t time. Op-amp circuits, u. ing feedback in all ca e , are peculiarly 

vulnerable to , uch "para itic o cillations." Op-amps are even more vulnerable to parasitic o cillations 
than the transistor circuits that voked our warning on Day 4. 

1 "Dual in- line package' '. 
2 The pinout appear at lea ta · early as the p 709, a Fairchild device intr duced in 1965. 
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Figure 6L.2 Decouple the power supplies. Otherwise 
your circuits may show nasty fuzz (unwanted 
oscillations). 

Astound yourself by watching the output voltage a you slowly twiddle the pot in the circuit of 

Fig. 6L.3, trying to apply OV. Is the behavior con. istent with the 41 J specification that claims 'Gain 

(typical) = 200V Im Y?" Don't pend long "a tounding yourself however this i a most abnormal 

way to use an op-amp. Hurry on to the useful circuits! 

out 

-JS' 
Figure 6L.3 Open-loop test circuit 

6L.3 Close the loop: follower 

Build the follower shown in Fig. 6L.4 using a 41 l. Check out its performance. In particular, measure 

(if possible) Zin and Zout, u ing processes to be described in later in this section. 

out 

Figure 6L.4 Op-amp follower. 

6L.3.1 Input impedance 

Try to measure the circuit's input impedance at 1 kHz, by putting a IM resistor in series with the input. 
Here, watch out for two difficulties: 

• Beware the finding" l OMQ' .3 

• R in is so huge that Cin dominate . You can calculate what q 0 must be, from the observed value 

of has. Again make sure that your result is not con-upted by the scope probe's impedance (this 
time, it's the probe capacitance that could throw you off). 

3 lt's very easy to be o deceived, because this i the fir t circuit we have met that shows an input re. i tance much larger than 
Rin for the o cil loscope-with-probe. That Rini JOMQ. 
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6L.3 .2 Output impedance 

The hort an wer to the value of the follower 's output impedance i, "low." It ' so low that it is difficult 
to measure. Rather than ask you to measure it we propose to let you show yourself that it is f eedback 

that is producing the low output impedance. 

Here's the cheme: add a 1 k re istor in ·eries with the output of the follower; treat thi (perversely) 

as a prut of the follower, and look at V0 u, with and without load attached. This is our usual procedure 
for te ting output impedance. No surpri es here: Rout had better be I k. 

Now move the feedback point from the op-amp's output to the point beyond the l k series re i tor -

to apply 'feedback #2 in Fig. 6L.5. What' · the new Rout? How does thi work? (Chapter 6N sketche 

an explanation of this result. ) 

Figure 6L.5 Measuring R out - and effect of feedback on 
this value. 

,- - - - - -, 
I 
I 
I 

- I I 
: : 1k : RLOAO 
I I I 

l~~~~~~::~~--------] l--~--J 
feedback #f '-_ feedback #2 

If you 're really determined , you can try to measure the output impedance of the bare foll ower 

(without series R). Note that no blocking capacitor is needed (why?4 ) . You hould expect to fail, here: 

you probably can do no more than confirm that Zout is very low. 

Do not mi stake the effect of the op-amp 's limited current output for high Zout· You will have to 

keep the . ignal quite small here, to avoid running into this current limit. The curves in Fig. 6L.6 say 

this graphically. They say, concisely that the current is limited to ±25mA over an output voltage 

range of ± lOV, and you ' ll get les current if you push the output to swing close to either rail ("rail" 
is jargon for "the supply voltages' ). This current limit is a useful self-protection feature designed into 

the op-amp. But we need to be aware of it. 

Figure 6L.6 Effects of limit on op-amp output current 
(LF411) . 

4 No blocking cap becau. e there' no DC vol tage to block . 

Vov+ (111a::t") - vot-ls 

5 
Source 

~-.------..---+-~t----.-.J-.....-.+ 
·3o ·2o ·lo Ho 120 •30 

-S Ouipvf c11rrent - ,-A 
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6L.4 Non-inverting amplifier 

Wire up the non-inverting amplifier shown in Fig. 6L.7. You will recognize this as nearly thefollower 

- except that we are tricking the op-amp into giving us an output bigger than the input. How much 

bigger? 

ovt 

101< 

lk 

Figure 6L. 7 Non-inverting amplifier. 

What is the maximum output swing? How about linearity (try a triangle wave)? Try sinewave of 

different frequencies. Note that at ome fairly high frequency the amplifier ceases to work well: sine 

in doe not produce sine out. 
We are not asking you to quantify these effects today, only to get an impression of the fact that 

op-amp virtue fade at higher frequencies. In Lab 7L you will take time to measure the slew rate 

that imposes this limit on output . wing at a given frequency. We are still on our honeymoon with the 

op-amp, after all; it is still ideal. "Yes, sweetheart, your slewing i flawless" . 

No need to measure input and output impedances again. Later, you will learn that you have traded 

away a little of ome other virtue in exchange for the increased voltage gain; till , this amp's perfor­

mance is pretty spectacular. 

6L.5 Inverting amplifier 

Construct the inverting amplifier drawn in Fig. 6L.8. If you are sly, you will notice that you don't 

need to start fresh: you can u e the non-inverting amplifier, simply redefining which terminal i input 

which is grounded. Note: Keep this circuit set up: you will use it again in §§6L.6 and 6L.7. 

signal source simulating high Rout 

:-~lk --~~----
I rv 

I 
I -=- J -- - - -

10k 

Figure 6l.8 
Inverting amplifier. 

Drive the amplifier with a 1 kHz sinew ave. What is the gain? I it the ame a for the non-inverting 

amp you built a few minutes ago? 
Now drive the ciscuit with a inewave at 1 kHz again. Measure the input impedance of this amplifier 

5 Feeding ba k 1/l l, we get V0 u1 = 11 x Vin· Looks familiar, from the final circuit of Lab SL, does it not? 
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circuit by adding J kin series with the ignal source (simulating a ource of crummy R0u1). Thi time, 

you should have no trouble making the measurement. If you suppose that the I kin series with your 

signal ·ource represents Rout for your ource, then what is the inverting amp's gain for such a source?6 

Take advantage of the fo!Jower you built earlier, to solve the problem that we have created for you, 

the signal source's poor Rout· With the follower's help, your inverting amp' overall gain hould jump 
back up to it original value ( - 10). 

6L.6 Summing amplifier 

Modify the inverting amplifier slightly to form the circuit hown in Fig. 6L.9. Thi circuit um a 
DC level with the input signal. Thus it lets you add a DC offset to a signal. (Could you devi e other 

op-amp circuits to do the same task?7
) 

Figure 6L.9 
Summing circuit : 
DC offset added to 
signal. 

-15v ._/\f,/v- +15v 
1ok 

"oFFSET» 

~--.-- sig.out : 
)Gv= -1 
l o+fset rafije :: ± 10v 

6L.7 Design exercise: unity-gain phase shifter 

6L.7.1 Phase shifter I: using Vin and its complement 

The circuit in Fig. 6L.10 applies a signal and its inverse to an R and C in series . By varying R, one 

can make Vout more similar to Vin or similar to its complement, Vin - inverted· Thu phase can be adjusted 
over a range of 180°. So far, so simple. 

c 

R 

Figure 6l.10 Phase shifter, basic design . ..___ V, inverted 

The subtlety and cleverne s of this circuit lies in the fact that the amplitude of the output always 

equals Vin, regardles ' of phase shift. (This is radically different from the behavior of, say, a low-pass 

filter, whose phase shift aJso can vary quite widely: between zero and almost - 90°. But a the filter' 

phase shift varies, with change of frequency, so does amplitude out.) Fig. 6L. l l helps to explain this 
happy and surprising result. 

6 That' right : gain fall to haJf of what it was, becau e the effective 'R 1 •• is doubled, in the gain equation G=-Rif R1. 
7 Probably ; but we doubt they 'd be a imple as this one. 

I AoE §2.2.7 
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I Figure 6L.11 Phasor diagram of phase shifter in 

Fig. 6l.10 (borrowed from AoE) . 

The input amplitude, fed to the erie RC, is 2 x V, and thi is shown on the horizontal ("real") axis 

of Fig. 6L.1 l. The voltages VR and Ve are 90° out of phase; this behavior i familiar to u from our 

experience with RC filters. The voltages VR and Ve sum to 2 x V. This relation is ·hown in the figure 

as the ti-iangle whose hypotenuse - the sum - is the horizontal 2 x V. 

The really nifty element in this result is the fact that Vout, represented as the distance from ground 

to the junction of Rand C, is always equal to Vin or "V .' (The point we describe as 'ground" is simply 

the midpoint on the ho1izontal axis, midway between Vin and its complement.) 

To put thi another way, the R-C junction lives on a semicircle of radiu V. That radius is shown, 

in Fig. 6L. l l, as a phasor arrow joining origin to that R-C junction. 

Now design your own op-amp adju table phase shifter and try it out. As you choose your values for 

Rand C, note that you want your maximum R (the pot value) to be much larger than Xe at the driving 

frequency. Don't feel disappointed when you notice that at a given pot setting, phase shift varies with 

input frequency. That's just the way thi circuit works. 

6L.7.2 Phase shifter 11 : phase shifter with voltage control 

Figure 6L. I 2 is a less obviou route to the same goal. The advantage of this circuit over the one you 

designed in §6L.7.J is the fact that the phase shift can be adjusted by varying a resistance to ground. 
Thi feature renders straightforward the use of an electronic signal (rather than your hand adjusting 

a pot) to control phase shift. You could, for example, use a JFET in its resi tive range to serve as 

adjustable resi tor;8 then let a repeating waveform drive the FET to sweep the pha e shift. If you were 

to mix that ignal with the non-shifted original signal, the result might ound like a "flanger." You 

could try this today, if you have some time on your hands. (Not likely!) 

How does it work? This is a ubtler version of the phase shifter that you designed in §6L.7. l. To see 

how it works, imagine taking the variable R value to extremes: 

• when R = 0 this is ju tan inverting amp, unity gain; 

• when R » Xe, Vout = Vin· 

These are the pha e extreme , 180° apart.9 Between these extremes the phase at the non-inverting 

input i adjustable. The surpri. ing virtue of constant amplitude re ults from essentially the argument 

that explain the simpler 'hifter (AoE §2.2.7 A). We leave our explanation at that - a bit incomplete, 

" leaving the exercise to the reader - because we don' t want to stop you, at lab time, with a long 

digression on this topic. 

8 We don ·r build any JFET circui ts in thi ' course, but you will find such vo lt.age-controlled-resi tance circuit discu sed in 
AoE in §3.2.7. 

9 The circuit i extremely imilar to rhe "follower-to-inverter" circuit of AoE §4.3, Fig. 4.20. 
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10k 
a JFcT voltage -

controlled resistance ... 

Figure 6L.12 
Phase-shifter: second 
design. 

6L.8 

in 
, 0.1 µF 

fM} 

modulation: varies JFcT' s R-vafue ___ __, 

100k} bias adjust 

330k 

-15V 

Push-pull buffer 
AoE §4.3 .1 E Fig. 
4.26 

Build the circuit , hown in Fig. 6L. I 3. Drive it with a sinewave of 100-SOOHz. Look at the output of 

the op-amp, and then at the output of the pu h-pull stage (make ure you have at least a few volts 

of output, and that the function generator is et for no DC offset). You should see cla sic crossover 

di ' tortion. 

Figure 6L.13 Amplifier with 
push-pull buffer. 

lOk 

- 15' 

MJEJC>:5 

lk 

l 3055, 2'!55: ?> c c 

Listen to this waveform on the breadboard's 8.Q speaker - or on a cla. ier peaker, if you can find 

one. Your ears (and tho e of people near you) hould protect you from overdriving the peaker. But 

it would be prudent before driving the speaker, to determine the maximum afe amplitude given the 

speaker s modest power rating. The transistor · are tough guys, but you can check whether you need 

to lower the power- upply levels on your breadboard, to keep the tran ·j tor cool, given the following 

power ratings: 

• tran i tor : 75W - if very well heat-sunk o that case remains at 25°C. Much le (0.6W) if no 

heat-sink i used, as is likely in your setup. 

• speaker: 250m W. 

Now reconnect the right side of the feedback re istor to the pu h-pull output (as proposed near the 

end of Chapter 6N) and once again look at the push- pull output. The cro sover distortion should be 

eliminated now. If that is so, what hould the ignal at the output of the op-amp look like? Take a look. 

(Doesn t the op-amp eem to be clever?) 

Listen to this improved waveform: doe it ound smoother (more flute-like) than the earlier wave­

form? Why did the crossover distortion sound harsh and metallic, more like a clarinet than like a flute 

- as if a higher frequency were mixed with the ine? 10 

IO Well , because a higher frequency is mixed with the ·ine. The abrupt edges vi ible in the step from below to above the in put 
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If you increase ignal frequency, you will discover the limitations of this remedy, as of all op-amp 

techniques: you will find a glitch beginning to reappear at the circuit output. 11 

6L.9 Current to voltage converter 

In earlier exercises we met and olved a "problem" presented by the inverting amplifier: its Rin is 

relatively low. Once in a while, this defect of the inverting amp becomes a virtue. This happens when 

a signal source is a current-source rather than the much more common voltage-. ources that we are 

accustomed to. A photodiode is such a signal source, and is delighted to tind the surprising Rin at the 

inverting terminal of the op-amp: what is that Rin value? 12 

Photodiode: Use a BPV 11 or LPTlOO phototransistor as a photodiode in the circuit of Fig. 6L.14. 
These device are mo t sensitive in near-infrared (around wavelength of 850nm) but show about 80% 

of thi . sen itivity to vi ible red light. Look at the output signal. If the DC level i mor than lOV, 

reduce the feedback resistor to 4.7M or even to IM. 

10Meg c 

x 

(no emitter connection) 8PV11 Figure 6L.14 Photodiode 
photometer circuit. 

Figure 6L.15 A 
less good 
photodiode circuit. 

[f you see fuzz on the output - oscillations - put a small capacitor in parallel with the feedback 

resistor. The R i o big that a tiny cap . hould do: even 22pF cause circuit gain to fall off at an .f3dB 

( I /2nRC) of les than a kilohertz. In the phototransistor circuit in Fig. 6L.16, with its smaller Rfeedbac:k, 

you would need a proportionately (lOO x ) larger C. Why doe · this capacitor douse the oscillation? 

Because the o cillation can't persist if the circuit gain is gone at the (high) frequency where the circuit 

'wants to oscillate. lt wants to oscillate up there becau. e there it find large, trouble, ome phase shifts; 

in Lab 9L we'll see much more of thi problem. 

What is the average DC output level and what i the percentage "modulation?" (The latter will be 

relatively large if the laboratory has old-fashioned fluorescent lights, which flicker at l 20Hz; much 

smaller with contemporary 40kHz ftuore cents, or with incande cent lamp .) What input photocurrent 

waveform, a the latter cros es zero volts. include high-frequency component.. Your ear. recognize this. even if y u have 
for a moment forgotten lhe teaching of Fourier. 

11 The circuit requires the op-amp to snap its output from a diode drop below Vin to a diode drop above. as the output cro ·se · 
zero volt . That excursion of about a volt take. time. The op-amp can "slew" it output only so fast - and here that rate is 

much lower than the maximum " Jew rate" chat you will measure next time, becau e the op-amp input i. not strongly 
overdriven during thi brief tran ition. While thi slewing i occun"ing. the op-amp is not able ro make the output do what it 
ought to do. The glitch become: visually noticeable in the scope display when the output waveform is steep and scope 
sweep rate i high. 

12 Ye., ideally this Rin is zero. 1n fact it i very small (later, in Chapter 9 . you'll learn to calculate it as Rrccclhack/ A. where A 
is the op-amp·s "open-loop gain") . 
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does the output level corre pond to? Try covering the phototransistor with your hand. Look at the 

"summing junction" (point X) with the scope, as Vout varies. What should you see? 13 

Make ure you understand how thi circuit i preferable to a impler "cutTent-to-voltage converter," 
a re istor, used as in Fig. 6L. 15 t4 

Phototransistor: Now connect the BPV I I as a phototransistor as hown in Fig. 6L.16 (the base is 

to be left open, as hown). Look again at the summing junction. Keep this circuit set up for the next 
stage. 

Figure 6L.16 Phototransistor photometer 
circuit . 

+15 

LPT- 100 
(no ba~e 

c..onflec tion) 

100 k (or (Tlnre) 

Applying the photometer circuit : For some fun and frivolity, if you put the phototransistor at the end 
of a cable connected to your circuit, you can let the transistor look at an image of it elf ( o to peak) 

on the cope. creen. (A BNC cable with grabbers on both ends i convenient; note that in this circuit 

neither terminal i.' to be grounded, so do not use one of the breadboard's fixed BNC connectors.) Such 

a setup is shown in Fig. 6L.17. 
The image appears to be hy: it doesn t like to be looked at by the transistor. Notice that thi cheme 

brings the scope it ·elf within a feedback loop. 

Figure 6L.17 Photosensor sees its own image. 

You can make entertaining use of thi curious behavior if you cut out a hadow mask, using heavy 

paper and arrange thing, so that the CRT beam just peers over the edge of the ma k. Tn this way 

you can generate arbitrary waveforms. If you try thi , keep the ' amplitude' of your cut-out waveform 

down to an inch or o. Have fun: this will be your last chance, for a while, to generate really Lilly 

13 The "summing juncti n·· i a virtual ground and hould sit at OY. [fit does not , then omething ha · gone wrong. Mo t 

likely the op-amp output has hit a limit ("saturated'"), making it impossible for feedback to drive that terminal to match the 
grounded non-inverting input. 

14 The difference results from the photodiode· "disliking .. large vo ltage variation. The passive circuit puts a changi ng voltage 
across the photodiode. and the diode varies it current somewhat in re pon e. This variation distorts the relation between 
light intensity and diode cuJTent. 
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waveform : ay, Diamond Head, or Volkswagen or Matterhorn . You will be ab]e to do uch a trick 

again - at least in principle - once you have a working computer, which can tore arbitrary patterns in 

memory in digital form. Practical arbitrary waveform generator use thi digital method. 

6L.10 Current source 

Try the op-amp current source shown in Fig. 6L.18. What should the current be? Vary the load pot and 

watch the current, u ing a digital multimeter. This current source hould be so good that it 's boring. 

Now substitute a l OOk pot for the I Ok and use a second meter or a scope to watch the op-amp's output 

voltage a you vary RLOAD (in this case, just the LOOk variable R). This second meter hould reveal to 

you why the current source fails when it does fail. 

+15 

15k 

1k 

180 0-10mA 
OVM 

watch with a OVM to see 
,,,,.,,---- compliance limit of this 

JI' current source/sink 

Figure 6L.18 Current source. 

Note that this current ource, although far more precise and stable than our imple transi tor current 

ource has the disadvantage of requiring a "floating" load (neither ide connected to ground); in 

addition, it ha significant . peed limitations, leading to problems in a situation where either the output 

current or load impedance varies at microsecond . peed . 

The circuit of Fig. 6L. l9 begins to solve the fir t of these two problems: thi circuit source a current 

into a load connected to ground. 

2.,k 

121< 

+ISv 

10MA 
(DMl-1) 

e c 
E 

G O 
s 

Figure 6L.19 Current source 
for load returned to ground . 

Watch the variation in l out as you vary RLOAD · Again , performance should be o good that it bores 

you. This time, the l OK variable re istor is too . mall to cause the current source to fail. (If you want 

to ee it fail, replace the lOk with a 1 OOk and then use a econd meter to watch the voltage acros. the 

transistor: VcE or Vos). 
You may not ee any current variation using the bipolar transistor: a 2N3906. If you manage to 
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discover a tiny variation, then you should try replacing the '3906 with a BS250P MOSFET (the pinout 

is equivalent so you can plug either in exactly where you removed the 2N3906). 

Should the circuit perform better with FET or with a bipolar transistor? 15 Do you find a difference 

that confirms your prediction (that difference will be extremely small)? With either kind of tran istor 

the current source is so good that you will have to strain to see a difference between PET and bipolar 

versions. Note that you have no hope of eeing this difference if you try to use a VOM to measure the 

current; use a DVM. 

15 The FET version performs a little better. The feedback circuit monitors IE. wherea · le is the ou tput ; the difference is / 13 - a 
small error. The FET show. no equivalent to /a : it input current is Lero. So, in 1he FET er ion the output current is the 
same as the current monitored. 
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6W Worked Examples: Op-Amps I 

The problem - just analysis this time: This is a rare departure from our practice of asking you to 

design not to analyze. Inventing a difference amp 1 
• eemed a tall order, and on the other hand, the 

difference amplifier's behavior eem. far from obvious. So, here' a little workout in eeing how the 

circuit operates. 

6W.1 Basic difference amp made with an op-amp 

The difference amplifier made with an op-amp looks li ke Fig. 6W.l, which how the general config­

uration and the particularly straightforward case of unit) gain, the ca e that this note treats fir ·t. 

v, _ _," '·" _ _____, 
V2·-_," '"-----

difference amp: general 

Vour 

R 

V, - ~., . .,, 
v 2·--1\/,." _ ____, VouT 

difference amp: unity gain 

Figure 6W.l 
Difference 
amplifier made 
with an op-amp: 
special case of 
unity gain . 

In general, a , you know, the amplifier require, that the ratios of the resistor in the two paths, from 

V1 and from V2. must be well matched. Comm n-mode rejection depends on thi . matching.2 The 

amplifier s differential gain is R2/R1= R4 / R3. 

Seeing the amp 's gain by trying some cases 
It i posjble to derive the circuit gain using a little algebra (see §6W. I .5 . But that sort of description 

often lacks persua ive power. So, fir t let's use another approach: we will try particular ca es of input 

voltage , to ati . fy our el es that the circui t does what it ought to do. Thi technique i one more 

application of a common technique that we u e when confronted by a novel circuit: try to redraw it 

o that it looks like a familiar circuit that we understand well. In §6W. J. I , for example, the diff-amp 

become a good old inverting amp. 

I This circu it is more often called a ·'differential amplirier." But we prefer the les. grandi loquent term here. u ·ed also in Ao 
§4.2.4. The term "differential" seems to uggest that thi rather stra ightforward circuit is doing some challenging calculus 
operations for you. The word .. difference" better de. cribes whal the circuit measure ·. everthele s. we hould admi t, we 

often revert co the more traditional term and find our. el es calling the circuit a differential amp. A ·imple id step is to cal l 
it a ''di ff-amp:· a. many of us often do. 

2 Because close matching is hard to achieve. the best approach may be to buy an integrated array of resi tors tightly matched: 
the best. to 0.001 % ( ee AoE §4.2.4) or to buy an integrated difference amp like TI/Burr- Brown's !NA 105 with gain within 

0.05% of unity, r the 11 149, described below in §6W.2. with lOOdB of common-mode reje tion (CMR). 
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Recall that in order to keep things simple we have made all R value equal giving the difference 

amp unity gain. 

6W.1.l First case: inverting amp 

Ground V2, apply a signal to V1; see Fig. 6W.2. We're forcing the non-inverti ng input to OV o the 

inverting input goes to virtual ground, and the ci rcuit forms a traditional inverting amplifier, gain of 

- 1. 

R 

+1V 
Vt--'"" 

V2 _....,", "------ Vour 
-tv 

Case Inputs 
internal 

Output Notes 
Points 

Figure 6W.2 
Diff-a mp: gain is 
- 1. 

6W.1.2 Second Case: non- inverting amp 

A 
Vi I V2 
l I 0 

XI y VouT 
o I 0 -l 

Ground Vi, apply a signal to V2; see Fig. 6W.3. Now the circuit forms a non-inverting amplifier of 

gain 2 (recall that G = 1 + R2/R1). 

Figure 6W.3 
Diff-amp: 
gain is + l . -

R 

Vour 
1V 

Case 

B 

Input 

V1 V2 

0 l 

In ternal 
Output 

Points 
x y VouT 

0.5 0.5 I 

At first glance gain of two may sound wrong - but not when you recall that the non-inverting ignal 

is attenuated to one-half before it reaches Y. So, the non-inverting gain i + 1, as one would hope. 

6W.1.3 Third case: equal inputs 

Equal inputs should produce zero out. Try + 1 V to both input , see Fig. 6W.4. Equal input end eq ual 

voltage to the two op-amp input ' , forcing equal voltage at the end of the two divider-chain . So 

VouT mu t be ground . In other word common-mode ga:in is zero. (Thi will be true to the extent that 

the four Rs are well matched.) 

6W.1.4 Fourth case: non-zero inputs that differ by a volt 

The output hould be indifferent to any hared input but hould amplify the difference ( l V) by 1. 

Yes. Here we might ay there is a common-mode ignal of 1.5V, and a difference signal of l Y. The 

ampl ifi er ignore the common signaJ, and amplifies the difference by 1. 

inverting amp 

Note 

non-inverting amp 
gain of 2 x 1 / 2V1 
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Notes 

dividers match 
foot of each at gnd 

Notes 
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with respe t toVy 
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Figure 6W.4 
Diff-amp: 
equal inputs, 
output zero. 

Figure 6W.5 
Diff-amp: 
two posi tive 
inputs, 
difference 1. 

Thi case is exactly like the case that we called "non-inve11ing amp' §6W. l .2, except that both 

input are higher by 1 V. Thi conunon difference the amplifier ignore . 

Alternatively one might ee this a an inverting amp that amplifie ~ V1 with respect to Vx and Vy. T n 

thi ca e there i. no difference to amplify, o the output i just the ba. eline voltage, Vy. 

6W.1.5 Gain, formally derived 

If looking at particular ca. es and trying to liken them to familiar amplifier configuration seems la­

boriou . maybe you'll prefer a more traditional analysis . First, let ' redraw the circuit to add a few 

label ; ee Fig 6W.6. 

It -
V f --'V\/\.r-­

Vz·--'\I \J\-_, 

R2 

VouT 

Figure 6W.6 Difference amplifier: a more general diagram. 

Alth ugh we have generalized the diagram to permit gains other than unity let us stick to unity 

gain, in order to make the arithmetic as easy a possible. So, again, let's assume a1l Rs are equal. They 

need not be for good differential performance· as we aid at the outset, we only need R2/R 1 = R4/R3. 
The input current. / 1, i · (Vi - Vx )/R and Vx = Vy = V,_/2. So 

The R conveniently divide out, leaving Vo = V2 - v, 
Though we looked, once more, at the unity gain case, the algebraic argument would work just a 

well for any matched et of re istor ratio. : one where R2/ R1 = R4/ R3. [f the resistor ratio i. not unity, 

then of course Vo i not equal to the difference between the two circuit inputs but is a multiple of that 

difference. 

Is thi algebraic argument persua ive? Or do you prefer to look at the particular ca es with which 

we began? Your an wer will depend only on your ta te , of course. 
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6W.2 A more exotic difference amp: IC with wide common-mode 
input range: I NA149 

Tl makes several integrated versions of the tandard difference amp, ICs that include weJl-matched 

resistor deli ve1ing good common-mode rejection ( I OOdB for the INA 149). In addition one of these 

IC , the INA 149, adds a 5th resistor that make ure that the op-amp i not overdriven even for an 

input as large a ±275V: tbe fifth re istor divides such a large input voltage down to 13.SV at the 

op-amp inputs. If you wonder why anyone would want such common-mode range TI ugge ts. for 

example, that thi s range could be useful to monitoring current on a high-voltage line : the diff-amp 

could watch the vol tage drop aero. s a small resistor that caITies that current. 

Figure 6W.7 hows the circuit.3 On the right side we have added labels in order to facilitate a 

di cussion of the circuit. 

Figure 6W.7 Integrated 
difference amplifier, 
INA149. 

20k 

v,--~"'"-­
V2--+-'VV\r-41.--.f 

380k 20k 380k 

Vour >---+--+-U Vour 

T his amplifier may look - if one recaJl the general gain expression for a diff-amp §6W.1) - as if 

it would deliver an attenuated output, with differential gain 1/20 reflecting the ratio of the l 9k to the 

380k input re. i tor on the V2 ide. But the circuit's differential gain turns out to be 1. We' JJ inve tigate 

how that result mise . We find the circuits behavior far from obviou . . 

Again, we propose two way to consider the circu it: first, using a couple of pecial cases that are 

ea y to ana lyze; then chugging through ome laborious algebra to get a general re ult. 

6W.2.1 A couple of special input cases 

As we found for the generic difference amp of §6W. I, ome input cases are ea y to ana lyze and we'll 

try those to convince ourselves that, contrary to appearances, the circuit can indeed deli ver a gain of l. 

Ground V 1: Grounding V1 puts 380k and 20k to ground, in parallel: equivalent to l 9k to ground. Thu 

we find a curious symmetry: Vi is divided by 2 1 (=19k/(380k + 19k)). The inverting path div ides it 

output voltage by the same fraction. So, Vciut = Vin· You can put thi . argument differently, if you 

prefer: say V .. i divided by 21, and the gain of the non-inverting amp driven by this value i, I + 

380k/(20kll ll380k) = I + 380k/ I 9k = 21. Gain thus is+ 1. 

Ground V2: This ca. e is easier. Grounding V2 puts both op-amp input terminal ("Vx' · on diagram) 

at ground. So the amplifier look like a . imple inverting amp (the 20k ha. no effect, conducting no 

cmTent with OV aero it . Gain is - 1. 

3 The 20k and I 9k resistors are shown grounded. They can be tied to other voltage reference. if an output with off tis 
wanted. 
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6W.2.2 A general solution 

The algebra that genera li zes these result is !es ea y and less fun. But here goes . We'll use the signals 

named on the right-hand ide of Fig. 6W.7: V1, V2 , Vx and the ctments / 1 ls and lfb. 
We ct like to find freedback · Knowing that value, and Vx , we will be able to calculate Vout : 

Now Jet 's calculate current : 

11 = (Vi - Vx )/380k; 
V1 - Vx Vx 

freedback = f 1 - I = 380k 20k 

Vi - V2/21 Vi/21 
- --

380k 20k 

Now we can u e that current to get Vout: 

Vou1 = Vx - ( freedback · Rreedback); 

(
Vi - V2/21 V2/21) 

Vout = V2/2 J -
3

SOk - 20k · 380k 

= V2/2 1- (V1 - V2/21 - (V2/2 1) · 19) 

= V2/2 L ( I + I + l 9) - Vi = V2 - Vi . 

Thi is no surpri e, after the two special cases that we aw where we grounded fir. tone, then the other 

of the two inputs. But the re ult i, reas uring. 

6W.3 Problem: odd summing circuit 

Suppose you would like to sum the . ignals provided by two tran ducers, giving the two transducers 

equal full -. cate "weights." The ummed output i to drive an analog-to-digital converter (ADC)4 , and 

the input range of that device defines the permitted output range for your summer. We will a sume the 

transducers provide DC . ignals of ju tone polarity, as stated below. 

Here are the relevant specifications: 

ADC input range: 0 to +2.SY 

Signal source A: DC voltage range: 0 to 0.5V 

Output impedance: :S 1 OMQ 

Signal source B: Amplitude range: 0 to - t mA (current sink) 

Output impedance: 2: 1 OMQ 

Output voltage compliance: ::; 0.1 Y 

6W.3.1 A solution 

Getting our bearings: The li st of . pec itication in §6W.3 may be hard to get a grip on, at first glance 

- but not once one notices that A is a voltage . ource, while Bis a current ource. That makes the large, 

important contrast clear; from there w can proceed to the detail ex pres ed in the number . . 

The summ;ng circuit that we are to build will use an op-amp in its inverting configuration, as u ual. 

Such a circuit sum currents, fundamentally; when we feed voltages to such a L ummer we place input 

4 You needn · l understand what this gadget does in order to an .. wer thi · question. 
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resistors between signal source and the summing point, virtual ground. Tho e resi tor convert input 

voltages to input currents. We wiJl do that a usual for signal A. 

But 8, the signal that is a current, requires no uch input resi tor. Signal 8, a current goes straight 

to the point where currents are summed: virtual ground. 

A skeleton circuit: A circuit with no component values will look like Fig. 6W.8. 

Figure 6W.8 A solution 
lacking component values. 8 ------------------' 

to AOC 

Drawing the skeleton circuit i, what requires some thought in thi problem. Here are a couple of 

point that to u seemed not obvious. 

• The tight "output voltage compliance" specification for 8 requir s that B drive an op-amp um­

mingjunction. That' no surpri e or burden, ince you probably were inclined to u e this tandard 

, umming configuration, anyway. You must of course, resi t the tempting reflex (based on your 

experience with summers) to place a re istor between Band virtual ground. 

Why? - by the way: what goe wrong if you put, , ay, a lk resi. tor between 8 and virtual 

ground? This R do , not interfere with the summing of currents at virtual ground. Rather the 

R moves the voltage at 8 too far from ground - 1 V, at maximum current: far outside the 0.1 V 

compliance range. 

• A needs a high-impedance buffer- the inputfollower hown in Fig. 6W.8 becau e the high output 

impedan e of A otherwise interact. with th mode t input impedance of the summing circuit. 

'·Modest?," you protest? "Why hould it be mode t? I can make it huge by u ing huge R values 

in the inverting lage that take signal A.'' (The inverting stage is needed to cancel the inver ion 

that is inherent in the summing circuit.) 

But you answer yourself:' Ye , modest. Even at lOOMQ those Rs could introduce a 10% error, 

and we probably ought to limit our ·elves to R value of about lOM, in order to avoid running into 
nasty sid effects." 

Tho. e side effects include large error. that result from / bias flowing in unmatched resistive 

path and, probably more troublesome, the introduction of an unintended low-pass effect within 

the feedback loop. Such a low-pa s cau e lagging phase shifts that can make the circuit unstable.5 

And you are too clever to fall for the follow ing spurious argument: "I 11 take advantage of A's 

Rout to form the inverting ·tage: I'll u ea feedback re i tor of lOM." That doesn t work becau e 

A' R out is not specified to be 1 OM. In tead as u ual, the R out value i given only a a maximum. 

You have een thi ort of pecification many times before . 

6W.3.2 . . . Calculating component values 

Two component value · matter: 

• R FB set the full- cale V0 U1 • 

• R feeding virtual ground set the gain for signal A relative to ignal 8. 

5 We will devot most of Lab 9L to just such tability i ·u s. 
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Figure 6W.9 fini hes the de ign. This part of the design ta k doesn ' t require intelligence; just a little 
ari thrnetic. 

Here are the arithmetic arguments: 

Figure 6W.9 Complete summing circuit, 
with component values. 

RFB: When the two ignal , A and B, both are at their maximum we want V. ut = 2.5V. We want to 

give the two signals equal weight so B s l mA should produce Vout = 1 .25V. This eL the 

value of RFB at l.25k. 
R feeding virtual ground: In order to give the two signals equal full-scale weight. , thi. R hould 

convert A' , full-scale Vin = O.SV to l mA. An R of 0.5k will do this. 
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We want to , olve the problem of opti1nizing circuit performance by electing from the great variety of 

available op-amps. We will try to make ense of the fact - not predictable from our first view of op­

amp · a essentially ideal - that there are not one or two op-amps available but approximately 37 ,000 

listed (on the day of this writing) on one distributor web ite (Digikey). 

Admitting that op-amps are not ideal mark. the end our honeymoon with them. But we continue to 

admire them: we look at more applications, and as we do, we continue to rely on our first, simplest 

view of op-amp circuits the view summarized in the Golden Rules. 

After using the Golden Rule to make en e of these circuit we begin to qualify tho e rule , 

recognizing, for example, that op-amp input draw a lirtle current. Let '. , tart with three important 

n w applications; then we' ll move to the gloomier topic of op-amp impe1fections. 

Big ideas from last time: 

• Feedback and high gai n allow elegantly irnple de. ign and analysis with the "Golden Rule ." 
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• Some important applications: amplifier ·, current source. 

• Generalizing: op-amp circuit either exploit or hide the "dog" placed within the feedback loop. 

7N.l Old: subtler cases, for analysis 
I AoE §4.3.20 

Here i an is ue we only glanced at last tim : do the Golden Rule apply to a particular op-amp circuit? 

What about more general ones? 

IN 

7N.1.1 Do the Golden Rules apply? 

Before we begin to exploit the wonderfully useful Golden Rules, we should check that they apply. 

Do the rules apply to the circuit in Fig. 7N.1? The an wer is a wishy-washy " Ye and No." Or, more 

precisely, they apply for positive inputs only. 

(\ !\ v~ 
. .. ~·., -*. dn>pS 

v 
,,,. 

V:n Voul j\ 
, : I V1r, ;I 

: I ;/ 

/'.__- - -_J 

s /Pv-raff' - /rr,i, f eJ 
anraac/1 -lo 
Sc.fora IC/'\ 

,/"\_-. :!'""'\', r o." v 
OllT ..;J ~ '+ 

sfew- rdfe-{,'n, i feJ 
recovery fro,.,, • 
Sdo"tvraf,on 

Figure 7N.1 A case that's a bit 
harder to analyze with the 
Golden Rules . 

' ' ' ' ,_,, 

. . . Yes ... : Po itive inputs take the op-amp output positive (it help. to recall that the op-amp is a 

differential amplifier; take advantage of your understanding of the op-amp's innards). The positive 

output i · able to feed cun-ent back to the inverting term.inal, holding that terminal equal to Vin, as 

we would expect in a circuit obeying the Golden Rules. The circuit looks like a follower, with ome 

extraneous elements added - a diode that's conducting, and an R to ground the ha no effect except to 

load the output slightly. Vout = Vin-

... And no: But for negative inputs. feedback fails: the diode block the signal from the op-amp 

output - which now is below ground. Lacking feedback, the op-amp imply snap down to negative 

"·aturation ' (a volt or o above the negative rail, for an ordinary op-amp like the 4 1 1 ), and its there. 

That may ound like a di a ter, but in this instance it is not. With the diode blocking current, the op­

amp now is out of the circuit that links input to output. V0 u1 is simply tied to ground through a resi tor. 

The net effect of these two behavior - Golden Rule follower in one case, disconnected op-amp in the 

other ca e - is to produce an output that is a rectified version of the input. 

We included a pa sive rectifier in Fig. 7N. l to remind you of the diode drop that the active ver ion 

hide . . The active ver ion having hidden the diode drop (the usual "dog") is capable of rectifying even 

signa.ls whose amplitude is much . maller than 0.6V. That is its great virtue. Its weaknes i that it 

work only at moderat frequencie : its output includes a brief glitch. 
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Trying it out : scope images The glitch is predictable. Fig. 7N.2 shows what it looks like: omewhat 

worse than one might predict, because it's not ju t slewing time that we must wait for, but also extra 

time to get out of the 'saturated' state, in which the op-amp rests when feedback fails. 

u 

op-amp output 

~ .-.. rv 
Figure 7N.2 Simple active 
rectifier produces an 
output glitch while 
recovering from saturation 
(scope gain : 500mV / div . 

C!ll]'"'sooiiw Ch 2, 5 00 fl lV M 10 .0µ s~ l J - 23011lV Ch I 5 .00 V S 00 V \1 .J O. Oµs A Chl f - 200mV 
Ch3 S. 00 V 

output is rectified, but shows a glitch... . .. because the op-amp takes a while 
to come up from saturation 

The glitch duration is more than five time what a calculation of slewing-time alone would predict 

if one simply found the op-amp's specified slew rate (15V/µs). The slewing that occur here will be a 

good deal slower than that specified rate, which a sumes extreme overdrive at the op-amp input. 

Figure 7N.3 Simple active 
rectifier: op-amp's recovery 
from saturation is slow 
(scope gain : SOOmV / div , 
except op-amp output in 
lower- right trace: 5V / div) . 

lilt - ~ooinv \i-10.o'P\ A. - f ~ 
( h J ~tOmY 

output glitch occurs while op-amp 
is slewing up from saturation 

circuit 
output 

input 

r1'l 1 t:;001n\1 

(l, l ~DOM\.' 

glitch duration 

~ ~oov 

You ' ll notice in §7N.2.5 that the maximum slewing occurs when the entire tail cun-ent flows in 

just one side of op-amp s input differential stage. This occur only when a large difference voltage 

is applied between the two inputs. Thi doe not occur during this brief glitch, where the voltage 

difference felt by the op-amp at fir tis very small gradually growing to about 0.25Y. 

It would be good if we could rede ign the circuit to avoid saturating the op-amp; and we can. 

7N.1.2 Improving this active rectifier 

We can improve the circuits performance - diminishing the glitch duration by at least LO fold - by 

arranging things o that feedback never fail , and the op-amp therefore never aturate . The rectifier 

circuit in Fig. 7N.4) redesigns the rectifier for this purpo. e. One diode or the other alway conduct . 

For positive inputs, this i simply an inverting amplifier. For the other ca e - a case like the one that 

led the simpler rectifier of Fig. 7N.1 to saturate 1 
- this circuit gets feedback through the second diode. 

I T he polaritic are rever ·ed, between the two rectifiers, ince the econd one invert,; . 

I ls \I 

op-amp output, 
slewing up from 
saturation 
(note gain: 5Vldiv) 

j AoE fig.4.38 
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While you're considering this circuit, use it as a chance to check your faith in op-amps. Specifically, 

does the diode between op-amp output and circuit output me s things up? (Have faith!) 

1ok 

(n 

-there1s 6l1va•s tee.d bacl ; 
so, never sa tura+es 

Figure 7N.4 One more diode 
improves the rectifier by preventing 
saturation . 

Thi rectifier inverts. The left-hand image in Fig. 7N.5 how the usual virtue of an active rectifier, a 

small input rectified without the subtraction of a diode drop, The right-hand image shows the changed 

op-amp output waveform that reduces the glitch: the op-amp output does not need to travel far (note 
the low cope gain: O.SV /div). 

op amp output 

output 

inverting rectifier, in and out · pretty clean .. . op amp output moves only Figure 7N .5 Improved 
active rectifier. 

0 

a volt or so, as rectifier switches 

Figure 7N.6 showing the transition at a higher sweep rate, confirms that the glitch i much reduced. 

Even at the high sweep rate of 400ns/div in the right-hand image of Fig. 7N.6 - 25 times faster than 

in Fig. 7N.3 - the glitch is barely apparent. 

- input 

circuit 
-output 

- opamp 
output 

improved rectifier· smaller glitch ... in detail (faster sweep) 

Figure 7N.6 Details of 
improved rectifier transition: 
nearly glitch-free. 
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Rout for the improved rectifier? This circuit show a curious Rout· Although the op-amp always 
provides feedback (and thus diminishes the glitch of the impler rectifier), the circuit output doe not 

always bow the low Rout that we expect from an op-amp circuit. When you have potted the ca e for 
which this larger R out applies, add another circuit fragment that ·olves that problem.2 

7N.2 Op-amp departures from ideal 

Let's admit it: op-amp aren't quite as good a we have been telling you. That the sad news. But the 

happy news is that an amazing variety of op-amps exist - literally thousands of type - competing to 

optimize thi or that characteristic. You can have low input current, low voltage-error CVottset coming 
soon in these notes), low noise - you ju. t can t optimize all characteristic. at once. You can find op­

amps that run on high voltages (hundreds of volts), others that will run on a total supply of 0.9V; some 
will deliver tens of amps as output current, others will subsist on nano-amps of supply current. Some 

are very fast. 
Op-amp imperfections fall into two categories: DC and dynamic. 

Dynamic errors: The dynamic error affect performance at higher frequencies. 

• Gain rolloff: the high gain that is essential to achieve the virtue of feedback dissipates as fre­

quency rises. It is gone at the frequency .fr, where gain i down to unity. This characteristic often 

is specified a the "gain-bandwidth product," GBW. 

• The limited slew rate of the op-amp output imposes a limit on frequency and amplitude available 

together (small ignals can be reproduced at frequencies higher than tho e available for larger 

ignal ). 

• Noise injection (this is a subtlety that never becomes important in our lab circuits). 

We will return to the, e error later in these note, . 

DC errors: The error that concern us most are two DC errors which reveal that the Golden Rules 

exaggerate a bit. 

• The inputs do draw (or source) a little current. This current, called /bias, is the average of the 

currents flowing al the two inputs. 

• The inputs are not held at precisely equal voltages. The principal cause of this inequality is V0 rrset. 

the op-amp's misconception concerning equality. 3 

Probably you are not urpri ed to hear this. Fig. 7N.7 gives three circuit · that always deliver a 

aturated output after a short time. None would do thi if op-amp were ideal. 

No doubt you can figure out why they saturate. But the explanations are various enough so that you 

won't mind hearing them spelled out. 

(a) This circuit would produce zero out only if Voffset were zero, a. it cannot be. 

2 Take a look at AoE if you·re. lumped. but if you don't have it Lo hand here 's a powerful hint : the case Lhat worries us is the 
one in which feedback flows through the lower diode. In that case, the upper diode is not conducting. So R0 u1 is a 
disappointing I Ok. A follower can remedy this defect. 

3 A . econd cau e. u uaJly smaller in magnitude. i' the limited gain of the op-amp. We calculated the difference needed 
between the two input. of the op-amp to generate an I IV oulput. for example, back in §6 .6.2. 

j AoE §4.4.1 
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a) b) c) 

Figure 7N.7 Three circuits 
sure to saturate . Why? 

(b) This circuit would produce zero out only if /bias were zero, a it cannot be. In the ca e of a 

bipolar input stage /bias i the transistor' base current, and this current gradually will charge the 

capacitor. If the input stage of the op-amp is a FET then /bias is the transistor' Leakage current. 
Either way, this current will charge the capacitor, o that the voltage at the non-inverting input 

must drift toward one supply or the other. (A 411 wired thi way would drift toward the negative 

upply · see the discus ion of a sample-and-hold made with a '411, in § l 2N.7. l). 

(c) If Voff ·et and /bias were zero, the voltage at the inverting terminal would be zero, and this case would 
be the same as Case (a). A we mentioned in di scussing the integrator, the capacitor provides no 
feedback at DC (which you might also call "long-term feedback"). So the capacitor cannot save 

thi output from saturation. 

7N .2.1 Should we care about these small imperfections? 

If one recites typical number for an op-amp', deviations from the ideal , those deviations sound pretty 

small. Here, for example are some typical values for the 411: V0 ff er=0.8m V, /bia =50pA slew rate 
15V/µ ; gain (open-loop) not infinite but 200,000 at DC. Li ten to those units: 'pA," "millivolt '? 

These ound so tiny! Do these departures from the ideal matter? Our answer is a wi shy-washy 'some­

time ." 

The number of op-amp available is enough to remind us that these small differences can matter. 

If they did not, one or a few op-amps would survive. Instead, there is room for an amazing variety 

of op-amp - and new ones are born every few month . For, optimizing one specification entails 

relaxing another. So it is worth learning to pay attention to the specifications - even while continuing 

to recognize that for a great many applications one can treat the op-amp as ideal, even if it is a mere 

"jellybean" device like the '411.4 

Here are some more indications of the number available: everal leading manufacturers websites 

how what each offers. 

Texas Instruments More than 1800; their collection now include all of National Semiconductor's 

couple of hundred op-amp . 

Linear Technology about 350. 

Analog Devices about 320. 

And even a single manufacturer can make so many op-amps that it needs to sort them by type 
-in order not to overwhelm its customer with one giant list. TI use the following categories for its 

ordinary op-amps: 

• Low Offset Voltage· 

• Low Power 

• Low Noise· 

• Low Input Bias Current; 

4 .. Jellybean•· is a strange piece of jargon meaning cheap and common. 



286 Op-amps II: Departures from Ideal 

• Wide Bandwidth· 

• Wide Supply Voltage; 

• Single Supply Voltage. 

And this set exclude· more specialized op-amp type such as "Power Amplifier and Buffer ." The 

variety i daunting, despite this breakdown into uh-species. 

§7N.2.9 includes a table from AoE giving the range of op-amp pecifications available. A glance 

at this list reminds us - if we need reminding - that we can't have all virtues at once. Bipolar., for 

example can beat MOSFET devices in offset voltage CVoffsec) by a factor of perhaps 50 - but at the cost 

of input current (/bias) everal thou and times larger than for the CMOS part. That' to be expected, of 

course: an instance of electronic justice. 
Another AoE table, in it §4.7, hows 23 ' representative" op-amps, including the two that we rely 

on in most of our lab exerci e - the LF411 and LM358. The set of specifications li ted in that table 

is a bit wider than in the other - including input and output wing and power upply current. Does 

anything else in life come in so many tasty flavor ? 

Two circuits that make small imperfections matter : ln two worked examples we will look at two 

cases where the small DC errors can matter: 

• a sensitive DC amplifier (§7W.1); 

• an integrator (§7W.2). 

Now let's look more closely at the most important of the op-amp's deviations from ideal performance. 

7N.2.2 Offset voltage: Vos 

The offset voltage is the difference in input voltage necessary to bring the output to zero. 
This specification describes the amp' delu ion that it i eeing a voltage difference between its 

inputs when it is not. One can represent this error as a DC voltage added to one of the inputs of an 

ideal zero-offset internal difference amp, as in the leftmost image of Fig. 7N.8.5 

Figure 7N.8 Voffsei represented 
as a voltage added to one input 
of an idealized op-amp; ... and 
consequences. 

~e[>zero 
~ Ji1>- sarurored 

This separation of idealized and reali tic characteri tic ' recall the Thevenin model of Chapter 1 N. 

Two consequences are suggested in Fig. 7N .8 - though the thought that one might hold the output at 

zero by applying just the right counter-error exaggerates what is po sible. 

The amplifier makes this mistake because of imperfect matching between the two ide of it dif­

ferential input tage. To achieve the impo ible Voffse t = 0, the op-amp would have to match perfectly 
not only the transi tors of its differential amplifier but also the transi tors of the current-mirror that 

. erves as that first- tage' load. These element are shown in a simplified op-amp circuit diagram, 

Fig. 7N. l I. The full 411 . chematic appears in Fig. 9S.31 on page 396. Fig. 7N.9 shows the Vo 
specification · for our principal op-amp. 

5 Thank to David Abram" for uggesting this redrawing. 

I AoE §4.4.1 A 
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7N.2 Op-amp departures from ideal 287 

Symbol Parameter Conditions 
LF41 IA LF411 

Units 
min I typ I min I typ I max max 

Vos Input offset voltage Rs = IOQ, TA = 25°C I o.3 I 0.5 I o.s I 2.0 mY 

Figure 7N.9 ' 411 spec: V offsec · 

You can compen ate for this mi match by deliberately drawing more current out of one side of the 

input stage than out of the other in order to balance things again. This may sound like a ra h thing 

to do - after all , the manufacturer has done its be t to achieve matching; i there any hope that your 

heavy hand can reach into the brain of the op-amp and improve things? ! 

Actua1ly the an wer is, "Yes," becau e you will make the correction while watching the op-amp 

output with a sen, itive voltmeter. Thus you will know when you have optimized V0 ff et ·6 This correc­

tion i called trimming offset, and you will do it in Lab 7L. But this trimming is a nuisance, and the 

balancing does not la t: time and temperature-change throw V0 rrsct off again (see AoE §4.4. l B). It 's a 

rea onable way to improve the performance of a "one-off'7 lab instrument; it is not a reasonable ap­

proach for a circuit produced in large quantities (imagine the co t of adding a human adju, tment step 

at the end of an a sembly line; and even if the as embly line automates this adju tment, the operation 

adds to cost). 

Self-trimming op-amps: "auto zero" : Some op-amp are able to trim their own off ets by including 

- integrated with the main amplifier- a ·econd' nulling" op-amp dedicated to "auto zeroing" the main 

amp. 

The nulling amp work in two cycles - running at a few tens or hundred of hertz - and thu is 

said to "chop' between the two conditions. This periodic nulling process ' chopper-stabilizing, is not 

the ame as the early "chopper" op-amp de ign, which periodically disconnected the main amplifier ', 

inputs, and thus provided a sampling effect that severely limited bandwidth. Chopper stabilizing, 

in contrast, leaves the main amplifier connected at all times, and therefore does not diminish high­

frequency performance. 8 

The main benefit that results from thi nulling is, of course, extremely low Voffse1: as low as about 

lµV (typical) and 5µV (max).9 Secondary benefits include enormous open-loop gain and very good 

immunity to all DC and low-frequency errors: power-supply rejection, Voff et drift with time and tem­

perature. 

You will meet such a chopper-stabilized op-amp, the LTCI 150, in Lab 7L. And we hope that the 

exerci e of trimming down the 411 's Voffset in that lab will not ob cure the general truth that usually 

it will be wiser to: 

• use a good op-amp with low Voffset; 

• and design the circuit to work well with the Voff et of the amp you have chosen. 

6 You probably recognize that you - the relatively clumsy human twiddling a potentiometer - are able to perform 1hjs 
delicate surgical adj ustment only because you are, while watching the output voltmeter. a part of a feedback loop. 

7 "One-off· is jargon for a circuit you make just one of, in contrast to something produced in quantity. 
8 In case you 're curiou ro hear a quick account of how thi nulling work , here goes. 

The null ing op-amp fir t nulls it own offset. This it does by tying its two inputs together and driving its output back to it. 
own offset-null terminal (a ingle input that accomplishe what we do by hand on the '4 11 , with a pot between two 
terminals). Then the nulling amp connect its input to the main amp's input · and uses it output to drive the main amp s 
off et-null input. Capacitor tore lhc two nulling vo ltage which must be maintained during the periodic chopping. 
Negative feedback thus will drive the difference between the mai n amplifier' inputs very clo ·e to the ideal of equality. 

9 A very good explanation by an ADI engineer appears in an Analog Dialog note, "Demy 1ifying Auto-Zero Amplifier -Part 
1 ', 34, no.2, March 2000, http://www. analog. com/library/analogDialogue/archives/34- 02/demystify/. 
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Figure 7N. l O offers a illy reminder that what we 're trying to do when we trim offset is to undo 

an asymmetry built into the op-amp. And Fig. 7N. l l shows a more literal diagram of what trimming 
does: the trimming network reaches into the input stage of the op-amp, and draws more current out of 

one side than the other - just enough to offset the built-in imbalance of currents. 

Figure 7N .10 Offset 
trim as shim in an 
elevator shoe. 

~; 

Figure 7N.11 Inside the '411 . 
Schematics: simplified, and detailed 
views show how offset trim works. 

7N.2.3 Bias current: /bias 

1·{ 

Me. /e_'I /$ 
short- by ~ 

(-} 
;,, 

trim off set by pulling unequal 
currents from the two sides of the 
diff amp and mirror: This imbalance 
corrects a built-in contrary imbalance. 

I 

I • 

~- -- ___ . .,._ ... ,.. -- --~ 
;."!< 

The bias current, /bias, is a DC current flowing in or out at the input terminals (it is defined as the 
average of the currents at the two terminals); see Fig. 7N. l 2. 

For an amplifier with bipolar transistors at the input stage, lbia is base current; for a FET-input 

op-amp like the '411 /bia is a leakage current - tiny. but growing rapidly with temperature: see 

Fig. 7N.13. 

!o 

I AoE §4.4. IC 

I See AoE Fig. 4.55 

Balancing resistive paths to minimize the effects of /bias: The bias current flows through the re i ·tive 
path feeding each input; it can, therefore, generate an input en-or voltage, which may be amplified 
highly to generate an appreciable output error. The high-gain DC amplifier in Fig. 7N .14 show a 

V+ 

V-



Symbol 

los 

/8 

Parameter 

Input offset cunent 

Input bias current 

';i:' 10 

..t, 
~ t \ 

:, 

" .,. 
. !; 0.1 
.,:, 

Condi tions 

T1 = 25°C 
Vs = ± ISV Tj = 70°C 

'fJ = 125°C 
T1 = 25°C 

Vs = ± !SY Tj = 70°C 
I'] = 125°C 

LF~ 11 

0.001 .____,,____._~-~~~~ 

- Sd'c <ft sd'c 

fe,.,,per-aM 

7N.2 Op-amp departures from ideal 289 

LF41JA LF4 1 I 
Units 

min typ max. min typ max 
25 lOO 25 100 pA 

2 2 nA 
25 25 nA 

50 200 50 200 pA 
4 4 nA Figure 7N.12 '411 Specs: 

50 50 nA I bias and I offset · 

Figure 7N.13 '411 bias current : tiny, but grows fast with 
temperature. 

deliberate mismatch of resistive paths driving the two input . We sometime u ed this circuit in order 

to demonstrate the effects of [bias and Voffset: 

II"\ 

R, 
100\.: 

-/\/VI., 

crvmmv Sa/u fl(,n 
/ 

b~lanced 

ovt 

Figure 7N.14 Demonstration circuit : uses high-gain de amp to 
make errors measurable. 

Figure 7N.15 Balanced resist ive 
paths minimize output errors 
resulting from bias current. 
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The bias current of 80nA (typical) flows through lOk in one path. through lOOQ in the other, IO 

developing a difference signal of about - 0.8m V at the non-inverting input. 11 . This pseudo- ignal 

would produce a puriou output of about - 0.8V as urning no Voffset (the as umption that Voffset= O is 
not realistic; but we like to think about one problem at a time) . 

. . . But you may not need to balance paths if /bias is very low: But the circuit of Fig. 7N. l 4 doesn't 

show you /bia. effects unle you take the trouble to use an antique op-amp - a '741 rather than a ' 411. 
A '4ll gives no measurable effect from /bias· The fact that this demonstration required a '741 uggests 
that often you will not need to worry about the effect. of bias current; and for less than a dollar you 

can find an op-amp with a bias cuITent l 03 maller than the '411 s. The objection that balancing paths 

may not be necessary is fair but you . hould know how to judge whether or not to worry about the 

effects of /bia . 

If /bias effects are troublesome, then you should take the trouble to minimize thi di turbance by 
matching the resistances of the paths to the two op-amp inputs. Fig. 7N.15 give , some example of 

circuit that do or do not balance paths. 

Once you have balanced these resistive paths, /bias no longer cause. output error . But a difference 

between currents at the inputs till doe . That difference is called /offset· 

7N .2.4 Offset current: I offset 

Offset current is the difference between the bias currents flowing at the two inputs. For the '411 the 

los pecification is about ! /bias; for the bipolar op-amps los is smaller relative to /bia . . But recall how 
tiny /bias is for the '411 and other FET-input devices. 

los predict an error even when the re. istances een by the two inputs are balanced. Remedy? Use 

resistances of moderate value (under a few I Os of MQ; see the argument for the clever T resistor trick 

noted later in §7N.3.2.) 

7N.2.5 Slew rate and roll-off of gain 

The limited values of both slew-rate and gain turn out to be caused by a gain-killing capacitor designed 

into the op-amp. This is a component that we indicated, but did not explain, back in Fig. 7N. l 1. We 
will talk about this compensation device in Chapter 9N when we con ider op-amp stability. 

Gain rolloff: For the moment, we will only note that the result of this "compensation" capacitor ( o­

called probably because it "compensates" for the circuit' tendency to oscillate spontaneously) i, to 

roll off the op-amp's gain at - 6dB/octave. The op-amp behave in other words, as if its output had 

been passed through a simple RC low-pa s. In effect, this has happened, though in the internal second 

tage. So, the chip' very high gain necessary to make feedback fruitful, evaporates teadily with 

I AoE §4.4. ID 

I AoE §4.4 . l K 

increasing frequency - and i gone at a few MHz (typically 4MHz for the '411; see Fig. 7N.16). j AoE §4.4. IJ 

The frequency, h , at which gain has faJlen to unity defines a frequency limit on the usefulness 

of any op-amp circuit. 12 This limit explains why not every circuit should be built with op-amps 
wonderful though the effects of feedback are. 

10 This is just RThcv for th divider that drives the inverting input. 
11 The voltage is negative because the '741 ', /bias is ba e current drawn by its NPN input transi tors. 
12 .fT is closely related, and usually identical, to "gain- bandwidth'' product - "GBW." The two differ only in uncompen.ated 

or decompensated op-amps which cannot tably run at unity gain. See Walter G. Jung, IC Op-Amp Cookbook, SAMS (3d 
ed .. 1997), pp. 67- 70. 
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100 

Symbol Parameter Conditions 
LF41 I 

Units 
mm typ max 

Vs = ± 15V 

AvoL 
Large-signal Vo = ± lOV 25 200 V/rnV 
voltage gain RL = 2k. TA = 25°C LF',11 

over temperature 15 200 V/mV 20 

GMW 
Gain-bandwidth Vs = ± J5V 

2.7 4 MHz 
o,__...__.__...___.~.__..._~ 

Figure 7N.16 
'411 gain 

j AoE §4.4 . 1 H 

_.0,1v­

product TA = 25°C 1 lo 100 tk tok t0ok 1M 10M 

-frez uencJ, H1. 

rol 1-off: spec 
and curves. 

Slew rate : The compensation capacitor also explains the op-amp's slew rate. The slew rate, the maxi­
mum dV / dt of the op-amp output, is achieved when the maximum input-stage current - the entire tail 

current, issuing from a radically unbalanced differential stage - charge this compensation capacitor. 

For the '4 l 1, we can work backwards from the specified slew rate and the ize of the compensation 

cap to infer the fir t-stage •tail" current, which is the maximum output from the differential stage: 

I = CdV / dt = 10 x w- 12 x (15V /µs) = 150µA. 

Fig. 7N. l l hows the compensation capacitor between base and collector of the high-gain second 

stage of the op-amp: the common-emitter amplifier. 13 

But we don't want to Leave you with the impres ion that the ' 411 s GBW of 4MHz is a general 

ceiling on what you can expect. No op-amp are available with almost any characteristic optimized 

(alway at the expense of other traits). If you need an op-amp with GBW = lGHz, you can have one. 14 

7N.2.6 Output current limit 

The current limit protects the small transistors of the output stage. The limit prevents overheating that 

otherwi e would result when some clumsy user overloaded the amp. Most op-amps, including the 
'41 l suffer no harm even from the blunder of shorting the output not just to ground but to either of 

the power upplies. We will postpone looking at how this cuJTent-limiting circuitry works until we 

reach Chapter 11 Non voltage regulators. 

You saw the effect of this cun-ent limit in a curve that appeared in Lab 6L. Fig. 7N. l 7 shows this 

behavior again. 

O +--t--\----1-

-o.1 V -

I' 

o.__ ............ ......_U..U.,..___,c_j..J.J.J...WJ 

100..Q.. tl:n. 1oku. 
load res,s-ho<e 
((c:J S<a l4!.) 

. , .... , f,,,.,, .. J 
( .' "i,• " I 

I I '1 II 

')Ou 

/ ,,.1.1 " '"" G lt<t' . Cl 
( / 111~ JI I .,,. ) 

Figure 7N.l 7 Output current limit: 
output clips under load, despite very low 

R out· 

u Well. that ' almost a fair de cription: the circuit is complicated slightly by the pre ence of a follower driving th base of the 
common-emitter amp. 

14 For example, the Tl/Burr- Brown's OPA640 prorni e fT or I .3GHz. Current-feedback devices can run even faster. 
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A , you 'd expect, high-current and high-voltage op-amps are available. But often you can get the 

high current you need by letting an op-amp serve as brains for a brawny current booster like the pu h­

pull follower that you built in §6L.8. If however you insist on your right to be lazy, and want tens 

of amps at hundred of volts , you can try Apex/Cirrus Logic: for example, MP38 offers 1 OA, 200V. 

125W. 

7N .2.7 Noise 

Any amplifier adds ome noise , a. it work and thi effect - much too subtle to appear in our lab 

exerci es - i pecified for each op-amp. Two sorts of noi se are specified: voltage noise (en) and 

current noise Cin). The effects of the two add, but particular range of ource re istance can make one 

or the other important. For high ource resistance, cutTent noise 1 · the more important (the current 

noise generates a noi e signal a. it flows in RsouRcE). The ' 411 data sheet boa ts of its current-noi. e 

spec among the 'feature " li sted at the head of it data heet: i11 = 0.0 I pA / JHz. Pait of that head i 

reproduced in Fig. 7N .18. 

~National 
D Semiconductor 

i A oE Chapter 8 

Bl · FET IITI\ Technology 

LF411A/ LF411 Low Offset, Low Drift 
JFET Input Operational Amplifier 

General Description Features 
• Internally trimmed offset voltage 

• Input offset voltage drift 

• Low input bias current 
• Low input noise current 

Wide gam bandwidth 

July 1987 

0.5 mV(max) 

10 µVl°C(max) 

50 pl\ 
O.Q1 pA/1H: 
3 MH7(m111J 

These devices are low cosl, higt, speed. JFET input opera­
tional amplifiers with very low input offset voltage and guar· 
anteed input offset voltage dri ft They require low supply 
current yet maintain a large gain bandwidth product and fast 
slew rate. In addition, well matched high voltage JFET input 
devices provide very low input bias and offset currents. The 
LF411 is pin compat1ulo with the standard LM7 41 allowing 
designers to 1mmed1ately upgrade tho overall porformance 
of existing designs 

• High slew rate t OV I µs(n11n1 
Low supply current 1 0 1111\ 

Figure 7N.18 LF411 data 
sheet boasts of its 
current-noise spec 
(courtesy of National 
Semiconductor) . 

• High input impedance IO,'" 1 

These amplifiors may be used in applications such as high 
speed integrators, fast D/ A converters, sample and hold 
circuits and rnany otl1er circuits requiring low input offset 
voltage and d<1ft, low input bias currant, high input imped­
ance, high slew rato and wido bandwidth 

B Low total harmonic distortion Ay = 10, <- 0.0:•00 

Av - 1 Ok, v0 - 20 Vp-p, aw = 20 Hz - 20 t<Hz 

• Low 1 /f noise corner 

• Fast settling time to 0.01 % 

7N .2.8 Input and output voltage range 

Ordinary op-amps (like the '411) 
Most op-amps cannot handle input voltages close to one or both power supplie , and cannot swing 

their outputs very close to one or both supplies. The '41 I illustrates these limitation (power upplie 

assumed: 41 JA: ± 20V, '411: ± 15V). Note Vo and VcM in Fig. 7N.19.15 

The consequence of exceeding "common-mode input range' can be tartling. The ' 411 (like ome 

other sjmilar op-amps 16) does a very weird thing if you take one or both inputs below the lower 1imit 

15 Complicating lhe specification · shown in Fig. 7 . 19 the LF4J l data sheet state , among it · application hints, that the '4 l 1 
will operate with a common-mode input voltage all the way to the po ·iti c upply but·· ... the gain bandwidth and Jew rate 
may be reduced in thi s condition." 

16 Our informant, the late Jim William (see below), li sts several that do thi s same nasty tri ck; LFl47, LF351 LF156. All are 
JFET-input devices, like the '41 I. 

50 11 

,) II 

AoE §§4.4. 1 F. 
4.4. lG, 4.4.1 H 
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DC Electrical Characteristics < ote s) 

Symbol Parameter T Conditions LF411A LF411 Units 

Min : YP Max Min Typ Max Figure 7N.19 LF411 input 
+ 

OutptJ\ Vo tngo Swing 

1,put Common· .1ode 

Voltage Rango 1 
V.,, _t 1SV. A~ 10'< i 12 

.L1 6 

±13.5 ~ 12 _.___. 
i 19 5 ~11 -

165 

.t13.S v and output voltage ranges 
do not go all the way to i l4 .5 v --·-11 .5 v the supplies . 

I AoE §4.4.1 F 

Application Hints 
The LF411 series of internally trimmed JFET input op amps 
(Bl~FET IITM) provide very low input offset voltage and guar­
anteed input offset voltage drift. 

Exceeding the negative common-mode limit on either input 
will force the output to a high state, potentially causing a 
reversal of phase to the output. 

Figure 7N.20 LF411 data sheet 
confesses a weird hazard . 

of that input range. This behavior i not advertised on page 1 of the data sheet, but instead i buried 

on page 8 among 'Application Hints," shown in Fig. 7N.20: 

We got tung by this mi behavior - which can turn negative feedback into positive - when we were 

breadboarding the "PID ' motor-control circuit of Lab lOL. Eventually, we caught on, and ubstituted 
an op-amp (the LM358) that does not how thi. pathology. 

The engineering community is aware of this strange behavior, and one company thought it might 

make ome money by rede igning a popular op-amp to eliminate this phase reversal. The late Jim 

Williams, a longtime application engineer and analog wise man at Linear Technology Co., told a 

. triking story about this effort. Hi s company made such an improved op-amp, and ent sample and 

simulation models to General Motors, which had been using a 411-like op-amp in the transmission 

control for its diesel locomotives. 

GM reported back that when they imulated use of the ' improved" op-amp, their locomotives now 
and then would jump into rever e. Everyone agreed to drop plans to substitute the "improved" op­

amp. Apparently, GM had adapted its software to lhe nasty phase rever al , and when this reversal did 

not occur, trouble occurred. The ca e remind. one of the old folk tale (plausible enough) of a per on 

who wakes up becau 'ea clock is ilent - fails to chime the hour. GM's locomotives awoke (jumping 

into reverse) when their op-amps failed to flip phase. 

William ·' tory al o remind us why no one is in a hurry to plug an " improved" IC into a working 

de ign. In turn, this di sinclination explains the curious fact that today s version of an old IC like the 

LM74 l op-amp i much better than the original - but cannot boast of thi on its data sheet. If it 
made such a boa t - changing the data sheet - then it would no longer be a ' 741 and any designer 

proposing to buy this improved part for an existing design would need to per uade her bo ses that it 

wa worthwhile to run all the tests required before the new part could be adopted . 

Rail-to-rail op-amps 
Some op-amp how common-mode input range better than the '41 L. 'Single supply" types (like 

the 358 that you will meet today in Lab 7L) have a common-mode input range that includes the 

"negative upply" - u ually just ground in thi s context. Another class of op-amp does better than that 

- the o-called 'rail-to-rail ' type . 

Some accept inputs rail-to-rail; some can drive their outputs rail-to-rail; a few do both. Those are 
nice features - but like all other optimization they come at the price of some other characteristic, such 

as off et voltage. So, you'll normally choose a rail-to-rail type only when you need that behavior. But 

we should admit that the need for thi behavior is becoming more frequent as typical power supply 
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voltages fall. With supplie of ± I SY, giving up a volt or so clo e to each rail i n't o bad. Giving up 

that much is unacceptable when the supply i , say, a single 3V coin cell. 

A configuration permitting a circuit to show huge common-mode input range 
A "difference" or "differential" amplifier made with an op-amp can permit a common-mode input 

range that extends far beyond it power upplies. That claim may eem to contradict the tight con­

straints mentioned in §7N.2.8, but it does not: it describes the wide wings permitted at circuit inputs 

rather than op-amp inputs. If that eem trange recall that an ordinary inverting op-amp circuit could 

do the same trick since Vin is not applied to the op-amp itself. 

U ing the difference-amp configuration, an op-amp IC from Texas Instruments 17 (INA 149) promises 

an astonishing common-mode input range of ± 275V. The differential confiouration, described in 

§7N .5 permit this result. 

7N.2.9 Some representative op-amp specifications: ordinary and premium 

Here is part of a table from AoE, illustrating the range of values for op-amp specifications. The 

"premium" value are the best available, and as AoE warns u , you can't combine the best in several 

specifications simultaneously; you must choose your op-amp according to what characteristics are 

most important to you. 

bipolar JFET-input CMOS 

Parameter jellybean premium jellybean premium jellybean premium Units 

Vos (max) l 0.01 2 0.1 2 0.1 mV 

ls (typ) 50nA 25pA 50pA 40fA lpA 2fA 25°C 

h (typ) 2 2000 5 400 2 10 MHz 
SR (typ) 2 4000 15 300 5 10 V/µs 

You may recognize the specification for "JFET-input. .. je11ybean" as almost exactly those of the 

'411 op-amp that you use in most of our labs' op-amp circuits. 

7N.3 

7N.3.1 

Four more applications: integrator, differentiator, rectifier, 
difference amplifier, AC amplifier 

Integrator 

To appreciate how very good an op-amp integrator can be we should recall the defects of the simple 

RC "integrator' you met in Chapter IN. 

Passive RC integrator 
To make the RC behave like an integrator we had to make sure that 

This kept u on the nearly straight section of the curving exponential-charging curve, when we put a 

square wave in. The circuit fai led to the extent that Vout moved away from ground. But the output had 

to move away from ground, at least a little, in order to give an output ignal: see Fig. 7N.21. 

17 The de ign originated with Burr-Brown, which Tl acquired . 

J AoE §4.4.1 

j AoE § 1.4.4 
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!i'n flJlJ l !in j I l ..• l>vt 

out~ ov~ 
Figure 7N.21 RC ''integrator:" 
integrates, sort-of, if you feed it 
the right frequency. 

Op-amp version 
The op-amp integrator solve the problem elegantly by letting u tie the cap's charging point to OV, 

while allowing us to get a signal out: "virtual ground" Jet us have it both ways, ee Fig. 7N.22. 

c 

~ ut 

Figure 7N .22 Op-amp integrator: virtual ground is just what we 
needed . 

As the scope image in Fig. 7N.23 shows, the circuit output can be larger than ~n without distorting 
the integration. 

Figure 7N.23 Op-amp integrator eliminates requirement 

VouL « Vin · 

The op-amp integrator is so good that one need to prevent its output from ailing off to saturation 

(that is, to one of the supplies) as it integrates enor signals: over time a tiny lack of symmetry in the 

input waveform will accumulate; so will tiny op-amp errors. The scope image in Fig. 7N.24 shows 

the integrator output near negative aturation, then working for a while as the DC level drift upward, 

tiJI it bumps against the positive limit of the op-amp's range. 

We hould admit, therefore, that the integrator of Fig. 7N.22 was a defective circuit. We showed 

only a capacitor in the feedback path to keep the circuit conceptually simple. We will need to do more 

to make it usable. 

i #ilfMV#NM' 
! ,~"'v 
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Figure 7N.24 Integrator without DC feedback drifts to saturation . Sill lOOfll ~OD Y M IOI)\ ('>,. Chi J 70.0mY 

A simple way to de cribe what's wrong with the integrators in Fig . 7N.22 and 7N.7 is to point 

out that the circuit includes no DC feedback at all (thi j a point we noted back in §7N.2). Such an 

arrangement guarantees an eventual drift to saturation. 
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So, practical op-amp integrators include some scheme to prevent the cap' charging to saturation. 

7N.3.2 Taming the op-amp integrator: prevent drift to saturation 

One remedy: a large resistor : A large re istor in parallel with the cap prevents saturation. This R 
this leak off a small current, undoing the effect of a small input error current. The right-hand circuit 

of Fig. 7N.25 hows a so-called "T network," which can obviate the u e of very large R values; this 

network i explained in §7N.3.3. 

Figure 7N.25 Integrator saved from 
saturation by resistor parallel C feedback· 

roo k 

lOM 

1ook 1ook 

tcok 

When RFEEDBACK = 100 x R1 as it is in Fig. 7N.25, then the leakage current through RFEEDBACK is 

only I% of the ignal cunent when Vout is comparable to Vin· Often, that imperfection in the integra­

tor's pe1formance is acceptable. 

Effects of the resistor: Evidently, the re i tor compromi e performance of the integrator. We can 

figure out by how much. There are everal alternative ways to describe its effects: 

The resistor limits DC gain: In the circuit above, where Rio = lOOk and Rreedback=lOM the DC 
gain is - 100. So a DC input error of ± 1 m V ==} output e1TOr of ± l OOm Y. The integrator sti 11 

works fine, apart from this error. 

The resistor allows a predictable DC leakage: Suppo e we apply a DC input of l V for a while; 

when the output reache - 1 V the error current is 1/100 the input or "signal' current because, 

a we justed noted, Rreedback = 100 x Rin. Thi error grows if Yout grows relative to Vin. 

The resistor does no appreciable harm above some low frequency: At ome low frequency, Xe 
becomes less than R , and soon R is utterly insignificant. As you know, Xc = R at f = I /2nRC. 

For the components shown in Fig. 7N.25 (where Rreedback=lOM. C= lµF) that frequency is 
about 0.02Hz! 

The resistor can become troublesome . . . : At first, a bit of curvature shows the distortion ... 

The effect of the feedback re istor become troublesome when Vout is much larger than \1in , as in 

Fig. 7N .26, where the curvature shows that we are not watching true integration, which should show 

a straight ramp waveform . 

. . . at an extreme, the limited DC-gain becomes obvious: the circuit is then not an integrator 
Pushing on in the same direction, if we let Vout exceed \1in by a great deal - an effect we get if we 

apply a very mall input at very low frequency - then the feedback resistor destroys the integrating 

effect. The waveform in Fig. 7N.27 hows the compromi ed integrator revealing it elf as no more than 

a x 100 DC amplifier, after a while. 

But don't let these distortions scare you away from using a feedback resistor in an integrator: to 

show these di ' tortions we had to go out of our way, applying extremes of low input amplitude and low 

frequency. 

I AoE §4.66 
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Figure 7N.26 Distortion of integral by feedback R becomes 
apparent if V out is much larger than Vin · (Scope gains: input 
(small square wave) , lOmV / div ; output (triangular), lOOmV / div). 

Figure 7N.27 Pushed to an extreme, the integrator is hopelessly 
compromised by the feedback resistor. (Scope gains: input (small 

l!lil IOOmV Chi 5 .00 V . '14-00m, fl, f xl .r 206mV square wave) , lOOmV / div ; output exponential), 5V / div) . 

7N .3.3 A resistor T Network 

When a design calls for very large R value - a may occur for an integrator s feedback resistor, for 

example- a so-ca1Ied "T network ' permits use of modest resistor value., avoiding some of the harms 
that enormous R. can introduce. 

Figure 7N.28 offers a diagram intended to persuade you that the clever T resistor arrangement of 

Fig. 7N.25 can indeed make a lOOk resistor look about lOO x as large. 

Figure 7N.28 How the 
T arrangement enlarges 
apparent R values. 

Neat? The scheme i u eful because the lower RThevenin of the T feedback network has two good 
effects: 

• it generate rnaller /bias error than the u e of giant resi tors would ( ee §7N.2.3); 
• it drives stray capacitance at the op-amp input better (avoiding unintentional low-pass effects jn 

the feedback); thi i not important here, but is in a circuit where no capacitor its parallel to a 

big feedback resistor. 
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The T scheme does present one drawback: it ampl ifies input voltage error - Voffset , §7N.2.2, even 

when the signal source is a current ource. If thi remark is cryptic reconsider it after looking at §7W. l 

where we contrast the case of two integrator drift rates, for voltage ources versus current sources. 

Another remedy: a switch I AoE §4.1 & 

A S\.Vitch in parallel with the cap also can keep the integrator from drifting to aturation. This has to ~---- ~ 

be closed briefly, from time to time, and this requirement can be a nui ance. 

Figure 7N.29 Integrator saved from 
saturation by discharge switch . 

The switch permits a more perfect integrator (no leakage current through a feedback R compromise 
its integration). Whether it i worthwhile to gain this advantage at the expen. e of rigging a re etting 

signal will depend on your application. Note the restriction that the transistor reset of Fig. 7N.29 fail 
if the integrator output goe negative. Only when we meet the analog switches made with MOSFETs, 

in Chapter 12N, will we be able to implement an transistor reset switch that works for both polarities 
of integrator output. 

7N.3.4 An integrator can ask a lot from an op-amp, and can show the part 's defects 

A high gain amplifier like the one mentioned in §7N.2.3 can demonstrate effects of small input errors: 

Voffsct and /bias · So can an integrator, si nce it accumulates the effect of errors. 

A demonstration circuit : integrator shows effects of op-amp imperfections 
As a demonstration , we set up a conte t between an old bipolar op-amp the LM741 and an ordinary 
FET-input op-amp, the LF4 I I. We built the circuit in Fig. 7N.30 twice: 

Figure 7N.30 Integrator circuit used 
to watch effects of V off~et and I bias . 

integrator reset\ .---------. 

(input grounded \-... 
versus floated) .OfµF 

also '741 
(bu,'lt twice~ with the two op amp types) 

We first grounded the inputs to both of the twin integrators, and watched the drift. This appears in 
the Jeftmo t image of Fig. 7N.31. The 41 L win - but not by a great margin: perhaps 15: l. Then we 
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opened both input - mimicking what a current source would look like if connected to the integrator 

input. This produced an extreme victory for the FET-input (low /bias) '411. In order to see any drift in 
the '411 integrator, we had to crank the cope sensitivity way up (to 50mV/div) - and we had to be 

patient. 

7N .3.5 An example of a case where periodic integrator reset is adequate 

A former tudent showed us this case, Fig. 7N.32, where manual resetting was quite practical (the 

tudent was collecting a measure of total response of a frog muscle to a timulating pulse). 

'741 

'411 

-~l '741 drift ... ~----~ 
'411 (drift?) 

-~......._ (;h1 · , .oov 1ro\t10•, 
I.IO S.4DV 

__ J 
<.t11--Uo"~ ;.1,1 '!001 
113) 1•0 .. v 

\. I '4 ft dr;ft, at tOOX 
'--1- sensitivity of '741 
__ I display (50mV/divJ 

;ntegrator inputs grounded ... . .. integrator inputs open (modeling case driven by a current source) 

Figure 7N.31 Drift rates for competing integrators: FET-input device wins - but much more 
dramatically when driven by current source. (Scope gains: all 5V / div except '411 drift in rightmost 
image, 50mV / div) 

Worked Example 7W. l look in greater detail at this contrast between the two op-amps and their 
errors. 

OVM 

,:, ,:1 ,_, ,_, 

Stimulus _1l___ ~ 
Response~-

~ (several seconds) 

fntegraf~ 

Reset_J\_______JL._ 

Figure 7N.32 A slow integration can make 
manual reset practical. 

The duration of the integration wa long, and the pace of the experiment slow enough, that it made 

ense for this circuit to tart with a manual reset (to clear the integrator), then apply the stimulus, then 

record the integrated value, all over the cour e of many seconds. An accurate - low-drift - integrator 
is required of course (and it was in pursuit of this that the former tudent returned to our lab). 

OUT t_jl_ Figure 7N.33 RC "differentiator:" 
differentiates , sort-of, if RC kept very 

small. 
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7N.4 Differentiator 

Again, the contra t with a passive differentiator helps one appreciate the op-amp version. Fig. 7N.33 

reminds us of the pas ive circuit. which you met in Lab 2L. To make the pa ive version work we had 

to make ure that 

dVoui/ dt « dVin / dt . 

Again the op-amp version exploits virtual ground to remove that restriction: 

But the differentiator i le impre sive than the op-amp integrator. The op-amp version of the 

differentiator mu t be compromi ed in order to work at all: its gain mu t be ruined at high frequencie 

in order to keep it stable. 

Figure 7N.34 
Differentiators, idealized 
and practical : stabilized 
version morphs into 
integrator at high 
frequencies. 

5imple (impractial) differentiator 

1k Q,(l 

~w-..-1 

+ 

l~t; 
. 

practical differentiator 

I 

{."T!(jllNJ''-' (J,., ,./,: I 
~ . 
! : ~ 

-!~ ... morphs into ... ~ 

A practical differentiator shown in Fig. 7N.34 turns into an integrator (of all things!) at some high 

frequency. Thi scheme i~ necessary to prevent unwanted "parasitic" oscillations (we will look more 

c1o. ely at this topic in Labs 9L and lOL). Fig. 7N.35 is a preview of the tability problem that we 

look into later.18 The simple, impractical differentiator is marginally . table, and hivers in re ponse to 

a steep waveform (the input signal is a square wave). That shiver is unacceptable, o we trade away 

high-frequency performance for decent operation in a restricted range. 

Figure 7N.35 Preview of 
stability problems: op-amp 
differentiator must be slowed 
down to keep it stable. 

J8 Thi image is taken from Chapter I ON. 

d,{ftre,,l:i a for 
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I AoE §4.5.6 
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7N.5 Op-amp Difference Amplifier 

Figure 7N.36 hows a standard differential amp circuit made with an op-amp . The circuit' gam 1s 

Rd R 1 (thi i. differential gain, of course; ideally the common-mode gain i zero). Its common-mode 

rejection can be very good if the ratio. of the two divider, are well matched, as they can be when the 

resistor sets are integrated. In Tl's INA 194 diff-amp TC, for example, the resistors are integrated with 

the op-amp and laser-trimmed toward equality. CMR 19 for the INA] 94 i specified at 90dB. 

v 1-..J"'" _..__. 

V2'--'" '"---
Vour 

Figure 7N.36 Simple differential amp, made with an op-amp. 

In §6W.1 we offer ome informal analy. is of this tandard difference amplifier. hoping to make its 

behavior comfortable to your intuition. We won't reproduce all that here, of course. But we can make 

a quick start in the direction of making sense of the circuit by noting that if the two input voltages are 

equal, then the two divider. must show equal voltages at their right-hand ends. One is grounded, so 

the op-amp output mu t al o sit at zero volts. In other words, equal inputs produce OV out. That make 

ense. You may want to try out some other particular cases: try grounding one input; try grounding 

the other. And o on. 

7N .5.l A curious side virtue: wide input range 

A difference amp can tolerate a surprisingly-wide common-mode input range. Recall that common­

mode input voltage implies no V0u1; a small difference between input. sharing a large common-mode 

ignal implie only a small Vout· Example 6W.1 , and Fig. 6W.7 di cu. sed an integrated difference 

ampiifier, INA149, with an amazi ng common-mode input range of ±275Y. 

7N.6 AC amplifier: an elegant way to minimize effects of op-amp DC 
errors 

If you need to amplify AC signals only, you can make the output errors caused by Vos /hias and /0 s 

negligible in a clever way: just cut the DC gain to unity illustrated in Fig. 7N .37 .20 

This i the circuit u ed in Lab 7L to amplify a microphone's ignal while using ju.ta single power 

upply rather than the usual "split supply" that you are accustomed to in op-amp circuits. The u e of 

one supply obliges us to bia. the circuit input positive, presenting a case just like the one in Fig. 7N.37 

on the right: a small wiggle rides a DC offset or bias. We want to amplify the wiggle, but not the DC 
bias. 

What is !3dB for the circuit shown in Fig. 7N . .,7? If one ignore. the 'T' in the gain expression, 

output amplitude is down 3dB when the denominator in the gain expression i /2 x R 1• But that 

19 ·'CMR" tn thi · case i. the same as the more familiar "CMRR." the ratio of good gain to bad gain - since "good gain." 
differential, is I. 

20 The sub. cripl 1• in the gain expression of Fig. 7N .37 indicates 110/wge gain in contrast to. say. current gain. Usually we omit 
this notation. 
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18k 

2k R R2 
f 

c 
4.7µF I 

Gv= 1 + __!!!__ 
Rt+ Zc. 

roughly, gain is down 3dB 
when Xe = Rt 

(i.e., IZ1<1,Zc l = UR,> 

~,,, f.25V -® 
~~ 
signal gain: 1+ ~ _) 

Rt 
Rt 

AC amp: general case .. . .. . and as applied to lab's single-supply microphone amplifier 

Figure 7N.37 AC amplifier: neatly makes effects of small errors at input small at output. 

happens when Xe =I Zc I= R 1, and this occurs as you well know at hctB = 1/ (2nR,C). (Don' t be 
fooled by the graphical detai] that the capacitor is tied to ground, making the RC look omething Jike 

a low-pa s. You 're not fooled. You recognize it as a high-pass in sheep's clothing.) 

The RC analysis we need here is the , ame one that you used in choosing the emitter-bypa sing 

capacitor for an amplifier back in Chapter SN. Fig. 7N.38 i a reminder of that circuit, a high-gain 

common emitter amp. The single-suppl op-amp design, with its need for a bias voltage, is exceptional I Ao fi2.3 .4A 

in our op-amp work, but you know it well from your work with discrete transistors. 

Figure 7N.38 Gain of AC amp is down 
3dB when denominator (series 
impedance of R and C) is up to R../2. 

7N.7 AoE Reading 

• Reading 
§4.4: a detailed look at op-amp behavior. 

§4.5: a detailed look at elected op-amp circuits. 

§4.6: op-amp operation with a single power supply. 

§4.7: other amplifiers and op-amp types. 

• Problems: 

Additional Exercises 4.31-4.33. 

gain is down 3d 8 
when Xe.. = te. 
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This lab introduces you to the sordid truth about op-amp : they're not as good as we said they were 
last time! Sorry. But after making you confront op-amp imperfection in the first exerci e, §7L. 1, we 

return to the cheerier task of looking at more op-amp application . There, once again, we treat the 

devices as ideal. 

On the principle that a p rson hould eat his spinach before the ma hed potatoes (or is it the other 

way round?) let's start by looking at the way that op-amps depart from the ideal model. The integrator 

exercise does what it can to make the potentially dull topics of offset-voltage and bias current less dull 

by letting you undertake a demanding task of integration - one that you could not cany out without 

first overcoming the effect of these two op-amp imperfections. 

We want you to get to know the integrator a a circuit important in its own right. But it also serves 

well to demonstrate the possibly trouble ome effects of op-amp error that can sound negligibly mall: 
bias currents of picoamps, offset voltages below a millivolt. The integrator is unforgiving: it accumu­

lates the effects of such errors, of course, holding a grudge for picocoulombs of charge delivered in the 

distant past many milliseconds ago. We've also rigged a etup in which you get to integrate a signal 

from a piece of hardware (a disc drive or DC motor , for a refre hing change from feeding alway 

from a function generator. One could almost imagine that thi , disc-drive motion integrator i a useful 

circuit. 

7L.1 Integrator 

Try the integrator: Construct the active integrator shown in Fig. 7L. l using a ' 411 op-amp. The push­

button is redundant at the moment; the lOM feedback resistor will keep the output from wandering 

far a tray. Soon, we will remove the feedback resistor and rely on a manual pushbutton reset. But 

not yet. Keep this circuit . et up after you finish this integrator section. You will use it again with the 

differentiator in §7L.2. 

Try driving your integrator with a signal in the range 50Hz to lkHz - all three waveforms listed 
below. Thi. circuit i · ensitive to mall DC offsets of the input waveform (its gain at DC i about 500); 

_Jl_ 

10M 

OUT 

Figure 7L.1 Integrator. 
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the output is likely to go into aturation near the l 5V upplie . . To prevent thi , you will have to adjust 

the function generator's DC-offset control. That adjustment will be more manageable if you et the 

function generator's attenuation to 20dB. 

Try a quare, ine and triangle waves. From the component values, predict the peak-to-peak triangle 

wave amplitude at the output that . hould result from a 2V(pp), 50Hz quare wa e input. Then try il. 

Include feedback resistor: integrator tamed ... : The lOM resistor tame this integrator - and ome­

what corrupts it. The resistor can keep the output from wandering off to aturation , if you adjust the 

function generator carefully. But it makes the integration not quite honest - and not good enough for 

longer-term integration like what we mean to attempt soon. The feedback resistor permit a current 

to leak off the capacitor. For some applications this may not matter (the ratio of Rrecdback to the input 

R i almo t 500 to 1, o when V. ut is comparable to Vin the error current caused by R reectback is about 

0.2% of the signal current) . You '11 probably be grateful for this feedback resistor while you try the 

integrator's response to various waveforms . 

. . . Remove feedback resistor: integrator less tame but truer: When you remove the JOM re istor, 

the circuit will heJp you get a real gut feeling for the meaning of an integral. In fact , the attempt to 

adjust the generators DC offset to keep V0u1 from saturating could drive you crazy. Don ' t uffer for 

long. Don't forget that the pushbutton can at least restore V011 t to zero, for a fresh start. 

7L.1.1 Integrator used to let one infer /bias and Voffset 

Drift; causation ambiguous : Ground the integrator's input zero the output with the pushbutton, then 

release the button and watch the drift of Vout· You'll need a very slow scope sweep rate. Try L sec/div. 

(This is a good time to switch to using a digital scope if one is available.) Note the drift rate. But note, 

al o, that both /bias and V0 m et can contribute to thi effect. To make things worse, the two effects may 

reinforce each other, or one may . ubtract from the other. Let's peel them apart. 

Infer /bias from drift rate with the effect of Vuffact removed : Removing the effect of Voffset happens to 

be extremely easy : just float the input. Now Voffset doe not force a current through the input resistor. 

So Voffset does not cont1ibute to the current that charge the capacit r. Given thi. implification see if 

your drift rate implies a value for /bias that i · in the '411 ' specified range: 50pA typical , 200pA max. 

You will need to be patient to mea ure thi drift rate. Note it once you get a reading, and use the rate 

to calculate the value of /bia . 

Infer V 0ff et from drift rate : Now you hould be in a position toe. timate Voffscl from the overall drift 

rate you aw as you tarted thi lab. (You'll need to pay attention to the sign of each of these drift 

rates.) Compare your calculated value to the 411 s pecification: 0.8mY typical , 2.0mV max. What' 

your infetTed Voff. et? 

7L.1.2 Making a low-drift integrator in two ways 

Trim V0 rrsct to a minimum ('411) : We hope you found that V0 rrsct account for mot of your inte- t 
grator drift. Let' now solve that problem. Add the offset trim network of Fig. 7L.2. Ground the -15V 

integrator's input, zero the output initially with the reset pushbutton , then try to minimize the drift Figure 7L.2 
rate of the output. Offset- trim 

The trimming i a fu sy task. Start with modest scope sensitivity - ay, lV/div - and gradually network for '411 

increase sensitivity as you adjust Votfser down toward zero. Re et the integrator from time to time with op-amp. 

the pushbutton. See if you can get the drift rate down to a few millivolts/ econd. When you ve got it 
about a low as you can manage, ee what residual V0 rr et your drift rate implie . 
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Now lest you think that trimming i a really-satisfactory remedy for bad Vos pees, heat or cool 

the '4 11 (with a heat gun, perhaps, or a can of component cooler), and ee how good the drift looks. 

(In fairne s to the '411, we should admit that even the good low Voffsei chopper, corning oon, doesn't 

much like big changes of temperature. If you 're energetic, you can repeat thi te t when you've wired 

up the chopper.) 

Use a self-trimming op-amp: "chopper" amp, LTC1150: A "chopper" like the LTCl 150 u e a 

second op-amp to drive a"nulling" input on the main amplifier - a single input that accomplishes 

what our manual offset-trim did, driving the difference between the two inputs of the main amplifier 

toward zero. Try this amplifier in place of the '411. 

The pinout of this op-amp i the same a for the '4 11 , so you can drop it into the circuit you wired 

for the '4 1 1 - except that you must remove th 9 trimming potentiometer, so a · to leave pins 1 and 5 

open. 

Ground the input - at the non-inverting input. 1 Watch the drift rate. 

As for the '411, at this point the cau e of drift is uncertain. Separate the effects of lbia and Voffset, 

by eliminating the effect of Voffset, as you did for the '4 11. lnfer the op-amp s V0 rr et from the dtift rate 

that you saw with input grounded and keep a note of it. The LTCJ 150 promi . es Vos of ±0.SµV (typ), 

lOµY (max). We were chagrined to get values slightly above the specified maximum. We hope you'll 

do better!2 

7L.1.3 Apply the integrator: drive-motor position sensor 

A per on might reasonably ask, after watching an integrator in action, 'But why would 1 want to 

integrate? We have cont1ived one example of a ignal that seem to want integrating to beoin to 

an wer thi legitimate question. We' ll admit that we cooked it up becau e it' kind of fun, rather than 

becau e it's useful. But it may set your imagination to conceiving other po sible uses for an integrator. 

Ca ting about for a ignal whose integral might be interesting, we3 thought of signal from coils 

moving in a changing magnetic field. The output voltage hould be proportional to the rate at which 

the flux through the coil changes. We fir t tried pushing on a big audio peaker - and then thought 

of using the 'voice coil' of a hard disc drive. The voice coil (so-called because the basic design wa 

borrowed from audio speaker ) is a simple motor that drives the drive head along the radius of the 

disc, so as to find or follow a disc track. 

If opening up a dead di k drive is too much trouble, you can watch the same effect with the low­

budget version hown on the left side of Fig. 7L.3. Those are two cheap little DC motors, to which 

we glued an arm cut from the plastic rotor at the far left. That rotor came from a hobby ' ervo motor" 

(a device that we will meet again in Lab 24L). The maller motor is a 9Y device; the larger is a 3.3-
SV device.4 Almo t any DC motor will do, since you can adjust the integrator' sen itivity to your 

convenience (how?5) . 

We will use the DC motor not as a motor but as a generator. Instead of applying a voltage to move 

the disk-drive' , ' head' - or to pin the little DC motor - we will move the head by hand to generate 

I We found that the 1 cation of our grounding connection on the breadboard cau ed drift-rate variation of more than a factor 

of two. The mall current · flowing in the ground line seem to account for Lhese microvolt variation at the input. 

Connecting directly to the non-inverting input point on the breadboard provides the mo. t honest shorted-input connection: 

zero in the sense that the op-amp sees zero. 

When we figure out what inflated our drift rate, we' ll let you k110w. 
3 Wel l. ''we'' mean the Royal Paul. 
4 If you want to buy a motor that we have tried, you can get the larger one (a Mabuchi FF-1 JORH) from many ources. We 

happened to buy our from All E lectronic , for a little more than $ 1. 
5 We kJ10, you know the an , er: by adju ting the value of the integrator' input re i tor. 
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reads from voice coil 
_y--' 

poor man's OC-voltage source ... ... fancy OC-voltage source: disk drive 'voice coil' 

Figure 7L.3 Alternative signal sources: DC motors; hard disc, with voice coil that positions drive head. 

a voltage proportional to velocity of the head, or to the spin rate of the little motor. Integrating thi 

ignal we should get a voltage proportional to the head's position (or the motor shaft's). 

Query: Moving the head fast , or spinning the shaft fast, produces a Jarge voltage input, moving either 

one lowly produces a small voltage input. If you move the head quickly from position A to po ition 

B - or rotate the motor shaft from angular position C to D - does the rate at which you make this 

movement affect the integrator's output?6 

In thi exercise our goal i to how this position on the scope , creen. We don't want the di play to 

wander appreciably over the span of several econds. So, we need a low-drift integrator like the two 

that we have just put together. 

Let's apply your integrator - probably the most recent circuit, using the LTCl 150, ince that should 

still be wired up - to the signal put out by the disc-drive's voice coil. Watch the input ignal (the ignal 

from the two wires brought out from the di c' coil, or from the DC motor) and the integrator output. 

Try 2V /division on the integrator output. Zero the integrator, and then move the di c head, inward and 

outward on the radiu . We hope you like what you ee coming from your integrator. We hope that you 

find you have built a circuit that displays the head radial position - or the rotary po ition of the DC 

motor's haft. 

lf you 're not worn out wap in the 4 I I for the chopper amplifier and re tore the trimming pot. (If 

you 're lucky, your trim may stil1 be good; if not, adjust it till you get an acceptably slow drift from 

your integrator and then apply the disc-drive' ignal.) See how the trimmed '41 I does at displaying 

the drive' head position. 

7L.2 Differentiator 

The circuit in Fig. 7L.4 is an activ differentiator. Try driving it wjth a lkHz triangle wave. 

The differentiator is most impressive when it urprises you. It may urpri e you if you apply it to a 

sine fr m the function generator: you might expect a clean cosine - unle s you noticed the contrary 

result back in Lab 3L. ln fact, ome generator (notably the Krohn- Hite generator that we prefer in 

ope. Quick movement docs drive the integrator harder - but for a horter time than the slower movement by definition of 
"quick" and 's lower"!). So, the integrator output hone tly mea, ures the position of head or motor ·haft. It does not car 

about rate of change of that position : it integrate. !he input voltage, but that voltage i the time-derivative of po ition - in 
case you like peaking of . imple thjngs in fancy mathematical terms, 8$ we do not. 
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Figure 7L.6 
Simple 
differentiator 
(unstable) . 
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Figure 7L.4 Differentiator, including extra R and C 
for stability. 

our Jab) will show you, when their sine i. differentiated, a waveform that reveal the purpo1ied sine 

to be a splicing of more-or-le , traightline segments. This strange shape reAects the curious way the 

sine is generated: jt is a triangle wave with its points whittled off by a ladder of four or five diodes. The 

diode cut in at ucc sively higher voltage , rounding it more and more as the triangle approaches it 

peak, see Fig. 7L.5 . 

-f"rtanJ /c ,,.. 

'\/\~....-.,~ ~~~ ~~-..~~~---~~--~~~---~/\f\. 

Figure 7L.5 Sketch 
of standard 
function-generator 
technique for 
generating sine from 
triangle . 

You may e en be able to count the diode revealed by the output of the differentiator - though 

we 've never b en able to spot evidence of all the diodes. 

A note on stability (preview of work to come): Here we are obliged to mention the difficult topic of 

tability a matter treated more fully later in Day 9 . Fig. 7L.6 shows a simple differentiator - one with a 

single Rand a ingle C. It nece sarily lives at the edge of instability (sound like a oap opera, doesn't 

it) , because such a differentiator ha agai n that rises at 6dB/octave ( oc .f). To build the differentiator as 

·imply a in the figure would violate the stabil ity criterion for feedback amplifiers ( ee AoE §4.9.3.) 

In order to circumvent thi problem, it is traditional to include both a . eries input re. istor and a 

capacitor parallel to the feedback resistor as hown in Fig. 7L.4. This additional R and C convert 

the differentiator to an integrator above ome cut-off frequency. You aw a ketch of this frequency­

response in Fig. 7N.34. 

This compromising of the differentiator's performance i. disappointing. You can watch the effect 

of this network by noting the phase hift between in put and output a you gradually rai e fin from 

zero toward the breakover frequency and beyond. At breakover the phase hift should go to zero. At 

till hj gher frequencies you hould ee the pha e shift characteri tic of an integrator. 

Incidentally, a faster op-amp (one with higher h) would perform better: the switchover to integrator 

must be made, but the faster op-amp allows one to set that switchover point at a higher frequency. 

Integrate the derivative? A more intriguing way to ee the imperfection of the differentiator is to 

feed it output to the integrator you built earl ier then compare original against output waveforms . 
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Ideally, they would be identical - at least in phase (that is, apat1 from gain artifacts). Are they? Does 

the an wer depend on input frequency?7 

Sweeping frequencies (optional): You might also enjoy watching the frequency response of the op­

amp differentiator, to confirm the pattern predicted in the ketch above: does the circuit show first gain 

that ri es with frequency (differentiator behavior), then gain that falls (jntegrator behavior)? 

7L.3 Slew rate 

Begin by measuring slew rate and its effect with the circuit in Fig. 7L.7. We ask you to do thi in two 

tages. 

Figure 7L.7 Slew rate measuring circuit . (The 
series resistor prevents damage if the input is driven 
beyond the supply voltages) . 

7L.3 .1 Square wave input 

Drive the input with a square wave, in the neighborhood of lkHz, and look at the output with a scope. 

Measure the slew rate by observing the slope of the transitions. Note that full slew rate appear. only 

when the op-amp' input stage is strongly unbalanced. So, if the slew rate seems low, make sure your 

input amplitude is sufficient. 

7L.3.2 Sine input 

Switch to a sinewave, amplitude a volt or o, and measure the frequency at which the output waveform 

begins to di tort (thi is roughly the frequency at which amplitude begin to drop a well). I thi result 

con i tent with the lew rate that you just mea ured u ing a square wave? Watch out for a refinement, 

here: you wiJI not see the op-amp's full slew rate until the op-amp inputs are radically unbalanced. A 

large . quare wave achieves this effect ea ily; a sinewave may not, unless it i both large and quick. 

Now go back and make the same pair of measurement ( lew rate, and . ine at which its effect 

appears) with an older op-amp: a 741. The 741 claims a " typical" slew rate of 0.5Vlµ s; the 411 

claim 15V/µ s. How do these value, compare with your measurement ? 

7L.4 AC amplifier: microphone amplifier 

7L.4.l Single-supply op-amp 

In this exercise you will meet a' single-supply op-amp, u ed here to allow you to run it from the +5V 

upply that later will power your computer. Thi op-amp, the '358 dual (al o available as a 'quad" 

7 It should . The integrator is honest, but the differentiator differentiate only up to its breakover frequency. which you can 
calculate from it Rs and C . U e either pair. 
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Figure 7L.9 
Quieting power 
supply to 
microphone. 
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Figure 7L.10 
Ground noise on 
PB503 
breadboard : 
caused by current 
pulses recharging 
filter capacitor. 
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Figure 7L.8 
Single-supply 
microphone 
amplifier. 

the 324) can operate like any other op-amp, with V+=+ l5V, V_=- 15V. But, unlike the '411, it can 

also be operated with v_=GND since the input operating common-mode range includes V_ and the 

output can wing all the way to V _. 
Our application here does not take advantage of that hallmark of a single-supply op-amp, its ability 

to work right down to its negative upply. Often that is the primary reason to use a single-supply 

device. The op-amp miJlivoltmeter described in Worked Example 7W does exploit this capacity of the 

'358 unlike todays microphone amplifier . 

Note Build this circuit on a private single breadboard strip of your own, so that you can save the 

circuit for Later use: it will feed your computer. 

In Fig. 7L.8 the 358 is applied to amplify the output of a microphone - a signal of less than 20 

m V - to generate output swing. of a few volts. The 'AC amplifier" configuration , you will notice i 

convenient here: it pa e the input bias voltage to the output without amplification becau. e gain at 

DC is unity. 

The microphone is an 'electret type (the ound sensor is capacitive: sound pre sure varies the 

pacing between two plates, thu. capacitance; charge i held nearly constant, so V changes with sound 

pressure according to Q= CV). The microphone includes a high-input-impedance field-effect transistor 

(FET) within the package, to buffer the electret. 

The FETs varying output cun-ent i converted to an output voltage by the 2.2k pullup re istor. So 

the output impedance of the microphone i ju t the value of the pull-up re istor: 2.2k. 

Try i olating the power upply of the microphone a · in Fig. 7L.9: You may find, after your best 

effort , that your amplifier still pick. up pulses of a few tens of millivolt at l 20Hz. Fig. 7L.10 shows 

what the pul es look like. 

Probably you will have to live with these, unless you want to go get an external power supply (the 

adjustable supply you used in Lab lL will do fine here). The e pulses how the voltage developed 

in the ground line when the power upply filter capacitor is recharged by the peaks of the rectifier 

output. They shouldn t be there, but they are hard to get 1id of. They appear because of a poor job 

of defining ground in powered breadboards like the PB503 , and you can't remedy that defect without 

rewiring the innards of the PB503. 
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Jargon 

Bias current Ubia ): average of input currents flowing at op-amp's two inputs (inverting, non-inverting). 

Frequency compensation Deliberate rolling-off of op-amp gain as frequency rises: used to assure 

tability of feedback circuits despite dangerously-large phase shift that occur at high fre­

quencies. 

Gain-bandwidth product Ur): a con tant describing gain and frequency-response of an op-amp· 

it equals the extrapolated frequency where op-amp open-loop gain ha fallen to unity. 

Hysteresis As applied to Schmitt trigger comparator circuit : the voltage difference between upper 

and lower thresholds. 

Offset current Difference between input cun-ents flowing at op-amp's two inputs (inverting, non­

inverting) . 

Offset voltage CVoff. et or Vos) : op-amp's input stage mismatch voltage: the voltage that one would 

need to apply between the inputs, in order to bring the op-amp output to zero. 
Open loop Circuit wired without feedback. 

Rail-to-rail Said of inputs and output of an op-amp. 'Rail' is jargon for power supply. Some 

device al low rail-to-rail input range, ome come close to this output range; ·ome have both 

capabilities. 

Saturation Condition in which op-amp output voltage has reached one of the two(± ) output voltage 

limits, usually within about l .5V of the two upplie , but much nearer in rail-to-rail-output 

devices. 

Schmitt trigger Comparator circuit that includes positive feedback. 

Single-supply op-amp Device that accept inputs clo e to (and ometimes below) it negative sup­

ply, which norma11y is ground. Device also can drive it output clo e to the negative . upply 

(ground). 

Slew rate Maximum rate (dV /dt) at which op-amp output voltage can change (a. umes ub tantial 

voltage difference between op amp input terminals). 

Summing junction Inverting terminal of op-amp when op-amp is wired in inverting configuration: 

inverting terminal then sums currents. That is , lreedback is algebraic sum of all currents input 

to the summing junction. 

Transresistance amplifier Current-to-voltage converter. 

Virtual ground Inverting terminal (-) of op-amp when non-inverting terminal is grounded. Feed­

back trie to hold (-) at OV and current sent to that terminal does not di appear into' ground," 

but instead flows through the feedback path (hence the ground i. only "virtual"). 
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7W.1 The problem 

Here' a tatement of the de ign ta k, and some que tions: 

Design it: De ign an integrator, using operational amplifiers, to the following specification 

• it will ramp at + l V /ms when a+ IV signal is fed to it; 

• Rout for the signal ource i unknown; 

• you should include protection against saturation cau ed by long-term integration of 

small DC errors. 

Questions: 

7W.1.1 

Frequency response: Assume an integrator with a resistor paralleling the feedback ca­

pacitor. Approximately what is the low-frequency limit of your circuit's response, if we 

define that limit as the frequency where the re ponse is reduced by approximately 3dB? 

Integrator errors: Assume an integrator with reset switch rather than one with a resistor 

paralleling the feedback capacitor. Given your integrator design, at what rate does its 

output move (V /second) when the input i in either of two conditions: grounded or open? 

Assume you are using an LF4 l 1 op-amp, and use typical values. 

Case 1: Input grounded (as if fed by a transducer that is a voltage source). 

Case 2: Input open (as if fed by a tran ducer that i a current source). Note that 

for this ca e you . hould remove any input buffer you may have placed before the 

integrator. 

Choose a better op-amp: Now find an op-amp from the mall set shown in Fig. 7W.l l 

that will give around 5 x better performance (integrator error :S 1 /5 the value you found 

for the '411 with input grounded). 

Specify the op-amp, and calculate its resulting dV / dt error (input grounded). 

A solution 

A skeleton circuit: We need a standard op-amp integrator with protection again t saturation. Let's 

use a feedback resistor, I OO x Rinteorator, as u ual. We al o need two other op-amp circuits: 
" 

• an inverter to give the requested ense of output (positive out for positive in)· 

• an input buffer (a follower) because 'Rout for the ignal source i unknown." 

.. . Component values: For RC our plan to make the feedback resistor l OO x Rinrcgration steer us toward 

an integration re istor (a we're calling the R that feed the integrator) that i. not extremely large. If, 
as usual, we put a lOM ceiling on our R value then Rrecdback= lOM and Rintcgration= lOOk. With an 

R value chosen, we know what current will flow for the ·pecified IV input: fru11 -scate = lV/lOOk = 
0.0 l mA. This full-scale cmTent lets us choose C to be l / d); = ~-~1~~ = 0.0 l x 1 o-6= 0.0 I µF. 
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Figure 7W.l Skeleton circuit for integrator 
(no component values). 

Figure 7W.2 Integrator with 
component values. 

tOM 

Frequency response: The feedback resistor wi]] reduce V0u1 by 3dB when IZcl = R. 1 That equality 

occurs at what we u ually think of a "hcts": 1/(2nRC). The frequency takes the name "hcts," as you 
well know, because there the output of an RC filter (where Rand Care in series) is down 3dB. 

But we should not think that we are Looking at the same case, here. In thi circuit, where R and 

C are in parallel, this frequency would better be called '!crossover": this is the frequency where the 
magnitudes of currents flowing in R and C are equal. Below this frequency boundary, more of the 

current flows in the R; above thi s frequency, more of the current flows in the C. But thi , frequency 

is also the one where the integrator 'will reduce Vout by 3dB" relative to what it would have been 

without the feedback resistor. So, the reference to 3dB remain appropriate. 

After that long-winded digres ion the calculation i, straightforward. The feedback re istor will 

reduce Vout by 3dB at f = I /(2n RC)~ I /(6 x lO x I06Q x 0.01 x I o-6 F) = I /(6 x 0 . l) = l.6Hz. Thi 
is very low, as we would hope. So, at mo t frequencies the feedback resi tor should not compromise 

the integration ubstantially. 

Integrator errors (predict output drift rate, with no feedback resistor) : Here are typical LF41l 

values: Voffset = 0.8mV lbias=50pA. 

Input grounded: The off et voltage Vos produce an e1rnr in both the follower and integrator of 
Fig. 7W.2. Both errors contribute to the integrator's drift (en'Of in the output inverter does not con­

tribute to drift). Worst ca e, the two Vos value may be of the ame ign and thu will add. 

The current that they cause to flow, charging the integrator capacitor - let' call it " /error' - re ult 

from this double Vos (worst case acros the integration resistor Rint: 

l error = 2 X Vos / Rint = I .6mV /( lOOkQ) = 16nA . 

Thi current cause a drift: 

dV / dt = I / C = 16nA/(O.OlµF) = l.6V / . (7W.l) 

The effect of /bias (at 50pA) i negligible compared with the 16nA current caused by Vo 

1 You may want to take our word for thi " - or you may want to calculate the value of Zc JI R when IZc l=R. 
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Input open: For this ca e, we are modeling the behavior of an input tran ducer that i a current 
source. To imulate such a ource we remove the follower that buffers the input stage, becau e a 

current source is happy to see the low input impedance that it finds at the inverting terminal (to put 

things anthropomorphically). 

We al o remove Rim, which erves no good purpo e when the input ignal is a current, and in fact 

can cause mischief. Rint simply moves the circuit input voltage away from ground as currents flow. 

Such displacement can disturb a current source (one with small 'output voltage compliance," a notion 

you met in Lab 4L). 

remove, for I-source input 
(''input open, " 

in problem's terms) 

tOM 

Figure 7W.3 Integrator 
input would be simplified if 
one assumed signal source 
was a current source. 

Now Voffsct has no effect on current (because Voffsei, which moves the inverting input away from 

ground, does not alter the magnitude of current aniving from the current-source that drives the inte­

grator). Only /bia. cau e. the integrator output to drift: 

dV /dt = I / C = 50pA/(O.OlµF = lOnF) = 5mV / 

This is radically better about 300 time better than the result we got for a voltage ource driving the 

same integrator. If you have a choice, you will choose a current ource as your tran ducer. 

Improve performance with a better op-amp: lf your ignal comes from a voltage ource and you 

need better pe,formance, you will need to find an op-amp better than the '411. To get a drift rate 5 

times better than what the '4 11 provides - as the problem a. ks - we need to reduce the drift rate from 

the l.6V/s (see equation 7W.l)) to about 0.3Y/s. 

Since we found that the ' 41 l' drift was caused by V0 rrse1 alone (the effect of /bias was negligible), 

we need only hop for an op-amp with Voff. et no more than l /5 that for the '4 11 , along with comparably 

low /bia . . We need Voffsei :S 0.8mY / 5 = 0.16mV = l60µV , and low /bias· 

The drift rate for this op-amp (a suming, once again, that the integrator sees 2 x Voff et because of 

the pre ence of the follower ahead of the integrator) should be 

dV I ( 2 X Vorr. et)/ Rintegrntor 

dt c c 
O.lmV / 0. lMQ 

O.OlµF 

= lnA/ JOnF = O. lV /s. 

Yes (no urprise): the OPA 11 lB does the job. 

Op-amps with much lower Voffsei are available if you need them. You will meet such a need in the 

next ection. But there's no point choosing an op-amp much better than what we need, so we'll be 

content with the LM 11 for the pre. ent task. 



314 Worked Examples: Op-Amps 11 

7W.2 Op-amp millivoltmeter 

Problem Given 

• a meter movement: l mA full- cale, l OOQ 

• op-amp(s) of your choice, 

• other part a needed, 

design a voltmeter to the following spec 

• u ea single I 5V , upply, if po sible; if you can ' t manage that, then u e plit upplies, ± 15V 

• full-scale (input-) voltage: 1 Om V 

• accuracy 1 % of full scale 

• input resistance: ~ lMQ 

• reading for input grounded or open: 0 (to the usual 1 % of full-scale range); 

and if you 're not exhausted after that - or perhaps along the way - add ome desirable feature : 

• protection for the meter movement (from consequences of overdriving the input) 

• really fancy: valid reading for either input polarity, along with a polarity-indicating LED 

7W.2.1 Solution: millivoltmeter 

A start: amplify . .. : Comparing input range to the output voltage range that we need to drive the 

meter movement will let us determine what gain we need. We'll al o need to con ider what form of 

amplifier is uitable. 

Gain needed: Let's review the problem . pecifications that bear on gain: 

• input voltage range: 0- lOmV; 
• output voltage needed: 0- IOOmV, since meter movement drops; lOOmV full -scale. It is described 

a IOOQ and lmA full-scale 

So a gain of 10 will do it. 

What amplifier configuration : Should we u. e inverting or non-inverting? Either could atisfy the 

input-re istance requirement ( 1 M). Let's see what the circuit would look like. 

Non- inverting amp : Thi i the obvious choice, since thi is a single-supply in. trument and we want 

input impedance that is quite high. Fig. 7W.4 how a sketch of the circuit. 

Figure 7W.4 Non- inverting amplifier, to drive meter 
movement. 

Oto tOmV 
Oto fOOmV 

/ meter movement 

0 9R 
'-.:..:.Y 

R 
toon -=-

The amplifier will need to be a "single-supply' type: its input must understand voltage level. down 

to zero and its output mu t be able to go close to zero. A device like the LM358 that we use in §7L.4's 

microphone amplifier sati ' ties these requirements, 

I See Ao Fig. 4.56 
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Current-source version of non-i nverting design: Tt is also po ible to apply a current rather than 

\Oltage to the meter movement; see Fig. 7W.5. 

1M R = tOmV = ton 
tmA 

c.-----/ 
ton Figure 7W.5 Current, rather than 

voltage, applied to meter movement. 

The circuit of Fig. 4N.3. l include a cunent-Jimiting re. istor (the lOk), in case the input i over­

driven. This protection anticipates that described in §7W.2.2. 

Inverting amp: Could the job be done with an inverting amplifier? Ye , but thi s design i. awkward if 

done with a ingle supply. It' straightforward if done with split supply; .. ee Fig. 7W.6. 

10M 

Figure 7W.6 Inverting design: straightforward if we 
use a split supply. 

U e of a ingle-supply make. the task harder, because the circuit must operate close to its "positive" 

supply (well, the more positive supply - in this case ground); see Fig. 7W.7. 

10M 

Figure 7W.7 Inverting amplifier, to drive meter 
movement . 

The inversion means that the op-amp outpu t will alway be negative, o the op-amp will have to 

be powered in the curiou. way hown. Input of the op-amp now lives at the positive supply rail; the 

output runs from that rail to 1 OOm V below it. This circumstance rules out an ordinary single- upply 

op-amp like the '358. We would need a rail-to-rail op-amp, ab le to understand inputs all the way to the 

posit ive. uppJy. Thi we can find: e .g., ADI's OP282 or AD853 I (the latter's power upply i limited 

to 6V a re triction common in CMOS parts; we could use a supply voltage lower than 15V: say, 5V). 

The op-amp would also need to be able to take its output right up to the positive supply. Here, 

the configuration we have set up for our elves i so odd that the characteri tic does not seem to be 
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pecified· but probably the devices can sink current clo e to the po itive supply (what is specified is 

the offset from positive supply while sourcing cuITent). 

So it is possible to find an op-amp that fits the configuration - though we 11 soon learn that thi 

configuration is ruled out by the specification of the amps that can handle what we require for this 

configuration: high-. ide rail-to-rail input and output. 

The op-amp specs the designs would require : So far, we have shown only how to get a gain of 10. 
We now need to look at the harder part of the task: getting accurate results. 

We are asked to keep errors at ± l 01£. In addition, the meter should read zero (to within l 01£ of full­

scale) when the input is open. We don't want to annoy the meter's users with a wande1ing output at 

times when nothing is connected to the millivoltmeter. 

No wandering, with input open: The non-inverting design of Fig. 7W.4, with its a. tronomical Rin , 

would wander, if we did not add a resistor as shown in Fig. 7W.8. After a time, the input, and therefore 

output, would drift all the way to an extreme, pinning the meter movement at full- cale. To prevent 

this result, we mu t include a resistor to ground, as shown in Fig. 7W.8. 

Figure 7W.8 A resistor to ground prevents drift, in the non- inverting design . 

We chose the re i tor value to satisfy the original problem specification Rin ?:: I MQ. The inverting 

design already includes this taming re i tor; no change i needed in order to prevent that configuration 

from wandering. 

What magnitude of input error is tolerable? We are to keep errors under I %. Then we can tolerate 

Verror,input = 0.01 x Vfull - scale = 0.1 m V = I 00µ V. Thi value we might call our "error budget." 

What Voffset is tolerable? Thi total DC error will re ult from the sum of two effect : Voffset and }bias· 

Since these two effects may have the same sign we will allow each to use up only half the total error 

budget: we will allow 50}-t V apiece.2 

Voffsei : We need to hop for an op-amp with \I'. ff set around 50µ V. That value i low - about l 5 times 

smaller than what the 411 show us. lt is attainable. But we should not expect to find it in an op-amp 

that has been designed to optimize ome other feature . 

Hunting for a satisfactory op-amp we find that this V0 rrset goal knocks out of contention the ingle­

supply rail -to-rail op-amps required by the inverting design above. The two part that could handle 

input up to the positive rail showed Voffset's of 3mV and 25mV, respectively. So, Jet s abandon the 

inverting design - which always eemed a bit perverse, anyway. 

Voffsct :::; 50µ V? Only a very few parts satisfy this specification, in the collection of "candidate op­

amps ' (see Fig. 7W. l 1: 

• the LTI012A (at 25µ V max)· 

2 Usually, one would a sign budget fraction , after seeing what dominates, rather than assume at the outset that both 
con ·traints are equally difficult. 
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• the MAX420E (5µV , max) - a 'chopper - the so11 that continually readjusts its offset to zero it, 

many times each second. 

• LMP2015 (5µV ) (another chopper) 

Two other part comes close: OPA627b at lOOµV max, and OPA336, at 125µY max - slightly 

exceeding our error budget. The OPA336 typical value of 60µ V would be acceptable. We will not 

here go into the hard que. tion of when it might be all right to use omething other than worst-case 

specifications.3 We might keep the e two in mind then. 

If we are to do the task ingle-supply, then only the LMP2015 will do. 

/b ias : The bias current flows in the IM input resistor, generating an error voltage. Again, we'll a sume 

that we can u e up ju t half the error budget with thi error: 50µ Y. The bia current that we can tolerate, 

then i 

fbi a ::s; 50µY / JMQ = 50pA. 

This i. a mall value, but certainly available (even the humble LF41 l comes close, showing 50pA as 

its typical /bias) . The challenge will be to find a part that delivers this good . pecification while al o 

giving low Vofht· If we mean to do the ta k ingle- upply, then we need also the peculiar virtues of an 

amp that can handle input and outputs close to ground. 

Only the choppers keep the total error under IOOµV. The OPA627b at IOOµV is close enough, with 

its 5pA /bia . (max) if we mean to u e a , plit supply. The LMP2015 is the only part that does it all: 

keep the input error under I 00µ V and allows use of a single supply. 

7W.2.2 Refinements 

Protect meter movement against overdrive: The de igns of Figs. 7W.4 and 7W.6 could drive the 

meter movement all the way to the I 5Y power supply. The op-amps output current typically limited 

to a few tens of milliamps, might not damage the movement. But it is easy to modify the circuit, just 

lightly, to protect the meter movement. Simply putting a series resistor ahead of the movement and 

then boosting the amplifier's gain makes sure that the movement could not be driven to more than 

150% offull- cale· , ee Fig. 7W.9. 

( or use V- for 
split-supply 

op amp) 

meter movement 

m 
~ 

toon -
Figure 7W.9 Slight change to limit 
overdrive of meter movement. 

3 A knowledgeable friend of ours who designed digital circuits for a large computer maker told us that hi. company would 

have been unable to compete if they had not assumed that parts in their design would work somewhat better than their 

worst-case. full-temperature-range specification . . 
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Allow both positive and negative inputs: This change requires u e of a split upply. If the meter 

movement i of one polarity only,4 then a four-diode bridge (familiar to you from power supplies) 

will put current through the movement in the forward direction regardle of the ign that reache 

the bridge. The de ign of Fig. 7W.10 uses a current-source scheme (like that of Fig. 4N.3 . l). Letting 

the circuit set a current rather than a voltage makes the design indifferent to voltage drops aero s the 

bridge diodes. The indicator LEDs are necessary to indicate input polarity. 

Figure 7W.10 
A design 
permitting both 
positive and 
negative inputs. 

an LEO lights up to 
indicate polarity of 
input-once Vin 
exceeds about 15% 
of full scale 

7W.2.3 The point of this exercise ... 

fOk 

fk 

/NEG. 
(red) 

( diode bridge 
/ puts current 

through meter in 
correct polarity, 
for either input 
polarity. V drop 
across bridge 
and meter 
doesn't matter: 
;rs hidden by the 
feedback loop) 

This exercise was fu sy. What we wanted to show was that a very simple task becomes challenging if 
the design can tolerate only very small e1Tors. We hope this example will help to give you a feel for 
why such an amazing variety of op-amp is avai lable - with new ones continually aniving. 

Candidate op-amps: All but one of those listed in Fig. 7W.1 1 are un uitable for single-supply work. 

If you designed the meter with a split supply, all are eligible (though the single-supply part is limited 

to +5V total voltage). 

Vos (µV) TCVos (µ V f'C) lb (pA) Comments 
typ max typ max typ max 

LM741C 2000 6000 15* 80,000 500,000 BJT, old, crummy 
LF411 800 2000 7 20 50 200 JFET jellybean 
OPAl l lB 50 250 0.5 I 0.5 I precision FET 
OPA627B 40 100 0.4 0.8 I 5 low-noise prec JFET 
LTI02A 8 25 0.2 0.6 25 100 low-bias BJT prec. 
OPA336 60 125 l.5 1 10 CMOS, V:~ = 5.5V max 
MAX420E 5 0.02 0.05 10 30 chopper CMOS, Vs to ± I 5V 

Single Supply 
LMP2015 0.8 5 0.015 0.05 3 chopper, CMOS, 5V 

* for "premium" grade only, otherwise not specified 

Figure 7W.ll Candidate op-amps; most are eligible for spl it-supply only. 

4 Some movement are bipolar. tarting with the needle at the center of it range of movement 



8N Op-Amps Ill: Nice Positive Feedback 

Contents 
SN.I 
SN.2 

SN.3 

SN.4 

SN.5 

Why? 

Useful positive feedback 
Comparators 
8N.2. I What ' a comparator? 
8N.2.2 Trouble with noise 
8N.2.3 Stabilizing with positive feedback 
8N.2.4 A good comparator circuit always uses positive feedback 
8N.2.5 An alternative way to provide hystere is: AC feedback only 
RC relaxation oscillator 
8N.3. I Op-amp relaxation oscillator 
8N.3.2 The nutnbers ... 
8N.3.3 A lazier way to build an RC o cillator 
8N.3.4 ' 555 RC oscillator/timer 
8N.3.5 Newer IC oscillators 
Sine oscillator: Wien bridge 
8N.4.l Wien bridge' positive feedback network 
8N.4.2 Wien bridges negative feedback network 
AoE Reading 

Some effects we would like to achieve with today's circuits: 

• make a decisive comparison circuit; 

• make oscillators; 

We will apply positive feedback for these purpose . 

8N.1 Useful positive feedback 

319 
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335 

To thi point we have treated po itive feedback a a bad thing - as a result that you get when your pen 
slips, interchanging enses of feedback. 

a mistake .. . .. .but this 
can be useful 

Figure 8N.l Positive feedback isn't always a 
mistake. 
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It turns out, however, that although negative feedback remains overwhelmingly the more powerful 

idea, with more application , positive feedback can be useful. In this chapter we look at cases where it 

makes circuits decisive, and then at case where it allows us to form oscillators. In Day 9 we will look 
again at po itive feedback, but this time Le cheerfully. We will meet some of the many instances in 
which positive feedback neaks up on u and make a weJl-behaved circuit begin to act crazy. Today, 

though, all our positive feedback i benign. 

8N.2 Comparators 

8N.2.1 What's a comparator? 

A comparator is ju ta high-gain differential amplifier: uch an amplifier' compares" its two input , 

though we have not described its performance that way till now. What s distinctive about the com­

parator is not so much the device as the use to which it is put. An op-amp can serve as a comparator, 

but - as you will confirm in the lab - an op-amp makes a second-rate comparator: it is slow. A chip 

designed for the narrow purpose of comparing a special-purpose comparator like the 311, works 

almost lOO x faster. And other comparators of more recent design are available with speeds nearly 

100 times better than the '31 ls. 

Comparator versus op-amp: Although an op-amp can sometime. do the job of a comparator, the 
contrary i not true: a comparator cannot serve in an op-amp's negative-feedback circuit. A comparator 

in such a circuit would be unstable. You would likely find its output o cillating at a high frequency. 

The op-amp has been tamed so that it's stable in a negative feedback loop. A comparator is not o 

restrained; it is designed for speed, and since it does not expect negative feedback, it i not de. igned 

to work with it. 

Many comparator like the LM3 l J that you will meet today, differ from an op-amp al o in offering 

a versatile output stage. 1 This output stage is not a push-pull as in an op-amp, but a switch.2 In the 

311, both emitter and collector are brought out for the user to connect; ee Fig. 8N .2. 

I AoE §4.3.2A 

transistor switch. fts base drive 
is not shown, but base is driven 
appropriately, despite wide 
variation in V out range 

defines fop of Vout swing 
(need not be +t5V; can 

~ even be below ground) 
+ t5 "pulfup resistor"' is essential. 

Figure 8N.2 '311 
comparator, showing some 
differences from op-amp 
features . 

-t5 

7 

Without ;t, output goes to 
tk .---- "ff oar rather than (.{igh, 

when transistor turns Off. 

defines bottom of Vout 
._ ____ swing (need not be ground: 

can even be above ground) 

comparator supplies (positive 
~------ as well as negative) are 

independent of V out swing 

A . tudent may find the need to take care of emitter and collect a nuisance, at first (it ' one more thing 

to think about - or two more). But comparator. are designed this way for a good reason: to allow the 

user to determine both the top and bottom of the output swing. So, for example, the 311 make it ea y 

I Some comparators do use a push-pull switch in the output stage, for the greater speed permitted by it low output 
impedance. See, for example, Linear Technology 's 4n comparator. LTI 7 I 5. 

2 Strictly, it doesn't have to be used as a switch ; it can be wired as a follower, by placing a resi tor on the emitter rather than 
collector. We will not try this variant, who. e virtue i its lower output impedance. 



8N.2 Comparators 321 

to provide a traditional " logic-level" swing of OV to SY, rather than an op-amp-like swing of ± 15V. 
lncidenta1ly the diagram shows the output transi tor's base just hanging, but of course it doesn't just 

hang; the IC's de igners took care to make it work properly with a wide range of output voltages -

and independent of the power supplies for the differential amp that i the guts of the comparator. 

Trying comparator versus op-amp: When a comparison task i not demanding, the op-amp and com­

parator perform (if you'll forgive the word) comparably. Fig. 8N.3 shows the respon es of a '411 and 

a 311,3 when both are fed a large low-frequency inu oid. The comparator swing i quicker, but both 

comparator and op-amp do the job. 

op amp output 

input 

------- comparator output 

-==ii!!=-~~ op amp saturation : 
a volt or so from negative 

~-"Ch2 5.oO v Mio.oµS A Ext J 294mV supply 
timj. s.oo v 

Figure 8N.3 Both 
op-amp and 
comparator can handle 
an easy task: large , 
low-frequency input . 
(Scope gains: input , 
lV / div; outputs , 
5V / div .) 

Given higher-frequency input, the comparator keeps doing its job while the op-amp is left behind 

see Fig. 8N.4. 

I 
I I ··o· 

r!ll) 200111 v Ch2 'i .00 V \H. OOµ s A Ch 2 f 
Ch4 S.oo v 

i A comparator out 

~op amp out 
•1 ; 

··r- input 

4.50 V 

Figure 8N.4 Op-amp falls behind, 
with input at higher frequency. (Scope 
gains: input, lOOmV / div ; outputs , 
5V / div .) 

The output of the op-amp fed a high frequency sinusoid no longer looks like a square wave; it isn't 

quick enough even to swing its output as far as ground. The comparator output is square - but it i 
showing some signs of potential trouble, too. Both edges of the comparator output - rising and falling 

- show multiple transitions where there ought to be one. We'll see lots more of thi misbehavior in a 

minute. 

8N .2.2 Trouble with noise 

We have sketched in Fig. 8N.5 what you might ee if you fed these two simple comparator - imple­

mented with ' 411 and '311 - a noisy input like the one shown. Assume that you want the comparator 

3 The similarity of part number i not ignificant. 
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to switch on the big, s1ow waveform's "zero-cro sing.' You do not want to witch on the little wiggles. 

(To make this hypothesis plau ible, you might imagine that the slow waveform is 60Hz, and our goal 

is to let a computer tell time by counting the 60Hz zero-crossings.) 

Figure 8N.5 A comparator 
without feedback will 
misbehave; the op-amp is 
slow as well. 

{

+15v ------
411 

(op-amp) o ------
out-pvt -1sv-- ---- . ' . 

311 \\-to +15V, 9-rid 

1
-l-1Sv _ : : ff tull sivinq, 

(compania-) o ----·-

ovtput -tSv -- ----

Try it out: If you were to try making a 60Hz clock reference this way - ay, attenuating the output 

of a "line" transformer -you might get trouble. In Fig. 8N.6, we used a function generator rather than 

transformer to drive the comparator. Both image shows a comparator output - the bottom trace - that 

is pretty me y. Evidently, if this '311 output were our time reference, our clock would run fa t! 

Figure SN .6 Comparator 
without feedback has 
trouble when fed a small , 
gently sloping signal. 
(Scope gains: inputs, 
ground and supply, 
lOOmV /div; outputs , 

lOV / div .) 
Chi fooniv - Ch2 10.0 II 
Cil1 lfOl!lV [!ml lOOIIIV 

Our hand-drawn figure Fig. 8N.5, and the scope images in Fig. 8N.6, might lead you to think that 

the trouble come from a defective input. After all, you can see wiggles on the input; maybe all we 

need is a better signal source. Or maybe we hould low-pass filter the input to get rid of that fuzz? 

Plausible, but wrong. 
The flaw in this view i that the causation runs backward : in fact it is the output activity that causes 

the noi eon the input. The right-hand image in Fig. 8N.6 adds two ignificant traces: ground and the 

positive supply,+ l 5V. With ground itse]f shaking, even a glassy-smooth input waveform will seem to 
the comparator circuit, to be shaking. Given the noisy ground and power upplies (we haven't shown 

the negative supply but it looks irnilar) , its not surprising that the comparator keeps changing its 

mind. 

The case reminds me of my inglorious days as a grade- chool outfielder. A fly ball would rise into 

the blue sky moothly enough - but a it began to descend and earnest outfielder began to run to meet 

Compare AoE 
Fig . . 4.31 and 4.33 

input 

ground(!) 

'311 
I out 
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it, the ba eball would begin to mi behave. It would start to dance up and down, making itself hard to 
catch: same problem as for the '311: 

o~ 

O c) .. -

(.) "" ----
sa ... , .. :I do nt e "f 

d tscC'nt~~, b.,~ba ll 

( r~ht1ue. tv b.~ll<~~ 
b~n,cr) 

Figure 8N.7 Baseball dances the 
way comparator input dances - once 
the outfielder's reference frame starts 
jumping. 

If we look closely at the input to a chattering comparator circuit we see an effect a lot like the 

dancing ba eball. The function generator's sinewave eem to get fuzzy at the worst possible time 

just a the input cro ses the comparator's threshold (in this case, ground). The two image in Fig. 8N .8 
show that fuzz at two different time scales. 

0 

lti)' 20 .oinv 
..,._.,_ .. _____ _ """"" ----·-·-··-l 

M 2.00µs 

input begins to shiver, just at the wrong time: 
as it crosses switching threshold. Bad luck? 

t!ii'J' 20 .0 tnV 
----'~-· . - --~ ...... J 

M IOOns 

shivering input looks like the baseball 
that bounced in the air, as the fellow ran 

Figure 8N.8 
Shiver of 
input signal, 
just at 
threshold­
crossing. 

But this is not "bad luck,' or the result of a perverse and defective function generator. The seeming­

shiver i caused by the huddering of ground. The function generator is not at fault (nor wa the 

baseball actually hopping up and down as it descended). 

The noise on the ground and supply line of the '311 results from the intermittent surges of current 

that occur each time the output begins to switch. The output witches, thus sinking or sourcing a surge 

of current through supply and ground. This surge (in the inductance of the line -more important than 

resistance) causes upply and ground to wiggle. That wiggle, felt by the high-gain differential input 

makes the comparator change its mind and decide not to witch. But shutting off the current disturbs 

the lines again causing the switching to resume· and so on. 

If, during the e disturbances, the input ignal remains close to the switching threshold, the circuit 
will witch repeatedly, and we will get the resulting crazine . You can solve thi problem however. 

The standard solution i to provide ome positive feedback. 
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8N .2.3 Stabilizing with positive feedback 

Feedback variations: As we observed back in §8N. l, we need to broaden our view of positive feed­
back. Positive feedback is not just the feedback you get when you're confu ed. The tlu·ee circuits in 

Fig. 8N.9, may begin to ease you toward a more nuanced view. One of the three ca e i a illy error -

an utterly usele s circuit· another i a econd-rate, but not u ele , circuit; and one is quite healthy. 

Figure 8N.9 Three ways to wire a comparator: 
only one is healthy. 

Of the circuits in Fig. 8N.9, circuit (a) is the one that i doomed to live at saturation. If deci ivenes. 

is the mark of a good comparator circuit then thi decider carries the ideal of decisivene too far it 

i downright fanatical - and u eless. It is almo t impossible to get thi circuit to change its mind. 

Circuit (b), which u es no feedback either positive or negative, i not nece arily useless, but is 

dangerous, as we have just seen. It can handle only the easy compruisons where the input move 

rapidly across the threshold. The circuit is very likely too cillate when fed a gently-sloping input. 

Circuit (c) shows the usual, healthy comparator circuit. It applies some positive feedback to achieve 

decisiveness our diagram of cour e hedge on the question how much positive feedback is used here). 

All our practical comparator circuit will use this tactic. 

8N .2.4 A good comparator circuit always uses positive feedback 

It tum out to be easy to make a comparator circuit ignore sma11 wiggle like those shown causing 

mi chief in Figs. 8N .5 and 8N .6. Just feed back a mall fraction of the output swing, and - here is the 

novelty - feed it back in a "positive" sense, o that the output wing tend to confirm the comparator's 

tentative decision. 

Such positive feedback makes the comparator decisive: the comparator u es po itive feedback to 

pat itself on the back, saying (in the manner of many of u humans) 'Whatever you've decided to do 
must be right." The act of . witching tends to reinforce the deci ion to witch. 

A comparator circuit that includes positive feedback i called a Schmitt trigger.4 

Figure 8N.10 sketches the argument that a little hysteresi should let a comparator ignore small 
disturbances on the input. 

Fig. 8N.1 l shows what happened when we tried applying thi remedy to the gently loping sinusoid 

that produced o much fuzz back in Fig. 8N.6. We have fed a small fraction of the output back to the 

non-inverting input (so, the feedback is indeed, positive). Along ide the traces of the . tabilized circuit 

we've included the earlier no-feedback cope image for comparison. A very little hy teresis does the 

job, in this case: about 20m V is enough. 

Hysteresis is familiar in non-electronic life : Hysteresis5 and application of po itive feedback may 

be unfamiliar to you in electronics - but the notion is familiar to you in the rest of life. It is a form 

of dishonesty: changing the question after you decide. You agonize, for example, over whether to go 

4 Named after Otto H. Schmitt, an American graduate tudent who de cribed uch a circuit, made with vacuum tubes, in 
1934. Does thi humble circuit deserve to have one person ' name attached to it? 

5 From the Greek for ' 'falling hort." Nothing to do with hysteria. 

Again compare oE 
Fig. 4.33 
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.. .a little hysteresis calms things down 

Figure 8N .10 A 
good com para tor: 
behavior 
anticipated . 

Figure 8N.ll A little hysteresis 
can calm the comparator. 
(Scope gains: inputs and 
hysteresis, lOOmV / div; outputs, 
lOV / div .) 

to Harvard or Stanford; after you decide on Harvard, you tell your elf, "Of cour e. All that un hine 
gets to be so tedious.' 

Strong hy tere i appears in college admissions from the college's point of view, too: when the 
college considers your application they ask them elve., "Is hi oboe playing really exceptional? - or 

is he just another valedictorian with pe1fect SATs?" Once you're in, the question whether to expel 

you might be, "Wa your drug bu t a felony, or ju t another mi demeanor?" The standards change, 

because admis ions committee like to tell themselves that whatever they decided must be correct -

just as stable comparator do. 

Getting elected to congress versus getting thrown out show the same pattern: once you're in, you 

stay. Positive feedback make a person feel good; makes him decisive and elf-satisfied· negative 

feedback - the inclination to think the deci ion must be wrong because it's my decision - makes a 

per on indecisive and, at an extreme neurotic. Po itive feedback can make you a contented dictator; 

lack of it can make you a Woody Allen . 

How much hysteresis? If hysteresis makes the comparator decisive, how much should you design in? 

A much as possible? What do you lose a you enlarge hysteresis? Hystere i is effective medicine, but 
you should apply no more of it than you need because of its side effects; see Fig. 8N .12. It provides 

immunity to noise - blindnes lo disturbance on the input, up to some magnitude· but this ame 
immunity is also blindness to signal. So a zero-crossing detector with symmetric hy teresi · of 200m V 

will not witch at all for an input who e peak-to-peak wing is less than 200m V. 

Often you will be obliged to gues at how much hysteresi you need. In the Jab circuits we build , 

100- 200mV usually is enough. If you are building a single, cu. tom circuit, you can make hysteresis 

adjustable as we do in lab and find by experiment what level of hysteresis is required for stability. 

A second side-effect of hy teresis ometimes matters: delay. So, even for an input signal large 

enough to switch the comparator the switching will come late: the circuit will not be a true zero-
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/: hysteresis c ? 

Figure 8N.12 Relation 
between noise and hysteresis . 

,,013e _ • r,h II l~ .Answer rna!le. sure i·(s 

f > v-noi'S'e { pt.a.I.(- pa.k) 

crossing detector. The trick described next can get around that defect - at the expen e of making the 

circuit somewhat sen itive to input frequency. 

8N .2.5 An alternative way to provide hysteresis: AC feedback only 

We can eliminate the delay that hystere i normally impo e by using hysteresi that works only 

for a short time just after a transition: AC-coupled feedback achieves this, see Fig 8N.13. The two 

zero-cro sing detector shown below provide the same amount of hysteresis, but the AC-coupled one 
shifts the threshold only for a short time after the output switches. Thu it accurately detects the zero 

crossing, without delay. 

'311 
output 

input 

Ch1 l IOOIIIV 
Ch 3 20 .0 V 

switching delay ----I I 

M 200µ s 
10 ow 

DC feedback .. . 

-~ 
-t-

100k 

:::=: = 750 

... AC feedback 

-t:r-t-O.OOtµF 

100k 

:: 750 

'311 
output 

Figure 8N.13 AC-coupled feedback can eliminate the delay that DC hysteresis imposes. (Scope gains: 
inputs and thresholds, lOOmV /div; outputs, 20V / div .) 

This circuit would fail chatte1ing, if the input signal were very slow and gently sloped, so that it 

was sti lJ close to thre hold at a time when the RC had decayed away, eliminating the thre hold hift. 

Oscillators: Curiou Iy we seem to be backing into a discussion of o cillators, having met some nasty 

accidental repetitive switching before we ever tried to build an oscillator. The multiple transitions 

or fuzz produced by a comparator circuit that lacks hysteresis (for example, Fig. 8N.6) are, indeed, 
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o cilJation . Now, we want to learn how to produce uch waveforms, but in a form that is controlled 

and predictable. 

It' s pretty obviou that a circuit that produces purposeful, controlled oscillations can be u eful. 

Mank.ind ha been u ·ing uch thing ever ince starting to mea ure time with the help of a pendulum 

rather than a undial or water clock. 

Conceptually. an o cillator is something that keep talking to it elf - and contradicting itself. But the 

contradiction mu t include a delay, as well. The circuit on the left in Fig. 8N.14, contains insufficient 

delay; it talk to itself but it is so quick to contradict it elf that it barely quivers around the . witching 

threshold (we concede that the quiver is an oscillation; but wed like something larger). The circuit on 

the right does oscillate with a full ·wing, having been given extra delay, a delay provided by a couple 

of inverters placed in erie:. 

HCO·t 

r ,-;"\ n 
( \ I \ 

n ,n ,/ I 
·i' \ I .. v I 

\;, I __ ~ 
Cii1J 2 oov ·---,.. ~,oOns AChtJ'liofflV 

P:f>f>r Figure BN.14 Self-contradiction, with 
sufficient delay, brings oscillation. 

The inverting amplifiers shown are logic gates, essentially single-supply comparators with their 

witching thresholds placed at one half the supply voltage. 

8N .3 RC relaxation oscillator 

8N .3.1 Op-amp relaxation oscillator 

Figure 8N.15 gives the lab circuit, which you recognize a just a Schmitt trigger like the one in 

Fig. 8N.10 (here, given unusually large hysteresis) - but this Schmitt trigger is wired in a new way: it 

is feeding itself: 

iook +15 

4.7k 

Figure 8N .15 RC relaxation oscillator. 
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8N .3.2 The numbers ... 

What are the thresholds? How long does VcAP take to move between the thre holds? 

If you're inclined to answer thi question by using e1/ RC to calculate the time for the RC formed by 

l OOk and 0.1 µ F to charge between one tlu·eshold and the other (about 1 / 11 x IVPositiveor ega1ive: t5Y I ~ 
±l .4V) you're not wrong. But you are working too hard. 

The excursion of approximately 2.8V in a span of about 16V is a ·maJJ enough fraction so that the 

current is nearly con tant. 6 That makes the problem amenable to the ea ier formula I = CdV / dr, with 

1 the midpoint value, lSV/lOOk. As we say in Lab 8L, the answer obtained with this shortcut is within 

about 1 ~ of the more exact an wer that emerges from the laborious calculation of the exponential 

charging time. We fu11her simplify the problem by ignoring the effect of the pullup resistor, present 

on charge-up but absent from discharge-down. We can afford that 5% error on one swing. 

8N.3.3 A lazier way to build an RC oscillator 

When you want an oscillator in a hurry, you can plug an integrated Schmitt trigger inverter in place 

of the comparator circuit of Fig. 8N.3. Thi . logic gate (caned a 74HC14) has hystere i built in and 

thresholds at approximately half the supply voltage, a for the earlier imple oscillators of Fig. 8N.14. 

Fig. 8N. l 6 show such an oscillator in two form : one, on the left , u es a resi tor a in the comparator 

relaxation o ci11ator of Fig. 8N.15. The circuit on the right u e. a cun-ent-limiting diode in place of the 

resistor to produce a sawtooth waveform. Note that the output of that circuit is taken at the capacitor 

not at the output of the gate, a for a square-wave oscillator. 

Figure 8N.16 RC 
relaxation oscillator made 
with integrated Schmitt 
inverter rather than 
op-amp. 

Ch1~· • 1 n v "-'~ A Chi J 2.9"/.V 

1000pF 

u 

~wtoofh out 

O.lµF 

The weakness of this simple oscillator is that its frequency i not very predictable. Here are the 

specifications, taken from Lab 8L: 

• threshold voltages: 

negative-going: l.8V (typical), 0.9V (min), 2.2V (max) 

positive-going: 2.7V (typical), 2.0V (min), 3. LSV (max) 

• hystere 'is: 0.9V (typical), 0.4 V (min) J .4 V (max) 

6 The l6V i the maximum voltage difference between the capacitor's starting voltage - about I .4V positive or negative ­
and the vo ltage at the other end of the I OOk feedback resistor - about l SY po itive or negative. We are not describing the 
outpllf voltage swing of the comparator. 

Vcap (1v/div) 

Vcap (1v/div) 
(cleaned up by 
averaging) 
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Compare AoE Fig. 
7.9 with Fig. 7.10 
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R 
Thr 
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f/3 
'---
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Which of these matters to determine /osc?7 An oscillator built with the HC14 is not highly pre­
dictable, but it ure is simple! 

The op-amp " relaxation oscillator" of Fig. 8N. l5 is a classic and sometimes provide the best 

source of a quare wave at moderate frequencies.8 And the relaxation oscillator made with a logic 
gate provides an easier way to get an approximately equivalent result. But often the easiest method of 

all is to use an IC dedicated to the ta ·k of implementing oscillators. 

8N.3.4 '555 RC oscillator/ti mer 

The '555 is a peculiar, not-particularly-elegant square-wave oscillator that is even older than the '741 

(the 555 wa born in 1971) - but it may be the most popular IC ever produced.9 . Its dominance is 

fading, but it is very widely sourced and one still can find mall books of ' 555 application notes. In 
the lab you will u e an improved version: a part labeled either '7555 or ' ... C555, ' or ' ... 555C," 

made of CMOS MOSFET's IO for low power and capable of running fa ter than the original bipolar 

device. 

Because the 555 11 contain · afiip-flop, a device you have not met, it a little hard to explain. We' ll 

try though: Fig. 8N.17 shows a diagram of its insides and two ways to wire the part. 

The left-hand figure how the output driving the timing capacitor, exactly as in the op-amp re­

laxation oscillator of Fig. 8N.15 (and as in the logic-gate version of Fig. 8N.16). We hope that this 

scheme is beginning to look familiar. 

The right-hand circuit of Fig. 8N. l 7 shows the traditional 555 wiring - a bit strange. Thjs scheme 

does not connect the timing RC to the output at all, relying instead on a dedicated discharge transistor 

to discharge the capacitor as needed. This aITangement make an already-ornate circuit still more 

complex· but it ha the virtue of i olating the timing circuitry from any effect of a load. The left-hand 

circuit of Fig. 8N. I 7 in contra t, would change frequency if a load attenuated its Vout· 

V+ 

RA ~1 ~ 
\) 

Reset Q Ra 
Thr 

-::-

~ JL OUT Trig 
Set Q 1---+--0UT 

R 

-=-
'555 (reset omitted) I" 

555 wired like op amp relaxation oscillator: .. . .. traditional wiring 

Figure 8N.17 '555 
oscillator. 

7 The magnitude of hysteresi matters. Just where thi · span i. placed - whether it goe from 0.9V to l .8V or from I .8Y to 
2.7 V - doe not matter. 
One of our heroe , the late Bob Pea e, formerly of National Semiconductor, used thi, design, for example, in order to make 
a super-low-power I Hz oscillator. His circuit is a single- upply version of the relaxation oscillator of §§8N.3. I and 8N.3.3, 
u ing a low-power comparator and drawing l.4µA at 6Y. 
http://electronicdesign . com/Articles/ArticleID/18067/18067.html. 

9 According to its de, igner, it wa · the top . elling IC for around 30 years, and by 2004 had sold more than a billion unit . See 
http ://semiconductormuseum.com/Transistors/LectureHall/Camenzind/Camenzind\ Index . htm. 

IO Oof! That' a mouthful of acronyms, is it not? Spelling it out, though , i even worse: "CMOS" is Complementary Metal 
Oxide Semiconductor; "MOSFET"' is Metal Oxide Semiconductor Field Effect Tran ·i tor. 

11 We'll call the chip ' 555 even though the version you will use is CMOS and may like to be called 7555; for the purpo e of 
this explanation of its operation, the version of the '555 does not matter at all. 
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A in the op-amp relaxation oscillator the capacitor voltage here move between two threshold. , 

always fru ·trated. The relaxation oscillators of §§8N.3.J and 8N.3.3 achieved two thre ·hold by the 
use of hystere i . . The '555 uses a. impler cheme: two comparators each with a fixed threshold (and 

no hysteresis , incidentally). 

~ r5J>r 
~ Vee. - - - - a..- - - - - - - - - /!1f...Jjcf>_ LJ l1) - - - Uf~r btmler 
-3 c;) . oi 

Figure BN.18 A very informal 
explanation of the '555's 
operation . 

The two comparators act like unfriendly border guards at the · ! Vee ~ Vee boundaries: when the 
capacitor voltage cros. es either frontier, 12 it find . itself sent back toward the other - like . ome ad, 

tateless refugee. In the traditional wiring hown on the right ide of Fig. 8N. l 7, the border guard 

end the capacitor voltage up and down by turning on or off a discharge tran i tor: thi tran istor ink 

charge out of the cap, or - when off - allow the capacitor to charge up toward the positive supply. 

You can vary the '555' waveform at the capacitor by replacing the re i tor .. RA and Rs with other 

elements: a current source or two, or - for R8 , but not RA - even a piece of wire. Can you picture the 

waveform that re ult - at the capacitor, not at the '555 "output' terminal - for the several possible 

configurations?13 

The 555 has other applications, too: it can form a voltage-controlled osci11ator. We invite you to 

try thi in Chapter 8L, and you will use this technique in the final analog project. The '555 also can be 
wired to put out a single pul e when triggered (behaving like a so-called "one- hot"). And with some 

cleverness you can tease it into doing a great many other tricks. 

8N.3.5 Newer IC oscillators 

You will not be urprised to hear that by now, about forty years after the birth of the 555, other 

IC o cillators have appeared. Some are just easier to wire: the LTC6906, for example integrates the 

capacitor, so that a single resistor sets Jo c (frequency range lOkHz to lMHz). Unfortunately for our 

purposes, this part is not offered in a "through-hole" DIP package. Many newer parts run at voltage 

lower than the' 555's minimum of 4 .5V. Some can be programmed from a microcontroller (an extreme 
case is one from Dallas/Maxim that live in a 3-pin T0-92 package: DS 1065 (30kHz to I OOMHz)). 

Lots of alternative are available; but the '555 remains a useful workhorse. 

12 Would it be too silly to think of the upper border voltage as the frontier of Upper Volta? 
13 Of course you can. o can we: using a wire rather than a resistor in the discharge path produces a quick sharp discharge, 

while the slow RC-curvy charge persist . One disgruntled tudent complained that he didn t ee anything useful about such 
a "shark-fin'· waveform. He had a point. 
The same circuit with current source replacing the charging resi ·tor, while keeping the wire in the di charge path produces 
the quite-respectable waveform calJed sawtooth. These are widely useful : analog pul e width modulation (PWM . 
demonstrated in §8L.4. applie such a sawtooth. The digital equivalent i demonstrated in §22L.2.7. 
If you put current . ources in both charge and discharge paths. the waveform on the capacitor become · a triangle. See 
AoE §7. I .3E. 

I AoE §7.1.4A 
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8N.4 Sine oscillator: Wien bridge 

This oscillator - the only ine generator you will build in this course - is clever, and fun to analyze. 

How does it put out a sine, rather than the usual quare or triangle waves (those are the waveforms 
that are ea y to generate)? Its clever gain control prevents the clipping that would produce the usual 

square output. Its positive feedback network favors ju. t one frequency above all others. Only this 

"fittest" frequency survive - and if only one frequency survive this ingle surviving frequency will 

by definition, be a pure sinu oid. This circuit, like many oscillators, uses both positive and negative 

:B edback. For the purpose of analysis, we have separated these two feedback enses below, so that we 

can con ider them separately. 

R 
10k 

,_ __ output 

f = z,(RC 

R C 
10k .01,..s 

-: Figure 8N.19 Wien bridge sine oscillator. 

8N .4.1 Wien bridge's positive feedback network 

The po itive feedback network is frequency selective, and at the most favored frequency the network 

passes back to the + input the maximum, 1/3 of the output wing . It treat all other frequencies -

above and below its favored frequency - less kindly. Fig. 8N .20 sketches the behavior. 

R 

:b ____ : 
- I 
VM I 

I 
I 

/ f 
fTP~mJ 

freS",n'J Figure BN.20 Wien bridge positive feedback : 
fraction of output fed back . 

At that favored frequency, the phase shift al o goes to zero. The preferred frequency - the one at 

which the oscillator will run - turn out to be l/(2nRC). 14 

8N.4.2 Wien bridge's negative feedback network 

The negative feedback - redrawn in Fig. 8N .2 J to look more familiar - adju t the gain, exploiting the 
lamp' current-dependent re istance (the lamp i. rated at 14mA at lOY. thi ugge ts an approximate 

14 Ye . . this seem. almo t too good to be true. We won ' t prove the point to you. To prove that thi frequency give · the 
maximum feedback signal i - a mes y exercise in phase-sen, itive calculu . But you can pretty readily confim1. at lea. t, that 

at thi frequency the impedance of the serie RC is v'2R, and the impedance of the parallel RC is half that. Thus 1 /3 is fed 
ba k. 
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value for its resistance - but the key to the circuit' cJeverness is that the R value i not a constant). The 

use of the lamp was the key contribution of Hewlett to the design of a low-distortion ine generator. 

His patent application of 1942 describes the elegantly simple scheme. 15 

Figure 8N.21 Self-adjusting gain : negative feedback 
of Wien bridge, redrawn . 

He sounds almost embarra sed by the simplicity of his solution ("a maJJ incandescent lamp, or 

imilar device ... "). But , imple is neat - with this invention he and his friend David Packard launched 

a company. 

Figure 8N.22 Excerpt from Hewlett's patent on use of a 
lamp to regulate output amplitude. 

Amplitude control to prevent the oscillations 
from bu!Jding up to such a large value that dis- 20 
tortion occurs, rs obtained according to rny in­
vention by non-linear action In the amplifier cir­
cuit. In order to progµce thls non-linear varla­
tion, I provide for resistance R3 a small incan­
descent lamp, or slmUar device In which the re- 25 
sistance increases rapidly with Increased current 
flow, the lamo being heated by the plate cur­
rent of the tubes l'O and 11 or by an auxlllary 
means, so such a temperature that !ts resistance 
will vary rapidly with a small change In current. 30 
Thus, when the oscillation amplltudes tend to 
incrcnse, the temperature of the lamp R, in­
creases with a resulting increase ln resistance 
thereby causing a greater negative feedback, thus 
reducing the amplification. Similarly, as the os- 35 
cillations decrease 1n amplitude. the current 
through the lamp is reduced permitting the lamp 
to cool with an accompanying decrease !n resist­
ance and reduction of the negative feedback, thus 
increasing tbc amplitude of the generated oscll- 40 
latloos. As a result the system operates at sub­
stantially a constant amplitude which ls prese­
lected to be below the value at which grid current 
flows. As a result no distortion of the wave form 
takes place. ~;; 

The lamp's peculiar I versus V curve: You may, conceivably, remember doing an experiment back 

in the fir ·t lab of this cour e, in which we asked you to plot I versus V for two 'mystery boxe, .' One 

plot bowed a straight 1ine: that was a resistor. The other showed a bend: that wa a small incandescent 

lamp bulb. 

The lamp (#344) u ed in today s lab circuit is not the one used then (#47), but shows a similar 

bend. This bend reflect the effect of filament heating, since the resi tance of a metal grows with 

temperature. We have in. erted two straight lines in Fig. 8N .23, to how the lamp's effective resistance 

at a two arbitrary average /-ver u -V point . The lamp s re istance in your lab circuit lie between the 

two line that we have drawn. 16 

15 US patenL 2, 268.872 ( 1942). His use of a lamp Lo control gain wa anticipated, by about one year, by Meacham. Bell 
Sys1em Technical Journal 17, cited in Wikipedia article on the Wien Bridge. 

16 We saw amplitude out of our Wien bridge at abouL 9Y. This is an ,ms value of about 6.4V, and rm i what matter for the 
lamp plot which describe essentially the lamp'. response to temperature. 

To sustain a 6.4Y oscillation at the output, the Wien bridge inpuL - what the lamp ''feels" - is 1/3 as large: about 2.1 Y. At 
this rm · value, the plot shown in Fig. 8N.23 would predicL a lamp re ·istance of about 330Q. Such an R value would then 
call for a feedback R of 660Q in order to give the required gain of three. We u e 560Q in the lab, not 660Q, so the lamp for 
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# 344. 

Note that the curve that is plotted show not the response of the lamp to quick changes of I or V but 

rather the/ , V combinations that the lamp settle into when allowed many econd at a given a, erage 

- long enough for it temperature to stabilize. 17 The temperature results from the heating effect of that 

particular/, V product. This notion is rather subtle, and may make your head pin briefly, as you first 

consider what the lamp s plot hows you. 

Convince yourself that the sense of variation in lamp resistance does tend to tabilize gain at the 

nece sary value. Don ' t forget that Fig. 8N .23 plots 1 on the vertical axis, as usual; a plot of resistance 

would interchange the axes, and would show lope rising with I and V (and temperature). 

What value of gain is nece sary to sustain oscillation without clipping? It may take you several 

econds to an wet .. it take the op-amp much less time.18 

Rubbery behavior: The detail of performance that is harde t to explain is the so-called "rubbery 

behavior' that results if one touche the non-inverting terminal while the circuit i running. Fig. 8N.24 

is a sketch, while Fig. 8N.25 is a scope image showing the response to a finger 's touch. 

Figure BN.24 Rubbery 
behavior" of Wien bridge 
oscillator when one touches the 
non-i nverting terminal : at two 
sweep rates . 

The finger's touch di turbs the circuit probably becau e the finger's capacitance up et the care­

fully adju ted equilibrium of the gain-setting circuit. 19. To explain why the circuit goes rubbery when 

poked, recall that although the negative feedback network i · stable, it i only marginally table, be­

cause the lamp (with it. long time-constant of response) looks like an extreme low-pass filter within 

the loop. Thi situation is remini cent of the jurnpine s of the differentiator, which you saw back in 

the oscillator that ran at 9Y ampl itude must have followed a curve . lightJy different from that in Fig. 8N.2} - but only 
slightly different. 

17 Stric tly. the I and V values plotted show the nns average, since what concern us is i t heating effect. This i precisely th 
. ignificance of rms value. : the rm value of' a sinusoid, for example. is 1/../2 x Vpcak· and this is the DC voltage Lhat would 
deliver the am power as therms va lue of the . inu. oid. 

1
' ow that several . econd have elapsed, let's announce the result yes. we need a gain of to sustai n an oscillation. 

19 In lab. ou might try a IOpF apacitor 10 ground. a a tand-in for your finger. We found its effect very . imilar to a finger' ·. 
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Figure BN.25 Wien bridge 
lives close enough to the 
edge of instability so that a 
finger's touch makes it 
shiver. 

response to finger's 
touch . seen at 
slow sweep rate 

... response, 
seen at faster 
sweep rate. with 
amplitude variations 
superimposed on 
one another 

Day 7. Thi s circuit with it automatic gain adjustment, would not be satisfactory as a general purpose 

amplifier; it is too jumpy, overshooting in its gain adjustments, and then taking a long time to stabilize 

again. It turns out that the jumpier the circuit - that is, the longer it take. to stabilize after a distur­

bance, because "damping' i light- the more perfectly it holds a single frequency when not disturbed 

(electronic justice once again?). The oscillator is satisfactory in our application, becau e normally we 

do not disturb it: we do not poke it with a finger. 

The circui t is also sensitive to mechanical vibration, and this vulnerabili ty explain why electronic 

analogues often are used in place of the lamp.20 

How good is our W ien bridge? The answer i ' pretty good.'" We compared the lab circuit's frequency 

·pectmm against that of the function generator on the powered breadboard , see Fig. 8N.26. Th lab 

' inusoid looked much better than the breadboard 's. 

Figure BN.26 Frequency spectra of lab's 
Wien bridge versus breadboard 's sine 
generator. 

output 
of Wien bridge 

spectrum of 
sine from 
breadboard 

spectrum of 
sine from 
Wien bridge 

We hould admit that we put up our champion - the lab circuit - against a pretty weak competitor: 

an IC called an ICL8038, an inexpensive part that produce. a sinusoid by whittling the points off a 

triangle. This is the .-ame trategy used by our good lab function generators; the latter do their whittling 

more discreetly, a is not surprising, given that they co t well over 100 time as much a the '8038. 

But the good quality of the Wien , sine has not Jet it take over the world. The whittled-triangle-wave 

method remains dominant in analog generators becau e thi . method make it easy to provide a very 

wide range of frequencie (0.3Hz to 3MHz on our lab generators, for example). And such methods 

now compet with a more recent method: digital ynthesi., the playing out of a table of . ine alues to 

a digital-to-analog converter (a "DAC"). We' ll meet DAC's later in thi course. 

20 See. for example, Ao §7. 1.58, Fig. 7.208 , or Jim Willia.ms' Wien bridge o ·ci ll ator in hi application note "High Speed 

Amplifier Techniques,'' Linear Tech11ology AN47, Augu. t I 99 I . p. 49, Fig. l 14). each u. ing a JFET as voltage-controlled 
resi tance, in place of the lamp. 
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Sine from square - but not now: Al o in the digital part of the cour e you will meet an analog­

digital hybrid method that produces a clean sinusoid: feed a quare wave to a steep analog filter, while 

adjusting the filters iJdB to preserve only the square wave's fundamental - a pure ine. 

For now the Wien bridge gives us our cleanest sinu. oid. 

BN.5 AoE Reading 

Reading 
• Chapter 4 (op-amp ): 

§4.3.2A: comparators 

§4.3 .2B: Schmjtt trigger (the usual comparator circuit) 

§4.3 .3: triangle-wave oscillator 

§4.6.4: voltage-controlled o cillator 

• Chapter 7 (oscillators): 
From tart through §7. I .SB, Wien bridge oscillator 

For lab, the ' 555 is probably the mo t important; the Wien bridge i the mo t interesting 

§7 .2. l E: long pulse using ' 555 again 

§7 .1.7 A Table 7 .2 listing a wide variety of oscillators 

• Chapter 12 (logic interfacing): 

§ 12.1.7 A: comparators (more detail than in Chapter 4) 

Problems: 
• Additional Exercise 4.34 (comparator, using slow op-amp) 
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Positive feedback: good and bad 

Until now, as we have said in Chapter 8N we have treated positive feedback as evil or as a mistake: 

it' what you get when you get confused about which op-amp terminal you're feeding. Today you will 

qualify this view: you will find that positive feedback can be useful: it can improve the pe1formance 

of a comparator· it can be combined with negative feedback to make an o ci llator ("relaxation o ci l­

lator": po itive feedback dominates there); or to make a negative impedance converter (this we will 

not build, but see AoE 34.107, Fig. 4. l 04: there, negative feedback dominates). And another clever 

circuit combines po itive with negative feedback to produce a sinewave out (this i the "Wien bridge 

oscillator''). 

Later in Day 9, we wi ll see what a pain in the neck positive feedback can be when it sneaks up on 

you. 

8L.1 Two comparators 

Comparators work be t with positive feedback. But before we how you these good circuits let' look 

at two poor comparator circuits: one using an op-amp, the other using a special-purpose comparator 

chip. These circuits will perform poorly; the fa ter of the two, the restless circuit, will help you to ee 

what's good about the improved comparator that does use po itive feedback. 

8L.1.1 Op-amp as comparator 

You will recognize the "comparator'' circuit in Fig. 8L. 1 a the very first op-amp circuit you wired 

where the point was just to how you the "astounding ' high gain of the device. In that first glimpse 

of the op-amp. that excessive gain probably looked usele s. Here, when we view the circuit as a 

comparator, the very high gain and the ·pinned" output are what we want. 

Drive the circuit with a inewave at around I OOkHz, and notice that the output " qua.re wave" output 

is not as quare as one would hope. Why not? 1 

I The ri se and fall are . low, moving at a rate defined by the op-amp' · slew rate a limitation rhat you recall from Lab 7L: 

+IS-

b 

Figure 8L.l Op-amp as simple comparator. 
-l5 
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8L.1.2 Special purpose comparator IC 

Now substitute a 311 comparator for the 4 l l. (The pinout are not the ame.) You will notice from 

Fig. 8L.2 that the output stage looks funny: it is not like an op-amp's which i always a push-pull· 

instead, two pin are brought out, and these are connected to the collector and emitter of the output 

transistor, respectively. The e pins Jet the user determine both the top and bottom of the output , wing. 

If one u es +5 (with an external "pullup' resistor) and ground here for example the output provides 

a "logic level" swing, 0 to + 5V, compatible with traditional digital devices. In the later circuits, you 

will keep the top of the swi ng at + 15V, and the bottom of the swing to - I SY. So arranged, the '3 11 

output will remind you of op-amp behavior. 

+15 

4.7k 

-JS" Figure 8L.2 '311 comparator: no feedback. 

Doe the '3 11 perform better than the 41 I ?2 

Parasitic oscillations: A ide-effect of the' 311 s fast re pon e is its readiness too cillate when given a 

"close qu tion" - a small voltage difference between its input. Try to tease your '3 1 I into oscillating 

by feeding a sinewave with a gentle slope. With some tinkering you can evoke strange and lovely 

waveforms that remind ome of the Taj Mahal in moonlight - but rerrund others of the gas storage 

tank. on the Bo ton's Southeast Ex pre sway. Judge Figure 8L.33 for yourself. 

Minimizing oscillations: remedies other than positive feedback : You can ometimes tabilize a com­

parator ·without the remedy of h)steresis which we are about to promote. Let' see how far thes 

effort can carry us. Fir t, to get some insight into why the '3 l J i confusing itself, keep one scope 

probe on the oscillating output and put the other on the + l5V power supply line close to the '3 l 1. 

AC-couple thi ' econd probe, and see if the junk that' . on the output appear ' on the supply as well. 

Chance are, it does. 

Keep tho e ugly '31 1 oscillation. on the scope creen and try the following remedies: 

• Put ceramic decoupling capacitors on positive and negative power supplies. If the oscillation 

stop, tickle them into action again, by reducing the. lope of the input sine. 

• Short pin. 5 and 6 together: the e adjustment pins often pick up noise, making things wor e. 

Again tea e the o cillation back on, if thi remedy temporarily stops them. 

I 5V Iµ s for the · 411. Thus a rail-to-rai I transition takes a couple of microsecond - and a bit more because the op-amp 

needs a little time to recover from smuration. the state in which thi no-feedback circu it oblige it to spend most of its time. 
2 Thi. question reminds u of a question posed to u. by a student a few years ago: 'I can't find a '411 . Is a ' 311 clo. e 

enough?' This person no doubt was recalling the many times we had said, ' Put away that calculator! We'll settle for 10% 

an wers; 2,r is 6." and o on . 
3 Two undergraduates produced this hand ·ome waveform: Elena Krieger and Belle Kovcn , October 2004. 
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Figure 8L.3 '311 indecision : gas storage tanks? Taj? \ .~ 1 .-

8L.1.3 Schmitt trigger: using positive feedback 

The po itivefeedback used in the Fig. 8L.4 circuit will eliminate those pretty but harmful oscillation 

See how little hysteresis you can get away with. As input, use a small sinewave ( <200mV) around 

1 kHz, and adju t the pot that set hystere i until you find the border between stabiJity and instability. 

Then watch the waveform at the non-invert;ng input. Here, you should ee a mall quare wave (prob­

ably fuzzy too, with meaningless very high frequency fuzz not generated by your circuit; perhap 

radio, vi ible now that you have the gain cranked way up). This small quare wave indicate the two 

thresholds the '311 is using and thus (by definition) just how much hysteresis you are using. Finally 

crank the hysteresis up to about three time that borderline value (for a afety margin). 

Figure 8L.4 Schmitt trigger: 
comparator with positive feedback 
(and hysteresis) . 

+15 

4 
100 k 

-15 
~---~10k 

+15 

4.7 k 

/'\.O COh.h.e c.f lol'\.1 
~..,,~i lallJ ; La.te r1 !hort 
these {e rni~n.ils 
to 3eiher-. 

If you de cribe your circuit a a 'zero-cro sing detector," how late doe it detect the cro sing ? 

Could you invent a way to diminish that latenes ?4 

Leave thi circuit set up for the next expe1iment. 

BL.2 Op-amp RC relaxation oscillator 

Fix hy t resis at it maximum value, in the circuit of Fig. 8L.4, by replacing the potentiometer of the 

preceding circuit with a I Ok re i tor. Th n connect an RC network from output to the comparator' 

4 You could - except that the world has already invented the method . See §8N.2.4, e. pecially Fig. 8 .13, describing AC 
positive feedback. 
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inverting input a 'hown in Fig. 8L.5. This feedback signal replaces any external signal source· the 
circuit has no input. Here, incidentally you are for the first time providing both negative and po it ive 

feedback. 

1ook +15 

4.7k 

~ can be pot with 
1ok slider adjusted to fop 

Figure 8L.5 RC relaxation oscillator. 

Predict the frequency of osci llation, and then compare your prediction with what you observe. You 

can save yourself time by assuming that the capacitor ramps, a if fed a constant current equaJ to 

I SY /Rrcedback (a pointed out in §8N.3.2). 

8L.3 Easiest RC oscillator, using IC Schmitt trigger 

Here's another way to get a quare wave output, timed by an RC. It i very similar to the RC relaxation 

o cillator of the previous section but u es an IC that has hysteresis built in. The output is a " logic­

level' wing, 0 to 5V. The circuit's weakness is the imperfect predictability of the part's hyst.ere i , an 

uncertainty that make · the frequency of oscillation uncertain; but logic output and implicity make it 

a circuit worth meeting. 

8L.3 .1 RC feedback 

Figure 8L.6 hows all there i to it. Use a capacitor of I OOOpF 5 and choose a feedback R to get 

lose~ l MHz. A. you choo e R, note the following specification : 

• threshold voltages: 

negative-going: l .8V (typical), 0.9 min), 2.2 (max) 

positive-going: 2.7V (typical), 2.0 (min), 3.15 (max) 

• hy. tere i : 0.9V (typical) 0.4 (min), 1.4 (max) 

+5 'l-(Cf4 

741-(Cf4 

23 45 6 7 

Figure 8L.6 RC relaxation oscillator. 

The range of po sible value. makes prediction of lose look di couraging - but use typical value. 

to choo e your R, and see how clo e your result come to the target of lMHz (or "period of lµ s," to 

peak in term more appropriate to your cope u. e where you will see period rather than frequency) . 

5 Thi · va lue wa · chosen to be large relative to the . cop probe"s roughly IOpF load, so that you can probe the capaci tor 

without changing .fo c appreciably. 
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SL.3.2 Sawtooth? 

One student complained that the waveform of §8L.3. l look silly - like a , harkfin. Like that fellow, 

you may prefer an oscillator that produces a sawtooth. That you can ea ily achieve by replacing the 

feedback R with a current-limiting diode: the 1 N5294 that you met as you were building a differential 

amplifier, in Lab SL It is rated at 0.75mA. A larger C will produce a prettier awtooth: try 0.1 µ F. Note 

the range of the sawtooth's swing, becau ewe are about to use thi , waveform. 

8L.4 Apply the sawtooth: PWM motor drive 

You now have met the two element of a "pul se-width modulation' (PWM) circuit: a ramping oscil­

lator output, and a comparator. Lets put them together to make a P\VM driver. We' ll u e it to spin a 

DC motor. Fig. 8L.7 ha th circuit, with ome details omitted. 

Figure 8L.7 PWM 
circuit ; some details 
left to you. 

Give your comparator circuit a little hy teresis: 50- lOOmV should suffice. Note that the transistor 

load the circuit somewhat, so that output swi ng rises not to 5V but to about 4 Y. 

While you are te ting the circuit and perhaps adju ting values, you may want to install a resistor in 

place of the motor - I OOQ or more. Look at the sawtooth and comparator output waveforms as you 

vary the threshold u ing the potentiometer. 

Are you able to adjust the comparator-output's "duty cycle" over a wide range - from perhap. 1 Oo/c 
to 90%? ("Duty cycle" is jargon for "percentage of period for wh ich the output is high.') If the range i 
not so wide as you'd like it to be, tinker with the values of the resi tor above and below the thre hold 

potentiometer. Then check that the tran istor . witch i doing its job. 

When you are sati fied, replace the re istor that ha · been erving a te t load with a mall DC 

motor. You can u e the 3- 12V motor you used to drive the integrator in Lab 7L.6 We have , hown a 

I OY uppJy to be sure we don't overheat the J 2V motor. But you 11 get away with + I SY if you don't 

have a I OV supply handy. 

You may want to stick a bright pointer on the motor shaft - or perhap the vane is stilJ in place 

from Lab 7L - to make it ea ier to judge how fast it pins as you adjust the duty cycle. Try loading the 

motor - applying some braking with your finger ·. You hould find torque that' not bad, at low duty 

6 We use the Mabuchi FF- I JOSH- 11340. But any motor that can stand I OY will do. 
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cycles. whereas simply dropping the voltage to the motor - as your grandmother's sewing machine 
rheostat did - give poor torque at low ·peed. 

8L.5 IC RC relaxation oscillator: '555 

The ' 555 and it. derivatives have made the design of moderate frequency oscillator easy. There 

is seldom any reason to design an oscillator from cratch, u i ng an op-amp as we did above. The 

ICM7555 or LMC7555 or TLC555 i an improved '555 made with CMOS. (We will refer to the 

CMOS part as '555 for brevity, though you may be using the LMC pait.) It runs up to 1 MHz (7555) or 
3MHz (LMC7555), versu lOOkHz for the original, bipolar '555, and its very high input impedances 

and rail-to-rail output swing can simplify designs. 

8L.5 .1 Square wave 

Connect a 7555 in the '555 s classic relaxation osci11ator configuration, as shown in Fig. 8L.8. Look 

at the output. Is the frequency correctly predicted by 

. - l ? 
fo ·c - (0.7[RA + 2Rs]C) · 

Now look at the waveform on the capacitor. What voltage level does it run between? Does this make 

sense? 

Vee __, ____________ + 15 v 

KA 
lok 4 8 

___ 7~D R Vee. 

R?> 
iok '2 TR 7555 OU 

3 

c 
o.1rFI 

6 TH G 

1 Figure 8L.8 7555 relaxation oscillator: traditional '555 
configuration . 

Shark.fin (?) oscillator, again: Now replace Re with a . hort circuit. What do you expect to see at 

the capacitor? At the output? (A detail: the cap voltage now will fall a good way below the lower 

threshold value of Vee / 3· this occurs becau e the 7555 takes a while to re. pond to the cros ing of that 
threshold , and the voltage now i slewing down.fi:1.st). 

50% duty cycle: The 7555 can produce a true 50% duty-cycle quare wave, if you invent a scheme 

that lets it charge and discharge the capacitor through a single resistor. 7 See if you can draw such a 

de ign, and then try it. Hint: the old '555 could not do thi trick; the 7555 can becau e of it clean 

rai]-to-rail output swing. When you get your de. ign working, con ider the following issue : 

• In what way doe the output waveform of this ci rcuit differ from the output of the traditional ' 555 
''astable' (as an o cillator ometimes i called)? 

7 Well, "invent" may be a bit exaggerated if you have read Chapter 8 
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• L the o cillator' period sensitive to loading? See what a lOk resistive load does, for example. 

If your de. ign i the ame a ours, then the frequency of oscillation should be 

1 
fo .c = ( l .4RC) , 

a result that i the same a for the 'classic" configuration except that it eliminate the complication 

of the differing charge and discharge paths. The "clas ic" design yield the same equation, to a very 

good approximation, as long as RA is much smaller than RB . Does the value of Jose that you measure 
for your design match what you would predict? 

Finally, try Vee=+ SY with either of your circuit to ec to what extent the output frequency depends 

on the upply voltage. 

8L.5 .2 Triangle oscillator 

Two I N5294s can give you a triangle wavefom1 at the capacitor. A full -wave bridge and one 1N5294 
could al o do the trick. If you 're in the mood try out your design for the triangle generator. 

BL.6 '555 for low-frequency frequency modulation ("FM") 

Here is a quick preview of a technique we wi ll use in the analog project lab l 3L, to send audio across 

the room as flashe of light. The rate at which a light-emitting diode (LED) flashes will convey the au­

dio information. A ' 555 can do the encoding, converting time-varying voltages (the music waveform) 

to variation in frequ n y. A simple parallel RLC circuit like the one you built in Lab 3L can decode 

the FM, converting it ba k to a time-varying voltage (the mu i waveform, recovered). 

The '555 can do lhi . modulating because it brings out to pin 5) a point on the 3-re istor divider that 

defines the upper comparator th reshold. If a ignal pushe that pin above its normal re ting voltage of 

2/3 x Vee, the '555 oscillation . lows; if it pu hes pin 5 down the o cillation peeds up. 

varying the '555 pin-5 voltage 
can aajust the '555 frequency. 
If a signal drives pin 5, this t5 
FM, frequency modulation ... 

f res = f/(z n .f[C) 

... such an FM si._qnal can be 
demodulated with a simple RLC 
(LC in parallel as in Lab 3) 

Figure 8L.9 A '555 can implement frequency-modulation ; a parallel RLC can demodulate such a 
signal. 
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If you 're hort of time, you may want to limit yourself to the ea y task of confirmjng that thjs FM 

scheme works. You can drive pin 5 with a low-frequency sinusoid (try lOOHz at amplitude of 0.5V) 

while watching the '555 output on a scope. Don't forget that you need a blocking capacitor between 

the function generator and pin 5, since pin 5 normally rests at IOY when the '555 is powered by + 15V. 

You will ee what looks like jitter on the 555 output. If it i hard to interpret, try reducing the driving 

frequency well below lOOHz. 

8L.7 Sinewave oscillator: Wien bridge 

Curiously enough, the inewave is one of the most difficult waveforms to ynthe. ize. (Your function 

generators make a sine by chipping the corner. off a triangle as you may recall.) The Wien bridge 

oscillator does it by cleverly adjusting it own gain to prevent clipping (which would occur if gain 

were too high) while keeping the oscillation from dying away (which would occur if gain were too 

low) . 

,_ __ outpuf-

f = z./RC 

Figure 8l.10 Wien bridge oscillator. 

The frequency favored by the po itive feedback network should be 

2nRC 
(8L.1) 

See whether your oscillator runs at thi . predicted frequency. 

At this frequency, the signal fed back should be in phase with the output, and 1/3 the amplitude of 

Vout· The negative feedback provided by the other path the one that include the lamp) adju t. the 

gain exploiting the lamp's curTent-dependent re. istance. Convince yourself that the sense in which 

the lamp's resistance vaiie tend to stabilize gain at the nee s ary value. What gain i necessary to 

sustain oscillations without clipping?9 

You can reduce the output amplitude by ub. tituting a rnaller re i. tor for the 5600 in the negative 

feedback path. 10 Try poking the non-inverting input with your finger and note the funny rubbery 

behavior at the output. Try sweeping the scope slowly as you poke: now you can watch the slow dying 

away of this o cillation of the ine' envelope. 

If you 're energetic, you can confirm that this ine is much cleaner than the function generator' . by 

putting it through an op-amp differentiator. The differentiator fed by the Wi n oscillator should show 

8 At thi . frequen y, where {the magnitude of Xe}= R, the impedance of Rand C in series (the upper branch of the divider) is 

./2.R wherea the impedance of the Rand C in parallel (the lower branch of the divider) is {!- R. Hence the result that 1/3 of 
\I'. ui is fed back. at thi . favored frequency. More surprising perhaps is the fact that this divid r deliver. a wa form in phase 
with the input. 

9 Yes, you re right: exact ly three. 
10 Pretty smart circuit eh? Adju ts lamp's R value to uit your new feedback resi ·tor! 
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an output that looks like a very convincing sinusoid not like the zigguratoid 11 that you aw when 

you differentiated the function generator·s 'sine' back in Labs 7L and 2L. Or, if you happen to be 

using a digital scope that includes an FFf, instead of using a differentiator you can simply compare 

the frequency spectra of the two inu oids - function generator versus your little Wien bridge, as we 

did in Chapter 8N. 

11 We hope you will not spend your afternoon seekjng thi . waveform in an electronic reference work. 
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8W Worked Examples: Op-Amp Ill 

BW.1 Schmitt trigger design tips 

8W.1.1 First easy case: setting thresholds 

Setting particular thresholds exactly can be a pain in the neck. The process may put you through 

tediou. algebra. But there are two easy cases. 

Thresholds symmetric about zero: Suppa e, for example, that you want thresholds at ± IV, and 

output wing is± 15V. The feedback divider pull thre. hold equally far above and below ground: the 

foot of the feedback divider is tied to ground. 

150k 
+1V 

It 
-1V 

10k 

+15V 
t. VouT : 30V 

4. 7k + 15V .__ ( almost: 1GOk 15v) 

t It (very c/o:~;ust 
-t5v V SAT from -15V) 

Figure SW.I First easy case: 
thresholds symmetric about 
zero. 

The divider is to deliver 1 V out of 15 => R2 ~ 15 x R1 (or 14x, if you want to be more precise). 

The key notion i that the foot of the divider is put at the midpoint of the output wing. You ,d get the 

same tidy result if the thresholds were to be symmetric about 2 .5V while the output wung between O 

and +5: ay threshold at 2.4V and 2.6V. 

Second easy case: thresholds very far from symmetric: In this case you may, for example, want 

thresholds at OV and +O. l V, and output swings O to +5. Here the feedback divider pulls up but not 

down. So ju t design a divider that pull s the thre hold up to 0.1 V: 

That mean VThrcsh i about one pa1t in 50, and R2 is about 50 x R1 . 
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Figure 8W.2 Another 
easy case: thresholds pulled 
in only one direction ('very 
far from symmetric') . 

8W.1.2 An easier task: determining hysteresis 

+15V 

tk 

s+tV 

ov 

+15V 
} output swing 

s 
ov 

} thresholds 

Suppose the task given is not "put thresholds at IV and 1.1 V," but instead 'set hysteresis at 0.1 V,· put 
thresholds close to IV." 

The two formulations look just about equivalent, but the second task turns out to be much easier 

than the first. Let' try it. Suppose output swing i Oto +5V, see Fig. 8W.3. 

+5V 

tk 
+5V 

_f 
ov 

b.Vour: 5V 

? 

_f l b. Vr"1R = 0.1V => divider ratio : b. VrnR 
b.VouT 

O.tv 1 
=-: - =>R2:::50R1 ? 

+5V 5V 50 

Figure 8W.3 Aiming for 
particular hysteresis, near a 
target voltage: threshold and 
hysteresis considered separately. 

Here's the proce 

+5V 

3.9k 

tk 

4R~ 

Rf 
_/ 

39k 

~ m~el, ~uiva;ent 
to actual divider 

Hysteresis: This i determined entirely by the divider ratio. Again we want 0.1 V /5V: one part in 50· 

again R2 ~ 50 x R1• 

Thresholds "close to 1 V:" Thi , i determined by the voltage to which the foot of the feedback 

divider i tied (at the moment, let assume we have a handy source of this l V, an ideal 

voltage source; in fact, we are going to use a voltage divider, and then we will treat VTh as 

that ' voltage at the foot. .. ' If this issue isn't yet worrying you, forget this comment until 

later). 

You'll provide this l V with a voltage divider - but it has some RThevenin· Does that mess 

things up? No: let RThevenin be the value you want for R1. 

=> Rrn=0.8k 
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Thi settling for approximate thresholds may eem like a cheap trick. Often it is not: often what 

you want is not named threshold voltages, but an approximate thre hold, and appropriate hysteresi 

Then this shortcut fits the formulated goals nicely. 

A wrinkle: adjustable threshold: Can you see a way to make threshold adjustable while holding 

hystere is constant? (Po sible help: recall that op-amps are cheap.) 

+5V 

+5V fk 

fk 

50k 

750k +5V 
fk 

15k 50ki 
5k i------' 
~ R rn ~ (2.5k I/ 2.5k) - the value at midpoint 

Figure aw .4 TWO ways to hold 
hysteresis constant despite 
changes of threshold . 

om pare 
Fig. 4.85 

~ 1.25k 

11of3 II 
60~ 

12.6V rr.=_::- fBV 

~ +5V 

Clamp, intead of a 
dividing circuit 

100k 

tk 

+5 

tk 

100pF- ~speedup cap" -
gives guick jolt 
of hysteresis 

Make sure lower threshold > O; otherwise 
single-supply comparator may not switch. ( steeper waveform; 

more decisive; 
sma/fer delay 

I-low much delay? 
_!})- Slope: ~t = 2rrAf 

= 6.18V·601-/z 

Threshold (approx.): 

1/T
-.65V 

-- - .6V 
I 

I 

I-· zO.tms 

= 6.5 vims 

Figure 8W.5 
Zero-crossing 
detector. 

A potentiometer whose Rout « R1 works as in the left-hand figure of Fig. 8W.4. If you are too lazy 

to think about RThev, the op-amp buffer of the right-hand figure also solve. the problem. 

Problem (Design a zero-crossing detector) We want to know when the AC line voltage crosse. 

zero (within a few LOOµ ). We are to u ea single- upply comparator, powered from +SY and we have 

AoE a l 2.6V transformer output available; the transformer is powered from the 'line" (60Hz). 

Solution See Fig. 8W.5. 
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Problem (Schmitt trigger, thresholds specified) Design a Schmitt trigger, using a 3 l 1 powered 

from ±5V, to the following specifications: 

• output swing: 0 to +5V 

• thresholds: ±0. IV (approximate) 

Solution See Fig. 8W.6. Thi problem could be painful if we were not willing to approximate; so 

let's feel free to use approximations. It helps to consider the two case separately: what happens when 

the ·311 output i low (OV); and what happen · when the output is high (5V). 

Figure 8W.6 
Solution : aiming for 
particular thresholds, 
but willing to miss by 
a bit . 

input 

Rt fOk 

·5V 

+5 fk 

>-----o output 
+5 JL 
0 

250k 

Consider the two cases: 

1.) output tow: 

1 } '3tf's effect on VTHR = negligible. 

~ -O.tOJ So let the Rt, R2 divider 
provide ·0. fV=> ·o;,- : 1150 

ORt or R2"' 50Rt. • 

·5V 

,sv 2.) output high: 

25RTH } "' 25 Rt now need to pull up (from ·0.1V) 

(+O.tOJ twice as far - up 0.2V, to +0. fV. 
RTH So, let R3"' 25 RTH divider. 
"' Rt But R TH divider"' R1"' 10k 

:> R3:: 250k 

8W.2 Problem: heater controller 

The goal is to design a comparator circuit - using a single- upply device (TLC372) rather than the 

usual 3 1 I - that will keep your coffee at a temperature that you like. We'll put a temperature ensor 

on the hotplate, and will hold the plate's temperature at a level that is adjustable, and always somewhat 

below the boiling point. 

8W.2.1 Temperature sensor and comparator 

The temperature sensor, an LM50, puts out a voltage proportional to temperature celsiu. ) - with a 

half-volt constant tacked in. We will use thi sensor to monitor the heater's temperature. 

Our single-supply comparator has the bottom end of its output switch internally tied to ground, 

unlike the 311, which lets us define that emitter voltage. 

Figure 8W.7 Temperature 
sensor and comparator. 

+Vs 
(4.5V to fOV) 

$-
Rour ~ 4K ohms 

OUTPUT 
VouT = (10mVl°C x Temp °C) +500mV 
VouT = +2.750V at +125°C 

-::- VouT = +750mV at +25°C 
Vour = + fOOmV at -40°C 

TLC 372 
single-supply comparator 

+5V 
+20V 
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8W.2.2 Comparator circuit (your design) 

Show how to use thi. ensor, and a potentiometer controlled manually, to turn the heater coil ON or 

OFF as the temperature moves below or above the pot's etpoint. Here are the details: 

• temperatur adjustment range: 50- J 00°C; 
• hysteresi : 5°C; 

• heater i. a re istive and somewhat-inductive immersion heater. It likes to be driven with 20V DC. 

8W.2.3 A Darlington transistor pair 

In case you need such a device, 1 here is ome data that you may u e in your de ign (typical specifica­
tions rather than the u ual min and max.), if you decide to use the part. 

A Digikey search came up with a Tl part, TIP 110, promising lots of f3 - the betas of the two tran­

istors multiply. since the first transistor's IE provides ba e current for the output transi tor. Fig. 8W.8 

hows ome typical curves for this part. Let's u e these - rather than the usual worst-case specs just 

for the novelty of taking data from curve rather than from a list of numbers. 

The resistors integrated with the tran i tor pair peed turn-off (not an i sue in this case . The diode 

that parallels the Darlington pair normally will not conduct. 

Though we propose to use typical pecification let' . try to give our design a factor-of-two afety 

margin. In your solution teJI us approximately what portion of the 20V supply you expect to see 

dropped aero s the load. 

8W.2.4 Solution: heater controller 

Temperature range to voltage range: The sen or add: a 500mY offset to its reading of IOmV/°C. 

So the temperature range, 50- 100°C, maps to this voltage range: 

Lowe t = off et+ minimum reading = 500mV + (50°C x IOmV /°C) = IV 

Highe t = off et+ maximum reading = 500mV + (100°C x IOmV/°C) = l.5V. 

So the manual control - a potentiometer - needs to be wired to pan this range. We have plugged in 

some arbitrary value in Fig. 8W.9 (chosen to make our arithmetic easy). 

Comparator circuit: We'll need some positive feedback, to get the required hysteresis so the skeleton 

circuit will look like Fig. 8W. l 0. 

Component values: Now let ' choose ·ome values. 

• Rpullup: oddly enough we'll need to postpone this choice until we've de igne<l the switching cir­
cuit. For now, it' enough to say that this resistor will be so much smaller than R2, in Fig. 8W. I 0, 

that we will be able to neglect it as we calculate hy tere is. 

• R 1, R2 . The. e will et the amount of hystere is - and once again we need to po tpone their choice 

until we have calculated RThevenin for the manual-adjustment potentiometer. 

• So we'll need to do that RThevenin calculation: 
As usual, we need to consider worst case and then make sure that the variation in RThevenin 

as one adjusts threshold doesn't appreciably alter the amount of hysteresis.2 

1 Doe this sound like a hint?! 
2 We will not be so careful a to calculate the fractional variation in hystere is that can re. ult with varying pot settings. We'll 

ettle for the usual , simpler "times-ten" rule: RThevenin « R 1. 
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'z 
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Figure 1. Static Characteristic 
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Figure 3. Base-Emitter Saturation Voltage 
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0.01 0.1 10 

lc[A]. COLLECTOR CURRENT 

Figure 2. DC current Gain 

Equivalent Circuit 

c 

T0-220 

R1 
1.Base 2.Collector 3.Emitter 

R2 

Rl = !Ok!l 
R2 ;;0.6kn 

E 

Figure 8W.8 Some typical spec curves for a Darlington transistor pair, TIPllO. 

Figure 8W.9 Potentiometer sets voltage, 1-1.SV, temperature , 
50-100°(. 

+5V 

3.5V 1 3.5k 

0.5V 1 0.5k 
---------

fV 1 fk 

Wor t ca e i the maximum R Thevenin · That will come when the two path " een from the 

slider - up to the +5 supply, and down to ground - are most nearly equal. That will occur 

with the lider at the top. 

At that point the two paths look like 3.5k II l .5k ~ lk 

• Choose Rt: knowing Rrhcvcn in ~ lk lets u choose Ri. A usual, we want it much larger than 
what's driving it. Make R 1 = lOk. 
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+5V 

from sensor 

+5V 

• 

Figure BW.10 Skeleton comparator 
circuit (no values). 

Now R2: we want 5°C hystere i , which tran late to 50mV. So we want to feed back a small part 

of the 5V output swing: 50mV / SY = 50/ 5000 = I / 100. So R2~100 x R1. Let R2= 1 M. 

8W.2.5 Heater driver 

Can the '372 drive the load? We want lo be able to put 1 A through the heater. The comparator 

it elf can t do that, so we'll u e a tran istor switch. Our rule of thumb for driving a switch call for 

IB ~ le / 10 - not le / {3 , becau e we want to drive th , witch strongly into saturation. 

That rule would call for lOOmA from the comparator - and that i, more than the small output 

tran i tor of the TLC372 can handle (it can ink 20mA max). So, we'll need to use either a MOSFET 

witch (a device that it' not fair to invoke till we ve met them in Lab l 2L), or a Darlington transistor 

pair.3 We've already tipped our hand, in the problem statement, so let's as ume we' 11 use the TIP 110 
Darlington pair. 

8W.2.6 Using the Darlington switch 

Curve 2 in Fig. 8W.8 shows plenty of gain - near the part's maximum - at l A: current gain (/3) better 

than 2000. So, we ' ll assume a {3 of 1000. By our normal rule-of-thumb wed drive the transistor 

!O x harder, a if {3 were 100. But that rule does not quite translate to the Darlington, since the main 
(output) transistor cannot saturate; only the first can. Further, we don ' t need to rely on a rule of thumb 

because the ' static characteristic' plot in Fig. 8W.8 shows a plot of input current Us) versus output 

current Uc). From these curves we can ee just what base drive is needed (and then we'll double that 
drive to be cautious). 

It appears that 300µA in gets 1 A out (that' {3 of about 3000). We can double the input drive to 

600µA. We probably should be even more generous, ince doubling base current doe not, in general, 

produce a doubling of the Darlington s le. Let's go to 1 mA (a nice, round number - and our favorite 

current in thi course). 

That value permjts us at last, to calculate what value we need for Rpullup · The input voltage for the 

Darlington will be about 1.5V.4 So, we'll put about 3.5Y aero the comparator's Rpullup when it is 
driving the switch ON. To get the lmA that we want, therefore, we can use Rpullup = 470Q, and the 

base resistor ~3.5V/lmA=3.5k. We'll use 3.3k. 

3 Or we could u e the . imi lar Szilaki tran istor pair, in principle - but you won 't find these for ale on Digikey a lC. . So. 
we II tick with Darlington. 

4 A quick view of the schematic would indicate that the input voltage would be "two VBE ~ l .2V;" a close look al the VsE 
saturation curves, however, in Fig. 8W.8 suggest that the input vol tage is somewhat higher. This i getting very fu y, 
indeed; but we might as well u e the detailed information that we happen to ha e. 
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FinalJy, we need a protection diode across the load in order to protect the Darlington from voltage 

pike each time the witch turn OFF. The inductive load otherwise may damage the Darlington. 

8W.2.7 The complete circuit 

And here it i , all put together in Fig. 8W. I 1. Value shown in parentheses are 10% or 1 % re istor 

values - '3.5k" happens to be a strange value to specify. 

Figure BW.11 Full heater-control 
circuit . 

3.51<. 
(3.48k 1%) 

0.51<. 

1k 

+5V 

-1.5V 

-f.OV fOk 

. . . What part of the +20V will be dropped across the load? 

+20V 

tM 

Thi is one way to ask "what is the ON voltage of the switch. We learn, from two ources that thi 

ON voltage should be under lV at I A: 

• the third plot in Fig. 8W.8 shows about 0.9V "collector-emitter saturation voltage." 
• The fir t plot show the same thing for strong base drive and I = 1 A. 

So about 19V of the 20V supply will be applied to the load: pretty good efficiency. 
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What are we trying to do today? We want to try two ta ·ks, of wh.ich the second is the larger and more 
fundamental: 

• Problem: make an improved filter, using op-amp ; 

• Problem: fend off unintended ("parasitic") o cillation 

9N.1 Introduction 

Today we glance at active filters to remind you that such filter are available when you need a filter 
better than an ordinary RC , uch filter are available. Then we give most of our attention to nasty 

oscillations. 

In the previous chapter we saw that positive feedback can be u eful - though it i the underdog in 

feedback circuitry less important than the great strategy of negative feedback. It can make a , witching 

circuit decisive, and it allows constmction of oscillators. Now we turn to the dark side of positive 

feedback: those cases where it sneak up on us, causing o cillation that we didn ' t want (and usually 

did not expect). A bitter formulation of Murphy ' Law in thi special context ay - de cribing the 

perverse way that "para itic" oscillation are inclined to pop up - "Oscillator won't, amplifier ' will.' 
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We will look at ome cases of para itic oscillations in order to get familiar with the problem. Then 

we will look at remedies, circuit change that can prevent such behavior. It i the remedie. , of course, 

that we are after. If nasty fuzz pollutes the output of a circuit in your lab and you can make a few 

changes that make it go away, you will be a hero. This js a black art - ometime involving literal 
hand-waving, 1 a wel1 a some hand-waving explanation - and it i a skil1 that is right at home in a 

course based on The Art of Electroni s. 

9N.2 Active filters 

A we point out in §9S.2, the motive for using these filters rather than a imple RC i to approach 

nearer to the ideal in filter behavior: flat passband abrupt roll-off, then much attenuation in the stop 

band. An op-amp-as ·isted two-stage RC can improve both characteri tic - flattening the pa sband 

and teepening the roll-off - a the frequency . weep in Fig. 9N. l illu trate . 

Figure 9N.l Active 
versus passive low-pass: 
frequency responses 
contrasted. 

The circuit in Fig. 9N.2 u e aptly placed po itive feedback to achieve both improvements: it flattens 

the passband by giving the ignal a boost ju t below hcts, where the pas ive RC is droopy· it provide 

a 1/ J2 ultimate slope, as even a simple cascading of two RCs would; more magically, it provides a 

I AoE §6.2.4 

steeper transition between passband and stopband than the passive cascade could deliver. I AoE §6.3. 1 

Figure 9N.2 
VCVS active 
filter 
(2-stage or 
"two-pole") . 

positive feedback, below /_3dB: 
boo5fs input to flatten passband 

IN 
OUT 

Furthermore, imply by altering the gain of the amplifier one can choose to optimize one or another 

filter characteristic: flatness of passband (best in the o-called "Butterworth" filter) or teepness of 

roll-off (best in "Chebyshev" design) or waveform shape preservation (be t in Bessel").2 The filter 

1 "Literat•· hand-waving? Yes. Waving your hand near a circuit that shows para itic oscillations while ob erving the effect of 
your hand 's proximity (important for its tray capacitance) ometimes can provide a clue to where in the circuit an 
oscillation originates. 

2 The Bes. el filter pre erve. waveform shape by providing pha e hift that varies linearly with frequency, for "constant time 
delay:' ' AoE 6.2.68. 

I AoE §6.2.S 
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of Fig. 9N.2, which is the design you will try in lab, is a' two-poJe design. When you need an even 
better filter, you can cascade additional stages. 

Unfortunately, the method we have promoted elsewhere in thi course, in which the severaJ stage 

of our circuit are independent modules to be strung together, works poorly for filter. . You would 
not design a four-pole active filter by cascading two identical two-pole filters. Instead, you would be 

obliged to do the harder work that ordinarily we eschew: analyze the entire four-pole problem. In 
practice, thi may mean consulting a table like those in AoE for the gains of the several stages: see 

AoE §6.3.2. 

Or you can make the process even more mechanical than that. You can download a program from 
any of everal IC vendors: Analog Devices, Microchip, LTC, or Texas In truments, then let that pro­

gram do the design work for you.3 In Fig. 9N.3 we show some screen prints from Tl's FilterPro. You 

desc1ibe the filter performance that you d like a on the left-hand image. 

Ste...p 2: f.flter Speclficatlon:s 
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Figure 9N.3 Tl "FilterPro" program will do the design work for you. We offer the figure for a glimpse 
of response curve and circuit diagram ; we concede that details of specifications may not readable in this 
figure . 

FilterPro draws you the circuit, with component values, as on the right side of Fig. 9N.3. The 

specified filter behavior wa demanding enough to call for a 4-pole filter. So FilterPro cascaded two 

stage resembling the VCVS that we showed in Fig. 9N.2, except u ing unity gain (the filters of 

Fig. 9N .3 are called "Sallen-and-Key" configurations).4 FilterPro hold your hand to an embarrassing 

degree: not only does it draw the circuit pecifying part values that you'd otherwise have had to look 

up in a table, it al o politely asks whether you'd like to ee component values shown with exact 1 %, 

or 5% tolerances and then produce a bill of materials ·hewing all the parts you need to buy. 

Why is TI so nice to us? Well, they may hope that we will buy their op-amps, once we 're u ing 
their tool but probably their highest hope is that we'll buy their IC dedicated to implementing active 

filter , the UAF42.5 The UAF42 is a neat part, with on-chip capacitors trimmed to 0.5% tolerance -

but it is expen ive ($16 for one, as we write) . So, you may want to u e the Tl oftware, then hop for 
your own op-amp . 

nalog Devices: http://www. analog . com/designtools/en/filterwizard/\11/type; Microchip: www. microchip. com, 

search for "FilterLab;" Tl: http://www. ti. com/tool/ Eilterpro. 
4 For Sallen-and-Key filters see AoE §6.2.4E. 
5 lnh rited from BurT- Brown, a company that Tl bought. 
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Figure 9N.4 Tl's active-filter IC, UAF42. 

High-Pass 
Out 

R 

R = 50kQ : 0.5% 

Band-Pass 
Out n 

Low-Pass 
Out ..-.,..., 

. GNO 

9N.3 Nasty "parasitic" oscillations: the problem, generally 

v. 

The conditions that lead to unwanted oscillations of course re emble those that lead to wanted oscilla­

tion - those that we produce with purpo eful oscillators. The requirement. are just two, for ustained 

oscillation. The circuit mu t show ... 

Gain:6 otherwise the disturbance has to die away (a it does, say in the LC re onant circuit hit with 

a square wave). More pecifically as the disturbance appear at the output and is fed back to 

the input, then appears again at the output, it must not get smaller: net gain around the loop 

must be at least l . 

Positive feedback: the circuit mu t talk to it elf, patting it elf on the back saying,' Good. Do more 

of what you're doing." (In peaking of gain, just above, we were indeed a urning po itive 

feedback; but the two requirements are distinct.) 

Sometimes the presence of some kind of feedback is obvious, a it ha been in all our op-amp cir­

cuits; the subtlety of the problem then lies in figuring out why the flavor has changed from the benign 

negative to the nasty positive. Occasionally - a in the case of the di crete follower di cus ed in §9N.7 

- it is far from obvious that any feedback at all is present. lf the circuit nevertheless o ciliates, we 

will be obliged to do some experimenting and perhaps even thinking to determine how the feedback 

occurs. Our ultimate goal will always be to find remedies that prevent the o cillation. 

9N.4 Parasitic oscillations in op-amp circuits 

Op-amp circuits, which ordinarily rely on negative feedback are evidently ripe for trouble. If ever 

omething comes along to change the' flavor' of feedback from negative to positive, a placid amplifier 

can become an oscillator. 

Any old op-amp circuit looks like the one sketched in Fig. 9N.5. We're familiar with the notion that 

we can tease the op-amp into doing what we like by putting thi or that blob within the loop - but 

today we will find that the op-amp can rebel, going crazy when asked to accept blobs of certain types. 

6 It is voltage gain that is required. Strictly, it would be better to ay "power gain ," ince a trnn ·former can provide voltage 
gain, but it cannot u ·tain an o cillation. The inventor of the transistor were keenly aware of the voltage ver u · power 
di tinction. Walter Brattain, one of the tran i tor' three inventor. . recorded in hi lab notebook, Dec. J 5, 1947, 'got 
voltage amp about 2 but not power amp." A day later, he noted. " . . . power gain 1.3 voltage gain 15." An important tep 
forward. From Bell Laboratory archive . cited in Wikipedia article on hi . tory of the tran i tor. 
We refer in this di cus ion to' voltage gain" in the hope that it i. a clearer and more familiar concept. Unle · output current 
is reduced proportionately to rise of voltage. as in a transformer, voltage gain will be accompanied by the neces ary power 
gain. 
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negative feedback? _ Figure 9N.5 Is it stable? Depends on the blob. 

9N.4.1 Occasionally, an odd object in the loop flips phase, at all frequencies ... 

Doe. the circuit in Fig. 9N.6 apply negative feedback? "Sure" you may be inclined to an. wer. "The 

feedback goes to the inverting terminal." But what if in ide the blob lives an inverter? "Oh , you 

answer. Thats silly - it wou]d never happen. But if it did, wed just swap inputs .' ' 

Voltage 
Ref. 

OUT 

Figure 9N.6 This probably looks right; but it isn't: the 
feedback , here, is positive. 

You ' re pretty much right: such a case is at least extremely rare - but the circuit shown is just such 

a case (thi is a 'low-dropout' voltage regulator that you will meet in Lab l IL). And you're right that 

the remedy is to swap inputs. We've done that in Fig. 9N.7 - and the circuit looks shocking, but in fact 

does make ense. This feedback make sense because within the loop lies an inverting circuit: a PNP 
common-emitter amplifier. 

OUT 

Voltage 
Ref. 

OUT 

This feedback probably looks 
wrong, but ifs not ... 

... because there's an 
inverter in the loop. 

Here's the some circuit, with 
stabilizing feedback added. 

Figure 9N.7 This 
probably looks wrong. It is 
a very rare circuit - where 
a full-time inverter sits 
within the feedback loop. 

To try to persuade you that thi circuit i useful, and not just a stunt that we cooked up, let 's spell out 

its virtue: in contrast to the usual voltage regulator, in which a discrete follower is included within the 

feedback loop, this one avoids in erting a VaE drop between Vi and VouT- A a result, the difference 

between VIN and Vo T can be a low a lOOm V. Hence the circuit's name, low-dropout.. 

On the right side of Fig. 9N.7 we have shown some extra stabilizing that normally mu t be added. 

But the strange-looking feedback of both circuit i correct, in any case· not crazy. 

An example of inverted feedback often i recited in courses on control : two people hare an electric 

blanket with dual controls, one for each side of the bed. Accidentally the controls for the two side get 

wapped. As one per on begin to feel chilly he turn up the heat. You can imagine the uncomfortable 

night that en ue . 
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9N.4.2 ... but much more often, feedback changes flavor only at high frequencies 

Figure 9N.8 shows a much more common case: the dog is not upside-down, but only slow. The signal 

fed back aITives a bit late. Fig. 9N.8 shows the sleepy dog lying within the loop. Fig. 9N.9 shows the 

electronic equivalent: a low-pass inside the loop. 

Figure 9N.8 Something with slow response, inside loop, can 
cause trouble. 

f':,,,_1~ Q;;.~-l 
J v ....>'CJ 

..___ __ 

T 
IN rv 

Figure 9N.9 Lowpass in 
loop can cause trouble. 

Lowpass in loop? This may look implausible. Is this more plausible? 
Yes, it's a diffenrentiator 
(and a jumpy one) 

At low frequencies, the lowpas. doe. no harm. Since the input i changing lowly the signal fed 

back, though a little out of date, i still quite similar to an up-to-date description. So feedback work 

as u ual. 

But if the input and output are changing fa t, then an out-of-date description can be entirely mis­

leading: it can be as much as 90° wrong a it goes into the op-amp, and as much as 180° wrong 

when one includes the additional 90° lag imposed by the op-amp itself. (Thi lag in the op-amp is 

surprisi.ng, we admit; see §9N.4.3). So, the si mple differentiator shown in Fig. 9N.9 hiver when fed 

a square wave. The square wave is especially disturbing because of the high-frequency components 

in its edges, see Fig. 9N. I 0 . . I §4.5.6 and Fig. 4.69 

Figure 9N.10 
Differentiator response 
to square wave: unstable 
when extra R and C are 
omitted : low-pass in 
feedback brings trouble. 

d,/ftren f i .t tor 
(vnddble) 

t 

,!: 1~.~ 
•q . • .... ,_----------- · ·---- ::~ .wu 

J 
i 

l 

That jumpiness is not acceptable o the differentiator normally i tamed by the addition of the 

additional RC pair hown in Fig. 9N. l 1. These kill the circuit' gai n at high frequencie . An alternative 

way to say lhi is that they halt the pha .. e lag that grows dangerously with frequency - and then reverse 

that phase . hift. 

The differentiator that you built in §7L.2 included the stabilizing econd RC pair shown in Fig. 9N. I I. 

So in that lab exercise you did not ee the . hivering instability. 

You will notice that we were not able to solve the differentiator problem the way we handled the odd 

ca, e of a imple inverter within the feedback loop, the rare instance of Fig. 9N.4. l. In the differentiator 

ci rcuit we cannot we cannot . wap inputs as we could for the low-dropout regulator, becau e swapping 
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I AoE §4.9.1 

d,ffr,e,,l:i .I tor 
(si41.k.) 
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_\ __ ·,--
2V 0,2ms J Figure 9N.ll Differentiator 

response to square wave: stable 
when extra R and C are added . 

inputs on the differentiator would give positive feedback at low frequencies and for a DC input.7 At 

DC thi s po itive feedback would lock up the circuit, with the output stuck at one rail8 or the other. 

It ' s not hard to think of homely analogies to this problem where information concerning the result 

of action, is slow getting back to the person in control. 

Imagine for xample, that you ve decided to play a perverse game of eeing whether you can drive 

a car using . omeone el. e ', vision. You wear a blindfold, and your passenger tells you whether to steer 

left or right to tay in your lane. If you don't drive too fast, and if the pa senger give, continual qui k 

advice, you may manage. You won't manage if a car uddenly swerve in front of you. Your re pon e 

won't be quick enough for that. But for a slow drive on a country lane, the proce might work.9 

But if your pa senger i a slow-talking and perversely calm cowboy, who won t be hunied and 

ays omething like "Well , young feller I think you need to just mosey a shade, ju ' t a shade I m 

saying not a lot, over westward, that i to ay leftward .... ," you won t be able to keep up, unle · 

you ' re driving along at a walking pace. The incoming advice is likely to be out of date. Soon a drastic 

correction in the opposite direction will be called for - and the car will be weaving right and left all 

over the road: oscillating. 

Thi. is a time-domain way of describing a problem that may be clearer in frequency domain. Look­

ing at the low-pass in the feedback loop in Fig. 9N.9, one can see that at low frequencies the feedback 

ignal will be pretty much in phase with the op-amp output and the capacitor will be having almo t 

no effect: feedback is negative and healthy. At high frequencies, however (what we mean by "high" 

depends, of course, on the value of RC), the phase shift between op-amp output and the signal that 

reache the op-amp's inverting input can be con iderable, approaching - 90°. 
But you may prote t, 90° does not flip a signal· we need a 180° change before we re in trouble. Ye , 

you re right. But the catch the circumstance that makes 90° deadly, is the fact - usually hidden from 

us as we watch op-amps in circuits - that the op-amp include a 90° lag within itse{f: The op-amp, 

strange to tell, behaves like an integrator, beginning at a very low frequency. For the LF41 l integrator 

behavior begins at about 20Hz (not 20kHz, but 20Hz). 

Frequency compensation to stabilize an op-amp: Figure 9N.12 is a plot showing gain roll-off of a 

'compensated" op-amp, and the associated phase hift between input and output. We have inserted 

the numbers that fit the LF4 l l op-amp that you have been using in the lab . The plot shows how 

the ' 4 l J' gain roll ' off with frequency, and shows the resulting phase shift between non-inverting 

input and output (note that this description as ume, we are operating the op-amp open-loop, as we 

almost never do; but this open-loop behavior of the amplifier is crucial to its proclivitie in the usual, 

closed-loop circuit). We explore in §9S. l how op-amp frequency compensation i achieved. 

7 You may fairly object, "But I'm not going to look for the derivative f a DC level! " True but we cite DC as the extreme of 
" low frequency " just providing a case thai is ea: y to analyze. 

8 You 've probably picked up thi piece of jargon : " rail" to mean either "limiting voltage, close to power upply." a here. or 
"power supply;' as in rail-ro-rail-ourput op-amp, the type that can drive it output close to both supplies. 

9 Please do not try this; this i. a thought experiment! 
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Open Loop Frequency 
Response 

IOOdB - op amp shows -!:JO-degree 
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Figure 9N.12 A 
compensated op-amp like 
the '411 shows 1/ f roll-off 
and -90° phase shift . 

gain curve, from 
'4 tt data sheet 

'v f 
20/./z, for '411 
(rolloff begins) 

( 4M/./z for "411 
(unity gain) 

9N.4.3 Why the op-amp includes a 90° lag 

Even stranger, at first hearing, i the fact that this 90° lag within the op-amp, and the sad 1 / f roll­
off of gain, is deliberately imposed by the op-amp's designers. Why? A short answer is that without 

compensation things would be worse: the amplifier's several stages form a cascade of low-pass filters , 
and these filters eventually would provide a deadly 180° lag that would make the amplifier unusable. 
So a 90° lag may be surprising, but it's much better than what we would get without compensation. 

The effect of the op-amp's built-in 90° lag (and normally it i even a shade more 10) is that in order to 
produce accidental positive feedback we need add only about another 90°, not 180°. And any low-pas 
filter can provide that 90° pha e lag . 

9N.4.4 . . . Given the op-a mp's phase lag, what can you do for stability? 

If the feedback network is purely resistive, there is no problem: the network causes no phase shift, 
so the circuit is unconditionally stable. But when a low-pas characteristic sneaks in, we have to take 
care. 

A non-remedy: "I won't apply high frequencies": A naive first thought surely might be to try to 

exploit the truth that feedback trouble comes only at relatively high frequencies. So why not just 
apply only low frequencies? 

Because you can't do that. It may be true that a particular op-amp circuit goes unstable only above 

50kHz, and that you plan to u e the amplifier for signals below 1 OkHz. That plan will not ave you. 
The problem is that the circuit responds not just to the signals that we choose to apply (perhaps 

rather low frequencie ). It re ponds also to noise, which one must assume is pre ent at all.frequencies. 
This is one of the sad truths that underlies the gloomy dictum, "amplifier will. .. . " Tbe consequence 
is that we must design all our amplifier circuits so that they will not o cillate even when driven with 
high-frequencies. 

Some valid remedies: The "compensated" op-amp was designed to be stable with resistive feedback, 
not to be stable with a low-pass in the loop. So, when a low-pass filter is pre ent, we need to forestall 
oscillations. Here are ome ways to do that: 

• Impose a roll-off of high-frequency gain, in addition to the roll-off built into every compensated 
op-amp. This method is i1lu trnted in the photodiode circuit of Fig. 9N.14. 

10 A. mu ha about 45° more, at fT. See Fig. 9S . . 

I AoE §4.9.2A 
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• Bypas the trouble ome blob at the higher frequencie where it would introduce dangerou phase 
lab. We will see this method, which we call "split feedback," later on page 364. 

• Adopt an extreme remedy, altering the op-amp it. elf. Design a peculiar cu tom op-amp that can 
undo harmful phase lags. This i the ·trategy used in the "PJD" loop, 11 a de ign that you will 
apply in Lab IOL. 

We will illu, trate the first two of these remedies below. Altering the op-amp we will postpone until 

you meet Lab lOL' PID loop. 

9N.5 Op-amp remedies for keeping loops stable 

9N.5.1 Roll-off high frequency gain 

The circuit in Fig. 9N .13 are vulnerable to parasitic oscillations, in various degrees, because of lag­
ging phase shifts (]ow-pass effects) within the feedback loop. 

long BNC cable photo-diode 

(fO' or so) ~ \ 

9N.5.2 The photodiode circuit 

fOM 

Figure 9N.13 Two circuits vulnerable to 
parasitic oscillations. 

In the photodiode circuit, the implicit or accidental low-pass i far from obviou . There, it is formed 
by the large feedback R that drive the stray capacitance at virtual ground (a few pF). The lOM R 

i not reduced by the paralleled photodiode, because the photodiode i a current source. Its dynamic 
resistance 11 V / Af, is very large. 

Suppose that stray capacitance at the inverting input is, say, 3pF. In that event, the large feedback 
resistor forms a low-pass in the feedback loop with hdB of around SkHz. At that frequency, phase 
shift in the feedback loop would be a lagging 45° - not enough to bring on oscillation. But at higher 
frequencies the pha e lag grows, approaching the deadly 90°. 

For the photodiode circuit (one you built in Lab 6L), the best remedy i to parallel the large feed­
back resistor with a small capacitor - say, lOpF, or even smaller, see Fig. 9N.14. This capacitor will 
compromise the circuit's response to quick optical signal . Circuit gain is down 3dB at a little above 
I kHz (that i where Xc~10M). To put the same point differently, above that frequency the feedback 
circuit no longer form a low-pass, with its lagging phase shift. Instead, it fonns a C-C divider, with 
its phase shift moving back toward zero as frequency climbs beyond the crossover frequency. 

fOpF 

Figure 9N.14 Photodiode circuit, stabilized . 

11 PID stands for Proportional , Integral, Derivative, describing the three functions of feedback error that are applied in such a 
control loop. We devote Lab I OL to this technique. 
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9N.5.3 Driving a long coaxial cable 

The low-pass in the ca e of the long cable is formed from the con iderab]e tray capacitance of a BNC 

cable (about 30pF/foot) and the op-amp's small but non-zero output jmpedance - on the order of 50-
1000.12 but crucially altered by feedback. This output resistance in fact is tran formed by feedback 

into a eeming output inductance, forming a low-pas with a resonant frequency much lower than 

I AoE §4.6.2 

the .hlB that a simple RC would provide. It is this seeming inductance that explain the frequency I· cc AoEFig . .i.53 

of the osci llation brought on by the capacitive load. A re istive simple R ut sound like a plausible 
explanation of the o cillation· but the numbers don't work. 

Output Impedance 
the limding Rour -----

effective "inductance" 
(because Rout grows with f) is open-loop value 100 [}Tilfffllll 

~ 

long 8NC i 10 ~~~~~~~~~ 

Figure 9N.15 Op-am p's 

Z<)ut behaves as if 
inductive, pushing down 
frequency of dangerous 

phase lag. 

Q 
w 

~ 
..... 

effective output impedance ~ 
grows with frequency, as if g 
inductive (though caused by 
shrinkage of open-loop 
gain, 'A") 

If one a sumed that thi Rout paired with the cable's capacitance formed the low-pas effect that 

bring on oscillation one would predict oscillations at a frequency far above the amplifier h At 

uch a frequency, the amplifier' gain i long gone, and oscillation i not pos ible. Plugging in the 

numbers for the present case - Rout~40Q Cioad = 450pF (a urning a 15-foot cable) - one would 

calculate the accidental-filters .f3ds~8MHz. At this frequency the '411 op-amp has no gain at all. No 

oscillation could occur. 

But a view of the amplifier' output impedance a" in.du ·rive does fit the observed oscillation. The 

op-amp output acts inductive not because of actual inductance in the IC but because the impedance 
of the closed-loop circuit grows linearly with frequency - a , the impedance of an inductor does. 13 

Thi inductance driving C1oad forms a resonant circuit, and resonant at a frequency con onant with the 

observed oscillation. 

The oscillation in Fig. 9N.16 occurs at around 3.4MHz. This is close to the op-amp' maximum 
frequency - where its "pha e margin" - the difference between its internal phase shift and the deadly 

180° - is down to perhaps 50° . lf resonance is close to thi frequency, the re onant circuit can provide 

the necessary extra pha e lag (as we've said, a little les than 90° will suffice, close to the op-amps 

fT). Figure 9N.16 shows an LF41 l follower driving a square wave into 15 feet of coaxial cable. 

Figure 9N.16 illustrates how pooky and whimsical such oscillations can be: the quare wave only 
sometimes sets the circuit into oscillation. The square wave i the mo t di turbing ignal we can 

provide, since it edges include timulation over a wide range of frequencie . But the square wave 

12 Op-amp data sheets norma1ly do not pecify a hardware R0111 (that i , a value for the lC it elf. apart from feedback). But the 
'411 data sheer sugge ts a value of about 40Q. This we infer from the plot of Rout (Fig. 9N. I 5), which level off at around 

40Q at high frequencies if B, the fraction fed back is srnal I (0.1 or 0.0 l ). At the ·e frequencie. the AB product i small , so 

the effective R0 u1 - a improved by feedback - hit the limit of the Rout apart from feedback . 
13 Thi occurs - as you will see in §9S .5 - because the circuit' effective Rout is the barebone 'hardware" Rout divided by the 

quanti ty I + AB, and A falls with frequency, at the rate 1 /.f. The forthcoming AoE - the x-Chapters explore thi point 

thoroughly, showing scope images to demonstrate that the op-amp's output impedance truly is inductive, even including 
the expected phase / -to-V phase difference. In Troubleshooting Analog Circuits, Newne , ( 1991, 1993, p. 100). Bob Pease 
warn:, similarly, again ·ta - urning that an op-amp output is simply re i tive. 

1k 10k 100k tM 

FREQUENCY (HZ) 
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in Fig. 9N.16 brings on oscillation only for ignaJ that are below ground: apparently, the output 

impedance of the circui t differ above and below ground (where a different set of transistors drives 

the output, in the push- pull stage). And the right-hand image in Fig. 9N. 16 how that not even the 

negative edge alway bring on oscillation. 

I --
1 

Figure 9N.16 A long coaxial cable 
can push an op-amp follower into 
oscillation. 

Figure 9N.17 Sinusoid may not bring on oscillation - but then it 
may. 

A inusoid is le s disturbing, and may get through without provoking the oscillation. It seems to be 

getting afely through, in the left-hand half of the trace in Fig. 9N.17. But halfway through the scope's 

sweep we managed to b1ing on oscillation simply by pres ing the function-generator' range button: 

the momentary interruption of the signal was enough to send the circuit off the rails. The lesson seems 

to be that capacitive loading of op-amp circuits i hazardous. We need remedies. 

Remedies: 1. Feed back less: One solution is oddly counterintuitive: instead of using a follower, use 

an amplifier to drive the cable. Give it, say a gain of five and the circuit may calm down. 

At first you're likely to protest, "More gain? But gain is just what an oscillator requires .' Yes but 

it's loop gain - the gain going round the loop - that matter . Thi s is a notion that the Wien bridge 

illustrates nicely: the Wien circuit sustains an o ci llation at the frequency where it is attenuated to l/3 

in the feedback loop - if the circuit ha a gain of 3. Attenuation greater than 1/3 in the feedback loop, 

at that gain, would kill the o, cillation. 

Giving the cable driver gain necessarily feeds back le. s, sine the gain i I/ B, wh re B i the 

fraction fed back. Figure 9N.18 shows the effect of gradually feeding back Jess than one. By the time 

we ve fed back ju t l/5 for a gain of 5) the circuit i utterly placid. 14 

i.i ln case you are intrigued by the point that the op-amp output acts inductive, you may enjoy describing differently the effect 
of ·'feeding back le ·· - that i . of changing from follower to amplifier. Feeding ba k less - reducing 8 - raises the 
clo ·ed-loop output impedance, increasing the value of the apparent ·'inductance:' This change tends to pu ·h /resonance 

down. by a factor ./2 ratio-of-apparent-L-value . By it ·eJf, thi . change would be destabilizing. But, at the same time a 
contrary. stabilizing effect outweigh thi. change. Feeding back les pu he~ the unity-gain frequency down by a factor 
proportional to the hrinkage of the fraction fed back - outweighing, or ··outrunning" - the rate at which the resonant 
frequency ha fallen. All this i · well explained. with helpful plot. in the fo1thcoming Ao£ - 1he x-Chaplers. on advanced 
topic. in operati nal amplifiers. to be publi . hed in 2016. 
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Figure 9N.18 
Op-amp driving 
a capacitive 
load can be 
quieted by 
feeding back 
less - giving it 
gain . 

(j 

G=5 

Chi I 00 V I 00 V Ml ~ OOns 

The e scope image. give us our fir t chance to see that there are degrees of stability; it i not just 

a question of Yes/No: it does/does not oscillate. The second trace of Fig. 9N. I 8, for example (gain of 
one" ... plu ' a little') , does not su tain an oscillation. But thi ringing probably would be troublesome 

enough to call for a remedy. 

We will meet this notion that there are degrees of stability in two other settings: in op-amp compen­

sation (treated in §9S. l) where pha e margin describes how closely the op-amp approache the brink 
of di aster, the - 180° shift; and in the PIO loop of Lab 1 OL, where we will be able to adjust the gain 

of our home-made "op-amp' to flirt with uch instability. 

Remedies: 2. Push the phase-shifted point outside the feedback loop : A series resi tor of 1 OOQ or 

so can provide a very simple remedy for the long cable problem. 

Figure 9N.19 Simple remedy for long-cable problem : 
series resistor. 

cable 

The phase shift caused by the cable' capacitance till occur - and, in fact, is aggravated. But the 

point in the circuit where mo t of thi dangerous phase-shift occurs now lies outside the feedback 

loop. We have paid a price for stability: the circuit's Rout i degraded by the eries re istor. 



! AoE Fig. 4.76 

See AoE §4.6.2 once 
again 

! AoE §4.9.1 A 
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Remedies : 3. A refinement of long-cable remedy: "split" feedback : With a few more parts, we can 

have stability along with the original follower's good low Rout at lower frequencies. Fig. 9N.20 hows 

the modified long-cable circuit, "splitting" the feedback path. 

100pF 

11spNts" 
at :::: 50kl-lz ~ 

27k 
Figure 9N.20 Refined remedy for 
long-cable problem : "split" feedback . 

Place the "crossover' frequency - at which mo t of the signal passes through the capacitor, bypass­

ing the phase-shifting network - safely below the frequency at which the circuit oscillate . 

Such a frequency might sound excessively high for audio, for example. But note that you don t 

want to pu h the cros over frequency lower than necessary. The benefits of feedback are vitiated at 

that crossover frequency. The correction of push- pull di tortion for example, would be spoiled by too 

low an .f~ros.()ver· This low cros. over would slow the op-amp's drive that is needed so as to compensate 

for the pu h- pull' effect . You may recall the snap above or below I0.6V j that the op-amp needed to 

provide in order to cure crossover from §6N.9. 
The ' split feedback" remedy is a powetful one. We use it in the push- pull driver circuit that con­

cludes Lab 9L and again in the motor-driver circuit of the PID in Lab 1 OL. 15 

One more long-cable remedy: use a specialized driver IC: Some followers are de igned pecifically 

to tolerate heavy capaci tive load (for example, Analog Devices' AD8 l 7, or Tl/National ' LM827 l/2) . 

Thi . type simply slows down when connected to a heavy capacitive load: the value of the· compensa­

tion' capacitor that reduces high-frequency gain is effectively increased by Cioad· 16 So, the ci rcuit is 

elf-stabilizing. 

This solution may look appealing - but when you want to tabilize a circuit in a hurry, adding a 

'erie resistor may beat waiting a day or o for delivery of a pecialized IC. 

9N.6 A general criterion for stability: loop gain where phase shift 
approaches 180° 

' Loop gain' de cribes what it sounds like: the gain on a trip around the feedback loop: tl1rough the 

amplifier lC (whose gain is called A), then through the feedback network (whose "gain' - often an 

attenuation - is called B). The gain all the way round the loop, then, i AB. ln general, we like high 

loop gain. It is what gives feedback circuits their several vi rtues - con tancy of gain, low Rout, and. o 

on. But it is al o what makes op-amp circuits vulnerable to oscillation. 

In order to keep a circuit stable, one must be sure that the loop gain, AB is le . than one at the 

frequency where the phase shift reaches the deadly 180°. 
A sume there i noi e around at all frequencies, disturbing the circuit input. That di turbance - call 

it ~Vin - is amplified to produce a ~Vout that is A times a big; then ome or all of that ~Vout is fed 

back to the input. A fraction B is fed back, so AB~ Vin is fed back. If, at a frequency where 180° of 

15 Other. subtler remedie. also are avai lable. Some are described in Bob Pease'. Application Note "Linear Brief' , ational 
Semiconductor LB-42, and more briefly in his book Tro11bleshooting Analoi Circuits. 

16 lf this notion i. puzzling. take a look at §9S. I. 
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Figure 9N.21 
Stability 
conditions 
summarized . 

! 
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phase shift occurs this fed-back signal is as big as the original, or bigger the circuit oscillates. In 

other words, AB 2: l at - 180° brings o cillation. 

This view uggest remedies: 

• limit the ize of A: 

• limit the . ize of B; 

• or limit both. 

In any case we need to limit the product, AB. Let' look eparately at the way to limit A, then B. 

Shrinking A: "frequ ency compensation" : The gain curve in Fig. 9N.22 of the "uncompensated" 

amplifier : how too much gain at the frequency where pha e- hift reaches 180°. An uncompen ated 

op-amp wired as a follower (B= 1) would o ciliate. 

Figure 9N.22 
Compensated 
versus un­
compensated 
op-am ps. 
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dangerous 
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where pha ~­
s h/(f t's 
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The "compen ated' amplifier i made table through the deliberate early roJI-off of its gain with 

frequency. lts gain ha been reduced, so a to fall to unity before the frequency that would impose that 

deadly phase shift. Op-amp compensation is di cus. ed more thoroughly in §9S.l. In Lab IOL we will 

find that one can tinker with more than just the gain- roll-off of A; one can even alter its phase-shifting. 

Exciting complications to come! 

I AoE §4.9 
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Shrinking 8: We thrashed this point pretty thoroughly on page 363: give the circuit gain and it is 

less inclined to oscillate. 

In summary: limit loop gain, AB: For tability, you need to hold the Loop gain below unity at fre­

quencies where dangerous phase shifts appear. Fig. 9N.23 show ' an op-amp's gain p]ot reminding us 

of the meaning of loop gain in contra t to circuit gain. 

fOOdB 

80d8 
-~ 
~ 

~60d8 
~ 
~ 
c:: 40d8 
(I) 

~ 
20d8 

Od8 

"A" 

"loop gain," AB 

l uncompen5afed 

AB faffs tot 
before deadly 

closed loop ' ' 
phase shift 

' ' (circuit) gain: ' ' 1000/ (= t/8) ' ' ' 
(8 = 111000) 

frequency (log scale) : \ 

\ 

Figure 9N.23 AB determines feedback 
stability, as well as feedback virtues 
(illustrated with uncompensated op-amp, 
barely stable at gain of 1000). 

Fig. 9N.23 reiterates a point we tried to illu trate with Fig. 9N.2 l, ummarizing conditions for sta­

bility. It i the value of AB at the dangerou pha e-shift frequency that determine whether a feedback 

circuit is . table or not. High AB can be worrisome. 

But AB al o mea ures the potency of the good effects of feedback; it measures the capacity of the 

op-amp to improve circuit performance. In §9S.5 we look more clo ely at the way in which loop gain 

depends on both circuit configuration and chip properties: the way it depends, in other words, on 8, 
and on A. 

You have felt this sort of tension before where reaching far for one thing you want (here perfor­

mance improvements through feedback), you may give up something else that you need (here, circuit 

tability). In discrete common-emitter amplifier , for example you were able to trade off gain versu 

linearity. Of the two concerns attracting u. here, stabi lity is the more urgent. With that paramount 

goal in mind we must hold AB safely low. We will settle for the circuit performance that re ult . 

9N.7 Parasitic oscillation without op-amps 

Surely this circuit cannot oscillate .. . : Feedback need not be explicit, a ' it is in op-amp circuits, in 

order to cau e trouble. Fig. 9N.24 is a circuit that oscillates because of very sneaky effects. Wouldn t 

you nominate this circuit as least likely to oscillate? Isn't it a sure-fi re dud? 17 No voltage gain, and no 

feedback: surely, , uch a limp thing cannot sustain an oscillation. 

17 Oxymoron, anyone? 
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Figure 9N.24 Follower as oscillator . 
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1~ 3" to 18' 
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. . . but it does oscillate: Ito ciliates and fa. t enough o that we like to use it to jam FM broadca ts 

in the lab 1 - just to convince everyone that these parasitic oscillations can indeed be trouble ome. 

Thi big oscillation completely ilences the FM broadcast in the lab (we hope we're not jamming 

more than our lab room). 

·~ n 
!., "" ' 9~ . S\ 1H7 

Figure 9N.25 Jamming Jammin' 94 .5 with the 
discrete follower . (Scope settings: SV / div, lOns/ div .) 
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Symptoms of a parasitic: One of your circuits might o. cillate at a time when you were not watching 

it with a scope. What clues might you get to the fact that a para itic buzz wa · occurring? Two po ible 

clue. come to mind. 

First clue: if you're very lucky, you may be listening to FM radio and may notice reception going 

bad. This i not likely. 

Another clue, in the pre ent ca e, appears if you happen to use a DVM to check the circuit output. 

You may notice "impossible" readings, as we did, recently, see Fig. 9N .26. 

Emitter more po itive than ba e? It looks that way. But this i. a fake reading: the oscillation has 

foo led the DVM, which accidentalJy has rectified a part of the fa t sinusoid. 

If you 're inclined to protest that you'd not be likely to pick up either of these clues, you may be right. 

Good evidence lie in a tory that Pease tells, in which thi very circuit caused a para itic o ciJlation 

that went undetected until the computers that included the circuit failed their FCC radio-frequency 

emissions te. ts (see footnote on page 370). 

How can it oscillate? To answer that riddle one must an ·wer two ub idiary riddles: 

18 There happens to be an aggressive local station that calls itself "Jammin ' 94.5,'' and with that name it j ust se ms ripe for 
jamming. 
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Figure 9N.26 "Impossible" DC readings 
may reveal a parasitic oscillation . 

• How does the circuit achieve voltage gain (to sustain oscillations)? 

• How does the circuit provide positive feedback? 

The answers emerge if one takes into account imperfections of the circuit. The idealized follower 

cannot oscillate· a real one can. 

• the gain appears if one draw explicitly the inductance always implicit in the power supply, 19 

along with tray capacitance, see Fig. 9N.27. 

+15 

+Sv ---:1 cc \ Posi live feed bS,k 

-----• 

170 
Figure 9N.27 Follower redrawn to include feedback , 
and inductance that can provide gain . 

When you build thi circuit in §9L.2, we encourage you to use an outrageously long power­

supply lead, to exaggerate the stray inductance present in even well-built circuit . You can confirm 

that the collector upply line looks like a resonant circuit (a parallel LC like the one you built in 

Lab 3L): put your hand close to the wire, or even grab it. The para itic frequency will change, 

becau e of the changed tray capacitance, now enhanced by your hand. 

• The feedback appears if one notice. that a di turbance on the power supply, which here is the 

collector, can di turb the emitter (through CE capacitance) in a sen e that increases the collector 

er. AoE §7.1.50 esp. disturbance: in other word. , here i positive feedback. 20 

Fig. 7.30 

Thi circuit, a redrawn is nearly identical to the current source whose o. cillations are explained in 

AoE. There the circuit i likened to a purpo eful oscillator called a Hartley LC oscillator. 

Mo t of u ettle for learning ome rules of thumb that ·top oscillation when they appear~ it is 

not ea. y to model a circuit in detail, including stray inductance and capacitance. Another of those 

19 Ballpark value? Perhaps 500nH/meter. though the value depends on distance to other conductor . 
20 Here we mean that one "notices" thi path conceptually. You will not be able to observe these detail s with your cope. 

Auaching a cope lead to the collector i almo t cenain to top the oscill ation. as noted below in §9 .8.1. 
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electronic Murphy's laws holds, however: if the circuit can find a frequency at which it could sustain 

an o cillation. it will find that frequency and o ciliate - irritating it de igner.21 

9N.8 Remedies for parasitic oscillation 

9N.8.1 First remedy: quiet the supply (shrink the disturbance fed back) : 

You may be able to stop the oscillation by quieting the collector: this ' shrinks the di turbance,' ' in the 

terms we u ed ju t above. Two rather obviou way to do thi come to mind: 

• keep the power supply lead ( + lSV) short (thi reduces the inductance of the line, putting the 

resonant frequency so high that the transi tor lack · gain at that frequency); 

• install a mall ceramic bypass capacitor on the collector. 

ln fact, the oscillation is likely to be strangely fragile - but this characteristic can make it the more 

troublesome. You may uspect that the collector i o. cillating, and decide to probe it to find out. 

But no, you find it 's not oscillating. But the act of probing (that i , of attaching the probe' lOpF of 

capacitance to ground) may have stopped the oscillation - though only while you probe it, of course. 

You may need to investigate by attaching a short length of wire to the probe tip and then 'flying over" 

the circuit, at a distance of a centimeter or two to sen e o cillations without killing them. Spooky, 

indeed. 

9N.8.2 Another remedy: kill high-frequency gain 

Even when your circuit i tuck with some disturbance fed back, of a phase that could bring oscillation, 

the o cillation will not occur if the circuit gain i insufficient. You may see some transient junk, but 

not a su tained oscillation. The ba e re i tor in a follower circuit ha this effect: poiling the circuit's 

gain at the high frequencies where oscillation otherwise could begin. 

One explanation of the base resistor remedy: redraw as common base amplifier: Figure 9N.28 is 

a sketch of our transistor, viewing the circuit as a common base amplifier, an amplifier driven from its 

emitter. You probably have not een an amplifier driven this way before (except in pa ing, when you 

may have een in AoE, a Miller-killer made with a common-base amp ba e firmly fixed. See AoE 

Fig. 2.84(C). Here, as suggested in Fig. 9N.28, we are doing the opposite of what that high-frequency 

configuration achieved. We want to spoil the high-frequency gain. 

The gain of this common base circuit is 

. Rc [or Zc] 
gam = . . . 

re+ [( res1 tance dnvmg base)/( I + /3 )] 

Here with the ba e driven (or 'held') by a tiff voltage source, the denominator of the gain equation 

i just "little re;" but we can diminish the gain in a way equivalent to the way we cut the gain of 

the common-emitter amp: by tacking in a resi tor that enlarge the denominator of the gain equation. 

Here, we insert a re i tor in series with the base; in the common-emitter we achieved an equivalent 

reduction of gain by inserting a resistor in . eries with the emitter. 

I This circui t is not just a pedagogue' concoction. It seems to have caused real mi chief to some e ngineer, who u ·ed 

e ·sentially thi circuit t drive a computer' ''Reset" pin. The compute rs then failed FCC interference-radiation te ts 

because each computer included this unintended little radio broadcasting machine! R. Pease, Troubleshoo1i11g Analog 
Circuits. p. 109, ewnes (199 1). 

I AoE §2.4.48 
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Figure 9N .28 Follower redrawn as 
common-base amplifier. 

Another explanation of the base resistor remedy: Miller effect: There is another way to describe 

what the ba e re i tor achieve ·; perhap you 11 prefer thi other description, though we have barely 

mentioned Miller effect in this book. Fig. 9N.29 show our follower with two competing feedback 

paths drawn in - Ccs and CCE. The latter provides positive feedback as you know; Cea provides 

negative feedback by moving the ba e voltage. It is thi feedback, tending to poil the gain of a high­

frequency inverting amplifier that is called Miller effect. 
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Figure 9N.29 Competing feedback paths: 
stabilizing versus destabilizing. 

How rnuch negative feedback? The fraction of a collector-wiggle fed back is set by the voltage 

divider formed by Ccs and RTH that is driving the base. By increa ing the latt r from a value clo e 

to zero to 270.Q. we much increase the trength of the negative feedback. Thu , we tip the feedback 

competition in favor of the good guys, negative - and the oscillation hould stop. 

Remedies: The remedie , then are fundamentally the ame a those we apply when we need to . top 

or prevent op-amp o cillations: 

• . hrink the disturbance that is fed back; or 

• diminish the circuit s (high-frequency-) gain. 
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9N.9 Recapitulation: to keep circuits quiet . .. 

Some of the methods that tend to prevent para itic oscillations are obvious· ome are not. Among the 

obvious we might classify these: 

• keep power supply leads hort and wide (minimize inductance)· 

• decouple power . upplies (a u ual). 

Among the less obvious protections we might clas ify the e: 

• include a base re i tor on any di crete tran istor follower 

• provide a "sp.lit" feedback path in an op-amp circuit that i to drive a troublesome load - a load 

that can impose substantial pha e lag Cee page 364) 

In Lab IOL we will return to these stability que. tions, and there will try yet another remedy: we 

will design a ort of cu tom op-amp that can undo some troublesome phase lags. Parasitic oscilla­

tion alway. will lurk, threatening your circuits. You'll tand a better chance of fending them off if, 

boyscout-like, you are prepared. 

9N .10 AoE Reading 

Reading: 

• AoE: 
Chapter 7: §7 .1.5E: para itic oscillation 

Chapter 4: 

§4.9: op-amp frequency comp n ation 

§4.5.7: differentiators 

§4.6.2: capacitive loads 
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Today we look first at one more benign use of po itive feedback, an active filter, and then spend mo t 

of our time with circuits that oscillate when they should not. In this lab, of course, they "should,' 

in the sen e that we want you to see and believe in the problem of unwanted o cillations. On an 

ordinary day, the o cillations that these circuits can produce would be unde irable, and would call 

for a remedy. Some of you have met the e so-called "parasitic oscillations" in earlier labs. Consider 

yourselve precocious. In the exerci es below, you will try first to bring on oscillations, then to stop 

them. 

If any topic in electronics deserve the title "Art of. .. ,' taming oscillation. must be that topic. With 

ome trepidation, we invite you to try to make the.'e nasty event occur. We quoted, in Chapter 9N, 

the standard variation on Murphy 's Law that says 'Oscillators won't; amplifier circuits will.' Since 

today circuits purport to be amplifier. rather than o cillator , probably they "will. . .. " 

9L.1 VCVS active filter 

We a k you to build two ver ion of a two-pole filter: a imple cascade of two pas ive RC and an 

active lowpas . The two filters have equal .f3dss.1 

If you have a resistor substitution box, u e that to set the value of the active filter's R gain· The 

substitution box makes changing values easy and unlike a variable resistor, lets you know what value 

you are applying. 

15k lS"k 
IN OUT ::,,----.------

Figure 9L.1 VCVS : a particular 
implementation, with cascaded RCs 
added for comparison. 

Set R gain to 2.2k, providing the re pon e with the flatte t pa sband ("Butterworth"). Confirm that 

both circuits behave like a low-pa s filters· note hcts and note approximate attenuation at 2/JdB and 

I They may look a if they will not how the same hdB: indeed, the RC va lues of active and passive filters are 1101 the ame: 
2kHz for the pa. sive, lkHz for the active. Yes. the RCs are unequal. But only the active filter ha /JdB = I /(2n RC). The 
passive filter 's two element hare an RC value. But the entire pa sive filter how an }3dB that is about half the hdB of 
each tage, becau e where each filter tage drops dB, the entire filter drop 6d8. 
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Filter Type Ro run Gain 

be t time delay (Bessel) lk l.3 
flatte t (Butterworth) 2.2k (2.3k) 1.6 

. teep (Chebyshev) 4.7k (4.3k) 2.1 
nasty peak no one claims thi one!) 6.8k almost 3 

OSCILLATOR! 10k 3.5 

4.hdB· We hope you will find the - l2dB/octave Jope that is characte1istic of a 2-pole filter, though 

you won't see that full steepness in the first octave above .Acts. 

We hope, al o that the imple cascaded RC look · wishy-washy next to the active filter. The imple 

RC and the active filter should show the same hctB. 

9L.1.1 Sweep both filters 

Pre umably you have been watching the outputs of both filter on the scope, a you drive the two 

filters with a common input. For a vivid display of the two filters ' frequency re ponses you will want 

to .n-veep frequencies automatically. You have done this before using the function-generator's sweep 
function, but this time you may have to do the task a little differently from the way you did it earlier 

if you used an analog scope. 

This time, you cannot use the X-Y display mode. Instead, use a conventional weep (this allows 

you to watch two output signal , not just one), while triggering the scope on the function generator'. 

RAMP output (u e the steep falling edge of the ramp). 

9L.1.2 Effects of varying the amount of positive feedback: other filter shapes 

While sweeping frequencies, try alteting the hape of the active filter'. re pon e by changing R gain· 

Since you are changing not only shape but also output amplitude you will need to adjust scope gain 

each time you change Rgain · lt i useful to keep the trace ize of active and passive filters compara­

ble, because the pa sive response provide a convenient reference against which to judge the active 

responses. Your substitution box may not offer exactly the value hown in the table (we chose the 

shown value u, ing AoE', Table 6.2, §6.3.2). Do the best you can. ln parenthe e we have hown the 

more-exact va1ue that is desirable, in case you're a perfectionist. 

The la t two cases, in which we deliberately overdo the positive feedback are pointle s in a filter -

but for today s lab they may be u. efu l. They remind u of the boundary w are moving toward in thi 

lab where po itive feedback becomes harmful, and which we'll soon reach. 

9L.1.3 Step response; waveform distortion 

Watch the circuits respon e to a 200Hz quare wave and note particularly the overshoot that grow 

with circuit gain. If you are feeling energetic, you mjght test also the claim that the tame t of the 

filters (with R= l k), which . how the best step re ponse, also show the least waveform di tortion. 

The R= 4.7k filter should show mo ·t distortion. Try a triangle as test waveform. The contra twill not 

be very striking: we saw only a little distortion, from the wor t of the filters. 

9L.2 Discrete transistor follower 

How can the familiar and mild-mannered circuit in Fig. 9L.2 oscillate? To answer that riddle one mu t 

an ·wer two ubsidiary riddle (a you have seen in §9N.7) . 
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Figure 9L.2 Follower as oscillator. 

• How doe the circuit achieve voltage gain (to su tain oscillations)? 

• How does the circuit provide positive feedback? 

The answers depend on the truism that power supplies are not perfect, and that stray capacitance 
can Jet the transistor talk to itself. 

Build the circuit, allowing three to six inches of wire on the + 1 SV lead and watch the emitter 

(if you try to watch the collector in tead you are likely to kill the o cillation with the scope probe 

capacitance). See what 'ground" is doing at the foot of the emitter re i tor, a, well. (To measure this 

voltage you should ground the scope lead some di . tance away.) 

If the circuit fails to show oscillations, try worsening your supply by making the path for + I SY to 

your circuit more circuitou : pa s it through a wire a couple of feet long. When the path is crummy 

enough (that is, inductive enough), the oscillation , hould begin. 

Remedies 

You aw, we hope, a high-frequency o cillation (when we tried the circuit, we saw a sinewave of a 

couple of volts at about 60MHz; with care, and shortening the supply lead, we were able to coax it up 

toward 1 OOMHz). Try the remedies that are in your bag of tricks. We propose these below. 

Quiet the supply (shrinking the disturbance fed back): You can top the o cillation by quieting the 

collector: thi ' shrinks the disturbance ' in the term, we u. ed in Chapter 9N. There are two ways of 

doing thi . 

Shorten supply leads: Thi. isn t much fun, and you may believe that it work even before you try it. 

But a hart + l5V supply lead probably will , top the o cillation. If you do this, revert to the long, ugly 

leads so as to ke p the trouble coming. 

Decouple the noisy supply: You can quiet the collector with a capacitor to ground. Thi cap "i olates" 

the power lines from the transi tor circuit. Or, to say the ame thing in other terms, provides a local 

source of charge when the transistor begin to conduct more heavily: the power upply and ground 

lines need not provide this surge of current and therefore will not jump in respon e; instead the local 

bucket of charge will provide the needed CUIT nt. 

Try a ceramic capacitor, about 0.01-0. lµF. If thi . fail , take a look at ournote on stabi lity in §9S.3 . 

But, again, remove that decoupling cap after trying it. We want o ci11ation , to test the more inter­

esting remedies that follow. 
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9L.2.1 Diminish high-frequency gain 

With the para jtic oscillation creaming away, now let's see if we can stop it by spoiling the high­

frequency gain of thi follower (which, after all wa not intended as an amplifier!). 

Remedy 1: base resistor : See if the remedy works: add a resistor of few hundred ohms between the 

+ SY ource and the base. Make ure you remove the decoupling cap that wa making the ba e vo]taoe 

"stiff'' at high frequencies. We hope the base resistor top your o cillation. If not try larger value 

of R. 

Remedy 2: ferrite bead: Another way to tame this o cillation - arguably more elegant, becau e it kill ' 

the high-frequency oscillation without degrading low-frequency R out - is to place aferrite bead on 

the base lead (or in series with the lead, jf the bead is surface-mount, as mo t now are . This increase 

the ba e lead's inductance, and also makes it " lossy," so that at high frequencie it look resistive 

rather than inductive (inductive i risky, because it can resonate with stray capacitance, bringing on 

oscillations again). A typical bead 's frequency re pon e L . hown in Fig. 9L.32 

Figure 9L.3 Frequency 
response of a Murata 
BLMP21P ferrite bead . 

• Equivalent Circuit 

(R41sistance elemenl baQomes dorrinant 
al l!igh lrequenoes.) 

• Impedance-Frequency Characteristics 

10 100 1000 

Frequency (MHz) 

We will not u e a surface mount part, of course, but rather a cylindrical bead . Our u ual hookup 

wire, 22 gauge, is too heavy to fit through the bead. Use thinner wire, for example 30-gauge Kynar. 

If you form two loops, you will quadruple the effective impedance3 Fig. 9L.4 shows what the bead 

look like on a wire. 

Figure 9L.4 Ferrite bead with fine wire looped through it . 

9L.3 Op-amp instability: phase shift can make an op-amp oscillate 

9L.3.1 Simple op-amp amplifier, with various loads 

Low-pass filter in the feedback loop : The circuit in Fig. 9L.5 is a familiar non-inverting amplifier, 

with a heavy capacitive load that makes it marginally stable. As load, use about ten feet or o of BNC 

2 The curves are typical , presented in an "engineering note" by Vishay: http://www.vishay.com/doc /ilb_ilbb_enote.pdf. 
3 A second loop doubles the magnetic fi Id. for a given current. and double the re ponse to the magnetic field. 
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cable (30pF/foot . If you don ' t find a long BNC, join everal shorter section with links or with a BNC 

"Tee".4 

BN( (10 feet or ,o) 

or ( for Mfl.;t trovhle,se t pot 100k} 
10k for uni,ty ~il-Ln.) 

Figure 9L.5 Load capacitance can 
make a feedback circuit unstable . 

Your first ta. k is to coax this circuit into oscillation. To do thi , minimize the gain: turn the pot to 

feed back all of the output ·ignal. 

The circuit may not oscillate, at first. If it doe not, drive it with a quare wave. That should start it, 

and once started it i likely to continue even when you turn off the function generator, or change to a 

inewave. 

Remedy 1: Shrink the disturbance fed back: Now - with the circuit oscillating - gradually turn the 

pot so a to shrink the fraction of V0 u1 thal is fed back. (What are you doing to gain incidentally?) 

When the oscillation stops, see how the circuit responds to a small square wave (make ure the output 

doe. not , aturate). If you see what looks like ringing (or like the decaying oscillation of a resonant 

circuit), continue to shrink the fraction of Vout that is fed back until that ringing stops. 

We hope that you now have confirmed to your ati. faction that stability can depend on the gain of 

a feedback circuit. Thi fact explain why so-called "uncompensated' op-amps are available: if you 

know you will use y ur op-amp for substantial gain, you are wa ting bandwidth when you u e an amp 

compensated for . tability at unity gain. 

Other remedies: But uppo e you want unity gain, and need to drive a long coaxial cable? You could 

try any of several olutions. Laziest would be to shop for an op-amp or buffer designed to be stable 

when loaded with a lot of capacitance ("a lot" i . omething above, ay lOOpF). 

Try another pair of remedies, here. Try them separately. See if either is sufficient. If neither is you 

might try them together. 

to load 

Figure 9L.6 Series R can take shifted point outside 
feedback loop . 

• Serie R: take the load outside the feedback loop. Put a I OOQ to 220Q resistor in series with the 

BNC cable, and outside the feedback loop, as in Fig. 9L.6. See if thi stabilize the amp. 

• Snubber: connect a small-valued R AC-coupled to ground, as in Fig. 9L.7. 

The snubber i a little mysteriou . lt appears to kill high frequencies in an unusually crude way: by 

loading the output heavily at high frequencies - a range where Zout is ri ing, as the impedance of the 

snubber hrinks toward its minimum the value of R alone. (The impedance of the snubber shown in 

Fig. 9L.7 falls to ./2.R~ I 4Q at around I 60kHz) . 

4 At high frequen ies, this might be a poor idea. but the T works fine al our p-amp freguencie . . 
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Figure 9L. 7 Snubber. 

9L.4 Op-amp with buffer in feedback loop 

The circuit in Fig. 9L.8 resemble other that you have built before. The difference thi time is that 

we'll be looking for trouble . 

Use big power transi tors: MJE3055 MJE2955. You used these back in the pu h-pull exercise of 

§6L.8: terminals are BCE seen from the front (the side with the part number labeling). 

The key change that makes trouble very likely is our adopting an op-amp that has gain higher 

than 4 11 . We a k you to use an LTI 215, a device who e gain starts higher (106 at DC versu · the 

' 411 's 200,000) and extends out to 23MHz (versus the '4 11 's 4MHz). So, the op-amp ha not only 

more virtue but al o more potential vice, at frequencies where phase-shifts inside the feedback loop 

become dangerously close to converting negative feedback into po. itive. We hope it will buzz for you, 

so that you can try a new remedy. 

Figure 9L.8 
Push-pull buffer 
in feedback loop. 

10n Load .,,.- - ...... 

' ' 

8.n. 
spea.hw 
U11dvdive 

capt~uve) 

(Note that the pinout of this dual op-amp matches that of the LM358 standard for duals, but do 

not match that of the more familiar LF411 .) Try the circuit without peaker attached: feed the circuit 

a inewave of a volt or so, at around LkHz, and confirm that the circuit follows , without showing 

crossover distortion5 . 

Now a load, add an 8.Q speaker. (If the sound i obnoxious, lower the amplitude.) We hope you 

will see oscillations at the output of your amplifier (they may not affect the sound however). 

Persuade your circuit to show parasitic o cillations, brought on by the low-frequency inewav . 

Determine the approximate frequency of the para ·itic fuzz , so a .. to decide who ' to blame, op-amp or 

transistors. If the frequency is in a range where the op-amp still has substantial open-loop gain, you 

can afely assume the op-amp i. to blame. Oscillation cau ed by the tran i tor are likely to be much 

fa ter. (We got the hand ome oscillations shown in Fig. 9L.9.) 

Cheat , if you must, to get an oscillation : If you cannot get your circuit to misbehave with peaker 

as load, try an installed capacitive load: say 0.00 Iµ F to ground. Experiment with the Cioad that brings 

on o. cillation. But be warned that too large a C, curiously enough will prevent oscillation, simply by 

overburdening the op-amp in the manner of the snubber circuit. 

5 I f you're ··tucky," you may be bles ed with a para itic o cillation even in thi · preliminary te ·t. 

LT1215 
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Trig 'd 

A Trigger 
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Figure 9L.9 Push-pull fuzz : no split 
feedback, speaker attached . 

Remedies: Then try (separately) the following remedies; see if you can stop the oscillation . . 

• Decouple the power supplies (if you haven't already done so). 

• Add a ba e resi tor of a few hundred ohms, if you suspect the transistor . 

• Add local (or ' plit") feedback: I OOpF direct from op-amp output to the inverting input. You will 

need an R in the long feedback path from circuit output, to mate with this new C. The idea is to let 

the R provide feedback at moderate frequencies C to provide feedback at the higher frequencie 

where phase- hifts make the circujt unstable. Choose R to equal Xe at ome frequency below the 

frequency at which you have observed the oscillation. 

• Add a snubber RC ( I OQ, 0.1 µF again). See if the snubber alone can stop the oscillation (remove 

" plit feedback" to do thi test). 

• Once the op-amp i stabilized - with plit feedback or with nubber - ee if removing the base 

resi stor disturbs the circuit. 

• Try a mall re istor ( tart with a value under I OQ) outside the feedback loop, in serie. with the 

speaker or Cioad (nothing new to you: see Other remedies on page 377). 

We hope you can quiet the amplifier. If you can t, ask for help! 
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95.1 Op-amp frequency compensation 

I AoE !i4.9 

We have noted elsewhere that all the op-amp we meet in this course use internal "frequency compen­
sation' that make ' them. table - at least, if we refrain from putting strange things within their feedback I AoE §

2
.S.4B 

loops. Frequency compensation, surprisingly enough mean · deliberate rolling-off of the amplifier's 
gain. This may seem perverse - especially given Black's fundamental insight that 'exces gain' i 

exactly what is necessary to achieve the benefit of negative feedback. 1 But the need for stability is so 
fundamental that every other concern must give way in it pursuit. 

The ' 741 op-amp, a hugely succes ·ful part, ~eem to owe it. succe s to the fact that it was the 

first internally compensated op-amp - and therefore delightfully ea y to use.2 About 45 years after it 

introduction by Fairchild (the company that first developed the first fully integrated circuit) th '741 

till occasionally appear, in new design - at least, in designs from developing countries where its 

wide availability and low price may bee. pecially appealing. The 411 op-amp that we u e in most of 

our labs use. a design fundamentally the same as the '741' , and includes internal compensation, now 

standard. The major difference between the two parts is the ' 4 l 1 's use of field-effect tran istor at the 
input stage. 

A look in ide the' 411 circuit hows a capacitor planted between output and input of the high-gain 

·tage; this capacitor performs ju t as the cap does when placed between output and inverting terminal 

of an op-amp: it forms an integrator. 

Thi ' roll off and phase hift ( or "integrator behavior") is imposed because it i better than the alter­

native: exces ive pha e shifts that would bring instability. 

95 .1.1 Waveforms to persuade you the op-amp really does integrate 

A skeptical reader might well reject what we have just said: haven t you seen, over and over in the 

lab, that an op-amp does not show pha. e shift? You have watched input and output of followers and 

amplifiers on the scope. A follower follows faithfully reproducing the input waveform, does it not? 

You are entitled to be keptical. But the way to r concile what you have observed with we have 

just claimed is to recall that every op-amp circuit you have seen - with the unimportant exception of a 

couple of comparator circuit - included negath efeedback. That feedback hide the op-amps internal 

integration, just as it hides any other annoying transfer function that are put within the loop. It hid the 

push-pull' cros over distortion; in general, it hides the "dog" that we sketched in §6N.9. 

I By now. the language of Harold S. Black', patent probably is becoming familiar to you (patent 2, I 02,671 l 1937]): ·· . . . by 
constructing a circuil with excess gain and reducing the gain by negative feedback. any de ired degree of linearity between 
output and input. .. can be realized, the limiting factor b ing in the amount of gain that can be attained . . .. " 

2 Walter Jung, Chapter H, ''Op-amp History.'' in Analog Devices' 
http://www.analog.com/library/analogDialogue/archives/39-05/op_amp_applicationsJiandbook.html. So, engineer 
gobbled up the part that did not require adding one small capacitor. [ alway take comfort in evidence that the rest of the 
world is as lazy as I am! 
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Figure 95.1 Gain 
rolloff for 
compensated LF411 
op-amp - and its 
cause. 

I <o 100 1k ,.k 1°"< 1H .... 

ln,r&J<J (lh.) 

gain roll-off of '411 op amp 
(1/f or integrator behavior) .. . 

.. . "compensation cop," 
Ccomp, couses this roll-off 

I AoE §4.9 

Only if one run the op-amp open loop does the op-amp's integration become visible. Doing this 

experiment i. a bit of a chore, so we have not asked you to build this circuit. One must carefully adjust 

the DC-off et of the input to keep the op-amp from saturating; then apply a mall wiggle. When we 

did this, we got the waveforms of Fig. 9S.2, which expose the op-amp's integration. At the lowe t 

frequencies - at 4Hz, in the figure - only a little pha e hift appears; at lOOHz, the full - 90° shift of 
the integration is evident. 

al f-=,-IHz. vttry litile ph<Ue shift 
at.f=JOOlh abo11t -90 degrees ' shift 

Ai (X I f 800m'"1 

-~·'"'"' _:J 
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at .f= JOOHz, square inp!fl evokes integrator's 011 ut 

I. I• t f•t t, • 1 ~ 0 ., • • hi 
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Ch2 r,eq 
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Figure 95.2 Op-amp's 
internal integration 
becomes visible if one runs 
it open loop. 

95.1.2 Why compensation? Considering the hazards to an uncompensated op-amp 

The uncompensated op-amp would need help : This rolling-off of gain must occur in order to keep 

the circuit stable - whether the roll-off is done for us ("internal compensation") or by our attaching 

an external "compensation' capacitor. To see why it is nece sary, we need to note that the op-amp, a 

multi- tage circuit ( ee Fig. 9S.3), behave. hke a erie of lowpa s filters. 

It behaves like this becau e its several stages form a eries of non-zero source resistance - two of 
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Figure 95.3 An 
uncompensated 
op-amp behaves 
like two or three 
lowpass filters, 
cascaded. 

l/'I. 

A 
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:B c 
~ 

J 

them actually current sources3 - driving tray capacitances. If we didn t intervene, we would find that 

the cumulative phase shift grows alarmingly, see Fig. 9S.4. I AoE §4.9 . t 

Figure 95.4 An uncompensated op-amp 
would show deadly phase shift . 

f 

---.-Z7o0 
,. 

~ 
-180° ~ 

Ill 

We cannot tolerate a phase shift as large as 180° under condition where loop gain - the ignal 

amplified and then fed back - is a much as unity. Loop gain, you may recall usually is written as the 

product AB where A is the op-amp's open-loop gain (the characteristic plotted in Fig. 9S.4) and Bis 

the fraction fed back. 

Two possible solutions . .. : Two solutions are available, in principle (this we have aid in Chap­

ter 9N), for stabilizing such an op-amp: reduce B, by feeding back le s than all of Vout ' or reduce A by 

deliberately degrading the amplifier's gain a frequency climbs. I AoE §4.9. tA 

Limit B: even an uncompensated op-amp can be stable provided very little is fed back ... : The first 
of these remedie would look like Fig. 9S.5: reduce the fraction fed back by putting a divider in the 

feedback loop (this i a gain-of-1000 amplifier) . 

. . . but uncompensated op-amp as follower goes crazy: An uncompen ated ver ion of the cla sic 741 

op-amp has too much gain where its phase- hift hit - 180°, and wired a. a follower it doe , indeed, 

go berserk ee Fig. 9S.6. 

3 Of cour e, the current source , here do fit the de. cription, "non-zero ource res istam:e .' ' 
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if we design the circuit for rots 
of closed-loop gain (say, 1000), 
we're feeding back a small 
fraction of Vovt ... 

Figure 95.5 An 
abnormal solution : 

~--- ] :1.~~~~ 
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even an 
uncompensated 
op-amp could work 
provided little enough 
is fed back. 

I AoE §4.9.1 

8 ,0 v 

Figure 95.6 Uncompensated op-amp, wired as follower, 
oscillates . 

. . . Limit A: but the normal method is to limit high-frequency gain: As you can imagine, designers 

prefer to work with an op-amp that is stable even when not asked for very high gain. Best of all is an 

op-amp (like all that we u e in lab) that is stable even when the entire output voltage is fed back (in 

other words, when it is wired as a follower). To tolerate 100% feedback (B= l ), the op-amp mu t have 

its gain ruined before phase shift reaches - 180°. Figure 9S.7 shows a follower and the roll-off of gain 

that it requires. 

Phase margin: As the compensated op-amp approache its maximum frequency - and it gain ap­

proaches unity - its phase hift flirts with trouble: moves beyond - 90°, but stopping short of disaster. 

loo.1..81----......----

loo mud, ya,i,, 
still, g I 

f,ey • "'"! "'-~"' f' f,.S( sh,(; IS 

dan7e,01n 

the most challenging circuit: 
a mere follower: since it 
feeds back 100%, it requires 
conservative gain roll-off Figure 95.7 The usual 

solution : roll-off open- loop 
gain (A) for stability even 

at B = I. 
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The di tance from "di aster" - from - 180° - is called the op-amp's "phase margin." Most op-amps 

put that at between 45° and 60°. The plot in Fig. 9S.8, from the ' 41 l' data sheet, show about 50° 
margin (wrongly labeled "phase" rather than 'phase margin"). 

Bode Plot 
30 this is not phase, as labelled, 
20 100 but "phase margin"---

:! / the difference between 
; amp's phase-shift and 

Figure 95.8 Op-amp 
phase shift approaches 
180° , but stops safely 
short. 
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... phase margin 
is about 50 degrees 

This detail reminds one why even omewhat less than a - 90° shift imposed by omething put into 
the feedback loop can send a circuit off the rails. 

95.1.3 Decompensated and uncompensated op-amps 

Uncompensated op-amps: One can buy an op-amp that leaves it to the user to install that gain-killing 
capacitor (external to the IC of course). Early op-amps worked this way; after the '74 J they became 

exceptional. Such an "uncompensated' amplifier is offered because internally-compensated op-amp 
give up gain in order to make the devices stable in the harde t case, the follower circuit. Fig. 9S.7 
contrasted the gain rolloff of a generic compen ated versus uncompensated op-amp. At unity gain, 
the uncompensated op-ampwould be unstable; it compensation could be adjusted to fit the closed­
loop gain in a particular application. 

Decompensated op-amps: An intermediate possibility is a "decompen ated" op-amp:4 one that would 
be unstable at unity gain (where you feed back 100%) but stable at some closed-loop gain such a 10 
(where you feed back only 1/10). If you know that your circuit will not push circuit gain below 10, 
then you can afford higher open-loop gain at a given frequency. The Linear Technology LT6230, for 
example, a 21 SMHz part is offered in two versions: one compensated the other decompensated -

rigged to be stable for gains of 10 or more. The curve in Fig. 9S.9 (pretty hard to read because they 

are so dense with information) contrast the two versions.5 

Since the circuit with gain of IO mns with reduced B, the circuit can be stable with open-loop gain, 
A, boosted, as well. You' l1 notice that the decompensated part shows higher gain at every frequency. 
It can afford that, because it is the loop gain - the product AB - that matter , and a gain-of-ten circuit 
holds this product to a level that is safe for this op-amp. 

95.2 Active filters: how to improve a simple RC filter 

Figure 9S. IO show a linear amplitude-versu -frequency plot for an ordinary RC lowpa s filter. Thi 
response disappoint us in two ways: 

4 AoE points out that a better name would be "under-compensated.'. 
5 Linear Technology: LT6230/LT6230- l O datasheet. 

oE §4.9.2B 
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Open-Loop Gain and Phase 
vs Frequency 
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LTC6230 

Open·Loop Gain vs Frequency 
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Figure 95.9 This 
op-amp comes in 

two versions of an op amp: DEcompensated (unstable at unity gain) ... .•. versus COMPENSATED (stable at unity gain) 

both compensated 
and decompensated 
versions. The latter 
offers higher gain, but 
is unstable as a 
follower . 

Figure 95.10 RC lowpass response (linear plot) . 

• its pa s-band is not as flat as we would like. That' evident in the plot hown: not much like the 
flat pas -band of a textbook drawing! 

• its fall-off i not as teep as we would like. We have gotten u ed to " - 6dB/octave, ' characteristic 

of our imple RC lowpa but sometimes we'd like more. 

Simply ca cading RCs doe not olve both problems: it makes the ultimate fall-off twice as steep 

(- 12dB/octave) - but it doe only a very little to boost the droopy passband. 

At fir t glance, the cascading seems to make the pass-band even worse: droopier. Thi is illustrated 

and confirmed with a scope photo in Fig. 9S. I l 6 comparing a single RC with hcts = lk.Hz, against a 

ca cade of two RC lowpass filter each with hcts = lkHz. 

J ,. 
~ 

1 
1 
~ . 

09 

07 

'IHlUe'f~ fH,h 

rolloff of filters of 
several stages 

2 cascaded RC's 

Figure 95.11 
Cascaded RC s look 
pretty bad : the 
passband looks 
droopy ... 

6 The left picture is taken from AoE Fig. 6.2; the 1wo part of Fig. 9S. l l can ' t be compared directly, becau 'e the cope image 
i log- linear (log frequency, but linear amplitude), wherea AoE plot here are linear on both axes. 



386 Supplementary Notes. Op-Amps IV 

The frequency that wa huB now is /6ctB: the output is down 6dB. But to compare pas bands fairly, 

one ought to compare filter with the ame h<lB 's . A comparative plot o "normalized' make the 

cascade look better· . ee Fig. 9S.12. In fact the cascade' passband i less droopy than the ingle RC's 
- a result that may contradict your intuition. 
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Figure 95.12 Normalized plot of 
frequency response of single versus 
2-cascaded RC lowpass filters: 
cascade looks better. The left- hand 
image reproduces AoE 's Fig. 6.28 . 

B normalized roll off for passive RC: 
various numbers of poles 

detail of rolloff: single-pole vs 2-pole 

If nothing better were available, we would live with the e droopy pas bands, in order to get the 

steep ultimate ro11-off. However, LC filters can give better performance - and, a you will see when 

you do Lab 9L, o can op-amp active filter circuits, which are able to mi.rµic -- the performance of LC 
filters without the use of inductor . 

To get a better filter shape - that is, frequency response - we need a de ign trick that lets u. flatten 

the passband while getting a good teep roll-off. 

In order to flatten the pa s-band of a simple ca caded two-RC lowpass, we need to give the filter 

output a boo t (a kick in the pants) just where it i most wi hy-washy: just below hcts (below, in 

the ca e of a lowpass, anyway). On the other hand, in order to steepen the ultimate fall-off, we need 

only duplicate the effect of 2 similar RCs in eries. Soon, you may find yourself getting fussier and 

caring about finer points, like the teepnes of the initial roll-off (close to .f3d8 ). But for a tart, lets try 

whether we can see intuitively how a particular active filter manage to flatten the passband of an RC 
lowpass while achieving the - 12dB/octave roll-off of a "2-pole filter (the ultimate lope you would 

see from two RC lowpas filter in erie ). 

95.2.1 An intuitively-intelligible active filter : VCVS 

AoE calls the filter in Fig. 9S. 13 even partly intuitive," implicitly acknowledging that most active 

filters are depressingly non-intuitive: their designs reflect messy math and therefore force one toward 

cookbook design methods that are not instructive. The VCVS7 "Sallen-Key" filter shown in the figure 

make both of the improvements that we called for. 

Active filter flattens the passband ... : Positive feedback boosts the passband feeding back what 

amounts to a bandpass kick. Why bandpass? ': the feedback is high-pass but the ource of the feed­

back i · the output of a low-pass (the basic circu it we are building); the product of the two i bandpass, 

hence the well-placed and well- haped kick in the pant . 

What we have described as a bandpass kick could also be described as akin to bootstrapping C1 -

and then some: not only does C, not burden the ignal fed by R1 at frequencies below .f3dB, it actually 

7 VCVS: "voltage controlled voltage source:' a name that does nothing to demystify this circuit! 

I AoE §6.3. 1 



See oE Fi g. 6.30, 
comparing responses 
of three filler types 
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boost boosts the signal that i fed to the pas ive Iowpass formed by R2 C2 . This is because, in this 

passband frequency range, the far ide or "foot" of C 1 is driven in-phase with the input ignal and at 

larger amplitude. 

I I 
. I C I 

h1ghpass~ 1 
(for signal ________ I 

fed back) 

- - - - -~- lowpass 
I R2 I 
I I 
I + 
I I 

C2 I : 
----::::._ ___ I 

Figure 95.13 2-pole active 
filter: VCVS (lowpass), one 
variant of Sallen-Key filter . 

Figure 95.14 Active filter 
seen as bandpass, in 
passband. 

In the "stop band", the first capacitor, C1, loads R I instead of boo ting it, since the circuit output 

- applied to the foot of C1 - i mall on account of the attenuation imposed by the R2C2 lowpass. 

Deep into the stop band, the filter behaves like the cascade of two imple RC Iowpas ection . (It's 

not quite as clean as that, ince the two section do not show the l: IO impedance that would prevent 

their interaction.) Hence the teep ultimate roll-off ( - 12dB/octave) . 

. . . Active filter can achieve very-steep rolloff: A mystery not explained by this 'kick in the pants' 

argument i the very steep rolloff achievable close to the cutoff (or hcts) frequency. Phase shifts, 

ganging up fortuitously explain it, we suppose: not a very sati factory answer, but about all that's 

available in this non-mathematical view. 

Figure 9S.15 shows the filter' respon e plotted against the respon. e of a simple RC and two cas­

caded RC all haring a common hctB. The 2-pole active filter flatten the passband while teepening 

fall-off. 

The active filter can be tuned to optimize what you choose: Adju ting the gain Jet one optimize 

one filter characte1i tic or another, always at the expen e of some other filter behaviors. One gain gives 

ftatte t pa band (called a "Butterworth' filter); another gain (higher) provide steepest rolloff (called 

a ' Cheby hev' filter; yet another gain (lower pr erve waveshape bet ( 'Be sel"). In Fig. 9S .16 we 

show the effect of three gain · tting . 

Since it is positive feedback that boosts the pa sband, we need to use this medicine judiciou. ly: too 

much, and we 11 fir t make a bump in the passband, in place of droop - and then, if we really overdo it, 

we'll kick the circuit into uncontrolled. continuous oscillation. Fig. 9S.16's oscilloscope images show 

a rang of pos ibilities. The e image. result from va.riou amount of positive feedback (circuit gain 

varie . too· the ·e plots have not been normalized for con tant amplitude in the passband). 
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Figure 95.15 2-pole 
VCVS filter: 
compared to simple 
RC. and to a pair of 
RC s cascaded . 

Figure 95.16 Filter's 
frequency response 
depends on strength of 
positive feedback: multiple 
exposure shows several 
response shapes. 

flattest response (Butterworth) 
;s somewhere in here 

ga;n is much 
too high 

Higher-order filters: If you want a 3- or 4-pole or higher-order filter, you can cascade active 2-pole 

section . Here our intuitive grip lips almost entirely: the everal sections are not alike, and the expla­

nations for the strange coefficients (gains, in the VCVS form, and f 3d8 values) become mercilessly 

mathematical. 

We find some comfort in the thought that the big, ugly equation that de cribe the desired response 

of, say, a 4-pole filter (which shows powers up to four in frequency) can be factored into the somewhat 

cozier quadratic form that you have already built - a modest 2-pole filter. But apart from that, these 

fancy filters are distressingly my terious. If the mystery doesn't offend you, you'll find you can build 

good active filters by using the tables provided in AoE (table in §6.3.2: lowpass, four alternative 

shapes).8 

For the ultimate in cookbookery, a pointed out in Chapter 9N, you can invoke Tl/Burr-Brown 

filter design program, FilterPro. You may feel like a dope, but the program will deliver a good design. 

However you proceed, we hope that today's glimpse of an active filter in lab wil1 embolden you to u e 
the, e circuits. 

Transient response; shape preservation: Fig. 9S. l 7 shows re pon e of the VCVS 2-pole lowpass, 

at three gain ettings: tame t (be t time delay and shape preservation); flattest; and teepest. (The e 

are the gains you will try for yourself, in the lab. You can see that overshoot grow with gain, and 

K And here a friendly and clear book, if you feel like learning more about active filters : Don Lanca ter' Active Filrer 
Cookbook (Sam , L975). 

two cascaded 
RC's 

I AoE §6.3.3 

Compare 
Fig. 6.27 

AoE 
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that the steepness of initial rolloff also grows with gain. As usual we pay a price in once characteristic 
when we improve ome other. 

The bottom image in Fig. 9S. l 7 how ales striking contrast among the three filters ' treatment of a 

triangle. The bottom image show the Bessel doing a somewhat better job of preserving the triangle's 

shape, as advertised. 
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low gain accompanies 
good, tame step response ... 

... with higher gain 
comes more distortion 
of wave shape 

11-<>c,-,, - worst distortion 
II 

is'' ~ accompanies highest gain 
.!! ~': · / ), 0 ·· - '"';,: ,,... (and steepest rolloff) 

; -~~-: ) :::: :·::·· ~";~!,~~~~:~: (~=,~~) 
.:;.v' ~ -- __ , accompanies lowest gain 

. - · - - - - - - (and gentlest rolloff) 

95.3 Noise: diagnosing fuzz 

Figure 95.17 Transient 
response shows trade-off 
between shape preservation and 
steepness. 

Who s to blame if your circuit output (and sometimes input, as well!) look fuzzy? 'An oscillation' 

probably - though not certainly. But what'. oscillating? Usually you can find out pretty ea ily. Some­

times, it's not ea. y! 

95.3.1 Preliminary question: is it a parasitic oscillation? 

Is the oscillation "parasitic?" Not necessarily. Something is oscillating, but the fuzz may not be your 

circuit's fault. Con ider a few other likely causes. It will help to know the frequency of the fuzz but, 

oddly enough, it may not be easy to judge at once whether the offending noise is at a frequency much 
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lower or much higher than your ignal's. You may at a glance, know only that there's fuzz. Adjusting 

the scope's sweep rate should settle the question. 

Then, if the frequency is much lower usually the problem is 60Hz pickup· if the frequency is very 

much higher, probably you're seeing pollution by radio or TV broadca 't. In-between frequencie may 

indicate parasitic oscillations. 

95.3.2 One pollution: line noise 

An example: The lower trace in the scope image of Fig. 9S.18, shows a inewave at around lk.Hz, 

with a displeasing fuzziness or thickening that the focu knob would not fix. What' · wrong? 

Figure 95.18 Stable low-frequency bumps on your 
higher-frequency signal waveform indicate line noise. 
(Sweep rates : top trace, 5ms/ div, bottom trace, 
0.2ms/ div.) 

~T 60,24Hz 

I 
I 
l 
I 

A 
I 

SOm\l 

EXT 

It could be either high-frequency or low-frequency noise. 60Hz ' line noise '9 is a troublemaker 

whose work is easy to pot: try triggering the scope on line, and drop the cope's sweep rate down 

to a few ms/div. That's what we did to get the top trace of Fig. 9S. l 8. The wobbles tabilized for 

u . When this occurs, the effect will be evident at a glance. In addition, the waveform in the image 

repeats at 60Hz as the cursors indicate (along with the 1/1}.T calculation di played above the upper 

trace). That's not surprising, but does tell us a little more than we can learn from the fact that line 

triggering tabilize the display. Sometimes line noise repeat at l 20Hz rather than 60Hz as we'll , ee 

in a moment. 

Incidentally in Fig. 9S.l9 i the circuit that produced these waveforms: we put in a IOM series 

resi. tor, then watched the op-amp input (a if we were trying to measure Rin , say). The measurement 

point is driven very flimsily and thu is specially vulnerable to noi se. 

Figure 95.19 High- impedance drive at op-amp 
input makes that point vulnerable to noise 
pickup . 

_,...- - - ------- -
/ " I \ 

I I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I -
\ 

' -------- - - -

to scope 

The troubleshooting point, reiterated: If you see stable bumps when ttiggering on Line then your 

bump are synchronized with th 60Hz power supply, and almost urely they are caused by that supply. 

We expect that by now you have picked up thi piece of jargon meaning "noise resulting from the 60Hz o cillation of the 
power line voltage'' (50Hz in Europe . 
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• If the bump repeat at 60Hz (or 120Hz, the repetition rate of the full-wave-rectified waveform put 

out by the power supply) , still there is more than more one likely cause: 

your circuit may be picking up the 60Hz, at some high-impedance input (we ju t saw thi in 

the circuit of Fig. 9S.19 and it' the more common cau e); 

alternatively, you may be Looking at the effect of ground noise - a voltage difference between 

the ground on your everal instrument caused by ctments flowing in long ground return ." 

Make ure that all your instrument are plugged into a ingle power trip or, anyway, a single 

power outlet. Thi ground loop' problem is explained a bit further in the next subsection. 

If the bumps are of one polarity and repeating at 120Hz you 're probably looking at the effect 

of ground- and -upply-current surge that occur when your power supply filter capacitors 

recharge, each half-cycle of the line input. Thi you cannot fix - except with the sidestep of 

finding a quieter supply as we uggest in §9S.3.3. 

95.3.3 Another pollutant: ground noise from ground loop 

Figure 9S.20 illustrat . the second cau e, not pickup but ground noi se re ulting from plugging in­

strument into differing outlets. The top trace in the fi gure show a si newave a it comes into a lab 

breadboard from a function generator. The trace looks sinu oidal but fuzzy. Slowing the sweep and 

triggering on line as usual, we see what the second trace hows. The bumps stabilize, so that this 

seems to resemble the pickup case. 

1) input as first seen: 
thickened trace: 

2) ... slow sweep reveals 
bumps (ii) 60Hz 

~T 6C),06Hz 

Figure 95.20 
Ground noise 
pol I utes every 
trace. 

But look at the circuit: Fig. 9S.21. The fuzz is not the fault of the generator and it is not pickup. 

Thi time the impedance at the input of the circuit i low: not the IOMQ of the earlier case, but the 

50.Q of the function generator. So "pickup" is not likely. 

, 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I ,, __________ _ 

------ to scope 

Figure 95.21 Circuit showing bad 60Hz noise at input: 
this one is not vulnerable to pickup. 

Moving the oscilloscope power plug from a power trip a couple of feet down the bench into a 

power trip hared with function-generator and power supply solved the problem. The input now 

look like trace 3 in Fig. 9S.22. (The weep rates in Fig . 9S.20 and 9S.22 happen to differ). The line 

noi e i barely apparent in the latter. 

The ugliness of Fig. 9S.20 re ulted from the fact that two instruments, scope and function generator, 

by chance were plugged into eparate room outlet . The e eparate outlets may not merge their third 
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Figure 95.22 
Ground loop 
fixed : traces lose 
their 60Hz noise. 

3) improved ground 
makes sine cleaner ... 

4) ... and slow sweep shows 
no obvious 60Hz noise 

"world-ground" lines for a con iderable distance. So, this is a ground loop at work, one formed by the 

long ground lines. When this loop i "cut" by a 60Hz magnetic field (cau ed by current flowing in 

other power lines in the building), current are induced in thi loop. The noise result from a voltage 

drop as these currents flow in the non-zero impedance of the ground lines. 

Another ground loop instance: The cope image in Fig. 9S.23 shows the , ame ground loop behav­

ior, but to more ·pectacular effect. "What is this mess?" , you may find yourself exclaiming, if your 

carefully built circuit evokes such a display. 

Figure 95.23 Ground noise that can occur 
when instruments do not share a common 
ground definition : it can make a display 
unintelligible! 

The image in Fig. 9S.23 is trying to how us a 4-trace 'scope multiplexer" di play ( omething you 

may build in a digital lab later in this cour e). The image in Fig. 9S.24 hows what it ought to look 

like. The trace are chopped, and the display in the figure is correct: thi is what a 4-bit counter hould 

look like. The hideou image that we 'howed in Fig. 9S.23 comes, once again, from a scope that is 

plugged into an outlet strip different from the one u ed for breadboard and function generator: pretty 

awful! 

Figure 95.24 4-channel scope display as it 
should look. 
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More commonplace ground noise: poorly implemented ground: Here' the third case - where the 
bump are of one polarity and repeating at 120Hz. The PB503 breadboard has a flim ... y ground that 
jump ... during the supply-current surges that occur when it. filter capacitor. recharge, each half-cycle 
of the line input. For thi problem, theres not much you can do, hort of substituting a quieter power 
supply. Our PB503 powered breadboards show a lot of this ground noise ; a good lab power supply, like 
our Agilent units, shows no such defect. Lab 7L uggests such a change of supply in the discussion of 
the microphone amplifier circuit. 

Figure 9S.25 illu trate this effect. The top trace shows what you're likely to ee first: again a 
thickening or fuzzines s of the output trace. (Thi time the thickening is light.) Trigger on line slow 
the sweep rate, and the wiggle stabilize; then the I 20Hz repetition rate reveals the cause i not 60Hz 
pickup but the power-supply problem. The most revealing signal is the bottom trace: the ground line 
itself is bumpy! Time to reach for a better supply. 

Here's the initial observation: a slightly thick­
ened ignal trace. 

Now if you su peel the noi se i line or power 
supply, trigger on line" and .low the sweep 
rule. If the bump tabilize, the supply i the 
cause. 

A clo e look at the ground line itself how the 
supply noi ·e (cau ed by th current surges as 
the filter cap is charged on each half cycle of 
60Hz). 

Figure 95.25 Ground noise pollutes every waveform observed in the polluted circuit (sweep rate much 
higher in top trace than in lower two) . 

95 .3.4 Another pollutant: RF pickup 

At the other frequency extreme, you may notice fuzz - usually low-amplitude - that you can resolve 
by sweeping the scope very fa t. The lower trace in Fig. 9S.26 how uch indeterminate fuzz. If you 
can trigger on this fuzz and weep fa t, you can confirm that it's in the multi-MHz range. This we have 
done in the upper trace of the figure. You then can complete your confirmation of radio a the culprit 
by turning ofl your circuit and watching it. input. If your circuit is not to blame the input noi e will 
per i t. 

There' no ea y remedy for this problem. In principle, what you want to do i hield your circuit -
or at least minimize wire lengths at high-impedance points. Low impedance too, make your circuit 
le s vulnerable to such pickup. It i useful , in any case to know that the fuzz i not your circuit' fault: 
you won't now spend time cha ing through your circuit to find causes for its misbehavior. 
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fast sweep rate 
can resolve fuzz ... 

.. . whereas slow sweep 
rates shows only fuzz, 
or thickening of trace 

\ 
'I :\ 
' I ' 

£) I 

. -·- . - -- ... .... 

. . 
' I I' 

I I· I/ . 
I ·/ 
'· 

JI 10; AA• · 
Figure 95.26 Vague fuzz sometimes 
will resolve into high- frequency sine, 
if you sweep fast (top trace shows 
fast sweep, bottom trace slow 
sweep) . Note differing scope gains on 
the two traces. 

· · ----....,, ,,_,..,,..)1-,s ..... · _,c~ilf Gn1v 
5ms 

95.3.5 True parasitic oscillations 

If it is an oscillation, what's oscillating? Often the frequency of oscillation can ettle this question. 10 

Let' look at two examples. 

Example 1: Discrete-transistor follower: Look back at Fig. 9L.2, which show a ca e where there'. 

only one u pect. 11 If the output trace i fuzzy, the fault i the tran istor's; no detective work required 

here, but this easier case may help us to solve the second case in Fig. 9S.28. Fig. 9S.27 show. what 

the follower' . output looks like at two weep rates. 

Figure 95.27 Follower's fuzz resolves into RF 
frequency - but this time it is not pickup! 

slow sweep: 10 µs/div 

fast sweep: 10 ns/div 

Example 2: Op-amp and power push-pull : Here . a harder case: who ' to blame for the fuzz at the 

output of the circuit in Fig. 9S.28? At a glance, look. as if either op-amp or transistors could be to 

blame. Let's look at the the output of this circuit. 

First, in Figure 9S.29, there's the rather spectacular crazine s that appear when we weep fairly 

lowly - as we would if we were looking only for the audio output waveform. 

A fa ter sweep reveal s the frequency of o cillation: see Fig. 9S .30. Thi o cillation frequency - a 

few hundred kilohertz (500kHz) - is implausibly low for a transistor' parasitic o cillation, a io the 

follower that we saw a little earlier (in §9L.2). So, we blame the op-amp, and apply op-amp remedies 

IO For this observation and for a good di cus ion of stability problems, we are indebted to T. Frederiksen. lnt11iti ve IC Op 
Amps, p. J 54ff. National Semiconductor Corporation ( 1984 ). 

11 Could the fuzz be radio pickup? Not likely, becau e the point of observation, the transistor's emitter, hould pre ent aver 
low impedance. 
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(8-ohm 
speaker) 

Figure 95.28 A circuit whose oscillations could be 
blamed on either op-amp or transistors . 

Figure 95.29 Wild parasitic fuzz on push- pull output , 
driving speaker. 

(a shorter path that bypa es the pu h-pull at high frequencies: see Fig. 9L.8). Apparently it s the op­
amp that buzzing. We're in a frequency range where accidental lowpa elements in the feedback 

loop can cause pha e hift that approach their maximum values, and the op-amp still ha gain. So, 

negative feedback ha turned positive. 

2 micrnseconds 

Figure 95.30 Fast sweep reveals frequency of parasitic 
oscillation once more. 

Why the standard remedy, decoupling, sometimes fails: Sometime an o ·cillation get worse when 

you add the usual small ceramic decoupling capacitor to the power supply. Probably, by bad luck 

the capacitance that you just added formed a resonant circuit with the supply-line' stray inductance. 

Try a ceramic of !Ox different value; try a tantalum cap, instead of the ceramic. If all else fails, try a 

small serie resistor between upply and cap- though here you of cour e give up ome of the nice low 

impedance you were after when you put the cap in. If the cap doe form part of a resonant LC. this R 

- usually considered a vice in a capacitor- lowers the Q of the unwanted resonant circuit, quieting it. 

95.4 Annotated LF411 op-amp schematic 

You very seldom need to know in detail whats going on within an op-amp, but it fun and sati fying 

to look at a cary chematic, for example Fig. 9S .3 l , and realize that you can recognize familiar circuit 

elements. 

If the sheer quantity of circuitry here didn't scare you off, you might recognize at least the following 

elements without our help: a differ ntial amp at the input stage; a common emitter amp, next; a push-
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pull output - and a hall of mirror (if you've dared to look at §5S.2). The current limit at the output 

mimics a tiick you will see in voltage regulators (Chapter 11 N). 
Some of the detail are ubtle, though, so we ve done what we can to explain through our anno­

tations. We offer this schematic both as a reviewing device and a a reward for the hard work you 

put into di crete transi tors. We hope that thi exerci e make you feel knowledgeable - let you feel 

that you are beginning to be able to read schematics that would have meant nothing to you ju ta few 

weeks ago. 
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Figure 95.31 Annotated schematic of LF411 op-amp. 
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We will leave to Example 9W. I detailed calculations of the way that c;rcuit gain varie with open­

loop gain. Here, we will settle for an intuitively appealing sketch of the way feedback does it magic. 

I AoE §2.5.3 

Figure 9S.32 is a generalized model of feedback. oE §2.5.2 

It i easier to under tand if we redraw the B block to show a fraction of Vout fed back, a in the usual 

case. Fig. 9S.33 probably looks pretty familiar. 

• B = fraction fed back (a characteristic of the circuit, not the chip); 
• A = open-loop gain (a characteri tic of the chip). 
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traditional diagram ... . .. redrawn to look more like an op amp circuit 

Figure 95.32 Generalized 
feedback block diagram . 

' 
Ri: "B'' dJV1der 

I fr-ad: ,on te.J. 
R1 : hack : B = __!!}__ 

L _ . _ ~ Rt ~ R2. Figure 95.33 Block digram redrawn to show B as 
voltage divider. 

And let ' take note of the product AB, called loop gain. Since high values of both A and B enlarge 

the benefits of feedback, you'Jl not be surprised to find (in § 9S.5. l and later) that when we mea ·ure 

feedback's effects we will use that AB product. 

These notions are enough to let us peak quantitatively of circuit characteristic. that until now we 

could only describe with adjective : "big,"" mall," "very good." These adjectives might de cribe Rin, 

Rout, and constancy of gain. 

W will derive the expres ion for circuit gain, and try to how only qualitatively how feedback 

improve input and output impedances. Try Rin or R001 for the non-inverting amp: ee Fig. 9S.34. 

(You saw such an argument for RoUT in §6N.5.2. ) 

bo0ts+~i p / .._ ___ _ 
ef.fec:t : 

t:,,V_ ne,1rlJ eil(Al ~o 1:.V+ 
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::> t,ri~ t.I,,, 
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95.5.1 Rin 

"f·1'mf' l'T!Sf'Onds 
wdl.. 2ar:t All hett.. , 

~ l UJt CVl"f'( l')t (l,J) 
~{ ovtpvt 

=:>s,...1ll r.."t 

Figure 95.34 Qualitative 
argument: how feedback 
improves Rin and Rout 

(non- inverting amp) . 

Rini bootstrapped: wiggle Vin and the inverting terminal wiggle. about the same way · so ~V across 

the input is very small , and so, therefore, is M . Differential Rin i improved by the factor ( 1 + AB) it 

turns out. Thi is bootstrapping, an effect we mentioned back in §9S.2.1 when discussing the VCVS 

filter. The argument i that if the far side of some component moves as the near side does (being pulled 

up 'by it boot trap '), then the component di appears electrically. But this argument becomes silly 

when Rin is 1012 as it is for the '4 11: then qn dominates the input impedance. Unfortunately, mot of 

Cin i 1101 bootstrapped. 
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95.5.2 Rout 

The argument for Rout i imdar: wiggle the output (apply a little ~V); the amp responds by moving 

point X a lot, putting a large voltage aero its Rout- chip · But thi sources or ink a large current, lout· 

No doubt you can see the nice re ult that follows - magically-low effective Rout· U ing A and B we 

can now make this argument quantitative and we will do that in §9S.5.4. 

95 .5.3 Gain 

We have said that op-amp circuit gain turns out to be 1/ B, where Bis the fraction fed back. Feeding 

back I /10 in a non-inverting amp evokes a gain of 10, for example. 12 Let justify that re ult, u ing 

ju tour definitions of A and 8. 

Figure 95.35 Getting a general expression for 
circuit gain. 

B 

By "gain" we mean v0 /vi. 13 We know that the op-amp i a differential amplifier that amplifie · vdiff 

by its open-loop gain, A. Let's just look at how it amplifie that difference and what feedback does to 

its gain: 

V0 = A X (vi -Bv0 ) = Av; - ABv0 

v0 (J + AB) = Av; 

. V0 A 
Garn = - = 

v · I (I +AB) (l/A+B)" 

When A is large - and AB » l - then Gain ~I/ B. This i the u ual case to which we are accu tomed 

- and it was this constancy of gain that interested Black most of all as he began hi thinking about 

u ing feedback to stabilize telephone "repeater" amplifiers. Of course, A shrinks with frequency, and 

as it does the wonderful effects of feedback shrink too. 

95.5.4 A quantitative example 

Try Rin or Rout for the non-inverting amp, a urning the following characteri tics. 

Assumed op-amp specifications: 

• Op-amps open-loop Rin (differential between its two input ) = lM.Q; 

12 You may or may not recall from a time when you were younger - back in Day 6 - that this evoked behavior i what we 
ca ll ed the op-amp's ability to generate " inver e dog." The "dog'' was the transfer characteristic of whatever wa put in. ide 
the feedback loop. 

13 The lower-case v describing the amplifiers 'small - ignal" re ponse, i: equivalent to what we more u ually write: 

G = tiv0 / !iv;. We need not make much of the difference between V and v or ti V here, becau ·e this is a DC amplifier in any 

ca e. Thus it is unlike the discrete-tran istor amplifiers that have seen. which were AC-coupled . Only tiV (properly also 
called 11) interested u · when we worked with those. 

j Ao §2.5.3C 
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• Op-amp's open-loop Rout = 100.Q; 

• the amplifier circuit has nominal closed-loop gain of 1 O· 
• the chip's open-loop gain is 1000 at 4kHz 14 . 

Rin and Rout are each imprO\ ed by the factor ( I + AB). (This argument i strongly remini ·cent of 

the argument that a bipolar tran i tor improve what' on the far side of it by the factor ( l + ~ ) this i 

what we called the 'ro ·e-colored len "effect. ) 

How large is thi factor ( 1 +AB)? The term A is given a l 000; and B is the fraction of the output 

swing that is fed back: here it is divided by 10 (that i , B=O. l ; this is of cour e how the amp 

achieve it gain of 10). So the product AB i 100. Therefore the hardware characteristic of the chip 
are improved by that factor: 

Rin (differential) is boosted from lMQ to 1 OOMQ. 

R0 u1 is reduced from l OOQ to IQ. 

Notice that the e effect are not quite the same as the effect of the transistor' ~ , which operated on 

whatever impedance was on the far side of the transistor; the op-amp ( 1 +A B) operate on what' 

inside the feedback loop: one doe not look through the op-amp. 15 

Important points: The virtues of a feedback circuit depend on both A and B: a circuit work best 

where AB the loop gain, is large. The quantity A falls with frequency ; B is greatest in a follower, 

least when you look for very high gain electronic justice, once again: if you want lots of circuit gain, 

you'll give up ome benefits of feedback). 

l»q Ii 
v' 

circuit gain / 
100 (amp) 

)

~ . / o/':.n-{o°.f 9a,·n AoL 
sma ller. ~ -f~lls CJ& lod ave '::;f 3 3 1'1 . I ' 

f bamp: 
v ~·,v-flcL:~oJB 

- - - - - - - . - ..... -- - - - - - --
l,., ':J_r· loop 
Jain .48 r ' b rollot,Jer: 

circuit gain ~ ..,..------~---=-L=--=-=--=---=- A=_ e::"""":=~=~ !~-=-=--=-=- ..;::;.- =- -=-=-=-=-~ - _ 
1 (follower) IM f 5, 

I 

Figure 95.36 A falls with frequency ; B is highest for follower. 

8 : 1 

300<1 pe,for-m~n.-e 

A refinement that carries good news: The gain rolloff imposed on "compen ·ated" op-amps make. 

them behave - open-loop - like integrators, above a few ten of hertz. Thi notion is familiar to 

you. That phase shift, - 90° looks at first as if it would do nasty things to our gain calculations. We 

recited a rule aying that gain for a finite-gain op-amp i A/(1 + AB), and we used thi s formula to 

calculate effective circuit gain in § 9S.5.4 on the preceding page. What happen. to thi calculation if 

we complicate it by admitting the truth that for almost all frequencies the open-loop gain A., lag the 

input by 90°? In complex or phasor notation that means d scribing the open-loop gain as - JIAI. 
At first glance, thi certainly seem like a na ty complication - and a disappointment in thi s cour e, 

14 Thi s is true for the LF41 I. 
15 A partial exception, perhaps, to th i: rule occur for the inverting configuration, which makes Rsource relevant to the 

calculatj on of B, the fraction fed back. 
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where in general we have been as uring you that phase shifts usually don ' t concern us. Already we 

have carved a big exception to that reassurance: phase hifts mu, t concern u when we con ider the 

tability of feedback circuit . So far, that ha given us challenges. Now for a change, the phase hift 

is going to pay us a urprising dividend, improving the gain of a finite-gain op-amp. 

AoE make this point by proposing a hypothetical case, which we will restate here, spelling out the 

teps in AoE s calculation. 

A hypothetical case: gain-of-10 circuit, limited A: A and Bare imilar to those stated in the example 

of § 9S.5.4 on page 398. But thi time A is le s: A = 100 B = 0.1. 

C . . . . . h h;r, c· . . G A IOO 9 I ircuit gain, ignoring p ase s 1:,t: 1rcmt gam: = l +AB = l+ IO = . 
Thi is a 9% error: di appointing· given the Golden Rules, we hoped for something better. It turns 

out that we are entitled to such hopes. 

Circuit gain, acknowledging phase shift: Now let's accept the ugliness of complex notation, in hopes 

of finding better gain - omething clo er to the idealized view of op-amp behavior expressed by the 

Golden Rules. Let' s write the open-loop gain not as '100' but as " - I OOj," and then Jet's see what 

results. 

C · · , · . G _ A _ - I 00 j _ - IOO j 
IrCUtt gam. - l+AB - ( 1+(- IOOj)x(O. l ) - 1- !0j' 

So far, thi looks a lot like the no-shift calculation. But now let' a!Jow the - j to do its work. 

To find the magnitude of this gain, G, we need two steps: 

I. clean up the denominator, getting rid of the j , by multiplying numerator and denominator by the 

complex conjugate of the denominator, 1 + 1 Oj: 

G = - 100 j x l + 10 j = - 100 j + l 000 = - l 00 j + I 000 = - O . . 
l - lO j 1 + IO j 1 + 100 10 l · 

99 
J + 9 

· 
9 

• 

2. given the complex result a + b} find its magnitude: IGI = Ja2 + b2 Here, G = J9.92 + 0 .992 = 
)98.01 + 0.98 = 98.99 = 9 .95 

This error is just 0.5% - considerably better than the way things looked when we ignored phase. 

j AoE §2.5.48 
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9W.1 What all that op-amp gain does for us 

We use the Golden Rules to calculate gain if, ay we feed back one part in 100. The Golden Rule 

rely on an assumption that op-amp gain is very high (because, in Black word. , ' ... improvement are 

attained in proportion to the acrifice that is made in amplifier gain .. . ') . Assuming enormous gain, as 

we do when we rely on the Golden Rules, we say the gain of the circuit in Fig. 9W. l is I 00. 

V;n __ __, 

99R 

R 

Figure 9W.l Feed back 1 %. 

Let' see what happens as we a ume everal less-than-ideal values for op-amp open-loop gain, A 

in the circuit from Fig. 9W. l. 

Problems: circuit gain at several frequencies 

9W.1.l Assume no phase shift in A 

First, let s as ume that the op-amp open-loop gain A how no phase shift. 

Problem What is the circuit's gain for: 

• for A= 100? 
• for A = 1000? 
• for A = l 00,000? 

Solution In general, a you know, G = A/( I + AB). Here, B= 0 .01, . o, for the several values of A 
the value. of the product AB are 1, IO and 1000. 

At the highe t gain of 100,000, we get G = IOOk/( l + lk ) = 100 (to within 0.1 %). 

AtA= lOOO we get G = 1000/( 1 + 10) = 91. 
At A= lOO, we get G = 100/(1 + 11 ) = 50. This sounds very sad. In a minute, we ' ll see that this 

overstates the degradation of gain. 

9W.l.2 Two cases contrasted: no phase shift versus - 90° phase shift in A 

Now we will a k imilar questions, but this time trying two contrasting assumptions about the op­

amp' open-loop gain. First we will assume no phase hift , as in the preceding que tion, 9W. l. l. Then 
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we will a. sume, more accurately, that A include. a 90° lag, as il does above a few tens of hertz. At first 

glance this phase lag sounds like bad new . But it actua lly improve results for circuit gain. It turns 

out that the re ults of §9W. 1.1 are gloomier than real life. 

Problem Design a non-inverting amp with gain of 20 (using the Golden Rule ). A sume an ideal 

op-amp a u ual. Calculate gains for finite A. 

Solution The circuit feeds back one part in 20: 

B=0.05. 

We a ume this time that A= LOO. 

Thi hypothetical gain i · lower than what we usually have een in our lab circuit . For the 

' 411 op-amp thi would be its open-loop gain at 40kHz. We set A low in this example in 

order to emphasize the helpful effect of the op-amp' phase hift. 

The product AB=5. 

Pro blem Calculate gain assuming no pha e shift. 

What i circuit gain if op-amp A= 100? 

Solut ion Assuming no phase shift. 

A 100 
G = ( I +AB) = (1 +5) = 16· 

Thi is 20% below the hoped-for 'Golden Rule' gain. 

Prob lem Calculate gain. a suming - 90° phase shift. 

What i circuit gain if we acknowledge the phase lag, and put the open-loop gain A= - 100}? 

Solut ion Assuming - 90° phase shift. Now we write the open-loop gain in the complex notation 

that indicates the lagging phase shift: A=- 100}. 

G = A 
(I + AB) 

- lOOj 

( l - SJ ) 

We did a simi lar calculation in §9S.3. Here, we can find the magnitude of thi complex quantity using 

a shortcut: the gain i the ratio of magnitudes V0u1/ Vin· Then G = 100/ J( 1 + 25) = 19.6. Much better: 

just 2 % below the Golden Rule gain. Taking account of the phase shift tends to re tore a person's faith 

in the Golden Rules doe it not? 

9W.2 Stability quest ions 

Problem (Three marginally-stable circuits) Figure 9W.2 shows three circuits that may buzz, either 

on transitions or continuously because of parasitic o cillations. For each we'd like to hear a brief 

explanation of what circuit element are likely to cause trouble, and we'd like you to how the most 

important remedie . 

For the third of the circuits - the push- pull follower within the feedback loop - as ume an LF4 l I 

op-amp, and con ider two hypothetical frequencies for the parasitic oscillation : these frequencies 

may suggest alternative explanations for the trouble. Let u suppose two cases showing two widely 

differing frequencies: /para. itic at I OOkHz a one case 20MHz as the other. 
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fOM 

A. op amp drives long coaxial cable B. photodiode drives I-to-V circuit 

Figure 9W.2 Three marginally stable circuits . 

Solution 

load 
,------, 

._..__._~ I 
--- , I 

_ _l__ : 
-T4 1 

I I I 

'---~-~-t~J 
C. pushpu/1 and capacitive load 

Why it's likely to buzz : Incidentally, a we acknowledge in Chapter 9N uch a long cable would 

need to be treated as a 'transmi sion line' in order to work properly at high frequencie (above a few 

MHz) or with high edge-rate . . Here, we will as ume that our frequencies are low enough o that we 

can neglect such effects - as the frequencie , in our lab circuits nearly always are. 

P 
20 foot BNC cable t'' ' 1 

-+ --...-----------;: computer : 

~ I l ___ ~i,_~ __ ) 
Figure 9W.3 Op-amp drives long coaxial cable. 

The capacitance of the coax cable about 30pF/foot for 50Q cable, forms a low-pa s filter when 

thi tray capacitance is driven by the non-zero Rout of the op-amp - an impedance that in fact is even 

more trouble. ome than it seem. when we call it 'R ut ·" The low-pass can add a lagging phase shift 

approaching 90° ( ee Chapter 9N). Added to the op-amp ' built-in 90° lag, that shift can turn negative 

feedback po itive. 

The op-amp output impedance actually look inductive because the value of R out rises with fre­

quency, a the op-amp's open-loop gain falls , dimjni hing the benign effects of feedback. 1 This in­

ductive behavior brings dangerous 90°- lagging phase hifts into the frequency range where the op-amp 

still has substantial gain. 

Remedies: long cable: 

Simplest Remedy: A small series resistor say l 00.Q) calms this circuit by putting the phase-shifted 

point outside the feedback loop: see Fig. 9W.4. The price of this improvement howev r, i, 
a much-enlarged output impedance for the circuit (lOOQ or so in this case), whereas one of 

the great virtues of a follower hould be its low Zout · 

20 foot BNC cable (,--------,, 
>--J\F\A-------------11 computer l 

I AOC I 
\ J ........ ________ ..,,,, 

Figure 9W.4 Simple 
stabilizing remedy for 
op-amp driving a long 
coaxial cable: series 
resistor . 

Split-feedback Remedy: A "split' feedback network can give stability without degrading Rout: see 

Fig. 9W.5. The frequency at which the ignal "cros. es over" from the re i tive to the capaci­

tive path is determined by the RC value of R split and C split· 

If for example, we saw a parasitic oscillation at lMHz, we might put f erns over around 

100kHz. 

1 See §9S. I. 
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20 foot BNC cable ,,,--------···\ 
~-,,"/\,--tt-----------11 computer I 

I AOC I Figure 9W.5 Improved 
stabilizing remedy for 
op-amp driving a long 
coaxial cable: two feedback 
paths , for high versus low 
frequencies. 

=} RCcro. sover = 1 / (27! · fcro over); 

~ 1/(6·0.1 x 106 ) = 1.6 x 10- 6. 

Many RC combinations would do, such a C= lOOpF, R= 15k. 

\ J , ________ .,..,,, 

At high frequencies the feedback network reduces to that in Fig. 9W.4. At low-frequencie , 

feedback hides the lOOQ resistor, giving the low output impedance that one looks for in a 

follower. 

Higher gain (a cheap trick remedy): giving the circuit some gain entails reducing the fraction of 

the output signal that i fed back. That may be enough to stabilize the circuit. Fig. 9N .18 
illustrates the increa ing degree of stabi lity that results from increa ing gain in thi circuit. 

Special op-amp (an even cheaper trick - though it may cost more): A heavy capacitive load can 

be made manageable also by simply buying the unu uaJ op-amp that i de igned for such a 

load. The e devices permit the output loading simply to slow down their output changes. See 

§9N .5 and AoE §4.6.2. 

Op-amp /-to- V converter driven by photodiode: Sketching in the stray capacitance at the 'virtual 

ground" ( ee Fig. 9W.6) reminds us that the large feedback resi tor meeting a current source (the 
photodiode) forms a lowpa s within the feedback loop. The effective R i I OM, driving thi mall 

stray capacitance (perhaps l OpF: the sum of the effects of the op-amp input, the photodiode, and the 

circuit layout). There is no voltage source at the input - as there would be in, say a x 100 inverting 

amplifier. Such an amplifier, in contrast to this circuit would drop the value of the effective R that 

drives the stray C. The amplifier would use an input resistor of lOk. Thi low R then would drive 

C tray. In the photodiode circuit, the 1 OM driving even just 5pF pu hdB for thi accidental lowpas 
at 300k.Hz: low enough ·o that osciJlations are likely. 

Figure 9W.6 Stray C 
makes photodiode circuit 
vulnerable to oscillation. 

10M 

_...,__ 
--,--
- .... -

10M 

! st~ c~acitance 

Remedy, photodiode circuit: feedback capacitor: A small C to parallel the laroe feedback R tames 

the circuit: see Fig. 9W.7. Even a tiny C wil1 be effective. Creedback= l pF would dominate the feedback 
network (with effects noted ju t below) above about 16kHz. 

The effect of the feedback capacitor could be desciibed in a couple of ways. 

• For the first, how this additional C alters the signal that i fed back. C, tab form a C-C divider, at 
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Cs TAB 

fOM 

Figure 9W.7 A feedback C can quiet the photodiode amplifier. 

frequencies where Xe - tabil is much less than the lOM of Rreedback· This C~ divider imposes no 

pha e hift so leads to no tability problem. 

• A second way is to con ider circuit gain: without the feedback C, the circuit shows gain ri ing 
with frequency until this rise collides with the falling-gain curve of the op-amp itself. Thi con­

dition brings instability just a it did in the . implest op-amp differentiator (see Chapter 9N, and 

AoE §4.5.7). 

The feedback capacitor limit the circuit gain to a constant value, above frequencies where Xe 

dominate the feedback network. Thi condition i. table (unlike the differentiator, this circuit 

does not go so far a to roll off circuit gain, integrator-like). 

Op-amp drives push-pull and capacitive load : Capacitive loading is the principal problem once 

again, but the presence of the push-pu11 makes the follower another suspect - as we saw with the 

single-transi tor follower of §9L.2. 

The problem statement propose two hypothetical cases, with para itic oscillations at differing fre­

quencies: !parasitic is 1 OOkHz or 20MHz. 

The significance of the frequency of parasitic oscillation: The frequency of the parasitic oscillation 
can give a strong - and even conclusive - clue, if we' re wondering whether to blame op-amp or 

discrete tran istors. 

A 20MHz para itic cannot be blamed on a '4 11 op-amp. The '411 's open-loop gain falls to unity at 
4MHz. 

A l OOkHz parasitic is not at all likely to arise from the discrete tran istor circuit, since we rely on the 
impedance of tray inductance to account for voltage gain in this configuration (see Chapter 9N). At 

this low frequency the impedance of such inductance i about 1000 times lower than at the frequencies 

we ob erved in the di crete-follower exercise from §9L.2. The op-amp is much more likely the cause 

of the J OOkHz oscillation. 

We will tailor the remedies to the likely cau e of the trouble. 

Remedy, push-pull : at lOOkHz apply op-amp remedies: The mo t effective op-amp remedy - once 

we have decoupled the power supplies, because we'd be embarrassed to be caught forgetting that 

tandard precaution - probably i the " plit'' feedback strategy that works al o on the problem of the 

long coaxial cable. 

The Rand C value. in the split-feedback network define the cros over frequency as you know (we 

applied this in the ca e of a long cable on page 403). We could put the crossover at about 50kHz with 

the values shown in Fig. 9N.20: R= 27k, C= lOOpF. 
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Figure 9W.8 Push-pull stabilizers, if op-amp is 
to blame. 

V+ 
snubber 

I load 
........... ,--------, 

-----~----------~ I I I _ _.__ I 

::::r::: 

-7- I 
I I 

I - ---=--- I ..... _= __ ::__) 

The "snubber" value are quite tandard and not critical, reflecting a conventional guess at the value 

that will o load the circuit as to calm it. We'll use 1 OQ and 0.1 µFa. usual. Not very intere ting, but 

sometime helpful. 

Remedy, push-pull : at 20MHz apply discrete transistor remedies: Here the strategy i to spoil the 

high-frequency gain, and for thi purpose an Rbase of a few hundred ohm is effective. We hope you 
demonstrated this remedy to yourself in the Lab, see §9L.4. 

Figure 9W.9 Push-pull stabilizers if 
discrete-transistors are to blame. 

V+ 

load ,------- -., 
--~~------.--, I 

: I _ _,___ I 
--.- I 

: I 
I - .,_ - I 
1, __ : __ -:-_J 

There is no harm, of course, in applying both sets of remedies, in advance. Certainly we ought 

always to decouple power supplies and keep supply and ground path . hort and of low-impedance. 
Including a base resistor on a follower al o should now be habitual too. We eparated the two sort of 

remedies in this exercise: those appropriate to op-amp oscillations and tho e appropriate to discrete­
transistor parasitics. There is no reason to be o rigid in applying protection to forestall parasitics. 
We might as well be generous with our protection . 
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Why? The problem PIO sets out to solve 

The problem is a familiar one: how to keep a feedback loop table, de pite lagging phase shifts within 

the loop. We saw a co1lection of troublesome circuits in Lab 9L. We found that even the lag introduced 

by a imple lowpas filter could up et a feedback loop. To stabilize uch circuits we learned several 

techniques: 

• cut the amplifier's high-frequency gain - say, by paralleling the feedback path with a small ca­

pacitor; 

• "split" the feedback paths so that at the troublesome high frequencies feedback bypasses the 

thing that cau e a lag in the loop; 

• enhance negative feedback relative to positive a in the di crete follower. 

The noveltie, in today's challenge are two-fold: 

• thi time, it is not just a lowpa filter but an integrator that is placed within the feedback loop· 

• and, given this difficulty - for which none of our earlier remedie wa ufficient - we need to do 

more than tinker with what's in the loop: we need to modify the control amplifier itse(f 

Thi ounds pretty radical and it is. We don't plan to crack open an integrated IC, of course. In tead, 

we will put together a circuit that mimic an op-amp but with characteristic. that we can control. 
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lON.1 Examples of real problems that call for this remedy 

The circuit that you will put together in Lab I OL i called a "PID" loop, where PID stands for Pro­

portional Integral Derivative. These names describe the three function of Joop error - difference 

between input voltage and the ignal fed back - that are provided by the PID' homebrew 'op-amp." 

If thi is puzzling, hang on; we'll be spelling out all three elements in the page that follow. 

lON .1.1 PIO applications 

PlD loops are u ed in a variety of setting where omething rather sluggi h is to be controlled. An 

automatic elevator, for example is designed to stop with elevator floor lined up with floor level -
and without much overshoot; a car's "crui e control" keeps peed nearly constant, without much 

oscillation about the target speed· industrial proces es uch a chemical mixing or heating u e PIDs· 1 

fly-by-wire airplanes use electronic rather than cables to link cockpit controls with tail and wing 

surfaces, and responses must be fast but stable. 

In Lab JOL we mimic what might be a fly-by-wire control: we try make a DC motor's shaft position 

match the shaft po ition of a potentiometer turned by hand. 

The Wien bridge recalls criteria for oscillation , and for stability: As you know well, having grappled 

in Lab 9L with circuits that wanted to buzz, lagging phase shift within the loop cause trouble. Rather 

than drum again at the point made in that lab, let ' get at the criteria for tability through the back 
door: by recalling how we had to de ign the Wien Bridge oscillator in order to get a ustained sinu oid 

from the circuit. 

The Wien bridge sustained an o cillation if net gain on a trip around the loop was just unity. If gain 

was less than one, the oscillation died away. If gain was more than one. the circuit o cillated - but 

also clipped it output spoiling the inusoid. 

Similarly in any feedback circuit, an o ciJlation will die away if loop gain is les than one at the 

frequency where phase shift hits 180 degrees .2 In our encounters with op-amp compensation, we met 
one way to ensure tability: roll off the open-loop gain as frequency ri e . Let's start with a primitive 

ver ion of thi remedy, since gain-cutting is the most familiar, among our. tandard remedies. This we 

will describe as limiting the' P ' or Proportional , gain. Later we will move on to fancier olutions. 3 

lON.2 The PID motor control loop 

lON .2.1 Potentiometer-to-motor loop: it looks very simple 

The ta k we undertake here look easier than it i . Certainly the goal is mode t. Fig. 1 ON. I show the 

scheme. 

What could be impler? Not much, on paper. But the challenge turn out to lie in keeping the 

circuit stable. The is ue is fundamentally . imilar to the one you met in Lab 9L when you noticed 

that a humble lowpass in an op-amp feedback loop could turn negative feedback into positive. The 

1 The history of PJD use in indu try account for ome of the strange language in thi field . A · you will see, for example the 
thing controlled often is called "plant.' ' 

2 Alway. - 180 is the hazard, not + 180; but inver ion of the ·ensc of feedback is the main point, o let ' · tress that by 
speaking of the deadly 180, rather than emphasize the sign here. 

3 ln this discussion, as in the lab, we will add the. e elements not quite in the order mentioned in the name PIO: we will u e P 
first, then D, finally I. 
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Figure lON.l Basic motor-position control loop: very 
simple! 

problem there arose from the - 90° phase shift imposed by the op-amp itself (and even greater pha. e 

hift, close to its unity-gain frequency). That - 90° meant that we couldn't afford to insert much lag 

into the loop. 

Today s circuit is harder. We are tuck with an extra - 90° hift, or integration - quite apart from the 

one ordinarily imposed by the op-amp itself. This additional integration forces u, to alter our method . 

Thi time, the integration come from the nature of the stuff we are putting inside the loop: a motor 

whose haft po ition we are ensing. Since we cannot afford the pha e hift of an ordinary op-amp, 

we mu t build our elve · a ort of custom op-amp: one that provides modest gain and no phase shift. 

lON .2.2 The integration within the loop 

The "integration' or Lag inside the loop re ults from a pha e-shift that i inherent in the design of thi 

particular load. Sp cifically the lag re ults from the fact that we aim to control the motor's position, 

whereas we drive the motor with an error signal that is a voltage.4 An implicit integration results. 

That follows becau ea DC motor spins at a rate proportional to the applied voltage;5 thi spin rate 

persisting for a while, cau e a change of position. Hence the unavoidable integration within the loop. 

To make this last point graphically vivid, Fig. ION.2 shows how the position pot re ponds to a 

square-wave input to the motor. The triangular output looks a Jot like what you saw in the integrator 

of Lab 7L, doesn tit? - apart from the inversion in erted by the lab integrator. 

input 
(to motor) 

output 
(from motor-driven 
potentiometer Figure lON.2 Motor-drive to 

position-sensing potentiometer forms an 
integrator. 

4 This voltage is an amplified "error signal:" a measure of the deviation of circuit output from target. In the motor control 

circuit , both target and measured outputs are DC voltages. 
5 An ea y way to convince yOLwelf of this. if ifs not already plausi ble enough, is to recall that if you spin the shaft of a DC 

motor with your finger . . the motor acts like a DC generator. lt generates a voltage proportional to its spin rate. So. when a 
voltage drives a D motor, the motor respond. with a voltage - 'O-called "back EMF" ("electromotive force," or voltage). 
Thar back EMF almost equals the applied voltage; the spin rate level. off where the difference between applied voltage and 

ba ·k-EMF permit a cun-ent just sufficient to replace the energy the motor lose to friction, its mechanical loading, and to 
the motor' · heating. 



410 Op-Amps V: PIO Motor Control Loop 

lON.3 Designing the controller ( custom op-amp) 

We need to go back toward fir t principles, as we design thi. control loop. We know that we need gain 

to gel the benefits of negative feedback - but we su pect that we cannot get away with the u ual large 

gain of a standard op-amp (we may need to "roll off" gain; or we may want the gain alway low). And 

we know we cannot afford the phase lag of an ordinary op-amp - a lag of at lea t 90°. Can we design 

such an amplifier? 
Yes. As we learned when we built an op-amp out of transi tors the device is es entially a differential 

ampl.ifier. Everything el e i., relatively, a detail. So Jet' tart by building a differential amplifier that 

doe not how an op-amp' - 90° lag. 

Figure JON.3 show sa standard differential amplifier - the one you will use in the PID lab. It 

provides just unity gain so we'll need to follow it with a gain stage. 

100k 100k 

"Error 11 

Figure lON.3 Differential amp, unity gain . 

No phase shift . .. : Perhaps you don ' t believe our claim that this differential amplifier can how 

no phase shift. How can it? - given that it wa built with an ordinary op-amp, and we have been 

insisting that an op-amp includes a 90° lag. The lack of phase shift in the diff amp is rather amazing 

- though perhaps not to you who have built followers and other op-amp circuits that did not betray 

the integration hidden within the op-amp. But the claim i correct: the pha e shift of the op-amp is 

just one more regrettable 'dog" that feedback dutifully hide from u . Our PID loop will not ee the 

op-amp's internal phase- hift; feedback has made that hift harmless . 

. . . and modest gain : Even after we have eliminated our home-made op-amp' phase hift, the feed­

back loop will be vulnerable to in tability, becau e of delay or lags that may arise in addition to delay 

caused by the motor-pot's integration. So we will give our amplifier much les gain than is provided 

by the usual device (like the' 411, with iL gain of 200,000 at DC). In addition, it will be convenient to 

make our amplifier gain adjustable. See Fig. 1 ON.4 for a ketch of how the circuit would then look. 

Figure lON.4 Proportional-only drive: 

now we're ready to see how much gain our 
loop can tolerate . 

T~[ 
~~ 
3ai l'I. 

ailjvst 

v-

Motor Pot 

Now we have a set up that hould allows us to make a stable loop. But how are we to determine how 

much gain to apply? In the lab our answer is entirely experimental: we increase the gain gradually 

until we see instability - and then we back off. In this section and the next we will try to describe what 

i happening as we approach that borderline of instability. 
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Aside for a conceptual diagram of the loop 

Here is a way to describe the loop that is more formal than what we usually like to impose on you. 

Still, you may be li ghtly interested to see the terms that control-theory people like to u e. You'l1 

notice, here, the curiou use of the word "plant" to describe the thing that is controlled. (In our case, 

'plant' is motor and potentiometer.) The word reflects the industrial beginnings of control theory as 

we have aid earlier. 

The "controller i our homemade control amplifier. If Fig. lON.5 put you off, don't lose heart; in 

a moment we will draw it to look more like the op-amp loops we are accu tomed to. 

As- ("system gain") 

controlled 
system 

(hp/ant") 

_______ x __ o_UT controlled variable 

("x") (today, angular position) 
(error) 

w 
~--- controller ' +-

correcting variable ...__ ___ ~ ' 
reference 
signal Figure lON .5 Loop to control motor 

shaft position: block diagram in form 
used in class discussion . 

( amplffed error) Ac (w-x) 

disturbance 

""'--- ("controller gain") 

Figure 1 ON.6 the ·ame diagram redrawn in a more familiar form; the motor-pot "plant is the usual 

"dog" within the loop. 

As - ("system gain") 

---+ 
controlled 

system 
("plant") 

_______ x __ o_UT controlled variable 

z + ("x") (today, angular position) 
(error) 

y 
controller ' correcting variable ----­ ' 

reference 
signal Figure lON.6 Loop to control motor 

shaft position : block diagram in form 
familiar from op-amp discussions. 

(amplifed error) Ac (w-x) 

""'--- ("'controller gain") 

These two diagram do not tell you anything you didn't know from a statement of the original 

problem. But the fir t diagram, particularly (Fig. LON.5), may help you to ee that the signaJ that 

travels around the loop pa ses through the "plant" and the "controller,'' and that stability will depend 

upon what a trip around the loop doe. to a signal - or to a disturbance. 

Giving explicit attention to a "disturbance" i an incidental novelty, here. So is the naming of 

the transfer function or gain for each of the two blocks: plant or' system" gain is labeled As while 

controller gain is named Ac. Thi assignment of label allows u to write a simple expre ion for the 

gai n applied to anything that makes it around the loop (' signal' or 'noise" or "d isturbance '). Thi 

product defined in equation lON.l, i what we called "loop gain" in the usual op-amp setting. The 

loop gain here i 

A1oop = Ac· As : controller gain times system gain . (lON.l) 

In this loop, we are stuck with As - the behavior of the "plant." The cha11enge, as we et up and trim 

the PID loop, will be to adju t judiciou ly the other gain, A - the controller gain. 

We will first adjust the magnitude of Ac to maintain stability. Then, when we add the derivative D , 

we will be adjusting also the phase of Ac. It will turn out that phase and magnitude interact: proper 

phase behavior permits higher gain. 
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lON.4 P: proportional-only circuit: predicting how much gain the loop 
can tolerate 

lON.4.1 "Plant" frequency response (system gain : As) 

Figure ION.7 plot the frequency response of a hypothetical motor-to-po. ition element (thi is As 

only; we re not yet looking at the "loop"). The plot is hypothetical, but quite close to what you re 

likely to see in the behavior of your PIO lab. 

Figure ION. 7 Gain and 
phase response of 
motor- pot combination : 
-90° lag, from the lowest 
frequencies . 

-10d8 

-20d8 

-30d8 

·90 

phase · 1.'3S 
shffl 

(approx.) 

·180 

motor-pot combination (integrates) 

... some additional '~rpass 

10Hz 

. / : .. and one ~ore towpass 

If thi plot eems rather abstract, here's an attempt to say in words what the downward-sloping gain 

plot says about the motor-pot combination. Our words will try an informal time-domain explanation 

for the frequency-domain rolloff. 

The downward- loping plot indicates that for a given input amplitude (a sinusoid) , at low frequen­

cies the motor shaft will have time to turn quite a long way before the input signal rever es ign . At 

higher frequencies, it will turn only a little way in the available time (roughly a half period). If thi 

sound like what we say about the voltage on a capacitor in an RC circuit when we con ider it in time 

domain, that's appropriate. The processes are very similar. 

You II notice that the plot differs from the usual op-amp frequency response plot in that it rolloff 

begins, at the lowe t frequencies, w1th a 90° degree lag. This is simply a consequence of the voltage­

drive/position-sense mechanism we noted above; there is no phase-shift free region, as there is for an 

op-amp. But more important than this difference is the similarjty to the op-amp plot: both plot allow 

us to anticipate where trouble could begin. 

We can expect that we may get trouble where plant hift approache 180° . This happ n at the bend 

in the gain plot of Fig. lON.7 where a second 90° lag i added to the integrator' constant - 90°. 
When thi second 90° kick in, negative feedback may have been transmogrified into positive. 

But the fact that the plant can provide thi. scary phase shift doe not settle whether the circuit 

will oscillate. Whether this pha e hift cause oscillation depends on whether we provide enough 

controller gain. Recall the Wien bridge design: in order to su tain an o. cillation we needed gain 

sufficient to make up for attenuation in the positive feedback path. 

[n designing our PID loop, we will not go right to that edge of instability: but we need to know 

where that edge is. We want to keep our eye on that "corner" frequency the boundary of danger. 
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lON.4.2 Controller gain: Ac 

In Fig. I ON.8 we have added to the As plot that you just saw, two hypothetical values of Ac . The 

Lenn Ac gain, which multiplies As, lides the As curve up, forming the loop gain Ac· As in the plot of 

Fig. I ON.8. In both cases Ac is flat with frequency. 

In one case, Ac i. low enough so that loop gain fall to le s than unity before the dangerou. corner 
frequency. In the other ca. e, where A i set hjgher (labeled Ac,), the loop gain exceeds unity at the 

corner frequency. This higher Ac would make the circuit osci ll ate. 

fOdB/div 

G 
A 
I 
N 

10d8 

Ac: unstable 
••••t••••:····,····:····~····,···•t• 

Ac: stable 

just stable 

101-/z 

Figure lON.8 Proportional 
loop: stable at modest P gain, 
unstable at a little more P gain. 

In the lab circuit, you will discover the corner frequency by finding the frequency of "natural os­

ci_Uation." Thi i" PIO jargon for the frequency where oscillation sets in, when the gain is just a little 

too high. You discover thi frequency by graduall y increasing A (here, just P gain), until o cillation 

begins. In our lab circuit it i. just a few Hz: perhap 3Hz. In lab you will be able to re tore stability by 

reducing the controller gain Ac. 

lON .4.3 Degrees of stability : phase margin 

You will also find that stability is a matter of degree: as you adjust the gain upward, approaching the 

oscillation condition, the loop will become more and more jumpy. This jumpiness is easiest to see in 

response to a disturbance deliberately imposed. 

In the lab, you can disturb the circuit in either of two ways. You can change the "target" input 

voltage abruptly (applying a step change either by giving a harp twist to the pot or by applying a 

slow square wave from a function generator). An alternative (perhaps more fun) is to apply a step 

'disturbance:" use your fingers to turn the motor haft away from its resting position and watch the 

circuit try to recover. When the loop i clo e to oscillation, the output will over hoot repeatedly before 

settling to its final position. 

Given a plot of As ("sy tern" or "plant" frequency response, including phase shift) one can see just 

how far the loop phase shift lie from the deadly - 180° at a given Ac (controller gain). That distance, 

in degree , i called the ' phase margin." This i a notion you have seen before, in di cus ion of op-
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amp frequency ·ompensation. Op-amps are compensated" to provide between 45 and 60 degrees of 

margin. 

Figure ION.9 illustrates the response of a loop to a quare wave, at several pha e margins. In life, 

it may be more likely that you would run the proce s in reverse: observe the response and infer the 

phase margin. 

Response to Phase margin (degrees): 
square-wave ( ~ ( input 90 (lazy) 

Figure lON.9 Step response 
shows effect of various phase I \ ( GO ( a little overshoot, 
margins on stability. After but gets there fast) 
Tietze, U. & Schenk , C., 

J r Electronic Circuits: Handbook \, 45 (gets there fast, 
for Design, Second edition, but takes longer 
Springer (2008), p. 1105. to settle) 

In the lab PID circuit, you will find that at lower Ac the circuit i , indeed tamer le di ·posed to 

overshoot. But low Ac also ha ome harmful effect : the loop response i quite slow, and the circuit 

tolerates a good deal of re idual error. 

Figure ION. 10 show respon e for low P gain. The response look like an RC: make sen e ince 

the motor drive dimjnishes as the error diminishes (while the position draws nearer to the target). 

Figure lON.10 Low P gain (four) 
keeps stability, but at a price. 

---+--- __ f feedback position 

input pa'.se ~r " I' ~. · ... b t ::ut potentiometer) 

We can increa e P gain ·omewhat, and get better performance in some respect ( mailer residual er­

ror, and quicker response). But at this higher P gain the circuit shows ome overshoot: ee Fig. I ON .11 . 

Figure lON.11 Middling P gain 
(sixty) produces some overshoot . 

And if we push P gain sti 11 higher, we go close to the edge of in tabi l ity. Tn Fig. I ON .12, the 

downward step produce everal cycles of ringing, and the upward step produce continuous ringing. 

With P gain that high, the circuit i not u able. But it can be made stable, even at this higher gain, if 

we add in some D the derivative of the error ignal. 

lON.5 Derivative, D 

Since it i the lagging phase hifts that cau e the mischief, can we improve the loop's response by 

injecting some phase hift of the other flavor, leading? Yes, we can, if we do it carefully. Let' start 
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Figure lON.12 High P gain (eighty) 
produces some overshoot and ringing: 
barely stable . 

by looking at what we would like to . ee a an effect of injecting such derivative, and then we 11 look 

at how we might dete1mine how much D to add. 

Figure I ON. J 3 hows the original plot of loop gain, Ac ·As. This time we have added a dotted I ine 

to show how we d like the corner to get . traightened out by the Ac re pon e. 

Ac: unstable --unless we can postpone 
· · · • , · · · · , • · · · , · • • · : · • · • : · • • • • · · · · , · the bend and extra phase shift 

tOdB/div 

G 
A 
I 
N 

fOdB 

OdB ! , 
0.1Hz . 

Ac: stable 
·.:~·'can ~ undo this bend, postponing 

.................... ' the dangerous phase shift? 

' ' ' . 
' ' ' 

10Hz Figure lON.13 What we 'd like: 
to undo another phase lag. 

In order to get that result - in the Ac· As product - we need to put an upward tilt into the controller 

gain, Ac. That is we need to make the controller re pon e look like the derivative beginning at the 

frequency where trouble otherwise would begin. 

How do w get that result? We generate the derivative, D of the error term, and add that to the P 

error, amplifying both to get a bent Ac curve rather than the flat ones of Fig. ION.8. We will use the 

sum of these two error function 6 to provide the correction signal, in our negative feedback loop. 

To put the upward bend at the right frequency - the frequency where the ystem's corner occurs 

- we arrange things so that at thi frequency the magnitude of D equals P. lo Fig. LON. I 4, D grows 

teadily with frequency, and when summed with P, jt take over at the corner frequency. Thus it jumps 

in just in time to av the day: in time to undo that econd 90° Jag. Adding D to this circuit has 

permitted u to use higher gain than we could manage with Palone, and the higher gain trengthens 

feedback, enhancing its usual benefits. 

lON .5.1 An intuitive explanation for what the derivative does for the loop 

If you find the frequency-domain account we have ju ·t given a bit ab tract, consider the rough argu­

ments made in this subsection, trying to make sense of the benefits that the D term provides. 

The problem is easiest to get a grip on if on con ider a loop that is quiet and settled - and suddenly 

driven by a step change at the input. That abrupt change of input makes the error function, P suddenly 

step from zero to gain x input-step. What doe the derivative add? It adds a strong additional signal 

6 The curve in Fig. I ON. 14 will look strange to you if you have not been looking at log plots recently. The derivative. D. 
·eem to take over from the Prather than to sum with it. At lower frequencies, Ac look like Palone, ignoring D; at higher 
frequencies, it looks like D alone. 
Yes. But that make sense if we recall that, on the log plot, a oon a D climbs noticeably above Pits value i . o much the 
larger of the two that their. um i virtually the ame as D alone. o the lower frequencie are totally dominated by the P 
term. the higher frequencie , totally dominated by D. 
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Figure lON.14 D term added 
to P term makes stable a loop 
that otherwise would oscillate. 
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Figure lON .15 Loop 
response to a step change 
of input: error and 
derivative of error. (Scope 
gains: 500mV / div in 
left- hand image; 1 V / div 
for derivative trace , 

--x: I / ;:::~--~---:_j 

5V / div for error signal in 
right-hand image.) 

/ ...,.___ terror signal 1 
.....,_, ;(t<Hget .minus I sponse) j 

I 

Chi soo mv.i.---t!i!J~ mv M 10'0~----------1 
Ch3, SO-OmV 

step input : response and error signal 

, . .!'' 
Ch2 I 00 V M 200ms 

m s oo v '• 
error signal and derivative of error 

in the same direction, becau e not only has the error appeared, but it has appeared rapidly, climbing 

abruptly from zero to its new value. Fig. I ON.15 shows such waveforms. 

The loop does not eem, at first , to re pond at all; then it gradually drives the re pon e to match 

the input, and the error is driven down toward zero once more. The right-hand image in Fig. 1 ON.15 
show the strong kick that the derivative gives as the error steps. This kick tends to speed the response 

of the loop. 

If we sweep the scope faster to see the step response in greater detail, a in Fig. I ON.16, we see the 

derivative in this case giving a kick several times tronger than the correction ignal provided by the 

P error alone (note the different scope gains for the error versu. derivative di plays). The left-hand 

image in Fig. I ON.16 squeezes the large derivative . ignal on-screen by reducing the cope gain for that 

channel by a factor of five. The right-hand image u -es a 1 V / division scale for all channels, showing 
how strong the D signal is relative to P. 

And a homely interpretation of what D does for the loop: The D term - the derivative of the error 
- is a little hard to gra p intuitively. Here s a try: suppose the problem that the loop means to olve i 
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input 

response 3 -

------~~-------1 
. I ~ t .. f- I '9- • +1" t I - • t- I • 11 • • • I • • • • \-~--+--- d N iV\1tiVP(ll 1•n 'r 

~ - e-rr-or~~~~· 
I Figure lON.16 Faster 

scope sweep, and D 
correction signal stronger 
than the bare P. ( Scope 

gains: 1 V / div except 
derivative in left-hand 
image.) 
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input, response, error and deriv (deriv compressed) .. .. .. same, but deriv to same scale as error 

on initial step of error, 
derivative says, 

to move a car into a parking place that has a concrete wall at the front. Our controllers appear, in this 
drama, a two valet-parking attendants. The first i, a P-only controller- a cautious little old man, well 

past retirement age. His strategy for getti ng the car parked and not hitting the wall, is imply to go 

very gently and slowly. He gets there, eventually - but as he sees the wall growing nearer (the error 

term shrinking), he drives more and more lowly, finally ju t inching along. 

The other valet-parker is a cooler P-plu -D controller. He's a teenage punk, wearing a baseball hat 
backwards. He hops into the driver's seat, guns the car, squirts into the parking place and hit the 

brake . He get the car parked fast. 

That may seem metaphoric nonsense. Fig. I ON .17 shows waveform. from Fig. 1 ON.15 that we 

claim de cribe the ame behavior, perhaps making the valet-parker more plau ible. The main effect 

i a trong boo t at the start - hitting the gas hard when a new error appears. The lesser effect is a 

gentle braking near the end of the process. Perhaps the high D gain puzzles you , given that we have 

de igned the loop to make D and P gains equal at the corner frequency. The D gain i high where 

the e,rnr uddenly teps because the steep edge of this error waveform contain, high frequencies - as 

Fourier taught. 

'Floor it! Step __ ri +---.110...... 
on the gas!' 

... as error diminishes, 
derivative changes sign, 
and says 'touch the brake­
but only gently' 

n 
t.h2 i 00 \I M l OOms 
e s.oo v I\, 

error signal and derivative of error 

lON.5 .2 How to calculate the needed derivative gain 

Figure lON.17 Derivative effects 
likened to valet-parker's stepping on 
gas, then on brake . (Scope gains: 
error 5V/ div; derivative lV/ div .) 

How do we calculate the necessary differentiator gain? To avoid complications, lets assume that the 

gain of the P path i unity. Then our goal i to arrange thing so that the derivative ontribution, D, is 

equal to the P contribution at the frequency where trouble otherwise would occur. The D shou ld keep 
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the loop stable, until yet another lowpa cut in- at that point , we hould have aiTanged to make the 

loop gain safely low: Jes than unity, so that a disturbance must die away. 

Let start by reminding ourselve what we mean by differentiator "gain ;' then we ' ll calculate what 

RC we need for tability. Gain for a differentiator, by definition is 

Vo ut 

dVin / dt 

We know that, for the op-amp differentiator 

Vo ut = I X R reedback 

and this I i. ju t 

C 
dVin x -- . 
dt 

So (neglecting the sign of the gain; the op-amp ver ion inverts) 

. Vo ut R · C. dVi 11 / dt 
Gam(oeriv) = d\7in / dt = dVin / dt = RC. 

So RC define the differentiator' gain.7 

If Vin = A sin( cot ), then Voutneri = coRCA cos( wt). We want to find the value of RC, the differentia­

tor ' gain, that would et V0 urDeriv equal to Vo utProponional . Let ' treat P gain as unity; then we want both P 

and D to equal Vin · 
If we set the D gain equal to unity then 

Vo uto cri = Vo utproportiona l = Vin i 

and equivalently, 

OJ RCA co (wt ) = A in (wt ). 

Consider just the maximum amplitudes of Vin and dVin /dt (where s in and co term equal 1). We want 

to et these amplitudes equal to each other, and both are equal to the input amplitude, A. Then 

In other word , 

OJ RCA = A hence wRC = l 

I 
RC = 2nf' 

1 
or RC =- . 

OJ 

To paraphra ·e this equation in words: RC hould be about 1/6 of the period of natural oscillation. 

Figure ION.18 is a cope image to show the beneficial effect of adding ome D. Here the P gain i 

hi gh enough so that if P were the only feedback the circuit would oscillate continuou ly. Now with D 

added, the circuit gets where jt s going fast. and doe not over hoot. 

lON .5.3 But you don 't want too much D 

Too much D makes the circuit timid . . . : A you might expect, and can ee in Fig. lON .19 too 

much D brings trouble again: first, the circuit become. timid . A it approaches it de tination it lose 

its nerve, put · on the brake too early. 

7 Perhap. you find th is a rehearsal of the obviou s ! Just a look at unit make it very plau ·ible that RC . hould be the 
differenti ator' gain : input is volts/second ; output i volts ; the convecion facto r n eds unit of seconds. 
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. feedback position . . . /'fT" : . · 1r· J. . ~o~~p~t potentiometer) 
mput pulse . 

- - . -----. ; 

f 
~4~- feedback position . . . . . . . ; . ·rt\ .f . . (~~tp.ut potentiometer) 

mput pulse~ : · 
I ' .. . .,J---.-·- - ·--~--- ·-"" . . ' .. 

Figure lON.18 Derivative can 
stabilize loop, and get you there 
faster ( overall gain: 120; D 
resistor : 220k) . 

Figure lON.19 Too much D 
makes the circuit timid, slow to 
get where it's headed (overall 
gain : 120; D resistor: 680k. 

. . . still more D makes the circuit oscillate: More surpri, ing, if you inject still more D, the circuit 

become. un table once again. Fig. l ON.20 trie to make an argument to show why this i so (phase 

shift plot hows exaggerated abrupt change of phase mi leading if you take this image too literally). 

too much 0: 0 gain exeeds 
P gain here: cuts in early 

{. ------<~-1 =---~~----

Ac: P & excess O 
(unstable) 

Ac: P & 0 
(stable) qr---- P & excessive O 

~ -90 1----~1--.--"---.-------'J) -- .... 

excess O undoes 
lagging phase shift ... 

~ 1 1 P & 0 (stable or unstable) 
'&-$0..._~-~\~~f-+-~~\-;3+-+~~~-

p only 

O 

c At this frequency and phase shift, 

... but trouble!: when phase shift does 
go to -180, 0 has provided too much 
gain <greater than unify loop gain) 
(The 'sfablizer,' 0, de-stabilizes.) 

circuit may be stable or not, 
depending on loop gain (Ac #As): 
1) unstable if, at this frequency, 

loop gain > 1, as it is if O gain is 
excessive, as drawn above; or 

2) stable if, at this frequence, 
loop gain< 1. 

Figure lON.20 Excessive D can bring on oscillations, once again, by pushing total A x As gain too 
high . 

We introduced the derivative of error as a stabilizing device. In Fig. 1 ON.14, D permitted overall 

gain that otherwi e would have caused in tability by undoing a lagging phase shift. That worked 

becau ·e controller gain, Ac, was low enough o that when multiplied by the "plant" gain, As, the loop 

gain had fallen below unity before we reached the deadly pha e . hift. 

Where D gain i exces-ive, in contrast as in Fig. I ON .20, D cuts in too early (phase shifts in 

this figure, incidentally, are shown as unrealistically abrupt).8 The overall controller gain, Ac thu i 

exce sive, and as a re ult the loop gain is excessive as well. The result is an oscillation, a it was in 

the earlier case when we u ed Palone and high P gain made Ac exce sive. Exces. ive loop gain bring 

trouble at the frequency where phase shift hits - 180° regardles of the cause of the exces ive gain. 

8 .. Cut. in early .. i. ju t another way to ay ··o gain is ex cssive." ' ince D ''cut. in" on the graph where D gain exceeds P gain. 
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lON.5.4 Integral 

Adding the last of the three error functions, an integral, I of the error, confers benefits usually less 

important than those provided by adding D. It doe. not help stabilize the circuit. Instead, it diminishes 

Jong-term enors, driving these toward zero. 
The effect of Ii evident if we look at what it can do for a very-low P gain circuit- one that we aw 

before in Fig. l ON .10. On the ]eft of Fig. l ON .21 is that low P-gain response. On the right i the same 

circuit with an integral of error added in. 

input (target} 

....... i 

' '·~\ 

\ \('"' 
I 

error 

,l \.. ____ g 

iml 1.00 v c11 i " 1oov • • .,J,. --~..... -· 

M 2. 00 s 
Chl 1 00 V 

no integral, low gain: substantial error persists ... 

input response = input... 

--- - - .. ,H 

_j 
Ch I SOOtnV Ch 2 'iOOtnV \1 2.00 s 
Cl,J 500111\! i!l:] SOOmV 1 

. .. integral of error added to correction signal: 
error is driven to zero 

... error driven to zero .. . 

... by integral of error, 
(added to error, P} 

Figure lON.21 Integral can drive long-term errors down, even at low gain . (Scope gains: 1 V / div in 
left-hand figure; 500mV / div in right-hand figure.) 

The integral of error drives the loop tight in against the target - but only after a delay of a]mo t five 
seconds in the present example, shown in the right-hand image of Fig. lON.21 .9 

Good question: how can the PIO loop be stable, with I added? We have made much of the point 

that this loop includes an inherent 90° lag, so that adding another - 90° would make the circuit un­

stable. Yet the integral term doe. insert another - 90° (lagging) ignal. It doe this without bringing 

instability because the integral s effect i long gone before the crucial point, where gain goes to unity. 

Why it is OK to go to dangerous pha ·e shift, as long a one return before the unity-gain frequency, 

we leave ''as an exercise for the reader." 10 Let us know, when you figure out a good intuitive explana­
tion for this marvel! 1 1 

lON.6 AoE Reading 

• § 15.6.2 (analog PID 

9 Thi delay is cau ed by'' ·tatic friction'' or "stiction," as noted in Lab I OL. The motor does not begin to move until its drive 
voltage reache ·ome minimum level. 

10 We do this, of course, because we're not sure of the right an. wer! 
11 Wi e people tell u. that it is indeed, OK to go to 180° shift and beyond a. long a one returns to le than 180 at the 

unity-gain point. You will see thi truth demonstrated again when you meet phase- locked loops in the digital part of this 
course. So far. intuition fails us here: we can't explain it because we can't really understand it. 
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lOL.1 Introduction: why bother with the PIO loop? 

Today's feedback loop .. . : Today' circuit look straightforward: a potentiometer sets a target posi­

tion; a DC motor trie to achieve that position which i measured by a second potentiometer. lags 
cause the difficulty: the correction signal is likely to arrive too late to solve a problem that the circuit 

sense . If that happen the remedy can make things wor e . 

This motor control circuit i a cla ic feedback network called a PIO circuit. Its re ponse ultimately 

will include three function , of the circuit error signal: P (proportional) I (integral); and D (derivative). 

Stability is the central i sue . 

. . . And why it interests us: Thi feedback problem holds two orts of inter t for us. 

• Pedagogical appeal: 

It give u a chance to apply - and to apply in concert - a collection of circuits that you have 

seen either only a fragment , or only on paper: 

o differential amplifier, made of op-amp (this we have met only on paper); 

o differentiator; 

o integrator; 

o umming circuit; 

o high-current driver (with motor a. load). 

• PIO confront a classic control problem: it provide a cheme with many practical application 

Putting the pieces together : Student often tell us that they like to build circuits that do , omething ­

in contrast to circuits that produce just image on a cope screen. Today 's circuit qualifies: it guaran­

tee to make a little DC motor quirm (' squirm' when it' un table: tamely spin, then top, when it' · 

stable). 

Thi PIO circuit is by far the most complex in thi cour e to date. That makes it a good setup 

for improving your debugging kill: (thi is a glas ' -half-full" way to say that you're very likely to 

make some wiring errors today). We often boast that in this course, bugs are our most important 
produ -r. This boast becom s mo t convincing near the end of the course, when you may choose to put 

together a computer from IC · but even today the circuit i · complex enough to make it a challenge. 

(The debugging will be especially challenging if your sloppy lab partner fails to keep lead short and 

color-coded, and forget to bypa · power supplie . We know )OU wouldn't make uch error, .) 

Finally, we' re happy to let this lab reinforce a concern first di cussed in Lab 9L: stability. Although 

today's circuit problem is ingular - integrator within the loop - and the remedy more subtle than 

usual, the general stability problem is one that confronts u. in almost every circuit that ha ' gain . 
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lOL.2 PI D motor control 

The task we undertake here is one we have de cri.bed in Chapter JON. We will repeat some of what 

appears there to save you the trouble of refering back when you do the lab. But lON i more thorough 

than what we write here. 

Our goal, most simply stated, i just to use a feedback loop to get one DC voltage to match another; 

and ince both voltages come from potentiometers, the goal can also be described (maybe ounding 
more exciting) as making the position of one potentiometer shaft mimic that of another. We want 

to be able to u e our fingers to turn a potentiometer by hand and see a motor-driven pot mimic our 

action. Such control are sometime offered on fancy audio equipment so that the equipment can be 

controlled either by twisting a knob, or by using a remote that controls the knob from aero s the room. 

A more impressive PID application is remote surgery. 

lOL.2.1 The motor-pot assembly 

The motor-pot gadget come in two forms. The scope images and details of frequency response in 

mo t of Lab lOL and Chapter lON use the rotary-potentiometer version (on left side in Fig. lOL. l. 
The other version, shown to the right in that figure uses a slider pot rather than rotary, and responds 

much fa ter. U e whichever i available.1 

Figure lOL.1 Two 
motor-pot assemblies: 
rotary and slider 

potentiometers. 

oc 
motor 

slippable clutch: nylon disk, pressed 
against another disk by coil spring potentiometer (rotary, 

on left; slider, on right) 

The clutch in the rotary ver. ion serve two purpo e : it permits a human hand to control the poten­

tiometer directly when the motor is ·topped. rt also protects the motor again t stalling and overheating 

if the motor drives the pot to one of it. limits. The slider version lack thi feature· a tailed motor will 

draw around 800mA - but apparently without damaging the motor. Becau e of the lack of a lip-clutch 

in the lider ver ion, we recommend the rotary. 

lOL.2.2 The motor control loop 

Figure I ON. I on page 409 wa a minimal sketch of today 's circuit. The special difficulty we're facing 

now comes from the fact that the motor-to-potentiometer block, our circuit'. load, integrates voltage . 

So, we can t use an ordinary op-amp as the triangle in the feedback loop . hown the figure. The exu·a 

- 90° shift, or integration, in thi. circuit force u to alter our method . Since we cannot afford the 

phase shift of an ordinary op-amp, we build ourselves a custom amplifi r: ne that provide mode t 

gain and no pha e shjft. W will apply the radical remedy: altering not the load in the loop but the 

op-amp itself. Fig. I OL.2 i a reminder of Fig. l ON .4 - redrawn to suggest that we now will be able 

I The rotary type can be, for example. ALPS RK I 68 I 2MG099: the slider ver. ion hown is OM- I 0734 from Sparkfun 
Electronic~. The potentiometer "taper'' i. not critical. Linear is good; audio taper i. OK (the ALP pan u e. a B3 audio 
taper) . 
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to tinker with the amplifier' gain. Fig. lOL.2 only show the implest configuration - "P". Later, we 

will alter also the phase behavior. 

v+ 

~~ 
5airt. 

a'if j vst Motor 

v+ 

v-
Pot 

a 
Figure lOL.2 
Proportional-only 
drive will cause some 
overshoot; gain will 
affect this. 

We will first try this circuit with it gain adjusted Low, and we expect to find the circuit fairly stable. 
Then, as we increase gain we should begin to ee overshoot and ringing· if we push on to still higher 

gains, we should see the circuit oscillate continuou ly. At the end of this chapter we append some 
cope image illustrating just such response, to variations in simple 'proportional" gain . 

lOL.2.3 Motor driver 

Let's tart with a subcircuit that is familiar: a high-current driver, capable of driving a substantial 
current (up to a couple of hundred milliamps). We'll use the power transistors you've met before: 

MJE3055 npn) and MJE2955 (pnp). The motor presents the kind of troublesome load likely to in­

duce parasitic oscillations, as in the final exercise of Lab 9L. We need therefore the protections that 

we invoked there: not only decoupling of supplies, but also both a snubber and split feedback that 

bypasse the troublesome pha e-shifting elements. 

We are trying hard here to decouple one part of the circuit from the others: the 15 µF caps should 
prevent upply disturbance from upsetting the target signal. Similar caps at the ends of the motor­

driven potentiometer aim to stabilize the feedback signal. 

You may al o want to u e an external power supply to provide the motor's ± 15V upplies if you 

have uch an extra supply handy. We suggest this not for decoupling but because the motor' maximum 

cunent exceeds the breadboard's JOOmA rated output and might disturb those suppl ies even if one 

in erted plenty of decoupling caps. The external supply, unlike the breadboard upply can provide the 

necessary current. (But we have also built this lab happily without this separate power supply.) 

Note: Your motor pot's resistance value may differ from the 1 Ok hown in Fig. 1 OL.3. If so, scale 

the resistor appropriately. If your motor's potentiometer has value l OOk for example, ju t cale the 

4.7k Rs up by a factor of ten. 
Note also that you must not use '41 J op-amps. The '411 has the nasty property- common to' bi-fet" 

devices - that it can flip it output pha e if the input voltage goe below it specified common-mode 
input range.2 The result is that if an input to any of the amplifiers in this loop momentarily swing to 

within about a volt of the negative supply, the loop i very likely to get hung up by thi nasty po itive 

feedback.3 

Wire up the two potentiometers as well as the motor-driver itself. The resi tors at the ends of the 

2 The op-amp output is forced high in this event. If the input going too far negative i the non-inverting, this changes the 
flavor of feedback from negative to po iti e. 

3 Thi hazard i not hypothetical; we fir t breadboarded this circuit with 411 s - and were forcibly reminded of the part 's 
nasty phase-inver ion by the occa ional lock-up failure of the loop. 
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+15v 

-1sv 

Figure lOL.3 Motor-driver . 

breadhoa.vd 
pot. 

T 
Y2.LM358 

10 k 

minWI P: 13581 

+15v 
CexteniaL svn~) 

~ 't.'1r.r 

I'+ 

- 1Sv 
(e-xternal 
svn,lJ> 

two potentiometer - 6.8k resi tor on input, 4. 7k resistors on the motor pot - re. trict input and output 

range to a range of about ± 7V to keep all signals well within a range that keeps the op-amps happy. 

The difference in R values make sure that the input range cannot exceed the achievable output range. 

You can test this motor driver by varying the input voltage and watching the voltage out of the 

motor-driven pot. Don t be di mayed if you ee a good deal of ha h on the scope screen. Thi. ha h 

may look very much like a parasitic oscillation , familiar to you from Lab 9L. Fig. 1 OL.4 show what 

we saw when watching the motor drive with the motor moving. 

Figure lOL.4 Motor drive hash looks like a 
parasitic oscillation . 

But if we look at this hash more closely, a in Fig. lOL.5 we find some clue that it i not the usual 

parasitic oscillation at work. The spikes seem to be the effects of the DC motor's bru. hes breaking 

contact periodically with the motor's commutator. One clue is the fact that noi e i · not continuou , 
but eems to be a set of narrow spikes at a low repetition rate. The other cJue - pretty conclusive - i , 

+15"v 

't.7k 

-t5v 
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the fact that the spike voltages exceed the power , upply: this effect looks a lot like the behavior of an 

inductor (the motor winding), angry each time the commutator switches the current off So, don t let 

thi ha h worry you. It 's ugly, but we'll live with it. 

I- 1 l- , ...... -i .• \--1 _._ ,. 1 I .. , • .,. 1,- t , t t 1 • ! i ~-1 ·I ~ ·-t' .. .. , ...& i--1 i .. 1' _, 

MlO.Oms A' h-1 "\.. l.40V 
Figure lOL.5 Motor drive hash seen in greater 
detail : not parasitic oscillation after all. 

Any Vi more than a few tenth. of a volt shou ld evoke a change of output voltage. You will hear 

the motor whirring, and will see the shaft lowly turning (the motor drive is geared down through a 

two-stage worm- and conventional-gearing scheme).4 After perhaps 20 seconds, the pot will reach it 

limit and will cease turning. But that's all right: a clever clutch cheme, mentioned back in § lOL.2. l 

allows the motor to sl ip harmle sly when the pot reaches either end of it range. If the signs of ViN 
and the change in VouT do not match, then be ure to interchange leads of one of the pots, to make 

them match. We don 't want a hidden inversion here. It would up et our scheme when we later clo e 

the loop. 

lOL.2.4 Pseudo op-amp 

Now we do a trange thing: we u e three op-amp to make a rather crummy op-amp-l ike circuit, as in 

Fig. lOL.6. Thi. is the circuit we have ometime referred to as our' control amplifier." 

The first stage you recognize a. a standard differential amp: it shows unity gain. The second stage 

simply inverts;5 the third tage eem to be doing no more than undoing the inver ion of the preceding 

circuit, along with permitting adj ustment of gain. That i true at this stage; but we include this circuit 

because soon we will use it, fed by two more inputs, as a summing circuit. So used, il will put together 

the three element of the PID controller: Proportional , Integral, and Derivative. 1n the present P-only 

circuit6 we also use the third amplifier to vary the overall gain of our home-made op-amp. 

The entire circuit then is imply a differential amplifier with adjustable gain. And thi gain i alway, 

low relative to the very high values we are ac ·u tomed to in p-amps. We need the mode ty of this 

gain, and we need its lack of phase shift between input and output. Both characteristics contrast with 

tho. e of an ordinary op-amp a you know. The fixed high gain of an ordinary op-amp, along with 

it integrator behavior beginning at 10 or 20Hz, wou ld get us into trouble today, turning negative 

feedback into positive. 

" See photo of motor-pot in nards in Fig. I OL.1 . 
5 This inversion i · included to let this ignal hare a polarity with the "Derivative" and .. Integral"' signals to be generated 

shortly; these signals will come from circuit. that necessarily invert. 
6 We call this ··p, • a. we call the other signals. soon to be added, ··o" and ''J.'' although all are inverted. Strictly. then, this is 

··- P." We omit the ·'minus·· in the, e label ·, thinking it easier to refer to P than to minus P. 
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Figure lOL.6 Differential 
amp followed by gain stage 
and an inversion. 

breadboard pot. 

) 
1. Grovrid1 for r-mdo-

d lff ere~.t!at - l'rloae testj 

2. t ~e. t~ other L11p1l, 
for cctt11,1on-mode test 

Check common-mode and differential gains 

AU LM35"8 op ampr 

Common-mode gain .. . : We suggest that you use a resistor sub titution box to et the summing 

circuit's gain. Set the gain at ten, and ee whether a common-mode signal - a volt or so applied 

from the input pot applied to both inputs - evokes the output you would expect. (Do you expect zero 

output?) 

. . . (Pseudo-)differential gain : Then ground one input (the IOOk that feeds the first op-amp's inverting 

input) using the level from the potentiometer as input. Watch that input, and the circuit output, with 

the R substitution box value set to lOOk: see if you get the expected gain of + 10. 

A couple of features of this test may bear explanation. 

• Yes, the gain i positive when the input pot drives the non-inverting input to thi s home-made 

op-amp ince two inverting stages follow the diff-amp. 

• We are applying a "pseudo-differential' signal by grounding one input of the diff-amp and driv­

ing the other. (You did this al o in Lab SL, as you drove the home-made "op-amp.") Since the 

differential gain is so much higher than the common-mode, this pseudo-differential signal works 

almost as a true differential signal would. An applied signal of v appear as a differential ignal 

of magnitude v, combined with a common-mode signaJ of magnitude v / 2. Given even a mediocre 

CMRR thi mode t common-mode ignal mixed with the differential is harmJe s. 

A DVM may be handier than a scope at this point, to confirm that the output of this chain of three 

op-amp circuits show a pseudo-differential gain of + 10, wh.il you drive the input with the input 

potentiometer voltage. When you finish this test, leave the output voltage close to zero volts. 

lOL.2.5 Drive the motor 

You have already tested the motor driver. Let's now check the three new stages - those that form the 

p eudo op-amp - by letting their output feed the motor-driver. Ground the inverting input for thi te t, 
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a shown by a short dotted line in Fig. I OL. 7. You do not yet need to make the connection to that 

terminal from the output potentiometer - a connection hown a an alternative, longer dotted line in 

that figure. 

Confirm that you can make the motor spin one way, then the other a you adjust the input pot 

slightly above and then below zero volts. (The motor-driven pot, a we have said, fortunately can take 

the pot to its limit without damaging pot or motor. ) 

motor driver 
V+ 

... then disconnect from -:, : 
..... . ... : / ground and close the loop: \ 

. ~:~ feed inverting input from : 
i \ output potentiometer v- \ 

-+- ' .. ·;i~~;,· g~;~~d. thi~ t~~;i~"ai," ·t;· f~~t ·~-,;-~;;,p. ;,~d ·d~i~~~-;;,~~~i~~p ... 

lOL.2.6 Close the loop 

Figure lOL.7 Op-amp plus 
driver: first try open loop to test 
diff-amp, gain stage, sum and 
motor drive; then close the loop. 

Now Jet . close the loop. Reduce the gain, using the R substitution box: et it to about 1.5 (Rgain = 15k). 

Replace the ground connection to the inverting input of our "p eudo op-amp' with the voltage from 

the output potentiometer. This connection is shown a the longer dotted path in Fig. J OL.7. Make ure 

to disconnect the inverting input from the ground that you tied it to in § J OL.2.5. 

Watch Vin on one channel of the scope, Voutput - pot on the other. ff a digital scope is available, this 

is a good time to use ii becau. e a very low sweep rate is desirable: as low as 0.5 second - or even 

l second - per division. 

Several ways for testing the loop: Two or three method. are available to you for testing the new 

setup. 

• Tuo ways to drive the input 
Square wave from function generator. A function generator can provide a small . quare 

wave (± 0.SV, say) at the lowest availabl frequency (about 0.2Hz on our generator"). This in­

put can temporarily rep lace the manual input potentiometer. This is probably the be. t choice 

since it provides a consistency you cannot achieve by hand. 

Manual step input. You may, however prefer the . implicity of manual/) applying a "step 

input' from the input pot: a step of perhaps a volt. 

The output pot should follow - showing a few cycle of overshoot and damped oscillation. 

• An alternative test: disturb the output, and watch recovery. A econd way of te ting the 

circuit's respon e i available if you prefer (and you may want to try this in any case, after looking 

at the re ponse to a step input): leave the input voltage con tant, then manuaJJy force the pot away 

from its re ting position imply by turning the knob of the output pot. Let go, and watch the knob 

return to its initial po ition - showing some over hoot and o cillation as when the change was 

applied at the input pot. 
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You start with a very low gain ( J .5), which should make the circuit stable, even in this P-only form . 

Now u e the substitution box to dial up increasing gain . At Rgain = 220k Cl gain I = 22) we aw ·ome 

overshoot and a cycle or two of o cillation, evident in the motion of the motor and pot haft. If this 

shaft were conu·oJling say, the rudder of an airplane, this effect would be pretty un ettling. The circuit 

works - but it would be nice if we could get it to settle faster and to over hoot le s. 

Increasing the gain, at Rgain = 680k Cl gain I = 68), we were able to make out everal cycle of o -
cillation (the bigger, uglier trace in Fig. I OL.8 shows the motor drive voltage; there the oscillation is 

more obviou ). 
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Figure lOL.8 P only: 
gain is high enough to 
take us to the edge of 
oscillation . 
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With a little more gain (Rgain= IM, in our case; I gain I = 100) and the application of either a tep 

change at the input, or a di placement of the output pot by hand, we ee a continuous oscillation. Find 

the gain that sets your circuit oscil lating. and then note the period of oscillation at the lowe t gain that 

will give ustained osci llation. We will call this the p riod of "natural oscillation," and oon we will 

use it to ·cale the remedies that w ' II apply against osc illation. 

lOL.3 Add derivative of the error 

Well, of course we can get it to ettle faster· we can improve performance. (If we couldn't, would the 

name of thi ort of controller include the l and D in PIO?) We can peed up the ettling markedly, 

and even crank up the P gain a good deal once we have added this derivative. Thinking of the , tability 

difficulty a a problem of taming the phase hift. of sinusoids - as we did for op-amps generally - we 

can see that in erting a derivative into the feedback loop will tend to undo all integration. 

The integrations are the hazard here: one i, built in - the translation from motor peed to motor 

po. ition. Additional integrations resulting from lagging pha e shift. can carry us to the deadly - 180° 

. hift that converts nice feedback into nasty - the sort that bring on the o, cil lation you have ju t een. 
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lOL.3.1 Derivative circuit 

The standard op-amp differentiator in Fig. 1 OL.9 can contribute it output to the umming circuit. 

Here we. how the entire prior circuit (Fig. lOL.7), with the differentiator added. The differentiator's 

gain is rolled off at about l.5kHz. Again we recommend that you use a resistor substitution box to set 
the D gain if such a box is available. 

Pseudo op amp 

R svhstitutio~ box. 
{R=2.'2.0k ) moderate 34i'tl.) 

t70pf 

Motor Dt~ver 

v-

Figure lOL.9 Derivative added to loop. 

Figure lOL.9 also hows a witch in the feedback path that permit you to kill the derivative when 
you choose to. 

How much derivative? Our goal in adding derivative is to cancel the extra phase shift otherwise 

caused by a low-pass effect that brings on instability. How do we know at what frequency this trouble 

occur ·, and therefore how to set the frequency-respon se or (equivalently) gain of the differentiator? 

It turns out that you already have this information: you got it by measuring the frequency (or period) 

of "natural ' oscillation, back in ~ 1 OL.2.6. There, a you know, you gradually increa ed the P-only gain 

till you saw that an input disturbance would evoke either an output that took a long time to settle or else 
a continuou oscillation. (When we ran that experiment, for example, we got a 'natural oscillation'· 

period of roughly 0.6 second using the rotary motor-pot. With the lider pot that period was about 

40ms. If you are using a slider ver. ion, adjust your D gain accordingly - do not use the values we note 

below, which apply to the rotary ver ion. ) 

We aim to make the derivative contribution, D equal to the P contribution, at the "corner' frequency 

where sustained oscillation would occur. RC defines the differentiator gain. You ' ll find an argument 

for this propo, ition in Chapter !ON in case you need to be persuaded. In order to make the D gain 

equal to the P gain at the frequency of "natural oscillation," we want RC = l /(2rcf), where f is that 
o cillation frequency. 
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A scaling rule of thumb: frequency of natural oscillation dictates D gain: If, a this formula uggests, 

RC hould be about 1/6 of the period of natural o cillation, then for our T0 . cillation=0.6s we'd set RC 
to about O. ls, or a bit less.7 If we use a convenient C value of 0. 1 µF, the R we need is about 1 M. 

Let' make thi , value adjustable, though becau e we want to be able to try the effect of more or 

les than the usual derivative weight: if you have a second resistor substitution box, use it to set the 

differentiator's gain (RC). Otherwise use a 1 M variable re i tor. Watching the po ition of the rotator 

will let you estimate R to perhap 20%; the midpoint value certainly is 500k and 750k is close to 

the 3/4-rotation position. The differentiator'. output goes into the summing circuit installed earlier, 

through a resistor chosen to give this D term weight equal to the P's. 

We hope you will find thi D to be trong and effective medicine. Once it ha tamed your cir­

cuit 's response - eliminating the overshoot and ringing - crank up the P gain, to about twenty 

(RsuM_GAJN=220k) or more. ls the circuit tiJI table? Try more D. Does an exces of D cause trouble? 

The cope image of the circuit' respon e will let you judge whether you have too much or too little D: 

too little and you II ee remnant of the overshoot you saw with P-only; too much D, and you ' ll see 

an RC-ish curve in the output voltage as it approaches the target: it chickens out as it get close. And 

if you keep increasing the D gain , till further, a we said in the Chapter I ON, especially ~ I ON.5.2, the 

circuit goes unstable once again: it oscillates. 

Switch: The toggle witch across the feedback resistor will let us cut D in and out; the witch seem · 

preferable to relying ay, on a very-large variable R to feed the summing circuit. We find it can be 

hard to keep track of multiple pot setting to know whether we re contributing D or not. A switch 

make the ON/OFF condition ea ier to note. 

l OL.4 Add integral 

Adding the third term - the l of PID - can drive residual en-or (a difference between the input pot 

voltage and the output pot voltage) to zero. Fig. lOL.10 i a diagram of the full PID circuit with the 

integrator added. 

Two details of the integrator may be worth noting: 

Two polarized caps placed end-to-end: This odd trick works to permit use of polarized capacitors 

in a setting that can put either polarity across the capacitance. The effective capacitance is, 

of course, only one half the value of each capacitor. We use polarized caps only because 

large-value caps like the e 1 SµF pa11s are hard to find in non-polarized form. 

Seeming absence of DC feedback: at first glance, this integrator seems doomed to drift to satura­

tion, since the integrator includes neither of our usual protections against such drift - feed­

back resistor or momentary discharge witch. But neither is neces ·ary here becau e overall 

feedback - all the way around the large loop, from input pot to output pot - makes such un­

wanted drift impo ible. In h011 there is DC feedback, de pite appearances to the contrary. 

7 See. e.g. Tietze and Schenk Electronic Circuits: Handbook for Design. Second edition, pringer (2008). A le s formal 
approach appears in David St Clair' Controller Tuning and Control Loop Pe,formance, Straight-Line Controls. [nc.: from 
the aulhor's(members.aol.com/pidcontrol/) one can download a simulator that allows one to try his rule . The easiest 
simulator, along with a good tutorial appear. in http://newton.ex.a .uk/teaching/CDHW/Feedback/. The simulation lets 
you try (as you would expect!) the effect of varying P gain and of adding in D and l - ju, ta we do today. 
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Figure lOL.10 Integral added to complete 
the PIO loop. 

Watching the effect of I: In today ' circuit, the residual error is hard to ee on the scope so adding 

I will not reward you as adding D did. Your best hope will come if you cut the P gain very low: try 

R gain = J OOk, o that the circuit feedback ought to tolerate a noticeable residual error, when not fed an 

I of the error. If you have been using a function generator to provide step inputs to your circuit now 

replace that signal ource with the manual1y-adjusted pot input. Slow the scope weep rate, to a rate 

that permits you to see the multi -second effect of the integration. 

If you are using a digital scope you will be able to watch input ("Target"), output ("Motor pot"), 

and Integrator ignal responding to a step input applied from your input potentiometer. If you are 

patient, you can even make out the effects of the motor and pot' " ticktion" (a cute term for "static 

friction"): the motor and pot do not move smoothly in respon e to a lowly-changing input (here, the 

I term). In ' tead, the motor fails to move till the l voltage reaches some minimal level; then output 

voltage jump to a n w level , and waits for another shove. You can ee the e effect in ome of the 

scope images in § 1 OL.5. at the end of thi . chapter. 

Too much I again brings instability: It sounds dangerous, doesn ' t it? - tacking in an integral term 

when integration , plus other lagging pha e shifts, are just what threatens the circuit's stability. It is 
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dangerous, as you can confirm by overdoing the I. You should be able to evoke continuous o cillation, 

as in the dark days before you knew about the stabilizing effect of D. Yet, remarkable though this fact 

is , some I does improve loop performance - driving long-term error toward zero - and need not bring 

on instability. 

lOL.5 Scope images: effect of increasing gain, in P-only loop 

Figure lOL.11 
Increasing P-only 
gain brings 
increasing 
overshoot. 

(mod<!st ;:.:ai11) 

example t 
of 3 gain settings 

R sum= 220k 

example 2, 
of 3 gain_ settings 

R sum= 330k 
(higher gain, 
hut still stable: 
a little 011erslwot) 

example 3, 
of 3 gain settings 
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What problem do we meet today? We try to de ign a circuit that provide an output suppl) voltage 

that is constant despite fluctuations that may ari e in both input voltage and output cun-ent loading. 

Voltage regulators: One could argue quite plausibly that this is not a topic in its own right; it is only 

one more application of negative feedback, and could fit quite well into the op-amp chapter. Isn't a 
regulator just a follower driven by a reference? Ye , it is - though we ' ll refine the follower ' OOn. But 

thi function i needed so often that specialized IC have evolved to do just this job so that one almost 

never does use an op-amp. And power upplies and their regulators are o univer al in instrument. of 

all kinds that AoE assigns them a chapter of their own. We follow this cheme, giving them a day in 

the lab. 
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Figure llN.1 Voltage "regulator:" just another use of 
feedback. 

llN.1 Evolving a regulated power supply 

llN.1.1 Unregulated supply 

1n the begjnning - well, in Chapter 3N and Lab 3L, anyway - there wa the unregulated power upply. 

Look back to Fig. 3N .28: it provided a DC level from the AC "line" voltage. Why isn t this good 

enough? How doe it fall short? Let us count the ways: 

• You can see from Fig. l IN .2 that output show ome ripple - and it i not a good idea to try to 

solve that problem by boosting capacitor ' ize. Doing that would reduce ripple but at the cost of 

increasing transformer heating, calhng for a larger and heavier transformer. 

ripple 
1.5V 

·.t. ·. ·. ·. ·.·. ·. · ... ...... . . 

1 
L 

-~6v,···· 
I 
L 

l Figure llN.2 Unregulated power 
supply shows substantial ripple. 
(Scope gain : 2V / div .) 

ground 

tiill . 2.00 v . - ~-~J ' -~·- ~ \12 .00ms 

• Vout va1ies somewhat with loading . . . 

The tran former' output impedance i mediocre: in Lab 3L, for example, we saw about 20~ 

droop between light and full loading from our nominal 6.3V tran formers· 

Even apart from the reduction of tran former voltage under load, loading reduce average 

Vout by increasing ripple. 

• Vout can vary widely because of large variation in the line voltage (nominally 120V, but varying 

by about± l O~, and occasionally more at ti mes of heavy loading.1) 

llN.1.2 Zener sets V out 

A zener diode can tabi lize Vour: ee Fig. 11 N.3. What's wrong with thi cheme? 

I One state 's regulations (Illinoi ), for example, allow 10% variation in voltage supplied for " power" purpo, e. about 6~ 
variation for lighting: from I l 3- l 27Y on nominal "I 20Y" lines. http://answer . . google.com/an. wer /thread 
view/id/525096.htm 

I AoE §9.5 
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P, 

Vi ·-----"'N,.,- - -------- V ..:· ...; V zr.·:r. 
( un.r-e u' r. 

J.J° , '.) r.-:_ 11p \ ) 

Figure llN.3 Zener voltage 
source. 

• It' . inefficient: to provide 1 OOmA of output current at full load , for example it mu. t idle with 

11 OmA flowing through the zener (110 because we want at least l OmA through the zener even 

under full load). 

• The zener' voltage varie omewhat with variation in its current, a variation that necessarily 

occurs as loading varies. 

• Tolerances for even the nominal zener voltag are only mediocre. 

llN.1.3 Zener plus discrete-transistor follower 

A follower helps: it permit large 11 ad and large variation in thi · load cmTent without calling for large 

current in the zener: see Fig. l lN.4. Thi s is better, but still di appointing. 

• Vs E, omewhat va1iable, cau. e. variation in V0u1 even for con tant Vzencr· 

Figure llN.4 Zener plus discrete follower: regulator? 

llN.1.4 Zener or reference plus op-amp follower 

An op-amp can hide the VsE drop and its variation , and can give us much lower Rout: see Fig. 11 N.5. 

Lr.as 
(2.5'/) 

••• !1$tHq 2.5Vvc1ti,e 
ni;ei- 1,,e • 

R 

Figure llN.5 Zener plus 
op-amp follower : regulator? 
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On the right of Fig. l IN.5 we have made a small improvement: we replaced the zener with an IC 
voltage reference (2.SV: same a Chapter l lL) providing a more preci e initial voltage (±3~ in the 

grade you 11 meet in lab) and good constancy over wide variations in current (20~LA to 20mA). 

Thi circuit lack some refinements we will want to add - and it has one great flaw: 

• it output current is small: limited to the op-amp's 25mA (typical for the '411 · current limit for 

aJI ordinary op-amp are simj]ar) 

llN .1.5 Reference plus op-amp follower plus "pass" transistor 

Thi. is almo t what we need. It can provide a large current. One could boost that further by using a 

Darlington pass transi tor configuration (with its beta-squaring) or a power MOSFET (a field effect 

tran istor that needs essentially zero input current). The op-amp - with its feedback that encompasses 

the pass transistor - gives the circuit very low Rout· 

Figure llN.6 Zener plus op-amp plus pass transistor : 
regulator? 

LM385-2.5 
(2.5V) 

However, it has a flaw that make it unpredictable, and perhaps unusable. The output drive a power 

upply line which will be studded with decoupling capacitor . These are very likely to cause phase 

Jags that push the op-amp into oscillation - as you know from your experience in Lab 9L.2 

llN.1.6 Stabilized circuit 

To keep the circuit stable despite capacitive loading, we u e the method of Lab 9L - primarily the 

splitrh1g of the feedback path, ee Fig. 11 N .7. 

The effective R that pair with the feedback C to set .fcrossover i RThevenin for the feedback divider. 

Thi i au eful circuit. We'll add one more feature and call it done: we'll add a current limit. 

llN .1.7 Current limit: a complete regulator circuit 

To make the circuit foolproof, you hou]d design it to survive abu e by fools: people who short the 

output to ground. from time to time.3 All rea ·onab1y designed power upplies include thi s protection 

implemented through the addition of one more transistor: ee Fig. 11 N.8. 

The current-limiting scheme: Qlimit begins to direct current away from the pass transistor if the 

output current grows too large. Note that this cheme depends on the truth that the op-amp's output 

2 You might think we cou ld say sc illation · are ce,tain, with these capacitive loads. Oddly though. extreme capacitive 
loading can ·top oscillation . owe probably ought to say only that thi · c ircuit is vulnerable to para itic oscillations, and 
must be stabilized. 

3 Thi collection of "fools'· encompas. es all of u. of cour e. 

I AoE Fig. 9.2 
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Figure llN.7 Stabilized circuit. 

Qp,455 "poss"' transistor 

(_ Q,~ 

Compensation 

~----
) 

When - O.l5V ; IuM 
RuM 

flows, GuM begins to steal base 
current from QpAss. 

(GuM overpo....ers the little op-amp.) 

+ l 4.7µF 

-=-\ Stabilizes output against transients 

Figure llN.8 Homebrew 
regulator, including current 
limit. 

current i limited· if not for that limit the new transistor would actually add to the output current, 

making things worse. 

Op-amps use the same current- limit scheme: The output tage of op-amp use the same ort of 

current limit. You will recognize in Fig. l lN.9 the limit circuit in the output stage of the LF41 l, for 

example. 

llN.1.8 Dropout voltage 

Any regulator of thi type ("linear; ' rather than the "switching" type that you will ee in § l lN.6) needs 

. ome minimum difference between input and output voltage. This is called the "dropout voltage," 

because the output drop out of regulation if you don ' t fulfill this requirement. 

Most regulators need 2- 3V. You will find thi. minimum plausible when you recall the VsE drop in 

the follower, the need of mo top-amp for a volt or o between Vout and the positive supply, and then 

the current-limit circuitry. 

Specialized low-dropout regulators can get by on a few tenths of a volt drop between Vin and V001 • 

This feature can be important in battery-powered designs, where the battery voltage may gradual1y 

droop. In such a circuit a low-dropout regulator could function long after a conventional linear regula­

tor would have dropped out. But note that rn itching regulators may be better still for battery-powered 

device . See § 11 N.6. 
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Figure llN.9 Current limit in 
op-amp ('411) looks like regulator's 
limit circuit . 

Outpv.t of 
LF '+11 

] 

Virtu..a.16f 
idenfical 
io re3c..dafor 

2 2 Jl .scheme 

hl-

S i mila.r , bur 
lirnd mecluwism 
is orna-fe, once 
Q10 be3~ns io 
-!:urn on. 

Low-dropout regulator: The strategy u ed to reduce the dropout voltage is to reconfigure the pass \ Ao §9.3.7 

transistor. In a conventional regulator design like that of Fig. 11 N.1.7, where the pass transistor is 
wired a afollower, a V8 E drop lie between input and output and the op-amp it elf must lo e ome 

voltage between its po itive supply and its output. 

The low-dropout regulator wire the pas tran istor not as follower but a what might be described 

as an inverting amplifier: see Fig. l l N.10. 

Figure llN.10 Low-dropout regulator: pass 
transistor is reconfigured . Note funny feedback! low dropout 

Vour 

I 
This is a circuit we mentioned back in Chapter 9N, as a rare case with an inversion within the 

feedback loop. The feedback capacitor i required - providing split feedback. The re i tor between 

voltage reference and inverting input permit feedback to that terminal despite the "stiffness' of the 
good voltage reference. 
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A large bypa s capacitor on the output also tends to tame the circuits tendency to be jumpy.4 When 

you don't need the low-dropout feature you ought to u e the ordinary configuration, which is more 

stable. 

llN.2 Easier: 3-terminal IC regulators 

Now that you have paid your dues by re-inventing the regulator, we'll let you consider ome regulator 

that are much ea ier to use. 

llN.2.1 Fixed output: 78xx 

The whole circuit of Fig. 1 lN.8 - reference, op-amp and pa s transi tor - plu omewhat more, is 

available on one chip. The simple t of these regulators is embarrassingly ea y to use: this i the three­

termi nal fixed-output type in Fig. 11 N .11. 

•SV 

0.1 _,... F ....-- Pro vi des short· f erm 

I 
c.e.rdrnic srnoofhin;3 (fdsfe.r f han 

fe.edhack can respond 
fo fra.nsienf lo-.d chdn;3es) 

Figure llN.11 
3-terminal fixed 
regulator IC: very 
easy. 

You may find it gratifying to notice - in the chematic of Fig. l lN.12 - that the designers of the 

78xx regulators seem to have been looking over our houlder as we evolved the linear regu lator. 

...__ _____ __ 

GND 

+Vovr 

Figure llN.12 Simplified circuit of the classic 
3-terminal regulator, LM7805, looks a lot like 
our recent design. 

The circuit is just what we designed, apart from use of a Darlington pass transistor and the app li ­

cation of a peculiar boost (labeled L\VcL) to the base voltage of the current-limiting transistor. The 

diagram al o omits the nece 'Sary stabilizing elements. 

Thi de ice, like other IC regulators, limit not only its output current but also it own temperature. 

Such a thermal shutdown protects the regulator when what is excessive is not current alone but power. 

(You will demon trate this protection in the lab, by putting a large voltage drop across the regulator: 

4 Compare AoE §9.3.2 noting role of large capacitor to tame the negative regulator with irnilar pass-transi tor configuration, 
LM7905. 
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Vin» Vout). The thermal limit also protects you the designer, against the possibly destructive effects 

of inadequate heat-sinking (see§ l lN.3). 

llN.2.2 Variable output: 317 

The 317 i almost as ea, y to use as the simpler 78L05 , and is more versatile: it allow you to adjust 

Vout· So you need not stock an IC for each voltage that you may need. It can also be used to rig up an 

easy current source for values above about 5rnA. 

The left-hand sketch in Fig. l JN.13 shows a implified ver ion of the '3 17's circuitry.5 The right­

hand ketch shows the device wired to source lOrnA into a load returned to ground (or to a negative 

supply). 

Figure llN.13 LM317 
variable regulator : 
simplified circuit, and use 
as current source. 

adj 

_J 

U-1317 

'Ill/ r~r ltast 
"!Sv > VJoaJ) !IJ OVT 

AD;r 
124-

The '317 likes to hold a constant voltage (l.25V) between it two output terminal , a the diagram 

above indicates; it uses no "ground' termjnal. 

We have shown the '3 17 as current source not because this i. the mo t common use for the part; 

it i n't. In tead, we find this the easiest way to under tand the '317's voltage regulation: ju t let it 

source this fixed current through a resi tor to ground. The fixed cmTent times this re istance defines 

the voltage at ADJ. Then V0 u1 = VADJ + 1.25. So the circuit in Fig. l lN.14, for example, permits 

adjustment of Vout through the range 5- 1 OY. 

The notion that the device feeds a fixed current to R1 is only on way to see its operation. You may 

prefer the formula 

where R1 is the current-setting re istor, R2 the resi tor to ground. But tidy formula always threaten to 

ob cure how the circuit achieves what it does. 

A circuit example: adjust Vout: Figure l IN.14 how a sample circuit to bring these ab tractions 

down to earth. The two resi tor · below ADJ let the lOmA current drop 3.75V to 8.75V, to give the 

advertised V0u1 range. 

But don't get carried away: V 0u1 range is limited: One might be tempted to think the '3 17 all­

powetful : make a lOOOV upply by installing a I OOk R to ground? No. Vout i limited to about 37V 

becau e of a 40V limit on difference between Vin and V0 ur: if the output i sh01ted to ground with Vin 

very large (substantially greater than 40V) the part will be destroyed. 

'317 peculiarities: maintain minimum I out: Part of the '317's clevernes lies in the fact that it lacks 

a ground terminal.6 But the ide effect of the lack of a ground termjnal i the fact that the '317 is 

5 A more detailed version showing current limit and Darlington pa ·s transistor appears in AoE Fig. 9.9. 
6 Why is this clever?,'" you may protest. Well, this peculiarity allows it to act as a floating current source and thus to allow 

adjustment of V0 u, simply through adju. tment of a ingle resi tor. 

j AoE §9.3.3 

1.2!i v 1 I "' a.tiH = 10 mA 
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LM31'7 

---rn ov r I"------

ADJ" l 1.2..sv 1 A 
I= o.12H = O>tt I 1.25 v 

Figure llN.14 
Example of '317 
circuit with VouL 

adjustable through 
the range SV to lOV. 

powered by the cmTent that passes through the device - from IN terminal to OUT. So, the regulator 
fails if the user ets that current too low. The minimum. output current is specified as sometimes 5mA, 

sometime LOmA.7 Use lOmA, to be safe; jt follows that R2 should be about 120.0.: or I 24.0. if you 're 
u ing l % values. 

llN.3 Thermal design 

Overheating is an i ue we have not considered until now (except perhaps in pecifying large tran­

si tors for the push- pull drivers of several op-amp labs). We're bound to consider it when designing 

power supplie because the current are much larger than those we have been using to this point. To 

keep a part from overheating, we need to let it dissipate heat at the same rate that its electrical power 
generates heat. 

So much i · obvious . But you might not anticipate that the rate at which heat can be di . sipated is 

calculable with methods exactly analogous to the u e of Ohm's law. All we need to do i accustom 
ourselves to the changed units. 

llN .3.1 Thermal transfer, in general 

A look at the units will reveal the analogy between thermal and electrical flow and re istances. 
In place of voltage (by which we alway mean voltage difference) we u e temperature difference. 

Temperature difference drives the flow of heat just a voltage difference drives the flow of current. 

The rate of thermal flow, a rate of energy or heat transfer we measure as power: in watt , the W in the 

equation below. 

The resi tance to heat transfer i analogous to electrical resistance. Here, its units are °C / Watt: 
temperature difference per rate-of-heat-transfer. Tn the familiar electrical case, resistance in ohms is 
the equivalent: voltage difference per current (which i. rate-of-charge-tran~ fer). 

Electrh:al 1 = V / R 

Thermal Rate of heat transfer= (Temp Difference/Thermal Resistance 

W = (Tempdifference/ .0.thermat) 

7 The data ·heel from National Semiconductor (now absorbed into Texas In trument ) is ambiva lent on this question: a. it 
specifies device properties in its tables of·· . . . Electrical Characteristic · ·· the data sheet recite. /ouL2: I Om A. But it uses 
half that va lue in all the . uggested circuits that appear later within the same data . beet. 
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Figure l lN.15 represents the analogy graphically, while, to make things le ab tract, Fig. l lN.16 

an exploded ketch of an IC and its heat sink, showing where these thermal resistances appear. The 

subscripts in the figure bear explaining. For example, ReJ is the thermal resistance between junction 

(the guts of the IC) and the case. 

Figure llN.15 
Thermal 
resistance 
calculations are 
much like what 
you' re used to 
with Ohm 's law. 

R 
<l:rc 

Figure llN .16 Illustrating where the 
thermal resistances occur. 

T diffuenc.e 

------+--+• • 
Rex Recs ResA 

~ 
Rate of heat f lvw 

[ 
Units ] 

~C/Watt 

If you know how much power your part needs to dissipate, then you use the following: 

R _ Tiunctioo - TAmbienL 
Thermal - Power 

to determjne what total thermal resistance your circuit can tolerate. You may be tuck with ome of 

the resistances - such as juncLion-to-case, a value determined by IC de ign. But you have a choice 

of heat-sinks, and you can choose one effective enough to keep the total RThermal acceptable. We go 

through uch an exercise in 11 W. 
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llN.4 Current sources 

We have noted that the '317 can serve as a current source - but only for urrents of about 5mA and 

up. Let's look at ome current- ource [Cs that are more versatile. 

llN.4 .1 An IC for intermediate currents 

The LT3092 (see Fig. 11 N.17) can sink or source 0.5-200mA. Jt can do both becau e it i a two ter­

minal device. Placement of the load determines which job the part perform . Thi. versatihty contrasts 

with the behavior of bipolar tran. istor current sources that we have een where npn can only sink, and 
pnp can only source. (On the other hand, you have met a two-terminal current-limiting device: the 

JFET described in § 11 N.4.3 the part that you used to define the ' tail ' current of Lab SL' differentia l 
amplifier.) 

vl.l'I - Vovr:: 13v to fOv 

LT3oqz w 

( but rn~ni III v wi 

~sn: R[)Vr rat~o 
~ s 5"0: 1) 

Figure llN.17 LT3092 
two-terminal current limiter. 

The dynamic impedance (Rout) of the LT3092 L spectacular at DC (100MQ) and good at low 
frequencies: about 3MQ @lk.Hz. 

llN.4.2 A bipolar IC for low currents 

For lower cu1rents (50-400µA) the REF200 (see Fig. l lN.18) is very neat, and provides enormous 

Rour at DC as does the LT3092. In § J I W.2 we have po ed some puzzles asking how to apply the three 
elements of this part to ink or source a variety of current : 50. I 00, 200 300, 400µA. The mirror, as 

indicated in the figure, hold its right-hand current equal to the current fed into it left-hand ·ide.8 

llN.4.3 JFET as current source 

You met this two-terminal current ource in Lab SL, now shown in Fig. 11 N.19. It wa pleasantly ea:y 

to use: it comes in a glass package that looks like a diode. Within the diode-like package is a JFET - a 

junction field -effect tran i tor, a transistor type that we will not otherwise meet in thi cour. e (except 

8 The miITor is drawn a. a simple mirror. but in fact i a Wit on or ca, code mirror. as noted in Chapter 5S. 
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Figure llN.18 REF200 low-value 
current-source IC. 

\ 

tOOµA each 
(2.5V to 40V) 

,.--

.... -

mirror holds right-hand 
~ current equal to left current 

- ----' R£F200 

l 

~ current mirror 

to say in passing, that JFET give the 411 op-amp its high input impedance). The JFET's two control 
terminals are ho1ted together within the package and in this configuration the JFET runs at a fixed 

current. 

You have experienced what i appealing about thi device: it i very easy to use. It does have 

weaknesses. Compared with the LT3092 and the REF200 its dynamic impedance (R0u1) is good but 

less spectacular: about lMQ @ lmA. Its seriou" drawbacks are its price ( everal dollars , varying 

with the value of current9 ) and its poor tolerance (± about 20% for the SST-505 and for the Central 
Semiconductor part like I N5294 as well). 

llN.5 Crowbar overvoltage protection 

The failure of a regulator could feed an excessive voltage to a lot of precious electronics. The mo. t fa­
mjJiar hazard is the po ibility of overvoltage (or "surge") applied to an entire computer. 1° Fig. 11 N.20 

shows a circuit that shuts down the supply (clamps it to approximately 1 V) when the voltage climbs 
too high. (!Cs are available to do the voltage sensing, too.) 

Figure llN.20 Crowbar overvoltage protection (the 
circuit Fig. llL.8) . 

+ 

l 
152 

(5. VJ 
Sc 

The word "crowbar· apparently refer to the image of omeone (courageou ? foolhardy?) shutting 

down a huge power upply by shorting it to ground with a mas ive piece of teel. 

9 We were charmed to discover, in the strange pricing structure of these parts, the first objective evidence ever adduced for 
the proposition that most prm.:ticing engineer arc a lazy as we. When I mA versions of thi s pan were offered. they carried 
a dramalic premium over parts like the 0.7SmA value that we use. Why? Because everyone likes to do Ohm's law 
arithmetic with the value I , and we lazy people drive th price of that part way up. 

IO In the concluding lab for thi , course, in which they had con ' tructed a computer from many JC , one pair one pair of 
students accidentally demonstTated this vulnerability in horrible form: they used a variable upply for their home-made 
computer, adjusting it always to SY: well, almost alway . One day when they failed to check this SY value. they cooked 
many IC in their computer. Finding and replacing the de ·troyed parts wa a painful lesson in the hazards of overvoltage. 
The present v r ion of the microcomputer lab breadboard in ·lude. a r rmvbar clamp like the one described in this section. 
So such disaster are now very much less likely. 

tmA (1V to 50V) 

SST505 
or 
1N5297 

Figure llN.19 
JFET (Junction 
Field Effect 
Transistor) 
two-terminal 
current source. 

I AoE §9.1.IC 
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Since the SCR - the diode-like element on the right in Fig. 1 lN.20 - turns ON when its control 

terminal ("gate," G) reaches about 0.6V, much a a transi tor does, the circuit of Fig. l l N.20 fires and 

clamp its output if the input reaches about 6.2V. If thi circuit is to succeed in protecting down tream 

circuitry, the clamp it elf mu t be stronger than the failing up tream regulator: a fuse should be placed 

upstream, to blow when the clamp fires. 

A peculiarity of the SCR di tingui he it from the somewhat similar power transistor: once turned 

on, it remain on after the gate drive has been removed. Thus the crowbar circuit operates like a circuit 

breaker, locking the upply in shutdown state. Only turning off the SCR current, by shutting down the 

faulty power supply (or by blowing an up tream fuse), can release the SCR. 

llN.6 A different scheme: switching regulators 

A linear regulator is doomed to inefficiency, since its strategy for holding Vout constant a \1in varies 

is s imply to oak up the difference. A linear regulator fed a ripply lOV can put out a very constant 

SV - but the power wa ted in the regulator, in thi case would equal the power delivered to the 

load. Efficiency in uch a ca e is 50%. One cannot do much better, because uncertainty about the line 

voltage, and the need to keep ripple from dipping below the regulator' dropout voltage obliges one 

to put Vin 4 or SV above Vout· What i to be done? 

The answer i to adopt a method that is quite different. Don ' t soak up the difference between Vin 

and Vout in order to maintain V001 at a given level. Instead, use a switch to send intermittent 0 ushes of 

current into a storage element as needed. When a gush is not needed, leave the switch turned off 

llN .6.1 Preliminary: getting used to inductors' peculiar proclivities 

Becau ewe have not used inductors much in this course we may owe you a reminder of the inclination 

of inductors to keep a current going, once it is flowing. All the switching power supply configurations 

(shown below in § l 1 N .6.2) exploit thi ._ behavior. 

We hope you demonstrated this property for yourself in a witch exercise back Lab 4L. In class we 

repeat thi exercise as a demonstration, provoking an inductor to show off it flywheel -like behavior. 

The circuit we u e i ju. ta switch to ground (it happen. to be a MOSFET - the field-effect transi tor 

that you will meet next time), with an 1nductor linking the ·witch to a positive supply. The positive 

supply is a single AA cell at about I .6V: ee Fig. 11 N.21 . 

V• 
V+ 

/ clamp diode 

® 
Vour 

--- 0 1· 1 _J 

demo circuit (stage one) catch circuit (added, stage fwo) the usual protection 

Figure llN.21 Inductor 
switching demonstration: 
voltage spikes can be 
caught to generate large 

Vout · 

We wire it first a in" tage one." The square wave input turns the FET switch ON; current ramp. 

up in the inductor; the witch turns OFF - and the inductor want to keep cutTent flowing. Fig. 11 N .22 

how the inductor's respon. e. 

A · the switch opens, the inductor (indignant!) insi ts on keeping the current flowing, by driving the 

switch voltage (at X in Fig. 1 lN.21 ) higher and higher - until at about 76V, the switch 'breaks down' 

and conduct . 
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switching input 
(controls switch) 

voltage at top 
tenninal of switch 
(drain of MOSFEr: 
Note: 20V/div 

inductor drives transistor 
switch voltage to about 
80V-where transistor 
breaks down 

Figure llN.22 Inductor 
spikes voltage on switch 
turnoff. (Scope gains: 
square wave, SV / div ; spike, 
20V / div.) t!ii)" 5 .00 V 
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narrQ\oV pulse: Vout = SV 

Figure llN.23 A diode and capacitor can be used to catch the inductor's spikes (three pulse widths 
shown). (Scope gain : SV / div .) 

This breakdown is not good for a transi tor switch; a large inductor could destroy the transi ·tor 

in a single cycle, though power MOSFETs (but not bipolar transistors) include an internal protection 

diode whose tolerance for rever e cun-ent is pecified on a data -heet. Normally, one would protect 

the switch with a diode as shown on the far right of Fig. 11 N .21 . For purpo, e of the demo, however, 

we want to .. how these large spikes - and in a moment we will put them to use. Note that the suppl) 

voltage is a modest I .6V. 

Thi perverse behavior of the inductor can be put to use. The voltage spikes can be u ed to ource 

current into a capacitor in repeated urges. The capacitor thu ._ can charge to a voltage much higher 

than the original supply voltage - as in the demonstration. 11 

Fig. l lN.23 show . . uch an application of the eemingly mi . chievou voltage pike . The capacitor 

voltage rest close to the voltage of the repeated spikes, which are shown for three input pul e width . 

By varying the width of the input pulse, we varied Your, as shown in Fig. 1 IN.23 , from 5V to 25 V. 

The ON time of the switch determined by the put s width. determine how clo e th inductor come 

to it maximum current. At the pul e repetition rate shown, we found that further widenincr of the 

pulse did not raise Vout· 

llN.6.2 Three switching configurations: "Boost," "Buck" and Invert 

The demonstration - which took I .6V up to 20V or so - used one of three basic circuit configuration · 

available to witching regulators. Appropriately, that configuration is called "boo t,' labeled 'B" in 

11 Your camera':,, flash ci rcui t probably works th is way: it start with a battery vo ltage of perhap · JV, and when you turn on 
the Ra. h you may hear the circui t singing. lf o. you are hearing the witching of an inductor, used to charge a . toragc 
capacitor up lo 300 to 400V to fire the flash when you pre . . the . huller release. 

! AoE §9.6.4 
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Fig. 11 N.24. (All three circuits are drawn howing Schottky diode for their low forward voltage 

drops; for even greater efficiency, a MOSFET . witch can be used in place of the diode). 

The first configuration is a step-down, caJled ' buck." A help in getting a grip on inductor behavior 

we offer a sketch of voltage and current waveforms in the buck circuit. Note that the transistor switch 

is turned ON by taking its control input to ground (the transistor is a p-channel MOSFET, analogous 

to a pnp bipolar transi tor). 

1V o--J~X ~vouT 
l>l .. {< v.) % l ,., 

I AoE §9.6.1 A 

Diode lei.s wrrerd. continue 
to flow , when switch i.s <>[ 

I 

(0 T"vert 

l+ Figure llN.24 Three 
switcher configurations. 

OH O ff ~·i· volt,1__9e o _ ~u- J-
O';./ ON ON 

inpv.f (.Uf't: 0- __11~,. 

,ndue. cu.rr o- '--../ ..../'·-...../ 

Figure llN.25 
Current and voltage 
waveforms in a buck 
(step-down) switcher. 

The ripple on the output voltage of Fig. l lN.25 may look familiar - it may look like the l 20Hz 

ripple of an unregulated supply. Yes and No. Note the radical difference in frequencies: the switching 

frequency usually is in the range 1 OOkHz to lMHz, to allow use of small inductors and capacitors. 

The "droop" time here is on the order of a microsecond rather than the 8ms of a powerline-driven 
full-wave rectifier. 

llN.6.3 Efficiency 

You can convince yourself with a few seconds ' thought that a switch. that is either fully ON or fully 

OFF jdeally dis ipates no power at all. Consider the two cases in Fig. 11 N.26. 

I 
SWITCH OPEN 

Vdeross switch : BIG J Psw,tch 
I · zero ::: 0 

S\.JI TCH CLOSED 

V across sw, tch 
I 

I 
zero } fswdch 
BIG -= Q 

Figure llN.26 
Idealized switching 
regulator : zero power 
lost in switch . 

In life, things aren't quite so good. Some power does get dissipated: in the inductor; in the witch, 

with its non-zero R00 and capacitance; in the diode, which conducts while the switch is OFF (up from 

ground - startling those of us unaccu tomed to inductors ' trange habits). Nevertheless, the result can 

come close to the ideal ; much closer than a linear regulator can. 80o/t to 9So/t efficiency i. feasible. 

Figure 11 N.27 contains part of a table describing National Semiconductor's 12 boost switching reg-

12 ational wa wallowed up by Texas Instrument. . 
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Figure llN.27 Excerpt from National Semiconductor table of switching regulators. 

u)ators (those that generate V0u1 > Vin). Note the impre ·sive efficiencies - perhaps difficult to read, 

here but all at 85% or more. 

Efficiency is the great strength of switchers, but they have other virtues: they can generate Vout > Vin, 
as in the examples we just looked at. They can change the sign of a voltage input - or can do both 

transformations at once. Those tricks allow powering circuits at a variety of voltage ( uch as 3.3V, 

2.5V l .8V) from a single source. 

For battery-powered devices , like a cell phone, the importance of efficiency i obvious: it permits 

long battery life. For line-powered circuit the importance is le s obvious. The efficiency is valuable 

there rather because it permits supplies that are lighter and smaJler and les hot than a linear supply. 

llN.6.4 Implementing the feedback 

We have not mentioned, to this point, how the switch i controlled in a switching regulator. Negative 

feedback compares Vout against a reference voltage. In this, the witcher behaves like the linear regula­

tor. But the feedback circuit doe. not imply hold the switch teadily ON when Vout i low, OFF when 

Vout is higher than the reference. Such a scheme could produce very large ripple and could require 

huge inductors and capacitors. 

Instead, the witching occur continuou ly - or nearly so - and what is varied i the duty cycle of 

the switch: the percentage of time it spends ON in each cycle. (It is al o po ible to vary frequency 

but varying duty cycle is the more usual scheme.) 

The switching regulator that you meet in the power- upply lab provide a hybrid cheme, varying 

not duty cycle or frequency but the duration of a burst of high-frequency switching cycle (it describes 

itself as a 'gated oscillator switcher;" other call this design "Pulse Burst Modulation" or 'hy teric 

conversion" 13) . 

When Vout falls a little below the reference voltage (by an amount set by a built-in hy tere is circuit), 

the regulator fires a burst of 20kHz cycles, driving V0 u1 up. Once Vout rises high enough, all switching 

terminates and the regulator's power con umption faJl s clo e to zero. 

A result of this scheme i ripple at frequencies well below the 20kHz switch rate: a low a 2kHz 

in the cases hown in Fig. 11 N.28. This is in a frequency range that can be very annoying to human 

ears, 14 so it seems a strange choice by the de igners of the part. 

The motive for thi cheme are two. One i. to minimize the regulator 's power di ·sipation: when the 

13 See a good note by Analog Devices: http://www.analog.com/static/imported-filcs/tutorials/ptm ect3.pdf. This note point -
out the good feedback stability. i.e. freedom from loop osci llation. f PBM . 

14 " ars .. , you may protest? Who is listening to thi . switchi ng frequency? Well. idea ll y. no one. We were unable 10 hear our 
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Figure llN.28 Ri pple on 
output of 1073 
switch-burst regulator. 

switching shuts off, current draw falls from hundreds of milliamps to about 1 OOµA, and under very 

light loading the circuit can be idle for "seconds at a time," the data sheet promise . A second virtue 

of this ort of design - in which the feedback loops relie on hystere is with bang- bang behavior - is 

that it is not vulnerable to the instabilities that can trouble continuous-feedback de ign . You know, 

from your experience in the nasty oscillators and PID labs that ordinary feedback loop can be upset, 

e pecially by capacitive loading. 

llN .6.5 Switchers aren't always what you want 

They are noisy . . . : For digital devices, which hrug at low-level noi e, switchers are the right choice. 

But the witching noise voltage that alway appear on their outputs can ruJe them out for sensitive 

analog circuits. 

. .. and can be difficult . . . : And we should mention another reason why many people reach for a 

good old linear regulator: a switching upply can be subtle and difficult to design. It can be hard to 

keep them table. And it is not only student in an introductory course like this one who might shy 

away from switchers. IC manufacturer know that switching power supplies have a reputation that 

tends to care engineers . 

. . . So manufacturers offer help: National Semiconductor/TI offer a erie that they call 'Simple 

Switchers,' and since the name may not be enough to persuade its customers it also provides a web 

de ign program that steers you to particular IC offered by them 15 given your design goaL , and fin­

ishes the design for you (much as TI FilterPro does for active filters): see Fig. l lN.29. This web 

app1ication goes . o far a. to make up a "Bill of Materials" (BOM) for you: ee Fig. 1 lN .30. 

You do feel a bit dimwitted when you use this service. But you 're not required to admit that this is 

how you "de ·igned your witching supply! 

Jab circuit. But inductor can ing al the frequency which they are driven; o can capacitor , and both effects can cau e the 
singing of CRT video monitors. So i t"s good to put wi tching noi. e above the audibJe range. 

15 http://www. Li.com/ww/en/analog/webench/. For some reason their web ervice doe n' t eem aware of their competitors· 
part . 
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Figure llN.29 National / Tl's Webench leads the timid by the hand , in switcher design . 
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And, yes, switchers can be hard even for smart engineers: Linear Technology, al o feeling the 
designer' pain, offers a long application note by their late wizard Jim William entitled Switching 

Regulators for Poets: A Gentle Guide for the Trepidatious 16 Williams, who was not a beginner at 
electronics, wrote: 

Before this effort, my enthusiasm level for switchers resided somewhere between trepidation and terror. This 
position has changed to one of cautiously re pectful optimism. 

If Jim Williams could feel optimistic, so can you. 

llN.7 AoE Readings 

Chapter 9: 

Unregulated supply: §9.5· 
Evolving a linear regulator: §9.J; 
IC regulators: §9.3; 

Switching regulators: §9.6. 1 ff. 

16 Thi note was written thirty-odd years ago, but the fundamenta l difncultie of swi tching regulator ' have not changed much 
since then - except for the arrival of delightful cru tche li ke National's Webench . The not i AN25fa (1987). 



lll Lab: Voltage Regu lators 

This lab begins with a trial of your design for a home-made voltage regulator. There is nothing very 

new here: the only elements you have not seen in a previous lab are 

(1) the voltage reference - a super-duper zener, in effect; 

(2) the current-limit included in the bipolar version described below. 

The MOSFET version - an alternative regulator design - allow you to try the new tran istor type as 

you try the regulator. Both home-made regulators rai e stability i sues that you will recognize from 

your experience with Lab 9L · 'na ty o cillators." This exerci e is not reali tic: you are not at all 

likely to design a regulator from parts · we hope, though, that de. igning one once will give you insight 

into how a linear regulator works. 

In the remainder of the lab, you will try first JC linear regulators - very straightforward; then an 

IC switching regulator. The switcher u es feedback to stabilize Vout, a the linear regulator does, but it 

regulates the output voltage in a way that is unfamiliar to u in this course: by switching an inductor, 

and exploiting the inductor's effort to keep current flowing when the switch open .. The switching 

regulator can achieve effects that at fir t glance seem magical; Vout greater than Vin; '1<>ut negative, for 
Vin positive. We hope you ' ll be impre ed by this little IC. 

11 L. l Linear voltage regulators 

lll.1.1 Voltage reference 

The homemade voltage regulator that we ask you to build in §1 lL.J.2 is required to put out a voltage 

that remain constant despite variations in loading. Thi behavior is familiar to us from all the low Rout 

device we have u ed and built. including all our voltage followers. But today we ask our regulator to 

do something we have not seen before: hold its output constant de 'pite variation in its input voltage. 

A zener can provide this constancy, as you know. We will use a zener later in § J l L.1.6. But for 

better constancy of Vout, which we want from our homemade regulators, we will rely on a voltage 

reference IC, the LM385-2.5. 

Tt behavior re emble that of a zener - but i much better. It shows very good constancy of Vou1 a. 

its current varie over a very wide range. Thi you can ee in the left-hand plot of Fig. 11 L. l. 
As you read the plot, notice that the scales marked on left and 1ight vertical axe , indicating voltage 

variation for the two device differ by a factor of almo t 200. 

lll .1.2 Voltage regulator : your design 

Please design, then try out, a voltage regulator built to sati sfy either of the description set out below. 

ln addition to performance . pecification , each de ign problem include a specification of available 
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Figure lll.1 
1- V curves for 
zener and IC 
voltage reference 
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parts. After specifying the task, just below, we will state more specifically what we mean when we 

ask you to tr out the circuit. 

Design task 

Option A: Bipolar SV regulator, with current limit 

Hints 

• Voul: 5V (±5o/c ); 
• Vin: 8-25V 

• Current limit: lOOmA, more or less; 

• Kit of parts: 

op-amp: 1/2 LM358 (dual op-amp, single- upply; see Lab 9L); 

pas." tran istor: 2N3055 (pinout: BCE, seen from front); 

current-limit transistor: 2N3904; 

voltage reference: LM385-2.5, a 2.SV uper-zener ; 

frequency compensation: start with none; add it when you've seen the problem. 

• Look at the '723 IC chematic, AoE §§9.2 and 9.2. l : in effect you are building a 
homebrew '723; 

• when you calculate the resi tor you need to get a lOOmA limit, note two complicating 

fact : 

the '358 provides a rather high maximum output current: 40mA, typical· most of 

this will be added to your circuit output current, under current-limit condition ; 1 

when thi s is occurring, the current-limit transistor will be passing enough current 

N. ' . 

70·~2: 

tt..H385l 

o that the u ual rule VBE= 0.6V will not hold. Note that VBE~0.6V at lmA, for a 
Figure lll.2 

'3904; VsE rise about 60m V per decade of current, o at, say, 35mA you may ee Pinout of LM385 
VBE of about 0.7V, and jn your particular circuit you may see as much as 0.75V. voltage reference . 

Or an alternative design (a little more tjckJi h, becau e of its tendency to o cillate). 

Option B: Low-dropout SV regulator Thi · design differs in omitting the current-limit (normally 

very desirable!). so that you can minimize the dropout volrage - the minimum difference 

between regulator input and output. That difference define the minimum power wa ted in a 

I You could limit the magnitude of the current that the current-limit tran i tor c:ould add to /0 u1: insert a re istor on the ba. e 
lead of the pass transistor. Put this re. istor upstream of the /1irnii tran istor tap. 300Q. for example, would limit current to 

about 25mA for a Vin of 8 to I OV. 
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linear regulator, and - j u t as important, in a battery-powered instrument - determines ju ·t 

how low Vin can fall before the output fail s. 

• Vout: 5V (±5%); 

• Vin: from slightly more than 5V up to 25Y. 

• Kit of parts: 

op-amp: 1 /2 LMC6482 (dual op-amp ingle- upply rail-to-rail; for pinout, see 

LM358 in Lab 7L); 

"pass' transi tor: Bipolar: 2N3906 (same pinout as 2N3904: EBC) or MOSFET: 

BS250P (Ro = 14.Q; pinout: SGD, een from front) or VPOl (Ro =8.Q) or JR­
LIB9343PBF (Ro = 0.12.Q; pinout: GDS); 

voltage reference: LM385-2.5, a 2.5V uper-zener; 

frequency compensation: start with none; add it when you've seen the problem. 

Hint • Beware the inversion by the transistor circuit, which is not a follower. Instead, thi is an 
inverting amplifier. We will need to take feedback from the transistor's drain (FET drain 

is equivalent to bipolar collector): lo grow a gate voltage falls. That fact needn't cause 

you any difficulty, as long as you are aware of it· if you know about this inversion you 

know how to keep the sense of feedback negative infact (though the feedback may look 
shocking on paper!). 

lll.1.3 Trying your circuit 

Oscillations: Your circuit probably does not work well if you have followed our instructions: we 

have a ked you to omit "frequency compen ation," and your circuit output i very bkely too illate, 

at least when presented with a capacitive load. Add a ceramic capacitor in the range 0.01- 0.lµF, 

between Vout and ground. Such a cap normally tabilizes a power supply but it i. likely to de-stabilize 
the bipolar regulator, at least, looking like a capacitive load. Incidentally, make ure that you watch 
the output with a cope: if you make the mi. take of thinking of thi . a_ a DC circuit which one can 

therefore under tand with DC voltmeter alone, you will find that oscillations can cau ·e DC e1TOL that 

are puzzling indeed. 

Once you have een the oscillation problem, try to . olve it. In both regulators, a feedback capacitor 
between op-amp output and the inverting input2 hould do the job (kiJling the high-frequency gain3 ). 

This i the remedy we have ca1led "split feedback.' What value i · necessary? Note the relevant R: the 

R of the lower-frequency feedback path (here, RThev for the feedback divider . Choose RC to bypas" 
the na. ty stuff well below the frequency of oscillation that you have ob erved. 

In addition, you should place a couple of capacitor, to ground, at the output: a smal1 ceramic (for 

high-frequencie. : ay, 0.01- 0. l µ F) and al. o a big tantalum (a little les. good at high frequencies: try 

4.7 µFor bigger . 

Vary V in : A regulator . hould provide con tant output despite variations in input - including the 
L20Hz "ripple" that rides an unregulated input. To save time, instead of applying ripple, just vary Vin 

(from a variable lab power supply) by hand, and watch Vout· You re not likely to see any variation in 
V0 u1, if your ci rcuit i. working right- until you take Vin o ]ow that the circuit "drop out'" of regulation. 

1 Note that even for the low-dropout de~ign - where the feedback from circuit output goe to the 1w11-i111'erring input because 
of an inver. ion effected by the PMOS circuit - the high-frequen ·y feedback provided by the feedback <.:a pacitor must go to 
the im·ening input in order to give feedback the proper sen e. 
You may prefer 10 say. a we did in Lab 9L. that the cap provides a ·eparate feedback path. bypassing the network that 
produce dangerou, phase shift · at high frequenci s. 
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Measure the dropout voltage: A regulator' "dropout voltage' is just the minimum difference be­

tween Vin and Vout required in order to Jet the regulator hold Vout where it ought to be. Measure Vdropout 

for your homemade regulator. What characteristic of what device(s) in your circuit imposes this min­

imum on Vin ?4 

The answers differ for the two de ign options, as you would expect. Vdropout, the minimum differ­

ence between Vin and Vout, is the sum of. .. 

Option A, using npn pass transistor 
• minimum difference between the op-amp's po itive . upply and its output: about l .5V ... 

• .. . plu V8 £ for the pa s transistor roughly 0.6V) . .. 

• ... plus the drop aero R1im in the current-limiting circuit (up to 0.6V). 

Option B, low-dropout version 
• Assuming that the you use a PMOS FET, which need several volt b tween it input 

terminal ("Source") and control terminal driven by the op-amp ("Gare·), we don't need 

to worry about the specification we called "minimum difference between the op-amp' 

positive supply and it · output ' above; op-amp output will be well below the positive 

supply voltage. 

• Instead of VsE for the pa s transistor we need consider only its minimum voltage be­

tween in and out terminals (its "Source" and "Drain") . For low values of Vos the MOS­

FET behaves like a small-valued resistance so this minimum depends on output cutTent 

and the tran i. tor' Ro . 

In this circuit you can see that this Ro value is important. The small MOSFET would 

drop almo t 1 .5V at I OOmA: the big one would drop a mere 4m V. 
• Since the low-dropout ver ion lack circuitry to limit its output current, there is nothing 

further to consider in accounting for the dropout voltage of thi version 

Loading: Now ee to what extent V0u1 remains constant independent of loading. As "load,' use I 00.Q 

resi tors , placed in parallel (why not smaller ones?). (A current meter placed in series between V0 u1 

and this load will let you measure the load current.) Don't go overboard in loading the low-dropout 

version, by the way, since it ha no built-in current limit. Feel free to go overboard with the current­

limited ver ion - once you are convinced that the current limit works: you can even short the output 

to ground. 

You should find - if you care to look - that the low-dropout regulator ' dropout voltage varie with 

loading. Once you have decided what's imposing the minimum dropout voltage, you 11 recognize why 

this relation between dropout and loading is necessary. 

lll.1.4 Three-terminal fixed regulator 

This device, shown in Fig. 11 L.3, is embarrassingly easy to use. It i o handy, though. that it s worth 

your while to meet it her . It protect it elf not only with current limiting, but also with a thermal 

sensor that prevents damage from exce sive power dissipation Clout x [Vin - V0u1]) an overload that 

could occur even though the current alone remained below the limiting value. You will watch thi . 

thermal protection at work. and incidentally wiJ.1 see the effect of heat s;,1king upon the regulator. Figure lll.3 

Watch thi thermal protection by providing a load that draw. le than th chip's maximum ur- 78L05 3-terminal 

rent of 100 mA. Use two 1200 re i. tor in parallel to ground· ee Fig. l lL.4. (Check, with a quick 5V regulator. 

calculation, that you are not overloading the e 1/4-watt r si tor .) 

4 Thi s is a rhetorical que. tion ! ec below. 



Figure lll.5 
Push-on heat sink 
for T092 package. 
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Figure lll.4 78L05: 
demonstration of thermal 
protection . 

Note: We ugge t you stack the variable supply on top of the breadboard's fixed+ 15Y , upply. Thi . 

. cheme requires that you ff.oat the negative terminal of the variable upply; that terminal mu. t not be 

tied to world ground. 

A calculation , for the zealous: Thi demonstration i. fun even if you don't predict what Vin will bring 

on current limiting, but you can make the xperiment e pecially . atisfying if you try to predict what 

voltage aero the regulator will bring on thermal limiting. That i not bard. though it might take you 

a while to dig it out of the data. heet. The thermal ·pecifications tate a maximu111 permissible junction 
temperature of l25°C and give the Lhermal resi ranee between junction and ambient, which in thi · 

ca e mean both the ambient air and the circuit board to which the regulator ' leads are auached. You 

will be u. ing the T092 package - pla. tic - which dissipate ub tantial heat through it lead (even 

the length of these leads matters, you·u notice from the curve shown in Fig. I l L.6). 

To calculate the maximum power th package can dis. ipate before overh ating the junction, plug 

in the values here. 

78L05: Thermal Spec(fications 

Package Thermal Resi tance (typical, max) 

T0-39 

T0-92 

Definitions: 

Re Jc 

20°C/W, 40°C/W 

180°C/W 

ReJc = thermal resistance, junction to case 

Re1A 

140°C/W, 190°C/W 

190°C/W 

Re1A = ... junction to ambient: includes JC and CA (case to ambient) in series 

A sume that the device begin to limit when its junction temperature reache · about 150°C - but 

don ' t be shocked if your calculation indicates the device may be tolerating a higher temperature, 

perhaps a high as 200°C. Note units of thermal resistance, Re: °C/watt. 

Experiment : dropout voltage and thermal self-protection: Gradually increa e Vin from clo. e to OY. 

A you proceed, note: 

• the dropout voltage; 

• the \/j 11 that actually evoke the chip s thermal self-protection. 
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Figure lll.6 78L05 max power 
dissipation depends on lead length 
(T092 package) . 
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By the way, what does the chip do to limit its power dis ipation? How will you know when the chip 

has begun to take this protective action?5 

When you notice the chip limiting its own power dissipation, you will be able to call off this self­

protection by cooling the chip. Try putting a bit of wet tis ue paper to the 78LOY fevered brow. It 

should recover at once. Then try a pu h-on heat sink instead. You may have to crank up Vin to see the 

self-protection begin again. Now fan the regulator or blow on it. Does the output recover once more? 

lll.1.5 Adjustable three-terminal regulator: 317 

This regulator allows you to select an output voltage by use of two re i tor . . You can make a variable 

output supply by replacing one of them with a variable resistor. The 317 lets you stock one chip to get 

all the positive supplies you need (at least, up to lA output current); it al o let you trim to exactly 

5V, for example, if the 78L05 's 5% tol.erance i too loose. In addition, the 3 J 7 is easy to wire as a 

current ource. In other respect ' thi regulator i much like the 78L05: it includes both current and 

temperature sensing to protect itself from overloads. 

Wire up the circuit in Fig. l lL.7. Try R= 750Q; what should V0 u1 then be? Mea, ure it. 

Figure lll.7 317 voltage regulator 
circuit . 

311 
4 Vin _ __,.,__-i fN ouTi---.-,.-

1 
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~ 2'10 .-. 
i 

ADJ' 

You should be aware of a quirk in the ' 317' specifications (a quirk that stung Tom, recently): the 

device does not regulate properly unless the current from it output is at least I OmA. So you must 

avoid large resistor values in the feedback path, unle s you can be sure that a substantial load current 
wi II be drawn at all times. 

Replace R with a lk pot, and check out the 317's performance as an adju. table regulator. What is 

the minimum output voltage (R= O)? 

5 Yes: the [C limits its output current to limit it I V power di ipation. The evidence will be the fall of Vin from it normal 
level of 5Y. 
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lll.1.6 Crowbar overvoltage protection 

Here's a little circuit that can protect against the potentially horrible effects of a power supply failure, 

by damping the supply voltage close to ground in case that voltage exceeds some threshold. Here, 

we have set the threshold around 6V: about right, as the start of danger in a 5V supply (we chose 

5V because it is a tandard computer upply voltage). The "softness" of the zener' knee6 gives this 

circuit only approximate control of the thre hold. You might prefer, in practice to u e an integrated 

overvoltage en or that includes a precise voltage reference7 · some of the e ICs include the SCR, as 

well. 

d 
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'. 

+ 
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.. .. 
'152. 
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Figure lll.8 Crowbar circuit, and 
pinout of SCR: G = gate; K = 
cathode; A = anode. 

The ilicon controlled rectifier (SCR) hown in Fig. 11 N.20 i a device you have not een before 

in the e lab . It behave more or less like a power transistor: to turn it on you need to provide some 

current at it gate which will accept current if you bring it voltage up to around 0.6V above the 

cathode. 
The SCR differs from a tran istor in latching itself ON once it begins to conduct. To turn the device 

off, you mu t top the flow of current by ome external means: in this circuit by shutting off the power 

upply. Evidently the SCR i well-suited to this application: trouble turn. it ON; only omeone's 

intervention then can revive the power upply. Note that the crowbar does not shut off if the ·upply 
voltag imply attempts to revert to a safe level, such as SY in the present case. 

In a practical circuit, you would add a capacitor to ground at the SCR 's gate to protect again t 

triggering on brief transients. Today, your power supply should be quiet - since it powers nothing 

other than this protection circuit! So, we have omitted that protection capacitor. 
Try the circuit by gradually cranking up the supply voltage, using either an external variable upply 

or the breadboard's l5V upply, which (on the PB503) is adjustable with a built-in potentiometer. 

When you fini h thi experiment, incidentally you'll probably want to set the breadboards adju table 

supply back to +lSV, ince you're likely to expect that voltage next time you u e this supply. 

lll.2 A switching voltage regulator 

The witching regulator' .. trategy is wonderfully simple: instead of oaking up the difference in volt­

age between Vin (unregulated) and Vout (regulated) it alternately connects and disconnects Vin and Vout 

(with a uitable filter to mooth V0 u1). In principle the regulator - now reduced to a clever swirch -
need not dissipate power. At all times one or the other of the switch's V or I i. zero. (Thats the ideal; 

real , witching regulators can give 80% efficiency routinely, 95% in some de igns.) 

6 Some lonely Dilbert must have invented this piece of jargon. 
7 Fore ample, 0 Semiconductor MC3423. See AoE §9.130. 
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lll.2.1 Switching regulator IC: LT1073 

Figure 1 I L.9 shows a block diagram for the LT1073 witching regulator. a low-current de ice that 

i remarkably ea. y to u. e (the data heet boa t "no de ign required ' as its first selling point: a bit 

embarrassing for us aspiring de. igner - but al o evidence that . witching regulator de ign ha. scared 

away lots of ngineer. !). 

2 7 6 1 

~rt 
Set Ail 

r lim 

3 

Osei.LI at or 

L T1073 
6ND Sense 

Figure lll.9 LT1073 switching 
regulator : block diagram. 5 8 

lll.2.2 Step-up switching regulator 

Figure 11 L.10 shows a tunt you can't do with a linear regulator: get +5V from a single AA cell. Lt 's 
feedback a. usual - but what's not usual is that this time feedback controls an o crnator that give a 

kick to the inductor (at about 20kHz) when Vout faJI below the target. 

IN5817 
V,• (::: LSv) v~ 

2 7 6 

Set 
+ 

~ti A~ I"'pf rl•m 

3 HI 

Osc:il/e.for 

't 
S\./2 

L T1073 
GND Sense 

Rt 
Figure lll.10 Step-up 
("boost") regulator, using 5 8 

LT1073. 

A design choice: feedback divider: Choose R 1 and R2 to give an output voltage of about 5V, given 

the value of the internal voltage reference (212m V). You ' ll get clean output waveforms if you keep R 
vaJue under 1 OOk, though much larger value are permitted. 
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Output capacitor: U ea tantalum 100µ capacitor on the output, or a Sanyo OS-CON type if you 

can find one: thi capacitor, with it lower series-resistance (and somewhat lower inductance), should 

give y ur circuit less of the spiky noi e that appear when a jolt of current i injected into the capacitor, 

on witch turn-off. To check your circuit' response to variable loading, use the circuit in Fig. 11 L.11, 

including a meter that will let you measure f1oad · Note that the variable re istor must have a higher 

power rating than our u. ual pots (which are 1/2W parts) . This circuit calls for a 1 W pot.8 

DVM 
[]QJ 

c.vrrent 
meter 

I - - - - - - - - - - - - -, 

I 1k : 
I 

100.n. 

Variable Load (for 5v ovtpvt , ILoad ~S"O~A) 

Figure lll.11 Variable LOAD circuit . 
(Potentiometer should be rated at 1 W or 
more.) 

U ea cope to watch V001 and the witch terminal , SWl (pin 3). The ripple of about 150mV on Vout 

(embroidered with somewhat pik:y step.) reflects the hysteresis of the comparator on the ' 1073: the 

regulator lets V001 droop a bit, then kick. it upstairs. 

Query: if the comparator hystere i. is 5mV (typical), why is the apparent hysteresi here so much 

larger?9 Figure 11 L.12 show what we aw for three load currents. 

I t I . 

1--j- J-
I ; p 

Figure lll.12 Ripple of switching regulator, 
and the stairstep rise in response to regulator 's 
40kHz switching. (Scope gain: 50mV / div, sweep 
rate: 500µs / div .) 

Reducing ripple ( optional) : The I 073 includes a x 1000 amplifier, and thi can be used to reduce the 

output hysteresi , that the circuit tolerate . All you need do is insert the amp Ji fier into the feedback path 

(the 470k resi. tor in Fig. 1 I L.13 i. simply a pull up: th amplifier' output is not the usual push-pull 

stage). 

8 The calculation of the power rating for a variable re i tori: ·imple. but al. o subtle. One might think that if we adjust the 

variable resistor in Fig. 11 L.11 Lo. ·ay. I OQ, thi lOQ value will dissipate little power (about 20mW, at 50mA). But the flaw 

in this reasoning is that the fraction of the pot where this power is Lo be dissipated is so small that it cannot unload the heat. 

So. one should calculate power that w uld need t be dissipated with a full SOmA load curren t through the e111ire pot, even 

though thi~ will not oc ur in this circuit (the ariable re. istor at 500Q would pa. s much less than 50mA). It i the the hear 
per u11i1 fe11g1h of the re i ti ve element that must not exceed specification. 

Hen e our result of about JW: we calculat !2R power when 50mA flow. through the 0.5k pot (about l.25W) Power is 

lower at all but the minimum R alue. 
9 That' . right: because we·re feeding back only ·1 fraction of Vom· where we are watching the ripple that ··refle ts·· the effects 

of the comparator' · hy teresi. . 
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Figure lll.13 
Op-amp in feedback 
path reduces output 
ripple. 
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A0 

Query: How doe th.is amendment reduce ripple? 10 

lll.2.3 Step-down switching regulator 

The circuit in Fig. 11L.14 is similar to the step-up, but th is time the tran i ··tor switch lies between 

Vin and the inductor rather than between inductor and ground. When the . witch in this step-down 
configuration turns off, the inductor draw. current through the diode, from ground. To do thj it takes 

the voltage at the diode lightly negative: pretty weird, if you're not accu tomed to seeing inductor 

at work. 

Feed thi s circuit from a variable external power supply. It should work with an input that varie 

from a few volts positive to 30V (the max permitted). The capacitor on the input helps tabilize the 

supply when the switch connects to the inductor. Again. Jet R1 and /?2 provide a +SV output. 

Can you infer from th behavior of th output waveform what the regulator is doing to hold Vout 

con tant, a you vary Vin ? 11 

V;" 

2 7 6 Rw1 220.n. 

I-
6.8rF:...----+-v-,11---1---s-et _____ A.8-------+ 1----. 

Ii.."' 

Figure lll.14 
Step-down ( "buck") 
switching regulator . 

GND Seri~e 
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LT1073 
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IN5'817 

10 othing rancy, here: the internal amplifier'. gai n of 1000 makes the circuit respon. ive to change at the SET input 1000 
times smaller than those at the E E input. This would seem to reduce our observed output ripple of about I 20mY to 
well under a mY. The datasheet's promi. e. however, is more modest: "a few millivolls." This modesty is puzzling. See 

Switching Regulator datashcct: ·ee especially the tirsl 10 pages: http ://cds. linear. com/docs/en/datashe t/1073fa.pdf . 
11 Probabl you'll see a variation in the witch'sdurycycle . 

AoE Fig. 9.60: typ­
ical waveforms for 
such a step-down 
switcher 
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lll.2.4 Negative from positive 

The step-down can be tricked into providing a negative output from a po itive input. All you need do 

i redefine' ground' in the circuit of § 1 lL.2.3 and Fig. 1 lL.14 a OUT, while redefining the the signal 

labeled V0 u1 in Fig. l lL.14 a ground. Strangely simple, eh? 

Try it - remembering that all your instruments that define ground (power supply, scope) must agree 

on this redefinition of ground. 



11 W Worked Examples: Voltage 
Regulators 

11 W .1 Choosing a heat sink 

Problem Choose a heatsink adequate to unload the heat developed by a '3 17 regulator that mu. t 

handle a SY drop at lA (for example we may assume Vi 11 = 10Y, V0 u1= 5V). Along the way, choose the 

best '3 17 package. 

This problem is very similar to one done with slightly different number in AoE §9.4.1 A. 

Solution 

Find thermal resistance specifications for our parts: Our goal will be to unload the SW (SY at lA). 

We need to establish some values: 

• maximum permitted junction temperature· 

• temperature difference between junction and ambient; 

• total permitted thermal re. istance in that path given tho. e two values. 

When we have done that we can calculate how big a heal ink will be required to balance the book : 

that i ' , to take out heat at the rate it is being generated. 

• Junction temperature: the '317 can stand a junction temperature of I 2S 0 C. We 11 not de, ign right 

to the limit. Let's treat the design maximum as L00°C. 

• Ambient: you might expect 2S°C, but recall that this regulator is likely to live in a box with other 

electronics. So, let s be con ervative and expect ambient of 50°C. 

What thermal resistance can we tolerate? Given the temperature difference (S0°C) and the power to 

be di ipated (SW) we can calculate what total thermal re i tance is acceptable. 

R Tiunction - TAmbicnt 
Thermal = p 

50°C 
RThcrma l = SW 

ower 
l0°C 

w 
Thi i. the total thermal re i. tance that we can tolerate between the hot junction and the outside world. 

Without a heat sink? The datasheet in Fig. 11 W. I tell us thermal res i tance of the part it elf, junction 

to ambient, assuming no heat sink. 1 

The T0-220 case give a thermal resistance of 80°C/W, junction to ambient. That won t do. To 

make the no-heatsink case sti11 worse, the specification assumes ambient at 2S°C, unreali stically low. 

We need a heat sink. 

I Data is from the Fairchild Semiconductor data heet ror the LM3 I 7 in a T0-220 package. 
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Thermal Characteristics 
Values are at TA = 25°C unless otherwise noted. 

Symbol 

Po 

ReJA 

RB.Jc 

Parameter Value 

Power Dissipation Internally Limited 

Thermal Resistance, Junction to Ambient 80 

Thermal Resistance, Junction to Case 5 

Units 

w 
°CNJ 

°CNJ 
Figure llW.1 Thermal 
resistances from 317 data sheet. 

Heat sink is required: Using a heat ink places everal thermal resistances in the path from junction 

to ambient. The step will be junction-to-case, case-to-sink and, finally, sink-to-ambient. We will use 

a thermalJy-conductive gasket (with its Res) for insulation because the case is at the v1mathrmout 

voltage then a heat sink (with its R A): 

RThermaUotal = R1c + Res + RsA · 

The total must be kept under l O (let's drop the unit for the moment). We know that RJc uses 5 leaving 

us 5. Now it i time to turn to a catalog of available parts. We can use the Digikey website searchi ng 

their tables that de. cribe available gasket and heat sinks. 

There we find a gasket at 0.07. The heat sink must be a hade under 5 to keep our total under l 0. 

We u ed the ' Natural' column - meaning no fan assumed. We find a couple at 4.4. Fig. 11 W.2 shows 

fragments of the part earch creen. We could use either of the 'e two heat inks. Now our total thermal 

resistance is about 9.5, so afely under 10. 

F Dlgl·Key Manufacturer Part Part Number Manufacturer Description 
Number 

I L· _,_~ I-_ ~-1 ~ . J _ ~ --1.. . ...!'=:JL~- ... 

Thermal Th·~·· F I Resistance Material 
@Forced Resistance Material Finish 
Airflow @Natural 

~ -~-J~_Y JL~--yj ... I y l 

2s•cm@ l 44·cm F 400 LFM . ummum 
Black 

Anodized 

~~";'F~ \ « •cm I AJumio,m 
Black 

Anodized 

Figure llW.2 Searching for a heat sink . 

Thi was a somewhat fu y de ign ta k - but in your real de. ign life, doing these calculations 

is worth the trouble. It's nice to avoid the embarrassment of seeing your circuits melt, or go up in 

flames. 2 

11 W.2 Applying a current-source IC 

Prob I em Use the REF200 current-source IC to generate several output currents. 

A former student sent us a note asking that we add the topic of thermal management to the course. He went through our 

cla s without ever hearing about the issue - and he reported that the fir t circuit he built at hi s new job embarra.-sed him 

(and us, we should say) by overheating. 
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We introduced the REF200 IC in Chapter I JN: ee Fig. 1 lN.18. The manufacturer promi es that 

the its two 100µ.A sources and the current mirror can be used to ink or ource a variety of currents: 

50, 100, 200, 300, 400µA. 
Some details: 

Current Mirror: We have not di cu sed mirrors in the main tream of this book, but the hort de­
scription of a mirror's behavior i. as imple a. what i. stated in Fig. 1 lN.18: it hold equal 

the currents sunk by it top two terminals. The left-hand current erves as the "programming" 

current; the right-hand current matche that current. For an explanation of mirrors see §5S.2. 

Sink versus Source: The lOOµA elements are two-terminal equally adept at sourcing or sinking. 
In the proposed problem, the 50µA circuit-. olutions will not be so versatile, by the way: 

different designs are needed for sink versus source. The configurations for the other current 
values can be true 2-terminal de igns. 

Some of these designs are difficult. 

Solution A variety of output currents from the REF200. Aren't some of the e solution, quite 
subtle? - the 50µA ·ource, and the 300µA and 400µA, especialJy.3 

Figure llW.3 
Applications for the 
REF200 dual current 

source: 50µA through 
400µA 

I 50 
,.._.....__......_t_ (sink 

only) 
Mirror 

+300 

Mirror 

+ 300 

Mirror 

+ 400 

Mirror 

+ 400 

Was this exercise fun or frustrating? I don't think I came up with the 50µ A source solution without 
peeking at the TI datasheet. 

3 The e applications appear on the datasheet for the REF200 on th Texa · In. trumem. ite. 

50 
(source 
only) 
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12N.1 Why we treat FETs as we do 

Are we pushing the breathless pace of thi course too far in proposing to dispose of Field Effect 

Transistors FETs) in a day? We gave more time to bipolar tran. i tors, and much more to operational 

amplifiers. 

We think we can get away with this hasty treatment because the FETs that are most important op­

erate a witche , and we think you can pick up those switchin applications quickly. Linear transi tor 
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applications, like those we truggled with a few weeks back, are much harder - as we . uspect you 

noticed. 
The FETs that you will try in Chapter 12L a.re the in ulated-oate type or MOSFET. 1 This is the 

type that wholly dominates digital electronics, and it i within digital device that the overwhelming 

preponderance of transi tors live. From Chapter 14N on, we wilJ begin seeing MOSFETs in digital 

gates. But for today we will see MOSFET u. ed in two other settings: first, as power switches (where 

they compete with the bipolar witch, an application you met back in Lab 4L) then as analog switches 

(aL o called "transm.i sion gates"). 

12N.1.1 How we'll get away with treating FETs in a day: some ideas carry over from 
bi polars 

Some fundamental similaritie between bipolar tran istor and PET give you a big head-start, a you 

meet these new device . We will say almost nothing in this chapter about one large cla s of FET : the 

junction type, JFETs.2 Chapter l 2S give a cursory introduction to those device . We introduce today 

the other class of FETs. the sort with an in ulated gate. The symbols for the two type indicate the 
differences: in one case, a diode junction at the input, in the other ca e an insulator (the "oxide' in the 

MOS sandwich). 

12N .1.2 ... Just another three-terminal "valve" ... 

A PET, like a bipolar transistor, i a three-terminal valve controlled by a voltage between two of 

the terminals. And if we concentrate on the type most often u. ed - the so-called "n-channel' type, 

analogou. to n pn bipolars - we find the polaritie of the control voltages and current flow are familiar. 
Fig. l 2N. l shows ymbol for the new part and your old friend the npn. 

Figure 12N.l MOSFET 
switches resemble bipolar 
switches. 

a valve ... ... or (simpler) a switch 

+5" 
0 _r=__,\/\/lr---1 

bipolar version ... 

The symbol for the MOSFET, which includes a gap, makes vi ible the FET's great virtue: astro­
nomically high input re istance. When you met the bipolar.follower we trumpeted its ability to boo t 

input impedances by the factor {3. The MOSFET does dramatically better. The gap shown in the sym­

bol repre, ents an insulating Si02 layer. In cla s we ometime do a silly demonstration, illu trated in 

Fig. 12N .2, of the MOSFET's high input impedance by using a tu dent a a "wire' to convey a little 

charge from teacher to MOSFET. 

The teacher touche one hand to +SY or ground to control the lamp that the MOSFET drives. Not 

I This type is named strang ly, as if to provide a recipe for the geek . tranded on the proverbial desert i land and wanting ro 
building a transistor: "Metal Oxide Semiconductor" FET: MOSFET. The British acronym , IGFET (" Insulated Gate . .. . ,), 

makes more sen e. 
2 You met these in pas ing as current- limiting diode. in SL. and 11 N. 

j AoE §3. 1.1 A 

+5 

MOSFET version 
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charged teacher can light lamp, using student as conductor 

Figure 12N.2 Class demonstration 
meant to persuade people of 
MOSFET's high Rin · 

a very u eful circuit, but a fun demo. If the student lets go of the MOSFET input while the lamp is lit, 
the lamp tays lit.(Why?) 3 

The FET works more like a vacuum tube than like a bipolar transi tor (not that 'vacuum tube" i 

likely to mean much to you4 ): the presence of an insulator at the MOSFET' input means that only 

the "field effect' can reach and control the channel, the conducting region of the transistor. 

12N .1.3 Some competing symbols for the MOSFET 

Unfortunately, a variety of MOSFET ymbols coexist, ome more helpful than other . Usually we will 

use the leftmost of the three. ymbol in Fig. 12N.3. 

gate 

_JJ drom 

~ source 

simplified symbol -
but don't take the diode-like 

symbol seriously! 

_J~ (body) 

showing body diode, 
as fourth terminal 

showing body diode, Figure 12N.3 MOSFET 
internaf/y connected, 

as usuaf schematic symbols. 

All of these ymbols- unlike, ome which we'll refrain from showing- help the reader by indicating 

which terminal i source (the one nearer the gate input), and which the drain. The leftmo t symbol 

i. appealingly simple, but we worry that the diode-like . ymbol on the source terminal might mi lead 

you: no uch diode exisL in the device (see Fig . 12N.5 for a literal picture of what , in the device). 

The right-hand two symbols how the "bulk ' or "body diode," the implicit junction between substrate 

and channel. 

The middle ymbol, showing the body as a fourth terminal, i appropriate to some integrated-circuit 

schematic . But power MOSFETs always have body tied to source, as in the rightmost symbol. This 

internal connection implements an implicit diode between ource and drain a shown in Fig. 12N.4. 

Becau e of thi diode connection, a power MOSFET cannot be u ed as a bidirectional witch: drain 

voltage mu t not be allowed to go a diode drop b low source. 

Thi . fleet only underline che fact of the MOSFET's enormous input re istance. The lamp stays lit because SLray 
capacitance at its input (gate) holds whale er charge is placed on it. ince the MO FET's inpm current is almost zero. 
Many emiconductor memories exploit thi behavior: '·dynamic" and ·'nash" memories, EPROM's and EPROM's, for 
example. Some of che e devices remember by holding a small charge on the gate of a MOSFET for many years. We will 
meet the e FET-memories again in Chapter 17 . 

"' No; you're too young. But the man who taught me in my first electroni s course had learned with tubes and despised 
bipolar tran istor because of their addiction to input (base) current. When FETs came along he breathed a great sigh of 
relief and recognition: a proper electronic valve had returned! It's probably not by chance that FET were the devices the 
researchers at Bell Labs were trying to implement when they stumbled onto the bipolar tran istor. The FET's behavior wa 
more familiar - th ugh the mechanism. one hould admiL is not much like the tube' . 
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Figure 12N.4 "Body" or substrate forms a diode linking 
source to drain . 

J _J 

A glimpse of the MOSFET's innards: A hasty sketch of the MOSFET's structure may help to make 

Jes mysterious the odd "body diode" sometimes included in the MOSFET chematic symbol. This 

diode i alway present and is an implicit result of the MOSFET s construction not a diode added to 
the device. Fig. 12N.5 i a sketch of the structure of an n-channel MOSFET. 

Figure 12N.5 MOSFET construction . "Body" diode is implicit 
substrate-to-channel junction (no channel shown, here) . 

Si Oa 
(insulaior} 

The p-type body form a diode with the channel - and mu t never be forward biased. So the body 

of an n-channel FET must be at least as negative as the source which is more negative than the drain .5 

Having braced you with a sense that you already have a partial familiarity with FET. , let 's push on 

into some of their pecuharities. 

12N.1.4 Why bother with FET s? 

Exhausted by yom struggles with bipolar transistors , but triumphant, perhaps you wonder why we 
should bother you with another sort of device. We consider them because they can do some jobs 

better than bipolar transi tors. Consider MOSFETs when you want: 

• very high input impedance~ 

• a bidirectional 'analog switch' ; 

• a power switch. 

The fir t of these FET virtues is the most important: enormou · input impedance. Well , strictly it 

is the input resistance that is enormous. The considerable input capacitance of a large MOSFET, 

like the power witches you will meet in today s lab, can make input reactance troublesome at high 
frequencie . 

5 If the' drain" terminal happen lo be carried more negative than the' source," th is more negative terminal becomes the 
effecti ve source. See AoE §3 .1 .3. The near-symmetry of the FET permit this result, drain and source differing onl y in 
capacitance. But note that an implicit diode prevents taking drain more than a diode drop below source (n-channel), in the 
ca ·e of a power MOSFET. See § I 2N . 1.3 and AoE §3.5.4C. 

j AoE § .I 
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12N.2 Power switching: turning something ON or OFF 

You built a bipolar switch long ago in Lab 4L; today you' ll build the equivalent circuit with a "power 

MOSFET' (= ju t 'big brawny" MOSFET). Fig. 12N.6 hows both; what's to choose between them? 

+5 

The mo t important issues are: 

+5 

Figure 12N.6 Two power switching 
circuits: bipolar and MOSFET, doing 
the same job. 

• how much power the switch wastes when ON; and 
• how easy or hard the thing is to drive. 

12N .2.l How on is ON? 

An ideal power switch puts aJI power into the load, di. sipating none itself. So the two transistors 
compete in how low they can hold their output when ON. The contrasting specifications are the 

bipolar s satu rar;on. voltage VCE- at versus the FET's R00 .( watch out for the nasty fact that 'saturation" 

mean something quite different when applied to FET ! See AoE 3.1. lA). 

The bipolar waste ome power also in its VBE junction, whereas the FET wa tes none in its gate 
where no current flows. 

MOSFET switches are easily paralleled : The FET al o shows a nice behavior that make it easy to 

parallel MOSFETs for high currents (and low R0 11 ): at high current and high Vcs, MOSFETs have 
the good sense to reduce their currents a they heat, whereas bipolar do the oppo ite. This difference 

lead to two contrasts: fir t, several MOSFET switches can be paralleled without "ballast resistor " 

- emitter re i tors that provide negative feedback to a bipolar witch, see Fig. 12N.7. The bipolars, 

if paral]eled without these resi stors, would give more and more of the hared current to the hottest 

transistor. Soon it would be getting little or no help from its partner , and would bum out. 

V+ 

paralleled bipolars 
need RE to enforce 

sharing ... 

.. . Ff:i's don't 

Figure 12N.7 MOSFET 
switches, unlike bipolars, can be 
paralleled without "ballast" 
resistors 

The bipolar s perverse respon e to temperature - the hotter it gets, the more current it want to 

pas - lead to' current hogging" not only among several paralleled parts but also to hogging on the 

micro copic scale: if a paiticular location in a bipolar junction get , hotter than it neighboring regions, 

it pa e, more than it hare of current, and gets hotter till. 
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Local current hogging on the bipolar tran i tor makes the device behave like a transi tor with a 

lower power rating once the voltage across the device is appreciable (AoE' Fig. 3.94 show the effect 

beginning at just l OV). 
Bipolar are, in effect, workaholic - whereas MOSFETs behave more like the rest of us: they are 

inclined to lough off work instead of hogging it. This doesn ' t mean a bipolar cannot do a particular 

job; it ju t mean that you will need a bigger transi . tor than you might expect becaus of this effect. 
Lest you get too excited about the MOSFETs good sense, however, be warned that the rule permjtting 

ea y paralleling of MOSFET switches doe not apply to MOSFET linear circuits. The e usually run 

at lower current where they how the nasty positive temperature response of bipolars: they pa s more 
current as they get hotter. 

12N.2.2 How hard is the thing to drive? 

We have made much of the MOSFET giant input impedance at DC. You ' 11 see evidence of thi s in the 

lab, when you find that your finger can turn the ·witch on or off (if you touch your other hand to +5, 

then ground). But away from DC, the FET's higher capacitances begin to tip things agrunst it. 

Strange to tell, the large capacitances of big MOSFET. have given rise to specialized MOSFET­

driver IC (the sort of strange and highly pecialized thing that Darwin used to come upon in the 

Galapagos) . The e can deliver a very large current for a hort time, in order to charge the FET' input 

capacitance. 

12N .2.3 Effects of FET capacitances on switching 

The values of input capacitance - Cgs and Cgd - are big (1.00s of pF for a MOSFET that can handle a 

few amp · at low R011 ). But feedback makes things even worse. The Cgd get exaggerated by the quick 

swing of the drain as the device , witches: that big dV / cit cau es a large flow of current in Cgd· You'll 

see that effect in the lab. It appears as a trange kink or hesitation in the movement of gat voltage, a 

the MOSFET switches. You see it only when you provide weak gate drive, as in Fig. 12N.8. 

Figure 12N.8 Weak gate drive can expose 
slowing effect of MOSFET capacitances. 

o_J 
+5 

+ 5'0v 

1k 

10 k -
Now the 1 Ok re i tor slows the charging of , tray capacitance, at the gate, and the FET's witching 

is slow; see Fig. 12N.9. 

The exaggeration of C gd by the lewing of drain voltage in a direction opposite to the movement 

of Vg is an instance of Miller effect. That i a problem that bedevils anyone trying to make a high­

frequ ncy inverting amplifier. (And it is a topic that we have not pursued in this book though you 

have glimpsed Miller effect as a way to under tand how a base resi tor tabilizes a discrete emitter 

follower back in §9N.8.2.) 

I AoE §3.S.2 

AoE re MOSFET 
driver !Cs: §3.5.3 

I AoE §3.5.4A 

AoE §3.5.48 and 
Fig. 3.102 

I AoE §3.5.SA 



gate voltage 
seems to 
hesitate ... 

... while drain voltage 
is slewing in the 
opposite direction 
("Miller" exaggeration 
of gate-drain 
capacitance) 
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r 
r U input (5V/div) 

GND- · · · · · · 
(input) ~ · 

L . . 

;:,,,,....--+--- . • 1 -

J rl .._....___________ I 

. :. . . ] 
-·--'----~~-· -·-· ··- '_._l.n_,l, _.,. • ~-·-·-J.-.1-.-.c........_._•,,,. _ __,_j 

A detail: 

rise of Vgate looks like an 
interrupted RC curve­
but it's not quite smooth, 
because the capacitance 
value grows (Cdg) 
as Vd falls 

Figure 12N.9 MOSFET 
capacitances can slow 
switching. 

IGBTs: We wi1l note only in pa sing an integrated hybrid of MOSFET and bipolar tran istors called 

·'Insulate Gate Bipolar Tran i tors" (IGBT). The e show the high input impedance of a MOSFET, but 

better ON voltage than a MOSFET, for high-voltage load . Since we' ll not meet such loads in this 

course, we'll not be trying these device and refer you to AoE if you need to know more. 

12N.3 A power switch application: audio amplifier 

You have seen the efficiency that a switching voltage regulator can achieve in the LT1073 of Lab I IL. 

Ideally, the switch di ipate no power whereas a linear regulator is obliged to soak up the difference 

between \1in and Vout· A linear regulator i not likely to exceed about 50% efficiency; a , witching 
regulator can approach 90%. 

An audio amplifier can achieve a imilar gain in efficiency by replacing the valve-like behavior of 

a pu h- pull amplifier with ON/OFF switching. (Such an ampljfier is labeled 'Cla s D, in contrast to 

the "Class AB" biased pu h-pull.) The difficulty that results i the generation of switching noise, as 
you will ee in Lab 12L when you try such an amp. 

This electrical noise need not produce audible noise, however. The witching frequency is placed 

far above audio range (into at least hundred of kilohertz). Nevertheless, a look at the waveforms in 

Figs. 12N.10 and 12N.12 may make you unea. y. The noise that appears on the sinu oid at the top 

of each cope image is noi e on the circuit input. The abrupt drive pulses disturb the ground line, 

and radiate high-frequency electrical noise. Thi disturbance occur despite the usual efforts to quiet 
the supplies: decoupling capacitors of l,uF and , everal of 0.1,uF. Th application note for the part 

confe the hazard po ed by the narrow and steep output pulses: 

From an EMI standpoint, thi is an aggre ive waveform that can radiate or conduct to other 

component in the ystem and cau e interference. 

If your application cannot tand . uch noise you will prefer a less efficient (and le "aggre!:isive") 

push- pull output tage. 

The switching amplifier put out very short pulses at the full supply voltage (SY in today ', applica­

tion, § l 2L.3). 

These pulses are effectively filtered by the peaker'. inductance - applying brief ramps of current 
to the speaker. This exploitation of the speaker's inductance allows a "filterless" design (thus small 

and cheap). with high efficiency: 70% to almost 90% best ca e. Small battery-powered device like 

cellphones or portable mu ic ources need that ort of efficiency. 
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12N .3.1 Waveforms 

Sinusoid : Figure 12N.10 shows an input sinu oid at about lkHz and the output pulse streams that the 
LM4667 applies to the two ends of the speaker. The witching noise is alarming to look at - but not to 

listen to. On a properly designed printed circuit board in contrast to the breadboarded circuit here, the 

witching noi e would be much less extreme. See, for example, the clean waveform in AoE Fig. 2.73 
The two output waveform (the traces labeled 2 and 3 in the figure) show first one then the other 

dominating, to drive the speaker coil fir t in one direction and then in the other, as the voltage of the 

input waveform crosses its midpoint. The waveforms somewhat resemble the pulse-width modulated 

waveforms that you saw in Lab 7L though "pul e-den ity modulation" would be a more accurate 

description of these pulse streams. 

Figure 12N.10 Switching audio 
amplifier showing input (polluted 
by switching noise) and two 
output pulse streams. 200JJS -29.2320).IS O /200n1V 26.807(,MHz 00:52:47 

Detail of the pulse stream, and noise: Figure 12N. l 1 show the pulses in more detail along with the 

disturbance that they cause to the entire circuit including the displayed input sinu oid. The omewhat 

irregular rate at which the pul e occur reveal the quite subtle circuitry within the amplifier which 
uses a technique called delta- igma" modulation to produce the output pulse stream ·, u ing these 

pul e to achieve a correct average , peaker current over a history of many pulses. Note that the pulse 
rate lie far above the frequency of the audio ignal that i to be reproduced . 

Figure 12N.ll Detail showing 
output pulses and noise coupled 
to input sinusoid. 

~ ~ ~ ~ 

~tt--~-""fl""-~-~-,...-----M' I-}--,--~ t'-~ 

0 1.00V 
D S.(11)V 

• s.oov 
2.00JJs -13.4400,us o ..ro.oov 8.04676MHz 05:20:47 

A music waveform : Finally, Fig. l 2N. l 2 how a music waveform passed by this amplifier. The 
witching hash i. very obvious - but we hope that when you try this in lab you can confirm that the 

audible effect of this hash is light. 
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Logic gates 
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Figure 12N.12 Music waveform 

as input; pulse streams that 
result. 

A power switch like the one shown in Fig. 12N.6 is e , entially the ame circuit as the simple logic 

inverter on the left-hand side of Fig. 12N.13. The inverter differs from the power switch , however, in 

that the purpose of the logic device is not to put power into a load· quite the contrary. 

fn ·tead, the purpo e of the circuit i only to generate an output voltage level (high or low) that i 
determined by a high or low input, while minimizing power dissipated everywhere in the circuit. The 

input of a MOSFET clearly i well suited to saving power since the gate draws almost no current. 

But some cleverness is required in order to make sure that the remainder of the circuit also operates 

without dissipating power. Such cleverness appears in the better logic gate shown on the right in 

Fig. 12N.13. 

+5 +5 

V+ 
0_1 __J 

V+ 
~ o 

+5+ccr 0_1 

t 
ON 

Prim;tive logic inverter: .. ... elegant CMOS logic inverter 

12N .4.1 A primitive logic inverter .. . 

Figure 12N.13 Two logic 
inverters . 

The very simple 'logic gate" on the left in Fig. 12N .13 works - but not well. A you will confirm in 

Lab 14L, its output cannot ri e fast because stray capacitance at it output must be charged through 

the pullup re istor. This makes the witching slow. In addition, the circuit is inefficient because when 

Vout is low, the resistor dissipates power. If that' not bad enough, the gate also has uch high output 

impedance in the high state that its noi se immunity i poor. So, uch an inve1ter rarely i used. 

12N.4.2 . . . An elegant logic inverter: CMOS 

The right-hand inverter in Fig. 12N.13 is an elegant circuit - and the imple t example of the ' Ort 

of MOSFET logic that has taken over the world of digital electronic . The name for this pairing 

of n-channel and p-channel MOSFET is CMOS, with 'C' standing for Complementary. You will 

demon trate the uperiority of this inverter in Lab l 4L. But even without trying the circuit one can see 

from its symmetry that it shows none of the three weakne ses of the single-transistor inverter. We see 

in the next ection another good application of CMOS within analog switches. 
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12N.5 Analog switches 

MOSFETs compete with bipolar. a power witche ; a "analog . witche. " - device. that are to pa 

or block a signal rather than just the flow of current to a load - the MOSFETs have the application to 

themselves. 

12N .5.1 A first-try: single-MOSFET analog switch 

One can appreciate the CMOS analog witch by comparing it - as we did for the CMOS logic inverter 

- to a less clever design. Fig. 12N.14 shows such a imple gate: a ingle MOSFET used to pa s or 
block a signal. In order make , ense of a detail shown in the rightmost circuit of the figure, we mu t 

acknowledge the MOSFET "body' diode. This is an element of the FET that we have not used before. 

! AoE §3.5.4C 

'
10h______c -15V 

·15~~ "f\_;--7 .... _.. -"I\; "f\;--u--"f\; in out 
I 
I 
I 

ON : +15V:OJ 
-15V: OFF 

10k 
+15V passl 

-tsv'I -=-OFF _J __ J 
Figure 12N.14 An analog 
switch done with one 
MOSFET. 

block 

analog switch: 
conceptual ... 

... implemented wdh a 
M05F€T (n-channeO .. . 

.. . and with a little more detail: 
body connection 

The 'body' diode is shown connected to - 15V. Since that i the most negative point in the circuit, 

thi connection makes ure that this diode never conducts. 

ln the ca ·e of the analog switch, ource and drain swing as widely as the input and output signaL, 

and typically both can wing positive and negative. So one mu t take care to tie the body to a voltage 

that can never take the wrong sign relative to th in and out signal . If body were instead tied to source 
as in a power MOSFET, then a negative input ignal, while the switch was OFF, could cause the body 

diode to conduct. 

The analog switch made with one MOSFET works only as long as the input ignal remains safely 

below the positive control voltage that is applied to the gate. Otherwi e when the input signal wings 

close to the positive power supply, the MOSFET will feel its VGs hrink.ing and eventually will turn 

it elf off. 

12N.5.2 An improved analog switch: CMOS 

The neat remedy for the limitation of the singJe-MOSFET design i to add a second MOSFET of the 

complementary p type, in parallel. This second tran istor is driven with the complement of the control 

signal that drive the gate of the n-MOSFET o the two transistor are either both OFF or both ON. 

It is a nifty Jack Sprat circuit, as you can confirm if you imagine applying an input signal that 

swing all the way from negative to positive supply. At one extreme of input swing - near the po itive 

supply, ay - n-MOS fades, but p-MOS i fully on· at the other extreme of input swing, Jack and 

Mr . Sprat exchange role . And in the middle, the two tran istors both work fairly well. Good CMOS 

switche - like the one you will meet in the lab - handle such wide signal swings happily with nearly 

onstant RoN. 

! AoE §3.4. IA 
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+Voo.:: +15V 

input 61---------~ G2 fully on 

V+ (on) ·mer·· .. . control 
V- (off) .\J.J .. . 

Gt l-lere Gt 
falters 
(insufficient 
VGs) 

j AoE §3.4.2 

v-

'-----1----@: ~: output Gt fully on falters ... 
but Gt's 1 
l-lere G2 

--'----------=;;;.__.___:_ feeling fine 
-Vss = -15V 

Gt, G2 help each other keep switch on 

Figure 12N.15 CMOS analog switch : paralleled n-MOS and p-MOS help each other out. 

12N.5.3 Imperfections 

A perfect tran i tor analog witch would be fully ON or fully OFF: it would behave like the mechan­

ical witch. A real analog switch like a real power switch, falls hort of course. 

When ON it looks like a . mall resistor (the DG403, which you'll use in the lab look like 30Q or 

less); when OFF, it looks like a small capacitance linking input to output (DG403: about 0.5 pF); it 

al o leaks a little: a steady current may flow (DG403: :::;0.5nA). Whether or not these imperfection 

matter to you depend on the circuit. 

ON? IoFF OFF? 

8 ~ attem1oted? r- ·H·-, 
® 1:.rpa55ed? I I 

~ 
I I 

I I 
I I 

I I·· r- r.<9 8 l·· 1- R1 
ON 1 

OFF 

Figure 12N.16 Analog switch departures from simple ideal : ON or OFF. 

To get a sense of when such imperfections may be troublesome, we will look at a particular case -

one that we do a. an in-class demonstration. We will ee the effect of ome of the 00403 's charac­

teristics on a particularly-demanding circuit, a sample-and-hold, in § 12N.6.4. But before we do that 

hard work let's have some fun ju t noting some applications for these devices. 

12N.6 Applications 

Analog switche. wilJ olve many problem that otherwi e would be difficult. Here is small set of 

applications, to start your imagination stirring. 

12N .6.1 Integrator reset 

Here a ta k that seems utterly straightforward: re et an integrator. 
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Manual reset : It is easily done with a mechanical pushbutton. The ''No' on the right-hand ketch in 

Fig. 12N.17 warns against a common error. It i a plausible error: just force the integrator output to 

zero. What's wrong with that?6 

Figure 12N.17 Manual integrator reset is 
straightforward - if you do it right . 

Transistor reset: Letting a control signal effect a reset turns out not to be so traightforward. Would 

those in Fig. 12N. I 8 work? Ye , half the time: when the integrator output was positive. When , instead, 
it went negative, reset would lose control: the more negative terminal would become the effective 

reference voltage, and both orts of transi tor would begin to tum ON even though the control signal 
were held at OV - a voltage intended to turn the switch off. 

bipolar Reset? MOSFET Reset? 

Figure 12N.18 Two attempts at transistor reset for integrator. 

An easy reset that works: Replacing the single-tran istor switch with an analog switch solves the 

problem. The device in Fig. l2N. 19 can handle an integrator output that go s to either upply extreme, 
assuming the switch is powered from the same supply voltage as the op-amp. 

Figure 12N.19 Analog switch easily solves the 
reset problem , handling both output polarities. 

6 Well, doing that does not discharge the capacitor. lo tead. it force. the far end of the capaci tor away from virtual ground. 
The capaci tor may or may not eventually di charge depending on what i. driving the integrator. A bad reset scheme, in any 

case. 
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12N.6.2 Lots of other applications . .. 

Multiplexers and their uses: An analog switch can steer a signal here or there. Doing that for the 

purpose of sharing a resource is said to 'multiplex" that resource. Examples abound - such as a 

telephone line shared among several subscribers who take turn in a cheme mediated by a witching 

office. In today slab you will build a humbler "mux" circuit: a "scope multiplexer" that lets two input 

signals share a single scope channel. In a computer a device like an analog-to-digital converter (ADC) 

can be shared among many sources, since ordinarily it is u ed for just one proce . at a time. Simply 

route all tho e signal . ources through an analog multiplexer that feed the ADC; convert one ource, 

then move on to the next. The re ource is time-shared. 

Once you have met the analog witch you will think up lot of other app licatjon . It is a good 

addition to your bag of tricks, olving problems that. like the integrator reset, would be difficult or 

impossible without this device. 

12N.6.3 A particularly intriguing application: switched-capacitor filter 

Late in Lab I 2L you will have a chance to try a novel sort of low-pa. s filter - one that foreshadows 

the replacement of analog function. with digital a change coming soon in the chedu]e of this course. 

This filter uses analog switches to meter out charge in discrete packets to imulate the behavior of a 

re i tor. Thi chemc allow a binary digital signal (ON versu OFF) to control the effective resistance 

by varying the frequency with which the ' 'do e " are delivered.7 This probably sounds very abstract. 

A diagram will . how how imple the notion is. Fig. 12N.20 shows the Jab circuit. 

.. v 

T 
I 

Figure 12N.20 Switched-capacitor 
filter (lab circuit). 

The quarc wave labeled 'TTL" transfer a small dose of charge between the smaller cap and the 

larger on each cycle. The. e tran. fer gradually carry the output voltage toward the level of the input 

voltage. 

Figur 12N.2 l illustrate ' a homely analogy in which voltages are repre ented (as usual) by water 

level . An energetic person with a soup spoon tries to keep the bucket's water level equal to the level 

of water in the tidal basin (well, given the speed of tide , he doesn ·1 need to be very energetic· but 

maybe you see what we're trying to show). 
If you re thinking that thi. eem a cumber. ome way to mimic the behavior of a re i tor consider 

how ea, y it i · for a computer to vary the frequency of a square wave. That is all that' required to 

control hoB of thi · fi Iler. 

If you have time at the end of today' lab, you can play with an integrated version of thi: ort of 

7 The delivery of charge in discrete pa ket has affinities with digital methods. bul we don't mean to sugge ·1 that this 
switched-cap filter is a digital device. It is not since lhe controlling input signal i · a co11ti1111ously-varying frequency. And 
Lhe doses of charge that are delivered, though di!>Crete, can vary continuously in their magnitude. The cin:uil output, more 
obviously. i. an analog quantity. a voltage. 
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Figure 12N.21 
Switched-cap circuit 
likened to spoon and 
bucket. 

filter. It is an extremely steep active filter,8 but it U ' es the switched-cap cheme rather than resi tors, o 

that you can control .hdB simply by twiddling the frequency knob on a function generator. This easy 

control of .hctB will be useful in later labs, as well, where you will use the filter to remove artifacts 

introduced by analog-to-digital conversion. 

12N .6.4 Sample-and-hold 

Thi is an important circuit and provides a good te t bed for con ideration of the effects of witch 
§3.4. C, Fig. 3.84. 

imperfections. §4.5.2 

inp~t buffer ~uffer output 
x1 

1 
x1 

: c : I 10nF 

Sample n I -::-

_J L hold 

output 

I sample Figure 12N.22 Sample-and-hold: simple 
scheme. _ ___J ~ho_ld~~~ 

The sample-and-hold is useful whenever an analog value must be held constant for a while. The 

mo t frequent need for this function is in feeding an analog-to-digital converter, a device that (i n mo t 

of its forms) take. a substantial time to carry out the conver ion. While converting, the ADC likes to 

look at an unchanging input voltage. 

Normally a buffer is included on the input ide a shown in Fig. 12N.22, in order to drive the 

capacitor promptly to the ampled voltage. In the lab circuit we omit the left-hand buffer for simplicity, 

relying instead upon the low source resi stance of the function generator. The output buffer i always 

included to prevent leakage of the charge that i held on the storage capacitor. 

12N.6.5 An overview of considerations in choosing components 

Before we look at a particular case, with part value , Jet's first can the concern that will guide the 

choice of the storage capacitor. 

8 This is an 8-pole acth ·e ·'elliptic .. filter (MAX294 ). lli> radical fall-off with freque ncy is . hown in Fig. 12L. I 4. 
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Choosing C : What i at ·take in the choice of C? What good and bad effects re ·ult from use of a large 

C? - from use of a mall C? 

A large C make it ea y to hold a voltage, but hard to sample it (hard to acquire the voltage quickly). 

Sampling: During sampling we want Vcap to come close to Vin, and to do this fa. t. The ·torage cap is 

charged through an R value that is the um of all re i. tance driving C. u ually dominated by RoN of 

the analog witch (much larger than th Rout for the op-amp circuit that buffer the ignal source). 

Simply evaluating RC allows a fir t approximation of acquisition time: count RCs to ee how long 

the sample puLe mu t per i tin order to dri e error below a particular level - . ay 5 RC to get under 

I~ for example. Subtler effect may also apply: a large storage cap may call for a ubstantial current 

perhap beyond what an ordinary op-amp can provide. And you may need to specify an op-amp 

capable of driving a capacitive load - the ort of load that as you know can bring in. tabi lity;. ee AoE 

q4.5.2. 

Hold: During the hold interval , droop is the concern, and th is droop will result from the sum of all 

error currents flowing into or out of the capacitor. Those current are the switch' leakage current 

loFF the op-amp' / BLAS, and the capacitor' self-discharge probably negligible compared to those 

two other utTenL ). 

Charge injection: Thi is a nasty complication - one that may push the nece ary capacitor size 

far above what would be neces. ary considering only droop. Charge injection describes the jolt of 

charge the switch deliver as it is witched OFF. This occur. becau. of imperfect . ymm try in the 

switch: internal control voltage., driving the gate of the two paralleled MOSFETs, swing in opposite 

directions in order to turn off both FETs .. Those ignals are capacitively coupled to the output. ff their 

coupling were ju t equal the two effec ts would cancel. To the extent the couplings do not match 

a net charge is delivered to the storage capacitor - and at the wor. t po ib l time: ju t when it is 

disconnected from the signal ource. So the injected charge adds a vol tage step to the . aved value. 

The mailer the storage capacitor, the larger the voltage . tep caused by charge injection. 

Later, in § l 2N.7 .2, we wi ll look at, ome e1Tor ob erved in a demonstration sample-and-hold. 

12N.6.6 Standard design issues 

Here is a recapitulation of the design question likely to arise in design of a sample-and-hold. 

• What size C? (We know now that we lose something at either extreme.) Big enough to keep droop 

tolerable : use T = CdV / dt. 
• I is the sum of all leakage cun-ents (analog switch, capacitor\ self-discharge, op-amp buffer's 

bias current); 

• cit or /it L the hold time - usually j ust long enough to allow an ADC to complete it conversion ; 

• dV or 11V i the tolerable change of voltage during conversion: the judgment of what is tolerable 

must be somewhat arbitrary· let 's suppo e we will let the sample-and-hold contribute a total error 

of 1/2 the re olution of the converter. We have already used up about 1/2 this total "en-or budget" 

in the sampling stage: Vcap did not quite reach Yin remember? So we can allow droop to soak up 

the remainder of the budget: 1/4 resolution of the converter. 

Thi s result put a lower limit on C . The sampling concerns put an upper limit, for a given ampling 

time. As u ual, we are caught between two competing concerns .. 
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Effects of "charge injection" in the lab analog switch (DG403) : For the DG403, the charge injected \ AoE §
3

A.
2

E 

i 60pC. That doesn ' t sound big until you look at the LiV it causes when dumped into a small cap. If 
we use C = IOOpF, 60pC i troublesome: 

Q = CV; LiV = LiQ/C = 60pC/ lOOpF = 0.6V . 

The hazard of charge injection, therefore pushe us toward larger cap size; o does the problem of 

feedthrough: the transmis ion of high-freq uency ignal when the switch is turned off. 

In short, we need a cap a good deal bigger than what we might choose if we considered only the 

problem of droop. 

12N.6.7 Summary of sample-and-hold errors 

Figure 12N.23 summarize ample-and-hold error with switching delay added. The effect of charge 

injection, called "hold-step," here is a negative-going error in the example later in this chapter (see 

Fig. 12N.26) the sign of the effect is the opposite. The . witching dela)S provide a further reason why 

fairly long sample or acqui ition times are necessary. The DG403 take around I OOns to switch; pretty 

clearly we would be kidding ourselves if we did a droop calculation and an RC acqui · ition calculation 

and concluded that we could acquire the data in IOns. 

Figure 12N.23 
Sample-and- hold errors. 
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- :OLOJ (: '---- e~f of charge ;njecfion ('hold step"! 

, 1 , acquisition time 

rr ,.._ ._....___'. ___, 
·~ switch delay 

time 

Finally, to give you some sens of what values to expect, here are some pecifications for a better 

analog witch and a good integrated sample-and-hold. The ADG 121 L analog switch specifie charge 

injection at lpC - 60 times better than the DG403 that we use in our lab circuit (see 812N.7.2). The 

LFJ 98 integrated ample-and-hold promises a maximum hold-step of 1 mV - about I 00 time better 

than what we achieve with our first try at a homemade sample-and-hold in §12N.7.2. 

12N.7 Testing a sample-and-hold circuit 

Figure l2N.24 shows a sample-and-hold, made with '4 11 and the analog-switch that you'll meet in 

today 's lab, the DG403. We'll look at some waveforms that describe how well it performs. 

12N.7.1 Its behavior (showing defects) 

Droop: A small C charges up quickly but also loses it charge quickly. Fig. l 2N.25 shows the circuit's 

droop. From the droop rate one can infer the dL charge current. 
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. .1. droop: 130mV 

Figure 12N.24 Sample and 
hold as built for demo. 

Figure 12N.25 Droop rate reveals 
leakage current ( C = lOOpF) . (Scope 
gains: lOOmV / div except Sample 
pulse on Channel 2: 5V / div .) 

/discharge = CdV / dt = lOOpF x 130mV / 600ms ~ lOOpf x 215mV /s 

= 100 x 10- 12F x 0.215V /s ~ 22pA. 

I thi current caused by switch leakage, op-amp bias current, or both? The consistent downward slope 

of VcAP reveals the answer: apparently op-amp bias current dominates. 

Switch leakage could not account for the droop because VcAP falls in the region low on the image 

in Fig. l2N.25 between first and second sample pulses; it falls here even though ViN lie above VcAP 
for mo t of this hold period. So the cap is not di charging toward V1 across the switch.9 

The con L tent downward droop al o fit the sign of the '4 11 bias current. 10 

This argument is convincing - but let' check by trying an op-amp with extremely Jow bias current 

a CMOS part, then look at the droop again. We replaced the '411 (JFET input: lsrAs = 50pA, typical 

9 Lt i" po ible , but unlikely that the witch is di charging the cap toward the witch's negative supply voltage. The DG403 
data " heet i not so specific a. to indicate the ign or path of the OFF-state leakage current, but I'm told that leakage 

through the channel is likely to be much larger than leakage across oxide to gates, or to ·ubstrates. The data. heel upports 
this view too by implication. as it specifies "Switch OFF Leakage Current" Lt lists two input conditions. with switch input 
and output at opposi te extremes, ± l 5V, and in each of two orientations; the leakage current are shown to g to extremes 

of both signs. Apparently, the signs of the leakage current. correspond lo the orientation of the voltage acros the switch; if 

not, pecifying the e ex treme of V-acros ·- witch would not seem relevant. 
10 The · 41 1 s p -channel JFET offer a junction that i always back-bi a ed, and that junction, if back-biased, would leak 

toward the tw other JFET terminal . both more negative than gate: source and drain. Leakage to ub. trate or package 

ould contribute. but the fac t that /a1A grows exponent ially with temperature along with a note in the 411 datasheet 
support the view 1harju11crio11 curren t domi nates. See the '41 1 / siAS versus temperature data. heet curve under DC 
Electrical Characteri . tics. and ore 7 in that datasheet. ational 's datasheet can be seen at 

http://www. ti .com/general/docs/lit/get I iterature.t. p?genericPartN umber=! f4 I 1-n&fi leType=pdf. 
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(200pA. max)) with an LMC662CN (CMOS: /s1As = 2f A, typjcal (2pA, ma )) . Fig. l 2N.26 gives the 

result contrasted with the '411 s. The droop occurs ver about 0.6 second . 

The droop rate for the circuit using the CMOS buffer is very low. One can barely make it out, even 

if one waits 20 seconds, a · in Fig. 12N.27. 

The current this droop-rate implie. is extremely low. U ing two horizontal curs r wee tirnat d the 

droop at about 12mV in 18 econd . We can calculate the implied discharge current: 

fct ischargc = C x c/V / dt = lOO x 10- 12 F·0.66 x I0- 3V/ = 66 x 10- 15 A = 66fA. 

Thi is in a plausible range for /81 As of the CMOS op-amp. 11 lt seems to follow that the analog wit h 

i leaking hardly at all. 

12N.7.2 Charge injection 

A good op-amp buffer can minimize droop, even with a . mall capacitor. But, as we noted back in 

§ 12N.6.5. a small C make. the circuit vulnerable to another enor that i harder to handle: the ffect 

of charge h1jectio11. When the witch open , it d livers a jolt of charge (60pC. for the DG403, typi al). 

Figure 12N.26 
CMOS op-amp 
buffer reduces 
droop rate of 
sample-and­
hold . (Scope 
gains: 
lOOmV / div 
except sample 
pulse, Ch . 2: 
SV / div .) 

input 

"sample" 
pulse 

sample 
(''track") ... hold 

f 
t-····· ·- .. t-1' ,,,.. ............ . 

t 
.!. 

S.00 V • M" 1 OOms 

s & h using LF411 output buffer ... 

hold 

... .....-;- • t .,......_.._ t" .._ - - ~ 4 t .. 

r 
i. 
~ 
L 

I ooinv ch2; s. oo v - M 1 oonos 
rsmi 1 oomv-

... s & h using CMOS op amp as output buffer 

Delivered to a mall cap - lOOpF in this case - thi produce a big, purious step (0.6V we'd predict; 

the tep vi ible in our cope images is sma11er, but sti ll very troublesome). The' hold-step' is apparent 

in Figs. l 2N.26 and 12N.28. 

The voltage hop just at the moment when the circuit ought to be recording the input level is bad. To 

make things worse, the magnitude of the charge-step is not constant with input voltage. The step i . 
large at the top of the input waveform's swing, much mailer at the bottom of the sinusoid. So it cannot 

be subtracted away ( ay, to correct the digital value read by an ADC fed by a sample-and-hold). Thi 

variation is apparent in the scope image, Fig . J 2N.28. 

11 66fA is surprisingly far above rypical J81 As, but it is just a few percent of the maximum specified value. Probably the cause 
is leakage in our solderles breadboard. 
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V_cap 

input 

~-----t...-. ____ ...,.. ·...ll ~a: 12 omv 

droop barely 
perceptible 
(about 12mV 
in 18 seconds) 

Figure 12N.27 
Sample-and-hold droop with 
CMOS buffer: barely 

sample 
pulse 

•, · · tn . ci,i I S.00 V M' 2.oo? 
rilll 200mV 

measurable, at almost 20s hold . 
(Scope gains: 200mV / div except 
sample pulse , Ch . 2: 5V / div; 
note time scale change, relative 
to Fig. 12N .26 : here , 2s/ div .) 

12N.7.3 Bigger C can make charge injection harmless 

To improve the sample-and-hold, it looks as if we need a much larger C. That's true: it will diminish 
the effect of charge injection, and will low the droop. Fig. 12N.29 show that the hold-step effect of 

charge injection disappear when we replace the lOOpF storage C with one much larger, 0.33µ.F: thi 
works but it exacts a price a we'll see next. 

12N.7.4 Speed limits during sampling 

The much larger hold capacitor olve the charge injection problem; but it is bound to cost us some­

thing. Yes: it lows acquisition of the sample. In both image of Fig. 12N.30 the storage C is now 

0.33µ.F rather than the 01iginal lOOpF. VcAP never quite catches up with Vr during the brief acquisi­

tion time provided by the ampling pulse. 

We can make out two cau es for delay in acquisition of VrN. 

The ramp: The straight ramp look , at fir t glance, like an op-amp' slew- rate limit. But the value 

of it slope (0.04V /µ for the left-hand image of Fig. 12N.30) i much too low for thi op-amp 
(LMC662: slew rate about IV/µ. ). The cau e must be omething eLe: yes, it's the op-amp's limited 

output current which must charge or discharge the cap. One can infer louT- MAX from the lope of 
thi curve: 

louT- MAX = CdV / dt = 0.33µF x 0.04V / µ. s ~ 0.013A = 13mA. 

u 

•.f •• ' ••• • 11 lt • ,, • 

12 " . 

C!ilJ 200mV 

. Ch2 5 .00 V - M 200µs ···----·~ 

Figure 12N.28 Charge injection produces large 
error with small C (lOOpF) . (Scope gains: 
200mV / div except sample pulse , Ch . 2: 5V / div .) 
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I _.,•I c,.,~1-,..-i-, 

Figure 12N.29 Big hold 
capacitor slows droop and 
shrinks the effect of charge 
injection . (Scope gains: 

u 
l 

r\ 

' .. 'tr 
J 

,-... • ..... ,,., ' 

~!,--------' 
t 

SOOmV /div except sample 
pulse, Ch. 2: SV /div .) 

effect of charge injection: C = 1 OOpF ... 

That's about right for the LMC662. 12 

SOOmV Ch2 s:--oo \I - MI .Ocfms 
soomv_ g _ soomv 

... charge injection no longer apparent: C = 0.33 uF 

The curvy final section: The curvy section at the end of the ramp you recognize as an RC: here the 

FET switch i in its resistive region and its Ro d1ives the big cap. If RC is about lO~t (a very rough 

estimate - for this piece of an RC curve is hard to judge). then 

R = RC/ 0.33µF = JOµs/0.33µF ~ 30Q. 

Thi value fits quite well too. 13 

A sampling pulse needs to be brief, since everyone ·s always in a hurry to get a digital conversion 

done. So the , lowing effect of the large C i trouble ome. We are reminded once again of a general 

truth: design usually i constrained so that optimizing one characte1i tic (here, suppressing the charge­

step effect) exact a price in some other characteristic (here. acqui ition time). Using a large hold 

capacitor is not a good solution. 

You will have gathered that it i difficult to build a good ample-and-hold. We really want a switch 

with low charge injection, rather than a mediocre switch and then a big C to uppres the effect of the 

.injection. 

In fact nearly alway. we will do lazie t, easiest thing to get a good sample-and-hold: we' ll buy 

one from people who make the e for a living. The next sample-and-hold that you meet will be hidden 

12 LMC662C lout limit . pec'd at l3mA for SY upply. Our circuit uses a plit supply, ± SY. 
13 RoN for the DG403 is spec'd at 20Q. typi cal, 45Q. rnax . 

Figure 12N.30 A big C 
slows acquisition : a brief 
sampling pulse doesn ' t let 

V AP reach V1 . (Scope 
gains: SOOmV / div except 
sample pulse , Ch . 2: 

SV / div .) 

input 

V_cap 

sample 
pulse [;! tiI1J soomv Ch2 s.oo v 

Ch4 <;00 11W 

RC curve 

ramp: looks like 
current-limit 
'rather than RC 

\ l 20 Oµ ~ 
J 

tJ 

12 
Ch , soon,v 
{ijlJ ~00111\1 

.~but then runs out of time 

Ch Z 5.00 V M zo oµs 
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within the ADC that you will apply in a microcomputer lab (Analog Devices' AD7569 or the ADC 

integrated with the SiLabs controller). The designer of the ADC take care to keep the hold- tep effect 
below the level that matters, and to keep the storage cap small enough so that acquisition i pretty fast: 

adequate, anyway, to meet the requirements of the specified conversion time.14 

12N.8 AoE Reading 

Chapter 3: An introductory overview: §3.1 (introduction, FET characteristics) through 3.14 (li n­

ear and saturated region ). 

Gate current, especially' dynamic gate current": §3.2.8C. 

Most important i a very long section on FET switches, §3.4. Ignore JFET switches here. 
A short di cu ion of the lab switched-capacitor filter design appears in §6.3.6. 

14 The AD7569 part does an 8-bit conver ·ion in 2µs, u ·ing omething like 200ns - one clock cycle- to acquire the analog 
level in it · on-chip ample-and-hold: the Si Lab ADC need · 5µ s but re. olves the signal 16 time better, . the 
ample-and-hold' per~ rmance i somewhat more impressive. 
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Thi lab open. with a quick look at a "power MOSFET" c~ 'big MOSFET") a power witch. The 

MOSFET offers an alternative to the bipolar power transistor that you met back in Lab 4L. The 

power MOSFET exerci 'e should go quickly: we want you to see the MOSFET'_ enormou, DC input 

resistance, but also the large input capacitance that makes it hard to switch fast. Then the remainder 

of the Jab is given to trying applications for the so-called analog switch or transmission gate: a switch 

that can pas a ignal in either direction, doing a good job of approximating a mechanical witch - or, 

more precisely, the electromechanical switch called a relay. 

The most important of the circuit that uses this analog witch u e an op-amp a well, and that fact 

is one reason why we chose to postpone this FET lab till now (MOSFETs might eem to belong just 

after the two bipolar tran i tor labs). Thi combined application i the sample-and-hold, often u ·ed 

in a circu it that convert a , ignal from analog into digital form. The ample-and-hold holds an input 

value con tant during the conver ·ion process. The sample-and-hold al o erves u here, a a good test 

bed for the analog ·witch: it reveals the imperfection of the device. 

12L.1 Power MOSFET 

Thi exerci e repeat a task you carried out back in §4L.5 using a bipolar transi tor. Here you will use 

a MOSFET to do the job. Both of the MOSFET listed below are designed to turn ON with only a 

"Logic" level high input voltage applied to Vas. In some re pect the MOSFET i much better than 

the bipolar equivalent. It great strength as you are about to confirm, i it huge input impedance, at 

least at DC. 

Part Roson (millohms, max) 

BUK9509-40B lO 
IRLZ34 70 

VG (thre h) max 

4.SV 

4.0V .L 

Mfr 

NXP 

IR 

.L VGs(rhre h) max i specified at 2.0V but that thre hold voltage pecifica­

tion is not very useful because it' pecified at a low current (0.25mA for 

IRLZ34). You're not likely to be running thi power MOSFET at uch a tiny 

current. A b tter indication of nece ary Vos drive i the fact that RoN i 
specified at VG of 4V and SY We have here adopted 4V as Vas Lhresh) · 

12L.1 .1 Power 

Both transistors are high-current devices (75A f r the NXP part, 10A for the IR)- but this big number 

may be mi. leading. These pecification assume that the case temp rature somehow ha been held at 

25°C: more or les impoL, ible at high cu1Tent. The power limit are more ignificant. 

Again , the~e can be confusing. The power limit for the device are high: I 57W for the NXP, 68W 
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'IRLZ34 (IR) 
'BUK9509-408 (NXP) 

-1' lof:. - leve.\ (lo"') 
threshold 

Figure 12l.1 Power 
MOSFET transistor switch 
(pinout echoes that of 
power BJT, BCE). 

for the IR. But, again, these specification assume the case is held at 25°C. With the case at 75°C, for 

example - more likely, at hjgh current - the NXP part can dissipate about lOOW, the IR 45W; with 

the case at L 00°C NXP can dissipate about SOW, the IR 44 W. 

So we are obliged to worry about the temperature ri e caused by electrical power in the transistor. 

The data sheets specify the thermal resistances for the tran istor, allowing us to calculate what power 

it can dissipate with and without heat-sinking. 

Let's look at the NXP part in detail: without a heat sink.junction-to-ambient (ReJA), when standing 

vertical , is ReJA = 60K/W = 60°C/ W (typical). 1 

Adding a heat ink help a lot, of course. A biggish heat sink for the 220 package offer 6.5°C/W 
(Aavid 7022BG). The thermal gaskets Re adds about 0.6°C/ W, giving a total thermal resistance, 
from junction to ambient of 

R01A = R01c + RecA = (0.95 + 7.1) ~ 8.1 °C/W. 

If we run the transistor junction temperature to 150°C (25°C short of the ljmit) and as ume (conser­

vatively) that the transistor may live in a box at 50°C the temperature difference is 100°C. Lets see 

what power the transistor can unload with and without heat sink. 

• Without heat ink (or fan), transistor standing vertical: 

P = rate-of-heat-transfer· temp-difference = ( l/ Re)· ~T 

= (1/ ReJA) · ~T = (1/60) · 100 = 0.016 · 100 ~ 1.6W 

• With heat sink: P=( 1/ 8.l) · 100 ~ 12W. 

These values are a long way from the impressive number, l 57W, pecified with the case at 25°C. 

12L.1.2 Input impedance 

Build the circuit shown in Fig. l 2L.2. Use a #47 lamp as load and confirm that the FET will switch 

when driven through the lOk resistor at low frequencies (switch the input between O and +5V moving 

the input wire b hand). High input impedance i the MOSFET's great strength a you know. 

To get a more vivid sense of what 'high input impedance' mean , let the input side of the 1 Ok 

re i tor float, then touch it with one hand, and touch your other hand alternately to ground and the 

+5 upply. Impressive? Now try letting go of the lOk re istor after witching the FET on or off. Why 

does the FET eem to remember what you last told it to do?2 This exercise, frivolous though it seems, 

fore hadows ome of the strange result you will get if you ever forget to tie the input of a MOS logic 

device either high or low: misbehavior that is pookily intermittent! 

1 Our note on chennal resi tivity uses the units °C/ W rather than K/ W. The two are equivalent. ote the convention that 
omit "degree. " (0

) from the Kelvin value. 
2 Your particular MOSFET may or may not ' ·remember." The maximum leakage rate i rather high. See datasheet. 



488 lab: MOSFET Switches 

Figure 12L.2 Setup for "measuring" input 
impedance. (Rotate each leg of the 
T0-220 package 90° to ease insertion into 
breadboard.) 

12L.1.3 Switching at higher frequencies 

+Sv 

=#47 larn/' {(,v) i,./5A) 

(re.fl-ace wifh 
Joo.n../l lco.ft for 
ne1<t fart) 

E.ffect of input capacitance. Now use a signal generator with a O to +SY quare wave to drive the 

MOSFET switch. Keep the 1 Ok resistor in place, for the present. Watch VGATE and VouT as you 
increase the driving frequency from about 1 OkHz. What goes wrong?3 The waveform at the gate 

should look pretty trange. 

+sv 

100 100 

Figure 12L.3 FET switch, again: speed limit . 

Solve the problem by replacing the lOk resistor with a value that work better at high frequencies. 

Now see how the switch look at a few hundred kHz. 

12L.1.4 Power dissipation: bipolar (BJT) versus MOSFET 

Quien Es Mas Macho ? Here, to make an otherwi e humdrum experiment a little more exciting, we 

propose that you treat this exercise as a contest between brawny champion of two competing type , 
MOSFET and bipolar. In some re pects the transistors are similar: they use the ame big package 

(called T0-220), and carry ome ratings that are at least in the ~ame ballpark. The bipolar i, pecified 

to carry as much as 1 OA continuou. (again, apart from limits on heating as we noted of the MOSFETs 

in §12L.1.l). 

You can't tell from the specification we have noticed o far - maximum current and power -which 

transistor will win. The answer will depend mostly on the voltage drop aero s the transistor, a measure 

that is specified in different way for FET and bipolar . But the MOSFET . hould look pretty good in 

a contest where the goal is to put available power into the load rather than into the transistor switch. 

Set up the contest by putting the ame heavy load current through both tran i tors (about 0.5A), 

3 Yes. the I Ok ha trouble driving the gate capaci tance - especially CGD· which is exaggerated (doubled) by the circum tance 
that the ou tput (drain) sw ings in a direction opposing the input (gale) swing. §12N.2.3 makes this point. 
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and measure the voltage acros each. Use a resistor rated at 5W or more: if you forget this advice and 

use a .25W resistor, you may be reminded by moke or even by burned fingers . 

(Tie to 
+-5 to 

+5v 

tvrn G1s o~) __ __. 

82..n 

-B - (- E} Bt~ola,r. 
~i ~-~ j] MOSFET 

Figure 12L.4 
MOSFET versus 
bipolar switch contest . 
( Rotate each leg of 
the transistor 90° , to 
ease insertion into 
breadboard .) 

How ON is the ON switch? MOSFET versus bipolar: From this number - Vos or VcE - you can 

calculate RoN for the FET - and an equivalent value for the bipolar if you like, though the term " RoN ' 
is not u ed for bipolar . Then (making the FET look still better) you can calculate power di ipation in 

each transi , tor, remembering to include the considerable power dis ipated a a result of base current. 

For a vivid confirmation of the fact that most of the power in these switch circuits is going into the 

load and not the transistor switch, you can put a finger on load re istor, then tran istor. You should 

find the resistor much warmer than the tran i. tor 

12L.2 Analog switches 

The CMOS analog switch is likely to suggest solutions to problem. that would be difficult without it. 

This lab aims to introduce you to this useful device. You see from Fig. 12L.5 that schematically it i 

extremely , imple: it passe a signal or does not. 

A A 

I -0--; 
Figure 12L.5 Analog switch : generic. 

The witch we are u ing ha e pecially nice properties: it is witched by a standard logic signal O 
to +5 (High +5 = ON). But it can handle an analog ignal anywhere in the range between its upplies, 

which we will put at ± 15 volt . It al o happen to be a double-throw type, nicely suited to selecting 

between two sources or de tinations. 

Figure 12L.6 show the witch and its pinout. A ignal source u e an external function generator; 

a ource of the "digital" signal that turns the switch on or off u, e one of the 1ide witche on the 

breadboard. Th ea ie t to use is the 8-po ition witch: put one of its slides in the ON position; now 

that point will be high or low, following the po ition of the slide switch just to the right of the "DIP" 
("dual in-line package·) witch. 
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I 

~ 

(Lo21ca L) 

[DJ +15Y 
@ +Sv 
(@] G~D 
§J)-IS"v 

Figure 12L.6 
DG403(Maxim) 
analog switch: block 
diagram and pinout. 

DG4o3 analo~ s111itc.h ; 

r ···--. ~----, 

D1~$1 
I I I 

[tJ ~ DJ1,3 
I I I 

I I I 

D3 ~ : (ill -ISv ( v_ ) 

S3 rEJ-. .J ~ GND 
I I 

s, h-, ~ +sv (Vl..OG/c) 

D't 11}-! : {ill +ISV (V+) 
I I I 

[1J ~ TN2)lr 
• f I 

: t I 

D2.~S2. 
L ____________ J 

{.ph:Js,ca L) 
switches shown w'ith IN~ 1 ( HIG H) 

Caution: each 00403 package contains two switches. Tie the unu ed "IN" terminal to ground or to 
+5 (this makes sure the logic input to the witch does not hang up halfway, a condition that can cause 
excessive heating and damage.) 

And a reminder: this IC use three power supplies: connect all of them! 

12L.2.1 Switch imperfections 

We'd Jike you to see that the witch isn't perfect. Specifically, we ask you to measure its resistance 

when ON and its feedthrough capacitance when OFF. But the fun and the main interest of the re­
mainder of today's lab lie in the applications of analog switches. So, hurry through these preliminary 
measurements. 

R00 (lab) : Ideally, the switch hould be a short when it is ON. In fact, it how a small re istance, 

called Ro . Measure Ro using the setup in Fig. 12L.7. U ea lkHz sine of several volts amplitude. 
Confirm that the witch does turn ON and OFF, and mea ure RoN, 

+o 'scope. 

+s-D-~ 

Figure 12L.7 Ro 1 measurement. 
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Feedthrough: The circuit of Fig. l 2L.8 makes the swi tch look better: its Ron is negligible relative to 

the I OOk resistor. Confirm this. 

+5, 
6-N D 

I 
..J 

Figure 12L.8 More typical application circuit 

(RoN made negligible) . 

When the switch is OFF, does the signal pass through the switch? Try a high-frequency sine 

(2: I OOkHz). Try a square wave. If any ignal pas es through the OFF switch, why doe it pass?4 

Note: As you do this calculation, don't forget that you are looking at the output with a scope probe 

whose capacitance (to ground) may be more important than its large Ri11 : you're really watching a 

capacitive divider at work. As long as you don't forget this probe capacitance you should have no 

trouble calculating the switch' Cos-

12L.2 .2 Applications for the analog switch 

These applications offer the fun in today' lab. You may not have time for all of the e circuits. We 

hope you 11 try the sampl -and-hold application anyway. 

Chopper circuit : Figure 12L.9 gives a cheap way to turn a one-channel scope into two channel (and 

on up to more channel if you like). (Query: what are the limitation on this trick?)5 

_r-0-; 
- I 

01 

_ _ ...,. +o 'scope. 
!>3 

Figure 12L.9 Chopper circuit: displays two 
signals on one scope channel. 

For a , table di play, trigger on one of the input signals (preferably the square TTL 6 ignal) not on 

the chopper' output where the transients will confuse your cope. If you are u ing a digital scope 

that offer a "dots only" display option, use that: it draw no line linking the two waveform trace . 

The image. in Fig. l 2L. l O how the contra. ting case, . 

4 Capacitance between input and output couple. the two terminals though the . witch is OFF. 
· The main limitation i peed . The . cheme will entirely miss a brief transient that occur, while the circuit ha chopped to 

the other input. fn addition, R0 0 combined with the . cope '. capacitance impose a minimum rise and fall time. 
6 TTL stand, for Transistor-Tran i tor Logic, a now-ob olete logic fami ly, fabricated from bipolar tran ·istors. You will 

encounter TTL in Lab 14L. 
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u 

I\ 

ordinary display: trace joins the points on upper 
and lo\111'8r waveforms 

_.,.~.... .······. ..., .. ,, .. 
.',',r \\'. ,,/· ·. ... ,.'' '• ,. 

• .. ... ,/ ··~ •. .,.·,, •• •••.•• , .. • 1. ...... . 

''dots only" display dots only display, frozen: "chopping" effect visible 

Figure 12L.10 Digital scope can hide traces between the two displayed waveforms. 

The rightmost image in the figure how the chopper with cope stopped. It makes the distinct 

points of the chopped display visible: a dot on the sinusoid, then on the square wave, then back to the 

sinusoid .... 

Sample-and-hold: Thi application is much more important. It is used to sample a changing wave­

form , holding the sampled value while some process occur (typically, a conversion from analog into 
dig ital form). 

Try the circuit of Fig. 12L. l l . Can you infer from the droop of the ignal when the switch i in hold 

po ition, what leakage paths dominate? (Thi will be hard , even after some minutes of squinting at the 

scope screen; don ' t give your afternoon to this task.) 

Figure 12L.11 Sample-a nd- hold . 

('\/\ ---n--:- .._ __ .,_ _ __. 
5i • in. I 

''sa rn pl " tS 

"holcJ'' 0 

(n-.anual Sw1fch) 

I 

-0-~ 

Query: How does one choose a value for C? What good effects, and what bad, wou ld ari e from 

choice of a cap that was: (a) very large; (b) very small?7 

Can you spot the effect of charge injection immediately after a transition on the control input? 

Compare the pecified injection effect and the voltage effect you would predict given the specification 

(:s;60pC, typical, for the DG403) and the value of your storage capacitor. 

Optional: a dynamic view of charge injection: If you inject charge periodically, by turning the witch 

on and off with a quare wave, you can see the voltage error cau ed by charge injection in vivid form. 8 

The held voltage , when we did the exercise, rode above the input by a con. iderable margin ~ you wi11 

notice the margin varies with the waveform voltage. Why?9 

Good ample-and-hold circuits evidently must do better, and they do. See e.g., the AD582 with 
charge injection of :s;2pC; and see AoE§3.4.2E. 

7 A very large cap droop only lowly and doesn "t show large jump in response to charge injection: but it is . low to charge 
to the input voltage, requiring a long sample pulse. That long pul ·e slows the sample-and-hold process. 

8 Thanks to two undergraduates for showing u. this techniq ue: Wolf Baum and Tom Killian ( 1988). 
9 pparenlly the capacitance between the IC' · two internal witching signals and its output - capacitances that ideally 

would be equal so that their effect. would cancel - vary somewhat with voltage aero - the switch . 
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Negative supply from positive (flying capacitor) : You know that a switching regulator can generate 

a negative output from a positive input, with the help of an inductor (you may have built such a circuit 

in Lab 11 L). For low-current applications the circuit in Fig. l 2L. l 2, which requires no inductors, is 

sometimes preferable. The ttick i to do a little levitation by shoving "ground' about in a sly way. 

A similar use of "flying capacitors can generate a voltage larger than the input voltage. Thi circuit 

provide only a mall output current, a you can confirm by loading it. 

Such circuits often are put onto an integrated circuit that would otherwi e require either a negative 

supply or a econd positive supply, higher than the main supply IO. 

brt'4Jbo;ird I 

"TTL" - - --- ~ 
10-1ook l·h . 

---- --------, 
I 
I 

-------·-··-·-' 

Figure 12L.12 Flying 
capacitor voltage 
inverter . 

Exercise. Switched-capacitor filter I: built up from parts: Use the function generator to feed a inu­

soid to the filter of Fig. l 2L.13 while clocking the circuit with a ITL quare wave from the powered 

breadboard. Thi filter's /3dB is set by the clock rate. This make it a type convenient for control by 

computer. 

+5v 

z:x>kH1.1~k iDG4o3 
n..rUt --------, ''TTL,. I 

I 

sia.1n.~ 

,; C1 1 C2 

330p~ i O.Gljlf-J Figure 12L.13 
Switched-capacitor lowpass 
filter. 

The effective RC simulated by this spoonful-at-a-time charge circuit depend on the relative izes 

of the two capacitor (how big the poon is, relative to the bucket) and on how fast the transfers are 

made Cf~witching): 

C1/C2 
! ~dB = - - X Fclo k · 
· 2n 1

' 
( l 2L. l) 

10 Semicondu tor memorie for example, omelimes require such a supply. Once upon a time, some memorie demanded 
that the user supply+ I 2Y as well as +SY. The flying-capacitor trick ended this demand placed on the u er: the chip solved 
the problem internally, and the !Cs that lacked the internal tep-up were driven out of the market 
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Given the values u ed here thi formula predict 

hctB = (0.03/2n) X fc1ock . (12L.2) 

Try the circuit and compare its hctB with the predicted value. Does the filter behave generally like an 

RC filter: does it how the same phase shift at hctB that you would see in an RC lowpa ? Does facts 
vary as you would expect with clock frequency? Because thi is a "sampling' filter you can expect it 

to get radicaJly confused when the input signal changes quickly relative to the rate at which the .. quare 

wave tran fers samples (the" ampling rate"). This radical confu:ion is called ''aliasing. 

We' II look in depth at ampling-rate issue , including alia ing, when we reach analog-to-digital 

conver ion in Lab l 8L. For now, be warned that you should expect trouble when the frequency of a 

sinusoidal input approaches one-half the "sampling rate' applied to the analog switch control inputs. 

Do you see feedthrough of the clock signal? Sometimes a passive lowpass filter is placed at the 
output of the switched-cap filter to attenuate that noise. 

Exercise. Switched-capacitor filter II : integrated version : This integrated filter is more complicated 
than the one you just built up from parts as you might expect. Integrated witched-capacitor filters 

are available in several form . Essentially, they are op-amp active filters like the one you glimpsed in 

Lab 9L except that they use switched capacitors to simulate the performance of a re i tor. This de. ign 

permits easy control of the effective RC, as you saw in the preceding exerci e. Some integrated filters 

allow the user to determine the filter type. 

The one you will meet here is commi tted as a lowpass; that makes it easy to wire. It i. an eight-pole 

elliptic filter - one that ac1ifices other virtues in order to achieve pectacularly teep rolloff. You will 

u e this filter in Lab 23L on analog-digital interfacing. Here we just want you to di cover how easy 

to use it is and how sharp its rolloff. 

Note: If you build this circuit now, please build it on a private breadboard~ you will u e the circuit in 

Lab 23L. If you don't build it now, you can build it at the time when you need it. 

Like your simple switched-cap filter, this one shows an hctB proportional to the filter s clock rate. 

That i the feature that later will be especially useful to u when we will want to vary .f3<lB very widely 

without rebuilding circuit . 

Build the circuit shown in Fig. l 2L. I 4 clocldng the device with the breadboard TTL signal. Let 

the external function generator provide an analog input to the filter. Make sure to add a DC offset to 

the input signal, so that the signal stays between about 1 V and 4Y. Thi filter, you'll notice, uses a 
single supply. not the plit supply that we used with your home-made switched-cap filter on page 493. 

Hence the need for a DC off et. 

To test the filter try setting the breadboard TTL-oscillator frequency to about lOOkHz, placing hctB 
around I kHz (hctB = fctock- filter/ lOO, as you will have gathered). Feed the filter a sinewave centered on 
2.5V; keep the amplitude below about 1 V; vary .fin from far below hctB to far above. Again the filter 

should fail when the input frequency climbs above about half the TTL-o cillator frequency (which 
sets the filter 's "sampling rate '): aliasing, once again. 

You should be able to ·ee the filter s abrupt roll-off. You will also notice the discrete character of 

the filter s output: the filter output shows "steps" rather than a smooth curve. 
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MAX294 
FREQUEltCY RESPOIISE 

I I 

Fyl•Hz 

f3dBx too@ 1 V+ 
(logic levels, _n_n CLK 5 
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OP OUT i 

-20 
I 
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< 
·40 
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Figure 12L.14 MAX294 
switched-capacitor lowpass 
filter (MAX294 frequency 
response is shown relative 
to f 3dB, which is 
adjustable). 

- -100 - O I 
LtlPUI FREOUENCY (kHl) -

Two optional filter tests, for fun: 

Peel away frequency components of a square wave: As you know from your experience in compen­

sating cope probes, a quare wave can quickly reveal a circuit's frequency response. Try this: feed 

your filter a square wave at around I OOHz, and take fc1ock gradually down from its maximum. Can 

you make out the frequency components 5 x fi·quare, and then 3 x !square, shortly before you trip the 
quare wave down to its fundamental ine? 

Fancier demonstration of controllable hctB (for the energetic): The prettiest picture of the filter's 

performance appear if you sweep the input frequency, and watch the effect of varying fc1ock to the 

filter. hcts hould be variable over a wide range: up to about 1 kHz if you u. e the breadboard o cillator 
as its clock; up to around 25kHz if you use a higher clock rate from an external function generator's 

TIL output. 

lsfeedthrough of the ch.ip' clock noticeable at the output? Can you confirm the steep rolloff that is 

claimed: 48dB/octave, close above hcts? Don't be shocked if you find some bumps in the "stopband:" 
Fig. l 2L.14 shows that the MAX294 roll off like a rock - but then bounces a bit (like a rock hitting 

a marble floor?). 

12L.3 Switching audio amplifier 

A traditional audio amplifier like the push-pull foJJower that we are accustomed to, is obliged to 

soak up power a it deliver power to the load. For example, if a pu h- pull i powered from ± 2.SV 

and delivers a sinusoid of 2.5V peak-to-peak, then at best half the supply voltage i dropped across 

the load(± l.25V), the rest across the push-pull's transistors. Efficiency, therefore, is below 50%. 11 

A higher supply voltage would impose still lower efficiency at this low amplitude. 

A witching amplifier get around that problem, using the strategy that you met in the witching 

regulator of Lab 11 L. The switch which is ON or OFF and never in-between, ideally dissipates no 

power. All power goe to the load. 

We invite you to try an integrated amplifier that u e. thi method, a National/TI LM4667. It pro­

vides two output pins to drive both ends of the speaker. This technique doubles the maximum voltage 

available to drive the peaker relative to what would be available with a single-ended output, which 
would tie one end of the speaker to ground. 

11 Efficiency works out to be (rr / 4) · (Vpk )/ (Vsupply)· 1.n this case that comes to about 40%. You can work this out for yourself 
if you enjoy olving an integral. 
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You have seen ·cope images in Chapter 12N that provide foreta te of the electrical noi e you can 

expect to see from this amplifier. 

12L.3.1 The circuit 

The circuit of Fig. I 2L. l 5 is one of the first surface mount IC you have u ed (in contra t to "through­

hole" parts), 12 mounted on an adapter that allows plugging it into a breadboard. 13 

Figure 12l.15 LM4667 
switching amplifier, wired for 
singled-ended input and 6dB 
gain . 

IN 0.33 
~!---;!--ii 

+5V 5 

-J- 013 
4 

+5V 

Wire the circuit of Fig. 12L.15 on a single breadboard ·trip that you can put a ide and keep. This 

audio amplifier will be u eful later in the course when you will want to hear audio ignal coming 

from your computer. 
Add decoupling capacitor as clo e to the part as you can place them to minimize the tray induc­

tance of the upply lines) : use lµF and several 0. 1 µF ceramic . 
Drive the circuit with a small sinusoid: perhaps half a volt amplitude at a few hundred hertz, 14 and 

listen as you install the decoupling caps. Experiment with their number and placement. You are likely 

to be persuaded that decoupling i worthwhile. 
Figure l 2N.10 howed cope images of thi circuit' waveforms, and a. we aid in Chapter 12N, 

the switching noise i · extreme.But we hope that with the help of judicious supply decoupling you can 

make the switching noi e barely audible. 

12 You may have u ed . uch a version of the CA3096 transi. tor array in Lab SL. 
'- The input capacitor · may bother an astute observer: i n ' t this just like the bad circuits we have warned you about? The 

amplifier input seem, to lack the required DC path w ground. It looks that way. but internal to the amplifier there is such a 
path to ground. This does not mean that the input is tied to zero volt.; instead. in this single-supply circuit, it is biased. as 
u ual. The inputs are bia ed to about l .2V 

14 Values cho, en so a not to torture people who may be working near you. 
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125 Supplementary Notes: MOSFET 
Switches 

In Chapter l 2N we treat MOSFET witches and some of their applications. This note says a little 
more about both MOSFETs and the junction type, JFET . You can afely ignore thi. note if you're 
only concerned with MOSFET applications, as we are in our lab exerci es. 

125.1 A physical picture 

The operation of a FET is asier to describe than the operation of a bipolar transi tor. You will recall 
that we did not even try to describe why a bipolar tran i tor behaves as it doe . 

A FET, in contrast, just cries out for diagramming: a glance at Fig. J 2S. l will remind you of the 
FET' greatest virtue, its very high input impedance. The input terminal look like either an insulator 

( a-called MOSFET type) or a p-n junction (in the o-called JFET) - one that i neverforward-biased, 

unlike the bipolar tran. istor s base-emitter junction. 

GATE: (~ov) 

s+t :1 3~ 
- "' -

JF£:T 

SiOe_ 
(insulator) 

/ 

MoSF~T 
Figure 125.1 A first view of JFET and 
MOSFET: a slab of semiconductor. 

So, no current flows at the control terminal: you just apply a voltage; the electric field modifies the 
channel. Hence the name of course. 

The MOSFET diagram in Fig. l2S. I makes the transi tor looks as if it would not conduct drain 
to ource - ince a positive voltage at drain would rever e-bias the right-hand n:p junction. This is 
correct - until we give it some help. 

The MOSFET begin to conduct if one applie a positive voltage to the gate to induce a layer of 
n-type (electron-rich) region that can link the two n regions at drain and source. The "enhanced" 
MOSFET then resemble the JFET that has not been depleted: a conducting "channel" link ource to 
drain. The MOSFET plotted in Fig. l2S.2 (like most, but not all) is OFF until you apply a gate voltage 
to turn it ON. Such a device i said to be of enhancemen1 mode, conducting only when you give it 
some help (when you "enhance" its conduction). 

The JFET or MOSFET - with a lab of doped semiconductor between its end terminals, source 

and drain I can be expected to conduct if we apply a voltage difference between its drain and source 

I Perhaps the plumbing analogy ugge ted by the name bothers you: cun-ent goe from drain to ource? I n' t that what 
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Figure 125.2 MOSFET 
conducts if positive V gate 

induces region to link drain 
and source n-type regions: 
it's OFF till you turn it 
ON . 

-1 

N/105 
enhance(Ylent 

O v;.1 +2 +3 +'f 

VGs (v) 

+5 

G 

M OSFE T (enh;nicernerrl.) 
(n - ch-annel) 

+ 

1'10 c.ond ud-,on 

posifi"ve V<;s : 

creafes c.hanneC 
leHin1, cvrrent 
flow fi'"orn :D fo S 

termjna] . At low voltages2 across the device (Vos), JFET or MOSFET behavior i Ohmi : current 

proportional to Vos. 
So far the behavior makes some intuitive sen e. We' ll soon(§ l 2S.1 . l tackle the harder que tion of 

why at larger Vos, current source behavior replaces Ohmic. 

For compari on with the MOSFETs curve Fig. 12S.3 hows the Io-versus-Vo curve for a JFET: 

ON until you do something to turn it OFF (perhap , only in degree). A negative voltage applied to the 

gate narrows the conducting channel. 

Figure 125.3 JFET /-V curve 
looks like MOSFETs - but slid 
to quadrant left of V os=O: it's 
ON till you turn it OFF. 

il-channel 
;J'FET 

-'t -3 ·2 -1. o +1 

Vp ~ 

IFET (defletiDn) 
(n-channel.) 

~+ 

Ld 
VGS "0 : 

wdh -no bias 
apfhed. fr,jafe., 

condocf-ion. 

V<;<O 

+ 

-. 

VGs bacl. · biaseJ: 

-ne:r·+ive. ~olfa'je 
al; 9al-e 3,ves 
J1min isheJ a,r,J,.,d;O!l 

Such devices are said to operate in ' depletion mode. All JFET, and a few MOSFET operate this 

way. 

The need of a depletion -mode device for a negative control voltage dooms it as a general-purpose 

switch. The enhancement-mode MOSFET, in contrast can work with a iogle upply to generate an 

output capable of witching another switch of the ame type; see Fig. l 2S.4. 

Thu one can build a large system of , ingle-supply MOSFET witche using enhancement-mod 
devices (we're hoping thi ugge tion brings computers to mind). The switches we have drawn are not 

of the type used in large anays of logic devices. We saw in Chapter 12N that a CMOS configuration 

is much more efficient (AoE §3.4.4A). 

happen when the ewer get. blocked? The explanation for these strange name mu t be that the fellows developing the 
FET - the same people who named the bipolar's "collector" and "emitter," though here the case i muddied by the pnp 
configuration where a flow of "holes · dominates - were thinking like physicists, not like engineers: they seem to have 
considered electron flow rather than conventional current. This seem to be the case even though this tran i tor type is 
named "bipolar" because current flow depend in part on flow of both ''holes·· and electrons. 

2 Low voltages here means less than VGs - VT. That difference voltage measure the degree to whi h the gate is driven O 

Y.r is the threshold voltage at which lo ri se. from zero to a ·mall but measurable value - usually specified as a few 
nano-amp . See AoE §3.2.7. 

'~channel" 
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Figure 125.4 A MOSFET switch (enhancement) can 
drive another with just one supply. 

One cannot do this with depletion-mode transistors. 

125.1.1 A go at explaining the FET's constant-current behavior 

The tyle of thi course surely is to ignore the details of phy, ics that might explain what's going on 

within a transistor, but FET do tempt one to hope for intuition concerning their behavior. We'll give 

a try to thi effort, while not expecting serious ucce . 

Linear region versus current-source regions: resistive behavior at low V DS ·.. We claimed in § 12S. l 

that it is plausible that a continuou lab of doped semiconductor should conduct. It is also plausible 

that the current it pa es should be proportional to the voltage applied (between drain and source). This 

is the behavior one see for low Vos, as one can see in the leftmost, the "linear,' region of Fig. I 2S.5. 

linear , 
f'eJVJn, I 

I 
I 

linear ~:foll 
extends to 

vDSCSlf:) ~ VGs -Ur 

VGs - \/. "'2V 

'VI -\/. = 1V 

Figure 125.5 FET is resistive at low 
Vos, but behaves like a 
current-source at higher Vos -

This family of curves look much like the . et of curves that describe le versu VcE for a bipolar 

tran istor, where each curve would be determined not by VGs but by either VBE or /B. In Fig. l 2S.6 are 

bipolar and ET curves, placed side by side for compati on (the contrast in current-region slopes i a 

bit unfair to the bipolars: note the much more sensitive current scale for the bipolar). The horizontal 

axis shows the voltage acros the tran. i tor. Ea h curve is defined by a particular input control level: 

VGs or VBE· 

You may wonder whether a bipolar transistor might not be capable of the same resistive behavior. 

The answer i that it J- V i less linear than the FETs, at low voltages: ee Fig. 12S.7. 

A simple circuit trick can further traighten the FET curves, it turns out - making the FET a useful 

voltage-controlled re istor. 3 

3 The· trick" i to u e an R:R voltage divider to feed half of VDs to the gate. See AoE §3.2. 7 A, if you 're curious. 
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25.6 Families of I and V curves, bipolar compared witl 
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25. 7 At low voltage across transistor, FET is more linE 

so simple: the resistive behavior at low voltage sound 

under tanding of the constant-current behavior that i 

ation region : current-source behavior at higher Vo: 
·or u resi tor-phile is exceptional for an FET. Ordin, 

,urren.t determined by its control signal - VGs for the 

:;-ig. 12S.5 over all except the lowest range of Vos vah 

s what one would ee for a bipolar transistor. Why? Vii 
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As one gradua1ly increase Vos, the rising voltage near the drain diminishes the width of the con­
ducting region there and eventually that conducting channel "pinches off." The leftmost image of 

Fig. l 2S.8 ketche the non-conducting case with Vos = O. The two to the right show conduction, first 

in the linear region, then in the pinched off region. It is the rightmost image that attempts to picture 

the constant current or "saturation ' region of FET operation.4 

G 

~,2l;1f{;..JP2 
+ + + + + 

+++++++ 

body Ji 

VGs= 0 
(F£T off) 

G 

~ 2 *7 ~fii., _JP2 
+ + + + + 

+++++++ 

bodyJ} 

VGs > Vr, Vos small 
(linear region) 

G 

~~_,~3-0, 
~ --~ 

+++++++ 

body J} -.p-in_c_h-ed off" 

VGs > Vr, Vos larger 
(saturation region: fixed current out) 

Figure 125.8 MOSFET conduction: three regimes. 

A fir t (and quite reasonable) guess would be that current ln would fall to zero when Vos rose 

enough to pinch off the channel. But / 0 does not do that. Instead, if Vos continues to rise, lo levels off. 

The region between pinch-off point and drain is not as rich in ca1Tiers a is the induced "channel '. But 

the field there is strong enough to carry electrons that have drifted through the channel on to the drain. 

Here's our attempt at an intuitive understanding of thi effect. If thi i too silly for your tastes , take 

a look at the texts cited below. 

The pinched-off region forms a bottleneck, a narrow region where a kind of traffic jam occurs, see 
Fig. I 2S.9. As Vos rises, much of this drop occur. over the short length of that pinched section, push­

ing up the current density in thi bottleneck; then if Vos grows further, increa ing the field (driver at 

the drain end lean on their car horns) the bottleneck region grows longer, and traffic flow or lo levels 

off at jts saturation value. In short, further increa e in Vos cause two opposing effects that nearly 

cancel: tronger field, but reduced carrier mobility. 

{ saturation 
region: fixed 
current output 

Figure 125.9 Tiny traffic jam to 
explain FET "saturation :" mobility 
falls off as field strengthens. 

4 You will recognize what a bad choice of language rhis is: to use the word "saturation" to describe normal FET operation. 
while the word means omething radically different when applied to bipolar tran istor or operational amplifiers. But we 
are tuck with thi usage. 
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So current stays roughly constant.5 

125.1.2 Saturation not quite constant: channel-length modulation resembles Early 
effect 

You may have noticed that the 1- V curves across FETs resemble those for bipolar transi tors not only 

in rough outJine, as we ·uggested on page 499 and Fig. 12S.6, but al o in their upward tilt. That 

tilt, de cribed by Early effect for bipolars, result from channel-length modulation in an FET. The 

mechanism is similar to that for Early effect. A Vos grow , the length of the conducting channel is 

diminished by the growth of the pinched-off region. So current lightly increa es (very slightly: the 

dynamic impedance of the 1 N5294 a JFET current-limiting diode that we u e in several labs for 

example, is high: above JMQ [specified at Vos= 25V]). 

125.1.3 An application for constant-current behavior 

A JFET with its ability to hold cmTent con tant even at VGs = 0, makes a handy two-terminal current­

limiting d vice - as you may recall from Lab SL when you used such a thing in the 'tail' of the 

differential amplifier. The curves you aw back in Fig. 12S.5 remind us that we cannot expect constant­

current behavior however, unle, s we take care to keep Vos above the level where resistive behavior 

ceases. For the 1 N5294 that minimum voltage is l .2Y. 

Figure 125.10 JFET forms simple 
current-limiting diode. 

2-terminal 
current-limiting 

diode 

VGs O 

Io 

runs at Ioss -
max current, 

at Vos :0 

5 For a fuller explanation and handsome diagrams see Burns, S. and Bond, P., Principles of Electronic Circuits . We t ( I 987 , 
§5.2; ee also Jaeger, R. and BlaJock, T., Microelectronic Circuit Design. McGraw-Hill (4th ed. , 2011), §4.24. 

i AoE §3. 1.IA 

AoE §3.2.2 and 
Fig. 3.20 
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Part of what we aim for today i a review ince the circuit include an unusually broad variety of ele­

ments. What you will achieve is the wireless transmission of an audio signal , using optical encoding. 

13N.1 Overview: a day of group effort 

Today' lab and class differ from all the others in the course. In cJa , we want to hear you do the 

teaching: tell your cla smates about the piece of the project that you designed. We want your audience 

to te11 you (poli tely) how you might improve your design. The lab differs from all the others in that it 

i a collaboration. Your fragment won t do anything very ente,taining until it i joined with the work 

of your classmates. 

13N.1.1 Circuits that do something, again . .. 

Our motive for trying this class and lab format was to respond to students pleas that they be given a 

chance to build circuit that 'do something. ' Apparently, people get tired of. eeing only scope traces. 

The earlier build-an-op-amp and then PIO labs also tried to respond to this yearning. Today's lab 

offers a imilar chance to put many circuit fragment together. This lab differs from PID and the 

others, however, in asking you to do all the design. work. 

13N.1.2 . . . and circuits of your own design 

Generally, we have not dared to write labs this way. We feared that the proce s would be too slow: 
you would draw a design, find its defects, correct them, then try the amended design. lt doesn ' t sound 
like work that could fit within an afternoon. Trying that process every day would have made thi quite 

a different sort of course - a good one, but not one that could gallop through the large amount of 

material that we attempt. We do, however, dare to try this method on this one day because we are 
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confident that you will come up with working designs: each of the several circuit element i well 

within the range of your kills. 

We hope that the exercise will erve everal purposes. It will be fun, and should provide satisfying 

confirmation that you have learned something in the past weeks. 

13N.1.3 A description of the technical task 

Figure 13N. l is a sketch of what we want to build. The notes below will spell out what the everal 

boxes ought to do. 

Figure 13N.l A 
block-diagram of the group 
audio project . 
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You will send music across the room - or, at very lea t, acros a gap of a few feet - ' wireles ly." 

In Marconi s day and again more recently wireless meant " u ing radio.' Here it does not. We will 

transmit using infrared "Jight." 1 More particularly, we will encode the audio information onto a carrier 

that is a frequency above human hearing - but far sho1t of radio. We put our carrier at about 30k.Hz. 

We will encode the information - the time-varying voltages - as frequencies. This cheme i called 

as you know, Frequency Modulation, FM. 

FM i appealing here because of its good noise immunity and also becau e it allow us to drive the 

LED at full brightnes when ON), permitting maximum range.2 

The variation in frequency need not be large. ln order to convey an audio signal up to about 3kHz, 

a frequency variation of well under 3kHz can be ufficient. 

13N.1.4 The elements of the audio-transmission chain 

Here i a short catalog of the elements of today' circuit. In ome cases, our descriptions will be 

purposely vague because we don't want to short-circuit the de ign proce s that we hope you will go 

through. 

On the transmission side: 

Modulator: This i a voltage-controlled o cillator (VCO). We use a ' 555 oscillator to convert an 

audio signal of time-varying voltage into a square wave of varying frequency. Thi circuit's 

voltage-to-frequency function won ' t be linear, but works quite well enough for today s pur­

poses. You could use a more perfect YCO (such as, say, the VCO included in the 74HC4046 

that you will meet in Lab 18L). But for this extra effort you would get no audible improve­

ment over today 's rougher de ign. 

I l it "light'' if humans can ' t see it? A nice question, which we' ll not top to worry about. 
2 Perhaps you will protest that ·'noise immunity" and ·'range" are two ways of saying the ame thing. You have a point. 
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Details: ( Questions of interest to designers of this stage; perhaps too detailed for the rest 

of you) . 

The needed frequency variation i light and we can tolerate a omewhat nonlinear re­

sponse - because our standard for this task are not especially high, and because we antici­

pate nonlinearities in the demodulator, in any case. 

There are easy and hard ways to vary the frequency of a ' 555 oscillator. The hard ways 

probably would u e a voltage-controlled current source to vary a sawtooth frequency. The 

easy way takes advantage of the control terminal (pin 5 for the D[P package), letting the 

audio signal vary the threshold voltages. 

Con ' ider duty cycle: doe your design achieve close to 50% duty cyde (that is, percentage 

of period during which the waveform is high)? Does duty cycle matter? 

Make the center frequency adjustable by manipulation of a potentiometer wired as variable 
re istor. Don't forget to provide a constant R along with the adjustable so that the circuit 
doesn' t go crazy if you happen to twiddle the pot to an extreme. 

The carrier frequency: We chose a frequency of around 30kHz, intermediate between extremes 

that could have caused difficulty: 

• we wanted it not too low: not in a range audible to humans because some of the carrier 
is likely to per i t after demodulation - noise mixed with the audio ignal· 

• we wanted it not too high: not in a range where our op-amps and comparator begin to 
falter. 

LED driver: Thi takes the relatively delicate quare wave that i output by the VCO (a '555 oscil­

lator) and makes it trong enough to drive a high-current infrared LED. The LED is capable 

of mnning I OOmA continuous current, and drop~ about 2V when conducting. 

Details, LED driver: 

LED current i 'pecified (maximum continuous current; for current specification, see 

sketchy datasheets in § J 3N.3.) Does it follow that your driver should be a current source 
(or "sink")? 

Con ider what the ignal from the '555 output looks like electrically, and what the load 
looks like (LED dropping about 2V). 

Try to minimize power dissipation. The current is large· you don ' t want a voltage higher 

than neces ary. If you use a resi tor, make ure it won't get hot enough to burn your fingers. 3 

On the receiving ide: 

Photodetector: This converts the current passed by an infrared-sensitive phototransistor to a volt­
age. The voltage .. wing should be about a large a you can manage, taking care always to 

avoid clipping the waveform. 

Details: 

Note that ambient light will include , ome infrared, o that the phototransi tor current never 

will fall to zero (despite the transistor's dark case designed to block visible light). Note also 
that the phototran istor current flow in one direction only. 

You re likely to take the current from the phototransistor's emitter (compare the photo 

circuit of Lab 6L). But don ' t infer that the circuit behavior you see will resemble that of an 

emitter follower (Lab 4L) where you last took an output from emitter. 

Clipper: This circuit takes the detector output, perhaps small, and transform it into a square wave 

swinging± 15V. (The large amplitude is helpful to the later tages.) The uniform amplitude 

3 Do this not by wearing thick glove but by con. idering power dis ipated versu the resistor's power rating. 
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impo ed by this circuit is impo1tant: variations in amplitude that appear in the detector's 

output would corrupt the ultimate demodulated audio output if allowed to per ist. 

Details: 

Note that the output of the detector will include a DC component (unless the detector 

designers have removed that for you). That DC level is not information; only the frequency 

of the varying voltage carries information. 

To keep the output clean, you will need hysteresis. Make thi adjustable right down to zero 

since you'd like your circuit to be as sensitive a possible - permitting maximum range for 

the entire circuit. 

Demodulator: This takes the square wave of varying frequency and converts it, in two stages into 

a time-varying amplitude: an audio signal like the one that drove the VCO on the input side. 

• Stage one: uses a filter with steep skirt to convert changes in frequency to change m 

amplitude. 

• Stage two: uses a conventional AM demodulator to produce the audio waveform. 

Details: 

Any filter with a steep response will do, but the easiest circuit probably is an RLC re onant 

circuit. You will recall from Lab 3L, especially §3L. l .2, that this circuit' ~amplitude/ ~frequency 

response can be made very steep. 

For best conversion of ~_frequency to ~ -amplitude you'd like a re ponse curve that is 

close to a straight-line ramp. We sugge t that you not strain to calculate the best hape for 

this re ponse curve. Instead, in the rough-and-ready sty le of this course, make the shape of 

the circuit s frequency response adjustable. 

Recall what circuit element in Chapter 3L's resonant circuit affected the shape of the 

response: large R provided large Q values (steep curve)· but large R also provided a lower 

output amplitude (entire curve became mall though peaky). In short large R produce a 

mall pointy Matterhorn; smaller R produces a large gently-sloping Blue Ridge Mountain . 

Consider phase: doe the demodulator' output voltage rise or fall as frequency ri. e ? Does 

the answer to this question matter? 

Amplifier: Boost demodulator output to drive an 80 peaker. 

Details: 

This i a circuit you have built before. Make its gain adjustable (since a loud output can 

be maddening during the time when the group i trying out and adjusting the whole circuit). 

You probably need not set minimum gain below one (and this choice will permit use of a 

high-impedance form of the amplifier). 

Note that you do not want to put any DC current through the peaker. Only wiggle produce 

ound; a DC level produces only heat. 

The major challenge will be to keep this circuit stable. 

13N.2 One concern for everyone: stability 

The several elements of the circuit will be wired each on its own breadboard strip. Then these will be 

brought together, linked and powered. This is a setup peculiarly vulnerable to parasitic oscillation . 
Against this hazard: 

• decouple all power upplie , on every individual strip, with ceramic caps of 0.01-0. lµF; 
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• do all you can to keep power upply leads short. (In our cour e, we provide power through bu 

connector pulled off old breadboard ·trips· the low inductance and substantial capacitance of 

power bu es help : ee Fig. 13N.2.) 

breadboard 
power strips 

single breadboard, 
to hold one stage 
of transmitter 
or receiver side 
of project 

• 
Figure 13N.2 Power bus strips 
help to minimize power supply 
impedance, against parasitic 
oscillations. 

13N.3 Sketchy datasheets for LED and phototransistor 

The LED and phototransistor work in the near-infrared, nearly matching peak sensj tivity to peak 

emis ion wavelength. Both are narrow-angle devices, chosen to maximize range - but having the 

drawback that the emitter must be well aimed. Here are some of their specifications. 

Device central emission/reception 

wavelength (nm) Angle 

LED: TSTS7100 950 ± 50 

PhotoQ: QSD 124 880 ± 12° (half power angle) 

* But lOOmA is more usual for this part 

And here are pinouts. 

(b) (b) 

~·=~ 1 emm.,_-11 
SCHEMATIC 

current rise & fall 

time(µ ) 

250mA (max cont.)* 0.8 

6mA (ON, min.) 7 

Agu.,- 2. A119ul_1:r A .. ponH Cutw 

"" • !!' 
. :" 

170 j .. 

Figure 13N.3 (a) : Infrared LED pinout : TSTS7100. (b): Infrared phototransistor pinout: QSD124 . 
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L .1 Typical waveforms 

;ure l 3L. I gives a preview of what's coming in the form of waveforms at several points. Before you 

re built the circuits the e waveforms may be a bit cryptic· but trying to understand these plot may 

p you to get a grip on the whole project. Then we'll finish these lab notes with some uggestions 
how to test your circuits. 

opto detector output ... 

.. .squat'ed up by "clipper" stage ... 

Chl 2.00 V 
Ch3 S.00 V 

20.0 V M 200 s 
2 . 00 v "' I 

signal at LC stage 

audio output (LC stage, 
rectified and filtered) 

~ure 13L.1 Waveforms at several stages of the IR transmission chain . 

:L.1.1 How much do you need to know about stages that abut yours? 

Ch4 Freq 
2.044kHz 
Low signal 
amplitude 
Ch2 Freq 
34 .99kHz 

>t much, we expect. If your abutters surpri se you, we expect you ' ll be nimble enough to adjust on 

)ject day. It's certainly fair to ask them, beforehand - but probably not necessary. 

:L.1.2 How much advice do we want to give you beforehand? 

)t much because it 's helpful to the whole group to have design issues aired before the group rather 
rn settled backstage. We hope that the design you present will not be perfect. Perfect designs are 
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not very in tructive. And please don ' t test your design beforehand by building it; a real discu ion 

stopper is a line like I don t know why the value is lOk- but I built it and it worked. For reviewing 

purposes, it's much better to discuss rationales. 

13L.2 Debugging strategies 

Here are some debugging tips that can simplify our task: we' ll pair modules that talk to each other; 

when these pairs work, we ' ll tring together all the element of the chain . You ' ll find a block diagram 

of that entire chain in Fig. 13N.l. 

13L.2.l Debug VCO ( V-to-f) and demod (f-to-V) 

These adju tments are particularly ticklish. VCO people can adjust the center frequency. U ea DVM 
as frequency-meter, to watch this frequency. Note what frequency works best (that is, produces the 

cleane t sine from the demod block) in case you mess up an adj ustment and need to return to that 

center frequency. We find a lk re istor in erie with the pin 5 input help to protect the CMOS 

555 from damage. It does not affect circuit performance (the internal divider re istor present an 

equivalent re istance of 33k). 

Fvn,hon 
,9erirrator: 
sLne 

I 
O.S"v? 

0) 
Figure 13l.2 Testing VCO and demodulator. 

Before testing with the VCO, demods will have done the be 1 they could on their own: demods can 
do their preliminary test by feeding their circuit a ·quare wave whose frequency is swept. The demod 

circuit hould output a fairly good replica of the ramp shape that evokes the swept square wave. 

In te ting the linked VCO-to-demod pair, VCO people will try to find their comfortable place on the 
slope of the 'mountain" that is the hape of demod's frequency response. Demod people meanwhile, 

can adju t hape of that mountain: they can adju t the Q of their circuit, looking for a region that is 

pretty linear. 

Don't drive yourselves crazy by letting both VCO and democl people twiddle at the . ame time: take 

turn ! When demod puts out a pretty good reproduction of the ource sine, leave the adjustment as 

they are. It will be harder to optimize response at the later stage when you will be working with the 

entire chain of circuit element . 

13L.2.2 Optical link only 

Optical detector people probably have at lea t a gain-control to adju t; perhaps also a DC-offset. If 
you 're not sure whether the LED i. alive, use an infrared detector card (if it has just come from storage 
in a dark drawer, it will need a few minutes in room light for activation). 1 

I Laboratory quality IR detector cards are ex pen ·ive, but you're likely to lind inexpensive versions on eBay. Your cellphone 

amera may or may not . how IR, depending on its camera 's fillering. 
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Figure 13L.3 Testing optical link 

only. 

13L.2.3 Optical recovery, squared-up 

+Sv +15v 

10ft 
~ 

(/VWNV\) 

Occasionally attaching the comparator a. load will destabilize the detector. If this happen (indicated 

by fuzz on the detector output) make sure you have decoupled aJJ your power upplies, and that you 

have minimized power- upply length . 
Clipper people will have a hysteresis-adjust to play with. They want minimum hysteresis (for max 

sensitivity) that is consi tent with stability. 

+5v ·t1Sv 

10fl 
~ 

(hrulMJmn) 

Figure 13L.4 Adding clipper to optical-link test . 

13L.2.4 Sine-to-sine, with audio amp 

Again, stability is the hardest issue here: the amp js straightforward (make sure the tran i tor aren t 

tiny 2N3904s and 2N3906s). Testing the amp linked to the demod block give a better te t than ju t 

taking a function generator as ource for the amp. 

Figure 13L.5 Trying 
to recover audio, 
testing speaker driver. 

Fvr,dLo~ 
3e11erator: 
5i,he, osvf 

~ 
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Why? 

We aim to apply MOSFET to form gates capable of Boolean logic and to look at some such binary 

operation ·. 

14N .1 Analog versus digital 

14N.1.1 What does this distinction mean? 

The major and familiar di tinction is between digital and analog. Along the way, lets also distingui h 

"binary" from the more general and more interesting notion "digital. ' 

• First, the analog" ver, u. digital di ·tinction. 
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An analog system represent information as a continuous function of the information (as a 

voltage may be proportional to temperature, or to sound pressure). 1 

A digital sy tern, by contrast, represents information with discrete codes. The codes to repre­
sent increasing temperature reading could be increasing digital number (0001, 00 IO 0011 , 

for example) - but they could use any other code that you found convenient. The digital 

repre entation also need not be bina,y - a narrower notion mentioned ju t below. 

• Now the le s important binary versus digital distinction: binary is a special case of digital repre­
sentation in which only two values are possible, often called True or False. When more than two 

value are to be encoded using binary representations, multiple binary digits are required. Binary 

digits, as you know are called bits (binary digit) 

A binary logic gate classifies inputs into one of two categories: the gate is a comparator - one that 

is simple and fast, ee Fig. l 4N. l. 

Figure 14N.1 Two comparator 
circuits : digital inverter and 
explicit comparator, roughly 
equivalent. 

j_ 

+5'V 

The digital gate resembles an ordinary comparator (hereafter we won ' t worry about the digi­

tal/binary distinction; we will assume our digita1 device are binary). 

How does the digital gate differ from a comparator like, ay, the LM31 l? 

Input and output circuitry: the 311 is more flexible (you choose it threshold and hysteresis; you 

choose its output range). Most digital gates include no hysteresi . The exceptional gate that 
include hystere is usualJy are those intended to listen to a computer bus (as urned to be extra 

noisy), and the inputs to some larger ICs uch as the PAL that you will meet in our lab , 

XC9572XL, which includes 50m V of hysteresis on alJ of its inputs. 

Speed: the logic gate makes it decision (and makes its output show that 'decision ) at least 20 times 

as fast as the '311 does. 

Simplicity: the logic gate require no external parts, and needs only power, ground and In and Out 

pins. It can work without hysteresis because the logic signals presented to its input transition 

decisively and fast. 

14N.1.2 But why bother with digital? 

Is it not perverse to force an analog signal - which can cruTy a rich tore of information on a ingle 

wire - into a crude binary high/Jow form? L t' s consider the cons and pro . A caricaturing of' digital 

audio" appears in Fig. 14N.2 where the sound of the Stradivarius i converted to arcade-game quality. 

We doubt thi. repre ent your under tanding of digital audio. 

I We don ' ! quite want to ay that the representation - ay, the vo ltage - is proportional to the quantity represented -ince a I g 
converter. for example. can make the representation . lranger than that. 
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M 
sound of 
Str-ad,var,us 

Disadvantages of digital : 

+S 
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Sound of c ht> Af, 
arcade ;JUM'? 

Figure 14N.2 Naive version of 
"digital audio": looks foolish! 

Complexity: more line required to carry ame information2 

Speed: processing the number that encode the information sometimes i slower than handling the 

analog ignal 

Advantages of digital : 

Noise immunity: the ignal L born again at each gate; from thi virtue flow the important applica­

tions of digital: 

• allow tored-program computer (may look like a wrinkle at thi tage, but turns out, of 

cour e, to be hugely important); 

• allow tran mi sion and also unlimited proce sing without error - except for round­

off/quantization; that i , deciding in which binary bin to put the continuously variable 

quantity· 

• can be processed out of "real time:' at one leisure. (Thi , too, i ju ta consequence of 

the noi e immunity already noted.) 

Can we get the advantages of digital without loss? Not without an) lo s, but one can carry ufficient 

detail of the Stradivarius sound u ing the digital form - a we try to sugge tin Fig. 14N.3 - by u ing 

many lines. 

sound oF 
Sfrad,"va,..,"vs 

---
A1t>D Dk A 

:-+--

sovnd of Figure 14N.3 Digital audio 
:Sfrad,var,us f done reasonably. 

A ingle bit allowed only two categorie : it could ·ay of the mu ic ignal, only 'in high half 

of range" or "in low half.' Two bit allow finer discrimination: four categorie (top quadrant, third 

quadrant, second quadrant bottom quadrant). Each additional Line or bit doubles the number of lice 

we apply to the full- cale range. 

Our lab computer use 8 bit - a "byte"3 - allowing 28= 256 slices.4 Commercial CDs and most 

contemporary digital audio format u e 16 bits, permitting 2 16~65 000 lice .. To put thi another 

2 " More line ., often doe not apply to transmission of signal because . erial transmis ·ion is widely u ed. But at least in its 

inner workings, digital proce ing doe. encode value a multiple parallel bit . 
.\ Some puri ts insi ton calling an 8-bit quantity an '"octet,'" recalling a long-ago time when byte had not come to mean 8 

bits, but depended on word length in a particular computer. Byte now is the tandard way to refer to an 8-bit quantity. 
4 The Si Lab controller that some people will choo. e in the micro labs can cur 16 times finer, with 12 bit.. But we cannot 

make practical use of that resolution on our breadboarded circuit.. 
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way, 16-bit audio takes each of our finest bees (about as small as we can handle in lab, with our 

noisy breadboarded circuits) and sl ices that lice into 28 sub-slices. This is slicing the voltage very 

fine indeed . 
In Fig. J 4N .4 we demonstrate the effect of 1, 2, 3, 4, 5, and finally 8 bits in the analog-digital 

conver ion (both into digital form and back out of it, to form the recovered analog ignal that i 

shown) . 

analog 
input 

DAC 
out: 
1-bit 

k I ~ _: l .. - _---;: - " r~ /~ ;\ I, 

.. 2-bit I ... _ ~ :-:- ~- .. - ~...:-1, v.s;. v \JI 
Ch i 1.00V (,llE: 1,00V M2.00ms 

Figure 14N.4 Increasing the number of bits improves detail in the digital representation of an analog 

quantity. 

14N.1.3 Alternatives to binary 

Binary i almost all of digital electronic , becau e binary coding i so imple and robust. But a handful 

of integrated circuit do u e more than two levels. A few use three or four voltage level , internally. in 

order to increase data density: NAND flash for example, u es four levels or even eight. Data torage 

density i increas d proportionately.5 This density comes at the cost of dimini hed simplicity and 

noise immunity. The better noi e immunity of the older 2-Ievel pait sometimes is promoted a one of 

their selling points, but multi-level now dominates NANO fla h memory. 

More important instances of non-binary digital encoding occur in data transmission protocol . Tele­

phone modems ("modulator-demodulators') confronted the tight limitation of the y tern' 3.4k.Hz 

frequency limit and managed to . queez more digital infonnation into that bandwidth by u ing both 

multiple-levels (more than binary) and phase encoding. One combination of the two called "16QAM ' 

squeezes 4 bits worth of information into each "symbol ," pushing the data rate to 9600 bit /second. 

Does that not sound quite impossible on a 3.4k.Hz line? It i , of course. possible. The process of 
increasing coding complexity has continued, pu hing data rates still higher. 

A plot like a phasor diagram - with 'real" and imaginary" axes - can display the several pha e a 

well as amplitudes of ingle-bit encodings. The plot in Fig. 14N.5 shows '4QAM:" ingle-amplitude, 
four-pha e-angle encoding that permits four unique "symbol " (or, "two bits per ymbol") by um­

ming two waveforms that are 90° out of phase (the "quadrature" of the QAM acronym).6 

Denser encodings are possible u ing the same scheme. The constellation diagrams in Fig. 14N.6 

show 16QAM which carries 4 bit · of information in each "symbol, one symbol being repre ented by 

one dot on the diagram.7 

5 Fun fact (according to Wikipedia): a quaternary digit ometimes is called a .. crumb.'' joining its foody companions. bit, 
byte and nybble (a 4-bit binary value). 

6 Source: National Instrument tutorial. "Quadrature Amplitude Modulation:" http://zone.ni .com/devz.onc/cda/tut/p/id/3896. 
This tutorial lets one watch. in slow motion, the relation between the time-domain waveform and thi . pha e-and-amplitude 
constellation plot II help . 

7 Source: Acterna tutorial: chapter . . cte.org/cascade/QAM_Overview_and_Testing.ppl. Acterna wa · acquired by JDSU, 
Milpitas, CA, in 2005. 

j AoE § 14.5.58 
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0 

white dot represents a bit value ... 

4-QAM symbol map 

Q distance from origin represents 

... its orientation from origin 
( orientation of "arrow") 
represents phase 

Q 

/ 

amplitude ... 
0 0 0 

..---- orientation of Marrow" from origin 

1011 1001 0010 0011 

----1F--- I represents phase 
1010 1000 0000 0001 I 

1101 1100 0100 0110 
0 

0 

0 ~ • - Decision 
0 ~~-- Boundary 

16QAM 
1111 1110 0101 0111 

16QAM 

Figure 14N.5 
"Constellation" diagram, 
drawn by vector display -
phasor-like: showing QAM 
(phase- and 
amplitude-encoded digital 
information) . 

Figure 14N.6 16QAM 
encoding shown in 
constellation diagram. 

The QAM waveforms (seen in time-domain) are exceedingly weird: see Fig. 14N.7.8 

the elements of the QAM 
encoding: two waveforms, 
out of phase and showing 

• I and Q are in phase or 180 degrees out of phase 

• I and Q are four discrete independent levels 

4 amplitude levels ------.... 

... and the really-weird 
transmitted waveform, 
a sum of the two elements Figure 14N.7 QAM 

waveforms. 

Complex encoding schemes like QAM are appropriate to data transmis ion, but - luckily for us 
- the storage and manipulation of digital data remains overwhelmingly binary, and therefore much 
more ea ily under tood . 

14N.1.4 Special cases for which digital processing obviously makes sense 

In ome cases the information i born digital so no conversion is needed. The information may be 

number (as in a pocket calculator or words (as in a word proce sor) . Since the information never 
exi ts in analog form (except perhaps in the mind of the human), it make good sense to manipulate 
the information digitally: a et of code . To do otherwi e would be perver e (. tore your term paper 
as a collection of voltages on capacitors?). 

8 Source: Acterna, tutori al. again. 
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14N.2 Number codes: Two's-complement 

Binary numbers may be familiar to you already: each bit carries a weight double its neighbor' . That's 

just analogou to decimal numbers a you know: it's the way we would count if we had just one finger. 

The number represented i just the sum of all the bit values: 1001 = 23 + 2° = 9 10 . 

'/)ECIMAL BINARY 

I Oz. ID 
1 JOO 2. 'l 2. 't io 

2. 1 3 1 0 1 

Figure 14N.8 Decimal and binary 
200 i 10 +- 3 213 4 number codes com pared . = f- Of 1 ::: ~o 

14N .2.1 Negative numbers 

But 1001 need not repre ent 9 10. Whether it does or not in a particular setting i up to u , the human '. 

We decide what a sequence of binary digits is to mean. Now, that observation may strike you as 

the emptiest of truisms, but it is not quite Humpty Dumpty point. We are not saying 1001 mean 

whatever I want it to mean; only that ometimes it i u eful to let it mean something other than 910- In 
a different context it may make more sen ·e to let the bit pattern mean something like turn on stove, 

turn off fridge and hot plate, turn on lamp." And, more immediately to the point it often turns out to 

be useful to let 1001 represent not 910, but a negative number. 

The scheme most widely used to represent negative numbers is called "two's-complement.' The 

relation of a 2' -comp number to positive or 'unsigned" binary i extremely simple: 

the 2's-comp number uses the mo t-signi ficant-bit (MSB) - the leftmost - to represent a negative 

number of the same weight a for the unsigned number. 

So 1000 i +8 in unsigned binary; it is - 8 in 2's-comp. And 1001 is - 7. Two more example appear 

in Fig. 14N.9: the 4-bit lOl l can represent a negative five, or an un igned decimal eleven; 0101 , in 

contra t, is (positive-)5 whether interpreted as "signed" (that is, 2's-comp) or 'unsigned.' 

Figure 14N.9 Examples of 4-bit numbers 
interpreted as unsigned versus signed. 

1011 

0101 

Unsigned 

8+2+1::1110 

4 + 1:: 510 

2's Comp 

-8+2+ 1::-510 

... :: 5 to 

Thi formulation i not the standard one. More often you are told a rule for forming the 2'. -comp 

representation of a negative number, and for converting back. This AoE does for you: 

To form a negative number, fir t complement each of the bits of the positive number (i.e. write 

I for 0, and vice versa· thi · is called the" L's complement"), then add I (that the '2' comple­

ment"). 

It may be easier to form and read 2' -comp if, a. we've ugge ted, y u imply read the MSB as 

a large negative number and add it to the re t of the number which r pre -ent a ( mall er) positive 

number interpreted exactly as in ordinary unsigned binary. 

! AoE §10.1.3 

I AoE § 10.1.3 

I AoE § l 0.1.3 

I AoE § 10.1.30 
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2's-comp may seem rather odd and abstract to you just now. When you get a chance to use 2's­

comp it hould come down to earth. When you program your microcomputer, for example, you will 

sometimes need to tell the machine exactly how far to "branch" or "jump" forward or back as it 

executes a program. In the example below we will say this by providing a 2's-comp value that is 

either positive or negative. But first a few words on the hexadecimal number fonnat. 

14N.2.2 Hexadecimal notation 

Let 's digres to mention a notation that conveniently can represent binary values of many bits. This is 

hexadecimal notation - a scheme in which 16 rather than 10 values are permitted. Beyond 9 we tack 

in 5 more values, A, B, C, D, E and F, repre enting the decimal equivalents 10 through 15. 

The partial table in Fig. 14N.10 illustrates how handily hexadecimal notation - fami liarly called 

"hex" - makes multi-bit values readable, and "discussable." 

Binary 

0111 
1001 
1100 
1111 

10011100 

l-lexadecimal 

7 
g 
c 
F 

gc 

Decimal 

7 
g 
12 
15 

156 
Figure 14N.10 Hexadecimal notation puts 
binary values into a compact representation . 

You don't want to baffle another human by saying something like, "My counter is putting out the 
value One, Zero, Zero, One Zero, One, One, Zero." "What?," a, ks your puzzled listener. Better to 

ay "My counter is putting out the value 96h." One can indicate the hex format, as in this example by 

appending "h.' Or one can show it, instead by writing "Ox96. '9 

Now back to the u e of 2' -comp to tell a computer to jump backward or forward. The machine 

doesn' t need to use different command for 'jump forward" ver us "j ump back." Instead, it it simply 

adds the number you feed it to a present value that tells it where to pick up an instruction. If the 
number you provide i a negative number (in 2 s-comp), program execution hops back. If the number 

you provide is a positive number, it jump forward. 

Perhap the example in Fig. 14N. l 1 will begin to persuade you that there can be an interesting, 

ubstantial difference between "subtracting A from B" and "adding negative A to B.' Subtraction - if 

taken to mean what "subtraction" says - requires special hardware; addition of a negative number in 

contrast, uses the ame hardware a an ordinary addition. Thats just what makes the u e of 2' -comp 

a tidy scheme for the microcomputer's branch or jump operations. 

/} . j fl (1~{4 PRESENT VALUE (LOCATION) } + F ... FFFC + OfSPLACEMENT BACK4 

0. 0 1 0 0 NEXT VALUE Figure 14N.11 Example of 2's-comp 

0 . 0 1 0 4 
} AHEA04 

use: plain adder can add or subtract, 

+ 0. 0004 + depending on sign of addend : 

0. O t O 8 NEXT VALUE computer jump displacement . 

9 The RIDE a sembler/compiler that you soon will meet recognizes both conventions. 
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14N.3 Combinational logic 

Explaining why one might want to put information into digital form is harder than explaining how to 

manipulate digital ignal . In fact , digital logic is pleasantly ea y, after the strain of analog design. 

14N .3.l Digression: a little history 

Slap thi ubsection if you take Henry Ford's view that 'History is more or less bunk. ' 

Boole and deMorgan : It' s , trange - almost weird - that the rules for computer logic were worked 
out pretty thoroughly by English mathematicians in the middle of the 19th century, about 100 years 

before the hardware appeared that could put these rules to hard work. George Boole worked out mo t 

of the rule in an effort to apply the rigor of mathematics to the sort of reasoning expressed in ordinary 

language. Others had tried this project - notably, Aristotle and Leibniz - but had not gotten far. Boole 

could not afford a university education and instead taught high school while writing papers as an 

amateur, years before an outstanding submission won him a university position. 

Boole saw assertions in ordinary language as propositions concerning member hip in classes. For 

example Boole wrote, of a year when much of Europe wa wept by revolutions, 

... durino this present year 1848 .. . aspects of political change [are events that] ... timid men view with dread, 
and the ardent with hope. 

And he explained that thi remark could be described a a statement about classes: 

.. . by the words timid, ardent we mark out of the class ... those who pos ess the particular attribute ... JO 

Finally, he offered a notation to describe compactly claims about membership in clas es: 

... if x represent "Men", "Rational being 'and z "Animals", the equation 

x=yz 

will express the propo ition 

"Men and rational animals are identical" 

So claimed Mr. Boole, the most rational of animal ! And he then stated a claim that suggest his high 

hopes for this system of logic: 

It i possible to expre s by the above notation any categorical propo ition in the form of an equation. For to 
do this it i only necessary to repre ent the terms of the proposition ... by symbol · ... and then to connect the 
expression ... by the sign of equality. 11 

Given Boole's ambitions, it is not surpri ing that the sort of table that now is u ed to show the 

relation between inputs and output - a table that you and I may u e to de cribe, say, a humble AND 
gate - is called by the highfalutin name 'truth table.' No engineer would call this little operation 

li. t by such a name, and it wa not Boole, apparently) who named it so but the philosopher Ludwig 

Wittgenstein, 70-odd years later. 12 Since Boole s goal was to systematize the analysis of thinking the 

name seems quite appropriate odd though it may ound to an engineer. 

10 "The Nature of Logic" {1848), in 1. Grattan-Guinnes and G. Bornet, ed .. George Boole: Selected Manuscriprs on logic 
and irs Philosophy, Birkhauser, ( 1997), p. . 

11 "On the Foundations of the Mathematical Theory of Logic ... ' ( 1856), ibid .. p. 89. 
12 Wittgenstein ' sole book publi ·hed in his lifetime i · the apparent source of the name. If ·'truth table· ound a bit 

intimidating, how about the title to Wittgenstein's book : Tra tatus Logico-Ph.ilosophicus ( 1921 )!. 
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Before we return to our mode t Uttle electronic networks, which we will describe in Boole's no­

tation, let' take a last look at the ort of sentence that Boole liked to take on. Thi example should 

make you grateful that we're only turning LEDs ON or OFF, in response to a toggle switch or two. He 

propo e to render in mathematical symbols a pa age from Cicero, treating conditional propo itions. 

Boole presents an equation, y( 1 - x) + x( 1 - y) + ( 1 - x) ( I - y) = I, and explains, 

The interpretation of which i : - Either Fabius was born at the rising of the dogsta,; and will not perish in the 
sea: or he was not born at the rising of the dogstar and will perish in the sea; or he was not born at the rising of 
the dogsta1; and will not perish in the sea. 

One begins to appreciate the compactness of the notation, on reading the "interpretation" stated in 
words. (You, II recognize, if you care to parse the equation, that Boole writes ( J - x) where we would 

write x or x* (that is, x false). 13 . 

So, if we call one of Boole's propositions B (re Fabiu ' birth), the other P (re his perishing), in our 

contemporary notation we would write the function, f as 

f = (B·P+B·P) + (B · P). 

This rather indigestible form can be expressed more compactly as a function that is false only under 

the condition that B and P are true: f = B · P. 
The truth table would look like: 

B p f 
0 0 1 

0 l I 
I 0 l 
1 1 0 

And probably you recognize this function a NAND . 

Comforting truth #1: To build any digital device (including the most complex computer) we need 
only the three logic function in Fig. 14N .12. Al11ogic circuits are combinations of the e three func­

tion , and only these. 

ANO OR NOT 

Figure 14N.12 Just three fundamental logic 
functions are necessary. 

Comforting and remarkable truth # 2: Perhaps more urpri ing, it turns out that just one gate type 

(not three) will uffice to let us build any digital device. The gate type must be NAND or NOR; these 

two are called "universal gates.' 

Figure 14N.13 Universal gates: NANO and NOR. 

DeMorgan - a pen pal of Boole - showed that what looks like an AND function can be transformed 

into OR (and vice versa) with the help of ome inverters. This i.s the powerful trick that allows one 

gate type to build the world. 

13 S. Hawking, ed., God Crea1ed rhe Integers. Running Pres (2005). p. 808. 
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14N.3.2 deMorgan 's theorem 

This is the only important rule of Boolean algebra you are likely to have to memorize (the other that 

we u e are pretty obvious: propositions like A + A*= 1 ). 

Theorem (deMorgan's theorem) You can swap shapes if at the same time you invert all inputs 

and output . For the graphical form see Fig. 14N.14. 

Figure 14N.14 deMorgan 's theorem in graphical 
form . etc. 

When you do this you are changing only the symbol used to draw the gate~ you are not changing 
the logic - the hardware. (That last little observation is easy to ay and hard to get used to. Don ' t be 

embarrassed if it takes you some time to get this idea straight.) 

So any gate that can invert can carry out this transformation for you. Therefore some people ac­
tually used to design and build with NANDs alone back when design was done with discrete gate . 

These gates came a few to a package, and that condition made the game of minimizing package-count 

worthwhile· it was nice to find that any leftover gate were "univer al." Nowadays, when designs usu­

ally are done on large arrays of gates, thi concern has faded away. But deMorgan's insight remains 

important a we think about functions and draw them in the presence of the predominant active-low 

signal , signals of a type described in §14N.3.3 below. 
This notion of DeMorgan's, and the 'active-low" and "assertion-level" notions wilJ drive you crazy 

for a while if you have not seen them before. You will be rewarded in the end (toward the end of this 

cour e, in fact) when you meet a lot of signals that are "active-low." Such signals spend most of their 

live close to SV (or whatever voltage defines a logic high), and go low (close to OV) only when they 

want to ay " li sten to me!" 

14N.3.3 Active-high versus active-low 

Signals come in both flavors. Figure 14N.15 shows two forms of a signal that ays 'Ready" . 

Figure 14N.15 Active-high versus active- low signals. 

r 
r 

0 

rea~ 

A signal like the one shown in the top trace of Fig. 14N.15 would be called 'Ready;" one like 

the lower trace would be called "Ready," the "bar" indicating that it is active low: "true-when-low."' 

Signal are made active low not in order to annoy you but for good hardware reasons. We will look at 
those rea ·ons when we have seen how gate are made. But let 's now try manipulating gates, watching 
the effect of our assumption about which level is true. 

J AoE § 10.1.7 

J AoE § 10. l.2A 
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Effect on logic of active level: active-high versus active-low: When in§ l4N.2.J we considered what 

the bit pattern 1001 means when treated as a number, we met the curious fact - perhaps pleasing -

that we can establi h any convenient convention to define what the bit pattern means. Sometime we 

want to call it 9w ([positive] nine); sometimes we will want to call it - 7 10 (negative 7). It's up to us. 

The same truth appears as we ask ourselves what a particular gate is doing in a circuit. The gate's 

operation i fixed in the hardware (the little thing doesn't know or care how we're using it)· but what 

its operation means i. for us to interpret. 

That ounds vague, and perhaps confusing; let's look at an example (just deMorgan revisited, you 
will recognize). Most of the time - at least when we first meet gate - we assume that high is true. So 

for example, when we describe what an AND gate does, we usually ay omething like 

' The output i true if both input are true." 

The u ual AND truth table of course ays the same thing, symbolically. 

A B A-B A B A-B 

0 0 0 F F F 

0 l 0 or: F T F 
l 0 0 T F F 
I 1 l T T T 

AND gate using active-high ignals - and truth 

table in more abstract form levels not indicated 

The right-hand table - showing Truth and Falsehood - is the more general. The left table is written 

with J and O which tend to uggest high voltages and low. So far so familiar. 14 

But - as deMorgan promised - if we declare that Os interest u rather than 1 s, at both input and 

output the tables look different, and the gate whose behavior the table describes evidently does some­

thing different. 

A B A-B A B A·B 

0 0 0 T T T 

0 1 0 or: T F T 

l 0 0 F T T 

1 J 1 F F F 

Example of the effect of active-low signal : AND 

gate ( o-called!) doing the job of OR'ing lows 

We get a O out if A or Bis zero. In other word we have an OR function if we are willing to . tand 

signals on their heads. We have then a gate that OR's lows; Fig. 14N. I 6 show its behavior. This i the 

correct way to draw an AND gate when it i doing this job handling active-low ignaJs. 

-~D- Figure 14N.16 AND gate drawn to show that it is OR'ing lows. 

I-. AoE declare ' it intention to distinguish between I and high in logic representation (IO. I .2A). We arc not so pure. We will 
usually wri te I to mean high, becau. e the I is compact and matches it meaning in the representation of binary number . 
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It turns out that often we need to work with ignals "stood on their head :' active-low. Note, how­

ever, that we call thi piece of hardware an AND gate regardless of what logic it is performing in a 

particular circuit. We call it AND even if we draw it as in Fig. 14N.16. To call one piece of hardware 

by two names would be too hard on everyone. 

We will try to keep things straight by calling this an AND gate , but saying that it performs an OR 

Junction (OR'ing Jows, here). Sometimes its clearest just to refer to the gate by its part number: "It's 

an '08. We all should agree on that point, at least! 

14N .3.4 Missile-launch logic 

Here' an example - a trifle melodramatic - of signals that are active-low: you are to fini h the design 

of the circuit in Fig. 14N. l 7 that requires two people to go crazy at once in order to bring on the third 
world war: 

Figure 14N.17 Logic 
that lights fuse if both 
operators push "Fire" 
at the same time. 

How should you draw the gate that does the job?15 What is its conventional name? 16 

Just now, these ideas probably seem an unnecessary complication. By the end of the course - to 
reiterate a point we made earlier - when you meet the microcomputer circuit in which ju t about 

every control signal i active-low, you will be grateful for the notions "active-low and "assertion­

level symbol." 

Why are we doing this to you?! Why active-lows? 

ln Fig. 14N. l 8 is a network of gates that you will implement if you build the microcomputer from 
many ICs in Lab 20L (thi is logic that you will "wire" in a programmable array of gate a PAL). 17 

Did we rig these signals as active-low just to give you a challenge to exercise your brain (as, 
admittedly we did in the mi sile- launch problem of Fig. J 4N. l 7)? 

No. Our gates look funny (assuming that you share mo t people' sense that all those bubbJes look 

hke a strange complication) because we were forced to deal with active-low signal . It was not our 

choice. 

You can see this in the name of the ignals going in and out of the ne t of gate shown in 

15 You need a gate that responds to a coincidence (AND) of two lows, putting out, for that combination. a low output. This i 

a gate that A Ds lows, and you should draw it that way: AND hape, with bubble on both inputs and on the output. 
16 The name of this gate i OR even though in thi s etting it is performing an AND function upon active-low signals. 
17 PAL is an acronym for "Programmable Array Logic," a rearrangement f the earlier name, "Programmable Logic Array." 

Wherea the acronym " PLA" ounds like the action of spitting out omething distasteful , ··PAL" sound rather obviou ly 

like a gadget that is user-friendly. We should admit , however. that a PAL is not ju ta renamed PLA. The name PAL 
describes a subset of PLAs, a particular configuration: an OR-of-A D term .. You ' ll find more on this topic in Appendix A. 
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Figure 14N.18 Strange looking nest 
of active-low signals - imposed on us. 

Fig. 14N.18: every signal i active-low, except the "A' and 'D" lines, which carry address and data 
(and therefore have no "inactive" tate: low and high, in their ca e, are of equal dignity equally' true"). 
The RAM write signal is "WE*;" the enables of the chip on the right both show bubbles that indicate 
that they, too, are active-low. 

Figure l 4N .19 is a comer of the proce sor that is the brains of the computer: its output control 
signal , WR*, RD* and PSEN*18 al o are active-low. So we need to get used to handling active-low 
signals. 

89 c. '1 ~o 
(005 l) 

Vss 
20 

17 

I 
I 
t 
! 

Figure 14N.19 Control signals from the processor 
also are active-low. 

We will be able to explain in a few minute why control signals typically are active low. First, how­
ever, let 's give a glance at "programmable logic,' the method normally used to do digital logic. This 

method has displaced the u e of "standard logic' in small packages of gates like the one de cribed in 

§14N.5.l , below. We will discover the happy fact that a logic compiler can make the pesky problem 
of 'active low" signals very easy to handle. 

18 In case you re impatient to know what the e signal names mean, PSEN is ·'Program Store Enable," a special fom1 of read 
especially for reading code rather than rdinary data. You ' ll get to know the,e signaJs in the microproces or (micro) labs. 
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out bar 

Figure 14N.20 Schematic of simple logic mixing active-high and active-low signals. 

14N.4 The usual way to do digital logic: programmable arrays 

Small packages of gates - like the four NANDs in a 74HCOO gate which you'll meet in the Lab 14L ­
do not provide an efficient way to do digital logic. It is better to build digital designs by programming 
a circuit that integrates a large number of gates on one chip. In this course we will use maJI versions 
of such an IC integrating about 1600 gates on an lC (that's small by present standards). After thi 
course you may meet some of the larger parts. 

The advantage of these ICs are two-fold: first, they are more flexible than hard-wired designs. You 
can change the logic after wiring the circuit if you like. (You can reprogram the part even while it i 
soldered onto a circuit board.) Second, they are much cheaper than hard-wired designs simply because 
of their scale (a few dollars for these 1600 gates). 

First, a hasty sketch of the ort of part that are available: 

• Gate airay . These come in two categories ... 
Application-specific JC (ASICs). These are expensive to design (perhaps $100 000 to im­
plement a design) and their use pay only if one plans to produce a very .large number. 
Field-programmable gate array (FPGA ). These cost more per part, but present no initial 
design cost beyond the time needed to generate good code. These devices store the patterns 
that link their gates either in volatile memory (RAM, which forget when power is removed , 
or in non-volatile memory (ROM, usually' flash" type). 

• Programmable logic devices (PLD - often calJed by their earlier trade-name, PAL). These are 
simpler than FPGAs and each of its many outputs is in the form of a wide OR of several wide 
AND gate . We'll be using these, oon. 

14N.4.1 Active-low with PLDs: a logic compiler can help 

One programs a PLD (or FPGA) - as you soon wilJ do - with the help of a computer that runs a 

"logic compiler, ' a program that converts your human-readable command into connection patterns. 
The logic compiler can diminish the na tiness of "active-low" signals. In this course you will use a 
logic compiler - or "Hardware Description Language" (HDL) - named Verilog. Verilog competes 
with another HDL named VHDL. 19 

The technique that can make active-lows not o annoying is to create an active-high equivalent for 
each active-low ignaJ: we define a signal that i the complement of each active-low signal.20 Then 

19 YHDL, a bit hard to pronounce, i better Lhan whaL it stands for : "Very [High Speed Integrated Circuit] Hardware 
Description Language." It was developed at the request of the US Department of Defense, wherea Verilog aro e in private 
industry. 

20 This newly defined signal exists only "on paper· for the convenience of the human programmer; no extra hardware 
implementation is implied. 
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one can write logic equations in a pure active-high world. One can forget about the active levels of 

particular signals. Doing this not only eases the writing of equations; it also produces code that is 

more intelligible to a reader. 

Figure 14N.20 is a simple example: a gate that is for ANDing two signals, one active-high, the other 

active-low. The gate\ output i active-low. It' easy enough to draw this logic.21 

In Yerilog, the equation for this logic can be w1itten in either of two ways. 

An ugly version of this logic: It is ·impler, though uglier, to take each signal a it comes - active-high 

or active-low. But the result i a funny looking equation . Here is such a Verilog file: 

module actlow_ ugly_ octll( 

input a_ bar, 

input b, 

output out_ bar 

) ; 

II see how ugly things look when we use the mixture of active - high and 

II active-low signals: 

ass i gn out bar 

endmodule 

! ( ! a _bar & b) ; 

The file begins with a listing of all signals, input and output. We have appended "_bar" to the names 

of the signal. that are active-low imply to help us humans remember which ones are active-low. The 
symbol"!" (named "bang") indicates logic inversion;"&" mean "AND." 

The equation to implement the AND function i studded with "bangs" and the e make it hard to 
interpret. None of these bang indicates that a signal i fal e or disa serted; all reflect no more than 

the active level of signals. 

A prettier version of this logic: If we are willing to go to the trouble of etting up an active-high 

equivalent for each active-low signal (admittedly a chore), our reward will be an equation that is ea y 

to interpret. 
Here, we define a pair of active-high equivalents after listing the actual signals a in the earlier file; 

we do thi for the one active-low input and for the active-low output. (The odd line "wire ... " tells the 

compiler what sort of signal our homemade 'out' is): 

module actlow_pretty_octll( 

input a _bar, 

i nput b, 

output out bar 

) ; 

wire out; 

II Now flip all active - low signals, so we can treat ALL signals as active - high as 

II we write equations 

assign a = !a_bar; II makes a temporary internal signal (a) never 

II assigned to a pin 

21 We allowed the logic compiler to draw this for u ·; a human would not have drawn that final inverter; a human would have 
placed a bubble at the output of the AND hape. 
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assign out bar !out; II this output logic looks reversed . But it's correct 

II because the active - high "out" wil l be an input t o 

II this logic, used to generate the OUTPUT 

I I then see how pretty the equation looks using the all - active - high 

II signal names 

ass i gn out = a & b ; 

endmodul e 

The equation says what we understand it to mean - active levels apa1t: "make something happen if 

both of two input conditions are fulfilled.' 

In hort, the logic compiler allows us to keep separate two issues that are well kept separate: 

(1) what are the active levels - high or low? This is di po. ed of near the tart of the file (as in the 

"pretty'' version, above)~ 

(2) what logical operation do we want to perform on the inputs? (This is the interesting part of the 

task). 

If this Verilog code is hard to digest on firs t reading, don t worry. We will look more closely at 
Verilog and its handling of active-low signals next time. This all takes getting used to. 

14N.5 Gate types: TTL and CMOS 

14N.5.1 Gate innards: TTL versus CMOS 

A glance at Fig. 14N.21 should reveal orne characteristics of the gate . 

Figure 14N.21 TTL and CMOS 
gates: NANO, NOT. 

-:-

LS -T TL 

-:-

NAN O 

Inputs: You can see why TTL inputs float high, and CMOS do not. 

ov t 

+S 

-c out 

-:-

CMOS NOT 

Threshold: You might guess that TIL's threshold is off-center - low wherea. CMOS i approxi­

mately centered. 

Output: You can see why TTL' high is not a clean 5V, but CMOS ' is. 
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Power consumption: You can ee that CMOS passes no current from +5 to ground, when the output 

its either high or low; you can see that TTL, in contrast, cannot sit in either output state 

without pas ing current in (a) its input base pull up (if an input is pulled low) or (b) in its first 

transistor (which is ON if the inputs are high). 

14N.5.2 Thresholds and noise margin 

All digital devices show some noise immunity. The guaranteed levels for TTL and for 5V CMOS 

how that CMOS has the better noise immunity: ee Fig. 14N.22. 
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im~utn,'~ 

-----~ ~UG H 
~ 1--- 5!.0 

A.- _ _9_:S 
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TTL (''LS') 
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HIGH 

noise. 
ln-.rY1un1"f-.J 

~ _.J_\_-k __ J._O LOW. 
0 ,, 0 

CMOS ('' IIC" 

Figure 14N.22 
Thresholds and noise 
margin: TTL versus 
CMOS, 

Curious footnote: TTL and NMOS devices are so widely used that some families of CMOS, labeled 

74xCTxx, have been taught TTL s bad habit on purpo e: their thresholds are put at TTL' na ty levels 
("CT" means' CMOS with TTL thresholds'). We will use a lot of such gate (74HCTxx) in our lab 

microcomputer, where we are obliged to accommodate the microproces or whose output high is as 

wishy-wa hy as TTL s (even though the processor is fabricated in CMOS). When we have a choice 

however, we wilJ stick to straight CMOS, though the world ha voted rather for HCT. More functions 

are avai lable in HCT than in straight HC. 

Answer to "Why is the typical control signal active low?" We promised that a look inside the gate 

package would settle this que tion, and it does. TTL's asymmetry explains this preference for active 

low. If you have several control lines each of which i inactive most of the time it's better to let the 

inactive ignals re thigh, let only the active ignal be asserted low. Thi explanation appJie only to 
TTL, not to CMOS. But the conventions were established while TTL was upreme, and they persist 

long after their rationale ceases to apply. 

Here's the argument: two characteristics of TTL push in favor of making ignals active-low. 

A TTL high input is less vulnerable to noise than a TTL low input Although the guaranteed noi e 
margins differ by a few tenths of a volt the typical margins differ by more, So, it 's safer to 

leave your control line high most of the time; now and then let them dive into danger. 

A TTL input is easy to drive high In fact, ince a ITL input.floats high you can drive it e sentially 

for free: at a cost of no current at all. So, if you 're de igning a microprocessor to drive ITL 

devices, make it easy on your chip by letting most the lines rest at the lazy, low-current level, 

most of the time. 

Both these arguments pu h in the same direction; hence the result - which you will be able to 
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confirm when you put together your microcomputer (big-board version), where every control Jine is 

active-low.22 

14N.6 Noise immunity 

All logic gates are able to ignore noise on their inputs to some degree. The test setup below hows 
that some logic families do better than others in thi re pect. We ll look first at the simple t sort of 

noise rejection, DC noise immunity; we'll find that CMOS, with its nearly-symmetric high and low 

definitions does better than TTL (the older, bipolar family), with it off-center thresholds. Then we'll 

ee another strategy for re i ting noise, differential transmi ion. 

14N.6.l DC noise immunity: CMOS versus TTL 

Figure 14N.23 shows the test setup we used to mix ome noise into a logic-level input. We fed this 
noisy signal to four sort of logic gate, one TTL, three CMOS. 

Figure 14N .23 DC noise 
immunity test setup: noise added 
to signal, fed to 4 gate types. 

SIGNAL 

~ : 
NOISE 'I T 
(--~ 

Progressively increase noise level ... : Fir ·t, moderate noise: all gate type succeed, in the left-hand 

image of Fig. 14N.24 all gates ignore the triangular noi . e. These gates, in other words are showing 

off the es ential trength of digital devices. 

ln the right-hand image of Fig. 14N.24, the TTL and HCT parts fail. They fail when the noise i 

added to a low input. HCT fails when TTL fails and thi. make en e since its thresholds have been 

adjusted to match tho e of TTL.23 CMOS did better than TTL becau e of its larger noise margin. 

22 The phrase "control line·· may puzzle you. Ye , we are aying a little le than that every signal is active low. Data and 
address lines are not. But every line that has an active tate, to be distinguished from inactive, makes that active state low. 

ome lines have no active versus inactive. tate : a data line, for example is as active when low a when high; ·ame for an 
address line. So, for those lines designers leave the active-high convention alone. That' lucky for us: we are allowed to 
read a value like 1001 on the data line as 9; we don ' t need to flip every bit to interpret it. So, instead of letting the active 
Low convention gel you down, count your ble sing : it could be worse. 

23 Y u may be wondering why anyone would offer HCT whose noise-immunity is inferior to garden-variety HC CMOS . HCT 
exi ·ts to allow upgrading exj ting TTL designs by ·imply popping in HCT, and al ·o to form a logic-family bridge between 
n·L-level circuitry and CMOS. We u c HCT that way in one ver ion of the micro labs that conclude thi cour e. §§20L. l 
and 2 lL. l: to accept signals from the handful of part that deliver TTL output level · rather than CMOS. See, for example, 
the H Tl 39, a 2:4 decoder that receives TTL-level . ignals from the microcontrollcr (Lab 21 Land Fig. 20L.1 howing the 
full micro circuit) . 
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moderate noise: all digital gates ignore it more severe noise: TTL and TTL-imitator fail 

Figure 14N.24 Moderate noise: all gate types ignore the noise; more noise fools TTL gates. (Scope 
settings: 5V /div .) 

Much noise: all but Schmitt trigger fail : When we increa e the noise level further, even CMOS fails. 

But we incJuded one more gate type in the test hown in Fig. I 4N.25, a gate that doe even better 
than the CMOS inverter. That one gate not fooled by the large noise amplitude, shown on the bottom 
trace, i one with built-in hysteresis (a 74HC 14 . 

$1 

Figure 14N.25 Much noise: all gate 
types fail except a gate with hysteresis 
(HC14). (Scope settings: 5V /div.) 

Seeing thi, gate ucceed where the others fail might lead you to expect that all logic gates would 

evolve to include hy teresi . They don ' t though, becau e hy teresis slightly low the witching and 

the concern for speed trumps the need for best noise immunity. This rule holds except in gates designed 
for especially noisy settings. Gates de igned to receive ("buffer'') inputs from long bus lines, for 

example often do include hystere i . 
Below in § l4N .6.2 we'll meet a gate type that takes quite a different approach - and, in fact, i 

proud of it mall wing. Fig. 14N.26 show, a chart in which this gate type, called LVDS (Low Voltage 

Differential Signaling) boasts of its tiny signal swing:24 

The small swings of LVDS gate afford two ide benefits: low EMI (emissions: "Electro Magnetic 

24 National SemiconducLOr: http://www.national.com/appinfo/lvds/file /owner manual.pdf, §5=-4. 
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Figure 14N.26 Small signal swing can be a 
virtue, but requires differential signaling. 

CMOS TTL LV!'l 5 

Interference") and reduced disturbance of the power supply. We call these ' side' benefits because the 

fundamental great strength of the low wing, is that the logic can give good noi e immunity at low 

supply voltage , as we'll argue in § 14N.6.2.25 

14N.6.2 Differential transmission: another way to get good noise immunity 

Recent logic devices have been designed for ever-lower power supplies - 3.3V, 2.5V and l.8V -

rather than for the traditional +5V. The trend is likely to continue. Such , upplie make it difficult to 

protect gates from error caused by noise riding a logic level. The 0.4V DC-noise margin available 

in TTL and HCMOS is po ible only because the supply voltage is relatively large. Compres ing all 
specifications proportionately would, for example, give 50% less DC noi e margin in a 2.SV ystem 

- and things would get worse at lower supply voltages. The problem is most severe on lines that are 

long, like those running on a computer backplane. 

A solution to the problem has been provided by differential driver and receivers. These send and 

receive not a single ignal but a signal and it logical complement, on two wires; see Fig. 14N.27 (we 

fir t met this method in §SN.7, Fig. 5N.27). TypicaJJy noise will affect the two ignal imilarly o 

ubtracting one from the other will trip away most of the impinging noise. This i a proce s you aw 

in §SL 1, the analog differential amplifier lab· here we find nothing new except that the technique is 

applied to digital signals. The differential driver called LVDS tran mit currents rather than voltage : 

the e current are converted to a voltage difference by a resistor placed between the differential Jine · 

at the far end of the signal lines, the receiving end. (Thi is nice, for the resi tor "terminate " the lines, 

forestalling "reflections." See Appendix C.) 

small swing (0.35V) V• (e.g., 1.8~®--8t~ l~---

e=,_r-,___i:::, 

V+ (e.g., t.8V) 

Figure 14N.27 Differential signals can give good noise immunity despite low power supply voltages. 

In Fig. l4N.28 we put a standard 0/SV logic (TTL) signal into a differential driver and injected 

about a volt of noi se (a triangular waveform).26 

25 Fig. 14N.26 i · derived from a figure in the National Semiconductor LVDS guide: 
http://www.national .com/appinfo/Jvds/file /ownersmanual.pdf. 

26 We did this in a rather odd way: by driving the ground terminal on the tran mitter IC with this IV (peak-to-peak) triangular 
waveform. 
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INPUT 

Differential output + . 

OUTPUT (diff + n1inus diff -) 

Ch1 S.OOV Ch2 1.00V 

El s. oo v I 
1\1140.0 s Aj Chl J 2.60 VI 

Figure 14N.28 LVDS signals: 
differential signals can survive noise 
greater than the signal swing. Ch3 1.00 V 

The two middle traces in Fig. l 4N.28 show the output of the driver IC: a differential pair of signals, 

one in-pha e with the TTL input, one 180° out of phase. The driver converts the voltage TTL input to 
currents flowing a diff+ and diff _ ; at the receiver, a terminating resistor ( 1 OOQ) converts the currents 

back into voltages.27 The differential swing is small: about 0.35V - dwarfed by the triangular noise 

in Fig. 14N.28. But ince the differential receiver looks at the difference between diff+ and diff- it 
reconstruct the original TTL cleanly, rejecting the noise. 

This uccess with the mall differential swing, illu trates how differential signaling can provide 

good noise immunity to logic that use extremely low supply voltages. The LVDS specification require 
a voltage swing of only l OOm V at the receiver. 

The, e differential gates how two other trengths: ( J) they are fast (propagation delay of tran mitter 

and receiver each under 3ns)· and (2) they emit Jes radiated noise than a traditional voltage gate (as 

noted above). They do thi first because of the small voltage swings; and further, because of the 

ymmetric current signals that travel in the ignal line (cunents of opposite signs, flowing side-by­

ide), signal whose magnetic fields tend to cancei.28 

14N.7 More on gate types 

14N. 7 .1 Output configurations 

Active pullup: All respectable gates use active pullup on their output , to provide firm highs a well 

as low . You will confirm in the lab that the passive-pullup version (labeled NMOS in Fig. 14N.29) 

not only wa tes power but also is slow. Why slow?29 

Open-collector/ open-drain: Once in a great while "open drain or' open collector' is u efuJ.30 You 

have seen this on the '311 comparator. It permits an easy way to OR multiple ignals: if signals A, B 

27 The terminating resistor ser e another good purpo e: matching the "characteristic impedance'' of the transmitting lines it 
prevent ugly pike cau ed by "reflection" of a waveform that. might otherwise occur a. it hit the high-impedance input of 
the receiving gate. Again we refer you to Appendix C for more on thi topic. 

28 See National Semiconductor LVDS guide: http://www.national.com/appinfo/lvds/files/ownersmanual.pdf. 
29 Slow becau e the inevi table stray capacitance mu t be driven by a mere pull up resistor rather than by a transistor switch. 

0 "Open-collector ' for bipolar gate .. ·'open-drain" for MOSFET gates. 
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Figure 14N .29 Passive versus active 
pullup output stages. 
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and C use active-low open-drain outputs, for example, they can hare a single pullup re i tor. Then 
any one of A, B or C can pull that shared line low. This arrangement often is called "wired OR." We 
will meet this possible application when we treat interrupts in Chapter 22N. 

Figure 14N.30 Open-drain or 
open-collector: rarely useful. 

Figure 14N.31 
Three-state output: 
conceptual; the way we 
build it in the lab; driving 
shared bus. 
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I~ A_o_E_§_
10

_·
2
_.4_A_~ Three-state: Very often three-state outputs are u eful:31 these aJlow multiple drivers to share a com­

mon output line (then called a' bus"). These are widely used in computers. 

A 

I AoE Fig. I 0.26 

Beware the misconception that the 'third state" i a third output voltage level. It's not that· it is 
the off or di connected condition. Fig. 14N.3 l show. circuitry to implement thi output stage, fir t 
conceptually, then the way we'll build it in Lab 14L. 

+s 

t5 

Q 

---r A 

--1 Figure 14N.32 NANO 
-:- -; gate built with CMOS . 

14N.7.2 Logic with TTL and CMOS 

The ba ic TIL gate that we looked at a few pages back in§ 14N.5.l was a NAND; it did its logic with 
diodes. CMOS gates do their logic differently: by putting two or more transistors in series or parallel 
as needed. Fig. l4N.32 hows the CMOS NAND gate you 11 build in the lab, along with a simplified 
sketch, howing it to be just uch a et of series and parallel transistor switches. The logic is simple 
enough for you not to need a truth table. You can see that the output will be pulled low only if both 
inputs are high - turning on both of the serie transistors to ground. Thus it implements the NAND 
function. 

14N.7.3 Speed versus power consumption 

The plot in Fig. 14N.33 shows tradeoffs available between speed and power-saving for some "standard 
logic" fami lies . As you can ee from this figure, everyone is trying to nuggle down into the lower left 
corner where you get fast results for almo t nothing. Low voltage differential signalling and faster 
CMOS (Tl's "LVC," and the still faster AUC, for example) seem the most promising, at the present 

date. 
And array of gates - PA Ls and FPGAs - can show speeds better than those indicated in Fig. I 4N.33 

because stray capacitances can be kept smalJer on-chip than off. 

14N.8 AoE Reading 

Chapter 10 (Digital Logic I) : 
• § 10.1 : Basic Logic Concepts) 
• ... § 10.2: Digital ICs: CMOS and bipolar (TTL) 

31 You will often hear these called ''Tri-State." That is a trademark belonging to National Semiconductor (now absorbed by 
Texa ln truments). o "three-state'' i the correct generic term. 
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Figure 14N.33 Speed versus 
power consumption : some 
present and obsolete logic 
families. powtr (mW /9ife {iJ 'f MHz) 

for big picture of logic fami)y competition ee Fig. I 0.22 

• §10.3 

§ J 0.3.1 logic identities are useful; deMorgan' theorem is important 

don't worry about Karnaugh mapping: § I 0.3.2 

... and don t tudy the long catalog of available combinational function : § 10.3 .3 

take a quick look at § l 0.6: ome typical digital circuits 

Chapter 11 (Digital Logic II): 

• § 1 1.1: hi story of logic families 

• § 11.2.1: PALs 

• ... in § J 1.2, omit § 11.3, the complex example, byte generator 

• .. . except take a quick look at the contrasted schematic versus HDL design entry methods 

(§§ l 1.3.3A and 11.3.4) 

• postpone §11.3.5: microcontroller 

• take a look at summary advice in §§ 11.4.1 and 11.4.2 
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Figure 14L. l 
Most ordinary 
digital parts take 
power and ground 
at their corner 
pins. 

14L Lab: Logic Gates 

The first part of this lab invites you to try integrated gates, black boxe that work quite well, to carry 

out some Boolean logic operations. 

The later sections ask you to look within the black box, in effect, by putting together a logic gate 

from transistors. The point here is to appreciate why the IC gates are designed as they are, and to 

notice some of the properties of the input and output stage of CMOS gates. We will concentrate in 
this lab, as we wj]J throughout the course, on CMOS. To over tate the point slightly, we might say 

that we will treat ordinary TTL as a venerable antique. 

But all of the work we do in this lab is rather antique - because logic now is seldom done with 

little packages of a few gates. Normally, logic networks are built from large arrays of gates that are 

programmed to carry out a particular function. Soon you will be taking advantage of a modest version 

of such devices (1600 gate in a package). But today we'll use just one or a few gates at a time because 

that's a good way to start getting a grip on what a gate does. 

14L.1 Preliminary 

Some ground rules in u ing logic: 

1. Never apply a ignal beyond the power supplies of any chip. For the logic gates that we use, that 

means ... 

2 .... keep ignals between O and +5V. (This rule, in its general form - ". tay between the supplies" 

- applie to analog circuits as well; what may be new to you is the nearly-universal use of ingle 

supply in digital circuits.) 

3. Power all your circuits from +5V. and ground only- until we reach the CPLDs 1 or PALs,2 some of 
which are powered with 3.3V instead. This applies equally to CMOS (in it traditional SY form3) 

and to TIL. Power and ground pin on ordinary digital parts (not complex ICs like PALs and 

microcontrollers) are the diagonally-opposite corner pins, a in Fig. l 4L. l. 

14L.1.1 Logic probe 

The logic probe is a gizmo about the size of a thin hot dog, with a cord on one end and a sharp point 

on the other. It tells you what logic level it sees at it point; in return, it wants to be given power ( +5V 
and ground) at the end of its cord (n.b., the logic probe does not feed a ignal to the oscilloscope!). 

If you find a BNC connector on the probe cord, connect +5V to the center conductor, using one of 

the breadboard jacks. If, instead, you find that the cord ends with alligator clips or a pair of strange­

looking grabber , use these to take hold of ground and +5V. 

I Complex Progammable Logic Devices. 
2 Programmable Array Lol.!.ic. as you may recall. 
3 Lower supply voltage are widely displacing SY. At the time of writing, 3.3V, 2.SV and I .8V are common supplies. or the 

mo. t part we will use SY logic. 
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How to use the probe: Most logic probes use different colored LED to distinguish high from low 

- and to distinguish both from ' float" (simply "not driven at all; not connected"). This ability of the 

probe is extremely useful. (Could a voltmeter or oscilloscope make this di tinction for you?4) 

Use the probe to look at the output of the breadboard function generator when it is set to ITL. Crank 

the frequency up to a few kilohertz. Does the probe blink at the frequency of the signal it is watching? 

Why not?5 

14L.1.2 LED indicators 

The eight LED on the breadboard are buffered by logic gates. You can turn on an LED with a logic 

high, and the gate presents a conveniently high input impedance ( lOOk to ground). 

To appreciate what the logic probe did for you earlier, try looking at a fast square wave, using one 

of these LEDs rather than the logic probe: use the breadboard o cillator (TTL) at a kilohertz or o. 

Doe what you see make sense? You may now recognize that the logic probe stretches short pulses to 

make them vi ible to our sluggish eyes: it turns even a 30ns pulse into a flash of about one-tenth of a 
second (the fa ter probe can do this trick with even narrower pulses). 

14L.1.3 Switches 

Switches available on the powered breadboards: The PB503 includes three sort of witch on its 

front panel: 

• two debounced pu hbutton (at the lower left corner of the breadboard marked PB 1, PB2) These 

deliver an open collector output and that means that they are capable of pulling to ground only, 
never to the positive supply. To let such an output go to a logic high, you wil1 need to add a pullup 

resistor, to 5V: see Fig. I 4L.2. 

Figure 14l.2 Pullup required on 
open-collector output ( debounced 
pushbuttons on PB503) . 

+5' 
I 

+S' 

"'No'' 
(nof"'mol(J 

op,er.) 
l 

I ~ .. NC" 
I · --( normc, lk{ 
I c cseclY 
I 

Note that what looks like a discrete transistor in the figure is included on the breadboard; you 

need add only the pullup resistor. 
• An 8-po ition DIP switch (not debounced) , fed from a +5V/OV slide switch (marked DIP witch 

in Fig. 14L.3) This looks a if it could give you 8 independent outputs, but it cannot; at lea t, not 

conveniently. The DIP switch on most breadboards is simply a set of eight in-line switches that 

deliver the level set by the slide switch, if closed - and nothing (afloat: neither high nor low) if 

the DIP witch is open. 

4 No! The special virtue of the logic probe i · the ability to di ·tinguish a logic low from the plain old "zero volt "that a DYM 

might show you . The DVM cannot di stinguish afloat - no connection to anything - from a good solid connection to 
ground, which the logic probe understands is what we mean by low . 

5 Why not? Because your eyes are not quick enough to ee a I kHz blink rate (you probably can't notice a blink rate bey nd 
about 25Hz). The logic probe low fa. t . witching to the lazy rate of a few Hz, so that we humans can ee it. 
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Figure 14L.3 DIP switch in-line with output of 
one common slide switch . 

Figure 14L.4 DIP switch 
installed on breadboard can 
provide logic levels. 

To get eight independent levels you need eight pullup re istors, while setting the , tide switch 

always low. That's a nuisance so most of the time you'll probably want to use this 8-position 

switch to provide just one logic level. To get that, close the DlP switch; to avoid fooling yourself 

later it's probably a good idea to leave all the DIP' witches closed. 

Newer PB503s provide an active high from these DIP switches, rather than open ver us ground 

and the eight switches are independent. These changes make the switches more useful. But the 
high voltage that defines the HIGH for each DIP switch is selectable; this provides a nasty danger 

to digital circuit . A slide switch determines whether the high available to all eight witches i 
+SV or the innocuous sounding ' '+V". 

If you have such a PB503 beware: "+ V" is whatever po itive voltage happens to be pre ent on 

the positive adjustable rail (l.3-15V). Any voltage well above 5V will destroy an ordinary digital 

part. We recently discovered this by accident, when smoke alerted us to this new feature provided 
by Global Specialties. 

• two uncommitted tide switches (SPOT) These are on the lower right, and are bouncy (not de­

bounced, anyway) . To make them useful, tie one end to ground, the other to +5, and use the 

common terminal as output. You might as well wire these now, use them today, and then leave 

them o wired for u e in later labs. 

A good way of generating digital inputs: An easy way to provide levels where you want them is to 

wire a DIP switch o that one ide tie directly to the ground bu . The DIP switch should be inserted 
upside-down, so that the slider down position (which looks like a low) generates a logic low. The 

switch shown in Fig. 14L.4 is providing a 00 combination. 

If the switch is wired directly to an ICs inputs, the pullups may have to run sideways. Again, the 

switch in Fig. 14L.5 i shown providing a 00 combination, this time going to the two inputs of a 

NAND gate, in a 74HCOO. 
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Figure 14L.5 DIP switch can provide logic levels just where you 
want them . 

..... . . . . . . . 

. . .... 
·= ---<'. 

. ..... ~ 
14L.2 Input and output characteristics of integrated gates: TTL and 

CMOS 

14L.2.1 Output voltage levels 

Power and ground: As we ugge ted back in § 14L. l, a 14-pin DIP like the ones you meet in this lab 

takes power and ground at its comer pins: Northwest and Southeast when pai1 is oriented horizontally: 

pins 14 (Vee: +5V) and 7 (ground). 

Input signals: Use a DIP witch or other ource to provide O or +SV to the two inputs of a NANO 
gate, driving both TTL and CMOS simultaneously. If you want to be really fancy and lazy, . how the 

two inputs on two of the powered-breadboards LEDs, and the output on a third LED. Doing that help. 
you to see inputs and outputs simu]taneously, as if you were looking at one line of a truth table. 

74XXOO pinout: In Fig. 14L.6 the TTL part is 74LS00.6 

The CMOS part is 74HC00.7 

Figure 14L.6 NANO gates: TTL and CMOS. 

Note: for the CMOS part (but not TTL) tie all the six unused input lines to a common line, and 

temporarily ground that line. Take the trouble to tie the unused inputs together, rather than ground 

each separately, because soon we wi11 want to drive them with a common signal (in §14L.3.l). 

Now note both logic and voltage level · out as you apply the four input combinations. (Only one 

6 ''LS" tands for low power Schottky a process that speeds up switching. At the time when this LS prefix was chosen 
( 1976), ITL wa. thought to go without sayin6; thus there's no T in the designation in contra t to CMOS, the late-bloomer. 
whjch always announces itself with a C somewhere in its prefix: HC, HCT, AC, ACT, etc. See the 74HCOO ju t below. 

7 The "74" show that the part follow. the pa1t-numbering and pinout scheme established by the dominant logic family. 
Texas Instruments ' 74xx ITL . eries; "C" indicate CMOS; "H' stands for "high peed": peed equal to that of the 
then-dominant ITL family, 74LS. 
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logic-out column is provided below because here TTL and CMOS should agree.) As load, use a 1 Ok 

resistor to ground. 

INPUT OUTPUT 

Logic Level Volt ' : TTL Volts: CMOS 

0 0 
0 1 

l 0 
I I 

14L.3 Pathologies 

14L.3.1 Floating inputs 

TTL: Disconnect both inputs to the NAND, and note the output logic level (henceforth we will not 

worry about output voltages; just logic levels will do). What input does the TTL "think" it sees, 

therefore, when its input float ?8 

CMOS: Here the story is more complicated, so we will run the experiment in two tages. 

1. Floating input: effective logic level in: Tie HIGH one input to the NAND, tie the other to 6 inches 

or so of wire; leave the end of that wire floating and watch the gate's output with a logic probe or 

cope as you hold your hand near the floating-input wire, or take hold of it at an insulated ection. 

(Here you are repeating an experiment you did with the power MOSFET in§ 12L. l .2.) Try touching 

your other hand to +SY, to ground, to the TTL oscillator output or hold your free hand near the 

transformer of the breadboard's internal power supply. We hope that what you see will convince 

you that floating CMOS inputs are les predictable than floating TTL inputs although we urge you 

to leave no logic inputs floating. 

2. Floating input: Effect on CMOS power consumption: 

You may have read that one should not leave unused CMOS inputs floating. Now we would like 

you to see why this rule is sound (though, like most mies, it deserves to be broken now and then9). 

Tie the two NANO inputs to the other six, earlier grounded; di connect the whole set from ground, 

and instead connect it to a potentiometer that can deliver a voltage between O and +SV. Rotate the pot 

to one of its limits, applying a good logic level input to all four of the NANO gates in the package. 

Now (with power off) insert a cmrent meter (YOM or DVM) between the +SY supply and the V+ 

pin (14) on the CMOS chip. Restore power and watch the chip's supply current on the meter's most 

sensitive scale. The chip should show you that it is u ing very little current: low power consumption 

i , of course, one of CMOS' great virtues. 

Now witch the current meter to its I SOmA scale (or imilar range) and gradually turn the pot so 

that the input to all four NANO gates move toward the threshold region where the gate output is not 

firmly switched high or low. Here you are frustrating CMOS' neat scheme that a sures that one and 

8 ft think it ee a high - though a high that is vulnerable to noi:e. A look at the innards of the gate hown in Fig. I 4N.21, 
reveal the internal resi tive pullup on the base of the first transistor. That transistor therefore i held on when inputs arc 
open, a. if driven by a genuine high input. 

9 ln particular, we don't want you to feel obliged, when breadboarding circuits in this lab, to drive all unused inputs. That' 
required in a ircuit that you build in permanent form, but your lab rime is more valuable than the extra power that your 
circuit may con ume when input are left floating- and your time is more valuable even than the JC that conceivably might 
be damaged by your failure to drive all it unu ed input . 
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Figure 14l.7 Test setup: applying intermediate input level raises 
power consumption . 

+5 

only one of the transistors in the output stage is on. When jnput voltage is clo e to Voo/2, the typical 

switching threshold, both transistors can be partially on. You can ee on the current meter dial the 
price for thi inelegance: power consumption thousands of time higher than normal. 

Floating inputs thu are likely to cause a CMOS device to waste considerable power. Manufacturer 

warn that thi power u e can also overheat and damage the device. In this course we will ometimes 

allow CMOS inputs to float while breadboarding as we have said. But you now know that you should 

never do this in any circuit that you build to keep. 

14L.3.2 Effect of failing to connect power or ground to CMOS logic gate 

Now we ask you to do, purposely, what students often do inadvertently, JO as they breadboard logic 

circuits: omit power and ground connections. The effect is not what one might expect. Perhaps you 

would expect an un-powered IC to deliver a constant low output, or a floating output. 

But the protection clamps on input and output of each gate complicate the behavior. Fig. l 4L.8 

shows what the clamp look like for 74HC parts 11 • 

The clamp allow inputs (and sometimes outputs) to provide current that can power the IC. So, 
a high input can feed the +5V supply line through the upper clamp diodes (though these don't look 

connected)· a low can feed the ground line through the lower clamp diode - though both +5V and 
ground so driven would reach compromi ed level . So if you apply both a high and a low to inputs 

somewhere on the chip, you have powered the chip! As you can imagine, the result i a very trange 

pattern of mi behavior: everything seems to be workjng - until an unlucky combination of input levels 

occurs. 

If you let the output of 74HCOO NANO gate drive a lOk load re istor (other end tied to ground) 

and put that output on one of the breadboard' buffered LEDs (to make it easy for you to see the logic 

JO You may be ure that you wouldn ' t make this mi. take - but many thers do. One term, the error became o common in our 

cla ·s that the teaching as i rant · began to distribute candy rewards to the ·tudents who did not make this error: who applied 
power and ground fk t, rather than postpone the chore till after they had wired the more intere ting connection . 

I l Fai rchild/National App. N te AJ 248 . 
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Figure 14L.8 74HC logic gate protection 
circuitry. 

level out) you may see the HCOO NAND generating an XOR function. Why? 12 We hould confes 

we can t promise the XOR re ult: variations in protection circuitry among manufacturers make the 

outcome unpredictable. 

14L.4 Applying IC gates to generate particular logic functions 

Before we look into the gritty details of what lies within a logic IC, let's have ome fun with the e 

gates. First we'll do three task with NANDs to get used to the remarkable fact that with NANDs 

you can build any logic function. Then we'll invite you to apply any of the standard logic function , 

including XOR, to make a digital comparator in two form . 

Most people prefer these brain teasers to a se sion of wiring. Don't let the e problems bting your lab 

work to a dead stop! Please don t give any of these problems more than ten minutes of your preciou 

lab time. You can always finish these brain tea er at home. 

14L.4.1 NANO applications 

BOTH: Use NANDs (CMOS or ITL) to light one of the breadboard's buffered LEDs when both 

input are high. 

EITHER: Use NANDs (CMOS or TIL) to light one of the LEDs when either of the inputs is low 

(here we mean a plain OR operation, not exclusive-or by the way). (Trick que tion! Don't work too 

hard.) 

14L.4.2 Digital comparators using any gates you like 

2-bit equality detector: U e any gates to make a comparator that detects equality between two 2-bit 

numbers. (This circuit, widened, is used a lot in computers, where a device often needs to watch the 

public ' address bus," to respond upon seeing it own distinctive "addre s. ') 

Hint: the XOR function is a big help here. (XOR i 74HC86; pinout is same as for '00: in fact, all 

12 The argument for XOR i that only this input ombination provides both +5 and ground and therefore make the gate put 
out the HIGH that a NANO ought to put out in response to a 01 or 10 input. 00 input provides no +5, so the gate cannot put 
out a high (as the NAND should). More problematic i 11 : the gate is not powered. but some 74HCOO's (Motorola's, for 

example put out a HlGH for this input, while others ( ati nal's) put out a low. ln neither case is the gate functioning. The 

HIGH from the Motorola chip ems lo be simply pas ed through, with the entire IC presumably hanging close to +5V. 
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2-input 74XX gates u e the same pinout - except the oddball '02 which i laid out backwards. See 

Appendix J .) You can think of XOR as a 1-bit equality*linequality detector. 13 

2-bit A> B detector: Use any gates to make a comparator that detects when one of a pair of two bit 

number (call it A) is larger than the other (call it B). You need not make the circuit ymmetrical: it 

need not detect B>A, only A>B versu A ::; B. 

Warning: this circuit can get pretty complicated. We'd like to urge you, once again, not to use a lot 

of lab time on this problem. 

14L.5 Gate innards; looking within the black box of CM OS logic 

In the following experiments, we will use two CD4007 (or CA3600) package ; this part is an array of 

complementary MOS transistors, as in Fig. 14L.9. 

14 2 11 
I 

13 l rtt12 6 3 10 

I 8 S' 
i 

LJ lJ 
Figure 14L.9 '4007 (or "CA3600") MOS 
transistor array. 7 9 

14L.5.1 Two inverters 

Passive pullup: Build the circuit in Fig. 14L.10 using one of the MOSFET in a '4007 package. Be 

sure to tie the two "body" connection appropriately: pin 14 to +5V, pin 7 to ground. Th.is will look 

fami liar to you: it is one more instance of the convention we mentioned earlier, in § 14L. l: corner pin 

carry power and ground. (In fact you will find that thi is automatic for the particular FETs in the 

package that we show below; but you should be alert to this issue as you use MOSFET .) 

Confirm that thi familiar circuit does invert, as you drive it with a TIL level from an external S 
function generator (the breadboard oscillator is too slow to make this circuit look really bad, as we 

soon wil1 want it to). The function generator's TTL output provides a VoH that is not high enough to 

atisfy CMOS's preference for a high of close to 5V (though TTL usually will make the CMOS gate 

switch). 14 The usual remedy i to "pull up" the ITL output, with a resistor of a few kQ to +SV. 15 

Watch the output on a scope (voltmeter or logic probe will not do, from this point on). 

Now crank up the frequency as high as you can. Do you see what goe wrong. and why? 16 Draw 

what the waveform looks like. __j · 
13 Thi may be your first encounter with the convention that uses an asterisk ("equality*") to indicate a ignal that is 

active-low. The same low/high meanings could be written with an overbar: ''equality/inequality.' 
14 If you don ' t recall TIL' VoH vaJue, you might look again at the VoH numbers you got in § 14L.2. 
15 Thi pull up may work on your function generator; it did not work on ours (Krohn- Hite) because their outputs labeled 

"TIL" are not true TIL: their TIL output cannot be pulled above 4 V. A real TIL gate rise. easily to +SY when pulled up. 
But 4V is sufficient to drive the CMOS gates. 

16 The rise i. ·low, becau:e the u ·ual tray capacitance i · driven by the I Ok pull up resistor forming a lazy RC. 

Figure 14L.10 
Simplest inverter: 
passive pullup. 
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Figure 14L.ll 
Active pullup: 
CMOS inverter. 

14L.5 Gate innards; looking within the black box of CMOS logic 545 

Active pullup: CMOS Now replace the lOk resistor with a p-channel MOSFET, to build the inverter 

in Fig. l4L. l 1. Look at the output a you try high and low input frequencies. 

The high-frequency waveform should reveal to you why all re pectable logic gates use active pulLup 

drcuits in their output tages. (The passive-pullup type called open collector for TIL or open drain 

for MOS, appears now and then in pecial applications uch as driving a load returned to a voltage 

other than the+ 5V upply or letting several device drive a single line. U ually that last case i better 

handled by a 3-state. See below.) 

14L.5.2 Logic functions from CMOS 

CMOS NANO: Build the circuit in Fig. 14L.12 and confirm that it perform the NAND function. 

+S 

Figure 14L.12 CMOS NANO. 

CMOS three-state: The three-state output stage can go into a third condition beside, high and low: 

off This ability is extremely useful in computers: it allows multiple drivers to share a single driven 

wire, or bus line. Here, you will build a buffer (a gate that does nothing except give a fresh start to a 

signal), and you will be able to witch its output to the OFF state. It is a "three-state buffer." 

---to1 t() I (. 

~"'i ble ___ __., 
Figure 14L.13 Three-state buffer: block diagram. 

The trick, you will recognize, i just to add some logic that can turn off both the pull-up and pull­

down tran i tor . When that happens, the output is di connected from both +5 and ground· the output 

then is off, or "floating." One usually says uch a gate has been " three-stated· or put into its "high­

impedance" tate. 

If you 're in the mood to de ign some logic, try to design the gating that will do the job using NAN Os 

along with the 4007 MOSFETs. Here s the way we want it to behave: 
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• If a line called Enable is low, turn off both the pull-up and pull-down transi tors. That means: 

drive the gate of the upper transistor high; 

drive the gate of the lower transistor low. 
• If Enable is high, let the input signal drive one or the other of the upper and lower transistors on: 

that means: 

drive the gates of the upper and lower transi tors the same way - high or low - turning one 

on, the other off (because one is p-channel, the other n-channel, of course). 

That probably sounds complicated, but the circuit is straightforward. If you're eager to get on with 
building, borrow our solution, shown in Fig. 14L. l4. 

Figure 14L.14 Three-state circuit: 
qualifies gate signals to 011p and Qdo,vn 
using 74HCOO NANO gates. 

Use a slide switch to control the 3-state's Enable, as shown in Fig. 14L.15. A second slide switch 

drive a 1 OOk resi tor tied to the 3- tate's output. The slide witch can be et to ground or +SY: thi 

slide switch feebly driving the common output line through the lOOk, is included so that we can see 
whether the 3-state i enabled or not. A scope or voltmeter by itself is not able to detect the "off' 
condition, as you know. 

Test your circuit by driving the input with the breadboard oscillator, and watching the effect of 

Enable. When the 3-state is disabled, even the feeble J OOk should be able to determine the output 

level. When enabled, the 3-state should drive its square wave firmly onto the common output line. 

This "common output line" provides our first glimpse of a data bus. 

At the moment, before you have seen applications, this trick - the 3-state's ability to disappear, 

elect1ica1ly - may not eem exciting. Later, when you build your computer, you will find 3-states 
invaluable if not exciting. 

+-5 

took 

JUl '>----- +o 
'5<.ope 

+S 

Figure 14L.15 Circuit to demonstrate operation of 3-state buffer . 
1 
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We include Fig. 14L.16 only to suggest why 3-states might be useful. It is meant to illustrate a 
single line of a "bus ' or shared line whereas a real parallel computer bus is at least 8 lines wide, and 

often much wider. 17 

A 

s 

(. 

D 

Shi'I N>d output line 

("l,u$") 

Figure 14L.16 Three-states driving a shared "bus" line ( do not 
bother to build this) . 

17 Recent de, ign have begun to exploit fa. t single line bu. e · ending data serially. 
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Jargon 

Active-high /-low Define the ]evel (high or low) in which a ignal is 'True," or - better - "Asserted" 
(see next term). We avoid the former because many people a sociate "True" with "Hjgh" and 

that is an a sociation we must break. 

Assert Said of a signal. Thi i a strange word, chosen for its strangeness, to give it a neutrality that 

the phrase 'Make true" would lack (because many people seem predispo ed to think of True 

as High). 

We can say, with equaJ propriety "Assert WR* (or WR)' and "assert RESET5 l." In the 

first case it means "take it low; ' in the econd case it mean "take it high" (becau e the signal 

names reveal that the first signal i active low, the second active high) 

Assertion-level symbol Thi i a very strange phrase, meant to express a notion rather hard to ex­

press: it i a logic symbol of the two that deMorgan teaches u alway are equivalent, chosen 

to show active levels. So, a gate that ANDs lows and drives a pin called EN*, should be 

drawn as an AND shape with bubbles at its input and output, even though it conventional 
name may be OR. (The conventional name, note, assumes that ignals are active-high.) 

Asynchronous Contrasted, of cour e, with ynchronous: asynchronous devices do not share a com­

mon dock, and may have no clock at all. Most flip-flops u e an asynchronous clear function, 

also called 'jam-type.' Usage is complicated by the pos ibility that an asynchronous func­

tion, such as RESET*, can be an element of a synchronous circuit such as a counter. Such a 

combination occurs, for example, in the 74HC161 counter. 

Clear Force output(s) to zero. Applied only to sequential devices. Same as Reset. 

Combinational Same a "combinatorial ' aid of logic. Output is a function of present inputs, not 

pa t (except for , ome brief propagation delay ; contrasted with sequential (see below). 

Decoder A combinational circuit that take in a binary number and asserts one of its outputs defined 
by that input number. (Other decoders are possible; this i the one you will ee in the Lab ·.) 

For example, a ' 139 i a dual 2-to-4 decoder that takes in a 2-bit binary number on its two 

select lines. It responds by as erting one of it four output .. 

Demultiplexer ("demux") . Combinational circuit that steer a ingle time-shared input to one or 

another de tination (this input may be a bus rather than a single line, as on a classic 8051 like 
the Dallas DS89C430: a multiplexed AD bus [the eight Address/Data lines]). 

Edge-triggered Describe flip-flop or counter clock behavior: the clock re pond to a tran ition, not 

to a level. By far the most widely used clocking scheme. 

Enable The meaning varie with context, but generally it mean 'Bring a chip to life": let a counter 

count; let a decoder a sert one of its outputs· turn on a 3-stat buffer; and , o on. 

Float Said of input or of a 3- ·tated output: driven neither high nor low. 

Flop Lazy baby talk for "flip-flop," which is baby talk for' bistable multi vibrator." But babie in this 

case express themselves better than old-fashioned phy icist or engineers, who were inclined 

to say all those ugly yllables. (Flop is not to be confused, incidentally, with the acronym 
FLOP, a piece of computer jargon that stands for "Floating Point Operation".) 
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Hold time Time after a clock edge (or other timing ignal) during which data input must be held 
stable. On new designs hold time normally is zero. 

Jam clear, jam load A ynchronous clear, load: the sort that does not wait for a clock. 

Latch Strictly, a transparent latch (see below), but often loosely used to mean register (edge­

triggered) a well. 

Latency Delay between stimulation and response. Often ari, e in respon e to interrupt, where 

prompt re ponse can be important. 

Load A counter function by which the counter flops are loaded as if they were elements of a imple 

D-fiop register. 
Multiplexer ("mux") Combinational circuit that passe one out of n inputs to the single output; uses 

a binary number code input on select lines to determine which input i so routed. For exam­

ple, a 4: l mux u es 2 select lines to route one its four inputs to the output. A demultiplexer" 

does the complementary operation (see above). 

One-shot Circuit that delivers one puts in response to an input ignal (usually called trigger), which 

may be a level or an edge. Most one-shots are timed by an RC circuit· ome are timed by a 

clock signal, instead. 

Preset Force output( ) of a equential circuit high. Same as Set. 

Propagation delay Time for signal to pass through a device. Timed from crossing of logic threshold 

at input to cros ing of logic threshold at output. 

Register Set of D flip-flops always edge-triggered 

Reset Same as Clear: mean force output( ) to zero 
Ripple counter Simple but annoying counter type; a ynchronous - the Q of one flop drive the 

clock of the next. Slow to settle, and obliged to show many fal e tran ient states. 

Sequential Of logic: circuit whose output depends on past a, well a (in some ca ·es) on pre ent 

inputs. Example: a T (toggle) flip-flop: its next state depends on both its history and the level 

applied to it T input before clocking. Contrasted with combinational (above). 

Set Same as Preset: means et output high (said only of flops and other sequential devices) 

Setup time Time before clock during which data input must be held stable. Always non-zero. 

Worst-case number for a 74HC: about 20ns. 

Shift register A set of D flop connected Q-of-one to D-of-the-next. Often used for conversion 

between parallel and serial data form . 

State Condition of a sequential circuit, defined by the levels on its flip-flop outputs (Qs). A counter's 

state, for example, i simply the combination of values on its Qs. 

State machine Short for finite state machine or FSM. A generalized description for any sequential 
circuit, since any uch circuit step through a determined sequence of state . U ually re. erved 

for the machine that run through non-standard sequence . A toggle flip-flop and a decade 
counter are FSM. , but never are o-called. A microprocessor executing its microcode i a 

·tate machine . So i an entire computer. 
Synchronous Sharing a common clock ignal ( yn-chron means same time . Synchronou · functions 

'wait for the clock." In the counter of Lab 16L,for example SYNCLD* behaves this way. 

A second LD* ("load") function on the same counter is designed to be asynchronous and 

take effect as soon a it i a serted. ) 

Three-state Describe. a logic output capable of turning off instead of driving a high or low logic 

level. Same a tri-state. 

Tri-state A trade name for three-state: Registered trademark of National Semiconductor now pru1 

of Texas Instrument . 
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14W .1 Multiplexing: generic 

In this section we look at three way of designing a small m.ultiplexer: 

• using ordinary gates; 

• using 3-state ; 

• using analog switche 

The notion of multiplexing, or time-sharing, is more general and more important than the piece of 

hardware called a muJtiplexer (or "mux"). You won't often use a mux, but you use multiplexing 

contjnually in any computer, and in many data-acquisition scheme . 

Figure 14W. l illustrates multiplexing in it . imple t, mechanical form: a mechanical switch might 

·elect among several ource . The ource might be, for example four mkrophone feeding one re­

mote Ii tening station of the ecret police. Once a month (or once each hour, if he's ambitious) an 

agent flips the witch to listen to another of the four mike . The motive for multiplexing, here, a 

always, i to limit the number of line needed to carry information. 

Figure 14' 
electro-me 
let four soi 

output lim 

DOD 
DOD 
0 0 D 
D D 

snoor 
se.le.c.t 

This case i a little far-fetched. More typically the" carce resource" would be an analog-to-digital 

converter ADC). And the mo t familiar example of all mu t be the telephone system. Without the 

time- haring of phone lines phone ystems would look like the mo t monstrou rat ' ne t.: picture a 

city trung with a pair of wires (or even one wire) dedicated to joining each telephone to every other 

telephone! Fig.14W.2 illustrate what even a network of 8 phone would look like. 

A . imilar argument make haring lines efficient in a computer, where the hared line are called 

"bu. es." Here the claim is complicated by the recent emergence of fast erial links in preference to 

parallel lines to link a computer' proce sor to memory and peripherals. The, e erial link now pre­

dominate. Such point-to-point communication is mu h Jes vulnerable to transmission line reflection. 

! AoE § l 0.3.3C 

than i. the 'multi-drop" cheme of a parallel bus. Thu the serial link permit higher data rate . I AoE §14.6.1 
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8 phones. Yow! 
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8 '-\ones -\- swih.h : bet ter ! 

Figure 14W.2 
Argument for 
multiplexing: limit the 
number of wires 
running here to there 
in a telephone system. 

But even where the external Jinks use just a few wires (a differential pair in each direction for 

example in PCI express) stil l parallel buses persist within the IC, out of sight, as the right-hand image 

of Fig. 14W.3 tries to suggest. 

peripherals and memory 

CPU 

traditional parallel-bus computer 

14W.1.1 Multiplexing: hardware 

peripherals and memory 

computer using fast serial links 

Figure 14W.3 Computers 

traditionally used parallel 
buses; now more often 

serial, point-to-point. 

A mechanical multi-position switch can do the job; so can the transistor equivalent, a et of analog 

switches. Logic gate can aL o do the job - though these allow flow in only one direction unlike the 

other two devices. The digital implementation require a little more thought if you haven't seen it 

before. And even the analog witch implementation requires a decoder as oon as more than two 

signa1 are to be multiplexed. 

We need two elements: 

1. Pass/Block circuitry, analogou to the closed/open witch; 

2. Decoder circuitry, that wi ll clos just one of the pass/block element at a time. 

Let's work up each of these elements first for the implementation that u. es ordinary gates. 

Pass/Block An AND gate will do this job more or ]es : see Fig. 14W.4. To pass a signal, hold one 

input high· the output then fol1ow or equal the other input; to block a signal hold an input 

low. Thi . ca e i a little trange because this force a low at the output - and this forced low 
is not the same a the re ult of opening a mechanical witch . 

Joining outputs The outputs of the AND gates may not be tied together. Instead, we need a gate 

that ignores· lows, pa se any high. (since the "blocking' AND will be putting out lows). 

An OR behave. that way and i just what we need. Fig. 14 W.6 show a 2: l mux made with 

gates: 
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Figure 14W.4 AND gate can 
do the Pass/ Block* operation 
for us. 
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Figure 14W.5 Don't do this! The outputs of ordinary gates 
may not be tied together. 

Figure 14W.6 2:1 mux. XL - S I'( - f.LE.CT 
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Decoder If the mux has mor than two input we need a fancier scheme to tell one and only one 

gate at a time to pass it ignal. The circuit that doe this job, pointing at one of a set of 

object , is called a decoder. It take · a binary number (in it encoded form it i compact: n 

line encode 211 combinations, a you know) and translates it into 1-of-n form (decoded: it's 

not compact, o not a good way to tran mit information, but often the form needed in order 

to make something happen in hardware). 

The decoder's job i to detect each of the possible input combination . Fig. 14 W.7 for example, is 

the beginning of a 2-to-4-line decoder. 

Figure 14W.7 2-to-4-line 
decoder: block diagram ; 
partial implementation . 

} 
C>NE. OUT PUT 

,_.._....__.___.__ A ?SEF.TED 
oui; 

OUT7. 
So 

'-y-) 

AT ATIMI':. 

11
E.NCOOcD " INPt..l"f : A 2-e,(T NUME:fP,. 

Decoder. are u. eful in their own right (you will u e uch a chip in your microcomputer. for example 
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if you build up the computer from parts: a 74HCTl39). The decoder is included on every multiplexer 

and in every multiplexing scheme that goes beyond two signal 

14W.1.2 Worked example: Mux 

Problem (4:1 Mux, designed 3 ways) Show how to make a 4-input multiplexer using (a) ordinary 

gates, (b) transmission gates and (c) gates with 3-state outputs. 

Solution 
Decoder: All three implementations require a decoder, o let s start with this. 

We need to detect all four possibilities and might a welJ start as in the earlier example, by gener­

ating the complement of each select input. (Does it go without saying that we need two select line to 

define four possibilitie ? If not let' say it. If this isn't yet obvious to you, it will be oon.) 

II 

10 

s, - - - ----+-- ---' 
00 

Figure 14W .8 l-of-4 decoder. 

Pa !Block gating: ordinary gates: You know how to do this job with AND gate . The circuit in 

Fig. 14W.9 generates a11 the four input combinations, and applies them to AND as Pass/Block* as in 
Fig. 14W.4. 

i>, ---·---+ 

S1 ----1 
So----1 

It 10 01 C,D 

of t rlec..ode r 
( 1\~ ~.bove) 

Figure 14W.9 4-1 mux, 

gate implementation . 

Pass/Block gating: transmission gates: This is easier. (You do, of course, need to remember what 

these "transmission gates' or 'analog witche ' are. lf you don't recall them, from Lab I 2L, go back 

and take a econd look.) 

Again we use the decoder. Thi time we can simply join the gate outputs, since any transmission 

gate that i blocking it signal source floats its output unlike an ordinary logic gate, which drives a 

low at it output when blocking. This cheme i . ketched in Fig. 14W. I 0. 

Three-states: Thi . i a snap after you have done the preceding case. Again use the same decoder, and 

again you can join the outputs. A 3-state that is off, or blocking, does not fight any other gate. Thats 

the beauty of a 3-. tate, of course. 



554 Worked Examples: Logic Gates 

Figure 14W.10 
4-1 mux: 
transmission­
gate and 3-state 
implementa­
tions. 

OUT 

l>3 

dee.oder 

Problem Under what circumstances would (b) [the transmission-gate implementation] be prefer­

able?" 

Solution ln general it is preferable only for handling analog signals. (For this purpose it is not 

just preferable; it is required.) For digital signals it is usually inferior ince it lacks the all-important 

virtue of digital devices: their noise immunity, which can also be described as their ability to c1ean up 
a ignal: they ignore noise (up to ome tolerated amplitude), and they put out a ignal stripped of that 

noise and at a good low impedance. The analog mux , like any analog circuit, cannot do that trick· to 

the contrary the analog mux slightly degrades the signal. At very least, it makes the output impedance 

of the signal source worse, by adding in eries the mux s R00 (around lOOQ). 

We should not overdo this point: it is not wrong to use an analog mux, or a ingle analog switch, to 

route digital signals. In fact analog switches with low RoN can provide the fastest way to connect or 

disconnect to a bus-outrunning a conventional three- tate at the expense of lo ing signal regeneration. 
These device are available, marketed a "Zero Delay Logic" (the QuickSwitch 1 ) . And transmi sion 

gate are used within fully-custom ASICs (application specific lC ). But analog switches normally 
are used - as the name surely suggests - for analog signals. 

The analog version, incidentally, can pa a signal in either direction so it works as a demultiplexer 

as well as mux. But that is not a good reason to use it for digital signals. If you want to demux digital 
signals, use a digital demux. 

14W.2 Binary arithmetic 

Thi worked example looks at five topics in binary arithmetic: 

Tuo's-complement: ver. us unsigned and the problem of overflow 

Addition: a hardware de ign task, meant to make you think about how the adder uses carries 

Magnitude comparators : done laboriously by hand , then easily with Verilog 

Multiplication: an orderly way to do it contra ted with a foolish way 

ALU and flags: foreshadowing the microprocessor, this exerci ·e means to give you the sense that 

the processing gut of the CPU are simple, made of familiar elements 

I This is a product of the company, Integrated Device Technology. It promises very low propagation J elay exaggerated as 

"Zero Delay") . becau e of its extreme implicity. In fact, delay will occur, but cau ed mostly by the RC product of the 
witch '. R00 and . tray capaci tance of the line that i. driven. 

OUT 



14W.2 Binary arithmetic 555 

14W.2.1 Two's-complement 

Here's a chance to get used to 2 -comp notation. We want to underline two points in these examples. 

• A given et of bits ha no inherent meaning; it means what we choose to let it mean, under our 

conventions (thi is a point made in Chapter 14N as well)· 

• A sum (or product or other result), properly arrived at, may nevertheless be wrong if we overflow 

the avai lable range. 

Both of the e points are rather obvious; nevertheJes most people need to see a number of examples 

in order to get a feel for either proposition. 'Overflow," particularly, can surpri e one: it is not the same 

as "a result that generate. a carry off the end." Such a result may be valid. Conversely, a result can be 

wrong (in 2' ' -complement) even though no carry out of the MSB occur . This is pretty baffling when 

simply described. So let' hurry on to example . 

Let's suppose we feed an adder with a pair of four-bit number . We'll note the result, and then 

decide whether this result is correct, under two contrasting assumption : that we are thinking of the 

4-bit values as unsigned versus two's-complement numbers. 

Problem (Two's-complement) Suppose that you feed a 4-bit adder the 4-bit values A and B, listed 

below. Please write-

1. The maximum value one can represent in this four-bit result -

• unsigned 

• in 2' -complement. 

2. The sum . 

3. Then what the inputs and outputs mean in decimal, under two contrasting a sumptions: 

• first the number are ( 4-bit-) unsigned; 

• second, the numbers are (4-bit-) two's-complement. 

4. Finally note whether the result is valid under each a sumption. 

We have done one case for you as a model. 

IN: A 8 A plus B Valid? 

Binary: 0111 1000 1111 

Decimal: 
Unsigned: 7 8 15 yes 
2 's-comp.: 7 - 8 - I yes 

Binary: 0111 011 L 

Decimal: 
Unsigned : 
2's-comp: 

Binary: 0111 IOlO 

Decimal: 
Unsigned: 
2·s-comp: 

Binary: 0111 0100 

Decimal: 

nsigned: 
2'. -comp.: 

Binary: 1001 1000 

Decimal: 

n igned: 
2's-c: 
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Try these. Then see if you agree with our conclu ions, set out below. 

Solution (Two's-complement) 

The maximum values that one can represent with four bits 

• Unsigned: 1510-

• ln 2 s-complement: + 710 - 810. 

IN: A B A plus B Valid? 

Binary: 0111 0111 I I lO 

Decimal: 

Unsigned: 7 7 14 yes 

2's-c: 7 7 -2 no 

Binary: 011 J 1010 0001 

De imal: 

unsigned: 7 10 1 no 
2' ·-c: 7 -6 +I yes 

Binary: 0111 0100 1011 

Decimal: 

unsigned: 7 4 I l yes 

2's-c: 7 4 -5 no 

Binary: 1001 1000 001 

Decimal: 

unsigned: 9 8 I no 
2's-c: -7 -8 +I no 

Problem What is the rule that determines whether the result is valid? 

Solution For unsigned, isn't it simply whether a catTy-out is generated? It is. 

For two's-complement the rule i odder: if the sign is altered by carries, the result i bad. A carry 

into the sign bit an indicate trouble - but only if there is no carry out of that bit; and vice versa. 

In other words, an XOR between carrie in and out of MSB indicate a 2's-complement overflow. 

The microproces or you will meet in Lab 20L uses such logic to detect ju t that overflow (indicated 

by it "OV'' flag in case you care at thi point). You can test this XOR rule on the ca es above if you 

like. 

14W.2.2 Addition 

You may find it entertaining to reinvent the adder. As a reminder, the table below shows the way a 

, ingle-bit full-adder should behave (the name "fu l] " indicates that the adder can tak in a carry- in 

signal ' O that such full-adder modules can be cascaded). 
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INPUT OUTPUT 

Carry-in: A B Carry-out Sum 

0 0 0 0 0 

0 0 1 0 1 

0 l 0 0 1 

0 I 1 I 0 

I 0 0 0 l 

1 0 I I 0 

l 1 0 1 0 

1 1 1 1 1 

You wi11 notice that you can, if you like, look at the output as a two-bit quantity rather than look at 

it as distinct sum and carry. The advantage of the latter view is just that it invites extension to larger 

word width : when a 4-bit sum overflows, it too generates a carry. 

Problem (Design a one-bit full adder.) U e the truth table above if you need it, and de, ign a full 
adder. Fig. 14W. l 1 illu, trates its block diagram. 

~-- carry out 

carry in Figure 14W.11 Full adder . 

Solution The sum is A XOR B when carry-in i low· it's the complement of XOR when carry-in is 

high. Doe that suggest what the sum function is , as a function of the three input variables that include 

carry-in? Ye , it' XOR of all three (output I if an odd number of input are high) : see Fig. 14W. l2. 

D-1 
Figure 14W.12 Sum is Cn XOR A XOR 8. 

Carry-out? You may be able to see the pattern after staring a while at the truth table. Or you might 

reason your way to the function: carry-out should be asserted when two or more of the input bits 

are a . erted. You ,night conceivably want to learn the antique method of Karnaugh mapping (see 

Fig. 14 W.13 and Jet the map reveal pattern : pattern that show chances to ignore a variable or two . 

One way or another, you can arrive at a sketch of the one-bit full adder (Fig. I 4W.14). 

Solution (Alternative: let Verilog design it .) We don t want you to work too hard getting good at 

Boolean manipulations because logic compilers are available that are willing to let you de cribe your 

design at a very high level of abstraction. The compiler takes care of the gating. 

Here is a Verilog file defining a one-bit adder: 
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Figure 14W.13 Carry-out 
Karnaugh map. Coui 

A. B + Ci>J B 

'°"---~~---~~~~~~~--' 

Cour 

A 

B D---suM 
Figure 14W.14 Full adder. 

module adder_assign( 

input a, 

input b, 

input c_in , 

output sum, 

output c _ out 

) ; 

assign {c_out,sum} = a+ b + c in; 

endmodule 

C1N _____ _, 

Can the design task be that ea y? Apparently o· here the re ult of imulating thi · de ign: 

Finished circuit init i alization process. 

{a,b,c_in} 000, {c out, sum} 00 

{a,b,c_in} 100 , {c_out , sum} 01 

{a,b,c_ in} 010, {c_out, sum} 01 

{a,b,c_ in} 001, {c_out, sum} 01 

{a,b,c_ in} 101, {c_out, sum} 10 

{a , b,c_in} 111, {c out, sum} 11 

{a,b , c_in} 011, {c_out , sum} 10 

{a ,b, c_in} 001, {c_out, sum} 01 

{a , b,c_ in} 000, { c out, sum} 00 

Looks right. Fig. 14 W.15 show the bizarre logic that Verilog used to get thi good outcome. 

No human would design the circuit this way· sum is normal , but carry-out is bizane: 

c_out = ((axorb)c_in)xor(ab) 

Weird , but correct. We don't rea1Jy care if it's weird. Verilog does the hard work. 

Once we have defined this single-bit function with a carry-in and carry-out line, we can string these 

little beads forever making an adder as big as we like (though very long strings might become slow). 

We wi11 encourage you to look for a imilarly-repeatable pattern in designing a multiplier later. 
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Block:adder _assign 

AN02 

OolO(O))D 
'--------i~I) 

'-----~~ 

Figure 14W.15 Verilog's logic to implement a 1-bit full adder. 

But once again , if you do the design in Verilog, expanding the adder from one bit to more is utterly 

traightforward. All you need do is define the input a, which before was a single bit, a a set of bits. 
Do the same for band sum, and the job is done. Here i the Verilog for a 4-bit adder: 

module adder_assign_ 4bit( 

input (3:0] a, 

input [3:0) b, 

input c_in , 

output [3:0) sum, 

output c _out 

) ; 

assign {c_ out, sum} a+ b + c in; 

endmodule 

14W.2.3 Digital comparators 

Detecting equality: Many computer peripherals need to know when a value arriving on the address 

bu i equal to the peripheral 's reference address. A set of XOR function can detect such equal ity, bit 

by bit ( ee Fig. 14W.16). We invited you to design an equality detector in Lab 14L, and no doubt you 

figured out that all you needed was to detect equality, bit-by-bit, with XOR gates fed by corre ponding 

bits of a multi-bit word: A1 XOR 8 1, Ao XOR Bo. Then AND lows from the several XORs (the name 

of the gate that AND lows i "NOR," though the name, of course, does not describe the gate s function 

in this case). 

A=B 

Figure 14W.16 XORs can detect equality, bit-by bit . 
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Detecting inequality: A> B ( "magnitude comparator"): 

Problem (2-bit greater-than circuit.) Use any gates you like (XORs are handy but not necessary) 
to make a circuit that sends it output high when the 2-bit number A is greater than the 2-bit number, 

B. Fig. 14W.17 shows a black box diagram of the circuit you are to design. 

Figure 14W.17 2-bit greater-than circuit. 

A 

B 

2 

2 A>B 

Note that this problem can be solved either systematically, using Karnaugh maps or with some 
clevernes : con ider how you could determine equality of two one-bit number · then how to determine 

that one of the one-bit numbers i greater than the other; then how the more- and le s-significant bit 
relate; and so on. We'll do it both ways. 

Solution (1. Systematic.) Figure 14W.18 works, though we don't uppose anyone wants to learn 

Karnaugh mapping - a technique btiefly de, cribed in AoE § 10.3.2 - for the pleasure of solving such 

problems. 

Figure 14W.18 2-bit 
greater-than circuit: 
systematic solution . 

Solution (2 . Brainstorm the problem.) 

f -::- A 1 (B 1 + AO BO ) + A O B 1 Bi5 

Figure 14W. 19 how a more fun way to do it. The brain-
stormed circuit is no better than the other. In gate count it's roughly a tie. U e whichever of the two 

approaches appeals to you. Some people are allergic to Karnaugh maps; a few like them. 

Solution (3: let Verilog do it .) As usual, Verilog rather spoils the fun by doing the brain work for 

you. (You have to go through the chore of learning Verilog, of course.) Here's a Yerilog file that does 
the job. 

l!l!!lll/!l!llll!l/!l//llll//ll/ll!ll!l!I! 
modu le compa r a tor_ 2bit( 

input [1 :0 ] a , 

input [1:0 ] b , 

output reg a_beats_ b 
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1t:t-·-------f,,>- . . . so th, s se tU-s If ; s I h 

A1 > li1 , A> B 
•.. a.no A is 1 .. . . B 

) ; 

always @(a , b) 

begin 

if (a > b) 

a_ beats_b 

else 

a beats b - -
end 

endmodule 

A = B 1 s we need t-c, con :su It 
he //ttle Ju.ys ... 

l 'bl; 

l 'bO; 

.?o~s /!r~ ft 11 7 

lr'tt!e .~ .- I "ti" b. 

• • Se.e t{ 
's L 5 B > B's 

Figure 14W.19 2-bit 
greater-than circuit: 
brainstormed solution . 

Verilog implements thi., once again, with a very strange circuit:2 see Fig. l 4W.20. But it work . 
Fig. 14W.2 l shows the result of the simulation. 

CYTtenlSmutlll ion I 
Tme: 100ns 

D!ri O(I Oj 

lln, 

AHD3 

)J:ins 4(.)M ,iSfli ')(ih~ 

I! 1111111111111 I 

2h2 

Figure 14W.21 Verilog simulation shows its strange implementation works. 

Figure 14W.20 
Verilog's 
implementation of 
2- bit A> B circuit . 

2 This compi lation and simulation wa done with Xilinx [SE I 0, whereas the others in thi chapter are done with [SE 11. 
Schematic and . imulation differ in the two version. though the ·imulation re ult are the ame. 
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Verilog easily expands the design : Designing a magnitude comparator for more than two bits would 

be a chore done by hand. It's embatTassingly easy with Verilog. 1n the ource file just change the 

definition of a and b to make them 8-bit rather than 2-bit quantities: 

/ /II/I/IIIIJ/III/////////I/I/I/IIIIIII//////// 
module comparator_8b it( 

i nput [7:0) a, 

input [7:0 ) b, 

ou t put reg a_beats_ b 

) ; 

always @(a , b) 

begin 

if (a > b ) 

a_beats_ b l ' bl; 

else 

a_ beats_ b l 'bO; 

e nd 

endmodule 

As you see in Fig. l4W.22, the chematic for the circuit that implement this design is pretty night­

marish: but again , we don't mind if Xilinx i willing to do al l the work. 

I ·J 

1· 
' 
I 

I 
~ 

. ., .. 
1 

J J . ) 

<. ' - I-

I -~ 

111 J ' 
I I I 

.. 
;: I : 

-
' 

i ; 

.:.... ....... - . _..:._ = 

Figure 14W.22 Alarming schematic of 8-bit A> B circuit . 

Expanding in other sense would be straightforward too: adding other outputs such as A=B and 

A<B and A2: B. We won't do that. But you may be getting a sense that you quite easily could get 

Verilog to do this for you. 

14W.2.4 Multiplication 

Multipliers are much le s important than adders~ you should not feel obliged to think about how 

multiplication works. (Multiplier are important in digital signal processor_, but not in the work we 

will do in this book.) Think about it if the question intrigues you. 

One way to discover the logic needed to multiply would be to use Karnaugh map or some other 

method to find the function needed for each bit of the product. 



14W .2 Binary arithmetic 563 

But even this mall example may be enough to convince you that there must be a better way. A 3 x 3 

multiplier (wi th its six input variable ) would bog you down in painful Karnaugh mapping· but larger 

multiplier are commonplace. There i a better way. 

This turn out to be one of those design tasks one ought not to do with Karna ugh maps, nor with any 

plodding implification method. Instead, one ought to take advantage of an orderliness in the product 

function that allow u to use essentially a single scheme, iterated in order to multiply a large number 

of bits. The pattern i almost as simple as for the adder. 

Binary multiplication can be laid out just like decimal if we want to do it by hand - and the binary 

version is much the easier of the two: ee Fig. ] 4W.23. 

'lJEC!.Mf.l BIIVAJ?. l] ! N,·• R I. ,;,5N£ ft 1- -· = 

2 r 1 D 1 ai a.1 d.e, 
2 Lf )( 1 1 

62 b1 he 
1 O C- ·1 0 1 d,:~t + 0 

I 
;:i O c~ D 

,.J. 1 (} 1 Figure 14W.23 Decimal 
6 0 0 1 0 (I a.1 D1 ao fi1 and binary multiplication 

-t 2.z. /J2. 
examples - and a 

- '-..!_ generalization of the 
i,, 

.,. p3 "/) f' 1 pattern ; binary is easier! i ,. 2 •C 

Once you have seen the tidy pattern, you will recognize that you need nothing more than 2-input 

AND gates and a few adders. With this method, you don't have to work very bard to multiply two 

4-bit numbers - a task that would be daunting indeed if done with Karnaugh maps. (You need only 

half adder not full adders; but you might choose to use an IC adder like the '83, rather than build 

everything up from the gate level.) Let's try that problem. 

Problem (3x3 multiplier.) De ign a 3 x 3 multiplier along the same line. , this time using two 

4-bit full adders (74HC83) and as many 2-input gates as you need. 

Solution Figure 14W.24 is a circuit you ll want to buy, not build! But you can see that you could 

easily extend thi to make a 4 x 4 - or 16 x 16 multiplier. 

14W.2.5 Arithmetic logic unit (ALU) 

As a wrap-up for this discu sion of arithmetic here is a device central to any computer: a circuit that 

does any of everal logical or arithmetic operations. To design thi does not require devising anything 

new; you need only assemble ome familiar components. 

Problem (Problem : design a 1-bit ALU.) Figure 14W.25 i a block diagram of a simplified ALU. 

Let give it a cany-in and a carry-out and let that output bit be low in any case where a carry i not 

generated (for example, A ORB). 

Two select line of the set in Fig. 14W.25 should determine which operation the ALU perform 

(use any select code you like). 

Solution (Design it with gates and a mux.) All we need is to combine standard gate and an 

adder with a multiplexer: see Fig. 14W.26. 
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02 bo a1bo 
a1b1 ao bt 

Figure 14W.24 3x 3 multiplier using 
IC adders. 
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Figure 14W.26 A simple ALU. 
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Solution (Design it with Verilog.) Again, this is also quite easily done in Verilog. We can imple­

ment the multiplexer using CASE statements (as we do in a counter design described in Appendix A). 
Here i Verilog code to form the ALU. 

---, 

I 

- - _ _j 
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Po 
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module ALU( 

input [1:0) S, 
input A, 

II this is the two-bit select code, choosing an ALU operation 

input B, 

input CIN, 

output reg OUT , 

output reg COUT 

) ; 

parameter AND= 'bOO, OR= 'bOl , XOR= 'blO, SUM=- 'bll; 

II definitions that allow us to use descriptive names for the function selects 

always@(S , A, B, CIN) 

beg in 

end 

endmodule 

cas e (S) 

AND: 

begin 

OUT< = A & B; 

COUT <=- O; 
end 

OR: 

begin 

OUT<= A I B; 
COUT <= O; 

end 

XOR: 

begin 

OUT<= A AB; 

COUT <= O; 
end 

SUM: 

begin 

OUT<= A AB A CIN; 

COUT <= CIN & (A I B) i 

end 

endcase 

14W.2.6 A refinement: "flags" 

A computer's ALU alway includes flip-flops that keep a record of important facts about the result of 
the mo t recent operation - not the result itself but sununary descriptions of that result. These records 

may include: 

• was a carry generated? 

• wa the result zero? 
• is the result po itive or negative in 2' -comp notation? 

• wa a 2's-comp overflow generated? 
• and sometimes a few other item as well (for example, the 8051 's "half-carry," used to help 

convert binary value to binary-coded-decimal 

Note: You hould under tand at lea t the D flip-flop before trying this problem. 

Problem (Add flags to ALU .) Add to the ALU designed earlier flags to record the following 

pieces of information concerning the result of the ALU operation. 

Carry Wa a carr generated? 
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Zero Was the re ult zero? 
Sign Is the result positive or negative, in 2's-comp notation? (Assume that the ingle-bit output of 

this stage makes up the MSB of a longer word.) 

Overflow Was a 2's-comp overflow generated? (Make the assumption noted: this output is the 

MSB of a longer word, and thus constitutes the sign bit when this word is treated as a 2's­
complement value.) 

A sume that a timing ignal is available to clock the flag flops a hort time after the ALU output 
has , ettled. 

Solution See Fig. 14W.27. 

Figure 14W.27 Flags 
added to ALU . 
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In thi chapter we meet circuits that remember states of binary signaL . Such circuits can be more 

versatile than the merely combinational circuits that we met earlier. First, a recap of Day 14. 

• Digital gives good noise immunity. 

• Noise immunity allow mo t of what's wonderful about digital: 
binary coding of information permits electronics of extreme simplicity, thus small size and 

low cost; 

noise immunity is fundamental to data storage, and transmission through adverse conditions; 

the fact that information is encoded permits proces ing to detect and correct errors (e.g., in 

digital music pJayback). 

• Since noi e immunity i fundamental, better noi e immunity is important: 5V CMOS beat old 

TIL. For signal transmission differential signaling is best, and works at the low voltages now 

common. 
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• Arrays of gates - PALs, PLDs and FPGAs - are taking over from small packages of just a few 

gates. 

• And a logic compiler, used to program uch part , normaJly takes care of minimization. 

• Most digital control signals are active-low (for historical reasons). 

• And a logic compiler can hide the confusion that can result when active-high and active-low 

signal are mingled. 

• Binary numbers: 2's-complementrepresents negative numbers. Simple scheme: MSB i negative, 

in 2's-comp. But igned/un. igned is a matter for humans to interpret; the binary representation 

does not reveal which is intended. 

15N.1 Implementing a combinational function 

Most of the time the combinational logic you need to design i so simple that you require nothing 

more than a little skill in drawing to work out the best implementation. For such imple gating, the 

main challenge lies in getting u ed to the widespread use of active-low signals. 

Figure 1 SN. l shows an example: "Clock flop if RD* or WR* i asserted and Now* i. asserted." 

Figure 15N.l Easy 
combinational logic; some 
signals active low: don't think 
too hard ; just draw it . 

D 

You can make thi problem difficult for yourself if you think too hard: if you ay something like 

'Let's see I have a low in and if the other input is low I want the output high - that ' a NOR gate ... ' 

- then you 're in trouble at the out et. Do it the easy way, instead. 

Here is the easy process for drawing clear, correct circuits that include active-low ignals: 

1. draw the shapes that fit the description: AND shape for the word AND, regardless of active levels; 

2. add inversion bubbles to gate inputs and output wherever needed to match active level ; 

3. figure out what gate types you need (notice that this step comes last - and comes never if you u e 

a logic compiler and PLD). 

In general bubbles meet bubble in a circuit diagram properly drawn: a gate output with a bubble 

feeds a gate input with a bubble, and your eye sees the cancellation that this double-negative implies: 

bubble pop bubble . Thi usual rule does not apply in the exceptional case when your logic i l.ook­
ing for dis-assertion of a signal. We'll see such cases in § l5N .2. l. It al o often does not apply to 

edge-triggering, where it is timing that determines one's selection of a clock edge ("leading' versus 
"trai 1 in g"). 
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lSN.1.1 Simplifying or minimizing logic 

When a logic network is not utterly simple, you may wonder if your implementation is minimal - as 

simple as possible. Once upon a time, achieving that simplest design was a serious part of a designer's 

work. One might use Boolean algebra to simplify an equation - factoring, for example. If, in those 

dark old days, you were given a truth table like the one in Fig. ISN.2,1 how would you implement it? 

A B ~ 
0 0 A. 
0 1 Ovt 
1 0 0 B 

1 1 
Figure 15N.2 A truth table to 
implement. 

1. You might simply stare at the table for a while, and discover the pattern. Some people like to work 
that way. 

2. You might write the Boolean expression for each input combination that gives a 1 out: 

f = A * B * +A * B + AB . 

Then you could u e Boolean algebra to simplify this expre sion . Try factoring: 

Thus you di scover that you can toss out one variable A from two of the terms. After that, if you 

are on your toes, you recognize a chance to apply another Boolean postulate, and you end up with 

an agreeably simple equation:2 

But uch skills in using Boolean algebra are ob olete. So are the graphic aids to simplificat ion 

provided by Karnaugh maps. Both are obsolete because anyone with access to a computer can take 

advantage of an automated logic compiler. The compiler implements a hardware description language 

(HDL), normally VHDL or Verilog. In thi course we use Verilog. 

The compiler cheerfully simplifies what you type (or draw - some compilers will accept graphical 

input). So let' not give any more attention to a problem that mercifully has been removed from a 

de igner' life. We can save our intellectual energy for more interesting tasks. 

15N.2 Active-low, again 

La t time we met an example u ing signals that were active low in the somewhat silly mi. ile-launch 

circuit. Here, let s look at an example that is a little more realistic. This case includes some signal s 

that are active-high but a larger number that are active-low, as most control signals are.3 

I A fair and relevant que tion i whether life is likely to deliver a problem in thi , form. The truth table ari es on ly if you find 
thi a convenient way to think about the design task. If you tart in, tead by drawing gates to describe the de ign, this 
design-from-table problem doe not ari. e. 

2 You might find it . impler cill to write an equation for the ingle case that produces a low output : f *= AB*. 
3 The rea ·on for the predominance of ac1il e- /0111 ignal is simply historical. Such signals were advantageous in the era of 

bipolar logic, a. we argued in Chapter 14N. 
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lSN.2.1 Diagram it with gates 

Draw gates that will: 

Assert ooIT if: 
WRITE, VALID and TIMED all are asserted, as long as neither PROTECTED nor BLOCK 

is asserted· 
or if either WILLY or NILLY is asserted. 

The only hard part: agreeing on what we mean : Curiou ly enough, this exercise presents the only 

point in the course when tudents sometimes get angry, di gusted with u teachers for talking non­

sense, or worse. It's as if we're uddenly reciting bla phemous and inconsistent remarks about the 

students' religion . 
Why? Because the phra. e, "WRITE is asserted" is ambiguous. We don't want to insist that our 

under ' tanding of thi phrase is the only reasonable one; we only want to ask you to join us in what we 

admit is only a convention - a way of understanding this phrase. We want you to under tand it as we 

do; that way, we' ll not misunder tand each other. 
We take "WRITE is asserted" to mean that the signal named 'WRIT£" is low. The bar over the 

signal's name here means that the signal is active-low. I AoE § 10. 1.2A 

Indignant students sometimes protest that "WRITE is asserted" i to say that WRITE i false. If 
WRITE is false, it is low, and its complement, "WRITE" is high. 

Such a protest is not wrong; it just does not follow the convention that we are imposing - and which 

i widely recognized: many signals (in fact mo t, by a wide margin) are active-low, and one indicates 

thi active-low quality with a "bar" or asterisk. Such a signal normally i born active-low, rather than 

being the complement of an active-high ignal of the same name. 

We did write the word "WRITE" (without a bar over its name) to the left of the boundary and circle 

(often called a' bubble") in Figure 15N.3. But we did not thereby mean to imply that any such ignal 

exists. Probably it docs not exist, and in those drawings there is no point indicated where one could 

apply a probe to te t an active-high WRITE ignal. Only the active-low "WRITE" is available for 

probing. 

In the case of "DOIT' we u ed this active-low labeling because the label is placed to the left of 
the bubble, out in the world where the signals run and are available for probing. On the leftmost part 

of the diagram, in contrast, we used labels without bar (showing' WRITE," for instance) because a 

bubble intervenes between this fictitious point and the outside world where "W RJT £" travels . 

Well, we have expended a lot of words to make a small point - but it is one on which we must 

agree, if we are to able to talk to one another about signals that are active-low. 

Figure 15N.3 shows an implementation of the logic that we described in word . 

It's not quite a simple as "Let bubbles meet bubbles.' For most of the signals shown in Fig. 1 SN.3, 

"bubbles meet bubbles," so that one can see inversion cancelling each other. But you shouldn't apply 

such a rule mechanically. 
The simple-minded rule does work when you are using gates to detect assertion of signals. It does 

not work - as we noted back in § 15N.1 - when a gate i to detect dis-assertion. The leftmost two-input 

AND gate in the figure is used to detect such a disassertion of the signals PROTECT ED and BLOCK. 

So, in this case, bubbles do not meet bubble . The mismatch, obvious to the eye, reveals at a glance 
that the job of thi AND gate is to sense falsehood or disassertion. 

DeMorgan sometimes allows two equally good symbols: DeMorgan teache that two alternative 

symbols always are available for drawing a logical function, and we have shown these alternatives in 
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Figure 15N.3 Gates 
drawn to implement 
the logic described 
earlier. 

Fig. l SN .3 for the logic used for sensing disas ertion or falsehood. U ually, one of the two deMorgan­

equivalent ymbol show more clearly than the other what is going on in the circuit. You should make 

the choice that seems to you to represent best what your circuit is doing. 
------

Once in a while, however - as in the case of the logic applied to PROTECT ED and BLOCK - the 

two alternative ymbols are equally good. The one we drew fir ·t senses that both signals are false, i.e. 

disasserted. The alternative form, shown lower, enses that either signal is asserted and uses that event 
to disassert the input to the next gate. The re ult · are logically identical of course. Use whichever you 

prefer. The OR shape does the better job of reflecting the language of the design specification, "neither 
.. . nor' .... But the AND shape, sensing "both ignals false," shows logic that may be easier to think 

about. 

15N.2.2 Do it with a logic compiler: Verilog 

One can force Verilog to suppress active-lows: One can do it by introducing extra signal name that 
are purely active-high - the complements of any nasty active-low signals that the world imposes on 

us. We have done this in the Verilog listing below. The happy consequence is that when we write the 
equation that implements the logic we can forget about whether signals are active-high or active-low. 

In the sheltered world we have created for ourselves, there i no uch thing a active-low. In this 

sheltered place, a bang means what one would hope it could mean: that a signal is disa serted or false. 

That s the ca e for prot and block in the equation for doit, below: 

module act_lo_verilog(write_bar, valid, timed_bar, prot_ bar, block_bar, 

willy_bar, nilly, doit_ bar); 

input write_ bar; 

input valid; 

input timed_ bar; 

input prot_ bar; 

input block_bar; 

input willy_ bar; 

input nilly; 

output doit_bar; 

wire doit; 

II all inputs and outputs are ordinary signals ("wire"), 
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II versus the sort that holds a value ( " reg") by default; 

II "doit" -- one never brought out to a pin but used as input to a function -­

II is explicitly called "wire" 

II Now flip all active - low signals, so we can treat ALL signals as active - high 

II as we wr ite equations 

assign write !write_ bar; II makes a temporary internal signal (write) never assigned 

II to a pin 

assign timed= !timed_bar; 

assign prot = !prot_bar; 

assign block= !block_bar; 

assign willy= !willy_bar; 

assign doit bar= !doit; II this output logic is reversed because the active-high "doit" 

II will be an input to this logic, used to generate the OUTPUT 

assign doit write & valid & timed & (!prot & block) I 
(willy I nilly); II ( & means AND, I means OR) 

endmodule 

The ugly active-low signals with name like willy..bar, do not appear in our equation . Our equa­

tion looks. imple and tidy. 

Some Verilog users scorn such a crutch. But we think it nice not to have to worry about active 
levels when writing equations. In an active-high world, whenever you see a "bang" ("!' or"- ), you 

can take that to mean disa sertion of a ignal. 

If you don ' t force ignal into active-high form then the be t you can do is to give the variable a 

name that reveal whether it i active low. Following uch a scheme, the equations are not o neat: 

they include bangs to show assertion of signals that are active-low: 

module act_lo_verilog(write_ bar, valid, timed_bar, prot_ bar, block_ bar, 

willy_ bar, nilly, doit_bar); 

input wr ite_bar; 

input valid; 

input timed_ bar; 

input prot_bar; 

input block_bar; 

input willy_bar; 

input nilly; 

output doit_bar; 

wire write_bar ,valid, timed_bar,prot_bar,block_bar ,willy_bar,nilly,doit_bar; 

II specify all inputs and outputs and intermediate "doit" as ordinary signal 

II ("wire") versus the sort that holds a value ("reg") 

assign doit_ bar = ! ( (l write_bar & valid & !timed_bar) & ! (!prot_bar 

(!willy_bar I nilly) ) ; 

II NOR of assertions of prot_ bar* and block_ bar*, this time 

endmodule 

You can judge for your elf which of the two scheme is the less confusing. 

!block_bar) 

The two versions evoke exactly the same designs from the logic compiler, and Verilog will draw 

a schematic gate diagram to show its implementation.4 For a imple de. ign, it may be worthwhile to 

4 Veri log offers two schematic versions of its implementation, under .. Synthesize." RTL (Register Transfer Logic - refeJTing 
apparently to the not-very-interesting point that the typica l circuit include "registers" (flip-tlop.) linked to other registers -
describes a generic des ign and is usually the simpler and clearer. ''Technology . chematic'' show. the way the design will be 
implemented in the p,uticular piece of hardware chosen for the circuit. Sometimes RTL i quite u eless: Xilinx Veri log 
·ometimes will u. e an adder to design a wunter in RTL. when told "count <=count+ I." The technology schematic, in 
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look at the schematic: it's reasswing, when it looks right, and the graphic representation can render 

obviou some errors that are not evident in the text of the source file. 

Figure 15N.4 shows Yeri1og's drawing of the doiLbar logic: no surprises, but reassuring. Yerilog 

uses a wide AND function where the hand-drawn figure used two level ; Yerilog's de ign is better, 

imposing less delay than the hand-drawn ver ion would. Xilinx's ISEl 1 and later allow you to decide 

which -ignal you want to see in the schematic. That' a useful feature in a design with lots of ignals. 

act b varloq 

I block bar> 

~ 

I varict >-

timed bar>------ 1 

I wite bar) 
AN0582 

OR381 

>--~ ~--j d~bar) 
~v 

Figure 15N.4 Schematic gate diagram drawn by Verilog compiler (RTL version). 

15N.3 Considering gates as .. Do this/do that" functions 

A truth table de, cribes a logic function fully, so you may be inclined to think that you can leave your 

under tanding of gates at that level: just write out (or memorize) the truth tables for the fundamental 

functions: perhaps AND, OR, and XOR. But sometimes it helps to think of a two-input gate as using 

one of it input to operate upon the other. That probably sounds cryptic. Some example. will make 

the point. 

AND as Pass/ Block* function: Treat input A as control. Then the AND gate will pass B if A is high, 

block B if A is low: see Fig. 15N.5. 

A B 

0 0 
0 1 
----
1 0 

1 1 

AB 
0 
0 
-- --
0 

1 

B 

I Bwce B 

l PF+ss .B A: PFl$S / BU>c.k 

Figure 15N.5 AND gate 
viewed as Pass / Block*. 

contra. t. shows Verilog coming to its senses, drawing the si mpler traditional counter design. So, to play it safe, look at the 
technology schematic if RTL i far from what you expected. 
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You will , ee AND used this way to implement a synchronous clear* in a counter described in 

Chapter l 6N. You will see it again when we treat oftware masking in Chapter 22N. 

Note that when the gate does what we describe as "block," it is driving its output Low, not imply 

passing "nothing" as a 3-state buffer would . So such a blocked signal must be fed to an OR gate, if 
combined with a 'pas ed" signal, as in a 2: 1 multiplexer: ee Fig. lSN.6 . 

Figure 15N.6 AND gates , when "blocking" must be fed 
to an OR, which ignores lows. 

~ :.SELECT 

The OR gate has the good sense to ignore a low. Simply joining the two AND outputs would fail 

of course, setting up a fight between the two gates.5 

15N .3.1 AND as "IF" 

Here another way of describing how the AND function occa ionally can help: think of the AND 

function as passing or permitting a signal IF a condition is fulfilled (pass B if A is asserted). 

Ordinary language occasionally use the word "and' to mean "if - well, it did in Shakespeare's 
time, anyway. No doubt you recall these lines from Romeo and Juliet6 

And you be mine, I ll give you to my friend; 
And you be not, hang, beg, starve, die in the streets 

For "an' and "and" in this pa sage we would, of cour e, write "if." 

15N.4 XOR as Invert/Pass* function 

An XOR gate can do the useful work of acting as a controllable inverter. The XOR will invert B if A 
is high,pass B if A is low: see Fig. 15N.7. You will see the XOR put to thi use on page 585. 

Figure 15N.7 XOR gate viewed as 
controllable inverter. 

5 This point is noted in § I 4W. I. 

A B A ®B 

0 0 0 1 Pas~ B 
0 1 1 

- - --
1 0 1 

J I hved 1 1 0 B 

~"" t t A Je e rmi.,es wke her-

8--PD-
A: 

Irivui/Pm 

9dte pas5e5 or ~r,verls "B'1 

6 Just kidding. If you remember these line (from Romeo and Juliet, Act lll, Scene 5), you've probably stumbled into the 
wrong cla room or have picked up the wrong book. 
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A B 

0 0 
0 1 
----
1 0 

1 1 

15N.5 

A+B B 

0 l PaH B 1 
-- --
1 J se.t ou+p1.1.t 
1 A: Sff /fia0 

OR as Set/Pass* function 

Figure 15N.8 OR gate viewed as 
Force/Pass* function . 

The OR gate will set the output (force output high) if A is high, pass B if A is low: see Fig. 15N.8. 
You will meet this use of OR in the discussion of software masking jn Chapter 23N. 

15N.6 Sequential circuits generally, and flip-flops 

The combinational circuits that we looked at in § l 4N .3 'live in the present," like the resi tive circuit 

we met on (analog) Day 1. Sequential circuits offer a contrasting behavior that neatly parallel. the 

contrast we saw between Days 2 and 1: RC circuits care about the past, and thus offer behavior that 

are more complex and more interesting than those of purely resistive circuit (§2S.2, Fig. 2S.11 ). The 

same is true of . equential digital circuits in contra. t to combi national. 

:uf(A,B, ... J 

combinational logic ... 

;~f(A,B, ... 
~ andpa,;tJ 

. .. sequential logic 

Figure 15N.9 Combinational versus 
sequential logic circuits: block 
diagrams contrasted . 

If combinational logic were the whole of digital electronics, the digital part of this course would 

now be just about finished. You could close the book and congratulate yourself. 

But, no: the interesting part of digital lies in equential circuits. These permit building counter , 

memories, proces ors - and computers. 

Flip-flop are ea y to under tand. A harder question arises, however when we look at flops in detail: 

why are clocked circuits useful? We will work our way from primitive circuits toward a good clocked 

flip-flop, and along the way we will try to see why uch a device i preferable to the impler de ign. 

15N.6.1 The simplest flip-flop: the "latch," made From a few transistors 

The feedback shown in the block diagram in Fig. 15N.9) appears in Fig. I 5N.10 on the right as the 
link between the output of each transi tor witch and the gate controlling the other MOSFET switch. 

,----------.. This is a circuit that will lock it elf into one "stat ' or the other: one or the other switch will be held 
AoE § 14.5.3: com-
pare Fig. 14.20 ON while the other i held OFF. 

At fir t glance, thi circuit eems to be quite u eless: a circuit that is stuck forever - and, even 

wor e, unpredictable. But the circuit is not really stuck, becau e it is easy to force it to a de ired tate. 

If you turn OFF the transistor that i ON for a moment (by connecting the gate of Lhe ON transistor 

to ground), then the ON witch turns off and, a a re ult the switch formerly OFF turns ON. Thus the 
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Figure 15N.10 Simplest flip-flop: 
cross-coupled inverters . 

Vt 

momentary grounding of an FET's gate can flip the circuit; doing the same to the other transistor can 

flop it back to its other state. 

The name flip-flop provides a charmingly imple description of the circuits behavior. (Engineer 
know how to speak simply· more bjfalutin' peopJe like to ob cure the circuits behavior by calling it a 

"bistable multivibrator" (!)). 

Thi transistor latch can store one bit of information ; in an integrated version the pullup re istors 

would be implemented with transistors a shown in Fig. I SN .11. Two more transistors would permit 

both writing and reading (that is, writing by forcing the cross-coupled transistors to the desired state, 

reading by simply connecting the Qs to the outside world). 

Figure 15N.ll 
Simplest flip-flop as 
applied to store one 
bit in a static memory 
(RAM) . 

V+ 

Q 
J 

15N .6.2 The simplest flip-flop again: the latch made with two gates 

r 

Figure l 5N. 12 shows the cross-coupled latch done with gates rather than plain transistors. Thi is the 

version you will build in lab. 

The bubbles on the inputs of the NAND gates remind us that these gate , will respond to lows: it is 

a low at the S input7 that will "set' the flop (that is will send Q high); a low at the R input will re et 

the flop (that i will send Q low). 

As was true for the equivalent latche built with transistors, the useful property of the circuit i its 

ability to hold the state into which it was forced once the forcing signal i removed. What input levels, 

7 Strictly speaking, the S input should be labeled S, ·ince it is ac tive low. We didn ' t dare label it that way, fearing people 
would ·tart thinking that thi s wa the complement of ome ·ignal. Perhaps we. hould have been more courageous. But thi 
flop is conventionally is called SR rather than S-bar R-bar, .. so may be thi . labeling i. tolerable. 

I AoE § 10.4.1 
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Figure 15N.12 Cross-coupled NANDs form a 
simple SR latch . 

then, let it perform this holding ta k?8 (Those input levels might be said to define the circuit's resting 
state.) 

Thi device works, but is hard to de ·ign with. It is useful to debounce a switch; but nearly useless 

for other purposes, in this simplest barebones form. 

15N .6.3 Switch debouncers 

There are several way to debounce a switch. The SR provides one way - for double-throw witche 
only (not for the simpler ort of switch that simply make or breaks contact between two point ). 

Fig . 1 SN.13 show an SR latch wired as debouncer, and waveform at S* and R*, and at the debounced 
output. It show the SR flop' ability to remember the last tate into which it was forced. When S* 

rises to +5 , and bounces low a few time , Q does not change in response to thL bounce; the bounce 

simply drive the flop alternately into SET and REMEMBER modes. When R* first goes low, it forces 

Q low· when R* bounces high, Q does not change in re pon e, because the flop simply remembers 

the low tate into which it was forced. Again, it alternate between RESET and REMEMBER modes. 

·· ·1 

S* 

n:·----.. 
;::·i'· ~ .. .lotsofbounco, .... -:-1 i· :I~ ~:;:::::" 

(debounced output) __ ~ 
ch1 2.00 v c1i2 s oo v M 1 ooms 

R* 

@re 2.00V 

15N.6.4 But SR usually is not good enough 

Figure 15N.13 Switch bounce: 
first hit sets or resets flop : 
bounce does not appear at 
output. 

But in other settings this flop would be a pain in the designer's neck. To appreciate the difficulty imag­

ine the circuit in Fig. l SN .14 made of such primitive latches and including some feedback . Imagine 

trying to predict the circuit' behavior for all po si ble input combination and hi torie . Painful. 

De. igner · wanted a device that would let them worry less about what went on at all time in their 

circuits. They wanted to be able to get away with letting several signal change in uncertain sequence, 

8 The input combination for ''holding" or ··remembering'' the la t state into which it wa pushed is 11: high on both inputs, 
di a ·ening both Sand R. 
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Figure 15N.14 Example meant to 
suggest that asynchronous circuits are 
hard to analyze or design. 

/ 

--------

~~~~~~~~~-'/ 

- - ------

I 
I 

I 

for part of the time. Fig. 15N.15 shows the ba ic scheme they had in mind. Thi permits Jess perfect 
circuit behavior without a]arming results.9 

Figure 15N.15 Relaxing circuit requirements 
somewhat: a designer's goal. 

reLax 

The gated SR latch , or transparent latch takes a step in the right direction. This circuit i ju ' t the 

NAND latch plus an input stage that can make the latch indifferent to signal at S and R: the input 
stage works like a camera' shutter. 

The two-input SR version shown on the left-hand side of Fig. lSN.16 normally is simplified to its 
D form shown on the right. This single input is more convenient and eliminate the problematic input 
case for the SR, in which both inputs are asserted. 

Figure 15N.16 Clocked or gated SR 
latch (left), and the more useful 
transparent D latch (right) . 

Q 
D--____. 

The circuit in Fig. lSN.17 achieves more or less what we wanted· but not quite. The trouble is that 

it 's still hard to design with this circuit. Consider what sort of clock signal you would want to avoid 

problems with feedback. You would need an ENABLE pulse of just the correct width: wide enough 

to update all the flops but not so wide that an output change would have time to wrap around and call 
for a second state change. Tickli h. 

Figure 15N.17 Transparent latch moves 
in the correct direction : now we can stand 
screwy input levels part of the time. 

tN1!8L.::_E=====~~---~====== 
!Vlt.l iffeYe'r\t to I Co.Yes about l\'\difft.n'l'lt 

1\'1 ut : i'rlDUt ; 
• I I 

Because the simple NAND Jatch i so hard to work with, the practical flip-flops that people actually 

use nearJy alway are more complex devices that are edge-triggered. 

9 Does th i waveform remind you of the average undergraduate ' week, except that a ·tudent · ''do right" duty cycle may be 

lower: perhaps a nruTow pu l eon Sunday evening? If so, th student 's week is more like the timing of the edge-triggered 
Aop of § I SN.6.5. 
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15N .6.5 Edge-triggering 

Edge-triggered flip flops care about the level of their inputs only during a short time just before (and 

in some rare cases after) the transition ("edge") of the timing signal called 'clock:" see Fig. 15N. 18. 

t t Care!- about 
I 

s~ 'J, / ~npvts '\. f"t 
I 

I ~,...,, '-';\,I 
,~, H 

---'-'--Jr L , rr---, I 

-< ---\--) 

Indiffer-er1t to ~11p1lf 
Figure 15N.18 Edge-triggering relaxes 
design requirements . 

An older design, called by the nasty name, master-sla ve, ometime behaved nastily10 and was 

generally replaced by the edge-trigger circuit. The master-slave offers the single virtue that it is easy 

to under tand, but we will not examine it here . (If you are curiou to meet this circuit, see AoE 

§ I 0.4.2). 

The behavior called edge-triggering may ound imple, but it u ually takes people a longi h time to 

take it seriously. Apparently the idea violates intuition: the flop acts on what happened before it was 

clocked, not after. How is thi s pos ible? (Hint: you have een something a lot like it on your copes, 

which can show you the waveform as it wa a hort time before the trigger event. How i that magic 

done? 11 ) 

"Oata" input Sefl and Resefl 
'---.. __---:; (normally dis-asserted) 

".... r--->-!-s ___, 
clock D 
( edge-sensitive) 

-----
+5 Figure lSN.19 74HC74 edge-triggered D flip-flop . 

D (for data) flip-flop : Figure 15N.20 shows it crucial timing characteristics. AD-flop only saves 

information: it does not tran ·form it. But that simple serv ice is enormously useful. 

Digression on the signal name "clock": The name "clock" for the updating signal introduced in 

§ l 5N.6.5 is potentially misleading. It uggests to a thoughtful reader, everal notions that do not 

apply: 

• the term uggest something that keeps track of measures or accumulates time~ 

• or, even sh011 of that, it suggests at least omething that ticks regularly: a sort of strobe or heart­

beat. 

10 Some master- lave J K flops showed a pathology called ··ones-catching ' : they were ens1t1ve to event that occurred while 
the clock wa · at a single level , high, rather than being re pon. ive only to a change in clock level. 

11 An an werto this riddle appear. in § 16 . I. I, e pecially Fig . l6N.7 and 16 1.8 . 
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Figure 15N.20 0 -flop 
timing: setup time and 
propagation delay; hold 
time should be zero. 

I I 

c.l k ===========:::::::).r;~! ~I -----

during setup time, 0 input must be stable. :; I~ 
A good flop cares about its input only here setup time ~ 
(hold time, in other words, is zero) 

Neither notion applies to the clock of a flip-flop. (A clock may be - and fairly often is - a steady 

square wave; but it need not be.) 12 A clock is no more than a trigger signal that determines when the 

flip-flop updates its memory. 
A better word for the signal might be "update." But we are stuck with the term 'clock." Just get 

used to di believing its metaphor. The engineers who named it were not competent poets. 

Triggering on rising- versus falling-edge: The D-flop hown on the left in Fig. lSN.21 responds to a 

rising edge. Some flop respond to afalling edge instead. A flop never re ponds to both edges. 13 As 

with gates, the default a sumption i that the clock is active high. An inver ion bubble indicate active 

low: afalling edge clock. 

Figure 15N.21 Clock 
edges: rising or falling 
edge. 

Edge- versus Level-sensitive flops and inputs: Some flip-flop or flop functions respond to a clock­

like ignal, but not to the edge itself; that i , the device does not lock out further change that occur 
after the level begin . The transparent latch is uch a device. We met this circuit back in Fig. ISN.16. 

Examples of level-sensitive inputs: 

• A "transparent latch,'' Jike those used in the LCD display board described in Lab 16L). 

The character displays we sometimes u e in these labs work a shown in Fig. lSN.22. 

• The latches included on the AD558 Digital-to-Analog Converter, which you will meet in§ 18L. l. l, 

work as shown in Fig. I SN.23. The transparent behavior allow one to ignore the input regi ter, 
getting a ''live" image of the digital input, simply by tying En* low. 

• Reset on a flip-flop. The Reset* and Set* ignal reach into the D-flop s output latch, and prevail 

over the fancy edge-trigger circuit that precedes the out latch; ·ee Fig. lSN.24. Thi o-called 

'~jam type" takes effect at once. j AoE § 10.4.2A 

This set-or-reset scheme i univer al on flip-flops, not quite universal on counter .. But a reset 

is never treated as a clock itself - even in the case (called synchronou ') where the action of 

12 It is not a ceady wave, for example, when the clock ignal come from a pu hbutton - a in the single-step logic of th Jab 

microcomputer. In that circuit. a user presse a button ; a debounced version of thi button-press applies a rising edge to a 
D-flop who. e D input is tied high. Such scheme are quite common. 

13 Well , hardly ever. Flip-flops u ing both edge. seem to be confined to programmable logic such as the Xilinx Coolrunner ll . 
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Hold/---­
/' T~anspoYerit 

ADS58 

DAC 

::-::~_ 

L 

Figure 15N.22 Level-sensitive: transparent latch : Output 
follows or displays input while En* is low . 

a 

Figure 15N.23 Transparent latch on DA( 
allows one to use the DA( as continuous 
converter, if necessary. 

Figure 15N.24 Reset* and 
Set* on 74xx74 D-flop . 

resetting 'waits for the clock." The edge-triggered behavior is reserved for clocks, with only the 

rare t exceptions (like the 8051' intem1pt-request line ). 14 

Edge-triggering u ually works better than level-action (that is, makes a designer's tasks ea ier) ; 

edge-ttiggering therefore i much the more common configuration. 

14 The ·e INT* line are not quite true edge-triggered inputs. but "pseudo-edge ·en. itive:" they respond to a transition, 
detected as a differen e betw en levels before and after a processor clock. Their behavic r is. however, ve ry cl e to 
edge- en itive. 



582 Flip-Flops 

15N.7 Applications: more debouncers 

15N .7.1 D-flop and slow clock 

A D-flop can debounce a switch if you have a slow clock available to you. The strategy is to make 
sure that the flop cannot be clocked twice during bounce. If it cannot, then the output - Q - cannot 

double back. 

Unlike the SR debouncer, thi method introduces a delay between switch-do ing and output. Oc­

casionally that matters (for example in the reaction timer de. cribed in § 19L. l .2)~ u ually it doesn't. 

Thi debouncing method has the virtue of working with the simpler cheaper witch: the ingle-pole 

type (SPST). Fig. 1 SN.25 shows the dead-simple circuit: 

1------0 Qt-------1 

Figure 15N.25 Another debouncer: 0-flop and 
slow clock. 

CLK~ 
• ~----period > fbounce 

In Fig ·. l 5N.26 and l SN.27 are ome waveform making the point that the clock period must 

exceed bounce time. When the clock runs too fast, as in Fig. 15N .26 the flop passes the bounce to the 
output: not good. 

Figure 15N.26 0-flop 
debouncer must use a clock 
period greater than bounce time: 
here, clock is too fast . 

0-flop debouncer: 

... clocked too fast, 
passes bounce ... 

clock 

bouncing contact 

a: debounced output 
(debouncing has failed) 

A slower clock, as in Fig. 15N.27 does the job: the main drawback of this debounce method - in 

addition to the uncertain delay - i the need to generate the slow-clock signal. If you need to debounce 

a single witch, it is not an appealing method. If you need to debounce several lines - a in our powered 

breadboards, where two switche are debounced, or in the microcomputer keypad that you soon will 
meet, where five lines need debouncing - the low-clocked flop method make sense. 

15N.7.2 Positive-feedback debouncer 

The simplest debouncer, for a double-throw switch ("SPDT') is just a non-inverting CMOS gate with 

feedback: see Fig. l SN.28. At first glance, this may look too imple to work - but work it does. The 

key notion is that the gate input never.floats· the gate input is always driven by the gate output, even 

when the switch i in transition, not touching either +5 or ground. 
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15N.8 Counters 

15N.8.1 Ripple counters 

15N.8 Counters 583 

clock 

bouncing contact 

Q: debounced output 
Figure 15N.27 0-flop 
debouncer must use a clock 
period greater than bounce time: 
here, period is long enough. 

Figure 15N.28 Another debouncer: 
positive-feedback with CMOS gate. 

Ripple counters are simple but their weakness is that their Qs cannot change all at the same time. The 

progre sing waveform visible in Fig. lSN.30 gives the counter it name. 

D 

CLk 

Q 

Q 

CU< 

Figure 15N.29 
Simple counters: 
"divide-by-two" ; 
"divide- by-four" 
(ripple type) . 

Becau e the several flops change . tate in succession rather than all at once not only are they slow 

to reach a table tate but also they necessarily produce transient tates that ought not to be pre ent. 

The two-bit counter in Fig. 1 SN.29 is a down counter, because the second flop change only when 
the first is low before the clock edge. lt is easily tran formed into an up counter. 15 

An integrated ripple counter, like the 74HC393 , forms an up counter by u ing a falling-edge clock. 

Its ripple delay are le s than those hown by the counter built from 74HC74 D-flops (Fig. l5N.30). 

The '393 flop-to-flop delay are about 4n. (Fig. lSN.31 ). 

15 How? Just treat the Q as output : r, equivalenlly. treat Q as an output but u, e Q to do the ripple clocking. 
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Figure 15N.30 2-bit ripple counter shows 
delay between Qs - thus false transient 
states. (Scope settings: 2V / div , 4ns/ div .) 

Figure 15N .31 Integrated ripple counter 
shows less delay between Q's - but still 
ripples. (Scope settings: 2V / div, 4ns/ div .) 

15N.9 Synchronous counters 

15N.9.l What synchronous means 

clock----
6 : 9. t2ns 

.... I 
:~-41 __ 

-·----- ~_ _J 
QO 

Qt 

Ch 1 2.00 v Ch2 2.00 v M 4 . oons 
i!lll 2. 00 V 

ripple counter made from 74HC74 flip-flops 

Cli-i 2. 00 v ·· Ch2 2.00 v M 4.00ns 
Sl!l 2. 00V 

74/.IC393 r;pple counter 

delay 
(4ns) 

A synchronou circuit sends a common clock to all of it flip-flop ; so they all change at the same 

time. 16 This i the sort of design one u ually trives for. 

The signature of the synchronous counter, on a circuit diagram, i ju t the connection of a common 

clock line to all flops (hence syn-chron: same-time). The synchronou, counter - like synchronous 

circuits generally - is preferable to the ripple or asynchronous type. The latter exist only because their 

internal simplicity let one stiing a lot of flop on one chip (e.g. , the "divide by l6k' counter we have 

in the lab - the '4020, or the more spectacular ' 4536: div.ide-by-16M). 

Figure 15N.32 hows a generic synchronous circuit; there no clue to what it may be doing. but its 

synchronous quality i very obviou . 

15N.9.2 Synchronous counting requires a smarter flip-flop 

Making a counter that work thi. way requires a flop smarter than the one used in the ripple counter. 

Whereas the ripple counter' flop change tate whenever clocked, the sync counters flop are clocked 

continually, and should change only sometimes. More specifically the second flop in the timing dia­
gram Fig. 1 SN.34 and circuit Fig. l 5N.35 - Q1 - hould change on every -econd clock ; if there were 

16 Except lo the mall extent that propagation delay. of the several flops may differ. 

j AoE § I 0.4.3F 
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Figure 15N.32 Generic synchronous 
circuit: common clock is its signature 
feature. 

a third flop Q2 it should change on every fourth clock, and so on. In order to get this behavior from 

flops that are clocked continually we need a flop (to implement Q 1 here) that wiJJ, under external 

control, either hold it present state or toggle (flip to the other state). That is called "Toggle Flop" or 

"T-flop" behavior. 

And XOR can make a D-flop into a T: It turn out that an XOR gate is just what we need in order 

to convert a humble D-flop into the smarter T-flop. We noted, back in § 15N.4, that the XOR function 

can be described a one that lets one input determine whether the other input is passed or inverted. 

With the help of the XOR, then, we can make a D-ftop into a T - one that change on the next clock 

only if its T input is driven high: see Fig. JSN.33. 

D Q 

Clock ___ ~ 

lSN.9.3 The counter behavior we want 

Figure 15N.33 An XOR as pass* /invert can convert 
a 0 -flop into a T. 

Figure 15N.34 shows a timing diagram for a synchronous divide-by-four, noting the cases where we 

want Q1 to change and tho e where it. hould hold. We will connect D- and T-flops as required, to get 

this desired behavior. 

Clock 

Fr-e~venc.u 
f J 

fi2 {"divide by tw,,i'} 

f/tf t'Jiv.de hJ }our") 

Figure 15N.34 
Timing diagram 
showing how we'd like 
our synchronous 
divide- by-four counter 
to behave. 

Since the low-order flop, Qo , change on every clock it doe n ' t need to be smart: ju t tie Qo* back 

to Do, as in the ripple counter. Jt' Q1 that need to be a little smarter. 

In two ca. es shown in Fig. l SN.34 Q1 hold its present tate after clocking (the e case are labeled 
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"No change,' in the figure); in two other cases Q 1 changes state. What we need to arrange then, is to 

have the econd flop's T input driven high each time we want change on the next clock, and driven 

low when we want Q I to hold on the next clock. 

Setup-time: an important subtlety: In making a ynchronous design, it is essential to drive all the 

input properly before the clock edge (in our case, the rising edge). It won't do therefore, to look at 

Fig. 15N.34 and say, "Oh, I see: Q, should change whenever Qo falls.' That information - "Qo has 

fallen" - comes too late. Our circuit needs to drive T1 appropriately before the next clock edge. More 

preci ely, it needs to drive T 1 early enough so that D1 is in the coffect state by setup-time before 

the clock edge. (For the 74HC74, t etup is 16ns max; the typical value - versus max - is j ust a few 

nano econds.) 

So Q 1 will behave as we want if we te1J it, "Change on the next clock if Qo is high.' The simple 

wiring in Fig. l SN.35 implements that design. 

D
0 

G0 ~-+--- --/ 

a". 

Figure 15N.35 Synchronous counter. ClK ___ _ ___________ ~ 

15N.10 Another flop application: shift-register 

The circuit in Fig. 15N.36 is about a simple a flop circuit as one could imagine: ju ta ort of dai y 

chain. 

Figure 15N.36 Lab shift register. 
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cloc.k 

- 3 
R Q 

- b 
R. Q 

Q io 13 D Q 15 

- 11 
11.. Q 

- 14 
R. Q 

+5~~---------..-------1------' 

A shift-regi ter generates predictable, orderly delay; it shifts a signal in. time· it can convert a serial 

stream of data into parallel form, or vice versa. Serial to parallel is the easy direction: see Fig. lSN.37. 

Such a circuit is usefuJ because it pem1its using a small number of lines to transmit many bit of 

information (the minimum number of line for a imple hift register would be two: data and clock; 

some scheme - more complex - can omit the clock). 17 Conve1ting from parallel to ·erial is not quite 

so imple. It requires multiplexer logic feeding each D (except the fiL t): one must be able first to 

steer parallel data into each D "loading" the shift register then to revert t the normal daisy-chained 

shift-register wiring in order to hift out the erial stream. 

In the lab you will use a shift regi ter for a different purpose: to generate a pul e; that is, to act like 

a so-called 'one-shot." A NANO gate added to the shift-regi ter does the job. (We u two because 

17 We will glimpse the e clock-less serial protocols later in the course: we will . ee it in the traditional RS232 serial scheme 
(§24N.4. l ), and in the rnor' recent USB which, however. uses two data line becau e it uses differential signalling for 
good noise immunity at modest voltage .. 

I AoE § I 0.5.3 



15N .11 AoE Reading 587 

n Parallel Out 

Serial In Oo G0 ... Gn 

Clock----' 
Figure 15N.37 Shift-register can convert data from 
serial form into parallel. 

in a later lab we need a double-barreled one- hot). See if you can sketch its timing diagram, and then 

what happens if you wire a NANO gate, as in the lab, to detect QoQ1. 

15N.ll AoE Reading 

Reading: 

Chapter 10 (Digital Logic I): 

§ I 0.4: sequential logic 

in § l 0.5, Sequential Functions available as IC , ee especially 

o § l 0.5.1: latches and registers 
o §10.5.4: PLDs 

§ I 0.8: logic pathology, e pecially 

o § I 0.8.2: switching problems 

o §10.8.3: weaknesse. of TTL and CMOS 

Chapter 11 (Digital Logic ll): 

§ I l.l : PLD hi tory 

§ 11.2. I : PAL , tructure 
give just a hasty glance at the FPGA (§ 11.2.3 

Specific advice: 

You need not won-y about Karnaugh mapping. lt was a u efuJ device in the era before 

computer logic compilers. These have now made Karnaugh mapping obsolete. 
Concentrate on flip-flop and counters in §10.4. 



15L Lab: Flip-Flops 

15L.1 A primitive flip-flop: SR latch 

This circuit, Fig. I 5L.1 the most fundamental of flip-flop or memory circuit., can be built with either 

NANDs or NORs. We will build the NAND form. It is called an SR latch because it can be "Set' 

or 'Reset.' In the NAND form it also i called a' cro s-coupled NANO latch." Build thi latch, and 
record its operation. Note, particularly, which input combination defines the "memory tate;' and 

make sure you understand why the tate is so called. 

Figure 15L.1 A 
simple flip-flop : 
cross-coupled NANO 
latch . 

Operation Table 

S R Q 
0 0 
0 1 
1 0 
1 1 

Leave th.is circui1 set up. We will u e it shortly. 

15L.2 D type 

f?pu 

_r8 
-

f?pu 

_r8 
--

+5 l?pu: a few k 
(fk to 10k) 

Q 

1-(COO 

pin 7 = gnd 
pin 14 = Vee/ Voo 

Practical flip-flops It turns out that the imple latch i very rarely used in circujt design. A more 

complicated version, the clocked flip-flop is much easier to work with. The simplest of the clocked 

flip-flop types, the D, simply aves at its output (Q) what it saw at its input (D) ju t before the last 

clocking edge. The particular D flop used below the 74HC74 responds to a rising edge. 

The D flop is the workhor e of the flop stable. You will u. e it I 00 time for each time you u. e the 

fancier JK (a device you may have read about, but which we are keeping out of the lab because it is 

almost obsolete). Perhaps you will never use a JK. 

15L.2.1 Basic operations: saving a level; reset 

The D's performance i not .fla by, and at first will be hard to admire. But try. 

Feed the D input from a breadboard slide switch. Clock the flop with a 'debounced" pushbutton. 

The pu. hbutton witche on the left ide of the breadboard will do. Note that these switch terminal 

need pull-up resistors, since they have open-collector outputs. Thi. you saw la t time; but perhaps 
you've forgotten.) 

Warning: a surprising hazard. The value of the re. istor used as pull-up on CLOCK turn out to matter. 
A Jarge pull-up value (say, 2: lOk) is likely to caus mischief: that i explored on page 590. 
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Figure 15L.3 
D-flop biting its 
own tail. 

15l.2 D type 589 

Di -assert Reset and Set ( ometime calJed Clear and Preset), by tying them high. 

Note that the '74 package includes two D-flops. Don ' t bother to tie the inputs of the unu ed flop 

high or low: that i good practice when you build a permanent circuit (averts possible intermediate 

logic tate that can waste power, as you aw last time) - but would slow you down unnecessarily, as 

you breadboard circuits. 

+5 

frotY\ f .slide switch 

"de~J 
switc.h ) 

1 

+S 

! 74HC74 
Vee= 14 
GND : 7 

14 13 12 11 10 9 8 

+5 CU? Oz Q2 Qz 
2
74I-IC74 

2 3 4 5 13 7 
74 XX 74 Ouat O flop 

Figure 15L.2 D-flop 
checkout. 

• Confirm that the D-flop ignores information presented to its input until the flop i · clocked. 

• Try asserting Reset. You can do thi s with a wire; bounce i harm le s here. (Why? 1) What happens 

if you try to clock in a high at D while asserting Reset? 

• Try asserting Set and Reset at the ame time (something you would never purpo ely do in a u. eful 

circuit). What happens? (Look at both outputs.) What determines what tate the flop rest in after 

you release both?2 (Doe. the answer to that question provide a clue to why you would not want 

to a ert both Set and Reset in a circuit?) 

lSL.2 .2 Toggle connection : version I: always change or "divide-by-two" 

The feedback3 in the circuit in Fig. 15L.3 may trouble you at first glance. (Will the circuit oscillate?) 

The clock, however, makes this circuit easy to analyze. In effect, the clock breaks the feedback path. 

Build this circuit and try it. 

• Fir t, clock the circuit manually (but ee page 590 concerning the value of the pull up resistor). 

• Then clock it with a square wave from the function generator (the breadboard generator is les 

good than an external generator, with its higher f max)- Watch Clock and Q on the scope. What i 
the relation between !clock and fo.? (Now you know why this humble circuit is sometime called 

by the fancy name "divide-by-two.") 

• Crank up the clock rate to the function generator' maximum, and measure the flop 's propagation 

delay. [n order to do this, you will have to consider what In and Out voltages to u ea you mea­

sure the time elapsed. You can settle that by asking yourself just what it is that is "propagating." 

Tf the answer to thi s question is that it is "a change of logic level" that propagates, then what i 

the appropriate voltage at which to measure propagation delay?4 

I The first low achieves the reset. Bounce - causing release and then rea. sert ion of Reset* causes no further change in Q. 
2 The re. ult i unpredictable, becau e it depend, on which of the two inputs - * or R* - ha · the last word: that is. which i, 

the last to cros it thre ·hold, ri ing from low to high. 
3 See Chapter 15 for difficultie. that feedback introduces into non-clocked sequenti al circuits. 
4 Since it is logic-level change that is propagating, we should measure time th voltage that typically defines a level change. 

For 5V CMOS that is 2.5V. 
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Looking for Trouble? 

Here' · a side excursion for the adventurous. 
We aid .. clock the circuit manually," and assume that you would carry out this tep by using one of 
the PB503 's debounced pushbuttons - probably the NC, so that you get a clock upon pressing the 
pushbutton: 

Breadboard' debounced witches: these require a pullup re istor. 

You need to choose a value for the pullup resistor. At first glance, the value doesn t seem to matter, as 
long as it 's not so tiny that it overloads the transi ·tor witch . But in fact the pullup value does matter. 
To help you see how the flop is behaving, di play its Q on one of the breadboard ' LED's. Now. try 
Rpullup = I k. This should work well : the flop shou ld toggle each time you pres the button. 
Now try R pullup = lM. This should work badly: you should see the Q ometime toggle - and at other 
ti mes appear not to respond at al I. 
Thi occur becau e of the slow rising edge provided by the over-large Rpullup· This big R driving 
stray capacitance, produce a slowly-ri ing edge that an edge-triggered device finds trouble ome. The 
problem is exactly the one that you saw causing weird in tability in the LM311 comparator, back in 
§8L.1 .2 (remember the "Taj Mahal by moonlight"?). 
You will find a cope image detailing the effect of uch a slow edge in § 16N.2. l . ea scope to watch 
clock and Q, triggering on Q, and see if you can make out what goe wrong when the value of Rpullup 

i too large. 
Then restore the small Rpullup of lk to clock your later circuits properly . 

.. 2.3 Toggle connection . Version II : change when told to or T -flop 

10re useful toggle circuit uses an input to determine whether the flop should change tate on 

t clock. This behavior is properly called "T" or 'Toggle." (The preceding circuit - which togJ 

ay - i not called a T-type; the best name for it is probably "divide-by-two.") 

'igure 1 SL.4 . hows how the circuit hould behave. Show how to use an XOR gate and a D-flo 

ce such a T-flop. Note that an XOR can serve as a controllable inverter if you use one input to 

Ras Signal, the other as Control as you saw in Chapter l5N . 

....................... .. .......... 
: : whole circuit t 
: ; a T-type flip-1 

\___/ 

Figure 15L.4 T -flop behavior. 

o exerci e your T-flop clock it from the function generator control it with a manual witch, 

ch clock and Q on a scope. 

~eep thi s T-flop set up· we will use it again. 
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15L.3 Counters: ripple and synchronous 

15L.3.1 Ripple counter 

If you wire a flop to toggle on every clock (the ea ie, t way to do this is with a D-flop5) and cascade 

two such flops, so that the Q of one drives the clock of the next, you form a "divide by four" circuit. 

One flop changes on every clock; the other change on every other clock. Evidently, you could extend 

thi scheme to form a divide-by-a-lot. Today we won ' t go further than divide-by-four. 

Wire a second D-biting-its-tail flop; cascade the two flops to form just uch a divide-by-four rip pf e 

counter. Show what the circuit looks like. 

• Watch the counter' outputs on two LED while clocking the circuit at a few hertz. Does it divide 

by four? If not, either your circuit or your understanding of this phrase i faulty. Fix whichever 

one needs fixing. 

Thi counter behaves oddly in one respect: it counts down. An easy way to make it count up 
(or are we only making it appear to count up?) is just to watch the Q outputs rather than the Q's. 
(Ripple counters usually are built withfalling-edge clocks, instead; then the Qs do count up.) 

• Now clock the counter as fast as you can, and watch Clock and first Qo then Q1 on the cope. 

Trigger on Q 1 • 

• Watch the two Qs together and ee if you can spot the rippling effect that gives the circuit its 

name: a lag between changes at Qo and Q1. (If you are using an analog cope, you will have to 

sweep the scope about a fast a. it will go, while clocking the counter fast to make the display 

acceptably bright.) 

15L.3.2 Synchronous counter 

The timing diagram in Fig. 15L.5 shows how a synchronous divide-by-four counter ought to behave. 

CLOCK 

Go 
I I 
I I 
I I 

t I 

\_ t setup 

Figure 15L.5 Timing diagram showing behavior 
wanted from synchronous divide-by-four counter. 

A you know, the diagram is the ·ame as for a ripple counter - except for one important point: in the 

ynchronous design all flops change at the same time (at lea., t, to a tolerance of a few nanoseconds). 

Achieving thi small change in behavior requires a thorough rede ign of the counter. 

You will need a T-flop to make a synchronous counter. Then the key is to find, on the timing 

diagram, the pattern of pre-clock conditions that determine whether Q1 ought to change (toggle). To 

permit ynchronous behavior, we must look at condition before the clock edge (during set-up time); 

no fair to say omething like "let Q1 change if Qo falls·" that cheme would carry us back to the ugly 

ripple behavior. 

5 You don ' t need the fancier "T'' behavior to build a ripple coun1er. You will need it to make a synchronous counter. 
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Figure 15l.6 Microswitch bouncing from high to low 
(pulled up through lOOk . Note that this pullup value is too 
large to provide a healthy fast-rising clock edge) . 2ms 

Once you have discovered the pattern, drive To appropriately, and try your design. Again, keep this 

counter set up. 

See if you can use the scope to confirm that the ripple delay now is gone: watch Qo and Q1 again. 

Synchronous counters are standard, ripple counters rare. ln many applications, the ripple counters 

slowne in getting to a valid state and it production of tran, ient false states are unacceptable. 

15L.4 Switch bounce, and three debouncers 

Figure 15L.6 i a photograph of a storage cope6 showing a pushbutton bouncing its way from a high 

level to low. 

To see the harmful effect of switch bounce, clock your divide-by-four counter with a (bouncy-) 

ordinary witch such as a microswitch pushbutton as in Fig. J 5L.7. Watch the counter's outputs on 
two LEDs. The bouncing of the switch i hard to see on an analog . cope (easy on a digital), but its 

effects should be obvious in the erratic behavior of the counter. 

Figure 15L.7 Switch bounce 
demonstration . 
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15L.4.1 Watching switch bounce (Optional : for scope enthusiasts) 

Switch bounce is hard to see on an analog scope, because it does not happen periodically and becau e 

the bounce in any event do not occur at exactly repeatable points after the switch is pushed. (On a 

digital scope, on the other hand freezing an image of recorded witch bounce L dead ea y.) 

You can ee the bounce, at least dim I y, however, if you trigger the analog scope in normal mode with 

6 Incidentally. this "storage scope" wa. an ordinary analog ·cope fed by a microcomputer of the kind you will build later in 

thi course. The computer took sample. during the bouncing process, stored them in memory, then played them back 
repeatedly to give a table display. You will have a chance to try this, if you like, during a microcontroller lab. §24L. l .3 or 
§25L.2.3 . 
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a sweep rate of about 0. l m /cm. You will need some patience, and some fine adjustments of trigger 

level. Some switches bounce only feebly. We suggest a nice snap-action switch like the microswitch 

type. 

15L.4.2 Eliminating switch bounce: three methods 

Cross-coupled NAN Os as debouncer Return to the first and simplest flip-flop (which we hope you 

aved) , the cro s-coupled NANO latch, also called an SR flop. As Input use the bouncy pushbutton. 

Ground the switch's common terminal, and make ure to include pullup resi tor on both flop inputs 

(they hould be there, still)· see Fig. 15L.8. 

Why does the latch - a circuit designed to "remember" - work as a debouncer?7 

Figure 15L.8 NANO latch as switch debouncer. 

CMOS buffer as debouncer (positive feedback) Figure l5L.9 shows a much simpler way to de­

bounce when you use a double-throw switch (SPDT) like the one used in the preceding exercise, 

debouncing with NANO , a in Fig. 15L.8: just use a non-inverting CMOS gate8 with it output talk­

ing to its input. 

+5 

~.---1 
.J_ / HCOB or HCTOB \ 

@(no bounce visible, n.b.J @ (clean) Figure 15L.9 CMOS AND gate as switch debouncer. 

This one is no fun to watch - because no bounce will be visible, even at the input. Once you see 

why this i so, you will have understood why this circuit work as a debouncer. Tn particular, what 

happen during the time when the switch input to the AND i connected to neither +5 nor ground? 

D-flop as debouncer; discovering duration of switch bounce A plain D-ftop can debounce, if clocked 

appropriately. Wire up thi. circuit to test the notion. Fig. 15L. JO suggests using one flop of a 4-flop 

175 because you are about to u e thi part in another circuit. 

Start with a high-frequency square wave driving the D-Hop clock (say, I OOkHz or more). You should 

ee evidence of bounce in the counter' misbehavior. Now lower the clock rate to lOOHz. Bounce 

hould cease to trouble the counter. Raise the clock frequency till evidence of bounce reappears. Note 

7 [t doe because bounce makes the input revert to their memory state, in which they imply hold the ' tale into which they 

were pushed when the particular input earli.er went low. 
Thi c ircuit doe not work reliably with TTL: it '. a CMOS . pecial. 
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{114 741-1C175) 

Figure 15L.10 D-flop 
as debouncer. 
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the clock pe1iod (you'll get the best information by watching the clock on the scope of course· you'll 

get a ball-parkfrequency from the dial on the function generator). That clock petiod reveals how long 

your switch is bouncing. 

15L.5 Shift register 

This is an important device - but some people will have run out of time around this point. Don 't won-y 

if this happen · to you . The circuit is not hard to understand even if you don 't get a chance to build it. 

The digital one-shot of § I SL.5.3 based on the , hift-regi ter, i used in a later circuit, a "capacitance­

meter. This circuit i described in Lab l6L and also appear among suggested digital projects. But 

you can build all of this later if you find you need the one-shot and don 't have time for it right now. 

Some people will not build the capacitance-meter and thus will not need the one- ·hot. 

With that in mind, build the circuit in Fig. 1 SL.11 (a digitally- timed one-shot that evolves from 

the shift-register) on a private breadboard; you may u e this circuit next time. We use a convenient 

tructure in this circuit that include four flops with a common clock. Such a configuration i called 

a "register," and here it is applied to the particular use as shift-register. The circuit delay the signal 

ca1led "IN,' and synchronizes it to the clock . Both effe ts can be u eful. You wiJI use thi circuit 

in a few minutes as a one-shot - a circuit that generate. a single pul e in respon e (maintaining the 

metaphor9) to a "trigger' input (here, the signal called IN). 

I 

C oc.k 
Figure 15L.11 Shift-register. 

'1~ HC 17 
Vee. = 1', 
G-t-lD = B 

'1 D Q ~2'----'s~ D Q 7 12 D Q 10 13 D Q 15 

- (, 
?- Q 

Clock the circuit with a logic signal from an external function generator; u e the breadboard's 

oscillator to provide IN. Let fc1ock be at least 10 x f1N. 

9 As you may have gathered already, engineer have at least some of the characteristics of good poet : they keep the images 
simple and vivid . They call the pedant 's "monostable multivibrator" a one-shot: they call the pedant's 'bi table 
multi vibrator" a "flip-flop," as you know. They call the active-pull up output tage of a TTL gate "totem pole,' because 
that' what it looks like. The synchronizi ng color-burst in a TV signal it ' on the waveform's "back porch ." There\ lots of 
this vivid imagery in engineering. Can the language of the social sciences offer any comparable pleasure ? 
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15L.5.1 One flop: synchronizer 

• U e the scope to watch IN, and Qo (Q of the leftmo t flop); trigger the scope on IN. 

• What accounts for the jitter in signal Qo? 

• Now trigger on clock, in tead. Who's jittery now? 

• Which signal is it more reasonable to call jittery or unstable? (A sume that the flops are clocked 

with a sy tern clock: a ignal that times many devices, not just these 4 flip-flops.) 10 

15L.5.2 Several flops: delay 

• Now watch a later output - Q1, Q2, or Q3, along with IN. (We' ll leave the triggering to you, thi s 

time.) 

• Note the effect of altering f~tock. 

15L.5.3 Several flops plus some gates: double-barreled one-shot 

A little logic - u ed to detect particular states of the shift-register - can produce pulses of fixed 

duration in re ponse to an input pulse of arbitrary length (except that the pul e mu t last Jong enough 

to be sure of getting 'seen" on a clock edge: in other words the input pulse must last longer than a 

clock period). The one-shot' input ignal is called the ' trigger. 

In Fig. l 5L. l 2 we show a pair of output pulses we would like you to produce. If you fill in the 

hift-register waveforms, you will discover the logic you need in order to produce those pulses. 

c.lo< k f :r, 
tri9 t 

Qo {:: _ 

Q1 f :s_ 
oz{:_ 
Q3!H 

lo-

ft:S-
OVT 8 lo ..... 

Figure lSL.12 Timing diagram for 
digitally-timed one-shot. 

Incidentally, this all-digital circuit - whose output pulse is timed by the clock - is not what people 

usually mean when they say "one- hot: ' the mo t common form u es an RC to time the pulse width. 

Such a one- hot is sometimes more convenient, but lacks the great virtue of synchrony with the rest 

of the digital circuit. 

Draw your own design and checkout the following. 

• Slow-motion: first use a manual , witch to drive Trigger, and set the clock rate to a few hertz. 

Watch the one- hot output on two of the breadboard' buffered LED . Take trigger low for a 

econd or o, then high . You should see first one LED then the other fla h low, in response to this 

low-to-high tran ition. 

10 Since we treat the clock a the reference timeba c, when we trigger on clock we notice the uncertainty of the input 
waveforms timing. It makes en e to say that the input i "ji ttery:· 
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• Full -speed: when you are 'atisfied that the circuit works drive trigger with a quare wave from 

one function generator (the breadboard 's) while clocking the device witb an external function 

generator (at a higher rate). 

How would you ummarize the trengths and weaknesses of this one-shot relative to the more usual 

RC one-shot? 11 

11 Well, in ca ·e you're interested, here are our views: Strength: the digitally-timed one- hot's great virtue is that it , output is 
synchronous with the system clock, o its pulse begin and end · at a predictable time, shortly after the clock edge, and 
safely away from tsctup · The only weaknesse. are the greater complexity of the circuit relative to a traditional RC-timed 
one-shot , and the circuit 's latency: the output can be delayed as much as one full clock cycle from the rise of trigger. The 
digital ver ion also will not re pond al all to a trigger ignal that is 100 brief. 
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155 Supplementary Note: Flip-Flops 

155.1 Programmable logic devices 

Hearing programmable,' you may think of memories, which are indeed "programmable Logic de­

vice ." But PLD is a term reserved for devices organized differently from memories, and designed, 

broadly peaking to replace di crete gates rather than to store data and code a memory ordinar­

ily does. 1 Programmable devices have superseded the small packages of gates like those you met in 

Lab 14L: packages that provide four 2-input NAND for example 74HCOO. A PLD is much more ver­

, atile than a cabinet full of 74xx gate , and very much denser and therefore makes a de ign cheaper 

to implement and much ea ier to amend. The appeal of PLDs i irre i tible. 

155.1.1 Varieties of programmable devices 

PA Ls and GA Ls PLDs began to appear in the mid-1970 . . After ome experimentation with the form 

of internal logic, one dominant scheme appeared: the so-called PAL (a trade name for Programmable 
Array Logic - a clever rearrangement of letters to fom1 a u er-friendly acronym) . Thi i a bunch of 

wide AND gate feeding an OR ("sum of products" form): see Fig. I 5S. l. 
The implicity of this structure made the parts fast - somewhat faster than little packages of gates 

( 'Small Scale Integration;' SSI), because internal capacitances were lower than printed-circuit capac­

itances. Reduced capacitances not only let logic levels change fa ter but also permitted the gate to 

omit driver tage . The result wa greater speed. 

A variety of PALs appeared: ·ome with active-low outputs, others active-high; some with flip-flops 

included; some with a few wide ANDs, others with narrower but more numerous AND feedjng 

the OR. This variety wa good in a way, and aL o a nuisance, requiring u ers to stock lot of parts. 

Early PALs, like early Read Only Memories (ROMs) were programmed by selectively melting or not 
melting a tiny fuse on each signal line· hence u e of the term "burn" for program. Later ver ions of 

PAL were reprogrammable. 
Figure 155.1 PAL 
cell. To solve the problem caused by the exce sive variety of PAL that a u er had to tock, another 

company developed a more ver atile standard circuit: a "generic' design that could be configured a. 

convenient: active-high or -low, flop included or not. The e, see Fig. 15S.2, got the tradename GAL.2 

Early PAL held a few hundred gates. Such PALs (or PLO ) nowadays are labeled PLD, in contrast 

to more recent PLOs which can hou e thou ands of equivalent gates. The e proudly call themselve 

CPLD. : "Complex PLO ."3 The element that make up the CPLD are called "macrocells.' 

I It is possible to use memories to replace logic: addre . can erve a input. . stored data a outputs. But this is not often done 
becau. e of the unnecessary complexity of a memory s innards . One lass of programmable logic device, however, forms a 
large e ception to this remark: Field Programmable Gate Array (FPGA ) do indeed use mall memory blocks - so-called 
" lookup table " - to form logic functions . A bit more on FPGAs appear below. 

2 The name surely wa cho en to appeal to a lonely Dilbert in his cubicle: even more user-friendly than a PAL. 
3 The PLO that we use in this course hold 1600 gates. In a few year , CPLD will stand, no doubt, for ·'Cute (little) PLO." 

The growth of complexity i. relentle s. 
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Figure 155.2 GAL cell. 

155.1.2 FPGAs 

select: comb ~/flop 

Generic Macrr,r;el/ 
(vse flop or 11ot) 

3-sMe 

Meanwhile fancy de ign were implemented on big arrays of transi tor - programmable in a sen e, 
but not reconfigurable: these were designed to do one particular job and then were manufactured in 
large quantities in order to recover the high co t of their design.4 Because they were custom parts, 
they were called "Application Specific Integrated Circuits," ASICs (this is acronym land all right!). 
The gulf between the costs of PLO (even CPLD ) and ASICs was enormou (the latter might cost 
$100,000 to design; the former were available for a couple of dollars, to be designed and programmed 
in hours). Only in large quantities did the ASICs cost less, per unit. 

Then in the late 1980s arrived an intermediate part, programmable, but with an underlying truc­
ture more flexible than the PALs: a gate array rather like an ASIC, but programmable by the user: in 
the field, rather than the factory, so to peak. These were called "Field Programmable Gate Array ": 

FPGAs. The largest of these now contain so many gates (millions) that they can incorporate micro­
proce ors and their peripherals. They are somewhat more difficult to work with than PLD , who e 
delays are quite predictable becau e of the rigidity of their structure. Timing in the FPGA depends on 
how the elements are laid out - and even delays in signal paths matter now that gate delays have been 
cut so low. So the fine points of FPGA design are difficult.5 

But for the less demanding ta ks, FPGAs or CPLDs keep their details unobtru ive: one can write a 
design in a high-level hardware de cription language like Verilog or VHDL, and implement the de ign 
in either CPLD or FPGA. For the le s complex designs one normally would prefer the less complex 
and cheaper part- and the one with the more predictable timing: the CPLD. In this cour ewe will use 

these since our designs don't ri e to the scale that requires an FPGA. 

155.1.3 The innards of a PLO 

Figure 15S.2 shows the de ign of a macrocell, one of the logic sub-units included in a malli h PLD, 
the Xilinx XL/XC9572 which includes 72 such blocks.6 As you ' ll recognize, it is a ver atile GAL, 

since it can be programmed to include or bypa s the flip-flop , and to select among everal other 
characteristics (such as active level). 

4 So-called "Non-recurring Engineering Costs," NRE. 
5 For an introduction to FPGAs that i. unusual for being entertaining as well as authoritative, see Clive Max field 's The 

Design Warrior 's Guide to FPGAs: Devices, Tools and Flows , Newne (2004). 
6 Material based on or adapted from figure and text owned by Xilinx, Tnc .. courte y of Xilinx, Inc. : "XC9500XL 

High-Performance CPLD Family Data Sheet" © Xilinx (2009). 

I AoE § I 1.2.3 
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You'll recognize that this i a versatile piece of hardware. To use it, we need to become acquainted 

with the logic compiler language that allows one to take advantage of this capable device.7 We have 

chosen Verilog. Appendix A offers an introduction to Verilog that we hope you wil1 consult a you try 
out PLDs. 

155.2 Flip-flop tricks 

In case it's u eful to see in one place most of the flip-flop configurations that you have met in the 
course, here are important ones. Despite this section's title, we don't mean to disparage these circuits. 

They are extremely u. eful. We've included Verilog code to implement each of these circuit fragments. 

Simplest: set/ reset (SR) flop: asynchronous set and reset: Figure I 5S.3 hows a SET*/RESET* 
circuit done with a standard D-flop (usually that's ea ier than building the thing with gates). We ve 

al o shown the SR as you might build it with gates. 

+s 

-t-5" 

l iOk. 

Set 
_L 

r \ 
Q 

D S Q 

-t-S' 
-t-5 

l 10k 

\ Rue.I _j_ 
Figure 155.3 SR flop, made r with a D flop IC. 

Thi simple circuit can be designed in Verilog in either of two way , more or less mimjcking the 

two circuits sketched in Fig. 15S.3: 

• one design literally implements the cross-coupled NAND logic, as a combinational circuit· 

• the other uses a transparent latch with asynchronou Preset. 

Cross-coupled NANO implementation : Figure 15S.4 hows what the first design looks like. This 

design is literally faithful to the original and simple t SR latch de ign. It makes Verilog nervous, 

because it involves a " loop" or a self-contradiction. Verilog warns "the following signal(s) form a 

combinatorial loop: qbar, q." But it works. 

Transparent- latch implementation : We can start with a flip-flop instead of gates. Verilog use. a trans­

parent latch. The circuit in Fig. 15S.5 is not quite the one sketched on the right of Fig. 15S.3. Rather 
than use an asynchronous Reset* as we did, Verilog u es a transparent latch fed an input LOW. Verilog 

i smart enough to see that this is exactly equivalent to driving Reset*. Take a look at the innards of a 

transparent latch if you doubt this. 
Figure I 5S.6 show what a transparent latch with a LOWD input looks like. The LOW on D drives 

the Reset* of the output SR latch, as required. 

7 And we do mean "acquainted," not " intimate with" or "expert at u ing." We do not have time, in this hun-ied cour e. lo 

introduce more than a mattering of the language we have chosen . 
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The flop version is preferable: Though both designs work, the flop ver ion is better, because the 

cross-coupled NAND circuit - despite its extreme simpJicity - uses two of the PAL's macrocells. 
Each NANO uses an entire cell. That won't hurt if you've lot. of these to pare, but it seems foolish 
to use two cells where one is sufficient. 

What's good and bad about this simple SR latch? 

Virtues: Simplicity; u, eful as a debouncer for a double-throw , witch (SPOT) 

Vices: Reset fails if Set persists during attempted Reset. So edge-triggered variation (Fig. 1 SS.7 
below) i u ·ually preferable. 

Edge-sensitive "flag": async edge set, async reset The Q of this flop often erves a a ' 'flag" - a 

signal that persists untiJ deliberately knocked down. 

Virtue: Flop can be Reset despite persi tence of the ignal that set Q high. 

s_r_latch :1 ,,. 

.. ~., 

or2b2 
module s_r_ latch( 

input s, 
input r , 
output q, 
output qbar 

qbarjmp_qbar1 

) ; 

ass ign q = - s I - qbar; 
assign qbar = - r I - q; or2b2 

·~,~ 
endmodul e 

~ ! .,. 
q_1mp_q1 

... 
Figure 155.4 SR latch 
implemented with cross-coupled 
NAN Os. 

s_r_latch 

,. module ~ r_usi11, fl op( 
input s . 
i11p11t r, gn~ LPM_LATCH_ 1 
Olrtput ,·cg q ~ 0 

) ; 

.\h,.\ys (s or .-) 
begin 

it ( •s) 
g e~ l ; 

el s~ 
1 t < • ,·) 

end 
q ··w O: 

ini thlize. co start si mul .i l ion 
i n knov.n ~ tatt:' 

XST_GND 

,. ~ 

" A 
q 

Figure 155.5 SR flop 
implemented with Verilog 
transparent latch. 

..,ndmodul e s_r_usmg_flop 

Sticky flag: synchronous set, async reset If the a ynchronou cJock of Fig. l 5S.7 i n't sati factory 

- for example, because the SET line in that figure may carry glitches - then a synchronous flag is 
required as in Fig. 15S.8. 

Virtue: Synchronou clocking protects again t vulnerability to glitche on SET Jine of Fig. 15S.7 

(assuming that glitches occur after clocking of the flop in Fig. 15S.8 as is usual). 

Virtue: As for async clocked circuit of Fig. 15S.7 flop can be re et de pite per istence of the signal 
that set Q high. 

1 • 

"' 
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Set 

Reset 
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,--- a LOW on 0 ... 

0 ---------! 

£:noble 

Set 

D 

R 

... produces a LOW here, ff Enable is asserted. 
This LOW clears the SR flop 

Figure 155.6 Transparent latch with D low 
drives RESET* of SR when EN is asserted ( as 
Verilog knows!) . (this is the R; input to the SR) 

+5 

D a 

module flag_sync_set( 

input elk, 
input sync_set, 
input reset_bar, 
output reg q 
); R always@(ne.9edge reset_bar or posedge elk) Figure 155. 7 

Edge-triggered flop 
can be Reset while 
the signal that set Q 
high persists . 

Qi----

if (-reset_bar) 
Q<= O; 

else 
q <= (q I sync_set) ; 

endmoduld 

module flag_sync_set( 

input elk, 
input sync_set, 
input reset_bar. 
output reg q 
); 

always@(ne_gedge reset_bar or posedge elk) 

if (-resel_bar) 
q <::: O; 

else 
q <== (q I sync_sel) : 

endmodule 

Figure 155.8 Sticky flag, 
synchronous set. 

Another sticky flag : synchronous set, synchronous reset One more gate ( ee Fig . 15S.9) make the 

sticky flag of Fig. 15S.8 fully ynchronou : the Reset also waits for the clock. 

Virtue: Fully synchronous. 

1-------1 D 
Q ---

11\odule f l ag_sync_set_ reset( 
1.npui:. sync_set. , 
1.n,put sync_ c le6i:, 
oui:.put: i:e:g Cl, 
input. ell< 
); 

Cloc.k ---------' 

alvays@ (posedge e lk) 
1t (sync cleat·) 

q <= l 'bO; 
Figure 155.9 Sticky flag 11 , 
synchronous set , synchronous 
reset . 

q <= (:,ync_set I q); 

t!ndmodule 

A generalized circuit : synchronous Do_This, Do_That flop circuit Redefining the logic that feeds 

the flop 's D input a a 2: I multiplexer one can draw - and think of - the circuit in Fig. I SS. IO a 
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something more general than the preceding one , whose only aim was to set or re et the flop. Thi · 

circuit could be used to di tingui sh, say, parallel-load versus serial operation for a shift regi ter. 

Figure 155.10 Generalized flop 
circuit : mux provides 
synchronous Oo_This, Oo_That 
circuit . 

Virtue: Fully synchronou again. 

I 
I 

( 

D<U~ ..;_' -+----i 
I 
\ 
\ 

' \ 

(2 : 1 MUX) 

Q 

Clock. 

module tlop_ do_a_cto_b ( 
input c lie, 
input cto_a, 
input do_b, 
ll\PU a_b_b r, 
output reg q 
); 

alwaysQ(posedge elk) 
if (a_b_bar) 

q <» do_ a; 
else 

q <= do_b; 

e ncl.module 
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Why? 

The problem we'd like to olve today is how to measure and record a number of digital events (that 
is, we would like our circuit to 'count ') . 

16N.l Old topics 

16N .1.1 Flip-flop characteristics: recapitulation 

Why clock ? Because "breaking the feedback path" eases design and analysis of equential circuits. 

See Fig. l6N. l for example. The circuit we built using the transparent latch oscillated at a bit more 
than 60MHz: see Fig. 16N .2. The edge-tiiggered self-contradictor, on the right in Fig. l 6N. l is well­
behaved as you know from Lab 15L 

The beauty of edge-triggered, synchronous circuits: The clock edge i a knife cleanly slicing be­
tween causes of changes - all to the left of the clock edge, in the timing diagram - and the results of 
change , aU to the right of the clock edge. The idea is illustrated in Fig. 16N.3. 

ln saying this, we assume zero hold time, though this specification is not universal. Different man­
ufacturers of one part (74HC74), for example, made different choices: some provide zero hold time 
(STMicrosystemns, and Texas Instrument ); other specify non-zero hold time (3ns) (On Semicon­
ductor and NXP/Philips) - see Fig. 16N.4. The logic army (CPLD) that we use in this course, XiJinx's 
XC9572XL, specifie zero hold time. 
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Thi transparent latch doesn ' t work .. . 

+5 
EN 

. . . transparent latch 

. .. but thi edge-triggered flip-flop doe 

0 

elk 

edge-tr;ggered ft;p-ftop ... 

Figure 16N.l Transparent latch can be unstable . Clocked device (edge-triggered) makes feedback 
harmless: instability is impossible. 

Figure 16N.2 
Transparent latch fails 
if Q* is fed back to 0 : 
it oscillates, fast . 

Figure 16N.3 Edge-triggered 
synchronous circuit timing. 

1 microsecond/ div 

dotk __ _, 

all qu,tt 

™ / 

20nsldiv 

{ob of c. loe-hd dev,ces n0w Y"e.5f'O"d 
to ne.w ,nrut!> 

all "u,et ol\C,t 11\orc. 

ct,:i Freq 
62 . 0SMHZ 

new c.hange5 ••• 

741-1C74: :..-20--.:.i;-zero 

Figure 16N.4 An IC designer can trade 
hold-ti me against set-up time: two 74HC74 
designs . 

l fsu l fh 
I I 

~M~---
...._zero 

Fairchild NXP/Philips 

There i nothing magical about achieving th = O: the IC designers simply adju. t the relative internal 

delay paths on the data and clock lines to shift the 'window" of time during which data level. mat­

ter (called "aperture" in ome other settings, such as analog- digital conversion). Other things equal , 

sliding the window to the right to introduce hold time, shorten set-up time. But zero hold-time is 

desirable; keep timing imple and worry-free, whereas a non-zero hold-time obliges one to pecify 

and worry about such exotica as minimum propagation delay, a characteri tic not normally shown on 
data heets. 
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A particular example: The circuit in Fig. 16N.5 works fine, as we noted back in § 16N. l.1 and a 

you demon. trated in Lab 1 SL - unless you try to push the clock speed very high. In that ca e, trouble 

reappears: see Fig. l6N.6. 

clock 
0 

Q 

Figure 16N.5 D-flop biting its 
tail : feedback is harmless. 

-tsu.-
cloc.k. ~ 

-tp..-op-
Q 

Q =-D 

Figure 16N.6 Even the wonderful synchronous scheme fails if 
you try to run it too fast: t setup violation . 

When it's clocked too fast this fails , because D changes during t etup· This produces an unpredictable 
output. The circuit may even hang up, refusing to make up its mind for a strangely long time (a device 

so hung up i called "meta table;" ee AoE waveforms at I 0.4.2C). 

Set- up time: 'Set-up time" sound like a technical detail, but it's a concept you need in order to get 
timing problem right. 

Detailed view (in the special case of the 74HC74 D-flop): Set-up time i the time required for a 

change of D level to work jt way into the flop - to the point labeled with a star symbol in Fig. l 6N.7. 

Incidentally, while you re looking at the guts of the '74 flop you can gather from thi figure how the 
' edge-trigger" effect works. 

74xx74 

flop is "set-up" when a 
chanee at O works its 
way rn to the point * 

I-low the circuit locks out changes in O 
that occur after the rise of clock (this 
is the meaning of "edge triggering"): 

0 

~._;;;:,.a,------ 2) if O is low, C~ goes low, 
when elk goes high, 
closing the "outer door .. against 
subsequent changes in O 

Figure 16N.7 74xx74 
D-flip- flop : D data 
"pipeline" explains 
flip-flop's set-up time. 

• Edge-triggered (positive or rising edge, in the pre ent ca, e - and in most flip-flops) means that 

information enters the.flop when the clock rises. The diagram show that only when CLOCK rises 

to a logic High can the output SR latch be changed - Set or Reset depending on which of its two 

input , C1 or C2, is forced low. 
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• Edge-triggered also means that information does not enter the flop after the clock has risen. Thi. 

lockout occurs because the C1 and C2 signals are fed back; one or the other of those two inputs 

to the SR latch will be low, and that signal wrapped back locks this low in place (by preventing a 
low at the other C), regardless of later changes in the level of D. 

The new information needs to work its way through a pipeline" that is two gates deep in order to 

set up the flop to act properly on a clock. You might guess that this proce s could take a Long as two 
gate delay , around 20-25ns and that is in fact about the value pecified for the flop' etup time. (In 

fact, internal gate delays are less than the delay of a packaged gate; but the scale remains about right.) 

A close analogue of set-up time: analog scope's data pipeline: You may have noticed the strange 

(and amazing?) fact that your old analog o cilloscope can show you information from before the 

trigger event. How does it manage to look back in time? The answer is analogous to what provides the 

flip-flop's setup time: a data pipeline carries the signal that i to be displayed, delaying its anival at 

the . cope screen - whereas the trigger signal respond fast. Just for fun, we opened up an old analog 

cope to look for its pipeline. There it was, see Fig. l 6N.8 - the pipelining method i almost too simple 
to be believed. 

secret of the scope's ability 
to look back in time: 

I 

coaxial cable, a pipeline 
delaying the input data signal, 
relative to the trigger, 
which is not delayed 

_r 
Tektronix 
2213 scope 

d .. li\" horiz. 
(to~'i cab\e) 

SCOPE 

Figure 16N.8 Scope delay line: simple, and effective (an old Tek 2213 scope). 

I 

We expected the cable to be about 100 feet long, to account for the cope's ability to di play data 

that came in I OOn before the trigger event. In fact, the cable is shorter (about eight feet), thanks to 

clever construction that reduces the ignaJ speed. 

16N.1.2 A recapitulation: counters from flip-flops: ripple and synchronous: 

The ripple counter js the easier to design and build, but the synchronou is in all other re pects prefer­

able: see Fig. 16N.9. 

Figure I 6N. JO is a scope photograph showing two bits of two integrated counter in action. The 

left-hand traces show a ripple counter' two low-order Qs, (you aw thi image in § l 5N .8.1 )· the right­

hand traces show a synchronous counter s Q . You can gather which ignal serve a clock for each 

AoE §H.4.3, Fig. 
11 . 19 

flop - and you can see why . ynchronou counters are preferred. l AoE § l0.4.3F 

Virtues of synchronous counter 

• Settle to valid tate faster, after clock (wait for just one flop delay). 
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QO Qt QO Qf 

Ripple counter (div by 4) ... Synchronous counter 

clock 
IT, rise of GO 

Ch1 2.00V "'0 ch2....-2.oov ;: M1 10.om ... ___ . __ 

- 2.00V 

ripple counter; clock, Go & Gt 5ynchronou5 counter; clock, Go & Qt 

• Shows no false intermediate states 1 • 

Virtues of ripple counter 

Figure 16N.9 Simple 
counters: ripple and 
synchronous. 

Figure 16N.10 
Ripple versus 
synchronous counter: 
7 4HC93 versus 
74HC163. Sweep rate 
= lOns/ div. 

• Simple. Therefore, an TC counter can hold more ripple stages than synchronous (but note that thi s 

difference disappears for a counter implemented with a PLO with its rich stock of gates) . 

• In some applications, its weaknesses are harmless. For example, 

frequency dividers (where we don't care about relative timing of in and out, and don ' t want 

to look at the several Q outputs in parallel , but care only about the relative frequencies, out 
ver us in), 

slow counters (driving a display for human eyes, for example: we humans can't ee the false 

states). 

16N.2 Circuit dangers and anomalies 

16N.2.1 A flip-flop vulnerability : slow clock edge 

The fact that an edge-triggered clo k input responds to each edge (either rising or falling - not both, 

for a particular part) makes such a terminal vulnerable to switch bounce; one rarely debounce a signal 

unless it goe. to a clock. But edge-sensitive input are also vulnerable to a ubtler hazard: a clock edge 

that i not teep enough - an edge i slow. 
Figure t6N. ll shows what a divide-by-two counter did when the clock came from a . witch pulled 

up by a resistor that was too large ( I OOk). The large pull -up R conspired with stray capacitance to 

produce an edge who e . lope wa too gentle. 
Thi. is very similar to the trouble we saw back in the comparator circuit of Lab 8L when we fed 

a gently-s loping waveform into a circuit that lacked hysteresis. As we noted back in Chapterl4N, a 

I Even a synchronous circui t can how false transients state if skew i , ub. tantial among the propagation delays of its 
everal flip-flops . nequal capa itive loading can have this effect. See AoE I 0.4.3F. 
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fishy: doesn't look like 
divide-by-2 ... 

GO 

u 
' 
j 

clock edge 

faster sweep shows 
shiver on clock ... 

... GO 

Ch I soomv Ch2 2.00 v M •oons 
!ii) I DOV 

... and power supply 
shivers at the same time 

Figure 16N.ll Slow edge can cause trouble for an edge-sensitive input. 

few logic devices do include hysteresis. The PALs that you meet today include 50m V of hysteresis 

on every input. We found this hysteresis not sufficient, however, to prevent indeci. ivenes ju ·t like 

that shown in Fig. l 6N. l I when we used a slow edge to clock a counter built with such a PAL 

(XC9572XL). 

16N.2.2 A glitchy circuit: timing diagram can help 

Figure 16N.12 is a commonplace and u eful combinational circuit, a 2: 1 multiplexer, designed with 

conventional gate , and built u ing a PAL. 

Figure 16N.12 
Two-to-one mux; 
glitchy case discussed 
here assumes both 

data inputs high . 
(.A/8) 
5elec.t 

B o !et11 · 

OUT :: 5 · _i t A · .S 
if k =S-=1 , OIJT::: ~~s=1 

In order to illustrate a potential problem, we have wired the circuit for the dulle t possible operation. 

Common sense - or a Boolean analysi ·, if you want to be so academic about it - says that the output 

mu t be a high always (the mux's job is to select A or B: high or high). Since a piece of wire to 

V+ would give the same output we should think of the wiring of Fig. 16N.12 a only illustrating a 

particular input combination that might be present at a particular time. 

A timing diagram, drawn carefully enough a in Fig. I 6N.13 to show gate delay , predicts that the 

circuit will not be so well-behaved. 

A scope looking at S (select) and OUT might hide the glitch from you - if you weren't looking for 

it. The slow sweep rate in the leftrno t image of Fig. I 6N.14 makes the brief low pulse very hard to 

see. It appears in the middle image wept faster. And it is mea urable - though evidently very brief 

(this mux was made with a PAL, and the internal gate delay that produce the glitch are small, sma!Jer 

than if it were built with di crete gate ). Brief though it i it probably i . ufficient to be detected by 

another device made with the same technology. 

Remedies ? Integrated muxes do not produce thi glitch - even though their published circuit schematic 

look · just like our . . Why? We ' re not ure. It may be because the designers of ICs can match delay 

I Ao § I 0.4.48 

j Sec § 14W.I 
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S Fone ~ delay 

5-~ 

~ gr--
OUT iL1 r--

Figure 16N.13 A timing diagram for the mux predicts a 
glitch. 

s 

- LJ...._ gNtch 

I 
i 

·······--···•-··•·· .. l······ .. -··-·• .. ··•· ... 
l 

Out 

Figure 16N.14 
Muxglitch : whether 
it's noticeable or not 
depends on the 
scope's sweep rate . 400usldiv 400nsldiv tons/div 

where they need to. The IC mux may include a delay in the non-inverted-$ path a de.lay that matches 
the delay imposed by the jnverter in the Spath. 

But the de igners have another option available, to prevent the glitch - and if you are building the 
mux your elf thi is your only option. One can add what sometimes is called a "redundant" gate to 

prevent thi particular glitch ( ee Fig. 16N.15).2 Thi gate - not truly redundant as preventing a glitch 
is a nece sary operation hardly' redundant" - forces OUT high when both inputs are high, regardles 

of the level of S. 

A :B 
I 

y - - -
)( - --

ovr Figure 16N.15 Extra gate can eliminate an 
>----

anticipated glitch . 

The Lesson? We offer thi example not to make you a nervou glitchophobe. Glitches won ' t jump out 

of your circuits at random. We hope thi example will illustrate everal points. 

l. If transients on the outputs of a circuit could cause mischief, one needs to consider the circuit 
dynamically, not just in Boolean, static term (there are plenty of circuits, of cour e, where you 

know output transients would be harmles ). 

2. A timing diagram can help to disclose the po sibility of such glitches. 

3. An output glitch like the one illu trated in Fig. 16N .14 results from what is called a "hazard ."3 The 

cause of the problem is the need for two internal signals to change at the same time. The logic 

compiler that produce code for the PAL will eliminate any gate that is logically "redundant," like 

the extra gate installed to prevent this glitch - unles you tell the compiler's minimizer to back off 

and permit thi non-minimal implementation. 

Old-timers who recall Karnaugh maps, which use shapes or "covers" to group or cover logic Ones, may call this remedy a 
'·redundant cover.' ' 

J And thi hazard, producing a rran ient fal e stare, is called a "stat ic hazard," in case anyone cares. The difference between 

the condition technically called a " hazard" and one called a "race" doesn' t interest u. much. We are inrere ted in the 
re ulting glitch. 
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The hard part of the task, evidently enough, is to pot the possibility of the glitch before it bites 

you. If you , ee it coming, you can prevent it without much effort. 

16N.3 Designing a larger, more versatile counter 

In § L5N.9 you designed a 2-bit ynchronous counter, and we hope you built it in lab. Let carry on, 

moving toward a counter that is more versatile and thus closer to the so11 of integrated counter one 

might buy (if you chose to buy ·uch a smalli h IC rather than build the part from a PLD). Here are 

some features we'd like in our improved counter which we propose to build at the modest size of four 

bits (thu it will be a "divide-by-! 6" if we don ' t mess with its "natural" count length). 

• It hould be easily "cascadable" - that is, easily linked with other imilar counters to form a 

counter of larger capacity. 

• [t should include a clear function, and this function should be synchronous. 

• It should include a load function - that is, one that allows the user to load the four flops in parallel 

to permit counting from an arbitrary initial value. 

We II work our way to this result in stages. 

16N.3.1 We need four T-flops ... 

Figure 16N.16 are four T-flop , made from Ds. The hared clock line makes the flop ' timing syn­

chronous. We have made even the LSB flop a T type, as we did not in the impler two-bit sync counter 

of § l 6N .1.2. In that impler counter we made the LSB flop toggle on every clock willy-nilly. The de­

sign we are working toward this time is not so simple: our Carryin function will require a controllable 

Ton the LSB. 

Figure 16N.16 Four 
flops awaiting some 
logic to drive the 
several Ts. 

And Fig. l 6N .17 how · a timing diagram to illustrate how we want the counter to behave. To ave 

our elve effort in drawing, we have started the diagram not at zero, but at count 1210. 

16N.3.2 ... We tell the several Ts when to change, and we add Carryin and Carryout· .. 

As in the ca e of the little 2-bit counter you designed last time, the rule is like the rule that governs a 

car odometer: Jet the higher digit (in thi. ca e, a binary digit: a bit) change only when all the lesser 

bits roll over to zero. So in order to get ynchronous behavior, we need to tell a flop "change on next 

clock" whenever a rollover i immjnent. This rollover is imminent when all the le · er flops are high. 

So we just AND lesser Qs to drive any particular T. While we're at it, we'll include in our circuit 

ketch in Fig. 16N.18 the Ca1TYin and Carryout that will a1low ca cading thi counter with other similar 

part . 

One detail of the Carryout logic may strike you as odd: the Carryout * AND (more or Jes a NAND 

gate) include, not only the four Qs but also the Carryin for thi counter stage. The logic includes 

CaiTYin * because that wilJ be driven by a Carryout* from a lesser stage if the counter i part of a 

ca cad . 
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Cloc k 0 hh 
. . 
DDL1 D [ 

1 ~ 1 L 
i_ l L 

COUNT 12 13 14 15 0 2 3 

Figure 16N.17 Timing diagram 
describes the way we want our 
4- bit UP counter to behave. 

cft7 

Figure 16N.18 Four T-flops driven to achieve synchronous UP count; Carryin and CarryouL added to 
allow cascading. 

Thu the Carryout* that includes Carryin * ay not only Tm full" ( peaking for this ingle tage) 

but al o "We're all full ' (speaking for itself and for all lesser stages .. imilarly designed). This simple 

and neat cheme permits cascading multiple counter stages imply by tying Carryout* of each . tage to 

Carryin of the next stage. 

Cascading ( Carryin and Carry0UL): Any re pe table counter allows "cascading" several of the devices 

to form a larger counter. The carries (in and out) implemented in § I 6N.3.2 would permjt u to form 

a 12-bit counter, for example, by stringing together three 4-bit block. of counter like the one in 
Fig. 16N.18. 

Carryin Thi i an enable: when asserted, it tells the counter to pay attention to its clock. Notice 

that all chips are tied to a common clock line in Fig. 16N.19. Do not drive one counter's 

clock with a carry out. If you do you re reverting to a ripple cheme, not a fully-synchronous 

counter. 

Carryout Thi ignal warns that the counter is about to roll over or overflow. In the ca e of a natural­

binary up counter, it detect· the condition all ones on the flop outputs. In a down counter, 

Carryout would detect the condition all zeros. 

Notice that this ignal must come before the roll -over, not after because it ha to tell tbe 

next (more- ignificant) counter what to do on its next clock. 

Figure J 6N.19 illu trates how ea y it i to ca cade three counters with properly de ·igned Carryout* 

and Carryin *. Such ca cading i ea y - but if carried on for many tage. would limit the counters 
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peed becau e of "ripple delay" of the carries. External ANDing of the several Carryout ' of the coun­

ters would allow faster clocking. 

Figure l 6N .19 Cascading three integrated counters: 
easy!. c.lk --------+-------' 

A refinement in CouT*, worth noting: The need to include C1 * in the gating for CoUT* appears only 
in a case where more than two counters are ca caded as in Fig. 16N. I 9. We want the third counter- the 

high-order - to increment only if both the le ser counters are full. We don't want it to increment just 

becau e its immediate neighbor is full. Thi notion i entirely familiar to all of u who have watched 

car odometers roll over. Fig. 16N.20 shows such an odometer - really a mechanical counter from a 

tape deck. The figure is meant to remind u that the third digit advances only after the two les er digits 
fil] up, at 99. 

Figure 16N.20 Odometer or mechanical counter: 
third digit should advance only when two lesser digits 
both are at max (099). 

090 rolls to 091: third 
digit does not change 

16N.3.3 A fancier, cleaner Carryout: synchronous 

-· 
099 rolls to 100: third 
digit does change 

The carry we have described usually works well - because it i applied to a synchronous input, 

Carry in * . It may not work well if it is put to an asynchronous use. The problem i that the com­

binational Carryout* can show glitches. This can occur if the everal Q on which it depends show 

sufficient skew - that i , change at different times, despite their common clock. A combinational 

Carryout* for a PAL counter like the one u ed in Lab J 6L showed such glitches: The detailed image, 

on the right in Fig. 16N.21 make clear that the timing of the glitch - after the clock edge - makes 

it harmless to a synchronous circuit, which sample its input only during setup time ju t before the 

active clock edge.4 This immunity i the great virtue of synchronous circuitry. 

But when one wants to u e Carryout* to drive a circuit that re pond to an edge of Carryout* it elf -
like the toggling flop . hown a the bottom trace of Fig. 16N.21, or like an overflow-detecting flip-flop , 
clocked by the Carry0 u1* - then the glitches can cause trouble, and we need a remedy.5 

To clean up the Carry, one must make it synchronous before using it. Instead of detecting the 

state maximum-count (which warns of a rollover on the next clock), a S)nchronous Carry uses a 

combinational circuit to detect the tate one be.fore the maximum state (for an up counter; minimum 

state, for a down counter) and feeds that to the D of a flop clocked by the counter clock. 

4 Some devices show non-zero hold time, a· you may recall. But even these parts rarely show hold times that would reach o 
far a. the glitch in ig. l6N.21. 

5 We were surprised to find these glitches evere in down counting by Lab I 6L s Up/Down counter. and barely apparent in 
up counting . Apparently, ·ome mismatch between ri, e-times and fall-times account for this difference - ince the Carry0 u1 

depend on lows for the Down direction. highs for Up. 
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........ _ .. . .............. ,-t- - . 

t ---
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divide-by-17 counter (down counter, 
loaded with 16 on carry_out*) 
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... detail of glitch on carry_outk 

Figure 16N.21 Combinational, asynchronous Carry0 u1* can show glitches - substantial enough to 
clock a flop. 

(r Up counting) 

max-1} 0 Q 

min +1 

0for Oown counting) 

sync carryout 

Figure 16N.22 A 0-flop can form a synchronous 
carry. 

This synchronizing technique is imple enough· it i not so easy to make a ati factory ynchronous 

CarrYout for an up/down counter - and in our Lab 16L counter we did not attempt to solve the subtle 
problems that it raises.6 

Such a Carryout* being ynchronous, is clean: it does not pass glitche that occur in the di orderly 

time soon after the system clock edge. Here, in Fig. J 6N.23, is such a synchronous Carry (thi is the 

de ign we adopted, for the PAL counter installed in Lab 16L). 

Noi e sti II appears on the Carry out* line - but the noise pulses are not substantial enough to mat­
ter, a Fig. l6N.23 atte ts: the flip-flop ignores tho e noi e pulses, re ponding only to the legitimate 

Carryout* ignaJ (the flop i a divide-by-two, clocked by Carry0u1*). Contra t the tidy behavior of the 
divide-by-two here with the nasty effect of carry glitche in Fig. 16N.2 l. 

The right-hand image in Fig. 16N.23 show the prettifying effect of adding a decoupling capacitor 

on the supplies of the PLO counter.7 This decoupling does not affect the behavior of the circuit, since 
the noi e was harmle s - but it does make the waveform prettier. (And we hope you are getting into 

the habit of always bypassing your power upplies in any case.) 

... Add a synchronous clear . . . : A counter u ually includes a Clear function, and often a synchronous 

ver. ion i preferable to the jam type. Such a clear is easy to implement, see Fig. 16N.24. 

6 Nearly always, the heme sketched in Fig. 16N.22 work . . It can fail if one changes the count direction on either Max or 
Min count. ince the cir uit detect only the ·tate preceding Max or Min . 

7 The decoupling capa itor i · O. lµF ceramic, applied at the PLO ockct. 



614 Counters 

noise on carry_out* line--but harmless 

" . I u I 
1 j 

clock ~-:~~ 
:-.~ ~ 11:Ml 

T' ,.. .. r' lj 

..... /1 l 
carry_out'" r-j 

(combinational) 
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a of div-by-two 

~ 
~ 

flop, clocked by .1 
carry_out* •1 

I 
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divide-by-17 counter: synchronous carry_out* ... further cleaned up by decoupling supply close to PLO 

Figure 16N.23 Synchronous Carry0 u1* is clean, unlike the asynchronous combinational carry. 

( t<!.L<a.l 
c.01.urt 

l1JJ1l / 

Figure 16N.24 Synchronous clear: requires only an AND gate. 

16N.4 A recapitulation of useful counter functions 

Integrated counters are available with a variety of features; and you can implement any of the, e fea­

tures yourself, using a PAL. 

Cascading counters to form a larger device: We noted back in § l 6N.3.1 , that we like to be able 

to . tring counter together, much as we string flops together, to form a device with larger capacity. 

Synchronous counters always permit this: one can simply feed Carryout from one stage to CaJTYin of 

the next. And the properly de igned CalTYout logic will be a, serted only when all prior stages are full 

a required (and as illu trated in the odometer of Fig. l 6N.20). 

Loading: Many counters allow you to load a value 'broadside' into the flop : 

Load When you assert LD* the counter is transformed into a simple regi ter of D-ftops: on the 

next clock edge those flop simply take in the values presented on the data inputs. (This 

description fits so-called "synchronous 'load; "asynchronous' or "jam" load also is available; 

it works like the jam clear described below.) The PAL counter of Lab l 6L include both types 

of load. The async ver ion i convenient for loading initiated by a manual pushbutton· the 

ync version is better when the load is initiated by a circuit ignal (a, jn the music maker of 

Lab 16L). 

When you rel ea e LD*, the counter becomes a counter once more. The behavior of Load may be hard 

to gra p when you imply hear it , tated. We II look at an example of the u e of load in Lab 16L 
"Divide-by-N' counter. 
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A selection of Clearing: Clearing could be called a ·pecial ca e of loading, but it is so often useful that nearly all 
counter. showing counter offer this function (more than offer load), and they offer it in two styles: 
sync/async functions 
appears in AoE 
§ 10.5.2 Asynchronous or "jam" clear. The clearing .happens a short time after Clear* or Reset* is asserted 

(say, 5- 1 Ons)· the clearing doe not wait for the clock. This type of clear is familiar to you 
from your experience with flip-flops whose clears always are jam type. 

Synchronous clear. The clearing is timed by the clock: on as ertion of Clear* or Reset*, nothing 

happens in response until the next clock edge. We saw how to implement such a Clear on 

page 613. 

Query: which sort of clear would you 1ike in a programmable divide-by-N counter, like the one 

you will build in the lab? Figure 16N.25 shows some standard oldish MSI counters with their clear 

functions. 

SYNC, .JAM 

respte.t 

1 

R~ 

JAt-v\ 

Figure 16N.25 Three integrated counters: some 
offer jam clear. others synchronous . 

In Chapter J 6W you will find ome counter-application problem detailed. Here we will concen­

trate on the counter applications that you will meet in the lab. 

16N.5 Lab 16L's divide-by-N counter 

The counter that you install on the micro breadboard is loadable, as you know. Eight of its 16 Jines are 

controlled by the keypad, six are fixed low within the IC and two are controlled by a two-po ition DIP 
witch. Fig. l6N.26 i a ketch from the 'big picture" computer chematic in Appendixschernatic . 

· 2.4.I 1ct1 z. 
i 

I I 

\ i i l~t? 
=====-==~~ --·- ··. ··-- - - L _/_ J-__( 

Kt -v'f'A i:> D A-,A t5 "<., 'II 

6 lines internally 
fixed at ground Figure 16N.26 Data 

inputs of counter: 8 
controlled by keypad . 

If w let the ounter reload itself each time it hits a limit - zero, when counting down - then the k y­

pad can determine how many states the machine will count through, on each cycle: see Fig. 16N.27. 
Counting down let u take advantage of the line internally tied to ground, to let the keypad set 

cycle-counts that are not v ry long 17 tat s for the lowe t keypad value, the key value one: 8 17 tates 

becau e the trailing zeroe , internally defined, make a " l ' from the keypad load a 1610, and the zero 

tate provides the 17th step . The keypad value 2 provide 33 states· and o on. 

Loading zero doesn't work : it put the count r at its de tination, at the outset. 
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Figure 16N.27 Counter wired to reload itself each 
time it hits zero . 

CLK 

16N .6 Counting as a digital design strategy 

COUT 

SYNC_LO 
+5V 

U*/0 

8 

KcYPAO 

Because it is easy to make a digital circuit that counts, it often turns out that a good way to make a 

digital device designed to measure some quantity is to build what in effect is a stopwatch measuring 

the duration of a cleverly generated pulse. More specifically, here's the idea: 

1. build a counter that counts clock edges (this is a sort of "watch") · 

2. add gating that lets you start and stop the watch (making it a "stopwatch"); 

3. build some circuitry that provides a waveform whose period is proportional to a quantity that 

interests you (call this quantity "input")· 

4. use the stopwatch to measure period and thus to measure "input.' 

Here is an example to illustrate the technique. 

Digital voltmeter (or ADC; voltage in put) : The circuit of Fig. 16N.28 measure the time a ramping 

voltage takes to reach the voltage labeled 'Input.' The higher the input the longer the time and the 

larger the resu lting readout. This i · a " ingle-Jope" ADC. A slightly more complex design, called 

"dual slope," is preferable (see § l8N.4.3)· but its strategy is essentially the same as for the single­

slope design, shown in the figure. 

+ Yc.c 

I 

+ 
STA.RT r­

CoNV __:J 

INPUT---

CDUNTE..R_ 

DREG 

DIGITAL. 
OUTPU1 

... TIL...L CDMPAf<.AiOfl.. 
5E.E.=> VCAF > VIN 

Figure 16N.28 Example: measure period to measure voltage. 
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16L.1 A fork in the road: two paths into microcontrollers 

From here on th.is course offer alternate ways of exploring microcontrollers. We expect that you will 
u e one or the other though a zealot with extra time might do both). We want to describe these two 
paths briefly, and suggest advantage for each. If you are doing these labs on your own, you can of 
course choose the one that suits you. If you are doing these lab · as part of a course your teachers may 
want to steer you down one path or the other. 

16L.1.1 Path One: build up a microcomputer from parts 

Thi is what we have done in our course for the past twenty-five years or so: in a eries of labs we 
add the elements of a small computer building the circuit up from nine integrated circuits. This path 
uses the counter and RAM that you will put together in Labs 16L and l 7L. The RAM will store the 
computer' code and data for mo t of our applications. 

• Lab 20L: we add the processor/controller (an 8051 derivative), and its attendant "glue" PAL: a 
part that links the 8051 to its peripherals and memory, and that allow us to single-step programs. 

• In a set of labs we add peripherals and exercise them with small programs: 
Lab 2 lL: byte input and output (keypad and di play); subroutines; 

Lab 22L: bit input and output- polled and using interrupt. 

Lab 23L: ADC and DAC. 

Lab 24L: Store and playback of analog data; serial bus peripheral ; timers 
Lab 25L: Standalone controller trial (here, big board mimics SiLab cheme). 

16L.1.2 Path Two: start with a self-contained microcontroller 

Thi path relies on a different ver ion of the 8051 microcontroller one that can be controlled and 
interrogated by an ordinary personal computer (a "PC"). Thi arrangement obviates mo t of the build­
ing that is required on Path One - but does require a PC for each setup. Using this alternative the lab 
exercises look different - and the series of labs is shorter by two day (or more, if people following 
Path One don t keep up to the one-day-per-lab pace; most people slip by at lea t half a day as they 

wire the first micro lab, Lab 20L). 

• SiLab 20L.3: debugger setup; bit output, delay. 

• SiLabs 21L.2: byte operation , (keypad and display), subroutines. 

• SiLabs 22L.2: PWM; comparator. 
• SiLabs 23L.2: interrupt, ADC and DAC. 

• SiLabs 24L.2: . erial buse : UART & SPI. 
• SiLabs 25L.2: data table· SPI RAM. 
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16L.1.3 Then the two paths converge 

The two paths converge in Chapter 26N that asks tudents to apply the 8051 a a standalone controller 
to implement some scheme of your own invention. 

16L.1.4 Advantages of each path 

What we like about Path One: This method puts minimum magic between you and the computer. 

The 8051 know nothing you don ' t teach it. It includes no my. terious monitor program. You control 
the machine directly - even the single-step is done in simple hardware. This hardware makes the 
computer pau e, to allow you time to scrutinize address and data bu e and any control signals that 

particularly interest you. It makes the computer pause by the simple expedient of choking off its clock 
ource. To a large extent, the working of the computer is made tran parent - though it 'brain ," in the 

form of the 8051 that executes instructions one at a time remains opaque. 

Figure l 6L. l show what the circuit look like as you single-step through the In/Out program of 
Lab 21L, for example. 

The values of addre s and data bu es are displayed. A logic probe touching the 8051' RD* pin 
in Fig. 16L.l shows this signal asserted, indicating that the processor is taking in data from the data 
bus. The keypad is the source of this data, and it is reassuring to ee that the data display does, indeed, 
match the value applied by the keypad. This sort of low-level detailed information about ignals work 
to demystify the operation of the computer. 

We like this simplicity. And we like providing you with the opportunity to make wiring error - and 

then to chase them down. In Chapter 20W we pell out some of the intriguing detective work that can 

Figure 16L.1 
Breadboarded micro 
makes computer 
transparent . 

loic probe, testing RD" pin of processor. shows LOW, 
confirming that the 8051 is taking keypad value 1n 
(via the data bus) 
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come up as one tries to make sen e of a particular malfunction. Putting together thi little computer 

will give your debugging skills a workout. 

What we like about Path Two, in which you tie a controller to a PC: Thi - let's admit it - is the 

way everyone else in the world work with microcontroller ·. This method gets you results fa t. Every 

development kit (or "evaluation board" as these setups often are called) seems de igned to blink an 

LED for you within five minutes after you op n the box. Everyone likes to see evidence that the 

thing work - and that you (little old you, on your first afternoon with a ontroller) can make things 

happen. We re as susceptible to the charm of this figurative pat on the back a the next per on. So, we 

under. tand very well why people like to work this way. 

And since this is surely the way you will work with controllers after this course ends, there's an 

obviou appeal to starting right in at working as you will work in the afterlife. 

Figure I 6L.2 how what the little controller we use on this path looks like. It is a mall 32-pin 

surface-mount part that is soldered to an adapter so that one can plug it into a breadboard . Thi little 

device squeeze in almost all of what i wired on the large circuit board of Fig. 16L.J (it lack. only 

the 32K RAM of the big circuit - and includes some e lements not included there). 

Figure 16L.2 C8051F410 microcontroller 
mounted on DIP adapter for breadboarding. 

We don t know which path you will prefer. We like them both. If you had time the best approach 

would be to wire the big "transparent' computer first, then play with the compact '410. 

16L.1.5 Then convergence: do something of your own devising 

A we aid above, we hope that when you've had a chance to get u ed to the controller you will use it 

" standalone' to implement some de ign of your own: 

• Chapter 26N: apply the standalone controller. 

This you can do with either the Dallas version or the Silabs '410. Big-board people can program 

their 8051 's on-chip ROM from a PC; or they may want to use the SiLab '410 when it' time to put 

the controller all alone on a breadboard. The interactive debugging that the '410 allow make it easi r 

to work with than the loadable-but-not-debuggable Dalla part. 

16L.2 Counter lab 

In thi. lab you move up from the mode t "divide-by-four" of Day 15 to a 16-bit' fully synchronous" 

counter. We wi11 let it . how off some of it agreeable features, notably its synchronous load, and then 

we will put it to u e in two circuits: a programmable divide-by-n machine, then a period-measurer, 

which can operate a a capacitance meter, with just a little help. 

At fir. t you will use only scope and logic probe to watch th counter'. pe1formance; then you will 
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add a hexadecimal display that should make the counter s behavior easier to follow. A keypad will let 

you control the counter and load it. 

Note : The keypad i not a standard commercial part. See Appendix E for ordering .information and 

Appendix 14N.20 for the .. chematic in case you want to build your own. The display board that we 

use also is a custom-made circuit, using an LCD display to show 16 lines of address, and 8 or 16 of 

data. 
On Day 17, people who have cho en to build the "big-board ' computer will u e this counter and 

display to provide an address to a memory. The keypad will let you write 8-bit values into any memory 

location. In a later lab, counter and memory will serve as foundation of the microcomputer. So today 

big board people are beginning to build the little computer. 

If you will not be building the big-board version then you can build today s counter in a ingle 

strip. That arrangement is described in § 16L.3.2. 

Note: If you choose the big-board computer option, you will build today's circuits on your own pri­

vate breadboard. Big-board lab notes will a. ume that you are u ing a printed circuit holding several 

breadboard strips mounted together. This breadboard will become the foundation of the microcom­

puter that you soon will be putting together. 

If you don't have this printed-circuit board you can, of course, build the big-board computer on four 

or five breadboard strips. The printed circuit only eases the wiring somewhat. 

In an effort to make the big-board task Jes daunting than it might otherwise be, we have laid out 

a printed-circuit board that defines buses for the computer, though leaving to you the connections 
between these buses and your circuitry. The benefits of these ready-made buse are two-fold. 

I. Fir t, we hope they will make the concept of a bu less abstract than if you were to see it only as 

"whatever line go to many places." The bu es are labeled, and defined by the traces that run the 

length of the board. 

2. Second the buses allow (a in any computer) tidy wiring among circuit elements. You should 

, eldom find the need to run long wire about your circuit. The bus lines run clo e to a ground 

plane, and are less vulnerable to cross-talk than long, wandering wires (and they're less ugly). 1 

Figure l6L.3 shows what the buses look like on the board's top and bottom layers (jt is a two-layer 

printed circuit). 

The right-hand image is included to remind you that some of the external connections are already 

wired to the dedicated buse : 

• a display board i - wired to the 16-line address bus and to the 8-line data bus; 

• a keypad i wired to the 8-line "keypad data bu "(which i ,wt the same as the general data bu · 

this difference, obscure now, wi ll make sense soon once the data bu has begun to function in 

Lab 17L). 

A preview of the set-up: Figure 16L.4 is a glimpse of the way the breadboard will connect to display 

and keypad. 

I You may be inclined to prote t that traces that run close to other traces for eighteen inche. are more likely to cause crosstalk 

than spaghetti wire. wandering above the board . You have a point - but we anticipated thi . problem and placed a ground 
trace between adjacent ignal line. on the bu e of the pc board. These ground trace, . hould greatly reduce cro talk . 
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Figure 16L.3 Buses defined by 
display internally printed circuit that underlies the usual 

wired to adddress & data buses 
breadboard strips. 

Figure 16L.4 Display and keypad connected to the 
breadboard . 

16-bit counter 

The counter you install today is a versatile 16-bit device de igned to define the address in our Jab mi­
crocomputer whenever we want to determine this address manua11y. It is made from a PAL much like 

the PAL you will design and perhaps program to implement the "glue' logic that links the proce or 

to the remainder of the computer circuitry.2 Here are its features. 

• It counts up or down - and this behavior i handy for our purposes: soon (in Lab l 7L) you will 

u e the counter to take you to a particular memory location or addres . 

• It includes three- tate output : this feature will let us tie the counter output directly to the com­

puter bus (specifically, to the address bus). 

• It can be "loaded' with an initial value. Today, we will use LOAD* to let us make a divide-by­

strange-number counter; later, in the micro labs, we will use LOAD* to let us hop to a particular 

starting point in the memory s addres ·pace. 

The load function is implemented in two alternate ways, available through use of two control 

pin: 

More . pecifically, the counter i made from a Xilinx XC9572XL (3 .3V upply). 
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Asynchronou load: this take effect as soon a the ignal is a e11ed (here that occur when 

you press a pushbutton) . Thi is the form that will be convenient for your use in forcing the 

counter to a paiticular tarting addres when you want to access a chosen region of memory. 

The pin i named "LOAD*' . 

Synchronous load: this take effect only on the next clock following a. sertion of this signal. 

This form work better than asynchronous when it implements an automatic reload in a 

counting loop. We will use it that way in §16L.4 to make a programmable ' divide-by-N' 

counter, with N determined by a value entered on a keypad. The pin i named "SYNC.LO*". 

• It includes Carryin * and Carryout* pins that normally would be used to allow "cascading' several 

of these unit , to form a bigger counter. Carryin can be used to tell the counter to count or, instead, 

to hold it pre. ent value de pite clocking. (You may recognize Carryin as just equivalent - on the 

counter-wide scale - to the T input that controls a single flop: the T-type flip-flop that you built 

in Lab 15L from a D-ftop and an XOR gate.) We will take advantage of this Carryin function -

which can al o be described a an enable - in forming the stopwatch and then period-meter of 

§§ l6L.5.l and 16L.5.2. Carry0u1* will become useful to those who choose to use thi counter to 

implement a reaction timer, in the digital project lab l 9L. 

• The counter includes a RESET* that is synchronous, like one of the two LOAD functions. 

16L.3.1 A preview of the counter and its signals 

Figure 16L.5 i a sketch of the counter as a fragment of the big-board schematic. Exactly the same 

signal are used whether the counter is wired in the big-board or on a single breadboard. 

Figure 16L.5 16-bit PAL 
counter and its control. 
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This PAL counter is another su,face mount pai't that has been mounted on an adapter board to permjt 

breadboarding with it. (You may have seen such a carrier in Labs 5L and l 2L) . Fig. I 6L.6 shows the 

PAL on a carrier. We hope that you will add labels to the carrier, identifying each pin. 
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Figure 16L.6 PAL (TQFP package) mounted on a 
carrier, to permit breadboarding. 

Figure 16L.7 show what our breadboard looked like, when we eschewed the big-board, using just 

a socket and single breadboard strip (the photo hows the PAL in a package different from the one 

you will meet today; this one is PLCC whereas today s PAL is in a QFP surface mount package): 3 

The figure hows only the input control line wired along with parallel-input lines P9, P8, shown 

grounded by the DIP witch. Later, data input lines P7 ... PO will be fed by the keypad'. 8 output line 

( ee § l 6L.4). The 16 output lines (the counter's Q15 ... Qo, labeled "A 1s .. . Ao" in Fig. L6L.7) will be 

fed to the 16 address line on the LCD card. 

Figure 16L.7 Counter on a single 
bread boa rd. 

(The PAL shown in Fig. 16L.7 u ed pin assignment lightly different from those used in today's 

PAL, assignments that are shown in Fig. 16L.8.) 

16L.3.3 Big-board option 

Figure 16L.8 show the PAL counter mounted on a carrier. 

The signal names shown closest to center, in the rightmo t image within Fig. 16L.8, are the power, 

ground and programming pin . You may ignore the programming pins, TMS TDI, TOO, and TCK. 

16L.3.4 Wiring the PAL 

Wire power and ground first : The PAL uses ix lines for power and ground three for each. We 

suggest that you wire all of these initially. Everyone tends to find wiring power and ground tiresome 

- labor worthy of a lab partner but not of oneself. But try to get the habit of doing these first. 4 If your 

counter is a 3.3V part - XC9572XL - make sure to take power from the 3.3V upply rather than SY. 
Since your PLCC is likely to take ground and perhaps al o V + from the white breadboard strips, 

don t omit or postpone making the neces. ary connections to the stiip ' vertical power and ground 
bu ·es, from the' Vee' and ' G" points available at both ends of each white breadboard. The po itive 

supply is SY even if you are using a 3.3V counter, since these strips will power SY logic. 
We uggest that you inve, t five minute now, to make all those connections to the breadboard strips 

- and to bridge the midpoint of each of the ten power buses. If you postpone that little chore, you will 

save a few minutes now and probably will 'uffer a longer tretch of frustration later on, when some 

part of your circuit mi behave .. for lack of power or ground. 

3 The package is called "Thin Quad Flat Pack," TQFP. 
4 Omicting power and ground sounds unlikely, but is a common error, as we have noted before . 
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Figure 16L.8 Pinout 
of PAL counter. 
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Control lines: Next, we suggest that big-board users should wire the counter's control lines from the 

PAL's PLCC connector to some free bus Jines on the breadboard. You will find these uncommitted bu 

lines - labeled "free buses" in Fig. 16L.3 - near the top and bottom of the pc board. There are enough 

of these lines so that you may find it worthwhile to write or print labels, attaching labels either to the 
wire or to the breadboard it elf. 

The following are these control ignals: 

• CLK (rising edge, as usual); 

• CIN* (carry in, or enable); 

• COUT* (carry out, asserted on FFFFh for up count, on OOOOh for down count); 

• OE* (3- tate control)· 

• LD* (asynchronous load: on assertion of thi ignal, counter i loaded with 00 in top two bit , 

two bits from DIP switch that you must wire, eight bits from keypad, and 0000 into lowest-order 
bits)· 

• SYNC.lD* (synchronous load: on next clock, counter i loaded as for async load)· 

• RESET* (synchronous reset: forces counter to all zeroes); 

• U*/D (up/down control: low causes counter to increment on next clock, high to decrement). 

If you prefer a diagram, Fig. 16L.9 is a reminder of these signals along with the data inputs and 
counter Qs. 

Figure 16L.9 Signals in and out of PAL 
counter . 
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DIP switch controls four inputs . . . : We used a 4-position DIP witch to control 2 of the line , 

SYNCLOAD* and RESET*, and a momentary pushbutton to drive the asynchronou LOAD* pin. 

(Two other po ition of this DIP witch drive the top 2 bit of data into the counter: P9, P8.) Fig. 16L.10 
is the DIP switch, controlling its four ignals. 

10k 
pg____. __ 

PB 

+5V 

Figure 16L.10 DIP switch used to control four counter signals: big-board and single-strip versions. 

The same ·ort of DIP witch controls these four lines also in the single-breadboard ver ion of this 

circuit, illustrated on the right in Fig. I 6L.10, and also in Fig. 16L.7 . 

. . . pushbutton controls load function: A pushbutton drives the counter's a ynchronou load function 

- which transfers a value into the counter in parallel (doing this, the counter is behaving like a register 

of flip-flops, not like a usual counter . The value comes from the keypad (8 bits), plu another two bits 

control1ed by the DIP switch described in Fig. l 6L. l 0. (We eldom change those DIP switch settings 

on the "P9, P8" bits incidentally. Most of the time we leave them Low.) 

The pu hbutton, with it four legs connected to just two terminals can be puzzling, so in Fig. 16L. l 1 

we've ketched the way it work . We have al o tried here to remind you to flatten and rotate the 
switch 's legs. If not rotated, they are too wide for the breadboard. 

Figure 16L.12 shows what it looks like wired to drive the LD* terminal of the counter. 

Counter output lines and inputs : The counters 16 output line - AO ... Al5 - run to the 16 line of 

the address bus. If you are using the counter on a single strip, then the 16 Une go directly to the LCD 
card (see Fig. 16L.15) . 

. . . Keypad feeds counter's parallel inputs: Another eight lines feed the counter from the keypad. 

Note that these lines from the keypad DIP connector are internally wired, on the micro breadboard, to 

the bus labeled "KDO ... KD7 ." Note also that these keypad data line - labeled "KDO ... KD7" - are 

~ pins rotated, 
-,,-- to fit breadboard 

~ pins as originalfy oriented: 
too wide for breadboard 

Figure 16L. ll Pushbutton 
details. 
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Figure 16L.12 Pushbutton wired to drive 
LO* . 

not the same as the main data line - label.ed "DO ... D7." That principal data bus is not to be wired 

until next time, when memory arrive . 

On the ingle-strip those 8 keypad lines feed PO ... P7 as we noted back in § l 6L.3.2 . 

. . . Control inputs : Take care of the counter several control inputs. Specifically: 

• drive CLK with the keypad 's ADR_ CLK line; 

• drive the PAL's U*/D line with the keypad signal of the same name; 

• set the DIP switch so as to disassert RESET* and SYNC_LD* while tying P9 and P8 low ; 

• wire CIN * (an enable) and OE* (the three-state control) ·o as to assert the e signals continuou ly; 

• leave COUT* open, for the pre ent. 

That i. a lot list of ignals to worry about; it may help to look again at Fig. 16L.9. 

Counter as wired on big-board : Figure 16L. l3 show what the wiring of the PLCC may look like 

on e addres , keypad and the several control lines have been connected. We tried to keep the wiring 

low,. o that no wire is likely to get knocked out as we progre s. The boards will be stored and brought 

out many time . We like wiring that can stand this travel. You will , too. 

Figure 16L.13 All 
necessary lines 
connected to PAL 
counter. 
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16L.3.5 Add the display board 

We'll oon be watching the counter on an oscilloscope, but let's set up the other way of watching it 

before proceeding further. 

Counter display as wired on big-board : The LCD card plugs into a DIN connector5 on the big green 

breadboard PCB. This connector provides: 

Power: slide the LCD power select witch on top right to "external" to take SV power from the big 

green board. 

Address: the DIN connector link these 16 display inputs to the 16 lines of the PCB address bus. 

Those lines are driven by the Qs of the counter's 16 flip-flops. 

Data: either 8 or 16 lines can be displayed. Today, we have no data to show, but the LCD will 

di play the e floating inputs nevertheless. Next time they will carry data stored in RAM. 

The counter output can be displayed in either hexadecimal or binary format. Fig. 16L.14 show, hex­

adecimal~ Fig. 16L. l 5 demonstrate both formats. Hex is much better to let one recognize a number's 

value at a glance. But as you begin to play with the counter we 'd uggest that it's better to start with 

a binary di play: e pecially when the counter is clocked slowly, the binary display lets you recognize 

the counting pattern. 

Figure 16L.14 LCD can show counter output. 

Counter display as wired on single strip: Attach the counter' l 6 Qs to the two 8-bit address connec­

tor on the LCD card. Fig. l 6L.15 hows the counter board inverted. This i not nece sary, but allows 

u. to avoid putting a half-twist into the flexible cable · that carry the 16 ignal . 

The low-order bits look garbled on both displays in Fig. 16L.15. This effect just reflects the quick 

counting and the slow shutter peed of the camera. 

5 DlN is Deut ches Institut fi.ir ormung, German In, titute for Standardjzalion. £t has defined thou ands of technological 
tandards for the Europe. Thi 48-pin connector is ju. t one uch standard. 
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Figure 16L.15 
Display of 
counter output 
using LCD card 
tied to single­
breadboard . 

16L.3.6 Attach the keypad 

binary display .. . 

SVsup_e!y -~------

. .. hexadecimal display 

Big-board: Attach the keypad using its 16-line DIP cable. Once plugged into the DIP socket, the 

keypad' KDO ... KD7 line drive the counter's parallel input lines PO ... P7 line that you earlier 

connected to the micro breadboard KDO ... KD7 bus. 

Single strip: Plug the keypad into the breadboard strip and feed it eight data lines to inputs PO . .. P7 

of the counter. 

Thoe eight lines drive the middle eight lines of the counter's 16 data input line .6 Thee eight line 

become significant only when the counter does a Load operation. 

Does the counter count? We hope o. You'll find out if you pu h the keypad's INC button. The 

counter should increment its value. If you press the DN button, the counter should decrement its 

value. The RPT key clocks the counter at about 20Hz with direction UP by default, but DOWN if you 

press DN and RPT together. 

Try loading and Reset* : Try the LOAD* pushbutton. It should make the keypad value appear on the 

middle two digits of the hex display.7 Now try the synchronous load: flip the DIP witch to drive 

SYNC.LOAD* low (doing this shows no immediate effect) and then clock the counter from the 

keypad's ADCLK* line. After te ting SYNClOAD*, di as ert that ignal. 

Try RESET*, using the DIP switch: note whether its behavior i synchmnou or asynchronou .8 

6 This is a bit trange. But the keypad provide. only eight lines, and placing these in the counter' middle - to feed 

Q4 . .. Q 11 - strike · a compromise. The counter can load a value that is on a 16-count boundary (soon to mean a 

'I 6-address" boundary). From that point you have to walk up or down to get to any particular addre s. You can never be 
farther than an 8-step walk from your destination . 

At the ame time, the keypad cannot carry out very large hop in addre pace ince it does not control the counter' . high 
four lines. (The DIP witch 's P9 and P8 lines can help. ) But we don't think you'll find the limitation of the counter' 
LOAD function troublesome. 

7 The display can show you binary or hex a. we said back in § 16L.3.5. A lide ·witch on the di play board, lower left, elects 
the display format. 

8 Like all the counter' function except LOAD*, it i · synchronou. : it waits for the clock. 
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16L.3. 7 Try the counter at higher speed 

Now replace the keypad's ADR_CLK* signal, which wa. clocking the counter, with a logic-level 

signal from the function generator. Try fc1ock of a few kHz. 
Watch clock and Qo then clock and Q5 (triggering in both cases on the Q - and the slowest Q when 

watching more than one). 
ln the unlikely event that your counter behavior i erratic you may want to clean up the clock, 

by passing the function generator's TTL signal through a local logic gate that has hysteresis: see 

Fig. l 6L. l 6. 

"TiL"' from 74J.tCf4 local clock source"' 
generator to counter clock Figure 16L.16 HC14 can clean up a messy clock . 

Then watch Qo and Q15: do you see any delay of the higher-order Q relative to the lower-order as 

you did in even the small ripple counter you built in Lab 15L?9 Now take a look at Cout *. 10 You will 
need to trigger on the carry - and note that it is only one clock wide, so may look very narrow indeed 

if your cope screen's sweep covers many clocks. 

If you u e a couple of spare scope channels to watch Qo and Q 1 you can see the difference between 
carry on an UP count and carry on a DOWN count. If you feel like playing with the LCD display 

again, drop the clock rate way down o that you can see individual tate . Check that UP and DOWN 
behave as adverti ed. 

16L.4 Make horrible music 

If you let the counter' C out * line drive it SYNClOAD* pin, then it will reload itself each time it 

overflow . It will load itself with a 16-bit value formed from two lines of the DIP switch (P9 and P8: 

let 's set these both low), 8 lines from the keypad and four LSBs set to constant zeroes within the 

counter' innard . So the keypad value can determine where the counting start . 
If you count DOWN the pattern i pretty straightforward so we uggest you temporarily tie UP*/D 

to +5, as you do this subsection. 
SYNC.LOAD* is driven by COUP' so these ignals are asserted only when the counter is about 

to "roll over;" since the counter i. et to count down, it reloads each time it hits zero. So thi circuit 
let the keypad et the number of count that occur between loads; thu the keypad sets period and 

frequency of the COUT* pulse waveform. 
Watch COUT* and Q3 of the low-order counter as you vary the keypad input value. Does the 

re pon e fit what you expect? The keypad value is 8 bits, and a single keystroke update only the 

lowest 4 bits. You may want to keep the high nybble at zero, as you experiment. You could temporarily 

tie those four line to ground so that the keypad feed only PO ... P3 to the counter; that would make 

your in trument behave more like a mu ical keyboard - a we' re about to ask it to do. 

Hearing the effect of LOAD* : strange modulus counter: To make more vivid the power of this 

loadable counter to vary its modulus - the number of states it steps through - let'. li sten to the counter's 

9 We hope not. 
IO In an UP/DOW counter like this one. this carry sometimes i called "borrow" on the down counL. by analogy to 

ubtraction . we·11 call it just ··carry." 
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output frequency. Let Cout drive a transistor switch (a power MOSFET is easie t), which in tum drive 
the breadboard's speaker, as shown in Fig. l 6L.17. If you want to annoy your neighbors with a louder 
tone, let COUT* drive a toggling flip-flop: the 50%-duty-cycle signal that comes out of the flop makes 
more noise than the narrow COUT* pulse does. Without thi flop, the low duty-cycle of the COUT* 
pulse can make it barely audible for some count-lengths. 

Figure 16L.17 Music maker: divide-by-two 
makes output volume greater, and 
independent of frequency. 

Fixing an interesting flaw in this circuit : 
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The problem: glitches on COUT*: When we tried this , we were surpri ed to find that the COUT* 
signal - which detects the counter's state zero during down counting - carried nasty glitches, glitches 
sub tantial enough to clock the divide-by- two flip-flop that we were using to provide a 50:50 duty 
cycle. The glitches made nonsen e of our music machine: see Fig. 16L.18. 

Figure 16L.18 Glitches on 
carry can cause disaster 
when COUT* drives a 
clock. 
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... detail of glitch on carry_out* 

The remedy: synchronize the COUT* signal with aflop: You'll notice that the glitches in Fig. 16L.18 
occur after the clock edge. This is the usual case, since it i the changing signals brought about by 
clocking that trigger the glitche . Such glitches are entirely harmle. s to a flip-flop clocked by the 

signal that evoked the glitches - in thi. case, the clock of the main counter. 
Figure 16L.19 illustrates a remedy for these bad carrie : a synchronizing circuit that blocks the 

glitches. The glitches will not pas through the flop, because they occur after the edge that update 
this synchronizing flip-flop. 

If your music machine was troubled by carry glitches, include such a synchronizer up tream of the 
divide-by-two that is to drive the speaker, in your music machine. Sketch your clean divide-by-two 
(so that if you look back in a month or o, you ' ll rediscover how clever you were). 

Once things are working right, the keypad hould act like the keyboard of a crude musical instru­
ment. Do you hear the pitch fall by an octave when you change from key X to key 2X? 
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Figure 16L.19 Synchronizer flop can clean 
up COUT*. 

Out of tune because of the zero state: For very low keypad value. , your in trument goe out of tune 

because of the extra state zero included in each down-count cycle. 

For example, if you load al from the keypad, the counter receives a 1610 because of the constant 

zeroe in the LSB positions. It counts down from 16 to zero then reloads 16. So it goes through 17 

states, not 16. When you load a 2 from the keypad you might expect a doubling of period - but a 

2 evoke 33 states - not quite an octave different from 17. In fact that small difference amounts to 

almost exactly a half-tone, as your ear may confirm for you. 11 

16L.5 Counter applications: stopwatch 

We know thi i a long lab. We offer these exerci es because we think you'll find them fun, and 

instructive. Do what you can. Don ' t feel guilty if you don 't build the stopwatch . You may get a chance 

to build it (and apply it a a capacitance meter) in the project lab, 19L. 

A very slight alteration of the 16-bit counter will allow you start and top the counter: you need 

only add a manual witch to control the level of the Carry in*. So altered , your counter would be a 

p1imitive stopwatch. The addition of a few flip-flops and two NANO gates can make this stopwatch 

more convenient: first by letting you latch the counter output into the di splays (that way you need not 

watch the counting-up proces ), then by clearing the counter automatically after the result has been 

latched. 

The circuit ketched in Fig. l6L.20 can me.a ure the length of time a ignal spend low (as we have 

wired it). This period-measuring circuit then could be put to any of a number of uses. In Lab 19L for 

example, we propose that you might use it to measure the period (or half-period, to be a little more 

accurate) of the waveform coming from a 555 RC o cillator. If you then hold the R constant and plug 

in variou Cs, you will find that you have built a capacitance meter. You might find thi a atisfying 

payback for about a half-hour's wiring. 

When you have had ome fun with the circuit, we ask you to re tore your counter and RAM to their 

earlier form: so, flag the changes you make to the circuit as you go along - you may want to plug in 

odd-looking wire at the point where you remove a wire. (There are only a few of the e points.) 

16L.5.1 Stage One: simple stopwatch 

Remove the line that now d1ive Clock and SYNC_LD*; remove the line that grounds q 11 *. Drive 

Clock with a TTL signal from the function generator (not the breadboard generator· you will oon 

need a frequency higher than its 100 kHz); temporarily tie SYNC_LD* high. 

Fir t confirm that you can start and top the counter by taking q 11 * low, then high, using a man­

ual switch. You can clear the counter, as you confirmed earlier in this lab by pressing the RESET* 

pushbutton. You now have a clumsy stopwatch. 

11 You may recognize the interval "2" to ' I " as a major seventh. 
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Figure 16L.20 Stopwatch block 
diagram . 
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16L.5.2 Stage Two: automatic period-meter 
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The stopwatch becomes a period-meter if we add the automatic output-latching and counter-clearing 

mentioned above. Fig. 16L.21 sketche the scheme. 

Figure 16L.21 
Period-meter block 
diagram . 
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To save the result and then clear the counter for next pass we need a circuit that will generate 

pulses timed thus as in Fig. 16L.22. The ave pul e comes earlier than the clear to prevent clear from 

clobbering the data we re trying to catch. You may recognize thi pair of pulse , evoked by the rise of 

Count* (here hown as 'trig," so named for the terminal on the one-shot) as precisely the output of 

the digitally-timed one-shot that you built in Lab I SL. We hope you saved that circuit. (Fig. 16L.23 

offer a reminder.) If you didn ' t, you can rebuild it in about five minutes. 

Figure 16L.22 Save then Clear 
signals needed. 

. ., I 
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trig 

pulse1* (save*) 

pulse2* {clear*) 
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Ch 3 s-:-oo v tiI:] s.ooY 

The fir t pul e - labeled Latch.En* in Pig. 16L.21, 'save' in Fig. 16L.22 - will update the display. 

It drives the terminals labeled Latch.En* on the LCD board (two Enables* , each controlling an 8-bit 

latch). You should join the two Latch..En*'s for a L6-bit update. You hould also make the appropriate 

di ' play choice : 

• no label ; 
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• 16-bit display; 
• two-line di play· 

• the 8-position DIP switch on top right of the LCD board should be set to 16 (not 'Mux'). 

The transparent latch will take in new information when En* i low then will hold thi information 

after En* goes high. 

Notice that becau e the display uses transparent latches rather than edge-triggered regi ter we 

need to generate a pul e not the usual edge. Thi example illustrates the clumsiness of such pseudo­
clocking. Edge-triggering i much neater. ("Why didn't we design it in? ' you may ask. 12 ) 

The econd pulse clear the counter when the count has been afely tored in the latches. 

Generating the required pulses: double-barreled one-shot: Figure 16L.23 i.s the one-shot that you 

built in Lab l 5L. 

7', He 175 

+5~-----t-t---+--+-H----+-+---~ 
elk --:q:+----+----+--4---- -+---> 

\lee.• /(. 
G.iC> =8 Figure 16L.23 Double-barreled one-shot : built 

in Lab 15L we hope. 

Use the signal called Latch_En* to drive the Latch_En* of the display . Set the keypad value to 

zero to load zeroes, then let Clear* drive LD*, which you will recall , is the asynchronous Load. Here, 

we use it as an async clear: this is sbghtly preferable to u ing the ynchronous RESET*, ince LO* 

doe n't require a clock to implement this version of clear. 

Use a square wave from the function generator to clock both one-shot and counter. (The frequency 
now may be a high a you like. Try 1 MHz). 

Drive the one-shot input (Trig, above) and the counter's Cin * with the manual witch. You should 

find that the circuit measures the duration of the time you hold Cin * low. (If you clock at 1 MHz then 

the duration is mea ured in micro econds, of course.) Note that the count you see is in hexadecimal -
a little unfamiliar to mo tofus ten-fingered creatures. 

When you have had enough of your period-meter, restore the counter and di play connection to 
their former state, so that we can use the counter next time for its usual purpose: to provide an addres 

for the memory that you will install in Lab l 7L. 

12 And you probably recall the answer: we use a Lran parent latch becau ·e when we want a '' live" di play of the input levels 

we need only ground En*, and this i our usual preference. In order to produce an almost-live di play using edge-triggering, 

we would need to drive Clock with a fast quare wave. That would be a nuisance ince transparency i the u ual case. 
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16W.1 Modifying count length: strange-modulus counters 

Once upon a time designing with counter was a chore that sometime entailed designing the counter 

it elf. Nice integrated counters then made the work pretty easy. Now programmable parts make the 

design really easy. 

In this chapter we' LI use the somewhat dated method of applying an IC counter, becau e the e let 

us confront u eful timing i sues. Particularly, we'd like to see the difference between s nchronous 

and asynchronous functions. Integrated counters are available with both ort of Reset*: the 74HC16 I 
is a 4-bit natural binary counter with a ynchronous Reset*; the 74HC163 is the same counter with 

synchronous Reset*. Then we'll look at the more interesting set of problems that come up when we 

u e the counter to make an instrument that mea ures something. 

We'll build a divide-by-13 counter. The fully-synchronous loadable counter makes it now almost a 

easy to 1ig up one f these as to pull a divide-by-16 from the drawer. Not quite o easy; but almo t. 

Fir t, let'. consider synchronous versus asynchronous Load or Clear. lt 's not ha.rd to state the dif­

ference: a synchronous input "wait for the clock," before it i recognized; asynchronous or jam input 

take effect at once (after a propagation delay of course); asynchronous functions do not wait for the 

clock. Either sy nchronou. or a ynchronou - load or re ·et override the normal counting action of the 

counter. 

But it is hard to ee why the difference matter without looking at examples. Here are some. 

Problem (Divide-by-13 counter) Given a divide-by-16 counter (one that counts in natural binary, 

from O through 15), make a divide-by-13 counter (one that counts from O through 12, or through 

another set of 13 states). Decide whether you want to use Clear or Load, and whether you want these 

function , to be synchronou or a ynchronous. 

Solution (A poor design : use an asynchronous clear) Figure l6W.1 give a plausible but bad 

solution: detect the unwanted state 13; clear the counter on that event. 

Figure 16W.l A poor way to convert natural binary 
counter to divide- by-13. 

DETECT 1101 
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Why i this poor? The short an wer is simply that the design obliges the counter to go into an 

unwanted or false tate. There is a glitch: a brief invalid output. You don't need a timing diagram to 

tell you there is such a glitch; but Fig. l 6W.2 shows how long the fal e tate lasts. 

CLOCK 
Q c, 

2. 

0'3 
CLR * 

''1:z.." 

' P.UNT
0 

STATE 

r--1'-, 
"1~· ·1 • 

Figure 16W.2 Poor divide-by-13 design : 
false 14th state between 12 and 0. 

In some application you might get away with uch a glitch (after all, ripple counters go through 

imilar false transient tates, and ripple counters still are on the market . You could get into still wor e 

trouble though: the CLR* ignal goe away as oon as state " 13" is gone; the quickest flop to clear 

will terminate the CLR* signal; this may occur before the lower flop have had time to respond to 

the CLR* signal: the counter may then go not to the zero tate but in. tead to some unwanted state (12, 

9 8, 5, 4, or I . That error would be serious· not just a tran ient. (A very similar example is treated in 
AoE § l 0.5.20.) 

Solution (A proper design : synchronous) A counter with a synchronous Clear or Load function 

- like the 74HC163 - allow one to modify count length cleanly without putting the counter into false 

transient states and with no ri k of landing in a wrong state. It i also extremely easy to use. 

To cut short the natural binary count, restricting the machine to 13 tates, we again need to detect 

a final tate and drive RESET*. This time we need to detect the 12 state, not the 13 , as before. On 

detecting 12, the logic tells the counter before the clock to clear on the next cJock. 

DETECT 
STATE. 

l:Z..10 
r ICOi. C.LR 

Q; Gli Q, Qo 

-:-13 <5YN C 
~ --~t CL E.AR Figure 16W.3 Synchronous divide-by-13 from 

divide-by-16 counter. 

In case you need convincing, Fig. 16W.4 is a timing diagram 'howing the clean behavior of this cir­
cuit. The RESET* ignal , it. a, serted for a full clock cycle before it is acted upon. The synchronous­

clear divide-by-13 circuit work nicely. It s too bad though that it require a NANO. 1 Can we do any 

better? 
Use of the Load function instead of the Clear can achieve nearly the same result with a single 

inverter instead of the NANO. That difference i not important, but let' show off our versatility by 

making the divide-by-13 thi way. 

This u e of Load rather than Clear ha some funny side effects. 

• U ing Load can oblige one to use a trange set of states ( tarting from three, say, and counting up 

I We admit this "one extra gate" become ridiculou when one uses a PLO. But let's assume we really want to do the job 
with this IC counter. 



636 Worked Examples: Applications of Counters 

Figure 16W.4 Proper count modification : 
using synchronous Clear*. 

CLOCV. 

G. 1 

CLR.* 

to 15 then loading three again in order to define 13 state ); this would be all right if the frequency 

alone interested you, but it would not be all right if you wanted to see the counts O through 12. 

• Or, if we want to use tate 0 ... 12, then use of Load requires a down counter. This is the technique 
we use in Lab I 6L to make a counter of variable modulu : load the initial value; count to zero, then 

use the Carry/Borrow ignal to load once more. ("Borrow," by the way, is just a down-counter' 
"Carry" . ignal). 

Figure 16W .5 
Divide-by-13 counter 
using synchronous 
Load function . 

'~(} d 3 
a.ff er 
cv 0 r{/0L•.' 

We should not make too much of these odd effects: the number of states a counter steps through 

always bears a slightly funny relation to the value loaded or detected: if you load and count down 

states= (count+ l); if you load and count up states= (2's-complement of count loaded)· if you detect 
and clear states= (count-detected+ l). So, thing are tough all over and it doe n ' t matter much which 

scheme you choose. 

Synchronous load and clear functions are nice: they upport the ideal of fully- ynchronou de­

sign. But ·ynchronou functions have not simply replaced asynchronous because sometimes the yn­

chronous type is a decided nuisance. On the counter of Lab I 6L for example, we provide an asyn­

chronous Load so that a user need only pres a button in order to Load the counter.2 But most of the 
time, synchronou functions remain preferable. 

16W.2 Using a counter to measure period, thus many possible input 
quantities 

Counting as a digital design strategy: We have noted already in Chapter 16N that we can build a 

variety of instruments u ing the following generic two-stage form: 

• an application- ·pecific' front end generates a pul e whose duration is proportional to ome quan­

tity that interests us; 

• a ' topwatch" measures the duration of that front-end pulse. 

2 We had learned from ad experience that our student were not clever enough to carry out the two-step proce s required by 
a synchronous Load function . A king them to pres a Load button with one hand, then Clock the counter with the other 
hand turned out to be too much for some. Sometimes we would observe a student repeatedly pressing Load and muttering 
" IL doesn' t work! " 



16W.2 Using a counter to measure period, thus many possible input quantities 637 

Here we will look examples of circuits that fail in an attempt to use this an-angement, and then we 

will go through a longer design exercise where we try to do the job right. 

16W.2.1 Three failed attempts 

First failure : digital piano-key speed-sensor: Figure 16W.6 i a flawed cheme: part of a gadget 

intended to let the force with which one strikes the key of an electronic instrument determine the 

loudness of the sound that is put out. The rela6on between digital count and loudness show a nasty 

inverse relation . 

r\f.'( 

-Pl-iOTODETECTCR CD 
-PHOiODE.TECTOP- @ 

Figure 16W.6 First 
failure : measuring period 
to measure how hard a key 
was hit. 

We offer this as a cautionary example: probably thi piano de ign is a scheme worth abandoning. 

The design could be made to work with some clever post-processing of the signal; but to call for that 

sugge ts there must be a better arrangement. 

Second failure: latching a final count: In Fig. l6W.7 a small error make this big circuit useless. The 

clearing and latching are driven by a 'hared pulse. So the cleared value is saved: zeros forever. 

~HOWS ZLRO~ AFTl=R fl.E51:..T 
( LATCH THEN 15 "TR.AN5PA!',ENT II 

N· DtG.li Dl&f't...A'( 

OECODEF./ DRl\l'ER$ 

Figure 16W.7 Second 

failure: a transparent latch 
catches zeros. 

Third failure: again missing a final count: As the note in Fig. 16W.8 says thi circuit i not perfect. 

It i much better than the tran. parent-latch design of Fig. 16W.7 but once in a while it may show a 
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spurious count. The output register is clocked while the counter is clocking, so the count value may 

change during the register setup time. Not much is at stake: an occasional odd display lasting one 

econd i the danger. 

Figure 16W.8 Third 
failure : an edge-sensitive 
register violates setup time. 
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16W.2.2 Trying to get it right : sonar ranger 
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Now that you re getting good at designing these circuit (or at lea t good at finding fault with the 

designs of others), lets do an example more thorough ly. 

An ultra onic sonar sensor3 generates a high pulse between the time when the sensor transmits a 
burst of high frequency 'ultrasound" and the time when the echo or reflection of thi wavefom1 hits 

the sen or. The timing diagram in Fig. l 6W.9 . ays thi graphical1y. 

So the duration of the high pulse is proportional to the distance between the sen or and the surface 
from which the ound bounces. Only a couple of bursts are sent per second. 

Problem Design hardware that will generate a count that measures the pul e duration, and thus 

distance. Let your hardware cycle continual1y, taking a new reading a often as it conveniently can. 

Assume that the duration of the pulse can vary between lOOµs and lOOms. You are given a 1 MHz 
logic-level oscillator. 

In particular: 

• Make sure the counter output is aved, then counter is cleared to allow a new cycle. 

• Choose an appropriate clock rate, o that the counter wi ll not overflow, and will not waste reso­
lution. 

Solution We do this in everal steps. Fir t, just draw the general scheme· the block diagram in 

Fig. 16W.IO. It looks almost exactly like all the earlier examples. The difference lie only in the 

device that generates the period to be mea ured by our "stopwatch." 

The rest of our work is only to take care of the timing details . As usual it i the e that pre ent the 

only real challenge. 

3 It was designed originally for u e in Polaroid cameras; now used often in robotics. 

Figure 16W.9 Timing of sonar 

ranging device. 
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echo sensor 
(Xmit I Receive) 

J L 

en counter 

n 

n 

display Figure 16W.10 Sonar device: digital 
readout. A block diagram. 

We need to save the final count, then clear the counter, at the end of each cycle. You do exactly 

thi in Lab l 6L, but there your job is complicated by the circumstance that the register you use is 

the na ty transparent latch on the display board. We handled that difficulty by adding the complexity 

of a double-barreled one-shot. Here we will choose edge-triggered flip-flops instead. Nearly always, 
edge-triggered devices ease a design task. 

Let's suppose we mean to use the PAL counter of Lab 16L. This device offers a synchronous clear 

and an asynchronous load; we will have to decide which to use for the clearing operation. The counter 

also offers a Carryin * that wilJ allow a logic signal to start and stop the counter. How's Fig. 16W. I I 

look, using the counter's synchronou RESET*? ls the timing scary? Will the count get saved, or 

could the cleared value (just zeros) get saved? The timing diagram above say it's OK: the D-flops 

certainly get their data before the clearing occurs on the next clock edge. 

:: =1r..,.... --\~_-_ -_ ---~----
CoU"1T )I: ~ 
:.: f l.Of> C\ot.----

COU"-lT '4:.K- -)\'---~-..----= LO 

CLOCK 

Figure 16W.ll 
Trying to make sure 
the count is saved 
before it is cleared . 

To get some practice in thinking through thi problem look at another ca 'e, Fig. 16W.12, that 's a 

little different: this hypothetical counter uses an asynchronous ("jam") clear. The problem i , that we 
clock the D register while the counter still is counting. This i the defect that worried u in the circuit 

of Fig. l 6W.8. 
Probably this will work like an elaborate equivalent to the cheaper circuit of Fig. l6W. J 3. We 

should stick with the earlier circuit then: the one that clock the D-flops slightly before clearing the 

counter and that u es a synchronous clear. A gho t of a problem remain however. Whether we should 

worry about it depend, on whether we can stand an occasional error. 



640 Worked Examples: Applications of Counters 

Figure 16W.12 Another example: failing at the 
same task. 
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Sometime the counter Q will be changing during the setup time of the D register. That can lead 

to trouble. The most bothersome trouble would be to have some of the register's D-flops get old data 

(from count N) while others get new data (from count N+ 1). That's worse than it may at first sound: it 

implies not an error of one count but a po sibly huge error: imagine that it happen between a count 

of 7Fh("h" indicating "hexadecimal") and 80h: we could (if we were very unlucky) catch a count of 

8Fh. Thats off by nearly a factor of two. 

This will happen very rarely. (How rarely will the Qs change during setup time? Typical time during f> 

which flop actually cares about the level at it data input (' aperture" by likene to a camera shutter, r-f"­
apparently) i l-2ns (versus 20ns for worst case tsetup); jf we clock at I MHz, that dangerou time + O UT 

makes up a very small part of the clock period: l or 2 parts in a thou and. So, we may get a false 

count every thousand samplings. lf we are simply looking at displays that does not matter at all. If 
Figure 16W.13 
Sad equivalent to 

on the other hand we have made a machine that cannot tolerate a single oddball ample, we need to the bad save and 

eliminate the e errors. 

A very careful solution: Here is one way to solve the problem: synchronize the ignal that tops the 

counter (with one flop); delay the register clock by one fulJ clock period, to make ure the final count 

has settled. Perhaps you can invent a simpler cheme than that shown in Fig. 16W. l4. 

Problem (A nice addition : overflow flag .) Can you invent a circuit that will record the fact that 

the sonar ranger ha overflowed - i.e. warn u that its latest reading is not to be trusted? 

Hint: flip-flops remember. A good circuit would clear it warning a oon as it ceased to apply: 

when a valid reading had come in. 

Solution Here's one way. 

• Let the end of the Carry* pulse clock a flop that is fed a constant high at its D input. Call the Q 

of the flop overfl.ow. 

• When the period finally doe end, let the overflow Q get recorded in a Warning flop that holds the 

warning until the end of the next mea urement. 

• Meanwhile, to set things up properly for the next try, let the end of the period clear the overflow 

flop so that it will keep an open mind as it look at the duration of the next period. 

This scheme (in Fig. 16W. I 5) looks pretty ornate. See if you can design something tidier. 

A really careful designer mjght notice that in this design we are tolerating the possibility of a glitch 

on Ca1Ty. Since the counter's Carry i . imply an ANDing of several Qs, it could glitch on a tran ient 

tate of the counter. We aw this possibility in §16N.3.3, where a scope image (Fig. 16N.21) hows 

some of these events. Such a glitch would trigger a spuriou overflow indication. 

The very cleanest design would use a synchronous carry - detecting a state one-before overflow 

(max-count minus one) and feeding that to a sy nchronizing D-flop. But we don ' t want to w a.r you 

clear circuit. 
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Figure 16W.14 Delaying flop clock to make sure we don 't violate setup time . 
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Figure 16W.15 One flop 
records fact of overflow; 
another tells the world . 

out; we only want to alert you to the sort of timing issue that make digital design not so obvious a it 

appeared in Chapter 14N, when all was combinational, and timing problems did not ari e. 

The details of this design are fussy but we will see one of the methods used here several more 

times: feeding a constant to a D input to exploit the nice behavior of an edge-triggered input. You will 

ee thi again in a "Ready" key, Lab 22L, and then in interrupt hardware, Lab 23L. 

16W.2.3 Recapitulation : full circuit of sonar ranger 

Figw-e 16W.16 i with few word , a diagram of a no-f1ills olution to the onar ranger problem. The 

diagram omit the overflow warning logic drawn above, and the "very careful. . . " logic. It uses sma11 

4-bit decoders and displays: not a likely choice now that LCD and even pretty OLED ("organic LED') 

di plays are available. 
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Figure 16W.16 Sonar period-measuring circuit : full circuit. 
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Here's an application of flip-flop and counters: a circuit that will mea ure muzzle velocity of a bullet. 

The bullet i fired at two wire , that are 1 Ocm apart. Breaking the first wire start a counter; breaking 

the second stops the counter. A competition rifle has a muzzle velocity of about 3000 feet per second. 

Your in trument could compare rifle performances to that speed. (Thi problem resembles the reaction 

timer, a problem posed in the Digital Project Lab Chapter l 9L, but is a bit impler.) 

Here are ome specification for the circuit. 

• To sense the bullet's passage, use a thin wire with one end grounded, the other pulled up to +5V 

through a re, istor. When the bullet breaks the wire the voltage rises to +5V. A surning that tray 

capacitance i 50pF choose a pullup value that will not introduce an appreciable error. 

• Decide whether you need to worry about the equivalent of bounce - intermittent connection to 

ground as the bullet pa ses perhap craping along the severed wire. 

• you want 0.1 µs re olution. Decide how many bit. your counter need .. (You ll need to estimate 

the time for the bullet of the "competition rifle to move I Ocm). 

• Cascade 4-bit counters (74HC l62s: synchronou BCD counter - 0 to 9 count- with synchronou 

Clear* and Load*) to do the counting for you. U e enough ' 162 to mea ure perhap 30o/c varia­

tion in bullet peed. Make your counter synchronous. 

• Your time-keeping clock is a 30MHz crystal oscillator. Divide it down to get the needed resolu­

tion. 
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• Include a manual pushbutton that generates a signal named ARM. Pushing this button clears a 

flop; thi flop will go high when the bullet hits the first wire. 

• Let thi flop strut the counter when the bullet hits the first wire. 

• Let the bullet's breaking the second wire clear the flop and stop the counter. 

• Display the re ult using displays like the one you use in your computer. 

• Include a circuit to detect overflow of your multj-digit counter. Light a red LED on overflow; 

let a ertion of the ARM signal clear the overflow signal. Assume you are allowed to use an 

as nchronous Carry0 ul signal. 

16W.3.1 Bullet timer solution 

We' ll present pos ible design for several fragment of a circuit that would perform as demanded -

and then we'll sketch the whole circuit. You may find the explanations offered with each fragment 

exces ive. If you do, skip to the one-page solution at the end, which includes shmt explanation of 
most de ign choice ,. 

Starting and stopping the counter: The bullet will break one wire to tart the counter, another to 

stop it. To keep the counter going between the e two events we need an element that will hold this 

'counting" tate: a flip-flop. 

The bullet needs to switch the level of a ignal twice. Let it break a wire that tie a ignal to one 

level , while a resistor pulls to the other level. 

+'iv 

R = 1k 

... stop +S'v 
==C:> 

1k 

t511 

R. 

Figure 16W.17 A flop will start counter, then stop 
it. 

Generate the clock signal: Given our 30MHz oscillator, and our need to resolve to O.lµs, which 
implies need for a lOMHz clock rate, we need a divide-by-three counter. Fig. 16W. l 8 i a circuit that 

u. e. a counter with synchronous clear in order not to generate nasty glitches4
. 

Details: timing questions: The time we are trying to rnea ure is quite brief, and we are trying to 

re olve it to 0.1µ , owe hould make ure the delays in our circuitry don't compromi. e its perfor­

mance. 

4 A 74HC 162 counter i bown. Thi is BCD or ·'divide-by-ten.'' A '163 natunl binary would work as well. Borh offer 
·ynchronous Clear*. 
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Ft>r 
1
' 0.1 j>,$ resolvtion," rieed to cloc.k 

at 10 MHz. :::;> divide. 30 MHz oriiUetor 
~l?11al by 3. Could VH c.frcvit foi9rieJ 
Ln da~s DJ. 10 MJ.lz 

Figure 16W.18 lOMHz clock from 
30MHz oscillator. 

30M~z ____ ...... 

+5v 

RC delay when wire breaks The pullup/pulldown resistor forms an RC with tray capacitance which 
we have e timated at 50pF. How small should we make the R? Let's keep RC well under the 

O. lµs resolution. Keep it at, say, a half or quarter of that- 50ns or 25n : see Fig. 16W. J 9. A 
pullup of lk probably is OK 470Q i a little better. 

R value? 'want RC <<- o."1 p~ == 100 ns; say 
R.= 1k or470.n. 5'0 h.S ::::;,, R~ :~; == 103= 1k; or-470.a. 

Figure 16W.19 Keep delay small from R pullup and C stray · 

Chatter or bounce, as bullet passes? I this harmless? It i . The bu11et s length is not negligible 
relative to the 10cm di tance between Start and Stop wires, so if one imagines the bullet 

scraping contact during that time, perhap we have a problem to solve: one that looks like 

witch bounce. But in fact there i no problem: the flip-flop, as drawn responds only to the 

first transition (on clock) then first low (on the re et); the flop acts like a debouncer. This 

is a sufficient argument; but in addition it seems very probable that the wire break contact 

cleanly on the initial break so that the electrical ignal doe not show chatter (bounce-like 

noise) in any event. 

How many 4- bit counters needed? How long may the bullet take to travel the 10cm gap between 

Start and Stop wires? Average speed is given as 3000 feet/ ; average time then (see below) is about 
l lOµs. If we want to resolve to O.IflS we'll need four decimal digits (though one will not show more 

than the value "l"; on a DVM this would be called '3 1/2 digits"), so we'll use four 4-bit counters, 

each a "divide-by-ten ." 

Once we know the range of times we need to measure ( aid to be 30% more or les than the average) 

and resolution wanted, the counter u e is pretty pedestrian. (We have sketched in Fig. l.6W.20 4-bit 

hex displays; probably you will want to use the LCD' 16-bit di play in tead.) 

Detect overflow: Detecting overflow i more interesting. We need to use the highest-order counter's 

carry-out signal to sense overflow - because an overflow warn u that we cannot trust the recorded 
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Figure 16W.20 Four divide-by-ten counters will 
measure time for us. 

count. (We admit that overflow is wildly unlikely in this de ign. But it' a technique worth learning; 

so, here goes, though you may object that you have seen this at least twice before.) 

We need to get traighl whether the carry indicates an overflow or impending overflow. In fact, for 

a properly-designed ynchronou counter, the carry indicates the latter: it means that overflow will 

occur on the next clock. So, it is the termination of carry-out that will indicate overflow. And , since 

we want the lighting of the overflow indicator to per ist, we' 11 need a flip-flop to keep the LED lit till 

the user turns it off. 

Simplest overflow detector: a.sync use of Carryout: Figure I 6W.2 l shows a straightforward way 

to watch for overflow. The termination of a Carryout signal indicate the counter has overflowed 

(Carryout i as erted on maximum count - one sho11 of overflow). 

+S-v 

Terrninatoti i,f max_ covr.! 
si9 ha[ tnditates overflow 
(t 1--~ ili 11J eJ9e of pul se) 

D Q 

Figure 16W.21 Overflow sensor 
keeps LED lit after overflow. 

This plan ma) work but we have noted in Chapter L6N that glitches on the Can-you, line could 

throw off the simple overflow detector that we have sketched here. The detector can malfunction if 

th counter's Qs. though synchronou , how enough skew o a to change not-quite- imultaneously. 

Such a timing mi match could produce a spulious Carryout signal. 
One can solve thi problem by using a synchronous carry to indicate overflow. If one designs the 

counter from cratch, one can design uch a carry into the counter. This we could have done in the 

PAL counter that you use in Lab l 6L. Here i Yerilog code to implement uch a carry (which we chose 

not to include in the lab counter): 
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if (upbar_ down) II a high on this line takes us down 

begin 

count<= count - l; 

if (count== 16'b 0000000000000001) II minimum count plus one 

cout_ sync_bar <= O; II this will assert cy on next clock, state zero 

else 

cout_ sync_bar <= l; 

end 

else 

begin 

count<= count+ l; 

if (count== 16'b 1111111111111110) II maximum count minus one 

cout_ sync_bar <= O; II this will assert cy on next clock, state max 

else 

cout_sync_ bar <= l; 

end 

The code is not very elegant - and doe not behave properly if the direction-of- ount (determined 

by the upbar_down ignal) is changed while the counter i at an extreme. For thi · reason, we did not 

include this fancier ync_carry. 

Using commercial IC counter , we don t have that option but can make a near-equivalent by adding 

a synchronizing flip-flop that will not pa . glitche . Such a circuit i ketched in Fig. l6W.22. 

Figure 16W.22 Synchronizer added to 
counter 's carry-out can protect overflow flop 
from glitches. 

Couf 
_Jl_ 

clock 

<is 
(synchronizer) 

+5 

O Go 

R tk 

... reset 

Glitches on the a ynchronous Carryout line will occur oon after th clock edge; they will not pas 

through the synchronizer. Fig. 16W.23 makes this point graphically: the signal S)nc'd_Carry_out does 

not pass the glitche that appear on Carry out. 

Figure 16W.23 Glitches on Carry0 u1 can 
be cleaned up by a synchronizing flop. 

clock 
(open-drain, 
pulled up) 

Q3 

Carry_out 
('1 

sync'd 
Carry_out H 

·11JJJNJJJJlfrJHJ/ 
------·· .•.• ~I·--· 

Chl S. oov"!'!If: S.00 V \1 1001,.lS 
_j 

Ch3 S. 00 V Ch-4 S.00 V 
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This remedy may well not be necessary. To produce the gl itches shown in Fig. 16W.23 we had to 

try hard.5 But the sy nchronizing strategy is one worth remembering. Asynchronous circuits - ready 

to respond at any time - cannot tolerate noise on their clock lines; ynchronous circuit can - o long 

a the noi e does not occur during etup time, as normally it doe not. 

A full solution (circuit diagram) : pjgure 16W.24 pull together the several pieces of the design -

with most of the explanations included. 

+5 

bullet hits first wire 

... hits second wire +5 

Figure 16W .24 Fu ll circuit for a solution . 

Chatter or bounce harmless? (_}/!-{) 
Probably Yes. First transition should clock the flop. 

Bullet length j5. an appreciable error in 10cm - but initial 
break should do the job. 

clock 

fk 

5 We had to tease the circuit by slowing the clock edge. Thi. low edge apparently clocked the everal flops at l ightly 

different times. Capacitively loadi ng some of the output (QO ... Q2) was ineffective. probably because the flop outputs are 

buffered before being brought out to the pins. And inducing the gli tches by slowing the clock edge is a bi t meretricious: the 
·low edge be ome · unreliable a · a . ynchronizi ng signal. Ju. l as it can clock the e eral flop. within a ynchronous counter 

at different times. it can also clock the synchroni zer nl a time different from the time when it clock the counter. Such a 
mismatch can undo th cleanup - pass ing the gli tch to the output of the synchronizer. if the synchronizer'. c lock i a little 

late. 
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17N.1 Buses 

These are just lines that make lots of stops, picking up and letting off anyone who need a ride. The 

origin of the word is the same as the origin of the word for the thing that rolls along city treets 1• 

Power buses carry V + and ground to each chip· data and address bu e go to many I Cs in a com­

puter. Some control signals may run to many parts: a R/W* (read/write) signal might, for example. 

17N .1.1 When are three-states needed? 

Answer: whenever more than one driver (or " talker," to put it informally) is tied to one wire. 

Where in Fig. l 7N.l are three- tate needed? (In case you need reminding, a three- tate i an output 

stage capable of disconnecting entirely, rather than switching the output to ground or po itive upply, 

as in a conventional gate.) The presence of more than one receiver (or "Ii ·tener' ) does not call for 

3-states. (Think of a telephone "party line" - one shared by . everal telephone - if you find your elf 

confused on this core: the little old eavesdropper on your conversation may be annoying, but is 

harmles so long a he i. si lent.) Try the rule on the circuit of Fig. l 7N .1. 

Let's start with the data bus. RAM and ROM and CPU (2, 4, 7) - all talkers - need 3- tate where 

they meet the data bus. Notice that ROM needs it as much as RAM and CPU; bidirectional or single­

direction doe. n't matter. Keyboard (9) need it' DAC (digital-to-analog converter) does not (only 

li tens). 

I If Latini n't too Harvardy for you: "bu "i. just short for "omnibus." " to or for all." The city bu . . an innovation in early 
19th century England, was given thi . name to contrast it again ta caniage that one w uld hire for a ingle point-to-point 
ride. 
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Figure 17N.l 
Where are 
3-states needed? 

On the address bus: RAM, ROM and decoder (3, 6 5) only listen; so no 3-states there. How about 
the CPU (I)? It's a talker. But it looks, in this diagram, as if it's the only talker. If so no need for a 

3-state. Thi was the view taken by the designers of early processors - including the 8051 that you 

will oon meet. But after those first parts were launched designer began to notice that it ometimes 

was u eful to be able to share the address bus . 

A fancy ca e would be one using more than one processor; but the garden-variety ca e was one in 

which the processor relinquishes control from time to time to allow a fast transfer that bypasses the 

proces or. Thi is o-called "Direct Memory Access" (DMA). A disk drive, for example, can pump 

data into the RAM directly using a dedicated address counter; it can do thi much faster than if each 

data word had to pass into the proce ·sor and then out again as in a normal copy or transfer. 

Does our little lab computer need DMA capability? Surely not - it' such a simple machine. Not 

' O: it is simple, but it doe use DMA. When we load data into memory by hand we are doing DMA, 

though in glacially slow motion. How do we do this if the 8051 's designers did not anticipate DMA? 

We fake 3- tate behavior by putting all the processor's output pins into their highest impedance state. 
They are not off a in a true 3- tate· instead, they are weakly pulled up so that any external device can 

control the line . (We force this weak pullup by asserting the 8051 s RESET pin.) 

17N .1.2 Example of 3-state use: data bus 

Figure 17N.2 shows a part of the circuit you will build in Lab 17L. One 3-state is hown (a parallel 

et of eight, the '541 ); another is implicit (within the RAM . 

The ' 541 keeps the keypad from monopol.izing the data bus. What keeps the RAM from hogging 
the bu alJ the time? (Note that the RA M's OE*, its explicit 3- tate control, i tied low - a setted - all 

the time . 

Answer: the RAM s WE* pin turns off the RAM s 3-states when a serted (low). 

RAM includes 3-states too: Figure l 7N.32 illustrates the jnnards of the static RAM that you will 

meet in today s lab. Thi i a traditional asynchronous RAM. Synchronous static RAMs can achieve 

higher speed , but are !es. ea y to use and we will not look into them in this book. You will find 

them discu ed in AoE § l 4.5 .3C. The figure show the roles of the RAM' CE* ( 'chip enable"), OE* 

2 Cypress Semiconductor CY7C I 399B N. 
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Asserting cs• 
(chip select) and 
01:• (output enable) 
is enough to turn on 

I 

! 
l=-~ ~~~~~ 

the RAM' s 3-state - 3th a sh>~,,_ ~11 

This '541 is a set of eight 3-states, used to 
keep the keypad from hogging the data bus. 
The 3-state buffer turns on only during a 
manual Write from the keypad 

13 I~ 
------------u~2 '1't HC S'fl 

I (ld. O<:T1'L ~-sT"ATll lluF, 
but WR' shuts off 

20 
cs ~ 

3-statesduringt~ '"~ ?'l.ofl~;;-,-,--11- ~1~ 27
~ 1 ,, 

write operation ;.A - , , < , , / ,=;=~~6=.o'--"'.....dic,c:,,,.,_:,,r 01 

"' -~ · ,;,-- ';h;;,::2~:,u;;; ~;;s --The RAM is smart enough to 
s0 0 designers know the part will be turn off its 3-states during a 
g tied to a shared data bus write, of course 

~\;; .... ~ == (there must be another talker; 
to load the RAM during a write) 

Figure 17N.2 Example of 3-state use: keypad meets memory. 

(output enable), and WE* (write enable). The fact that as ertion of WE* turns off the 3- tates permits 

the continuou assertion of CE* and OE* that we u e in Lab l 7L (as shown in Fig. 17N.2). In later 

lab , once the circuit has been complicated by the arrival of the CPU (Central Processing Unit the 

brains of the machine) we use these signal in le s rigid and more u uaJ ways. 

Figure 17N.3 RAM detail (32K x 
8). showing roles of its three enables, 
CE*. OE* and WE* . 

Logic Block Diagram 

CE* gates WE* 

OE• controls 3-states 

Figure 17N.3 show the relations one would expect among the three enables: 

WE*: Asserting WE* (on a write) turns off the 3- tates a required: the RAM top talking in order 

to listen. 

CE*: CE* gates write. So WE* is ineffective when the chip is disabled. The big-board computer 

exploits this behavior. To keep it gat ing simple, it permits WE* to reach the RAM on 1/0 
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writes non-memory action ). These are harmle be ause CS* i di a erted in I/0 address 

space. 

Figure 17N.3 wrongly suggests that CS* does not condition data reads. The data sheet 

from which thi figure comes makes clear that CS* must be asserted to permit any memory 

action: read or write. 

OE*. This directly control the 3-states. The response to OE* is quicker than response to CS*, 

which control more complex functions in the RAM . 

17N.2 Memory 

We have spoken rather glibly of a "memory ' without explaining what it is. Lets remedy that onlis ·ion. 

A memor) is an array of flip-flops ( or other devices each of which can hold a ingle bit of information), 

organized in a particular way to limit the number of lines needed to access this tored information. A 

memory i u ed most often as you know, to hold data and program for a computer; it can also be used 

to generate a combinational logi function - a you will see in Lab I 7L. 

17N.2 .1 Memory describes a way of organizing storage 

8 bits can be stored in a register. The register i just a collection of flip-flops, with a common clock 

input, and all D and Qs brought out in parallel. If those 8 bits are stored, alternatively, in memory 

form, then inputs and output are multiplexed each onto one line; and a further improvement allows 

aboli hing even the IN versus OUT distinction so that IN and OUT become the bidirectional DATA 

line. 

07 Q7 

DO QO 

Register organization ... 

r-------------------, 
I I 

DATA I 

IN 

I 
WE"--t-

1 

I 
I 

: 3 : 
I add res 1 

L- --- -- -- ----- - - tr- -J 
A2., A1, AO 

... Memory organization, 
separate IN, OUT lines ... 

DATA 
OUT 

WE" 

r-------------------, 
I I 

I 

I 
I 

I 3 : 

I ~d~s I 

L - - - - - - - - - - - - - - - tJ -_ J 

A2., A1,AO 

. .. Memory organization, 
single DATA line, IN and OUT 

Figure 17N.4 Memory as a way of organizing data storage, minimizing external connections. 

At first glance the memory look silly: a lot of extra internal hardware just to save a few pins? Let's 

count pins: 

Function Number of Lines if using Regiser Memory 
data IN: 8 1 

data OUT: 8 I or I hared between IN and OUT 

clock/write 1 I 
power ground 2 2 

address 0 3 

- -

total 19 7 or 8 
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Pin count: register versus memory: The memory advantage doesn't look exciting - until you crank 

up the number of tored bits to a reasonable level. Then the memory reveal that it is the only fea ible 
way to store the information (try counting pin on a l Mbit memory reorganized as a register, for 

example). 

Memories normaJly queeze away one more pin , as hown on the right in Fig. 17N.4, combining 

input and output into one pin. WE* turns off the 3-state that normally would be showing the memory ' 

content, as we saw when we looked into the RAM in Fig. l 7N.1.2. 
Memory organization allows access to only one stored value at a time, whereas the register deliver 

all its bit. in parallel. But the memory scheme matche nicely with the sequential nature of computer 

processing. Note however - speaking of parallel versu. sequential - that the RAM we have sketched 

in Fig. 17N.4 i just one bit wide. The RAM you meet in lab i. eight uch structures in parallel, 
todng an 8-bit 'word ' at each location. Thi i the normal arrangement. The one-bit-wide memory 

a scheme we offered only for it simplicity. 

That's all there is to the concept of a memory. Now on to the jargon. 

17N.2.2 Memory types; memory jargon 

One can slice the universe of memory types in several ways: 

RAM versus ROM: can one write to the memory? 

• If No it' called a ROM ("read-only memory"). Only the manufacturer can write to a ROM. The 

name obviously overstates the pa1t's character: a memory that no-one could write to would be 
thoroughly usele s. 

• lf No, not unless you work pretty hard , it's called a PROM (' programmable read-only mem­

ory''). Au. er can write to a PROM, though not so easily as one can write to a RAM (see below). 

PROMs come in several flavors (none of them nowadays called PROM) 

o EPROM (E for Era able): the oldest. To erase these you 'd have to remove them from the 

circuit and put them in a UV box for 15 minute or o. 3 That was a nui ance, so they have 

I AoE § 14.4 

been supplanted by EEPROMs (electrically-erasable PROMs) of various sorts. The e put I AoE §§ 14.4.58. 

a small charge on the floating gate of a MOSFET. In thi they resemble dynamic RAM 

- but the charge persists for 10 or 15 years, rather than for a handful of millisecond . 

o EEPROM: these can be erased a byte-at-a time and can be erased in-circuit. That is 

obviously more convenient than the EPROM cheme. Our PALs use this technology. 

o Flash memory (so-called because it is erased quickly): good for ma storage, but not 

byte-erasable - must be era, ed in larger blocks. The memory on the 805 l is of this type. 
Everybody s "memory stick" u e flash. 

• If yes, easily the memory i called"RAM," a mi nomer, ince all these semiconductor memorie. 

are "random access memorie ."4 But the name ha stuck. 

3 If you think the acronyms are exce ·sive. in this field of RAMs and ROMs, con ider thi one. perhaps the mother of all 

exec . . ive acronyms: the sort of EPROM that was offered in a cheaper package omitting the quartz-era ing window. Thi 

packaging reduced the part price more than tenfold . Lacking a window, it could not be erased. The idea behind thi · 
packaging wa that au er could work out a design using an EPROM , then when atisfied with the programmed content 
would specify the cheaper package. These pans were called OTP EPROMS : "on -time-programmable erasable 

programmable read-only memorie ." Luckily for the world, these are ob olete. 
4 The name may seem puzzling. 1t does not mean that what the memory delivers is a randomly-chosen en try of cour. e. lt 

means that entrie may be recalled or stored, in any order, and access time · for all stored values are sub, tantially equal. 
This equality contrasts mo ·t radically against a medium like tape and also. in lesser degree. again tall type of di . k , torage. 
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RAMs come in two main flavors. 

Storage technology: flip-flops called 'static" RAM; versus capacitors called "dynamic" 

RAM. One can tell that these names must have been invented by the manufacturer 

of the dynamic memorie : the ones that use capacitors . Cap memorie aptly could 

be named "forgettories" (to steal a word from AoE), since they forget after a cou­

ple of milliseconds! The e memories need continual reading or pseudo-reading, to 

"refresh" their capacitors. Despite their seeming clumsine. , dynamic RAMs enjoy 

the single advantage that their remembering unit i very smal1 and uses little power; 

so most large memories are dynamic. In our lab computer we prefer tatic RAM be­

cau e it requires no refre hing. In fact, this memory is so simple and power-thrifty 

that we . imply leave it powered continuously from week to week u ing a 3V coin 

cell. Thi arrangement hold data for a year or o. 

Blurring the static/dynamic distinction: "Pseudo-, tatic' RAM blurs this contrast, provid­

ing the ease of use of a static RAM with almost the full density of dynamic: the 

refresh proces. i handled internally and is not apparent to the user. The. e have 

largely displaced traditional tatic RAM except where its extreme low power con­

sumption is important (as in our big-board computer' battery-backed memory) or 

where extreme speed i. needed (as in fa. t cache memory) . 

Synchronous RAMs. Both tatic and dynamic RAM come in a more complex form with a 

clocked state machine governing the a. ynchronous innard . We will not look into the e but 

instead refer you to AoE §§ J 4.5.3C and 14.5.4B. 

~' A_o_E_§_14_.4_. 1 __ ~I • Volatility: Does it remember, without power? In general ROM and PROM of all sorts do remem­

ber (that is they are "non-volatile')· RAMs do not (they are "volati le"). Again ome memorie 

straddle this boundary: 

Chubby RAM (more official name: Battery Backup SRAM, BBSRAM). Fig. 17N.5 shows 

DIP and surface-mount versions of this device. You can gue s why the package i fat. 5 

SNAPHA f" (SH) 
Batlety/crystal 

Figure 17N.5 Chubby RAM acts like RAM, but remembers for 
10 years. Figure used with permission of Dallas/ Maxim . 

These are a easy to use as ordinary RAM, but are expensive ($10 to above $30: for example, 

STM M48T35, Dallas DS1244Y). 

A variation on thi scheme is a battery socket with battery and power-down/up circuitry. 

Other backup schemes are u ed, too, such as • hadow-RAM' : it 's a RAM with a non-volatile 

memory attached that can be updated from the RAM before power-down (for example, Cy­

pre s CY14B101KA.) These memories offer packages smaller than tho e for the battery­

backed devices, unlimited number of RAM " tore cycles, and automatic non-volatile storage 

on power-down. A capacitor sustains the supply voltage long enough to accomph h the back­

up torage. 

5 Well , in ase you don't like guessing. we'll reveal that the fat package house a lithium coin cell. 
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17N .2.3 How memories are specified 

Organization: '#-of-words x word-length." For example, the RAM you will u e in the lab is 32K x 8 

or 32KiB x 8: 2,768 words (or locations), each 8 bits wide.6 

Units: "K" and "KiB" versus "k": The use of the term 'kilo-" in "kilobyte" offer potential for 

ambiguity. How many bytes in a kilobyte? This may sound like a illy question - but is a kilobyte 2 10 

bytes (1024) or is it 103 bytes? 

One answer - not very atisfactory - might be, "Oh, who care ; the two value differ by only 2.4%.'. 

One response to that answer might be 'Well some lawyers care." At lea t two law uits complained 

about the u e of 103 to define kilobyte, and recovered some damages.7 Even within the electronics 

industry, manufacturer don t agree. Some makers of hard disk drives say a "kilobyte" mean 103 

bytes. Doing thi, made their drive seem a little bigger than if they had adopted the 2 10 convention 

(but not much bigger) - hence one of the lawsuits. Memory manufacturers generally use "kilobyte' 

to mean 2 10 . Fla h drive sizes normally are stated in Gigabytes: 230 bytes, not a power of ten. 8 

But it would be nice to be rid of that ambiguity. An upper-ca e K is one convention that can distin­

gui , h the computer "Kilobyte" 2 10 , from the scientific meaning of "kilo as I 03. Another convention 

established in 1998 but not yet widely used, uses the unit "KiBi," abbreviated "KiB.' ''KiBi" is easier 

to di tingui h from an ordinary kilo. With it arrived the corre ponding "MiBi" and "GiBi,' and o on. 

In this book you will find us using upper-case K to denote 2 10 bytes. 

Memory part numbers tend to mention the number of bits, perhaps because this is a more impressive 

number. But it i a fair description of total memory size. The Cypres 32K x 8 of the ort that we u. e 

in Lab 17L, for example, calls itself CY62256N (256K bit ). 

Memory timing: The most important memory characteristic, once you have ettled on a type and size, 

i access time: the delay between presentation of a valid addres ("your' job) and delivery of valid 

data (the memory's job). 

Figure l 7N.6 Read timing for 
70ns static RAM . 

prese.nl 
an itddres:, 

•.. and data 
COl'l'\e,:. out 

acldre_s~ 

1 o m~~ 

OE 

P.,.,, 

Static RAM timing: Figure 17N.6 hows a timing diagram for the 32K x 8 RAM used in the micro 

labs, assuming it is 70ns speed grade (middling among the peed available for this part). Don't let all 

the details overwhelm you. The number that matters mo t i the time between presenting an address 

6 If this is your first encounter with the unit ''KiB; ee an explanation just below. 
7 See http://en .wikipedia.org/wiki/Binary _prefix#01in_Safier_ v._ Wesrern _DigitaLCorporation. 
8 The exceptional fla h drive company that chose I 03 paid ·ome damage for overstating drive ize by 7%. 

I AoE § !4.5.3A 
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and getting table data: thi . i. access time, in its usual sense. Another time, a little less important, is 

the time between asserting Chip Select* (or Enable*) and getting stable data. For this RAM, those 

times are the ame. Since CS* usually is generated as a function of address, its the CS*-to-data time 

that will tell you how soon data can be ready. 

When you have wired your microcomputer you will be able to see the acce. s time. (This applies 
only to the big-board computer; the ingle-chip Si Labs normally uses no external RAM.) In our design 

the relevant acces time is the somewhat quicker OE* respon e. If you re feeling energetic when you 

reach that point in the lab, take a look at the time between assertion of OE* and the pre entation of 

good data. 

17N.3 State machine: new name for old notion 

By now you have seen a variety of counters: ripple and synchronous, MSI IC , and a bigger counter 

made from a PAL. A counter i a special case - approximately the simplest - of the more general 
device, state machine. This term is short for the more formal "Finite State Machine (FSM) ."9 

An FSM i a sequential device that walk through predictable sequence. of "states." (A stat , you 

will recall is defined a the set of output on the device' flip-flop .) That sound oddly abstract; but 

if you apply the notion to a simple counter you will see that the idea i imple and, indeed, familiar. 

As a reminder Fig. l 7N.7 is a 2-bit up-counter along with a" tate diagram" or "flow diagram' and a 

"state table' that show - rather abstractly, we admit - how the counter behaves. 

LABEL 

A 
B 
c 
D 

0 0 

0 1 

0 

1 1 Figure 17N. 7 2-bit counter: flow diagram and state 
table. 

l 7N.3.l Designing any sequential circuit: beyond counters 

Figure 17N.8 is a highly-general diagram showing any clocked sequential circuit. 10 

COMBIN. 1----- OUT 

LOGIC 

present state ~ 

'-------I I---+---' 

...,/ next state 

n n 

clock. Figure 17N.8 Sequential circuit : general model. 

As you can see, the D flop will take the levels at the D input and transfer them to their Qs after the 

9 Su ·ha machine i. di tingui hed from a "Turing machine .. - a theoretical model of a general-purpo e computer. A Turing 
machine is assumed to have infinite number of state. (and memory) as an FSM doe. not. 

to An FSM need not be clo ked. The more general model would define the block we hav shown a a set of D flops as ju ·t a 
'·delay" block. Design of non-clocked FSMs is more difficult than what we undertake in th is book, and on ly rarely 
nece 'sary. 
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next clock. Thus the Q of circuit will go from its present state to the values on the Ds on the next clock; 

the values on the Ds thu how the circuit's next state. AoE show how to u e thi notion to de ·ign a 

divide-by-three counter. We will do nearly the same task - but using different state as ignments. 

Figure l 7N .8 shows outputs; in counter - the only state machines we have worked with, o far 

- the output have been simply the flip-flop Q s, apart from sometime a Carryout· The outputs may 

depend on the machine' state alone, or may depend upon state and inputs. The two type are given 

the names "Moore (state alone) versus Mealy" (state and input ). 11 

A counter with a Carryout that sensed only the level. of the counter' Q would be a Moore machine. 

A counter whose Carryout depended al o on Carryin (as it usually doe ) would be a "MeaJy" machine. 

We concede that learning uch names is not edifying. But you may want to be able to recognize the 

terms. 

17N.3.2 Designing a divide-by-three counter 

Figure l 7N.9 is what look like the description of an ordinary counter, but we have deliberately made 

the design somewhat odd. Not only does it use ju t three states (not a power of 2, as in most counters 

we have een) but also the equence is not what you would get from an ordinary 2-bit counter, if you 

truncated the count equence. 

Figure 17N.9 Divide-by-three counter, using 
slightly odd sequence. 

PS 

00 
0 1 
1 0 
1 1 

NS 

0 ' 1 1 
x x 
0 0 

The count equence goes 0, l , 3, 0, .. .. The flow diagram show. a fourth tate. 'D" floating out ide 

the equence. The present-state, next- tate table also hows thi. unused state. 10 - and declare that 

we don't care what comes next ( 'XX" is entered as next state). This is a little dishonest, since we do 

care to a limited extent: we'll admit hortly that we do care that the counter should not get stuck in 

this unu ed state, 10. But it was traditional, in the day when people till designed uch circuit by 

hand, to use don't-cares: to specify don't care as the next tate for any unused state. The motive was 

to constrain the circuit as little as possible to keep the logic minimal. 

The circuit will, of cour e, care about that next state: when the design is finished that next state will 

be a fully determined as any other. In fact in a few minutes we will see what that next state i in our 

deign. 

The e day · with large number of gate. u ually available to one on a logic array (PLD or FPGA) 

such minimizing is not worthwhile, and the pre. ent-state/next-state table might a well pecify all next 

. tate . We won t do that, just now, because we would like to show the danger that can re ult from such 

u e of don t-cares. 

The PS-NS table shows the flip-flop states before and after any particular clock. Since we plan to 

use D-flops to design thi circuit Next-State al o defines the pair of value we mu. t feed to the D 

inputs of the two flip-flops, and we have o labeled the Next-State column . 

11 Mealy and Moore wrote important papers that defined these idea in the mid- J 950s. Moore wa. a prof es or of computer 
science: Mealy worked at Bell Labs. 
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Present State Next State 
QI QO 01 DO 

00 01 

01 1 l 
10 xx 
1 I 00 

Thi , circuit is simple enough o that you can probably see the function by inspection. Recall that the 

XX means we can assign High or Low, a we please, to make the circuit easy to build. 

If, in a particular ca e. you cannot see at a glance what function the D need , you needn ' t be 

clever. The simple-minded way to find the function i ju. t to list all the input combinations that can 

generate a I, then OR those input combinations. In this ca e, for D 1, for example, one might write 

Dl =(QIQO)+(QlQO). Thi · happen to be XOR, but one could build it by OR'ing the two AND 

functions. 

Here the two functions probably do jump out at you. But either by in. pection or by some plodding 

proce . you will ee the equations: 

• DI could be the XOR function of QI QO; 

• DO i impler still: it is high while QI i low, so it ' just QT. 

We got these functions by as urning convenient levels for the Xs. Now let ' ee what Next State we 

have provided for the unu ed state "D". D 1 i high, DO i low. Oops! That means that tate D goes to 

D. 

Why should we uddenly care? We aid at the out et that we don 't care. But we didn t quite mean 

it, as we admitted earlier. In fact, there is one outcome that we do care about avoiding: the machine 

must not get tuck in one of its unu ed state , like state D. 

And if you re inclined to protest "But it will never go to tate D " then you're being too optimistic. 

On power-up the machine could go to D. And even if you build a power-on reset circuit to force the 

counter to a legitimate state ( ay, tate A) when you turn on power, a glitch can carry the circuit into 

D. So, it never safe to design a machine that would get stuck in an unused state. 

The remedy i imple: enter ome other next . tate in place of XX, and rede ign the circuit' s logic. 1f 
we make state A (coded as 00) the next tate from D (coded a 10), then the function for DI may look 

less tidy than XOR. Thi next state mean ' that in the PS-NS table only the O I combination - Q 1 QO 

- produces a high for DI. Thi function in fact is easier to implement than XOR. It is just an AND of 

Ql with QO. Flip-flops ordinarily provide their complemented outputs, so the D l logic requires only 

a single AND gate. Fig. I 7N.10 shows the divide-by-three circuit designed a a state machine. 

Gt Figure 17N.10 Divide-by-three counter , from manual 
design. 

This - or the similar design problem embedded in Lab 17L - present probably your last occasion 

to do . uch a ta k by hand. Logi compilers like Verilog will handle the detail work for you. 
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17N .3.3 Same task done with Verilog 

Yerilog can do the fu , y work for you in the design of a state machine. Here's the Verilog code for 

the counter we asked you to design (it differs from your design jn including one extra signal named 

'startup," used to provide known initial values for simulation). After ome dull preliminarie the 

Yerilog tile i pretty much ju ta state table, _howing next state for each of the four tates. 

module div3_ sta te( 

i nput elk, 

output r eg (1:0 ] Q = O 

) i 

parameter zero = 'bOO, one 

always@(posedge elk ) 

b eg i n 

case {Q) 

zero : 

Q <= one; 

one: 

Q <= three ; 

'bOl, two 

t wo: // the unu sed s tate , D 

Q <= ze ro; 

thr ee: 

Q <= zero; 

e ndcase 

end 

e ndmodul e 

'blO, three 'bll ; 

Henceforth you can work at the lofty level that Yerilog permit . Fig. l 7N. l I is a chematic of 

the logic that Verilog produced. This schematic is the same as the one we drew with our hand-made 

de ign; no surprise that - but rea uring. 

Figure 17N.ll Schematic of 
divide-by-three counter produced 
by Verilog. 

00 = Q 1' _.-'f" 
a_o 

div3_5'ate: 1 

drJ 3_state 

Simulation of the Yerilog de ign produced the waveforms in Fig. l 7N.12, which look like what one 

would hope to see. The next time you design a state machine - once this lab is over - you're likely 

to do the task with the help of a logic compiler like Yerilog which Jet you work at a high level of 

abstraction. This divide-by-three was an atypical state machine, chosen only for its simplicity. We 

worked through the de ign of a more plausible tate machine, a 'bu arbiter," in Chapter 15S. 
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l 7N .3.4 Circuits requiring complicated combinational logic: a memory can replace the 
combinational gating 

A logic compiler and PLD or FPGA makes the designer job pretty comfortable in producing a 

tate machine. But a memo0 offers another solution. Thi solution is exceptional. lt was offered on 

a few dedicated ICs like Cypre. s CY7C258/9 2K x 16 regi tered PROM. These parts now seem to 

be ob olete. We pursue it in Lab l 7L, however, because the hardware that you install there is almost 

perfectly adapted to the cheme. 

The addres. lines of the memory can carry the input variables and present-state bit · the data 

lines of the memory can deliver the output functions while also gen rating the next-state information. 

Memory make it ea y to provide many outputs: ju t use a memory with a wider data word. To provide 

for longer equences of operations just increa e the number of flip-flops. To build a machine that does 

many alternative tricks, increase the number of inputs - which m ans only adding addre , lines: that 

use a memory that stores more data word . 

A circuit like the one hown in Fig. 17N.13, if given eight input , would behave like the micro­

controller that you Loon will meet. It eight input line pe1mit a repertoire of roughly 256 differ nt 

trickL .12 Thi . tate machine i the proce sor's instruction decoder. The 'instructions' are eight-bit 

values fed to the decoders inputs. Each evoke. a particular sequence of operation ·. 

address~.....-----. L7' data 

IN -- (/of5! ~ OUT 
ROM 

present state ~ ~---1 ./ next state 
!--........,,_-~ 

n n 
(lots) 

clock 

Figure 17N.13 FSM using memory 
in place of combinational logic. 

The outputs of the in truction decoder implement the response to the in tructions. The re ·ponse is 

a sequence of fine-grained operations nece sary say for copying the content of one on-chip regi ter 

to another. If the instruction means "copy the content of regi ter O to regi:ter 1," then the PSM outputs 

might carry out three steps, somelhing like thi : 

• turn on 3- ' tate for Reg 0, putting Reg O contents onto an internal data bus; 

• clock Reg I capturing the value from the internal data bu 

• turn off 3- tate for Reg 0. 

Thi - hypothetical operation i a very imple one. Complex operations such as the proces or' arith­

rneti divide, involve a great many successive actions. Later, in the proce. sor that we use in the micro 

12 " Roughly?' you prote t. ' 'Why not exacrly?" It would be exactly 256 if all codes were implemented, and no code were used 

to allow adding a econd byte that can expand the instruction set. 
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labs, the divide instruction, "DIV" requires 40 clock cycles in contrast to four for the implest opera­

tions like the register-copy process described just above. 13 

l 7N.3.5 Recapitulation: several possible sequential machines 

If there are no external inputs, the circuit know only one trick· it might be a counter, for example (it 

could be binary or decade; it could even count in ome trange equence; but it can perform 

just one operation). Its next state will depend upon its pre ent tate alone. 
If there i. one external input: then the FSM can do either of two operations. Thi could be an 

up/down counter for example. 
If there are eight external input , as for the 8051 processor, then this sequential machine would be 

capable of running many alternative sequences: 256 of them. The eight input lines select one 
out of it. large repertoire of tricks; these eight input line are said to carry "in truction to 

the processor. A . equence of in truction , as every toddler nowadays know , con titutes a 
program. 

13 The compari~on is valid but counting clock cycles for an 8051 is complicated by the fact that different variant u e different 

numbers of c lock cycles to perform a given action. The DS89C430, for exa111ple - the Dalla variant that we use in the 
big-board labs - itself varies the number of clock. that it use . . depending on the ource of it code. On-chip code can run at 
one c lock per bus-acces · cycle; off-chip code take four clock . . The original 805 1 required 12 clock cycle. for each cycle. 
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This lab is in two part and like Lab 16L, propose . omewhat different paths for people planning to 

build the big-board computer versus those expecting to do the single-chip controller labs. 

• The first part, nece ary for tho. e building the big-board but optional for others asks you to add 

memory - a 32Kx 8 RAM - to the counter circuit that you wired last time. This memory and it 

manual addressing and loading hardware will form the foundation of the computer you soon will 

build, if you choo e the big-board series of labs rather than the ingle-chip controller labs. 

• The second part invites you to play with state machines. 

One of the tate machines i to be formed from the circuit you have constructed, exploiting 

RAM and the loadable counter that provides the RAM 's address. 

A second state machine, a sequential lock , is to be made from a PLO programmed in Verilog. 
Those not busy installing the RAM (the e are the single-chip people will have time free for 

thi ta k. People building thi sequential lock will need Verilog code to do the task, and may 

want to consult the Worked Example l 7W which describes such a lock. You will then need 

to program a PAL with your design to do that part of today 's lab. So thL lab is unusual in 

requiring some preliminary work. 

The. e tate machines provide an introduction to the microproces or that you will meet in Lab 20L. 

The first part i essential, if you intend to build up the big-board computer rather than use a one-chip 

implementation. You will make that choice when you reach Lab 20L. The later stages of big-board 

con truction cannot proceed until you have installed the RAM. 

The econd part of thi lab i note sential to any later work: it demonstrate a concept fundamental 

to computers but you can proceed without building these circuits. If you are very short of time and 

plan a big-board, then evidently you should do the first part and then squeeze in what you can of the 

second part. 
Those not plannjng to build the big-board computer hould do the tate machine de ign of § l 7L.2. l. 

Then you should have time to return to a task of Lab 16L that mo t people did not reach: adding to 

the counter the elements that can turn it into a period meter. 

17L.1 RAM 

The memory that your 16-bit counter i to address is a big array of CMOS flip-flops: 32K bytes, also 

known as 32KiB, 256K flops. 1 The e flop are arranged as 32K "words" or address location , each 

word holding eight bit . The memory i "static: ' it use flip-flops, not capacitor , to store its value . 

It therefore requir s no refreshing. It is "volatile," in the en e that it forget if it loses power. But it 

require. so little power that it can ea Hy be kept alive with a 3V lithium coin cell , as you will show 

I In case anyone care - and normal people do not - 32KiB equal 32.768 bytes, 262, 144 flop!-,. 
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later when you begin to u e the RAM to hold programs. Thu we will make it p eudo-non-volatile 

simply by attaching a lithium coin cell to keep it ever powered.2 Today we will omit thi battery 

backup, becau ·e you are not likely to write anything valuable during this e ion. 

Because its outputs are equipped with three tates, the memory does not need separate In and 

Out line . It common data line serve a. output until WE* is asserted· at that time the internal 3-

state drivers are turned off and the eight data lines serve as input : the RAM begins to hsten. Thi. 

arrangement you have een detail d in Chapter l 7N. 
The data bu circuit shown takes advantage of thi tidy scheme: we tum on our three- tate drivers 

(an -bit buffer: the '541) with the ame line that a erts WE*. Thus the RAM shuts off its 3- tates 

just as we turn ours on, and vise versa.3 

17L.1.1 Data buffer and RAM linked to counter 

Now install the RAM and the 3- tate buffer that sits between keypad and data bus. 

The 3-state buffer prevents clashes between the keypad and other devices that sometimes drive the 

data bu : the RAM is the only 'other device" today, but soon the CPU and peripherals will al o want 

their turns driving the bu . The RAM and buffer connect to the micro breadboard's everal buses: 

addre ·, data and keypad. 

Figure 17L.1 RAM and 
3-state buffer: added to 
counters installed last 
time. 
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Note We suggest that you photocopy or cut out the pinout label - a copy of which appears on 

page 670 - and pa. te it onto the RAM. The label will save you a good deal of pin-counting.4 

The RAM address line , are to be driven a you know, by the PAL counter that you wired last time. 

2 You will see in Lab 21 L that "attaching" the battery slightly oversimplifies the arrangement. We u ea batLery-backup JC 
that handles the switchover from main to battery supply. 

3 Thi , is roughly true, but not true to the nanosecond: the RAM, made of relatively low CMOS. 1urns off more slowly than 
our driver turns on; so, the two drivers may clash for ten to twenty nanosecond ··. But this 'bus contention., is brief enough 
to be harmles . 

4 A curious fact : we have redefined some of the addres and data pin. relative to the industry-. tandard pinout. We did thi in 
part to put them in seq uential order (though interrnpted by som control and power pins), but al.o to comport with the 
layout of the address buse. on the micro breadboard: we have placed the more- ignificant ignals higher (closer to the end 
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17L.1.2 Checkout 

Confirming that the memory remembers i. a ea y as it sounds. 

• Set up a value on the keypad by hitting two keys, A, B ay. AB appears on the keypad di play. 

• Push the WR* button: AB hould appear on your LCD data display . If it does , you have wired 

the 3-state buffer properly (the' 541 ): the AB is driven from keypad to data bus. 

• When you release WR* AB hould remain on the display: on release of WR *, the RAM resumes 

d1iving the data bus , showing u its tored byte. 

• Change the keypad value without hitting WR*. The breadboard data value should not change. 

• Increment the addre s. The data di play should change - since you now are looking at a different 

RAM location. Now decrement. Confirm that the AB tored earlier remains. 

Work ? Congratulations. 

17L.2 State machines 

17L.2. l Warmup: A Simple State Machine: Divide-by-3 Counter 

The next exercise, incidentally, does not use the RAM just in tailed. We will return to that memory 

later in this lab. 

Here we'd Jike to try generalizing our notion of the sort of sequential circuits we can design. To 

this point, nearly all our equential circuit have been counters.5 A counter i a special ca e of the 

more general device, state machine. 

A generic state machine: Figure l 7N.8 (repeated in Fig. 17L.2) i a block diagram of any old 

state machine. If this represented, say, an up/down counter then the input would be a ingle line, 

UP*/DOWN and the output would be simply the Rip-flops Qs. 

A particular state machine - a humble counter, from flops and gates: The fir t tate machine we 

ask you to consider is just a counter: a familiar case, and relatively ea y to design. We ask you to 

de ' ign and build a divide-by-three counter, u ing 0-flops and whatever gates you need. ln order to 

avoid putting you to sleep, we have asked for an eccentric count sequence, one you can t easi ly get 

with the counter-de ign technique you have u ed to date. 

To make the problem fun , let ' make this divide-by-three different from a couple of other, you have 

een. (We don t want you imply to open the book to find AoE's solution or to recall an in-cla s demo 

where we made a div-by-three u. ing a counter with synchronou clear.) This circuit is to count down 

from 3 to 1. 
Figure l 7L.2 along with a reminder of the generic state machine hardware is a present-state/next­

tate table showing the de ired count sequence. 

Recall that the "XX (don 't care)" values for next state mean that we don ' t care what the circuit does 

next after the unused tate: we don't care as we et out to de ign thi . circuit. The circuit, however will 

"care" once designed, in the ense that it will go from the 00 pre ent tate to just one fully-determined 

with pins I and 28). Thi should help your wiring a little, assuming that you mount the RAM with pin 1 away from you 
(away from di:play and keypad . 
A few minutes' thought will convince you that you can shuffle addre · line. with addre . line., and data lines with data 
line , a you please - when working with a RAM. One cannot do this with a ROM programmed outside the circui t and 
u. ing a n n-shuffted et of pin as. ignments. 

5 Exceptions: single flip-flops, shift register and digital one- hot. 
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INPUTS -----1 COMB IN. OUTPUTS Present State 

Figure 17L.2 Generic 
FSM block diagram and 
state table for divide-by-3 
down counter. 
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next state. It will not proceed at random from tate 00. (In Chapter l 7N you saw a counter that cou Id 

have got tuck in its unu ed tate.) 

We hope that staring at this table you ' ll see how you might generate the two function D 1 and 

D0 . You needn ' t be clever the simple minded way is just to li t all the input combinations that can 

generate a l, then OR those input combinations . 

Incidentally, we slightly spoiled the game for you by decreeing that you' ll need two flip-flop , and 

that one state i wasted (the "don ' t care"). But you knew that anyway. When you finish your de ign 

you should check - on paper - to see that the unused state did not by chance get as igned a XX = 
00. Why? Here you di scover that despite our bravado in writing ''don ' t care' a couple of paragraphs 

back, w didn ' t quite mean it: we do care that the circuit should not get tuck in an unused tate. 

This example was si mple (though perhaps not eas): no task is easy the first time you have to try it). 

The RAM-based state machine described in § 17L.2.3 is Jes imple - but much ea 'ier to de ign: uch 

a machine requires no gating at all leaving all that work to the RAM instead . 

17L.2.2 Aside: same task done with Verilog 

Incidentally (no work required of you, in this subsection) , we thought you might want to ee that 

Verilog can do the fu 'SY work for you in the design of a tate machine. Here what the Verilog code 

for the counter we a ked you to de ign would look like (it differs from your design in including one 

extra signal, named "startup ,' used to provide known initi al values for imulation): 

module ctr_ down_J(clk , startup , Q); 

input elk . startup; 

output (1:0) Q; 

begin 

wire elk , startup; 

reg Q; 

parameter zero= 'bOO, one= 'bOl, two= 'blO, three 'bll; 

always® (posedge elk , posedge startup) 

if (startup) 

Q <= three; 

else 

case (Q) 
three: 

Q <= t wo; 

two : 

Q <= one; 

one: 

Q <= three; 

zero: 

Q < = three; II unused state steered to an (arbitrary) initialization 

endcase 

end 

endmodule 

Next State 
Ql :n+ l q o:u+l 

D1Do 
xx 
l I 
01 
I O 



startup "'--

elk --{'~-
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As you can see, Verilog relieves you of almost all the work- but we hope you ' ll find it gratifying to 

do the gritty work of figuring out what functions are to be fed to each flop once in your li fe anyway. 

Fig. l 7L.3 is a schematic of the logic that Verilog produced. 

-'\-;---- . _, _,/ . ...-- FDP 
,-----, 

Figure 17L.3 Schematic of down-counter div 3 produced by Verilog. 

We wonder how close thi design is to your own. Your. is likely to be impler - since your circuit 

lacks a ignal to force it to a known tartup state (here implemented by a simple jam set of both flops), 

and can take advantage of the design· ''don't care's. '6 Simulation of the Verilog design produced the 

waveforms in Fig. 17L.4 which look like what one would hope to see. Once this lab i. over you'll 
probably do the task the easy way with the help of a logic compiler like Verilog. 

17L.2.3 RAM-based state machine: register added, to let RAM data define next state 

We offer this exercise - which ·is feasible only for people who have installed the RAM - for two 

reason : to illustrate one way to make a complex state machine (though a method much less common 

than the use of an HDL like Yerilog); and to foreshadow the microprocessor. We hope to let you feel 

the truth that the processor is only a specially fancy version of devices you have seen before. It is a 

fancy state machine, cou in to plain counters. It differ in being spectacularly more versatile than any 
counter. 

Current Simulation 
Time: 1000 ns 200 400 600 

elk 0 

startup 0 

0 (1 OJ 2'h2 2,t3 
Q(1) 1 x 
0(01 0 x 

Figure 17L.4 Simulation showing behavior of counter produced by Verilog. 

We a sume that when you begin this ection of the lab you have wired a circuit that allows you 

to addre any location in RAM, and to write a value from the keypad into that location. As you 

have begun to prove to your elf (with the little counter of § 17L.2. l ), one can build an arbitrary "state 

6 Xilinx alls ser '· Preset: · 
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machine" by feeding next state value to the Os of some flop then clock.jog the flops. Here you will 

get a chance to try out the very easiest way to generate tho e next tate value : with a memory. 

The RAM is well adapted to this job: address evokes data; thats in the nature of a memory. Applied 

m a tate machine: 

ADDRESS(= present tate) --+(evoke ) --+DATA(= next state) . 

Today we use a RAM because it is available. Normally, a memory-based state machine would use 

a ROM (a non-volatile memory) . Here's the idea. We've sketched it in faulty form on the left of 

Fig. 17L.5; then we ve coJTected thi unstable de ign by adding a register to tabilize it by "breaking 

the feedback path." 

Figure l 7L.5 RAM is well 
adapted to the present - next 
task; it needs a register of flops 
to make it stable. 

h 'tin~.s 

I 

r I~ 
d~ia --~te I lti idr­

/ 
I 
I 

I 
I 

V N S TAl!.t.£ 
I 
I 

The flops are olving a problem you have een before. The toggling edge-triggered D-flop (on the 

right in Fig. 17L.6) i, stable, ince edge-triggering break the feedback path. Thi is a familiar circuit, 

one that you built in Lab 1 SL. It changes state on every clock. 

The transparent version, shown on the left ide of Fig. 17L.6 is unstable, as you saw demon trated 

in Chapter 16N. It oscillate. pontaneously while enabled. 

Counter used as register: Ordinarily, one would use a D register to hold the 'pre ent tate.' (Some 

chips, now obsolete, integrated memory and register onto a chip, as we noted in Chapter l 7N.) To ave 

ourselves extra wiring we u e our pseudo-D regi ter the XC9572 16-bit counter already in talled. 

Recall that a · long as the counter' SYNCLD* pin is asserted, the counter does not count; instead 

it u es the clock to load the data pre ented at it IO data inputs. (The six other data lines are ·et 

internalJy to all zeros.) Therefore when we want the counter to erve a a regi. ter, we will simply 

hold SYNCLD* low. 

A DIP switch installed in Lab 16L controls SYNCLD*. It now can erve as a "Run*/Program" 

switch. We will use it to a sert SYNCLD* only we when we want to Run the state machine. 

RAM data feeds counter "Register" : Figure 17L.8 is a reminder of the overall scheme we now 

implement: we form a classic state machine, a loop, in which RAM data drives the counter (locked in 

its register mode by the grounding of SYNCLD*), and the counter drives RAM address lines. 

Figure 17L.6 Transparent 
latch can be unstable. 
Clocked device 
( edge-triggered) makes 
feedback harmless: 
instability is impossible. 

+5 
EN 

unstable ... . .. stable 



(DIP switch, 
instaffed lab 03) 

+5 SYNC 
LO 

XC9572 counter 

'--.. 4.7k 

~\._open for PROGl?AM; close (ground! for RUN 

IN----+---< 
(not used in our 
desiqn since we 
provide only one 

sequence) 

clock 

4 
OUT 

(to display) 

Address Oata 02 ... 00 

3 

GI O~ 

er' _/makes the '9572 PAL 
I' operate as register 

rather than as counter 

Load the "Program" sequence into RAM: 
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Figure 17L.7 DIP switch installed in 
Lab 16L now can serve as a Run* / Program 
switch . 

Figure 17L.8 RAM and loadable counter 
can form a classic state machine. 

Load while keypad still drives all eight counter "Pn" inputs: Load the program before making any of 

the wiring changes that ·oon will apply (shown in Fig. l 7L.9): leave the keypad's KD . .. lines driving 

the counter' P ... input . As u ual , the SYNCLD* pin mentioned in Fig. 17L.8 hould be high. 

Sample "program": Load the following data into RAM, at the eight li sted location (these are not the 

lowe t eight becau e the keypad control only lines 04 .. 01 I ; the lowe t four bit. of loaded addre s 

are a constant, zero). You should set the high-ord r addresses to zeros, using the keypad and the DIP 
witch that control the top two available line . Table 17L.1 below i hard to digest, so let 's tart by 

looking closely at two steps in its sequence of states. 

Suppose the machine sta1ts, by chance7, at address zero. The first line of the table show. an addre s 

- A] 5 .. AO - of zero, and 8-bit data of 03h. Because these three low-order data lines are wired as 

hown in Fig. 17L.8, to address line A6 .. A4,8 the tored data value ''three" takes the machine to a next 

state of not three but 30h. Similarly, the "2" stored at address 30h takes the machine next to address 

20h. 
Note - a point that i rather hard to see in the table - that the eight entries of your table do not go 

into addre ses 0 .. 7. Instead, they go into addre se 1 Oh apart: 0, 1 Oh, 20h, ... , 60h, 70h. 

• 
• 
• 
• 
• 
• 
• 
• 

at address 0, tore 03h 

at addre l Oh , store 05 

at add res. 20h, . tore A I 

at address 30h, tore B2 

at address 40h, store 07 

at address 50h, store F4 

at addre s 60h, tore 03 

at address 70h, tore 06 

In order to tore this cattered data table, u e the a ynchronous LOAD* pushbutton to get to the 

pecified address. For example: 

7 
... or by your u ·c of RESET*. 

8 A6 .. A4 are fed by pin . labeled ''P2 .. PO" because the low-order four addre. ses. not accessible from outside the PAL, are 

grounded internall y. The first acce ·sible addre . input thu · is A4 . 
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Table 17l.1 Data and Next-Address Loaded into RAM . 
from keypad 

KD7 ... KDO 
(P7 ... ~ 

Address Data next 
(hexadecimal) (arbitrary) address 

Al5-Al4 Al3- AJ2 Al I- A7 A6-A4 A3-AO 07-04 03-00 

(fi ed) (DIP w) (kpd (kpd) (fixed) (RAM) (RAM) 

0 0 0 0 0 0 3 
I 0 0 5 
2 0 A I 

3 0 B 2 
4 0 0 7 
5 0 F 4 
6 0 0 3 
7 0 0 6 

• to get to address I Oh, set up 01 on the keypad; press the Load pushbutton· then write the data that 

is listed (D5h); 

• to get to addre s 20h, set up 02 on the keypad; press the Load pu hbutton· then wrjte the data that 

i Ii ted ( A 1 h): 

• ... and so on. 

The proces i a bit laboriou , and you may protest that the results are modest. But we hope thi 

little exercise helps to demy tify state machine . 

Make the hardware change, and run the "program" : Once you have loaded the "program" value, 

into RAM, make the change hown in Fig. l 7L.9: di connect the bottom three KD ... lines from the 

counter's P2 .. PO inputs, letting the main data bus three low-order lines drive those input in tead. 

Figure 17L.9 show, the three RAM data line driving the counter' three data-loading line , P2 .. PO 

(the RAM is not hown). In this circuit, the "counter" i acting not a a counter, but as a 16-bit regi ter, 

whenever SYNC_LD* is grounded. The three lines driven from the data bus are driven , in this case by 

the RAM data lines D2 .. DO. You can pick up these three lines from the micro breadboard '. data-bus 

connector . 

. . . Try it out: Try the circuit and program above using the following procedure: 

Assuming that ( 1) you earlier loaded the data into RAM, and that (2) you have moved the counter', 

three low-order data lines, D0 .. 02 from keypad (their usual source) to the low three bits of the DATA 

bu , 

1. ground the SYNC_LD* line using the DIP switch: thi i the Run * position; 

2. clock the counter, u ing the "INC" button on the keypad. 

The data bus should show you the next addre s in the low nybble, and a sequence of letters in the 

high nybble. See if you can make out a message in the MSD ', 'arbitrary" data. (The mes age in this 

lab is pretty illy; but then we have only the letter A through F to work with.) You can eliminate the 

distracting " next address" information from the display by covering the right-hand di play perhaps 

with a scrap of paper or an idle IC. 

We will stop here, hoping that this is enough to let you imagine the way the scheme could be 
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A1S' I I I I I ! d)) I I 1) 11 )lo! 
--=~·/.£.& ( &{ ( I 

SYNC_LO" switch now 
serves as PGMIRLJN• 
controf 

for this exercise, 
set keypad value 

wzero ~--~~~~~--.,.... 

,r. 

.i.l,hns 
t,)vr,-kr 
l'P.l... 

These tines are those lobel/ed P2, P f, PO 
on PAL . 
Ouring program LOAO they will be driven 
by K02 ... KOO, as usuaf. 
Ouring progrom RUN they wilf be driven 
by 02 ... 00 on the main Oata Bus 
(not the keypod data bus) 

Figure 17L. 9 Octal D register ( counter with LO* grounded) fed by three bits of RAM data: now 
feedback loop is closed . 

extended: addjng one input as an addres line would allow you to select two alternative equence.; 

two input would allow four sequences or ' tricks;' and using eight input line (as in the '8051, due 

to affive in Lab 21 L) would allow 256 trick . So the ' 8051 is a big state machine; in principle, given 

enough time you now could de ign uch a microproce sor. But don ' t worry: that i not the next lab 

exerci e. 

17L.3 State machine using a PAL programmed in Verilog 

A we remarked back in § l 7L.2.2, Verilog make the de ign of a state machine quite straightforward, 

allowing one to describe the machine pretty much the way one thinks of it: one lists all the states, 

showing for each of these both outputs and next state . Here we invite you to demonstrate uch a state 

machine - one that i not simply a counter, a the example of § l 7L.2.2 was. 

We assume that you have designed the sequential lock described in Example l 7W and have pro­

grammed a PAL to implement thi design. If not, we can hand you such a part (that's less fun for you 

than if you did it all yourself - but better than not having a chance to a tate machine in action). 

If you have u ed the pin a sign men ts that we u ed - which apply inputs to the lower Left corner of 

the carrier and take outputs from the top left corner - then your breadboard may look omething like 

our , hown in Fig. l 7L. l 0. 

Figure l 7L.10 Sequential lock, 
breadboarded . 
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Again we use a carrier for the surface mount package, as in Lab 16L.9 We debounced the CLK, 

using the easy trick of a non-inverting gate fed back (we used an HC08) . This method requires a 

double-throw switch (SPOT) to generate the clock. You might prefer to sidestep the debouncing by 

clocking your circuit with a very-low-frequency TTL signal from a function generator. 

We included three LEDs that show the machine's state. A working ver ·ion of a lock would hide 

these but they are very helpful when one i debugging - or simply trying to recognize what the machine 

is doing. Watching only the UNLOCK pin is much less illuminating. 

No doubt you will want to try making some errors as you enter values to open your lock to see how 
the machine re ponds to incorrect input . Once it has as erted UNLOCK, thi signal should per ist, 

despite clocking, as long as TRY i a ·serted. A release of TRY and then a clock edge should terminate 
the UNLOCK signal. Does your circuit follow this script? We hope so. 

Figure I 7L.11 provide RAM pinout for you to copy and attach to your device; re ize if neces ary 
so that the pin labels are 0.1"=2.54mm apart. 

Figure 17L.11 RAM pinout . 

l 
2 
3 
4 
5 
6 
7 
8 
9 
lO 
11 
12 
13 
14 

A9 
AS 
A7 
AG 
A5 
A4 
A3 
A2 
A1 
AO 
02 
01 
DO 
GND 

Vee 
WE" 

R A14 

A A13 
A12 

M A11 

3 
OE .. 
A10 

2 CS" 

K 07 
06 
05 
04 
03 

28 A9 Vee 

27 AS WE" 
26 A7 R A14 
25 AG A A13 
24 A5 A12 
23 A4 M A11 
22 A3 OE" 
21 A2 J A10 
20 A1 2 cs 
19 AO K 01 
18 02 06 
17 01 05 
16 DO 04 
15 GND 03 

9 The figure hows a different package mounted on a carrier. You will be u ing the 44 TQFP package, not the PLCC that i. 
·hown . 



175 Supplementary Notes: Digital 
Debugging and Address Decoding 

175.1 Digital debugging tips 

Here are a few thoughts on debugging digital circuit . 

Use a logic probe, not DVM or - worse - your eyes This should go without saying but we' re not 

sure it yet doe . We find it boring to stare at a wire, trying to see if it goes where it should. It's more 

fun faster and more instructive to probe that same wire seeing whether it behaves as it should. 

Probe chip pins, not the breadboard : Usually but not always, breadboard and chip match: an IC's pin 

may be folded under, or it may be failing to make contact with the breadboard because the breadboard 

socket contact has spread with rough use. So be keptical: poke the pins. 

Figure 175.1 A case where probing the breadboard would not be good 
enough to reveal the !C's behavior. 

Disconnect loads from a misbehaving sign a I: Suppose one bit of the 541 3-state buffer won't follow 

its data input; it shows neither High nor Low when the buffer is enabled. You can detect this most 

ea ily with a logic probe but a scope would how a voltage intermediate between legal logic levels. 

Who e fault is thi fishy output level? The ' 541 ? Ori it omething downstream" on that data line? 

The downstream device may be driving the line, producing 'bus contention" - a fight between a High 

and a Low that produces the intermediate level . 
It' ea y to ettle that question if you pull out the line that the '541 pin drives. Now enable the ' 541 

and watch it output pin: OK? look at the breadboard at that position (see Fig. 17L. I): OK? Look at 

each of wires that earlier was plugged into that . lot. Often you will find ' 541 OK, but one of the wires 

asserting a high or low when it hould be only Ii tening. If you do, you know to continue your search 

downstream. 

Check power supplies: Here 's a dull rule - duJl , but u eful: before looking for ubt]er cau e , make 

sure your misbehaving chip has power. 
That may sound silly to you. You may be inclined to reject this advice, thinking, "If the chip didn ' t 

have power it would act dead, and my circuit i. mi behaving in tranger ways. It doesn' t ju t act 

dead." Such a thought rests on an error: it is hard to remember - but nece sary - that a CMOS circuit 
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can work without power applied to its Voo and ground pins. This is a point you may recall from the 

Lab l4L. 
CMOS can do thi perverse trick because protection diodes on the input lines allow inputs (or 

outputs - but these are much less likely to drive the chip) to provide power and ground (at slightly 

degraded level ). Fig. J7S.2 show the typical input- and output-protection scheme. 

Figure 175.2 CMOS input-protection diodes 
can power a chip through inputs. 

IN OVT 

Missing power and ground connections can produce strange intermittent failures : If your circuit 

sometimes fails, perhaps it Jacks power, ground, or both. lt may be taking the mi sing connection 

through an input. So to take a simple example, imagine that you are u ing one gate of an AND 
package, a in Fig. l 7S .3. 

GND 

A'---~ ...._ __ -- _ (nrm, in ~0111e. easer) Figure 175.3 
Hypothetical use of a 
gate in an AND 
package. 

& ____ ___. _____ our t 
( te> ~ .s-~r,,dar 1a e.) 

If you omit one or more power and ground connections, you may find the following puzzling 

behavior pattern , as you may have seen in Lab l 4L: 1 

Input Will this gate work? 
AB Both Voo & GND open Only Voo open Only ONO open 

00 NO NO YES 

0 1 YES YES YES 

10 YES YES YES 

I l NO YES NO 

lf you fail to provide power through the power and ground pins then the gate will work sometimes. It 

wil1 work by tealing power from a data line- as long a it finds both highs and lows available at either 

input or output. The cases that don't work, above, are the ones where ins and outs are unanimous. 

So when a gate is showing weird mi behavior you may ave a good deal of time if you can humble 

yourself sufficiently to poke power and ground pin early on to see if they 're connected to the power 

buses. 

I A we , aid there, we found that National Semiconductor 74H OO's behave this way (now Tl/National Semiconductor): 
Mot rola's gi ca high for the High- High input combination . 
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Strange floats: three common causes: A logic probe sometimes will show you afloat that you don't 

expect. (We are using the word float" a shorthand for an intermediate logic level, a in § l 7S.1: 

neither High nor Low. Often uch a level is not the re ult of a u·uly floated output, which can be 

achieved only by an OFF 3-state.) Such a float i a ign of a specific kind of trouble. Sometimes it 

look even stranger: you ee not ju t a float but a fa t oscillation. To detect the float you should use 

a logic probe, and if it ha a switch you need to set it to the appropriate technology (CMOS versu. 

TTL) (I recently got fooled by ignoring that switch). The probe will detect the fast oscillation too if 

you et it switch (if any) to Pul e rather than Memory. 

If you do detect an oscillation, then it's time to get a scope: see § l 7S. l. I. 

A strange float u ually re ults from one of the following three cau es. 

I. The ource has been di connected by mi take (a bad connection· perhaps the stripped length of a 

wire stuffed into a hole i too hort). 

2. The source logic chip may lack power or ground. Don't forget (as noted above) that a CMOS part 

lacking power and ground can appear to work fine, part of the time, by stealing power through its 

inputs. 

3 . Two output may be fighting. To check this just di connect all but one source, as suggested above. 

Probe the fishy bit once you have discovered which one is fishy. Often the stubborn "l" will turn 

out to be not a true 'J" but a float (the data displays may treat floating input a logic Highs, in the 

manner of ITL, or they may simply show a value earlier driven and now held on stray capacitance). 

The most common cau e for the surprising float i. the dulle t: #1 above: simply a bad (open) 

connection in the signal path. 

Strange values on data or address displays: treat these as valuable clues: 

One likely pattern: 0 goes to 2; 4 goes to 6· 8 goes to A. .. Switch the LCD from its usual hexadecimal 

display to binary and tep through the sequence slowly. Write the sequence down. Usually the misbe­

havior jump out at you on e you see the sequence in binary. If the pattern does not declare itself then 

try writing an additional column f value : the expected bit pattern. Tabl l 7S.1 below gives . ome 

sample misbehavior made intelligible by the binary Ji ting: 

Hypothetical hexadecimal-character sequences. where plain increment was expected: 

Another likely pattern: 0 goes to O; 1 goes to 8; 8 goes to 1; 3 goes to C. .. ; or the count sequence 

is strange . .. Again, write out the pattern or sequence. Usually you wilJ find bits interchanged. In the 

example we have ju t described, data line DJ and DO are interchanged; so are D2 and DI. In other 

word . the ribbon cable feeding the four data line need to be rotated 180° . 

175.1.1 A harder puzzle: oscillations 

A mysterious oscillation is probably the second-hardest problem to debug. (The hardest problem is a 

malfunction that is intermittent.) In digital circuit surprise oscil1ations do not result from the usual 

"parasitics" that you learned to know and love in the analog section: . ince digital circuit normally 

are immune to small noi e ignal , they won ' t amplify and propagate these a an analog circuit can. 

But it'. not too hard to make an unintended o cillator by wi1ing an unintended feedback loop - one 

that contradict itself. That ounds like negative feedback, which in our analog experience would be 

self-stabilizing. But in a digital circuit, with it fast transitions, negative feedback with the inevitab]e 

gate-delay often produces an oscillation. You can call it "output contradicting input. That name makes 

the oscillation eem plau ible. The period (or frequency) of oscillation often will provide a clue to 

what' the likely feedback path. Below are two case to illustrate the point. 
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Table 175.1 Misbehaviours 

Sequence: 
Hex Binary => Diagnosis 

3 0011 
2 0010 
3 0011 
6 OJ 10 DI always high; 
7 01 l 1 (probably floating) 
6 0110 
7 0111 
A 1010 

Hex Binary => Diagnosis 

0 0000 
I 0001 Look at how fast each bit toggles: 
8 1000 DO changes every time: Good! 
9 1001 
4 0100 There is a bit that changes every second clock -
5 0101 it behaves, in other words, like DI · but the bit that behaves 
c 1100 like D 1 is in the wrong position: it' lhe leftmost bit. 
D 1101 Meanwhile, the slowest bit is in the D l po ition - whereas it ought to be D3. 

Apparently, DJ and 0 3 are swapped; to put it 
another way, the top 3 bits have been rotated 
(This mistake was easy to make on an HP hex display with it · crewy pinout) 

: A fast oscillation indicates a short feedback path : If we ee an o cillation a fa ta tr 

in Fig. J7S.4 - period just a couple of gate delays, we can guess that the feedback pad 

h a single gate. Recall that the period shows two passe through the gate so two gated 

: 14 waveform reproduces a case we saw recently in the lab: omeone tied output to inp 

te, an inverting Schmitt trigger. The HC14' typical gate delay (from its spec sheet) i.s 
t SY. This o cillation runs faster than that; but we're jn the right range. 

175.4 Case 1. A nasty oscillation : 

O, l:lllJII , G I O 

OE9t)(, 
h eQu r nc,· o l i lvnn , • Of.CJ l"Of\ 

C er\ p 1 0 V'0~ 'f. Uf' 

' ' ' '.I ltlJICI . ' through a single gate . • ... , ....-- I \ t rwJ 

~: A slower oscillation indicates a feedback path through a slower device: About th1 

hat's ea y about Ca e 2 i. the conclu ion that thi s loop passe, through far more than a 
'he period agajn should reflect two contradictions, so we'd expect the path delay to be h 

, r around 60-65n . Thi i too , low for a gate and too fa t for a processor cycle (the 

period is about 90ns; the quicke t processor action takes several clocks . This delay is 
~r memory. 

1ct, we generated the waveform in Fig. l 7S.5 by passing a contradiction through memo. 

O to DO, then wrote in data that made DO "contradict" AO: at addres O we wrote 1; at a, 

vrote 0. The contradiction hould take facce to propagate. A simple short we're sad to 
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Figure 175.5 Case 2. A second 
nasty oscillation, this one too 
slow to blame on one or two 
gate delays. 

did not produce an o cillation for thi ca e: the addre drive (CPU i tronger than the data drive 

CMOS RAM). So we cheated a little, buffering DO with a 74HCT08. That makes it a fair fight and 

produce the o cillation (the 'T08 al o contributes perhaps an additional 6-9n of delay a well).2 

In general don t suffer too long (> 5 minutes) with a pesky problem. Ask for help! 

175.2 Address decoding 

175.2.1 What is address decoding? 

Address decoding is logic that make this or that device re pond when a computer puts out a particular 

address. U ually, the full signal decoding job include control . ignal as well a addre s: ignal that 

mean do thi ' or ' 'do that. ' 

It is called' decoding" because the computer put out thi information in information-den e ("en­

coded ') form as a binary number - but a particular device often n ed to be given a simple command 

on a ingle line: "Turn On," or "Clock" or Write". The job of the decoding logic is to make this 

tran formation. 
Figure l 7S.6 gives the idea schematically. Sometime the decoder is to detect a single address, 

or ' location." That' the ca e in the figure for the keyboard 's 3- tate an input device) and for the 

DAC' register (an output device). In other in tances, the decoder is to enable a device for a range of 

addres es. That's the case in the figure for th 32K RAM. 

175.2.2 Incomplete or "lazy" decoding 

Complete decoding: In Fig. l 7S.6 we've indicated 16 addres lines going into the decoder (to keep 
thing. simple the figure omit control ignal ). Assuming that the e are all of a computer' addres. 

lines (true for the '8051 pro e or that you will u e in your lab computer3), including all 16 lines a. 

2 Theo cillation is much fa ter than the pecified faeces~ would let one predict for thi I OOns RAM : but ·uch devices usually 
run fa ter than thi . worst-case spec. So again we re clo e enough to the exp cted value . o that the period of o 'cillation 

help our diagno i . 
3 A you know, more re ent proces ·or - and your P - u e many more line . Some recent versions of the '8051 u ·e 24 

addre . . lines: the venerable '68000 u cd 32 addre s lines. The motive for adding addre s line . perhaps bviou · ly, is to 
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Figure 175.6 
Address decode: 
generic exam ple. 

A15 
At4 

At 
AO 

3-state 
8 , _____ , 

A d 
d e 
d c 
r o 
e d 
s e 

: )>--- single locations 

s r , 

(ddress 
a large block of ) (A 14 .. AO) 
addresses (32K) 

RAM 
32K 

A14 .. A 

15 

Oata Bus 
8 

input permit pecifying a single location unambiguously. In our lab computer we will save ourselves 

ome wiring by being much lazier. 

Lazy decoding: In our lab computer we do the ultimate lazy decode by using one addres line -A 15 

- to disti ngui sh Memory from TIO (input/output) which is everything other than memory: keyboards, 

displays, ADCs, DAC motors, pu hbutton . .. and anything el e you might hook up to a computer. 

That means that we allow half of address pace4 for memory half for I/0. 

Figure 175.7 Simplest decode: split address space in half. 

Address 
A 15 (hex)(16 bit) 

Address 
''space" 

1 I/0 
8000h --------------- -------

O Memory 

OOOOh ---------------

For the memory, thi . eems to make sense: 32K locations for a 32K RAM. But for UO? Do we plan 

to in tall 32K input device. and 32K output device in our lab computer? No. We plan to install four 
of each. Our 'lazy" incomplete address decoding pays attention to A 15 alone to di stinguish I/0, then 

ju t two additional line, (Ao and A 1) to specify which of our four I/0 devices we intend.5 As a result. 

each of our four device reappears 8K times. Thi effect ometimes is called "aliasing" of an addres 
- not to be confu ed with the notion from sampling theory. 

175.2.3 An example: RAM and ROM to share address space 

Suppose that we decide to install RAM and ROM in our computer, and al. o some 1/0. We don' t want 

to be as lazy a in our Pl.23 machine: we ' ll confi ne I/0 to the top 1 K of address space (that as ignment 

permit ea. y access to large memo1ie . With 16 line it is p ssible to access more than 2 16 location . but only by u ·e of the 
clum y device of "paging,'' a. in the early IBM PCs - and the DS89C430 proce or that you may meet in our micro lab . 
We will not use thi . feature . 

4 "Addres. pace" is ju t jargon for "the location · that are distingui shable using the available addre lines." 
5 In principle, one c uld use any twv addre ·s lines to di tingui hour four devices, and could have used any one address line 

to di tinguish l/0 from memory. But any choices other than the ones we made would produce a complicated patchwork of 
address uses (110 interleaved with memory. and so on). There· . no good reason to do anything so perverse. 
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still allow for a large cellarful of gadgets). Let's put ROM in the bottom 32K, and RAM into the top 

32K, but ducking out of the way in 1/0 space. 

• ROM? That easy; it s the same as for the simple t 1/0 versu Memory split: ROM lives wherever 

the MSB, A 15 is low. 

• RAM: it occupies aJl of the top half, where A 15 i hjgh - unless the addre fall into 1/0 space, 

defined below. 

• I/0: this is a little harder. We u ually do such task in reverse: we ask "How many lines are needed 

to di tinguish the number of locations we want to distinguish?" Here, the answer for "l K' (which 

is 2' 0) i that we need ten line . Those 10 - the ten low order lines, Ao ... A9
6 must be left free to 

take every possible value. The other six line -A IO· .. A 1s - must be high. 

An address map: Figure l 7S.8 show what the resulting address map looks like. The address decode 

for the ROM is a single address line (A 15 low); the I/0 decode requires a 6-input AND function.7 The 

RAM decode requires ju ta two-input AND function, piggybacking on the work done to decode I/0. 

Af5 At4 At3 At2 Aft AtO 
_ t t _r _ r ~_- _- _- _ -_- _~ ..----___ 110: need fen lines free, to distinguish 

t f 

1 0 
RAM 

0 1 

2A10 locations 

=> Address Blocks: 
ROM: Af5 
RAM: A15 ·7o ROM 110: A15·A14 ·Af3·Af2·Aff·Af0 Figure 175.8 Address map for 

example placing ROM, RAM and 1/ 0 . 
0 0 

Gates to effect the decoding: Figure l 7S.9 show. gating that would cany out the addres decoding. 
These addres decode signals presumably would be further conditioned - by control signals such a 

RD*, PSEN* and perhap WR*. For this reason we have shown output that are active-high as we 

would not if these signals were to go directly to a chip ' Enable*. 

Af4 ---i.._~ 

AfJ--....., 
Af2 ---
Aft ----t 

AfO ---r----

top half 

~ 
topmost slice of fop half 

//0 

RAM ~ 
A15 --...-----..__, 

ROM 

6 Don't forget number "zero' ' ! Engineer believe in zero. 

Figure 175.9 Gating to allocate address space 
among ROM, RAM and 1/ 0 . 

7 We're avoiding the word ·'gate,' ' because the active-lows that are likely - especially on ROM and RAM enables - mean that 
"AND function" will be performed by a NANO rather than AND. We don' t want to clutter thi discussion with such detail. 
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17W .1 A sequential digital lock 

Here, we'd like you to do one task three ways. This is a favorite device of exam-writer · this kind of 

question lets the teachers feel that there' some coherence in the digital material. Students may not 

feel the same way about these questions. 

Because this de ign will be needed by ome people doing Lab 17L, we present this problem early -

at a time when the previous method, using a microcontroller, is premature. Ignore that section of this 

chapter until you fee l comfmtable with controllers, a time that we expect will come late in the course. 

We 11 first try to describe how the circuit should behave. The block diagram for the Problem I may 
help you see what we're getti ng at. 

Here s the scheme. 

• The lock face the user with three switches: 

a toggle switch lets the u er choose a Hl or LO input LEVEL; 

a pushbutton switch, CLOCKIT, lets the user clock in that LEVEL· 

a second pushbutton switch, TRY lets the user say that she think she ha put in a valid code. 

• The machine is to re pond as follows: 

each time the user pu hes CLOCK.IT the machine takes in the current LEVEL; 

if the user pre ses TRY and then CLOCK.IT, the machine judges whether the equence of 
bits put in matche, the lock's code: 

o if the sequence does match, the ci rcuit 's output bit, UNLOCK, open the Jock· 

o if the sequence does not match, the machine is re et to it initial state (and, of cour e, 

the lock i not opened . 

17W.1.1 Problem I. draw the circuit 

Figure l 7W. l is a block diagram/sketch of the circuit. Plea e detail all the circuit , including how you 

would generate the signals CLOCKIT and TRY. The secret code is determjoed by a 3-position DTP 

switch whose output is fed to the COMPARE circuit (we do this so we can change the key code). 

17W.1.2 Problem II: Verilog 

Below we have started a Verilog file that could do the same job (minus the ompare circuit): it is to 

implement a "state machine" (rather than a shift register) that takes in a 3-bit sequence, and behaves 
like the hand-drawn circuit. 

The 'case' design seem well- uited to this task. An example of a state machine designed with 
Verilog case statements appears as §A.11 
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UNLOCl( 
Q~- -

..IL 
TRY _J L Figure 17W.1 Sequence detect lock: 

rough sketch . CLOCkIT---

'timescale lns I lps 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
II Company: 

II Engineer: 

II 
II Create Date: 11 : 36:07 0412312008 

II Design Name: 

II Module Name: sequence_detect 

II Project Name: 

II Target Dev ices: 

II Tool versions: 

II Description: 

II 
II Dependencies: 

II 
II Revision: 

II Revision 0.01 - File Created 

II Additional Comments: 

II 
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
module sequence_detect(clk,reset_bar,in,try, unlock.state); 

II winning sequence of inputs is 011 (continuing try keeps it unlocked) 

input clk , reset_bar,in, try ; 

output unlock ; 

output (2:0] state; 

wire clk,reset_bar,in,unlock; 

reg (2:0] state; 

parameter A= 3'b000, B = 3'b001, C = 3'b010, JACKPOT= 3'b011, OPEN 3 ' b100 ; 

II 4 correct button- presses unlocks it 

assign unlock= (state== OPEN); II a Moore output, since 

II it depends on state only 

end 

endmodule 

The , olution below does thi with CASE tatement . Probably that' s the easiest way. 

In Fig. l 7W.2 we how the results of a simulation u ing the posted testbench. The e waveforms 

will help to de cribe the behavior we hope to ee. 
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Figure 17W.2 Result of simulating a Verilog version of the 3- bit lock using the posted testbench . 

17W.1.3 Problem Ill : 8051 hardware and code 

Assembly language? The task i. al o well-. uited to a microcontroller no need for peed, here). 

Again, we have tarted a file below, as igning variables to particular pin . We did thi task with 

shift-register strategy though you can do it any way you like. 

Some reminders : it is possible to move a single bit into the CARRY bit (' C ') and from there one 

can shift or rotate it into the accumulator. 

sequence_ detect_ 408 . a51 detect part i cular bi t input sequence, to form digital lock 

$NOSYMBOLS 

$INCLUDE (Z: \ MICR0 \ 8051\RAISON \ INC\ REG320 . INC ) 

$INCLUDE (Z: \ MICR0\8051 \ RAISON \ INC\ VECTORS320.INC) 

STACKBOT EQU 07 Fh; put stack at start of scratch 

indirectly-addressable block (80h and up ) 

SOFTFLAG EQU O ; a flag tha t ISR will set 

INBIT EQU Pl.O ; user's input level (code bit ) 

TRY EQU Pl . 1 ; user's try- to - open bit 

UNLOCK EQU Pl.2 ; a b i t that controls the lock 

KEY EQU Ollb ; set up key code 

Raison's DS310 register defs. file 

Tom's vectors definition file 

ORG o ; tells assembler the addres s at which to place thi s code 

LJMP START; here code begins -- with just a jump to start of 

real prog ram. ALL our programs will start thus 

ORG 280h ; . .. and here the program starts 

START : MOV SP, #STACKBOT 

END 
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17W. 2 Solutions 

17W.2.1 Solution I: draw the circuit 

The design jn Fig. l 7W.3 includes no Reset pushbutton. To reset the machine requires the rather 

awkward procedure of clockjng with Try once more (deliberately causing a failure that evokes a 

Re. et*). It might have been nicer to include a eparate Re et* pushbutton. 

+;-

urn 

[[ill l 

tJ 
ICLocnfj 
(pvs~hvttot1) 

Re.SH 

°R 

Do Q 
0 D1 Q1 D2 ~ 

ci..o,~n 

+5 

Figure 17W.3 Sequence detector done with shift register and gates. 

17W.2.2 Solution 11 : Verilog 

Q UNU)CJ<. 

Ct..OCl<.!T 

Below i the code that produced the simulation shown in Fig. 17W.2. Thi is not a hift-register design, 

but rather a clas, ic state machine. 

II Verilog Code for Sequential Lock 

'timescale lns / lps 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII/IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
II Company: 

II Engineer: 

II 
II Create Date: 11:36:07 0412312008 

II Design Name : 

II Module Name: sequence_detect 

II Project Name: 

II Target Devices: 

II Tool versions: 

II Description: 

II 
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II Dependencies: 

II 
II Revision: 

II Revision 0.01 - File Created 

II Addit ional Comments: 

II 
I/II/III/IIIIII/IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
module sequence_detect(clk,reset_bar,in,try, unlock,state); 

II winning sequence of inputs is 011 (continuing 1 keeps it unlocked) 

input clk,reset_bar,in, try; 

output unlock; 

output [2 :0] state; 

wire clk,reset_bar,in,unlock; 

reg [2:0] state; 

parameter A = 3'b000, B 3'b001, C = 3'b010, JACKPOT= 3'b011, OPEN= 3'bl00; 

II 4 correct button-presses unlocks it 

assign un lock (state OPEN); II a Moore output, since 

II it depends on state only 

always @( posedge elk , negedge reset_bar) 

begin 

if (-reset_bar) 

state<= A; 

else 

case (state) 

A: 

if (try) 

state<= A; 

else 

if (-in) 

II premature try takes you back to start 

state .:c= B; 

else 

state<= A; II start over if you err 

B: 

if (try) 

state<= A; II premature try takes you back to start 

else 

if (in) 

state<= C; 

else 

state<= A; II start over if you err 

C: 

if (try) 

state<= A; 

else 

if (in) 

state 

else 

/I premature try takes you back to start 

JACKPOT; 

state<= A; II start over if you err 

JACKPOT: 

if (try) 

state<= OPEN; II unlock if push TRY and clock it 

else 

state<= A; II start over if you haven't the nerve co try 



end 

endmodule 
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OPEN: 

if (try) 

state<= OPEN; // if you're still pushing try and clocking, it stays unlocked 

else 

state<= A; // start over (and lock up) 

endcase 

The chematic that thi code produces is formidable, as Fig. I 7W.4 shows. But since Verilog is 

doing the hard work we don t mind. 

Figure 17W .4 Schematic of circuit produced by Verilog code. 

17W.2.3 Solution Ill: 8051 hardware and code 

Hardware The hardware is pretty obvious, but we've drawn it in Fig. 17W.5. The hardware should 

help to make the code intelligible. 

+5V 

IN~ 
IOI< 

+5V 

TRY L.ft 
fOk +5V 

8051 

P1.0 

Pf.f 

INTO 

Pf.2 UNLOCK 

Figure 17W.5 8051 hardware connections for sequence 
detector. 

Code: assembly language This code looks less complicated than the Verilog code. Like the first, 

hand-drawn circuit of Fig. L 7W.3, this design use a shift register. After bringing in three bits, the 

program ju t doe a compare CJNE) between the current tate of the hift regi ter and the reference 
unlock code. The olution hows, commented out, a masking of key input that would permit the most 

recent three input at any time to serve as unlock code. Without this commented masking, one would 

be permitted no mi ·takes after the machine wa tarted up (that is after a hardware controller re et). 



684 Worked Examples: Memory 

sequence_detect_ 511.a51 detect particular bit input sequence, to form digital lock 

SNOSYMBOLS 

START: 

$INCLUDE (C:\MICR0\ 8051 \ RAISON \INC\REG320.INC ) ; Raison's DS320 register defs. file 

$INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC) ; Tom's vectors definition file 

STACKBOT EQU 07Fh put stack at start of scratch 

indirectly-addressable block (80h and up) 

a flag that ISR will set SOFTFLAG EQU O 

UNLOCK EQU Pl.2 

INBIT EQU Pl.O 

TRY EQU Pl.l 

a bit that controls the lock 

user's input level (code bit) 

user's try-to-open bit 

CLOCKIT pushbutton drives INTO* 

KEY EQU Ollb 

ORG O 

LJMP START 

ORG 280h 

set up key code 

tells assembler the address at which to place this code 

here code begins -- with just a jump to start of 

real program. ALL our programs will start thus 

. .. and here the program starts 

MOV SP, #STACKBOT 

ACALL INITS 

ACALL INTSETUP 

REINIT: ACALL !NITS 

TEST: JNB SOFTFLAG, TEST 

; fresh start 

; hang here till user hits the CLK button 

CLR SOFTFLAG i set up next pass 

NOW: JNB TRY, TAKEIN see if user thinks his code is ready 

next line would allow a person to keep trying inputs, 

since only the most recent 3 bits would matter 

ANL A, #07h knock out all but most recent three bits 

CJNE A, #KEY, FLUNK 

SETB UNLOCK 

see if input matches template 

that's it! 

HERE : JB TRY, HERE 

SJMP REINIT 

TAKEIN: MOV C, INBIT 

RLC A 

SJMP TEST 

FLUNK: CLR A 

SJMP REINIT 

; keep it unlocked so long as TRY is pressed 

pick up current input bit 

take in current bit at LSB 

... and go await next input 

land here after bad input. Start over 

ISR: JUST SET A SOFT FLAG 

ORG INTOVECTOR 

ISR: SETB SOFTFLAG 

RETI 

!NITS: CLR A 

CLR UNLOCK 

CLR TRY 

RET 

this is defined in VECTORS3210.INC, included above. 

It is address 03h, the address to which micro hops 

in response to interrupt zero 

clean start for input register 

lock it (active high bit) 

; ----NOW ENABLE INTERRUPTS----

INTSETUP: SETB ITO ; make INTO Edge-sensitive (p. 22) 



RET 

SETB EXO 

SETB EA 

END 

. .. and enable INTO 

Global int enable (pp.31 - 32) 
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Code: C language The code in C looks perhaps more complicated than the assembly code. The oddest 

feature i a kJuge Jetti.ng C do a register rotate, an operation not built into C. The code i 

SEQUENCE= (SEQUENCE< < 1) I (SEQUENCE>> (8-1)); II rotate left, takes in MSB at LSB 

This is odd enough to bear explaining. The left-shift is straightforward: 

SEQUENCE= (SEQUENCE << 1) . 

The next step is the clever part (not our ; we picked this up from Wikipedia): 

I (SEQUENCE» (8-1)) . 

This doe a right- hift by even places, putting MSB in LSB position then ORs this hifted value with 

the result of the earlier left-shift. So MSB come in as LSB after the hift. In other words the 8-bit 

register appears to have been "rotated" left. 

You may find tidier ways to implement this sequence detector. 

sequence_detect_ 511.a51 detect particular bit input sequence, to form digital lock 

$NOSYMBOLS 

STACKBOT EQU 07Fh put stack at start of scratch 

indirectly- addressable block (BOh and up) 

SOFTFLAG EQU O a flag that ISR will set 

UNLOCK EQU Pl . 2 a bit that controls the lock 

INBIT EQU Pl.O 

TRY E:QU Pl.l 

CLOCKIT pushbutton 

KEY EQU Ollb 

user's 

user's 

drives 

set up 

input level (code bit) 

try - to - open bit 

INTO* 

key code 

ORG O 

LJMP START 

; tells assembler the address at which to place this code 

here code begins -- with just a jump to start of 

real program. ALL our programs will scart thus 

ORG 280h 

START: MOV SP, #STACKBOT 

ACALL !NITS 

ACALL INTSETUP 

REINIT: ACALL INITS 

TEST: JNB SOFTFLAG, TEST 

CLR SOFTFLAG 

. .. and here the program starts 

; fresh start 

; hang here till user hits the CLK button 

; set up next pass 

NOW : JNB TRY, TAKEIN; see if user thinks his code is ready 

next line would allow a person to keep trying inputs, since only the 

most recent 3 bits would matter 

ANL A, #07h 

CJNE A, #KEY, FLUNK 

SETB UNLOCK 

HERE: JB TRY, HERE 

SJMP REINIT 

TAKEIN : MOV C, IN BIT 

RLC A 

SJMP TEST 

FLUNK: CLR A 

SJMP REINIT 

ISR : JUST SET A SOFT FLAG 

ORG INTOVECTOR 

knock out all but most recent three bits 

see if input matches template 

that's it! 

keep it unlocked so long as TRY is pressed 

pick up current input bit 

take in current bit at LSB 

.. . and go await next input 

land here after bad input . Start over 

this is defined in VECTORS3210 . INC, included above . 

It is address 03h, he address to which micro hops 

in response to interrupt zero 
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ISR: SETB SOFTFLAG 

RETI 

!NITS: CLR A 

CLR UNLOCK 

CLR TRY 

RET 

clean start for input register 

lock it (active high bit) 

---- NOW ENABLE INTERRUPTS ----

INTSETUP: SETB ITO 

SETB EXO 

SETB EA 

RET 

END 

make INTO Edge - sensitive (p. 22) 

... and enable INTO 

Global int enable (pp.31-32) 
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Problem: convert a range of voltage to a range of digital codes. Th complementary proces - digital 

to analog - i intellectually less challenging and less variou , but useful. 

18N.1 Interfacing among logic families 

Thi topic i. dull but ometimes necessary. There i no question that a 74HCxx gate can drive a 

74HCxx gate - and if you find yourself using antique TTL gates (. ay 74LSxx to 74LSxx) they will 

under tand each other. But sometimes you will be obliged to mix logic families u ually in order to 
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get a function not available in the main logic family of your de ign. Then you need to know whether 

the two devices can drive each other - and if they cannot how to solve the problem. 

18N.1.1 Five-volt parts: trouble driving CMOS 

Mo t of the time you are likely to use CMOS logic. You'll recall from Lab 14L the nice propertie 

of CMOS inputs and output : output High and Lows are clean - within a few tenth of the po itive 

supply or ground; input thr hold are comfortably far from those good output level . The inputs draw 

no DC current to peak of (a microamp max over full temperature range; typically very much less than 

that); they pre ent a load that i a mode. t capacitance ( I OpF, max 1) They can drive a ub tantial load, 

sinking or ourcing 4mA (74HCxx). They're a pleasure to work with. 

But if you were to ask an old TTL part to drive a 74HCxx part it might not work. The problem i 

that the TTL output high voltage (Vmt) is inadequate: less than the required CMOS input high voltage 

(ViH). TTL' VoH i only 2.4V; HC' Vrn i a little more than 2/3 of the supply voltage: 3. lSV when 

powered at 4.5V. Fig. l 8N .1 illustrates the problem. 

Figure 18N.1 TTL VoH inadequate 
to drive CMOS Vrn . 

OUT - _5_:: _ _ EINCMOSl-ligh 
- - (min required) 

TTL 1-/igh 
(lowest guar. _ _ __ _ 

Ov 

What is to be done? TTL clearly needs a boost, or CMOS needs to reach lower. Both remedie are 

possible. CMOS can "reach lower" if we sub titute 74HCTxx for 74HCxx. In order to olve exactly 

the problem we are disco sing, HCT use TIL input thresholds at the exp nse of giving up CMOS 

symmetry and its superior noi e rejection. Alternatively, TTL can "get a boo t · if we use a resi , tor to 
pull up its output to SY. To understand the effectivenes of the simple pullup one must notice that the 

inadequate TTL high voltage (2.5V worst case, about 3-3.5V typical ) i not locked at that level · it i 
not a low-impedance ource like the TTL low. Rather, it is a source that run out of ga at thi TTL 

high voltage - but does not object if some kindly pullup resistor wants to come along and finish the 

job. In the case of TTL part , the "running out of gas' result from th use of an NPN pull up tran istor 

(in contra t to the PMOS pullup of a CMOS output). 

A · you choose that pullup resistor ju ·t avoid extremes: a very large R would make the ri se low 

becau e the R must charge tray apacitance; using a very small R would overload the driving gate 

asking the TTL output to sink more current than it can handle (thi maximum current i specified as 

/0 L). A few k.Q i fine for LS TTL; with the weaker signal · available from ome microprocessors you 

need to beware overloading: you mu t pay close attention to that loL limit(. ee Lab 21L for examples). 

A tandard 8051 output can sink l .6mA (this applies for the Dallas part· the SiLab controller can sink 

8.5mA). 

Much that isn't TTL behaves like TTL: You may be inclined to protest that you're not so old­

fashioned to use TTL (which is indeed nearly obsolete, even in it late "LS' form - low-power Schot­

tky). Maybe o - or at lea t the occa ion. when you meet TTL will be rare. But a strange fact makes 

I These are specification for O Semiconductor' · 74H 00. 

I AoE § 12. 1.3 

I AoE § I 2. l.2A 
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Figure 18N.2 TTL can meet CMOS - with a 
little help . 

thi 'TfL" problem more pervasive than it eem : many device that are not made of the bipolar tran­

si tor used in true TTL part use ITL input and output levels neverthele . NMOS devices - those 

made with n-channel tran istors only omitting the p-channel that let CMOS do uch a good job of 

pulling it output high - understandably cannot provide good VoH levels. But the startling bad news is 
that many devices made of CMOS use the lower TTL levels presumably because that choice slightly 

ea es the designer's and fabricator' job, letting them use NMOS pull up transistors rather than PMOS. 

SV parts using TTL Levels: Important instance of this slumming by parts that ought to know better 

than to behave like TTL are: 

• 5V CMOS PALs/CPLD , like Xilinx' XC9572XC, a part you may meet in lab (if instead you 

u. e the 3.3V part, XC9572XL, the same i ue arise. when it i to meet 5V logic; ee § 18N. l .2 
below)· 

• ome 5V CMOS processors like the DS89C430, an 8051- tyle microcontroller that you will meet 
if you do the big-board labs. 

In the big-board microcomputer circuit you wiJJ notice 74HCT parts as well as 74HC. Those HCT 

part appear wherever TTL-level signal. go into CMOS logic: signaL coming from the 8051 - tyle 

proce or and from the CPLD - even though both of those ICs using TTL levels are fabricated in 

CMOS. 

Figure 18N.3 is an in tance: the ' 139 I/0 decoder is pec'd as HCT (not straight HC) in order 

to accommodate the wi hy-washy HIGHs from three CMOS parts: two CMOS PALs and the 805 J 

processor. We could hav u ed pullup re i tor. to make these interfaces work. But I'm ure you'll 

agree that HCT provides an easier solution. That s why there are more HCT part in the world than 

straight HC. This accommodating quality of HCT can be very handy. 

------ address counter PAL 

Figure 18N.3 Example of HCT 
use to accommodate TTL levels 
out of 5V CMOS parts 
(big- board computer detail) . 
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18N.1.2 Parts powered by lower voltages 

The old TTL levels live on in some low-voltage parts: As upply voltage come down from SY, 

the lukewarm logic Highs are di appearing - the VoH that runs out of gas far below Vsupply· In a 3.3Y 

design, no one dares to wa te I .5Y as ITL logic did. But TTL logic levels remain important quite far 

from their origin in bipolar logic. Not only do some 5V CMOS parts u e TTL output or input level 

as we ju t saw, but also 3.3Y CMOS can handle TTL levels at both input and output. 

A you design a circuit powered from a voltage lower than SY - say, 3.3V - you may run into cases 

where you need a function that i available only in a 5Y version. We meet this case in the big-board 

computer where the DIP-packaged controller is a SY part. Sometimes such interfacing i. ea y; in other 

ca es, where voltage disparitie are larger. a pecial translator gate will be required. 

Some devices make it easy to mix SV and 3.3V parts: The PALs that we use in lab make such 

mixing of SV and 3.3V part painless: 

3.3V PAL can accept and drive SV logic. Some 3V devices, such a the XL PAL , make it easy to 

mix SV and 3.3Y. They can be driven by SV signals (such input are called 'SY tolerant" ), 

and can drive SV logic at TTL levels. The outputs of these parts powered at 3.3V are high 

enough to drive 5-volt 74HCT inputs though not 74HC. 

Figure 18N.4 Interfacing 5V to 3V logic is easy, with "5V-tolerant" 
low-voltage logic (figure is derived from Xilinx note 05054, 
"XC9500XL High-Performance CPLD Family Data Sheet.") . 

We use thi adaptability in our labs: 

Inputs. The 3Y PAL take input ignals from 5V parts of two sort : 

3.3v 

XC'f500XL 
IN CPLD ovr 

p 

• 74HCTxx CMOS (VoL ~ 0.4V VoH ~ 3 .7V - specified at 4 .5Y supply. An example is 

the keypad KRESET ignal inverted by an 74HCT14 on it way to the GLUE PAL. 

• TTL level CVoL ~ 0.4 V VoH :2 2.4 V). Examples are signals. uch a RD*, comjng from 

the SV controller DS89C430. 

Outputs. The 3V PAL drives 5V parts that u e ITL input levels. Examples are the several signals 

to DS89C430 controller (clock, reset and PSENDRV *) and to the 5V RAM. 

SV PAL can use 3.3V l/0. A SY version of the Xilinx PAL that we have u ed in the labs - called 

XC95xxXC - can do thi, trick: though the PAL's innards must be powered by 5Y, it provides 

a separate Vcc10 pin that can be powered by 3.3Y. That done the part can under tand and 

drive either 3.3V part or SY part. at TTL levels. 

When the supply mismatch i more extreme, a translator IC will be required to let the low-voltage 

part drive the higher-voltage part. Maxim, for example, makes a ·'univer al' bidirectional translator 

I AoE § 12.1.3 

,.,, Hc:TTL 
33v CM05 

I ';~x I 
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for linking part supplied from voltages a disparate as l .2V and 5.5V (MAX3370 i the single-line 

part). NXP (formerly Philip Electronics) developed a impler bidirectional translator u ing a single 
MOSFET. Thi ingenious circuit i de cribed in § 18W.2. 

18N.2 Digital {::} analog conversion, generally 

Analog versus digital: The task of converting from either form to the other can include challenging 

analog task . In order to convert from analog to digital (ADC, AID) a circuit must classify an input 

(usually a voltage), putting it into the correct digital category; often the circuit must do that fast. 

Running in the other direction (DAC DI A) is conceptually easier. But it i hard to do this precisely 

(making the conversion good to many bits), and the digital processing will have added extraneous 

non-information, 1ike' steppiness" in the ampled and recovered waveform; thi junk mu t be cleaned 
away. 

( 

how much voltage 
uncertainty as 
sample is taken? 

-~ I I I 
__ I I 

digital value: 

\ ~.::close to truth? I ~t 'resolution'?) 

- -

( 

reconstructed 
''steppy" analog 

~ 

filter ~ 
I I I 
I I I 

11 I I 

l,ing time: ! 
how close to 
instantaneous? 

-

A/0 I A/0 I Ilv 
extraneous high-frequency components. 
Must be eliminated. 

Figure 18N.5 Analog in, 
to ADC; then digital out, 
to DAC: analog 
reconstructed . 

That cleaning job can present a ubstantial analog ta k; but it is one that i accomplished by the low­

pass filter that cleans up the output of every digital-audio player. The filtering can be accomplished in 

pait within the digital domain . Some of this proce sing, called' oversampling," involves interpolating 

p eudo-sample between actual samples .2 Digital filtering, including the 'oversampling'' that boosts 

the apparent sampling rate ease the task of the final analog tage, a smoothing low-pass filter. 

What sampling does not mean: We will return to the question of how one must sample a waveform, 
in order to convert it to digital form. But let's dispose of one possible mi conception at this early 

point: if, a in Fig. 18N.5, the sinusoid i sampled three time during one period, the sampled value is 

not an average of the waveform value during that time interval. In tead, it i the value present during 

the very hort ampling pul e. The ideal sampling would be in tantaneous; an actual sampling pulse 

may last a few tens of nano econds. 

ADC: how fine to slice, in voltage ( vert ical) and time (horizontal): If you mean to convert a 

Linewave to digital form then back again, you run at once into the problem of how much information 

you need to catTy into the digital domain. You must be content with a limited number of slices both 

in the vertical direction - amplitude resolution - and in the horizontal direction, where the fineness of 

" licing" is determined by the sampling rate. 

2 Interpolation i. one way of de cribing the proces of digital filtering. 
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18N.2.1 Slicing across the vertical axis: amplitude or voltage resolution 

This i a pretty straightforward issue. You decide, as usual, how big an error is tolerable. In thi 
cour e nearly all the converters you build or u e in the .lab will be 8-bit devices; thus we'll ettle for 
256 voltage slices, each worth between l O and 16m V (how large the slice i depends on the full-scale 
voltage, since each slice i Vruu - scale/2(number- of- bit )). 

Commercial digital audio at 16 bits would cut each of our 8-bit slices into another 256 sub-slices 
(/6-bit re olution => l part in 64K).3 Our breadboarded circuits would bury any uch pretended re o­
lution in noise, as you know if you recall how big the usual fuzz i on your scope screen when you turn 
the gain all the way up. In one exerci, e, §23L.2.2, we do invite people using the SiLabs controller to 
try out the fu]l 12-bit resolution of the controller' DAC. But the point we intend to how even in that 
exercise i mostly that such resolution i wasted in our breadboarded circuits. And in general, the level 
of noise present in the analog signal ets a limit on what resolution i useful in a converter. In audio 
conversion there is an additional boundary: one get no advantage by re olving an audio waveform to 
a level below what a human can hear. 

Quantization error: Since going from analog to digital entails forcing a continuous input into bins 
- a sort of procru tean fitting of a smoothly-varying original into a limited et of alternatives - the 
proces necessarily introduces errors. Fig. 18N.6 sketches an analog input and the levels (the nearest 
available) to which the input wa as. igned, in an imagined conversion into digital form.4 

voltages 
recorded 
by AOC 

IN 

·--- --- -----"---··-- --) 

Figure 18N.6 Quantization error: a maximum of 
1/2 the smallest voltage slice (after Pohlmann 
Principles of Digital Audio, McGraw-Hill, 2011 ). 

This figure i~ offered in order to per uade you that the maximum error for the conversion process 
will be 1/2 the size of the maJle t 'slice." Such errors are an inevitable result of the cla ification of 
continuously varying analog voltage into discrete digital bin . Thus, quantization necessari ly adds 
this noise at the level of 1/2 LSB. 

18N.2.2 Slices across the horizontal axis: sampling rate 

Here the result i surp1ising to anyone who ha not con idered the question before: Nyqui t pointed 
out the curious fact that a shade more than two sample per period of a inewave will carry a full 

3 The 'ize of the smalle. t •· lice'· (least significant bit. LSB) is fantastically tiny on. ay, a portable player, who e full -scale 
voltage may be under 2V. For example 16-bit re ·olution and 2V full -scale implie an LSB value of 30µ V. 

4 Thi figure is modeled on one offered by Pohlmann, K. Principles of Digital Audio, 6th ed. McGraw Hill (2011 ), Fig. 2.7, 
p. 31. The darkened point repre ent ·ample. taken - and the repre. entation may onfu e you since each dot show · in 
analog form the ·uppo ·eel digital representation of the original input. Nevertheles , we think the information thi figure 

ffer. J e erve to make less ab tract the notion of "error < 1/2 LSB". 

TIME 
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de cription of that inewave.5 Thu one can recon truct the original with just that pair of samples (this 

works only if one ha many cycles of those two sample. ). Shannon recited the rule thu :6 

Theorem /fa function f(t) contains no frequencies higher than W cps, it is completely determined 
by g; ;ng its ordinates at a serie of points spaced 1 /2W seconds apart. 

This is afact which is common knowledge in the communication arr. 

What Nyquist does not say: We would like to inoculate the reader agai nst a pos ible mi understand­

ing of Nyqui t' rule: we would like to underline the truth that exactly two cycles per period is not 

ufficient. Aldrich makes one sufficient argument for this truth: given just two point, it i pos ible to 

draw a inu oid at that frequency and of any amplitude. So the information is not ufficient to satisfy 

the es ential requirement: that ju tone waveform can be drawn through the amp1ed points.7 

If reproducing a sinusoid of a single frequency strikes you as a rather sterile academic exercise, 
recall Fourier' wisdom, noting that any waveform can be expressed as a sum of sinusoid - and note 

that if we can ample adequately the highest frequency component of a signal we nece aiily get 
plenty of information about lower frequencies. 8 

Here' the idea, illu trated in Fig. l 8N .7 with the eight-bit ADC and DAC used in §23L. l AD7569). 

We are not pushing for extreme tinginess in sampling here; in ·tead, we pick up aboutfour amples 

per period. The cope image hows a round trip: analog input conve11ed to digital and back again. 

ANALOG IN 
(to ADC) 

DAC OUT 
(reconstructed 
from digital form) 

·+·-··'- .... ~ ~ ......... -T 

j 

Co1l v c1~2 -,".'"oo v ··M"'iiod"µ-s',...._~_.____. .. _,._ ... J 

Figure 18N.7 Analog in, to 
ADC; analog out reconstructed 
from DAC. 

It is not hard to believe that those steppy edges could be smoothed away. Indeed they can by a good 

low-pa filter - a filter much better than a imple RC low-pass. Fig. 18N.8 shows the teppy output 

smoothed by uch a low-pass . The filtered output does, indeed, look like the original analog input. 

We will return to the question of what sampling rate i required, and how good a low-pass filter i .. 

needed later in thi chapter and again but more thoroughly in Chapter l 8S. 
You will get a chance to reproduce this effect in Lab 23L when you control ampling rate with 

your microcomputer. Evidently, the sampling rate required depends upon the frequency of the analog 

5 The rule, uggested but not clearly tated by Nyquist in 1928, was proven by laude Shannon in 1949. and sometime · is 
called the Nyqui t- Shannon Sampling Theorem. 

6 Claude Shannon, Proceedings of the In stitution of Radio Engineers, 37,( l ), I 0- 21, ( 1949), quoted by Nika Aldrich in hi 
superlative book, Digital Audio Explained/or rhe Audio Engineer, 2nd ed. Sweetwater (2005), p. I I I . 

7 Aldrich, op.cir. p. 123. Don 't forget the important assumption, which ldrich emphasizes, that the only permitted 
waveform is a si11usoid. No fair improvising other odd hapes that could pas through the sampled point ·. Such odd shapes 
would contain frequencie higher than the inusoid that i assumed. onsu lt M . ourier if thi ' point i unfamiliar ( ee, for 
example, Chapters 3N and 3L). 

8 We u ually tate Nyquist s rule a. applying to the highe, t frequency in the input signal (see, e.g., Ao § 13.5. I OC). It is 
more accurate - though only rarely different - to state the rule a requiring a sampling rate a little more than twice the 
signal \ bandwidth. When . ignal frequencies begin close to zero, as they do for audio, " highest frequency" and 
"bandwidth" are the same. But in unusual case one could, for example, sample a narrow bandwidth at a high frequency 
u. ing a mode t .f amplc · Thi. might come up, ·ay, in digitizing a radio signal. 
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waveform: if the waveform include many frequency component , then it is the highest that concern 

us· the lower frequencies are easier to catch. Commercial digital audio again provide. au eful case .in 

point. That y tern aim~ to tore and recover ignal up to 20k.Hz. To do thi , it ample at 44. l kHz. 

This can be described as "10% oversampling:" a sampling rate just 10% above Nyquist's theoretical 

minimum. 

Figure 18N.8 Analog in, to 
A DC; analog out reconstructed 
from DA(, steppy waveform 
smoothed by low-pass filter. 

ANALOG IN 

DACOUT 
(reconstructed) 

.. 
,.~ ,t-~~ - t-4·1 ~ · · · .. -, :;;_.,,,;;.,.;;- · 

- i 
I 

filtered DAC out ~/"- I 
---:- -=:;;:_-;r ~~- _...J.--~I 

1.00 V Ch2, 1.00 V M 400µs 
Ch :f 1.00 V 

18N.2.3 Effect of an inadequate sampling rate (aliasing) 

If you don't do what Nyquist told you to do you get into trouble. You don t just fail to get what you 

meant to get· you get non en e. Sampling at too Low a rate, you get an artifact, a fake ignal that wil1 

be irreversibly commingled with the true signal. The fake i said to be an "aliased' signal because it 

is tran lated from its true frequency. Strange to tell, the true ignal al o i captured, but the pre ence 

of the alias u ually con-upt the ignal hopeles ly.9 

Figure 1 N.9 hows a lkHz analog input . ampled at l.2kHz: ampled well below the theoretical 

minimum "Nyquist" rate of >2kHz. We have marked the sampling points with smaU circle ·, and 

how the recon tructed waveform (the DAC output), before and after lowpass filtering. The spurious 

sinusoid in the fourth trace is convincing - but it is a false artifact. (The pha es of ampled point , re­

construction and filtered output do not match· this re ult from delays in the proce sing that produced 

these signals.) 

The recon tructed waveform may look funny (and not even inusoidal). But if one 1owpas -filters 

this funny waveform, one get a sinusoid, as you can see in Fig. l 8N .9. This sinusoid was not in the 

original signal but is indi tinguishable from a genuine input at 200Hz (the alia appear at f; ample -

fin = l.2k.Hz - ]kHz = 200Hz). We will look more closely at such sampling artifact in Chapter l 8S. 

To protect again t alia ing you need a good low-pas · fi lter ahead of the ADC input - in addition 

to the one used to mooth the reconstructed signal. This input filter make sure that no indige~ tible 

frequencie ever are fed to the converter. Thi is a tandard feature for ADC y terns - but it is a 

feature that we deliberately omit from Lab 23L, in which you play with ampling rate . We omit it 

becau e aliasing is a strange and intere ting effect that you ought to meet at least once under laboratory 

conditions where it doe you no harm. Having een it you will know that you mu t fore tall aliasing. 

9 In ·ome exceptional case , aliasing can be harmless or even useful. lf the signal that would be aliased is a single frequency. 
then it alia might be removed with a narrow band top filter. And the predictable behavior of alia ing also allow 
purposeful "folding' of high frequencie · to a lower range. This technique can be used to convert a high-frequency radio 
carrier to an ''intermediate frequency" (IF) for demodulation. See Aldrich, p. 35. 
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sampling pulse train U 
(f.2kHz) 

input sinusoid (fkf.lz) 

reconstructed signal 
(OAC out): a few points 2 
caught (delays cause 
difference from phase 
of input sine) 

. "I · ~ · ...... " · · ---~.,._-...;..;..;. 

lowpassed reconstruction: i.....----.._ ___ 
a convincing sine; 
but it was not in 
the original (the input) 

ChH 2. 00 V M, -!OOµs AEx1 f 
c114•-s:oo-v 

Figure 18N.9 A sinuosoid 
inadequately sampled : Nyquist 
defied. (Scope settings: 2V / div 
except top trace, 5V / div ; 
400µs/div.) 

Enough generalities. Let's get back to hardware: let's look at some way to carry out the conver ion, 
in bolh directions. 

18N.3 Digital to analog (DAC) methods 

A DAC is conceptually simple: All we need is a way to sum a binary-, ca.led set of voltage. or currents: 

if an input 1 at the MSB should generate output 1 V, the next bit by itself should generate 0.5V; both 

together should generate l .SV; and so on. Some method. are pretty self-explanatory; other. are not. 

18N .3.1 Thermometer DAC 

A voltage divider tapped by . witches that are controlled by the digital inputs can do the job. 10 This 

de ign has a wonde1fully dignified pedigree: it wa de igned by Lord Kelvin, 11 though its not a 

mu. ty as that fact might suggest. It is a de ign now used for digital potentiometers and . ome smalJ 

DACs. lt requires only a resistive divider, some switches and ome decoding logic. 

With good analog witches, a 16-bit divider can do the job - requiring about 65,000 precise resistors 

(e.g., Tl's DAC8564). As the DAC8564 s data. heet advertise , the de ign "minimjzes undesired code­

to-code tran ient voltage (glitch),' in contrast to DAC' whose monotonicity depends on precise 

matching of resistor ratios. 

18N.3.2 An op-amp current-summing circuit 

An op-amp current-summing circuit, and resistor. of value R, 2R, 4R ... can form the DAC's binary­

weighted um. Cozily familiar though it is to those of us comfortable with op-amps this method rarely 

i u. ed. It require the fabrication of many value of resistor to high precision. 

18N .3.3 R-2R ladder 

Instead one can get the sam result - a binary caling of cun-ents - with an ingeniou circuit called 

an R-2R ladder a circuit that require just two re istor values. Thi pair of values is ea ier to fabricate 

10 S e ldrich at pp. 148- 152; Analog Device Tutorial : 
hnp://www.analog.com/media/en/training- eminarslluLOrial /MT-014.pdf. 

11 This ·urp,i sing provenance we take from Analog Device 's online note. 
http://www.analog.com/library/analogDialogue/archive. /39-
06/Chapter%203 %20Data%20Converter%20ArchitecLure %20F.pdf 
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Figure 18N.10 "Thermometer" DA( (after 
Analog Devices online tutorial). 

Figure 18N.ll A possible DAC - but hard to 
fabricate . 
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than then different values required for an n-bit converter like that in Fjg. 18N. l l. Tho en value 

would need to span a wide range and would require great precision in order to give many bits of 

re. olution. 

How an R-2R ladder divides down a voltage: The ladder is made up of unit that look like the one 

on the left of Fig. 18N .12. Since the unit looks like 2R, seen from its left side (its input), we can plug 

in another exactly similar unit in place of its right-hand 2R - and o on, extending the chain as far as 

we like. At the right-hand end of each of the resistors labeled R the voltage is down to half what it wa 

at the left end of the re istor. 

Figure l8N.13 contrasts the clever R- 2R against a dopey divider that makes a binary- caJed divider 

by following our usual loacting rules. Rin for each succeeding tage is LOO x Rour for the stage before 
to make the divi ion voltages good to l %. This is pretty mediocre performance (equivalent to fewer 

than 7 bits of precision); but you'll notice that the resistor values quickly blow up, and with them so 

doe the output impedance at the uccessive division point. Meanwhile, the marter R- 2R gets the 

job done with ju t two R values, and hold RouT constant. Whereas loading causes errors in the dumb 
divider, loading achieves the desired division in the clever R-2R divider. 

Applying the R-2R ladder: Figure l8N.14 show two DAC circuits exploiting the R- 2R scheme. 

The left-hand circuit uses such a ladder to ource current into the umming junction of an op-amp; 

the right-hand circuit (the schematic of an IC DAC) omits the op-amp, o the output is a current. Both 

DACs use just two resistor values. 

A detail of Fig. 18N.14 may alarm you at fir t: the feedback to the op-amp on the right side. But on 

reflection you ' ll realize you have seen thi oddity before, in the low-dropout regulator of Chapter l lN. 

In both cases an inversion within the feedback loop transforms what looks like positive feedback. 

I AoE § 13.2.3 
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Figure 18N.12 R-2R ladder. 
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Figure 18N.13 
Dumb divider 
contrasted with the 
clever R-2R binary 
divider. 

binary va1tage steps; produces b11,ary seating of currents 

Figure 18N.14 Two 
DAC designs using 
R-2R networks: V 
out, I out. 

18N.3.4 Switched-capacitor DA( 

Capacitors, rather than re istor , can be u ed to form a DAC's binary-weighted output. IC fabricators 
favor using capacitors over resistors, especially for CMOS design . The circuit in fig. I 8N. J 5 - for 

a 3-bit DAC - re emble the op-amp umming circuit but is simpler. 12 The capacitive design sums 
charges directly whereas the op-amp umming circuit, which um currents, require either scaled 

current , ources or a reference voltage and scaled resistors. (Compare AoE Fig. I 3.4.) The capacitive 

design can leak, but works well in a DAC whose output is u ed only briefly, as in an SAR ADC (see 

§ l8N.4.3). 13 

Each of the binary-scaled capacitor after being reset to zero, is connected either to ground or to 

12 R. Jacob Baker, CMOS Circuit Design, Layout and Simulation. LEEE Pres , Wiley ( 1998), p. 806. 
13 See http://www.analog.com/media/en/training-seminar /tutorials/MT-0 15.pdf. 
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Figure 18N.15 3-bit 
switched-cap or "charge-scaling" 
DAC. 

VREF according to the level of the digital input bit. When all bit. are high V0u1 equals the value of 

VREFxi. In other words " 1 ll' would produce a value of7V if VREF were 8V. In Fig. 18N.16 we have 

sketched the capacitive dividers formed by this and a couple of other input values. 

V~ir I Rff 

() j --';- J_ c J= c 
T = = Yz VRff r---

..L 
Lr, I 2~ 1 J 7c 

im rtF v,,, 

1 c. 

I -
Figure 18N.16 3-bit - 'f c 'h J_ 5c. 

switched-cap: capacitive 1. 0 = ~ R.fF == ::; Yg Vm 

dividers formed for three 'ic. r 2cc c +3.: 
in put combinations. 

18N.3.5 1-bit DA(; pulse-width modulation (PWM) 

A good DA( is hard to build: Though it is easy to draw a diagram for a DAC, it i difficult to make 

a DAC that works with good re olution - that is, a DAC that responds properly to a large number of 

bit. In thi course we will use modest 8-bit DACs which imply re olution down to I OmV given a 

2.SV range. This we can manage, even in our breadboarded circuit . 

A low-resolution digital signal - even just a one-bit ON/OFF signal - can achieve high analog 

resolution when averaged. If this ounds a bit cryptic, recall that you have seen this effect in action, 

back when you built a PWM circuit in §8L.4. An ON/OFF signal whose duty cycle i, varied can 

produce very high resolution when the puL ing waveform is smoothed by an averaging circuit. 

Early personal computer used this method to provide audio. lt is al o the method u ed in so-called 

Clas D" amplifiers, who. e outputs are imply switches, usually to a positive or negative voltage. 

You met one of these amplifiers, the LM4667 in Chapter I 2L. Cla s D amplifiers can achieve very 

high efficiency and thus are favored in battery powered audio circuits. They al o lend themselves to 

motor control (a you saw in Chapter 8L) where PWM provides smoother power modulation and 

better torque than can be achieved by varying the voltage to a motor. 

Figure 18N. L 7 is a set of cope images howing PWM done with the circuit of §8L.4. Alongside 

! AoE § 13.2. 



I AoE § 13.6 

18N.4 Analog-to-digital conversion 701 

each duty-cycle waveform i an image of an LED driven with that waveform. The LED is driven ON 

by a logic low, so our li sting of duty cycle in the figure inverts the usual sense of the term. 

sawtooth . 
threshold 
(75% shown) 

PWM 
waveforms 

(note Uiat 
logic LCM/ 
turns 

on LED) 

C:hl
0 

1:oov ~~ =;:; Ai 400µS 
4 11 H IJ \I 

••, •' ,'r , ~ j 
l. .. , .. ~i 

LED duty cycle 
{% on) 

10 

25 

50 

75 

90 

Figure 18N.17 Static PWM 
(duty-cycle) waveforms, and 
consequent brightness of driven 
LED . (Scope settings: sawtooth 
trace , 1 V / div; five PWM traces, 
lOV / div .) 

Thi is a static ca e showing a technique well- uited to letting a microcontroller regulate not only 

the brightne of an LED but also the color of a bi- or tri-color LED, by varying the relative strength 

of two or three contributing colors. You wi11 find a chance to try this technique in §22L.2.9. 

PWM that varies with time can produce a waveform. Fig. 18N. I 8 i a hypothetical PWM waveform 

and the sinusoid that would result if the PWM were averaged by a low-pass filter. 

Figure 18N.18 PWM, time-varied, can produce a time-varying 
waveform . 

The fact that a one-bit data tream can describe a waveform establishes the foundation for subtler 

forms of one- and low-bit conver ion. In § l 8N.4.5 below we will meet the counter-intuitive delta­

sigma conversion scheme which can u ea ingle bit output stream to provide high resolution. 

18N.4 Analog-to-digital conversion 

Going from the continuous world of analog into the di crete categories of digital is harder than going 

in the other direction and the ta k has evoked a wide and various set of olution . Table l 8N .1 shows 

the leading methods for comparison at a glance. 

Another repre entation of alternative A.DC methods appears in a good, concise graph in Tietze and 

Schenk, Electronic Circuits: Handbook for Design and Applications 2nd ed. Springer (2008) § 18.12, 

Fig. 18.68. 

18N.4.l Open- loop 

Flash : We wi11 start with the method that is conceptually simplest though most difficult to fabricate: 

fla sh (or parallel) conversion. (The design may remind you of the 'thermometer" DAC design of 

§ l 8N.3. I whose process it run in reverse.) The comparator output provide a thermometer-like result 
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Table 18N.l leading analog to digital conversion methods 

Method Speed Resolution Applications 
"flash' (parallel) fa t low storage scope, RF signal 

~ 5ns at IO bits ::; 10 bits 
~ lns at 8 bit 

binary search intermed. quite high general purpose 
~ lµs at 20 bit * ::;20 bits very widely u ed 

delta- sigma low intenned. high to very high general purpose 
~ 4k samples/sec at 31 bits** ::;32 bit becoming widely used 

dual slope slow high DVM (digital voltmeter) 
a few samples/sec at 24 bit :=; 24 bits now mu t compete v . ~L 

* LTC378-20 
** LTC344x: 24 bit , no latency; with one-cycle latency, 8k samples/sec. A spectac­
ular 31 bit is offered at 4k samples/ ec by TI' ADS 1282. 

(ls up to the level of the input voltage). That inconvenient code must be compressed by an encoder 

circuit. 

3V 
Comp<lra.tor 

~ T1,re,ho/Js • JV 

ll:1pothet:ea l Oo.tp.ts 

Vr" -"------- E ff, ...i.cnf 
I r- - ' c.~ 
t c. c, c. o, o. . 

2. a v T 1 t I s::i,. 
2.5V 2.GV for 

z.ov o 
R Q, 1.5V 

CJ .°' t.O \/ 0 0 0 
~ 0.5''1' 

Vr:w l .!iV 1 ov 

R 
o. 

~ 

02!.V O O O O O 

"' c 
.:;, 

~ 
o.sv I...) 

Figure 18N.19 
~ Parallel or "flash" 

ADC. 

Thi method calls for a lot of analog circuitry to achieve a modest number of bits. A 9-bit converter 

needs 511 comparators. That may not sound like a lot of parts if you are accustomed to reading about 

million-transistor digital parts, and multi-gigabyte memories. But the fact that flash converters now 

are limited to about 9 or 10 bits underlines the point that precise, fast analog circuitry is hard to build , 

wberea fast digital circuitry i ' relatively easy. 

Each of the outputs of a 1 Ons memory, say, needs to decide only whether the stored data is closer 
to High or to Low. Each comparator in a 9-bit, 2.5V-range converter, in contrast, needs to make a 

decision good to about Sm V; and it needs to do it fast - in somewhat less than l 0-odd ns , if it is to run 

at the same peed as the memory. The comparators ' job evidently is much the harder of the two. 

The encoder is essential. The need for it i not obviou in a tiny example like the one in Fig. l 8N. l 9. 

That encoder compres es seven Jines to three: useful, but not a spectacular improvement in efficiency. 

At 8 bits, the need for the encoder becomes very obviou : rather than take 255 line from the ADC -

the output of all comparators - we take the encoded version of this information, on 8 line . 

The device looks a if it could operate continuously. Normally, however, it is not used that way. 

Catching a value when the comparators were in transition could be di astrou : ay, partway through 
a transition from O 1 to lO we could get an output of 00 or 11. Instead, it i operated with a sampling 
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clock, like other ADC . A ample-and-hold keeps the comparator inputs constant while the compara­

tors settle, and the (digital-) output is caught in a register. 14 

Flash ADCs are rather specialized devices. They are power hungry, low-re olution converters. As 

standalone parts, they are reserved for the very impatient. But they are used more frequently within 

" ubranging" ADC that form a higher-resolution answer at somewhat lower speed, by repeatedly 

applying a fl.ash converter to fractions of the full range. 

Pipelining: A subranging flash device requires multiple clock cycles, in order to carry out a conver­

. ion - but it can run fa ter than the need for multile cycles would suggest if it is fed a stream of new 

data while earlier samples are being processed. 
The input is first subjected to a "coarse" 3-bit conversion using a 3-bit flash ADC. Then that ADC 

value is fed to a DAC and converted to a value representing the top three bits, and this coarse level is 
subtracted from the input. The re ult of the subtraction, a "residue," i passed to a second 3-bit flash 

ADC. The outputs of the two flash ADCs provide a 6-bit answer, and the fact that the two conversion 

occur one after the other mean that if the MSBs from sample N are saved, to be combined with LSBs 

when the latter are ready, a new MSB conversion, of ample N + 1, can be started while the N bits are 

being completed. 

A 16-bit ADC from Linear Technology, for example (LTC2207) achieves the astonishing sam­

pling rate of 105Msp (megasamples per second): 16 bits converted in about lOns. But it pipelines 

its sample , using five flash ADCs, each time converting a fraction of the total range. Adding some 

housekeeping time, it needs seven cycles to carry out a single conversion. But this is still an extremely 

fast conversion - 16 bit in about 65n , even if one did not take advantage of pipelining, and simply 

used the device to do a single conversion. The seven-clock delay of the pipeline is called its "latency." 

18N.4.2 Dual-slope 

We looked at single-slope converter in §16N.6, Fig. 16N.28, on counter application. 15 • The single­

slope measured the time a ramp took to reach Vin· The dual slope converter is similar: it lets Vin 
determine the size of a cmTent that feeds a capacitor for a fixed time; when that fixed time i up, the 
capacitor i switched to a fixed discharging current. A counter measures the time for the di. charge to 

take Vcap back down to zero. 

O,.dp..cf measu.re...s 
time. to dischar-'je 

Figure 18N.20 Dual slope 
converter: charge for fixed 
time at rate determined by 
Vin; measure time to 
discharge. 

The dual slope differ however in one important respect from the other converters described up 
till now: it is an integrating converter in contra t with the sampling types. Because of thi behavior, 

variation above and below the average input voltage level tend to get wallowed up, not recorded as 

the true level. The swallowing-up i perfect if the converter takes in an integral number of periods of 

the interfering noise (the integral of that noise then is zero) . 

14 See, e.g. Linear Technology' · App. Note: http://www.maxim-ic.com/appnotes.cfm/appnote_number/810/CMP/WP- l 7. 
15 It also appears in AoE § 13.5.5. 
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A a result you can get the right answer in the presence of periodic interference. In particular, if 

you expect periodic interference at 60Hz and its harmonics (as usuaUy you can expect from United 

States power lines), you can let a conversion include an integral number of cycle. of this signal ; then 

the bumps above and below the average value will cancel. This i the method used in the DVM we 

use in our teaching lab. 16 

The second virtue of a dual-slope ADC is it cancellation of DC errors in its component -: in order to 

know when the circuit has ramped Vcap back down to ground the circuit needs an accurate comparator. 

To resolve the input voltage to say, 0.1 m V it might seem that the comparator would need an offset 

voltage smaller than that. But the dual-slope design eliminates that requirement. The comparator need 

only return Vcap to it. tarting point, not to zero volts. If the starting point was, say, l .5mV (supposing 
this to be the comparator's offset voltage Vos) a return to that starting point of 1.5m V introduces no 

error. The effect of Vos is cancelled. 
Dual-slope converter now are getting competition from so-called "delta-sigma" ADC (see 

§ 18N.4.5 below). Like the dual-slope these are integrating type capable of very high re. olution and 
they can be configured to reject 60Hz. They would serve well in a DVM. 

18N.4.3 Closed-loop 

A closed-loop 17 converter and in particular one that uses a binary ·earch, beat. either flash or dual­

slope as a general purpose converter. The flash cost too much, and provides only mediocre resolution ; 

the dual-slope is slow. 

The closed-loop conve11er works like a discrete- tep op-amp follower: it make a digital "e timate;" 

converts that to its analog equivalent and feeds that voltage back; a single comparator decides whether 

that estimate is too high or too low (relative to the analog input of course); the comparator output telL 

the digital estimator which direction it ought to go as it forms its next, improved estimate. Negative 

feedback drives the digital estimate clo e to the input value. 

Fig. 18N.21 hows contrasting waveforms at the feedback DACs of two sorts of feedback ADC. The 

waveforms how the analog e ti mates made by the two converters a. they trive to drive their e ti mates 

close to the input value. (The waveforms how analog voltage. reflecting the digital estimates, but let's 
not forget that it i the digital values that we are after, not these analog equivalents. These are, after 

alL Analog-to-Digital converters.) 

D,9ii~I 
&t1,,.,t,r 

\ / DAC 

ct:is voltage shown in 

step ;nput 

.. app:1mcker. .. ~--:----
Figure 18N.21 Tracker 
versus binary-search or 

successive-approximation 
converter: trying to follow 
a step input. 

both scope images: 
response of two converters 

... and to SAR convu 

16 Such converters designed for the European market, where the power line frequency is 50Hz, u ea longer integrating time. 

In principle, one could set the integration time to be an integral multiple of both 50Hz and 60Hz periods. But such a choice 
could impose unacceptable delay. 0.1 s i · an integration ti me often used. Thi is 6 periods of US line noise. 5 periods of 
European line noise. 

17 This term is not standard, but only our way of contra ·ting the converters that follow versus the fla ·hand dual - ·lope type . 

• ................... • ... -.9> 
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Successive-approximation and tracking: The block diagram in Fig. 18N.22 illustrates the implemen­

tation of feedback ADCs using the two forms of digital estimator, estimators whose efforts to home 

in on the analog input appear on the right-hand side of Fig. 18N.21. One form is smart; the other is 

not. 

(sample and hold) 

Tracking AOC Successive-Approximation AOC 

Figure 18N.22 Two closed-loop 
ADC converters: tracking and 
bi nary-search . 

Note the presence of a sample-and-hold circuit in the block diagram for the binary search type 

(right-hand circuit of Fig. 18N.22). You met (and built) an S&H in the MOSFET lab, 12L. The tracker, 

which operate continuously, updating on every clock, does not need a sample-and-hold. 

Tracking ADC: The tracking converter - the ADC sketched on the left in Fig. 18N.22 - is dopey: it 

form and improve its e timate simply by counting up or down. Although it is not widely u ed the 

tracking ADC persists because of two virtue : first it always provide the be t cu1Tent answer unlike 

the binary- earch type which need multiple clocks to arrive at its answer. Second, it is relatively 

insensitive to glitche that could cause large errors in the smarter SAR: a spuriou clock edge causes 

an error of only one LSB. So the humble tracker can be the best for really plodding as ignment like 

converting the output of a slowly rotating shaft (a o-called 'resolver' application. 18). Its LSB must 

continually flip back and forth once the tracker has found its best estimate of a constant input. 

Binary-search or "SAR" ADC: By contrast, the uccessive-approximation estimator (SAR) i clever: 

it doe a binary search starting always at the midpoint of the range and asking the comparator whkh 

way to go next. As it proceeds, it goes always to the midpoint of the remaining range. That sounds 

complicated; in fact it is easy for a machine that i by it nature already binary. The comparator tells 

the binary- earch device bit-by-bit whether the most recent estimate wa too high or too low relative 

to the analog input. 

Becau e of thi gradual way of composing it answer, such a converter needs an output register 

to catch its last best estimate: its digital estimates look funny until the process is complete so they 

should not be hown to the outside world. In addition the analog input mu t be passed through a 

sample-and-hold which freezes the input to the converter du1ing the conversion proces . We omit 

thi S&H in our lab circuit, in order to keep the circuit . imple. We lose certainty in sampling time, 

and that uncertainty translates to considerable voltage errors in our conversions. 19 

Sampling should occur at regular intervals: Any proces ing of the signal - including the simplest: 

playback through a DAC and low-pass filter - a umes periodic sampling. When the S&H is omitted, 

the converted value equal the foput at some point in the sampling interval, but one cannot know 

18 See Analog Devices note. 
http://www.analog.com/en/other/multi-chip/ad2 44/products/tutorial /CU _tutorial _MT-030/re. ources/fca. html. 

19 The convened value will correspond to the input voltage at some point during the con ersion proces . But during that time 
the input waveform may have changed level by a significant amount often by far more than the de ired ADC re olution of 
1/2 LSB . 
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exactly when. Sampling time thus becomes vague, wandering, in succes ive sample . We 11 see in 

§ l 8N .5 that sampling at a controlled and regular rate is norma1Jy required.20 

We present the tracker only to make the binary-search estimator look good. There are very few 

applications for which anyone would consider a tracker. 
As we suggested earlier it is hard to make preci e analog parts: hard to make, say, a DAC good to 

many bits. It's easy to make digital parts, and easy to string them together to handle many bits. For 

example it would be easy to build an up/down counter or SAR of 100 bits. So it is the analog part -
the DAC and comparator - that limjt the resolution of the closed-loop converter. They also lirrut the 

converter's speed, as illustrated in Fig. 18N.23 (cf. Fjg. 18L.7) . 

...11..fl.. 
~1o0 

kHt. 

>------tD SAR c.c. 
Gl. 
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seH\e. 
C.O IT\f- SA 

de la') Sefo 

Figure 18N.23 Closed-loop ADC: 
clock period must allow time for all 
delays in loop. 

D AC. 'ions 1000ns 700 1'\ S 1"ns 
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18N.4.4 A binary search: example 

Here, for anyone not already convinced, i a demonstration of the strength of the bina,y search strat­

egy, used by the successive-approximation register (SAR) that you use in Lab 18L. If someone chooses 
a number in the range O through 255 and tells you whether each of your successive SAR-like estimates 

is too low, you can get to the answer in eight gue ses. If you write out the binary equivalents of those 

guesses (as the "binary value" table doe in Fig. 18N.24), you can see how the SAR forms its an. wer, 

bit by bit. 

It proceeds from MSB to LSB, alway setting the next bit low. After each guess the comparator 

tell the SAR whether the current guess is too low. If it is, the SAR ets the bit just put low back to 

a high while forcing the next bit low. When the "travelling zero" arrives at the low-order end of the 

estimator, and has been forced high or left low, the search is over. In the case sketched in Fig. 18N.24 

we have arbitrarily assumed that the answer i 156. 

Figure 18N.25 is a cope image showing such a earch: the SAR drives the DAC output to home in 
on the analog input. The conversion value differs from one sketched in Fig. J8N.24 in its d3 and dl 

values, but the pattern in the two figures are obviously quite similar. 

18N.4.5 Delta-sigma ADC 

The binary-search or succe sive-approximation converter, long the most versatile and widely-used 

design, now is challenged by another good conversion strategy, usually called' delta-sigma."21 

20 We've hedged by using the word "normally,'' having been chastened by Shannon' b ervatioo that" amples can be 
unevenly paced," though in that case " the amples must be known very accurately and " the reconstru tion proce i · also 
more involved ... . " (Claude Shannon op. cit., p. 12.) Not only input level but aJso exact tjming of the ·ampLing point. 

would need to be known "very accurately." We will teer wide of uch ubtletie . 
2 1 Confusingly enough, it sometime i called "sigma-delta." even when the sequence of operations is not truly interchanged. 

The labels vary from one manufacturer to another. Hi torically, igma-delta may be the more accurate, matching the name 
applied by the method ' inventor . See http://www.bei .de/Elektronik/DeltaSigma/Delta igma.html. 

f'>\2,1( rn-.J< 

AoE § 13.9, e ·pc­
cially § I .. 9.4A 
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binary search tree 
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Figure 18N.24 One 
particular binary search : 
eight guesses to get 8-bit 
answer. 

Figure lBN .25 SAR homes in 
on analog input. (Scope 
settings: 500mV / div, except CC 
(pulse , 5V / div; 200 µ,s / div.) 

Figure 18N.26 is a ketch of the 'modulator" that implements this arrangement. We have drawn 

a triangle around the whole thing to make the point that thi is a feedback loop familiar from your 

experience with op-amps. The feedback signal fed to the 'difference" block is a trangely crude signal , 
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banging to the full-scale limits of the input range - either + 1 V or - 1 V in this hypothetical case. It 

cannot match analog in at any particular time (unles input hits full scale). But the long-term average 

of the output bitstream can match the level of analog in. 
Figure 18N.26 give in detail (perhap, more than neces ary) an account of how this "modulator" 

work. 

Figure 18N.26 
Delta-sigma 
modulator. 

analog in 

clumsily· 
made replica 
of analog in 

bit5fream out 

j'4- this sample ~ 
I I 
I I 
I I 

~ ... and borrow info ~ 
from before and 
after this sample 

l. The circuit notes the sign of the difference between the analog input and the present ·'estimate" 

- in Fig. 18N.26, an e timate that is just a High or Low extreme, + 1 V or - 1 V, determined by the 

one-bit digital output. This difference, appearing at the output of the differential amplifier is the 
delta. Then ... 

2. In response the modulator inject a dollop of charge of appropriate sign and magnitude into an 

analog summing circuit (that's the sigma) trying to drive the fed-back estimate cJo e to the level 

of the analog original. The feedback loop attempts to hold the integrator output clo e to zero. 

Doing this, the converter produce a bitstream output whose average value matches that of the 
analog input, over many cycles. 

So far this scheme i not surpri ing. The bitstream output roughly resembles PWM (§ 18N.3.5). 
And the loop i just another negative feedback scheme, somewhat re embling the crude tracker ADC 

on page 705 , which injects a positive or negative increment into the digital summer, the counter an 

accumulator that holds the current best estimate. The output of the tracker was formed in a very imple 

way: it was simply the current multi-bit value to which the Up/Down* counter had been driven. The 
tracker wa, very slow, requiring 211 clocks to find an n-bit digital result , after a full- cale change of the 

analog input. 

The delta-sjgma is much marter than that - and much more surp1i ing. Fig. 18N .27 is a block 

diagram of a delta-sigma ADC, it elements so generic that we don't expect you to get excited by thjs 

description - not yet. 

Note that the "low-pas filter" in this diagram is a digital circuit; its output is a eries of n-bit 

Figure 18N.27 
Delta-sigma ADC, block 
diagram ( very generic, so 
far) . 

-
Oversampling 

Modulator 
(figure above) 

bit stream Oigifal 
Low Pass (1-bit) 

Filter 

Bit rate : 64x Nyquist, or so 

I 
In 

multi-bit samples, at 
traditional Nyquest rates 
(> 2per period-of analog in) 



18N .4 Analog-to-digital conversion 709 

ample ·, a. embled from the fast-flowing stream of ingle-bit data produced by the "over ampling 

modulator," the circuit of Fig. l 8N.26. A AoE ays, that i where the magic resides. 

If a delta- igma converter used 211 clocks to get an n-bit re ult, as a tracker does (wor. t case) and 

as a simple PWM bit tream would do there would be not much to admire or explain in delta-sigma's 

operation. But practical delta- igma de igns do not do this . In tead, they manage to get high resolution 

with quite modest oversampJing rate such as 64 (implying a clock rate that is quite manageable). 

With this limited over amplincr they nevertheles can achieve 16 or 24 bits of re olution. 

The magic of delta- sigma i extremely counter-intuitive. AoE s great contribution to the literature 

on thi topic i to admit that this conver ion method re i t intuition. The conventional 'explana­

tions" of the method abound in glib evasions of explanation - udden retreat into frequency-domain 

abstractions22 - as AoE point out. 

Analog Devices' (ADI' ) explanation begins as these delta-sigma clarifier. often do, by acknowl­

edging that everyone else' explanation is hard to follow:" ... most commence with a maze of integrals 

and detetiorate from there. Some engineers ... are convinced, from study of a typical published article, 
that it i too difficult to comprehend easily."23 To the credit of ADI, the company also provide an 

interactive time-domain animation of the behavior of a delta- igma modulator, which one clocks by 

hand in order to get a ense of the way that the circuit encodes a DC input.24 This animation does 
help. 

Maxim's application note explaining delta-sigma (which they choo e to call ' Sigma- Delta') re­

marks that "Designers often choo e a clas ic SAR ADC in tead, because they don t under tand the 

igma- delta types.' " ... and no wonder!' ' was our feeling, when we hit the point in thi . mo. tly clear 

note that ays, without explanation, ·' ... the integrator act a. a low-pass filter to the input . ignal and 

a highpa s filter to the quantization noi e."25 This crucial observation recur in all di cu ·ions of the 

conver ion method - and is explained, at last in AoE, and below on page 7 J0.26 

Before we reach this high-pass/low-pass issue, let us note a preliminary point in favor of the one­

bit converter:27 the quantization noise i, spread over a wide frequency range, and can be reduced in a 

particular narrower range of interest. This initial thought is almost a commonplace. 

Trading word length for sampling rate: oversampling: Sampling at more than the Nyquist rate 

(which as you know, i lightly more than twice the top input frequency is called oversampling. 
It is po sible to convey a given amount of information in shorter "word " (fewer bits per sample) by 

sending the e word at a higher rate. 28 This simple claim certainly is plausible; no magic here (the 

plot in Fig. 18N.28 de cribe , for example how a sub-ranging converter can convert a wide word in 

multiple cycles at narrower conver ion. ). But if one tries to apply this analy is to an ADC that uses 

one-bit to provides a high-resolution output - say, reso lved to 16 bits - one gets a preposterous result. 

Sixteen bit would require sampling at about 65 000 times the Nyqui t rate. That cannot be done, with 

present technology. 

22 . . . the last refuge of a scoundrel - in the view of some of us abstraction-o-phobes. 
13 ADI application note : http://www.analog.com/en/analoe-to-digital-convcrter /ad-converters/. 
24 Kester, Walter, op. cit.. and ADI application note: http://designtools.analog.com/dt/sdtutorial/scltutorial.html. 
25 Maxim Application Note 187: http ://www.ma im-ic.com/an 1870. 
26 We also want to acknowledge the wonderfully thorough explanations offered by ika Aldrich in his book which is rich 

with waveform images that help to make rhi . difficult topic intelligible. 
27 Some u ·e more than a ingle bit, and ar properly dc. cribed as '' low-bit" converter . . Their workings are fundamentally 

imilar 10 tho ·e of th one-bit designs. 
21> ee John Watkinson, The Art of Digital Audio. 3d ed. Focal Pre · (200 I ) p. 253. 
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Figure 18N.28 One can trade word-width 
against sampling rate , holding information 
rate constant . 
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. . . but long words are best for efficient data storage: Although the Jow-bit strategy can pay in 

conversion processes it does not pay in data storage. As Watkinson points out,29 a bit can convey far 

more information in a longer word: in a 4-bit word, with its 16 pos ible codes each bit carries ' four 
pieces of information," as he puts it. In a 16-bit word, with it 65 ,000-odd codes, each bit carries 4096 

"pieces of information .' So, for example, no-one advocates storing digital audio as 4-bit samples.30 

Delta-sigma design gets high resolution with quite modest oversampling rates, uch as 64 (implying 

a clock rate that is quite manageable, under 3MHz, for a 16-bit audio signal). It achieves this by 

spreading quantization noise over the wider oversampled frequency range, pushing much of that noise 
into higher frequencies where it can be filtered out.31 

As the lowest image of Fig. 18N.29 suggests, till greater reduction of noise is possible if the 

quantization noise can be 'shaped" by high-pass filtering in the conver ion proces , then eliminating 
mo. t of that noise with a low-pass at the output. Some uch "shaping" i inherent in the modulator's 

operation, as we argue below. 

The technique is very ucce sful and now provides the cheapest way to get high-re olution conver­

sion at low frequencies (for example, Analog Devices AD7748 provides 24-bit re ults in 20ms) . The 

method al o dominates audio conversion. 

How delta-sigma puts quantization norse where it is less harmful : The point that delta-sigma 

depends on "noise shaping," some of which is inherent in the modulator's operation, is often reiterated 

in di cussions of delta- sigma - as we have complained. The proces i sketched in Fig. l 8N.29, and 

is explained in AoEsee also the fine expostion in a web posting by Uwe Beis.32 I AoE §13.s.roE 

Here, we try to diagram the effects described in AoE. The delta-modulator sketched in Fig. 18N.30 

i an all-analog version that shows an injection of quantization noise (vq11 ) where the comparator and 

flip-flop of a digital modulator would appear. The contrast between the loop treatment of noise (high­
passed) versus its treatment of signal (low-passed) becomes more evident if we redraw the loop for 

the two cases. 

How the noise is high-passed : The quantization noise i injected after the differencing and integra­

tion. We have redrawn those two elements as a single triangle - an op-amp-like object. That redrawing 

29 Watkinson, op. cit. , p. 254 
30 But we hould concede that Sony's Super CD, which tores a single-bit de lta- sigma bit trcam, tand - as a striking 

exception to this generalization favoring long words for . torage. The Super C D never was widely adopted but persists 
among aud iophiles. 

31 Go h! Haven·t we just uttered the formul a that we compl ai ned about. above? But we wi ll not stop with thi remark. We 
wi ll try to j ustify the claim. 

32 http://www.beis.de/Elektroni k/Electronic .htm l 
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should not alarm us , becau e a normal, compen ated op-amp is exactly that: a difference amplifier 
who e gain rolls off as an integrator doe . 

Figure 18N.30 
Delta- sigma modulator 
redrawn to explain 
high-passing of 
quantization noise. 

If you think of the injected quantization noise as ju t one more 'dog' within the feedback loop 

(mentioned in §6N.9.l), then the "op-amp" hides this dog (is quantization noise its barking?) - but 

only as long as the amp has ufficient gain to do its feedback magic. 

Then as the gain begins to fall, more and more of the quantization noise survives. Eventually it 

passes right through to the output, undiminished. In other words it is high-passed. Much of the noise 

normally falls above the range of frequencies that we con ider signal for the ADC. 

How the signal is low-passed: The modulator, at the same time is said to low-pass the signal. Thu 

it keep what we want, while it pushes what we don ' t want out ide the frequency range that interest 
u . Fig. 18N.31 gives the argument that says the modulator can low-pas the signal. Again, we have 

redrawn differencer and integrator as a single op-amp-like triangle. Notice that we are not claiming 

that the entire follower-like circuit in the figure is itself a filter. Rather the claim is that the triangle -

the modulator circuit fragment that we have likened to an op-amp - implements the low-pass function. 

We don't normally describe an op-amp that way; but we do know that any ordinary ("compensated") 

op-amp does indeed, attenuate higher frequencies. It is a low-pa s filter, or an integrator, though 

overall feedback often hides thi fact from our view. 
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Figure 18N.31 
Delta-sigma modulator 
redrawn to explain 
low-passing of signal. 
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The remarkable result: high resolution from a modest number of bits: But even once one under­

stands (or accept) this point about the hifting of quantization noi e, the greater my tery remain 

(a AoE point out). Delta- igma offers high re olution (for example 16 bits) using oversampling of 

only say 64 x (that i , 64 time the minimum 'Nyquist'' rate of two ample per period of the input 

. ignal). But that would imply that just 128 sequential bit could encode a value to one part in 64K - a 

process that ought to take 64K equential bit . How is this possible? 

A note from Analog Devices concedes how puzzling this re ult i : 

For any given input value in a single sampling interval, the data from the I-bit ADC i - virtually meaningless. 
Only when a large number of samples are averaged, will a meaningful value re ult. The r,_~ modulator is very 
difficult to analyze in the time domain becau ·e of thi apparent randomne s of the ingle-bit data output.33 

Any ingle 16-bit sample con tructed by the delta-sigma ADC then use the digital low-pa, of 

Fig. 18N.27 to tap information from a great many more bit than the neare, t 128. The digital filter 

look , before and even after the present digital sample.34 In other words the bitstream is , in fact much 

I nger than the 128 bits we announced just above. In fact, the digital filter may take information 

from several hundred or even a thousand succe sive bits in the tream or 'taps .r AoE argue., in 

addition that bit position matter , o that a 128-bit tream canie much more information than imply 

its average (which would provide only 7-bit re olution).36 

It follows that a delta-sigma ADC requires a stream of amples· it cannot do it magic on an isolated 

sample. 

18N .5 Sampling artifacts 

18N.5.1 Predicting sampling artifacts in the frequency domain 

We have recited Nyquist s rule that one must acquire a little more than two . amples per period of 

an input inu oid in order to get a full representation of the waveform (a urning we . ample multiple 

cycles): see§ 18N.2.2 above. W now can present Nyquist s rule in a way that makes it easier to design 

a . ampli ng system, a way that allow us to predict the artifacts (often called "images") that will be 

caused by sampling. 

Jn general, if one samples an analog ignal of frequency fin (let ' a. ume a single input inu oid for 

simplicity) sampled at frequency .t ample the sampling process will produce artifacts at predictable 

frequencies: 

./:A.RTLFACTS = (n X f; ample) ± fm; (18N.1) 

.n Kester. Walter. ADC Architectures lll : Sigma- Delta ADC Basic ' . Tutorial MT-022, p. 6. 
34 This is a peculiarity of digital filter : they can " look ahead in time.'' having amples available in both directions relative to 

the "present" sample at the co t of delaying the output. 
JS ADI tutoria l: http://www.analog.com/. tati c/imported-file /tutorial /MT-022.pdf. 
36 § I 3.9.4C of AoE say ·- peaking of a 64-bit tream. ''Because the individual bit are weighted differently. there are many 

more than 64 po, sib le re:ults."'. 
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here n i. any integer. We devote Chapter 18S to the subject of sampling artifact , and we try to explain 

there why the rutifacts appear at the specified frequencies: we wi 11 not try to ju tify equation (l 8N .1) 

now. 

Figure 18N.32 is a sketch of the first two sets of image for a hypothetical input signal range. 

The "images" sit above and below f ~ample and above and below 2 x !sample a if reflected about the 
ampling rate and it integer-multiple . . 

ln Fig. 18N.33, scope frequency- pectrum images show a particular case, where we applied a ingle 

input frequency (rather than the more realistic range of frequencie sketched in Fig. 18N.32 . This 

.fin i con tant at 500Hz. The sampling rate is reduced progres. ively from top trace down, and the 

sampling artifact appear in these frequency-spectra. 
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Figure 18N.32 Sampling 
artifacts sketched: above 
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Figure 18N.33 
Artifacts introduced 
by sampling: four 
sampling rates . 
(Scope settings: 
frequency spectrum 
FFT 500Hz/ div.) 

In Fig. l 8N.33 we have marked the lowesL-ji·equency artifact becau e it turns out thi . i the only 

one that need concern us. We do need to eliminate all the other artifacts as well, as we reconstruct 

the ~ ignal, but a filter that knocks out the lowest image necessarily take out the higher artifact along 

with the lowest. 
S equation (l 8N.1 ), predicting endle __ repetition of false images is correct. but carries more in­

formation than we need. The lowest image - the one at !~ample - .fin i the target. Let's , ay thi boldly, 

because it i a truth more u eful than the more general formula of equation ( 18N .1 ). Here is the artifact 

that we need to worry about - and choo:e a filter to eliminate: 

fiowest - anifact = ./~ample - .fin· (l 8N.2) 

As the sampling rate gets stingier, the filtering task becomes more difficult, ince the lowest artifact 

move clo er to the true signal, fin. 
The bottom case of Fig. l 8N.33, for example, where the lowest image i at 600Hz and the true 

signal at 500Hz. presents a challenge for a filter. The other ca e , at higher ·ampling rate , make it 
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easy to eliminate the lowest image. The original CD audio standard pre ented a similar challenge 

(and even a little more difficult): with the ampling rate at 44. lkHz and audio up to 20k.Hz, the lowest 

image occurred at 24. lkHz - and the industry found that it could not build o steep a filter without 

introducing audible distortion.37 This failure led to the introduction of the 'over ' ampling" strategy 

that took over digital audio after that initial di appointment. It is al o true that uch digital filtering 

oon became cheaper than fashioning excellent analog filters. 

The difficulty of filtering out the lowest artifact is sketched in Fig. l SN.34 where the lowest figure 
mimics the stingy sampling u ed in the early CD implementation. 

The econd generation of CD players adopted 2x oversampling (§ 18N .2) achieving an apparent 
ampling rate of 88kHz. Later CD players pu bed this over ampling higher still. The e change made 

the ta k of the analog reconstruction filter manageable.38 

Figure 18N.34 Stingy 
sampling can make the 
reconstruction filtering 
difficult or even impossible. 
(Scope setting: frequency 
spectrum FFT at 
500Hz/ div.) 

fixed f_in : SOOHz f_sample : \~ 

generous sampling 
(4 samples/period) 

very stingy sampling 
(2.2 samples/period) 
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18N.5.2 Aliasing is predictable 

The frequency-domain view described in §18N.5.l allows one to predict just where aliased artifacts 

will arise as well. It turns out that frequencies too high for proper conver ion will get "folded" to a 
lower frequency; see Fig. l 8N .35. 

One can see how this happen by recalling that an image forms at !sample - .fin · If f~arnple is not more 
than double fin, then this lowest image must lie below fin· Once this has occurred there is no remedy. 
A low-pass cannot eliminate the falsehood without a]so elimjnating the true input. This is the effect 

we saw earlier in a time-domain scope image of aliasing, Fig. I 8N.9. 

18N.6 Dither 

Here is another counter-intuitive truth: adding some random noise (analog or digital) to a signal can 

improve the performance of an ADC or DAC. Random noise o used i called 'dither. 39 The need 

37 Well , audible to certain golden-eared audio critic at least. See, for example, this comment on an audiophile site:" ... ALL 

of these '14 bit' players tended to all but remove subtle ambient clues . ... The sound wa rather flat' patially, the decay 
of reverb all in the speaker plane, rather than front-to-back . . .. subsequent Sony player . . . howed, for me anyway. a 
substantial improvement in reproduction of venue acou. tics ." 
http://www.harbeth.co.uk/usergroup/showthread.php?2 I 37-First-generation-CD-players-bow-good. Certainly we are 
entitled to wonder whether such complaint · were well founded. 

38 See Pohlmann, p. 94. 
39 The word is an archaic one meaning" . .. to tremble, quake quiver, thrill. Now al o in gen . col Joy. use: to vacillate, 10 act 

indecisively, to waver between different opinions or courses of action" (Oxford Engli , h Dictionary) . Either ·ense describes 
it function here, pretty well: it make. the input hop back and forth aero s a threshold. 
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Figure 18N.35 Aliased image where f sample is too 
low (set at 1.5 x fin) · 

for this addition appear only for low-level input to an ADC (or outputs of a DAC). The good signal­

to-noise ratio of an ADC at full-scale - almost 1 OOdB for a 16-bit part - shrinks toward nothing a 

the signal becomes mall. A inusoid whose amplitude is close to one LSB will evoke a small square 
wave at the reconstruction DAC, if no dither is added. With thi square wave come higher-frequency 

harmonics artifacts introduced by ampling. 

Dither allow - amazingly enough - resolution well below the level of one LSB.40 We look more 

clo ely at this effect in Chapter l8S, but Fig. 18N.36 gives the scope image indicating the benefits that 

re ult from adding noise to a low-level input. 

u 

... but dither also 
shrinks spiky harmoics 
of the square wave 

Figure 18N.36 Dither can 
increase converter 
resolution. (Scope settings: 
500mV /div; frequency 
spectrum F FT, 
500Hz/d iv.) 

The quare wave on the middle trace, left side of Fig. I 8N .36, shows the converted value that results 

from a low-level input that moves between two levels.4 1 The bottom trace shows the many (spuriou ) 

harmonic in the frequency spectrum of this square wave: trong and audible harmonics added to the 

original signal by the sampling process. 

lf one did not notice the frequency of the square wave one might make the mistake of assuming 

that the reconstruction low-pas filter at the DAC output could eliminate the harmonics. But that is 

Nika Aldrich cell a wonderful tory, for the origin of dither - a tory that we hope is true. Briti ·h mechanical navigation 
computer for World War 11 aircraft were ob. erved to work more accurately when airborne than on the ground. Someone 
hypothesized that engine vibration was freeing up element of these machines, pushing cog , gear . and levers back and 
forlh acros mechanical boundaries. Having confirmed this behavior, the British installed vibrator motor in their 
mechanical navigator · : they added random noi e, which came to be known a ''dither." Aldrich, op. cit. p. 250. 
Other tell many imilar torie : devices that worked in propeller-driven 829 · failed when adopted in jet bombers· gun 
controllers worked on battleships in Vietnam, jostled by the vibration of firing. but failed on trial in Boston harbor. All 
very plau ible - and hard to confirm . 

40 Pohlmann, op. cit. p. 42, reproducing work of Vanderkooy and Lipshitz. The technique assumes a converter that can handle 
frequencies well above the frequency of the signal to which the dither is added. The dither frequency can be placed 
between the max ignal frequency and the Nyqui t frequency, f ~amplc/2 . 

.ii To get the e image we u. ed a rather large low-level tep to simulate LSB . You will notice that this tep is not tiny : it is 
about 250mV. But the magnitud does not matter for the purpose of thi demon tration of dither. 
The right-hand image of Fig. 18N .36. after the addition of dither, . hows small sub-step · smaller than the large . tep that we 
have labeled LSB . Thi could not occur using normal dither and is a ide-effect of our showing not the true L B but a 
. quare wave larger than our demo DAC'. LSB. 
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not o: the harmonics lie well within the audible range, wiJl survive filtering, and will, indeed, sound 

unpleasant. 

The right-hand image in Fig. l 8N.36 hows the effect of adding dither: the analog input shows the 

thickening caused by thi. added noise. The frequency pectrum of the reconstructed waveform shows 

thi s " thickening" as a raised ' noise floor." The LSB (a DAC output) in the middle trace now chatters 

above and below the midpoint leveJ · averaged, this jaggedy waveform would produce a sinu oid clo e 

to the origi na1. 

Perhaps the rai . ed noise floor di tre ses you. Probably it need not. It could be low enough to be 

in ignificant in, say, an audio signal. But even if it were audible, this white noise wouJd be much les 

disturbing than the trong patterned artifacts that are the harmonic of the undithered ignal. Dither 

also can be u ed to randomize Jow-level noise other than sampling artifact , masking effect · that 

otherwise would be audible.42 An excellent discu. sion of dither appears in Nika Aldrich 's book.43 

18N.7 Phase-locked loop 

A PLL uses feedback to produce a replica or a multiple of an inputfrequen y. lt i a lot like an op­

amp circuit· the difference i that it amplifies not the voltage difference between the inputs but the 

frequency or phase difference. Once the frequen ie match, a they do when the circuit is "locked, 

the remaining error is only a phase difference. The phase error igna1 i applied to a YC044 in a _ ense 

that tend to dimini sh the phase error driving it toward zero.45 

This ounds familiar, doesn't it: like a di cu sion of an op-amp circuit. The cheme i simple . The 

only difficulty in making a PLL work lie in de igning the loop filter. We' ll po. tpone thal i sue for a 

little while. 

Figure lBN.37 
Phase-locked loop. 

low pa~s 
filter 

(t) 

18N .7.l Phase detectors: simplest, XOR 

v,. 
vco 

The simplest phase detector is ju tan XOR gate- a gate that detects inequality between its inputs. (We 

assume digital inputs; sinewave inputs require pha e detector that are different, though conceptually 

equivalent.) 

The phase differ nee evoke. pulses from the XOR output: averaged, these produce a DC level that 

42 Pohlmann, op. cit. p. 39. 
43 Aldrich, op. cit., Chapter 15. ormal dither adds 3dB to the noise floor. whereas our homebrew example in Fig. 18N.36 

add · much more. But we hope our implified version , erves to illustrate the principle. 
44 You met a VCO - Voltage Controlled Osei I la1or - back in Chapter I 3L. There you used a · 555 as a rough-and-ready VCO. 
45 Some phase detectors, l ike the simple XOR described in § 18 .7. l, cannot take the phase difference to zero: others, like the 

edge-sen ·itive detector of § 1 SN .7.2. can take the error to zero. 

j AoE § 13.8.1 

I AoE § 13 .. 2A 
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Figure 18N.38 The 
simplest phase detector: an 
XOR gate. 

drives the VCO. When the loop locks, there must be ome pha e difference in order to provjde a 
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Figure 18N .39 XOR phase detector: phase difference is required to generate VCO feedback signal ; 
phase-difference extremes can lose lock. (Scope settings: SV / div on all except bottom trace, showing 
average : 2V / div .) 

If the phase difference approaches either zero or 180° (as in the right-hand image of Fig. l 8N .39), 
the VCO input ignal approaches the limiting value; pushed a little further the PLL lo. es lock - just 

as an op-amp loses feedback nee its output saturates. A second weakne . will appear shortly in 
§ l 8N.7.2: the XOR detector can let the loop lock when the replica frequency i a multiple of the 

input. 

18N.7.2 Phase detectors: edge-sensitive 

The CMOS ' 4046 that you will meet in the lab includes a fancier phase detector (called "Type ll"). It 

shows two principal virtues: (J) it cannot lock onto multiples of the input frequency; (2) it lock. with 

zero pha e difference between the two waveform . . It also u e less power, by hutting off its drive to 

the loop filter when it i happily locked. lt i inferior to the XOR detector i.n just one re pect: a glitch 

- a purious edge - di turbs it much more eriously than a glitch would disturb the XOR detector, 

which would simply swallow the pul e into its averaging process. It is because of this superior noise 

immunity, important in ·ome applications, that the '4046 PLL offer , as an alternative to its clever 

"Type lI edge-sensitive phase detector, a imple XOR ("Type I' ). 

The better behavior of the edge-sensitive detector : The scope images in Fig. I SN.40 contrast the 

respon es of the two phase-detectors. The XOR response is already familiar to you. 

The left-hand image show a ca. e, usi ng the XOR a phase detector, where the loop i. coITectly 

locked. A pha e-difference per ists , as we expect but otherwi e the loop is working properly. 

This phase difference leads the edge-sensing phase detector to generate pul ses that would try to 
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drive the phase difference toward zero. (They would succeed if used; they are not applied however, in 

this demonstration.) The e pulses arise as logic highs during the brief time when IN leads REPLICA. 

These signals if applied to the VCO, would tell it "Speed up!," driving the phase-difference toward 

zero. IN and REPLICA would stabihze in-phase.46 

u 

IN 
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LOCKED. WITH PHASE-DIFFERENCE 
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Figure 18N.40 Contrasting responses of 2 phase detectors: XOR needs phase difference, and locks on 
a multiple of ftN· (Scope settings: 5V / div on all except bottom trace, showing average: 2V / div .) 

The right-band image shows the edge-detectors response to the case where .!REPLICA is a multiple 
of .f1 • The XOR loop is sati fled (and locked). The edge-detector i far from atisfied· it delivers a 

nearly-continuou "Slow down!" ' ignal (a logic low) low except for a hort time just after the rising 
edge of IN (when the detector think everything may be OK). 

How the edge-sensitive phase detector works: The edge detector in Fig. l 8N.4 I i en itive to edges 
rather than levels. It implement a state machine that generate. correction signals during the time 
when one sq uare wave's ri ing edge ha led the other. 

When phase difference goes to zero, the edge-sensitive phase detector shut off it 3-state. At that 

time, the filter capacitor ju t hold it voltage, acting like a sample-and-hold, really; not like a filter at 

all. Figure 18N.42 show aft.ow diagram for this state machine. 

The detector becomes unhappy when it finds one waveform ri ing before the other. The ·tale ma­

chine notices which ri . ing edge comes fir t. If A - the input signal - come up before B, for example, 

the detector say to it elf 'Oh, B i low. Need to crank up the VCO a bit.' So it teps into the 

right-hand block, where it turns on the upper transistor, squirting ome charge into the filter capacitor. 

Then B come · up· A and B both are up o this detector (like the XOR) see equality, and goes back 

to the middle block, aying, "Everything looks OK for the moment; A and B are behaving the same 

way." In the middle block, the output tage i off (3-stated) · the capacitor ju t holds its la t voltage. 

This pattern tends to force the VCO up, bringing B high a little earlier. But that reduces the time the 

detector spends in the right-hand block. The machine spend more and more of its time in the middle 

block - the ' Everything's all right" block. This is where it lives when the loop is locked. You will see 

this on the '4046 when y u watch an LED driven by a '4046 pin that means "The output is 3-stated." 

That is equivalent to "I don't see much phase difference," or imply, 'The loop is locked.' 

46 When the edge-detector is "happy,' not trying to change the YCO frequency, its output i · neither High nor Low. but Off 
(3-stated). AoE points out that this ab ·ence of correction ignal can cau ·e "hunting:· an error corrected in improved 
ver:ions of the edge-sensitive detector. See AoE § I 3.8.2A, especially Fig. 13.89. 

In the scope image of Fig. 18 .40 the edge-detector output looks funny: tepping downward rather than itting at a 
constant level. This is an artifa t caused by loading impo ·ed by the te ·t circuit, and is not ignificant. 
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Figure l 8N.43 is the , imple circuit that behave this way. 

Re{e rence 
(IN) 

}).eplt'ctJ. 
( vc.o) lead 1-JL ___ ..., 

IN JUl Jl_f 
vco ns n_s 

/>f, He dtlerlot JL__JI____ 
OU f/' IA t 

Ne a.r true /()ck. 

Oh ·' Repf1la 
I 

I Oops! /N{'tJr 

( ame up f; rs t: I \ heat 71.e,li'ca: 
slow dowtt VCO \ I spee.d Of' VCO 

~DO~ 

01 1tJ I 10 o 1 I 01'\ 1 o 

\(:=r?~~ 
f Ah ~Now I 

I hofti are up: I 
.,, ,J.. l theu tn d ':1 
ue.tecwr LOW he ~n phase I HUH 

Figure 18N.41 '4046 
edge-sensitive phase 
detector; it's smarter 
than XOR , and 
cannot be fooled . 

Ourpv1·. 1j 
OFF 

( 3 - st a ted) 
Figure 18N.42 '4046 state diagram (after National 
Semiconductor data) . 

XE.FE.ii.EN(€ 

{INPUT) 

1? E P1..1 o\ r- vco ) -+----;;, 

LOCI< 

} 
OUT hofh c'nf)uls h1Jh · 

furn OFF 

oufput . l'>o 

(J)r rertt'on, sl•re 
sr'9na/s may 
be ,., ;ih&se 

w h,'rJ.,eue,r i'n put {O t>1es up {t'rst (....:r) 
furr.s "its '' 011tp11t fr~nshto, ON : 

1,vPu r (,'rs f -> Qup O.IV 
IUPttm [,'rs t ~ G. llOw,., OAI . • 

Figure 18N.43 '4046 
phase detector: just two 
flip-flops; the winner of the 
race turns on "its" output 
transistor till both inputs 
go high . 
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18N.7.3 Applications 

The PLL lets one generate a s ignal that is a precise multiple of an input frequency. Fig. J 8N.37 showed 

a loop used to generate / 0u1= 2 10 x /i 11 • All that' required is a divide-by-I K circuit placed within the 

feedback loop.47 

Thi trick is often used within integrated circuits to drive internal circuitry at a clock rate higher 

than the off-chip clock frequency. For example. Analog Devices ' ADuC848 multiplies the mode t 

oscillator frequency - a , tandard "watch" frequency of 32.768kHz48 
- by 384 to get a fast on-chip 

clock rate of more than 12MHz (cited in AoE § 15. l 0). 

You can u e thi tactic in a late big-board lab (23L), where we need a clock that i a 64 x multiple of 

the sampling rate in order to drive a switched-capacitor output filter. The goal is let the PLL automat­

ically adju t filter rolloff to fit a ampling rate that we can vary. The filter 's .hctB i. proportional to it 

clock rate <f3cts = fc1ock/ 100). Sou ing the PLL to make the filter clock track the sampling rate allows 

us to vary the ampling rate freely while the filter automatically adjusts it clock rate a needed. 

Figure 18N.44 sketches the scheme. Here are some details of the circuit (drawn more exactly in 

Lab 18L): the ignal labeled "sample' i a nairnw pulse, so it is put through a divide-by-two flop 

to give a 50%-duty-cycle quare wave to the PLL (the PLL performs poorly when given a narrow 

spike as input). The PLL multiplie this by 64, driving the witched-capacitor filter at 32x,/;ample· 

The filter ' .f3dB is 1/ lOO x .f~tock, so this arrangement puts the filter 's .f3dB at about J/3 of !sample· Thi s 

permit. input up to about 2/3 of the theoretical maximum that Nyqui t permit - 1/2 off; ample,49 

(anti-aliasing) 

filter 
(switched 
capacitor: 

(reconstruction) 

Figure 18N .44 PLL in Lab 23L 
adjusts filter automatically as 
sampling rate varies. 

v 
MAX~94) 

micro­
computer 

filter 
(switched 
capacitor: 
MAX294) 

fsampleX 32 

PLL J 
fidivX64 

The PLL also can demodulate an FM signal: see Fig. 18N.45 - ju. t watch the input to the VCO 

which i the filtered error signal de cribing vatiations in input frequency). Thi exerci e i proposed 

in § 18L.2. We could have u. ed a PLL to demodulate the low-frequency FM we u ed in the group 

audio project in Chapter 13L - if we had known about PLL back then . 

sets f3dB to f sample /3, 
: 2/3 fNyq~isl 

PLL adjusts 
f3dB of the two 
filters, to suit the 
sampling rate 

18N.7.4 Stability issues much like PID's 

The PLL is vulnerable to oscillations because of an implicit 90° hift within the loop, an integration 

imposed by the phase-detector. An additional simple low-pas filter could impose a total shift of 180° 

at some frequency and such a hift could produce oscillations - an endless, restless hunting for lock. 

I AoE § I 3.8.3A 

47 In the silly terms of Chapter 6 . th i div-by- I K is a dog that induces the feedback circuit to generate ·'i nverse dog.'' a I Kx 
multiplication . 

-18 If you're wondering why . uch a i- trange number. the an, wcr i. that this i. 2 15 Hz. , o a watch can derive a I Hz '·tick'' just by 
putting the cry. tal frequen y through a 15-bit binary ripple counter. 

49 Perhaps we should admit that mo t tudent do 110 1 get around to trying the PLL in Lab 23L. because they are bu with 
other is. ues. Still, ii 's a rather neat application of the PLL so we hope some of you will try it out. 
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Figure 18N.45 PLL 
demodulating an FM 
signal. 

This is e entially the same as the hazard you r call from our earlier discussions of op-amp stability 

and compensation. It i al o much like the problem of the motor-control PIO lab ( l OL), which placed 

an i.ntegrator within the feedback loop. 

The second resistor in the low-pass i. de igned to eliminate thi hazard by pu hing the low-pass 

pha e hift toward zero as frequency ri es: see Fig. 18N.46. 

at high frequencies, left-hand circuit 

} 

:s like this (Zc negligib':!_J 

==) ... extreme phase lag (at high frequencies) 
is ZERO rather than the -90 degrees 
of a simple RC /owpass 

Figure 18N .46 
Lead- lag RC filter: 
phase shift is limited ; 
goes toward zero at 
high frequencies . 

Figure l8N.47 how ·, on the left, the rollofff ofthe lead- lag filter: it fa lls like 1/f, as an ordinary 

low-pass would - but then levels off. The effect of this levelling-off upon the PLL is sketched on the 

right. Rolloff proceeds for a while at a scary - 1.2dB/octave (like L/{2) - the effect of the implicit 

integration of the PLL combined with the - 90° of the fi lter. But then the whole loop s gai n return to 

a afe - 6dB/octave (like I/ f). 

ft :: 11(2 n Rt C) f2 :: 1/(2n R2 C) 

: I R 
--- ; ~ ~ 

JS i\E,~~t,~ I;, 
-6dB/odave 

dB -12dBloctave 

losf 
l.Dw-pass fi.ltev (Le11.d L31) 

Fi t LcJf 

loop .9a.ln (Jllte r; Vco al'l(f JJhase d'etedor) 

Figure 18N.47 Lead-lag low-pass filter keeps PLL stable by limiting phase lag. 

Figure l8N.48 de cribes the same filter but showing only phase shifts: first (on the left) in the filter 

alone and al o (on the ri ght) in the PLL loop that include this filter. 

You'll notice that the PLL loop gain goes to the - 180° shift that we fear - but makes it back to 

-90° before clo ing time, and that , good enough (surprisingly).50 

50 You may recall we remarked on the marvel thar such a phase lag i, permi . sible back in Lab I OL. In fancy language, this 

sort of filter make: a "'pole-zero network ." ' 
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Figure 18N.48 Phase 
shift in lead-lag and entire 
PLL heads toward trouble 
- and then backs off. 

phase shift in 
fitter alone 

f 

phase shift in entire 
PLL, including effect 
of fitter 

The phase-detector's integration: The pha e-detector performs an implicit integration because phase 

(the quantity it measures and applies within the loop) i · an integral of frequency. Thi i an idea that 

i. easy to recite but perhaps harder to get a grip on. A look at unit may help to cement the notion that 

phase i the integral of frequency: if frequency is measured in radians/second integrating this with 

respect to time give radians, a measure of phase.51 

And in Fig. 18N.49 is a scope image that may help to make this idea less abstract.52 The images 

shows the output of the phase-detector53 a IN and REPLICA run at slightly different frequencies. 

One ignal gradually slide past the other - and the phase difference signal ·hows the ramping we 

expect an integrator to show when fed a constant difference. This image may convince you that the 

integration occur - and thu that we face a stability hazard remini . cent of what we met in the PlD 
lab, lOL. 

IN f_1 : 5 . 230!<H z 

REPLICA f_2: 5. 296kHZ 

(freq diff = 70Hz) 

XOR phase detector 

phase difference 
(XOR, averaged) 

-------- ------------­~----~--~~~---------~ 
•f•·~-·~--- i;~~-~~~-~,~~i~i~;·1~~-
~11·" w ~.... ....,.r_.•.M .. _,. _, .~ .,.~,, .1t it l J~ ...- _) 111, .. .., ,. ., ,1t--, , 

j 

I 

-~~~--t..!...,;~~~.-~"""-"-------
Cl11 5.00V liifli 5.00V M400µs 
Ch3 5 .00V Ch4 1.00 V -

Figure 18N.49 Evidence that phase detector integrates frequency-difference : ramp for constant 
difference . 

51 It may also help to think of a imilar claim that phase-difference is integral of frequency-difference. Imagine that the PLL' . 
. fin and /replil'a differ by some small amount, and this difference remains constant for a while. A ·cope image of the two 
signals - a time-domai n image - would show one slowly creeping past the other. A phase-difference detector would 
measure this a a ramping difference (until the difference hil a maximum and rolled over to zero, then started its upward 
ramp again ... ). This is the effect illustrated in Fig. I SN.49. 

2 An alert tudent objected to thi · argument. aying that the integration appeared to be achieved by the RC. not by the pha. e 
detector. This objection. though plau. ible, i · not correct. It is true that the ramping in Fig. I 8N.49 is visible as an analog 
waveform only becau e of the RC that convert the duty cycle output of the XOR pha e detector lo a vollage. But the 
i11tegratio11 carried out by the phase detector is complete before tru · conversion o cur . . The XOR oulput expresse · as duty 

cy ·le the phase difference between it inputs. Thi. phase difference i an integral of the fr quency difference fed to th 
detector. 

53 This is the RC-averaged output of the imple XOR detector. 



18N .8 AoE Reading 

• Chapter 12: Logic Interfacing 

§ l 2.1 . l: Logjc family chronology - a brief hi story 

§ 12. 1.2: Input and output characteristics 

§ 12. 1.3: Interfacing between logic familie 

• Chapter 13: Digital Meet Analog 
DAC and ADC 

o §13.2: Digital -to-analog converters (DAC ) 

o §13.5: Analog-to-digital converter (ADCs) 

18N.8 AoE Reading 723 

o §13.5.2: uccessive approximation (important to us: thi i Lab 18L' method) 
o § 13.5.10: Delta- igma converters (a difficult topic, bravely explained here) 

o Review of Chapter 13: a good compact un1mary of the many ADC and DAC methods. 

Phase-locked Loops 

o § 13. 13: Phase-locked Loops 

o §13.13.2A:Thephaed tector 

o §13. 13.4A: Stability and pha. e . hift 

o § 13. I 3.6C: FM detection 

o §13.14: take just a quick look at §13.14.2: Feedback shift regi ter equence ·. (We u. ed 

this method to generate the dither demonstrated in thi . chapter . 
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Thi lab presents two devices, both partial ly digital that have in common the use of feedback to 

generate an output related in a u eful way to an input signal. The fir t circuit, an analog-to-digital 

converter, use feedback to generate the digital equivalent to an analog input voltage . The second 

circuit, a pha. e-locked loop (PLL), uses feedback to generate a signal matched in frequenc_ · to the 

input signal - or to some multiple of that frequency. 

18L.1 Analog-to-digital converter 

The AID conver ion method used in this lab 'successive approximation ' or "binary search;' i prob­

ably the method still mo t widely used, though now competing with delta- igma de ign . lt provides 

a good compromise between peed and low cost. It substitutes some cleverne s for the brute force 

(that i, , large amount of analog circuitry used in the faste t method ,.fla h or parallel conver ion.1 

Note that the converter you wilJ build today with four chip normally would be fabricated on a 

single chip. We build it up using an es entially obsolete succe sive-approximarion regi ter (SAR), so 

that you will be able to watch the conver ion proces . In an integrated convert r the approximation 

proces is harder to observe because the uccessive analog estimares are not brought out to any pin, 

though the stream of bits that form that estimate may be. We also omit, for ··irnplicity, the sampfe­

and-hold that normally i included. 

Figure 18L.1 
Successive-approximation A/ D 
converter: block diagram . 

18L.1.1 D / A converter 

,--
1 

ar.t\1Q!\~ 
111pvt' 

- - - \ 
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l---------) 
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c. IC<: k "J1.n.I1.. 

svc.cess1ve. 
3prrol<r Pia hor, 
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The process of converting digital to analog js easier and less intere ting than converting in the other 

direction. In the succes ive-approximation ADC, as in any closed-loop ADC method, a DAC i nece ·­

sary to complete the feedback loop: it provides the analog translation of the digital estimate, allowjng 

co1Tection and improvement of that digital estimate. As a first step in con truction of the ADC we will 

wire up a DAC the Analog Device AD558 of Fig. l 8L.2. 

I We admit that it is an unu sual brute who could put together a flash ADC. 
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07 
0 
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Thi DAC integrates on one chip not only the DAC itself but also an output amplifier and an input 

latch . The latch is of the transparent rather than edge-triggered type, and we will ignore it in this lab 

holding the latch in its transparent mode throughout (grounding pins 9 and 10, CS* and CE*, keeps 

the latch continuou ly transparent) . 

L.SB 

MSB 

L- -

8-b,-t 
D3. DJ\ c 

01 (vol fa3e 
ouf-p~: 

DS ~oo~v 
f i.d{­

sc.afe) 

- - -. 

+Vee. 

Gon+rol 

- .J 

Checkout : (Hurry through this checkout. The fun come later!) 

Figure 18l.2 
AD558 DAC. 

Confinn that the 558 i working by controlling it two MSB and it LSB with a DIP witch or 

simply with wire plugged into ground or +5. Hold the other five input lines low. (You may find a 

ribbon cable convenient though les tidy than a wire-at-a-time; in any case, you will need to feed all 

eight line in a few minute .) 

Note the relation between switch settings and Vout· Full-. cale Vout range should be about 0- 3.8V. 

What "weight" (in output voltage swing) should 07 carry? 06?2 

Note the weight of the LSB . Here, if you look at the output with a scope you are likely to find noise 

of an amplitude comparable to that of the ignal. If the noi se L at a very high frequency however 

it may be quite harmle s. How does your DVM appear to treat thi s noise? How do you expect the 

comparator to treat it when you insert the DAC into the ADC loop?3 

06 05 .. 01 DO Vout 
0 0 0 }: LSB weight 

] , d6 weight 0 0 Figure 18L.3 DA( checkout: voltage 

0 0 0 _ MSB weight weights for particular input bits. 

18L.1.2 ADC: watching the conversion process 

When you are ·ati fied that the DAC is working add the rest of the successive-approximation con­

verter circuit: comparator and SAR along with DAC. If you are u ing a 74LS503 rather than 74LS502, 

07 , hould carry the weight of one half full cale; 06, one quarter. 
3 We mean to uggest that very high-frequeocy nois - radio frequ ncy that one often sees when scope gain i very high -

ma be too quick to be en ed by this AD circuit, j u. t as it i. roo quick to make the DVM respond. Large high- freq uency 

signal. , however, can be accidentally rectified by a DYM. and can produce spuriou result , as you may po. sibl y have . een 

back in Lab 9L when the di crete follower sometime can make a DYM claim to see a voltage beyond th po. itive supp ly. 
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you must ground pin 1, an ENABLE* pin; we do not use pin 1 in the '502 circuit,4 and can leave it 

open if u ing a '502. 
If you have neither ' 503 nor ' 502 but are u. ing a custom-programmed PAL that emulates the '502 

please note that its pinout will not match that of the other two chip . Con ult it own datasheet. 

Connect the eight DAC inputs to the eight breadboard LED so that you can watch the estimating 

proce . 

15 

4.711 +5 cue 
'+10 f<:'h.O 

tok 
In 

'11, LS S"o2 { ~R) LS S"oJ (3>-R) 

Using the '502 ... ... if using the '503 

Figure 18L.4 Successive-approximation A / D converter : slow-motion checkout: layout. 

•5 

ground 
this Enable* 

Slow motion checkout: U e a debounced witch for Clock and another witch (which may bounce) 
for Sta.it* (S*). Watch Conver ion Complete* (CC*) on an LED. 

• You will have to limit the current to this ninth LED using a re i tor. We cho. e the re istor value 

considering the following points: an LS-TTL output can sink 8mA plenty for a high-efficiency 
LED. The LED drop about 2V when lit. 

Note: the behavior of S* may strike you as odd: 

• Fir t the SAR is "fully synchronous:" a serting S* by itself ha no effect. The SAR ignores S* 

unles you clock the SAR while as erting S*. 

• Second, "Sta1t*" is poorly named. It should be called something like "initialize*," because con­
version will not proceed beyond the 1nitial gues. until you release S*. 

Ground the analog input and walk the device through a conversion cycle in , low motion. Watch 
the digital estimate. on the eight LED. and the analog equivalent , the analog estimate on DVM or 

scope. 

As you clock lowly through a conversion cycle, the DAC output (showing the analog equivalent of 

the SAR's digital e timates) hould home in on the coITect an wer, OV. Do you recogniz the binary 

search pattern in these successive stimate ? If you get a digital 1 rather than O a your converter's 

final , best estimate - that is , if the LSB end up HIGH rather than LOW - make ure that you have 

grounded the input close to the converter. Then use the cope to look closely at ground and +5V lines, 

watching for noise. A digital ... OJ outcome need not hock you, given that an LSB is only about 

15mV, and the comparator's VoFFSET is pec 'd at 5mV (ma ); a mall drop in the ground line added 

to this Vos could tip the LSB. 

4 On the '502 it serves a a synchronized ver ion of the D input; not useful for our purposes. 
5 Note that. the ··analog input'. is not lhe non-inverting terminal of the comparator, but one end of the lOk resistor; that 

resistor is necessary l'o maintain hysteresis. 
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Operation at normal speed : Now make three change . 

1. Connect "Conversion Complete*" (CC*) to "Start*" (S*). This lets the converter tell itself to start 

a new conversion cycle as oon as it fini she. carrying out a conversion. (Disconnect the pushbutton 
that wa driving S*, of course.) 

CL!< 

Figure 18L.5 CC* wired to drive start* : SAR starts self. 

2. Feed the converter from a pot (2.Sk or less : (Why?6) rather than from ground: ee Fig 18L.6. 

,k·1S <>--···V,.-'.··· ·L~-~·: .!, , . ·· : 

:31'2. . .. .. 
,. .. -
I 
I Figure 18L.6 Variable DC analog input . 

3. Clock the converter with a TTL-output oscillator, rather than with the pushbutton. (Theo cillator 

built into your breadboard is convenient.) Let /c1 ck~ lOOk.Hz. 
Watch the DAC output and ADC input on the cope. (If you want a rock- teady picture trigger the 

. cope on CC*.) Vary the pot setting (analog input voltage , and confirm that the converter homes in 
on the input value. 

Displaying full search "tree": You have watched th converter put together it best estimate, homing 

',v -

Ov-~ 
:::::fooHz 

.,....-------cD SAR. 
Q. 

s 
e 8 

DAC. Figure 18L. 7 
Displaying binary 
search tree. 

in on the input value. If you feed the converter all po sible input values, you can get a plea ing display 

as in Fig. 18L.7 that shows the converter trying out every branch of its estimate tree. Feed the 
converter an analog input signal from an external function generator: a triangle wave spanning the 

converter's full input range (0 to about 4V). Set the frequency of the triangle wave at about IOOHz. 

Trigger the . cope on CC*. 
If neces ary tinker with the frequency and amplitude of the input waveform, until you achieve a 

di. play of the entire binary search tree. This can be a lovely display (you may even notice the "quaking 

a pen effect . You are privileged to see the binary search in uch vivid form - while it remains to 

mo. t other people only an ab traction of computer science. (An exceptionally noi e-free image of the 

s arch tree produced by this lab circuit appears as AoE's Fig. 13.31 .) 

6 You will recognize here our u ual concern that R sourcc does not mess things up. Here. an over-large pot would mess things 
up by ausing a ignificant increa e in hy. teresis. 
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18L.1.3 Speed limit 

The ADC completes an 8-bit conversion in nine clock cycles. Evidently the faster you can clock it 

the faster it can convert. The faster it can convert, the higher the frequency of the input waveform that 

you can capture. 
How fast can you clock your converter? Fig. l 8L. show what mu t happen between clock edge . 

These numbers uggest a maximum clock frequency of a little less than 600kHz. 

Figure 18L.8 ADC speed limit: what must be 
accomplished within one clock period . 
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Feed the converter a DC level and gradually crank up the clock rate a you watch the analog esti­

mates on the scope. This time u e the extern.al function generator as clock source (the breadboard s 

top frequency, lOOkHz. is too low). At . ome clock frequency you will recognize breakdown: the final 
estimate will change becau, e the clock period will no longer be allowing time for all levels to ettle. 

Chances are, this will happen at a frequency well above the wor t-case value of 570kHz (above l MHz, 

in most ca e we have seen.) 

18L.1.4 Completing the ADC: latching the digital output 

Up to this point we have been looking at the converter's feedback DAC output. Do not let our attention 
to thi analog ignal distract you from the perhaps obvious fact that the feedback- DAC output is not 

the com erter output. We use an ADC in order to get a digital output, of cour e and on a practical 
IC ADC, a we observed at the start of thi chapter, the analog estimate is not even brought out to any 

pin. 

We now return our attention to the normal subject of intere t: the ADC' digital output. 

Output register: An integrated ADC normally includ a register to ave its output (and incidentally. 

in the age of microcomputers uch a register routinely include. 3-. tate output , for ea. y connection 
to a computer's data bus). 

Now we will add an 8-bit register of D flip-flop. to complete the ADC. We need to provid a clock 

pul ' e, properly timed, that will catch th converter' best estimate and hold it till the next one i ready. 

Timing concerns make this task more delicate than it look at first glance. 

Conversion Complete* certainly sounds like the right ignal. It turns out that it i not - not quite. 
The trailing edge (ri e) of CC* come too late; the other edge (which, inverted, could provide a ri ing 
edge) comes too early. 

At th beginning (fall) of CC* the SAR is putting out its initial e ·timate for the LSB; it ha not yet 

corrected it (set it high) if uch correction is necessary. Thus you would lose the LSB data, getting a 

constant Low if you somehow u ed the tart of CC* to latch the output. 

At the end (rise) of CC*, the SAR is already presenting the first guess of its next cycle (0 111 1111 ).7 

What we need is a pulse that ends well away from both edge, of CC*: see Fig. 18L.10. A ingle 

gate can do the job. 

7 Why? Because the rise of CC* and the initial gue. s both come in response lo the SAR clock. and CC* happens t come up 
a little fmer ( ·ee 74LS502 data heet : lrLH is lower than IPH L· How ' that for fine print?) 
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+oo e arl':) Figure 18L.9 CC* timing. 

<. l<X 

Figure IBL.10 Output register clock needed . 

Add this gate and feed its output to the clock of the output regi ter (74HC574). Let the register' 

outputs drive the breadboard' eight LEDs. (Don t forget power and ground, not shown in Fig. 18L. l l. 
They are the corner pins, as u ual for digital devices.) 
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Figure IBL.11 Output register added to 
SAR ADC ( output- register clocking left 
open for your addition) . 

Watch the converter' digital output and confirm that it follow , the analog input applied from the 

potentiometer. It may be indeci iv , by l bit. ls this indeci. ion avoidable?8 

18L.2 Phase-locked loop: frequency multiplier 

You should build the PLL on your private breadboard - either the micro board or on a single strip. 

You may want to use the one that hold, a mike amplifier built back in Lab 7L. 

You will have a chance to apply this PLL if you like, in Lab 23L. Jn that lab we wilJ need to 

generate a multiple of the frequency at which the computer . ample a waveform (we want a square 

wave at 32 x the ampling rate); we will use that multiple to regulate hdB of a low-pass filter. This 

adjustable filter i of the witched-capacitor type, like the one we built in Lab 12L. 

Thu we will make the filter follow our sampling rate (to clear away the spurious high-frequency 

el ment in the DAC siepp_ output waveform). This future application for the PLL explain. ome 

element of its de ign: particularly its frequency range, set to cover mo t of the range of sampling 

rates you're likely to adopt. 
We will first apply the loop, however, as if we were using it to generate a multiple of the line 

frequency 60Hz. Thi, example is di cu ed in detail in AoE § 13.8.4 and the circuit in Fig. l 8L.12 i 
the one de igned in that di cu ion except that we have altered the VCO component values to permit 

a wider range of operation. 

8 We have nothing ubtle in mind; we re just referring, as in § 18L. I .J, to the l ikelihood that noi e may be comparable to the 
va lue or an LSB. in your breadboarded circuit. 
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Con truct the circuit hown in the figure. The phase detector and YCO are drawn a eparate blocks; 

but note that they are within one 4046 chip: you do not need two 4046s. The 4040 is a 12-stage ripple 

counter.9 

de.,.,.od (to uope) 

(n. b. one '4-D'f6 
contaltis bptl., 
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Figure 18l.12 
Phase- locked loop 
frequency multiplier circuit 
(using 74HC4046 PLL) . 
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18L.2.1 Generating a multiple of line frequency: (Type 11 detector) 

Take the replica signal from Q9 of the 4040 (pin 14) (Q9 divide .fc1ock by 2 10 . In case this seems odd, 

recall that QO divides by 2, not I .) Set the function generator, which drive the input, to around 60Hz. 

Use the cope to compare this input ignal with the synthesized replica at 4046 pin 3. Confirm that the 

PLL locks onto the input frequency within a few seconds. Are the two waveforms in phase? The lock 

LED should light when the loop i locked a logic high at pin 1 indicates that the phase detector output 
i 3-stated: that is, the detector i . atisfied, rarely seeing rea on to correct the replica frequency). 

See if the replica follow the input as you change frequency . lowly; then try teasing the PLL by 

changing frequency abruptly. You hould be able to see a brief hunting process before the loop locks 

again. 

The limit of input frequency capture and lock range ' (identical, for this PLL) i determined by the 

VCO range: from about 40kHz to 250kHz for the pecified value of R1, C1: 220k, 220pF. Since the 
counter in the feedback path divides by 2 10 , the input frequency range run from approximately 40Hz 

to 250Hz. 

The loop filter : The hard part of PLL design come in designing the Jow-pass filter to maintain 

tability. The PLL uses a feedback loop strikingly reminiscent of the loop in the PID motor-control 

Jab, 1 OL: in the PID exerci e, the motor-to-po ition transducer placed an integration inside the loop. 

This 90° lag obliged us to use care to avoid injecting another 90° lag at frequencies where loop gain 
was above unity. 

9 The pinout labeling shown follows the usual convention. in which the low-order Q i labeled QO on the part, but not shown 
in the figure. NXP/Philip and other use this convention. ational Semiconductor and Fairchild oddly st,u-ted their Q 
numbering at I (CD74HC4040 on Tl site). I f you consult a National data sheet you may run into this discrepancy. TI 
dodges the labeling que tion by usino letters rather than numbers: QA. QB .. . (SN74HC4040) . 
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In the PLL, again an integration lies within the loop, and again it threatens us with instability. This 

time the integration result from the fact that we are sensing a characteri tic (phase) that i an integral 

of the characte1istic that our loop means to control (frequency). Here the integration i. harder to 

localize than in the PIO loop where it clearly occurred in the motor-potentiometer unit. In the PLL 

the integration - the equivalent of the motor-pot combination - is pe1formed by the VCO-phase­

detector pair. The detector' output is a signal that measures phase error. 1° For a con, tant frequency 

difference the phase error (difference between input signal and the replica generated by the YCO) 
ramps ( ee Fig. I 8N.49)~ in other words, it integrates the frequency error. You will find a cope image 

that demon trates this ramping effect in Chapter I 8N. Thi. behavior closely resemble. what we saw 

in the motor-pot combination: a constant error ignal fed to the motor-pot produced a ramping output 

voltage: integration once more. 11 

We need a lowpa s filter in the loop to smooth the signal into the VCO - but we cannot afford 

another 90° lag. What is to be done? The answer turns out to be a simple circuit amendment: use a 

low-pa s whose phase shjft at high frequencies goes toward zero rather than toward - 90° . A low-pass 

with an extra resistor between cap and ground does the trick, as we argue in §J 8N.7.4. 

lf you replace the filter's 330k resistor with 22k, you hould find that the loop hunts much longer 

- overshooting, backtracking .... Watching the demod signal at pin 10 which shows the YCO input 

voltage, may make the hunting and overshooting vivid for you. 

By reducing that R value you have made a dangerous reduction in the phase margin - the safety 

margin b tween the phase shift around the loop (at the frequency where the Joop gain goe to unity) 

and the edge of the cliff: the deadly - 180° shift. Thjs i a notion you will recall from Lab 9L and 

from the PIO exerci. e; see, especially Fig. ION.9. 
If you want to live really dangerou ly hort out the lower re i tor; now you have reduced the phase 

margin to zero, and the circuit may hunt forever. When you have seen this effect, restore the 330k, to 

restore stability. 
What frequency should be present at the YCO output when the loop is locked? Check your predic­

tion by looking with the scope at that point (pin 4 of the 4046). Why is this waveform jittery? (In a 

world without noise it would not be.) 12 

Now look at the output of the phase detector (pin 13 of the 4046). This is the Type II detector, 

edge-sen itive. You 11 notice a tring of brief positive going pulses, each decaying away exponentially 

when the detector reverts to its 3-stated condition (you may also ee smaller negative-going pulses to 

the extent that the circuit i troubled by noi e). 

Theory predicts that these correction pulses . hould vanish in the steady state. But the I OMQ load 

of the cope probe you are using i. di charging the filter capacitor fast enough to cau e the pul es; 

the current the scope draws also causes the VCO to be lightly under-driven, causing the VCO to run 
a little late· a lagging phase difference persist : the loop now needs a pha e difference to provide the 

IO You may be inclined ro ask, ''Why do thi ? Why not be more straightforward and mea ure frequency error directly?" The 
an wer is that we have no way to do that quickly. To measure frequency even indirectly, inferring it from period, requires 
waiting for a full period of the two waveforms. Phase error information i · available more promptly : after each of the 
respective rising edges in the Type II detector. 

11 If you 're not exhausted by thi di cu sion. you may want to consider a complication: a second integration performed by the 
RC, at least as used in the edge-sensitive "Type JI'" detector: a constant phase difference produces a ramping output from 
the phase detector. This . econd integration is analogous to the/ used in the PID circuit. The / term drive the PID error to 
zero; the Type II detector, similarly, use this integration to drive the phase difference to zero. 

12 The jitter arises because the correction . to YCO frequency come only once in every I 024 cycles of the YCO output. Slight 
wandering of frequency betwe n these check go uncorrected. As usual, being college teacher , we are reminded of the 
fact - probabl beneficial to humans, though unsettling in the PLL analogy - that the college check whether student. can 
do the cour ·e work only now and then: at best, weekly; the big test comes only once per term. In the meantime. who know 

what goe on in the student' life? o doubt that life would be full of jitter, if one were so rude a to look at it between 
checkpoints. 
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po itive pulses that feed the scope's R to ground. If you're feeling energetic interpose a '358 op-amp 

follower between the capacitor and the probe. The positive pul e hould become narrower - and now 

the phase difference i rever ed: the VCO output comes a little early. 13 

18L.2.2 Try FM demodulation (in slow motion) 

If you watch the input to the VCO (which i available in buffered form at pin 10), you can 'ee a 

mea ure of YCO frequency. That's not very interesting when the input frequency is con tant - but 

becomes interesting when a variation in input frequency carrie information, as it does in an FM radio 

broadcast (or in our analog project, where we sent mu ic across the room with an LED's flashes). We 

aren't going to pau e Jong enough to do such an exercise, here; but we suggest that you get a glimpse 

of the way it might work trying a two-minute demonstration. 

Replace the lµF capacitor, temporarily with a 0.1 µF part (to make the loop adjust fa ter) and 

watch the demod signal (pin 10) as you try to vary fiN sinusoidally by slowly varying the function gen­

erator frequency. You , hould sweep the scope very slowly - using "roll" mode (perhaps J /div) if you 

have a digital scope. We hope the demod signal will look like the sinu oid that varie or "modulates" 

the PLL input frequency. Too bad we didn t know about PLLs when we did the group audio-LED 

project. When you ve had enough fun with thi restore the Lµ F capacitor. 

Type I detector ( exclusive-OR): The 74HC4046 includes three phase detector . AoE describe two of 

them (Type I and II) in § l 3. l 3.2A. 14 The third detector on the HC4046 Type Ill, i simply a variation 

on the SR latch with Sand R driven by positive levels on the input and replica lines, re 'pectiveJy. We 

will ignore the Type Ill detector: 15 two detectors eem plenty to con ider on a first encounter with a 

PLL. But feel free to check out the Type III if you like: it output appear at pin 15. 
The Type I detector output is at pin 2, and the inputs are the ame as for the Type II detector; to use 

the Type 1, simply move the wire from pin 13 to pin 2 (and then to 15 for the Type III, if you must!). 
For both Type I and Type lH you should be able to see the fluctuation of the VCO frequency over the 

period of the input, which you can exaggerate by reducing the size of the 1 µF loop filter capacitor. 

lf you make a sudden large change in the input frequency, you should be able to fool the Type I 
circuit into locking onto a harmonic of the input frequency (a multiple of the input frequency). For our 

purpose in §23N.5.2 such an error would make the circuit useless, so we will u e the Type II detector. 

You are likely to make the ame choice in most applications. 

Note al o the phase difference that per ists between input and feedback ignal in the locked state. 

This simple phase detector (like the Type Ill) requires such a phase difference; this difference gener­

ates the signal that drives the VCO. If the phase difference ever goe to zero (or to n ), the loop lo. es 

feedback: it can no longer correct frequency in both senses as required. When it hit that limit it's like 

an op-amp feedback loop that fail becau e the op-amp output hits saturation and thu cannot make 

a further correction. The Type 11 detector is altogether clas. ier: it require no errors to keep the loop 

locked· it is able to u e the capacitor a a sample-and-hold, once the loop is locked, rather than a a 

conventional filter. 

When you have fini hed looking at the behavior (and misbehavior) of the Type I detector, revert to 

the earlier circuit, using the Type 11 output at pin 13). 

1 Why? lf a fu sy detail but now, instead of discharging as the scope probe did. the "358' /si AS i1ijects ome current from 
it PNP input tran ·i . tor ba e. 

14 AoE"s discu sion treat. the simi lar CD4046 rather than the 74HC ver ion. 
15 The Type llJ d tector seems to have been added as a sort of afterthought ; early ver. ion · of the 4046 did not offer it. Lik 

the simple XOR (Type I) it require. a pha. e difference between input and r plica ignal. 
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18L.2.3 Expanded lock range: x 64 rather than x lk 

Now let' · et up the PLL as you will want to find it the next time you use it in Lab 23L: change the 

tap on the 4040 from Q9 to Q5 (pin 2). Now you are generating at the VCO output a modest 64 x 

fi 11 • Becau ewe are feeding back a larger part of the output frequency, we need to attenuate more in 

the loop filter. (We are worrying about the loop gain a we did for op-amps.) 

Feeding back I part in 64 rather than l in 1024 - about 16 x as much - calls for reducing the 

fraction preserved by the loop filter proportionately. So we reduc the 330k that wa below the lµF 

cap by a factor of 16 to about 22k. The two sets of divider - analog filter and digital counter - are 

sketched in Fig. 18L. l 3 for the two stage : , tage one, where the loop multiplie. by I 024; and tage 

two where the loop multiplie by 64. The fraction fed ba k L held roughly con. tant (to about 12%) 

in the two ca e . 

Le>op HLter 
~ ,, 

Stage One - - ~ -7 f1 
(

11x 102411
) 

33Dk 

Sfa3e Tu.;o 
(IIK 64-ll) 

-- ~ 

i 22k 

11 -6 
~ /l'tjOOD ~ 70x10 

(11% Jif ffJ"e,,ce) 

Figure 18l.13 PLL filter divider is 
adjusted to hold fraction fed back 
roughly constant in the two stages. 

You may notice that we have drawn the "loop filter" as if it were simply a resistive divider. We have 

done that becau eat the high frequencie where we anticipate challenges to stability Xe is insign ificant 

relative to the R values. 
Over what range of input frequencie does the PLL now remain locked? The range . hould be wide; 

we need this range in order to make the sampling scheme of Lab 23L flexible. The' 4046 is capable of 

capture and lock over a frequency range of about 6: 1.16 We will be content with a range that accepts an 

input between about 600Hz and 4kHz. Capture and lock range are the same, for th Type II detector; 

for the les clever detectors, capture range (the range over which the loop will be able to achieve 

Lo ·k) i narrower than lock range (the range over which the loop will hang on once it ha locked). 

This ability of the Type II to capture any frequency it can hold seems to follow from it immunity to 

harmonics: you can l fool the Type II. 

16 Thi i the approximate range as one drive the YCO over its permitted range from l .1 - .4V the data sheet pecifies thi. 
range with a 4.5V . upply: at 5V each voltage is pre umably about 10% higher). 
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185 .1 What's in this chapter? 

Here are reminders of Nyquist' ampl ing rule and some con equence , with scope image. of artifact 

that sampling can introduce. 

The images in §18S.3, particularly Fig . I 8S.3, adequate, and filtered show four sampling rate 

applied to a I kHz sinusoid - ampling rates that are Lavi h, adequate, stingy and inadequate.' But 

before we look at tho e image , let's recall the general notions that govern sampli ng. These notion 

that wi ll help explain why the frequency spectra look as they do. Finally, in § l 8S.4, we' ll attempt an 

intuitive explanation of the effect of ampli ng, particularly. the appearance of image . 

185.2 General notion: sampling produces predictable artifacts in the 
sampled data 

Here, for a start, are some truths about ·ampl ing in a tiny nutshell: 

• Sampling produces spurious images of the input at ! sample± fin and the e images repeat appearing 

in pairs above and below each integral multiple of !~ample: in general, .!image= (n · !sample) ± fin· 

• One result of the appearance of the e images i expre ed as Nyquist s ampling rule: one must 
sample at a rate lightly more than double the max imum input frequency.2 

Figure 185.1 Sam pling creates multiple 
images of t he true spect rum at higher 
frequencies. 

s1Jl 
m1ple.J s i. 9'' c1 I 

It is not obvious why these spurious images appear. Toward the end of thi. chapter we give an 

argument that we hope will appeal to your intuition; but you may prefer to take it as a given truth. 

I To con ·erve ·pace here, we omit Sleepy and Grumpy. 
2 This follows from the preceding comment about image because the first (false) image appears at f5amplc - fin; to make 

ure that thi image does not overlap with f. ne mu. t put }ample above 2 x fin· More on thi · later. 
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Of all the e spuriou, images, only one is trouble 'Orne: the image that i lowest in frequency at 

! sample - fm· In principle, a low-pa s filter can remove thi and al1 other false images - a long a the e 
image lie above the true ignaJ (that is, as long as we have ampled adequately: more on that below). 

Sometime , however thi filtering i hard to achieve: it i hard when the purious image lie close to 

the signal frequency, a we'll see in one example below. 

185.2.1 Aliasing 

Violation of Nyqui t's sampling rule - sampl ing too infrequently - bring on a disa trou error named 

"aliasing: thi i the generation of artifact that cannot be disentangled from the true ignal . 

Figure 185.2 Schematic 
representation of the 
problem of aliasing. 

We re in trouble if the image lowest in frequency, at f~ampl - fin, fall into the frequency range of 
our ignaJ, the analog input. Once this happen an output filter cannot ave u . The left-hand image in 

Fig. 18S.2 how. a sampling rate that is ju t adequate: the lowest part of the !owe, t image lie, lightly 

above the input ignal. So, a good low-pa filter hould be able to eliminate the image. 

The right-hand image in Fig. J 8S.2 hows the mishap called aliasing. It occurs when one does not 

sample fa t enough to ati fy Nyqui t: that i , when !~ample i not more than double the maximum 

input frequency. Sample at a rate > 2 x fin (max) or else! Or else you 11 get non ense: fal e images 
mixed in with the truth. Each image i folded from it true frequency (fi 11 ) down to an alia ed image 

(at .f~ample - fin), When an alia ed image appear we can't bomb it with a filter, because it has invaded 

friendly territory. 

185.2.2 Filtering 

CD player reproduce 20kHz music that was sampled at only about 44kHz: ju t 10% above the the­

oretical minimum rate. They face a challenging problem in filtering because the lowest sampling 

artifact lie very clo e to the highest genuine signal. The CD industry learned to olve this problem 

by faking a higher sampling rate - by interpolating digitally-calculated pseudo-samples between the 
genuine sample . Thi trick is called "over ampling" a you know. The first time you hear the claim, 

the assertion that a CD player can "over ample" the music sounds like a fraud. Wasn't the ampling 

rate fixed at the time the CD was made? Ye , it was. But once you understand what' intended, you 
di cover that "over- ampling' is a harmless figure of peech. Some people call the operation "digital 

filtering" 3 or even "digital interpolating." The e phra es ound less magical. 

185.3 Examples: sampling atrifacts in time- and frequency-domains 

The image in thi ection come from the test setup used in our clas demon tration in which an ana­

log sinu oid wa fed to an 8-bit ADC, and that digital signal then was fed to a DAC. The recon tructed 

analog ignal was then low-pa s-filtered. 

3 The digital filtering operation can be more complex than this mere interpolation. 
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The e are the traces in the scope images: 

l. the top scope trace i the input· 

2. the second trace i the unfiltered output of the (8-bit-) DAC that has reconstructed the waveform 

from the converted digital values· 

The four sampling rates illustrate four ca es: 

• lavish sampling: I OOkHz (extravagantly excessive sampling, in fact); 

• adequate sampling: 4kHz (four samples/period). Thi is good enough if a good output filter i 
applied. 

• stingy sampling: 2.2kHz (providing just IO~ more than the theoretical minimum of two sample 

per period). A steep filter (8-pole e ll iptic-MAX294 i able to knock out the lowe t image. 

• inadequate sampling: l .5kHz, then l .2kHz (barely more than one sample per period). This brings 

on "alia ing. ' 

Lavish sampling rate : Figure 18S.3 illustrates lavish sampling· the ampling rate is so high that the 

lowest artifact, at 99kHz, is far out of the picture (far off the right side of the frequency pectrum 

shown). 

Figure 185.3 Lavish sampling: 100 
samples/ period . (Scope settings: 1 V / div; 
frequency spectrum FFT, 1.25kHz/ div.) 

I 
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As the reconstructed waveform shows, thi way of sampl ing works in one sen e: it allows us to 

reconstruct the analog waveform accurately. But it is a ridiculous way to achieve this resu lt, producing 

almost fifty times as much digital data as we need to do the job. If thi were th way we stored data 

on a di -·c, a CD would be at lea t the size of a large pizza. 

Ad equate sampling rate : Figure 18S.4 shows more reasonable sampling The artifact are far enough 

above the true ·ignal so that filte ring them out doe not look difficult - and it isn't. 

The image in Fig. l 8S.5 show the effect of the filter applied to the reconstructed waveform: all 

artifacts are removed from the frequency pectrum - and the steppy quality of the recon truction 

d isappears from the filtered reconstruction. This smoothing is evident in the third trace in the right­

hand image of the figure. The original inusoid is recovered . 
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Figure 185.5 A low-pass 
filter can remove artifacts 
introduced by sampling. 
(Scope settings: 2V /div; 
frequency spectrum FFT, 
1.25kHz/ div .) 

Stingy sampling rate: In general, one aims to , ample a stingily as fea ible to acquire no extraneous 

digital amples. The ample must be tored and perhaps transmitted; we want to minimize complexity 

and cost. Nyquist say we need slightly more than two ample. per period. But how much more? The 

answer depends on the quality of the low-pa filter used to remove ampling artifacts . A good filter, 

like the MAX294, an 8-pole elliptical active filter that you will u e in labs let one come quite clo e 

to the minimal Nyquist sampling minimum of two samples per period of the analog input.4 

In Fig. l 8S.6, the sampling rate used to acquire the 1 kHz input is just 10% higher than the theoreti­

cal minimum of 2kHz: 2.2kHz. (Here, we are approximating the stinginess of CD ampling: 44.4kHz 

to acquire signals up to 20kHz: again, about JO~ above the theoretical minimum Nyquist rate.) The 

filter i barely able to knock out the lowe t image, and in fact attenuates the signal IightJy a it 

eliminate that image. 

The left-hand scope creen hown in Fig. 18S.6 shows how very close the !owe t image lies to the 

true signal: at 1.2kHz just 200Hz above the signal. This filtering task though challenging, is not as 

difficult as the imposed CD audio tandard, because CD resolution is 256 times finer than what we are 

demon trating with thi -bit conversion, and therefore calls for greater filter attenuation.5 Soon after 

e tabli hing the CD tandard, the CD ' developer 6 in effect conceded that they had given themselve 

-t To keep things imple. in this discussion we usually treat the analog input a a single pure inusoid. Real input almo t 
never are o simple. But if the analog input include, many frequen ·ies, one need consider only the highest included 
frequency - perhap. 20kHz for music, for example. If the sampling rate is adequate for that frequency. it is adequate for the 
entire audio input . 
One might fairly prote ' l , however, that a full-amplitude igna l at 20kHz i. impo ible in mu ic, o the filter attenuation that 
is required is actually not a: great as the contrast between our 8-bit conversion and CD-audio ' I 6-bit conversion. 

6 The CD standard was developed by Philip., who had introduced the large " laser disc" as a medium for movies, and Sony. 
who had introduced the portable audi device. the '·Walkman"' (it was a tape player with headphones). 
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analog input (fkl-lz) 

reconstructed 
(from OAC) Figure 185.6 Sampling 

just 10% above the 
Nyquist minimum : barely 
succeeds. (Scope settings: 
2V / div; frequency 
spectrum FFT. 
l.25kHz/div .) 

frequency spectrum 
of reconstructed 

!l ~ 
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a task too difficult for analog filter . The industry began, in so-called' second generation' CD player -, 

to use digital "oversampling" interpolating the digitally-calculated samples that we referred to in 

§ I8S.2.2. 

Inadequate sampling rate: Inadequate sampling - violating Nyqui t' requirement that one pick up 

a little more than two amples per period of the highest frequency of interest7 - leads to a di a ter 

called 'aliasing," as we said in § l 8S.2.1. When this occur , an input frequency gets 'folded" from its 

true high-frequency to a spurious low-frequency image. 

Aliasing illustrated: Nyqui t warns u that we had better sample a 1 kHz ignal at better than 2k.Hz. 

If we defy him, we get into trouble. In the ca e hown in Fig. 18S.7 .fin= lkHz, f sampJe = 1 .2kHz. 
This sampling rate i far below Nyqui t's minimum required rate and produce an alias: an artifact 

at 200Hz. Thi is an image at at !:ample- fin· This image lie below the truth, and this fact makes it 
damaging. 

Figure 185. 7 Inadequate sampling rate produces 
aliasing, an artifact too low to filter out. (Scope 
settings: 2V /div, 2ms/div; frequency spectrum FFT, 
500Hz/div.) 

input (tk/.fz) 

reconstructed, 
sampled at t.2 l</.fz 

f'i' 
reconstructed, 
filtered (0.2k/.fz alias) 

frequency spectrum 
of reconstructed 
(not filtered) 

The third trace in Fig. 18S.7 hows a convincing sinusoid at 200Hz - but it i obviously a phoney. 

We can see that the only true signal i the lkHz ·inusoid shown on the top trace, and in the output 

7 The phrase, "highest frequency of interest" may bear some explaining. 
First, an elementary point: while we illustrate sampling ca. e in lhis chapter by applying a ingle sinusoid as input, real 
applications normally apply a range of frequencies a input to the ADC. If the highest frequency is sampled adequately. 
then o neces mily are all lower frequencies frequencie , as we aid in § l8N .5.l. 
Second - a much subtler point - it is not invariably true that one need sample at better than twice the highest input 
frequency. Strictly instead, one must sample at better than twice the frequency bandwidth of the signal applied to the AOC. 
When the input frequency range runs from e sentially zero to /max, as in audio applications, the two formulation lead to 
the same result. But case do arise where the difference between the two formulations matter . Sometimes ones goal is to 
ample a ncirrow bandwidth at high frequencies, and in this case the distinction between the two formulations become 

important.. If, for example, one needs to convert ignals between I MHz and 1.1 MHz, one needs a sampling rate of a bit 
better than 200kHz rather lhan 2.2MHz. See AoE § 13.6.3. 

Ch l r,eq 
1.004klll 

2(5 + f ;,, (3.4kHz) 
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frequency spectrum. The fact that under-sampling capture the input is quite counterintuitive; it might 

seem that we are not getting enough information to describe the input fully. But the sampled points, 

which define the alias, must lie on the l kHz original a well · that is where they came from, so I kHz 

i another component of the reconstructed output waveform.8 Sampling has created the 200Hz fraud , 

which of course shows up also in the frequency spectrum. The alias is deadly: a low-pass filter cannot 

remove it without also eliminating the genuine signa/.9 

185.3.1 Aliasing: details 

The filtered signal includes alias ... and you can hear it: If thi s recon truction is low-pass-filtered 

to include the genuine signal, a normally it would be after it emerged from a DAC, the filtered re ult 

also include, the alias . Fig. 18S.8 show that, in this ca e, the 200Hz alias is larger than the true signal 

at I kHz. Together they sound like a low tone with a harsh metallic quality (contributed by the 1 kHz): 
not what a per on wants to listen to. 

u ~ 
input 
1kHz v" V\/1/V'v ~\Wfl ~ 

reconstructed. fT 
sampled 
at 1.2kHz 

filtered reconstructed - · 

-- --- --
frequency spectrum 

mtZ:00 reconstructed j . I 
} !inn:.f.!l~t.li ~:.iJ.L.... \ _ ,l,J!.Ul>.-.1..<.1.J.i...;J!'...,J ______. 

alias / 
200 Hz 
(fs-fin) input 

1kHz 

Chi 
Ch3 
i;l!l:;1 

2.00 V Ch2 2.00 v M2 .00ms 
2.00 V 

Figure 185.8 Effect of alias : in this case, second tone forming a chord with the true signal; in the 
usual case, a range of aliased frequencies would have its frequency spectrum inverted. (Scope settings: 
2V / div; frequency spectrum FFT, 1.25kHz/div.) 

Normally, aliasing is precluded by insertion of a Jowpass filter ahead of the ADC. This "anti ­
alia ing' filter blocks any frequency that cannot be sampled adequately. In these illustrations we omit 

uch a filter because, today, aliasing interest us. U ually it only threatens us. 

185.4 Explanation? The images, intuitively 

The rest of this chapter is an attempt to give an intuitive explanation for the fact that sampling intro­

duces artifacts ("images") that appear at n · f ample±fin. 

8 Thanks ro David Abram for spelling out th i point to us - a point that is surprising, aod rarely mentioned in the literature 
on sampling. 

9 Thi. bad new. ought perhap to be qualified for certain pecial cases: if an alias is entirely predi ·table - as it is if the 
high-frequency input i in a known and narrow frequency range, then perhap a narrow band-stop filter could be applied. 
And there are rare case where the alia ing i u eful: a radio carrier frequency can be deliberately aliased accompli shing 
what an RF ·'mi er·• ordinarily i u ed to achie . See A § 1 .6.3. 
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185.4.1 Sampling resembles amplitude modulation 

Radio amplitude modulation - 'AM" - provides an analogy that help .10 In AM radio, a signal "mod­

ulates" the canier. We will argue in the coming pages for the similarity between uch modulation and 

the sampling of an analog signal. Amplitude modulation - the olde t and implest way to impose a 

signal upon a radio "carrier" - multiplies the carrier by the 'modulating signal· see Fig. 185.9. 

Figure 185.9 AM modulation 
multiplies modulating frequency 
times carrier. 

AM signal = (1 + m cos..u11J) c:os ..,,;cf . 
. . ... . _. ~ ~carrier 

this preserves the carrier itself --.__,r ) 
modulation 

A little trigonometry indicates that the multiplication applied in amplitude-modulation will produce 

(along with the carrier itself) a sum of the two frequencie , and their difference: 

or, more compactly 

f~idcbands = .!carrier ± f modulation· 

The ' I+ · ·· 'in the equation of Fig. 18S.9 appear becau e (a the figure says) ordinary AM radio de­

liberately preserves the carrier in order to ease the receiver's job. Thi is convenient, but note ential. 

A straight multiplication without the 1 + · · ·,would produce just the sideband . 11 No carrier would 

appear in the output. 

That result is very imilar to the effect of our digital sampling, which produces ·' images that are 

um and difference of input and sampling-rate. Input takes the role of the modulating ignal in AM; 

arnpling pulses take the role of can-ier. In um, we argue that our sampling 'image " at kimple ± ./in 

are equivalent to the AM sidebands at .fcarrier ± J modulation· 

We II also di scover soon that ·ampling includes an offset term, a sort of " l " like the 1 + · · · of AM, 
in order to preserve the original input that is to be recovered from the digital form; but let 's work up 

to that point gradually. 

Figure 18S.10 . hows image · of AM radio in which a carrier is amplitude-modulated by the ig­

nal. The urn and difference frequencie appear, in the frequency pectrum of the product, as ide­
bands:" 12 

v Figure 185.10 Amplitude 
modulation produces 
"sidebands" that straddle 
the carrier frequency. The 
AARL Handbook for Radio 
Amateurs, 17th ed ., 
(1993), pp. 9- 4, 9-5 . 
Images, copyright AARL, 
used with permission . 

period of~: 
carrier · 

- - - - - - - - · Vcarrier 

- - - - Vcarrier I 2 

We W 

We - Wm We + Wm 

carrier with 100% amplitude modulation fourier components of 100% modulated carrier 

Scope images are more persuasive than sketches o here are ome AM waveform . Fig. 18S. l l 

first shows an unmodulated carrier (not very intere ting), then , to the right, what modulation looks 

IO Simp on , R., lntroducro,y Electronics.for Scienrisrs and Engineer. , 2nd ed. Allyn & Bacon, ( 1987), pp. 720- 72 l . 
11 Some radio modulation scheme · do di ·pens with transmitting the carrier; others . uppress one of the tw sideband . Both 

variations are more power-efficient, but less easy to demodulate. 
' 1 Simpson, op. ci t. p. 120. 
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like in the time domain (familiar to you from Lab 3L). Below those scope trace are frequency pectra 

hawing first the carrier alone, then the can-ier and idebands: sum and difference. The ideband are 

al ! carrier ±J; ignat where the "signal" in this case i the modulating audio. 
The modulation hown in Fig. 18S. l l differ from that sketched in Fig. 18S.10 in that the mod­

ulation of the scope image is not a single frequency but the (more typical) ca e: a collection of 

frequencies con tituting the signal. In thi ca e, the signal i speech. 

In the coming pages we will show some images of AM-like multiplication , done in the lab with an 

analog multiplier chip. The goal of this examination of the effects of multiplication of two waveforms 

i to try to per uade you that sampling is a very similar process and thu not much more mysterious 

than radio's amplitude modulation - a technique that, by now, i · an old friend of yours. 

I' : :·-- -r-· 

I . -- . . 

;· ~.)X;)tc 
. ' .. -·-· ...... . 

I - . -· - .., 

. ·-- " 
• I - • - - ··-·-

modulated carrier 

recovered audio 
("envelope" of carrier) 

frequency spectrum of 
modulated carrier; showing 
sidebands (sum and difference: 
carrier plus and minus audio signal) 

185.4.2 A reminder: spectrum of a sine versus pulse train 

Figure 185.11 AM radio: 
"sidebands" straddling 
carrier resemble conversion 
"images" that straddle 

f sample · 

More specifically sampling re embles multiplying an input by a sequence of nanow pulses at the 

ampling rate. 13 So it i worth recalling what the frequency spectrum of such a pul e train looks like. 

Sinusoid versus pulse train : The frequency spectrum of a sinusoid (a single frequency) is familiar: 
one pike. In the left-hand scope image in Fig. 18S.12, uch a olitary pike appears at lkHz: 

frequency spectra: sinusoid ... 

pulse train, 
1kHz 

frequency 
spectrum of 
pulse train 

t '' p 

I l I ! J1 J l ! I 

-~ .L. ,l :... !.J rli Ji. J 
. \14 00 111 W!ll.t I O. O d C 1. l Skll l 

Ch1 s 00 V 

1k 2k 3k 

. .. versus pulse train 

Figure 185.12 Frequency 
spectra contrasted : sine at 
lkHz versus narrow pulse 
repeating at lkHz. (Scope 
settings: 5V / div ; frequency 
spectrum FFT, 
l.25kHz/ div ; sweep rates : 
left-hand image lms/ div, 
right-hand image 4ms/ div .) 

In the image to the right in Fig. l8S. l2 appear the spectrum of a train of puL e , about 20µ wide 

repeating at lkHz (the weep rate is 4 x slower in the pulse image) . Again we see a spike in the 

13 For the clo. e t analogy to AM radio. we hould perhap tate thi. point backward : ". ampling resembles multiplying a 
sequence of na1rnw pul es - who. e role re embles the role of the radio carrier - by the modulating analog input." We have 
tated it in the other form , becau ewe usually think of ampl ing a a proce · applied to an input not to the sampler. But the 

two notion are, of course. cqui alenl. 
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frequency spectrum at I kHz as for the ine - but in addition the . pectrum show, spikes at 2k.Hz, 

3kHz, ... , repeating forever. That is they repeat at integral multiples of fin, where fin is the repetition­

rate of the input pulses. 

Effect of multiplying a signal by another waveform: 

Sine x sine (like AM): You recall that if we multiply two sinu oid we get sum and difference 

frequencies. Fig. 18S.13 give two images saying that. One shows a imple case: .f, = lkHz, h=4kHz. 
The difference and sum products appear: lkHz and 5kHz. (Neither contributing signal survives). 

Figure 185.13 Product of two sinusoids: sum 
and difference. (Scope settings: lOV / div , 
lms/ div ; frequency spectrum FFT, 
1.25kHz/ div .) 
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Sine x sine with offset: If we multiply a sine at J kHz by another sine at 4kHz - the case we just 
looked at - but we add a constant to the latter, then we get the sum and difference frequencies , as 

before, and in addition we get the origin.al, the lkHz sine. That sounds as if it might be useful, does it 
not? - given that our goal is to recover an original sampled waveform! 

Figure 185.14 Sine multiplied by 
sine-with-offset: the result is images -
and also the original. (Scope settings: 
lOV / div, lms/ div; frequency 
spectrum FFT, l.25kHz/ div .) 
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Thi result, in Fig. I 8S.14 does, indeed, re emble what we get - and require - in sampling. The 
original i what we 're after; the . um and difference frequencies are artifacts and these we plan to trip 
away. 14 

14 We hope you·re not rattled by the difference, here. from AM radio. There. it i the carrier that i. preserved by the ffset of 

the modulating . ignaL Here ii i ' the modulating signal that i preserved by the off ·et in the ca1Tier-like pul e train. We are 
arguing that ampling resembles AM, not that th proce . e · are identical. 
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Sine x pulse train (more like sampling) : We ve already shown that in the frequency domain the pulse 

h·ain looks like si nusoids at fin 2fin 3fi0 •••.• So you'll not be surpri ed to see that the spectrum of 

the product of sine x pul se-train looks like sine x ine endlessly repeated - resulting in repeating 

difference and sum . The off et applied to the pulse-train make ure that the original l kHz sine al o 

appear . 

input 
1kHz 

pulse train 
4kHz 

product 

frequency 
spectrum 
of product 

f in diff 1 sum 1 
1kHz 4k-1k 4k+1-k 

3k 5k 
diff 2 sum 2 
8k-1k 8k+1k 
7k 9k 

1.2S~ll Z 

Figure 185.15 Product: sine x 
DC-biased pulse train ~ lots of 
sum-and-difference pairs - plus the 
original sine. (Scope settings: 
2V / div , lms/ div; frequency 
spectrum FFT, 1.25kHz/ div .) 

The urvival of the original is urely good new. ! When we sample, this is our entire goal: to recover 

that original signal from among the artifacts. To clear away the artifacts, we need only a good lowpass 

filter. 

To recapitulate: in AID conversion, the sampling pulses play the role of the AM carrier; these 

pulses (whose amplitude i constant) are modulated by the analog input, which plays the role of the 

,nodulating signal in AM. 

The repetition of images around integral multiple of fi ample - repetition that does not occur in AM 

radio - occurs because the sampling pulses are not sinu oidal, but instead are narrow pulses with their 

many Fourier components: components that keep reappearing at !sample 2/sample, 3.f5ample, . . .. 

Readers adept at mathematics may recognize this a simply the convolution of spectra (in the fre­

quency domain) of the product of the ampled waveform with a periodic delta function (in the time 

domain) , a consequence of the convolution theorem. 

185.4.3 The punchline: the sampled data looks a lot like the multiplied data 

Figure l 8S.16 shows two scope images that support the claim that sampling resembles multiplication 

by a pul e train. (The ampled waveform has been reconstructed with a DAC as you can see.) 

The frequency spectra match: the spectrum of the waveform that was sampled and then recon­

structed as analog matches the spectrum of the product of sine and pulse train. This is the result we 

were pursuing in this chapter. 

185.4.4 A refinement or correction to the claim 

The sampled and reconstructed output (from an output DAC) differs from the multiplied waveform 

we have just been di cussing in one respect: whereas the sampled output is sustained between sampled 
points, the product (as in Fig. l 8S. l 6) is not sustained, but reverts to zero between multiplying pulses. 

The sustaining of the sampled level , as in normal reconstruction of analog from digital, ha. the 

effect of low-pass filtering the reconstructed re ult. The frequency spectrum of the DAC reconstruction 
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Figure 185.16 Sampled 
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how this lowpas effect: the image amplitudes dimini h with frequency, whereas the spectrum of the 

multiplied waveform shows no such fall-off. 

Figure 18S. l 7 attempts an argument by analogy to support this contra t. The figure contrasts the 

frequency spectra of pulse train versus square wave. Granted the square wave is not the same as the 

ustained "steppy" waveform produced by a DAC~ but it resembles it more closely than it resemble 

the pul ed output. This is only an argument by analogy trying to make plausible the observed effect; 

the rolloff of the frequency components of the DAC output. 15 

Figure 185.17 A heuristic 
argument for the rolloff of 
sampling images. (Scope 
settings: left image, 
2V /div, lms/ div; 
frequency spectrum FFT, 
1.25kHz/div; right image 
same except 2V / div .) 

pulse 
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frequency 
spectrum 
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spectrum of pulse train .. . ...versus spectrum of square wave 

~,.... - -

To compensate for this rolloff - which applies to signals in the frequency band of intere ta well 

as to the artifacts that are to be eliminated, a filter applied to the DAC output should include a slight 

high-frequency boost in the pas band to compen ate. Output filters for digital audio device do include 

uch a boo t. 

15 Thank to our colleague Jason Gallicchio for uggesting thi heuri stic argument - though we can't blame him if you find 
the argument a stretch . 

square wave 
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sustained DAC outputs) 

frequency spectrum 
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18W Worked Examples: Analog +-+ 
Digita I 

18W.1 ADC 

18W.l.l Size of error versus size of slice 

If a voltage range is sliced into n little slices, each labeled with a digital value, the value will be 

correct to I /2 the ize of the slice: I /2 LSB in the jargon. Perhap this is obviou to you. If not. try 

this example. 

Example How many bits are required for 0.01 % resolution? 

Solution 0.01 ~ is one part in l0,000. If a converter pan a SY input range for example, we mean 
that when we give a digital an wer, like "4.411 V, ' we expect to be wrong by no more than 0.5m V (1 

part in 10,000 of thejit!l-scale range: 0.5mV/5V). 

lf,,4-tl. . f . 
~ . . } size o error ,s 

't. 't115'- - - - This ,s ~.he value 112 {size of slice} ,0777 •if lf-1 f V '' } neare5! _to the true value, ::::) slice is 
· to 4 d,g,ts." 

't. '-f 10~ - - - - or 2110,000:: 115,000 

1+.'+10 ~rm wrong by( ± 0.5 m\l."' ::::: 114K :: 11212 

Figure 18W.l What I mean 
when I claim to be correct to 
0.01 %: I say the answer is 
4.411 V; I could be wrong by 
± 0.SmV. 

How many bits does the converter need? We can tolerate slice that are two parts in 10,000 wide, 

or 1/Sk. 12 bits give 4K slice (4096) , and give an error of l/8K or 0.012%: this doe not quite satisfy 

the pecification. One more bit - 13 - would cut that error in half to 0.006%, going well beyond the 
minimum requirement. Sou e 13 bit . 

18W.l.2 ADC application: digital audio 

CD e. tabhshed a tandard that still serves for pretty-good audio: 16-bit samples at 44kHz (abou t J 0% 

above the theoretical minimum to get 20kHz music). Let' calculate about how much data had to be 
stored on a standard CD. 1 

Example How many bytes had to be tored on a 74-minute audio CD? 

Solution Two byte per channel; four bytes per stereo sample. So, 

number of bytes= 2bytes/channel x 2 channel/sample x 44k ample/sec x 74 min x 60 ec/min 

:::::: 780 million byte :::::: 745M or 745MB. 

That' a lot of data. A CD actually holds about three times that much devoting the remainder to error 
correction and other overhead.2 

I According to legend. the 74 minute wa chosen by Sony to permit recording Beethoven' 9th Symphony: a curious 
concern, given the likely audience for most CDs. See Ken C. Pohlmann. Principles of Digital Audio, 3rd ed., ( 1995), p. 265. 

2 P hlmann. op.cit. p. 265. 
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18W.1.3 A more interesting application; noise and filter considered 

Converting a noisy signal: Suppo ·e someone asks you to specify an ADC to transmit some music 

digitally. The music amplitude variation are to be distinguished to about SOdB (- SOdB relative to 

full-scale, "-50dBFS:" much lower resolution than the CD audio standard), but you are to reproduce 

the full conventional lOHz to 20kHz frequency range. Here are the detail . 

Example If the re ·olution we look for is about SOdB, between loudest and quiete t pa ages, how 
many bits do we need to u e? 

Solution We want the quiete t mu ic - and the magnitude of the least significant bit (LSB)- to be 

SOdB below fu11- cale. We can plug that number into the definition of dB: 

LSB/full-scale = - 50dB· - SOdB = 20log 10 A2/A 1; logA2/ Al = - 50/20; A2/ Al = 10-(5/ 2) = 1/316. 

So we need enough bits to provide about 315 slice . Eight bits allow 256 lice. : not enough. So we' ll 

use nine bits, enough for 512 he s. 

We could get the same result using a shortcut from the starting dB pecification. We could use the 
fact that each additional bit halve the ize of a slice, sh1inking it by about 6dB. So, 50dB requires a 

little more than eight bits, by this calculation: nine to be safe. 

Straightforward case: no noise: Let'. uppose the signal i pretty clean: nothing ubstantial above 
20k.Hz. 

Problem What sampling rate? 

Solution The sampling rate must be adequate to acquire the highest frequency of interest, 20k.Hz 

in this case. A naive view of Nyqui t's sampling rule would say that we need to sample at 40kHz to 
get two samples/period. That answer is wrong. 

The sampling rate must take account of the limited slope of any filter that is assigned the task of 

keeping the highest signal while attenuating the lowest image. Such filtering is sketched in Fig. 18W.2. 

The filter we use in this problem is one that you will meet in lab (if you didn't get a chance to try it in 
Lab l 2L). It is, indeed, steep, as Fig. 18W.3 shows. 

The filter will need to attenuate the lowest image to under 1 LSB. The filter 's response curve in 

Fig. l 8W.3 shows attenuation of - 60dB at about 20% above the frequency where the filter begins 

to roll off (the "comer frequency," roughly .hctB). That is sufficient (and we probably can't squeeze a 

more precise answer from the plot of rolloff) . So ]et s make sure that the lowest image i 20% above 
the highest frequency of interest. That would put the lowe t image at 24kHz. 

Figure 18W.2 Filter rolloff dictates how close image 
may come to top input frequency. 

/ 
lowest image 

I f S - fiN t..,....... f 5 + !1N 
I I 
I I 

I 
I 

amplitude 

J \_ I f 
/sample 

max fiN 20l<Hz 24k: 20% above max !IN 

What sampling rate puts the lowest image there? Recall the rule that the lowest image appears at 

f ~ample - fin (max)· Plugging in the number in our case, we find f ample - fin (max)= 24k.Hz; and !~ample= 
24kHz+ fin (max)=44kHz. It's not be urprising that we should land clo e to the sampling rate of the 
audio CD - but it was by chance that we arrived as clo. e a we did. 
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Note that the MAX294 plot in Fig. l 8W.3 show hcts= l kHz, but hctB is adjustable from under 
I Hz to 25kHz· the plot can be caled to whatever hdB you choose. 

20 

0 

-20 

co 
~ -40 z 
< 
~ 

-60 

-80 

-100 

MAX294 
FREQUENCY RESPONSE 

J I 

Fo-= 1kHz 

~~r 

' 
-

0 3 4 
INPUT FREQUENCY lkHl\ 

Figure 18W.3 MAX294 frequency response. 

A nastier case, noise is added : Now suppo e that your converter is fed the st1ikingly noisy signal 

hown in Fig. 18W.4, rather than the clean music signal you were led to expect. You may recognize 

the cope image a a portrait, in time and frequency domain., of music transmitted and received via 

the infrared audio project on Lab 13L. The signal is polJuted by vestiges of the 30kHz carrier. 3 

Let's suppose that our goal is a before, to convert this and similar signal to digital form for 
transmission (by wire) over a longer di tance. 

OHz f 
50kHz 

time domain 
( scope s'Neep) 

20kHz 30kHz "carrier" 
(max freq 
we need) 

Problem What happens if you omit an anti-aliasing filter? 

Figure 18W.4 Frequency 
spectrum of some music. 

Given the sampling rate you prescribed for the "clean" ca e, qualitatively speaking how would the 
30kHz carrier noi e appear or sound when your digital tran mis ion wa. re-converted to analog? 

What happens to the other large noise peak that appears above the carrier frequency in the frequency 

'pectrum? 

Solution You wouldn't forget to put an anti-aliasing filter ahead of the ADC; but we did. A urning 

a clean signal (or the presence of an anti-aliasing filter), we prescribed a sampling rate of 44k.Hz. The 

3 The alerr ' tudent wi ll al . ore ognize the underlying music a a ph rase from a -olo by Mile Davi in So Whm?, on the 
classic album.Kind of Blue. 
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30kHz carrier frequency shows up as a large peak just tight of the center in Fig. l 8W.4. This would 

produce its lowest image at f ample - fin (ma )= ( 44kHz-30kHz) = l4kHz. It would be a high but audible 
whine. The smaUer peak at about 40kHz would produce an image at 4kHz - even more troublesome. 
We should not have omitted the anti-aliasing filter! 

18W.2 Level translator 

This is not really a worked example - because the task i so difficult that none of us could expect 

to come up with uch an elegant solution . This i more a chance to marvel at an ingeniously . imple 

design. 
Logic device powered from differing voltages may need to communicate. Letting one drive the 

other is a problem we have discu sed in Chapter 18N. We found, for example, that SV 74HCT parts 

could receive 3.3V 74HC output ucce sfu1ly. 3.3V parts could accept 5V input if they were de­

signed to be "5-volt tolerant," as many are. 
But the present problem is slightly different. 

Problem Design a bidirectional translator that will allow a single line linking a lower-voltage part 

to a higher be driven from either end. The bidirectional quality is what make this task not standard. 

Such bidirectional lines are not common, but they do come up at lea tin the 1-squared-C ("Jn ter­
Integrated Circuit') interface - which you will find briefly described in Chapter 24N. Even before you 

feel a need for such an interface, you may enjoy seeing the ingenuity of this one. 

Solution This olution de cribed by Philip in an application note AN97055, uses a ingle MOS­

FET and a pair of resistor to link digital parts powered by differing supplie .4 Fig. 18W.5 is a sketch 
of how the interface work . 

Figure lBW.5 Philips bidirectional 
logic-level translator. (Source: 
Philips/ NXP application note 
AN97055 .) 

3V SV 
LIJ uv 

IN: H1(3V} 1ll °"'"""'' 8SS!38 
QOFF 

3V 5V 

""""""' ht "'"""'' 8SS1l8 
QOFF 

3V 5V 
LV ~.J 

"~~, ltJ~ 
O~!'>lJII 

QON 

JV 5V 
l.~) HV 

OITT,lolOVJ~ 
BSSl:31? 
QON 

OUT: Lo(OV) 

IN: Lo(OV} 

two easy cases: 
e;ther input l-ligh 
permits other to 
be pufled-up l-ligh 

low from 3V 
side turns Q On, 
pulling 5V side 
low 

low from 5V side 
produces same result-­
but scheme is stranger; 
initially retying on implicit 
drain-substrate diode 
to turn Q On, not by 
driving its gate I-Ii but 
by putNng the drain and 
source of Q tow 

4 The note by Philips is posted by Adafruit: http ://www.adafruit.com/datasheets/an97055.pdf, and Adafruit and Sparkfun 
among others have wired up implementations of thi s interface idea. 
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Today i different from most others in that like Day 13, we'd like you to have the fun of building 

something of your own de ign. Unlike Day 13 though, we have no new information to deliver so we 

jump right into the lab itself, drawing on circuits we 've covered in Part IV. Below we've sketched 

several tasks that should be fun and manageable. We'd like you to write up a olution and build the 

circuit that you have designed. 

Two of the de igns take advantage of the Lab l 7L displays and we hope that feature will save you 

time. 

19L.1.1 Capacitance meter ("(-meter") 

Thi circuit i a mall extension of the period meter propo ed as an exerci e at the end of Lab l 6L. A~ 

you know the period of a ' 555 o cillator is proportional to RC. If you hold R fixed, then you can infer 

the value of C from the oscillator' period (or half-period if that happen to be easier to work with). 

Your circuit should run continuously, di playing it result on the LCD that has been a part of your 

counter circuit, installed in Lab l 6L. If you use the data lines rather than the address lines, you can 

take advantage of a tran parent latch built into the data di splay. You can how the capacitance in some 

convenient units. These could be, , ay, hundredth of a microfarad; it's your choice, but don't make it 

o weird that your met r baffle it u. er. By making the 555 ' frequency adjustable over a wide range 

you can "calibrate' your meter so that, for example, a 0.1 µF cap might read 0100. 

You will find in § l SL.5.3 a digital one-shot, 'double-barrelled" (that is it has two output , and 

that circuit is just what you might u e to latch a re ult into the data di play . If you u e the addres 

display (which would allow four digits rather than two) you would need to add registers to save the 

meter' count for display. So using the data latches will 'ave you some effort. 

We suggest that you build your circuit on a single breadboard strip, not to clutter the board that will 

hou, e your growing computer. We sugge t al o that you do not use the computer s counter because 

this counts in hexadecimal. In it place, we ugge t either of two BCD counters ("Binary Coded 

Decimal:" 0 to 9). The 74HC160 is a ynchronou 4-bit counter much like the 74HC163 that you met 

in § I 6W. L except in terminating it count on 9 rather than Fh (all one ). The 74HC390 i a dual ripple 
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BCD counter. Since we will be content with only a two-digit re ult you can manage with the 390 

alone. (Pinout for these counter appear in Appendix J.) 

Tasks and timing: You will recognize that, if the meter is to run continuously as we would like it to, 

your circuit will need to time things right: 

• Start and stop the counter using the '555 output (for this purpose, you can use the counter' 

Carry111 if you use a 74HC160, or you 11 need to gate the clock if you use a ripple counter (the 

74HC390). 

• After topping the counter, latch its output into the eight data line of the di play (thi port 

unlike the 16 address line , includes a transparent latch - and because we have been holding 

them in transparent mode until now you may not have been aware that a latch wa. included. 

The LATCH_EN* pin i pulled low by default (through a lOOk resi tor). Your logic ea ily will 

override thi pulldown. 

• Finally, clear the counter to get ready for the next cycle. Both '160 and 390 counters offer an 

asynchronou clear function. 

• As clock for the counters we uggest you use a crystal oscillator (available in your parts kit at 

11 MHz 1 ). But, if you are . hort of time, you can resort to the lightly cheap trick of adopting a 

function generator's TIL output as your clock ource. 

19L.1.2 Reaction timer 

This you may want to do in either of two versions, counters-gates-and-flop or counters-and-PAL. 

The problem : Here are some pecifications for the circuit. 

• One pushbutton, A, starts the timing; another pushbutton, B, stop the timing· A also turns on a 

green LED (it want 3mA at 2V), to which the other person is suppo ed to respond by pressing 

B. 

You may use an SPDT pu hbutton if you need to debounce; SPST will suffice if you decide 

bounce is harmless. 

• You are given an 11 MHz TTL o cillator: con ider this for the paper de ign; but when you build 

the circuit you can . ave time by skipping this part: just take a TTL clock from a function generator, 

u ing it to generate the l KHz that you need. 

• I ms resolution is ufficient, for your timer. 

• Debounce only where neces ary. 

• Let a third pushbutton C. reinitialize the machine. When the C button i pu hed, the machine 

clears all displays and await another measurement cycle. 

• Mea ure the reaction tirn ' in either of two ways: 

use the 16-bit counter you wired up in Lab l 6L (this will be the quicker method); 

or, if you want a decimal display rather than hexadecimal, u e a 12-bit counter made up 

of cascaded 74HCJ 60. - decimal or 'BCD" ( 'binary-coded decimal '') counters with syn­

chronous load Carryrn and Carryout and asynchronous Clear. 

• The "reaction time' can be di played on your LCD card or (if you like a standalone circuit 

you can u e TIL-311 hexadecimal LED display (the. e di play will how only decimal in thi 

application). 

I Strictly. the frequency is 11 .059 MHz. 
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• If per on B cheats by hitting hi button before A, turn on a RED "cheat" LED. 

• If the counter overflows light a yellow ' overflow" LED. 

One solution: build the reaction timer with flops and gates: We hope you will put your circuit on 

a private breadboard that can urvive if you're pleased with your work. 

An alternative solution: build the control logic with a PAL: You may prefer to take on the challenge 

of putting the controlling flops and gates (not the counters) on a PAL. Thi would give you a little 

experience doing something you have not yet done with Verilog: u. ing flip-flops one by one. 

Here are the ingredient we , ugge t. 

• Combinational/sequential PAL: u e an XC9572 (or the 3V part XC9572XL the part that you 

used in the Glue PAL. It provides 72 flip-flops, each with its own programmable clock, set and 

re et. 

• Use the PAL to control the counter. See the book'. website for a VeriJog Digital Project Lab file 

with pin assignments and test vectors. You need to write only the equation . 

• This de. ign i in one way easier than the C-meter: it run ju t once, and the counter stops, allowing 

one to ee the final count without any effort to catch and hold that final count in another register 

19L.1.3 Sinewave generator 

One can u e the trat gy uggested late in Lab l 2L to make a ine from a square wave: apply a 

very teep low-pas filter to the quare wave to keep only the fundamental. To make the design not 

excessively easy we'd like you to include a phase-locked loop to generate the clock for the MAX294 

filter, and that clock will be a multiple of the frequency of the input square wave. 

Here are the ingredients we ugge t. 

• Switched-capacitor filter: MAX294 (8-pole elliptic); its hc1s is I / 1 OO x the frequency of the 

clock fed to thi filter TC. You can find a data heet for the 294 online, and there you' ll ee 

typical circuits. 

• Counter: the straightforward way to arrange things is to tart with a square wave at the frequency 

of the clock input to the filter, and divide that down to provide a signal input to the filter. 

You want the filter's .hcts to lie above the frequency of the input quare wave but below the 

frequency of it first harmonic (a harmonic that you may recall occurs at 3 x fs:;quareinpm). You 
might divide down the filter clock by perhaps 128. Your PAL counter - installed in Lab l 6L -

can do the job. 

• PLL: Once you have demon trated that method - the more straightforward - you could try the 
harder scheme: in tead of starting wi th the high-frequency filter clock and dividing down , you 

can start with a ·quare wave at the frequency of the inusoid that you want to generate, and use a 

PLL to generate the MAX294 clock. You might set the filter clock at 128 x .f~inusoid· That hould 

put hctB under one half the frequency of the first harmonic of the quare wave. You'll find the 

PLL circuit shown in Lab 18L are clo e to what you'll need for thi task. 

• The frequency of the sin usoid should be adjustable over a" wide a range as you can manage: at 

least 50Hz to 5kHz. 

• Single- upply: probably you'll want to run thi on a ingle SY supply. 
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19L.l.4 4-Channel scope multiplexer 

Thi cope mux i fun, and will get you u ed to . everal useful notions: ( 1) normal binary-count se­

quence and their timing diagrams (perhap already famil iar); (2) u e of a 3- tate: (3) multiplexing 

(time- haring of a ingle ignal line). 

Thi gadget houJd di play the output of a counter (four digital line ) on one channel of a conven­

tional cope as in Fig. I 9L. l. 
Along the way, we will a k you to do e eral ta k. : 

• wire up a dual 4-bit ripple counter ('393); 

• put together a 139 2:4 decoder (or '138 3:8 decoder) and a quad 3-state (' 125) to form a 4: I 

multiplexer; 

• build n primitive 2-bit DI A that will add an offset to your digital ignals, to let you look at all four 

of them on the cope creen; 

• arrange thing o that the multiplexer advance to the next di play at appropriate times. 

It I• t { I J t, t • i >ff•,•, ,, I 4 I ! a' t ft I 

i C t"I I 6 ' I I t 6 t I t I 1 t f f \ f t I I I t ~ ' , It t 

.,, ... ,,.,...... . ........... , .. . 
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,, ,., . 
lOOmV M2.00ms, 

Figure 19L.1 Mux 
display: the two possible 
versions. 

alt scheme: one full line at time chop scheme: chop among four 
traces, on each scan 

We have tiied to make thi job manageable by de cribing the element of thi cope mux in stages. 

But we don t mean to ask you to draw your de ign more than once: please just how u a full 

chematic. (You need not how a con truction plan, with pin number .) Here are the e lement · of 

the circuit that you 11 need to de ign. 

• Two 4-bit counters. 

Con ult the 393 pinout in Appendix J, then wire up both halve . One counter form a part of 

the cope multiplexer - let ' call that the MUX COUNTER in thi di cu ion; the other counter 

. imply provide four 1ine of "data" - something for the mux to di . play. Let call that the DATA 

COUNTER. (You can , how the counter wiring on your complete chematic; never mind drawing 

the piece here.) 

• A 4: I multiplexer built from part . 

Show how to combine part of a 139 2:4 decoder (or '138 3:8 decoder) and one quad 3- tate 

(' 125) to form a 4: 1 multiplexer: show thi either here or on the complete drawing. Let two bit 

of the MUX COUNTER drive the two SELECT line of the ' 139. You ' ll find a description of 
the' 139 in Lab 2 1 Land in Appendix F. Pinout of the ' 125 is in Appendix J.) 
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The ignal that you choo e to clock the MUX COUNTER will depend on which of the two 

strategies you choose - CHOP or ALT (more on that below). For one strategy, you would use the 

fa test available clock - here the raw input clock; for the other strategy, you would use one of 
the Qs of DATA COUNTER. (The first time you read this paragraph you're bound to be baffled; 

don't let these cryptic remarks baffle you. Ju t draw your de ign and then reread thi paragraph 

to . ee whether it makes sen e. 

• U e our primitive OAC circuit. 

Figure l 9L.2 i our design for a primitive 2-bit digital-to-analog converter. Q11 and Q11+ 1 come 

from a counter. and drive the output through a 4-step voltage ramp, endle sly repeating. What' 

shown here provides only the endlessly- ycling offset or baseline tep . A signal from the mux 
will soon be added, as shown shown in Fig. 19L.3, feeding current through the 7.5k resi ·tor to 

the offset ba eline provided by the cycling counter. 

tk : (see above) 

(from a counter) 

Figure 19L.2 Primitive digital-to-analog converter . 

• Put the pieces together. 

Show how to wire the whole mes so as to display the 4-bit output of one of the two counters 

on the cope. Fig. l 9L.3 i our sketch of the scheme that we would like you design in detail. 

f/2 '393 

clock 

112 '393 

clock 

Parts: 

('f39, '125) counter 
G3 
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4: f 
mux 

_.../ 

QO 

5 1 so 

counter 

Gn+t 1---e-+-~ 
Qn OAC 

• 74HC393 dual 4-bit counter 
• 74HC 139 dual 2-to-4 decoder 

• 74HC125 quad 3- tate. 

3.3k 

J. Figure 19L.3 Block diagram of scope multiplexer. 
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Here' today 's problem: make a state machine that i fully general and programmable: transform 
memory and glue logic into a computer. Computers are o familiar to you that you may not think of 

this a much of a challenge. Once upon a time it was. 

20N.1 Microcomputer basics 

20N.1.1 A little history 

Prehistory: before the microprocessor: Yes, there wa a time when computer roamed the earth, 
but were not based on microproces or . In the 1930s electromechanical computers were built, using 

relays~ some were true 'Turing machines," fully programmable. At the ame time, the last giant analog 

computer were growing unaware that their era wa ending (notably Vannevar Bush differential 

analyzer, built in the late 1920s at MIT). The fir t fully-electronic computer, using vacuum tubes wa 

the Colo us, put into operation in 1943 as part of the British cryptanalytic work at Bletchley park. 1 

Because of its application to classified work it remained unknown to the public until the 1970s. In 

1946 the first American fully-electronic machine - not secret, and therefore often thought to be the 

fir t fully-electronic computer - was launched. Thi wa the ENIAC. It was big (see Fig. 20N .1 ), 

and could run at fir t a few hour between di abling tube failure , later - with better tube and the 

I See the good summary history at http://plato.stanford .edu/entrie./computing-history/#Col. 
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expedient of never turning the machine off - for about two days between failures. But it was fast -

about 1000 time faster than its electromechanical predecessors. 

Neither Colossus nor ENIAC wa, quite the general-purpose machine that we think of as a computer. 

Both were powerful calculators that had to be et up by arranging physical wiring u ing switches and 

jumper wires. They had not incorporated Turing ' conception of a tored program machine.2 

Figure 20N.l ENIAC: the first US fully electronic computer 
(US army photo) . 

A processor on a circuit board : Transi tors relieved the painful difficulty caused by vacuum-tube ' 

hort lifetime. Integrated circuits made digital circuitry much den er and cheaper than it had been. 

Fig. 20N.2 how a Data General Nova computer's processor board, ca. 1973. The board i about ·ix­

teen inches square, and is implemented with mall- and medium- cale TTL IC . Note the afterthoughts 
implemented with hand-wired jumpers. (This was a production board, not ju ta prototype.) 

Figure 20N.2 Processor on a PC board: Nova 
computer, ca . 1973. 

reg;sters 

backplane 
connectors 

The first microprocessors: Intel produced a 4-bit processor called the 4004 in 1970. lt was not con­
ceived as a general purpose device having been designed to implement a calculator for a single cus­

tomer. Intel gave it more general power , but no one took much interest. Two year later, Intel produced 
the first 8-bit rnicroproces or, the 8008. It had 18 pins di sipated a watt, and cost $400 and was not 

widely adopted. 

In 1974 the 8080 arrived, and thi · one enjoyed ome succe , - though it wa not quite the one-chip 

processor that one might expect: the 8080 required twent · other chip. to implement it interface to 

the rest of the computer. These early processors found their way into games notably Pong3 and Space 

Invaders. The 8080 also was the brain of the early hobbyist's home computers. 

2 Jbid. 
3 Pong was a huge hit - even though its designer scorned it. He said that after the failure of a more complex game, he 

decided to "build a game o mindles~ and self-evident that a monkey or it. equivalent (a drunk in a bar) cou ld in tantly 
under. tand it." (see M . Malone, The Microprocessor: A Biography. Springer-Verlag ( 1995), p. 137). 
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An is. ue of Popular Electronics from 1975 howing the Altair is said to have convinced Bill Gates 

and hi . friend Paul Allen that something was afoot that they ought not to mi s. They rushed to write 

a BASIC interpreter for the 8080 and Gates quit college to 'tart a company to develop this product. 

Meanwhile, competition was hot among the fancier parts, the microp,vcessors - the brains of full­

scale persona] computers: in 1976 defector from Intel moved across the street and formed Zilog 

which put out the Z80 ( o-called becau e it was to be the last word in 8080s). As often happen , it di 1 

not displace the inferior de ign. 

The following year, Apple launched the Apple Il computer its fir t ma -produced mode], u ing a 

6502 proce or made by a small company named MOS Technology. In 1979, lnte]' 8086 became the 

indu try leader by getting it elf designed into the IBM PC, even though Motorola 's new 68000 was a 

much cla. sier processor (adopted in the underdog Macinto h computer ). 

Figure 20N.3 shows a '386 rnotherboard.4 

hOlll'd 

sockets 

Figure 20N.3 IBM PC motherboard 
('386/87 processor) , ca . 1990). 

Microcontrollers: Well befor anyone imagined a mass market for a "per onal ' computer, it was 

not hard to envision uses for a versatile one-chip device that might implement a fancy calculator or 

perhaps a game. We have noticed Intel s deci ion to provide, in the 4004 a part that was more capable 

than what the single customer's calculator required. And a game like Pong could be made cheaper if 

it u ed fewer IC . 

So it is not surprising that the first microcontroller - a self-contained one-chip computer - was 

born in 1976, just a few years after the fir t microproces or. This was again an Intel design: the 8048. 

Indeed, th surprise for Intel and the world was the rapid pread of the "per onal computer." Very few 

people had envisioned any need for such a gadget. At first it wa only a few hardcore hobbyists who 

thought they needed to own a home computer. 

The 8051 Intel s second try at a microcontroller, was born in 1980 and sold in huge volume: 22 

million in the first year.5 Two year later, Motorola brought out the 6805, the best-selling microcon­

troll r of its era (about 5 billion . old by the year 200 I). Motorola remained for many year · the market 

leader in controllers, though not in processors , primruily because it dominated the growing automo­

tive market. Later companies now out ell both these original giant in the microcontroller market (for 

example Rene as - a Hitachi company - and Microchip outsell Motorola at the time of writing). 

Of course microcontrollers keep getting more and more "micro." The large t of the package in 

Fig. 20N .4 is the one you will meet in Lab 20L on the big-board (Dallas IC) branch of the labs: a 

wide-DIP 8051. The PLCC next to it i, the same pru·t in the ·omewhat smaller PLCC package. 

4 The motherboard i the printed ci rcuit into which peripheral cards and memory could be plugged. A bare motherboard wa: 
a computer but not a useful one, as it might lack e sen tials : for example. video di. play driver or a ma . storage device such 

a a disk drive. 
Malone, op. cit. 
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All of the devices shown in Fig. 20N .4 are controllers of one design - the venerable 8051 that you 

soon will meet in lab. The tinie tone, on the 1ight measures 2mm quare.6 

' . . 
,.... 1 I 

~

8051 used in micro fobs 
(LQFPJ 

('-preposterously .• 
...... ·.1~ • smalf Silabs 

Figure 20N.4 Shrinking 
microcontrollers: 8051 in 
four packages. 

• • f, j·,;:.A .. _ _.,., 
,r .,.. , 

'-- 8051 used in ' 81g' Board computer (OIP) ( 

c . 8051 (QFN) 

~ used in smaff S1Labs 
same 8051 (PLCC) LCO board (QFP) 805f (QFN) 

A package shrink. o do prices. In quantity l 000 some mall controller now cost 25- 30 cents. 

Some untested controllers cost a good deal less than that (we heard a recent e timate of 7 cents) - and 

by the time you are reading thi , no doubt prices will have fallen further. 

Recalling what we mean by "a computer" : The computers we are accustomed to are Turing ma­
chine. , tate machines that advance, one step at a time, from state to tate following a sequence and 

taking actions at each state. The inputs that call for taking a particular action, and that steer the ma­

chine to a particular set of next tates, are what we con ider to be the machines instructions. 

The ab tract model propo ed by Turing in 1936 wa intended to define the limitations of computing, 

rather than be a de ign for for a computing machine.7 Most contemporary computers are al o called 

von Neumann designs, meaning that they use a single store for both data and in tructions. An alterna­

tive arrangement, called 'Harvard class," also is u ed however. This even happens to be the scheme 

envi, ioned by the designers of the processor that we use in thes lab , the 8051. Harvard architec­

ture places in truction and data in eparate store . In our big-board lab computer, a you oon will 
see, we impo e the more conventional von Neumann architecture on the 8051 , despite its designer ' 

intention . . More on thi later. 

Stored program machine: The proce or is a state machine ( hort for "finite tate machine" or FSM) 

within a state machine: the computer it elf i an FSM. It reads, from memory one in truction at a 

time, executes it, then goes back to memory to find out what to do next.8 The equence of instruction 
form a program (or ' code"), tored in memory. 

The smaller-scale state machine that is the microprocessor is fed "insb·uction " - 8-bit codes in 

our case - that tell it which of its several tricks to do (28 tricks in principle). As it executes a ingle 

in, truction, the processor steps through the multiple states or step that are required for thi execution. 

Fig. 20N.5 shows an in truction decoder" drawn in the form usual for state machine . As it executes 

each trick - tepping through a multi-dock sequence of tates - it can turn on 3- tate. to drive signals 
here or there, can clock register to catch ignals, and o on. 

20N.2 Elements of a minimal machine 

An ordinary microprocessor requires a good deal of upport in order to do anything useful - in order 

to form a 'microcomputer." It need memory at very least. And it need. ome sort of input/output, to 

act on the outside world. Fig. 20N .6 sketche a block diagram of a generic computer. 

6 The part are, from left: Dalla · DS89C430 in DIP and PLCC packages: SiLab 8051F700 in QFP; Si Lab · 8051 F4 IO in 
LQFP (Lhis i the pan we u e in the SiLabs microcontroller lab ), Si Lab C805 I F990 in QFN and the tiny SiLabs 
C805 I T606-ZM in the 2mm QFN package. 

7 I ·n 'L thi s oddly remini cent of Boole' development of hi . algebra with the goal of making phi lo ophical analy is more 
rigorous? 

8 Mo t processors use a pre-fetch or pipeline to get one or more further word from memory. while bu y decoding the current 
instruction . The 8051 doe this, ancient though its des ign may be! 
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Which of these elements are required, which optional? Could one omit RAM? ROM? A disc drive? 

Keyboard? Display? (Surely we could omit ADC and DAC.) Yes, we could omit any of tho e elements, 

though not all. 

Figure 20N .5 
Processor as state 

Clock machine; it is the 

A 

µP 

may be faster 
t'11M1 CPU d~l.k 

Address Bus 

Oata Bus O t--~~--.-~~~~~--'----r-~~~-'-.,--~~~--r-~---- - r--

,-, ,-, ,:, ,:, Keyboard 

I Oata Display 1 
L<CRT or LCO monitor; usually) J Q 

1 
I 

r--01s;--1 
I Orive l 
L.-------.J 

usually! 

brains of the larger 
state machine that is 
the computer. 

Figure 20N.6 Any 
computer: which 
elements are 
essential? 

• RAM: RAM is important for general-purpo. e computer , but i not required for a dedicated con­

troller. 

In a full-scale computer, RAM can hold program code a well a data, and both code and data 

normally are loaded from an external disc drive (at present disc drives remain usual , though they 

are giving way to solid-, tate storage. But a controJler used, for example, to run a vending machine 

wilJ store its code not in RAM but in ROM. (The machine needs to be able to remember short­

term variable ; but the amount of memory needed for this purpo e may be o . mall that it can 

better be called 'registers.) 

• ROM: ROM allows a computer to run at . tartup - before any code ha been loaded into RAM 

from an external store. Once upon a time, before ROM, a computer lost all its code on power­

down and had to be nur ed back to life when turned on. Fig. 20N.7 show the front panel of the 

old Nova computer model that we once used daily.9 Why all those toggle witches? They were 

used to enter in trnction codes one word at a time. Put enough in, and you could then run the 

little program that read in a larger program from the paper tape. 

9 SouJce: Wikipedia: http://upload.wikimedia.org/wik.ipedia/commons/5/58/Nova 1200.agr.jpg Used under Gnu GPL license. 
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Figure 20N.7 Front panel of a Data General 
Nova computer (born 1969) . 

Figure 20N.8 Miracle of the 1960s: 
cowboy, like computer, lifts himself by 
bootstraps. 

,: 1 

"Bootstrap" loading: Ct' a bit hard to imagine working with such a machine (having paid about 

$8000 for it): startup wa ' laborious. It 's for that reason that a computer that simply ran when you 

turned it on seemed almost miraculous. It appeared to be doing the impossible feat of lifting itself 

up by its own bootstrap . . Hence the term "bootstrap loading," now hortened to "booting ' of the 
computer, to mean "starting up," or (more specifically) "loading operating ystem." 

• 1/0: there must be some sort of input/output hardware if the computer i ' to accompli h anything; 

but no particular form i required. General-purpose computers use keyboards and visual displays, 
but a controller regulating a proce s might conceivably get by with ADC and DAC, and perhaps a 

few knobs (read by the ADC). A till impler application - say, control for an electric toothbrush 

- might need no more than an LED, a tran istor switch, and a pushbutton. 

20N.3 Which controller to use? 
I AoE § 15.3 

The variety of available microcontrollers is indeed daunting. It might eem that a person would have .--------.. ! AoE § 15.10.4 
to put in a month of study before beginning. U. ua1ly, though, things are not that bad - largely becau. e 

mo t people are not so rational (or i it compulsive?) as to canvass and evaluate all alternative devices. 

Instead, most of u. ask around, taking the advice of those working near u . 

That makes sense, because it 's a big help to be able to a k advice from someone who ha used the 

particular variety that you undertake to use. Thi sort of conservatism - even among people who take 

pride in working close to the cutting edge of new technology - account for the remarkable fact that 

the 805 l design that we adopt Ln these labs remain the de ign most widely ourced (that is offered 

by the large t number of manufacturers) more than thirty-five year after its introduction by Intel in 

1980. 

In earlier years , the primary reason for this con ervatism may have been the desire to take advantage 

of a large volume of legacy code written for the particular processor or controller. Thi was important 
when coding was done in a. embly language (because a change of processor required a code rewrite). 
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It i not nearly so important now that coding is done in higher-level language (for controllers, most 
often in C). Apart from some C-extension required for each processor, the higher-level code can be 

ported to a new processor without the pain of a full rewrite. But it remains convenient to tick with 

one controller in succe sive projects. Small differences among controller do call for learning detail 

that it i pleasant to learn once, not repeatedly. 

20N .3.1 Microprocessor versus microcontroller, again 

If you take the Dalla big-board path, your lab computer will look like what's shown in the block dia­
gram on the left in Fig. 20N.9 - and like the big, pretty mes y circuit board on the left of Fig. 20N. 10: IO 

processor plu memory p]us I/0 devices, and the glue logic to make thi all work. But the brains of 
your computer, the proces or - even if you do build the big-board ver ion - is in fact a microcon.­

troller. On the big-board, as in the single-chip SiLabs controJler the brain i. an 8051. 11 The elements 

sketched within the dotted line in the right-hand diagram of Fig. 20N.9 form a full computer- and are 

included in the 8051 that we use, at first, only as a processor rather than as self-sufficient controller. 

The diagram also describes the single-chip controller that people taking the SiLabs path will use. 

r;;r;~Zl 
: timer; : 
, etc. 1 '--.--· 

1----.,......,....,---- ----------J 

~--------- ----- -- ------------- --- -- , 
I I 

CPU 

Oat a 

r;~r,;z1 
, timer; 1 

: etc. I 

1------,--,--- - --- --~:T-' 
Address 

I 
L---- - -- --- ---- -------- - - ----- - - - --~ 

All in one IC = µ Controller 

Figure 20N.9 Microprocessor 
plus stuff = computer ; one-chip 
=} microcontroller. 

Even better than a block diagram, photograph of the two alternatives - the breadboarded computer 
you are in the process of building ver u a single-chip microcontroller - . how how very tidy and dense 

the controller circuit i . 

breadboarded micro .. . ... single-chip micro 

Figure 20N.10 
Breadboarded 
big- board versus 
one-chip controller . 

The SiLabs controller i not offered in a DIP package, owe oldered it mall urface-mount 32-

pin package ("LQFP') to a DIP adapter. Fig. 20N.l 1 show a more specific X-ray view of the 8051. 

10 Well, these actually .u·e wiJed unu ually tidily. But it's very hard to breadboard a truly tidy circuit on this scale. 
11 We use ''8051 '' as the controller's generic name, though we u e two of many variants of Intel' basic design. The big-board 

use a Ma im/Dalla part: the single-chip de ign uses a Silicon Laboratorie. device. 
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(Half of the 16-bit address bus is brought out on time-shared (multiplexed) pins, a you will ee in 

Lab 20L if you are taking the big-board branch.) 

~ µ processor is integrated 
with memory and I/0 hardware 

805f-5fyle µ •Controller" 

16 (> f=xternal 

Control { 
Signals (CONTROL) [;;]PU ,-------, Program 

I OPTR t I Counter 
Oota Pr:>inler 

Internal Memory 

Address 
logic 

x 16 t-t--t-,6-.:=~= 

BOM B:4M ~ (Sp) Internal Address Bus -~--------~ 
1 1 Internal Oata Bus 

[> 
<1 
xB 

Figure 20N.ll What 's within 
the 8051 controller. 

lnstruc 
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/nsfruc. 
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Regislers 
(includes 
SFf?'s) 

Serial 
I/0 

20N.4 Some possible justifications for the hard work of the big-board 
path 

Before a king you to burrow into lhe detailed work of wiri ng a computer from a handful of !Cs we 

did confe that there are easier ways to u ea microcontroller. We invited you at the tart of Lab 16L 

to take a quicker route. The normal way to play with a microcontroller (hereinafter, we ' 11 often call it 

a "micro a we have said is to buy a "development" or "evaluation" board for perhaps $50; plug 

it into the USB port of an ordinary computer: install the development software - and 5 minutes later 
watch an LED blink on the evaluation board. (The maker of evaluation boards know how impatient 

we all are for a reward - and for evidence that our machine works.) AoE de cribe, everal uch kit in 

§15.9 the kits' appealing packaging illu trated in Fig. 15.24. We are as impatient as the next per on 

to see evidence that our circuits work- and yet, on this Dallas path, we deny you the pleasure of such 

qu ick results. Why? 

We can offer several reason . One is that we think its satisfying to build a machine with a minimum 

of mysteriou magic humming behind the cenes. Your little computer will include no clever operating 

sy tern nor even a "monitor" program· it will know no tricks that you don't teach it. (The proce sor 

it elf we should admit will remain a black box; we didn't have the nerve to ask you to build a 

proce. or from gates and flops. Building up a processor could, in it elf occupy a good part of a 

course.) 

A second rea on - somewhat distinct from the goal of minimizing magic - is that we want to make 

the normally opaque computer more nearJy transparent a. it runs: the circuit you will build hows its 

activity on the two buses - address and data. At full speed, such activity would be unintelligible, but as 

you ingle-step through code 12 you can crutinize all the machine ignals at your lei ure. Hardware 
freeze. execution until you are ready to proceed. We think thi close look at the machine'. operation 

wrn make notions like memory addres ing and instruction pre-fetch no longer just abstractions. 

12 "Single-step·· in your computer mean. "execute one bu -acces · at a time.' ' Thi is a lightly finer-grained single-step than 

the more usual meaning of ·ingle-step: "execute one instruction at a time." 

f=xternal 

8 
Oata Bus 
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A third reason, related but again distinct, i that we are giving you a wealth of opportunities to make 
mistakes. That may not sound like a gift that you want, but when we say, facetiou ly, in the Worked 

Example 20W that bugs are our most important product 13 we say it with some pride. You have been 

debugging the circuits that you build all through thi course. But thi micro circuit, with it 400 to 500 

connection point will present harder puzzles than the earlier smaller circuit . 

20N.4.1 Why use the 8051? 

The original 805 J de ign is older than almost any of our tudent .14 There are fa ter devices with 

more features and more peripheral - though the Silicon Lab version of the 8051 include, a pretty 

rich collection of peripherals , including ADCs and DACs ( ee AoE Fig. 15.7). We chose the 805 I 

because it is the most widely sourced design (that is , it i made by a great many manufacturers) ; 

you will find it offered, for example a a processor module that can be loaded into an FPGA (8051 

"cores from Cast or Hitech Global can be loaded into Xilinx and other FPGAs) and you will ee it 

in luded within a programmable ·'analog front end" IC from Analog Devices (ADuC842)· it is one of 

two alternative processors offered on Cypre s Semiconductor' recent PSoC designs, which include 

programmable analog parts along with a controller (see Chapter 26N). 

The 8051 is a cla ic among microcontrollers, illustrating much that you will find in any other 

controller that you meet. Some of its quirk reflect it age: it re ·tricted off-chip addres ing modes, 

for example, and the fact that all off-chip data must pass through the accumulator register. 

When operating upon on-chip regi ters, the 805 l is much less quirky - and this is the way a con­

troller ordinarily is used. The SiLabs branch of our microcontroller labs work that way. 15 The 8051 

remain a lively de. ign base - including some innovation that have not yet reached other proce or , 

like SiLabs 's controller that runs from the startlingly low supply voltage of 0.9V. And we hope that 

even if your next controller is a more recent one, it architecture will look familiar, since it derived 

from the design of this the original microcontroller. 

20N.5 Rediscover the micro' s control signals . .. 

All happy processor are alike, more or les. : their control signals resemble one another s. Each un­

happy computer is unhappy in its own way - thi. you will discover as you debug your breadboarded 

lab computer, and debugging is a large part of the fun and challenge of putting together this machine. 

§22W.2 notes some tandard debugging techniques and a few common problems we have seen in this 

lab computer. Here, we invite you to rediscover the control signaL that any processor would need, in 

order to communicate with the device attached to it. 

The proce or i the boss, or the conductor of the orche tra (or maybe it's only a chamber group; 

not o many elements, in our examples). It determines when each event hould occur, and sends out 

. ignal to make the e events occur. The processor must ay what sort of operation it means to do, 

with whom it wants to do it, and exactly when. In the table below, we Ii t the elements of information 

that eem required - and alongside these generic description , we' ve listed the signal s u. ed by three 

processors or bu standards. 

13 If you think you hear an echo of General Electric's old advertising logan, you're right. 
14 It i. the original 805 J design that i old. The ver ions of the 8051 that we use, from Dallas/Maxim and from Si Labs, are 

much younger. 
15 The sole exception, the single case where the SiLabs program. run "off chip'' is the program that store data in MOVX 

RAM . Even this i . , in fact, 0 11 chip, but the addressing mode i the same as for true off-chip accesses, and partakes of the 
oddne se of that mode. Addre . mu. t be provided by a dedicated data pointer register, most notably. 
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• 

Here are the three buses we 11 discuss: 

the old IBM PC 16-bit ISA/EISA bus - now gone from desktop machines but per i ting in indus­

trial computers in the PC 104 standard; 

• the 8051 controller/processor's signals - when used, as in our lab computer - to control an exter­

nal bus 16; 

• Motorola 's clas ·ic 68000 processor, 17 to illu trate another way of handling timing signals. 

Kind of Information ISA bus 
Direction oftran.\j'er MEMR*,MEMW*, 

TOR*, IOW* 
Timing included 

Catego,y: Mern vs I/0 included 

Which, Addre : 20 lines 
within category (IO lines for 1/0) 

8051 
RD*,WR* 

included 

doe. n' t care 
... but we care . o we can assign 
... an addres line to distinguish 
... mem from I/0 (we use Al5) 
Addr: 16 lines 
( 15 if we've used I for I/0 v mem­
ory) 

68000 
R/W* 

Data Strobe*, 
Addr Strobe* 

doe n' t care 

Addr: 32 lines 

We don't expect you to digest all thi information from a dense table. Let's note, less formaJly some 

of what this table ha · to say. All these processors and buses agree concerning what needs aying. 

• "Direction of transfer" describes which way information i. flowing: toward the CPU or away. By 

rigid convention, the description is CPU-centric: 

RD* ("read" and active-low, as usual) means toward the CPU; 

WR* means away from the CPU. 

Figure 20N.12 CPU-centrism defines the 
otherwise ambiguous "Read" and "Write". 

ISA and 8051 use very similar signals - not so surprising when one recalls that Intel pro­

vided the processor behind both designs - with name. like RD* or WR*. Motorola did it 

differently: they provided a direction signal, R/W*. 18 That R/W* signal includes no timing 

information at all. 

• Timing: the ISA and 8051 signals include the timing with other information: the beginning or end 

of the signal ( ometimes both, but not always) indicates when the action occurs. For example, 

when RD* goes low that means the processor wants a peripheral or memory to turn on its 3-state 

driver; when RD* goe high again, that's the time when the proce sor will pick up the data that 

was provided. 

The Motorola cheme i different. Motorola provides a eparate timing pulse - called" trobe," 

a pure timing signal often are. Two line are used to say the equivalent of the 8051 's RD*: 

16 Bringing out the buses is decidedly not standard behavior for a microcontroller. No buse can be brought out of the Si Labs 
part. 

17 Thi. processor. once the brain of Macintosh computers among others, i. a 16-bit proce . or. Only one 68000 variant is till 
in production (by Freescale. not Motorola). 

IS As you've gathered, by now, uch a signal indicates in its naming, which level signal which activity. A low on R/W* 
indicate. a write. for example. 

AoE §§ 14.3, 14.4.1, 
Table 14.2 
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Figure 20N.13 A "RD*" pulse, for 
example, says not only what the processor 
is doing, but also when. 

Motorola drives R/W* high and DS* low. Their coincidence is equivalent to Intel s RD*. The 
Motorola cheme has its partisans (it doe n't waste lines because trobes can be shared)· both 
chemes work. 

• Memory ver us 1/0: this distinction i useful to us humans. Memory i what it ounds like; VO is 
everything el e: everything that is not memory. Even device that you may think of as essential 
to a computer, like keyboard. and displays, are I/0. 

But whether the proce, or or bus needs to distinguish I/0 from memory depends on whether 
it wants to be able to operate on them differently. The ISA bus does distinguish the two, and this 
allow it to require fewer address line for I/0 devices (ten lines) than for memory, somewhat 
easing the hardware designers work. The 8051 has no special 1/0 operations or re triction · 
anything it can do to something stored in memory it can do to a peripheral as well . This sort of 
treatment of input and output i commonly referred to as "memory-mapped 1/0." 

We make the di tinction in our lab computer becau e doing thi. allow us to do extremely 

simplified I/0 decoding. That work becau e we have very few I/0 devices. We do in extreme 
form what the ISA bus does for I/0. ISA I/0 pays attention to 10 address line ; we pay attention 
to two. 

By contrast, in the category we a sign to memory (the lower half of all addres pace) we 
pre erve normal addressing: we pay attention to 15 address lines in order to address the RAM's 
32K locations. 

If these mentions of decoding are not yet clear to you, don't woITy. We will look closely at our 
l/0 decoding next time. (And you may want to look at §17S.2 on address decoding.) 

• Which, within a category: Address lines are used for this job by all processors. The old ISA bus 
handicapped itself long ago by providing too few address line for a full- cale computer - 20 lines 
on the bu ; just 16 from the 8086 processor itself). As a result Intel and IBM then had to devise 
clumsy ways to enlarge the addressed space ("paging" among 64K blocks). The 8051 is similarly 
constricted, and new variants offer paging to expand the available space. Motorola's 68000 started 

big, having modeled itself on larger mirucomputers: 32 lines define an addres space that is nearly 

adequate by present standards. 

20N .5.1 ... and apply the control signals 

Let s try applying these control signals for the ISA and 8051 cases in order to attach a simple periph­
eral. The hardware we mean to attach i an 8-bit pair of hexadecimal displays that include built-in 

latches. Those latches wilJ serve to catch what is sent down the data bus to the displays. 

ISA bus case: Let's first choo e appropriate ISA bus signals. The operation is an OUT - the l/0 
version of a WRITE - ince the flow of information i away from the CPU. So we want one of the 

two WRITEs. This is not a memory operation, so we need IOW*. That takes care of most of the task: 
this signal defines direction timing and 1/0-ver us-memory. All that remains is to place the di play 
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at a ingle location (so it doesn ' t tread on the toes of anything el e in the computer), and then let the 

proce or end it value . 

When using a fulJ-scale computer - like the old ISA-bus computer on which we tried thj as a 

demon tration - we need to take account of what already is installed on the computer and find an 

unused 1/0 address where we can put the new peripheral. The IBM PC we were using ha some clear 

pace beginning at hexadecimal address 300h, so let' put it there. 

How do we "put it there? Al\ we mean i ' let the peripheral detect when that addres arrive from 

the computer' (carried on the address bus). If the arrival of this address coincides with IOW*. our 

decoding logic should generate an OUT300h* signal that will catch the data. 

300h is the Hexadecimal expre ion for a twelve-bit binary number but the ISA bus specifie that 

only 10 address lines are used to define an 1/0 address. So we need decode only 10: A9 . .. AO. Then , 

in binary, the addre , 300h will look like 

A9 .. AO: 11 0000 0000 . 

That i the pattern our logic needs to detect. So we need a wide AND gate that will combine this bit 

pattern with an as ertion of lOW* (and a pesky additional signal, AEN, which we want to make . ure 

is not asserted, because it indicates an exceptional ·ort of operation, "Direct Memory Addre sing, ' 
DMA). Fig. 20N. l4 is a timing diagram de cribing the bus behavior we can expect. 

A15 ... AO= 
row"' ~ thi~edJe 

Data l\o: rtaJJ ~et 

DATA - -( ____ >-
Figure 20N.14 Timing diagram for ISA bus write. Va ll~ 

The diagram tells u we hould use the later, trailing edge of the IOW* pulse, not the leading edge. 

Put the signals together, into a wide AND gate (probably u ing a PAL) and it's done: see Fig. 20N.15. 

Address decoding; a bus example: We implemented this imple address decoding in a PAL, bringing 

out one extra line - Address_Match - to indicate le s than a complete decode (i.e., ignoring AEN 

and IOW*). We ran a little Basic program on the PC putting out incrementing bytes to port 300h, 

and then watched on the oscilloscope, trying three alternative trigger signal . The results reveal ome 

truth , about not ju. t thi old PC but about computers generally. Let's take the three cases one at a 

time: 

• Ca ea), on the left of Fig. 20N .1 6 (triggering on IOW*). 

We see an overlay of wider and narrower IOW* pulses, and faint gho t of Address Match 

(300h) and of OUT300h. The e ghost imply that only a few of the cases where IOW* is as erted 

coincide with the latter two signal - though the faintnes of the traces make it impo . ib]e to be 

ure of that. Why might there be an IOW* that doesn't coincide with the other signals? Becau eon 

a full- scale computer the little program we wrote to exercise thi display is not the only program 

running. Some other background program is doing l/0 writes, as well. So only one of the IOW* 

ignals is ours. 

• Case b) (triggering on Addre s Match) 

We took care to see that nothing else is installed at I/0 addres · 300h. But we see 300h matches 
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that do not coincide with IOW* - and in thi case there is not even a faint IOW* trace suggesting 

that most 300h instances are not ours. How can this be? 

There is a simple answer: 300h can occur in memory space as well as I/0, and for those cases 

there will be no assertion of IOW*. 

All--~ 
AB--~ 

10-l,tt 
3-00~ 

!J---u 
1!-- -<I 
A3 __ n 

ii-- -n 
Ao __ -n 

AEN 

1ow· 

Data Bus 
Figure 20N.15 Display 1/ 0 decoding for 
ISA bus. 

AOORE5S 
match 
(300h) 

ounooh· 
. . . . . -- .. .. .. . . . ....... .l 

-- I . 1 

{~:.iM>) .i1fli.r1~ m 
tiiiJ s.ooV Ch2 s oov "1 oo~s .. <Chi J 2 10 v 
Ch) S OOV Ch< S oov 
Incrementing display program: 

a) Trigger on IOW" b} Trigger on Address Match 

rim s'Tovchi' s.oOVMl"ooJ,t1 A Chl J 2. 1ov 
Ch3 S 00 v C.... S.00 v 

c) Trigger on OUT300h* 

Figure 20N.16 ISA bus signals as increment-display program loops. (Scope settings: 5V / div; lµs / div .) 

• Ca e c) (u·iggering on OUT300h*) 

At la t thing are simple again. The three signals line up nicely: lOW* coincides with addres 

300h and generates OUT300h*, a planned. The bottom trace, showing line 5 of the data bu , 

appears both low and high during the OUT300h pulse. Thi makes ·ense too if we assume that 
we are seeing several scope traces overlaid once more: the incrementing-value program causes 

any single bit of the incremented value to toggle. So 05 is recorded sometimes high, ometimes 

low. 

What is the rest of the activity of this very busy data line? The waveform i complicated - but 
appears to be constant at lea tin this rightmost case. The other two ca e look pretty chaotic and 

show ometimes ramps rather than good logic levels. 

The details of tho e waveforms need not concern us, but we can recognize that the funny level 

how the Line at times when no device is driving the line. The odd ramps show the cases where 

the line i not driven high or low but i 3-stated. So it drift toward a level close to the midpoint 

of the logic range, pulled probably by the display input. 19 

The major point we want to underline here is that most of what travels on the data bus is not 
data - at least, not data in the strict sense . Instead most traffic is in tructions, in a conventional 
von Neumann machine like thi ISA bu computer. In such a computer, in tructions and data (in 

the narrow ense) live alongside each other in a common memory and travel on the common bus. 

The con rant levels een on data line D5, in Fig. 20N.16 are bits of instructions. They are constant 

19 This di play input i. TTL-like if you u e HP LED display ; the display input is weakly pulled up if you u e our custom 
LCD board. 



770 Microprocessors 1 

because the program is running a tight loop, and thu repeats as we watch. We'll see in a moment 

that our little lab computer shares this conventional von Neumann design. 

Doing the same thing with an 8051: In some ways the task we just asked the ISA bu to do i more 

easily done with an 8051. It is easier becau e in our small 8051 world there is no need to consult a 

table that indicates what uses other de igner of hardware and code have made of available addre se . 

Things can be very simple if we like; we are in charge. 

For the present example, let's put the data di play at a port we call 'Port Zero' - u ing the external 

buses; and let 's decree that we need to di tinguish Port Zero from only one other port, Port One. Let 
u , further, adopt the convention we u e in our lab computer, assigning memory to the lower half of 

all address space I/0 to the higher half; see Fig. 20N. 17. A 15, then, di tinguishe I/0 from memory 
and "Port Zero" is just the first I/0 location . 

Address 
A 15 (hex)(tG bit) 

1 

------ 8000h ---

Address 
"space" 

I/0 

Figure 20N.17 To keep things simple we split address space 
equally between memory and 1/ 0 . 

O Memory 

______ OOOOh __ _ 

To decode Port Zero we need to find the appropriate 805 l control ignal , and a few address line . 

Fig. 20N .18 show the candidate 8051 control signals once again. 

Figure 20N.18 8051 control signals. 

We have decided that the msb of the address lines, A 15, will mean "1/0 ' when high. Since thi 

is an output operation in which inf01mation flows from CPU to the world it i a write and WR* is 

the appropriate control signaJ. Now all that remains is to distingui h port number "Zero" from port 

number "One." The obvious way to do this is to use the least-significant address line, AO as shown 

in Fig 20N. l 9 (and it would be perver e to use any way other than the obvious way; we would only 

confuse people who used our machine). 

How many other ports does this decoding permit? Well we can have a Port One by detecting AO 

high. We can also make use of input ports at the same two addres es - INO* and INI *. So our decoding 
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permit four port two IN, two OUT (or, if you prefer, 'two bidirectional port '). Thi arrangement 

would not let our computer do much; even our small Jab computer will want twice a many port . 

But this imple example begins to let one fee l how imple our decoding can be (' lazy i what 

we call thi sort of decoding - where we deliberately omit many address lines in order to keep our 

hardware simple). We could define twice as many port by adding a econd address line (Al )· and so 

on. Next time, we will do exactly that. 

directi.on (away frorn CPU) 
and t~mi~9 ( L.-J) 

l II )) J. t· ' I J ow ==> 2.ero1 a~f wJ.uuneq 
from '1one 11 

J)ata Bus 
Figure 20N.19 Decoding an 
OUTO* port for a tiny 8051 
control ler. 

20N.6 Some specifics of our lab computer: big-board branch 

We're intere ted in the little lab computer as a device to introduce ome general panern in the be­

havior of computers and microcontroller ·. But along with the, e general truths - which reflect the 

imilarit ie among all contemporary computers - we re obliged to get u ed to some very proces or­

pecific detail a. well. These won't ca1Ty over to your next design, and do not apply to the Si Lab 

ingle-chip lab . The details are nece ary on ly to let big-board builders understand their lab computer. 

SiLab people can kip ahead to §20N.7. 

20N .6.1 Von Neumann versus Harvard Class 

One might expect a computer born at Harvard to be a Harvard Clas computer, but our Dalla de ign 

i not. In fact, we went lightly out of our way to make ure it wa not. We hould define our jargon, 

in ca e it . not familiar to you. Some computer place instructions in a memory eparate from data· 

most do not do this. The one that eparate the two are called 'Harvard Cla " machine .20 Thi 

eparation ha been the exception until recently when microcontroller (notably the PlC processors) 

have made thi de ign choice more common. The 8051 's de. igner envi ioned such a separation - but 

we have defeated that expectation becau ewe didn 't want to a. k you to install two memorie in your 

lab computer. (We al o like to offer you a computer that is conventional in it de ign .) 

The 805 1 di tingui he a code fetch from a data read. PSEN* ("Program Store Enable*") is .in­

tended to enable the code memory; RD* hould enable the data memory. Your glue PAL merge the 

tw orts of memory by imply ORing PSEN* with RD* in forming the signal that drive the RAM' 
3- tate control it OE* pin: ee Fig. 20N.20. 21 

20 They got thi nam be au e thi de ign wa u ed in Aiken '. Harvard Mark I. on of the world'. fir. taut matic digital 
computer/calculator ( 1944). 

21 The third signal. BR*, indicate that we human. want 10 take over the bu. c. ; we require di -a. se11ion of another . ignal, 
ALE. to cover an exceptional case. a erial program-load . 
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Figure 20N.20 OR'ing PSEN* and RD* eliminates the "Harvard iw. _...,.....,_...,....,..._~~ 
Class" distinction between code memory and data memory. 

20N .6.2 Address multiplexing 

The 8051, like most controller , make double use of some of its pin to keep the package small ( 40 

pins in DIP,22 44 pins in the more compact PLCC23 and consequently, inexpen ive. The 8051 ave 

seven pins by making double use of eight pin for both addres and data - one pin i sacrificed to 

indicate what the eight lines mean. 

More specifically, early in every bus cycle24 the e shared lines can·y the eight bits of low-order 

addre . A short time later (about 80ns given the 11 MHz clock we use) those line switch over to 

carrying the eight bits of data. The ALE signal ("Addre Latch Enable") erves to catch the address 
information in a latch before it evaporates to be replaced by data. Fig. 20N.2l bows the timing (at 

l 1MHz)25 . 

Figure 20N.21 ALE latches multiplexed 
address information; these shared pins later 
carry data (timing assumes llMHz clock) . 

XTALf 

ALE _}---{/"'--- 16 ns / 

I I 
1 1 176ns I 

PSEN __;--i, V 
I I I 
\ : (; f6f ns 1 : 

AOO . .A07 ===>---<=.:~ 1~00£ 
~ ~80ns 

demux register latches AOORESS 

These shared or multiplexed lines are named "AD7 . . . ADO." This sounds like "Address. . . , but 

here ' AD' means "Address/Data." You may at first be puzzled by the circuit diagram in Fig. 20N .22 

howing these lines going to a latch, but al o to what is labeled "Data bus." 

But thi · complication is the price we pay for limiting the number of pin on the package. A few 

other pins too, serve multiple functions ; RST (normally an input, but an output during trouble that 

force a system re et), PSEN* (normally an output but input for the purpose of turning on the on-chip 

"loader" circuitry). But it is the shared "AD' line whose multiplexing you will work with every day. 

20N.6.3 The single-step logic 

As Lab 20L explains, our little computer implements a single-step function entirely in hardware.26 

Our hardware single-step for the Da11as circuit is simple: it works by ending out ju t a few cJocks 

22 DIP, as you know, is Dual lnline Package - our u. ual breadboarding package. 
23 PLCC is "Plastic Leaded Chip Carrier," a relatively large package by today's standard . lt can be oldered a urface 

mounted or housed in a socket. 
24 ote that this multiplexing applie only when one uses the 805 1 with external bu e . 
25 The latching shown i. standard for the 8051. Some 8051 variants like Dalla.' DS89C4x0 controllers, offer the option of 

latching the high half of addre s rather than low; in most case · (within any 256-byte "page"'), thi allow faster bu 
accesse, . 

26 There are other ways to achieve ingle tepping: one can enable interrupts, then u ea level- en itive interrupt to break inro 
program execution after each in. Lruction (see Intel's MCS5 I Microcontroller's User' Manual." p. 326). And more recent 
micro permit control of execution from an external computer. This i the way we work with SiLabs 8051: a erial link from 
a PC allows single-stepping and allow interrogation of on-chip register - a trick our little Dalla, computer cannot do. 
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at a time, then choking off the clock source. lt uses ALE to keep itself synchronized - so that it always 

stop about halfway through any bu acce. , at a time when all control, data and address ·ignals are 
valid. 

I 
;:;) , 

ti • 
il?, 

6 1<..I 

address (low 8) 
caught by ALE 

f 
, ------ data bus t

1

1

• (most of the time) 

ALr l 'vAT;I. ll'ilS 

'-;;~~·1-0,' !>II~-= 

ALl:l-"-3o _ _ Figure 20N.22 Common lines, AD7 .. ADO, 
briefly carry low-half address, then all data . 

That behavior makes this single-step very u eful for debugging hardware. It al o serve to let u 

debug small programs, by letting us execute their code one line at a time.27 If on the keypad, you 

select STEP rather than RUN then, each time you hit the INC button, the proce or is fed enough 

clocks o that it proceeds about halfway through an operation (which may be an instruction fetch or 

for example, an input or output operation.) The STEP PAL does this by shutting off the processor's 

clock oon after the ALE puls that mark the beginning of each operation. 

Figure 20N.23 hows one such burst of four clocks, terminating soon after ALE; at that time the 

addre has been caught in the 573, and the multiplexed data lines are erving as data bus. 

Waveforms: Mo t instruction cycle use four XTAL I clocks - the 1 lMHz clock ignal fed to the 

controller.28 But an in truction that takes substantial execution time will use many more clock cycles. 
The single-step hardware, by always allowing two clock cycle after the fall of ALE, permits ing1e-

tepping regardles of the number of clocks used in a particular in ·truction. 

Schematic: The general idea i simple ; the implementation i fu sy. To keep clocks intact, not shaved 
or (worse!) glitchy, the ynchronizing flip-flop use the falling edge of the clock. Fig. 20N.24 is an 

attempt to explain what' going on.29 Feel free to ignore thi, gritty detail if you like. 

20N.7 The first day on the Silab branch 

Using the SiLabs one-chip de ign (the '4 10), you'll have almost nothing to build before you can try 

out some programs. You need only make the connection from PC to controller, u, ing a pin-sharing 

27 ··one line ... " i · a little vague: strictly, it is one bu · access at a lime. 
28 This i. true for bu. cycles using the external bu. e·. When running from internal ROM , the proce or executes many of its 

instruction · in a single XTALI cycle. A further omplication (not one you need ro worry about) : XTALI the clock input, 
is not nece. arily the same a the internal clock u ed by the controller. That internal clock may be a 2 or 4x multiple of 
XTALI, stepped up by an on-chip "crystal multiplier" (see Maxi111/Dallas Ultra -High-Speed Flash Microco11troller User ' 
Guide, pp. 78- 79: hup://pdfserv.maximintegrated .com/en/an/ AN4827 .pdf). 

29 We know: it'. always hard to make sense of someone else 's peculiar de ign choices, or of someone else 's ingenious 
program ode. 
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Figure 20N.23 STEP 
PAL allows single-step 
by cutting off clock 
soon after ALE. 

............. t ......................... ~ ....................... ; ........ · i .... .,1 -~ ......................... ~······ ············ .. ······t"'"'"'•··-··· .. ······i····--··· .. ··· ............ t ..................... . 
······~·· · .. ····i··· .. ············-·····-1·-······-·············'·············-~+~rV*~~~---.. ·· ..... : 

Figure 20N.24 The 
single-step logic: the 
details . 

~JO--1:1LLF~· 
100nsydiv 

t. Keypad pushbuffon starts 
things, taking 
TRfG-SYNC high, 
affowing clocks to pass 

2. ALF:'s faff chokes off the 
clocks-but not right a1W.1y. 
Of:LAY has to 1W.1it for faff 
of cfock; then another clock 
cycfe is needed to send 
TRfG_SYNC fow, stopping 
flow of clocks. Thus two 
clocks get through after the 
fall of ALF:. 

3. Fuff speed Two 1W.1ys to 
get it: user chooses RUN": 
or any of 3 conditions that 
require a clock for their 
own purposes. ~ 

STl:P _RLJN' --'\ 

{ 

8USRGIST' --p 
lOAOER' --

µRf:5£:T" --

B 

'FUll_SPl:l:O' (OUTPUTl-/0)() 

scheme that allow debugging control without making a pem1anent commitment of any controller 

pins. With just 32 pins, this pin sharing makes good sense - and is preferable to committing four pins 

full-time as in the more standard JTAG protocoI.30 This proprietary serial link (which SiLabs call 

"C2") is described in §20L.3.2. 

Since the lab includes next to no hardware work, you will be free to pend your energies getting 

used to the a 'Sembler and to the debugging interface. You wi11 find that you can watch the 8051 's 

register as you single step. The first day 's program (§20L.3 .5) does no more than blink an LED -

providing the pleasure that we have admitted everyone seems to want from a control1er. 

20N.7.1 Little test program for the standalone branch : blink an LED 

The core of the program : two lines: Thi s program is as simple as the fir t big-board program (just 

an endless loop, listed at the end of Lab 20L; we examine this program closely in Chapter 21N) -

except that it necessarily include ome background commands used for the SiLabs variant used on 

this branch. 

A we ay in Lab 20L, the central part of the program i a simple a thi : 

30 JTAG is .. Joint Te ·t Action Group," the name of an industry group that establ i, hed a standard way to test ci rcuits by 
bringing their internal nodes to pins where level can be read . erial ly. 
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FLIPIT: CPL PO.O ; fl i p LED On, then Off, ... , endlessly 

SJMP FLIPIT 

"CPL ' is a ingle-bit operation that means "complement bit. PO.O i bit zero of Port Zero, the pin 
to which the LED is wired. 

20N .7.2 A full version of this simple program 

Register initializations: The versatility of controller is "both a ble sing and a curse." To do the 

imple t ta k one may need to et thi. and that control register appropriately. 
You will ee in the present program some of these necessary preliminaries. For u e of a complex 

peripheral like a timer, pul e-with-modulator (PWM) or se1ial port, the initialization chores become 
daunting indeed. A program using the serial port to send a short mes age to a PC host computer - a 
program ( eriaLmessage_ ilabs.a5]) that you will meet in §20L.3 .7 - requires a preliminary loading 
of ten control registers for example. 

Thi LED-blink program is not o bad but doe require two initialization in order to run at all: 

• enable the output port (tum on the "crossbar ' switch, in SiLabs jargon); 

• turn off the watchdog ti mer. 

It seem odd that these necessary steps are not the default option; but they are not. 

20N.7.3 The first tiny program: blink an LED 

Here we will look at that first tiny program. Tiny though it i it include ome detail that are bound 
to be puzzling at first viewing. Fig. 20N.25 has the a embly language code (on the right) with the 
machine code that the assembler program on your PC generates. This machine code is what gets 
loaded into the 8051 and what the 8051 executes, picking up these instructions one byte at a time. It 

is rea suring to see that the code for PO.O - a single bit - is the same in the lines "SETB PO.O'' and 
"CPL PO.O." That bit address evidently is 80h. 

:.oc oa.; :.:NE SOURCE 
; b_t..f:=.p.&t.5! th-~ o: ... :'i k s :..£C--bu t1L .., r-a.t ,e t.oo fast t -0 -set-: u!1.!.ess t un Ht !-l.1~g~~-s1.ep 

SNOSY!-!OO:.: ; ketp9 ->St. cny s~.cr t. .. 
~ S:Nc:.uc:: (C : \ ,1:CRO'..SOS c \MI SON\:!IC\CS0Slf4 .o. :NC) 

265 a curious v.oy to clear a single bit---used because 
266 this location is not bit-addressable 

0000 267 ORG O ; 
269 
-69 

0000 53098? z,o ; c _edr WdlC~ d o a :':!1,:ib.1.e .:.L 

:n: ... similarly; this MOV sets High the single bit 
27'2 

0003 75E240 .7 3 
; E•,dll:e L!'l l:l "" ' • • ~ _zcsSou that interests us (wh1'le clearing the 7 others) 

~lOV .. Xi3 .• ' H O'l ; Enabl .. C c OSSbd r 
27~ 

0006 0280 275 
276 

0008 B260 2, 1 

OOOJ\ 80:C ,,s 

.:ii:::!B ~ -0 ; ~ Li•tl. wl. t :..£D o!: ,~ ' s d. l; l,,_ !.vt.-o :ow) , Just t. o tnr.tk!';! ! . ~.n~d:.<:U;t.b!.e 

cv :. "0 . 0 ?'.:. l • P :.:: 0 these bit operations are tidier; 
sJMr .·:.:;,::- because this location is bit-addressable _,9 

290 Et! 

Figure 20N.25 First Silabs program : blink an LED - but also initialize two essential control bits . 

The assembler found this addres by refening to the "C8051F410.INC" file, referenced in the $IN­

CLUDE. . . at the head of the program. That .INC file shows, among many other equivalences, the 
address of PORTO, 80h. Here is an excerpt from that .INC file: 
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C8051F410.INC 

Copyright 2005 Silicon Laboratories, Inc. 

http://www.silabs.com 

Program Description: 

Register/bit definitions for the C8051F41x family. 

PO 

SP 

Byte Registers 

DATA 

DATA 

080H 

081H 

Port O latch 

Stack pointer 

The addres 80H, listed ju t above for "PO," i a byte addres . The di stinction between addre, e 

of bytes and bits can be confu ing. Since PO.O i the zeroth bit in byte 80h, it bit address also is 80h. 

(The bit address of PO. l would be 8 J h; and so on.) 

Context determines whether 80h is treated a the addre ·s of a byte or a bit. In a bit operation like 
SETB, 80h can only refer to a bit· in a byte operation (such as "MOY PI PO. ' which would be coded 

as 858090), the reference in the machine code to '80" (the MOY destination) can only refer to a 

byte.31 In contrast, ' P3" would refer to a byte rather than to a bit. This di tinction gets les confusing 

a. you see it in action a few time . 

The last line in the program loop, "SJMP FLIPIT, jumps to the label FLIPIT that we have placed 

in the margin. The assembler figure out how far back that is - in thi ca e, four addre ses (from OCh 

back to 08h)32 - so, the assembler plugs in the value FCh, which is minus four in 2's-complement. 

Thus the loop i perpetual (unle you get bored before the end of time and reset or hut down your 
machine). 

20N .7.4 Enable 1/ 0 

The need to turn on the cro sbar in order to do any I/0 is rather strange that it recall a Dilbert cartoon 
(Fig. 20N.26). The ' 410 output is dead until you "set thip crinkle and spoit to ' no '' by setti ng bit6 

high in register XBRl ( ee §20N.7.3). 

Enabling the output port is necessary in order to take advantage of improvement SiLab made 
to the , tandard 8051 I/0 scheme. SiLabs provides a "cros point switch" that permits one to steer 

pai1icular signal. to particular pins. This option resembles the freedom available in PAL designs: there, 

except for some dedicated pin. rigidly assigned to JTAG, power and ground, and ome preferentially 
ass igned to global clocks, each signal may be assigned to any pin . 

31 MOV is alway · a byte tran. fer, except for a single ca e. a move into or out of the CatTy ("CY") flag (for example, "MOV 
C, PO.O'') . Thi. is the only available bit transfer. 

~2 You are entitled to be puzzled by our claim that it i. four steps back. Please take a look at Chapter 21 N for a detailed 
exami nation of jump .. forward and backward. 
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This crossbar enabling requirement is fussy, but one that i so standard that we'll quickly get 

used to doing it every time. We will put the, e very tandard ettings into a ubroutine that we call 

"USUALSETUP." 

20N .7.5 Watchdog timer 

The 'watchdog timer,' which we here di able, doe perform au eful service in a final version of any 

controller code, but we here dodge thi complication. The 'watchdog ' resembles a nervous mother (a 

'Watch Mom?") much more than it resembles any dog we have met. It want regular rea . urance in 

the form of continual me sages. 

UANl ITY 11.vO 5l D 
RE.DVC.ED ..... 0 ' % 

COL "'1t.D [ h => 1A?LE • 
PO({iR.A rr TWO 

COLORS 

I • r 

Figure 20N.26 Dilbert's photocopier resembles a controller that gives no output till you enable the 
port . Reproduced with permission from United Features Syndicate, Inc. 

If ever the writing to watchdog ceases (no letters from summer camp?) Watch Mom assumes the 

wor. t. A failure to write to the timer implies that the program somehow ha gone off the rails (the 

errant child has mi ssed hi s train?). In that event the controller resets itself (Mom summon. the child 

home?). We do not want to be obliged to include this complication in our test program so we imply 

shut off the watchdog (pour Mom a big martini?). 

The code that shuts off the watchdog use a "mask," a programming device we will talk about in 

Chapter 22N. 33 

ADDRESS 

0000 

CODE 

53D9BF 

line# 

268 

269 

ASSEMBLY CODE COMMENTS 

Disable the WDT. 

ANL PCAOMD, #NOT(040H) ; Clear Watchdog Enable bit 

Detail : assembler directives; $INCLUDE. $NOSYMBOLS, and ORG : Not all the content of the 

program is directed to the 8051; some of it is addressed instead to the assembler program that runs on 

your PC. Such command are called 'a sembler directive . ' 

$INCLUDE The line 

INCLUDE (C:\MICR0\8051\RAISON\INC\C8051F410.INC) 

tells the assembler where to find a long table of quivalents, a table that permits us as pro­

grammer to use more-or-les intelligible descriptive names for regi ters and port , and even 

bits on the 805 l . Note that on the computer you are u ing to run the SiLab IDE ("Integrated 

33 ln ca e you can ' t stand to wait that long. ANL D' the register PCAOMD with the value BFh, the complemen t of the 

value shown, "040H". The result is to clear a single bit in the regi ·ter, bit 6. 
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Design Environment") the path to this essential .INC file will differ from what we have shown 

above. Make ure to learn where your .lNC files live, and adjust the ' $INCLUDE ... " appro­

priately. 

Thanks to the thi .INC file, we can write "PO" when we refer to Port Zero, rather than its 

address (80h). We can write "PCAOMD" (it elf a clum y mouthful) rather than look up its 
addre s, which happens to be D9h. The .INC file is u eful but we don t want to get a printout 

of its long table of equivalents and therefore include one more a sembler directive: 

$NOSYMBOLS 
$NOSYMBOLS ; keep s l is tin g s hort 

The comment that accompanie "$NOSYMBOLS" remind u why we write this line at the 

head of each of our program . . Thi line suppresse the assembler's inclination to provide a 

listing of all equivalence. provided by the .INC file. 

ORG "ORG O," means "Origin zero," and tells the a sembler to assign addres zero to the fir t 

executable line of code. This placement was not really a choice of ours, because the 8051 

always looks to addres. zero to find what to do after a hardware RESET (implemented by 

assertion of the RESET* pin). This would be the assembler' default placement but here is 

forced by our use of ORG. 

To keep things imple, in thi first program we let the code fall where it happen to, after 

the start at addres zero. In later programs at least in big-board code we will not do thi . 

Instead, we will make our fir t instruction a jump up to a higher address where our programs 
will begin. We wilJ do that because some particular locations low in memory are dedicated 

to particular purposes. 

Addre 03h, for example, is a ~o-called "interrupt vector' a location to which the 8051 

always jump when interrupted by one particular interrupt source (external interrupt zero). 

So in general we must not overwrite this and other dedicated location with our own code. 

Today, we 11 not worry about that, ince today we have no use for an interrupt. 

We can enjoy the privileges that go with being the dictator in control of our little computer: 

we need not defer to other possible programs that we may not know about (a program that 

might, say, need to use interrupt zero). We are in charge; there can be no program that we 

don't know about. 

20N .8 AoE Reading 

Chapter 14 (Computers, Controllers and Data Links) 
§14.1: terminology: microprocessor , microcontrollers; architecture: CPU and data bus; particularly 

§14.1.6: data bus 

§14.2.28: a detour: addressing 

§14.3.1: fundamental bus signals: data, address, strobe 

Chapter 15 (Microcontrollers) : 

§ 15.l: introduction 

§15.3: overview of controller familie 

§ 15.9.1: software 

§ 15. 10.3: how to select a microcontroller 

Web resources re: the 8051: 
Some general sources on the 8051/2, both from web. ite 8052.com: 
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• Tutorial on the generic 8051: http://www.8052.com/tut8051, secs. 1,2, 4, 6 
• Tutorial on the Dallas 805 L variant, 80C320: http://www.8052.com/320tut 
• Dalla /Maxim Data heet etc. 

'Ultra-High-Speed Flash Microcontroller U er's Guide" (henceforth "User's Guide"): 
http://pdf erv.maximintegrated.com/en/an/ AN4833.pdf 
feature p. 3 

typical circuit wiring: RAM only, ROM only, pp. 63, 57 

"programming model," pp. 4-6 (memory map) 

• DS89C430/50 "Ultra-High-Speed Microcontroller": 
http ://www.maximintegrated.com/en/product /digital/microcontrollers/ 
DS89C430.html#popuppd 
ignal description, pp. 12- 13 

controller block ("functional") diagram, p. 14 
memory map, pp. 19- 21 

SiLabs Datasheet 

• C8051F410 datasheet: 
http://www.silabs.com/Support Documents/Technica1Docs/C8051 F4 lx.pdf 

• C2 programming interface: 
http ://www.silabs.com/Support 
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20L.1 Big-board Dallas microcomputer 

This i, the first of the microcomputer/controller lab where you can choose to build up the computer 

from about ten ICs rather tahn start with a ingle-chip controller like the SiLabs part. We will ome­
times refer to this path as the ' Dalla "path, acknowledgi ng the company that designed this particular 

variant on the 805 1 design- and sometime we will refer to this path as "big-board", recognizing the 

ize of the breadboard that thj design requires). Alternatively you can start with a single-chip con­

troller. This we do jn the SiLabs version of the labs. We will call this the "SiLab " path. The Dallas 
route is taken in thi , the first . ection of the lab; the Si Labs path is followed in the fi nal ection, §20L.3. 
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Figure 20L.1 What you ' ll add to the computer circuit in this lab. 
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20L.l.1 What you'll build today 

We a ume you have completed Lab 17L, and have a working counter and memory and displays for 

both. Today, the microproces or - the brain of the machine - enters, along with a 'glue" PAL that 

hould let it talk to the parts you have already built. Within the PAL (which we will call "GLUEPAL') 

is the purely combinational logic that you designed in Worked Example l 7W and also a shift-register­

Like circuit that implements the micro 's single-step function. The ingle- tep circuit feeds the proces­

sor a short burst of clock each time you hit a button ( 'INC") on the keypad. The termination of thi 

burst of clocks then leaves the processor frozen in mid-cycle so that you can see a "Jive" di ·play of 

address and data value and o that you can debug hardware that is held in this , tatic condition. 

What you'll add in today's lab: Figure 20L. l is a schematic of the full computer, showing that you've 

already done more than half the wiring. After today, only odd and ends of hardware will remain. 

20L.2 Install the GLUEPAL; wire it partially 

20L.2.1 Partial wiring of the PAL 

We will po tpone wiring ome of the PAL's ignals: igna ls that will connect to the 051 controller, 

or to parts that are installed in a later lab. We list below the . ignaJ that you now should connect, and 

those you need not connect. 

At thi time, you need to connect some of the GLUEPAL input and output, but not all. 

Inputs Some inputs must be driven by their appropriate ources (BR* i driven by a signal from 

the keypad, for example). Other inputs must be disasserted (LOADER*. for example). Still 

other. may be left open (CLKIN, for example). 

Outputs Some will go to their appropriate loads (for example, RAMWE* drive the RAM write 

pin , a, one would expect). Some will go nowhere, for now: these await the processor or 

other hardware (RESETS 1, for example). A few wilJ never be connected (TRJG_LATCH, 

TRJG_SYNC ALE.lATCH, DELAY PAL ignal that were brought out only forte ting). 

Fig. 20L.2 summarizes thi GLUEPAL wiring. 

GLUEPAl 

connect 

KR£SET 
BR 
KWR 
A15 
Af4 
A13 
A12 
A11 

disassert 
{ 

RO 
O WR 

PSEN 
LOAOER 

/NO 

ignore, for now { 
STE:PIRUW 
TRIG 
ALE 
CLKIN 

RAMCE 
RAMO£ 
RAMW£ 

CTRO£ 

KBUFEN 

/OR 
/OW 
RESET51 
PSENORV 

CLOCK_OUT 

cs 
0£ 
WE 

CIN 
0£ 

RAM 

PAL Counter 

0£1, 0£2 '541 buffer 

J ignore, for now 
Figure 20L.2 
GLUEPAL preliminary 
wiring: before 
processor and step 
logic are added. 

Figure 20L.3 shows two details of the PAL wiring: we debounce the reset line from the keyboard 



782 Lab: Microprocessors 1 

(flaky behavior from the processor showed us thi wa needed). And we use an LED to indicate to us 

that have control of the buses. 

Figure 20L.3 Two 
details of GLUEPAL 
wiring. 

KRE5£T 
11< 

GLUE PAL ,;. OMA 
(green) 

CTROE o-----' ~ 
(indicates you have 
control of the buses) 

Figure 20L.4 shows signals in and out of the GLUEPAL. The programming pin labeled "JTAG" 
you may ignore. The same i true for four ignals that you will not u e, but which were brought out to 

facilitate testing during development of the single-step code on thi PAL. The e four ignal are hown 
close to the center, in rightmost image of Fig. 20L.4: TRIG_LATCH, TRJG_SYNC, ALE_LATCH 

AND DELAY. 

You may want to attach label to some of these control signal as you connect them to breadboard 

bus line ( 16 uncommitted lines appear at top and bottom of the breadboard) or to TCs on the bread­

board . 

Figure 20L.4 
GLUEPAL signal 
assignments to pins 
( qfp package) . 

1 r 1/0 N.,.• {rlO O~ect...p:;;e] 
DEJ,it.t..;oE.bO! °"°" Pl 
Cl,1 _1t1 lrtU P2 

C1R_O£,.,bat °'"" Pl 
TR•G.LATCH 0"PA ~ 
llllll,S'IIIG (l,m; Pb 

'""' "" o...,.. P7 ltlll],., 0 .... A P$ 
lc:'O.bal ,,.,... m 
Y.l<Ul'U<.r.., u,..,.,; PH 
LOAl)[~bot ·- p,, 
DEU.: - Fl& 
AA>IWl;.J>- :;...., P18 
'WJOE.w o...., P19 
M'<Cf.1>¥ Oul""' . r':ai 
<l(.LAfCH ~JW !":!I 
8~,tw 11'1"' PU 
Sl£f>.Jil.lk8AA I~ P21 
~WIIJ.o, ...,.. PJ) 
RC•.bd< Pl9 

'!\.bot ,..., P!'l 
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Ctr .Ou °""' PJ.< 
"S!:IINflJ>• O"""' Pl& 
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20L.2.2 Replacing earlier connections 

stepglue PAL 
qfp package 

11ag 

Jlag 

jtag gnd 

GlUE 
demuxoc ' 
ckln 
ctroc• 

G 
tng_latch 
tng_svnc 

1ow• 
,or• 

TOI 
TMS 
TCK 

1t)()• 

kbuf~n· 
ldr• 

JJV 

Jtag delav 
G 

ramwe• 
ramoe• 
ramce ' 

alt>_la tch 
br• 

l 44 ~15 
2 143 trig 
3 42 alS 
4 14 1 an 
5 40 a l2 
6 39 dll 
7 38 ale 
8 37 p')en• 

9 36 psendrv• 
JO 35 JJV 

11 34 cl._OUl 
12 33 rewtSJ 

. 13 32 
14 31 
IS 30 kreset• 

i 16 29 wr • 

17 28 td" 
IS 27 kwr · 

I 19 ,26 33V 
20 25 G 
21 24 TOO 

112 23 step 

One special difficulty in wiring thi computer arises out of the fact that the circuit evolve over everal 

labs, so that later wiring, more complex, sometimes replace earlier connectionL. It is easy to overlook 

these neces ary changes. To help you see them, we highlight them here, with illustrations. 

GLUEPAL's output CTR_OE* replaces continuous ground that drove counter's (IN* and OE* : 
BUSRQST* (a signal whose name we often will shorten to "BR in this discussion goe into the 

GLUEPAL, and is lightly conditioned,1 emerging as CTR_OE*, a signal that now ddve the OE* 

and CIN* pins of the 16-bit PAL counter that you in talled in Lab 16L. Thi ignal replaces the 

continuou ground that drove those pins in that lab. See Fig. 20L.5. Generations of students have 

gotten a kick out of failing to make this hange: we recommend that you decline to join them in thi 
error. (You'll hear us kind of thra hing thi , point later· we hope you're not offended.) 

I As Fig. 20L.5 shows, it is c nditioncd by the disassertion or the active-low LOADER* signal. Don 't worry just now about 
how LOADER* works. You will u e it only at §24L. I, when you begin to pump code directly into memory from a per onal 
computer. 
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42 / . ~ (address counter PAL) 
Lt>/ / 

~RC(..I( '1'3 / .·' 
+1-~~~~~~-~-~--1> / / ' 

41 in Lab 03 you grounded these 
two inputs. Now, they are driven, 
instead, by CTR_oe 

S R~~ '61i! r'll"--------------....-- Figure 20L.5 New drive for 
counter's OE* and CIN* inputs: 
counter is turned on only when 
humans have the bus. 

GLUEPAL's out puts RAMCE* and RAMOE* replace the constant ground connections driving two 

RAM enables: In Lab I 7L you grounded the RAM 's CS* or CE* pin and its OE* (the 3-state control) 

to enable it continuously (RAM 's WE* took care of averting conflict between RAM and keypad 

buffer). The GLUEPAL output RAM CE* now drive RAM CE* or CS* (pin 20); the GLUEPAL s 

RAMOE* now drive RAM OE* (pin 22). This change i neces ary becau e now the RAM can't be 

allowed to talk all th time: it competes with the newly-installed processor. Through the GLUEPAL 

the processor (the 8051) will decide when the RAM should be allowed to drive the data bus. In 

Fig. 20L.6, a fragment of Fig. 20L. 1, we have faded-out the image of the MXD 1210 battery-backup 

IC. Ignore that part; you will install it next time. 

this battery-backup IC (MX01210) 
will be installed in Lab mu2, replacing 
(oday' s direct connections 

r:f1 - - - - - - - - - tJr5 

Figure 20L.6 New drive for RAM 's 
CS* and OE* . 

GLUEPAL's output "RAMWE*" now drives the RAM's WE* (pin 27) : This rewiring replaces the 

direct connection, made in Lab 17L, from the keypad's KWR* line. KWR* i now ju tone of several 

inputs that can generate a RAMWE* signal. 

GLUEPAL's output KBUFEN* now drives the '541 's OE* pins (1 and 19): This rewiring is shown 

in Fig. 20L.7. 
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Figure 20L. 7 New drive 
RAM's WE*. 

The GLUEPAL thus mediates between the manual write ignal, KWR * from the keypad which in 

Lab I 7L drove the RAM' WE* pin directly. Again, KWR* now provides only one of two condition 

for turning on the keypad buffer. The GLUEPAL permits an alternative: the processor, a well, wilJ be 

able to control the buffer. 

Faking busrequest/ busgrant with RESET: Here 's an explanation of the way we're using the 8051 's 

reset to fake a bus request. The 8051 doe not offer a bus- haring option like a conventional micropro­
cessor's: we cannot truly "request the bu ' for direct-memory-acces (DMA), because Intel did not 

envi ion a need for this operation back when they de igned the 8051. 

However, we can fake this function for ourselves by applying RESET a ignal labeled · RESET51 

on this lab s circuit diagram ; a rare active-high signal) to the proce or when we want to control the 

buses. Thi RESET makes the processor shut off all its port drivers (applying a weak high pullup to 

the pin ). 

We then jump in to take advantage of this fact: we use BR* to turn on our address counter' three­

states even as BR* makes the processor turn off its own drivers . Our driver. easily overpower the weak 

pullup. Our 16-bit counter then controls the address bus· our 541 3-state buffer now is permitted to 

drive the data bu with a keypad value (though only when we press the WR* key). In short, the 

assertion of BR* makes your machine revert to its condition of Lab 17L when you were abl to write 

data into RAM by hand. 

Here 's the effect of BR*, recapitulated: 

• BR* leads to a turn-on of the counter 3-states; 

• BR* i a precondition for a manual write to memory; 

• BR* permits counting when as erted, freezes the counter' tate when disasserted (by controlling 
the counter's CTN*). 

The third of the. e effects permits us to u. e the keypad 's JNC button for mi cellaneous purposes 
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while a program is running without upsetting the adclre. s counter's state. Lacking assertion of BR* 

while the computer is running, the counter will ignore the counter-clock pulse that is generated each 

time you hit INC. 

20L.2.3 Testing 

When the GLUEPAL i partially wired, as hown in Fig. 20L.2, , ome te. ting i po .. ible even though 

the micro's ignal are not yet available. 

Can you still control memory by hand? You hould find that when you request the bus (assert BR* 

on the keypad) the green LED lights to indicate that you now control the bu es. The RAM hould 

be enabled, and in general you should find that the addre counter and memory work a8 they did in 

Lab l 7L. 
By contra t, when you di . as ert BR*, addre, s and display line, should float: nothing is driving 

them, and they are likely to ·how the va lues FFh because they are weakly pulled up by the LCD 

board. Later in thi lab, when the 8051 enters, it will take over driving the buses as oon as we relea, e 
BR*. 

Does the GLUEPAL's write-protect work? You can te. t write-protect by going to the border between 

protect cl and unprotected RAM and faking a CPU write. Here's the procedure. 

• Take the bu , as u ual (a ert BR*). 

• Apply the highest protected address to the RAM: 7FFh (7FF "hexadecimal"). Here i a quick way 

to get there: load address 800h then decrement the counter. 

• Manually gmulld the GLUEPAL input pin, WR* (this pin has been tied high; you'll need to break 

that connection, of course, in order to do this temporary grounding). Thi. grou nding mimic or 

fakes a CPU write, (di tinguished, plea. e note, from the manual write that is ignaled by KWR*). 

• Watch the RAM 's WE* pin with a logic probe. Tt, hould not go low. 

• Now increment the addre. so that you now are applying the fir t unprotected addre s, 800h. 

• Confirm that the RAM's WE* pin now doe. what it should.2 

When you arc sati . fied that the gating work a. it ·hould be ure to disconnect the temporary 

ground on the GLUEPAL's WR* line. In the next sub ection you will replace thi temporary connec­

tion with drive by the proces or' WR* signal. 

20L.2 .4 Install the processor 

Now you can in tall the 8051 - a variant from Dalla Semiconductors, DS89C430. Make ure that 

you place this chip conveniently clo e to the bu. connectors because it has a lot oflines to tie to that 

bus. You may want to in tall it with pin 1 down to make the orientation of its bu e match that of the 

big green breadboard (MSB up). 

Note: you now must disconnect three temporary connection to +5 on the GLUEPAL: back in 

§20L.2 you disasserted RD*, WR* and PSEN*. These lines must now be driven b) the 8051, in place 

of th se three temporary High used for the initial te ts of the GLUEPAL. 

2 The PAL input WR* now hould evoke an assertion of the PAL's output RAMWE*, driving the RAM's WE* pin low. 
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PSENDRV* detail: Note also the curious fact that the PSEN* on the 8051 erves as both input and 

output; thus it drives the GLUEPAL's PSEN*, but is driven by another output of the PAL, the igna] 

called PS END RV* .3 

Figure 20L.8 PSENDRV* detail : PSEN* is both an output 
( ordinarily) and an input ( once in a while). 

8051 

-------~ 
You will not connect all of the 8051 's 44 pins now (and ome pin we will never u e in these lab ). 

Fig. 20L.9 is a pinout label that you may want to photocopy and glue to the 8051 . 

Figure 20L. l O is the processor as it appears in a fragment of Fig. 20L. l. We have included the 

74HCT573 register, described below. Wire the connections that are shown (some you wired earlier: 

KRESET*, BR* and LOADER*). 

The 8051 RESET wiring: Ground the EA * pin. EA means "External Acces ," and a serting thi 

signal tell the processor to look to external memory for its code. In Lab 25L we will, for the first 

time, take EA* high leading the controller to execute code from its internal ROM. But until then 

we'll leave EA* grounded. 

The proce sor RESET line (labeled · RST' or 'RESET5 l ' in our circuit diagrams, including 

Fig. 20L. l 0) i driven by the GLUEPAL through a 4.7k resistor. Including this series re, istor may 

look odd but is useful. We include the re istor because the RST pin operates occasionally as an output 

from the 8051 and the resistor permits u to probe independently the 8051 RST ignal , on the one 

hand, and on other hand the GLUEPAL signal RESETS I that ordinarily d1ive RST. 

Occasionally the proces or itself drive RST (asserting it High) to indicate that the processor has 

encountered a problem that it cannot make ense of. In desperation it doe what generations of com­

puter u. ers have learned to do when frustrated: it hits Reset. It does this to initialize all the things 

attached to it; this is the 8051' effort to reboot. In today's circuit, the processor's asse11ion of RST 

would accomplish nothing u eful. But the re istor doe help us in our debugging: it allows us to detect 

whether an assertion of RST comes from us (the normal case) or from the proce or (the abnormal 

case, signalling trouble). If you find the latter case, 8051 asserting RST, you will need to cycle the 

computer's power, to get the machine out of its hung-up tate. 

Wire the address/data buses: Wire the multiplexed 'ADx ' lines (pins 39 to 32) to the 74HCT573 

latch. Note that the "AD ... " label does not mean address; the addres. lines are labeled simply 'A .... " 

The "AD ... 'label was chosen to indicate the dual role of the e lines: ometime they carry Addre s; 

at other ti me they carry Data. 

Don't be rattled by the fact that the eight ' 573 input line,, ADO .. AD7. are also to be wired to the 

8-bit DATA BUS; that ' how the de-multipJexing work : one source, two destination . And note, in 

Fig. 20L.10. the slightly annoying fact that on the output ide of the 573, the lower pin number are 

a signed to the higher address line in thi s et of eight. Incidentally, you can reverse this arrangement 

if you like - putting high addre . lines on the high pin number: - if thi help in your wi1ing. If 

3 This arrangement may worry you . Are we setting up a logic fight by joining two outputs? No, because a 3-s tate on the PAL 
averts any possible eta h. PSE DRV* L a, erted only when PSEN* itself i ure not to be driving. We're confident that 
you recogni ze that the e two GLUEPAL signal. , PSE * and PSENDRV*, are 1zo1 one signal. but tivo. 

P1.lm VCC 
P111T2EX ADO 
Pl.2 AD1 
P1.3 AD2 
P1.41JNT2 ADJ 
P1 ~IND' A04 
P1 .6/INT4 ADS 
PWNTS' A06 
RST A07 
P3.0iRXDO EA' 
P3.1rrxoo ALE 
P3.2t1NTO" PSEN' 
P33i1NT1 ' A15 
P3.4/TO A14 
P3.51T1 A13 
WR· A12 
RD" A11 
XTAl2 A10 
XTAL1 A9 
GND AB 

Figure 20L. 9 
8051 label. 
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you do thi you mu t of cour e take care to apply your reversing to both ides of the '573: input as 

well as output. Once again, it may help to install the '573 upside down if you want to use the ignal 

a. ignment. shown in this lab's circuit diagrams such as Fig. 20L.10. 

I~ CL><. 

[
~ ~-" 

' I 
5" •il' ... 

...:!... ·~ 3 I 
A L( 

~r--+--- ground EA~ 
in order to use 
external buses 

Figure 20L.10 Controller 
wiring, excluding the STEP PAL 
signals (which are coming 
soon!) . 

The ' 573 latch is locked by ALE, and serve~ to 'demultiplex" the lines: while ALE i high, early in 

the bu. -access cycle, this' transparent latch" passes these eight lines through to add.res line AO .. A 7, 

the lower eight bits of addre . On the fall of ALE the latch catches and holds these eight values. 

Once those eight address lines are safely lat heel into the' 573 the 8051 can apply tho e Address/Data 

lines to their alternate role: defining the computer's 8-bit DATA Levels. 

Fig. 20L. l l details the way the '573 demultiplexes the eight controller line ADO ... AD7. This 

timing diagram shows a particular ca e: a proce:sor write. This case Jets one see that the ADx lines 

carry fir t addre s (low byte), then data. ALE (active high) catche the address value in the '573 

transparent latch , saving it after ALE falls. 

20L.2.5 Single-step function in the GLUEPAL 

A second section of the PAL i given the task of providing burst of clock , u ually four, synchronized 
to the micro ALE ignal which comes at the start of each bu acces . We will use this single-step 

function whenever we want to watch the proces or execute instructions one at a time. This single­

·tep PLD which is incorporated into the combined GLUEPAL, uses the inputs and outputs shown in 

Fig. 20L. l 2. You will recognize that ome of the e input ignal are al o used for other function . 

20L.2.6 Signals into and out of the single-step PLO 

For now, simply di assert LOADER*. Drive TRIG with ADCLK from the keypad. ALE comes from 

the micro. 

The keypad signal , STEP*/RUN and the debounced RESET, both need squaring up by a 74HC14 

Schmitt trigger, as shown in Fig. 20L. 12. The HCl 4 also inverts each signal and the active level of 

the PAL' two inputs take account of this inver ion. The PAL inputs thus are named STEP/RUN* and 

KRESET*. Theo cillator' peculi.ar pin numbering is explained just below in §20L.2.7. CLOCKDUT 

goe~ to the micro's XTALJ input at pin 19. 
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DATA MEMORY WRITE CYCLE 

Figure 20L. ll 8051 
Address/Data 
multiplexing: 
time-sharing on eight 
lines, AD7 .. ADO. 

Figure 20L.12 Inputs and 
outputs of STEP portion of 
GLUEPAL. 

PSEN _ } 
WA 

A 1)0 .•• A 1)7 1'~5TR1j.fl10N'!JJ 

20L.2.7 Clock: llMHz crystal oscillator 

AOO ... AO 

Af>O ... AO 
carr~ DATA 

carr~ lo" ADDRF- . 

HCtl.t 

\ 

/\_,_ 

---~,J-

89 C. 4 ?.o 
(0051) 

Figure 20L.13 hows the o cillator. It i housed in a. quare package . haped a if it were an 8-pin "DIP, 

and the pins are shown numbered as if the package had 8 pins, though in fact it has only four. 

The frequency value look strange (why not give us a nice round number?) but i chosen to facilitate 

erial communication by the 8051 with a PC. Later, we expect you will u e such a link.4 Take a look at 

the oscillator's output on a cope - and notice that any ugliness of the edges of this waveform probably 

is cau ed mostly by the long ground connection to your scope probe. If you make a special effort to 

shorten that lead using the trick , hown in Ficr. 20L.14, you'll get a fairer view of what your clock 

looks like. The spring-like coil on the upper probe in this figure shows an adapter from Tektronix; 

4 The frequency provides a convenienl timebase a the 8051 runs a built-in program that tries to find a transmission and 

reception rate that matches the likely standard rates offered by the PC. For a pa,1ial explanation of use of I I .059MHz and 
its use to generate a particular baud rate, see http://www.8052.com/tutser.phtml 

AoE § 12.2 and Fig. 
12.32 
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O.tµF 
ceramic 

+5V 

out Slf +5 

5 0 

I 
8 

11.0592 
M/.lz 

no connection 
4 

logic-level 
square wave 

Figure 20L.13 11.0592MHz crystal oscillator. 

the lower probe hows the more useful way to minimize ground length: just a short length of wire 

wrapped around the probe's tip. You won't alway have acces. to the Tektronix acce sory ; you'll 

always have a bit of wire. On the other hand, you needn t be such a p rfectionist. After a11 this is a 

digita l ignal and, as long as the edges are clean, a clock with ugly wiggles close to ground and +5V 

shouldn't trouble your computer. 

20L .2.8 The STEPGLUE PAL, fully wired 

Figure 20L.14 A minimal ground 
lead minimizes ringing. 

Putting together the newly-added STEP signal with the preliminary glue ·ignals shown in Fig. 20L.2, 

the PAL input and output ignals look like Fig. 20L. l 5. 

STEP PAL output waveform : As you know. the STEP PAL is included to allow us to single-step 

the computer. If you select STEP rather than RUN (using the ST*/RUN slide switch on the keypad), 

then each time you hit the INC button on the keypad the processor i fed enough clock . o that it 

proceeds about halfway through an operation, a. we aid back in §20L. I. I. This operation could be 

an in truction fetch, or could be, for example, an input or output operation. The STEP PAL achieves 

this clock-metering by shutting off the proce sor's clock . oon after the ALE pulse that marks each 

operation. 

Figure 20L.16 show a cope image of one uch burst of four clocks. At that time, the address has 

been caught in the '573 and the multiplexed data line. are carrying da1a . You 11 be able to watch this 

proces. oon, once your computer ha demon. trated that it can ingle-step. A digital cope i u eful 

to get . uch a display. 

The annotation at the bottom of Fig. 20L. l 6 show the process of "stepping" from one instruction 

to the next, in the te t program of §20L.2.9. A the figure's address (labeled '·ADDR-108") and data 

line indicate, the instruction fetched in this line i. the 80 at address I l(hex). 

Here s a summary explanation of the STEP logic: 

• the . ignal ALE provide a reliable timing marker because it occur : 
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once for each bus cycle; 

close to the tart of each cycle. 

Figure 20L.15 Full wiring of 
STEPGLUE PAL. 

Figure 20L.16 STEP PAL allows 
single-step by cutting off clock soon 
after ALE. 

RESIT 
(on l<eypod) 
(---- ..... 
I l,S I HCt,4 

GLUE PAL 
•3.3V 

30 I 0,. 15 f(J()I( 
: j_'0---!-'1 '-./V\r~--tLJ'.>0--<l !<RESIT VCC 
I I • 
1, :::_ __ J fµF 

1 

(pins 15. 26, 35) 

} (ignore, for now) 
l<BVFE:N 

fl< 

BUSRGIST' or 'BR'" to PAL counter ,;, OMA 
(on l<eypod! 22 3 (green) 

Bfi--<1>-------0 BUSRGST CTROE n---------~\_ 
,5 (indicates you haw, 

14 LOAOER RAMWE 18 confrol of the buses) 

from 8051 

(from l<eypod) l<WR 

4-4 Af5 (wire all address lines, 
A12.A15, fo address bus, 42 

Af4 
and thus to 8051) 

41 
Af3 

{ 
38 ALE 

added to PAL, 2 
to use STEP operations Cll(_/N 

43 
TRIG 

23 
STEP/f?UN' 

(pins 4, 17, 25) GNO 

TRIG, from 
pushbutton ... 

... brings up a flop q 
that passes clocks, 
beginning on falling 
edge of next clock ... 

RAM OE 19 

RAMCE 20 

fOR 

,ow 

Aft 

Af2 

PSENOf?V* 36 

CLl<_OUT 34 

RESIT5f - 33 

} (ignore, for now) 

} 

After fall 
of ALE 

11 

added to PAL, 
to use STEP operations 

80 

.. just two more 
clocks are allowed 
through. 

< 10 H, 18:23:33 

... address bus (low 8) shows that address here, even before ALE 
falls, since latch is transparent 
After fall of ALE. latch holds th is address value 

• the fall (trailing edge) of ALE marks the time when the full 16-bit addre s i present (the low-half 

ha been caught in a regi ter ; 

• soon after that event, the data lines become valid. 

At that time our STEP logic chokes off the clock to the proces or since all control and bu, lines 
now are valid, and available for us to examine at our leisure. 
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20L.2.9 Test program 
Enter the program ... : Enter this tiny te t program, paying attention to the addre e , as you key 

these value. in. The column labeled "LOC" show the address; the column labeled ''OBJ" shows the 

instruction (called object-') code to be executed. When four hex characters, uch as 800E, are listed 

at one address (zero, in thi case), that doesn't mean "try to squeeze 16 bits into one memory location.' 

It means 'put thi pair of bytes into address zero and the location that follows (that i , addr ss one)." 

MACRO ASSEMBLER FIRST TEST 

LOC 

0000 

0000 

0010 

0010 

0011 

OBJ 

BOOE 

00 

80FD 

LINE SOURCE 

1 ; FIRST_TEST.A51 Lab 18L: confirm that the circuit is a computer ! 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

ORG O ; tells assembler the a ddress at which to place this code 

SJMP DO_ZIP 

ORG lO H 

here cod e begin s -- with just a jump to start of 

real program. ALL our programs wi ll start t hus 

. . . and here the p rogram sta rts , a t hex 10 ( " .. . h " ) 

DO ZIP: NOP ; the least exciting of op eration s : do no th ing ! 

SJMP DO_ZIP ; . .. and do it a g ain! 

13 END 

In ca e you're curious to make sen e of the code it elf, '80" means "Jump." The "OE" that follows 

te11s the machine how far to jump relative to where it is now (at address 2 just after the jump in-

truction it elf). "OE" is, in other word , a di placement or offset value expres ed in 2' -complement: 

OE16 = 1410. From the reference address of 2 then, this takes the machine to 10 16 = 1610. The last in­

struction in the loop is very similar: "80FD.' Here the FD is again a di placement in 2 s-complement; 

FD i - 3 and take the program from 1316 back to IO 16. 

We will look closely at this program again in Chapter 21N, and there we will repeat some of what 

we ve ju t aid. So don't work too hard, yet, to understand the details of this program . 

. . . and run the program: The procedure i simple, once the program is in RAM. 

1. Slide the ST*!RUN switch on the keypad to ST*. 

2. A sert RESET by tiding this keypad switch to the right. 

3. Disassert BUSREQUEST* by sliding that keypad witch ("BR") to the right. You should see the 

data and addre di plays go to all Fs: all bu. line. now float. 5 The floats are likely to look like all 

f ' becau e the LCD board' inputs include weak pullups.6 

4. Di as ert RESET by sliding that keypad switch left. 

5. Hit INC twice. 

You hould see 0000 on the address di play, 80 on th data display.7 

If everything is working, you should be able to watch the processor walk through the tiny program 

that you have entered. The proces or will look to addre O for its first instruction, then it will jump to 

I Oh (hexadecimal addre s 10), where it should execute this tiny loop, m,u-ching from 10 through J 2. 

5 They don t perfectly ··noat;· in the usual sense, but are weakly pulled high . This weak high is designed to permit an 
external device to drive the line. It' a ort of poor man· 3-state. a we said back in our di scus ion f "faking' busrequesl 
on page 784. 

6 The LCD board ' inputs go in fact , to another 8051 whose job it is to take the parallel input bytes and send them to the 
liquid cry ta! di ·play. 

7 If you don' t, try briefl y witching ST*/RUN to RUN. after di . asserting RESET as sugge. ted above. Then . witch back to 
T*, and try RE ET once more: RESET, release and I C twice. That should do it. 
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Incidentally, you will see the proces or fetch one instruction that j outside your loop: it fetche , the 

byte just beyond each of the two JU MPs in thi little program: the byte at addre s 2, and the byte at 

address l 3h. 

The proce or will march from 10 to 13 then back to IO forever - or, till you find the thrill i 

wearing off. When that happens, try switching from single-step to RUN (slide the keypad's ST*!RUN 

. witch to the right). 

When the machine run this loop, you're entitled to congratulate your elf - and to take a re. t from 

all this wiring! You have done the hard wiring now. Hardware addition ' in later lab will be minor. 

20L.3 Si labs 1: startup 

ln thi lab through to 25L.2 we invite you to take the quick path to u ing a standalone microcontroller, 

as we uggested in the note that described the two alternative path .. After 25L.2, a w have said 

before, the two paths converge, and at that point we hope you will dream up an application of your 

own for the microcontrolJer - whichever route you took to reach this junction. 

20L.3.l Our controller: the Silabs C8051F410 

We cho e an 805 I -type controller, fir. t (perhap obviously) to make the two "branches' of thj cour e 

consistent: one di ·cussion of internal architecture and as ernbly language covers this 8051 and the 

Dallas part u 'ed in the other branch. A great many 8051 variations are available of cour e, and many 

would have been satisfactory. Here i a summary of con ideration that led u to the ' F410: 

• modest package size (32 pins) quite easy to older to a DIP canier (though not so onvenient a 

a part that is is ued in DIP, like the AYR parts .8 ; 

• good set of included peripheral 

• both ADC and DAC9 ; 

• analog comparators · 

• PWM output 

• hardware serial protocol : 

UART: RS232 standard serial port, useful to I t the controller communicate with a full-size 

comput r Uust about every controller offers this) 

SPf (the simplest of serial protocol for communication with peripherals) ; this scheme is 

simple enough so that on the other branch of labs we were able to implement SPI in code 

for that Dalla part that lacks the built-in SPI hardware (see Lab 24L). But SPl i even easier 

when one finds it implemented in hardware, as it i. for the SiLab '410 

J2C (a fancier serial protocol) . 

• on-chip oscillator (accurate enough to permit UART communication and other work, without 

addition of a crystal oscillator ; 

• versati le signal and power interfacing: 

the part includes an on-chip voltage regulator, so it can be powered by +SY while generating 

the 2.5V that it uses for its "core'· logic; 

8 DlP parts are becoming so carce that there may be some value in introducing you to a way to work with the. e 
surface-mount pal'ls. As SMT replaces DIP, a few resourceful manufa turcrs continue to produce adapters or carrier. that 
permit breadboarding a prototype with a DIP. Some oldering ski ll - or at least patience - is required . But the relatively 
generous 0.8mm lead spaci ng of the '410- tight, but not so right as the 0.5 mm spacing of ome other part. - makes the 
ta knot difficult. 

9 AD . are common: DACs less so. 
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it Vio pin allow one to set the ·wing of input and output logic level to one's convenience: 

ordinarily, we will use +5V; in one exerci e - when interfacing to a 3.3V serial RAM - we 

will apply 3.3V to this Vio pin IO 

rea onable speed: 24.SMHz clock rate, and many in tructions execute (as on the Dalla. part) 

in one clock cycle (in contrast to the 12 cycles used by the original 8051) 

These are the main features that show the part 's competence. But more important than any one of 

the e i the debugging facility that SiLabs offer . Like any controller, the 4 lO can be loaded with 

code from a full-scale computer the Dalla part does this too). But the '410 also allows crucial 

debugging option - without which a controller can become a maddeningly mysterious black box. 

More pecifically. here's what the debugging interface permits in addition to the obvious program 

load: 

• si ngle- tep (this we achieved for the Dallas part with an external piece of hardware: the single-

tep PAL logic) ; 

• di pl ay of the contents of most regi. ters and port · of the 805 J and of internal RAM. This facil ity 

i not quite as refined as for the RIDE simulator that you can use to test code before loading it 

into the controller. But the display capabilities are good. They provide strong clues to what the 

controller i doing as it executes your code. 

20L.3.2 (2 : programming pins 

SiLabs u e a proprietary 2-wire interface to program and interrogate its mall controllers. Thi in­

terface. called "C2' i good for controller with few pin because it doe not make full-time u e of 

any pin , unlike JTAG links a noted below. The LCD board that you have been using as display in 

recent labs include C2 . ignals - C2D (data) and C2CK - these signals link the controller to a laptop 

though a USB connection. C2D and C2CK tie to the '4 10 s respective pins 32 and 2. The C2 signaJs 

are provided on a 5 x 2 header at the top left corner of the LCD card. 

Route USB signals to (2 path : Important: In order to u e the LCD board for C2 programming, you 

must make sure that the slide switch labeled "C2' versus 'Serial" at lower left of the board is in the 

C2 position: ee Fig. 20L.17 

slide switch UP,.............__ I 
to C2 (vs SER), ~ 
in order to 
program '410 

Figure 20L.17 Switch selects (2 link to controller. 

Details of (2 wiring: our breadboarded (2 link: It i possible ' imply to connect the two C2 pins 

(c lock and data) from the programming pod directly to the '410, as shown in Fig. 20L. l 8. But we 'd 

like to avoid committing two pin to the debugging function , given the small number of pins available 

on thi. controller. For contrast, note that on some of its larger controllers SiLab uses the pin-greedy 

but standard JTAG interface. JTAG occupies four pins, full-time. But the waste of even two pin is not 

tolerable for a little 32-pin part like the '4 10. And we need a RESET* function in any ca e. 

10 The low-voltage of the ··core" is characteristic of recent IC . Si Lab .. , which offer several parts aimed at low-power 

design. , include some controllers that can be powered at 0.9V. Thi . sounds a little more magical than it i : the supply 

voltage is ·tepped up, on-chip, by a flying-capacitor charge pump. But 0.9V i pretty ·pectacular, anyway. 



794 Lab: Microprocessors 1 

Figure 20L.18 Simplest possible (2 wiring - a scheme that disables 
two pins. We don't use this arrangement. 

'410 

C2Ck --FI C2CK 

C20 ~ P2.7 I C20 

So in tead of using the simplest wiring that is shown in Fig. 20L. I 8 we adopt the slightly more 
complicated an-angement of Fig. 20L.20. Thi, wiring preserves the utility of both debug lines: pin 2 
can erve as a manual-reset* input when not in use for C2· pin 32 can serve as a line for genera1-

purpose 1/0 (GPIO . 

The wiring that permit such pin-sharing i quite fussy, and we u e a homebrew . cheme to make 

the C2 connection. We do thi because we want the '410 controller to feel to you like ju t another 

piece of hardware, like the many others that you have breadboarded in this course. We are trying to 

minimize magic. 

Perhap we ought to admit that there is an easier way to try out a controller, though it i one we will 

not use today. The ea ier way is to buy from SiLabs a "daughter card," a mall printed circuit with 

a '4 10 and a few other parts including points for soldering to its 1/0 pins. This daughter card can be 

pressed onto a SiLabs "ba e adapter" card, which ties to a personal computer through a USB cable. 

There is nothing at all to build. 

After this cour ·e we expect you will use uch a scheme the next time you use a controller. We 

have enjoyed the ver atility of SiLab ' daughter cards. When we needed many 1/0 pins, for example, 

as we did for the LCD card, we just cho e a SiLabs part with 60-odd lines and shoved it onto the 

. ame ba e adapter that we had used with the 410 and had u ed also with a till mailer controller. 

The development system like the base adapter, work, happily with a wide range of parts from this 
manufacturer. But today we ask you to work a little harder. 

Connector: To link the SiLabs programming connector to a breadboard using its I 0-line cable, we 

bend lead, on a header as shown in Fig. 20L.19. 11 

Figure 20L.19 10-pin header accepts Silabs cable: leads must be bent 
to straddle center "trench" of a breadboard. 

Figure 20L.20 Cable 
and header pinout: 
two "(2" signal lines, 
plus one "readback" 
line, along with power 
and ground . 

red band re.c'. baru! n f(at c.abit 

he.acer 
2 l<5 

1 3.3V 2 

3 4-

~ Wnt totlff(fdlt 
trench In 'orP.dbq.11,d 

C2 

C2D_RfA DBAc 5' 

C2CK r 
c; lO t5v 

11 The header is a TE Connectivity part SI 03310: low-profile, right-angle. Digikey part number i. A33 L 79. 
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Figure 20L.21 (2 wiring details (rather baroque) . 

Another view of thi header appear in Fig. 20L.24. Fig. 20L.20 . hows the cable and connector 

pinout. Two of the header's ten pins are not used. Do not connect the 3.3V output today. 

The cable will deliver power to the '410 (+SY) drawn from the USB connection to the PC. So your 

circuits will run without any additional power , upply. You will not u e the 3.3V output until §25L.2 

when we meet a erial RAM that needs the lower voltage. 

Figure 20L.2 l , how the pin-. haring that permits use of the link to a PC without sacrificing two 

410 pins. The wiring i. odd and fussy, as promised - and some details of this wiring are not at alJ 

obviou . . 

• The two 1 k resi tors placed between th C2D (data) connection and a peripheral labeled "P2.7 

GPIO" are not hard to understand. These resi tor provide a simple . ort of isolation: C2D can 

drive the ' 410 without fighting the peripheral. 

• The 1000 re istor between C2 and 410: the e are just for protection. They are included to limit 

current in the 410 pin-protection diode. if C2 signal happen to be applied when the '4 IO i not 

powered. 

• The connection at the junction between the two 1 k resistors in the case of the C2D line: this is 

a terminal that the programming pod u es to hold the peripheral voltage constant despite activ­

ity on the C2 line. This works even when the peripheral is a ' 410 output (a case illustrated in 

Fig. 20L.22) . This feature i not always necessary, but becomes useful if one single-steps a pro­

gram that uses P2.7. In that case, the C2 lines are intermittently active even as the 410 i driving 

this P2.7 line used a an output. 

One can see in Fig. 20L.22 the effect of this extra connection, which we have labeled "readback." 

The scope image shows a program that blink an LED (you lJ see this very soon in §20L.3.4). The 
program is running in single-step, controlled by the C2 link. 

A the program runs, C2 i communicating with the 410, and these signal appear as the quick 

pul. e that mix with the low square wave on both top trace . The C2 signals appear at the peripheral 

in line "b)" of the left-hand scope image of Fig. 20L.22 but disappear when coJTected by the additional 

''readback" connection. The clean LED drive appear in the lower right-hand image of Fig. 20L.22. 

This ignal cleanup is not of major importance, and in full-speed operation it matters not at all. But 

it is ea. ily achieved, so let' take advantage of this option. 

C2, power and ground to the '410: Power and ground connections for the '410 are few: ee Fig. 20L.23. 

The power connections call for ome explanation: 

• Vreg : +5V: thi is the input to an on-chip regulator that generate , the core 2.1 V or 2.SV used by 

the ' 41 O; 
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pin sharing with C2 debug line: two cases: 

a) P2.7, 
tied to 
C2Data 

b) ... same. 
past two 1k 
isolation 
resistors 

u 

iJ~ ......... , .•.•• 

I : ~ . 
. ~ . 

i . 
l 

,i\n I l rU tt I 
tmJ 2.00 v ,__-··-~--

I 100h\S 

"T-

u 

1111111 11€ rt f 

b) again- ­
but this time 
linked to 
readback 
pin of C2 
connector 

without readback of point b) C2 corrupts output. .with readback of point b): C2 effects cancelled 

Figure 20L.22 (2 drive detail : programming pod can hide effect of (2 talk, on "shared" 1/ 0 pins. 

'+10 

V&J 
l 

GND : V'UG 

+S- 1 b 7 8 +5 

I n,r I t.7 1.r 
-:-- "':"' 

Figure 20L.23 Power and ground connections for the '410. 

• \1i0 : +5V: this determine the top of 1/0 output swing. Setting thjs to +5V provides input and 

output properties like those of 74HC: Vitt_min = 3.5V; VoH _min = 4.5V when sourcing 3mA in 
'push-pull" mode (an enhanced mode, much stronger in sourcing current than the generic 8051 

output, which, in the style of TTL is highly asymmetric); 

• ground; 

• leave Vdd open - but decouple it with a tantalum cap to ground (at least 1 µF). Thi is the output 
of the on-chip regulator. At the moment we are not u ing it. 

Fig. 20L.24 hows the way we wired the header-connector and pu hbutton, on a breadboard. The 

left-hand image hows the board ready to accept the '410 contro11er. Power and ground connection , 

along with two decoupling capacitors, also are shown. The LCD board provide the +5 power supply 

(borrowed from the USB source). The right-hand image hows controller and pod cable in place. 

Make sure to keep acces to at least one row of connection points at each of the 3 port - PO, Pl 

and P2. Even better give yourself access to two rows on top (at P2, PO) because we use some PO pins 

for double duty, and it's convenient to be able to leave wires in place rather than remove and later 

re-install. We hope you will include a label on your ' 410 carrier: it help a lot. 

The network of resi tors i a little convoluted, arranged that way in order to keep it compact. You 

may find a neater way to do this wi1ing. 

20L.3.3 Pinout of '410 as assigned in these lab exercises 

SiLabs gives a user some choice in the assignment of ignal to pin , . o a ' 410 pinout doe not look 

like that of an ordinary JC. (In thi respect, the' 410 resemble the PALs that you have met; there, the 

freedom to assign ignals was even greater than for thi microcontroller.) This freedom i provided by 

a port "cros bar." Thi cro sbar- which i not a native 805 l feature - must be enabled in any program 
where it is used. 



+SV 

+SV supplied to '410 board, 
by programming pod 

+5VtoVio 
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P2.7 available lo peripheral----------

+5V to Vreg 

Figure 20L.24 Power, ground, and C2 signal-sharing wiring, shown without and then with controller 
and pod cable. 

Figure 20L.25 show. the way w u e the pin of the '410 in Silab controller labs in Day 20- 25. 

We understand that Fig. 20L.25 shows much more than you need to know today, and refer to ome 

ignaJ names that may be puzzling. We include al1 these ignals o that you will have a reference to 

go to if later you need it. The numbers shown in parentheses indicate the particular labs for which the 

pins are so used. 

Some of the pins show a second use: " ... I ADCO," for instance, at PO.O, the pin that today drives 

an LED. That econd use come later in §23L.2, and at that time the earlier u e will have to be 

disconnected (in this example, the LED). For some function , we had complete freedom to as ign a 

pin (LED for example). For other we had no freedom (RXO TXO for instance). 

'410 

KEYPAD (L2) 
Pt 8/ 

P2 , 
P0.7 
P0.6 
P0.5 
P0.4 
P0.3 
P0.2 
PO.t 
PO.O 

B, 
OISPLAY (low byte) (L2) 

COMP· (iwith comparator) (l3) I INT1' (l4, L5) I NSS' (with SPO (L5, L6) 

COMP• (iwith comparator) (l3) 

INTO'(, L4, l6) I RXO (L5) 

PUSH8 UTTON (l2, L4) I TXO (l5) 

MOSF, ~ _ORIVE (l3) 

PWM( l3) 

OACf (l 4, l5, l6) 

I MOS!' (w;th SPO (L5, L6J 

8/ 

I MISO (with SP!) (L5, L6) 

I SCK (with SP!) (L5, L6) 

LEO (l t, l2) I AOCO (l4, L5, l6) 

0/SPLAY 
(high byte) 

(L2) 

Figure 20L.25 '410 pinout as we have assigned the pins in Silabs controller labs (Days 20-25) . 

Figure 20L.26 Port pin use in this lab. 

Because the 410 pinout i not fixed, we will show pin u. e near the beginning of each '410 lab. 

Today'. u e see Fig. 20L.26, is the simplest: just an LED at PO.O. 
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20L.3.4 A very simple 8051 program: code to blink an LED 

As we have said before, everyone gets a kick out of seeing an LED blink when that blinking mean 

that something you have built is working. 12 

Hardware: '410 sinks current from an LED: Wire an LED to PO.O (top right pin) to turn the LED on 

by sinking current from the +5V supply. 13 

The SiLabs '410 behaves like a traditional asymmetric 8051 by default - but can be told to provide 

symmetric output drive instead (SiLabs calls thi option "push- pull ' to describe the symmetric CMOS 

output ·tructure). The ink/ ource capabilities of the push- pull are nearly ymmetric: it can source 
current into an LED (3mA @4.5V), as we.II as . ink current (8.5rnA @0.4V). 14 But we have left the 

pin in its usual open-drain condition, and therefore we are obliged to sink the LED current. 15 

We did this because we think it' useful for you to get a habit of sinking current from a load since 

you will often meet devices that show the a 'ymmetry of TTL-like outputs: good at sinking current, 

poor at sourcing it. The CMOS PAL are such devices; o is the 8051 in its original output mode. PO.O 

sinks current through the LED whose anode is fed , through a 1 k re istor from the +SY supply. 

20L.3.5 Code: blink an LED 

The main loop: The core of the program is as simple as this: 

FLIPIT: CPL PO.O ; flip LED, ON, then OFF . .. 

SJMP FLIPIT 

CPL i a. sembly-language horthand for complement; SJMP mean short jump, where ' short" mean 

" hort enough so that a single byte will specify how far to jump." Since the "how far" byte is a 2's­

complement value, the available range i - 128 to + 127 (1000 OOOOb to O I 11 1111 b). 

The assembly language source: Here is that little loop, along with some preliminaries that the SiLabs 

controller requires· these initializations are explained in Chapter 20N. 

; bitflip.a51 this blinks LED -- but at a rate too fast to see unless run in single -step 

$NOSYMBOLS ; keeps listing short .. 

$INCLUDE (C:\MICR0\8051\RAISON\INC\c805lf410.inc) 

ORG O tells assembler the address at which to place this code 

; Disable the WDT. 

ANL PCAOMD , #NOT(040h) ; Clear Watchdog Enable bit 

12 In fact , LED-love goes deeper than thi . An LED may not even need to blink to keep us happy. A glowing LED rea sures 
anyone who plug in a well-designed ballery charger. The chargers that save 50 cents by omitting the LED seem likely to 
fade from the market. Users like reas urance. 

13 This is the standard way to drive a load from an output that hows asymmetric "TTL-like" drive. Old ''TTL" logic can sink 
much more current than it can source. If th is applied only to TTL, we could dismis this a a historical quirk . But we 
cannot be so dismi. sive becau. e many CMOS parts choose to mimic TTL. The Xi linx PAL that you met recently doe this. 
So doc the Dallas 805 1 that appears in the other branch of these micro lab . Such device. can sink substantial currents 
( 1.6mA for the Dalla. 805 1 for example), but can source only the feeblest trickle 50µA fo r the Dall a. 8051 ). Ordinary 
CMOS parts, by contrast, provide nearly ·ymrnetric drive, a you know. 

1-1 '410 data heet Table 18. I. 
15 PORTO of the 8051 is peculiar in that it · default configuration is open-drain, in ontrast to the other po1ts which provide a 

weak pull up re is1 r and a brief tr nger High drive that speeds charging of a load 's . tray capacitance. 

+5 

P 0.0 

_d: 
Figure 20L.27 
LED wiring: sink 
current through 
LED rather than 
source it. 
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; Enable the Port I/0 Crossbar 

MOV XBRl , #40h ; Enable Crossbar 

SETB PO.O ; start with LED off (it's active low), just to make it predictable 

FLIPIT: CPL PO.O ; flip LED 

SJMP FLIPIT 

END 

Machine code produced from the assembly- language source: Just above, we listed the assembly­

language version of thi program. The SiLabs (or RIDE) assembler program on your PC converts this 

to code the 8051 can execute. Thi executable code appears below along ide the original a embly 
language: 

ADDRESS CODE 

0000 

0000 53D9BF 

0003 75 E240 

0006 D280 

0008 8280 

OOOA 80FC 

line# ASSEMBLY CODE 

266 ORG O tells assembler the address at which to place this code 

267 

268 
269 
2 70 

Disable the WDT. 
ANL PCAOMD, #NOT(040H) ; Clear Watchdog Enable bit 

271 ; Enable the Port I/0 Crossbar 
272 MOV XBRl, #40H ; Enable Crossbar 
273 
274 

275 SETB PO.O ; start with LED OFF (it's active low) 
276 
277 FLIPIT: CPL PO.O toggle LED, On , Off, .. . 
278 SJMP FLIPIT 

We noted in §20N.7 that all '410 programs require initializations. That requirement applies even to 
this tiny two-line LED-blink program. 

Here are the register initializations - simple enough, this time, o that there may be no need to list 

them as we do here. But we want to make this our standard practice. We think it underlines a fact 

about controllers: the initializations can be more complex than the program itself. Often that will be 

true in the simple programs that we offer in these labs. When you do something more substantial, it 
will cease to be true. But we hope that it help to see the register initializations separated out. 

Register bit/byte-value function 

PCAOMD d6 (= WDTE) 0 :::;, watchdog ti mer disabled 

XBARE d6 (= XBARE) l :::;, cros bar enabled (permits pins to serve as outputs) 

XBRl 40h this is the byte value of the register that includes the XBARE bit 

Don't spend any intellectual energy trying to digest these initialization details. You will ee many 

of them, over and over - including the two shown just above - and getting used to them will serve 

you well enough. Save your brain for more interesting challenges. Next time, we wm begin to use 

the SiLabs "Configuration Wizard," which make setting up the '410 quite manageable. You will not 

need to go into the dismaying bit-by-bit detail shown in the table just above. Instead you will be able 

to check boxes in order to select particular behaviors: a much more manageable task. 



800 Lab: Microprocessors 1 

20L.3.6 Try code on a '410 

Let's now get on with the fun part: loading and running this code. Follow the procedure described in 
§20N.7 to "a semble," "make," and download bitflip.a5 l to the 410. You may want to u e View/Debug 
Window /SFRs/Port to let you watch PO a the program ingle-steps. The window in Fig. 20L.28 

shows the nested menu that let you choo e to watch that port on-screen. 

Siljcon Labor<1torfoi IDE - bitflip.<151 

,; e,o,ect Wll'ldow 

-. if!i 11,; QutPutWMOW 

SFR's • 

~Re11sters 

iwiRAM ,-
l - Code Memory 

I ~ DlsaSWllbiy 

External Memory 

RTCJnte,face 

ORG O 

SJ KP STARTUP 

ORG 80h 

8051 Comoler/Misc 

AOCO 

Comparators 

Flash 

IDAC 

!rt~ 

Osdators 

PCA 
t a rate too f ast lo see unless run tn •m•••••L ket,1pS llSUng short c80Slf410 1nc) 

Tirners e .oddress e'. 11ln.cb to plAcoe th,,. code 
UART ____ _ ...,....,,ns- -w1lr. Just a Jwap lo S l <1rl of 
re l pr0g1·.oa All ou.t prograMs vdl sl<>rt thus 

and here lhe µrog r a star s 

Figure 20L.28 Silabs debugger 
lets you display PORT values, 
among other internal states. 

STARTUP ac.,,ll lJSUAL_SETUP 

CLR BLUE_LED star t lov )US to •ake 1 t predicti>ble 

nIPIT CPL BLUF;_LED t llps Gr een LED o n S1Lab devl<1 
- SJMP FlIPlT 

You hould see (cf. Fig. 20L.29) PO's value toggle between FEh and FFh (seven lines float high; 

the LSB toggles as the program runs). 

Figure 20L.29 
Debug window 
showing PORTO levels 
as program steps. 

Slhcon l <l.bora1orios IO_I bllllip <151 • 

fjlo tdt 'jjeW e,o,oct l>d:l!9 lods Qpborls w,- ~ 
o ~ g ~ e 15 ;1~ a~ c:i· " 1 . <", ~ ~ Til 1, 1 .o ,_... !!! 

{tJ Wll(l.*51 

D He....,n.. 
D S....e Fio, 

t NOSYlfflOLS 
$INCLUDE (C . 'l!ICRO, eOSl , RAISOII IllC'<:80 
BLU£_ t£D mu PO O 

fil)lllll 

PO • FE 
PO!IOOIJT • 00 
PONDIN • FF 
POKAT • FF 
POllASK • 00 
P00\1£!1 • 00 
Pl • OF 
Pll!OOUT • 00 
PlKlllll • Ff 
PIKU • FF 
PlllltSI{ • 00 

PORTO value, 
visible during 
stepping 
of program 

But the main way to judge success for your test program surely will be to ee whether it doe , 

indeed toggle the blue LED at a few Hz when run in multiple-step mode. When it does, you will 
know that in principle you now can control the world with your little ' 410. 

20L.3.7 Add delay to permit full-speed run 

If you run the program of §20L.3.5 at full speed, you will not see any interesting result (a the head 

of the program warns). The LED will glow at half brightne (since it is on for half the time); the 

debugger will show you nothing because it cannot monitor signal levels at full speed. 
But. if we patch in some code that waste time between toggle , we can run the program at full 

speed and see the re ult. Here is the bitflip program, with such a delay included - except that we have 

not quite finished the program: we have left undecided the number of time the two-byte delay loop 

should be run. This i a value that will be determined by the value that you load into register R4 in 

the line that begins MOV R4, # . The '#' indicates that the value that will fill the blank i to 

be treated a a constant, not as the addre s where ome other value is stored . This addres ing mode i 
called " immediate. 

Fill in that value aiming for a delay of about one second each pa s through the loop. Assume that the 
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two-byte delay (the time that R4 will multiply) is about lOms. Please enter your R4 value in hexadeci­

mal form , indicated by an h following the value a in the line MOV XBRl, #40h ; En ab le crossbar . 

; bitflip_delay_ inline.a51 bitflip program, with delay for full - speed operation 

$NOSYMBOLS; keeps listing short 

$INCLUDE (C : \MICR0\8051\RAISON\INC\c805lf410.inc) 

ORG O ; tells assembler the address at which to place this code 

; Disable the WOT. 

ANL PCAOMD, #NOT(040h) 

MOV XBRl, #40h 

; Clear Watchdog Enable bit; Enable the Port I/0 Crossbar 

; Enable Crossbar 

MOV OSCICN, #87h 

... and this time we'll let the processor run full - speed 

; (we omit the usual divide - by-eight lin e) 

MOV A,#0 maximize two delay values (0 is max because dee before test) 

MOV B,#0 ... a nd second loop delay value 

SETB PO.O start with LED OFF (it's active low) 

DELAY: MOV R4, # __ _ ; 1 second delay : this mu ltiplies t he 64K other loops 

; count down innermost loop, till inner hits zero INNERLOOP:DJNZ B, INNERLOOP 

DJNZ ACC,INNERLOOP 

DJNZ R4, INNERLOOP 

END 

CPL PO . O 

SJMP DELAY 

.. . then dee second loop , a nd sta r t inner again. 

now, with second at zero , decrement the outermost loop 

; toggle LED 

With these additions, this small program is starting to look quite ugly: the important, central loop 

hard to make out becau e the flow is interrupted by the patch of code that implement DELAY. We 

will improve this situation next time when we meet the subroutine form . That will allow breaking thi s 

ungainly program into mailer modules, and will let us give prominence to the part that intere ts u. -

here, the bitflip loop. 

20L.3 .8 Some peculiarities of the DELAY loop 

Some details of the DELAY loop are odd, and should be explained. Thi loop uses three 8-bit registers 

to generate a long delay (about one second, with the values hown, if you initialize R4 appropriately; 

a maximum delay would be under three seconds, mnning the clock at 24.5MHz. a we do here . 

Initiali zation here are strange: 

• First, it i odd at first glance to find u initializing two regL ters to zero in a count-down loop. 

That look. like a value that would produce minimal delay. But the zero value turns out to deliver 

maximum delay because the count-down operation, DJNZ (' Decrement Jump if Not Zero"), does 

a decrement bef ore testing for zero. 

• Second it may eem . trange that we do not re-initialize these two regi. ters within the loop. We 

do re-initialize R4 (DELAY: Mov R4, # l Oh) but not A or B. We get away with this simplification 

because at the end of ach DJNZ loop the register that ha. been decremented is left with value 

zero. 
• Finally, a detail o fus y that we' re embarras ed to have to mention it: register A sometimes 
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demands to be called by the name "ACC ' .16 It likes this name in the DJNZ operation and we 

will ee next time, that it also insi t on this in the stack PUSH operation. We don t under tand 
why assemblers are not designed to be kind enough to treat "PUSH A" as equivalent to "PUSH 

ACC." 

Try it at full-speed; try a breakpoint: After you download thi program, run it at full peed: click on 
the large green icon ("Go' ), at center-left top of the screen in the IDE. 

This program also gives us a chance to demon trate the value of a breakpoint. Place a breakpoint 

somewhere in the bitflip loop: highlight the line where you want to place the break, then right-click 

and select "Insert/Remove Breakpoint.' 

Figure 20L.30 Insert 
a breakpoint by 
highlighting a label or 
instruction and 
right-clicking. 

DELAV MOV R4 . # 60h 1 second delay this mul 1pl1es the 64K other loops 
count down innermos loop , 111 inner hits zero 

then dee second loop . and start inner again . 
INNERlOOP . OJ IIZ B. lNNERlOOP 

DJ llZ ACC IllNERLOOP . 
DJIIZ R4 . IllllERLOOP now with second at =eTO decrement he outer•ost loop 

CPL PO. O toggle LEO 
• fflffi'fi;~ --- -

El!D 

Add SJl'1P DELAY to Watcn 

1¢ ; 
Enable/Disable Bteel<polnt 

"(} Run to (l.l'SOI 

Undo 

Once the breakpoint is in place, clicking Go will run the program at full- peed, but only up to the 
breakpoint, where execution pauses. If you click 'Go' repeatedly you should find the LED toggling 

each time you do this - with about a 1- econd delay a the program runs the Delay code and then 

again hits the breakpoint. 

A better way to delay? But does it not seem perverse to take a fast processor (in this case, clocked 

at its maximum normal rate, 24.5M.Hz 17), and then to slow its operation to a crawl? Yes, it is rather 

perverse - and there is indeed, a better way to low execution than by trapping the processor in a loop 

for hundreds of thousands of cycles. This better way we will explore in Lab 22L using the controller s 

hardware timers. These can be loaded once with a delay value, and then told to notify the main 

program when the delay time has expired. This scheme leaves the processor free to do something 

useful during the timekeeping process: a much better plan than the one we demonstrated today in 

§20L.3 .7. 

16 The register referred to by both names is the ame. The difference is a difference between addressing modes: direct 
("ACC") versus implied ("A," as in "mov A, PO). Thanks to G. Cole for this explanation, 
http://www.keil.com/forum/376 l/definition-of-terminologie / . 

17 One more factor of two in speed would be available if we chose to double the effective clock rate u ing the CLKMUL 
register. 
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205.1 PAL for microcomputers 

This PAL implements both 'GLUE" logic (purely combinational, to link the processor with RAM 
and peripherals), and "STEP" logic (sequential, to permit single-stepping the computer). We will 

pre ent these two elements separately, though they are combined in the single PAL, an XC9572XL 
(3V version) or XC9572 (SY version). 

205.1.1 GLUEPAL 

For the GLUEPAL pinout see Fig. 20L.4. 

Logic diagrams : 

RAMWE", KBUFEW 

RA MOP 

~,o 
-;J. 
BR 

DEUMUXOE• 

RAMCE* 

CTR_OP 

Figure 205.1 
GLUEPAL logic: 
schematic. 

Verilog file: In stepglue_ 3v. v (available on the book web ite) we show the Verilog code that im­

plements the combinational GLUE and the STEP logic. 

205.1.2 STEP PAL 

A short explanation of the STEP logic: 

• The signal ALE provide a reliable timing marker, since it occur : 

once for each bus cycle; 
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clo e to the tart of each cycle. 

• The fall of ALE (trailing edge) marks the time when the full 16-bit addres is pre ent (the low-half 

has been caught in a register). 

• Soon after that event, the data lines become valid. 

Figure 20S.2 is a schematic of STEP logic. 

L.f1:> '< ._2_1 _ _ _ _ 

38 ALE - .--t;. ALLLATCH I 
'r _ 

•5 [ 5 6 ~ 16 
Yb'\..- ,~ G' --r_____fL b c. -

43 TRIG ~ TRIG_LATC.,._H_ i'>--T-RI_G-- SYNC _J~ 0£<AY 

Figure 205.2 Pinout 
and schematic of 
STEP PAL. 

STEP PAL: Verilog file : 

23 STEP/RUN' --t> 
22 BUSRGIST' --c _ --- 'FULLSf:.~Ef?• 
14 LOAOER' - -
30 KRESET' --C 

II here ' s the single - step logic 

initial 

DELAY= l'bO; II this initialization makes the sim work 

always @( negedge ALE, posedge DELAY) 

if (DELAY ) 

ALE LATCH<= l'bO; 

else 

ALE LATCH< = l ' bl; 

always @(posedge TRIG, posedge DELAY) 

if (DELAY) 

TRIG LATCH <= l'bO; 

else 

TRIG LATCH <= l'bl; 

always @(negedge CLK_ IN) 

begin 

TRIG_SYNC <= TRIG_ LATCH; 

end 

always @( negedge CLK_ IN ) 

DELAY <= (TRIG_ SYNC & ALE_LATCH ) ; 

I 

\... 
<OUTPUT MU>O 

assign ful l_speed = ( !STEP_ RUNBAR I ! BR_ bar I !LOADER_ bar I !KRESET_ bar ) ; 

ass i gn CLK OUT (CLK_ IN & full _ speed) I ( (TRIG_ SYNC & CLK_IN) & !full_ speed) 

I 

,I 
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205.2 Note on Silabs IDE 

205.2.1 Connecting to the '410: PC debugger 

Once the programming pod has been connected to the 410 through the C2 lines and to the PC through 

the USB connector you can turn on power to the '410 and open the SiLab IDE. 1 

Connect PC to '410 : Open the SiLabs IDE and make a new project or take one of our., such as 

bitfiip. wsp which encompas e the fir t te t program, one that blink an LED. The project (whose 

extension is .w p) will include an assembly-language file, with a name like bitflip.a51 or bitflip.asm. 

If you are making up a new project you will need to use PROJECT/ADD FILES TO PROJECT 

specifying, for example, bitflip.a5 l. If you double-click on that filename, you will see the .a51 file 

displayed. 

Connection options: Before you try to connect, make ure that the IDE sees and mean to use the 

USB connection. It will fail if it comes up expecting to use an RS232 . erial connection in tead. 

A correct link under OPTIONS/CONNECTION OPTIONS will how the USB connection, as in 

Fig. 20S.3 . 

Serial Adapter 

R5232 Serial Adapter [EC2J 

COMPORT I- -3 
Baud Rate ::] 

Check porl status I 
-----! 

<• USB Debug Adapter 1 .SO O 

t>.dapter 
Selection !EC30000F720 -:J 

r Power target alter 01$<:onnect 

Debug Interface 

,. JTAG . I --~ 
-. C2 

0 Cancel 
Figure 205.3 Connection options must show the USB link. 

If the IDE refu e to allow you to change from serial to USB, you will need to close the IDE and 

remove and then restore power to the '4 10.2 Once you have confirmed that the connection option are 

correct, click the CONNECT icon (it looks like a USB pod). 

Assemble the file: Once connected you can assemble the program: invoke PROJECT/ASSEMBLE, 

or click on the leftmo t of the three icon to the left of the connection icon. You could now look at the 

as embled Ii ting - the .LST file - if you chose. This we did in Chapter 20N. But now let's not taJTy 

to look at such details. Let ' instead jut pump the code into the '410. 

1 ''IDE" is a generic acronym for controller and processor development software: Integrated Design Environment. Tbe RlDE 
assembler/compiler/simul ator, for example. u. es the same term. 

2 When running the IDE u. ing Parallel on a Macintosh, we found it necessary also to execute a Parallel Re. et in order to 
regain control of the connection opti n. 
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Download the program to the '410: Now click the download icon - a downward-facing arrow to 

the right of the connection icon. In a few econds, the code should tran fer to the '4 10. When this 
ha occurred, a blue cur or will appear next to the fir t executable line of code in the program, and 

the execution icons to the 1ight of the download icon will appear not grayed-out but bright - as in 

Fig. 20S.5. 

Choose what to monitor through the debugger: Now we get to take advantage of the great value of 

SiLabs interactive Jink to the ' 410 (the C2 connection). C2 not only deliver. code to the controller it 

al o lets the host PC control the running of the '41 O'. code, and lets the PC monitor the registers and 

memory internal to the '410. Thi saves us the pain of the old ' burn and crash' mode of debugging: 
"burn" in some code,3 then run it to see if it works; if not, call it a "era h " and try again. C2 gives us 

insight into what the '410 i doing as it runs code. 

Single-step, breakpoints and register watch: The IDE allows three important debugging aid : 

Single-step: thi is what it sound like - the ability to execute one instruction at a time. Thi ability 

is necessary, in order to make the monitoring of internal registers useful. 

Set breakpoints: if we place a' breakpoint" marker at a particular line of code, we then can run a 

program at full speed - and it will stop at the breakpoint. There we can inspect regi ters, and 

can proceed in single-step if we choose to. Breakpoints are useful in larger programs, where 
simply single- tepping becomes tedious. 

Monitor registers: as we have said, IDE lets u watch '4 10 register and al o internal memory 

locations (both ROM and RAM) 

Modify internal registers : we can modify some internal regi sters (such as PO in the bitflip pro­

gram) through the IDE. 

Multiple-step rather than single-step: IDE offers a speed intermediate between single-step and full­

speed: a step-repeat option that can be useful. We take advantage of it, for example in the very first 

test program of this set of labs: bitfiip.a5 I. Thi program toggles an LED attached to PO.O, as probably 

you have gathered by now. At full-speed, the display is not intelligible: the LED simply glows at half 

brightne s. In multiple- tep mode the LED toggle at a few hertz. 

Choosing what to monitor: The selection of what to monitor i done using VlEW/DEBUG WIN­

DOWS . . . , as in Fig. 20S.4. The most common of the view selections - such as the main 8051 regi ter 

- are offered al o as icons near the top middle of the screen. 

Figure 205.4 IDE lets one select what to view as a 
program steps. 

.., ~"'01f'(t .. 't"'dout 

lt1l'., JJ''""'.....,.. 
I !<<>b>H 
[ 
[ ., ~'.Y\/S 

"' 'i!:Jit~-~ 

p.,v,1 

::<=~·1ttno,., 
!Otr.-et, 

Qf..: lr.t~«e 

1 '1~ ~I\M 

j AOC0 1:~~Re~-tm 

.- ·~ STARTUP 

I 80h 

" f,§fR{ti m,; -

ItoJ>.C 

STARTUP , I u·;uu_sETvt' 

3 "Burn., is a misnomer for "program," a vestige of the days when RO Ms really were programmed by the melting or 
''burning·· of fusible metal link . 



205.2 Note on Silabs IDE 807 

In the screen hot of Fig. 20S.5 we have selected some of the obviou resources to monitor: a , et of 
regi ter (which the IDE calls 8051 Controller/Misc"), and the "Port ," including the only one used 
in the bitflip program PO. 

E,le (ot 'fi8" l:)'ojoct Dt-bw !aob Qpt,ons w,,-.:io,,, tleip 

D ~ ~ i fG ~ 14.i ii:1i ;i "! 

~b,tfl,p 

I!! t.ilp_,..:!e..Sl 

C:J H .. c1.,n .. 
CJ SourceFle, 

SNOSVHBOLS 
SIIICLUDE (C MICRO SOS! RAISOJ! ,!11· 

BLliE_LED E0J PO O 

R'v O 

SJ!!t' ST.1.RTUP 

~,[,:-~ 80h 

STARTUP l'C"ll usuu_SETUP 

C-o.R ~ 

i-,FLIPIT rn BLUE_l.E(l 
f:,llll' FL! PIT 

USUAL_SETUP 
•nl PCAOHD #IIOT(040h) 

"°'' XBRl 14 0h •s ,. ~ - 'L 

l"f-!:l 

.!!lf'i.TIIK7ioci.rr RU N COMPLETE . no ERROR FOUIID 
I 

Figure 205.5 IDE shows value of internal registers. 

PO 
POMOOUT • 00 
POliDIJt • 
POHIIT • 
POtlASK = 00 
POOVEII • 00 
Pl • . 
PIUOOUT • 00 
PlUDlll • , 
PlMAT • 
Pll11\SI( • 00 
P2 • 
P2MDOUT • 00 
P21l0Il! • 
lCBRO • 00 
,l(BRl • ' 
POSKIP • OD 
PlSKIP • 00 
P2SKIP • OD 

.PC • 
SP • 07 
DPTR • 0000 
ACC • 00 
e • oo 
PSII • 00 
PCOII • 00 
CCHOCII • 20 
EHIOO! • 00 
RSTSRC • 01 
REFOCII • 00 
REGOC!J • 10 
VDKOC11 • CO 

The bitflip program is so simple that it doesn't offer anything much that is worth watching. Only 
the LSB of Port O changes. But we can see this at least as the alternation of the value of PO toggling 

between FE to FF. 

"Watch" window: The controller includes such a huge number of registers that the IDE sensibly does 
not try to list them all instead inviting us to select a particular register from the program listing, 
then adding this to a special Watch window. In Fig. 20S.6 we have selected a register that includes 
the watchdog-timer enable bit (not because it is specially worth watching, but because it is a rather 
obscure register not available among any of the standard sets). 

A complication - and stumbling block - appears in Watch selec6on: we are obliged to choose 
the correct "Detailed Type," as in Fig. 20S.6. Unfortunately, IDE punishes us cruelly if we make 
the wrong election - selecting say "character ' rather than "SFR" for the type of PCAOMD (not 
an unreasonable choice, since PCAOMD and "character' each occupy one byte). IDE provide no 
error mes age. It politely displays, in the watch window, non ense: not the contents of PCAOMD, but 
something else entirely (we're not yet sure just what). 

A helpful detail that we took advantage of in Fig. 20S.6 is the ability to choose the number format 

of the displayed value. We cho e hexadecimal as usual. The default format is decimal. 



Supplementary Notes: Microprocessors 1 

b1 • ( l1p ..,r 

i • 1 ls( SNOSYMBOLS 
SIHCLUDE (C MICRO 8051 RAISON IlTI: c805lf410 .rnc ) 

~;o,Fli..i l J>:;t L lul~-

BLUE_LED E011 PO O 

11. 'J.-1 

SJMP STARTUP -\-' 1 1 ... I ,Mf• f • •t 
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~ure 205.6 Select a register to add it to a Watch window. 
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20W Worked Examples: A Garden of 
Bugs 

It struck u recently that it we teachers who learn mo t from your difficultie in the lab: you present 

u ome pretty challenging riddles with misbehaving microcontrollers. It seemed sensible to hare 

some of these nice erratici. ms with you. 

The game i to devi e a theory, a diagnosis , that could explain the observed misbehavior and then 

to pre cribe ate ' t procedure (in case that isn ' t obvious from the statement of diagnosi ). 

In Fig. 20W.1 is a circuit - a demon tration board - that ordinarily would be pretty hard to debug. 

But on this particular day as the white arrow indicates the task wa not hard. How the moth happened 

to die ju t there i a my tery we have not olved. Pos ibly a mischievou. tudent had a role in this; but 

we hope not. We prefer to believe in odd chance events. 

Figure 20W.l Once in a while, 
debugging is easy; usually, it's 
not . 

We should admit while looking at bug , that we admire them. We sometimes ay, only partly 

facetious ly, as we said when we were promoting the Big Board computer, bugs are our mo t important 

product. We don t quite mean that, but almo t. We ask tudent to wire this complex circuit while we 

could have handed them a printed circuit to do the job giving them a working computer on the first 

day. We do that because we think it s sati sfying to start from scratch. But we do it also becau, e a 

circuit of thi size offers o many chances to be wrong that it is bound to present even a careful per on 

with some challenging bug cha es . We hope you enjoy your own, peculiar bugs. Below are some that 

we have enjoyed. 

8 ug (Micro seems to refuse to follow its instructions .) We load a program - say, the test program 

at the end of the Lab 20L - including it. tartup jump at addres es zero and one: code that says 

"Jump to I Oh' 1• When the proces or reaches 1, then prefetche the code at 2, it jumps - but in tead of 

1 More literal ly, the code say . "Hop ahead from where you would otherwise go - 02h - by the displacement OEh" 
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hopping to IOh, it goes somewhere else - perhaps to l lh. There it how the correct code, once again 

- but then sail off to some trange high addre on the next tep. 

Explanation What we ee on the DATA BUS does not match what CPU ee . In other word 

the data bu ha gotten muddled on it way to the CPU. Lines may be interchanged, or a line may 

be poorly connected between bu and CPU so that the lin floats (this is the ca e detailed in the next 

paragraph). 

It's easy to check thi hypothesis: single- tep to the point where the proce sor . hould be picking up 

the vector-con tant or in truction that you have observed it to mi . interpret. Suppose the proces or has 
been hopping to l lh instead of lOh: in that case, pause at addres l, where the processor appear to 

pick up the byte OEh from the RAM. Probe the eight line of the data bus at the CPU. Chances are, 
they will how you 0000 1 I 11 - a hexadecimal OF rather than the OE that we intended. We got thi 

result, as an example, by pulling out the line that hould have joined the CPU' LSB of data (ADO) to 

the bus; the CPU read that floating ADO a a high, and thus hopped ahead one more than it hould. By 

itself, that error would not have knocked the program off the rail , since the CPU happened to miss 

only the NOP at address IOh; but at 1 lh where the CPU should have picked up 80h (Jump relative) , 1t 
picked up 81h. This happens to be the code for AJMP which jumps to a strangely-formed destination, 
one far from what we intended.2 

Bug (Micro and we disagree over what 's in RAM.) Human load a program into RAM, and 

confirms that the code is there (walks through, looking at the code after entering it, all the while 

keeping the bus). 

Program will not run. At full- peed, it era hes. Single- tepped, computer shows values in RAM 

different from those loaded and confirmed a few minute earlier. Human takes bus again - and find 

the code i con-ect, and matches what he saw before trying to run the program. 

Variation: Sometimes program runs and code matches what human sees; sometimes no match and 

no run. 

Explanation What we ee on the address bus does not match what CPU drives. In other words, 

the address bus has gotten muddled on its way from CPU to memory. 

Test by probing each address line at the RAM (not even at the RAM breadboard: poke the RAM 

pins - one pin may even be folded under the chip!). Use a logic probe, and look for a FLOAT. It's best 

to do this with CPU in control of the buses since this will let you detect not only a failure between bus 
and RAM but also elsewhere in the chain - between CPU and '573 demux latch or between '573 and 

bus. 

For the Variation, the explanation is similar - but harder to debug, because intermittent: here, some 

address line (usually just one) is floating. Usually the line is a high address line; it floats into one state 

while you, the human, are loading the program; it floats into another state when the CPU takes over 

- perhaps because a line next to it switches during that changeover. So we access different blocks of 

RAM, even though our address-bus display remains constant (the display do not float: they are firmly 

driven, first by the manual address counter. (the 16-bit PAL counter) then by the CPU). 

Bug (Computer crashes when one tries to use the "Ready" key.) This program runs OK - but 

only until we try to take advantage of the new feature, the Ready key. So apparently the computer can 

2 The detail of the jump addre s formulation are boring, but we'll try, in ca ·e you're curious: it 's an 11-bit di splacement 
from the address at which the machine otherwise would have got its instruction: here addre . I 3h. The displacement i 
formed from the opcode' high 3 bit (here. "4 "') and the byte that follow · (here, "FDh"). This effects a jump to FD I Oh (if 
I haven't slipped up in my hex arithmetic). 
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feel the pressing of the keypad' Write button but re ponds by crashing, rather than by taking in a key 
value. 

Explanation Th keyboard WRITE button and the KWR* ignal that it evokes, remains wired 
directly either to the RAM ' WE* pin or to the ' 54 l's ENABLE* pins. 

Thus, pu hing the WRITE button either corrupt the data on the data bu or alters RAM content at 

random times during the running of the program. (This hardware error occur because at an earlier 

tage - Lab l7L - KWR * was wired directly to both WE* and the '54 1 ENABLEs*. It 's hard to 
remember to get rid of old wiring when installing new.) 

In a properly wired machine, it i safe to pu. h WRITE while a program i running, because KWR* 
is locked out of both WE* and '541-enable paths whenever the CPU has the bus. A gate ANDs the 

a sertion of KWR* with the asse,tion of BR*· as long as the CPU is running a program, BR* is 

not asserted. Therefore, while the CPU is running a program KWR * has no effect - except on the 

READY flop, as intended. 

Bug (ADC finds a fight when it tries to drive data bus.) Computer works fine, running all 

programs up to Lab 23L's check of ADC. At that point, we find the ADC delivering a con tant input 

(happens to be FFh, but many highs, not all float s) to the computer on a read from port 3 (the ADC 

data port). 

Starting to test the ADC, we gave it an analog input of ground and ran a cycle. We found ome 
of the data line from ADC reading float during the read cycle, and when we disconnected the ADC 

from the bus, di covered that the ADC was trying to drive a low but was contending with some other 

device that wa driving the bus high. (The fight resolved into a mid-scale.ffoat-like intermediate level 

while ADC wa tied to the bus.) 

Explanation The RAM ha been enabled continuously all along - and now fights the ADC on an 
input from l/0 (address space in which the RAM should be disabled). 

This one is subtle because the problem appears o late in the life of the computer. Your computer 

has already ucceeded in doing another I/0 input - from the keypad. How could that work and the 

ADC input fail? The an wer i simply that keypads ' 541 i . tronger than the AD7569: note the 

contra t in their /oL and IoH numbers: 

Specifications: /oL /oH 
74HC541 6mA 6mA 

AD7569 l.6mA 200µA 
RAM 2. lrnA lmA 

So the keypad ignals pas ed by the brawny '54 1 ea ily overrode the RAM signals despite the bus 
contention. The ' 7569 signal don't have such an easy time: in fact the 7569 drive is lightly weaker 

than the RAM s and produces a result that's not a legal low or high, at least part of the time (the 

pairing '7569 low versus RAM high is a pretty well-matched fight). 

The remed) of course is to fix the RAM enabling: RAM CS* should be asserted only in mem.00 

pace - where A 15 is low (a Lab 20L and Fig. 20L. l how). 

Bug (ADC works single-stepped, but not at full -speed .) The ADC test program sta1ts ADC, 

branche back read. ADC and hows re ult (on DAC or on di . plays). The ADC value i con. tant or 

changes e1Tatically. Single- tepped, the ADC works perfectly (te ted by feeding it from a potentiome­
ter). 
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Explanation The ADC oscillator is running lowly. The important clue here, of cour e, j the 

difference in conversion 'peed that the CPU demands of the ADC in the two cases: when single­
stepping, the CPU gives the converter an eternity to complete a conversion; at full-speed, the CPU 

gives only a little time to spare. 
If the conversion is not done when the CPU tries to read the value (and our program doe not 

politely wait to be told that a sample i ready; it takes a sample when we guess that one is ready) - the 

ADC gets it revenge by giving bad data. The likely cau e for slow conver ion is si mply wrong RC at 
the ADC' "elk" pin. 

You would get a too- low RC if you were a little lazy and plugged in values more tandard than 
those specified - ay, 6.8k instead of 6.2k and I OOpF instead of 68pF (RC 609( higher than target); 

you would get radically slow RC if you misread a capacitor. The traditional error is to think that 

"0.068µF" means '68pF." That misconception might lead omeone to use 0.1, saying 'close enough . ' 

The remedy is pretty dull: tare at the Rand C values; correct them if they 're wrong. If you wanted 

an experiment tote t whether the ADC were converting too lowly, you could use an external function 

generator to drive the ADC's elk pin; at 4MHz it should work with the program running full-speed. As 
you crank the ADC clock rate down, the di play should go bad, when the ADC conversion exceed 

time between START and READ, in your program loop. 
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Why? 

Our task today i add to a computer the ability to take in and put out byte size information. Before we 

proceed here's a reminder of ome of the main ideas from Day 20. 

• When u ing buses one must decode control and addres , signals from the processor in order to 

make memory and petipherals behave properly. 

• Control ignals put out by a microprocessor, though peculiar to each processor in their details , 

convey pretty standard information: direction, timing, "which one, ' and often UO versus memory. 

21N.l What is assembly language? Why bother with it? 

It ' the quasi-English that humans use to peak to one another and to 'as. embler' programs in defin­

ing what operations we want a proce sor to carry out. "MOY RO, #38h, ' for example, is the assembly 

language way of expressing what in 'machine code" i expres ed a the two bytes 78, 38h. (The in-

truction means "copy into cratch-regi ter zero the value 38hexadecimal,' in case you're curious.) 

A sembly language differs from higher-level languages such as C in that one line of assembly lan­

guage con-e ·pond to one machine language in truction . In C, a . ingle line of code often expre ses a 

more complex operation, one that requires multiple lines of machine code (and of assembly language 

code). 
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Assembly language programming is going out of style because it costs too much in human pro­

gramming time. In the programming indu try you ometimes hear the statement that a per on can 
produce about ten lines of fully debugged code in a day. If thi is about right, then surely it pay to 

produce lines that get more done. We use assembly language programming in this course because we 

like to see the one-to-one correspondence between the code we write and an action by the computer 
(though sometimes the "action" is invisible to u - as in the example given above where a constant 

is loaded into a register that is internal to the 8051 ). As embly language programs al 'O require no 
overhead: no "libraries," no special support routines. 

code 
(this is the executable 
'machine language,' 

address at which 
code is stored 
(address of 1st 
byte. if> one) 

assembler directive: 
this is a command addressed 
not to the 8051 , but to the 

\ 

in hexadecimal format) 

MACRO ~ M3LEP. rlR.';T_TEc-T 

LOC 03J LINE 

assembler program. 
ORG tells it the address 

0000 

assembly language 
{below is what a human typed in ; it is more-or-less 
intell igible to a human- and clear to the assembler 
program that converts this to executable machine code) 

!:OURC:: / 

; FIRS'r_TEST . ASl Lab lS confirm that ~r..e c1rcc1:. .... :: ~ co:r.pute!'' 

ORG O ; :ell::, .. ::,:;e:nbler che addre3:: A: wrach :o p.ace tln:; code 

at which to place the code ____.-°ooo 800E 
4 

5 
(, 

r,,JMP DO_Z ll' · here code b<>gir.:; -wu:h :1..::: a :;ump :.o ::cart of 
r\LL OU! progr«m::i 1<i 11 :i a,-t tnu::i 

code MUST begin ~ . 0010 

at zero, because micry 

7 
a 
9 

is hard-wired to go there 0010 
0011 

00 
80FD 

10 
1 1 

after a reset 

start of main loop--
to which program jumps, 
first from startup, then 
when looping back 

we write th is label in the margin, 
then refer to it as a jump destination. 
The assembler notes the address at 
which the label occurs ( 1 Oh. in this case), 
and uses that address as it calculates how far 
it must jump in order to reach this label , when 
told . ·sJMP DO_ZIP.' 

Figure 21N.1 Annotated tiny loop program . 

lea:;t ex~·i~ i n11 o[ operat!on:;: do noLh!r:gl 
. and do it gAin ! 

·oo_ZIP' is a 'label .' The assembler 
will calculate how far it must jump, to 
reach this label, and will substitute 
that displacement, in the machine code 
(OE the first time-forward, 14 locations: 
FD the second time--back 3 locations, 
relative to where it would have gone (13h) ) 

The penalties for using assembly language will become obviou to you a you work: the details are 

fussy and processor-dependent. The quirks and deficiencies of the 8051 s in ·truction set, in particular, 

are shocking - reflecting the old age of the 8051 's design (it wa born around 1976). A higher-level 
language could hide the e ugline ses from you; however as embly language force. you to confront 

for example, the amazing fact that the 8051 can increment its only 16-bit pointer, but cannot decrement 

that pointer. Shocking, but true. Near the end of these micro labs when you let a laptop download code 

to your little lab computer, you will be able to write in C if you like. But for a while we will work 

entirely in assembly language. 

Now we're going to look closely at two small te t programs, each u ed a the fir t program on one 

of the two micro branche . The de cription of both are relevant to any use of the 8051, so we ask you 

to consider both . The description of the particular program that you are u ing tote t your controller 

will interest you more than the other no doubt. But we wi11 not restate, for example, the di cu sion 

of jump offsets in explaining the operation of the second te t program. We will a sume that you have 
read about the first test program, even though you do not mean to u. e it in lab. 
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21N .1. 1 Little test program for the big-board branch 

To confirm that the ma s of wires and parts on your big breadboard has morphed into a computer, 

Lab 20L conclude by asking you to run a test program - about as tiny and imple as we could devise. 

Here we will di e t thi little patch of code, and then we will envision what the proce sor mu t do a. 

it runs this program, given in Fig 2 1N. l along with ome annotations. 

Thi, little program doe ' nothing, and does it over and over, forever (or until you get bored). It 

simply loops. 1• 

The SJMP offsets: The a sembler does the chore of calculating how far to jump to get to a particular 

de tination. As the example above illustrates the human programmer need only plant a label, and 

then branch to that label, a needed. But it's probably worthwhile looking at what the processor does 

a it fills in the offsets for tho e relative jump instruction . The relative jump need to be told how far 

to deviate from its u. ual operation. That "usual operation" would call for fetching the code at the very 

next location. 

So the jump from the RESET 'vector" (a the forced . tart at addre s OOOh is called) is a jump from 

the address where the processor would have found its next instruction if thi had not been a jump, 

namely address 2. Why 2? The SJMP in. truction it elf takes up location OOOOh and 000 l h. If thi 

had not been a jump, the next piece of code would have come from address 0002h. 

The offset measures that difference: where to go next minus where it would have gone. That differ­

ence is 

want to go to: lOh 0001 0000 

would have gone to: 02h 0000 0010 

difference: OEh : 0000 1110 

If your binary , ubtraction i rusty recall that when you " borrow" from the bit to the left, it comes in 

as a 2dccimal· That's why we get, for example, a" l" as the difference in bit 1. OEh is a positive number 

(14c1ecima1). You don ' t need to get good at this work: calculating such off ets is as job normally done 

by the assembler program. 

In executing the SJMP, the proce sor add the off et, OEh, to the present value, 02h, of its program 

counter ("PC"). PC i the 16-bit register that holds the value of the current byte that is to be fetched. 

program counter now: 02h 0000 0010 

offset: OEh 0000 1110 

sum: goes to: lOh = 0001 0000 

Since the um is 10h, the program jumps to addres I Oh there to find it next instruction. 

The jump from the end of the loop is a backward jump. The SJMP instruction is the same as for 

the forward jump; execution hops backward, to an earlier address, becau e the off et this time is a 

negative value (u ing the 2's-complement convention). The hardware that executes the jump is. imply 

a 16-bit adder operating on the so-called program counter," the register that tells the processor where 

to pick up its next instruction. 

I The program ··10 p' now i metaphorical. On the Harvard Mark[, it was literal. The list fin tructions that the Mark I was 
to execute were li sted on a punched paper tape. In order to make the machine repeat a sequence of operation,, the 
programmer taped the end of the tape to it beginning. Sechttp://en .wikipedia.org/wiki/Harvard..MarLI. 
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The jump goes, much as in the forward hop 

• from the address where the processor would have found its next instruction if thi had not been a 

jump, address l3h; 

• to addres 1 Oh 

That difference i · 

wa n t to go to: l Oh 0001 0 0 00 

wo u l d h ave gon e to: 13h 0001 00 1 1 

d i f f erenc e: FDh = 1 111 1101 

FDh i a negative number, - 3. Thelin the msb position makes thi 2's-complement value negative. 

Again, adding offset to program counter - FDh plus I 3h - delivers the sum 1 Oh the cotTect jump 

destination: 

prog r am count er now: 1 3h 0 0 01 001 1 

o ffset: FDh 111 1 1101 

sum : g o e s to : lO h = 0001 0000 

A pu;,zle resolved: 8-bit displacement, 16-bit address? How can an 8-bit value added to a J 6-bit 

value give the needed 16-bit re ult? Good question. The answer is that the 8051 extend. the 8-bit 

value behind the scene . We provide the 8-bit displacement "FDh,' or "OEh. ' The proces or, which 

forms the re ulting jump destination by using it 16-bit adder, has the good en e to extend the 8-bit 

values to 16 bits. All it need do i repeat what it finds in the m. b (the , o-called " ign bit"). So it 

extends both the di placements that we provided: 

OEh = 0000 1110 is extended to 16 bits by repeating the Oat the msb: 

0000 0000 0000 1110 = OOOEh 

FDh = 1111 1101 i s extended to 16 bi t s by repeating the 1 at t h e msb: 

1111 1111 1111 1101 = FFFDh 

A cheap way to calculate a small l's-complement value, if you ever want to: Probably thi . little 

excursion into 2's-complement arithmetic has cured you of wanting to do this kind of math ever agai n 

- but in case it ha n't, here's a cheap trick to help you on the proverbial de ert island. Suddenly you 

need to know the 8-bit hexadecimal expression, in 2's-complement for a small negative value, smaller 

than 16. Let'. try it for the value " three." The trick i to ubtract your "three from the freakish hybrid 

value "Fl 6" - a value that doe not exist, since it left digit is hex, its right digit i decimal. But if you 

can stand that freaki hness, try it. 

What i 2's-comp for - 3? 

'' Fl6" 

03 h 

' ' Fl3 " ::: FDh 

Ye it worked. 
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21N.1.2 Details of program listings that sometimes puzzle people : assembler 
directives, etc. 

We noted the e points back in Chapter 20N. We'll ju t flag these points here: 

Multiple bytes on one line: As you know from Chapter 20N, when it look as if two byte. are li sted 
at a single address ... 

0000 BOOE SJMP DO_ ZIP ; here code begins -- with just a jump 

... they aren't: the 16-bit value i stored at two successive addresses, 0 and 1. Some instruc­

tion , which you will meet later, are even longer than two byte . 

Directives addressed to the assembler: ORG and $INCLUDE are example of such directives 

ORG 

00 00 ORG o ; tel l s assembl er the address at which to place this code 

"ORG O" is addressed to the assembler not to the 805 l. 

$INCLUDE 

4 $INCLUDE (C: \ MI CR0 \ 8051 \ RAISON\ INC\ REG320. I NC) 

INCLUDE tells the as embler to include another file - as if it were Ii ted within the pre ent program. 

INCLUDE's benefits, an example: Here is a particular case detai ling the way the as embler can use 

a port names uch as "P J" or "P2." Suppose we used built-in ports rather than external buse , to 

implement the keypad-to-display operation of §21 N.4 below.2 

The ingle line below doe thi and a sumes that the keypad and display are wired to the two listed 
port P2 and Pl (respectively). 

COPY: MOV Pl, P2 ; in one operation, copy byte from k eypad to display 

For thi code the REG320.JNC file that wa included is es ential. It allows the assembler to make 
sen e of "Pl" and "P2." 

A you know, the assembler look up the addresses of these symbolic names and plug those ad­
drenes into the executable code that it produce . Below is the "li sting," showing the assembler's 

ub titutions for Pl and P2, and the corresponding machine code. For "Pl' the move de tination, the 

a sembler ub titutes " 144' (decimal); for "P2 ' it substitutes "160." 

85A09 0 COPY: MOV 144 , 160 

And in the machine code listing in the left-hand column the a embler place - after the op code3 

85 - th hexadecimal equivalent of tho e two decimal value : A0 16 for 144 10 90 16 for 16010. 

2 A minor point that we hould perhap acknowledge. in case you are worried that P2 i not available in the big-board 
computer: we could u e P2 and PI this way with the Si Labs controller or with the Dallas part when it is operated 
·'standalone·· rather than in the big-board. The big-board happen · to apply P2 to another use, ordinarily; the port is u ed to 

define 8 bit of the addres bus. 
3 ·'Operation code." 
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Descriptive symbols using EQU ( another layer of assembler substitution): Even clearer than the 

port name "P J" and "P2" might be descriptive names. EQU, another assembler directive , enables this 

convenient feature. Once defined the e de criptive name would allow u to make the TRANSFER 

code almost self-explanatory. We could write it as 

TRANSFER: MOV DISPLAY, KEYPAD 

The two in tance. of EQU in the listing below achieve the first tage of the two- tep ubstitution. 

After these EQUs when we write "DISPLAY,' the a sembler does a text substitution putting in "Pl.' 

byte_in_out_ports.a51 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C :\MICR0\8051\RAISON\INC\REG320 .inc) 

KEYPAD EQU P2 

DISPLAY EQU Pl 

ORG Oh 

SJMP TRANSFER 

ORG 020h 

TRANSFER: MOV DISPLAY, KEYPAD 

SJMP TRANSFER 

... then - this is the second stage of the . ubstitution - the translator consults the included .INC file 

and translate "Pl" to address AO (hex) as you have just seen. The a sembler does the same two-step 

substitution for "KEYPAD," producing the line of code that you saw earlier: 

85A090 178 TRANSFER: MOV 144 , 160 

If you are accu ' tomed to high-level programming, you may not be impressed by this achievement. 

But you'll probably concede that such sub titutions may help to make a embly code mor readable. 

21N.1.3 Watching the big-board test loop program in slow motion 

Figure 21N.2 depicts the steps you would see if you single-stepped the big-board 8051 walking 

through it little te t program. The main point that we hope may emerge from thi sketch are 

l. the cyclical form of the proce or's behavior - it resemble. a pi ton engine continually pu bing 

and pulling: pushing out an address, pulling back data; 

2. because of the pre-fetch behavior, the time-lag that you will observe as you step your lab computer. 

21N.2 Decoding, again 

Decoding of addre sand control signals is necessary in a fuJl-sca]e computer or even a mall one like 

our big-board lab machine where the computer u es buses to carry address and data. Decoding is not 

necessary when one uses a controller in standalone mode, as we do with the SiLabs controller. This 

difference is one of several that et apart the two mjcro branches. The standalone device does its own 



After RESET, 
goes to address zero 
and fetches code 
stored there. 

It has fetched the 80h, 
but has not had time 
to decode it,· while 
decoding, fetches 
next byte. 

Now, processor has had 
ime to decode what "80h" 

means: SJMP--and with 
this information is included 
the need to use the byte that 
follows (OEh as value to add 
to program counter. xx 

I ,u I rvc. hon 
Reg is ter Pre-f'e-kh 

I 80 1--1 I-

Iruln1dioh 
Regider Pre-fekh 

I so 1--1 OE I-

In.drvd ion 
Regis hr Pre-feuh 

j OE !--1 xx I-
prefetch is wasted, but harmless. 

The addition result is a 
program counter value of 
10h-- sum of OEh and 
program counter (02h). 
At 10h it starts afresh .. 

Again, it needs time to decode 
''00," and prefetches "BOh" 

nooh" turns out to be a joke! 
It means, "Oo nothing.,, 
So, processor snaps to the 
prefetched ''80h" and, while 
decoding, prefetches ... 

And again it now knows to 
add the prefetched value 
(FOh) to the p.c. The sum is 
13h + FOh : 10h. So, this 
program is, indeed, a loop. 

I n1trvchon 
Regider Pre -fiiJ. 

I 00 1--1 I-

I n1frvchon 
Reg isfer Pr~-feich 

I 00 1--1 80 I-

In1ln1dlon 
Regider Pre-Jikh 

I 80 1--1 FD I-

In.drvcf ion 
R.egi du Pre-feich 

I FD 1--1 xx I-
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00 
AJdy ' . 

Data 80 1-iewiory 

-- - - I 

01 
AJdy ' 

Data OE Mewior-3 
J - - - - ' 

02 
AJJy ' . 

Dab xx Memory 

-- - - ' 

10 
Addi- ... , 

Data 00 
#.ewiorJ 

J - - - - ' 

11 
AJdy ,. 

Data 80 
Mewiory 

-- - - - ' 

12 
AJJy ,. , 

Data FD 
MetnoY-J 

-- - - - . 

13 
AJJr ,. . 

Data xx MetrtOY-J 

-- - - ' 

Figure 21N.2 Freeze-frame images of tiny program as it runs. 

decoding, on-chip, so that a user need not be aware of it. Pedagogically, this may make the built-up 

computer the more instmctive; but it certainly make the standalone the easier to u e. We will treat 

here the decoding nece sary for a computer that uses bu. e . If you are not building such a machine you 

may safely kip this di cussion. But you might be wi e to linger long enough to understand decoding, 

for it is necessary in computers that u, ea traditional hared ("multidrop') bu . 

Last time, we did a simple decoding task with an AND gate. Thi time we will take advantage of 

an integrated decoder IC (though in practice you would now be more likely to use a PAL for the task). 

Recall the available 8051 signal : 
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• PSEN*, 

• RD*, 

• WR*, 

• 16 addre s lines 

Returning to the task we did last time, let's draw in Fig. 21 N .3 decoding for one of four input ports, 

a suming we want to permit four output port a well. 
Then lets do a similar decoding job, using instead a 74HCI 39 dual 2-to-decoder to define four 

input ports, four outputs, as in Fig. 21N.4. This part is simply a convenient packaging of eight AND 

functions much like the one we ju t drew.4 

Figure 21N.3 Decoding of one of four input ports. 

Figure 21N.4 IC decoder used to define four in ports 
four out ports. 

~ 
direct;on A;;~ 
& timing { At IN0 

~A0 

SI 

s~ 

ft( F+(/J 

t '"4 .. \Al!, 

1 Our4 .. OUT:', 

Note that the two identical halve of the '139 hare addre s line A I and AO. Some students have 

made the mistake of thinking that each of the two decoders needs it own, private set of address lines, 

to avoid conflicting with the other. Not so. 

The EN* pin does what it sounds like: enables the chip when asse11ed, allowing one of the four 
utputs be a erted (low). When EN* is di asserted (high), all four output 0 . .. 3 are disasserted 

(high). Note that these outputs are not 3-stated when the decoder i · di abled. Do you . ee why?5 

... Apply the decoder: 1/ 0 peripherals: Now lets apply two of the decoded p01t ignal . One will 

bring a byte in from the keypad ; another will latch an output byte into a hexadecimal display. For 

contrast, we have al o shown in Fig. 21 N .6 how easy In and Out hardware become when one take 

advantage of the controller's built-in port rather than using the data bus. 

The 3-state in the bused version i controlled by its OE* (Output Enable*), driven by LNO*. The 

di play latch enable, "latchen*,' i driven here by OUTO* and controls a transparent larch that can 

be used to catch a value from the data bus when pulsed low. To thi point we have used the di play 

as if they included no latch: they have shown whatever is input to them continuously. A weak pull­

down resistor on latchen* ( lOOkQ) permits thi behavior, making the latch transparent by default. 

4 In order to keep thing imple, we omit in Fig. 21 .4 the PSEN* signal that i OR'd with RD* in the big-board 's full 
circuit diagram. Fig. 20L.1 . That inclu ion of PS N* i note . ential. It permits some addres ing modes that are useful 
only occasionally. We will not use those modes in the code that we provide for these micro lab . 

5 Floating the inactive lines from a decoder would be a very bad plan : they would pick up noise. turning on peripheral at 
random. 
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In the right-hand image of Fig. 21N.5, showing the SiLabs controller, we have made the continuous 

grounding of latchen* explicit and visible . 

. . . 1/ 0 on standalone bus- less controller (a contrast): Lets notice what's good and les good about 

the very imple I/0 on a ingle-IC controller. Keypad to display hardware is as ea y as Fig. 21N.6. 
What is less good is that thi simplicity comes at a cost: byte-in byte-out here gobbles 16 pin for this 

single task. In the bu ed scheme, those pins can be shared with an almost unlimited number of other 

peripherals. 

21N.3 Code to use the 1/0 hardware (big-board branch) 

Now that we have the nece ary hardware - decoding, and an IN and an OUT peripheral - it' time to 

write some code to try the hardware. Let's make it as simple as possible: a loop that reads the keypad 

and send that value out to the display, over and over. If we were to write just comments, the program 

would look like this: 

pick up a byte from the keypad 

... write that byte out to display 

do it again, forever 

Before we start consulting the list of 8051 instructions, let ' take a look in Fig. 21 N.7 at the in ides of 

the 8051. 

Oota Bus 

00 8 

. .... 

I 
: 
. . .. . . 

Oata Oisplay (LCO) 

Controller 
8/ Keypad P2 Pt / -

Keypad 

'410 
controller 

latchen• _ Data o;splay (LCO) 

Figure 21N.5 In , Out hardware: 
keypad in , display out: using data bus 
(left), versus using controller's 
built-in ports (right) . 

8/ -
I I 

/ - I I 

-
-

Figure 21N.6 Controller 1/ 0, without use of 
buses, is radically simple. 

This sketch tries to . ugge. t the way the 8051 usually doe VO when using it external bu e : 

l . The address usually mu t come from the dedicated 16-bit register, Data Pointer (DPTR)6 who e 
entire purpo. e i to provide such addresse . 

6 We will . oon ee that another method i avai lable - sometimes preferable, but not so generally useful : ''MOVX @Rn.". See 
§2 LS. l.4. 
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8051 

OPTR 

-16-

Figure 21N.7 Registers the 8051 uses for 1/ 0 when using 
buses. 

A 

CJ -a--

16/ 
Address / 

8/ - / Oat a 

2. The data in transfer. using external buses, always passe to or from the A regi ter - the "Accumu­

lator ' - a privileged register. The A regi ter is also the privileged ource or destination for many 

other proce se. , including nearly all arithmetic and Boolean operations. 

Given these restrictions, we find that we will need to add one preliminary step at the tart of our 

program: we must initialize the pointer register, DPTR, loading it with the address of the peripherals. 

; initialize pointer: point to peripherals 

Only after taking care of that pointer-initialization can we do the I/0 operation: 

; pick up a byte from the keypad .. . 

21N .3.1 What address is "Port Zero"? we must speak in the processor's terms 

' Port Zero" using the external bu e ,7 i a term that make ense to u · humans - but not to the 8051: 
first, the 8051 doe. not di stingui h memory from J/0 in its bus operation , o to it "Port" i a foreign 

concept; second, it has no way of knowing our arbitrary choice of the midpoint of addres space as 

the tart of 1/0 space. 

So we mu t translate what we think of as "Port Zero" into an address. The processor will un­

derstand that. Which address? The 1/0 decoder's wiring determine thi : the decoder pay attention 

to only three address lines: A 15 (which must be high) and Al and AO (which are used in all their 

combinations, but which must both be low to define number "zero'). So, Port Zero look like 

AlS . . . All. A7 .. A3 A2 Al AO 

1 xxx xx.xx xxxx x x O O 

Lot of "don' t care ' (x's), because we have been o extremely lazy in our I/0 decoding. Rather than 

try to recite a lot of x's, we' ll treat each don ' t-car as a zero. That gives us a readable number: 

AlS .. . All. A7 .. A3 A2 Al AO 

1 000 0000 0000 0 0 0 0 

in Hexadecimal: 

8 0 0 0 

And "8000h the way we will refer to Port 0, when we write code (the fina l "h" will tell the 

as embler that the value is in hex). Hexadecimal i convenient for us, since our displays and keypad 

also peak Hex . 

7 Beware a point on which it i · easy to get confused: this "Port Zero" usi ng external buse i 1101 the same as PORTO (PO . 
the built-in controller port. In fact that port i , not avai lable to us when we are u ing bu e ' be ause it has been committed to 
carry ing some of the bus information ADO .. AD7, a it happens). Knowing the likelihood of confusion. we try to specify 
" . .. u. ing external bu es, .. to let you kn w which , ort of port we intend. 
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21N.3.2 Assembly language format 

Now that we know how to tell the a embler what addre to use for Port 0, we can proceed to write 

the little program that exercises the 1/0 hardware. First let's load the addre, s of keypad and display 

(Port Zero) into the pointer regi ter DPTR: see Fig. 21N.8. 

# means "immediate" ---MOV DPTR, #8000h ; point to both display (OUTO) and keypad (INO) 

opcode -- I ~ 
(almost English) source 

destination 

Thi example shows tbe usual form of assembly language command . 

Figure 21N.8 
Loading DPTR with a 
constant: some 
standard format 
conventions appear. 

• The opcode (operation code) is more-or-les English (though mis pelled); it is also mis-named 

really, since it i a copy (the original stay where it was). 

• Next comes destination· then finally, 

• source 

The order seems odd but we can get used to that. The pound sign,#, invokes a very imple addressing 

mode called 'immediate." It means, "take this value it elf not something stored at this address.' So 

the command loads the value 8000h into the DPTR. (To make sure you understand the concept of 
' immediate," you might ask your elf, "What would MOV DPTR, 8000h mean if this operation were 

permitted as it is not)? '8 Thi move into DPTR i a 16-bit operation, one of the very few permitted 

on the 8051. 

Now let 's finish the code for this task. The DPTR has been loaded, so we can now get data in and 

out of the 8051 using that DPTR value (it 's convenient that keypad and display happen to live at the 

ame address: no need to alter the DPTR value between pickup and delivery of data). 

Using the pointer: "@DPTR," indirect 

Fir t lets pick up the data from the keypad: . ee Fig. 21N.9. The MOVX operation, like nearly a11 

8051 operation , is a byte operation, not a 16-bit like the DPTR initialization in §21N.3 .2. 

21N .3.3 Complete the tiny program 

Second, let' send to the display the value we picked up. Thi time we'll how the machine code a 

matter that normally does not interest us. 

destination source 

\ ---MOVX A, @DPTR ; pick up key value 

the ·x· indicates external data move / ----- "@" says "where it points" 
(in contrast to an on-chip operation (in contrast to what MOVX A, DPTR would mean- if it were permitted: 
like MOV DPTR. #8000h) it would load A with contents of DPTR rather than with what DPTR points to) 

Figure 21N.9 MOVX now makes use of the DPTR initialized earlier. 

The an wer i that it would mean "Take whatever is tored at address 8000h and put that value into DPTR" - not what we 
intended. 
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[Address Code Assembly Language) 

0028 908000 STARTUP: MOV DPTR, #8000H; "po i nt:" to both display (OUTO) and keypad (INO) 

0028 
002C 
0020 

EO 
FO 
80FC 

GETIT: MOVX A, @DPTR pick up key value 
MOVX @DPTR , A ... show it on displ ay 
SJMP GETIT 

You can see the symmetry of the two uses of DPTR: first, pick up what it points to, store the value in 

A· then take the value from A to where DPTR point . And we chose to how the machine language 

so that you could ee the payback for the seeming clumsine s of indirect addre ing. 

It was tedious to have to load DPTR before we could do anything off-chip. But once that is done 

the code i extremely compact: ju tone byte for each input and output operation (no need to specify 

the address for each of the in and out operations). So the code is compact and run fast (and it may be 

pleasing to ee that a single bit in the opcode distinguishes the symmetric operations: IN distinguished 

from OUT: EOh versus FOh). 

21N.3.4 The program in action 

Figure 21 N.10 is a scope photo howing the IN and OUT operations as the program runs. It is rea -

suring to see Al5 and PSEN* behaving as they should . And we hope that seeing the RD* pulse in the 

one case (TN from keypad) and the WR* pulse in the other (OUT to di play) will convince any skep­

tics that it is not crazy to pick up and deliver at the single location 8000h: the machine is not doing 

nothing in making these two visits to one addres. - as it would be if 8000h were a RAM location. The 

two peripheral share an addres (we guess that make them roommate ), but they are by no mean 

the same: a keypad i not a di play (and you are not your roommate).9 

21N.3.5 The Silabs standalone controller will not show such details 

We can offer no equivalent scope image to show what is occurring within the 8051/' 410 as it run it · 

standalone loop. The virtue of a single-chip controller i its ability to run with all its machinery neatly 

out of ight within its integrated circuit. But that virtue also tends to make it enigmatic and hard to 

learn from: it works, or it doesn t - and only the SiLabs debugger gives u · a way of divining what is 

happening within. 

21N.4 Comparing assembly language with C code: keypad-to-display 

Assembly language: 

ORG O 

LJMP STARTUP 

ORG 90h 

STARTUP: MOV DPTR, #8000h ; point to keypad and display 

COPY: MOVX A, @DPTR 

MOVX @DPTR, A 

SJMP COPY 

; pick up keypad value .. . 

.. . and send it to display 

keep doing this forever 

9 OK, thi argument is somewhat fallaciou - if only one person could li ve at any addre . . then you would have to be the 
same person as your roommate. But we hope you won't notice the flaw in the analogy. 
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A15 high during In & Out (1/0) 

Stop 

-[I) ALE - ,.---

(:. RO~ 

instruction fetch 

,v.,,.-

... FO 00 1 

program addresses: 
28, 2C, 20, 2E, 2F 

ALE marks each bus access 

Noise Filter Off 

t .. . . 80 00 • l2E '. FC L2F .. 84 28 . EO l 
I . . 

2E X • 2F , 28 l 

f 400rnV 307.137kHz 

20:24:37 

this is keypad value, picked up, then sent out 

00 is low byte 
of port address 8000h 

Figure 21N.10 Scope image of program that reads keypad, then sends value to display. 

C code: 

II keypad_to_diplay_408.c 

#include<C:\MICR0\8051\RAISON\INC\REG320.H> 

void main() 

xdata char volatile * KEY_ DISP; 

KEY_DISP = Ox8000; /I ... and show particular address to be used in pointer 

while ( 1) I I forever .. _ 

*KEY DISP *KEY DISP 

You will recognize in the C program the element of the assembly language code: 

• pointer initialization: 

"xdata char volatile *KEY _DISP;" define a 16-bit ("char' pointer to external memory; ' volatile" 

t II compi ler not to optimize away thi pointer definition; 

'KEY _DISP = Ox8000; ' gives it a value 

• the loop done with two instruction of assembly (the two MOVX operations) is done with one 

line of C: 
" *KEY _DJSP = *KEY_DISP · " 

• " while ( I)" makes it run forever 

The assembly code that the C compiler generates: The compi ler' assembly code looks like what 

a . lightly-confu ed human might write. The es ential eJements are the same as in our assembly code 
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above. The compiler add an unneces ary re-initializing of DPTR and an unnece. sary save-and-recall 

of the keypad input value. But unless you re in a big hurry you probably don't mind these extra lines 

of code. 

ASSEMBLY LISTING OF GENERATED OBJECT CODE 

0000 

0000 908000 

0003 EO 

0004 FA 

0005 908000 

0008 EA 

0009 FO 

OOOA 80F4 

i FUNCTION main (BEGIN) 

?WHILEl: 

MOV DPTR,#08000H 

MOVX A, @DPTR 

MOV R2,A 

MOV DPTR,#08000H 

MOV A,R2 

MOVX @DPTR,A 

SJMP ?WHILEl 

21N.5 Subroutines: CALL 

SOURCE LINE# 13 

Suppose you write a block of code and would like to use it more than once. For example in Lab 21 L 

we need a oftware delay, in order to slow execution. The program that is to be slowed continual1y 

increments the display value and that incrementing mu t occur at far below the processor's full-speed 

rate in order to be intelligible to human eyes. 

You can, of course, simply write the block of code anew each time you want to use it. The left-hand 

sketch in Fig. 21 N.11 show. uch clumsy in-line coding: the delay code is written twice. The right­

hand ketch begins to improve on the in-line arrangement - but rai e. the que tion "how is execution 

to resume at the proper place, after delay is invoked?" 

Figure 21N.ll lnline coding can be 
clumsy; it would be nice to write 
once, use multiple times. 

MAIN 

1 del ay lade 

MAIN 

invok.t J,lay 

The computer need a way to know where it should "return,' in computer lingo. Each time the 

computer goe off to the Delay code - or 'routine' - it must make a temporary record of the return 

address. Computers do this by automatically sav ing the return address on the stack - a region in RAM 

defined a 'where the Stack Pointer Points. ,,o On the 8051 the Stack Pointer is an 8-bit register, and 

the Stack RAM mu t be on-chip 8051 RAM (not the external RAM that we have attached to the 

proces or). 

In order to take advantage of the proce or' ability to use the stack in thi way, all we need to do 

10 Doe. thi s sound like a circular definition? We don 't think it is, but we agree it sound that way. 
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is use the Call instruction rather than a Jump operation. The operation Call comes in two varieties on 

the 8051; Jump comes in three. 11 

Figure 2 IN.J 2 illustrates the way the Stack can save a return address, when one uses Call. The 

proces of aving the return address is entirely automatic. You finish the called "subroutine" with 

a RET (return). You'll notice the return address i · the addres of the in truction just following the 

instruction that initiated the CALL - address 402h in this case which illu. trate the first of the two 

CALL operations. 

MAIN 

",C ALL" ~ '"'/tlf J,L,y "''' 

"AcALL"f ~ ''Rer" 

Figure 21N.12 Subroutine Call 
knows how to get back after 
running the subroutine. 

21N.5 .1 Stack as general-purpose place for short-term storage 

Call u es the Stack automatically and implicitly. But one can also use the Stack explicitly to store 

the content. of registers. Often in fact, a subroutine need to do just that becau e the routine needs 

to make u e of regi ter and thu could mes up value needed in the main program. It i. especially 

likely to need A, the accumulator, the privileged register that always is used in input and output on 

the external buse . A also i involved in most arithmetic and logical operations. 

So the Delay routine below save A, which gets overwritten within the DELAY routine. 12 

The code is 

DELAY: PUSH ACC; A likes to be called ACC, for some operations. Annoying! 

MOVA, #80h; initialize with delay value 

KILLTIME: DJNZ A,KILLTIME ; count down till A hits zero 

POP ACC; restore the register value, "popping" the value pushed onto the stack 

RET 

The DELAY code above i simpler than the one u ed in the lab exercises, by the way. The routine 

above counts down just an 8-bit register for a very modest delay of the order of a few hundred mi­

cro econds. The Dallas lab routine nests two 8-bit delay registers to get a longer delay - not twice as 

long but 28 time longer. Even so stretched, the delay is not long at 11 MHz: about J 20m, , maximum. 

The SiLab Delay routine use three nested loop to get its one-second delay. 

If it bothers you to see your smart little processor tied up in the degrading work of just killing time 

11 ACALL does a relative branch, u ing an 11-bit offset value, ·o ACALL can branch within a 2K range. roughly ± I K; 
LCALL does a branch to a location specified by its 16-bit address and thus can go anywhere in the 8051 ' addre s space. 
AJMP and LJMP pre nt the same contrast; in addition. Jump comes in rhe short flavor, ca lled SJMP (8-bit off et: range 
+127, - 128). 

12 Register A ometimes insists on being called by its longer name, "ACC.'" It insists on thi . for PUSH and POP opera tions. 
Thi in i · tence- really a prope11y of the assembler program - i · annoying and a far as we know, inexcu ·able. But we are 
stuck with it. 



828 Microprocessors 2. 1/0, First Assembly Language 

- good! It should bother you: your discomfort will allow you to appreciate the alternative way to 

inject long delays into programs using the controllers built-in hardware timers. Later, in §24L.1 and 

§24L.2, we will take ad antage of these. 

The CALL operation in action: simulation by RIDE: Figure 21 N.13 is an excerpt from a simulation 

of a program using thi CALL. The simulation u, e, RIDE, 13 a program whose use is described in 

§23S.1. 

"return address": 
address of next instruction 
after the CALL 

----­(simulation image occurs 
at this point in execution: 
one line of subroutine is 
done) 

.. here, that return address 
is stored on stack 
(at 80, 81h) 

01 C8 3100 186 COtJJl'l1JP : 

~ OlCD FO 187 
OI CE 0 4 188 
Ol CT 80f'A 18;1 

l?O 
191 

0100 192 
0100 coi:o 193 Di:LAY: 

EA 194 

O.o!a Hai 
PC '0102- RS ;00 - @RO foo- PO 
ACC r ;.i- RO foo @Al oo Pl 
PSW W- Rl ~ @OPTRfi, P2 
SP ,92 R2 ~ >:@Rn 1fF P3 FF 

ACALL L'ELAY 
novx 0DPTR, 11 
llfC A 
SJll~ COUlffi.JP 

ORG 10011 
PUSH Acr 
l!OV A, 1\2 

OP1R·aooo - R3 ~ '<@RI lrr TCON roo-
8 foo R4 roo- SP)( 1 THLO;ooiil 

c 'o RS 100 !WIK I THll 10000 
E.o [o Fi6 fro fotk THL2foojo 

loo R7 !00 Ta&l:P PCON '.OO 

!101,1 3er,d 1 i; to t l\e d1splsy 
dd l to the sccwoul "t.or, fo 

. . . lll'ld do 1 a11<s1n ( f otev el: • 

; 3ave cegistet:~ thac' 1.1 9et. ae 
; gee outec-loop dda y value 

this is the value of A(" ACC") pushed onto the stack 

Figure 21N.13 Subroutine CALL invoked: stack shows stored values: return address, and accumulator 

(A register) . 

We urge you to begin using RIDE as you try writing code. The a embler will tell you when you 

make a silly nustake (writing MOY A, @DPTR for example, when you meant MOVX A @DPTR); 
that way, you will learn a. sembly language quickly. Then the imulation give you the gratification of 

watching your code in action. When your program gets a little complicated, the simulation will also 

show whether your algorithm seem to work. 

CALL in SiLabs program: In the Silabs LED-blink program, modified in §21L.l to use a DELAY 

routine the code i, almost the ame a. in the big-board ver ion: 

; bitflip_delay_subroutine.a51 bitflip program, with delay for full-speed operation 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C:\MICR0\8051\RAISON\INC\c805lf410 . inc) 

ORG O ; tells assembler the address at which to place this code 

ACALL USUAL_ SETUP 

SETB PO.O; start with LED OFF (it's active low) 

13 RIDE i "Rai ·onance lntegra ted Design nvironment," a good. free assembler/compiler/ irnulator that you should 
download and try. We use this as embler/compiler also in the Si Labs programming .. design environment' ' (" !DE .. ). 
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FLI PIT: CPL PO.O ; toggle LED 

DELAY: 

ACALL DELAY waste some time 

SJMP FLIPIT d o i t forever 

SUBROUTI NES 

PUSH ACC save the registers that this routine will mess up 

The main" program i even simpler than lhe big-board equivalent. We have not listed the full 

delay code this time. The SiLabs delay code use three 8-bit registers "ne ted" in order to generate a 

ubstantial delay(] econd) de pite the high clock rate of 24.5Mhz. 

Interrupt: coming soon - just another kind of CALL: Next time, we will look at a hardware-initiated 

CALL: interrupt. Having under tood the operation of the subroutine CALL, you will recognize inter­

rupts a only a variation on thi theme. 

21N .5.2 Subroutine CALL and "functions" m C 

You may have recognized from the de cription of the way subroutines work that these are what the 

C programming language calls functions. The C equivalent of a Main program that invoke a subrou­

tine called Delay could look like the Ii ting just below - after we have tripped out some C-specific 

preliminarie . . 14 

Bit-flip and delay in C: Here, in C, i · the main program and the function named Delay: 

II---- now, he re ' s the main routi ne, app ropria tely named "MAIN" 

void main (void ) II •void" means it doesn't a c cept input or deliver outp ut 

while (1) / I this is an odd way to say ' do t h is forever' 

{ 
delay () ; II here's the function call 

OUT_BIT - oUT_BIT; JI a nd here's t he on l y act i on , a b it fli p 

II---- and here is the subroutine 

void delay (void ) 

{ 
for (n = O; n < Ox8600 ; n++) {} JI 2Hz d elay va l ue (250ms delay) 

Delay in C: The delay function ju t counts up until the value of n reaches the target value. Then 

execution returns to Main . 

The as embly language code that the C compiler generates to implement this delay is pretty odd. It 

doe, not look like what we would write by hand: 

i FUNCTION delay (BEGIN) 

SOURCE LI NE # 26 

0000 750000 R MOV n,#OOOH 

0003 ?FORl: 

0003 7480 MOV A, #080H 

0005 848 1 05 CJNE A, #0 81H, ?LABS 

0008 ESOO R MOV A,n 

I-I T he .. preliminari es'" include stating what type of quantity is each of the several variables and constants (so that the C 
compiler know~ how much . pace to allot to each). 
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OOOA 842800 CJNE A, #028H, ?LABS 

OOOD ?LABS: 

OOOD 5006 JNC ?NXT4 

OOOF AAOO R MOV R2,n 

0011 0500 R INC n 

0013 80EE SJMP ?FORl 

0015 ?NXT4: 

SOURCE LINE# 28 

0015 22 RET 

FUNCTION delay (END) 

But we don't really care that its odd or awkward. The for loop in the C program made our work easy. 

Main in C: The Main program invokes the Delay function with assembly language exactly like what 
we aw above in §2IN.5. Here i the assembly language code that the C compiler generated to imple­

ment the C code of the Main loop: 

ASSEMBLY LISTING OF GENERATED OBJECT CODE 

; FUNCTION main (BEGIN) 

?WHILEl: 

LCALL delay 

CPL OUT BIT 

SJMP ?WHILEl 

; FUNCTION main (END) 

Incidentally, a detail of C underlines the equivalence of C function and as emb1y language subrou­

tines: in C one can force an exit from a function with the word RETURN. We did not illustrate that 

here. 

21N.6 Stretching operations to 16 bits 

The running-sum programs of Lab 21 L in both SiLabs and big-board form demon trate that the 8051 

can indeed handle arithmetic beyond the b) te size of it registers. The 16-bit summing is accomplished 

with a curious programming device that appears in the code below (this is the SiLabs version). 

Transfer: mov A, RUN_ SUM_ LO 

add A, KEYPAD 

mov RUN_ SUM_ LO, A 

mov DISPLAY_ LO, A 

mov A, RUN_SUM_ HI 

addc A, #0 

recall running sum (lo byte) 

form new sum (low byte) 

... save it 

... and show it 

Get hi byte 

If a carry from low sum, incorporate it 

The detail that are far from obviou here involve the use of the CARRY bit - the sinole-bit 'flag" 

(an internal flip-flop) that record whether a recent operation, such a. ADD generated an overflow or 
"CARRY'. 
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• Fir t, ADD A, KEYPAD ignores any existing carry becau e this flavor of ADD is distingui hed 
by thi indifference to CARRY. Thi indifference contra ts with the other flavor of addition named 

'ADC." ADD ignores any input carry but does update CARRY with the result of this addition 

operation: an overflow et the CARRY flag. 

• The ADDC A, #0 operation appears at first to be doing nothing: add zero?! ' But adding zero 

ain t nothing if it al o adds in the CARRY flag, as it doe . 

So the ADDC A #0 command doe update the high byte, incrementing it each time a carry occur 

from the )ow byte: ju. t what we need. 

21N.7 AoE Reading 

Chapter 14 (Computer . .. ) 

• §14.2.l: assembly language and machine language 

• §14.3.2: programmed I/0: data out 
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Again in this chapter there are two path to follow· the big-board to tart, and SiLab in 321 L.2. 

21L.1 Big-board: 1/0. Introduction 

Last time, you breathed life into the me. s of counter and memory that you had wired in Labs I 6L 

and 17L, by adding a brain: the 8051. Thi mess became a computer, and proved it by running a tiny 

loop program. 

The cha nges today will not ri se to this Frankensteini an level. Today, your little machine learns to 

talk (through data displays) and to Ii ten (reading the keypad). 

And before we do any coding we' ll add a battery-backup for your CMOS RAM so that your pro­

grams will stay in place even when you turn power off. Of course, the one program you entered so far 

was tiny. When your programs get bigger, this aving feature will become more obviously worthwhile. 

21L.1.l Battery backup for CMOS RAM 

Your CMOS RAM use extremely little power to hold data - around 0.8µA - o a lithium coin cell 

allows it to hold data for years (approximately three). To make thi cheme work, however, we need 

circuitry to take care of two details: 

1. we must witch between battery and main supply, feeding the RAM 's supply pin - and do thi · at 

an appropriate time in the power-down and power-up processe · 

2. we must di able the RAM while the supply voltage is low to prevent accidental Writes to the 

memory during power-down and power-up - overwriting good data. 

The MXD I 2 10 "nonvolatile RAM controller" take care of both tasks. lt includes a voltage ref­

erence, two comparators, and switches. Note that as you add thi IC, you mu. t remove the direct 

connection now present, between the glue PAL's output pin named "RAMCE*" and the RAM's CS* 

pin. The MXD 1210 mediates thi connection. Similarly, you must remove the direct connection that 

now joins the main +SY upply to the RAM 's power pin , Vee; again, the I 210 comes between the e 

two points. 

Two quirks to beware: 

l. You need to cycle the main power upply (+SY) ON , then OFF, in order to make the backup work 

the first time you use it. 

2 . Make sure that your' SY" supply really provides SY. If you are u. ing the old PB503 SY upply, 

you're probably overloading it - and it may be putting out something less than the MXD 12 LO's 

rninimwn voltage of 4.SY. ln that event, an attempted "cycling' - ON , then OFF - i not really a 

cycling at all: the MXDl 2 IO would see the +5 as always OFF. 
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nifty ''RAM controller'' 
provides battery power; 
and blocks CS* when 
+5V is absent, preventing 
spurious RAM writes 

Figure 21L.1 Battery backup for CMOS RAM . 

21L.1.2 Crude output: latched display as the only out port 

The data bus ha been displayed continuously, till now: we grounded the EN* that controls the trans­
parent latch on those displays. If instead we let the proces or' WR* ignal drive EN*, then the 

di plays will catch and hold what is on the data bus during an OUT operation ("out" is human jargon 

for "write to I/0"). The program that we u e to try this display-latching (Ii ted ju t below) include 

only one CPU write operation: thi operation will assert WR*, and we 11 u e that signal to update the 

displays. This scheme is very crude. You ll notice that we don ' t even bother to try to distinguish VO 

from memory. In tead we rely on the fact that, in the program below, the only write is an l/0 write. 

21 L.1.3 Simplest latching hardware: just one out port permitted 

Figure 2 lL.2 show the hardware. The toggle switch looks too fancy for the present case, and it is· 

but oon it will be u eful. Even in this little exerci e it serve a purpose: in one position it preserve. 

the continuous enable of the di plays that we have used so far. Such enabling is nece sary if we are 

to watch Data Bu activity a we troubleshoot programs in ingle-step mode. ln the other position 
("latched"), it let us use the data displays as an output device as we're about to do. 

WR* (li;it,rO TO*) 

" continuous~ 

l 
latch ENABLE' 

Figure 21L.2 Simplest output display: OK if 
there's only one 1/ 0 device, and never a write to 
RAM! 

And Fig. 21L.3 i a timing diagram to indicate the way WR* can serve to latch the value the micro 

puts onto the data bus during an OUT: 1 

WR * drives the active-low LATCHEN* catching and aving the data ent out while WR* i low. 

The "Port O" line at bottom details some of the multiplexing of address and data that occur on the 
eight shared line ADO .. AD7. The as ertion of PSEN* signals an instruction fetch, here labe]ed ' Next 

Instru tion Read." 
I Figure modifies a fragment of Dallas/Maxim ·'Hicrh Speed Microcontroller U .. er's Guide," Fig. 6-4. 
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· .... MOVX lnslruct,on ---~ 

C1 I C2 I C3 I C4 I C1 I 
CLK 

ALE 

PORTO)--

(details of address/data ...........___ I 
multiplexing on AOO .. 7) '-

1 
Next. 

nstruct1on 
Read 

MOVX 
Data 

Address 

c1 I c2 I c3 I 

MOVX 
Data 

Next 
nstructior 
Address 

data sent by confrofler: .. 

-l§ /Clfcfwl Info dlsp/1:Jy 
wfwl WR- (crnd LAtCHf:N") 
r/M 

Figure 21L.3 Timing of OUT 
operation , applied to display latch. 

Program to try the latching hardware: In order to try this simple latching hardware we need a 
program that will do an "OUT" operation. Here is uch a program. It write to the addre s defined by 
the "data pointer" - a 16-bit register on the proces or dedicated to thi job of "pointing.' 

LOC 

0000 

0000 

0018 

0018 

0018 

OOlC 

0010 

OOlE 

OBJ 

8016 

908000 

E4 

FO 

04 

80FC 

LINE 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

SOURCE 

; IO LOOP.A51 Lab 20L: to try display latching 

ORG O ; tells assembler the address at which to place this code 

SJMP STARTUP here code begins --with just a jump to start of 

real program. ALL our programs will start thus 

ORG 18H ; ... and here the program 

; starts, at hex 18 (" .. . h") 

STARTUP: MOV DPTR , #8000H ; "point" to an address: loads pointer 

register with address of "port 0," displays and keypad 

CLR A This just gives a predictable, tidy start value, 

to display (zero) 

COUNTUP: MOVX @DPTR, A Now send it to the display 

INC A add 1 to the accumulator, for a little excitement 

SJMP COUNTUP; .. . and do it again (forever!) 

17 END 

Add an 1/ 0 decoder: The hardware you just tried would be ufficient if we imagined that we would 
need only one output device. The 8051 in fact can do it own "i/o decoding" when operated in single­
chip mode. Later, in Lab 25L you will use it that way. Operating without buses, it can write a byte or 
even a single bit to one of its several "port " and can hold that byte there in included flip-flop . But 
for the present we are doing I/0 with the buses, so we need to provide our own decoding. 

We now ask you to wire up an explicit '1/0 decoder," external to the 8051. It will permit us to attach 
four output device and four input devices as well. (You are not likely add such a decoder to an 8051 

again because you are not likely to u e buses with a controller next time. The controller's great virtue 
is its ability to get along without help.) 

The decoder in Fig. 21L.4 takes an "encoded" 2-bit value, and "decodes" it to assert just one of it 
four output lines. It asserts the line corresponding to the number repre ented by this 2-bit code. "10," 

for example evokes an as ertion of output line 2. You could of course do uch a decoding job with 
a PAL and these days that' a more likely way to do it. We have used an IC decoder here because its 
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operation is easier to anticipate than if we had u 'ed a PAL. Using a PAL you might have to consult 
the PAL' code in order to be ure what to expect. 

Figure 21L.4 '139 decoder driven by 
micro's signals. 

On the WR* line, add a blue or red or yellow LED (some distinctive color: different from the green 

LED that indicates BR*) in order to help distinguish processor writes from reads. 

(8051) 3,34, ~ 

-t 5 

89C430 li 
(?3.4, ~ I~ Figure 21L.5 An LED on WR* line helps us distinguish processor writes 

W from reads. 

The haring of p011 addres ·es otherwi e can be confu ing a you ingle-step a program. The rela­
tively large 3.3k resistor i chosen to load the WR* line lightly (WR* is rated to . ink only l.6mA). 

A program to test the decoder: Here 's a little program that should tickle all four of the decoder's 
IN and OUT port . It use a handy loop-counter, DJNZ, which compresses two operations into one 

instruction: decrement a specified register, then jump if the register contents have not yet reached 
zero. When the regi ter does reach zero execution proceeds to the next instruction: "we fall out of the 

loop," to use the usual jargon. 
DJNZ operates only on 8-bit regi ters, limiting it to small values ; but one can "nest" DJNZ oper­

ations to produce larger count or delays (see §21L. l.6). The form of the instruction is to name the 
regi ter or "directly-addre sable byte" that is to be decremented, and to specify the jump destination 
as you ' 11 ee in the example just below. 

MACRO ASSEMBLER TRYDCDR_Ol 08/01/101 17:27:00 

LOC OBJ 

0000 

0000 801E 

0020 

0020 84 

0021 908000 

LINE SOURCE 

1 TRYDCDR_Ol.ASl Lab 20L: to try I/0 decoder: count loops 4/13/01 

2 removed INC A, 8/01/01 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

ORG o ; tells assembler the address at which to place this code 

SJMP STARTUP 

ORG 20H 

here code begins--with just a jump to start of 

real program . ALL our programs will start thus 

... and here the program starts, at hex 20 (" ... h") 

STARTUP: CLR A; This just gives a predictable, tidy start value, 

to display (zero) 

STARTOVER: MOV DPTR, #8000H; "point" to a location: loads pointer 
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15 register with address of "port O," disp lays and keypad 

0024 7804 16 MOV RO, #4H ; init loop counter 

0026 FO 17 COUNTUP, MOVX @DPTR, A ; Now send it to the decoder 

0027 EO 18 MOVX A, @DPTR .. . and tickle the IN ports, too. 

0028 A3 19 INC DPTR advance the I /0 address 

0029 D8FB 20 DJNZ RO,COUNTUP ... and do it till all 4 locat i ons are tic kled 

0028 80F4 21 SJMP STARTOVER Then start over 

22 

23 END 

As you single-step thi .. program you should see first an OUT operation , then IN, at each of the lo­
cations 0 .. 3. These you will recognize on the address display which here will show the I/0 adclres e , 

8000- 8003h. A logic probe on the ' 139's OUT lines (pins 4 ... 7) and IN lines (pins 12 .. 9 - in that 

order: INO through IN3) should confirm that the decoder too, sees these operations. 

The INx operations will look a little strange when single-stepped : ince nothing is yet enabled by 

any of the decoder's INx* lines, when the computer does the IN operation the data bus floats. That 

probably will look like FFh (since the di play inputs are likely to float high in the manner of TTL). 

The output operations will drive out the contents of the accumulator - zero, the very fir t output, then 

rather-strange values: whatever the proce or ha interpreted it floated inputs to be on the dummy 

input operation. The yel1ow or blue WR * LED . hould help you to distingui h the INs from the OUT . 

21L.1.4 Add keypad input buffer 

Let' give the decoder another ta k so it doe n't get bored: we' ll let it turn on the keypad 3- tate 

buffer at appropriate times, to pick up keypad value under program control. Then we' ll pair this IN 

operation with an OUT to the displays. 

Hardware, let INO* turn on the keypad buffer : The hardware change that permits this input i very 

simple - because you have already built the needed logic into your GLUEPAL. Your KBUFEN* 

function OR' two set of input : 

• KWR* AND'd with BUSRQST* or "BR*' (this AND'ing defines the only legitimate, safe man­

ual write from keypad into memory - safe because BUSRQST* indicates that we humans have 

control of the buses)· 

• INO* from the' 139 decoder. Thi ignal will be asserted when the micro i reading from port O 

(hex address 8000h). 

Back in Lab l6L, RAM and keypad buffer simply took turns: see Fig. 21L.6. 

Figure 21L.6 Lab 16L's simple either- or , 
between RAM and keypad buffer. L-----a Keypad 

KWR ...__ _ __. 

8 

Oafa Bus 

In order to a11ow for the arrival of the processor. you have put the nece sary logic onto your PAL. 
This logic implements the KBUFEN* function: see Fig. 21 L.7. 
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to Oafa Bus 
(00 ... 0 7) 

BUSRQST GLUE 
PAL 

from '139 decoder 

EN 
6 '54f 

EN 

· from keypad 
: (1(00 . . . 1(07) 

Figure 21L.7 Input buffer driven by 
GLUEPAL's KBUFEN* . 

Now we' ll use your logic. The line INO* on the GLUEPAL ha. been disasserted tiJl now (back in 

Lab 20L you pulled that line up). Now remove the pullup wire and drive the GLUEPAL's !NO* pin 

with the 139's signal of that name. 

Hardware, let OUTO* drive the display latch: [n place of WR*, u ed back in §21L.l.3, let the JJO 

decoders OUTO* line drive the LATCHEN* LOW byte enable. 

Program , in and out, read the keypad: The program beJow allows you to test the new hardware. 

The program imply takes in a value from the keypad and pits it out again to the displays. Keypad 

and display sit at the same addre s - but they are distingui hed , of course, by the difference between 

IN and OUT: that is, by the levels on the 8051 's RD* and WR* lines. To remind you of the scheme, 

Fig. 21 L.8 i a cope photo bowing the program below a it runs: the assertion of RD* marks the 

INPUT operation, the a sertion of WR* mark the OUTPUT. We 've included ALE and PSEN* (the 

signal that enable memory during an instruction fetch), in hope that they may help u get our bear­

ings in reading thi loop image. 

ALE 

PSEN* 

OUT I : ~- ...... ii:i::::~~~T lr'"''f._A,,___~~= 
' ~ . . .. 

I 
I Figure 21L.8 In-out loop: 

scope image, at full-speed . 

Here ' the program: 

MACRO ASSEMBLER INOUT 03/08/101 18:24:05 PAGE 1 

LOC OBJ LINE SOURCE 
1 ; I NOUT.aSl Lab 20L: read keypad , show on display 

2 

3 $NOSYMBOLS ; keeps listing short, lest ... 

4 $INCLUDE (C:\MICR0\ 8051\RAISON\INC\REG320. INC ) ; .. . this line should 
170 ; produce huge list of symbol definitions (all '51 registers) 
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0000 

0000 8026 

0028 

0028 908000 

0028 EO 

002C FO 

0020 80FC 

171 

172 

173 
174 

175 

176 

177 

178 
1 79 

180 

181 

182 

183 

1 84 

185 
186 

ORG O ; tells assembler t h e a ddress at which to p lace this code 

SJMP STARTUP ; here code begins --with just a jump to start of 

; real program . ALL ou r p rograms will start thus 

ORG 2BH; . . . and here the program start s 

STARTUP: MOV DPTR , #8000H ; "point " to both display (OUTO) 

; and keypad (ION) 

GETIT : MOVX A, @DPTR; read t he keypad 

MOVX @DPTR, A ; .. . show it on d isp lay 

SJMP GETIT 

END 

You can see whether the INPUT operation is working, by watching the data-bus value during the IN 

operation as you single-step the program. Make sure the data di play is et to how you everything: 

CONTINUOUS, not LATCHED. With the LCD showing addres 8000h on an INO* operation , try 

changing the keypad value. You hould find that, while program execution is frozen in the midst of 

the IN operation, the data bus value hown on the LCD is a live display of whatever you type on the 

keypad. 

If you then change to LATCHED and press the REPEAT key, you should see the keypad value 

echoed on the display , but updated only once each time around the loop. You will ee none of the 

intermediate in truction code ·. Thi should work at full-speed as well. 

21L.1.5 A more interesting program : add keypad value to running sum 

8-bit sum: We will ask you to do this task fir t showing an 8-bit result. You might perhaps think that 

an 8-bit computer cannot do better. But no; it' quite ea y to piece together 8-bit results to form larger 

values as w noted in Chapter 21N and as you will demonstrate oon. 

8-bit sum, single-stepped version: The program below reads the keypad continually and adds that 

value to a running um displaying the re ult on the di plays. Since the program doe not yet include 

any delay, it can t give you an intelligible display at full-speed· you will need to single-step this 

program. We' ll soon fix that defect. 

MACRO ASSEMBLER KEYSUM_ 4 02 07/ 31 / 1 02 1 8 :03:55 PAGE l 

LOC OBJ 

0000 

0000 802E 

0030 

LINE SOURCE 

1 ; KEYSUM 402 .a51 Lab 20L: read keypad , a dd keyva l to running sum: 

2 ; First version : NO DELAY 4/0 

3 $NOSYMBOLS ; keeps listing short, lest .. . 

4 $INCLUDE (C : \ MICR0\80 51 \RAISON\INC\REG320 . INC) ; ... this line should 

170 ; produce huge list of symbol definit i ons (all '51 registers) 

171 

172 

173 

174 

175 

176 

177 

178 

ORG o ; tells assembler the address at which to place this code 

SJMP STARTUP ; here code begins --with just a jump to start of 

real program. ALL our programs will start thus 

ORG 30H; ... and here the program starts 

0030 908000 179 STARTUP : MOV DPTR, #8000H; "po i nt" to display (OUTO) and t o keypad (INO) 



0033 75817F 

0036 7A02 

0038 7B04 

003A 78 00 

003C FO 

0030 EO 
003E 28 

003F 00 

0040 F8 

0041 FO 

0042 80F9 

180 

181 

182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

197 
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MOV SP , #07FH; init stack ptr to just below bottom of scra t ch RAM 

; (internal ) empty this time, but we'll use it soon 

MOV R2 , #02 init small delay constant (not useful till next program, 

MOV R3,#04 ; but we include it to spare you re - entering code 

MOV RO, #0 ; c l ear running sum, for predictable start 

MOVX @DPTR , A; show sum on display : tidy first - pass 

COUNTUP: MOVX A, @DPTR; read the keypad 

ADD A, RO ; form new running sum: new+ old , result to A 

NOP ; just a place - holder, for now 

MOV RO, A ; save result (update running sum) 

MOVX @DPTR, A show sum on display. 

SJMP COUNTUP now do it again 

END 

The keypad value FFh (FF, hexadecimal) ha a particularly curious effect. Why does the sum change 

as it doe when the keypad provides FFh?2 

Decimal addition: You can very easily get this program to speak to you in decimal, if you like. Simply 

replace the NOP in the listing above with the instruction "DAA," "Decimal Adjust Accumulator". (The 
' opcode" for DAA i D4h.) DAA transforms a sum like 'OA into ' 1 O" . But don ' t overe timate the 

cleverne s of DAA: it works only immediately after the addition operation , when a half-carry "flag" 

still is available to describe the value in the accumulator. And it fails if you feed it a non-decimal value 
from the keypad. Otherwise, it's pretty neat. Try it. 

What keypad value now evoke the same curious effect that the pre-DAA version showed when you 
fed it FFh from the keypad?3 

16-bit sum: single-stepped: Your big-board Data bus is 8-bit wide, but the larger LCD board in­

cludes two 8-bit input latches. These can catch two successive 8-bit values sent by the micro to display 

a 16-bit result. 

Hardware, two latches: The LCD board includes two 8-bit transparent latche that can be used to 
catch the data bus value in two successive OUT operations. Fig. 21L.9 hows the hardware on the 

LCD board that lets you write to its 16-bit data display in two passes. 

Figure 21L.9 Two latches can 
demultiplex 16 bits of data from 8-bit 
bus. 

To take advantage of the e two latches, you ll need to drive both of the two latch-enable* points 

shown in Fig. 21 L.10. OUTO* continues to drive the LOW LATCH EN*; OUTl * from the ' 139 drives 
the HIGH LATCH EN*. 

2 Recall that FFh is the value minus 1 in 8-bit 2's-complement notation . 
3 ls it perhaps 99? 
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Figure 21L.10 For 16-bit latched data display, OUTO* 
and OU Tl* drive two latch-enables* . 

. . . and set DIP switch to MUX: The DIP switch shown on the tight in Fig. 21 L.10 need to be et 

to MUX: this sett ing allows the two latches two time-share the 8-bit data bus a shown in Fig. 2 lL.9. 

(The other DIP witch po ition permit, 16-bit paraIJel input to the two 8-bit latche . That mode 

useful when the LCD board i u ed tand-alone rather than with the micro breadboard.) 

Code, 16-bit sum : Here is code to extend the um from 8 bit to 16: 

LOC OBJ 

0000 

0000 BOSE 

0060 

0060 908000 

0063 E4 

0064 F8 

0065 F9 

0066 EO 

0067 28 

0068 FO 

0069 F8 

006A E4 

0068 39 

006C F9 

0060 A3 

006E FO 

006F 1582 

0071 80F3 

LINE SOURCE 

1 ; 16_SUM_ 02 . a51 Lab 21 : 16- bit running sum & display 

4 

170 

171 

$NOSYMBOLS ; keeps listing short, lest .. . 

$INCLUDE (C :\MICR0 \ 8051 \ RAISON\ I NC\ REG320.INC) . .. this line shoul d 

produce huge list of symbol definitions (all ' 51 registers) 

172 ORG O ; tells assembler the address at which to place this code 

173 

174 SJMP STARTUP ; here code begins--with just a jump to start of 

175 ; real program. ALL our programs wi l l start t hus 

176 

177 ORG GOH ; . .. and here the program starts 

178 

179 STARTUP: MOV DPTR, #8000H ; "point" to low byte of display 

180 ; and to keypad 

181 CLR A 

182 MOV RO, A ; clear storage registers 

183 MOV Rl, A 

184 

185 

186 GETI T : MOVX A, @DPTR ; read t he keypad 

187 ADD A,RO ; f orm low-half of running s um 

188 MOVX @DPTR, A ; . . . send it t o d isp lay (port 0) 

189 MOV RO,A; and save a copy in register 

190 

191 CLR A 

192 ADDC A,Rl ; increment high -byte of running sum 

193 ; (takes in CY i f we ' ve overflowed low byte) 

194 

195 

MOV Rl,A ... save result 

196 INC DPTR point t o high - half of display (port 1) 

197 MOVX @DPTR, A ; ... send high byte to display (port 0) 

198 DEC DPL; restore pointer to low- byte (there is no 16 - bit ptr dee, 

199 but this modest dee is safe; done once from 8001, 

200 it can't generate a borrow 

201 SJMP GETIT 

202 

203 END 

A detail of the program may be worth pointing out: the successive ADD operations u e two different 

version ' of ADD. Here we will make a point close to one we made in Chapter 2 lN: 
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• the fir tu e i. ADD, which does not take in the CY (carry) flag but doe update CY as an output; 

• the second u e i ADDC, which does take in CY. 

The ADDC code look. , at first glan e like nonsense. does it not? 

CLR A 

ADDC A,Rl 

This ADDC operation may look like a complicated way of aying '·do nothing" since the code means 

'Add zero (the value of A) to R 1 (the high-byte of 16-bit sum).' But the critical difference from 'add 

zero'' (meaning "do nothing to the Rl value ) i that ADDC includes any CY from the operation on 

the low-order byte. Thus the second ADD - "ADDC" - does extend the 8-bit result properly. You may 

want to think of the low-order CY as an overflow ignal · the high-order byte might be said to count 

overflows from the low-order summing. 

Watching the 16-bit result: In order to ee the 16-bit result you need to select " 16' rather than "8" 

with the "DATA" elect switch: see Fig. 2 lL.11. To avert boredom, try setting up a fairly large keypad 

value to be summed, uch a 2 Lh. As you single- tep the program you should soon see the high byte 

come to life when the low byte overflow . 

Figure 21L.11 LCD card allows 
option of displaying 16 bits of data 
rather than eight . 

2's-comp demystified? The keypad value FFh also i worth trying. When you tried that with an 8-bit 

di play the computer may have eemed clever, as if it omehow recognized FFh a "2's-complement 

for negative one.' 

The 16-bit di splay shows what was going on back tage so to peak: nothing fancier than addition. 

No cleverne · or understanding of 2' -complement appear doe. it? The FFh, which we may choose to 

think of a " minus one," does decrement the low byte. But this re ult is revealed a only a ide-effect 

of the addition when one can see the 16-bit result. Each time the low byte is decremented, the addition 

also increments the high byte. 

21L.1.6 Keysum with delay: two versions : a first subroutine 

Keysum, with delay written in-line: The program listed below appends a few line of time-wa ting 

code to the 8-bit keysum program on page 838. Note that the new code L to be appended to the 

code you've already entered. Don't overwork yourself by typing in everything anew: instead, tart at 

address 42h. The time-wasting or 'delay ' code wi11 allow us to run the program at full speed, while 

. till getting an intelligible display. 

The delay code again takes advantage of the compact DJNZ in truction. Becau, e the 8051 can do 

thi. operation only on its 8-bit registers, and counting down 256 times doesn't take long, we have 

nested two of the e DJNZ loops for a longer delay. The nesting let us multiply that inner-loop delay 

by an 8-bit outer constant. We have initialized these delay registers to tiny value. so that you can 

watch the program in ingle-step without expiring from boredom. Once you ve seen it in . low motion, 

change the delay constant to generate the maxirnum delay. What con tant are those? Hint: DJNZ 

decrement the register before te ting it value.4 

-1 An initial value of zero evoke. the longest delay. 
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MACRO ASSEMBLER KEYSUM_DELAY_INLINE_402 07/21/04 11:43 : 27 PAGE 1 

LOC OBJ LINE SOURCE 

0000 

0000 802E 

0030 

0030 908000 

0033 75817F 

0036 7A02 

0038 7804 

003A 7800 

003C FO 

0030 EO 

003E 28 

003F 00 

0040 F8 

0041 FO 

0042 EA 

0043 8BFO 

0045 D5FOFD 

0048 DSEOF8 

0048 80FO 

1 

2 

3 

4 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

183 

184 

185 

186 

187 

188 

189 

190 

191 

192 

193 

194 

195 

196 

197 

198 

199 

200 

; KEYSUM_DELAY_INLINE_402 . a51 Lab 20L: read keypad, 

; add keyval to running sum: DELAY IN-LINE 4/02 

$NOSYMBOLS ; keeps listing short, lest ... 

$INCLUDE (C:\MICR0\8051\RAISON\INC\REG320.INC) ; ... this line should 

; produce huge list of symbol definitions (all '51 registers) 

ORG O ; tells assembler the address at which to place this code 

SJMP STARTUP ; here code begins--with just a jump to start of 

; real program. ALL our programs will start thus 

ORG 30H . .. and here the program starts 

STARTUP: MOV DPTR, #8000H; "point" to display (OUTO) and keypad (INO) 

MOV SP, #07FH ; init stack ptr to just below bottom of scratch 

; RAM (internal) e mpty this time, but we'll use it soon 

MOV R2,#02 ; init small delay constant 

MOV R3,#04 

MOV RO, #0 ; clear running sum, for predictable start 

MOVX @DPTR, A ; show sum on display: tidy first-pass 

COUNTUP: MOVX A, @DPTR; read the keypad 

ADD A, RO form new running sum: new+ old, result to A 

NOP 

MOV RO, A save result (update running sum) 

MOVX @DPTR, A show sum on display . Now, go kill some time 

MOV A,R2 ; get outer-loop delay value 

INITINNER: MOV B, R3 ; initialize inner loop counter 

INLOOP: DJNZ B, INLOOP; count down inner loop , till inner hits zero 

DJNZ ACC,INITINNER; ... then dee outer , and start inner again. 

SJMP COUNTUP 

END 

; now do it again 

It is not ea y to calculate the delay offered by this program; it is easy to use your scope to measure 
it if you watch a ignal that comes once per delay; OUTO* will serve. (We measured the repetition 

period at about l 20ms, with the delay value set to maximum - not to the tiny values shown in the 

listing above. ) 

The very tiny delay values we showed in the listing, for both inner and outer loops, are proposed to 
Jet you watch the nested loops as you single-step. (You' Jl get very bored if you put in max delay values 

and then ingle-step.) The listed delay constants are too small to be useful at full-speed however. For 
longest delay, change both constants to zero. 

Putting the delay program in-line isn't very tidy. And the DELAY patch is not polite: it messe up 

the A register as it runs though this messing-up happen not to matter for this particular program. In 
the next program we will do better in both respects: we II use a distinct subroutine to give us the delay, 
and we' ll take care to restore any regi ters that we alter. 

21L.1.7 Keysum , with delay written as subroutine 

Now we'll implement the DELAY more tidily. We' ll write it as a self-sufficient little segement of code 
- a subroutine. This segment can be invoked from the Key um program but later can also be invoked 
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by any other program - whenever you decide that you 'd like to low execution. We will write it so 
that, unlike the in-line version just above, the routine does not permanently mes up registers. That' 

wi e, becau. e tho e regi ters may be u ed by ome later program that invoke DELAY. 

Again, we have i.mply altered the code you ju t entered, so don ' t do any substantial re-typing. Just 

change the two line beginning at addres 42h. Then enter the DELAY subroutine up at address lOOh 

(an addres chosen as a nice round number that we hope to be able to remember when next we need a 

delay). 

Once again, we start with a tiny delay value so that you can watch the program while single-

tepping. When you reach the ACALL instruction, the computer will appear to he itate - or to ignore 

several of your single-step key-pre sings. Then it will hop to the start of the DELAY routine. That 

he itation occur because the processor is busy saving on the stack the return address (that is , the 

address of the instruction that it must execute after finishing the subroutine). The tack operation are 

invisible to us because they take place entirely on the 8051 rather than on the external bu es that are 

visible to us. 

The stack is just a region in the micro's internal, on-chip RAM u ed for temporary storage of the 

return addres - as well as for other temporary storage. Below, in DELAY, we use the tack not only 

for the return addres (this use is automatic when we u e ACALL) but also for temporary storage of 

registers that will be altered by the DELAY routine: the PSW (flags) and the A and B register (for 

obscure rea ons, the assembler requires us to call A "ACC" when PUSH ing and POP' ing). This is 

a typical use of the tack. It is ea y, and the stack takes care of itself - as long as we take care to 

let every PUSH be paired with an appropriate POP. Notice the sequence of PUSHes and POP in the 
listing below. 

MACRO ASSEMBLER DELAYROUTINE_407 

LOC OBJ 

0000 

0000 802E 

0030 

0030 908000 

0033 75817F 

0036 7A02 

0038 7804 

003A 7800 

003C FO 

0030 EO 

003E 28 

003F 00 

LINE SOURCE 

1 KEYSUM_DELAYROUTINE_407.a51 Lab 20L: read keypad, 

add keyval to running sum: DELAY SUBROUTINE 4/02,9/02 

2 start address changed to allow use as replacement for earlier 

delay-inline 4/07 

$NOSYMBOLS ; keeps listing shor t .. 

5 $INCLUDE (C:\TOM\MICR0\8051\RAISON\INC\REG320.INC) 

172 

173 

174 

175 

ORG O ; tells assembler the address at which to place this code 

SJMP STARTUP ; here code begins--with just a jump to start of 

176 ; real program. ALL our programs will start thus 

177 

178 ORG 30H ; . . . and here the program starts 

179 Note that this listing overlaps with the previous program. 

180 This is intended, so you'll not need to retype any code 

181 before the subroutine call, at 42h 

182 

183 STARTUP: MOV DPTR, #8000H; "point" to both display (OUTO) and keypad (INO) 

184 MOV SP, II07FH ; init stack ptr, to just below start of indirect RAM 

185 MOV R2,#02 ; init small delay constant 

186 MOV R3,#04 

187 

188 

189 MOV RO, ijQ ; clear running sum, for predictable start 

190 MOVX @DPTR, A; show sum on display: tidy first - pass 

191 

192 COUNTUP: MOVX A, @DPTR; read the keypad 

193 ADD A, RO ; form new running sum: new+ old, result to A 

194 NOP 
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0040 

0041 

F8 

FO 

195 

196 

MOV RO, A; save result (update running sum) 

MOVX @DPTR, A; show sum on d isplay. Now, go kil l some time 

; HERE BEGIN THE CHANGES FROM THE IN-LINE-DELAY VERSION: 

0042 3100 197 ACALL DELAY 

0044 80F7 

0100 

0100 cooo 
0102 COEO 

0104 CO FO 

0106 EA 

0107 8BFO 

198 

199 

SJMP COUNTUP 

200 -- SUBROUTINE 'DELAY' ----- - -

201 

202 ORG lOOH 

203 DELAY: PUSH PSW ; save registers that'll get messed up. 

204 PUSH ACC ; Not necessary, this time; but next time this 

205 PUSH B routine is called, those registers might be 

206 in use in the main routine, so worth saving 

207 

208 MOV A,R2 ; get outer - loop delay value 

209 INITINNER: MOV B,R3 ; initialize inner loop counter 

0109 D5FOFD 210 INLOOP: DJNZ B, INLOOP; count down inner loop, till inner hits zero 

OlOC DSEOF8 211 DJNZ ACC,INITINNER ; ... then dee outer, and start inner again. 

OlOF DOFO 212 POP B ; restore saved registers 

0111 OOEO 213 POP ACC 

0113 DODO 214 POP PSW 

0115 22 215 RET; Now back to main program . 

216 

217 END 

21L.2 Silabs 2: input; byte operations 

21L.2.1 Port pin use in this lab 

Today in thi path, we make use of just one more PORTO pin in addition to the LED drive of §20L.3: 

an input pin driven by a pu hbutton. 

Later, in §21L.2.8, we also add byte input and output device at two other port , PORTl (display) 

and PORT2 (keypad), and finally we also ask PORTO to drive another 8-bit LCD display. That last 

addition does not conflict with the two PORTO uses shown in Fig. 21L. l 2. 

Figure 21L.12 PORTO pin use in today's lab: a pushbutton input 
added . 

21L.2.2 Bitflip LED blink program, recast with subroutine 

Last time we slowed the LED-blinking program by putting time-wasting DELAY code inline with 

the bitflip code. Thi works, but makes the code relatively hard to read and clum. y to write. In a tiny 

program like Bitflip thi hardly matter . But in a more complex program it i useful to break the code 

into module , called subroutines all of which are stitched together by a main calling program. Here, 
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we will apply that change in form to the delayed bitflip program of Lab §20L.3. The behavior of the 

LED will be the same. The code will be easier to read. 

The code below i just the old code, rean·anged - with a few detail. added that permit the main 

program to invoke the two subsidiary subroutines: one subroutine takes care of the SiLabs special 

initialization (we call thi patch of code "USUALSETUP" and it reappear in almost all of the 

programs in this seties of labs). The other subroutine DELAY, simply uses up about one second to 

. et the LED blink rate, a in Lab §20L.3. 

We have made one small change in USUALSETUP relative to that u ed in the delay code of 

§20L.3: we have slowed the system clock by a factor 8, a the ' 410 pennits, in order to . ave a little 

power. In thi application thi slowdown certainly has no appreciable effect. It is not necessary but we 

thought we'd . how this option, which i, the lDE' default but here imposed by the explicit command, 

ORL OSCICN, \#04h ; sysclk = 24.5 Mhz /8 . 

We ll Ii t the program, and then look at ome of it details. 

; bitflip_delay_subroutine.a51 bitflip program, with delay for full-speed operation 

$NOSYMBOLS; keeps listing short 

$INCLUDE (C:\MICR0\8051\RAISON\INC\c80Slf410.inc) 

ORG O ; tells assembler the address at which to place this code 

ACALL USUAL_SETUP 

SETB PO.O start with LED OFF (it's active low) 

FLIPIT: CPL PO.O ; toggle LED 

ACALL DELAY waste some time 

SJMP FLIPIT do it forever 

- - SUBROUTINES 

DELAY: PUSH ACC 

PUSH B 

; save the registers that this routine will mess up 

PUSH 4 ; this saves register R4--in the zeroth set of registers 

MOV A,#0 maximize two delay values (0 is max because dee before test) 

MOV B,#0 ... and second loop delay value 

MOV R4, #lOh ; 1 second delay: this multiplies the 64K other loops 

INNERLOOP: DJNZ B, INNERLOOP count down innermost loop, till inner hits zero 

DJNZ ACC,INNERLOOP . .. then dee second loop, and start inner again. 

DJNZ R4, INNERLOOP now, with second at zero, decrement the outermost loop 

POP 4 

POP B 

POP ACC 

RET ; back to main program 

USUAL SETUP: ANL PCAOMD, #NOT(040h) Disable the WDT. 

Clear Watchdog Enable bit 

Configure the Oscillator 

ORL OSCICN, #04h sysclk = 24.5 Mhz / 8 

Enable the Port I/0 Crossbar 

MOV XBRl, #40h ; Enable Crossbar 

RET 

END 

The ubroutine i invoked by a CALL operation, here in the shorter ACALL version . (Subroutine 

and the tack are di cussed in Chapter 21 N). Subroutine etiquette requires that the ubroutine ave any 
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values it will mess up, so that the main program can operate properly on a return from the ubroutine. 

The saving here is done with PUSH operation ; the same registers are restored, before exit from the 

subroutine, with POP operations. RET pops the ' return" address off the tack so that execution can 

resume at the main program's instruction that follow the ACALL. 

21L.2.3 Some oddities of PUSH AND POP 

Potential ambiguity in the name "Rn": One of the PUSHes (PUSH 4) is odd. Why PUSH 4" rather 

than "PUSH R4 '? Because R4," surprisingly, i ambiguous: the 8051 ha four set of cratch registers 

named RO .. R7. The 8051 re o]ve the ambiguity by referring to two bits in its PSW (Program Status 

Word) register. After a reset , these two bits are at zero, so the controller u es the zeroth register set by 

default. 

But the broad-minded a. embler program does not dare to pre ume which of the four regi ter 
. ets i intended. So, it requires that we describe the zeroth R4 by it on-chip address. '4 is the 

(unambiguous) address of the zeroth version of R4.5 

A we noted in Chapter 21N, PUSH and POP require that we call register A "ACC. 

The result, we hope, code that's easier to follow: The u e of ubroutines make even this simple 

program easier for a reader to make sense of. The guts of the program sit near the ·tart: 

FLIPIT : CPL PO.O ; toggle LED 
ACALL DELAY waste some time 

SJMP FLIPIT do it forever 

Appearing early, and all in one place this code is easier to make ense of than the code of the 

delayed-bitftip program of Lab §20L.3, where the delay and initialization code was placed in line. 

From thi point, we will u ·e ubroutines regularly in an effort to make our program readable and 

also to permjt building them up in stages. Thi effort recall our methods in the analog part of this 

cour e: there, we tried to design and test ubcircuits that we then could link as modules. The method 

eased our work in both de. ign and analy is - and the motive for u e of subroutine i the same. 

21L.2.4 Bit input: "blink LED if .. . " 

In the Lab 20L we made an LED blink. As an application for an intelligent controller, this is not very 

impressive. A ·555 oscillator can make an LED blink. Now we will modify the program just slightly 

so that the LED blinks unless we pre s a pushbutton. That's till not impressive you may protest: a 

pushbutton on the '555 RESET* line could achieve the ame result. 

Well , OK: fair enough. But we'd like to make a claim that the ability of the processor to do one thing 
under one condition, another thing under another condition amount to a glimmering of intelligence. 
This ability i fundamental to what can make a computer seem smart. So, let add thi capability to 

the blinker program. 

21L.2.5 Bit input 

Hardware: When using buses - a · you have een in Chapter 21 N - responding to a bit input require 

some hardware (a 3-state to get the information onto the data bus) and then a bit-testing operation on 
the accwnulator register. 

5 We wish the a sembler were bold enough to assume that the particular R4 intended is the one in use at the time of the 
reference. But thi is not the way 8051 a sembler · work. 
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Using a controller built-in port, as in the '410 (which provides no buses), data input are much 

simpler. An input signal (either a bit as in the upcoming bitfiip)f.a5 I, or a byte, as in §21L.2.8) is tied 

directly to the controller port pin or pin : no need for a 3-state, because the pin accesses not a public 
bus but a private road into the controller. 

The hardware that let' . us talk to the '410 with a pushbutton thus is extremely simple: a pushbutton 

can ground the input ignal while a pull up re istor otherwise pulls it to +5V.6 If switch bounce matters, 

then at least a capacitor must be added to slow the edge.7 But let us omit that here, for maximum 

implicity, since bounce does not matter in this program. 

to P D.t 

Figure 21L.13 Pushbutton to drive P0 .4. 

21L.2 .6 Code 

Subroutines tidy the code: Applying our new wisdom (new in §2 1 L.2.2) we again pu h the detail of 
initialization and Delay out of the way of the main program loop, making them subroutines. 

A formal novelty, introducing symbols to make code more intelligible: We have made ome small 

changes to the bitflip code, intended to make the code more readable.8 We have u ed symbols -

descriptive names - to tand in for the literal port pins used in this program. 

Whereas in the original bitflip.a5 / program we wrote PO.O," we here will replace the port-pin 

pecification with a descriptive name, 'BLUElED.' Similarly, we will replace the pin designation 
of the input pin, P0.4 with the description "PB' ("pushbutton). 

So wherea bitflip' loop looked like 

FLIPIT: CPL PO.O ; flip LED, ON, then OFF ... 

SJMP FLIPIT 

the loop in the fiip_if.a51 program gives a reader a little help in divining what the loop does. 

At the head of the program we define the two symbols - "BLUE.LED" and "PB" so that we can 

write these descriptive name rather than list the port pins. We use an assembler directive, EQU, to 

define symbolic names for the two pins: 

BLUE_ LED EQU P0.0 

PB EQU P0.4 

An a sembler directive, like EQU, is a command addressed not to the 8051 but to the assembler.9 

Each time the assembler encounter the symbol "BLUE.LED, it will substitute "PO.O'' as it translate 

our a embly code into executabl code. It will al o do the equivalent substitution for "PB. ' 

Having defined these symbols we can make the flip-if code loop fairly intelligible. We now ask you 

to fini h the program for us. 

6 On ome 805 1/' 4 IO ports even the pullup can be omitted . But at PORTO which we use here, no uch pullup i present. 
7 A - you know, a true debouncer for an SPST . witch require more than an RC circuit. It al o requires a Schmitt trigger to 

square up the transition of the slow RC. But a processor input, unlike a true edge-triggered input such as a flip-flop c lock, 
doe. not need that quaring up, as we will see in Lab §22L.2. 

8 The use of symbols and label - is sometimes oversold with the description ··self-documenting code." We don't claim that 

label are quite that wonderful. 
9 Thi topic i. treated in Chapter I . 
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Your task, implement the "If ... " in assembly language: Now we have et up the symbol "PB" to 

stand for the bit that i to be te ted. We assign a label, "FLIPIT," to the location to which we want the 

program to return when the pushbutton is pressed. 

FLIP I T : PB, FLIPIT hang up here, so long as pushbutton is pressed 

CPL BLUE LED 

We would like you to fill in the 805 l in truction that will evoke this behavior. You may want to 

consult the one-page list of 8051 in tructions that we have put together in Supplement 20S. The same 

information in wordier form , appears at pp. 15- 16 of the Philips/NXP programmer' guide for the 

8051 10 . 

When you have filled in the code, the label and ymbol offer strong clue to the logic of thi s loop. 

Perhaps you find FLIPIT: -- PB, FL IPIT and CPL BLUE_LED cryptic till. But the symbols help, 

do they not? 

Program flow conditioned by pushbutton: The novelty in the behm ior of bitflip j f.a51 - distinct 

from the novelty in the program listing - is the code's testing of an input. The conditional jump 

command that we asked you to fill in implements the " if' in the " Blink . .. if . . . . " This cond itional 

("if' ... ) keeps the program stuck on thi s line as long as the pu hbutton hold PO. I at a logic Low. 

Only when the pu hbutton i relea ed, permitting PO. l to go High does the program flow reach the 

next line where the LED-flipping occurs. 

Here i the full program listing: 

bitflip_ if.aSl toggle LED, slowly-- if pushbutton NOT pressed 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C:\MICR0\8051\RAISON\INC\c805lf410.in c) 

BLUE LED EQU PO.O 

PB EQU P0.4 pushbutton will determine whether LED i s to toggle or not 

ORG O tells assembler the address at which to place this code 

SJMP STARTUP here code begins- - with just a jump to start of 

real program . ALL our programs will start thus 

ORG 80h ... and here the program starts 

STARTUP: ACALL USUAL SETUP 

FLIPIT: 

CLR BLUE LED; start low, just to make i t predictable 

PB, FLIPIT 

CPL BLUE_ LED 

ACALL DELAY 

SJMP FLIPIT 

hang up here, so long as pushbutton is pressed 

... but flip the LED when button not pushed 

- SUBROUTINES 
USUAL_ SETUP: Disable the WDT. 

ANL PCAOMD, #NOT(040h) 

ORL OSCICN, #04h 

Clear Watchdog Enable bi t 

Configure the Oscillator 

sysclk = 24.5 Mhz I 8 , for lower power 

; Enable the Port I / 0 Crossbar 

Ill http://www.keil. ·om/dJ/docs/datashts/philips/p5 l _pg.pd f. 
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MOV XBRl, #40h Enable Crossbar 

PUSH ACC 

PUSH B 

PUSH 4 

RET 

; save the registers that this routine will mess up 

; this saves register R4- - in the zeroth set of registers 

MDV A,#0 maximize two delay values (0 is max because dee before test) 

MOV B,#0 ... and second loop de lay value 

MDV R4, #lOh ; 1 second delay: this multiplies the 64K other loops 

INNERLOOP: DJNZ B, INNERLOOP count down innermost loop, till inner hits zero 

DJNZ ACC,INNERLOOP .. . then dee second loop, and start inner again. 

END 

DJNZ R4, INNERLOOP now, with second at zero , decrement the outermost loop 

POP 4 

POP B 

POP ACC 

RET back to main program 

We found the blink rate a little low for our ta te . Try speeding it up by, say, a factor of four. 

21L.2.7 C language equivalent: " If . . . " 

C code that would achieve the ame re ult - flipping an LED unless a pushbutton grounds an input 

named " inbit - looks a lot like the a sernbly language loop of § 21L.2.6 on page 847. In C the " if'' i 

explicit; in a sembly language the "if' i expre sed in the conditional jump operation that you filled 

in above. 

if(!inbit) outbit = outbit; 

else outbit = !outbit; 

For code as simple a. thi , Coffer no advantage over assembly. 

21L.2.8 Byte operations, In and Out 

We have used b;r operation. so far because they give such a quick reward for minimal wiring. Byte 
operation - with which we tarted on the big-board branch of the micro lab - are ju ta simple to 

code, but require just a little more wiring effort. Let's make that small effort now, and do ome byte 

operation . 

Hardware for Byte In, Byte Out: 

Byte input from keypad: Let use the keypad, with its 16-pin DIP connector, as input device. On a 
breadboard trip you can convert the DIP's 8 data lines - which unfortunately li e on two sid s of the 

connector - into the 8-in-a-row form that will be convenient for wiring to the ' 410: ee Fig. 21 L.14. 

From thi, in-line et of ight data line , run a flat ribbon cable to the '410' , PORT 2, as in 
Fig. 21L.15. 

The 07 line on the cable, you 1l notice, comes not from the '41 O's P2.7 but from the far end of the 

C2-neutralizing resistive network de cribed in §20L.3 (s e pecially Fig. 20L.21 ). 

Keypad in , byte display out : We' ll fir. t do a byte-in , byte-out tran, fer keypad to display. As a way of 

seeing the byte-wide output from the '4 10, let' u. the LCD display board. It provide 8 bits for data, 

16 bit for what, on the Dalla branch is address. For the one-byte display of the current program we 
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Figure 21L.14 DIP connector from 
keypad, adapted to in-line flat cable. 

Figure 21L.15 Keypad cable 
wired to '410: P2.7 split from 
cable. 

Figure 21L.16 Hardware connections for byte-in , 
byte-out keypad to display. 

will use the low byte (D7 .. DO) of the data display - one of the two rightmost byte-wide connectors 

on the LCD board. 

Though PORTO here drives the display you need not disconnect the LED at PO.O or the pushbutton 

at P0.4 unless you choose to. Neither shouJd interfere with the ' 4 J O's drive of the display: each applies 

only a pullup resistor to its pin (unle s you are so rash as to press the pushbutton while u ing PORTO 
to drive the LCD display). 

21L.2.9 Code for byte-in, byte-out 

The code to transfer a byte from keypad to display is as simple as you would expect it to be: 

TRANSFER: MOV DISPLAY, KEYPAD 

SJMP TRANSFER 
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A task , define the symbols : Again we have (mischievously?) not quite fini hed the code below. You 

will need to u. e the EQU asse,nbler directive to define the two symbols used in the program: DISPLAY 

and KEYPAD. The form will be - a the incomplete li sting below indicates -

; two EQUATES for you to comp l ete : ? 
EQU __ _ 

___ EQU __ _ 

The ( almost-)complete assembly file: 

byte_in_out.a51 

$NOSYMBOLS ; keeps listing short 

$INCLUDE {C:\MICR0\8051\RAISON\INC\c805lf410.inc) 

$INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC) ; Tom's vectors definition file 

STACKBOT EQU 80h ; put stack at start of scratch indirectly - addressable block (80h and up) 

; two EQUATES for you to complete:? 

ORG Oh 

EQU 

EQU 

LJMP STARTUP 

ORG 080h 

STARTUP: MOV SP, #STACKBOT - 1 

ACALL USUAL SETUP 

•-1• because SP increments before first store 

TRANSFER: MOV DISPLAY, KEYPAD 

SJMP TRANSFER 

SUBROUTINES 

USUAL_ SETUP: ANL PCAOMD, #NOT(040h) Disable the WDT. 

END 

ORL OSCICN, #04h 

; Enable t he Port I/0 Crossbar 

Clear Watchdog Enable bit 

Configure the Oscillator 

sysclk = 24.5 Mhz I B 

MOV XBRl, #40h 

RET 

; Enable Crossbar 

When you 've ati fied yourself that the program can indeed transfer a byte from keypad to di play, 

we' ll a k the 410 to do something a shade more exciting. 

21L.2.10 Add keypad value to running sum 

Perhap it pains you to see your mart little '410 simply transfelTing data. OK. Lets allow it to show 

that it can al o add. 

Code for 8-bit running sum : This program add the keypad value to a running sum and outputs that 

, um to the di play. We will do this first with an 8-bit output, then 16-bit Uust to how that the 8-bit 

controller is not nece arily restricted to 8-bit operations). When the running um overflows, the 8-bit 

output remain. valid "modulo 8, ' in the jargon. The overflow information i lost. 

Here is the core loop of the program: 

Transfer: MOVA , RUN_SUM; recall running sum 

ADD A, KEY PAD ; form n e w s um. Note that result lands in A 

MOV RUN_ SUM, A; ... save it 
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MOV DISPLAY , A ; . . . and show it 

ACALL DELAY 

SJMP Transfer ; ... forever 

To make sense of thi code you need to recall that the result of ADD goe to the accumulator, the A 
register. So each pass through the loop updates both the running sum (RUN_SUM) and the displa) . 

As you try this program you might start by setting up Olh on the keypad . The umming then 

amounts ju t to continually incrementing of course. When you 're feeling more adventurou , try keypad 

value FFh. 

keysum_ Bbit.a51 s hows sum of keypad and running sum; 

decimal adj ust after initial binary display 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C:\MI CR0\8051\RAISON\INC\c8051f410.inc) 

STACKBOT EQU BOh ; put stack at start of scratch indirectly-addressable block (BOh and up) 

DI SPLAY EQU Pl so-called Data byte on LCD board 

KEYPAD EQU P2 

RUN_ SUM EQU R7 ; this choice is arbitrary 

DELAY MULTI PLIER EQU OBh 

ORG Oh 

LJMP STARTUP 

ORG 080h 

STARTUP : MOV SP, #STACKBOT-1 

ACALL USUAL_ SETUP 

; about ha l f-second delay, at div-by - 8 clock rate 

Initialize running sum 

CLR A 

Transfer : 

MOV RUN_ SUM, A ; c l ear running sum 

MOVA, RUN_SUM 

ADD A, KEYPAD 

; recall running sum 

form new sum 

DA A ; For decimal sum-- try after watching binary addition 

MOV RUN_SUM, A .. . save it 

MOV DISPLAY, A; ... and show it 

ACALL DELAY 

SJMP Transfer; ... forever 

-SUBROUTINES 

DELAY : PUSH ACC 

PUSH B 

PUSH 4 

save the registers that this routine will mess up 

this saves register R4--in the zeroth set of registers 

MOV A,#0 maximize two delay values (0 is max because dee before test) 

MOV B,#0 . . . and second loop delay value 

MOV R4, #DELAY_MULTIPLIER a more general way to s p ecify delay: 

; this multiplies the 64K other loops 

INNERLOOP: DJNZ B, INNERLOOP 

DJNZ ACC,INNERLOOP 

count down innermost loop, till i nner hits zero 

... then dee second loop , and start inner again. 

DJNZ R4, INNERLOOP; now, with second at zero, decrement the outermost loop 

POP 4 

POP B 

POP ACC 

RET 

; restore saved registers 

back to main prog r am 
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USUAL SETUP: 

END 

; Disable the WDT . 

ANL PCAOMD, #NOT (040h) 

ORL OSCICN, #04h 

Enable the Port I / 0 Crossbar 

MOV XBRl, #40h 

RET 

Clear Watchdog Enable bit 

Configure the Oscillator; 

sysclk = 24.5 Mhz I 8, for lower power 

Enable Crossbar 

Delay routine marginally amended: We made one small change to the Delay routine above: rather 

than fix the duration of Delay within that subroutine, a we did earlier for example. in § 2 lL.2.2 on 

page 844) we set the value of the delay multiplier at the head of the program . The multiplier in thi 

routine determine how many times the 16-bit countdown loop will be repeated (each loop takjng 

about 80ms). 

This change make Delay more versatile, and also illustrates a point concerning the design of pro­

grams: it's a good idea to initialize constants up at the start of a program where they are easy to see 

and to change. If you decide to change the Delay duration from one second to two you don t want to 

have to earch the program listing to locate the place where that duration is et. 

8-bit output amended to decimal form: Binary addition makes efficient use of the running-sum and 

keypad bytes permitting use of all 256 combinations. But when a di play is intended for humans - with 

their many finger and their peculiar decimal counting ystem - a decimal output often i preferable. 

The 8051 knows how to restrict it output to the decimal value as long, a we give it keypad value 

that al o are limited to decimal values . 

In order to see this behavior, all we need do is un-comment the instruction "DA" in the 8-bit running-

um code above. DA ( Decimal Adju t") operates on the accumulator (A regi ter), noting when a 

" half-carry ' from the low nybble occur . So, for example, if A hold the value 09h and we add I the 

next value in binary would be OAh. But DA note the "half-carry'' and amends the accumu lator value 

appropriate ly : the "half-carry" tell the processor to roll over the low nybble to O while incrementing 

the high nybble. The result thu becomes lOh, the decimal count that indeed must succeed 09h. 

We hould note what DA cannot do: it cannot transform a hexadecimal value to decimal; it work 

properly only after an operation, Like ADD, that affects flag. appropriately - particularly, the half­

carry flag. The details of flag effects appear in the descriptions of each processor operation in the 

8051 instruction set reference. 

The fir t time you do an operation that depends on flag behaviors you would be wise to check this 

behavior in the instruction et reference. INC (in rement) and DEC affect no flag , for example. That 

is a behavior one could not anticipate from any principle that we can perceive. 

It i. of course, pos ible to do a generalized conversion from a binary value to decimal. But this 

process calls for a multi - ' tep algorithm, and is neither imple nor quick. DA neatly cover the present 

ta. k. 

21L.2.11 16-bit running sum 

Now let ' allow the 8051 how that it can handle value larger than one byte. We don ' t often ask it 

to do so - and, in fact are inclined to keep it computation task minimal. But at a price of peed an 

8-bit proce or can concatenate operation to operate on value larger than what fits in a single byte. 

Here, we will keep the running sum to 16 bits rather than 8, and we will display it on the LCD 

board using four hex digit rather than two, a for the b) re . um. We' ll exerci e thi hardware with an 

amended running-. um program. 
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Hardware for 16-bit display: On the LCD board you will find two 8-bit data connectors, labeled 

"015 ... 08' and "07 ... DO. These will accept your micros 16-bit output. Set the right-hand DIP 

switch to' 16" rather than "8mux." Thi makes the two 8-bit port independent. ( '8mux, by contra t 

would merge the input , so that they could be separated only by the separate as ertions of the two 

latch ENABLE*s. That is an option you will not u e here.) 

We will u e three byte-wide ports al] at once. On the left in Fig. 21 L.17 i a reminder of how they 

can be wired to the '410, and on the right keypad goes in as before, while two bytes go from controller 

to LCD. 

:nree 3.~1 ·...a1 caoes 
orii:! to ~acrt or t~ r,or 
PO P l P2 

Figure 21L.17 All three '410 ports can be wired with flat cables. 

The keypad already is wired to P2, and we will leave it there. Low-byte of data is done too, wired 

as just above. You need only add a flat cable between micro ' Pl and the LCD's "data high' connector 

(DO .. D15). 

LCD witch settings: 

• probably you will want to uppre labels using the LABELS slide switch at the bottom right of 

the LCD board · 

• you'll want to suppress the upper display line, which show the 16 inputs labeled "addres ' on 

the LCD board. Suppre s thi line by setting the LINES switch to "I;" 

• in order to show 16 bits of data you need to set the DATA switch to "16." 

Code for 16-bit display : This version of the keypad- umming program form a 16-bit running_.sum 
by taking advantage of the Cany flag (CY) which warns us when an 8-bit sum has overflowed. 

The oddity of the way the 16-bit sum is formed i explained in §2 1 N.6, but we l1 reiterate the point 
here, in ummary form: 

MOVA, RUN_SUM_HI ; Get hi byte 
ADDC A, #0 ; If a carry from low sum, incorporate it 

Adding zero certai nly looks pointless at fir t. glance . But it i not o when u ed with ADDC the form 
of addition that incorporate the CY flag a an input. If the prior ADD (forming the low byte of the 
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sum) ha generated a Carry ADDC will increment the high byte. Otherwise, the high byte remains as 
it was. This is just the behav ior we require. 

; keysum_l6bit.a51 shows 16 - bit sum of keypad and running sum; 

$NOSYMBOLS keeps listing short, lest ... 

$INCLUDE (C: \ MICR0\8051\RAISON\INC\c80Slf410 . inc) ; ... this line might produce huge list 

of symbol defintions (all '51 registers) 

$INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC) ; Tom's vectors definition file 

STACKBOT EQU 80h; put stack at start of scratch indirectly- addressable block (80h and up) 

DISPLAY_HI 

DISPLAY_LO 

KEYPAD EQU 

EQU 

EQU 

P2 

Pl 

PO 

high byte of LCD address 

low byte of LCD address 

DELAY_MULTIPLIER EQU 06h ; half-second delay 

; multiplier value stored in R4 

ORG Oh 

LJMP STARTUP 

ORG 080h 

STARTUP: MOV SP, #STACKBOT-1 

ACALL USUAL_SETUP 

; Initialize running sum (zero it) 

MOV RUN_SUM_HI, #0 clear running sum 

MOV RUN_ SUM_LO, #0 

Transfer: MOVA, RUN_SUM_LO 

ADD A, KEYPAD 

DA A 

MOV RUN_ SUM_LO, A 

MOV DISPLAY_LO, A 

; recall running sum (lo byte) 

form new sum (low byte) 

... save it 

... and show it 

MOVA, RUN_SUM_HI Get hi byte 

ADDC A, #0 ; If a carry from low sum, incorporate it 

DA A 

MOV DISPLAY_ HI,A 

MOV RUN_SUM_ HI, A 

ACALL DELAY 

; . . . and show high byte of 16 - bit sum 

; . . . and save it 

SJMP Transfer .. . forever 

; -- -SUBROUTINES 

DELAY: PUSH ACC save the registers that this routine will mess up 

PUSH B 

PUSH 4 this saves register R4 -- in the zeroth set of registers 

MOV A,#0 ; maximize two delay values (0 is max because dee before test) 

MOV B,#0 . . . and second loop delay value 

MOV R4, #DELAY_ MULTIPLIER a more general way to specify delay: 

this multiplies the 64K other loops 

INNERLOOP: DJNZ B, INNERLOOP 

DJNZ ACC,INNERLOOP 

count down innermost loop, till inner hits zero 

. . . then dee second loop, and start inner again. 

DJNZ R4, INNERLOOP; now, with second at zero, decrement the outermost loop 

POP 4 ; restore saved registers 

POP B 

POP ACC 

RET ; back to main program 

USUAL_ SETUP: ; Disable the WOT. 
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ANL PCAOMD, #NOT(040h) 

Configure the Oscillator; 

ORL OSCICN, ff04h 

Clear Watchdog Enable bi t 

sysclk: 24.5 Mhz I a, for lower power 

; Enable the Port I/0 Crossbar 

MOV XBRl, #40h 

RET 

END 

; Enable Crossbar 

Try the keypad value FFh again as you did in the 8-bit running sum on page 838. With the earlier 

8-bi t di play FFh produced a decrementing value. Now the 16-bit version make the magic of 'FFh 

as minus one" somewhat le magical: the carries into the high byte now are visible. The lower byte 

does, indeed, decrement; but at the same time the high byte increment. . We tand back tage now, and 

we can see what the byte-addition magician wa doing all along. 

Again, we have planted decimal-adju t (DA in tructions, which you may u e if you like, by re­

moving the comment semicolon . Once agai n, DA works properly only so long as the keypad input 

pre ents values in the decinial range (not fair using A, B ... , etc.). 

You can disconnect cables, etc. You will not need today' di. plays and keypad and associated cable. 

in the next lab. You may di sconnect these. 

You can leave in place the pushbutton used to di sable the LED's blinking in §21L.2.5. You will not 

need it again for that purpo 'e. and you ought not to press it randomly ( ome student were tart led to 

fi nd that doing . o disabled ome later programs· we were startl d to find that they were startled). The 

pushbutton will , ee use again when you try intenupt in Lab §23L.2. 



215 Supplementary Notes: 8051 
Addressing Modes 

215.1 Getting familiar with the 8051 's addressing modes 

You don t need to know a lot about the 8051 's addre ing; we u e most modes, of its modest set, but 

not all. When you are learning as embly language its good new that the 8051 isn ' t very versatile 
(in contra t ay to Motorola's 68000 which we u ed some year ago; it offered.fourteen addres ing 

mode ). There's Ies to learn than for a more complex machine. On the other hand, when you 're trying 

to write code to get something done, the 8051 's restriction. are le . pleasing. Many addre sing modes 

that make perfect . ense - uch as "MOYX @DPTR, #012h or CLR RS' or 'MOY R3 R4" - just 

aren't available. (Such peculia1itie may provide one more motive to escape into C.) 

215.1.1 Internal versus external memory 

A microcontro1ler include . ome on-chip memory; most controller rely on this memory exclusively. 

The SiLab controller in the other micro path operates this way. Our big-board computer doe not use 

the controller thi . way until late in this course· we provide an external memory to hold both code and 

data. Our Dalla. 8051 . tores all of it program code and most of its data in this external memory -

the 32K RAM. The Dalla controller doe include on-chip ROM which you will use later; but for the 

moment we are hiding it from you. The SiLabs part runs from its 16K on-chip ROM. The 8051 in 

either version includes only a little on-chip RAM: 2K for the SiLabs part, 256 bytes for th Dalla 
part, plus additional 8-bit registers. 

215.1.2 The easy way: on-chip transfers 

The controller i easy to program when the goal is to operate upon on-chip registers or "scratch" RAM: 

you ju t write "MOY destination , source.' If PO is tied to the keypad, Pl to the display, you transfer 

keypad to di play with code that's harmingly simple: mov pl, po. It's the off-chip data tran fers that 

look complicated. We ll look closely at these in the pages that follow. 

External memory and 1/ 0 access for the 8051 : The 8051 way of doing business with the outside 

world through an external bu , a in our Dalla computer, i extremely rigid. This rigidity is a weakness 

- but for a student meeting the 8051 for the fir t time (as w argued more generally right at the start 

of this chapter), the rigidity may be good news: one external mode i available - well, about one and 
one half. 1 

215.1.3 The usual method: use DPTR 

Specifically, when the 8051 acces. es data (in contrast to instructions) stored in external memory or in 

1/0 devices tied to the external buse the controller nearly always uses the address tored in the "Data 

I The "half' i · the MOVX @Rn , a form discu ··ed in §21S. I .4. 
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Pointer' (DPTR), an on-chip 16-bit register. And the on-chip source or destination of that data transfer 

always is the A register- the accumulator.' Fig. 21S.J shows that same proposition graphically. 
So, you know that nearly any input from an external device will be coded as 

MOVX A, @DPTR; 

And any output to an external device will be coded as 

MOVX @DPTR , A; 

Figure 215.1 8051 uses DPTR and A to do 
data accesses on external buses. 

8051 
-t6bits­

OPTR 

16 

External bus INPUT 
(or mem read) 

OataBus 

8 

8051 

OPTR 

OataBus 

8 

16 

External bus OUTPUT 
( or mem write) 

Note the trange word-order: opcode, then destination, then source: "bite. Tom dog." The @ indicate 

that we want to copy the contents of A (an 8-bit register on the 8051) not into DPTR2 (or froni DPTR, 

when the transfer is going in the opposite direction) but into (or from) the location to which DPTR 

points. DPTR is called a 'pointer" and this mode of addre ing i. called' indirect." 
Given the 8051 reliance on DPTR, the program's getting data to and from the right place depend 

not simply on the line of code that doe the tran fer (we ve seen that ource and de tination forms are 

rigidly fixed) , but also on setting up the DPTR properly beforehand. 

Setting up the DPTR: Nearly every program that does a data transfer with the outside world, then, 

needs to initialize the DPTR. The code to do that always looks like 

MOV DPTR ,#PORT_ADDRESS; 

where PORT _ADDRESS i a 16-bit address. The # mark indicates an addre sing mode known as 

immediate. This mode take the, alue of PORT _ADDRESS (let' uppose it is 8000h to make thing 

more concrete), and place that value into the 16-bit regi ter, DPTR. 

Notice also, that this time there is no @ because this time we do intend to put the value into the 

DPTR (not where it point ). "MOY DPTR .. . " i not a transaction with external memory or 1/0 
device: it i , an operation on a register within the 8051. That explain why the variety of move i 
"MOY rather than "MOVX," the external form described next. 

External moves (MOVX) contrasted with internal operations: That last point reminds us that even 

when the 8051 is set up to use external buse a in our lab computer, it till can (and mu t) dooper­

ations on it internal regi ter . As we have aid, Mov DPTR , #PORT_ADDRESS; is one such operation. 

In addition to such non-external MOVs - the ones that are not MOYX - all other proces or operations 

work on the proce sor' internal registers: ADD , logical operations, bit tests , and so on. 

External operations are limited to the simple MOVX: ju ta tran fer. In order to do omething to a 

value picked up from an INPUT device - from the keypad for example - one must always bring the 
value into the 8051 first, storing it in a register· only then can the processor do anything to the value. 

2 Inciden tally. the operation wouldn't quite make sense anyway, si nce A holds eight bits and DPTR hold 16. 
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215.1.4 A nifty alternative: set base register and use Rn as index 

For operations acce sing a few locations not too far apart (within 256 of each other) there i another 

way to proceed: one can hold the high half of the address fixed, and then use an 8-bit register to play 

with the lower half of addres . This mode is well-suited to 1/0 addressing, where the several devices 

are likely to live close to one another as they do in our little machine. 

Using thi mode, the 16-bit addres , though off-chip, is defined not by DPTR but by two other 

registers. The high half is the value held in P2 - the 8051 's internally-defined "PORT 2," just an on­

chip regi ter, the one wired to the high half of the external address bus. The low half of the address i · 

the valu held in one of two of the eight internal ' Working Regi ter ,' RO or RI. Fig. 2 lS.2 illustrate. 

the idea, showing u e of Port 2 and regi ter R 1 to define a 16-bit I/0 address. 

Here an example, reading ADC and writing to DAC, at ports 2 and 3 (using the external bus). 
Fir t, we II how a Ii ting using DPTR, then a listing using this second method (fixed high half, RO 
and R1 providing lower half of addres ). 

dMOVX@'Rt, A" illustrated 

8051 

A15 ... As 

•working~ Registers 

Port 21----+-<.,.___ } 

tG-bit address 
A

7 
... A

0 
(off-chip) R0 

Rf 

DPTR: 

____ .....,_ __ _ 
Figure 215.2 Another way of defining an 
external address: P2 and Rn . 

STARTUP: MOV DPTR #8003h ; point to ADC 

PICKUP: MOVX A, @DPTR ; Read ADC (first pass, this gets bad data) 

MOVX @DPTR, A ; start ADC for next time (ADC will convert while 

; program is busy doing the 5 lines below) 

DEC DPL point to DAC (8 - bit decrement of low byte; 

16-bit decrement of DPTR not permitted) 

MOVX @DPTR, A ; . . . send sample to DAC 

INC DPTR ; restore DPTR 

SJMP PICKUP 

Fixed high (P2) and Rn for the low half: 

STARTUP : MOV P2,#80h; set up top half of address as I / 0 base 

MOV RO, #3h; set up 8 - b i t i ndex register to ADC 

MOV Rl,#2h ; . .. and another regis t er to poin t to DAC 

TFR: MOVX A, @RO; r ead ADC (bad, first pass, OK eve r after ) 

MOVX @RO,A; start ADC for next pass 

MOVX @Rl , A; .. . and send it to DAC 

SJMP TFR ; and do it all again 

The DPTR code looks a little more compact - but it doesn ' t run quite as fast as the second method 
(since it includes an extra INC and DEC operation). That small difference may not matter. A more 

important point in favor of the Rn method is simply that it leaves the DPTR free for other operations. 
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The hardware that allows this double use of Port 2 to define high 8 address lines : At a glance 

it seems impos ible for us to control Port 2, defining the high addres , without interfering with the 

operation of DPTR, on data transfers, but the scheme does work becau e of a switch (really a 2: 1 mux) 

that selects the source of the high-8 addre: line . Mo, t of the time the witch is et to u. e DPTR. But 

when one use the MOVX Rn form, the mux i set to use the output of the Port 2 latch. 

Figure 21S.3 is the circuit diagram showing the witch. (One could ay that the switch had to be 

there to permjt thi operation; but to see that switch in the diagram is reassuring is it not?) 

Figure 215.3 How Port 2 can use either 
DPTR, or Port 2 flops to define high-8 address 
lines. Adapted from Dallas High Speed 
Microcontroller 's User 's Guide, Fig. 10-2, with 
permission . 

MOV OPTR, #BOOOh 8051 

;;;;:;;,(.. immediate ~ Q!!:i!) 1 1 

(loaded from 
external RAM Cin our micro] 
or from internal code ROM 

MOVX @OPTR, A 

~ 
8051 

OPTR 

8000h l 
A 

CffD 

~ -OU_Ti_O 

the switch 

Address 
( f6) 

Oat a 

___ _, 

OIR£CT. .. VS. INOIR£C T 

Figure 215.4 Indirect addressing: familiar example, MOVX ©DPTR ... to external memory or device. 

215.1.5 Another big distinction : direct versus indirect addressing 

Chances are, you're already comfortable with thi di stinction: it's the difference between 

• putting a value into a register (MOY DPTR, #8000h) and 

• putting a value into a location pointed to by a regi ter (MOVX @DPTR, A). 

Familiar case: indirect addressing using "@DPTR": Figure 21 S.4 i a reminder of what goes on in 

the two contrasted ca. e . 

A less familiar case: indirect addressing using internal RAM : You know that RO and Rl can be u ed 

as pointer ' to external addresses, where P2 is used to hold the high byte of the 16-bit addre ' . But 

RO and Rl can also point to internal RAM (where an 8-bit pointer is sufficient, because of the 8051' 

modest allotment of RAM). This less familiar case i useful to clarify the contra t between direct and 

indirect addres ing. 

We are making the same distinction as in the "@ DPTR. .. " example above - namely 
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• putting a value into a register (MOY RO, #034h) 3 on one hand, versus ... 

• putting a value into a location pointed to by a regi ter MOY @RO, #OF9h) 

The first operation puts the value 34h into register RO; the . econd operation put the value F9h into 

the locar;on pointed to by RO, namely, addres 34h. Fig. 21S.5 illustrates the idea. 

8051 
MOV RO, #034h MOV tP RO, #OF9h 

~ immediate ~ 

OIR£CT. .. vs. INOIR£CT 

Figure 215.5 Indirect addressing: 8-bit pointer: to internal RAM . 

Downright obscure case of indirect addressing: "indexed" table-read from code memory: In tead 

of moving a pointer by incrementing or decrementing, sometime it is convenient to Jet a register 

value determine which of several entries in a table is to be read. This is called " indexed addre sing: 

an index value i added to a base addre to form the effective addre. from which the read i. to occur. 

Some processor offer a rich set of such operations (for example Motorola s old 8-bit workhorse, the 

HC11 ,onceacompetitorofthe8051).The8051 know ju ttwoway todothi trick. 
Two addres ing modes use the in tructions ' MOVC A, @A+PC' or "MOVC A @A+DPTR.' 

These instructions ... 

• u e the A register (accumulator) to hold the "index' value; 

• u e as the "base ' add res either 

DPTRor 
the ' program counter" Uu ·t the program address, after execution of this indexed operation). 

Here 's an example using the program counter as base addre s (this scheme offers the advantage 

that it doe not tie up the DPTR). The following program fragment use a value taken from the keypad 

(a 4-bit value4 ) a index into a short table that determines what mask to apply to an ADC value.5 

MOVX A, @DPTR pick up keypad value 

ANL A, #OFh ; keep only the low nybble 

MOVC A, @A+PC ... and use that as index into table of mask values 

RET 

TABLE: DB BOH ; Table of mask values: 1 from keypad picks up this entry (DB means "define byte") 

DB OCOh ; 2 from keypad picks up this entry (and so on ) 

; (0 from keypad is illegitimate choice) 

3 The leading zero in this case - 034h - i · not needed. lt is required when first character is non-numeric, as in the next 
instance, OF(h. The zero is needed to prevent the as. ernbler' , assuming that a valu beginning with a character rather than 
number i a text . tring . 

4 The high four bit. arc masked out o that only the most recent key-pre matters. 
Thi fragment is a piec:e of a demon tration program we u ed in § 14 .1.2 to try out the effect of varying the number of bit 
in a digi tal sample. 
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DB OEOh 

DB OFOh 

DB OF8h 

DB OFCh 

DB OFEh 

DB OFFh 

Note that thi table must follow immediately after the command (except for the RET); other inter­

mediate instructions would upset the cheme. 

215.1.6 Examples: 1/ 0 operations using external bus versus 8051's internally-defined 
ports ( "portpins") 

Using the external buses: Most of the 1/0 that we do in the big-board lab makes use of the external 

buse . Here for example, i · a program that takes in a byte from Port O and writes the value back to 

the same port: 

GETIT: MOVX A, @DPTR; read the keypad 

MOVX @DPTR, A; . .. show it on display 

SJMP GETIT; . .. again, forever 

Thi would work properly of course, only if you had first loaded DPTR to point to keypad and display. 

You know how to do that. 

Using the internally-defined ports: If you chose to use the internally-defined 8051 ports you could 

do the same task. You could tie the keypad to Port l (using it as an input) and the display to Port 3 
(using it as output). Then your code would be more compact than the code using the external buses: no 

need to pass the value through A and no use of the DPTR. (Here, we reiterate an example mentioned 
in §2 lS. I .2, except that we use ports available on the Dallas part rather than the SiLab .) 

GETIT: MOV P3 , Pl ; r e a d the keypad, send to d i splay 

SJMP GETIT; . .. aga i n, foreve r 

This might not be a smart way to do the task though: you would tie up half of the 8051 's 32 I/0 lines. 

The internally defined port look better when you use them for operations on bits, rather than on bytes. 

215.1.7 Examples: BIT operations 

BIT operations using the external bus: The external bus provides the hard way to do the job but it 

makes clear what hardware is at work, wherea using the 805 L port pin is easy but hide the flip-fl.ops 
and drivers that are doing the magic. So let' tart with the more explicit external bus method. Lets 

drive an LED at one bit of Port 1 (external bus) and sense an input bit at the same port. We' ll toggle 

the LED if that input bit i high, hold the present LED tate if the input bit is low. 

Figure 215.6 Hardware needed for 
bit drive and sense using external bus. 
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In order to drive the LED, we need a flip-flop on the output bit. Without that flop the computer 

could only send a level for the very short duration of the OUTl * pulse. The flop sustains the LED 

drive level. To take in and te tan input bit the computer need a 3-state buffer between the source of 

that input and the data bu . Fig. 21 S.6 sketches the hardware needed. You may be muttering "If you 

want a witch to control an LED why not wire it to the LED?' Fair enough. Our only defen e is that 

we propo e thi example only as the implest pos ible 1/0. In a real ca e the computer would respond 

to the witch in ome way more interesting than simply passing the level on to the LED. 

External bus requires transferring an entire byte: U ing the external bus, the 8051 cannot pick up 

or send less than a byte. Thi seems ad. We seem to be obliged to wa, te the other seven bits. 

In fact, the need to move bytes does not mean that we must waste the seven bits that are not involved. 

We can arrange things so that only a ingle bit matters. Though we take in a byte we can make our 

respon e conditional on the value of a ingle input bit. And though we send a byte out, we can take 

care to leave all the seven unused bits unchanged in case they are needed for other purposes. The code 

below applies the hardware of Fig. 21S.6 to do thi . 

DOBITS: MOV DPTR, #800lh ; Point to LED and input bit 

CLR ACC.O set up LED OFF state, for startup 

SEND: MOVX @DPTR, A ; send bit level to LED drive 

TEST: MOVX A, @DPTR pick up the input bit (plus junk) 

JNB ACC . 2,TEST ; Test the single interesting bit . Leave LED untouched if input is low 

CPL ACC.O .. . but toggle that bit if the input is high : 

; set up the bit level, to be sent soon ... 

SJMP SEND 

Not bad· but we II see in a moment that the same is easier to do with the 8051' pmt pin . 

215.1.8 BIT operations using 8051 port pins 

Hardware: practically nothing: If we use the 8051 's portpins instead, the hardware is nil: just connect 

the input switch and LED to two port pins, as in Fig. 21 S.7. 

One detail worth noticing is the changed LED drive: the 8051 can source almo t no current (50µA), 

but can ink a lot more: l .6mA at Port 3 ( till not a lot· Ports O or 2 can sink double that - but they're 

not available to us since we use them for the external bus). So we had to drive the LED by sinking 

current - and we had to boost the R value a little because the 805 l /oL is much less than the cmTent 

available from an HC gate (either High-sourcing, or Low- inking). (This asymmetric drive - strong 

sink feeble source - is characteristic of older devices, TTL and NMOS; the CMOS 8051 has chosen 

to follow this tradition.) The SiLabs 805 l offers this asymmetric drive in order to emulate the original 

8051, but can provide nearly ymmetric drive if you prefer (the option is called "push-pull" and can 

be elected for any particular output bit). 

8051 

Lt 
5fra'¥J<' & ~-
complicated ddve 

+5 

P3.0 
+5 

Toggle 

P3·2 _i Freeze 
Figure 215. 7 Hardware needed for bit drive and sense using 
8051 port pins: practically nothing! 
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Code: simpler when using portpins: The code to test a bit and toggle a bit, as in §2IS. 1.7, is simpler 
than when we used the external bus:

SETB P3.0 ; start high: LED off

TEST: JNB P3.1,TEST ; hang here while input bit is low
; ...fall through when goes high:

FLIPIT: CPL P3.0 ; flips only LSB (bit 0) of port

SJMP TEST

This code also runs faster than the one written for the external bus, requiring far fewer bus accesses 
(both in execution, and in instruction fetches) - not that this difference matters at all in the present 
application.

215.1.9 Seemingly ambiguous cases disambiguated by context

Bit versus byte: If we write

SOFTFLAG EQU 0 ; a pseudo op addressed to assembler, not to the 8051, by the way

CLR SOFTFLAG

the assembler inserts zero in place of the human-friendly name “SOFTFLAG.” But how does the 
8051 know whether to treat this as byte zero of internal RAM (which happens to be the other name for 
register RO) or bit zero (which happens to be the first bit-addressable location, and lives at byte 20h)?

The answer is boringly simple: since no general CLR byte operation is available (only CLR A is 
offered), the 8051 sees no ambiguity: this is a bit clear, so it clears bit zero.

215.1.10 Multiple locations that go by one name (or address)

Internally defined Port 0 lives at address 80h. But this is also the first byte of our usual stack - the 
“scratch-pad” RAM area on the 8051/2.6 Is this a conflict? Will we confuse the 8051 if we place the 
stack at 80h?

No. These two locations, both called “80h,” are two distinct locations, distinguished by the way 
they are accessed. If the addressing mode is indirect (as it is in stack use), then it’s the scratch RAM 
that is accessed; if the addressing mode is direct, then it is P0 that is addressed.

6 It isn't quite right to call the controller “8051,” here, since it’s only the 8052 - along with our Dallas versions imitating it - 
that does offer RAM al this address. The 8051 offered only half as much on-chip RAM, and thus ran out of RAM exactly at 
dial point, 80h.

Figure 21S.8 P0 and 
bottom of stack share an 
address.

internally-defined 
PORTO

scratch RAM, used as stack 
(here storing an address, 0064h)

indirectly-addressed RAMdirectly-addressed RAM
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We couldn’t resist adding to Fig. 21 S.8 another detail that we have mentioned in passing: the register 
that we call A (and sometimes ACC) lives at a particular address - and could be referred to that way 
(if we wanted to be perverse).

Here are a couple of lines of code to remind us of the distinction between direct and indirect 
addressing modes. Each line operates on memory at address 80h. But the two memory locations 
sharing that address are two distinct locations.

MOV PO, #12h ; (DIRECT): write a byte to internally-defined Port Zero (at address 80h)
ACALL DELAY ; (INDIRECT): store return address automatically on stack--which, in our Lab 21L

; program, began at address 80h (return address was 064h, as indicated in sketch)

80h in internal RAM lives in two places but each is accessible only in its peculiar way - directly 
(P2) or indirectly (scratch RAM, used as stack in our applications).

And a third and fourth possible meaning for the humble “80h”: And yet another - a third - 80h 
exists in our lab computer’s version of the 8051: 80h in external1 RAM. If that’s not enough potential 
confusion for you, then consider the alarming fact that a. fourth multiple-personality is available for 
80h in an 8051 that holds to its Harvard-class design: in the external memory of such a machine, 
80h defines two distinct locations: one in code memory, another in data memory. But you won’t be 
confused by all of this, because you’ve been warned!

21S.1.11 The opposite cases: single locations that go by two names

Sometimes, rather than establishing two or more distinct locations that go by what seems the same 
name (like 80h in §21S. 1.10), the 8051 permits one to speak of one location in several ways - or to 
access it in more than one way.

Access in either of two ways: The RAM region labeled “scratchpad” appears in both direct- and 
indirect-addressing. So the value ABh stored, in this hypothetical case, at 34h can be accessed either 
way. (This truth probably is not useful, except to protect you from the notion that you can get double 
use out of this block of memory.)7 8

Ar
.Sctb P^.B

Lb'it alJc
O-7F)

a
of1

indirect addressing
(*b\J

Figure 21S.9 More 
double-lives of RAM 
locations.

7 This memory that we are calling “external” sometimes is called “MOVX RAM,” instead, and perhaps better so because 
some versions of the 8051 include on-chip “MOVX RAM” accessed with the MOVX operations. The SiLabs ’410 for 
example does this. See §24L.2.2.

8 You may recall that this distinction partially explains the two names for the accumulator register: “A” versus “ACC.” See 
§20L.3.8.
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A bit location can be described in two ways: Bit zero (the fir t in a block of 128 individually­

accessib]e bits - see Fig. 21S.9) can be referred to in a straightforward way as bit zero: "JNB O," for 

example, tests bit zero. Bit zero happens to .live in a byte at addre s 20h. So one can refer to that bit as 
the zeroth bit of byte 20h: "JNB 20h.O.' There is no advantage to de cribing it this way, but it may be 

reassuring to see that the assembler understand the fact hown by the memory map - that the zeroth 

bit of byte twenty is , indeed, also bit number zero. 

Some byte locations can be described in two ways: In Fig. 21S.8 we note that the regi ter that we 

norma11y refer to as "PO' (internally-defined Port zero) lives at address 80h. It would be possible to 

refer to it by its address. It 's u ually much more convenient to use its functional name,' Port zero." But 

we'll see next that sometimes it essential to u e the address rather than the name, to avoid ambiguity. 

215 .1.12 One more oddness: you may be able to do it if you say it nicely 

Specifying an internal address rather than register name ... : One cannot do the imple operation 

MOV RJ, R2. If you need to do it, you may find your elf writing first, MOY A R2; then MOY Rl , 

A. That works, but seems very clumsy. You are permitted to do what you tried to do if you will refer 

to the regi ter by its address rather than by its name: 

MOV Rl, 2 this is permitted- - though address 2 IS R2. Very strange. 

This is strange, but not quite crazy (and an as embler can t quite fix it9): the two operation though 
they give the ame results, are coded differently in machine language; in other word they are different 

operations. This point may become clearer if we compare two permitted operations that give the same 

result but are encoded differently: MOY R l, A is a different instruction from MOY R 1, OEOh, even 

though the two operations do exactly the same action: copy the contents of the accumulator to regi ter 

RJ. Here is the output of the assembler, illustrating this point: 

F9 

A9EO 

MOV Rl, A same results, in these two cases ... 

MOV Rl, OEOH ; ... but not the same machine code 

The more compact machine code for MOV R l A seems to reflect the privileged character of regi ter 

A. Operations on A resemble idioms used very often in a language; they soon acquire a shortened 

form. "Do not" become "don't." 10 

.. . Another similar case: PUSH RO fails, but PUSH O succeeds: PUSH RO fails for a good reason: 

the 8051 provides four sets of scratch registers, RO through R7. Nothing in the name of the register 
identifies which of the four "RO " one intends· it's just "the CutTent RO." (Which? The one specified 

by two bits in the "program status word," PSW). The PUSH and POP operations aren t allowed to 

make the a sumption usually made that we intend the current register et. So, 

PUSH RO ; fails: assembler considers this ambiguous 

PUSH o ; succeeds: 0 is the address at which the lowest of the 4 ''RO's" lives: 

; unambiguous 

This is hard to remember - particularly since RO often i considered not ambiguous - as in MOY A, 

RO. Context determined which rule the as embler chooses to apply. The PUSH and POP operations 

9 An as embler could decide that when you write the forbidden ' 'MOV RI ,R2" it would implement that as the permitted 
"MOY R 1,2;" but that might be too high-handed for most people's tastes : when you write assembly code you expect to get 
what you pecify, not an a:sembler's clever correction of your code. 

10 Well maybe that sim ile is a bit strained . The machine code did not evolve. ll wa. cho, en by Jntel' engineer . 
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apparently were considered cases where programmers might well be switching among register set , 

as is likely in an interrupt re ponse. Ordinary MOVs were not o cla sified.11 

On the next two pages we have set out some of the addressing modes you will use most often, with 

sketche to remind you of their operation . If these diagram, all are intelligible, then you're on your 

way to getting comfo1table with the 8051 s somewhat baroque addressing. 

215.2 Some 8051 addressing modes illustrated 

Direct: 

direct direct 

"" / 
MOV P1 , P2 

Immediate: 

duect 1mmed1a1e 

/ 
MOVA, #012H 

Immediate, 16-bit: 

direct immediate 
'-.... / 

MOV DPTR, #8000H 

8051 

p 

Pt~P 

CJ LJ 

8051 

8051 
DPTR 
~ 
('-1.6--t 

8 Figure 215.10 One register to another ( direct- direct) . 

D B11s 

Figure 215.11 Immediate addressing: a 
constant loaded from the program listing 
itself. 

Figure 215.12 Immediate load of 16-bit 
register. 

External-indirect, direct: Here, the pointer is a 16-bit register, necessary to access all of address 

space. 

8051 
indirect d11ect DPrR 

""- I I sooo" I 
MOVX @DPTR, A A D,Bv.s 

CifLJ t--~- -
Figure 215 .13 Indirect, off-chip. 

External-indirect using Rn , direct: Here the 16-bit pointer combines P2 (probably fixed) for high 

byte with RO or R l for low-byte. Doe not use DPTR. 

11 Are you uddenly dreaming again of an e cape from a . . embly language? Take heart. Mostl y it's not quite o fussy as this. 
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Figure 215.14 Indirect , off-chip, using P2 as high 
byte, Rn as low byte. 

indirect direct 

I 
MOVX@R1 , A 

8051 
P2 R1 

0000 
A 

Cill::J 

A_ Bus 

D, Bvs 

On-chip indirect : Here, the pointer is an 8-bit regi ter - ufficient, because the address space i mall 
(256 bytes). 

Figure 215.15 On-chip indirect. 

Indexed: 

Figure 215.16 Indexed relative to a base 
address provided by accumulator (another 
form uses DPTR to define base). 

indirect di,ect 

""- I 
MOV@RO, R2 

direct indexed 

~ '\ 
MOVC A, @A+PC 

index fro~ss... / 

... base address 

Summary diagram showing 8051 's weird address space: 

Figure 215.17 
Weird address 
space. 
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Today s goal i. to break code into modules - ubroutine or ''function ." We will al o let the computer 

do single-bit I/0. 

22N.1 BIT operations 

The 8051 . eems feeble when asked to do any operation requiring high precision (meaning values 

defined to many bits); it i hamstrung by its byte-wide memory and registers. The little controller is 

mu h better adapted to dealing with bits. Here, it looks nimble. So let's admire it in the domain where 

it thrive . We 11 start by u ing the external buses, then we II use the built-in ports, which make both 

hardware and code a good deal simpler. 

Oafa Bus 

Toggle 

Freeze 
/Nt 

(p~rhaps should 
debounce) 

8 
d0 

r 
tk 

Figure 22N.l Hardware needed for bit drive and 
sense using external bus. 

22N.l.l BIT operations using the external bus 

The external bu provide the hard way to do the job, but it makes clear what hardware is at work 

(whereas using the 8051 port pins hides the flip -fl.ops and drivers that are doing the magic). So let ' 
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start by u ing the external buses. Let's drive an LED at one bit of Port I (external bus) and sense an 

input bit at the same port. We'll toggle the LED if that input bit is high but hold the present LED tate 
if the input bit is low. 

In order to drive the LED, we need a flip-flop on the output bit. Without that flop the computer could 

send a level for only the very short duration of the OUTl * pulse (a little Jess than 200ns clocking at 

l lMHz). The flop su tains the LED drive level. To take in and test an input bit the computer need 

a 3-state buffer between the source of that input and the data bus. Fig. 22N. I sketche the hardware 

needed . 

And here 's 'Orne code to use thi hardware: it s not bad, but we 11 see in a moment that the ame i 

easier to do with the 8051 port pins. 

DOBITS: MOV DPTR , #BOOlh; Point to LED and input bit 

CLR ACC.O set up LED OFF state, for startup 

SEND : MOVX @DPTR, A send bit level to LED drive 

PUSH ACC ; save bit level, so we can flip it later 

TEST: MOVX A, @DPTR; pick up the input bit (plus junk) 

JNB ACC.2,TEST; Test the single interesting bit. Leave LED untouched if input is low 

(note we're obliged to call the A register ACC for this bit operation) 

POP ACC ; recall accumulator, including bit leve l that interest s us 

CPL ACC.O ... toggle that bit, since the input is high: set up the bit level , 

; to be sent soon ... 

SJMP SEND 

Do these bit operations use the port's full byte? The answer i slightly subtle. It would be ad if the 

an wer were a traight, ' Ye ," meaning that we had to u e eight bits to handle one (or, in the present 

case, 16 bits on the IN and OUT po11s to handle just two bits one in, one out). The an wer i not that 

bad. 

Yes, we must pick up and send a full b) te · the proce sor cannot do smaller transfers.1 But that does 

not mean that the unused even bit at each port (IN 1 and OUTl ) are wasted. Those other even bit 

are free for other use . The JNB operation tests only the single bit that i pecified; the same i true 

for the CPL (complement) operation. 

22N .1.2 BIT operations using 8051 port pins 

External bus versus built-in ports: Often, in this cour e's big-board labs, we ask you to do 1/0 
operations u ing the 8051' external buses. We do thi becau e this approach obliges us to think about 

issues that are obscured when we u e the controller's built-in ports: on inputs. we mu t alway. place 

a 3-state buffer between any ignal source and the bu ; on outputs, usually we mu t place a flip-flop 

or regi ter between the bu and the peripheral that is to be controlled. The ame rules apply to the 

built-in port , but the designer of the IC have done the work for u . In a ense then, we ask you to 

use the external buses because they are harder to use. 

The external buse offer only one potential advantage over the built-in port : they allow attaching 

an almost unlimited number of devices to the controller. But in all other re. pects the built-in port are 

preferable and provide the normal way to link a controller to the out ide world . 

Hardware: practically nothing: 

I For the sole, partial exception to thi tatement. and one that applie, only to on-chip transfer . . see the operation that copy 
a level imo or out of the CanJ flag in §22N . 1.3. 
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Traditional 8051: sink, don 't source: If, in tead of using the external bu e , we u e the 8051 's port­

pins, the hardware is nil: ju t connect the input switch and output LED to two port pins: see Fig. 22N .2. 

One detail here i worth noticing: the changed LED drive. The 8051 can source almost no current 

8051 

]I P3.0 

stranfle & 
comp/teated 

drive P3.2 

+5 

~ 

+5 

j_ 

Toggle 

Freeze 
Figure 22N.2 Hardware needed for bit drive and sense 
using 8051 port pins: practically nothing! 

(50µA ), but can ink a lot more: 1.6 mA at Port 3 (still a mode t c1ment). So we had to drive the LED 

by inking current - and we had to boost the R value a little because the 8051 /oL is much le s than 

the current available from an HC gate (either high - source· or low - sink). (Thi asymmetric drive -

strong sink feeble source - i characteristic of older device , TTL and NMOS· the CMOS 8051 has 
cho en to follow tbi tradition. See, for example Chapter 16N.) 

Silabs option: "push-pull" output: Designers of updated 8051 can' t resist trying to fix what's an­

noying about the original. SiLabs thought the asymmetric "TTL-like" drive was annoying, and Si Labs 

permit us to choo e (pin-by-pin) to provide instead a more-or-less symmetric CMOS drive.2 They 

call thi - appropriately enough - 'push- pull." (We have u ed thi term mostly for emitter.followers, 

but the term applie well to the CMOS push-pull switch also.) Figure 22N.3 shows the traditional 8051 

drive, and the SiLabs push-pull drive, along with the analog input/output link (an analog switch). 

/WEAK,PULLUP 

PUSH -PU LL 

PORT-OUTENABLE 
port enable ~ 
from crossbar; 
required for PO:..:..,R.:....T·O::::..:U:..:.;TPc.,::U:...:..T-f----1---\ 

ANY 1/0 

ANALOG INPUT 

PORT-INPUT 

, 

traditional 
•weal< pullup"' 
of 8051 

. high; 
enabling analog ~uts off 
even weal< pullup) 

This diagram may help you to understand some details of SiLabs port setup 

Figure 22N.3 Silabs 
port detail : traditional 
8051 1/ 0, 
"push-pull," and 
analog in / out. 

The "weak pullup." Thi is a MOSFET used as a resistor, value approximately 120kQ 

Precondition for using port as input or for analog. In order to use a port pin as digital input or as 

analog input or output, we must shut off lhe strong pulldown transistor. 

For this reason, the default state of all I/0 pins - the condition after a controller Reset - i 

High (with the usual weak pu11up). 

And before using a pin for input or for an analog application , we play it safe by writing a 

2 The push- pull remains somewhat asymmetric: better at sinking than at sourcing but not so radically a traditional TTL or 
the standard 8051 . It can source 3mA but can sink 8.5mA at similar voltage drops (about 0.5V between output and ource -
either ground or Vio1). See data sheet table 18.1, p. 163 (C805 l F4 l O dalasheet 1.0 I). 
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High to the pin. (The weak pullup applied with a High is weak enough not to interfere with 

a digital input, and is disabled entirely for analog operations.3) 

The code that permits analog use looks like thi (here, used to permit use of a ADC at 

PO.O, the DAC at P0.1 )4 : 

PORT_ SETUP: setb PO.O ; make sure latch is high (this for ADC) 

setb PO.l ; .. . and this for DAC 

mov pomdin, #OFCh set DACO and ADC control bit (dO and dl) low, 

for analog (this is not pin level) 

mov poskip , #03h; tell crossbar to skip ADC bit (lsb) and DACO bit (bitl) 

ret 

The loading of POSKIP refers to the scheme the ' 410 uses for a igning functions to pins. 
This "crossbar which Si Labs users have seen in all their lab , is useful becau e the '410 

provides more signals than can be carried by the available pin . The scarce pins must be 

as igned as needed, to whatever function are invoked by a particular program. Some of thi 

assigning i done by a default rule that here we need to override.5 

Crossbar Enable. The "crossbar ' as you have seen in all the SiLabs programs, must be turned on: 

it steers ignaL to pins, and strangely defaults to OFF, as noted in Chapter 21N. 

Enable the Port I/0 Crossbar 

MOV XBRl, #40h ; Enable Crossbar 

This I at bit 6 of XBR 1 - a signal named XBARE - enable the crossbar. 

22N .1.3 Bit code : simpler when using portpins 

Code for testing an input bit, drive an output ; built-in ports: The code to test a bit and toggle a bit 

is simpler than what is required for the external bus. The ports used here are appropriate for the Dallas 
part (the SiLabs 410 has no Port 3). For the Si Labs part the code would be the ame but would be 

applied to a different port. 

TEST: 

SETB P3.0 ; start high: LED off 

JNB P3.2 , TEST; hang here while input bit is low 

; ... fall through when goes high: 

FLIPIT : CPL P3.0 ; flips only LSB (bit 0) of port 

SJMP TEST 

This code also runs faster than the one written for the external bus, requiring far fewer bus accesses 

(both in execution and in instruction fetches). 
More importantly you'll notice that the single 8-bit port can be used in part for input in part for 

output, bit by bit. By contra t, the hardware used for bus l/0 (§22N. l. l ) obliged u to commit an 8-bit 
port to input, another to output (though we were free to apply the 16 bits to a variety of uses). 

On a wri te of High, the weak pullup briefly i, made trong in order to . peed the charging of stray capacitance. This is a 
standard 805 I feature. But after thi brief transition drive, the pullup revert · to its weak val ue. When a pin i assigned to 
analog use, even the weak pull up i turned off. C805 IF4 IO data. heet. p. 151. 

4 We omit another initialization, one that you wi ll meet in the lab: for the AD voltage reference. at P 1.2. 
5 The default assignments are defined in the data sheet for the C8051 F4 IO (Fig. 18.4. p. 150). The u er i obliged. 

sometimes, to ovetTule the default as ignment of function to pins u ing the" kip" command. Writing a 1 to a pin in the 
skip regi ·ter. cau. e the '4 10 to "skip" that pin when d i ng its u ual pin a signment . 
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Code to transfer a bit; built- in ports: 

A privileged bit. "Carry" allows bit moves and some other operations: In general , the 8051 move 

only bytes at a time. But the Carry flag provides the exception to that rule: quite a rich set of opera­

tions can cop the level of a bit into or out of the Carry flag, and some instruction can do Boolean 

operations on the flag - with the re ult aved in the flag. Here are some examples: 

• ORL C bit: OR the specified bit with the C bit, result to C, e.g., ORL C, A.O 

• ANL C, bit: AND the specified bit with the C bit, result to C, e.g. ANL C, P2.2 

• ANL C, /bit: AND the complement of the pecified bit with C result to C e.g., ANL C, /Pl .2 

• MOY C, bit: copy the bit level to the C flag, e.g . MOY C, P3.7 

• MOY bit, C: copy the level of the C flag to the named bit e.g. MOY P 1.2, C 

There is no equivalent operation when using the external buses; only a byte transfer is permitted on 

bused input and output. 

22N.1.4 Equivalent bit operations in C 

Bit transfer in C: A bit tran fer in C, u ing the built-in port , look a good deal like the as embly 

language - and, in fact i somewhat wordier: 

II bit_transfer_port.c 

#include<Z : \MICR0\8051\RAISON\INC\REG320 .H > 

sbit outbit = Pl-0; II declare these to be bit variables ("s" is "special, " 

II meaning that the bit is located in a "special function register," SFR) 

sbit inbit = p3·2; 

void main () 

while (1) II forever ... 

outbit = inbit; II . . . copy KWR* level to LED, using two built-in ports 

And it i rea sming to find that the compiler generates (for once!) exactly the assembly code that 

we wrote by hand: 

ASSEMBLY LISTING OF GENERATED OBJECT CODE 

; FUNCTION main (BEGIN) 

0000 ?WHILEl: 

0000 A2B2 MOV c, inbit 

0002 9290 MOV outbit,C 

0004 SOFA SJMP ?WHILEl 

22N .1.5 A hardware "flag:" in put hardware to do something once 

Input hardware, from a pushbutton , is pretty simple when u ing th external buse , and very imple 

when u ing the built-in ports. 

But u ing a pu hbutton to get the proce. sor to do • omething once i more involved, and we have 

devoted Worked Example 22W to thi problem - mostly to give you practice in seeing through non­

en e , but al o to introduce the notion of an edge-triggered 'flag" for the processor to test. Fig. 22N .4 

i. the relatively complex hardware that can serve thi purpo e when using the external bu e . To see 
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how thjs de. ign evolved take a look at that note. The general notion that thi paiticular hardware 

illu trates is the u e of a hardware flag. 

Figure 22N.4 Hardware to let a 
pushbutton make the processor do 
something once. 

+5 

'-------~---) 
debounce 

Oata Bus 

8 

OUT3 

lncjdentally, the task. done by debouncer and flip-flop can be done in softwai·e; but ince we aim 

to keep the coding simple we prefer to burden the hardware to do thi job. (Thi cjrcuit appear in 

§22L.l .) 

22N.2 Digression on conditional branching 

J NB in §22N. l. 1, was the first conditional branch that we met in this cour e. Such operation - giving 

the ability to do one thing IF. .. and another operation OTHERWlSE - give computers their eeming 

intelligence. (Just summing numbers isn't impressive: any mechanical desk calculator used to do that 

trick.) The conditional operations permjt this clevernes . The 805 l has a limited et - but is admirably 

nimble jn one subset of these operations: tho e that test single bits. 

22N.2.1 Branching instructions 

• JNB, JB ... : jump if a specified bit is low or high, respectively (and JBC offers an exotic varia­

tion: jump conditional and clear the flag if it was high). 
• JNC, JC ... : jump if the carry flag is low, or high respectively. 

• CJNE A ... : jump if the accumulator i not equal to some specified value; also can be applied to 

a register (for example: CJNE R2, DO_SOMETHlNG). 

CINE affect ' the Carry/Borrow flag, so CJNE with a ub equent test of CY can also te t not 

just for equality/inequality, but al o for less than. 

• DJNZ Rn ... : Decrement register Rn and jump if the result i not zero. 

• JNZ, JZ jump if accumulator zero ... if accumulator not zero. (JZ is not a general-purpose flag 

like Carry.) 

Bit test using built-in port: hardware 
Lab 22L uses a PORT3 input bit to determine whether a PORT l output bit hould toggle. The hardware 

is almost nothing. 

Figure 22N.5 Single-bit input using controller's Port pin 
to control bit output. 

KWR __ (_f2-t) P3.2 

8051 

Pf.O (f) · · · · to LEO 
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Program : branch on input bit: 

Assembly-language bit test: The program below, from Lab 22L, toggles the LED - unless one presses 

the keypad ' "WR" key. That key asserts KWR*, and the low on that line hangs up the program in a 

tight loop that mis, es the LED-toggling: 

1 ; PORTBRANCH_ 402.a51 Branch conditional of controller's PORT pin, 

0082 3082FD 181 CHECKIT: JNB P3.2,CHECKIT ; hang here till bit 2 comes up 

; (hang if WR button pressed) 

0085 638001 182 XRL P3,#01H another way to flip LS8 (bit 0) of 

Port 3, while WR button NOT pressed 

0088 8280 183 CPL P3.0 a more straightforward way to flip 

the output LED 

008A 80F6 184 SJMP CHECKIT 

To the lab li ting which used XRL (XOR), we have added a straightforward way to flip a bit, CPL 

which is the code the C compiler u e , below. 

C equivalent, bit test: This C code does the same conditional bit-flip: 

sbit inbi t = P3-2; 

sbit outbit = Pl~O; 

void test_bit_ io (void) 

while(l) 

if(!inbit) outbit = outb i t; 

else outbit = !outbit; 

The compiler generates the a sembly implementation listed below. The compilers code is not quite 
equivalent to ours : instead of hanging in a loop while the button is pressed the compiler always reads 

in the LED level and write it back to the LED, but flipping it or not between read and write operation . 

0000 ?WHILEl: 

SOURCE LINE# 14 

0000 208206 J8 inbit,?ELSEl 

0003 A283 MOV C, outbit 

0005 9283 MOV outbit,C 

0007 80F7 SJMP ?WHILE l 

0009 ?ELSEl: 

SOURCE LINE# 15 

0009 8283 CPL outbit 

0 0 08 80F3 SJMP ?WHILEl 

22N.2.2 Masking, to operate on more than one bit 

Assembly language: The ready-made bit-test in tructions, JB and JNB, offer the tidiest way to branch 

on the condition of one bit. But sometime it is useful to look at more than one bit, though something 

less than a full byte. In that case, a technique called rnasking i necessary, to separate the interesting 
bit · from the unintere ting (the grain from the chaff). 

For example the lab keypads tore a byte formed from the two mo t recent key-pre sings. ff you 

want to branch on ju t the most recent key, then you need to "ma k out' the effect of the preceding 
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key: you need to make the high four bit not matter. You can, in effect, erase those bit if you AND 

each of them with a 0. You can preserve the low four bits by ANDing each of those with a l. 

Figure 22N .6 is a program fragment that clear the top four bit , preserving the low nybble. The 
program first loads a byte, AB, from register RO ("MOY A, INPUT"). Then it knocks out the left-hand 

nybble, keeping only the B. The right-hand image show a simulation of the effect: the A that came in 

on the high four bits has been cleared in the A register. 

WOS~'llBOLS 
~ IllCWDt: (C : \ UICP0\8051 \P.AISOH\ l!lt:\?!:C:JZO. llfC) 

UAS~; EOU 
HIPlJT EQU PO 
RESULT €(lU ~·1 

ORG 

START MDV A, rnt rr 
~IL A. .. !lASK 

&!ID 

lACC 
PSW 

Figure 22N .6 Program fragment to 
clear top nybble of a byte. 

The code below makes use of such a ma ' k to implement the most-recent-key test mentioned above. 

The program branches to a label named "DO_A" if the A key wa. the mo t recent key pres ed, to 

"00_8" if it was B pressed. Otherwise, it exits this patch of code proceeding to actions not specified. 

MASK EQU OFh; shorthand that allows us to alter mask in head of program 
TARGETl EQU OBh ditto for a value we ' re looking fo r 
TARGET2 EQU OAh ; .. . and another target 

MOV DPTR , #80 00h; point to keypad 
MOVX A, @DPTR 
ANL A, #MASK 

; pick up key value 
; mask ou t t op 4 b i t s (high nybbl e} 
; (all ls in the low nybble pass the key value ) 

CJNE A, #TARGETl, TRY_A ; ... if it was not B, see wha t di d come in 
; ... otherwise , fall t hrough to go DO_ B 

SJ MP DOB ; go and do what you s hould do in response to key 11 8 11 

TRY_A: CJNE A, #TARGET2, EXIT ; check whe ther character i s "A" ; if not, t hen give up 
SJMP DO A 

EXI T: ... 
; go and do what you shoul d do i n response to key "A " 

Figure 22N.7 sketche the masking operation: the mask byte is AND'ed bitwise with the byte 

picked up from the keypad forcing zeros in the high nybble while pas ing the low nybble. The sketch 
a ume that what came in from the keypad was a hexadecimal C in the low nybble, and anything at 

all in the high nybble. 

( - language equivalent: multi-bit mask: The masking operation in C is very close to what it i in 

assembly language: a bit-wise AND (using"&" - not"&&," in case you know C). The C compiler's 
implementation in assembly is virtually identical to what we wrote by hand above. Fig. 22N.8 is a 

program fragment that applies a mask to a variable named INPUT, generating RESULT; 

We next how equivalents in C code for the as embly-Ianguage operations just above: applying a 

mask and then checking for character A or B. The C program fragment could be designed in either 
of two ways . 



1• maskino.c • / 

char INPUT; 
char RESULT; 
#define MASK 0x0F 

void 1110i n() 
{ 
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? c (hex) 

I~ __ x_~_,_,_o_o~' Keypad display 

early key ____,,!' '-..._ most recent key 

A x 1100 byte, before masking 

} bitwise ANO 

mask 0000 1111 

Figure 22N.7 A graphical view of "masking 
A 0000 1100 A register, after masking 

out" the top nybble of the accumulator (A 
0 c (hex result) register) . 

ASSEM8l Y LISTING OF GENERATED OBJECT CODE 

II MASK with lSB's high, hi gh nybble zero'd ; FUNCTION main (BEGIN) 
?lllllLEl: 0000 
R ~V A,INPUT 

ANL A,#00FH 
while (1) // forever ... 

0000 ES00 
0002 S40F 
0004 F500 
000(; 80F8 

~V RESUlT,A 
Figure 22N.8 Masking 
code in C, and its 
assembly-language 
implementation . 

{ SJMP ?WHIL El 
RESULT • INPUT & MASK; // ... copy keypad to display, 

} // but MASKed to kill top half 

One C coding method : mimic assembly code with "IF . .. ELSE" compares: The code could look a 

lot like the a embly code we just saw earlier. (You may notice al o how clo e it i · to ome Verilog 

code. which also uses the Tf ... El e form. See, for example, all the counters that include a re et in 

Appendix A.) Here i some C that works that way. This program loops forever, setting one output bit 

or another if particular keys are pres ed. 

I• masking_i f.c •I 
II apply constant mask to port O input 

II indicate result by setting one or another bit of Pl 

#include<C:\MICR0\8051\RAISON\INC\REG320.H> I• defines registers by name * I 

shit ABIT = PlAO; II output bits, declared as single bits 

sbit BBIT = Pl~l; 

xdata char •KEYPAD; II byte-sized variable, pointed to by DPTR 

void masking_i f () 

int MASK= OxOF; II mask with LSB's high, high nybble zeroed 

KEYPAD = Ox8000; II init the pointer 

while (1) II forever .. . 

if ( (•KEYPAD & MASK) OxOA) I I test for "A" key; "&" is bitwise AND 

{ABIT = l; II if it's A, then set that output pin . . . 

BBIT = 0;} 

else if ( ( *KEY PAD & MASK ) 

{ABIT O; 

BBIT = l; 

else 

OxOB) I I test for "B" key 
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{ABIT = O; 

BBIT = O; } 

The compact form "*KEYPAD" refers to the value pointed to by the variable' KEYPAD', so that 

the code *KEYPAD & MASK both picks up the 8-bit key value and applies the mask.6 

Another C coding method : use CASE statements: An alternative program de ign - imilar to one 
that you have seen in some Verilog state machine examples if not el ewhere - can te t for particular 

inputs by 1i ting them as ' ucce ive possi ble "CASEs.' 

sbit AB I T = Pl~O; II output bits, declared as single bits 

sbit BBIT = Pl~l; 

xdata char *KEYPAD; II byte - sized variable, pointed to by DPTR 

char MASK; 

char MASKED_ INPUT; II ... the input value after masking 

#define KEYAD Ox8000 II address of keypad 

#define MASKVAL OxOF II mask with LSB's high , high nybble zeroed 

void masking_ case () 

MASK = MASKVAL; II init mask 

KEYPAD = KEYAD; II init pointer value 

while (1) II forever ... 

MASKED_ INPUT = (*KEYPAD & MASK); II pick up key value and mask it 

switch (MASKED_ INPUT) II ... now t est the masked key value 

case OxOA: 

ABIT = l; 

BBIT = O; 

II test for "A" key 

break; II ... and if you find a match, don't execute the alternative branches 

case OxOB: II test for "B" key 

ABIT = O; 

BBIT = l; 
break; 

default: 

ABIT 0; 

BBIT = O· 

22N.2.3 Byte compare: CJNE, and work-arounds for larger compares 

Test for equality: CJNE: The code in the assembly language ma king examples used the only 8-bit 
compare that the 8051 provide, : 

6 Thi C code differ ubtly. and perhap. unimportantly, from the earl ier assembly language code. The a .. embly code takes 
in one byte and applies successive te t : the C code rake in a alue anew with each "*KEYPAD & MASK" operation. 
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CJNE A, #TARGETl, TRY_A ; ... if it was not B, see what did come in. 

CINE is one of the 8051 instructions that gets a lot done with one instruction (another wa DJNZ, 

which you have seen as a loop counter). It does a compare then a branch if the two operand are not 

equal. 

Test for difference: greater-than, less-than : assembly: Sometimes CJNE alone is not versatile enough. 
It detect only equality/in.equality. If you want to di cover whether one quantity is greater than an­

other you can follow CJNE with a test of the Carry flag (CY), a flag that is better described as a 

borrow flag, when used after a compare. To call it a 'flag" you recognize, is just to ay that it i a 

level held in a dedicated flip-flop. The value persists until overwritten. 

Here is some code to determine whether the value in the A register is EQUAL to a value that we' ll 

call REF, or whether, instead , it i LESS_THAN that value, or GREATER_THAN. The code begins 

with the usual use of CJNE then look. at the CatTy flag. 

CJNE A, #REF, NOT_ EQUAL ; the comparisons begin 
EQUAL: SJMP DO_EQUAL land here if A equals REF 

NOT_EQUAL: JC LESS_THAN A not equa l REF; if CY/Borrow flag is asserted, then A< REF 

GREATER_THAN: SJMP DO_GT land here if no Cy/Borrow: ==>A > REF 

LESS_THAN: SJMP DO_LT land here if A< REF 

Test for difference: greater-than , less-than: C code: Doing the same ta kin C is a little more read­

able though not simpler. This program displays its three possible results with three output patterns, 

which could be lighting single LEDs, for example. 

while (1) //forever ... 

if (*KEYPAD== REF) 

RESULT_OUT = EQUAL; 

else 

if (*KEYPAD> REF} 

RESULT_OUT = GT; 

else 

RESULT_OUT = LT; 

As was the case above, *KEYPAD is the byte that come in from the keypad. The asterisk denote, 

"pointer," and "KEYPAD" is an addre s u ·ed by that pointer. A you know in the 8051 that pointer is 
DPTR. 

22N.2.3.1 Masking to Set More than One Bit 
A ready-made in truction will set a ingle bit: " SETB Pl .1" for example, sets bit 1 of the built-in 

port. But if you want to set more than one bit, again a mask i helpful. Here it is the OR operation. 

rather than AND, that does the job. To set bits 1 through 3 of Pl (while leaving the remaining bits 
unchanged), one would fir t have to get Pl ' value into the accumulator then force the selected bits: 

MOVA, Pl 

ORL A, #OOEh 

MOV Pl, A 

get port byte, in order to apply the masking 

force bits 1 .. 3 high; leave the others untouched 

... and send the result back to the port 

The XOR operation can be used to similar effect with a mask: one can use XOR and a mask to flip 

only specified bits, setting up a I at the position of each bit that is to be flipped: XRL A , #88h, for 

example flip them band bit 3, leaving the other bits unchanged. 
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22N.2.4 Flag hardware 

A "flag' i an indicator bit that stays as erted (as a rural mailbox flag stay up after the farmer has 

put it up to tell the mailman, 'I've mail for you to pick up"). A flag stays as erted until it deliberately 

is cleared, by the device to which the .flag information wa ' addres. ed. In our rural RFD analogy the 

mailman knock the flag down after picking up the mail. 

In hardware, a flag i , the output of a flip-flop. The flag i forced High by a Set or by an edge on the 

flop clock while Dis held high· it is cleared by a Reset (we are assuming that the flag i active high). 

You'll find a collection of wrong ways to et up a flag and finally a right way in Lab 22L. 

Whether done with an external bu or with built-in ports, implementing a hardware flag requires 

adding an external flip-flop so the flag will stay up till cleared: ee Fig. 22N.9. 

Figure 22N.9 Hardware flag requires use 
of a flip-flop; if set with clock 
(edge-sensitive), the flop needs a reset . 

(may need debouncing) 
+5 

+5 +5 

L-"-:r( L_L fOk R 

- TNs signal is !1QJ a flag. 

Flag-testing code: Flag-testing code look just like the bit test mentioned in §22N.2. l except that 

it must include in addition an operation that can clear the flag (probably u ing an OUT operation to 

drive the flag-flop' RESET*). 

In Day 23, when we meet interrupts, we will return to thi topic - and will find that the 8051 can 

implement an edge-triggered flag without the use of either external flip-flop or the three-state required 

for a bused flag. 

Interrupt, advance warning: The big-board lab in 22L conclude by asking you to try an 'interrupt." 

In order to run that test program all you need to appreciate is that in re -ponding to interrupt the 8051 
jump · to a fixed predetermined location, where it execute whatever it finds. That code convention­

ally is called an " interrupt service routine.' It is a slightly-special form of ubroutine. We will look 

more clo ely at interrupt and will find that it is a hardware-initiated CALL. Having under tood the 

operation of the ubroutine CALL, you wil1 recognize interrupts a no more than a variation on that 

theme. 

This is a flag 
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22L.1 Big-board lab. Bit operations; interrupt 

Introduction : This lab let the micro do what it does well: a ks it to operate on single bits, rather 

than on byte . This ability ometimes lets the micro look quite capable compared with a full- cale 

computer. An ordinary computer i designed to move large chunks of data on a relatively wide data 

bu . A little microcontro ller which does that kind of task poorly, is nimble in bit operations - more or 

le s like the mou 'e that wa able to remove the splinter from the paw of the legendary lion. No doubt 

ome day the little micro will b rewarded. 

22L.1.1 Easy 1/ 0 : use a micro port pin for bit operations 

Normally a microcontroller make things happen with it· pin., not through a bu brought off the chip; 

the u. ual controller . how no bus to the out ide world. Though our machine doe have an external 

bu , and we'll take advantage of it when we want to do byte operations, let's watch the micro do what 

it e pecially good at: driving a single bit, and then checking a single bit. 

A single-bit output: 

Hardware: port bit drives LED: To watch thi action, tie an LED to one of the available port pins: 

we II use the LSB of Port 1. Because the ports provide a very feeble high (a mere SOµA source at 

2.4V), but a pretty good low (1.6mA ink at 0.45Y), we will Jet the pin sink current from the LED, 

not ource current into it. 1 The 3 .3k resi tor limits the current to about one mA (the LED drops about 

2Y). 

8051 
+5 

3.3k 

.r' 

Figure 22L.1 Port bit used as output . 

Program: toggle one port output hit: The program below test thi hardware by toggling that port 

bit, bit O of Port I. We have u ed the processor'. complement operation, CPL. Because the port is bit 

addres able, the code i very compact.2 

I Until CMOS took over the digital world, this was the standard way of driving an LED: TIL, like this micro and unli ke 
ordinary CMOS. wa. good at ·inking and poor at ourcing current. A CMOS gate can , ink or ource the few mA that will 
light an efficient LED. 

2 A more laborious. but more general, method would have been to take the byte value into the accumu lator, then XOR with a 
high in the position of the bit we want to change. The zeros el ewhere in that 8-bit "ma k" value (0 I h, in thi case, where 
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MACRO ASSEMBLER PORTPIN_408 

LOC OBJ 

0000 

0000 8076 

0078 

0078 

007A 

007C 

C290 

8290 

80FC 

LINE 

1 

2 

3 

4 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

SOURCE 

PORTPIN 408.aSl Lab 21: use controller's PORT pin BIT operation 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C:\MICR0\8051\RAISON\INC\REG320.INC) 170 

ORG O ; tells assembler the address at which to place this code 

SJMP STARTUP; here code begins--with just a jump to start of 

; real program . ALL our programs will start thus 

ORG 7BH ... and here the program starts 

STARTUP: CLR Pl.O 

FLIPIT: CPL Pl.O 

SJMP FLIPIT 

start low (LED lit), just to make it predictable 

flips only LSB (bit O) of port 3 

182 END 

A single-bit input: 

Hardware: one bit from keypad: The 8051 i ju t as good at responding to a ingle bit a input. 
To demonstrate thi we can tie one of our debounced signal. from the keypad KWR* to a pin on 

another port: Port 3 data line 2, this time: P3.2. Thi choice look strangely arbitrary; it turns out to 

be a convenient choice a we ' ll learn when we meet our fir tu e of interrupt in §22L. I .3. See also 

Fig. 22N.5. 

Program: branch on input bit: The program below toggles the LED - unless one presses the keypad 's 

'WR" key. 

MACRO ASSEMBLER PRTBRANCH_ 402 09/04/102 15:54:33 PAGE 

LOC OBJ 

0000 

0000 8078 

0080 

0080 C290 

0082 30B2FD 

0085 639001 

0088 80F8 

LINE SOURCE 

1 PORTBRANCH_402.a51 Branch conditional of controller's PORT pin 

driven by KWR• 

2 

3 $NOSYMBOLS ; keeps listing short, lest ... 

170 

171 

172 

173 

174 

$INCLUDE (C:\MICR0\8051\RAISON\INC\REG320 . INC) 

ORG O ; tells assembler the address at which to place this code 

SJMP STARTUP; here code begins--with just a jump to start of 

175 ; real program . ALL our programs will start thus 

176 

177 

178 

179 

180 

181 

182 

183 

ORG OBOH; ... and here the program starts 

STARTUP: CLR Pl.O ; start low, just to make it predictable 

CHECKIT: JNB P3.2,CHECKIT; hang here till bit 2 comes up 

(hang if WR button pressed) 

XRL Pl,#OlH ; another way to flip LSB (bi 0) of port l 

while WR button NOT pressed 

SJMP CHECKIT 

END 

the bit we want to toggle i. in the LSB po, ition) would leave the other seven bits unchanged. XOR permits operation on 
more than a single bit . a t one stroke. 
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22L.1.2 An enter key: a hardware Flag 

The mismatch between computer speed and human slowness can make for trouble when one tries to 

tell a computer to do omething once. In the preceding program, for example, it easy enough to use 
the KWR* ignal to determine whether or not to blink the LED. But how would you use KWR* to 

toggle the LED once? With the computer running at full speed, you could not do . o. You would need 

to add a flip-flop (to record the fact that you had requested the action - say, by pressing the WR* 

button and then would need to let the computer clear that flop when it had received the reque t and 

et about acting upon it. That is the purpose of the 'Enter'' key shown below. 

Ready flop hardware: Figure 22L.2 is a fragment of Fig. 20L. l howing a flop used for this purpo e. 

The flip-flop i doing two ta ks: 

l. it records the request (the pressing of the button): this can be u eful in case the computer is busy 
in ome time-con urning proce s, so that the button might be released before the computer get 

around to checking the level on the button; 

2. it permit the computer to clear the request 'flag (the flop Q) even though the human may till 

be leaning on the button. 

Figure 22l.2 Ready flag flip-flop . 

The second of these ta ks is the more important of the two, since the computer - even the little 
8051 running at 11 MHz - can do a lot while a human finger pres es a button. Even if you try to 

pre a button for just a moment, a "moment' is probably at least 0.1 s in which time the processor 

can execute perbap a hundred thousand in truction . So the computer could do the requested task 

on finding the button pressed , come back and find it still pressed, do it again. It would respond many 

time for each button-pres. if we did not provide the edge-triggered function with the external flip­

flop. The computer must, of course, clear the flag once it has found the flop Q high. The circuit above 

u e IN2* to carry out this clearing. 
It is important that the KWR* signal is debounced: if it were not then the clearing would occur while 

bounce continued and a new ' Ready" ignal would ari e eliciting another respon e. Such issue. are 

noted in Worked Example 22W. 

Code to try the ready flop : The program GETREADY_12os. as1, below, amends Lab 21L' keypad­

to-display program: instead of always reading the keypad, the program read it just once after a pre s 

of the keypad ' WR button, taking the keypad value into the accumulator. The processor continually 

send the value of the accumulator out to the displays. 

LOC OBJ LINE SOURCE 

GETREADY_l208.a51 Lab 22: branch conditional on READY flag 

puts out a display value that is constant 

till changed by WR key that causes new read of keypad 

5 $NOSYMBOLS ; keeps listing short 
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0080 

0000 

0000 

0000 

0090 

0090 

0093 

0095 

0096 

0098 

009A 

0090 

009F 

OOAO 

OOAl 

OOA3 

OOA6 

OOA9 

OOA8 

OOAD 

OOAE 

OOAF 

OOBl 

0082 

008 5 

0087 

0088 

008A 
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020090 

758180 

11A3 

E4 

C200 

llAF 

300003 

C200 

EO 

FO 

80F5 

908000 

75AOBO 

7801 

7902 

E3 

22 

COEO 

E2 

30E703 

0200 

E3 

DOEO 

22 

6 

174 

175 

176 

177 

178 

179 

180 

181 

184 

185 

186 

187 

188 

189 

190 

191 

$INCLUDE (C: \ MICRO\ B051 \ RAI SON\INC\REG320 . INC ) 

STACKSTART EQU 080H; starts stack just above SFR's 

SOFTFLAG EQU OH ; this is bit-addressa ble location 

ORG O ; address at which to place this code 

LJMP STARTUP here code begins -- with jump to start of 

real program . ALL our programs will start thus 

ORG 090H .. . and here the program starts 

STARTUP: MOV SP , # 127 ; source code is "STARTUP: MOV SP, 

#STACK80T - l . " Assembler inserts "127" 

ACALL PTRINITS 

CLR A clear display value, for predictable startup 

CLR O ; clear softflag, for first pass 

GETKEY: ACALL READYCHECK; take new character? 

updated by s ub r outine, tel l s this program 

whether or not to read the keypad value anew 

JN8 0 , USEOLD ; if flag is low, don't update key value. 

192 CLR O ; .. . but if you land her e, flag was high. Clear it .. . 

193 MOVX A, @DPTR . .. read the keypad (flag was set) 

194 USEOLD: MOVX @DPTR,A ; and output to display 

195 SJMP GETKEY ; look for another key ... endlessly 

; - ---SU8ROUTINES- ---- - --- - - ---- -------- -- - - ----------

200 PTRINITS: MOV DPTR, #8000 H ; "point" to display and keypad 

201 MOV P2, #80H ; for MOVX @Rn operation, this sets the 

202 high half of address as base of I / 0 

203 

204 

205 

MOV RO, #OlH 

MOV Rl, #02H 

MOVX A, @Rl 

206 RET 

low half of add ress of READY port 

low half of address of READY - CLEAR port 

; send a pulse to clear flop -

208 ·- --- ------ -- - -- - -- - - -- ---- - --

209 ; REAOYCHECK subroutine: if Ready , SETS BIT ZERO as FLAG 

211 READYCHECK: PUSH ACC; save scratch register 

212 MOVX A, @RO ; get Ready flag 

213 JNB ACC.7,NOCHANGE ; if flag is l ow, don't clear the flag 

215 CHANGE: SET8 0 

216 MOVX A, @Rl ; .. . and send a pulse to clear flop 

21 8 NOCHANGE, POP ACC; restore saved scratch reg ister 

219 RET 

2 21 END 

22L.1.3 Interrupt 

The preceding program obliged the processor to keep checking a pin in order to determine whether 

or not to do a new keypad read. That may not be a good arrangement if you 'd like the proce or to be 

doing something more productive. An alternative scheme would let the proce sor devote itself to some 

proces without continually asking a dull que tion like, "Do you want me to increment the display?" 

In tead, the peripheral that want attention would drive a pin on the processor - more or less the 

way the omeone might tug on a bell-pull that summons the butler. Only when that happened would 

the processor go over to the reque ted ta k, in thi case incrementing an internal register. (Meanwhile 
the butler could be getting omething done; perhaps polishing the sil ver.) In the next program we ·11 

try this program design. 

Here are two novel elements in the program s behavior, using an interrupt: 
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• we must tell the proces or that we want to pay attention to the interrupt. We must do thj both -

in general : we enable the ·'global 1 recognition of interrupt . Thi. we do by etting one bit 

(one fiip-flop output level) that is dedicated to this purpose. This is EA below.3 

in panicular: we enable the particular interrupt that we plan to u e: "external" interrupt zero 

("external" means ''applied to a pin on the processor not generated as re ponse to ome 

internal event uch as a timer' rolling over"). 

• we must put the program that we want executed (incrementing the display, in this case) at the par­

ticular location dedicated to " interrupt O response.' In this case that's address 03h - also labeled 

· INTOVECTOR" in the Ii. ting below. 

Hardware: none! You don ' t need to add anything; the KWR * line already i wired to the 8051 's pin 

12 (P3.2), where it wa connected in §22L. l. l. That pin happens4 to be the pin that is assigned to 

INTERRUPTO* requests. Fig. 22L.3 shows how the hardware looks. 

Program : interrupt causes increment of display : Interrupt uses hardware to initiate a CALL. Becau e 

pulling a pin doe not, in itself specify a destination for the CALL, the interrupted computer needs 

some , trategy to find out where to go when interrupted. The 8051 u, e the simple. t pos ible cheme: 

it always goe to a particular address in response to a particular type of interrupt. As in an ordinary 

oftware CALL the proce sor aves on the stack the address of the next instruction before going off 

to the patch of code to which it is ent by INTERRUPT. 

8051 

Figure 22L.3 KWR* wired again to P3.2, this time serving as INTO* 
request pin . 

MACRO ASSEMBLER INTDSPLY 1204 12/08/04 16:36:00 PAGE 1 

LOC OBJ 

007F 

0000 

0000 020000 

LINE 

1 

2 

SOURCE 
INTDSPLY_l204.a51 let interrupt inc display 

3 should increment display each time interrupted 

4 

5 $NOSYMBOLS 
6 $INCLUDE (C : \ MICR0\8051\RAISON\INC\REG320.INC) 

172 $INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC) 

196 

197 

198 

199 

200 

201 

; Tom's vectors definition file 

STACK.BOT EQU 07FH; put stack at start of scratch 
; indirectly-addressable block (BOh and up) 

ORG OH 

LJMP STARTUP 

3 Unfortunately ·'EA" i al. o the name of the pin on the Dallas 8051 that tell the controller to look to external buse. to find 
it code. That EA is not related to thi · one. 

-1 Well , OK: we rigged it that way! 
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0000 

0000 
OOD3 

0006 

0008 
OODA 

OODC 

OODD 

OODE 

0003 

0003 

00 04 

758 17F 
908000 

0288 
02A8 
02AF 

E4 

FO 

80FO 

04 

32 

202 ORG ODOH 

203 
204 STARTUP: MOV SP, # 127 
205 MOV DPTR, #8000H 

206 
207 ---NOW ENABLE I NTERRUPTS -- -
208 SETS ITO make INTO Edge-sensitive (p. 22) 
209 SETB EXO ... and e nable I NTO 
21 0 SETB EA ; Global int e nab le (pp. 31-32) 

211 

212 

213 

CLR A (for clean star t up, as us ual) 

214 STUCK: MOVX @DPTR , A ; show display --constan t, 
till i n terrupt inc's it 

215 SJMP STUCK ; (responds to falling edge--

216 

217 

; pseudo-edge sens it ive, 
so you mu s t clock several times 

while high, then low) 

218 - - -- ---- - --- --- - - - --
219 

220 

221 
222 

223 
224 

225 

ISR: JUST INCREMENT A 

ORG INTOVECTOR ; this is defined i n VECTORS3210.INC, 
included above. 

It is address 03h , the address to which micro hops 
i n respon se to interrupt zero 

ISR: INC A 

RETI 

226 END 

Most of thi s program will be ea y to follow. A in all programs that use subroutines if you ingle­

step you will see the micro appear to hesitate after interrupt, a it doe after the CALL in truction. 

Then it he itates again at the RET (return from CALL) and RETI . We wish you could watch the 
stacking - but here we've hit a limit in what the controller i. will ing to let u ee. It' been pretty 

generou in letting u. watch it addres and data buses, for most of its operation . 

This Interrupt Service Routine (ISR) is unu ual in being so tiny that it can sit in two bytes begin­

ning at the I ector address , 03h. Only eight bytes are reserved here , o more often the ISR code will 

immediately jump out to a location where there' room to write a longer routine. We' ll see that ca ·e 

in later labs. An JSR also usually changes to a new set of scratch registers RO through R7 (there are 

four sets). We didn t bother to do that here, since the [SR u e none of tho e regi ter . 

22L.2 

22L.2 .1 

Silabs 3: Timers; PWM; Comparator 

PORTO pin use 

Again we u e one PORTO pin to drive an LED, and we will add other peripheral at four other pins: 

see Fig. 22L.4. 

Figure 22L.4 PORTO pin use in this lab. 
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22L.2.2 Timer: blink an LED, again 

We confessed, back in Lab 20L that it was a bit dopey to tie up a controller in a loop of a few hundred 

thou and cycles in order to slow the blinking of an LED to a rate that a human could notice. Now we 

invite you to try the controller's better way to do such a task using its built-in hardware timer. 

The 8051 like almo t any controller, include a collection of such timers. We will first try one 

whose design is pretty standard (though it is an enhancement to the very fir t ver ion of the 8051 ). 

It is called Timer2. The '410 offers three or four other timers (depending on whether you consider a 
"Real time clock' to be a timer). As usual we will have to initialize a set of registers . But once that is 

done the program will occupy almo t none of the processor' attention. The Si Labs '410 also provides 

a 16-bit counter the core of its "Programmable Counter Array" (PCA), that can implement particular 

operation including puJ e-width modulation. This we will try in §22L.2.7. 

The u ual way to u ea timer is to treat it like an oven timer: set a delay time and ask the timer to 

let u know when time i up. Usually, "time 's up" wiU trigger an inten-upt since the point of using the 

timer is to free the processor for other operation more intere ting than keeping time or measuring 

delay time. The program in §22L.2.4 behaves thi way. It invoke an interrupt service routine to 

toggle an LED each time its timer overflows. It then automatically reload the delay value and the 

cycle begins again. 

It is al o possible to let a timer drive an output pin directly: the PCA Counterrrimer can do that 

in "High- peed output mode.' We have not done that here. Our ISR is so simple that it is virtually 

equivalent to the PCA direct-drive. Our lSE simply toggle the LED, but it could, of course, do 

something (even-) more exciting. 

As usual, our program i extremely imple. So mo t of our programming labor therefore goes into 

reading the data heet to find what register initializations are needed. This time we will ask you to 

determine these initialization . 

22L.2 .3 Initialize TMR2CN . .. 

Configuring a microcontroller: bad news, good news: The bad news is that a controller offers so 

many options for the use of its built-in peripherals, that the user i obliged to make a great many 

choices before even beginning to write any code. We illustrate this di couraging wealth of choices with 

a rather modest example: the setting up of a 16-bit timer done bit-by-bit, using a detailed description 

of a configuration register (§22L.2.4). The good news i that you don't need to proceed this way -

bit-by-bit. Instead, you can take advantage of an easy programming tool called Configuration Wizard. 

For this particu lar program, apart from the USUALSETUP, almost the entire task consi ts in ini­

tializing just one register, named Timer2 Control (TMR2CN). A u ual the detail of even this ingl 

register can look quite overwhelming (so much information!) 

We would like you to . et up this regi ter as fol low : 

• 16-bit timer; 

• enable the timer/counter; 

• clock ource: ystem clock I 12; 

• timer initial value (used only on first pass, which you may want to watch in single-step): FF FOh; 

• timer reload value (used on all subsequent passes· thi s is the value re-loaded after overflow): 00 

OOh ; 

• interrupt on overflow (called Timer2 Interrupt). 

We invite you to do thi task u ing either of the two method : 
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Laborious way: proceed bit-by-bit. The name makes this sound bad. But in fact thi proce prob­

ably will take you only two or three minute . By scrutinizing each bit of the TMR2CN 

regi ter described below, you can determine what value that regi ter needs. 

It may eem perver e to look at this register bit-by-bit and we doubt that you will ever do 

thi again once you have met the Configuration Wizard. But we think that seeing the functions 

of the everal bit can help to demystify the controller. After all , the wizard call itself by 

that name ju t becau e the translation of choices into bit patterns eem pretty magical. 

Less laborious way: invoke the Configuration Wizard. Start up the Configuration Wizard on your 

laptop (the wizard, named Wizard2 in it · present incarnation, is a separate utility - not ac­

cessible from within the SiLabs IDE). Then follow the proces in §22L.2.5, desc1ibing the 

Wizard 's use. 

22L .2.4 Configuring registers bit-by-bit 

Our goal here is to set up Timer2 (one of four general-purpose timers) to operate as a 16-bit timer 

that will interrupt each time it roJls over. Most of the timer's function . are controlled by one register, 

TMR2CN. Fig. 22L.5 is a page from the data sheet for the 410 showing the function of each bit in 

thi s register. 

Timer register initializations: We reprint thi in full d tail not becau e you need thi much informa­

tion, but to give you a sen e of the initial scariness of a controlJer' data sheet a " heet' ' that in this 

ca e is 270 page long!). If you find this detail concerning a single register daunting then you're like 

u . We hope though that a few minutes' inspection wil] reveal that - at lea. t thi time - we need know 

only a little of this overwhelming detail. 

Then we examine each bit in TMR2CN, to ee what we ought to do with it. Proceeding bit by bit: 

d7: TF2H Yes, we need to pay attention to thi bit, which will indicate when the timer has " timed 

out." But this is not a bit we need to initialize except in the sense that once it has been et 

by an overflow it i up to u to clear it (a the la t sentence in the TF2H description says 

explicitly. Thi flag bit can erve to generate an interrupt. We u e it o in thi program. 

Do we need to clear this on . tartup? No. The "Reset Value' , hown at top right of Fig. 22L.5 

shows that this bit, like all other bit of thi regi ' ter tart out low after a Reset. 

d6: TF2L We an ignore thi s bit, which indicate an 8-bit overflow - overflow of the low byte of the 

16-bit timer2. 

dS: TF2LEN We II leave this bit which could interrupt on an 8-bit overflow, disasserted. The Re et 

condition, zero, gets u the re uJt that we want. 

d4: TF2CEN No, we aren ' t u ing the "capture" mode (and won't here go into what it might mean; 

if you re interested, you can ee it used in one of the two period-mea uring program ·hown 

in §25L.1.5 that a ' ks you to "do something with the standaJone controller"). So we ]eave the 

bit Low, at its inactive Reset level. 

d3: T2SPLIT We need thi . bit low to configure the timer a a ingle 16-bit timer, rather than a two 

8-bit timer . We leave it in it Reset condition, Low. 

Continuing with the remaining bits: 

d2: TR2 Yes, thi . is important: this bit we mu t set high , to enable Timer2. 

dl: T2RCLK This bit does not matter to us since it has no effect unless we have selected 'capture" 

mode (by setting TF2CEN High), which we have not done. 



RIW 

TF2H 

22L.2 Silabs 

SFR Definition 24.8. TMR2CN: Timer 2 Control 

RNI MV RJW RNI 

TF2L I TF2LEN I TF2CEN l T2SPLIT I 
Bit6 BitS Brt4 8it3 

R/W 

TR2 

R/W RIW Reset Value 

I T2RCLK I T2XCLK ! 00000000 

Bit1 
en 

BrtO 
Address.i)Jje 

SFR Address: 0XC8 

Bit7 : TF2H: limer 2 High Byte Overflow Flag. 
Set by hardware when the Timer 2 hrgh byte overflows from OxFF to oxoo. In 16 brt mooe. 
this will occur When Timer 2 overflows from OxFFFF to oxoooo INhen the Timer 2 interrupt 1s 
enabled. setting this bit causes the CPU to vector to the Timer 2 interrupt service routine. 
TF2H 1s not automatically cleared Dy hardware and must be cleared by software. 

BrtG· TF2L· Timer 2 Low Byte Overflow Flag. 
Set by hardWare when the Timer 2 low byte overflows from OxFF to OxOO. When this b1t 1s 
set. an Interrupt will be generated if TF2LEN is set and Timer 2 interrupts are enabled . TF2L 
will set when the low byte overflows regardless of the Timer 2 mode. This brl is not automat­
ically cleared by hardware. 

8115. TF2LEN. Timer 2 Low Byte Interrupt Enable. 
This bit enables/disables Timer 2 Low Byte interrupts. If TF2LEN is set and Timer 2 inter­
rupts are enabled. an interrupt will be generated wtlen the low byte of Timer 2 overflows 
This bil should be deared When operating Timer 2 in 16-blt mode. 
o· Timer 2 Low Byte interrupts disabled. 
1 Timer 2 Low Byte interrupts enabled 

8114 TF2CEN Timer 2 capture Enable 
o· Timer 2 capture mode d isabled. 
1 l1mer 2 capture mode enabled. 

Bit3. T2SPUT Timer 2 Spilt Mode Enable. 
When this l>lt is set. Timer 2 operates as two 8-bi! timers with auto-reload. 
O: Timer 2 operates 1n 16-bit auto-reload mode 
1· Timer 2 operates as two 8-btt auto-reload bmers. 

B1t2 TR2: Timer 2 Run control. 
This bit enables/disables Timer 2. In 8-bit mode, this bit enables/disables Th1R2H only: 
TMR2L 1s always enableCI tn this mode 
0. Timer 2 disabled. 
1. Timer 2 enabled. 

811 I T2RCLK Timer 2 capture MOde 
This bit controls the Timer 2 capture source when TF2CEN=1 If T2XCLK = 1 anCI T2ML 
(CKCON 4) = 0, this bit also controls the dock source for Timer 2 . 
o capture every smaRTCloCk dock/8. If T2XCLK = 1 and T2ML (CKCON.4) = o. count at 
external osc1llat0f/8. 
1· capture every external oscillator/8 ltT2XCLK = ·1 and T2ML (CKCON 4) = o. count at 
smaRTClock dOCl(/8 

B1tO T2XCLK" Timer 2 External Clock Select. 
This bit selects the external doek source tor Timer 2 If Timer 2 ,s 1n 8-b1t mOde. this bit 
selects the external osollatOf dock source for bot11 l.lmer bytes. However, the Tuner 2 Clock 
Select bits (T2MH and T2ML in register CKCON) may still be used to select between the 
external cloek and the system clock ror either l.lmer. 
0. Timer 2 external doek selection is the system clock divided by 12. 
I : 11mer 2 external dock uses the clock defined by the T2RCLK btl 

dl: T2XCLK Ye , this matter . It chooses a clock s 

the capture mode we will leave the bit in i 
tem_Clock I 12. 

You may need a pencil and paper to record the bits 

When you have done that you need to decide how to 1 

Specifically, hould you u e a MOY into the regis 

every bit)? Or should you in tead use hit operations? 1 

are permitted for thi regi ter. The an wer to that que 

the top right corner of the register description in Fig. · 

Often bit addressing i u eful, permitting the chani 

other untouched. But here a MOY eerns a better i 
condition of all bits (the Re et value) so we need not 

MOV second, some bit need to be cleared (or kept l 

take care of both Setting and Clearing at a stroke. 
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So you hould figure the byte value that you want for TMR2CN (probably expre ed in hexadecimal 

just to be consi tent with the other values that are listed). Then MOY that value into the register. 

One more register involved, albeit marginally: CKCON : Its pretty much true that the single regi ter 

TMR2CN is enough to initialize the timer; that's a nice change from the more usual case. One other 
register could be aid to be involved, as Fig. 22L.5 ·uggesls: CKCON. The T2MH bit (d5) in CKCON 
could if set, determine the Timer2 clock rate. We leave thi bit in its Reset tate, Low, and doing 

that allow TMR2CN to set the clock rate. A line in the present program reiterate the default setting, 

unnece arily but harmlessly: ANL CKCON, #DIV12 ; allow TMR2CN to set t imer clock rate. 

We mention this not to irritate you but to remind you that register initialization usually involve 

more than a single regi ter and that (more perplexing) the significance of a bit on one regi ter may 
depend on a setting in a different regi ter (as T2MH here depends on the level of T2XCLK in the 

TMR2CN regi ter). All this regi ter-initializing is, as we have said before, the price we pay for the 

controller's versatility. 

22L.2 .5 The easy method: take advantage of the Configuration Wizard 

Wouldn't it be nice if you could just tell your a sistant 'Please do the right thing to Jots of fussy 
bit in several regi ters to let the 16-bit counter inte1TUpt when it rolls over?" It turn out you can be 

almost as chatty as that if you set up the timer u, ing the Configuration Wizard. We' ll u e it below to 

set up Timer2. 

Start the configuration process: First, specify the part and say that you mean to write in a sembly 

language: see Fig. 22L.6. 

Specify the peripheral: Then we' ll choose timers, and among them, TIMER2 in Fig. 22L.7. 

Figure 22L.6 First choose the 
device and assembly-language 
format . 

JI· · l'r• f~• , 

Select Device F arrnly 

C8051F:J20.1 
C8051F326-7 
C80Sl F330-5 
C8051f336-9 
C8051F34x 
C80'51F35a 
C8051f1S, 

CB051F52x·53, 
CSV51F9 ·-92:, 

Select Pait Ntrtbel 
,. - ~ 

C8051F41 1 
C8051F41 2 
C8051F413 

Open E XJsbng Pr(.\ject 

$include (C805lf'4 10. inc) 

public In1C _ Dev1c.e 

INIT SEGHENT CODE 
r:,er,i lNIT 

In11:._L'ev1c.e: 
rec 

Set up the peripheral : The wizard show · us, on a single page, mo t of the options that we need to 

consider. Many correspond to the single bit specified in TMR2CN (§22L.2.3). But these descriptive 

items are a lot ea ier to gra p. And on this page we are not restticted to a single register. 

To finish setting up the timer, we need to leave the timer page to turn on interrupts for Timer2. To 

get us to that interrupt page, Fig. 22L.9, the Wizard lets us click on "Configure Timer Interrupts." 
And the fruits of this setup proce s are a few line. of as embly code: 



Fie O!lllon< 

D ~ !iii Port!IO 

hncl 

i,ubl1 

lNlT 

Osc,loto,s 

K A 
UART 
Sl<l&t; 

Sfl 

ADC 
OAC, 

Vokag,,ReferffiCO 
Volt ..... R~a< 

ReSt-t XU'c~ 
P, •fetch Ero<ie 
Flash 
lnlent4)tS 

OC) 
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S include (C60Slfi10. 1nc) 

In1t_Dev1ce 

TirnerO Timm1 Tomer2 T,n;e,3 

Trmer Mode 

• 168~~oR~i•Hur,e, 
Two R B•Avto Relood r.,.,,,,, 

Clock S0<vce (TMR2l "'Mode 2) 

SYS Cl 
• sYSCU,/12 

E x1erna1 o .. ,i!oto, 1 s 

HAR2H Clocl Sou,c:e 

T ,r11e, lnterlUPI 

E n,,ble T rme, 2 Low Byt,, Ov<tlllow 

T <Ml 2 lnte1rupt 1t Ortabted 

Conf1g1.11e T CTie-f lnlern'!ll~ 

""'" Control 
,, Enablel-

(Only enable• TMR2H n Mode 2 
TMA2L 1t ~ n.w>NnQ] 

T rrll!I ""°"' V'lll.ol! (He,,) 
TMAZH [High 8,Ytel TMRZL tlow Byte) 

891 

Reset Al 
lrll t. - VeY't - • 

_J 

Figure 22L. 7 Choose which peripheral and then which one within the category. 

D ~'1 
~~~~~~~~~~~~~~ ..... 

• 

rnn 'UGJffNT rOt>t 
rno un-r 

. Nn:or-.cc >l :i:,ec:t1c :.r.1t,eat~.:ocion rui.e-:.!.<,1l3 , 
O Jc·1 ![,)DI • M! lrao: \,c!V\CC .a.tJC .. 

TlttieC lntt : 
- THR2 t N. t 00ojh 

ilUlll.i, IC!'Qh 
rct:N TftP.?ft, IOffh 
«t 

tnte:tcupt:1_ tn1t : 
UIOV It~ .. OlOh 

!n11.1al~::&t 1c·:, to.nct!Q'.u !'<:·:: dev:u:-c:, 
: C"lJ lt.:H ~·11e:c ti.c~m t,.'-ll1: Mttln i,t:o•Jt)IJ'C 

lnu. Nrvu:u: 
i c&.U Ts:ir.et ln1t 
1ea11 tote-ci'usiu_t:ut 

1-01 r .. ..,1 1-211,...3 ' 

1-""'Modo 

r-'168l-Reloo<ll""' 
' 1 ... UtPAA•R-hn,n 

Clod< Sa..«e OMR/l nM ... 2) 

!' SYSnK 
" SY<-Ct.K/12 
r E-0-/8 

,.. 
9lP.ol,/,.SM8 .. 

r-H,\tli11'1 Cllt,voB<ll'"•I 

r H,~}~8~ 

lllC~r.,.1""2 

r E..t.l\TCC°"""o 

t!WC~l),<04 
TMA2l. •Oo<fO, 
ll'R211 •Mt 

; Peripheral specific initialization functions , 

; Cal led from the Init_Device label 

Timer I nit: 

mov TMR2CN, 

ret 

Interrupts_Init: 

mov IE, 

ret 

#004h 

#020h 

lf'Nltll~NEnotiied 

C«l,g..r.J...,.1r-l 

T...,Corl,al 

l',,Er.-1""' 
to.-Y.....i..lMAlH"M* i 
Tt<ft:.'\.a~~ 

1,...,,.._,,v...,lio;J 
1Mil1H (lid, Di<al mRll. {low8,<e\ 

!Ff fTo 
-RdoadV .... tH"'l 
IMlr.'!1lH~~ IM!l211LLµ....,. 

w roo 
RlCC.00.,oClodtS.._ 
,;· c.;;..t .. RlCMI / C.... .. 0018 

I C,,,uul El<l 18 I O:,.ri,., RT COl8 Figure 22L.8 We can set 
up the timer by clicking 
boxes, nicely described . 
We're even shown assembly 
code to do the job. 

The e lines take care of the several regi ter found to be involved: a lot better than the bit-by-bit 

proce . that we began in §22L.2.4. And not only is the wizard ea, ier to use; it is also more likely to 

get each bit right. 

A debugging opportunity, watch the overflow generate an interrupt . .. : Below, in the listing of 

timer2_ bi tflip . as 1, we set the fir ·t two value , HITIME and LOTIME, at FF FAh, extremely close 

to the top count, FF FFh. We u ed thjs peculiar one-time start count to facilitate debuggi ng. We wanted 

you to be able to look at the timer in action: you can, after a reset, single-step the program and watch 

the program a. it approaches its overflow. 
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El'l!lble lnten,ipts lnteoup1 Puori!;, INTO/INT1 Conliguraoon 

Global lit<'mJpt Enable 

~ EMble All lntenupti {If not ched<ed all 111te11upts are lgn()(edJ 

UAATlnte~s 

Enable UAR TO lntem.,pt 

SP! lnte11\.1p(t 

Enab!e SPIO lntem,4)1 

Compaial.m lntC11upts 

Enable CPO lnlem.1pf 

Enable CP1 lnteoupt 

SMBus lr(ei11,pts 

Tirr>e1 lnteuupts 

Enab.e T rr,er O tnteuupt 
Enable Trnef l !nteuupl 

~ Enable T rnef 2 lntenupl 

Enable T ,mer 3 lrm1ur,t 

E Mble /IN TO I nteirupt 

Enable IINT1 lntenupt 

Poit Match Interrupts 

Enable POil Match ltlle11upt 

VologeR~o, lnt~ 
Enable SMBO lnternJPf Enable Vollage Regul<llor tni,;,,rupl 

Figure 22L.9 Configuration wizard lets us 
enable timer interrupts . 

The bit-flip timer program 

Real Troe Clock lntelflll)t$ 

E,>able Real l me Clock Interrupt 

ADC Conve<s,on Complete Interrupt~ 

Enable AOOINT lrte11upt 

IE • 0>1AO 

timer2_bitflip . a51 use Timer2 to toggle LED, on interrupt by timer overflow 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C: \ MICR0\8051 \ RAISON\INC \ c805lf410 . inc) 

PCAlnl~l 

Enable PCAO ln!enupt 

W'llldow Compe,mio AOC lntetfUPl$ 

EMbloADOW'INT lrdem~ 

0 Cancel 

$ INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC} ; Tom's vectors definition file 

STACKBOT EQU 80h 

DIV12 EQU ODFh 

TIM2INTEN EQU IE . 5 

TIM2_ ENABLE EQU TMR2CN.2 

SOFTFLAG EQU O 

BLUE_LED EQU PO.O 

GLOBAL_INTEN EQU EA 

HITIME SET OFFh 

LOTIME SET OFAh 

put stack at start of scratch 

timer clock mask to div by 12, in CKCON 

software flag that ISR uses to talk to Main 

LED to toggle 

an easier mnenomic for the overall interrupt enable 

set start count close to the overflow val 

... and this is the low byte 

RELOAD SET Oh these are reload values, for maximum delay 

port use : 

LED at PO.O 

ORG O 

SJMP STARTUP 

ORG 80h 

STARTUP: MOV SP, STACKBOT- 1 

ACALL USUAL_SETUP 

ACALL TIMER_INITS 

SETB TIM2_ENABLE 

initialize stack pointer 

STUCK: SJMP STUCK; await interrupts. All the action is there 

Re:et 

Adding watch: As you may have read in the IDE note, you can select a register to watch in the 

debugger by highlighting the register in the window, then right-clicking to get a menu that offers 

Add. .. to Watch. If you do thi for TMR2RLH and TMR2RLL you can view the two timer regi ter . 

as in Fig. 22L. l 0. 
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Then a few more single- teps will cause the timer to overflow, from FF FFh to 00 OOh, generating 

an interrupt reque t that cause the program hop to it JSR: see Fig. 22L. l l. 

multiple-step got us from the initial count of FF FAh to FF FEh 

d'll!I tools ~"""' wtldow ~ 

~ ~ 11:ii ;J "! • ·r .. :::,, w 1> ~ ~~a 
J!!l 

l 
SJHP STARTUP 

,)RC, 60h 
STARTUP ACALL USUAL_SETUP 

ACALL TIKER_llllTS 
ACALL lNT_SETUP 

•§illill SJKP STUCV. av~, tnlerrupt,a 1111 ,h,. "c.lloi, 1~ lher~ 

Iools ~tOnS \lll>dow !lot> 

w .i.:b ~ "'I • 'it ~~ W- "'!} ~ ~ ~ l5 

SJMf' STU•:v. 

··---···- l~ITHLI2t\T:Otl5 

USIJAL_SETUP Alll PCAOl!D 6ll0 T(0 40h ) [ 1,;,,ble ,he \i[,f 
l....ar ll~tc-hd,,.., Fn3l:le, b1• 

Canllq•ne th,_ 0 ctll-!i. Wl 
•JRl OSC I C!I 1 04h ··•<;<: l~ : 4 , Uh:. 

£n,c-Je t.he Fon l- ( :rv~ba x 
HOV XBRl 64 0h Ett<'lte C,<~• 1 
P.ET 

TrMER_INITS 
AHL CY.CO!! I DIV! 2 

H V THR201 t 04h ~n;;,t,,1-1!- r. ~t. 

HOV THRZH, l'H !Tl:tt 
llOV TttR21,, #1,0TIH£ 

M•W TIIP2 RLH , i'PELOl!> 
llOV TIIRZR~L, l!llHO.\D 

----11011 EN,\81.£ l)ITER?.IIPT".---
IIIT_SETUP 

SETB Tl Ml lllTE!I 
SEiB <,l •)BAlINTEll 
RET 

I l< -·. T RESPON"'.E 
~UC:T T(.-.,(.,.!:". LFJJ 

P.G T!MER~YECTOR 
- tr.SR <:Pl BLUE_tED 

CJ.R TF2H Clc'a> lu,e?"-~ oue, I k~ f hg ( Joos 
RETI 

Ellf• 

J.1s cle.!r 1.:lt.cU!UJ 

.:.J 

I 
Name_ 

TMR2L 
TMA<H 

l N-, ~ 
l TMR:11. 0>.00 

t TMA2H o,ro 

1/ I timer has just 

I
. overflowed. 

from FF FF to zero ... 

! ... generating 
an interrupt that 
takes program 
to ISR, where 
toggling of LED 
occurs 

Figure 22L.10 Single-stepping, we 
can watch timer increment 
approaching overflow. 

Figure 22L.11 A timer overflow 

takes program to the ISR. 

Thi first overflow - the quick one that we rigged by initializing the timer to nearly its full count -

occurred after ju ta few increments of the timer. This process generates no useful delay when run at 

full -speed. It was useful only to let u watch the timer at work. 

The usual case: timer counts many cycles between overflows: But on all later passes - once the 

counter ha overflowed and been reloaded with the reload value (TMR2RLH and TMR2RLL, which 
we initialize to zero) - the counter then provides maximum delay, with a PWM start value of 00 OOh. 

Even this de.lay is under one second, but long enough to make the blink rate of the LED comfortably 
visible. 

22L.2 .6 The bit-flip timer program 

Download the program, timer2_ bitflip. as 1, from the book' website. Here i. the program without 
initializations: 

ORG 80h 

STARTUP : MOV SP, STACKBOT-1 

ACALL USUAL_SETUP 

initialize stack pointer 
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ACALL TIMER_ INITS 

SETB TIM2 ENABLE 

STUCK: SJMP STUCK 

; ISR: JUST TOGGLE LED 

ORG TIMER2VECTOR 

ISR: CPL BLUE_LED 

await i nterrupts. All the action is there 

CLR TF2H ; Clear timer-2 overflow flag (does this clear interrupt flag? ) 

RETI 

The delay available from this timer as configured is only about 0.5 econd . One could tretch thi. 

delay by letting the JSR include a software count. A ingle regi ter there could extend the delay to a 

couple of minutes. For reaJly long delay , the so-called "Real Time Clock" is made to order. We will 

not try that peripheral in these labs, but you may want to on your own. 

Timers do various tricks: The timer can be used in other mode , as well as for the ' wake me when 

you're done" scheme of §22L.2.2. Timer2 or Timer3 can, for example, measure the frequency of an 

external signaJ relative to system clock u ing "External. .. Capture Mode."5 Timers 0, I, and 3 can al o 

count edges on an input pin rather than measure time.6 We will not take time now to explore these 
many options. 

22L.2.7 Pulse width modulation: dim an LED 

PWM, analog and digital versions: The technique of varying drive to a load by varying duty cycle 
on an output pin is quite easy to implement on a controller. The hardware required is almost nil , in 

contrast to what i required for continuous variation of voltage or current, which require a DAC. 

PWM can be done entirely in software. But the ' 410 offers PWM in an easier form. The ' 410 offers 

a Programmable Counter Array (PCA), a timer that can be used to count an 8- or 16-bit value, and to 

set a bit when the count exceeds a reference value. 

Thus in purely digital form it can mimic the analog PWM method in which a waveform ramps 

(sawtooth or triangle) and triggers a comparator when ramp value exceeds an analog reference value. 

You may want to look at Fig. 8L.7 on page 340 to refresh your recollection of the cheme. 

Figure 22L.12 is the digital equivalent, which the 41.0 use to implement an 8-bit PWM. When 

Count = Reference, the output bit goes High; when Count roll over output bit goe Low. 

For constant duty cycle hold the reference register constant (this REFERENCE is PCAOCPHn 

in Fig. 22L. J 2 and PCAOCPHO in the program pwm_by _wizard_ novlO. as 1, on the books websi te). 

The COUNT regi ster increments at a rate set by the PCA timeba e.' When COUNT exceeds REFER­

ENCE, PWM output goes high; when COUNT rolls over to zero again, PWM goes low. REFERENCE 

thus determjnes duty cycle (from about 0.4% to 1.00%).7 

22L.2.8 PWM code: slow ramp of LED brightness 

The program pwm_by_wizard_nov10. as1 implements the gradual brightening of an LED. It does thi, 

by slowly increasing the reference value (over a pan of about three econd ), then rolling it over, o 

that the Reference value forms a slow sawtooth , sweeping brightness from minimum to maximum. 

Here is the core of the tiny program omitting intializations : 

5 Sec Si Lab, C805 I F410 datasheet, §§24.2.3. 24.3.3. 
6 PCA takes as input a signal named ECL. p. 249, which can be a signed to a pin using rhe crossbar. a · hown at p. 149. 
7 Code can take duty cyc le to 0%, by writing to a separate control register. 
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STARTUP: MOV SP , #STACKBOT 

acall USUAL SETUP 

acall !nit Device 

mov PCAOCPHO , #0 clear output , for orderly startup 

UP: acall DELAY 

inc PCAOCPHO 

sjmp UP 

PCAOCPHn .....___ 

PC AOL 

- ,-...._ REFERENCE: for fixed brightness, this is a constant, 

Overflow 

against which the ramping COUNT in PCAOLis compared ... 

(Reference is passed to PCAOCPLn) 

,------, 
CEXn 1 ~ 1----........... - ........,i Crossbar .-------------- Port IJO 

~-----' 

COUNT (incremented on each clock of the 
'timebase'). When COUNT> REFERENCE, 
output goes High 

Figure 22L.12 '410 im 
PWM in digital form . 1 
Fig. 25 .8 of the datash4 
C8051F410, with permi 

PWM configuration using wizard: Using the wizard, first we tum on the PCA and 

(the only counter atTay available on the '410) setting it up a 8-bit PWM. In Fig. 22 

also (arbitrarily) set the duty cycle at 50%. Do you see how? Then we place the P\\I 

particular pin . 

l'CAO I Modo.k O I Module 1 I t,4o(iit, 21 Mo<Ue 3 j Mod.A& , 1 Mod\Ae 5IWO T I 

PC.A Courolel!Tcner J* ~rol 

r ~~:i~.~!:e~e . 

PCAOl. 
(low8!(-e) 

l'CAOCtl • Ox4ll, 
PCAOCPMO ~ °"42. 
PCAOCPl.O • °"80. 

roo 

PCAlntetl\lPI 

r ~~~~~cri:o:inow 
PC.A.Cl lnl~ 1$ Oitebled 

Corlrv,ire PCA lntenuPl$ I 
~ Tlll'iet>Melnput 

;;- SYSClA / 12 
r SYSCU( I • 
r Trnei O 0-tlow 

r High to Low fu,n~ Oh ECI 
r SYSCU: 
r E>11emal Ou:htol / 8 p 

0 

Ca~e/C~eM~ 

r N~ 
r (:aj)111e °" P<)dit,va edge o1 CEXO 

, r Cii,tuie OI) 11egalive ec1ge ol CEXll 
r ~ eon t1Gr,mQO ol C€XO 
r-sc1t-e Tint!f 
r High Speed Output 
r FrequtncyOt.tput 

r. 8-9( Pcae \lfidth ModJlatoi 

r 1S·l3H'u!R\lfidhhlrxiloto, 

OulyCycle: r-,; 
Ctw,ge DIA)IC,yel& I 

PC'A Caplll!~eA~e, &le!!) 

PCAOCPHO PCAOCl'LO 
lrli!lh 6!(-eJ· (Lew, s~i 

roo- ~ 

Confv,re Poll 1/0 

Cap1,1~~e lnt#!r(4'.lt EMhle 

r Enable CCf lrtem.ipt 

OK 

Figure 22L.13 First turn on the PCA (the counter array) and 8-bit PWM ... 

For chi -bit PWM we have set the REFERE CE value at the midpoint 80h. 
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We set up the PWM output as push- pull , and place this function on a free PORTO pin, P0.2, lcipping 

two pin that will be u ed in the next lab.9 

The PWM program : Thi. program pwm_by _ wizard_novlO. a51, can be obtained from the book . 
web ite. 

Pel [ !\! : 

- ro,ov J> \"" At'J(.'U, .04fl h 
fl!O'\' PCAOCPHO~ #0.ot:h 

"'°'' P<l'YrLO, #080~ 

ro,u,OQT, • 'l<H h 
P;)$~!P , • OOlh 

ll'IOV X6S'l, 40-llh 

r~t 

tn1 · r~,c~ 
ieaJ l P<:l_Jnir 
l~aJ J Po tt I lrat. 

/PWMO"'P"' 

Ar. 10,o,,,1 ) IID IID !0 cm IID Im (l!J IID IID Im Ill} mJ IID 10 ml mJ ml !ID IID ll'iJ !ID IID IID !ID 
Pwt,N1c,p.no,.., -, (lj] rm l!l llll llll !lD mi mi mi llll cm mi mi mi mi rm 1m mi rm ll!l tm mi £1D cm 

Pn$""' , i;; ,. I r r- f' r r r ,... ,... .. , r 1- r I r r r r r 
IC~ IOA1 CN'.,S f!'I iq IQ 

Figure 22L.14 . .. then we place the PWM output. 

22L.2.9 Improvements 1: change color 

.AffilJ'ed I -~-- I 0 !',# 
A 

0-0f,trOc ... 

I 
f'P>"1>N 

I 
I 

J 

Ramping the LED's brightness is fun - but the thrill may wear off, in time. When that happens you 

may want to change the hardware slightly to achieve a gradual change not of brightness but of color. 
To make that change, substitute a three-lead bicolor LED, putting an inverter between its two cathodes 

(use a 74HC14 or 74HC04). As one of the two LEDs becomes dimmer, the other becomes brighter; 

hence the mixing of colors and gradual transition from one color to the other. 

Figure 22L.15 Bicolor LED changes color 
as PWM varies brightness of green versus 
red LEDs within package. 

hl-color 
LfD 

9 PO.O, used la r time for an LED. will be u. ed in Lab 24L a. input ro the ADC; PO. I will carny the DAC output. 
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22L.2.10 Improvements 2: ramp up, ramp down 

Instead of applying a sm1 tooth waveform to modulate the brightness of the LEDs, it may be prettier 

to apply a triangle. That i , let the ramping down in brightness be as gradual as the ramping up. Try 

that, modifying the code of the program in §22L.2.7 . A CJNE instruction could watch the ramping 

ACC value, rever ing the ramp sen e when ACC hits either extreme - zero or OFFh. 

22L.2.11 Comparator: an oscillator as a start on something more interesting 

Among the analog peripherals included in the 410 are two comparators. They can be configured 

a imple analog parts: two analog inputs, one logic-level output at a port pin. Hysteresi is pro­

grammable. 

More interestingly, the comparator output can be polled or can be used to generate an interrupt. In 

the program of §22L.2.12 below, the comparator doe no more than zero the timing capacitor. Ct could 

do omething more interesting, as §22L.2. l 3 suggests . 

We will start modestly, using just a resistor in place of the photodiode that we propose in §22L.2.13 , 

o the circuit will replicate the op amp RC oscillator of Lab 8L- except that it run on a ingle supply. 

Oscillator hardware: Figure 22L.16 shows the hardware. 

+sv 
14-10 

100k 

iC·Ok 

111 

P 0.3 

Figure 22L.16 Oscillator formed with '410 comparator. 

Comparator configuration : 

Configuration using wizard: Figure 22L. 17 shows comparator configuration choice . In order to 

place the comparator input where we want them - at P0.6, P0.7 - we must tell the cro sbar to skip 

all the prior bit (the crossbar places the input as low as it is permitted to) . The MOSFET drive bit, 

P0.3. i hown set to push-pull o that we need not add a pullup to the MOSFET gate drive. 

Configuration choices, noted bit-by-bit : In case you like to see the choices bit-by-bit10 they are in 

Table 22L. 1 . 

22L.2.12 Code: RC oscillator 

The code, comparator_oscillator_jan11.as1, that implements an oscillator with the hardware of 

Fig. 22L. I 6 can be found on the book s web ite. Here is the core of the program. We have omitted 

initializations o that you can concentrate on what is more intere ting. You'll notice that the subroutine 

CHECK_END need to be completed by you. 

10 
1 ot likely. we admil. Reading these regi ter descriptions i about as much fun as reading the US tax ode. 
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=igure 22L.17 Comparator configuration wizard : simple RC oscillator. 

Table 22L.1 Register descriptions. 

Register 
CPTOCN 

CPTOMX 

CPTOMO 
POMDOUT 
POMDIN 

PO 
POSKIP 

bit/byte-va lue 
07 (= CPOEN) 

D6 (= CPOOUT) 
D3,0 2 (= CPOHYPx) 
01 ,00 (= CPOHYNx) 

D7 .. 04 (CMXONx) 
D3 .. 00 (CMXOPx) 

Dl ,00 (=CPTOMDx) 
03 (byte 08h) 

07,06 (byte 3Fh) 
D7,D6 (byte OCOh) 

D0 .. 05 

STARTUP : MOV SP , #STACKBOT-1 

ACALL USUAL_ SETUP 

ACALL I nit_Device 

ACALL MISC !NITS 

function 
I =} enable comparator O 

I => output high if {input+} > {input -} 
01 =} po hy tere i 5 mV 
01 => neg hysteresi 5 mV 

0011 => neg input a signed to P0.7 
0011 =} pos input a signed to P0.6 

I 1 => comparator to slowest and lowest power setting 
I =} set P0.3 to pu h-pull , to drive discharge MOSFET 

0 =>setup pin (P0.7, P0.6) as analog input 
1 =} set latch high, to permit pin u e a input 

1 =} skip these to place comparator input at D6, 
D7 in cros bar l/0 assignments 

OSC_ LOOP: MOVA, CPTOCN ; get this where we can tes t bit 

JNB ACC . 6 , OSC_ LOO P branch on comparator output (not f lag): till Vcap > Vref 

SETB P0.3 disc harge c ap (turn o n MOSFET) 

ACALL delay 

CLR P0 .3 

MOV Pl, R7 

SJMP OSC_ LOOP 

... allow enough t ime for full discharge of cap 

.. . turn off MOS FET 

display hi byte of cycle counter 

carry on (we ask you to replace this with code that 

signals DONE when COUNT_high equals KEYPAD i nput 

; - -- - SUBROUTINE THAT WE ' D LIKE YOU TO WRITE: 

CHECK END: 

DONE : 

HALT: 

; get current count for comparison 

; if not yet done , keep count ing 

light LED or turn on buzzer , to indicate exposure complete 

SJ MP $ ; once COUNT_ high equals KEYPAD, hang here til l Reset 
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!SR for comparator interrupt 

ORG COMPO INT 

ANL CPTOCN, #ODFh ; clear comparator interrupt flag 

LJMP COMPARATOR INT RESPONSE 

ORG 150h 

COMPARATOR_ INT_ RESPONSE: PUSH ACC; save scratch register 

16_BIT_ INC: MOVA, #1 set up an increment that will affect CY flag 

ADD A, R6 

MOV R6, A 

MOVA, R7 

ADDC A, #0 

MOV R7, A 

POP ACC 

RETI 

increment low byte of count 

get hi byte 

increment hi byte if there was a carry from low byte 

22L.2.13 Apply the oscillator: "Suntan Alarm" 

Thi circuit and code does nothing exciting a it tands. It does nothing you couldn't achieve with a 

ingle-supply comparator or op-amp - or with a '555 oscillator. Except that it uses one supply, the 

circuit is essentially the same as that of the first RC o cillator in Lab 8L. But this program could be 
the foundation for something more intere ting - like AoE's suntan monitor(§ 15.2). 11 

To apply this oscillator to that ta k we would need just two changes: 

• replace the fixed and variable resistors to V +, hown in Fig. 22L.16, with a phototransi tor, see 

Fig. 22L.18, so that the frequency of o cillation i proportional to li ght-intensity· 

• let the comparator output do more than simply zero the capacitor: each time it discharges the 
cap, the program could increment a many-bit counter. At 16 bits and a lkHz o cillation, such a 

counter would allow mea, uring abou t a minute 's duration; at 24-bits, the counter would allow 

much longer exposures. 

phototransistor; 
8PV11 

Figure 22l.18 Phototransistor 
to replace resistor in oscillator 

tie collector to V+; leave base open circuit . 

When the count reached a target value (set perhaps by keypad, perhaps by a pot feeding an ADC), 

the program could do whatever you think appropriate: sound an alarm, or perhaps deliver a mild 

electric shock to the u er. 12 Better than a shock, probably, i an audible alarm, which we later propose 

that you might install. 

Figure 22L.19 is one of the small SV buzzers that your "Done" signal might turn on: 13 

11 That AoE suntan monitor wa. born as an exam 4uei tion that we wrote as a joke. You may imagine our surprised 
atisfacrion then , when we discovered lhat som one has patented just such a untan monitor. o kidding. It is US Patent# 

4,428,050. ·Tanning Aid' ' (Pellegrino, 1984): the invention' · description inclutles these remark : " . .. Finally, lhe device 
in lude an alarm for giving an appropriate warning when the pre et do e for each ·ession and the total do age are 
achieved, and a pres t "turnover" feature which can be used to divide the ·ession . .. for the purpose. of tanning the front of 
the body and the back f the body to the ame extent.'' Wear . ad to report that the invention doc. not eem to have made 
Mr. Pellegrino rich. 

12 Ju, t kidding. We don ·r recommend that . cheme. 
13 UI CEM- I 205C. ·hown. draw · 35mA. vai I able from Digikcy. 
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Figure 22L.19 Small 5V buzzer: could be used to signal that tanning 
exposure is complete. 

22L.2.14 Code for suntan alarm 

CUI CEM-1205C 

The program comparator_ osc_display _ janll. as 1, avai lable on the book's web ite adds the fea­

tures suggested in §22L.2. 13: 

• It relies on a phototran istor (current proportional to illumination; thi is a part you met back in 
Lab 6L) . 

• It increments a 16-bit counter on each cycle of the oscillator. 

• We'll a k you to fini ·h the code by writing a subroutine that compares the high byte of the 16-bit 

count again t the keypad value. When these are equaJ, the program turns on a DONE signal. Thi 

signal, as we have suggested, could be cti screet - turning an LED - or brash - turning on a buzzer. 

• ... The program then halts, awaiting a re et from its user. 

Try the suntan integrator: You hould see the LCD data display (driven by PORT J) slowly counting 

up - at a rate proportional to light inten ity sen ed by the photore istor/transistor. Try shading the 

sen ' or with your hand, to . imulate a cloud pa sing over the sunbathing geek. 

22L.2 .15 Improvements 3: improve the monitor by adding the DONE signal 

Now try w1iting the subroutine labeled CHECK_END in comparator_ osc_ display _ j anll. as 1. Thi 

the routine that compares the high byte of the 16-bit COUNTER (let call jt "COUNT _HI ') again t 

the value on the KEYPAD. When the two match, the program should indicate that unbathing i 
complete (by turning on LED or a buzzer) and then should get trapped in an endless loop (from which 

only a RESET* can break out) . As long a the two values, COUNT _HI and KEYPAD do not match, 

the program hould let the o cillations continue. You will find the command CJNE useful. 
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22W Worked Examples. Bit Operations: 
An Orgy of Error 

"Let a hundred weeds bloom!" declared Chairman Mao - and here we do ju ' t that. The pojnt is partly 

to how off how many way one can be wrong. But the more wholesome purpose i to sharpen your 

skills in detecting and conecting nonsense. 

Here is a et of bad designs each with its ( puriou !) rationale. The rationales usually will indicate 
what was wrong with the preceding design. Finally we will reach a good de ign. 

22W.l The problem 

We would like to add to the microcomputer a pushbutton that will make the machine do an action 

once when the button is pu hed . It might be called an "Enter" or "Ready" key. 

22W.2 Lots of poor, and one good, solutions 

Vi ' 13q Rationale: 
e n IN 1 I want to send information to the processor; so I need an IN 

port. A "port" is a door (or a window? a sort of "port hole"), 
and I'll just feed this information through the pin labelled 
appropriately on the 110 decoder; the 1139 . 

s, 
r. 

JO 

o~ta Bvs 

I'll use INf# 

Rationale: 
Oh··so the pin labefled "INf#"' on the decoder is an output from 

the '139? (Are these people trying to confuse me?) 
Yes, I see that this pin is used to enable another device, so this 

pin is not itself an input. 
So, instead, l'fl use the data bus. l'fl use one fine of the 8 available 

"data"' fines (surety, data fines are for data, and here's some data). 
This way, l'ff have a simple, direct way to let the CPU (or computer) 
know when I want something done. 

Rationale: 
Data Bv; Oh, yes··f forgot the 3·state. Need a 3·state whenever driving 

8 a bus. (Nearly all the traffic on the "data"' bus is not data at all, 
but instructions). 

So, forcing a "data" line to a particular level for a while, as #2 
does, is guaranteed to corrupt instructions, crashing the computer. 

OK: this 3·sfate lets me leave the bus atone until the moment 
when I need the computer's attention. 

Figure 22W.l Send it 
into "INO*" of a decoder. 

Figure 22W.2 Direct 
connection to data bus. 

Figure 22W.3 3-state to 
data bus. 
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Figure 22W .4 3-state, 
controlled by computer. 

Figure 22W.5 . . . add a 
flip-flop . 

Figure 22W.6 
... use an SR flip-flop . 

Figure 22W. 7 
... use an SR 
flip-flop , timing 
RESET* differently. 

~sv 

10k 
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Data Bvs 
Rationale: 

OK, so #3 was exactly as bad as #2. Well, now I see that it's 
the CPU and not I that must decide when data should be driven 
onto the data bus. 

So, I'll let the CPU turn on the 3-state when it's ready. I'll 
use !Nt• from the 1/0 decoder. 

Dala ovs 

JO 

11 MHz .... ALE 

Rationale: 
I'd better add a flop, so that 

f) the CPU won't miss my button-push, if it's busy 
when I hff ff, and 

® 
2) the CPU won't do what I ask 1000 times, in case 
my finger stays down for a while. 

dO 

JO 

Rationale: 
Yes, you're right: that flop in #5 was clocked mucn too 

often. It did nothing at a/f to solve my problem. 
This design is better; because it lets me set the flop 

(so CPU can't miss my press), and then lets the CPU 
clear the flop ( so what I ask will not be done thousands 
of times). 

Rationale: 
Data Bvr Nope: the !Nf* that clears the flop in #G comes too early--

before the CPU reads the data bus, a read that occurs 
B close to the end of RO* and thus close to the end of !Nf*: 

INf# \ .!===f-(----
dataoO\ 

cpu takes data from 
I r Oata bus close to CJ end of IN1* pulse 

I can solve that problem by inserting an inverter before the 
Reset*. This way, the Clear wilf happen after the CPU has 
read the data. 
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22W.2 Lots of poor, and one good, solutions 903 

JO 

Data Bvs 

8 
Rationale: 

Not quite! The inverter causes a continuous Reset", 
at all times except during the INt' assertion. OK, 
there's no neat way to use IN1' to clear the flop. 

So, I'll use a separate signal to clear the flop. My 
pushbutton will set the flop; the CPU then can clear 
the flop when ifs ready to. 

Redefir.e ac.tive (,,3J as L.QW1 ro 
5H wi11s ,ti a fi9ht w,th R 

Data Bvs 
Rat;onale: 

8 No, #8 won't work. The CPU's Reset"', 
in #8, would fail if my finger ~re still down. 

dO So, I'll rearrange things so that the 
CPU sends a Set'--since I recall that 
Set' beats Reset,.. (in determining the 
level of Q ) iin case they're both asserted. 

Data Bu5 Rationale: 
Now I see that nothing f do with Set• or Reset' can work. 

Since my finger may still be down after the CPU has fried to 
clear the flag, the clear wilf fail. This is true of both #8 and 
#9. The only difference between the two is that in #9 
the INt• does clear the flag; but that's hardly useful, since 
the clearing does not persist. 

Edge-triggering can solve the problem: the Reset' wiff 
succeed even if the pushbutton remains down. 

By the ~y, in case anyone worries about bounce, note that 
the first rising edge takes G up, so no need to debounce 
the clock signal. 

Rationale: 
OK, you have a point: I'd better debounce, since 

bounce time is long (> tms) relative to CPU response 
time(< 10 microseconds). So, the clear could happen, 
and then many more bounce edges could occur; simulating 
new -do if requests. 

In add;tion, the switch wif/ bounce on release, generating 
new edges. 

Figure 22W.8 
. .. use an SR flip-flop 
with independent 
RESET*. 

Figure 22W.9 
... use an SR flip-flop , 
relying on SET* to 
beat RESET*. 

Figure 22W .10 
. . . use an 
edge-triggered D flop. 

Figure 22W.ll 
... use an 
edge-triggered D flop , 
and debounce with an 
RC. 
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Figure 22W.12 
. . . use an 
edge-triggered D flop , 
and debounce 
properly - squaring 
up the edge. 

••• 

10~ 

took 

+ 5v 

dO 

22W .3 Another way to implement this "Ready" key 

Rationale: 
The "debouncer"' shown in #ff was not complete. 

It was only a slow-edge generator; and slow edges 
can produce multiple edges at a clocked input. 
So, slow edges at a clock are about as bad as bounce. 

The Schmitt trigger--1-1Cf4 with about 0.4V hysteresis-­
solves the problem. It will accept a slow edge as 
input and put out a clean, fast transition on its output, 
driving the clock properly. 

This design, at fast, should work! 

Exhau ted? You'll soon see that you can sidestep most of this hard work (both the thinking and the 
doing) by taking advantage of the 8051' edge-triggered interrupt. You till would need to debounce 

the switch but otherwise there would be nothing to build. You could even skip the debouncing hard­

ware if you were willing to work harder at writing code: you could debounce in software. We won ' t 

do that in these labs because we like to keep the code minimal· but you may do that in ome other 

setting. Code is cheap. 
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We want to know how to handle analog values as inputs and outputs for a computer; and how to use 

interrupts to break into program flow. 

23N.1 Big ideas from last time 

Subroutine CALL: 

• Allows sharing a block of code among multiple programs· 

• allows writing modular code: main program invoke multiple fragments, each to do a task 

Bit operations: 

• Set or clear ingle bit (allow controlling 8 devices at one 8-bit port) ; 

• te t single bit ; 

• e pecially ea y when using the built-in port rather than external bu ; 
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23N.2 Interrupts 

An inteffupt, as the name suggests breaks into the flow of one program in order to allow another 

program to run. This i a pecial ort of CALL: one initiated by a hardware event rather than by a line 

of code. 1 Let's first recall why one might invoke an inteffupt and then we'll look at how. 

23N.2.1 Why interrupts? 

The name ce1tainly suggests the answer: interrupt when you're in a huITy. There' a ense in which 

thi is true, and another in which it is not. 

The alternative to using interrupts is to poll - to ask the "Ready" key of Lab 23L, for example, "Are 

you ready?' Would it be better to let the "Ready" key just break in as if ringing a doorbell , leaving 

the machine free to do what it needs to do until the doorbell rings? Sometimes. 

When you need a prompt response: A "Ready" interrupt might be a good idea, and one can think of 

other ca es where a prompt re ponse seem still more urgent: when the computer's power-supply volt­

age begin to fall for example (it won ' t do for the computer to say, in effect "The sky is falling? Well , 

don 't bother me with that unti] l've finished calculating pi to 20 places"). Sensing the power-failure 

(like HAL in 200 I) the computer could save some information to a non-volatile storage medium. The 

8051 ver ion that we use, DS89C4xx, does include such an interrupt on power failure. So does the 

SiLabs version. There the intermpt is named 'Voltage regulator dropout." But each must be enabled 

in software. The 8051 includes no "non-ma kable" inten-upt. 

Or you might want to interrupt in another case that we've all met: the case when the computer get , 

hung up running some program and you'd like to regain control.2 A "watchdog' interrupt can be used 

to reset the processor if it is set up to do so. The "watchdog" is a counter that must be cleared from 

time to time, under program controJ. If the program fails to clear it, then something has gone wrong. 

In that event, the counter overflows and generate a reset that force the machine to tart up afresh . 

In Lab 23L, where your computer takes data from an ADC, we will use interrupt to permit regular 

sampling. Interrupt lets u set the sampling rate without concern for the rate at which particular blocks 

of code may run. In the case of the lab program because the sampling rate is far below the time 

required for any operation by the program, we could about equally well have used polling. We used 
the interrupt there mo tly because of the edge-triggering available on the interrupt. This feature makes 

it easy to imp1ement the desired result: one sample taken for each cycle of the take-a-sample input, a 

square wave. 

A typical application for interrupt: FIFO for incoming data: An input buffer can satisfy two needs 

that mjght call for use of interrupt: 

• the need for prompt re ponse to the external device; 

• the need to leave the main program free to do something useful while awaiting the interrupting 

event. 

I Many proce ors add a "software interrupt ' which behaves like an ordinary interrupt, but is initiated by a line of code 
rather than by a hardware event. The 8051 doe not include thi feature. 

2 Breaking into a program, willy nilly, would require a ·o-called " non-maskable" intermpt - a ort that the 8051 lacks. 
Lacking this, we can break into a runaway 8051 program with the hardware RESET. This resembles an interrupt in one 

respect: it force the machine to begin executing code at a dedicated address; but it differs from interrupt in not attempting 
to save any information about the program that wa running when RESET wa. invoked. 

j AoE § 14.4.8 
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An ADC normally needs to take data at a regular rate. An "Interrupt Service Routine" (ISR) a 

re pon e to an interrupt reque t, can do this. The JSR can take in a sample each time an interrupt 

occurs , and can store the data in a 'circular buffer" - a RAM storage block that can be written into 

and read from at different rate .3 Such a buffer al o can be de cribed as a FIFO buffer - Fir t In, Fir_ t 

Out - since the reading should alway be from the oldest item. 

The interrupting ADC routine can keep up with the rigid sampling rate without imposing that strict 

timing on the main program. The main program need not respond right away when a sample comes 

in · it need only keep up with the average rate at which the data arrives. Jn hort, the main program can 

act like a normal tudent: fall behind, doing thing more interesting than studying; then make an extra 

push to catch up; go off and do something entertaining· then return and catch up in another flurry of 

activity.4 

Data coming into the computer through a serial port can present a similar challenge and can ca11 for 

the same remedy. We don ' t want the computer to miss a character coming in on the RS232 serial port 

(both the Dallas and SiLabs 8051 s, like almost all controllers, include these venerable ports); but we 

don't want to a k the main program to drop everything just because one more character has arrived. 

A circular FIFO buffer can accommodate both needs. 

Latency: AJthough an interrupt often can get a response faster than if one had to wait till the program 

got around to polling, there is a lag between the event calling for action and the respon ·e. This "in­

terrupt latency" can be troublesome particularly because it may be variable, depending upon what the 

processor is doing when the interrupt request occurs. 

Another typical application for interrupt: real-time clock: This i ales obviou ca e for interrupt. 

It would be sad to make the computer continually ask a real-time clock5 - in the manner of a child 

a king the driver on a long trip, "Are we there yet?" - Has a tenth of a econd elapsed? Ha it? Has 

it?" Better to let the timer interrupt the computer when a time unit has e]ap. ed· the computer then 

update its time record and resumes what it wa doing. Such an interrupt illustrate al o the other 

rationale for interrupting: we don't want the update to be delayed long or the computers timekeeping 

will be slack. 

23N .2. 2 How to interrupt? 

We have said that the interrupt resembles a CALL. That means that the response to the interrupt, 

like the re pon e to the CALL instruction leads the proce or to save on the STACK the addre of 

the next instruction , before going off to execute the program that was invoked (either the CALLed 

subroutine r the o-called "interrupt service routine," JSR). So resumption of the program that wa 

interrupted can be a automatic as the return from a ubroutine. 

However, the two case differ in two important respects: the CALL includes information about 

where to go in order to execute the CALLed subroutine. The interrupt, requested by pulling one pin, 

does not explicitly ay where the computer hould go to find the JSR. As you might expect, there 

are imple and complicated ways to steer program flow when an interrupt occur , among different 

3 Other detail of . uch a circular buffer, in ca ·e you're interested: the ISR would store d1 current sample and update the 
buffer' · pointer . It hould also provide a tlag, testable by the Main program, indicating whether the buffer i empty or full. 

4 A FIFO, incidentally - like mo l students - can never get ahead. 
5 A '·real time lock ' (RTC) usually describe. a hardware counter designed to keep track of time. It i. a standard peripheral 

one that can be read by the omputer - and which can be . et to interrupt the proces 'Or. The one that we propose her is 

implemented in software instead. The SiLabs controller includes a hardware RTC on-chip. 
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proce ors and controller . The 8051 uses the simplest cheme - and we're happy to report that this 

simple method seems to be tandard among controllers. 
CALL and interrupt differ in one other re pect, a welt: the program designer knows what the 

computer is doing at the time when the CALL occurs. Not so for an interrupt. Therefore an interrupt 

response notmally must save at least some information that the main program may require: often the 

8051 would save the so-caJled Program Status Word (PSW) which stores flags that record the results 

of recent operations. In addition the interrupt routine can invoke a dedicated set of scratch registers 
by witching from the set u ed by Main to another of the four sets available. 

The simplest interrupt response: autovectoring: When it re ponds to an interrupt (more on whether 

the processor will re ·pond below), the 805 J saves its return addres on the stack and then begins 

executing code at a dedicated location, one as ociated with the particular interrupt. The e addresses 
are caJled interrupt vectors. INTO* for example, causes execution to begin at addre s 03h; INTI* 

goe to addres l 3h. Eight bytes are allocated there - but if the JSR is not tiny enough to fit into eight 

bytes then the normal action at the dedicated address is just to jump out to a location where there is 

pace for the needed code. That jump, of course, slows the proce s.6 . 

The 805 I wa born with two external interrupts; the Dallas version used in the big-board labs 

has added three more. SiLabs, instead, ha done its expansion in the '410 by adding many internal 

interrupt sources. 

When each inte1rnpting device can be as igned it own private interrupt pin, things are plea antly 

simple. At addres 03h one writes the re ponse to INTO*· at address l 3h one writes the respon e to 
INT} * and so on. If several ource must hare one interrupt-request line, then additional hardware, 

and ome code, is needed to determine ' who rang the doorbell." 

In Fig. 23N. l the two ca e are contra ted. 

om pare PC I 04 vec­
toring, AoE § 14.4.7 

I AoE § l 4.4.8A 

simple if each device 
has an interrupt ... 

... less simple if 
sharing an interrupt 

8051 +5 8051 

fOk 

INT(?) INT(?) 

INTt 

Pf.0 

Address Address 
03h fcode to respond to INT0 •J 
f3h ACALL OOB 

03h JNB Pf.0, OOA ; A? 
ACALL OOe ; if not, it must be 8 

Figure 23N.l Interrupts are easy if 
each device can be assigned its own 
interrupt; less easy when sharing is 
required . 

R£TI R£TI 
OOA: ACALL OOA 

R£TI 

The code for the shared interrupt include neces ' ary polling. Therefore it response cannot be quite 

as quick as the implementation using separate interrupts. Incidentally, if we were aiming for quickest 

6 The ARM controller offer a clever vari at ion on this jump-out scheme. Recognizing that thi s jump take time, ARM allow. 
a singlejumpless JSR for use in cases that need the fastest response . This ''Fa. t Interrupt Response' (FIQ) vector is the last 
in the set of vectors: all other vectors require a jump out to the I R. The FTQ routine imply sta11s executing u ing the free 
space at the end of the table of jumps. 

; go do A response 
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re. ponse, we would use a JUMP rather than a CALL from the intem1pt vector (then the RETI - Return 

from lntenup - would fini h the code to which the program had JUMPED). 

23N.2.3 Enabling interrupts; edge- or level-response 

Enable, when you're ready: After a RESET by default, all interrupts are disabled. That makes sense 

because normally one needs to initialize the machine before interrupt can be handled correctly. When 

you're ready to let the proce. or accept interrupts, you enable them. You do it in two steps: 

l. enable the particular inte1rnpt (say external interrupt zero, INTO*); 

2. then, when you've taken care of all the particular interrupt source you want to permit, enable 

interrupts globall ,.7 

Decide whether to make it edge-sensitive: Edge- ensitive interrupts offer several advantages over 

level- en itive. 

• Edge- ensing makes it ea y to get one re pon e for one input event (the pressing of a button, or 

edge of a quare wave). 

• The machine keep a record of an inten-upt request that it ha not been able to respond to, when 

the interrupt is edge-sensitive. For example, the machine may not respond to a request while it 

i busy proce sing another interrupt; when it fini hes that process the edge-sen ed reque. t will 

have been aved on a flip-flop. 

• Response to an edge-sensitive interrupt automatically clears the internal " interrupt flag" that was 

. et by the request. It clears the flag upon servicing the request, reasonably enough. The level­

sen itive version requires a line of code to cJear the flag: not difficult, but pe ky. 

23N .2.4 Priority among interrupts 

If you use more than one interrupt , the proce. or sometime will be faced with two or more simultane­

ous interrupt requests. Which should it honor first? And if the proce sor i responding to one inte1Tupt 

reque t and get. a second, hould it honor the latter? At once? After finishing the fir t response? Every 

proces. or provide. an orderly way to re olve such problem of contention. 

The processor checks for inte1TUpt late in every in truction cycle. If it finds more than one request, 

it responds to the one with the highest priority· so much you knew already (i n 't thi , in fact, no more 

than a tautology? The one with priority gets priority?). But we can give content to thi remark by say­

ing more specifically what we mean by priority. It come in two flavor . "natural" and programmed. 

Natural priority among interrupts: Natural priority (which has precious little to do with nature!) is an 

arbitrary a ignment of priority among the proces or' s several interrupt sources. The Dallas controller 

(DS89C420/30) implements thirteen interrupt -ource , ix of them external; the SiLab. '4 10 provides 

eighteen . ources, two of them external. 

Dalla gives the powerJaif interrupt highest priority for obvious reason . . An on-chip supply-voltage 

monitor circuit generate this interrupt when~ falls be) w about 4.4Y. Curiou ly SiLab gives the 

low-voltage interrupt next-to-lowe t priority. Each interrupt is as igned a priority level. For example, 

interrupt lNTO* has priority over higher-numbered xternal interrupt sources. 

How is "priority'· applied? If, when it checks for interrupt , the proce, sor finds reque t from both 

7 The Dalla. power-fail interrupt, though requiring specific enabling. does not depend on the global interrupt enabl , EA. 
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INTO* and INTL *, it serve. INTO*. So much is straightforward. What it doe when it has fini shed 

serving INTO* depends on whether the lNTl * was et up a edge-sensitive. 

If it wa edge-sensitive, then - as we noted in §23N .2.3- an internal flip-flop has saved the request, 

and this request will get a respon e as soon as INTO*'s service routine terminates.8 If INTl * had 

not been edge-ttiggered, the request would not have been honored after the INTO* service unless the 
INTI * reque ·t still were being asserted (hkely but not certain). 

Using natural priority (that i , the default setup) , no interrupt i allowed to break into the service of 

another interrupt, despite having higher priority. 

Programmed priority among interrupts: One can assign p1iority among interrupts, departing from 

the natural order (INTI * could be given priority over INTO*). And ·uch higher priority also al1ows an 

interrupting dev ice to break into the service of the lower-ranked interrupt. In such a case. ser ice of 

the lower priority resumes when the higher i, completed. In sho11, the low r-priority ervice routine 

i treated just as if it were a main program with intem1pts enabled. 

23N .2.5 The difference between RET and RETI 

An interrupt service routine is terminated with RETI not with the garden-variety RET. The difference 

come from the need to keep track of the current level of interrupt being erviced - information 

essential in order to implement priority among interrupts. 
RETT doe what RET does and in addition it update the record of current-interrupt service. For 

example, RETI at the end of an INTO response make it po. sible for INT l to get erviced, while 

natural priority would have blocked service during the INTO response. 

This record might be called the " interrupt mask," since it determjnes whether another interTUpt 

request will get a response. This restoration is important in a ca e like the one desc1ibed in the program 

of 323N.2.6 where more than one interrupt request can occur. 

23N.2.6 A demonstration program 

To make these notion le s abstract here is a program - useless except to how the fussy detail of 

priority - giving INT] * priority over INTO*. The two interrupts contend: one incrementing the display 

value the other decrementing it. 

IN'l'PRIOR_D03.a51 show programmed priority for one int over another 

increment display each time interrupted by INTO, decrement for INTl; 

; INTl can break into INTO service routine 

STACKBOT EQU 07Fh ; put stack at start of scratch indirectly addressable block (BOh and up) 

ORG Oh 

LJMP STARTUP 

ORG ODOh 

STARTUP: MOV SP, #STACKBOT 

MOV DPTR, #8000h 

--- NOW ENABLE INTERRUPTS---

SETB ITO 

SETB ITl 

SETB PXl 

make INTO Edge-sensitive (p . 22) 

ditto for INTl 

give higher priority to INTl (SFR "IPO", see user's guide); 

8 fn case you care about the gri tty detail , program fl ow returns to the main program al the end of the fir t ISR; the proces, or 
executes a single in truction and then goes off to service INTI *. 



SETB EXO 

SETB EXl 

SETB EA 

23N.3 Interrupt handling in C 

; name is from RIDE list, " IP" ... 

; ... and enable INTO 

; .. . and INTl 

; Global int enable (pp . 31-32) 

CLR A; (for clean startup, as usual) 

STUCK: MOVX @DPTR, A; show display--constant, till interrupt inc's it 

SJMP STUCK; (responds to falling edge --pseudo-edge sensitive, 

so you must clock several times while high , then low) 

ISRO: This is response to INT ZERO: INCREMENT A 

ORG INTOVECTOR; this is defined in VECTORS3210.INC, included above. 

!SRO: NOP 

INC A 

RETI 

It is address 03h, the address to which micro hops 

in response to interrupt ZERO 

; pointless --but gives time to interrupt with higher priority 

ISRl: This is response to INT ONE: DECREMENT A 

ORG INTlVECTOR 

ISRl: NOP 

DEC A 

RETI 

END 

this is defined in VECTORS3210.INC, included above. 

It is address 13h, the address to which micro hops 

in response to interrupt ONE 

911 

Because thi program modifie the natural priority between the two competing inten-upts, not 

nly would INTI come ahead of INTO in ca e both were requested at the same time, but also INTI 

would be allowed to break into the INTO ISR. This is a departure from the natural cheme that always 

permit the current re ponse to fini h. This two-interrupt demonstration program appear also in the 

SiLabs interrupt lab §22L.2, differing only in the way the display is handled on the bus-les. '41 0. 

23N.3 Interrupt handling in C 

Here i C code for a program a little simpler than the one in §23N.2.6. Thi one uses a single interrupt, 

INTO* to cau. e incrementing of the display. 

II interrupt_ test.c increments display when interrupted 

II even simpler than assembly Inc/Dec demo 

!linclude<C : \MICR0\8051\RAISON\INC\REG320. H> 

data volatile char counter; II this 8-bit variable will be kept on-chip 

xdata char • display; I I another byte , pointed to by pointer "display" 

void setupExO (void); II initializations: this line warns compiler that this function 

II is coming-- since it's described only after Main: 

void main (void) 

setupExO(); 

while (1) 

} 

} 

•display : counter; // let display show current value, inc'd only on interrupt 
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I* External i n te r r upt O *I 
void it_extO (void) interrup t o using l II using register bank l, for 'con text switch'? 

II no need, this t i me, but a nice i d ea 

counter++; II I SR simply i ncrements COUNTER-- the value to b e d ispl ayed. (ISR does not show it) 

void setupExO (void) 

display= Ox8000; II point to display 

*display= O; II initial clear of display 

counter= O; II ... and clear count register for startup 

EXO = l; II enable ext int O 

ITO= l; II ... make it edge sensitive 

EA= l; II global int enable 

The C program look pretty complicated compared with assembly language. It includes initializa­

tions that look very much like tho e in the a . embly code. The interrupt initialization , uch as EA = 1 

are especially close to a sembly language, where we wrote SETB EA. 

The line at the head of the ISR is rather cryptic: void it_ exto (void } int err upt o us i ng 1. 

This , ays that thi function is located at " interrupt O" vector location and we added "using I" in 

order to say "switch to another , et of scratch registers: use Set# 1 rather than #0.' We do this here not 

because it is nece sary but only to remind ourselves that thi change is permitted. We did not do this 

in the assembly-language example but we cou ld have. 

The motive for uch a partial 'context witch" i to save time. ln tead of PUSHing multiple registers 

that the ISR may mes. up, we just invoke a whole new set. There wa. no need to ave any register 

in thi case. All the ISR doe is increment one variable. But note that wapping register sets provide. 

only a partial context witch. Many regi ters cannot be swapped: A and DPTR, for example have no 

alternative versions like those of the eight scratch regi ters. These would have to be PUSHed in order 

to get aved, if the routine used them. 

Curiously the C compiler dutifully doe save the A register even though the JSR does not u e it. 
Here is the JSR produced by the compiler: 

0000 COEO 

0002 CODO 

0004 750008 

0007 0500 R 

0009 DODO 

0008 DOEO 

OOOD 32 

FUNCTION it_ extO (BEGIN) 

; SOURCE LINE II 23 

PUSH ACC 

PUSH PSW 

MOV PSW,#008H 

SOURCE LINE It 27 

INC counter 

POP PSW 

POP ACC 

SOURCE LINE Ii 28 

RETI 

The PUSH loading and POP of PSW is what changes the register bank to et# l . Clearly in this 

in tance, the "time- aving ' wap of r gister set only wastes ome time. 

23N.4 Interfacing ADC and DAC to the micro 

You know that for a computer that uses buse as the Dallas ver ion does bringing data into the micro 

will require an intermediate three-state, and driving a DAC will require an intermediate register. Even 
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if you are using the Si Labs '410 with it integrated ADC and DAC, consider the case that u es the 
buses· it will rai ·e is ·ues that the highly-integrated '410 tends to obscure. 

In addition to input and output buffers (one a 3-state, the other a register), let' add to the ADC 

interface two feature that are quite standard: 

• a START function, letting the micro determine when an ADC conver ion is to begin: the ADC 

requires ju ta brief pul e· 

• a DONE* ignal from the ADC that we are to convert into a FLAG. Let . call thi. flag "NEW _J)ATA." 

The START pulse we can generate ea ily using the external bu e ·: any line from the l/0 decoder 

will suffice. If we mimic the choice in the lab computer, we can use OUT3* .9 Because we need only 
a pulse, not a sustained level, this is the rare case in which we do not need th flip-flop or r gister that 

ordinarily is required in order to catch an output. There is no output to catch this time; on an OUT 

operation data doe indeed get driven onto the data bu - but in this case that data goe nowhere. It 

just falls on barren ground. 

Oata Bus 

OAC 

Figure 23N.2 ADC and DAC wiring 
using external buses. 

The code to end a pul e u ing the external buse i no more than Movx @DPTR, A; to get the same re­

ult u. ing a built-in port ( ay, bit l of PORT3) one would need two line of code: CLR P3 .1, SETB P3 .1. 

The flag hardware is familiar to you - the ame as that used in the ''Ready" key of Lab 22L. In this 

case, DONE* could as well have driven the flop' SET* since the DONE* pulse i brief and will be 

gone by the time the proce sor trie. to reset the flop (whereas a finger on a pushbutton is likely to 
remain long after the attempted RESET*). 

23N.4.1 The IC Version of ADC, DA( Hardware: AD7569 

The IC that big-board people will add to the computer in Lab 23L implement all that we just de igned 

- a if Analog Device had been looking over our houlder as we drew Fig. 23N.2. Fig. 23N.3 shows 
a block diagram of the part. And Fig. 23N.4 shows the ADC7569 as it i wired in the big-board lab 

computer. 
We don't u~e the AD7569 flag INT*, because the converter is fast enough (1.6µ ) that there i not 

much point in asking "Are you ready?" The process of asking takes enough time so that the an~ wer 
would be, "Yes." 10 

9 rn the lab version, we invert OUT3* in order to satisfy a peculiar requirement of the AD7569 ADC: START* mu. t rest in 
the low rate though it respond to a falling edge. 

JO Reassigning the DPTR to the INT* flag port, bringing in the value and checking it takes about 3µs; restoring the pointer 

pu. hes the time to about 4µ - a lo ing exercise for the l .6µs ADC. (These value assume a clock rate of l l .059MHz. as 
in our lab computer.) 
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Figure 23N.3 AD7569 block 
diagram: looks a lot like our 
homebrew ADC and DAC. 

r - -, 

I 

-' 

.s7¢:.,, .... ·1 ,.J: .. ,{r -f~ .. ,.' \ " t~.,-~~ 3,t.,..,.,/' ... , .. ·.\.~'.. ~ ... ,,},.· .. ;._.-.. :.'.\;.,: ·· >,';, .. , f .!. ::.{'. .. J,k:.~~· .. ) \0~·.:: .·:.::.,:;, 

CPU DATA BUS 07 

8 

RD* turns on internal 
3-state . driving 
sample data 

1pF 

IS 
WR OUTPORT't 

"-- latches data bus into 

Figure 23N.4 AD7569 as it is 
wired in the big-board lab 
circuit . 

The name of the signal INT* certainly ugge. ts its use to interrupt the processor. We did not use it 

that way for the same reason that we did not poll INT*. The delay in interrupt respon e ("latency," 

mentioned earlier in §23N.2. l) makes interrupting much slower than simpJy writing the code so that 

inherent program delays allow enough time for conversion. 11 At 11 MHz, the proce sor could outrun 

the converter if the program did nothing much between a START and a READ. But it is not hard 

to airnnge thing so that instead the program can be doing omething useful during the conversion 

process. 

Code must allow time for conversion: In Lab 23L for example, we allow plenty of time for conversion 

by reading the ADC before starting it on each inte1rnpt then starting the converter for next time. So 

between START and READ lie not only the interrupt overhead (stacking and un-stacking the return 

address), but also anything else that the main program mu t do. Below we show the ISR that read the 

ADC, write to DAC and tarts the converter for next time. This ISR is used first for the imple IN, 

OUT program that lets one explore ·ampling effects. 

This program u e the compact "MOVX @Rn ... ' instruction rather than the u ual DPTR VO. If 

11 Interrupt response is one to twoµ . (@ 11 MHz) depending on what operation the processor is performing when the inLerrupt 
occur .. IL as normally is required, one saves register that the £SR will alter, the 1SR re pon e time becomes . till longer. 

DAC register. on 
rise of WR" 
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this is unfamiliar, take a look at Chapter 21 S. This use of "MOYX @Rn . . . " assumes that the pointers 

have been initjalized, a hown in the li ting that follows thi s fragment . 

; VECTOR, FROM INTERRUPT: 

ORG INTOVECTOR 

ISR: MOVX A, @Rl 

MOVX @Rl,A 

MOVX @RO, A 

RETI 

; read ADC (bad, first pass, OK ever after) 

start ADC for next pass 

; ... and send sample to DAC 

The ADC control signals in action: The demo program below is es entially the same, though it does 

not u e interrupt. lt tart · and read the converter in a tight loop. Thi loop who e scope trace are 

, hown in Fig. 23N.5, allows ju t enough time for a conversion. 

MOV P2, #BOh init top half of port address (I/0 base) 

MOV RO, #02h ... low half: DAC 

MOV Rl, #03h ... low half: ADC (both Start and Data: out and in) 

TRANSFER: MOVX A, @Rl read ADC (bad , first pass) 

MOVX @Rl, A; start ADC, for next pass 

MOVX @RO, A; send sample to DAC 

SJMP TRANSFER 

BUSY* i a pretty u eles ignal that means what it ounds like. INT* you recognize as a flag 
almo t identical to the flag we designed in our home-brew ADC circuit of Fig. 23N.2. It differs only 

in that is cleared not by the assertion of the data-read ignal (named RD* - but not the , ame as the 

proce sor's RD*), but instead by terminarion of that ignal, the ri ing edge. 

Trlg'CI 

u ... - LI. : 2.90µs START 

Ci ,111111 •q L time between BUSY" 

cursors 
(START to RO*) 

INT" is just sufficient Figure 23N.5 - for a conversion AD7569 control 

RO"' 
signals in a tight loop. 

t:"iiTsoov 
(Scope settings: 

Chi 5 00 V ,\\ I 00µ~ 5V / div, lµs / div .) ( hl 
'i '"' v ~ 5 00V 

23N .4.2 ADC and DAC on Silabs '410 

ADC and DAC on the 410 are integrated with the 8051 , like all the other peripherals. Their detajl 

appear in §23L.2. The option to left-justify the converter values allows us to use them as either 8-bit 

or 12-bit part as noted below. 

Start and done in the Silabs version : The SiLabs ADC, like the AD7569, need to be started (by a 

rising edge on one line of an internal register: bit 4 of ADOCN), and our Jab programs test a flag bit 
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to know when a conversion has been completed (the equivalent to the AD7569 ' INT* flag is another 

bit of the SiLabs internal register ADOCN: bit 5). To update the DAC we must provide a ri ing edge 

also, much as both the homebrew and integrated DACs required in §§23N.4 and 23N.4. l. 

Voltage ranges, ADC and DAC, Silabs version : ADC and DAC range differ lightly from those for 

the AD7569: 

ADC range: 0- 2.2V for the ' 410 versus 0-2.55V for the AD7569; 

DAC range: O- l.3V for the '410 (in lab, we limit max to l.2V) versus 0- 2.55V for the AD7569. 

Resolution, Si Labs converters: The SiLab converters are capable of 12-bit re olution - but in the 

labs we u e them nearly always as 8-bit parts, 12 because noi se in our breadboarded etup normally 

burie the effect of the low four bit. . 

Getting 8-bit resolution from a 12-bit part: You wil1 ee in §23L.2 how easy it i to ignore the low 

four bits when you choose to. It is easy becau e we are permitted to choo e which way to "justify" 

the 12-bit quantity: ee Fig. 23L.9. If we choose left justification then we can use the high eight bits, 

ignoring the low four bits. Thus we can treat the 12-bit converters as if they were 8-bit parts .13 

23N .4.3 Code 

The code is simple ... : The code that get a sample from the SiLabs ADC is imple: start a conver­

ion, wait till told a sample is ready, take in the sample: 

GET SAMPLE: CLR CNVRT_START; low on ADOBUSY (to permit ris i ng edge) 

SETB CNVRT_START; rising edge on ADOBUSY starts conversion 

JNB CNVRSN_DONE, $ ; hang here till conversion - done flag 

MOV SAMPLE_HI, ADCOH; now pick up high byte from ADC and save it 

RET 

The line of code, JNB CNVRSN_DONE, $, include an as embly-language convention you may not 
have seen before: $ means "this line." Thus the line jumps to itself as long as the te ted bit is low. 

GET_SAMPLE includes a pair of commands that provide a ri ing edge on a bit that start the ADC, plus 

a test loop that wait. till a sample is ready. The bits, CNVRT_ START and CNVRSN_DONE are defined at the 

head of the program a u. ual. 

The initializations are not so simple: A usual lots of initialization choices. Table 23N.l has the 

register-initiali zation detail . The more complex the peripheral the more painful the initializations! 

But the Configuration Wizard helps a lot : Those fu sy ADC and DAC choice can be pecified 

descriptively using the Configuration Wizard. Fig . 23N.6, 23N.7, and 23N.8 how how we have used 
the wi zard to do the simpler task of configuring just the ADC - but even that is not simple. 

Port 1/0 ... : First, ee Fig. 23N .6, we set the ADC input (PO. I ) a. analog and do the same for the 

Vref output at Pl .2. As u ual we al o enable the crossbar this i e ential for any 1/0. 

12 We do invite you to ·how off the good 12-bit res lution by reading the DAC output on a DVM, whi le u ing a debugger 
breakpoint to stop program execution j u t after the DAC write. Thi rather si lly way of using the DAC gives the DYM time 
to average out the noise on the breadboarded DA output. Doing thi . we found we were able to make out the L SB rep. f 

about O.SmY. Without uch heavy averaging, neither DAC nor ADC can achie e 12-bit resolution. gi en the controller '. 
own elec trical noise. even apart from the noisiness of our breadboarded circui try. 

13 If you are a perfectionist. you may object that we ought to round the high eight bits according to whether the low fo ur bi t 
are above or b low their midpoint value. But we are not perfectioni ts. and do not do th is in §23L.2. 
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ADCOMX 
ADCOTK 
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ADCOCF 
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PO 

POMDIN 
POSKIP 

REFOCN 

bit/byte-value 
d7 
d5 
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di. , dO 
OOb 
02h 

d3 ... dO 
FBh 

d2,dl 
OOb 

d2,dl 
OF9h 
46h 
13h 
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Table 23N.l Register initializations. 

function 
ADCO enable: I ==> enable 

ADOINT: I ==> sample ready (thi i a flag we test) 
ADOBUSY: ri. ing edge tart conver ion 

ADOLJST: I ==> Left Justify 
selects event that start · conversion 

selects rising edge on ADOBUSY a event that starts conver ion 
ADCO mux a signment ==> to P0.2 

tracking mode 
dual-modea 

number of conversions per tart-convert 
==> one sample/start-convert 

both bits high, to set latch to weak pullup 
ADC & DAC pins et to analog (P0.2, P0.1) 

skip ADC and DAC, d2 , d I 
enable Vref, set full-scale to 2.2V 

a Value botTowed from sample program SiLab ADC. 

........ .... ...... 

. ..... ..,.i ·-0: ., • ......... ··-­P l"c,...PI.. 

Figure 23N.6 ADC and Vref set to analog 
mode in wizard 's port 1/ 0 initialization. 

And further ADC configuration : Then we take care of left-justifying, of how the ADC is to be started, 

and of its Vref'. see Fig. 23N.7. Still fussy- but much better than working bit-by-bit from the data sheet. 

23N.5 Some details of the ADC/DAC labs 

Why here? We set out here details that normally would appear in the lab notes. We put them here 

o that they can be applied to the ADC and DAC experiments in either et of micro lab : Dallas or 

SiLab. 
Finally, we et up the voltage reference, defining the converter's full- cale range. 

Reconstruction filter for DAC: MAX294 switched-capacitor lowpass: A good lowpass filter on the 

output can clean up a very-steppy reconstructed waveform, a. you have seen in the Chapter l 8N 
demo cope images. The MAX294 is a spectacularly-steep lowpass fil ter that you have met before in 
Lab 12L. 

Thi filter i well-suited to the present ta k because we can ea ily adjust its .hdB · The filter hdB 
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gure 23N. 7 Several ADC choices made with the help of the Configuration Wizard . 

determined by the frequency of the clock applied to the filter ( clock"'? you ask? Yes thi i a 

witched capacitor' filter; you saw the idea illustrated back in Lab l 2L.) 

The wiring for the MAX294 i hown in Fig. 23N.9. The voltage divider provide a pseudo-ground 

the midpoint of the +SY supply allowing this device to take a unipolar input like the one we are 

,ing to feed it (0 to 2.2V [Si Lab ] or Oto 2.55V [Dalla ]) . 

The input of the 294 is AC-coupled and biased because the filter' input range does not include 

ound: input mu t be about a volt away from the supplies, positive and negative (and here the "nega-

1e' supply is ground). 14 The biased input here, centered on 2.5V, doe · ati fy that requirement. 

As you may recall from Lab 12L, the plot of the filter's re ponse, shown in Fig. 23N.9 shows an 

dB of lkHz, but you can generalize this response to any cutoff frequency in the MAX294's wide 

nge (1 OOHz to 25kHz). 

This good steep filter allows stingy ampling. Fig. 23N. l O shows the recovery of the original 

nu oid from a DAC output that look pretty sadly sparse. 

The MAX294 data sheet states thi requirement that signal , not go too close to the supplies in a rather elliptical way. The 
data sheet "applications inforrnati n'· on lnp11t-sig11af Amplitude Range sends one to a plot of typical distortion ver u 
signal amplitude. 
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Figure 23N.8 Wizard defines ADC range using voltage 
reference menus. 
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Figure 23N.9 
MAX294 
switched-capacitor 
filter: 8-pole elliptic. 

The MAX294 s additional virtue as filter for this application is the fact that you can ea ily control 

its !3ctB (more usually called "!cutoff"). If you use a function generator to drive the filter's clock, then 
you easily can adjust the filter's response. 

analog input 

DAG out 
( reconstructed 
ADC-> DAC) 

DAC out, 
low-pass-filtered 

u 

1.00 V 
1.00 V 

; I -· ' . . ... _.. __ .. ----.t....---1 
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Figure 23N.10 Good 
reconstruction lowpass filter 
knocks out sampling artifacts 
even at stingy sampling rate . 



920 Micro 4: Interrupts; ADC and DAC 

23N .5.1 PLL to Adjust fc1ock of Reconstruction Filter 

As you may recall from §§ J.8L.2.3 and 19L.l.3 a phase-locked loop can generate a filter clock ap­
propriate to your computer's sampling rate. If you u ea function generator to set your sampling rate, 

driving the computer' interrupt, the generator can also drive the PLL input. The PLL then can gener­

ate an appropriate multiple of .f~ample with which to clock the MAX294. 

23N .5.2 An audio amp, so you can listen 

LM386 amp: The effect of ampling - the artifact introduced - are fun to listen to. And you happen 
to be can-ying with you a very effective frequency- pectrum analyzer: your ear . It would be a shame 

not to take advantage of thi ability of yours. So let' .. feed the output of your filter to an audio amp 
capable of d1iving an 80 peaker. (The MAX294 doesn t come close to being able to do that job by 

itself.) The LM386 audio amp i designed for just thi task. 

General truth : we need to block the DC-bias of these single-supply parts: Because your ignal 

source (from the MAX294) is unipolar (centered on 2.5V) and o is the output of the internally-biased 

LM386, you need twice to insert blocking capacitor to knock out this DC bias. Fig. 23N. 11 i pinout 

and typical wiring for the part. 

+5 
amplifier with gain = 20, 
minimum parts 

Figure 23N.ll LM386 audio amplifier. 

The LM386 like · a small input signal ymmetric about ground - strange to tell - even though it 

uses only a positive upply. 15 So, use a blocking capacitor to feed the lOk ' volume" control pot ahead 

of the '386. 
The blocking cap between the output of the 386 and the peaker i very large, becau e thi capacitor 

forms a high-pa filter with the very-low 80 resistance of the speaker. Don t forget to decouple the 

386 power supplies u ing both a ceramic (0. 1µ,F) and a .larger tantalum (at least I µF) , close to the 

+5V suppJy pin of the IC. The ' 386 is predisposed to para itic oscillations. 

23N .5.3 Or use the switching amplifier of Lab 12L 

If you prefer use the switching amplifier the LM4667, that you may have met in Lab 12L. lf you 

u e that in place of the LM386 you can make louder noi e - o it may be prudent to include a 

potentiometer like that shown in Fig. 23N. l 1 to attenuate the signal from your DAC. You probably 

will need therefore two ucce sive blockjng capacitor : the first (as in Fig. 23N.1 l) bringing the signal 

down and centering it on ground· the econd pas ing it to the non-zero bias voltage of the IC at it 

pin 2. The IC's input resi tance is on the order of 90k0. 16 Fig. l 2L.15 on page 496 shows the wiling 
diagram. 

15 It understand a signal as much as 0.4V below it negative supply which ordinarily i ground. 
16 This is pecified as it differential input resistance. 



23N.6 Some suggested lab exercises, playing with ADC and DAC 921 

You should expect alarming-looking witching noise from this circuit. But this noise hould be 

barely audible. 17 

Lots of oscillators at work: We now need three oscillators. The easy way, if your lab is replete with 

these device , is to haul three function generators to your bench. If you don ' t have that luxury, then 

you can wire up a '555 oscillator to generate the filter clock square wave. See Lab 8L for typical '555 

cir uits. Make this '555 frequency adjustable in a range from about l 0-500kHz. Use a 5V supply. 

To recapitulate, here are the signal we'll need to generate: 

Analog input U e the main generator to provide the input sinu oid. Make sure - once again - that 

the analog levels lie within the range of the ADC: 0-2.55V (Dalla path) or 0- 2.2V SiLabs 

path). (You can harm the ADC only by going beyond the supplies - 0 to +5V.) You'll need 

to turn on the function generator's DC-offset 

Sampling rate You can use the function generator on your powered breadboard, TTL output, to in­

terrupt the 8051 (INTO*). If you like, you can watch this on a DVM that includes a frequency 

meter. 

Filter clock Use a third logic-level o cillator to drive the clock of the MAX294 filter. Thi clock 

could come from your homebrew ' 555 o cillator. The oscillator on the powered breadboard 

i too low for thi task (that o. cil1ator' max frequency i, I OOkHz, implying max filter /cutoff 

of only I kHz). 

23N.5.4 What you might listen to 

A inusoid from the function generator i the obviou tir t candidate to put through your ADC- DAC 

machine. Such a single frequency signal makes the effects of sampling easiest to understand. (Take a 

look at Chapter 18S if you want a reminder concerning the expected effects of sampling.) 

After you have played with a sine, you may want to hear what sampling does to a more complex 

waveform such as music. For example, alia .. ing for such a source produces weird effect , the result of 

an inversion. of the frequency spectrum of all the aliased signal . 

And some people get a big kick out of hearing sampling applied to their own voices. It can be 

surprising to discover how low a ampling rate you can apply to peech while still producing an intel­

ligible output. The good MAX294 filter should allow sampling male speech at weJI under lkHz, for 

example. (Women need a somewhat higher ampling rate.) To :ample your own speech (or inging?) 

pull out the microphone amplifier that you built back in Lab 7L. [ts output, centered on I .25V, can go 

directly into the ADC on either the Dallas or the SiLab machine. 

23N.6 Some suggested lab exercises, playing with ADC and DAC 

Is Nyquist right? Your ears should answer thi question . If you want to go close to the minimum 

number of samples/period, you may find it helpful to put a DVM frequency-readout on both fin (the 

inusoid) and ./;ample (the quare wave that drives the 8051 s interrupt line). If you're bold, alias the 

input signal. Have some fun with thi etup. lt 's not every day you get to confirm the e sampling 

notions, which often seem rather ab tract and arcane. 

17 On a cleanly laid out printed circuit it would not be audib le. On your breadboard it may be. 
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Modifying waveforms: Here's a chance to write ome more of your own code to alter waveforms 

caught by the ADC that you add in today's lab· the results will go out to your DAC. Technically 

you 11 be doing " ignal proce sing" - but you'll al o be learning why an 8051 is not called a ' ignal 

processor"! It' low at this work, and painful to program. Still, it'll give you some practice in writing 

small programs - with a gratifying payoff. Altered waveform on a scope screen may be even more 

exciting than the blinking LED of §20L.3 . 

Full-wave rectify: Let a ine input (which mu t lie within the ADC's range, 0-2.55V [Dallas] or 

0-2.2V [SiLabs]) generate a full-wave-rectified output. 'Rectify' about the midpoint of the voltage 

range of ADC and DAC, as in Figure 23N.12. 

1.28, 
Figure 23N.12 Full-wave rectifier. 

Full-wave rectify code: Dall.as version: The sample, brought into the accumulator (here called ACC), 

is te ted by checking its MSB (that bit is low in the bottom half of the range): 

MACRO ASSEMBLER FULLWAVE 4018 

FULLWAVE: JB ACC.7,AS_ IS ; check msb, to see if we're above midpt 

CPL A ; ... if not, flip every bit 

NOP ; Placeholder, to ease writing of half - wave program, coming next 

AS_IS: DEC DPL point to DAC 
MOVX @DPTR,A ; ... and send sample out to DAC, either way 

Note that the midpoint of the ADC & DAC ranges i the hexadecimal value 80h. The MSB flip as 

the input . ignal cros es this midpoint. 

Full-wave rectify code: Sil.abs '410: Here the trategy is the same. 

full wave silabs.a51 : 8 - bit full - wave rectify 

; now full-wave rectify 

MOVA, SAMPLE_ HI ; get the (byte-) sample 

JB ACC.7, AS_ IS ; if above midpoint, leave it alone 

CPL A; ... but if below midpoint, flip every bit 

AS IS: MOV IDAOH, SAMPLE_ HI ; ... and send it to DAC 

The SiLabs version bears the u ual relation to the Dalla : program loop i simpler, because the 

DPTR is not involved. But the initializations are much more cumbersome. 

ADC data formats : offset-binary versus 2's-complement: The code above handles the "rectjfy" op­

eration in offset-binary format , the format u ed for SiLabs ' 410 and for the AD7569 when single­

upplied a in the big-board circuit. You may feel like tryjng the alternative 2 s-complement format 

- whose difference from offset-binary is tartlingly simple. To go between the two formats one need 

only flip the MSB. 

The AD7569 cleverly changes between the two format as its power supplies indicate to it whether 

it lives in a bipolar or uni-polar world: if you apply a negative supply (-5V) to the Vss pin (pin 3), 

ADC and DAC will speak in 2 s-complement. Pretty mart, no? 

But if you like, you can work in 2' -comp without bringing in a second upply by tacking in a line 

I AoE § I 0. I .3C 
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of code that changes the data format. In the rectifier, the benefit from using 2's-comp is subtle indeed 

- perhaps invisible on the cope creen - but po ibly intere ting, neverthele s. 

The offset binary program transform 07Fh to 80h, and leaves 80h alone; thus two original values 

map to one output value (two zeroe "). 2's-comp doe. not do thi : zero would be untouched (as 80h is 

in the program above)~ minus one (OFFh) would be transformed not to zero but to plus one (0 I h). This 

seems cleaner. If you do change to 2's-comp in software don ' t forget to change back to offset-binary 

before sending the data out to the DAC. 

And, peaking of designs that are cleaner or neater, how about pure analog, using four diode ? 18 

But we never claimed that signal processing with an 8051 was more than an exercise. 

Half-wave rectify: Here's a challenge: write code that substitute for a re istor and one diode. Again , 

in Fig. 23N. l 3 we mean to rectify about the midpoint voltage - corresponding to 80h. On the AD7569, 

the e voltages are 1.27 or 1 .28V at I Om V per bit ; on the Si Lab ADC midpoint voltage is J .1 OV. (If 

you prefer you can convert the ADC readings into 2' -comp, and then treat ignals below the midpoint 

as if they were negative values.) Certainly thi . code can be very similar to the full-wave program. 

2.SS v 

l.28' 

()V 

Figure 23N.13 Half-wave rectification centered 
about waveform midpoint . 

Lowpass filter: ft turns out to that a program to simulate a lowpa filter i straightforward, 19 though, 

once again, the performance of this primitive version compares poorly again t that of SO-cents' worth 

of analog part.. Proper digital signal processing, done u ually with dedicated processor or with large 

array. of logic, like uper-PALs, can produce extremely good filters. Such devices do what we're 

doing but evidently in a fancier and smarter way. Take a look at Chapter 23S. 

Let the proces or average the current sample with the previous average, and output the result. (Give 

the mo. t recent sample a weight equal to the previous average). Te t your routine by feeding it a 

square wave of low frequency (100Hz or lower). Does the shape look roughly like 

v. _ 11. ( l - 1/RC) ') out - Vin - e . 

If you're not sure, doe it climb fast at first then slowly? Does the waveform travel in each step just 

halfway to its destination (about like Zeno' hare)? The an wer to all these questions should be yes. 

Test the circuit's treatment of a sinewave. Do you find the usual lowpass filter phase hift effect ? 

(You will see a constant delay· this is an artifact of the digital processing caused mostly by the ADC 

conversion time and thi i. different from the phase shift that characterizes the analog lowpa filter.) 

If you know the sampling rate, you know the rate at which the averaging of old and new occurs, 

and the time between step .' Since we know that at every step the output should go halfway to the 

destination (from where it wa to \1in), and we learned back in Lab 8L that the 555 waveform goe 

halfway in 0.7 RC can you infer the effective RC' ' of this filter at a given ampling rate? To try the 

idea, uppo e that the averaging steps come at 100 microsecond intervals, and see if you can calculate 

the "virtual RC. •20 

18 A good equivalent analog rectifier would need an op-amp or two to hide the diode drop .. 
19 Well - the idea i straightforward. You may not like the coding labor with the 8051' · limited in truction set. But you enjoy 

challenge . That's why you're here right? 
20 ot hard, we think you II agree. Time for each step i IOOµ s. o RC i. about 140µs. 
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Some thoughts on how you might do this averaging: The average is just the sum divided by two, 

of course. Forming the um i not difficult. You can use any of the eight R11 registers, for example, to 

hold the running sum. The re ult of the umming of that and the new sample (which will be in the 

accumulator A) will go to the accumulator. So far so traightforward. But what if the re ult overflows 

the 8-bit capacity of the accumulator? 80h plu 80h, for example, um to Oh, in eight bit . And half of 

that - which you can find by shifting or rotating right - is still zero! What i to be done? 

You must take account of the overflow bit - the carr; . Find an instruction that use that when you 

do your "divide by two" - which should be a shift or rotate, not literally a divide. Hint: there really is 

uch an operation available; we ' re not just teasing you. 

Tune the filter? You 're not obliged to give old-average and new-sample equal weights. Shifting can 

rapidly divide by power of two· but there 's also a multiply operation. This can multiply a byte by a 

byte. The new input ample could be placed in B, and the attenuator value in A; the more significant 

half of the result goes into B. The attenuator works as follows: FFh means "barely attenuate2 1, Oh 

means "kill it," 080h means "divide by two,' ' and so on. The ' old average should be attenuated by 

the complementary fraction: if you cut new to J/4 keep 3/4 of the old. The assembler could figure this 

out for you (you might write MOV A, # (OFFh - NEW_WEIGHT} ); or, as in the program fragment below, 

you could let the program itself compute the complementary value (here, using "CPL A '). You could 

write, for example, 

NEW_WEIGHT EQU 040h weight of new: 080h = => equal to old average, e.g.; 040h 

gives NEW one third the weight of OLD 

MOV R3, #NEW_WEIGHT 

FILTER : ACALL GETONE; go pick up a sample (in accumulator) 

MOV B,A; now set it up to be multiplied by weighting value 

MOVA, R3 ; set Multiplier value for new sample (fraction) 

MUL AB ; shrink new, to adjust its weight rel to old: B holds result 

MOV RS,B; save diminished new 

MOV B, R7 ; get old average 

MOV A, R3 ; set up weight of OLD as complement of weight of NEW 

CPL A 

MUL AB; re-weight OLD 

MOV A,RS ; recall weighted NEW 

ADD A,B; form sum of weighted new plus weighted old 

Use of multiply make the filter more versatile - but al o introduces round-off errors. As ·urning that 

you ' re obliged to attenuate new, then old before adding the two, you ' II find (if your program resembles 

the one we wrote) that heavy attenuation of new sample causes the final value to fall hort of the large 

input values, on both positive and negative excursions (en-or noticeable with attenuation value set to 

020h - about one part in eight). Rounding up the MSD of mu1tiplication result (by checking MSB of 

lower-byte of result) helps. You may find a more ingeniou solution. 

21 lt would be cleaner if FFh meant ''Don ' t allenuate at all." Unfortunately. FFh means multiply by 255/256- close to unity, 
but about 0.4o/t: short. (Thanks to M yunghee Kim for pointing out thi , difference.) 
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An illustration : tunable lowpass: Figure 23N. l4 i a scope image - actually several, superimposed 

- showing response to a tep 22 with attenuation set to four alternative values. This program use the 

multiply instruction and applies to then w sample attenuation values of 1/2, l/4, 1/8 and 1/16. The 

exponential shape is mo t evident for the easiest ca e, 1/2 (multipUer value of 080h) . 

affen. val. = 20h 

Chl l ,Otlm\l 

Figure 23N.14 Response of 
lowpass to step input with 
multiply used to vary 
attenuation of new sample 
relative to running average . 

22 The step input look a little odd: that' an effect of a eraging of the scope image. In fact. the input wa a clean edge. 
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DAC 

23L.1 ADC --+ DAC 

Interrupt : Here we will use an interrupt for a second time. La t time you used it to tell the proces or 

when you wanted to increment a value, which wa then sent out to the display. This time we'll put 

it to better u e: we will do one conversion - analog to digital, then back out to analog - on each 

inteirnpt. Rather than inte1rnpt with a pushbutton (the keypad's WR button) as in Lab 22L we'll use 

the breadboard's TTL oscillator to interrupt. Thus we will control the sampling rate. 

This program of course, is not a practical one (if we wanted analog why bother to go in and out 

of digjtal form?). But it doe provide a setup that will let you play with the effect of sampling rate on 

the re-converted signal. You will be able to see - and hear - the artifacts introduced by ampling; and 

then u ing a good adjustable low-pa filter, you will be able to remove mo t of those artifacts. 

23L.1.l Install ADC and DAC 

Now we'll add ADC and DAC, so that the micro can operate on waveforms. Fir t, we'll u e an ex­

tremely . imple program that only takes in a ample and then pit it out at once to the DAC. The 

program is not intere ting - but it behavior is. Because the sampling is timed by an INTERRUPT 

signal applied from a function generator, you can very easily control the sampling rate. The steep 

output filter, also adjustable, completes the setup for this experiment. 

ADC-DA( hardware: 

AD7569 converter: The AD7569 is an integrated ADC/DAC pair that is wonderfully ea y to use. It 
i an 8-bit binary-search (or "SAR") device, like the one you built in Lab 18L. It differs in requiring 

a START signal: instead of free-running - starting a new conversion as soon as it finishe the la t 

- it converts only when told to do so. This feature requires an extra line or two of code but gives 

the computer control over 'ampling allowing it to be sure of picking up data at a time when a new, 
valid sample is available. Fig. 23L.1 show what the device includes; Fig. 23L.2 shows the way we 

wire it into the lab computer. The START signal requires an inverter. You have pare inverter ection 

available in a 74HC I 4 you instalJed earlier. 

Some details of the way we apply the AD7569: The wiring we have chosen might puzzle a thoughtfuJ 

observer. 

1. We ignore the two ignals that might tell the computer whether a conver ion ha been completed: 

INT*, and BUSY*. One might expect that the computer hou1d test one of the, e levels, tak.ing a 

ample only when the signal had reached the proper level ( o-called 'programmed· or "polled 

I/0 , or that the processor ought to take in a sample only when interrupted by the approp1iately 
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Figure 23L.1 AD7569 block 
diagram . 

Figure 23L.2 
AD7569 8-bit 
ADC/ DA(, as wired 
to lab microcomputer. 

named INT* signal. Such chemes are tidy but inefficient when the converter is as fast as this 
one: the processor would take about a long to ask whether TNT* was low as the ADC take to 

complete a conversion. The CPU s interrupt response is slower still. So we take a simpler approach: 

let the processor take in a ample any time - recalling, as we program, that we must not try to 

pick up a sample within l .6µs of the time when we told the converter to start converting. This 
restriction turns out to be no hardship at all; in fact you would have to try quite hard to violate this 

requirement. 

2. We hold CS* constantly low. CS* is only a redundant gating signal, AND'd with both RD* and 

WR*· CS* doe nothing by itself. 

3. We use OUT3** (the 1/0 decoder's OUT3*, inverted) to tell the converter to start: a falling edge 

does the job. 

23L.1.2 Program to confirm that the DA( works 

Though DAC and ADC are integrated on one chip, it 's a good idea tote t them eparately: the ADC 
i a bit more complicated than the DAC. Let's start with the DAC. If it works, you'll know that you've 

done much of the wiring correctly. 

Write a program that clears a register, puts it out to the DAC, increment the regi ter and puts it out 

again; and so on endlessly. If your DAC is working properly, your program will generate a repeating 

waveform at the DAC output, ramping from zero to about 2.55V. If the ramp is not smooth, you can 
make some quick inferences about what's gone wrong. Suppose you ee one of the kinky ramps shown 

in Fig. 23L.3. 

You can at least tell what is the highest-order DAC data line that ' not driven properly or that i 
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Figure 23L.3 Defective DAC 
ramps: count the kinks to infer 
which data line is screwy. D(, sf~k LOW OS 3fV<..k LOW 

fvll 
S<1ole 

I 

misbehaving on the DAC: one kink (at midpoint of range) implies MSB i bad; two kink (at 1/4 and 
3/4 of range) implies d6 is bad· and so on. This sort of information gives you a clue to what Jines you 

should probe a you trouble hoot. It may not reveal subtler points uch as whether the line is tuck 
high or low or floating (floats cause the trangest waveforms). 

23L.1.3 Program to confirm that the ADC works 

Write a program that takes a value from the ADC, shows it on the data displays then does thi all 

again endlessly. Feed the ADC with a DC level, from the lk or lOk potentiometer on the breadboard , 

as shown in Fig. 23L.4. 

Figure 23L.4 DC input for testing ADC. 

When you clock the processor at full -speed - 11 MHz - you need to think about the ADC' tnrung 
requirements: make sure you leave at least I .6µ s between the falling edge of ST* (= OUT3**) and 

the assertion of RD* (the ADC doe n't like to be asked for data before it is ready). Arrange thing 
so that you tell the converter to Start at a time when some necessary operations lie between START 

and READ. If you can do that, you can avoid the ugliness of killing time with do-nothing instructions 

(NOP ). 1 

ADC- DAC: quick convert and re-convert : Version 1, using ©Rn to address ADC and DAC: The 

program below takes in and puts out a ample, each time it i interrupted. The "Main" program does 

exactly nothing. You may find this program offensive - it makes such degrading use of your clever 

computer. It is indeed, equivalent to an ADC and DAC, linked. 

Note that you must interrupt at the sampling rate: use a second function generator - perhaps the 

logic output from your powered breadboard's oscilJator - to set this sampling rate. And note that 

you must remove the line that in Lab 22L was used to drive INTO* from the keypad ', KWR* line: 

otherwise, you 'd be asking the new connection - function generator - to fight the old. 

Until now we have relied almost entirely on DPTR to define addre e for off-chip memory and 

I/0 accesses. Another method i available however and it is illustrated below. This version is slightly 

more compact than the DPTR version which is hown after thi listing. 

This @R11 addressing mode uses the combination of Port 2 (for high byte of address: constant at 

80h) and RO and Rl (for the low byte of address) . You ' ll notice that this code requires initializations 

different from tho -e you are accustomed to eeing in programs that use DPTR. 

1 The easy trick here i to put the START operation just after the READ so that ADC can be doing its conversion during the 
time the program ·pend looping back Lo the next READ. 
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Incidentally, the 8051 provides four sets of scratch registers (four "bank "): RO .. R7. It ·ometimes 
would be convenient to swi tch to a new set within an interrupt response, as in this program. If we did 

that we would leave regi ters RO and R l free for other u e in the main program. 

We have not u ·ed this technique here because there is no need for such double use of the RO and 

R1 registers. But you may run into other ca e where you will want to swap register bank . One does 

thi by writing to a 2-bit field in the PSW (program status word). 

MACRO ASSEMBLER ADCDACINT_RN_504 05/05/04 16:06:07 PAGE 

LOC 

0080 

0000 

0000 

OOEO 

OOEO 

OOE3 

OOES 

OOE7 

OOE9 

OOEB 

OOED 

OOFO 

OOF2 

OOF4 

OOF5 

0003 

OBJ 

OlEO 

75817F 

llED 

0288 

D2A8 

D2AF 

80FE 

75A080 

7803 

7902 

F2 

22 

0003 E2 

0004 F2 

0005 F3 

0006 32 

LINE SOURCE 

1 ADCDACINT_Rn_504.a51 XFER from ADC to DAC on interrupt, 

2 using P2 and Rn 5/04 

read ADC, write to DAC, start ADC each time interrupted 

4 

5 $NOSYMBOLS 

$INCLUDE (C:\MICR0\8051\RAISON\INC\REG32 0.INC) 

172 $INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320 .INC ) 

196 STACK.BOT EQU SOH ; not necessary, but a good place for it 

197 

198 ORG OH 

199 AJMP STARTUP 

200 

201 ORG OEOH 

202 

203 STARTUP: MOV SP, # 128 - 1 

204 

205 

A CALL INITDACPTRS GO INITIALIZE ptrs for ADC & DAC 

206 ---NOW ENABLE INTERRUPTS ---

207 SETB TCON.O make INTO Edge -sensitive 

208 SETB IE.O enable INTO 

209 SETB IE.7 Global int enable 

210 

211 STUCK: SJMP STUCK AWAIT INTERRUPTS 

212 

213 

214 i** !NITS*********** **** 

215 

216 

217 

218 

219 

220 

221 

INITDACPTRS: 

MOV R0,#3H 

MOV Rl, #2H 

MOVX @RO,A 

RET 

MOV P2,#BOH; set up top half of address as I/0 base 

set up 8-bit index register to ADC 

set up another register to point to DAC 

; For first pass: send anything -- just a pulse to START ADC 

222 ;•• ISR: ADC-->DAC- ***** 

223 

224 

225 

226 

227 

228 

229 

230 

VECTOR, FROM INTERRUPT: 

ORG INTOVECTOR 

ISR: MOVX A, @RO ; read ADC {not quite current timing, first pass; 

; OK ever after) 

MOVX @RO,A start ADC for next pass 

MOVX @Rl,A ... and send sample to DAC 

RETI 

END 

ADC- DAC: quick convert and re-convert: Version 2, using DPTR to address ADC and DAC: Here 

is the ame program written to use DPTR. We have placed it in the location used by the alternative 
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form above - so if you enter one version, then the other, the second will over-write the first. We doubt 

however that you're likely to want to type the code in twice! Ignore this version if you like. 

LOC 

0080 

0000 

0000 

OOEO 

OOEO 

OOE3 

OOES 

OOE7 

OOE9 

OOEB 

OOED 

OOFO 

OOFl 

0003 

0003 

0004 

0005 

0007 

0008 

OOOA 

OBJ 

OlEO 

75817F 

llED 

0288 

D2A8 

D2AF 

80FE 

908003 

FO 

22 

EO 

FO 

1582 

FO 

0582 

32 

LINE SOURCE 

ADCDACINT_ 504 . a51 XFER from ADC to DAC on interrupt 

2 4/01 : uses amended port assignments, and just one 

data pointer : 5 / 04 place all ISR at vector location 

4 

5 should read ADC, write to DAC, start ADC each time interrupted 

6 

7 $NOSYMBOLS 

8 $INCLUDE (C: \ MICR0 \ 8051 \ RAISON\ INC \ REG320 . INC ) 

174 $INCLUDE (C: \ MICR0\ 805l \ RAISON\INC \ VECTORS320.INC) 

198 

199 

STACKBOT EQU 80H ; not necessary, but a good place for it 

200 

201 

202 

203 

204 

ORG OH 

AJMP STARTUP 

ORG OEOH 

205 STARTUP: MOV SP, # 128 - 1 

206 

207 

A CALL INITDACPTRS 

208 -- -NOW ENABLE INTERRUPTS 

; GO INITIALIZE ptrs for ADC & DAC 

209 

210 SETB TCON.O ; Here ' s my first attempt to use a bit 

211 ; operation: make INTO Edge-sensitive 

212 

213 

214 

SETB IE.O ... and enable INTO 

SETB IE.7 ; Global int enable 

215 STUCK : SJMP STUCK; AWAIT INTERRUPTS 

216 

217 

218 ,**!NITS*************** 

219 

220 INITDACPTRS : MOV DPTR, #8003H ; Here init ADC data pointer, 

221 MOVX @DPTR, A; For first pass: send anything -- just a pulse to START ADC 

222 RET 

223 

224 i** !SR: ADC - ->DAC ***** 

225 VECTOR, FROM INTERRUPT: 

226 ORG INTOVECTOR 

227 

228 MOVX A, @DPTR; Read ADC (port 3) 

229 MOVX @DPTR, A; send anything - - just a pulse to START of ADC, for next pass 

230 DEC DPL; now point to DAC (port 2) (this DEC operates on low - byte only) 

231 

232 MOVX @DPTR, A; ... send the sample to DAC 

233 INC DPL ; Revert to ADC data pointer, for next pass 

234 RETI 

235 

236 END 

Confirm that either program works: feed a sinu oid to the ADC and watch the sinu oid the DAC puts 
out. Make sure the input sine lies within the voltage range of the ADC: 0- 2.55V. The reproduction 

of a inusoid will be steppy, unless you are taking a great many samples per period. We'll now add a 
filter to minimize that steppiness. 
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23L.1.4 MAX294 switched-capacitor fFilter 

A good lowpass filter on the output can clean up a very teppy reconstructed waveform, as you know. 

We set forth the wiring of the MAX294 Lowpa s filter in §23N.5 (Fig. 23N.9) becau e the circuit 

applies equally to the SiLabs and Dallas ver ion of today's lab. 

An audio amp so you can listen : §§23N.5.2 and 23N.5.3 aL o how wiring for an audio ampJifier that 

will let you hear the effects of sampling. They also suggest ways that you might modify waveforms 

taken from the ADC, feeding the re ults to the DAC: we propo e rectifiers, half- and full-wave, and a 

lowpas filter. 

23L.1.5 Modifying waveforms 

Heres a chance to write ome more of your own code. We have Ii ted in FULLWAVE_40lb.a51 a full­

wave rectifier program; get it from the book's website. We leave to you the half-wave and the filter. 

Hint concerning these little "signal processing" program appear in §23N.6. 

Full-wave rectify : Let a ine input (which must lie within the ADC' range, 0-2.55V) generate a 

full-wave-rectified output. Rectify ' about the midpoint of the voltage range of ADC and DAC, a in 

Fig. 23N.12. Note that the midpoint of the ADC and DAC ranges is the hexadecimal value 80h. 

Half-wave rectify : Certainly this code can be very similar to the full-wave program. We leave this to 

you. 

Low-pass filter: Chapter 23N, again describes how you might program such a filter. Test your routine 

by feed ing it a quare wave of low frequency ( l OOHz or lower) and watching the response to an input 

step. Does the output shape look roughly like 

Vout = Vin ( 1 - et /RC) ? 

Tunable Low-pass for the ambitious: A we said in Chapter 23N, if you have some extra time you 

can use the multipl operation to tune the re ponse of your filter. You may enjoy trying this - or you 

may shrug and say "There's a job for a DSP." 

23L.2 Silabs 4: Interrupt; DAC and ADC 

Port pin use in this lab : Two pin serve a analog line in and out of the converters: an input to 

an ADC, an output from a DAC. One - the ADC at PO.O - replace the LED that has occupied this 

pin in §§20L.3 and 21L.2. Disconnect that LED. Of the two interrupts hown in Fig. 23L.5, one will 

reappear (INTO* used again in §25L.2)· one will not (INTI*). 

Figure 23L.5 Port O pin use in this lab. 



932 Lab Micro 4. Interrupts; ADC and DAC 

23L.2.l Interrupts 

As suggested in Chapter 23N, it takes some effort to devise a program that urely benefits by use 

of interrupts. Many of our lab programs that u e interrupt will do the strange tiick of letting the 

interrupt set a software flag that the main program polls. This technique eems to vitiate the value 

of interrupt, but does not entirely do . o: apart from the value of being able to break into a running 

program, interrupt also can offer the utility of an on-chip flip-flop that can record the event of an 

interrupt request. The presence of thi flop then permits two useful re ult . 

• The flop amounts to a flag that will stay pending until the interrupt request is honored. This 
will eem unneces ary if you assume that an interrupt always get a quick response; but some 

circumstances can prevent ~uch an immediate response. Two are quite common: 

interrupt may have been temporarily disabled within the main program. Thi i the case in 

the storage scope exerci e of Lab 24L.2; 

or (a more common ca e) the processor may be busy responding to another interrupt, and 
may be set up to finish that routine before responding to another request. This is alway the 

ca e when interrupt are running with their so-called "natural ' priority. It i al o the case 

when a lower-priority interrupt request occurs during response to a higher-priority request 

(these case may or may not overlap with the "natural priority' ca es). 

• The edge-triggering of the internal flop make it ea y to implement a do-it-once respon e to 

the transition of a request line, whereas ordinary polling would require extra code to achieve 

something like edge-sensing. We will take advantage of interrupt' edge response in all of the 

interrupt program of thi lab. 

First interrupt demonstration : increment or decrement of display: If you want to justify thi · little 

program as more than just the simple t demonstration we could devi e, then imagine that our goal i 

to keep track of the number of passengers on a platform with limited capacity. (Maybe it 's the glas 
platform that is cantilevered over the Grand Canyon.) One turn tile produces a high-low tran, ition 

when a person enters the platform; a second turn tile does the same when a person leaves the platform. 
The di play shows the number on the platform (and, for implicity, we will permit our display to how 

a negative number on the ptatform!2) 

Interrupt O increments the value; Interrupt l decrements the value and the main program simply 

loops, di playing the current number. We'll note the simple hardware, then the program. 

Hardware: two pushbuttons, more-or-less debounced: We have learned that bounce on an edge­

triggered input can cause mischief: it will look like multiple reque ts . You might be inclined to di mi 

bounce in the present application for a mistaken reason. As our hypothetical confused designer said 

in Chapter 22W "the bounce doesn't last long - just a few milliseconds · so don't worry about it." 
This wa thoroughly wrong when appl ied to a controller that can respond within microseconds. We 

do need to debounce. 

But it turns out that we can get away with a p eudo-debouncer that would not suffice if applied to a 

true edge-t1iggered input, like the clock of a flip-flop or counter. The imple RC shown in Fig. 23L.6 

i. a good-enough debouncer for the present ca e. 

The lOk O. lµF RC provides the lowdown· the 4.7k i included to protect the 410 by limiting 
current from the charged capacitor on power-down.3 

Why does a imple RC lowdown suffice? We can see why if we recall why a lowdown was not 

2 Thi , won't happen often in life: only, perhaps, when omeone parachute in and then walk · off. 
3 We borTOwed thi . detail from the circuit of the Si Labs '410 development k.it. 
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Figure 23L.6 Pseudo debouncer to feed interrupt request pins : 
just an RC slowdown circuit . 

ufficient in the case of a true edge-triggered input. A slow edge cau ed trouble there becau e the 

edge-re pon e was fast enough to cau e indeci ion a, the low edge pa ed through the thre hold 

region. A fir t response to the rising edge caused the flop output to switch· that event caused a power­

upply disturbance that, in turn, caused the input stage to change its mind. And so on - reproducing 

some of the neurotic indecision that we saw in spectacular form when we teased a ' 311 comparator 

with a slow edge, back in Lab 8L (see Fig. 8L.3). 
The controller's interrupt input, though described as edge-sensitive, are not truly o. In, tead, the 

controller samples tho e inputs on successive cycles of the internal clock. The response to the inter­

rupt request is not so quick or direct a. to cau ea power-supply disturbance and con equent indecision 

about whether the input has crossed the input thre hold. So a simple RC slowdown circuit that elim­

inates large , ignal ' Wing during bounce is sufficient here. The edge-triggered interrupt does not get 

confused by a slow edge, a a true edge-triggered input would. 

Wire uch a p eudo-debounced pu hbutton to each of the two Interrupt request pin : INTO* and 

INTl *. 

Code: INC or DEC within the ISRs: The program is odd; the MAIN loop . imply display the value 

of the A regi ter. endlessly: 

STUCK: MOV DISPLAY, A; show display- - constant, till interrupt inc's it 

SJMP STUCK 

All the action happens in the two tiny JSRs: one increments the value of the A regi . ter, the other 

decrements that value. 

AoE (§14.3.8) warn against trying to do too much within an lSR. We think these ISRs pass that 

test handsomely: each one consists of one line of code, and then the RETT that returns to the main 

program from the IS R. 

Here, as usual , are the register initialization . . This time they are quite fus y. We won't r iterate 

the register loading that appear in the "USUAL_SETUP" routine. A usual , feel free to ignore these 

bit-by-bit detail . In. tead rely on the Configuration Wizard as we do. 

Register bit/byte-value function 

ITO I CF d7 (= IN lPL) 0 =} INTI active low 

... d6 ... d4 (= INlSLx) I J I b ==;, as ign INTI * to P0.7 

... d3 (= INOPL) 0 =} INTO active low 

... d2 ... dO (= INOSLx) 11 lb ==;, as ign INTO* to P0.6 

TCON d2 dO (= ITl , ITO) 11 b =} both interrupt edge-triggered 

TE d7, d2, dO (= EA, EXI, EXO) l =} enable interrupt : global , external I, external O 

IP d2 (= PXI) 1 =} INT I to high priori Ly level 

The Configuration Wizard can set up interrupts: The wizard ea, es this fussy work a great deal. 

The screens help to remind a user of the choices that must be made. Fig. 23L.7 how the principal 

selections, including assignment of interrupt to particular pins. (Another menu screen not hown , 
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ermits altering the " natural priority" among interrupt sources). We placed INTO* at P0.5 , INT 1 * at 

0.7. We did not alter natural priority. 

Ern,ble lntem,pts j lntetrVP\ P;ionw J 1NTO/l~IT1 Conf,gwatoon I 
Global lntem.JDI Enal:le 

Enable lnteuupt; j lnteuupt Pnonl~ INTO/INT1 Cor,figuiallon I 

P' Enable All lntenupts (If not checked, al 1nte1rupts are 1g110fed) 

U4RT lntertl4pls 

r Er'lable UARTO Interrupt 

SPI Interrupt~- -

r Enable SPIO lnteuupt 

, Comparator lnte11upts 

r Enable CPO Interrupt 

r Enable CPl lnte,rupt 

SMBus lnterr\lpts 

r Enable SMBO lnteuupt 

Real Time Clock lntenupts 

r Enable Real Time Qock lntenupt 

ADC Conver 10n Complete ll'lletrupt< 

r En6ble ADOIN T ln\etrupt 

ITOtCF =0x75, 
IE ~ Ox85 

Int.errupts_Init: 
roov ITO lCF, #07 Sh 
mov IE, #06 Sh 
ret 

•· T ll!let lnteimpts 

r Enable T101e1 0 lntetrupt 

r Enable T imet 1 Interrupt 

r Enable Timer 2 lnterruot 

r E nab1e hner 3 lntemlp! 

P EMble /INTO lnterrl4)1 

P' Enable /IN Tl Interrupt 

Port Match lr~errupl; 

j_r _:~e P01t Match Int~~ 

\/ollege Regulaloi Interrupts 

r Enable Volti,ge RegulalOI Interrupt 

I 
PCA lntenupts 

r Enable PCAO lnlenupl 

\/,[•1dow ~,son ADC Interrupts 

r EnableADO\IJINT lnteuupt 
L------- --

0 Cancel Reset 

[ IINTOPola111y 

r. /INTOAcuvelow 

r /1NTOAct1Ve High 

I IINTO Pott Pir, Selection 

IP05 _:J 

Conhgwe Port 1/0 

ITOlCF • Ox75. 
IE •O 85; 

=igure 23L. 7 Configuration Wizard helps set up interrupts too. 

IINT1 Polanty 

r. /1MT1 Aebve LOI~ 

r /1NT1 Actr.e H,gh 

/1NT"l Port Pin Seie..."bon 

I Po 1 .:] 

Configure P0<t 1/0 

OK Car.eel 

Strangely, the wizard seems to have omitted the issue of edge versu level sen. ing on the interrupts. 

':.dge-triggered interrupts are useful. To get edge-triggered behavior, we write (as you can see in the 

:ull program listing on the books website , 

SETB ITO 

SETB ITl 

make INTO Edge-sensitive (ITO 

ditto for INTl 

TCON. O) 

.. but this time we'll configure by hand: We're a little chagrined to ay that after howing the won­

ierful labor- aving wizard once again, in thi case we prefer to set up interrupt by hand. We do thi 

Jartly becau e the wizard forgot one option (edge-triggering), and more generally because we think 

t' easier to follow the code if it i done and explained (in a comment within the listing), one action 

1t a time. But this i only a pedagogical point: we expect you will u e the Wizard whenever you can· 

you can get the full program, int_inc_dec. as 1, from the book' web ite. 

Run the program: 

~low motion checkout: single-step: Fir t try the program in single-step or multiple-. tep. You should 

;ee the program loop in the main "STUCK" loop until you pre one of the interrupt pushbuttons. 

When you do pre s that button, hold it down for at least a couple of cycles of the multiple-stepping: 

:l brief pul eon the interrupt will have no effect becau e these are not true edge-trigger , a we noted 

)n page 932. 
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You hould see execution move to one or the other of the IS Rs in respon e to a pre sofa pushbutton. 

Jf you keep the button down, you should not see any further response to this interrupt request: in the 

important sense, these interrupts are edge-triggered, even though they do not respond to a brief pulse. 

If you pre s the INTO* pushbutton while single- tepping through ISRI, doe, INTO* break into the 

ISR? It should not, even though INTO* does have priority over INTI*. This so1t of priority - known 

by the trange name 'natural' - determines only which interrupt request wins when both reque ts 

come at the ame time. 

Full speed: Run it at full-speed and try the two pushbuttons. As in single-step, one button-press 

should produce a ingle increment or decrement of the display value, thanks to the edge-triggered 

behavior of these interrupts. 

Test the pseudowdebouncer: If you wonder whether the pseudo-debouncing works, try removing the 

slow-down capacitor from one of the switches. You should find, when the program is running at full 
speed, that instead of incrementing or decrementing, a button-press sometimes change the display by 

several counts. 

Try altering the natural priority of interrupts: Within the interrupt-initialization section appears one 

line that we have commented-out: SETB PXl. This line would have two effects: 

• it would reverse the normal priority rank between interrupts O and 1; 
• it would allow INTl to break into an INTO service routine, wherea the normal, natural priority 

scheme lets even a lower priority routine finish before the controller will respond to the higher­

priority interrupt as we mentioned above. 

If you feel like watching these effect in action, remove the semicolon that comments out SETB PX I 
and watch as you single-step (or multiple-step) the program. Does INT]* now break into the ISR for 
INTO* (let's call that ISRO)? If an INTO* request come. during ISRl, what happens after the return 

to Main from ISRl ?4 

23L.2.2 DAC 

It would be nice to set the ADC and DAC ranges equal. We cannot. ADC input range is 0-2.2V (the 

value of Vrcference); DAC "output compliance" range is smaller: 0-l .3V. We will set the DAC output 
range slightly below that limit: O-l.2V.5 

The DAC output is a current, not a voltage. The DAC sources this current, and the easiest scheme 

for converting thi current to a voltage is just to pass it through a resistor to ground: see Fig. 23L.8. 

For a larger output swing we would need to add an op-amp. 

'410 ~Vour 

. .L .. ,. I 11.~k 
OAC output -=-

Figure 23L.8 DAC output is a current; R needed to convert it to a 
voltage. 

We et the DAC fuJl-scale current at 1 mA (our old favorite) and let it flow through a 1.2k re i tor 

to ground. 

4 Becau ewe have made the interrupts edge-sensitive, the INTO* request will have been saved on a flip-flop and will be 
honored when the response to INTI * concludes. 

5 DAC "output voltage compliance" wort-case limit is V00 - I .2V = I .3V (C8051F4JO data, heet , "IDAC Electrical 
Characteri. tics ," Table 6. 1. p. 75). 
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Justification: a choice, left- or right-: Like many DACs and ADCs, the DAC in Fig. 23L.9 allows us 

to choose whether to use left- or right- justification of its 12-bit result: 

Figure 23L.9 DAC input, like ADC result, can be 
either left- or right-justified . 

IOAt 1-1 IOAtl 
-a__. --4--

10777)1102 left-justified 

We have chosen to left-justify because this arrangement permits u to use the eight MSBs by them­
selves treating DAC (and later ADC) a if it were an 8-bit part. Ignoring the low four bits doe not 

corrupt the high eight; it simply reduce the converters' resolution. Left-justifying the DAC input value 

makes it easy, in the exerci e that follow (§23L.2.7), to change from 12-bit to 8-bit output. 

23L.2.3 12-bit resolution? Yes and No 

As we have said in Chapter 23N, DAC and ADC offer more re olution than we can handle in our 

breadboarded etup: noise normally burie the effect of the lowe t two or three bits of the available 
twelve. But just to show off the 12-bit resolution, let ' mn the DAC in slow motion , watching it 

output with a DVM. The DVM' averaging effect wiU make even the LSB . tep vi ible. 

As usual one is obliged to make many initialization choices in order to u e thi peripheral. We had 

to choose even what event should be u ed to update the DAC. We cho e a write to the DAC register 

for thi s updating event; it seemed the most straightforward cheme. We rejected an update on any of 
four timer overflows and an update on an edge of an input line named CNVSTR. 

23L.2.4 Setting up the DA( using the Configuration Wizard 

Choo ing the DAC as peripheral and then DACl which we chose because we like its (rigid) assign­

ment to P0.1 (leaving PO.O free for other use) , we get a menu screen, as usual: see Fig. 23L.10. 

Choose 

• enable DAC 1, 

• left-justify, 

• lmA output current6 

• update on write to high byte, 

• using the sub-menu, set the cros bar to 'skip" PO. l leaving it free for the DAC, 

• ... and set it as an analog pin . 

In tall a l .2k resistor to ground. This will convert the I mA (max) DACO current output to a voltage. 

23L.2.5 DA(l initializations from Configuration Wizard 

The result will be a set of initiaJization commands which we a k you to append to the incomplete 
program listed in §23L.2.6: 

6 ... because of our longstanding love affair with the value O E of cour e. It make. arithmetic ·o easy! 



IOAO IOAl I 
OAC Enable 

~ Enable IOA1 

Output Mode 

r o 25 rrA ful·•c• O<Apul cur,er,i 
r 0.5 rrA f.Al·t~ <><AIM cureni 

r,; 1.0 rrA hAl·rc41e outP<A current 
r 2.0 rrA hA·tcale oui;u CUJent 

A9'1Jw~y Select 

(o 10A1H·IOA1L it lell iuslhed 

<" IDA1H.10All rs rv,t ,-.tll'ied 

IDAl on lhe Crotd>I,, 
PO 1 is Skipped For lDA1 

Cor(,gu,ed Pr_,y 

Corl,gu,e P0<t 1/0 

IOA1CN •Oiif2; 

F'•i: p\ 1:. ,1 p~i:-1 ·1i:; lfilr 

.. . • ' _ •· J. • - r t~•.. t J ' ; f : 

DAC ln1t.: 
-mov IDUCN, 

re. t 

Port._IO_lnn.: 
mov PO!lt>IN, 
IPOV POSKIP, 
mov XBRl, 
ret 

lnn_Dev1ce: 

#Of'2h 

IIOFDh 
II002h 
#040h 

lcall DAC_ In1 t 
lcall Po r t_IO_ I nit 
ret 

Update Souce Seed 

OAC <MIU update• on: 

r Trnt10oveillow 

(' Tine, 1 ove<llow 

r Time, 2 o~dlow 

<" Tmet 3 ovetlow 

r· ritr.g e«,e o1 CNVS 

r 1a1ng eo;,e o1 CNVS 

<" M1Y edge ol CNVS TI , 

OK ,~ 
rnn ~ 10:a . 
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Pr,or,ly C.oubal I Po<I O~rdlrve l Por1 Motch I 
Cro,sblil Poo,iy Decoder Setup 

PO 
123456701 

PIMOIN •M'D 
POSKIP • Oidl2. 
XBR1 • Cll<40. 

CHVSTA 

QI(. 

937 

O· Open Or.vi 
p . Pwh-PIA 

Retet 

Figure 23L.10 Configuration W izard sets up DAC; port "crossbar" configures DAC output pin as 
analog. 

DAC_Init: 

Port 

mov IDAlCN, 

ret 

#OF'2h 

- IO_ Init: 

PO.O Unassigned, 

PO.l Skipped, 

P0.2 Unassigned, 

P0.3 Unassigned, 

P0.4 unassigned , 

P0.5 unassigned, 

P0.6 Unassigned, 

P0.7 Unassigned, 

mov POMDIN, #OFDh 

mov POSKIP, #002h 

mov XBRl, #040h 

ret 

Open-Drain, Digital 

Open-Drain, Analog 

Open-Drain, Digital 

Open-Drain, Digital 

Open - Drain , Digital 

Open-Drain, Digital 

Open-Drain, Digital 

Open-Drain, Digital 

Initialization function for device, 

Call Init_Device from your main program 

Init_Device: 

end 

lcall DAC_Init 

lcall Port_ IO_Init 

ret 
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Append these initialization commands to the incomplete program called dac_test_12_june1s. as1 

in §23L.2.6. 

23L.2.6 DAC test program : a beginning for you to complete 

Here we've written a loop that adds one to the 12-bit DAC value each time around. (The details of 
thi s 12-bit increment are spelled out after the program listing. ) You can u e the wizard to add the 
initializations. 

dac_test_l2_junel5 . a51 12-bit resolution: apparent only in slow-motion, when watching with DVM 

changed to DACl, and pin assignment noted in comment 

NOTE that this program is incomplete: it awaits your setup of DACl, probably using Wizard 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C:\MICR0\8051\RAISON\INC\c805lf410.inc) 

STACKBOT EQU 080h ; put stack at start of scratch indirectly-addressable block (80h and up) 

DACl at port PO.l, current converted to voltage by a lk R to ground 

ORG Oh 

LJMP STARTUP 

ORG 080h 

STARTUP: MOV SP, #STACKBOT-1 

ACALL USUAL_SETUP 

ACALL ANALOG_ SETUP 

ACALL Init_Device 

here's 12-bit ramp 

CLR A 

CLR C; clear carry bit 

this calls the initializations generated by Configuration 

Wizard and assumes you've pasted these in 

MOV IDAlL, A; first-pass, to see voltage at zero, on DACl 

MOV IDAlH, A 

RAMP_ l2: MOVA, IDAlL; recall low nybble 

ADD A, #lOh; increment low nybble, left-justified (updating carry) 

MOV IDAlL, A; update low byte of DAC 

MOVA, IDAlH; recall high byte 

ADDC A, #0 ; use carry out of low byte, if any, to update high byte 

MOV IDAlH, A 

SJMP RAMP_12 

·-- - - --- INITIALIZATIONS 

USUAL_SETUP: ANL PCAOMD, #NOT(040h) 

Configure the Oscillator 

ORL OSCICN, #04h 

Enable the Port I/0 Crossbar 

MOV XBRl, #40h 

RET 

; Disable the WOT, Clear Watchdog Enable bit 

; sysclk = 24.5 Mhz I 8 

Enable Crossbar 

ANALOG_SETUP: SETS PO.O 

RET 

make sure latch is high 

; NEXT SECTION IS INCOMPLETE: (here append the commands prescribed by the Conf iguration Wizard)-------

; You don't need to use the next four lines; the Wizard should generate these lines, and others as needed 

;PORT_ SETUP: 

, , set up Vref to 2.2V (necessary for ADC, probably not for DAC) 

END 

MOV POMDIN, set up DACl pin for analog 

MOV POSKIP, tell crossbar to skip DACl bit (PO.l) 

MOV IDAlCN, 

RET 

enable DACl; update on write to high byte; left - justified; lmA full-scale 
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Some details of the "12-bit increment": The 12-bit ramp loop extends its increment beyond one byte 

u ing the trick we saw in §21N.6: ADDC A, #O, incrementing if the CARRY bit i set. The incrern.ent 

of the low nybble may look odd, at fir t. 

A preliminary point: we must not u e INC A for any greater-than-byte operation because INC 

affects no flags. Thu. INC could not be used for thi 16-bit operation, which u es the Carry flag in its 

second step.7 

A econd point: given that we must use ADD rather than INC, why add lOh rather than Olh for 

an increment? Becau e the lowest nybble (that i , the !owe t four bits) of the 12-bit value live. in the 

high nybble of the regi ter IDA IL. Adding I Oh may look funny, but it doe indeed imply increment 

the lowest nybble of the 12-bit value. 

Trying the 12-bit ramp: Note that this program includes no delay. So don't expect to see anything 

coherent if you run it at full- peed. There are two way to look for the tiny 12-bit LSB increments: 

• single- tep to allow time for the DVM to ettle and average out noise; 

• plant a breakpoint somewhere in the loop ( ee details below). 

Either method should how the increments of a single LSB. 

Voltage value of an LSB: What LSB step size do you observe, for this 12-bit DAC? Given the full­

scale value of l.2V, what , tep ize would you expect?8 

Set up a watch window... You can watch the IDA I value in either of two way . The more laborious 

method, giving you better control is to set up a watch window for particular registers (this lets you 

see only what you have chosen . 

Watch window for particular registers: In Fig. 23L. l I we've begun the process of displaying as 

separate items the 2-byte input registers of the TDAC1. In the figure, we have selected the low byte. 

Fig. 23L.l2 shows the results of setting up a watch of both bytes, IDA lH and IDAlL. 

d) •• ·~•.l;:bt 

{!] """ '""· z_..,., 
D ~,.-fit 

C:, SOI.le.~ r-,1 

..... 1 "!1.1'"' t 
l .... 

~ tns,,r,rt.ii; ... ~" t.'~•()f'·' ,_.c"'.,..,u....,.,,...-
lo WATCH , . fn_ot.._a ... i.- I,.. ... 

'j) k-..,.,t~C·,vw 

highlight the register ~ t, 

· I 

and right-click.... . .. ,r-, 

USIJJJ. SE:TUF- ~l. • 1 '•••I 

, 1 ... th~n you must choose 1 
1
- ~ sn-1· 

the appropriate TYPE~ . Mt~ _..:::.: 

~. (if you err. there's no ; 
error message) 

Figure 23L.ll 
Setting up a watch 
window. 

7 This kind of detail i buried in the de cription of the I operation in the Philips "80C5 l Programmer s Guide and 
Instruction et." http://www.keil.com/dd/docs/datashts/philip. /p51 _pg.pdf. 

8 L.2V / 21 2_ 
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... Add a breakpoint: A breakpoint - which halts execution when program flow reache it - allow 

us to see the alteration of the IDAC I input after each pas around the loop. Each time you click the 

green "Go" button, you can see the IDAOL value increment (in its peculiar way: it will grow by 1 Oh, 

but that is a I-bit increment for the lowest nybble of the DAC input register). In Fig. 23L.12 we placed 

both input registers in the Watch window. 

cursor (blue line): current execution point-­
stopped at breakpoint 

IOA1H 0..00 
IDA1 L 0K20 

/ 
value of DAC input register (low byte) 
after two passes around loop. 
This is a DAC value of 2, not 20h, 
since low nybble of DAC is in d7 .. d4. 

Figure 23L.12 Breakpoint can make it easy to watch effect of increments to DA( input. 

We could di . play the DAC input registers by choo ing View / Debugwi ndows/SFR' s / IDAC instead of 

using a watch window. 

Watch the DVM and at the ame time you can note the size of the LSB tep. Fig. 23L. I 2 hows a 
count of two going to the DAC (whose LSB live at d4 of the IDA 1 L regi ter). At thi count we ·aw 

Vout~0.9mV. 

Incidentally. you need to ground the DVM a close a you can to the 410 · ground: a few inche 

of breadboard ground line can drop several LSBs in voltage (we saw a drop of about 3mV, along the 

ix-inch length of the ground line on the breadboard strip) . 

23L.2.7 8-bit resolution 

Eight-bit resolution is more usefu l in our breadboarded circuit. A scope can display the individual 

steps of the DAC's 8-bit ramp, and we will from this point use both DAC and ADC a 8-bit devices. 

Thi we can do by ignoring the low four bit , using only the IDA I H register of the DAC and the 

equivalent high-byte register of the ADC. 

At 8-bits, the cope image in Fig. 23L. 13 shows, when we included some averaging, the LSB steps 

of about 5m V apiece. 

Code: the RAMP loop, a task for you: This program i very simple, lacking the contortion. required 

by the 12-bit increment. The ramp loop is as brief as the comment below uggesl. We leave the code 

to you. Note that, for 8-bit control of the DAC, we need to write only to the register that hold, the top 

eight of its 12 bits. This register is IDA I H. 

Let s use the accumulator a. cratch register where we can do the incrementing. 

EIGHT_ BIT : transfer curren t "ramp • value to DACl 

increment ramp value 

waste a li t tle time 

keep doing this , forever 
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ramp steps, cleaned up by averaging ... 
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l 
............. . ~~~- · ~'-'-. ~ ·~·-~·~. 

(iifl I O.O mV M ~o. oµ , 

. .. and still more averaging 

Figure 23L.13 DAC ramp at 
8-bit, averaged: LSB steps 
visible . (Right-hand figure's 
vertical shift is artifact of a 
changed trigger voltage.) 

23L.2.8 Code: the full program - minus the RAMP, which we leave to you 

The full program includes a delay o that we can run it at full - peed and watch the ramp on a scope. 

As usual the initialization chores dwarf the code loop in fussine s. 

dacl_ 8bit_wizard_MT.a51 8 - bit resolution 

$NOSYMBOLS keeps listing short 

$INCLUDE (C: \ MICR0\8051 \ RAISON\INC\c805lf410 . inc) 

STACKBOT EQU 07Fh ; pu stack at start of scratch indirectly - addressable block (80h and up) 

; DACl at PO.l 

ORG Oh 

LJMP STARTUP 

ORG 080h 

STARTUP: MOV SP , #STACK.BOT 

acall USUAL_ SETUP 

acall Init_ Device; let the wizard do the work for us 

setb pO.l ; make sure DAC pin is high 

here's 8 - bit ramp 

CLR A 

EIGHT_BIT: 

DELAYSHORT: PUSH ACC 

MOVA, #lOH 

DJNZ ACC, 

POP ACC 

RET 

transfer current "ramp" value to DACl (high byte) 

increment ramp value 

waste a little time (use DELAYSHORT routine) 

keep doing this, forever 

USUAL_SETUP: ANL PCAOMD, #no t (040h ) ; disable WDT 

ret 

, ------ ------ ----- ------- -- ----- ---- -
Generated Initialization File 

, ---- ------- --- -- ------- ----- ------- -
; Initialization Eunction for device, 

; Call Init_ Device from your main program 

Init_Device: 

lcall DAC_ Init 

lcall Porc_ IO_ Init 

ret 
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; Peripheral specific initialization functions, 

; Called from the Init_ Device label 

DAC_ Init: 

mov IDAlCN, #OF2h 

ret 

Port_ IO_Init: 

PO.O -

PO . l -
P0.2 -

P0 . 3 -

Unassigned, 

Skipped, 

Unassigned, 

Unassigned, 

mov POMDIN, #OFDh 

mov POSKIP, #002h 

mov XBRl, #040h 

ret 

end 

Open-Drain, Digital 

Open - Drain. Analog 

Open-Drain, Digital 

Open - Drain , Digital 

A DVM will. how you the LSB value - the increment vi ible if you use multiple- tep and the small 

delay. We saw about 8rnV. A scope image is more exciting. You may have to limit bandwidth (hiding 
fuzz) in order to make the individual tep clear. 

23L.2.9 ADC 

Hardware: a signal source: In the initial ADC test, it 's convenient to feed the ADC with a DC level. 

We can use a potentiometer, with it maximum value just a little beyond full-scale, and a moderate 

RThevenin· (What is the maximum RThevenin for this circuit? Thi s question will warm your heart, no 
doubt, carrying you back to the tart of thi cour e!)9 

Code: The task of setting up the ADC is imilar to setting up the DAC: the many options call for many 

choices. Our first ADC test program di plays the 8-bit ADC result on the LCD, and the program loop 

is as imple a most of our programs. The routine that pick up a sample from the ADC i thi , a you 

saw in §23N.4.3: 

GET_SAMPLE: CLR CNVRT_ START low on ADOBUSY ( to permit rising edge) 

SETB CNVRT_ START ; rising edge on ADOBUSY starts conversion 

JNB CNVRSN_ DONE, $ ; hang here till conversion - done flag 

MOV SAMPLE_HI, ADCOH; high byte 

RET 

GE1 _SAMPLE include a pair of command that provide a rising edge on a bit that starts the ADC. 

We looked at the detail of this code back in §23N.4.3. 

23L.2.10 Set up ADC with Configuration Wizard 

We described other ADC initialization process back in §23N.4.3. The port configuration al o is more 

complicated for the ADC than for earlier program . We'll leave the DAC etup as before, at PO.l , and 

will add an interrupt input and will set up the voltage reference, as well. The cros bar make both 

DAC and ADC pin analog (we' ll oon be using both ADC and DAC in a program , and permits use 

of the voltage reference brought out at another pin Pl .2. This pin i. made analog, and i brought out, 
even though the ADC u es it only on-chip. See Fig. 23L. l 5. 

9 In case you aren't in ·tantly carried back to those happy day. when you were younger, we will remind you that the 

maximum RThcvcnin come - when the pot slider is ·et to it topmost position. Then R·n,cvcnin = ( I k II ! k}=0.5k. At every 

other etti ng RThe,enin is lower. 

+5 

fk~ 
fk1-lo AOC mux 

Figure 23L.14 
Potentiometer can 
provide a DC 
source to feed the 
ADC. 



Pnorty C10$$bat j 
Cro:$b!I Prroiity Decoder Setup 

POMOlt-1 ·MC. 
PlMDIN •O><fB 
POSKJP • Ox23 
PISKIP •0"°4 
X8R1 ·0.40 

23L.2 Silabs 4: Intern 

Table 23L.l 
byte-value function 

ADCOCN d7 ADCO enable: I = 
... d5 ADOINT: I => sample ready ( 
... d4 ADOBUSY: rising edge ~ 

... d2 ADOLJST: I => Le 

... di. dO select. event that stan 

... OOb select rising edge on ADOBUSY as 
ADCOMX OOh ADCO mux assignme 
ADCOTK d3 ... dO tracking me 

... FBh dual-mode (thi is t 
ADCOCF d2,d l number of conver ion, r 

... OOb => one ample/sta 
PO dl , dO both bits high, to permit u 

POMDlN OFCh ADC & DAC pins set to ru 
PO SKIP 23h kip INTO*, ADC and 
Pl SKIP 04h skip Vref r 
REFOCN 13h enable Vref et full-i 

Preliminary ADC test : potentiometer voltage on display: This A 
a digital voltmeter. The head of the program follow . The ADC ir 
wizard's help. 

OK 

Disable 
r Weitk 

PulHJp 

O Digital 
A · Analop 

O· Open Oram 
P Pu1h-Pull 

adc_wizard_aprll.aSl ; ADC test, done with configuration wizard Ja 

ADC as voltmeter (8 bits displayed on LCD), input on PO.O 

$NOSYMBOLS ; keeps listing short, lest ... 
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$INCLUDE (C:\MICR0\8051\RAISON\INC\c80Slf410.inc) ; ... this line might produce huge list 

of symbol definitions (all '51 registers) 

$INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC) Tom's vectors definition file 

STACKBOT EQU OBOh ; put stack at start of scratch indirectly-addressable block (80h and up) 

DISPLAY_ LO EQU P2 

DISPLAY_HI EQU Pl 

port use: ADCO on PO.O 

ORG Oh 

LJMP STARTUP 

ORG 080h 

STARTUP: MOV SP, #STACKBOT-1 

acall USUAL_SETUP 

acall SETUP_ANALOG 

acall Init Device 

START_ADC: mov ADCOCN, ff84h; low on ADOBUSY 

mov ADCOCN, #94h ; high on ADOBUSY starts conversion 

jnb ADCOCN . 5, $ ; hang here till conversion-done flag 

mov DISPLAY_HI, ADCOH 

mov DISPLAY_LO, ADCOL; show ADC value on display 

sjmp START_ADC 

; -- ---- - INITIALIZATIONS 

USUAL_SETUP: anl PCAOMD, ffNOT(040h) 

ret 

Disable the WOT . 

; Clear Watchdog Enable bit 

SETUP_ANALOG: setb PO . O ; set pin high, to permit use as analog pin (this for ADC) 

ret 

;------ - Wi zard's INITIALIZATIONS (These you can fill in with the help of the Configuration Wizard) 

Once you are sati . fied that both DAC and ADC work you can let ADC talk to DAC a we do next. 

23L.2.11 ADC to DAC upon interrupt: full program 

The full program, adc_dac_int_ jan11 . as1, take a sample from the ADC each time the 410 i 
interrupted. The program then di plays the 8-bit ample on the LCD, and al o send the sample to the 

DAC. It is too long to type in, so download it from the book's web ite. 

23L.2.12 Apply ADC and DAC 

Watch ADC to DA( for sinusoid : Thi program provides a nice setup for trying out the sampling 

rules that we di ·cussed - and perhaps demonstrated in cla, - back on the day when you built an ADC 

in Lab l 8L. Use a function generator to provide a sinu oid for the ADC to convert. Make sure the 

sinusoid does not exceed the input range of the ADC: 0 to 2.2V. 

Use a TTL square wave from breadboard or function generator to drive INTO*, setting !-:ample· As 

a first te t, watch analog in and analog out on a scope. If you set the ampling rate at 3 or 4 time .fin, 
you should see omething like what' hown in Fig. 23L. l6. 

As you pJay with the relation between .fin and f-;arnple you can confirm, at lea t roughly, the teachings 

of Nyqui t. For ! ~ample below 2xfin you hould be able to recognize aliasing. But the reconstructed 

waveform may be so weird that it is hard to recognize as a sinu oid at a strangely low frequency. The 

filter that we ugge. t next will help to make alia ing more obviou . 
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Filter the DAC output: A good low-pass "reconstruction filter" allow one to sample efficiently, 

with a , ampling rate just a little above twice the maximum fin· You may recall the rule that the lowest 

sampling artifact appears at f 5amp1e - . .fin- rnax· The good filter available to us, the Max294, attenuates 

to below -60dB (one part in a thou and) just 20~ above f~utotf';:::;;,f3<lB· So, we can afely sample at 

2 .2 Xfin-max or above. You're not likely to want to calculate this !ample when, instead, you can just 
play with !~ample by adjusting a function-generator knob, while watching the results on a scope. 

samplu,gcdgc 
(C!TIICS INT 1 '\ 

analog,n 
(tO AOC) 

nnalogrut 
(lromOAC) 

- - - ..... -·- - - - - - ~ I 

_....., ______ ~ .... -- .... -

.1 
o I t II I o 

- 1 
-! 

Chi . 5.00V <h- ~or111~ \l~ µs t\ h. f 

j 
..160111\1 

~ 200mV 

Figure 23L.16 Sinusoid to ADC. DAC output 
reconstructed from ADC samples. 

We set out in Chapter 22N the details of the filter circuit and of the audio amplifier that permits 
li tening to the reconstructed output. We will not repeat that detail here. You will need a third oscillator 

to drive the clock of the MAX294. If you don ' t have a function generator available, wire up a '555 

o cillator to give yourself a square wave at a frequency adju table from perhaps 5kHz to I MHz. (See 
Lab 8L.) 

... and listen to the DAC output: We hope you'll wire up the audio amp described jn §23N.5 , and 

listen to the output waveform . The information delivered by your ears will upplement what ·cope 

and eyes can reveal. 

23L.2.13 A task, if you're in the mood : modify waveforms 

We propo e in Chapter 22N ome change that the 8051 might apply to a sampled waveform rather 

than just spit it out at once to the DAC. A few lines of code could implement a rectifier, for example 

- full-wave or half-wave. Perhap more fun is a digital-lowpass filter, done with weighted-averaging 

between a current sample and a running average. Certainly the filter is more fun to listen to. 

As we admit in Chapter 22N, these exercises are essentially entertainments since the 8051 is indeed 

feeble as a signal proces or. But the exercise will give you a little practice in coding, while delivering 

the reward of vivid results visible on a cope screen, and perhaps audible. 
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235.1 Using the RIDE assembler /compiler and simulator 

235.1.1 Installing RIDE 

RIDE 1 is offered free for design using code up to SK. It comes in two modules: a framework called 

RlDE7 (at date of this writing) supporting a variety of microcontrollers· and a ·'module" for a partic­

ular proces or. The particular module that we need is called RKit5 I, for the 8051. 

You must regi ·ter to get acces to these two downloads. You will be sent a ' erial key" that allow 

use of the "hobby ' ver ion of RKit5 l. After you install Ride7 and the "component' RKit5 l , you can 

use the program for a week without licen ing. But you hou1d proceed with the licensing proce . 

Under Help, click on License, choose " erial activation' and you wi11 be able to enter the serial 

ke). Click on "get activation key" and this second key code will be emailed to you. Enter that and 

licen ing i done. 

Note, by the way, the path where RIDE is in talled. You will need to specify thi later to te11 RIDE 
where to find your regi ter equates files. On our machine, for example the INC folder in which such 
equates for the Silabs controller live is here: 

C:\Program Fi les\Raisonance \Ride \ inc \ 51 \Si labs 

For the Dalla controller, our path is the same except that it end with . . . \51 \Dallas. 

Your installation may put your INC folder elsewhere. Make a note of thi location peculiar to your 

installation. 

235.1.2 Create a "project" 

RIDE uses a "Project" folder to keep together your ource file and your debug choices, which we will 

meet later in §23S .2.1 . 

Make a NEW project, under the PROJECT menu. The menu that appears see Fig. 23S. 1, invite 
you to decide where to put your project, what to cal l it, and which controller the cod will run on. That 

last detail matters, although all the listed controlJers are 8051 types, because particular recent ver ions 

of the 8051 add particular feature and register not defined for the original part. For the big-board, 

which u es a Dallas 8051, DS80C320 is the clo ·e t tit (Rai onance doe not list the model that we 
use, 89C430). For SiLabs, choo e C805 I F4 l 0. 

As you scan the available 8051 you may be impressed by the variety available. We cho e the 

8051 , a we have said el ewh re, becau e it i the most widely sourced controller. RIDE list 19 
manufacturers. For one manufacturer Silicon Laboratorie , RIDE list 244 variant - and we know 

I Rai ·onance Integrated Design Environment. Rai. onance is a French company. 
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New apphcation 
Select the type ond IQcotlon for yoor new appltc llo.n. 

Type: New ~plication to be built 

Proc:e.ssor: Desrnpoon: 

Atmel 
CMI.. MiCf OClf t UI S 

Chtpcon 
+ Cyl)fess 

Dales 
..-• DS80C3Hl 
;. @:)$%1 
!, DS80C323 
~ DS87C520 
" , DS87CSSO 
:,., DS80C390 

A liQh-Speed Mk:rocontrol!er will 2 DPTRs 
2 UAAJs and WatchdoQ 

Location: C :\micro\805 I \r olSon\lab J)(09rams\in_out 0 

0 Create a new project 

f ll"J}$h I I Cancel 

-------------- --

Figure 235.1 Setting 
up a new project: you 
will choose location , 

name and controller 
variant . 

that other 8051s are available, ince RIDE' Dalla li ting i not complete, omitting the controller that 

we use in our lab . 

235.1.3 Compose an assembly-language source file: (*.a51) 

Wrile an a embly-language file - or, much easier - open one you've gotten from someone el. e so 

that you know the form i. OK. You add it by choosing 'Add item" under the "Project" menu, then 

browsing to find the file. 

The in/out program of the big-board Lab 2 1 L appears in tbe RIDE screenshot of Fig. 23S.2. The 

figure how the full screen with the little program loop enlarged. 

Thi program simply takes a byte from a keypad, then passes it to a display. You do not need to 
understand how the program operate at this point. For now we are concerned only with the form of 

RIDE's listing. We will mention some peculiarities of thi listing below. 

Directives addressed to the assembler ( not to the 8051 ): The ource file includes everal com­
mand addressed to the assembler or compiler, not to the contro11er it elf. Mo t of these are explained 
elsewhere in §20N.7. We will simply mention them here. 

NOSYMBOLS Thi line pares you the nui. ance of generating a multi-page printout of DS80C320 
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Figure 235.2 Project window showing assembly-language source file. 

register and bit names, each time you print the .lst file produced by the assembler, a fil 

bowing the machine language produced from your assembly language source. 

Ride provide an alternative way to get the same re ult: in the 'project" window, just 

choose NO for "di play includes" (this i the default setting) . 

Figure 235.3 One way of 
forestalling the display of 
excessive listings. 

Pro1ect Globals 

adcdac1nt_m_504.a51 loca l Settings 

Assembty ~rce file 

+ fofo 
• Bu· d Process 

- MASl assembler 

"· Source 
l' listing 

Generate l isting 

Include source 

Yes 

Display includes Ne 

Insert non assembl~ I '1 es 

Expand macros '(e~ 

S"rnbcl ta ble Ye$ 

Cross reference 

Characters per hne 

Lines per page 

'r'es 

so 
60 

one way to eliminate 
long listings of 
equivalents 
(the ''included" files) 

INCLUDE This line, described in Chapter 21N, is not needed in this very simple program. But we 

insert the line at the head of every program in order to cover those programs that do need it. 

The included file i listed in the top left window of the screenshot in Fig. 23S.4. 

ORG This line, also described in Chapter 21 N, tells the assembler the address at which to begin the 

code that follows this command. 

Listing. Looking at the assembler's output : The micro lab include many program listin 7 S that 

how not just the ource code (a embly language like "MOY A, DPTR," in Fig. 23S.2) but aL o 

the a sembler output: executable machine-language code (like the hexadecimal value "EO" in that 

Ii . ting) . 
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....... 
.... ..... 

,,. 
st.a.n\t> u :,,rs • 
( ~y 11 ~ i!'t-t71: 

'!tff. . .. ~, 

"dependencies:"' the Included tile Figure 235.4 Ride 
window lists the 
included files . 

The a sernbler s ability to translate human-intelligible a sembly-language code like "MOY A. .. ' 

into fu sy machine code like 'EO'' is the tool' principal function. A human could look up each in­

struction to find the equivalent machine code - and we will ask you to do that, once or twice. But 

humans are not quick at this and don ' t enjoy the work. When we enter programs into RAM by hand, 
as we often do in the big-board ver ion of the lab , it is thi hexadecimal machine code that we enter 

using the keypad. 

When working with the SiLabs device, and also late in the big-board labs, we don t concern our­

selves with the machine code. In. tead, we just u e a laptop computer to end the executable code to 

the controller. 

235 .1.4 The assembler's substitutions, permitting symbolic names 

Sometimes an intermediate step lies between an assembly language command and its machine-code 
equivalent. 

If we u ed built-in port rather than external buse for example, we might need to refer to those 
port. a "P2" and "P 1 ." 

The ing1e line below doe thi and a sumes that the keypad and display are wired to the two li ·ted 

port , P2 and P 1 (respectively). 

TRANSFER: MOV Pl, P2 ; in one operation, copy byte from keypad to display 

For this code, the REG320.INC file that was included i es ential. It allows the assembler to make 
. ense of "Pl " and "P2. ' 

The a sembler look up the addre se of these ymbolic names and plugs those addresses into the 

executable code that it produces. Below is the " li sting ' showing the assembler' substitutions for Pl 

and P2 , and the corresponding machine code. For "Pl ," the move destination, the a embler ubsti tutes 
"144" ( decimal) ; for "P2" it substitutes "160." 

85A090 TRANSFER : MOV 144 , 160 

And in the machine code listing in the left-hand column the a embler places - after the op code2 

85 - the hexadecimal equivalent of tho e two decimal value: A0 16 for 16010, 90 16 for 14410. 
The screen hot in Fig. 23S.4 lists in the top left window the included REG320.1NC, called a 

"dependency." Such included files appear in that window only after assembly (see §23S. l .7). 

235.1.5 Another assembler substitution using symbolic names 

Even learer than the port name ' Pl ' and "P2" are descriptive names, as we noted in §2 lN. l .2. EQU 

permit thi . The as emb1er can help us to define these. Once defined, these names would allow u to 

make the TRANSFER code almost elf-explanatory. We could write it a. 

TRANSFER: MOV DISPLAY, KEYPAD 

2 ·'Operation code:· 
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Below is a listing that shows the fir t stage of the two-step sub. titution that permits this way of 

referring to the ports: when we write 'DISPLAY" the assembler does a text substitution, putting in 

"P 1. ' You have read many of these detail 

byte_in_ out_ports . a5 1 

$NOSYMBOLS ; keeps listing short 

$INCLUDE (C: \ MICR0\ 8051 \ RAISON \ INC\ REG320 . inc ) 

KEYPAD EQU P2 

DISPLAY EQU Pl 

ORG Oh 
SJMP TRANSFER 

ORG 02 0h 

TRANSFER: MOV DISPLAY, KEYPAD 
SJMP TRANSFER 

The translator then consults the included .INC file and translate "Pl " to addre s AO (hex) - as you 

have seen before in §23S. I .4. 

85A090 178 TRANSFER: MOV 144 , 160 

lf you are accustomed to high-level programming you may not be impre sed by thi achievement. 

But you'll probably concede that it may help to make a sembly code more readable. 

235 .1.6 Associate the .A51 file with the project 

Thi step RIDE calls "adding an Item ... ' Under the PROJECT menu, choose Add Item That will 

bring up a directory listing; work your way to where your ource file lives. and click on it. 

235 .1.7 Assemble the .A51 file 

Under PROJECT click on BUILD. "Build" doe two operation . First, it compiles (for source in C 

code) or assembles (for source in assembly-language). Then it links the assembled modules ( ome­

times there are several modules) a igning addres e in order to place code appropriately. 

Catch an error: If the assembler find an error in the code, it will di play thi , in the window at the 

bottom of the creen. We have in Fig. 23S.5 altered the program of § 23S. l.3 on page 94 7 to inject an 

error. The assembler kindly flag our mi, take. 

• .-; nt 

• ST.ARTUJ?.;, t~i DJ .. T.'R, .... :. • :itt _., J>n.n.~ ·~ };,ey,J::.;~<:C,,.V-A:l •. ~ !"~_ ... ,y ....... 
error is flagged ... 

COPY w;n .I. 0DPT~ : ; I< •r· k~y~ i •,·~J ,.~ •• 
'!"\ v·: 8 DP7R. A • rid _....," ~ ro 11 • .,.l' .e·1 

.T " t COPY r i(:,a,!' ... "I' • -h ... #..,r,..•/• 

--- -------- ---- -Bui.lit Startea : ' l.n _out ' 1n con.tl.gu.rati on 1Stantlal:,t • -- - - --- - --------- -- - ------

81Uld1ng C: \,:11.cro\80$ l\ra1son\llll•J1rogra,,s\in_out \1n_ oul . a51 
Runnin9: SOCS ! u s eiwler 

... and explained 
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1 

Figure 235.5 Assembler flags errors for us (and underlines them in red). 

y x 

A full listing of the assembler's output occasionally may help to illuminate an error by giving it 

some context. 
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235.1.8 View the .1st file, if you like 

Sometimes you may want to see a listing like tho. e that we include in the micro Jabs, showing not 

ju t the assembly-language source code but al o the addre se where thi code is to be placed and the 

executable machine code that the assembly language generated. 

To see uch a listing, u, e the VIEW menu and choose VlEW LISTING. If an error occurs, the error 

message will appear after the offending line. 

0030 175 ORG JOH 
1 76 STARTUP: MOV DPTR, 8000H ; point to keypad and display 

*** ERROR #23 IN LINE 11 OF C:\micro\8051\raison\lab_programs\in_out\in_out.aSl : 
EXPRESSION TYPE DOES NOT MATCH INSTRUCTION 

0030 EO 177 COPY: MOVX A, @DPTR pick up keypad value ... 
0031 
0032 

FO 
8000 F 

178 
179 
180 END 

MOVX @DPTR , A 

SJMP COPY 
. . . and send it to display 
keep doing this forever 

Our error here was to omit the"#" ahead of the ' 8000H.' Thi pound sign is neces ary - not only 

in order to do what we intend (something the a embler i, n t mart enough to divine), but al o just to 

form a legal instruction. Once you've a embled without producing errors, you can try your program 

in the si mutator or "Debugger." 

235.2 Debugging 

The as embler will warn you of syntax error . Bul the RIDE simulator does much more: it will help 

you to judge whether your program doe~ what you intended. 

Under the Debug heading click on Start. This will open a window that looks much like the source 
file in the a sembler but shows a blue diamond opposite the fir t executable line of code. You can 

single-step by pre sing F7 or (equivalently) by using the Debug menu and choosing StepJnto. If 
you 're curiou about details, note that STEP comes in three flavors : "Step.Jnto" means "step through 

·ubroutine , '3 wherea "Step_Over" mean nm at full speed through a subroutine, resuming single­

tep on return; ''Step_Out'' means exit subroutine (it immediately executec the subroutine 's RETURN 

operation). 

But single-stepping is not much fun until one takes advantage of the imulator' . ability to how 

you the contents of 8051 regi ·ters. The simulator makes the controller transparent. In Fig. 23S.6 we 
have stepped through ju t three line. of the In/Out program whil we have cho en from the left-hand 

pane) everal items to di play : 

Main registers: you will always want to see this window, rich with information. It show not only 

the principal registers but al o what DPTR points to. 

External ports: we have di played location 8000h through 8003h, the four locations dedicated to 

IJO on the big-boa.rd computer. 

The bottom pane of the creen hot in Fig. 23S.6 hows a detailed listing of the program (a m 
§23S . l .8). One can see there, for example, that the lin to be executed next i at address 34h. 

3 In C code what we call'' ubroutine are called fun ctions. 
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Figure 235.6 
Debugger 
window showing 
register values 
after a couple of 
program steps. 

e Codee .• 

oo~r : 
STUTl!P 

0031) · 
COPY · 

0033: 
llOVX l!l>PTR, >. 

SJIIP CO P\" 

0035: 

accumulator shows value picked up from keypad 
1n_ '•UC l"I l 

COPY : f' ··, A 0 IIPTR r ;..~ !(;: 1~t Y.~·/p~ J;J~ •• • 

!Cotr7 tU> PTR J. .,u,d e1,t1 · ,. ,11 : lay 
li!f COP Y • k. "!r t uu:1 h:.- t-·: l 

end 

FF db Offh 

Ff db Offh 
• poJ.nt c.o k•w•d. &n.d (h .• pl•y 

908000 HOV DPTR, #6000 
• p1dr: UJ) k.,ypa.d: valu• . 

Ell IIOVl( A, ~DPTR 

and ,;e,~d'" n. t o duplay 

r keep doing> ~his forever 

= SJ HP COP Y 

.• 0 
mrrrrrr 

DPL : • OOH 

A : • ABK 

0000 

or.oo 
00,0 

0033 

• The regi ter "PC" (program counter) at the top of the Main Registers window how the ame 

value. as it should. 

Other regi ter reflect what thi s simple program has accompli hed in three steps: 

• DPTR shows the alue 8000h. a value loaded in the line labeled 'STARTUP.' 

• ACC (the A or "accumulator register) show the value ABh a value al o shown at addres 

8000h in the Xdata window, and (equivalently) also in the "@DPTR ' box the location pointed 

to by DPTR. 

• ACC hows thi value because the line labeled "COPY transferred the ABh from the 1/0 port to 
the A r gister (the ame as "ACC")4 

235.2.1 Choosing what to VIEW during debugging 

When you . tart the debugger, you will ee in the left-hand pane, as in Fig. 23S.7, a et of options li ted 

for viewing. 
Some of these you will choose rarely; one you will choose always, as we have aid: Main Register . 

If your program doe 1/0 using the external bu rather than the 8051 's built-i n ports then you'll prob­

ably aJ o want to watch "external memory' : our I/0 looks to the processor like 'external memory." 

Under VIEW select DATA DUMP, then XDATA VIEW. Thi will show you a window displaying the 

content of a block of addre es. 

You can type in the addre that interest you - say 8000h, if you're watching an IJO operation 

on your little computer. Then you can also force a particular value into any location by clicking on 

the displayed value, typing in a new value and hitting Return. Thus you can simulate an input from 

keypad, for example, or from an ADC. 

You can of cour e al o u ·e Xdata to how memo,y data rather than I/0 ince the 8051 i agno tic 

on the 1/0 memory di stinction that we humans like to make. 

4 A. we have noted el ewhere (Chapter 22N), thi nasty complication arise. from the 805 1 's two di ti net ways of addressing 
the A register. The annoying fact i. that a emblers require that we use one name or the other. in di tinct context ( ee 
Chapter 21 N). We are required to write ·'MOY A, @DPTR." not using "ACC." But we are al o required to write "PUSH 
ACC" in order to. ave the A regi ·ter on the stack. 
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f.!le ~dit '.'£iew ~roject Qebug P(ugins Qptions tielp 

x 

~ ~ 

Debug 

,. · C :\micro\8051 \r aison\lab _programs\in_out\in _out. dbi 

in_out 
Data Dump 

,'.JB Disassembly View 

Code View 
Xdata View 
Data View 

.... Sfr View 

Bit View 

g Main Registers 

Peripherals 

~ Interrupt Controller 

1 I 
f:::'1 I 

q. x 

~ Port O 
~ Port 1 

~ Port2 

~ Port3 

~ UART O Figure 235. 7 Debugger offers a set of viewing 

options. 

~ 8000 

7F EO: fl' H Ff H rr ff ff rr /', 

7FE8 : rr H FF rr H H ff H . ~ 
7rro: rr rr rr rr H ff ff' ff . 8000 
7FF8: rr ff rr rr ff f f rr H . 
8000: !ii rr H FF rr ff rr FF •. 4' s . :-.t o m 
8008: fF Fr FF fF fF Fr FF rr 8000: ID ff Fr FF 

. 
8010: FF FF ff Ff ff H FF n' 

8000 
8018: rr fF ff FF ff FF ff Ff Figure 235.8 
8000 XDATA window 

.. . then shrink window, 
shows port data . specify External Data (Xdata) address .. to show what matters to you 

WATCH window: This is a versatile tool that let you . et up a . ingle window to di play ome detail 

important to you. To watch a ignal or register, highlight it and right-click, then choose WATCH. 

Incidentally, WATCH works in RIDE exactly a it does in SiLabs IDE . 

• • • Codee 

• 

STARTUP SP IISTACKBOT -HO 
: ----NOii £NAU£ INTtllJ>UPTS----

00 

S1'VCK 

ITO 
EXO . .. : fllftlke nno .tdQl!'-~~~:s1 1w· (p. z~) 

: • end er-.MJ e rnro 
(pp 3 l - 3Z) 

Goto ~ 

Show~Ponl CJ:r1+.F3 rtt.lp, 0.9 uouol) 

Ct<i+Slllt+O 

t!lp 1tsy~-constan # 111 tnt"rnapt inc• s 1 
e~pond:s r.o tatllr\Q edge--p~eud\)- edge sen.:uc.1~, 

~c. voo u,US"t. clock t11~v~ral r u,-~t, t.1h11~ Juuti., t.en 1av1 

131\: J~ .i, a.t 
n-: u <te tu.cd 111 VECTOP-53210.lNC, included ebove. 

•' Cooy 

ISP. 
~ Poste 

P"'TOCICiell'•~ 

•- CtMI 

It u addrc:..s O:lh. the o.ddrc:s5 to 11,1h1c:h u11C:C'O hop:, 
10 r~spon,ie cG tnterrut :.ero 

~-(,u,,vpt_cJs,,oc] 

'.>~ ,J~ 

(odeCom090 

c.-................. \]""' 

!TO 

00 

Figure 235.9 
WATCH window 

allows you to 

keep an eye on 
particular 
variables. 
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Simulating interrupt: In order to simulate an external interrupt (that is, the sort initiated by driving 

an 8051 pin), you will need to simulate an interrupt-request. On the big-board computer you do thi 
by providing a falling edge on bit 2 of built-in Port 3. 

To simulate this interrupt request, double-click "Port 3 in the left-hand pane of the debugger win­

dow: see Fig. 23S. I 0. Then right-click P3.2 and choose Ground. The program will respond when you 

next step. 

Figure 235.10 To simulate interrupt request, ground P3.2 in 
Port 3 window. 

No Connection 

No Connection 

7 No Connection 

Timers: When you begin to u ea timer, the timer window i. very helpful.5 Jt shows: 

• timer control register (T2CON: control); 

• timer value (THL2 the 16-bit present value, for Timer2); 

• "capture/reload" regi ster (RCAP2) - for Timer2 only: thi how the value that will be reloaded 

when timer is in auto-reload mode; 

• overflow flag (TF2, for Timer2)· 

• Run bit (TR2 for Timer2): set high to enable timer. 

Figure 23S. J 1 shows Timer2 simulation window, before and after an overflow that cau ed a reload 

of the initial value.6 

fG-b if value of running timer 
~ - - ~,~r) -

fG-bit value to be re-loaded THL2 Ff27 (!)',. 
info timer; when it overflows ~ RC<\P2 FEFD .-

~ T2CON O-l 
control register for this timer TF2 o TR2 
(#2): determines whether to use 
auto-reload, for example F•.rdion: timer 

State on 

Mode: 16·ba auto1~ Mode 16-bl auto-reload 

timer overflow flag 
(at left, no overflow; 
at right, overflow 
has just occurred, 
causing reload) 

fimer2 simulation windows, before and after overflow 

Figure 235.11 Timer window (Timer2 : more versatile than O or 1) . 

5 The timer simulation was mi .. ing from RJDE7 in May 2015. We hope that Raisonance will re -tore thi s u eful feature. 
6 The 'c reenshot in Fig. 23S . I I hows the older version of Ride, 6.1 no longer provided by Raisonance. T hi. ver ion is 

available for download from the AoE website. We used this older version because the current Ride 7 doe · not include the 
Dallas timer in its simu lation . 
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Serial port: A window can be dedicated to hewing the serial port and its regi. ters (DaJlas 89C430 

has two serial po1t. , SiLabs 410 has one). We'll not attempt to explain the serial port here; it will 
become interesting only at a time when you decide to use it perhaps late in the term. Fig. 23S. l 2 is an 

excerpt from Ride's description of it simulation that show a screenshot of the serial port imulation 
window.7 

~ ; ,,.,. m,UARI (~,,mple) . : : , _ - .. - X · 

I rv TRM r. ASU I ---Reset Buff~ I ! ·Mode 1. 8-bllUAAT 
r REC (' HEX I Rec beud generator. Toner 1 overttow n 3 2 Hz} 

_ P' fe(;t Mods P :-fiJRT L T rm~ud g·e~_ero.to1: Ti~ er ~ ~erflC11.v (1 J~2 ~) _ 

r Buffer· ----~~-~---------

Figure 235.12 
Ride debugger 
window 
dedicated to 
the serial port. 

A you would expect, the imulator can di play a value sent from or received by the UART, and in 

receive mode REC allows di play of a serial stream. 

235 .2.2 Lots more features! 

If you want to become expert in u ing RIDE, look at the thorough documentation provided in two 

PDF files who e links are posted on the book's website: RIDE I.PDF and RIDE2.PDF. Have fun! 

235.3 Waveform processing 

You now have an ADC and DAC linked to your computer - or very soon you will. Once you 've 

got these wired, it' fun to try altering waveforms: fun to ee the re ult on a cope, and fun to hear 
the re ult if you put the output through an audio amplifier. Let review some of those operation on 

waveforms. 

A controJler like the 8051 i not well adapted to signal proce sing. A Digital Signal Processor 

(DSP) i the device designed to do uch a job. It includes fast, wide multipliers and accumulators, and 

u ually peed its proce sing with 'pipelining. Nevertheless, it i u. eful and fun to try to compose 

some tiny signal-processing programs as you try out your ADC and DAC. 

235 .3.1 Rectify 

Half-wave: Half-wave i straightforward once we 've determined the form of the ADC's digital output. 

The ADC a wired in Lab 23L is single upply, and speaks in offset binary: see Fig. 23S. I 3. 

So to implement a rectifier we can watch the MSB whjch indicate. on which side of the midpoint 
the input voltage ha fallen. In off et binary O indicates lower half, 1 upper half. 2' -complement 

inverts this MSB behavior. 

7 Image reproduced from Raisonance literature, ''80C5 l and 80C5 l XA Development Tool ," Pmt 2. Debugging, §3.3.3 .3. 
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FFh t 1 t 1 ft t t - TOP - 7Fh O 1 t t t t t t 

BOh 1000 0000 - MIO - OOh 0000 0000 

OOh 0000 0000 --BOTTOM- BOh 1000 0000 

Figure 235.13 Digital data formats . offset binary 2's complement 

Half-wave code: Hence the code (for offset binary): 

AS IS: 

jb acc.7, AS IS 

mov a, #80h 

; if MSB hi, leave it alone (it's already above midpoint) 

... but if MSB low, force to midpoint 

when program lands here , A holds value at midpoint or above 

2 's-comp form: We could easily convert that offset binary to 2', -comp with a single line of code: 

cpl acc . 7 flip MSB, to convert between offset-binary and 2's - comp 

Or we could get the ADC to speak in 2's-comp simply by wiring the Vss pin of the ADC7569 

(on big-board computer) to - 5V (the converter i that smart!). Either way, we could get a 2's-comp 

output. 

Full-wave: A simple INVERT operation on offset-binary value, doe not work. Here is what happen 

when the signal comes in at full-scale, and then gets flipped (about its midpoint) in two alternative 

ways: 

• CPL (flip every bit) versu 

• NEG (2 s-complement the sample: flip and add one8) : ee Fig. 23S. l4. The NOT preserves zero. 

Figure 235.14 2's-complement invert 
does notwork applied to offset-binary. 

full scale 

midpoint of range 

fufl scale 

midpoint of range 

___ ;\_;\ __ ___ ;\_;\ __ _ 

---J\-Jl}Jl ____ -vv---
NEG CPL 

This difficulty ugge ts we need to be careful when we try a.full-wave rect(fy operation. Again, 

how would our code differ in the two ca e : if the ADC were talking 2' -comp ver us offset­

binary?9 

235.3.2 Filters 

IIR filter: Chapter 23N suggest a scheme for a low-pa. s fi lter: average a new sample with a running 

average of all previou, ample . This is called an Infinite Impulse Response filter because using feed­

back, it ' re ponse to an impulse never totally die away. We"11 see the contrasting case in a moment. 

Preliminary question: does format matter? Will this work equally well with offset-binary and 2' -

comp format ·? Will our code depend on which we're using? (1 always find thi . question difficult!) 

Fig. 23S.15 show a block diagram of ·uch a filter. 

If we give old and new samples equal weight as ugge ted in §23N.6, then we can calculate the 

8 There is no EG operalion in the 8051 's repertoire of operations: the pro ess would require two rep. : PL A then lNC A. 
9 NEG works for 2's-comp. CPL works for offset-binary. 
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IN (NEW) 

Figure 235.15 IIR filter. 

effective fd B. Here's the argument: imagine a step input, from Oto 1 V at a time when the long-term 

average is zero. Watch what happens on a better-behaved filter. 

You cou ld easily implement either of the e scheme on your lab microcomputer. In Chapter 23N 

you aw a . cope image howing step-respon e waveform · like those in Fig. 23S.16. 

llJ 1))/··· 
6}w running-average formec[;;) Figure 235.16 Filter's response to step input. 

If n wand old are given equal weight then each new . ample takes the output halfway from where 

it tarted (after the previou sampling-and-averaging proces ) toward Vin ( IV, in this case). (You may 

recall that th se number happen to describe preci ely what Vcap did on the ' 555.) Such a trip take 

0.7RC (a. you may recall from 555 experience). Hence you could calculate hdB · 

Forexampl .ifyou sampleat8kHz thetimebelween ·ample i. 1/(8kHz) = 0 .12ms= l20µ s,and 

that, in turn, must be 0.7 RC. Hence, RC=( 1 / 0.7 ) x 120{L = 170µ s, and hdB for thi . filter ought to be 

1/ (2n x 170µ )= 900Hz. 

To change .hdB you can change the sampling rate (easy, but crude) or change the relative weights 

given to new_sample versus running_average. Changing those weight requires using the multiply 

command, as we mentioned in Chapter 23N. The multiply operation i slow - but maybe not too 

slow for modest audio signals: multiply takes 5 cycJe , 20 clocks: about 2µ . : perfectly OK if we ' re 

ampli ng at 8kHz, as suggested above. 

A DSP does thi s kind of operation nimbly, and could readily do such digital fiJtering; simplest and 

fa .. te t would be a hard-wired digital fi lter, like those used in digital-audio playback DAC-chips (these 

are in the FIR form described just now). 

235.3.3 FIR filter 

Finite lmpul e Response (FIR) describes a filter that doesn' t remember all past input (as an analog 

filter would do) but instead knows about a few amples - usually, but not alway , past, amples. 10 It 

lets those flow in and out of a pipeline " and muJtiplie these by differing weights to form a weighted 

average that is the output. 

For exam ple, we cou ld put out an average of n west sample and one-ago sample, as in Fig. 23S.17. 

Thi would be a not-very-con ervative low-pass. 

Or we could put out the dffference between the newe ' t ample and one-ago sample, a · in Fig. 23S.18. 

This would b a differentiator or high-pas. , of a very rudimentary ort. A longer pipeline would let us 

mak a more refined filter. 

10 How can il know ··fuwre'' samples? By letting us pr ces · or operat on a sample that is not the 1110. t recent, but rather is 

one . urround d by later as well a~ prior sample ·. 
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ONE AGO 

IN (NEW) 

Figure 235.17 FIR filter: low-pass. (-:-2)- OUT 

ONE AGO 

IN (NEW) 

Figure 235.18 FIR filter: high-pass. 

235.3.4 Reverb 

This i lots of fun to listen to and play with. If you use a microphone as input you can put yourself in 

a pipe or a barrel or a hall or a canyon as you vary echo time and the quicknes, of decay. 

Reverb needs a "circular buffer" - a table in RAM that forms a pipeline as long as the echo time 

that we want. Each time a . ample comes in, we combine it (add it) with an attenuated version of an 

old running-accumulation value - pulled from a place DELAY ago in the pipeline - and then we play 

this sum and tore it away. If input fall. silent for example. we'll hear the old running-accumulation 

value gradually die away. 
The circular buffer i no more than a table with moving pointer, and pointer reinitialization when it 

hits the end of the table. The algorithm that pull s out the "old' value also need to be smart enough to 

'wrap around' the end of the table. Apart from that, it's straightforward. 
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Why? 

What we'd like to do: store and recover tables of digital data, including audio. 

24N.1 Moving pointers 

To thi point, in the Dallas computer with its external buses, we have used the 805 l s data pointer 

(DPTR) in almost alJ off-chip data transfers. That was just an awkward way that the 8051 works and 

we had to live with it. Today we will ee ways to use DPTR that make it much more appealing: instead 

of an annoying piece of indirection, use of a data pointer turns out to be obviously useful as soon as 

the pointer begins to move within the program. 

To appreciate the usefulness of indirect addressing - which is what DPTR imposes - let' imagine 

trying to copy a mall table without the u e of a pointer. Thi cannot be done with an 8051 but the 

pseudo-code is plau ible, and can be implemented on most computers and microcontrollers. 

Pseudocode to copy data without using a pointer: Let's suppose that the original data lives in a 

table that begins at RAM address 400h; the duplicate is to be written at addre s 800h. 

pick up a sample at 400h 

write it to 800h 

pick up a sample at 40lh 

write it to 80lh 

pick up a sample at 402h 
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write it to 802h . .. 

The process - if interpreted to mean a new line of code for each action - horrifies you no doubt: it 
cries out to be done by a loop, with addresses incremented within the loop. And that proce ·s requires 

the use of pointers (assuming that we don't try to write self-modifying code: a scary alternative). 

24N.1.1 Table copy, in assembly language 

So let's do it the reasonable way: use DPTR, and increment it each time through the loop: 

STARTUP : mov dpt r , #4 00h ; i n it pointer to start of original tab le 

movx a, @dptr ; pick up a sample . .. 

movx; OOPS ! Now what? Need a second data pointer? 

We started bravely - but now need a second pointer. How will we manage that? A couple of pos 1-

bilities appear: 

Table copy: one pointer, re-initialized We can reinitialize DPTR each time we need to shift from 
Original to Copy, and then back. But that code is pretty ugly and painful: here's what it might 

look like (it'. approximately the way a C compiler does the job): 

STARTUP: mov dptr , #OBOOh ; in i t pointer to start of Copy table 

mov r6, dph 

mov r7 , dpl 

save Copy dptr (a byte at a time: \\ 

(high half, then low half) \ \ 

mov dptr , #0400h init pointer to start of Original table\\ 

mov r4, dph ; save Origi nal pointer\\ 

mov rS , dpl 

mov r3, #lOh 

AGAIN : mov dph , r4 

mov dpl, rS \\ 

init copy counter for 16 transfers\ \ 

load Original pointer\\ 

movx a, @dptr pick up a sample ... \\ 

inc dp tr advance pointer\\ 

mov r 4, dph save Original dptr (a byte at a time : \ \ 

mov rs, dpl (high half, then low half) \ \ 

mov dph, r6 load Copy poin ter\ \ 

mov dp l, r 7\\ 

movx @dptr, a save sample in Copy table\\ 

inc dptr advance pointer\\ 

mov r6 , dph ; save copy pointer \ \ 

mov r7, dp l \\ 

d jnz r3 , AGAI N ; keep copy ing, till lOh are done\\ 

DONE : sj mp DONE hang up here, when copying is finished\ \ 

Table copy: using Dallas' second pointer A little better: use two pointers. The original 805 I has 

ju t one DPTR but ome more recent ver ions like our Dalla pa1t have two, and thi · ea es 

a copying task. That's the good news. The bad news is that the second data pointer is named 

DPTR - and it s up to the programmer to keep track of the ingle bit (the LSB of a regi ter 

called 'DPS - data pointer select) that distinguishes the two. Here's what the code to copy 
16 bytes looks like using the two DPTRs: 
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START: 

MOV DPTR, #400h ; init main pointer to start of original table ("source pointer") 

MOV DPS, #1 ; get other po i nte r 

MOV DPTR, #SOOh init secondary pointer to start of duplicate table ( "destination pointer " ) 

MOV DPS, #0 . . restore main pointer 

MOV RO, #OlOh init sample counter 

COPY: MOVX A, @DPTR ; get a sample 

INC DPTR advance source pointer 

MOV DPS, #1 ; get destination pointer 

MOVX @DPTR, A ; store a sample in duplicate table 

INC DPTR advance destination pointer 

MOV DPS, #0 . .. res tore source pointer 

DJNZ RO, COPY ; till all are transferred, carry on 

STOP: SJMP STOP hang up here, when done 

END 

In Chapter 24W we show several other ways of doing this task. But who wants to think that hard 

about aving pointers? Let' see what the C code to do the same task might look like. 

24N.1.2 Table copy, in C 

In C, the copying program calls for some rather fussy initializing declarations; but once that is done 

the tran fer code is charmingly simple. 

I • tblcopy_804.c *I 
II use compact notation to copy 16 bytes 

#include<Z: \ MICR0\ 8051 \ RAISON \INC\REG320.H> 

void main () 

xdata char *ORIG; 

xdata char *DUP; 

II declares 'type' of data is byte ("char" ), 

II stored in external memory ("xdata") 

II location defined by a pointer 

II same setup, using a different pointer 

inti; II just a counting index, used i n FOR loop 

ORIG= Ox400; I • start address of table to be copied: this loads a pointer • I 
DUP = OxSOO; I • start address of table of copied data: loads another pointer •I 
for (i=l; i<=l6; i++) II Jus t 16 trans fer s (tiny value , to ease debugging) 

+ (DUP++) =•(ORIG++); I * one-step transfer, with auto-increment of pointers, 

though 8051 itself can't do this • I 

Some detail of thi s code call for explanation : 

xdata char *ORIG; 

This line expresses several choices: 

ORIG i a pointer: that' what the"*" mean 

it points off-chip to ''external" data (that's expre sed in the 'x" of "xdata"); 

the data is one byte wide: "char ' ("character ). 

* (DUP++ ) = * (ORIG+ +) ; 

an extremely compact way to say what takes many lines of assembly code. 

the "=" ign implement the transfer - and, a you know, the '*" say that these are pointers 

used in the transfer; 

the"++" that follows DUP ays "increment the pointer after its use." 
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Incidentally the assembly code that the C compiler produce is not very elegant. It looks a little worse 

than what we showed on page 960 illu trating the one-pointer method: 

ASSEMBLY LISTING OF GENERATED OBJECT CODE 

FUNCTION main (BEGIN) 

0000 7C04 

0002 E4 

0003 FD 

0004 7E08 

0006 FF 

0007 FSOO 

0009 750001 

oooc 

OOOC 8C83 

OOOE 8082 

0010 OD 

0011 ED 

0012 7001 

0014 oc 
0015 

0015 EO 

0016 FA 

0017 8E83 

0019 8F82 

OOlB OF 

OOlC EF 

0010 7001 

OOlF OE 

0020 

0020 EA 

0021 FO 

0022 0500 

0024 ESOO 

0026 B411E3 

0029 22 

R 

R 

R 

R 

R4R5 is assigned to ORIG 

SOURCE LINE\# 14\\ 

MOV R4, \#004H\\ 

CLR A\\ 

MOV RS ,A\\ 

R6R7 is assigned to DUP\\ 

; SOURCE LINE\# 15\\ 

MOV R6,\#008H\\ 

MOV R7,A\\ 

SOURCE LINE \# 17 \\ 

MOV i.A\\ 
MOV i+OlH,\#OOlH\\ 

?FORl:\\ 

; SOURCE LINE\# 19 \\ 

MOV DPH,R4\\ 

MOV DPL,R5\\ 

INC RS\\ 

MOV A,RS\\ 

JNZ ?LABS\\ 

INC R4\ \ 

?LABS:\ \ 

MOVX A,@DPTR\\ 

MOV R2,A\\ 

MOV DPH,R6 \\ 

MOV DPL,R7\\ 

INC R7\\ 

MOV A, R7\\ 

JNZ ?LAB6\\ 

INC R6\\ 

?LAB6:\\ 

MOV A, R2\\ 

MOVX @DPTR,A\\ 

SOURCE LINE\# 17\\ 

INC i+OlH\ \ 

MOV A, i+OlH\ \ 

CJNE A,\#OllH,? FORl\\ 

SOURCE LINE\# 22\\ 

RET \\ 

FUNCTION main (END)\\ 

But the beauty of using a higher-level language like C is that you don ' t much care how ugly the 
code i that the compiler generate , except when you're much concerned about speed. When you are 

so concerned, you can code a critical patch in a sembly language. 

24N .1.3 An alternative to using DPTR (especially useful for Dallas version) 

Now back to assembly language. There i an alternative to u. ing the DPTR for off-chip data transfers, 

and this alternative offers the great virtue that it leaves the DPTR free for other uses. (You know of 

this alternative if you looked through the note on addre ing mode , §21S. l.4.) That freedom become 

important today when, for the first time, DPTR is likely to be bu y writing or reading tables. 

This alternative addressing mode is written as Movx @RO, A for example. Rl is also available (but 

not other regi ter ), and o i a transfer in the opposite direction of course. 

In order to use this MOVX @Ri, A addressing mode, one first loads P2 with the high half of the 16-bit 
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addres . Fig. 24N. l sketches the scheme. In our computer it i convenient to use thi addre sing mode 

for VO devices so we load 80h into P2; RO or R 1 then provides the lower half of the I/0 addres . . In the 

case shown here - which i taken from Lab 23L - those two addre. e are 02h and 03h to complete 

the 16-bit addresses of the ADC and DAC. (§21S. l.4 spell s out in greater detail how this Movx @Ri, 

. . . addre sing mode works.) 

Look at the MACRO ASSEMBLER ADCDACINT_RN_504 code on page 929 for an example using this 

addre ing mode. It i used there to acces ADC and DAC. 

__.l Pt.'7 
1 

' ' !" ,;y 
'-i :1- A L( 

high half of address 
comes from PORT2 

Figure 24N.l Processor's PORT2 provides high half 
of address when using external buses. 

24N .1.4 Store and playback code (big-board version) 

U ing this addressing mode to handle the converter make it ea y to fill a table from ADC or to read 

from a tab.le to the DAC. Here is part of the storage scope program from big-board Lab 24L that fills 

a table with ample ' then plays the table back to a DAC. The program i timed by an interrupt that 

sets the ampling rate. 

TABLEINT_Rn_408.A51 store ADC data in table , & play it out to DAC: TIMED BY INTERRUPT 

; details omitted, re interrupt enabling and use of interrupt flag 

STARTUP: ACALL INITPTR; INITIALIZE ptrs for ADC & DAC data, etc. 

MOV DPTR, #BOOh ; init main pointer to first writeable location 

ACALL OKINT ; go enable interrupts 

FILLTABLE: SETB IE.7 ; re-enable interrupts 

JNB SAMPLEFLAG,FILLTABLE ; hang here till it's time to take a sample 

CLR SAMPLEFLAG ; clear the flag set by ISR 

CLR IE.7 ; disable interrupts till we've taken care of the task 

ACALL GETSAMPLE 

MOVX @DPTR, A; store the sample 

INC DPTR 

ACALL COMP_PTR; see if we've hit end address 

JC FILLTABLE; . .. if not, do it again (c ==> movx ptr < ref) 

REINIT: MOV DPTR, #BOOh ; init main pointer to first writeable location 

PLAYBACK: SETB IE.7 ; re-enable interrupts 

JNB SAMPLEFLAG,PLAYBACK; hang here till it's time to PLAY a sample 

CLR SAMPLEFLAG; clear the flag set by !SR 

CLR IE.7 ; disable interrupts till we've taken care of the task 

MOVX A,@DPTR ; get the sample from table, not new from ADC 

MOVX @RO,A; send sample out to DAC 

INC DPTR ; advance the table pointer 

ACALL COMP_ PTR; see if we've hit end address 
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JC PLAYBACK ; .. . if not, do i t again 

SJMP REINIT; otherwise, reinit and play again 

As you'll notice. the u e of DPTR is notably traightforward: just one pointer u ed, and it incre­

ments until the table has been filled or entirely played back - at which point it i re-initialized. In the 

listing below, we omit some of the details, the better to show the simple use of DPTR: 

MOVX A, @DPTR; get the sample from table, not new from ADC 

MOVX @RO,A; send sample out to DAC 
INC DPTR; advance the table pointer 

ACALL COMP_PTR see if we've hit end address 

JC PLAYBACK ; . . . if not, do it again 

Thanks to the addressing of ADC with Movx @Ri, ... , the routine GETSAMPLE al o i wonderfully 

imple: 

GETSAMPLE: MOVX A, @Rl 
MOVX @Rl , A 

RET 

; Read ADC 

send anything-- just a pulse to START pin of ADC 

24N.2 DPTR can be useful for Si labs '410, too: tables 

To this point, the Si Labs 410 has not needed DPTR since it ha not used MOYX operations. But it can 

use the e to exploit it limited on-chip RAM (2K). This addre pace is ometimes called "MOVX 

RAM" because of the way that is addressed. We cannot build a large table as the Dalla part can with 

its external 32K SRAM. But we can store 2K on the '410. In §24L.2 we tore ADC sample in thi 

MOVXRAM. 

Thi memory could be applied of course to build a table of any ort of data. 2K might seem a more 

substantial memory were it u ed, for example, a a buffer for character incoming from a keyboard. 

You may recall that we mentioned in Chapter 23N the use of a "circular buffer" as a plausible use 

of interrupt: building a table of character. stored whenever a new character was ready and recalled 

whenever the proce sor was ready for such a value. The circular buffer could be useful for uncoupling 

the timing between keyboard entry (timed by the unpredictable rate at which a human type and a 

running program. 

In the program of §24L.2, Ram_Store, we apply the on-chip RAM to store ADC samples: we save 

2K amples from the ADC, then replay them endlessly to the DAC, thu implementing what we call a 

storage scope. If you are ambitiou , you may want to try modifying this playback program, converting 

it to a reverb or echo program by using the RAM as a circular buffer that combines a new input with 

an attenuated old entry. But chances are you're pressed for time, just now, and should return to thi 

notion later. 

24N.3 End tests in table eperations 

24N .3.1 Test for end by counting transfers 

For a small table using a counter is easiest. We counted down an 8-bit register in the littl ·ample 

program of §24N. l. l : 

MOV RO, #OlOh init sample counter 
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COPY: MOVX A, @DPTR ; get a sample 

DJNZ RO, COPY till all are transferred, carry on 

ln the C code equivalent program, we u ed 

for (i=l; i<=l6; i++) II Just 16 transfers (tiny value , to ease debugging ) 

If the number of iterations is not large, or if you think of the problem as doing a particular number 

of iterations, then using a counter make. ense. (In assembly language, counting beyond an 8-bit value 

require a littl.e more coding; in C there i no uch penalty for increasing the count val.ue.) 

24N .3.2 Test for end by watching pointer value 

But testing address may be a better way to check when a table operation is done. Thi we did in the 

storage scope program of §24N. l .4. In that program, we wrote 

ACALL COMP PTR ; see if we've hit end address. 

That COMP _pTR routine i relatively complex, looking for an exact 16-bit match between the value 

of DPTR, the moving pointer, and the END addre s. You can look at that routine in the big-board 

Lab 24L if you like. 

But more often you are likely to be content with an 8-bit compari on as you do an end test (if you 
do it in a sembly language; again in C you can be indifferent to the extra code called for by a 16-bit 

compare). 

In the storage . cope program for example, where the goal i to use aU available RAM, we need only 

check the high byte of the moving pointer to know if it ha. passed the end of RAM (RAM pace runs 

up to UO space, which begin at 8000h). So if we advance the pointer before testing we can check for 

the value 80h in the high byte DPH. When the pointer hits that value, top. 

Here is code for an 8-bit address compare. The end value is in register R6. This routine SETS the 

Carry flag a long as the pointer has not reached the end value. 

; --POINTER COMPARE: this subroutine alters C flag 

COMP_HI: XCH A,RS ; quick way to save A (faster than PUSH ACC) 

CLR C 

MOVA, DPH 

SUBB A, R6 ; see if ptr less than END: CY flag holds answer: true if ptr < END 

XCH A.RS recover old A value 

RET 

The preliminary CLR c is nece" ary, as you probably have picked up by now, because the 8051 's 
ole subtract operation, suBB takes in the carry flag. SUB seem to be mis-spelled as SUBB. That econd 

B indicates the Borrow flag (same as Carry) that the operation takes in. Hence the need to clear Carry 

before we do the subtraction that we are LI ing as a ort of signed compare operation. 

We could test/or equality: If we were content tote t for equality with the END value, we could LI e 

CJNE A, #END_ADDRESS rather than a subtract operation. But the code i not simpler: 

; --POINTER COMPARE : this subroutine could control a software flag , which we'll call ALL_ DONE 

COMP_HI: XCH A,RS ; quick way to save A (faster than PUSH ACC) 

MOVA, DPH 

CJNE A, R6, NOT_YET see if ptr less than END 

SETB ALL_DONE 

SJMP EXIT 

CLR ALL DONE 

if hit limit, set soft flag to tell main program 

EXIT: XCH A,RS recover old A value 

RET 
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Pointer value test in C: In C, addre. s compare require much Jes thought than in as embly language. 

The code is almo ·t what you would write if you were describing the program flow to another human 

in a comment. 

II Here is the table-fill portion: store one sample each time interrupted 

while (STORE_POINTER <: TABLE_ END ) 

The value TABLE_END, above, does the job of register R6 in the 8-bit as embly language ver ion · 

of ~24N.3.2. There is no difficu1ty (for the programmer) in u ing a 16-bit value for TABLE_END. 

24N.4 Some serial buses 

Our big-board lab computer . peak to its peripherals through it buses - which are of cour e par- I AoE § 
14

·
6

·
3 

a/lei set of wire - or through it built-in ports, each of which presents eight lines in parallel. The 

SiLabs controller al o ha u. ed only parallel ports, to thi point. Interfacing peripherals thi way i 
appealingly straightforward. 

But we hould be aware of another way to transfer data, a method that ha. taken over much inter­

facing. serial tran ·mis ion. Serial is gaining in full-scale computer · but for use with microcontroller 

1t t till more appealing, becau e of controller ' chronic shortage of pins. 1 Serial bu e have become 

fast enough so that even parts like FPGAs that might earlier have run many parallel line. now may 

include serializer/cleseria/izer block ("SerDe ·").2 

24N.4.1 UART /RS232 

Let ' ketch a few of the serial protocol . The olde. t of the standard erial protocols i relatively 

complex, though slow: it is usually called RS232 (or, UART).3 It is the protocol used by the now­

obsole cent' COM" port on computers. Mo t microcontrollers include an RS232 port; the 8051 doe 

(your Dallas processor include two, the 410 offers one). These ports are u eful for communicating 

with a full- . cale computer (a PC, usually); but are not much used for communication with peripherals 

(serial RAM, serial ADCs, real-time clocks, serial sensors for example). 

RS232 require intelligence in the receiver because it u e just one line (plus ground), or two for 

bidirectional use.4 The lack of any ·eparate ynchronizing signal - a clock or strobe - means fir t that 

the receiver mu t be et up to expect approximately the correct transmi ·sion bit rate; and econd - and 

more subtly - that the receiver mu. t also S) nchronize itself with the trans mis ion in order to sample bit 

levels at appropriate times. A start bit kicks the receiver into life. The receiver then samples at a time 

that it clock tells it is the midpoint in each bit period. A stop bit terminate the byte tran mission .5 

The absence of a . eparate clock line is not unique to RS232. USB, Firewire, SATA, and PCle share 

I Another way to put thi s point is to say that people using controller. are chronically tingy : they could have lots of pin if 

they were willing to pay for them . But low cost is much of the appeal of microcontroller . A 16-pin controller like, for 
example. the Microchip PIC24F04KA200 i very chatty - but only through its amazing three erial protoc Is: SPI. I2c and 

RS232/UART. 
2 See TI' , di scussion of alternative SerDes technologie . for example: http://www.ti.com/lit/ml/. nla 187/ nla 187.pdf. 
3 This acronym stand for a full name that is quite a mouthful: ''Universal Asynchronou · Receiverrrran. miller." Even RS232 

has a history: "Recommended Standard #232." as AoE reminds us in § 14.7.8 . 
4 The . tandard connector for many year. included 25 pins. later reduced to 9 in recognition of the facr that people were not 

u ing all those signals. 
5 A tudent asked how a start bit can be di tingui . hed fr man ordinary data bit ifno dead time i: required between byte 

transmission . Jt' a good question. to which the answer i. that a lo s of ynchronization soon would be detectable becau ·e 
a stop bit would be lacking. At that point the receiver could ask for a re-transmis ion . If you wonder "couldn't a 

non-synchronized bit pattern by chance deliver what looked like a correct stop bit?" the answer is Ye - but thi is a rare 
event so that . oon. probably next byte, error shou ld be detected. Error detection and re-tran. mi ion then will restore 
synchronization. See AoE. § 14.7.8. 

I AoE § 14.6.3H 
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this characteri tic. But the lack of clock does complicate the hardware needed to communicate, in 

contrast to the imple SPI for example (§24N.4.3). 

If only even bit of data are sent (enough for the standard ASCII character set) then one error­

checking "PARITY" bit is usually included, to de cribe the transmitted data: a HIGH would indicate 

that the number of ls transmitted wa odd. More usually, a UART will send eight bits of data. So a 
typical UART tran mission uses ten bits for even or eight bits of data. 

The top trace of Fig. 24N.2 hows an RS232 transmission from a computer to DS89C430 (which 

accepts downloaded code in this format). The second trace hows the controller's response, which it 

is ues as soon a. it ha een the initial ASCII6 character for ' Carriage Return"7 (CR). 

from PC 
(UART) ... 

... response 
from MICRO 

USB 
(differential) 
from PC-­
translated 
into RS232 
by FTDI IC 

It.. 
.. , _ ... 

... , .. 
I 

. - . -1 
3 ... ----- ................. - -·- -· ...... --· ~ 

. l•t ~ 1 r : •-: t' • Hr 

--1..-w ....... ...m::r~· ... i. ···r. ...... 
Chl 5 . 00V 5. 00V 1\1•1.00ms 
Ch3 S.00 V Ch4- S. 00 V 

Figure 24N.2 Micro loader signal 
exchange, using UART and USB 
serial protocols . 

If we scrutinize the bit stream on the top trace, . ee Fig. 24N.3, we can just make out the pattern -

which ught to be CR foJlowed by line-feed (LF). The hexadecimal value for these ASCH characters 

are OD, OA. 

The micro's re ponse i a longer declaration - the econd line of Fig. 24N.2 announcing that thi i 
a Dallas part peaking. On the screen of the computer Jinked to the microcontroller Fig. 24N.4 hows 
the response. 

I 

. I' ................ . 
. s ffltttttt+ttf tt1t • 

1 11 
~1010000 . 

: DO~ : A O ~: 
0 ( 1 

.P p . 
. . 1 

CR LF Figure 24N.3 Two RS232 characters decoded from the bit stream . 

0589(420 LOADER ERSIO 1.0 COPYRIGHT (C) 2000 DALLAS SE~ICO DUCTOR 

6 ASCH : ·'American Standard Code for Information Interchange." 

Figure 24N.4 Controller's text 
response sent back to PC as RS232 
serial stream of characters. 

7 How' that for an anachroni m? "Carriage'' refers to a typewri ter's mechanism. 
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v 

I • - - -" • ,,__ - - ---.. 0 0 
-- • • 0-1. , - : .. • ; "' " - - •• • r • • - - -· •-- ••• .... -:,,ti-- •• ·-•-i-• · - ..,- •• t_ .. •• •• -• ... 

, - ~ . 
···· .,(;;: - ... ,_.... __ • _ ......... . -~·"'6···-- ·--· '~'"'··--,.·-""-· ........ - ,...; .• t' • • ,, .. ' ....... . .. i.: --· ·· ·-··-- ....... ._ .. ___ ·-.. 

t hXi~sX'· is · ~t Xh ! • !4XLO ~• ti at l k1i ! nX°gt~ t.oX• a• ,P 't +r t \ h 

Figure 24N.5 A UART 
transmission at three 
sweep rates , decoded . 

0 5.00V 

O s.oov 

0 5.00V 

h 

fz 4.00ms u.OOOOIJ s 

• _n. ___ .. ~ 

[z 1.00ms 0.00000 s ]I 

_1 h 

IZ 400)JS 0.00000 s] 

A SiLabs UART transmission from the '410 controller to a PC i di played at increa ing cope 

sweep rate in Fig. 24N.5. In this figure, the oscilloscope decodes the 8-bit data value (a ASCII 

characters). At the highest sweep rate (shown in the lowest of the three traces) you may be able to 

figure out the binary code that was sent. It is hard though. Fir t, the cope ha been set to invert the 

logic levels to make a graphical High correspond to a logic High . Second the 8 bits of data are padded 
with two extra bit : a Start bit (graphically a Low in the figure) and a Stop bit (graphically, a High). 

The data is sent LSB first, so we are obliged to read the clu ters of four bits "backward "(MSB on 
the right). We have labeled the tream with hex values ju t above the bit stream in Fig. 24N.6.8 The 

value for "t" is 74h, as it should be. See if you can make out the 68h for the character 'h." Thjs scope 
9 finds the decoding easier than you and we do. 

start 

t 4 

IL-oo~o, 
7 

1 1 0 

stop 

+ 

Figure 24N.6 UART detail , showing 
ASC 11 "7 4h" for character "t" . l-=o:aa..l_s_.oo_\·_· _____ __,l[z 400JJs 

24N.4.2 Universal Serial Bus (USB) 

h --x-
0.00000 ~1 

Because COM ports have disappeared from ordinary computers, the LCD display board that you use 

with the Jab controlJer accepts USB, tran lating it to the RS232 form that the DS89C430 and the 

Si Labs '4 10 under tand. USB i a much more complex protocol. The tran. mission gets it good noise 
immunity by using differential ignalling in place of the old UART approach, which wa imply to 

8 The ASCIJ code i only seven bit. . but Lhe eighth bit the MSB, here i. sent a. zero. 
9 This is a Tektronix MS02014. using a RS232 decoder module. 

.). __ . __ 

l AoE § I 4.6.3M 
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get noi e immunity by u e of very wide voltage swing (as wide a ± l 2V in the original specification 

though the level u ed by our RS232 translator are only standard 5V logic swings). 

USB is not a true bus, in the sense that one cannot tie multiple device to a , hared . et of USB line.; 

but with some additional electronics (a "hub" that fan from one to many, and many to one) one can 

achieve the equivalent result. USB ("full speed") achieves l 2Mbits/s; the newer USB2 ("high peed") 

better that rate 40-fold, to 480Mb/ , and USB3 ("SuperSpeed") pecifie 5- 1 OGb/s max. 

Figure 24N.7 i a detail of a few of the bursts of USB activity that looks like no more than fuzz in 

Fig. 24N.2. 

UART 

USB 

from PC 

from micro 

two-line 
differential 

u,_ ________ ,,_ ____ .,._..___,_. 

Figure 24N.7 Detail of USB differential signals. 

The lower two line show the differential signalling. The signals are complement - except for a 
couple of hiccups: one near the middle of the creen, one at far right. These are used to signal bus 
states such as "device reset.' 

USB can't stop talking: it is notably noisy, and this noise can be a nui ance if, for example, USB is 
feeding a circuit that includes analog functions. 

24N.4.3 Serial Peripheral Interface (SPI) 

Microcontroller peripheral need a serial interface simpler than RS232 and USB, and several protocol 
are available. 10 The one you will meet in the digital potentiometer exercise in §24N.4.4 and will 

demonstrate in Lab 24L, both Dallas and SiLab. versions i probably both the simplest and the most 

widely used. It is called the Setial Peripheral Interface bu or protocol: SPI. 

SPl wa. Motorola's serial bus; other manufacturers offered others. " I2C" ("Inter-IC'') from Phillip. 
i more complex: it uses just three lines (clock, a data line in each direction, and ground), and allows 

multiple bu "ma ters." It forms a true bus. So, many devices can be tied to thL pair of line without 

the separate chip-select line one per peripheral , that SPI requires. See §24N.4.5. 

SPI scheme: SPI sends a clock, and data that is to be sampled on one of the edges of the clock 

(exactly which edge i determined by the particular flavor or "mode' of SPI). Thu the scheme i. 
"synchronous," in contrast to RS232. In addition , one mu t add one Chip_Select* line for each periph­

eral, since no address i transmitted. Thi requirement of a line per peripheral makes it not quite a true 
"bu . (But USB also i not a true bu either; owe can't be too much shocked at SPI's inelegance.) 

Thi, ynchronou. scheme makes SPr very easy to tran mit and to receive. The number of bits 

transmitted is flexible. The data is transmitted MSB first for the devices u ed in our labs (digital 

pot in Lab 24L. SPI RAM in Lab 25L.2). That bit order may be reversed in other application . No 
start or stop bit, nor parity or checksum complicate the scheme (or protects it from error) . The data 

IO RS2 2 i · used by a few peripheral. : we we such a talker chip in our lab, and RS232 liquid crystal di , pl ays (LCDs) are 
available. 
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rate depends, of course on the hardware. On our Dallas 805 l , where we "bit-banged" the SPI (that 

is, implemented it with code), the bit rate is about 120kHz a. one can make out from the image in 

Fig. 24N.9 which show two byte being transmitted: J lh then EEh. On the 410, which include a 
hardware SPI port, the bit rate can go higher (to several MHz. See C8051 F4 l0 data sheet §23.5). 

Figure 24N.8 SPI 
pseudo-bus. 

MAST€R 

s 
-
CK 

OSI M 

M ISO 

NA ~ 

NB 
-

data ......_ .,,.. 
data ~ ...... 

l l 
v v 

device A device 8 

cs 

l 
-

I 
I 

--

cs 

I • -

(these lines truly 
t1'rm a bus) 

SPl' virtue i that it a ks o little of a peripheral : only a shift-register is needed . The Master device 

need only ... 

• select a device, by asserting its private ENABLE* line ... 
• put out a bit level on the transmit line (which goe by the ugly name MOSI ["Mater Out Slave 

In"]) .. . 
• then provide a clock edge (some peripheral. demand rising edge, other falling) 

• meanwhile, the ma. ter can receive data on the MISO line ("Master In Slave Out') and can do 

thi s even a data flow out (thi s is 'full-duplex" communication) 

The lab digital potentiometer ("digipot") that we suggest you might control with SPI takes an 8-bit 
command word followed by an 8-bit value. The command 11 h tell the digipot to use the byte that 

follow (data) to set the potentiometer's position - in one of 256 pos ible location . Fig.24N.9 shows 

one particular tran mis ion to the digipot. 

Figure 24N.9 SPI waveforms: two 
bytes sent to digital potentiometer. 
Signals are CLOCK, CHIP _SELECT* 
and DATA. 

command byte 

data flows msb first: 
00010001 
for this command 

The 1 lh command appears near the left edge of the screen· the EEh data appears near the right 

edge. You will recognize the two "E" values as two ca es of a long .. equence of HIGH's followed by 

a LOW on the LSB. 

24N.4.4 SPI peripheral: a digital potentiometer 

We set forth here details that normally would appear in lab notes. We do thi to avoid repetition 
becau e this SPI pe1ipheral is available in both ver ions of today 's lab. 
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We propose that you try the SPI bu by letting your 8051 control a digital potentiometer, using the 
three SPI lines. This digital potentiometer, the Microchip MCP4 l l 00, i. a I OOkQ pot whose slider is 

moved from one end to the other, in 256 steps controlled by a byte . ent to it. 

We will u e it to let the 805 l control the gain of an op-amp inverting amplifier. We use the inverting 

configuration to allow the circuit to attenuate or amplify. One possible application for uch a circuit is 

to make a self-adju ting input to an ADC: the controller could reduce gain if input went to full-scale, 

increa e gain if input fell below ome minimum level. This would be a sort of automatic-gain-control, 

useful in . ome application ( uch as recording audio). Fig. 24N. l O i a generic ver. ion of the circuit 

we propose that you build. In Lab 24L you will find the pinouts and sugge ted value . 

SP/ digital potentiometer 

in 

(biased, for use with ~ 
single supply) 

V+ 

out 

Figure 24N.10 MCP41100 digital pot used to 
adjust gain of amplifier. 

An integrated version of uch an amplifier - much ·ouped-up - is available: the TI LMH688 l. It is 

a very fast differential amplifier (to 2.5GHz - ye. , gigahertz) with gain programmable through an SPI 

interface in 0.25dB . tep . Not needing that speed, we' ll be happy if you'll putter along with a '358 

when you build the circuit of Fig. 24N .10. 

A possible use for this SPl-controlled amp: AGC: Your circuit could be u ed, a we have noted, 

as an automatic gain control in order to hold the output amplitude roughly constant as input ampli­
tude varies. Such circuits (see Fig. 24N. l I) are standard in the RF circuit of car radio (si nce ignal 

. trength vaiies widely as the car travel., into hollows, onto hilltops) and on speech recording devices 

(the peaker may shout or whi per, and the user doesn' t want to be obliged to make continual ad­

justments of input level). A diode feeding a capacitor and re i tor to ground will ·ense an average 
level. 

to AOC 

+ RC » f signal 

I Figure 24N.ll Amplitude-averager : output could be fed to 
ADC to allow micro to adjust gain . 

Figure 24N.12 shows a scope image of the amplifier output and the output of such an averaging 
circuit. This average amplitude voltage could go to the micro 's ADC, and the ADC could then respond 

appropriately: crank up the gain when the output i very small, and vice versa. 

The simplest micro program that might form such an AGC would imply increment or decrement 

the gain of the amp according to whether the average amplitude wa above or below a set target. Such 
a program would be slow to adjust since it would need to wait for the averager to settle each time 

it had output a new gain etting. You could improve response by pairing fast 'attack" response with 

low release. Or you may invent a smarter cheme - such a a binary earch for the be t gain value. 
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Infrared remote (for control of television and other appliances): The remote that controls many 

household device u es a cheme much like the UART . The receiver and its remote need to share 

a transmi sion rate. A START pulse synchronizes the receiver which then ample the bit level at 

regular intervals. We taught an 8051 controller to recognize ten keys of a Sony remote. The remote 

transmitter sends not quite binary levels as a UART does, but instead bur, t of 40k.Hz oscillations. 

A signal-conditioning circuit integrates the magnitude of these bursts (in a circuit much like the' av­

erager" of Fig. 24N. 1 I and like any AM demodulator), and passes that re ult to a comparator. The 

comparator put out the binary levels shown on the lower three traces of Fig. 24N .13. 11 The lower 

trace show three successive key pressing . The program that decodes the tran mi sion fir t looks for 

the START* pulse, then samples four successive bit to get the codes for keys O through 9. 

Tek Run 

Input tn op ump circuit b 
l' -

_ Output of circui'""D 

A, /ag.t:d tc, cl 
(r~ppk .:-,hm., s loading 
!>~ ADC inputi 

Ch1 1.00 V tiiE 1.00 V 

Trig'd 
Cl13 Mean 

1.806 V 

Chl Ampl 
2.060 V 

Ch2 Ampl 
2.029 V 

Ch3 Pk- Pk 
104mV 

Figure 24N.12 Scope image 
showing amplitude-averaging 
level and its source. 

Ch3 1.00 V 4 Apr 2004 

Figure 24N.13 Infrared remote signals: bursts 
of 40kHz, and conversion of this to logic levels. 

raw IR transmission 
(bursts of 40kHz) 

logic-levels, 
from tR bursts 

40kHz burst 

start pulse 

key ·1·· 

key ·2· 

I key "3" 

Chi Soomv~esOo"J ~1t.'Oo";;.~"' ~ -- _. -~ 

Our IR remote receiver board i show in Fig. 24N.14. The two internipt were u ed to provide an 

ea y way to detect pulse widths. 

Figure 24N.14 IR remote receiver board 
using infrared-to-logic-level IC and 
microcontroller. 

infrared-to-logic 
translator "" 

(phototrans1slor­
included Just to allow 
seeing the 40kHz bursts) 

11 The tigure show · three transmitted codes; only the bottom trac matches the sequence of bursts shown in the top trace (in 
inverted form). 

display 
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24N .4.5 Other serial protocols ... 

We will not try an exhau tive look at erial protocol ; we leave that to AoE. 

I-squared-( bus: I 2C i a fancier controller-to-peripheral cheme, a we have aid. 12 It i a true bus 

u ing two-line ' ( ignal and clock plu ground), ands nds address as well as data. So, I2C eliminates 

the need for SPI's individual CHIP .ENABLE lines. It also require a good deal of cleverness from 

both . ender and receiver. Device address must be extracted from the serial tream. Its neat - but 

elaborate to code. 

Controllers from Phillips (the inventor) provide built-in I2C, and . o do many peripherals. Linking 

such hardware-equipped devices i easy· doing it all in code is not easy. In contrast, we did implement 

SPI in the big-board lab, with 'bit banging." This required about 40 lines of code. 

In the lab we do not u e the elegant but complex I2C protocol even with the SiLabs '410, which 

implements I2C in hardware. Even given this a. istance, we have steered away from I2C in the labs, 

preferring the simplicity of SPI. 

... and a wrapup of some serial protocols: Here we sketch ome other leading serial format . 

One-wire: Really? one wire? Well, that's a bit of puffery: it's one wire plu ground; but . till impres­

sive. All device. are tied to one line that is normally high (and not- o-incidentally powering all the 

"slave'' devices). A master device sends data and addres information - encoded as longer or horter 

low pulses. A peripheral that recognizes its address responds (pulling the line low; a capacitors keep 

each patt alive during the low pulse). You may have een these around in stand-alone form: as myste­

rious tainle s- tee) buttons on walls: a night-watchman , making hi. rounds, touches the button with 

a device that reads the button 's identifying code, proving that he passed that way (and when). 

]TAG: Joint Test Action Group 13 is a serial scheme, originaJiy invented to te t printed-circuits by 

testing all the installed [Cs. The circuits are daisy-chained, a te. t signal i. routed through all of them, 

the result is read back. JTAG's use ha been widely extended into both the programming of parts (as 

in the "pod" that programs our lab PALs) and in the debugging of circuits, such as microcontroller 

(otherwise painfully opaque). A proce. or or controller, for example, can be de. igned with JTAG­

readable internal registers so that it can be examined and even si ngle-stepped while in. tailed in a 

circuit. 

Some SiLabs controller - the ones in packages with many pin - use JTAG. Ours - the 410 - doe 

not, preferring a protocol that doe not sacrifice four of its precious pins. 

Firewire: "IEEE 1394'' and Thunderbolt: Firewire introduced by Apple but now dropped from its 

computers in favor of Thunderbolt, wa. les. widely u, ed than USB; J394a achieves same nominal 

speed as USB2, about 480Mb/s, but in practice is the faster of the two, coming closer than USB to 

u ing its full capacity. It also is fully duplex. 

Ethemet: 10-100-lOOOMbls: This is what tie. your PC to campus computer , for example - when 

you aren't u ing a wireless link. 

12 "Inter Integrated Circuit' Bu . For Philip · detailed description and promotion of this format, see 
http://www.semiconductor .phi lip .com/acrobat/applicationnotes/ A I 0216_ l .pdf. 

13 amed after the indu ·try group that set up thi standard. 
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A table listing some serial formats: 

Format 
RS232 

RS422 and RS 485 

USBI 

USB2 

USB3.0 

USB3.I 

Thunderbolt 

Firewire: 1394a 

Ethernet 

24N .5 Readings 

speed (bits/second) 
19.2k@ 50 feet (original spec: now up to perhap lOOk) 

differential ver ion: IOOk@ 4000feet ; lOM @50 feet 

12M 

480M 

50 
LOG 

100? 
400M 

IOM to 10 

AoE Chapter 14 ("Computer , Controller. and Data Links" 

§ 14.7 : Serial Bu. e and Data Link 

8051 Reference, 8052.com Tutorial (http://www.8052.com/tut805 l ) 
Timers: pp. 20-29· 

Timer interrupts: p. 35 
Priority among interrupts: pp. 36- 37. 

Dallas ... User's Guide: Timers: pp. 96-107 

Timer 2, especially pp. 99- 105; 
Timer 2, auto-reload mode, particularly pp. 100- 102;. 
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Overview 

Today . lab offers several 805 I applications, and we as ume that mo t people will not have time to try 

all of them. Here' what you might do today. 

• Add loader hardware. 

• Storage Scope: A hance to use your computer to tore waveforms. You can download this 

program from th book's web ·ite. Rather than ask you to do coding, in thi exercise we'd like 

you go directly to the plea ure of playing with sampling rate. Here where you are constrained 

by the 30K available to you for toring samples you will have an incentive to sample us tlu·iftily 

a possible. 

• Serial bus: The 8051 controls the gain of an amplifier using a 3-wire erial bus. You may be able 

to dream up a neat u ·e for thi . An automatic-gain-control circuit is one possible use. 

• Timers: Then, a chance to try out two of the controller"s timers in one or two program 

The first program that we offer doe , nothing much: only increments the di play each time the 

timer "times out" or roll. over. It demonstrate. how the timer works, however- and you might 

decide to use thi . program to set the sampling rate for example. The ADC-to-DAC program 

lives already on your computer ( ee §23L. l.3: adcdacint_ rn_ 504. as 1); you' II need only to 

have the timer-program's ISR (interrupt service routine call the ADC- DAC program. Then 

the pair of program. would sample at a rate et by the 8051 timer. This i tidier than the 

scheme we used last time - which dedicated an external oscillator to the task of setting the 

ampling rate. 

The econd program u es two timers. It is longer, and therefore more of a pain to key in if you 

are not using the downloader. One timer - the slow one - provides an interrupt that occurs 

a few time per second. The other timer - the quick one - set the width of a HIGH pulse 

that goes out each time the slow timer roll over. The quick timer' delay value is determined 

by the keypad value. Thus thi is a keypad-controlled PWM setup though running at an 

unusually slow rate. 

We propose that you use thi pulse output to control the po ition of a servomotor of the sort 

used in radio-controlled model . We hope you'll consider it fun to see your computer make 

something mOI e. 

Lab 25L invites you to u e the 8051 as a standalone device. It i. the final pre cribed lab; after that, 

we hope you may devise some project of your own - even if very mode t. It' more fun to work on 

your own 'Chemes, and it teache you faster. We recognize that you may well have to kip parts of 

Lab 24L in order to have time to take off on your own. Feel free to do that. 
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24L.1 Data table; SPI bus; timers 

Introduction 

Today's programs are longer than those you have entered in the earlier micro lab . Therefore we start 

by proposing that you inve t some lime in getting your little computer to accept code loaded from a 

PC. We hope you will not have to inve ta lot of time: when thing go smoothly, this i a five-minute 

ta ·k. But bugs can low things down of course. 

Incidentally, you can get the ource code for all the e exerci e from the book' web ite. You can 

use RIDE to make the downloadable file .filename.HEX which you then can feed to your machine. 

You will find ome executable files (''.HEX" files) posted. 

The first exerci e, "storage cope," call · for almo. t no new hardware at all if you have already 

in talled a switched-capacitor filter (MAX294), a we hope you did last time. You will need an ampli­

fier in order to judge the effects of your minimized ampling and you may al o have in ta1led that last 

time. You'll also probably want to feed your computer from a microphone amplifier that you wired up 

back Lab 7L. 

The second and third tasks, which probably you will treat a. alternatives unle you are feeling 

very energetic, do call for a little hardware. 

24L.1.1 Time to invoke the loader 

As you connect your computer to the erial lines from the USB/LCD board, watch out for one potential 

trap: the erial line · are labeled by the names they carry at the PC: 1 

• DTR (Data Terminal Ready): this active-low ignal drive your Glue PAL'. LOADER* pin: a 

terminal that until now ha. been tied high. 

• TXD (Tran mit eXchange Data): this drives the mi ro s RXD pin (pin J 0, al o known as P3.0). 

• RXD (Receive eXchange Data): thi is driven by the micro 's TXD pin (pin 11, aL o known a. 

P3. l). 

24L.1.2 A tiny program to test loading 

It . a good idea to try loading omething tiny and imple into your machine a a first te t. Here is 

such a program, which simply flip an LED On then Off at a few Hz. Here's the setup, which you 

wired in Lab 22L. With luck, you may find it still in plac . 

We have written it in two forms: in assembly-language, and in C. In either version you may need 

+5 

3.3k 

.r' 
8051 

Figure 24L. l 
to use RIDE to generate the .HEX file that the downloader accept . Simple hardware 

to let 8051 toggle 

Assembly-language bit-flip LED-blinker Here it is in a embly-language. Thi tiny program would an LED. 

run too fast to ob erve unle s you ingle-stepped it. 

bit_flip_assy.aSl tiny test program to test Loading: 

toggles an LED at Pl. O, at full speed: must be run in SINGLE-STEP 

$NOSYMBOLS ; keeps listing short, lest ... 

$INCLUDE (C:\MICR0\805l\RAISON\INC\REG320.INC) ; ... this line should produce huge lisc 

I Thi potential ambiguity re ults from Lhe fact that both laptop compu ter and microcontroller can Land in role of sender, or 
"data terminal equipment" (DTE) in the jargon. ignals are defined from the point of iew of DTE, o TxD means . ignal 
Lran milled fr m DTE. In an unambiguou. case the receiver would be a peripheral that wa, clearly not a DTE (in tead , 
called "DCE;" Data Circuit-terminating Equipment). Laptop to micro ontroller is not such a case. 
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$INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC) 

ORG O 

LJMP START 

ORG 480h 

of symbol definitions (all ' 51 registers) 

START: MOV OC4h, #04h ; turn on ALE during ROM run (bit 2 , ALEON, of PMR register, C4h) 

FLIPIT: CPL Pl.O ; toggle the LED bit 

SJMP FLIPIT ; ... forever 

END 

977 

Assembly-language bit-flip LED-blinker with delay: The program invokes a DELAY routine that you 

wrote back in Lab 21 L. 

bit_flip_assy.aSl tiny test program to test Loading: 

toggles an LED at Pl.O, at a few Hz 

$NOSYMBOLS ; keeps listing short, lest . .. 

$INCLUDE (C:\MICR0\80Sl\RAISON\INC\REG320.INC) . . . this line should produce huge list 

ORG O 

LJMP START 

ORG 480h 

START: CLR A 

FLIPIT: 

DELAY: 

MOV R2 , A; a curious way to clear the delay reg i sters , 

MOV R3, A; for maximum delay (since decrement comes before test) 

CPL Pl.O ; toggle the LED bit 

LCALL DELAY this is a routine you wrote back in Lab 21L. It lives at lOOh 

SJMP FLIPIT; ... forever 

-- -- in case you don't still have that delay routine: 

ORG lOOh 

PUSH PSW 

PUSH ACC 

PUSH B 

MOV P.., R2 

save registers that'll get messed up 

INITINNER: MOV B,R3 

get outer-loop delay value 

initialize inner loop counter 

INLOOP: DJNZ B, INLOOP ; count down inner loop , till inner hits zero 

DJNZ ACC , INITINNER ; .. . then dee outer, and start inner again. 

POP B ; restore saved registers 

POP ACC 

POP PSW 

RET Now back to main program. 

END 

(-language bit-flip LED-blinker 

/ * delay_bitflip_408.c *I 
II flips a bit, with delay 

#include<Z:\MICR0\8051\RAISON\INC\REG320.H> II used to define "Pl" 

II Pl.O drives LED 

sbit volatile OUT_BIT = Pl~O ; 

int n; II this 16-bit value doesn ' t quite provide 0.5 sec 

void delay (void) ; II announce function that follows main 

void main (void) II must be called "main," to satisfy setup.a51 

while(l) 

delay(); 
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OUT_ BIT = -oUT_BIT; 

void delay (void) 

{ 
for(n= O; n< Ox8600; n++) {} // 2Hz delay value (250ms delay) 

Compile thi in RJDE (fixing the path to REG320.H to fit the machine you're u ·ing to run RIDE), 

and load th .hex file to the microcomputer (putting the code into external RAM: easier to debug if 
it' there . 

24L.1 .3 Storage scope 

Once you have the Loader working, you can u e it to send more intere ting programs to your machine . 

The program listed here can fill available RAM You may want to begin by using a tiny table, say two 

bytes long. Doing this would allow you to test it in ~ ingle-step or in RIDE imulation. 

When you are satisfied that the program work on your machine. change the END ADDRESS (the 

values in R7 , R6) to 8000h. The table-filling will top one byte before that at the highest available 

RAM address 7FFFh, because the end-test occurs before the storing operation. 30K of the RAM 's 

total 32K pace is available,. ince the bottom 2K is write-protected. In that 2K of protected pace Jives 

the program itself, if running from RAM (in the full lab microcomputer). Alternatively, the program 

can run from ROM while using the external RAM for data storaoe. 

After filling the RAM tab! , the program then play out those ample to the DAC, endlessly. We 

call it ". torage cope' becau e it can record waveforms. (Of cour e, you may now be o bla ·e and 

habituated to digital scope · that you a sume that all scopes store waveforms! They didn t always, a. 

you may recall if you u ed an analog scope earlier in thi cour e.) 

The rate at which the program take in and play out . ample (the" ampling rate' ') is controlled by 

an external function generator who e TTL output drive Interrupt 0. The lSR ·imply set a software 

.fiag (a bit in the processor . RAM), while the MAIN program branches on that bit hanging up till the 

bit is asserted. This is, we admit, a rather poll-like use of inten-upt; but it' easy. 

24L.1.4 Bonus Swedish translator 

Just for fun, we've included a ·trange feature: a switch that allows you to play back the tored wave­

forms in reverse. The program senses the level at P3.4 to determine whether to play back the tored 

samples in the order received (a l at P3.4 gets this result) - or in reverse order (a Oat P3.4). A lide 

. witch connected to P3.4 gives you control. This direction switch is shown in Fig. 24L.2. 

Figure 24L.2 A slide switch selects direction of 
playback (forward/reverse*) . 

Forward /Reverse 

8051 

J_ 

The revers playback feature we included to honor the memory of Alejandro Jenkin , a former 

student and teaching assi . tant who made a memorable "Swedish Tran lator.'' His "translator" wa no 
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more than his computer with lots of memory to accommodate long speeches, and capable of playing 

back recording. in reverse. Alejandro'. great achievement was not . o much in building the machine 

as in becoming quite adept at peaking backwards. His parlor trick then - performed before the class, 

once he had made sure that no one in the room actually knew Swedi h - was to speak backwards into 

the machine. Hi. unintelligible speech then was rendered intelligible (though difiiclllt, combining the 

effects of reverse-speech with a sub tantial Costa Rican accent). But it wa. impre sive. Perhap you 

can learn to speak in rever e. Perhap not. 

Once your Loader hardware is running, you can pump your storage cope code into the proces or in 

a couple of seconds, and then spend your time trying it out. We have included a 16-bit compare-pointer 

routine in thi program. Thi is more refined than necessary: an 8-bit comparison of the high-order 

byte in the addre s would be quite sati factory. Still, you may be intere ted to see one more instance 

showing how an 8-bit proce or can string together 8-bit operation to handle quantitie. larger than a 

byte. 

You can download both . ource code and Ii ting, if you like, from the book s website. The listing i. 

u eful in ·ase you want to study details and perhaps change some by hand after loading the program. 

(We assume you are running code from RAM, not from the internal ROM). Changing the table length, 

for example, is easily done on your little computer: , imply take the bu and alter the end values. Here 

are the two line in the ource code that do this (they take values defined at the program' head; these 

value produce a table of maximal length): 

MOV R7, #END_HI 

MOV R6 1 #END_LO 

set reference address (end of table: last address below I/0 space) 
. .. this is the low byte 

The program listing hows that the e value. are loaded in at addres. es 146h 148h. To define a tiny 

2-entry table for debugging you could replace the full - ize table values with 08h for R7 , 02h for R6. 

Thi table would begin at 800h, terminate at 801 h. You can do this modification by hand much mor 

quickly than you could do it by re-assembling: that proce · would require you to alter the source code, 

re-a semble it, and then re-load from the PC. 

24L.1.5 SPI bus: a simple serial bus 

The synchronou SPl scheme is very ea y to transmit and to receive. SPI i described in §24N.4.3. 

SPI peripheral: a digital potentiometer We propose that you try the SPI bu by letting your 8051 

control a digital potelltiometer with the three SPT lines. This digital potentiometer, the Microchip 

MCP41100, is a lOOkQ pot whose lider can be placed anywhere between one end and the other, in 

256 teps controlled by a byte ent to it. The circuit is described in §24N.4.4. Fig. 24L.3 reiterates the 

circuit that we propose. 

8051 code to send and receive SPI Here i. ome code that send two bytes each time the program 

is interrupted (by INTO*). ln addition , it reads serial data on an input line and tore those two input 

bytes. In the lab exercise described below, that input is a dummy, since the peripheral offer no output 

data for the 8051 to receive. But in other settings the ability to receive and end at the same time can 

be useful. 

Before ending the pot setting byte, the program first sends a command byte that tells the IC that 

the next byte i. to be interpreted as pot setting. That command code happens to be 11 h. (You saw thi 

l lh in the 2-byte sequence recorded in the scope image titled "SPI ignals" in Fig. 24N.9.) 

Because this code i, pretty cryptic we start with the source file - the .a5 l" file, which i a bit easier 
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Figure 24L.3 MCP41100 
digital pot used to adjust 
gain of amplifier . 

IN 
1k 

3.3M 

1M 

MCP41100 

5 100k 7 

+5 

OUT 
3 + 

f/2LM3~ 

- (V+; B~ gnd; 4) 

MCP41100 

5 100k 7 

CS SCK SI 

2 3 

" t\t ~ 
~ ~ ~ 
Cl Cl Cl 

~ 
SP/ bus 
signals 

to follow than the '.1st ' file (especially because the latter loses symbols in several cases translating 

them to bare numbers). 

SPI code files: The source (SPI_digipot_ int_504. as1) and list (sPI_ digipot_int_504 .1st) files 

for SPI code can be obtained from the book's website. 

A possible use for this SPl-controlled amp: AGC Your circuit could be u ed, as we have remarked 

in Chapter 24N as an automatic gain control, in order to hold the output amplitude roughly constant 

as input amplitude varied. If you're in the mood to try such a task, look back there for ugge tion . 

24L.1.6 Using the 8051's timer 

This controller, like mo t, includes hardware feature , that are quite impre ive- and al o quite difficu]t 

to get a grip on because one need to take care of a host of small and tedious details to take advantage 

of the e features. The timer (rhree of them on the 8051, with differing characteristics) are perhap 

the most extreme example of thi painful wealth (the serial port perhaps compete for difficulty). You 

don ' t have time to learn the detail of these timers so we are providing some code that makes a timer 

show one of it everal abilitie . Once you've convinced your elf that you can make the timer work, 

we hope you may find an application for it as you move on to your own schemes in the time that 

remains in thi course. 

The counter/timer2 that we' II use is marter than those on the earlier versions of the 8051: it is a 

16-bit counter rather than 13; much more important it knows how tor load it elf automatically with 

a starting value programmed into it once it ha · counted to overflow. When it overflow it can either 

toggle an output pin, or interrupt the pr cessor. We will use it for this latter purpose. As we've aid we 

never have very exciting ideas for a response to such an interrupt ; so we'll ju t increment the di play 

value. We 11 leave to you the niftier applications for this timer. 

A program to use counter 2 in auto-reload mode: The code is longish so download it (TMRsoo .As1) 

from the book ' website. Notice that the symbol file provided by Dallas ease thing a little: we can 

write SETB ET2 ; timer - 2 interrupt enable', rather than look up the address and bit position 

of the timer-two enable bit. Nevertheless, the code i ·till pretty fussy: not tran parent to read, not a 

great deal of fun to write. We hope the results please you. 

Both names are appropriate . ince thi piece of hard war can be set up either to count edge on an input pin - in which ca e 
it i properly a "counter·· - or to count proces or clock cycles slowed by a pre-scaler) . Jn the latter case, where the clock 
rate is fixed. it is better caJled a "timer." Not that the name for the thing i. a big deal. 
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Two timers used to set width of repeated pulses: The program SERVOPULSE_s12. as 1, which you 

can get from the book's website, use Timer2 again, in auto-reload form, to keep interrupting a few 

time per second, each time the timer overflows. All Timer2 does in that event is to et a single bit 

- a "flag' bit in the micro ' internal RAM. The MAIN program watches for that flag, and when the 

flag goe high MAIN starts TimerO, loading it with a delay value determined by the keypad. TimerO 

puts out a pul e at Port 3, a puJ e whose width wa et from the keypad. This program is a bit long, 

and heavy on tiresome initializations and quirky flag-clea1ings. Skip it if you re impatient to get on 

to your own project . 

To give you the pleasure of seeing omething move in response to control by your computer, we 

ugge t you let the output pulse drive a so-called "servomotor" of the sort used in radio-control mod­

el ; ee Fig. 24L.4. Thi. ingenious motor takes a rotar position that is determined by the width of the 

pul e fed to it. The motor has three leads: red, white and black. Red get +SV, black goes to ground, 

white take the logic-level pulse from your computer P 1.0. 
Within the ervomotor is a one-shot. Every time an input pulse arrives, the motor i driven one way 

or the other for the duration of the mismatch between the two pulses: input pulse versus one-shot 
pulse. Since the one-shot pulse width is adjusted by motor position (the motor turns a pot rigged as 

variable resistor) the one-shot pulse width adjust. to match input pulse width. If input outlasts one-

hot, the motor runs in one direction during the mismatch time; if one-shot outlasts input, the motor 

i driven the other way during the mi match. Full adjustment and consequent homing of the motor 

u. ually occurs over many pulse repetitions. The scheme i. slow but neat, and very irnpJe to drive. 

Figure 24L.4 A hobby servomotor. 

Tirner2 ets the slow drumbeat - the repetition rate for the pulses: ee Fig. 24L.5. 

SERVO PULSE 
low ,epeuuon rare longest pulse (key• F) 
12/01 

jl_ 
11 

Figure 24L.5 The timer-program's output pulses 
repeat a lazy rate determined by Timer 2. 

And a second timer, TimerO, whose pulse duration is loaded from the keypad, determines the dura­

tion of the pul e put out at each of Timer2' slow drumbeats. Fig. 24L.6 shows a scope image showing 

the variation in pulse widths achieved by the program over a range of keypad input value . 

24L.1.7 Program listing: servomotor pulse using timers 

D wnload SERVOPULSE s12. as1 from the book ' web ite. The program uses a ingle key value, from 
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Figure 24L.6 Servo pulse widths corresponding to 
keypad inputs: set by Timer 0 . 

r-----....-
SfF\\1(1 ~· O TOA PU t:·OUTPIJl S I Oe.:emb<!, 23:}; 

l 
i 

. l U {rt1uch too sho11 'lervo ctieri1:w.} 

l 
hnt,"Ofu,l 1 
,~~f\.'O thanPrs@"t1 iewH,J 

.• .. ..,,..._.. ... ·- . ~ . ,_..., l ··~'··· 
l- la=ola~• f'' ., ... -· ~I. 

,i000</d1v 

the keypad, to determine pulse width, and thu. position of the servomotor. The range of key values 

that work before hitting the servo's limits, is 4 to F (both those values bump up against the motor s 

top ); 5 to E top just short of tho e limit . The range of pulse widths is about 0.5-2ms. The pul e 

repeat at about 30Hz with Timer 2 values shown. 

ln an effort to fine-tune the effect of key value on pulse width, we tacked in a use of multiply, 
backing off slightly from the range of pulse widths otherwise provided by the key value shifted-left­

four-time . The multiplier value ODCh, keeps about 85% of that shifted value. Now maybe you can 

dream up your own application for this timer. If not. take a look at Lab 25L, where we invite you to 

take advantage of the 8051 's ability to work a a self-sufficient standalone controller rather than a 

the brains of the computer that you have put together on the big board. 

24L.1.8 SPI code listing 

Download SPI_ digipot_ int_ S04. a51 and the li ting file, SPI_ digipot_int_504. lst, from the 

book's website. 

24L.1.9 Two storage scope listings: in assembly and in C 

Similarly, download the assembly code, table_ bidirectional_ declO_ wi_ ale. ASl, and it ti ting, 

table_bidirectional_declO_ wi_ lst .A51; the Ci store_and_playback_bidirectional. c . In the 

latter, you 11 note several as. embly-language-like C exten ions used to specify port pin an interrupt 

vector, and the use of external memory (xdata char *STORE_ POINTER)3. 

24L.2 Silabs 5: serial buses 

24L.2.l Port pin use in this lab 

We need to use seven of the eight pin. of PORTO thi s time. You will need to disconnect any conflicting 

uses from earlier labs. We show in Fig. 24L.7 one signal, 'MISO (an SPI serial bus signal) though 

we do not use it in this lab. We use it next time in Lab 25L.2, but it eem to make ·ense to include 

the full SPI bus wiring at thi tage. 

P0.5 is put to two different uses in thi lab. Be sure to disconnect the fir t u e (INTO*) when you 
hift to the second (RXD). 

3 Presumably, xdata tells the compiler thaL using thi s pointer calls not for mov buL for movx. 
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Figure 24L. 7 PORTO pin use in this lab. 

24L.2.2 RAM data table 

The '4 10 includes a modest amount of on-chip RAM: 2K. This is not enough to , tore much input from 

an ADC - the ta k we will a k of it today ; it might be more appropriate as a buffer to store keyboard 

input for example. But to demon trate u e of the on-chip ''MOYX RAM 'we will use it here to store 

a couple of thou and . ample from the ADC, and then play tho e back endle ly to the DAC. In this 

operation it will perform like a "storage cope'' of mall capacity. 

This program u es GETSAMPLE from the ADC code you aw la t time, and send the ADC 

samples out to the DAC, a it did last time. The novelty today, is that for the fir t time we are u ing 

the 8051' "data pointer" (DPTR), a 16-bit regi ter that you have read about in clas note beginning 

with 22N, but may well have ignored, ince it has not appeared in any lab program till now. DPTR 

define, the addres u ed in an off-chip data transfer (with the Dallas computer on the other big-board 

branch of the c micro Jabs this is the normal way to read and w1ite data· that computer u e buses 

and a relatively large off-chip RAM [32K]). For the '4 10, it "MOVX RAM" i not really off-chip, 

but in addres ing thi s memory, the controller treat it as if it were. 

The routine STORE IT place one sample in RAM at an address defined by the contents of DPTR. 

It then advance the pointer and checks to ee if the table i full: 

STORE IT: MOY A, SAMPLE_HI ; if we haven't hit end of RAM, store the sample 

MOVX @DPTR, A; store sample 

OK: RET 

INC DPTR 

MOVA, DPH; beyond end of RAM? 

CJNE A, #08h, OK 

SETB TABLEFULL ; if RAM ' S done, let the world know this 

Th way thi .. code check for "table full" i idio yncratic: because the on-chip RAM re. ides at 

addres, e O to 7FFh w can detect " ... full' by watching the high byte of DPTR (an 8-bit register 

named DPH: data pointer high). When an increment of DPTR take DPH to 8h, the pointer ha moved 

pa t available RAM, and it i time to . top.4 The . ame cheme i u ed on pla)back from the table of 

tored data. 

Code listing The ode li ·ting for this program, adc_ store_on_chip_aprl5. a51, is available from the 

book' web ite. One other detail of it may call for explanation: in both STOREIT and PLAYBACK 
routines we disable interrupts. We do that so that you can ingle-, tep the program even when it 

-1 In this event, the DPTR .. wrap around" to value 0, and fu rther data writes would overwri te gootl data. But that'. OK: the 

DPTR i. te ·ted after an increment and before its use, . o the overwrite does not occur. 
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is getting inten-upt ' ignal at it usual high rate: you can watch the two routine. in . low motion, 

untroubled by continual new responses to interrupt. 

Serial buses 

Controllers are always wishing they had more pins. The mailer the controller, the more urgency there 

is to the task of making efficient use of what pin are available. We have seen the pin- haring u ed 

in the interface in §2 1 L.2 adopted to avoid committing even two line to the debugging interface. 

Serial buses sacrifice speed in some ettings - in microcontroller applications, though not in full­

scale computers, where serial link can outrun parallel - in the intere t of pin- ·aving. At the extreme, 

one line can carry all information (assuming always that ground i defined as well). Dalla ' " I-wire' 

interface i such a scheme. So is the traditional UART bus, often referred to a RS232 . We will see the 

latter in this lab. But we will start with a serial bus that i less efficient but also ea ier to implement: 

Motorola ' Serial Peripheral Interface (SPI) bus. 

24L.2.3 Serial bus 1: SPI 

SPI i. not quite a true "bu. ' a you know from Chapter 24N, because it requires, along with the 

"bused" or shared lines, one line dedicated to each particular peripheral: a private enable. This i 

equivalent to providing an intercom buzzer line to each user in an office: the buzzer mean "it's for 

you.'' The user who hears the buzzer pick up the phone on the shared line and u es it, li stening. 

talking or (most often) doing both. The bus is described in more detail in Chapter 24N. 

Hardware: SPI controls digipot In the present example, SPI goes to a single peripheral , a digitally 

controlled potentiometer ("digipot"). The pot 's slider can be placed anywhere along the fixed re i -

tance (which in thi case ha · the nominal value lOOk.Q).5 

Test setup The pinout of the digipot is shown in Fig. 24L.8. The SPI pin use on the '4 10 i hxed in 

hardware, so you will need to di connect anything that conflict . See thi lab ' pin u, e in Fig. 24L.7. 

MCP41100 5 

(V + :: 8, gnd :: 4) 

Figure 24L.8 SPI digipot wiring. 

CS SCK SI 

1 2 3 

"' ~ ~ C:i C:i C:i 
Cl Cl Cl 
~ 

5PI bus 
signals 

7 

Code listing: The code listing for this program, which call it elf SPI_digi pot_ silabs_ aprl4. as1, 

i available from the book' web ite. 

5 IOOk± a whopping 30%! 
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First test: just variable resistance: lnitiaJly, to test whether the digipot is working, let's just use a 

DVM to measure resistance between the slider and either end of the digipot. The program should 

allow the keypad value to et a resistance anywhere between lOOk and a value close to zero.6 

You can watch the SPI signals on a cope: NSS (P0.7), the chip-enable; SCK (P0.2); MOSI (P0.6).7 

See if you can make out the value of the byte ·ent. The fixed command byte, 11 h, may help you to 

get your time-bearings as you watch the effect of changing the data byte. 

Register settings: port 1/ 0: The Configuration Wizard sets things up as in Fig.24L.9 . 

• 
SPI_ln1 : 

fflOV !l?lOCf G, Jioqoi, 
1,ov llP IOCN, ff009h 

forc._ l O_ l n1. t. 1 
; f~ 0 - 3X:. }1j.1ted, vp~ 1~-l·1 ~t:1 1 ( , 

; r- 1 - ."; l'Pl!E:'-:i, ~·? r.-1 C('!"l 1 f' 
: r: • .: ~·r. 1:r10 , F-u.,11 P·1!!. ~ 

; FC: J - JttZ,) (""Pto~ I -:.,.~rj-['r \n. r 
: *'-- -t - Sk.s>s.ie·.J., : i.·er,-rr'-.n, I 
; f'O.:. - SklM'-:!U, ,-'r·~r,-01::, .n, (, 
; r ~; ll :05I ~-rICl, ru~t-.- f,1 J:., t 
• PO. 1 U3S (~f· l(H, hut, P ..i l., Lo 

: f 1. 0 Un.;.1~=1~.u-,,,.!., .-:-;:,~h ft::l?.r,, Li• 
; Fl. t ln"\~l"~go~,t 1·~ 1.~l·t'"l.~1'1. I 

: ri. - $>r:1v1•eo, ·p~1.-r , -. :1o, l 
• Pl. - lh\~~:!'101 1~d, -;.-oeJ.-1·"'~:n, l · 

: P l -1 - lhias~ia11etJ, -r ... ,.-I ..-l:i, r· 
• ~ l 5 - Une1.:;.-,v,u .. d, .·r,~r:- T•r"l:..!t r, 

Fl 4 - VnaJ.u9:1ed, ·pc1~- t-cun t· 
: rt .; V:l..lz=-1.~ncd. -.·pl!:-. t :.-,:11:.n. r 

: ! ... Q - Un3~.:-i.Qn~-:::. ·· t,•oe r,- 1·::-,.n , [ 
• F~ .1 Un:ss-1:.me<t, ~·"6r, r:. .,.n, C 
: ;,2 l - nn~3:-:a<J11-"d, p ... ,.-r·c~.h. c 
• Pl l - uu~a~i-m-:""J, O.t:'=t,- t ,: .:.1n, r,, 
: rz -l - Un~:,:-J,"lri~-..t'l "',1,i= , -f,rr, r,. f· 

: P.?.!,, Ur.t\!::Zl;lli'!d, ·-c·~ fl (l:;!,U~ .. r 
; P.;..~ Uul'\.!:~1.-;,11~d, 1.Jpct"t- (1::c,1.>i, l· 

; Y •• 1 - tJJ\t\~!!).Q'U'ld, ~t.-l!l;'-3!:\, I, 

POl!l>OUT, ijOC1i> 
POSl<tP , #03 3h 
PI SKI P, ~on~h 
XBPO, #002h 
XBR I, !I040h 

0.:1c1 ! later I:i.1.t : 
r.,ov 0$C ICU, #OB1h 

·~t 

Pno.ti,Do~ Po:t Ove,~ j P01lMt1chl 

C, tboi Pr•0<<f OccadeJ S<tup 

l
~~-,-
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Figure 24L.9 SPI configuration using wizard. 
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Register settings: SPI choices: SPI oblige us to make several choice . Fortunately, the Configuration 

Wizard help a lot. Fig. 24L. l O hows the choice, we made. 

24L.2.4 Apply the digipot 

Once you are satisfied that the digipot is working, try making its behavior a bit more useful: u, e it to 

set the gain of an inverting amplifier. See Fig. 24L.8. 

A suggested in Chapter 24N, adding an amplitude-averaging featu re Uust a diode and an RC) could 

allow one to make an automatic gain control. The '410 permits doing thi also in digital form by use 

of it window function: the '410 can watch the ADC input and alert the program if the ignal lies 

out ide some allowed range. But the analog averager eems to aJlow an implementation with simpler 

software. Do what you find appealing. 

6 The re idual resistance of the analog switch that route the ignal alway. remain. ; the minimum resistan ·e i · not zero 
ohm , but up to lOOQ (i .e. IOOQ, max. ; 52Q. typical) . 

7 MOS! ("'Ma. ter Out Slave In'" is labeled "SI " in Fig. 24L.8. 



986 Lab Micro 5. Moving Pointers, Serial Buses 

Enhanced Serial Pe.ripheral lnterf;e - . - - 'IJ 

Figure 24L.10 SPI configuration choices. 

SPIO I 
SPI Enable 

.J EN>bleSPIO 

SPI Mode 

Ooe,a!e., Slave Mod<: 

r. O;,e,.-e r> Ma~ler MO<le 

SPI Cl:>ci< F1'~~ 

• ~~ LffiOled on Fast (dge ol 

Dale C,.'llered on Second Edge 
olSCK 

SPI Clock Polat~ 

SCY. u,e H,l)h tn Idle State 

I 
S F10CFG • 0,40. 
SPIOCN • 0,:09 

24L.2.5 Serial bus 2: setting up an RS232 UART 
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The old RS232 ' erial porf' - now absent from most personal computers - i included on nearly all 

microcontrollers, and provides a straightforward way for a controller to talk with a bigger computer. 

The controller can report to a PC (perhaps to take advantage of the PC's more ophi ticated capac­

itie. for data manipulation and display)· the PC al o can talk to the controller (perhap to direct the 

operation of it program: say to direct the controller in its taking of data) . In thi ection we will 

try communicating in both directions. The e ample programs won t do much - but will how 'Orne 
necessary initiali zation , a u ual. 

Hardware: serial link from PC to micro: A traditional RS232 link achieve. good noise immunity 

by using very wide signal swing . A ·implified RS232 can get by with TTL level ' . We will u e the 

latter simplified scheme, taking advantage of the USB ¢:>RS232 translator that i included in the LCD 
display card. Thi converter use the RS232 protocol, but at TTL levels. This is convenient, allowing 

us to omit the level-translator sometimes required.8 

In fact the LCD card include two RS232B USB translators. One i a standalone IC (FTD1232R) 

which can be used a a general-purpose device and is required to talk to the DalJas 8051 in the big­

board labs . The other translator is included in a SiLabs controller on the LCD card: the same IC that 

doe USB-to-C2 tran lation for the SiLab IDE. 

The '410' UART uses pins P0.4 and P0.5 (TXO and RXO, respectively) . This assignment i rigid. 

Connect those lines - which are named from the point of view of the controller to the RXD and TXD 

terminals on the LCD card. Tho ·e terminal are labeled from the viewpoint of the PC that is connected 

through the LCD card. Sorry - but that means that the ' 410 s TXO connects to the LCD's RXD, RXO 

to the LCD board ' TXD. Fig. 24L. l l shows what the link looked like on our breadboarded setup. 

8 Only "sometimes" required, because a ·imple clamp can be . ufticient in place of a true level-Lran lator like tho e described 
in AoE § 12.10.4. 
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... or micro sends 
data to pc (TX) 

Figure 24L.ll Serial link using 
LCD board. 

24L.2.6 Silabs "terminal" program: serial interface 

The ea ie t . oftware for linking the laptop to micro i the SiLabs Terminal program. Before opening 

thi program, load code into the 410; then disconnect. Then open the terminal program. Under set­

tings make ure the baud rate i 9600; for the other characteri tic , take the default ( hown on the left 

ide in Fig. 24L. 12). 

After you downloaded the program to the '410 and disconnected, the program began to run talking 

endles ly on it. s rial port. When you lick on connect in the terminal window, you shou ld . ee the 

'410 sending it imple mes. age over and over (along with one character corresponding to the hex 

value input to the 41 O' PORT2, to which the keypad i attached) . That keypad connection i. not 

J 

hown in Fig. 24L. l l ; the connection wa hown in Fig. 21 . 15, 
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Figure 24L.12 Silabs terminal screen : UART settings and main window as micro talks to PC through 
UART. 

Serial interface, done in two directions 

24L.2.7 Controller can talk to a PC 

The program hown running in Fig. 24L. 12 . erves only t show that the controller can indeed talk to 

the world of bigger computer . The code Ji ting i, seria l_message_silab s_aprll. a5 1 on the book s 
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,ebsite. The code recites . ome code listed in the "db ' (define byte) line that follows the routine 

GETSPEECH." How GETSPEECH works is a detail we tried to explain in §24L.2.8. 

tegister settings Here is a summary of the register initialization . 

Regi ter bit/byte-value function 
SCONO d7 (= SOMODE) 0 :::::} 8-bit erial mode 

... d4 (=RENO) l :::::} receiver enabled 

... di(= TIO) Xmit interrupt flag: high when Xmit done; must be cleared 

... dO (= RIO) Receiver interrupt flag: hi gh when Receive done; must be cleared 
CK CON d3 (= TIM) 0 :::::} use SCA 1, SCAO to et timer I clock rate 

. .. di , dO (= SCAI, SCAO) 00 :::::} controller elk= sys elk I l 2 

... OOh sys elk I 12 this is the reset value) 
TMOD d6 (= crr1 0 ::;, timer I clock defined by TIM bit (CKCON .4) 

.. . d5, d4 (= TIMl , TJMO) I Ob :::::} 8-bit auto-reload 

. .. 20h ditto 
TCON d7 (= TFI) I ::;, timer-] overflow (clear by hand unless u. ing i11terrupt) 

. . . d6 (TRI ) I ::;, timer I enable 

.. . 40h timer 1 enabled 
XBRO dO (= UARTOE) 1 :::::} route UART ignal TXO, RXO to P0.4, P0.5 

.. . Olh ditto 
TIH d7 . .. dO (= timer reload val ue) 96h :::::} 9600 baud, when contro ller elk = sys/ 12 

Figure 24L. 13 shows the wizard creen indicating where these values come from if, as i likely, ym 

Jon't want to check bit-by-bit in each regi ter. We did insert one value by hand: the baud rate reloac 

talue, #096h.9 
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Figure 24l.13 UART configuration by wizard . 
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9 The wizard wrongly prescribed a differen t value when we tried getting the reload value from a baud rate. We have not yet 
determined why. 
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24L.2.8 A detail of controller-to-PC program : how GETSPEECH gets the speech 

1n serial_message_silabs_ aprll. aSl - the program that ha the controller talking endlessly to 
the PC, available on the books website and illustrated in screenshot · in Chapter 24N - we u e a 

programming device we have not used el ewhere in the~e labs. The tiny subroutine GETSPEECH 

picks up ASCH characters to send, one at a time. And the novel code is MOVC, in "GETSPEECH: 

MOVC A, @A+PC." This line mean "move code," and the source is an address formed by summing 

the PC (program counter) with A (accumulator). The de tination i the accumulator, as you can ee. 

We mentioned this addres ing mode back in §2 1 S.1.5. 

GETSPEECH thu loads the accumulator, each time it is invoked, with the value tored at PC+A, 

where PC is the value of the PC at this point. In programming jargon, A serves as an index into a data 

table that begin at the value PC. 

The PC value used is the address of the next instruction (here, RET). 10 So to get the very first 

character in the speech (that character is the 't' in "thi. is the '410 ... "), register A must hold the 

''index" value 1, so that PC+A forms the address where the "t" is stored. That is why A is set up with 

the value " 1" by the line 

STARLOFFSET EQU Olh; initial offset into speech table 

This value, I , is loaded into A in a two steps: first into R2, thence into A. And after use as the 

"i ndex," A then serv s a repo itory for the character picked up from the table. 

This heavy u e of the A regi ter is characteristic of the 805 I . Later processor , as we have said 
before, pread the labor among many regi ters; early processors including the 8051 made the accumu­

lator a central stage for a great many operations: the re ults of all boolean and arithmetic operations 
and the ource and de. ti nation for off-chip moves, called MOVX." 

To make thi program a little more fun - a little more like your own - we sugge t that you change 

the me age fro m that we have listed after "db .... " That may let you better appreciate the power that 

the serial po1t now afford you: the power to let the controller report its results to a full-scale computer. 

How you u e this power we leave to you, as usual. Some people may find it useful in a project at the 
end of thi. course. 

24L.2.9 Bluetooth wireless link can carry serial signal 

Once you have the serial program working - micro talking to PC - you can, if you like, route that 

signal through a Bluetooth radio. You can send it to a laptop or (probably more exciting) you can 
end it to an Android cellphone. (You cannot , end it to an iPhone, becau e Apple doesn' t allow 

ordinary citizens like us to talk to their dev ices.) 

Hardware The bluetooth module i. a standalone device. It includes a microcontroller that tran. )ates 

UART eri al ignal to and from the bluetooth radio protocol. The module (made by Roving Net­

works) is mounted on a carrier (thi s done for us by Sparkfun). 

Change power from 5V to 3V To u e this a a wirele serial link, power it with 3.3V (no t 5V) from 

the LCD card'. Si Lab cable (the cable that terminates in a 5 x 2 connector). Fig. 24L.14 show the 

way to provid that 3.3 V upply. 

10 Thi definition of the "present" P value you may recall from the discu ion of subroutine ALL. where it is this addres 
that i , tored on the stack. and from JUMP calcu lations, where the PC value u ed is the addre. two ajier the address of the 
JUMP instruction itself. 
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Figure 24l.14 3V supply for bluetooth 
and for the '410. 

the usual +5V supply line from LCD card 
;/ is disconnected, to permit use of 3.3V 

1 
... 1-- ··--.... . . . -.. : .·:: .. ~~:; ~ ~.:: _: .. : : : :_'.a ....... ... ~ . .......... : 

3.3V supply from LCD card 
provides V+ for controller 
and for SPI RAM 

' r, ~ I t- , 11 • 1• ... ,- ,_ t 

1. ,I "· ·· . .. ,. . 1. 1 , .. , , 

' ' ... ..... .. .. 
I l•\lf ,1, 

, .. 111 .. 11, : 

This 3V supply can power the '410 a well. (You will use this method in Lab 25L as well , where 
we meet another part that require 3Y: a ·erial RAM) . 

. . . and the bluetooth module Then feed the '410' Tx and Rx lines (though we're not now using 

Rx) to the module's Rx and Tx pins re. pectively. Recall that each device name these ignal from 

its own point of view; o when the '410 talks on it Tx line, the module listens on its Rx line. 

Figure 24L.15 Bluetooth 
module's wiring . (Bluetooth 
module shown is Sparkfun's 
Roving Networks WRL-12579.) 

(connect to 
Tx from '410) 

x 
(connect to 
Rxof '410) 

Status LED drive 
(blink when discoverable; 
high when connected) 

Connecting to a smartphone The procedure for connecting to an Android phone is pretty simple once 
your 410 is driving the bluetooth module with the endless se,ial me. age "this is the' 410 talking .... " 

The "status" LED of the module will blink at lHz. 

• On the phone, turn on bluetooth. 

• Scan for bluetooth devices. 

• The module i. likely to identify it elf a "Firefly ... " 

• If you select that device, a window will open inviting you to provide a pas word. That pas word 
is ' 1234." 

• After perhaps 30 second , the phone should ay that it has "paired" with Firefly, and the status 

LED hould cea e blinking, going instead to a continuous ON. 

• The phone screen should begin to fill with the ' 410's repeating me age. If the exces ive line 
length j bothersome, insert in the '410 program a carriage return partway through the message,. 
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Connecting to a laptop The laptop require more hand-holding than the smartphone. 

• Again you mu t pair and provide a pas word. Once you have paired the PC with Firefly, the PC 

will tell you what COM ports it will use for BJuetooth. Here is the process in more detail: 

Click on bluetooth icon. 

Right click "add a device"; 

.. . thi houJd show a set of bluetooth devices that Window has detected; 

... click on Firefly then Next; 

enter device pairing code, J 234, then Next. 

After perhaps a minute, the clock-like small circle icon at the foot of the small tower icon 

will disappear, indicating that the connection is achieved. 

Now double-click on the tower icon. 

'hardware" will show which COM port Windows has assigned to the device. 

• Double-click on the PUTTY icon. 

Choo e SERIAL 

Set to the COM port that you discovered Windows had assigned to this device. 

While in thi window, set up text "translation" appropriately , to show the characters sent by 

the micro: 

under 'Window ' ection, then 'translation " choose Latin 4 North Europe. 

under "Ses ion" /default settings /save. This will save both COM port as ignment and text 

ettings for next time. 

24L.2.10 Controller can listen to a PC 

The serial port also a11ows a PC to tell a controller how to behave. The combination of this capac­

ity with that demonstrated in §24L.2.7 permits one to combine the familiar interface of a full- cale 

computer with the nimbleness of a dedicated controller. Again , s erial_receive_silabs . as 1, the 

program we offer on the book' website provide only the simplest demonstration. It will be up to you 

to put this capacity to work, if you choose to. 

This program uses the same initializations needed in §24L.2.7, but the program loop is much sim­

pler: the controller simply displays whatever character is sent to it by the PC. A useful version of this 

program would apply the received data to a more interesting purpose steering the controller to this or 
that action . 

This program's loop 

SHOW ONE: JNB RIO, $ ; await receipt of a byte from UART 

CLR RIO; ... clear flag when it's asserted 

MOV DISPLAY, SBUFO ; get received data 

SJMP SHOW_ ONE ; go look for another character 

... look almost exactly like the loop of §24L.2.7 - except that it test a flag that indicate a character 
has been received ("RIO") rather than transmitted ("TIO") a in the SENDIT loop of §24L.2.7 . 

Here is that earlier program, SENDIT which tests TIO. 

SENDIT: MOV SBUFO, A; Put character in buffer (send it)--UART 1 

LINGER: JNB TIO, LINGER; wait here till told it's been sent 

CLR TIO 

RET 
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ln order to make this sort of program really useful, rather than ju ta demonstration, the controller 

program probably should include a parser that could use the transmjtted text to carry out this or that 

act. For example, the parser could check whether the incoming character i C or D. Jf C, then tore 

the next byte for later use as the command word for the Digipot. If D then store the byte that follows 
as the data word to be tran mitted to the Digipot. Then tran mit both, and go back to checking the 

UART input. Thu the PC might control the Digipot setting. Again, we have provided only the most 

skeletal code. Flesh it out, if its use interest you. 

Using Terminal to talk to micro The SiLab Terminal program, which can show what the pc receives 

from the micro - a in Fig. 24L.12 also can be used to write from pc to micro. Fig. 24L.16 shows 

the creen after four values have been sent from pc; a fifth ha been typed but not yet sent. The values 

recorded in the screen shot are ASCII value ' Pl 23,' values related to the name of our Harvard cour e. 

Figure 24L.16 Silabs 
Terminal program 
permits writing from 
laptop to micro through 
serial port . 

Terminal l oolStick Help 

Connection 

T 1antfe1 Dat,r 

_J 

Cl.111enl Pin State 

GPlOO H,gh 

GPI01 High 

C2 Reset High 

~ data Jusr typed - not yet sent r 
Pin State Conligula~on 

Do Not Set C2 R~$el 

ASCII FOlmat 

Send Data 

Sei'ld File 

_J 

--1 

! 

Set Selected Pin j 
States 

Captu1e Data to F,le 

Rece,ve Fiie. 

!•ece,ve_~a b<t 

CcPtu•e Receive Data to File I 
Receive Dala ~ four bytes recenrly sant to micro and ' fJChoed"- sent back to pc from micro 

fso3 1 32 33 - -- -------

CONNECTED 9600 · No Pai,1y No Flow Conllol • 8 Data B~s 1 Stop Bil Cl~a, Receive Data J 

Code: controller listens to PC Download the code seria l receive s i labs . a51 from the book's 

website. 



245 Supplementary Note: Dallas 
Program Loader 

245.1 Dallas downloader 

The Dallas 89C420/30/50 can have its onboard ROM loaded from a computer (let's call it a "PC") 

through its erial port. 1 The on-chip ROM includes a monitor program that normally is hidden. By 
as erting trange pin levels - PSEN along with RESET and EA - one can wake up this monitor 

program. Your GLUESTEP PAL does all of that when you a sert its input pin named LOADER. 

(LOADER, until now, has been disasserted: tied high. ) 

Serial Load Hardware Configuration Figure 15-2 

1'111 l>~X~C .. 12(1 r<•.11 
Pl I l'O I 
Pl 2 PO~ 
Pl , l'U.J 
l' I 4 Po.J 
1> 1 , PO 5 
r11, PCI I, 
f'I 7 Po• 

K!-1 I A 
\ LE l 'RUt, 

p; II l'~I r,. , 
P, I 
PJ ? 1'27 
1•; 3 P:! b 

r 4 1' 1 5 
1'1 ~ I' ,1 

l'lf, r:., 
I') 7 PZ: 

P'.1.1 
Xl Al.~ P~O 
'(fi\11 

245.2 Hardware required 

l)RJ\ f 1 • l\\ r- l)RJ\'I' l.<1\\ 

Figure 245.1 Loader hardware 
connections: sketch , from Dallas 
datasheet . 

Almost no hardware addition is required, since your GLUEPAL is set up to exploit the Loader. 

245.2.1 USS-to-serial translator 

The printed circuit that holds the LCD display also holds a USB-to-serial translator that allows a PC to 

talk to the Dalla 8051. Incidentally it talk to the micro at TTL logic levels rather than the traditional 

wide RS232 serial level . Three signal are used: TXD (transmit, from the PC), RXD (receive, from 

the point of view of the PC, again) , and DTR (an enabling ignal that we u e to drive LOADER). 

Incidentally, you can use this USB- UART link to a llow a computer to communicate with your micro 

I The loader program described in this note run only under Windows. DallaJMaxim provides n Macintosh or Linux 
ver. ion. 10 our knowledge. 
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for any purpose you like; not only to implement the loader function de cribed in this note. Fig. 24S.2 

shows the LCD/USE-translator board. The three relevant signal lines are indicated. 

Figure 245.2 USB to serial 
board : 3 lines from board to 
micro. 

pc TXO: to micro RXO (P3.0, pin 10) 
pc RXO: from micro TXO (P3. f, pin ft) 
OTR1

: to LOAO£R1 (pin 8 of Gfuestep PAL ) 

Note: The lines TXD and RXD are named a they are on the PC. They go to their complement on 

the micro. To ay this more explicitly, ... 

• TXD from the PC and LCD board connects to RXD on the micro; 

• RXD from the PC and LCD board connects to TXD on the micro. 

245.2.2 Let the DTR Line drive LOADER 

We use DTR to determine whether to invoke the loader; DTR wiJl be controlled by the loader program 

that run on the PC. DTR (inverted by the translator) drive our GLUESTEP PAL' LOADER pin. 

LOADER evokes several GLUEPAL outputs in order to force the micro into the loading mode: the 

GLUEPAL asserts RESET51 and drives a low at PSEN* (turning on a 3-state at that output of the 

GLUE PAL); PSEN * is a line that till now has served only as an output from the controller. LOADER 

al o evoke· continuou clocking to the processor, necessary for making the device respond to the 

peculiar signals that wake up the built-in Loader/Monitor program. 

Note: Don't forget to remove the wires that until now have tied high the LOADER pins on the 

gluestep PAL. 

245.3 Procedure to try the loader: two versions 

Two loader programs are available. The current one offered by Dallas/Maxim is called MTK (Mi­
crocontroller Tool Kit). An older ver ion, called LOADER420 use an interface that we prefer. Dal­

las has dropped LOADER420, but it still is available on the web as of this writing.2 We will treat 

LOADER420 first, then MTK. 

Our most recent trials of the two loader suggest that MTK is the more reliable. But you should 

read quickly through the LOADER420 discu sion to see the operations that both versions permit. We 

have not written all this out in full for both loader programs. MTK can show you what LOADER420 

can. 

2 We found it at Codeforge. You can also get it via our book ' · website. 
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245.3.1 One loader program: LOADER420 

After you have downloaded and instal1ed LOADER 420, double click on the LOADER420 icon and 

you' ll get a window showing an OPEN' button at the lower left, and a blank window. We need to 

initialize the serial port before going further. 

Under PORTS/Select Port Settings choose a erial port: we like 3, and a baud rate: we like 9600. 

Thi is a virtual COM port, but Window i willing to pretend that it is a traditional serial port (though 

Window often gets confused as it does thi ; ee §24S .5). 

-
lo _or.R ~g)_N a..cou t"MA .,. ,,J ''!!"- I 

_J 

Port flame ,~- -:i 

•J 

Port Name 

-tt r.<>M f in 1nu11:.!r mi l 
Ofl(N 

0 
c Figure 245.3 LOADER420 serial port initialization. 

Once the COM port i et up you can "OPEN" the COM port link, then click on "LOADER." 

You will notice that the screen now shows DTR "SET'. DTR (active-low) drives the ' ignal called 

LOADER on your GLUEPAL, and that signal tells the 8051 to wake up its monitor and loading 

program. On the LCD board, the DTR LED should be lit. 

If everything work. pe1foctly, you will get a display something like what' shown in Fig. 24S.4. 

Thi message come from the DS89C420 and indicate both that it is properly linked to the PC and 

that the micro ha received the combination of signal that tarts up the LOADER program on the 

89C420.3 

We need to choose one more etup option, and then we can start to have some fun - downloading a 

program. 

Fite Edit Options Target Macro Help 

DS89C•i30 LOADER VERSION 2. l COPYRIGHT (C) 2002 DALLAS SEJ1IC'ONDUCTOP 

245.3.2 Specify memory type: what to load 

Figure 245.4 Banner from micro 
indicates the connection worked . This 
is good news. 

The 89C420 unlike the DS80C320 that you have been using, includes on-chip ROM (so-called' flash' 

type: reprogrammable, but non-volatile, much like the EEPROM you've been using on the PALs). 

Since we mean to load our programs not into that ROM but into the external RAM, we need to 

ay this to the LOADER program. Under the Option /Memory type menu we choo e External: see 

Fig. 24S.5. 

245 .3.3 Try downloading a file from the PC 

You need to use RIDE to generate a .hex file - a machine code file in lntel 's format. You generate thi 

file by clicking on the book icon to the right of the one you use to assemble the file. Copy that .hex 
file into the directory from which you are running the LOADER program. 

3 The screen shot does not show thi. reassuring me . age because ii wa. taken from a PC not w ired to lhc micr . 
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load~,1420 (0 01 OetaJ l!ll!l E3 

. ' J -• f:'n~ " Flash '' is defa ult 
~ - (t hb lo:uls 81){'-l30 's 

"£,tcrnal" loads on-chip memory) 
(and dis plays) · 

Figure 245.5 We need to specify that the 
LOADER is to work on External memory. 

e\tl'rna l I \.\I on 
) our lah micro 

l • ®dr<1l<> 'fo!'u1 
__ ..__..,! CLOSE J 

The .hex file for the KEYSUM program of Lab 20L, for example, looks like this: 

:02000000802E50 

:OD0030009080007800E8FOF8E0280080 F9EA 

:OOOOOOOlFF 

The format is fussy - and the details probably don't interest you.4 

245.3.4 Procedure for shipping a file to the micro 

Here are two ways to end a .hex file from PC to micro: 

l. Option 1. 

Qom sn 
Q O'{RU.A 

• In the "File" pulldown menu , select ' Load" This will allow you to elect the .hex file for 

loading. 

2. Option 2' 

• Issue either the ' L" or "LX" command within the terminal entry window (L for on-chip mem­

ory, LX for external) 

• From the "File" pulldown menu, select "Send File to Serial Port" . This wiJJ again allow you 

to select the .hex file for loading. 

Look at the downloaded code, using the PC: You can "verify ' that the code in the micro ' RAM 

does match the ource file if you ' re very careful. Or (more entertaining) you can examine the content 

of RAM to ee if the miracle really ha. happened - see whether the code li ted looks like the code in 

the ource file (the hexadecimal entries, without the padding entries included in the .hex file it elf) . 

To check what the code looks like in a particular block of your RAM, you specify a range of 

addres es then click on DISPLAY. 

4 Just in case the fussy detail. do intere ·t you. here's what the lines are telling us: 

• the fir l character i a colon; 
• each line begin with 2-digit data length (number of c de or data bytes), then 

• 4 -digit tart addre s; then 
• 2-digit 'record type·· - 00 fo r code or data, 0 I for execution acldres ' ). 

• The la t byte in each line i. a "checksum:' ' the 2·s-cornplemcnt of the eight -bit sum (rhat i . the um " modulo 256'') or 
all the bytes in the line, excluding th in itia l colon and the checksum itself. 

Fanati c who want ro know more. may want to look at http://w ww. keil.com/ upport/docs/1 584. htm . 
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{o londer420 10 01 Detol l!!llil Ei 
fJe ~ fort, Qebug l!e!o 

~ ·~· I · i ·· I ~:r;_ 
LB OCR. ACON CKCON PMR. PO Pl 

1111111 

... then dick on 01 ·pLn 
Figure 245.6 Use DISPLAY to examine 
the contents of micro RAM . 

In the pre ent case, we' re doing this just for fun - or to rea sure ourselves. The proces could be 

more useful: one could use it to pick up whatever code i in your RAM - say, after you had tinkered 

with it by hand - and then, on the PC one could u e RIDE to disassemble the code into a tidy Ii ting. 
(Thi i a trick we have not yet tried.) 

Figure 24S.7 hows what the display looks like if we displa the range Oto L8h, after loading the 

tiny Lab I 8L test program. You ' ll recognize the code. 

I.Odd~4]0 (0.0-1 llcta) rD{Q) 
~ ~- '!O'I> Q<!>uO !:atO 

RELOAl> j LObd ! V«'fy j r.a .. j ~~r:: o~ j Duplay I CFlC !Range:~ ~ 
LB OCR ACON CKCON PMR PO Pl P2 P3 FCNTl ___j 
1111111111 UPOAT£ ! 

OSS9C420 LOADER VERSION l. 0 COPYRIGHT (C) 2000 DALLAS SEMICONDUCTOR 
> Io8d~ n~ o:~!a. c: micro 8051 \ RAISON 1 ab_pgm~ FIRST_ TEST. HEX 

Done l oading file. 
> 
0000 60 OE 00 02 00 H' fO 1S - 86 FO 32 90 80 03 05 86 

e i010 0\~ ::::: 3-)FF 
~ code 

NOP 

address 

(translation of code-treated 
as ASCII character codes: 
quite useless, in this case!) 

Pott COMI 111 bautlrulil !1600 

CLOSE I 

245.3 .5 

DIR SET 
ODlRClA 

Running the micro again while tied to the PC 

Figure 245.7 Display of tiny 
test program of Lab 20L just 
after loading into micro 's RAM . 

To allow you to run the micro s normal programs (rather than its internal monitor program that ha 

been permitting the loading) we need to release DTR. Do that by clicking the 'RUN" button at the 

bottom of the loader program screen. The program will not then take off, because it need a new 
RESET and release - which you ' Jl need to apply by hand . Warning : your micro may not work properly 

if you close the LOADER program and leave the erial line connected because the DTR line doe not 
in that case simpl y float; it may drive DTR to a logic low, locking you in LOADER* mode at the 

micro. So leave the PC's LOADER420 program running. with RUN elected (DTR disa. serted) in 
order to run your micro . If you di connect the USB board from the micro, your computer will run as 

before: an internal pullup resistor on the PAL should disassert LOADER for you but it is wiser to tie 

it high through a resi tor of a few H2. 

If you choo e to di play the range Oto 10, for example (or if you type "DX O l 0"), the PC window 

should display the contents of the first 16 bytes in external RAM. You probably know what the first 

two or three byte are anyway, since these hold the jump to the . tart of whatever program you worked 
with mo t recently: .. 0 x'' if you did a hort jump; perhap '·02 xx xx" if you did a long jump. 
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If you ' re skeptical , you may want to take the bu to load a memorable pattern into low memory 

( uch as "O I 23456 ... "), then invoke the loader once more. 

245.3.6 A second loader program : MTK 

MTK (Microcontroller Tool Kit) i , similar, but offers a Jess convenient user interface and lacks ome 

feature - such as the di play of the content of RAM and ROM on the programmed device. 

Getting MTK: You can get MTK from the Dallas/Maxim site. The link carri . you to an index where 

you'll want to choose the in taller, MTK2-1n tall. .. . 

MTK: choose controller and set up serial port: As for LOADER, you ' ll need to do some initializa­

tions: 

• under TARGET choo e your controller; 
• under OPTIONS/ConfigureSerialPort Jet again choose COM3 and 9600 

Figure 245.8 MTK initializations: select processor 
and set up serial port . 
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Open and connect : As for the LOADER420, make the serial port then connect to Loader: ee 

Fig. 245.9. 

Figure 245.9 MTK open and connect 
screens. 

Connect to Loader 
Configure 

After a successful CONNECT, you will get the banner saying "LOADER420 ... ' a in Fig. 245.4. 

Again you will choose the load destination : RAM versus "FLASH" - the controller's internal ROM . 

Figure 245.10 MTK: selection where the load 
is to go. 
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Choose file , and send it: Then you ' ll need to elect a file to load. It mu ·t be in the form of Intel .hex 

fil e. 

'·. it-WU •@Ji·lt@t~3 
' L819_JN_OUT_l2.HU 

j1AB_MU2_1N_OUT HEX 

jHEX·.la6 (' HEX) 

r Qptr1as1ead-~ Figure 245.11 MTK: select file to load . 

Then send it. When it has been loaded, you will want to run the program on your lab computer. To 

do that you ' ll need to disconnect from LOADER. 

Fde Edot Options Target Moc,o He'c, 
---- ---- -----------------
DSS.:9C-130 LOI.D ER VERSlO!l 2 .1 COPYRICHT (CJ 2002 HLLAS 
> L<>l.ldl.ng file C!\toi.cro\8051 \rtluon\ detro pgrr..s. \ 1~ ,~u~_ :i 
_ W_OU T . !!E X 

t.osd e:oll\p l ete. 

•I 

, . ~· . ' Macro Help 

Close COM3 Ctrl-T 

Disconnect from Loader Ctrl-L 

Configure 

Comected to Lo.,de, COM3 Open ii. 9600 

Figure 245.12 When load 
is complete, disconnect 
from LOADER to run the 
program . 

Di. connecting from the Loader di ·asserts DTR and the GLUEPAL s LOADER signal to which 

DTR is tied . The little computer revert to its u ual operation. You can run the program as u. ual, 

single- teppping or running full- peed. 

245.4 Debugging: LOADER420, in case you can't write to flash 

You may sometimes get a cryptic error message saying 'Cannot write 1 's to O's," on a write to flash 

memory. The remedy i strangely simple: under options choose "Load Blind to Flash." The error 

message and that option are shown in Fig. 24S.13. 

RE, ,1 Auto-Scroll 0'"11) I o~ I CRC !Range:r ~ 
u ,1 Parse backspaces 
I ,1 Show Hints 

Pl P2 P3 FCNTL j 
r __r- r-_ r UPOAfE I 

~I K~ 17 
Fi 
> 

Fix bad checksums on load 

l
,HT (C) 2002 O,'\lLAS St~!ICOI 

Load blind (LB) on Flash Loads 
--~- ~. mo_pg,ns\labl9\INOUT . H8< Printing Mode • 

Memory Type 
-- - ... the remedy 

the error message ... 

Port COMJ at baudr111r. 9600 
l~ I OTA SET 

00TRQ.R j CLOSE ___, 

====-============::::-~ 

Programming error (P) 
Cannot write l's to O's 

IC oi< -- j 

Figure 245.13 An easy remedy 
if you get this flash error. 

"Load Blind ' means ' omit two verification steps in the write process.' Why this works we don ' t 
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understand, not having understood the initial e1Tor. Fig. 24S.14 show a succe sful write to flash after 
a failure. Between the two we selected the option ' Load Blind to Flash." 

Figure 245.14 Yes, the strange 
remedy works. 

lo.1dtr420 {O 0-4 Bt lc) 

ft, <)W6" e,," °""" II"<> 
k~lp 

~~ • ...., '"'' (...., ...1 Flash 
l 8 OCR ACON CKCON PMA PQ r- f . : . r-- r 

P"~ f,,()Ml nt bi,qdr"".I,., 1!fti0 

• C'l~S( 

°""'J °"""' Cllt Range ;~- t~ 

I~ p r ~ FfL j 
IJOO•l.=! ~' ---------

initial failure ... 

... success, after choosing 
load blind .. .' option 

245.5 Debugging in case of trouble with COM port assignments 

245.5.1 Easiest, primitive, remedy: worth a try 

Sometimes simply changing USB port at the laptop solves the problem. This is crude but it's o quick 
that you might try it if the LOADER tell you it cannot connect. Chances are that won ' t do it, in which 
ca e read on. 

245.5.2 The problem 

The PC talks to your little computer through an IC that tran late USB ignals to traditional serial 
igna1 . The PC runs a virtual serial port. Recent PCs have no real COM port connection to the 

outside world.5 But they can emulate a COM port and, with ome help from external hardware, can 
talk to a device that expect a traditional serial link. The PC emulates the standard erial port but end 
the signals in USB form· a translator IC converts USB to serial - or vice ver a when taking a message 
from the little computer to the PC. 

Sometimes, when one trie to open the Loader420 or MTK program, an error message appears, 
saying that the COM port .is in use by another application. Thi · error seem to be caused by abnorma) 
termination of the link with the USB-to-serial converter board (thi is also the board that holds the 
LCD display). 

245.5.3 The remedy 

Since the PC thinks COM3 (our usual port) i still in use by another application, the PC will automat­
ically a ign the USB board to another port. That reas ignment wilJ not match the setup within the 
LOADER420 or MTK program. 

In the example below. Windows has assigned the device it to COM6. We need to force it back to 
COM3 in order to restore communications between PC and little computer. (A variation sometimes 

5 Until a few years ago. computer. offered a so-i..:alled RS232 ·erial port connector: a DE9 9-pin connector can-ying the 
wide- winging TXD and RXD data lines, plus some control line that sometime. but not alway are u. ed a. \ ell. Our 
cheme u es one of the. e other lines, DTR c ·Data Terminal Ready." meaning that the computer i · ready to receive data). 
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occur : PC a sign the board to COM3 but ay , nevertheles , that the port is not avai lable. In that 
event, we fir t must force the assignment awa from COM3 then back again.) 

First step: open Device Manager : Click on Start/Control Panel/System /Hardware/Device Manager. 

You'll ee devices that include the PC's ports, including the COM port (probably just one) - assuming 

the USB board sti11 is connected to the computer.6 In Fig. 24S .1 5, the ingle COM port has been 

as igned to Port 6. We mu t move it back to Port 3. 

Filo Actron View Help 

HAYES·MA(B()()I( 

• s Co~uttr 
• .,. Otskd11ves 
• ~ Ots~ad.!pters 
• 3 OVO/CO-ROM di"'e 
• ;;j Floppy disk controler 

• ~ Floppydlskdnves 
• .:j 10( ATA/ATAPI control!ets 

: : ::::d:~rpoo,t~ ~ m ~ 
• ~ Monito,s 
- 1111 Netwo,k lldapters 

Iii' C,sco Systerns lll'N Ad.lpter 
• Pa,•i. NetworkAd.o;,ter 

- .:f Po,ts (COM S. LPT) 
.:f(US8 Serial Po,t (COl"6) \ 

• 4?> Soond, Video and ga,ne controllers 
· j System devicH 

• '1': lhveisal Sen•! Sos controlbs 

Port Se~s Driver Details 

USB Se1ial Port (COM6) 

Device type: Ports (COM HPT) 

Manufacturer: FTDI 

Location: on USB Seual Converter 

This device is working properly. 

If you are having problems with this device, cbck Troubleshoot lo 
start the troubleshooter 

T roubleshool.. . 

Device usage: 

Use this device (enable) 

OK I [ Cancel 

Figure 245.15 First step in restoring COM3 connection . 

Second step: force COM3 upon the PC, change the port setting: Select Port Setting then Ad­

vanced and you will ee that the PC is using COM6. Scroll up from that port to select COM3. Close 

the window, going all the way back to the Device Manager window showing the COM port among 

many other devices. See Fig. 24S.16. 

Final step: confirm that the reassignment to COM3 has succeeded : You may think you have failed 

because the device Ii t till will how COM6 as in the left-hand ide of Fig. 24S. l 7. But if you choo e 

Action/Scan for hardware changes, after a few econd. the list will be updated to show COM3: the 

happy ending of the right-hand side. 

6 Recent PCs will n t show a vi rtual COM port in Device Manager unless a serial dev ice is present and attached to the USB 
pon. 
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OK ! I Cancel 

~igure 245.16 Second step 1n restoring COM3 connection . 

Frie V- Help 

Update Drrver .,. 

Dtsable 

Uninstal 

Punt 

Pr operties 

Help 

• .,; ,ey~<!s 
• ,.I MKe and other poontioc) dev1 

·) Monitors 

- lft Network .idapters 

IIJII Crsco Systems VPN Adapte~ 
lft Patallels Netwo,k Ad<'!pter 

,:} Po,ts (COM & tPT) 
,::I ,use Setk'!I Port (COM6)l 

• ~ Sound, vrdeo and game controller s 
• 1 System dev,ces 
• ~ Universal Se11al Bus cont,oUers 

Scan for changed or new Pk,g and Pl.ly deVKes. 

=igure 245.17 Happy ending: COM3 again , at last. 
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24W Worked Example: Table Copy, 
Four Ways 

24W.1 Several ways to copy a table 

We've talked about everal ways to copy data (a 'table") from one location to another. Here we 've 

printed out listing. of four ways to do the job, for your viewing plea ure. We II post these programs 
on the book ite too in case you want to teal code from them. 

Problem Write an assembly-language program that will copy 80h bytes from a source table be­
ginning at addre l OOh to a duplicate table beginning at addre s 800h. 

Solution (Use One Pointer) 

TABLECOPY_ONE_PTR_403.AS1 TRY SINGLE DPTR FOR TABLE COPY B/6/02, 4/03 

$NOSYMBOLS ; keep s listing short, lest ... 

$INCLUDE (C:\MICR0\8051\RAISON\INC\REG320.INC) ; ... this line should produce huge list 

$INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320.INC) of symbol defintions (all '51 registers) 

ORG O 

AJMP START 

ORG 200h 

START:MOV R6, #08 ; set copy table start address 

MOV R7, #00 ; ... this is the low byte 

MOV DPTR, #100h ; init main pointer co source start 

MOV RO, ffOBOh ; init sample counter 

COPY : MOVX A, @DPTR; get a sample 

INC DPTR 

ACALL GETOTHER; get the other pointer, and use it write 

DJNZ RO, COPY ; till all are transferred, carry on 

STOP: SJMP STOP; hang up here, when done 

GETOTHER: PUSH DPH 

PUSH DPL 

MOV DPH, R6 

MOV DPL,R7 

; save first po i nt.er 

; recall second pointer 

MOVX @DPTR, A store the sample 

END 

INC DPTR 

MOV R7,DPL 

MOV R6 , DPH 

POP DPL 

POP DPH 

RET 

Solution (Use Two Pointers) 

save updat.ed second pointer 

recall first pointer 

TABLECOPY_TWOPTRS_403.A51 TRY TWO DPTRS FOR TABLE COPY 4/22/03 

$NOSYMBOLS ; keeps listing short , lest ... 
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$INCLUDE (C:\MICR0\80Sl\RAISON\INC\REG320.INC) : ... this line should produce huge list 

$INCLUDE (C:\MICR0\80Sl\RAISON\INC\VECTORS320. INC ) ; o f symbol definitions (all '51 registers} 

ORG O 

AJMP START 

ORG 160h 

START: 

MOV DPTR, #lOOh; init main pointer to start of original table ( "source pointer") 

INC DPS; get other pointer 

MOV DPTR, #800h ; secondary pointer to start of duplicate table ("destination pointer") 

DEC DPS ... restore main pointer 

MOV RO, #OBOh ; init sample counter 

COPY: MOVX A, @DPTR ; get a sample 

INC DPTR; advance source pointer 

INC DPS ; get destination pointer 

MOVX @DPTR, A; store a sample in duplicate table 

INC DPTR; advance destination pointer 

DEC DPS ; . . . restore source pointer 

DJNZ RO, COPY ; till all are transferred, carry on 

STOP: SJMP STOP ; hang up here, when done 

END 

Solution (Swap high-bytes) This works for small table . 

tablecopy_DPH_swap_405 .A51 copy 80h samples from source to second location; 

use Paul's DPH-swap method (4/28 /0 5 ) 

$NOSYMBOLS ; keeps listing short, lest ... 

$INCLUDE (C :\MICR0\8051\RAISON\INC\REG320 . INC) ; ... this line should produce huge list 

$INCLUDE (C:\MICRO\B051\RAISON\INC\VECTORS320.INC) of symbol defintions (all '51 registers} 

ORG O 

LJMP START 

ORG 400h 

START:MOV R6, #OlOh; init transfer counter 

MOV DPL, #Oh ; init low byte of both pointers (to 256 boundary) 

MOV RO,#Olh 

MOV Rl,#08h 

init hi-byte of source pointer 

... and of copy pointer 

COPY: MOV DPH, RO ; load source pointer (hi byte) 

MOVX A, @DJ?TR ; pick up a byte 

STUCK : 

END 

MOV DPH,Rl ; load copy pointer (hi byte) 

MOVX @DPTR, A; store that byte 

INC DPL; advance both pointers (lo byte shared) 

DJNZ R6, COPY ; all samples transferred? If not, do it again 

SJMJ? STUCK when done, loop forever 

Solution (Use "Offset" from DPTR) 

TBLCOPY_OFFSET_403.A51 TABLE COPY USING OFFSET KLUGE 

$NOSYMBOLS ; keeps lis ting short, lest ... 

$INCLUDE (C:\MICR0\8051\RAISON \INC\REG320.INC) ; ... this line should produce huge list 

$INCLUDE (C:\MICR0\8051\RAISON\INC\VECTORS320 .INC} ; of symbol defintions (all '51 registers} 

ORG O 
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BLOCKSTART EQU lOOh; start address of source table 

BYTECOUNT EQU 6h ; arbitrary assumption, here: should reflect number of bytes in the 

block that is to be moved 

OFFSET EQU 07h 

AJMP START 

ORG 260h 

; offset (high byte): diff betwe addresses of ORIG and DUPE tables 

START: 

NUDGE: 

MOV RO, #BYTECOUNT; init sample counter 

MOV DPTR, #BLOCKSTART; init main pointer to start of original table 

MOV Rl,#OFFSET; set up offset constant (high half) 

MOVX A, @DPTR; pick up byte to be transferred 

MOV R2,A; save reg used as scratch in arithmetic 

MOV R3,DPH ; save main ptr, high half 

MOV A,DPH ; get ptr byte for manipulation 

ADD A, Rl 

MOV DPH,A; ... now points to DUPE table 

MOV A,R2 ; recover sample 

MOVX @DPTR,A; .. . and store it in DUPE table 

MOV DPH,R3 ; recover ORIG pointer 

INC DPTR; .. . and advance it 

DJNZ RO,NUDGE ; continue, till all are transferred 

STOP: SJMP STOP 

END 

hang up here, when done 
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The class consists of two quite different projects for the two micro versions: for the SiLab ver ion, get 

data in and out of the controller u ing a few lines and a. erial protocol. For the big-board, implement 

a de ign using a single-chip rnicrocontroller (this is old hat for SiLabs people, of course). 

25N.1 Input and output devices for a microcontroller 

A you know controllers can integrate many peripherals on-chip. The Dallas part include a minimal 

set: timers and two serial port , along with parallel data port . The SiLab. '4 10 doe better: ADC, 

DAC PWM several serial ports: SPI, I2C RS232, timers and a 'rea l-time clock" that is aware of 

long-term tim.ing ( o, can implement long delays, or can provide timing marker. for data). 

But you 11 ometimes need more, and routinely will need a few pu hbutton and an LED or two at 

lea t. Fancy peripheral. are likely to use one of the erial protocol. - probably SPI or I2C. But si mpler 

devices don t warrant . uch heavy equipment. Here we offer examples of uch impler interface . 

AoEoffersamuchricher . etofexample. inAoE §15.8.Figs. 15 .20 15.21 and 15.22 how about 

·ixty parallel SPI and I2C peripheral examples including. ome ·ample part numbers. 

25N .1.1 Some sample INPUT interfacing examples 

Figure 25N.1 shows a few likely input device . Some require some coding intelligence: the rotation 

sen ·ors do, if they are to do more than 'count ticks. The others are impler. The "debouncer" uses 

just an RC slowdown, and thi works because the' edge" s nsor i not quite that; it sen ·e · the level on 

successive clock cycles. Thi slowne s prevents comparator-like oscillation . 

One more input device : keypad : Scanning a keypad matrix i not hard for a controll er. Fig. 25N.2 

how the hardware for scanning a 4 x 4 switch matrix like that used in our lab keypad .. The keypad 

connect a row and a column when a single button is pressed. The scanning algorithm therefore, i to 
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Controller 

Rotation 5en5or5 

V+ V+ 

opto interrupter 

~~Pn.a 

- ~__,---1 Pn.b 

two opto-interrupter5 

---- Pn.c 
~~········· 

o ~ Pn.q 
CJ O O 

o•• 
multiple optical sensors 

low-co5t 
debouncer 

}

(j) measures 
number of 1'ticks" 
(=> rate of rotation) 

} 
® detects direction 

of rotation, as well 
as rate 

} 

® detects absolute position 
(angular) 

Figure 25N.1 Input interfacing 
examples. 

continually a ert just one-at-a-time of its four OUT lines while sen ing what come in on the four 

IN .1 If no input sense an as ertion no key is down. If one input enses an as ertion the program note 

which OUT wa driven and which IN sensed it. The pairing reveals which key was pressed and can 

steer the program to a table that delivers the key val ue. Debouncing can be implemented by putting in 

a delay after first sen ing a press, then checking whether press persists. 

Some sample OUTPUT interfacing examples: Some of the output examples in Fig. 25N.3 will be 

familiar. Other - particularly the Liquid Crystal Display (LCD) - probably are not. 

The LCD include a good deal of intelligence. The interface ha been standardized and implement 
a et of commands, such a "clear' and "newline " a well a a built-i n counter that places any new 

character next to the previous character. It is also clever enough to accept it 8-bit commands and 

I The four inputs must be pulled up. U ing the 8051, we relied on the built-in ·'weak pullup" resi tors. But for a different 
microcon1roller, pu ll up resi tor of perhap 1 Ok could be required . 
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Figure 25N.2 Controller can 
sea n a keypad ( a matrix of 
switches). See AoE Fig. 15.8 

Figure 25N.3 Output 
interfacing examples. 

Keypad 
switch matrix 

Controller 

Pn.q 

7 lines { 

Controller 

} 4 out ... 

} .. .4 in 

V+ 

Keypad 
encoder/reader 

.r } many outputs are 
TTL-like: 
sink. don't source 

V++ 

4 data 

heavy t current 
load 

LCO 

-------RIW 

-------- RS 

enable 

characters 4-bits at a time, in order to limit the number of wires required for the interface.2 If you 

consider seven lines too many (controller pins are indeed precious), you will find a smaller selection 

of LCDs that accept erial data: RS232, SPl or I2C. 3 

25N.2 Task for big-board users: standalone micro 

Today we ask SiLabs and Dallas people each to do something that the other group has been doing 

quite easily. 
We ask that big-board people di cover how easy it is to pump code into the 8051 'son-board ROM. 

SiLab people have been doing this all along of course. We don't want Dalla builders to leave the 

course thinkjng of a .rrucrocontroller as a circuit about 30 inches by J 5 inche , with keypad attached. 

2 You can also eliminate one of the seven line . R/W*, if the controller set timing by relying on delay rather than by 
reading back a '·busy" ignal from the LCD. 

3 Newhaven Display lnternational make LCD that accept all three: SPI, I2C and RS232-. erial; Adafruit provides an 
interface board that convert between SPl or 12C and the tandard LCD interface (u ing ix pin of the LCD' standard 16: 
it uses ·ix rather than the . even that we show in Fig. 25N.3 by omitting the RJW* line). 
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Now that you have had the sati faction of building the big 'transparent" computer with an 805 l , 

wed like you to enjoy how compact and simple a controller can be. We'd like you to watch it doing 

something with no external hardware attached or almo t none (it doe need a crystal or ceramic 
resonator). 

We hope that you had a chance to try the Loader program in Lab 24L. If not, you can try it now. 

We remind you of the two alternative ways to program the 8051, two methods described in Lab 25L: 

• Program it in the big breadboard setup that you have been using all along. The GLUEPAL permits 

thi loading, a you know. 

• Put a little hardware on a ingle breadboard strip and program the 8051 there. Details appear in 

Lab 25L. 

We hope that both big-board and SiLab people will dream up some mall task to do with thi s 

tandalone machine. Almo t anything i more fun when it' your own conception. You ' ll want to 

do more than blink an LED· but perhap not much more. You may want to take an advance look 

at Chapter 26N which include our list of gadgets that might be fun as peripherals - things like 

accelerometers, motors, a talker chip. 

25N.3 Task for Silabs users: off-chip RAM 

In both ver ions of Lab 24L we built RAM data tables in a straightforward way using a moving 

pointer - the familiar DPTR - to store and to recover data one byte at a time. Thi a11owed the Dallas 

proces or acces · to a 32K RAM , enough to allow many seconds of audio, for example. The SiLab 

'410 controller looked a Ii ttle sad with its mere 2K of on-chip RAM available for data storage. 

But the 410 can make up for it Lack of buses by using serial instead of parallel acces to an external 
32K RAM. The code that caffies out thi erial access i much more complicated than the code for 

the bu ed cheme. It i complicated even though the controller include a hardware implementation 

of the SPI edaJ protocol. 

25N .3.1 The serial-access method 

The serial RAM available to the SiLabs controller has some brains within it brains that allow it to 
communicate despite its paucity of pin : just eight. Like other SPI peripherals (including even the 

imple SPI Digipot mentioned in Lab 24L) the serial-access part needs to be told what to do with 
values fed to it. It therefore understands a small collection of commands. 

The 32K SPI RAM that we use i capable of storing or reading a single byte at a pecified addre . 

But for building and reading tables it provides a neat alternative: it can store a sequence of byte at 

succes ive addres es using it internal counter, automatically incremented upon each data write. The 

playback work the same way. Both multi-byte operation - write and read - require only an initial 

addre specification. After that the RAM i pretty-much autonomou . 

25N.3.2 An illustration: single-byte write and readback 

Before sending data we must tell the SPI RAM how we want it to handle the data that we present. 

Here, the " tatu write" command, Olh, tells the RAM ' what's coming in the next byte will be a mode 

command." The byte that follows selects the mode: here, "single" byte, 0 l h. 

Once we ve told the RAM to take a single byte, we can issue a data write command (02h), followed 

by the address and data. Fig. 25N.4 how just the beginning of the frame in which the data is written. 
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r...,.._p 

CHIP SELECT" -· I_-~ J ~- - •• · ~ ·- - ~ - - -

OPERATION COMMAND 

CS* 

SCK 

MOSI 

/ (single byte) 

>---- --t O 1 } { 

Figure 25N.4 First send the SPI RAM a 
command to tell it which of its "modes" 
to use. 

n + ·, · / two zero 

Fig. 25N.5 hows the writing of a ing1e byte to an arbitrary addre , , then it readback. The controller 
writes the data value AB into location 24 45 then reads it back, as you can see in the figure. 

from controller ("master out ... " ) l ~ite 
address data (one byte) read 

command address 
data (input, from RAM) 

oomma\ \ /\ 
""' . [[@ .® ~ @) [ C£I) \@ 

(~ ~ ~ ~ [ ~ 
l ··· '.···---.-..-, -.4,·- ·-- ,-. ' ··- ~-·· · 

L 
m1ru~m. 
n n 

i- _ ijffullul~ij . Wllllll _ · mm~ ~nruurn~n 
.....---_! -----. r-1 n n n: n-----.t 

toward controller ("master in .. . ") 

Figure 25N.5 SPI write and readback using Microchip 32K serial RAM. 

The very first item in each frame - whose beginning is flagged by the as, ertion of CS* - i · a 
command as you would expect: write (02h), later read (03h). 

25N.3.3 An illustration: multi-byte write and readback 

When the goal is to store data in a table and then to read it back, the RAM' , ability to handle a long 

sequence of data bytes is just what we need. In Fig. 25N.6 the controller sends three bytes of data 

(AAh, BBh, CCh) to three addres e beginning at the start of RAM (address zero). 

The successive writes occur quickly thank to the automatic incrementing of add.res . In contra. t 

to the single-byte action of §25N.3.2, here there is no need to specify the ucce sive addresses, once 
the start address has been defined. 

tnnr-i 
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Figure 25N.6 SPI RAM takes and delivers three successive bytes, with only the start address specified . 

25N.3.4 Code that uses the SPI RAM 

The program below, which writes a serie, of bytes to the SPI RAM, is conceptually simple but full of 

fu y detail. 

; now write several bytes 

WRITE_ SEVERAL: acall START_VALS ; initialize sample counter 

acall INIT_ADDRESS ; set up start address 

mov R7, #WRITE_COM START_OPERATION will use this to send appropriate command 

acall START_ OPERATION assert CS•, send command 

acall SEND_ADDRESS 

SEND_ONE: acall GET_SAMPLE ; get a byte from ADC 

acall SEND DATA 

acall CHECK_ END; see if all done (this subroutine sets flag, ALL_ DONE when table full) 

jnb ALL_DONE, SEND_ONE ; . .. if not all done, send another 

clr All_ DONE 

setb NSSMDO 

. .. and read them back 

READ_ SEVERAL: acall START_VALS 

if all done, clear the flag and proceed 

; disassert CS • at end of XmssN 

acall INIT_ADDRESS ; set up start address 

mov R7, #READ_COM ; now gee the value back from RAM 

acall START_OPERATION; assert CS*, send command 

acall SEND_ADDRESS 

READ_ ONE: acall GET_DATA 

mov DISPLAY, R3 ; show what RAM delivers (just for single - step debug) 

mov IDAOH , R3 ; ... and send to DAC 

acall CHECK_END; see if all done 

jnb ALL_ DONE, READ_ONE ; . .. if not all done, recall another 

clr All_ DONE 

setb NSSMDO 

; if all done, clear the flag and proceed 

; disassert CS • at end of reception 

sjmp $ ; thi s to test single transfer 

s j mp WRITE_ SEVERAL; ... this to do continual transfers 

This li ting omit the gritty detail of the several ubroutines. The full program, 

spi_ ram_adc_dac_incomplete.a51 

is available on the book 's website. The word " incomplete" in the filename refers to the requirement 

that au er write the short block of code that implement an end test for the program' table write and 

read . 



25L Lab: Micro 6: Standalone 
M icrocontrol ler 

Reminder: There's an easier way to use a microcontroller! Once again, we are saying - after you 

have invested a great many hours of hard work - " .. . of course, you'll never want to do it this way 

again! 'We did this to you after you had learned to design with discrete transistors. We did it after you 

had done ome building of logic with little 74xx ICs. Now we are doing it after having you wire up 

the big-board computer, mostly entering its code by hand. In the present case we mean to remind you, 

before you leave the course, of the normal way to use a microcontroller: program it using a computer, 

then let the controller work alone with little or no off-chip hardware. This the SiLabs u er have been 

doing all along. (But they have mis ed the interesting hardware bugs that you have enjoyed.) 

In thi lab we ·ugge ta skeletal application so that at least you will be able to play with the controller 

a a standalone computer on a ingle breadboard strip. You may want to do something more than this 

preliminary play - but that 's up to you. You may on the contrary want to return to your Big Board 

home-made computer and use that to .implement a project of your own devi ing. 

If the pul. e-width task described here in §25L.1.3 doesn t appeal to you take a look at some other 

code that we're providing: 

• LCD display (these display will how uccessive characters when fed ASCII code at a single 

port· 

• keypad can (produce a key value upon the pres of a si ngle key in a bare 4 x 4 keypad like the 

ones included in our lab keypads) 

Neither of the above two program intere ting by itself - but either might be u eful a an interface 

in some applkation that you devise. 

25L.1 Hardware alternatives: two ways to program the flash ROM 

25L.1.1 The preferred scheme: use your bused computer to try loaded code 

If your little computer will take loads and run them from RAM we recommend proceedi ng that way: 

load the code into the external RAM and run it a u ual - with the useful facility of single-step. When 

you are ati fied with the program behavior do a second download, thi time into the 8051 's on-chip 

ROM so-called fla h memory)· pull the programmed part from the big board and install it on a ingle 

strip, where it can run on its own. You can try running from ROM while the part is in your big circuit, 

if you now tie the EA* pin high ( ee Fig. 25L. 1 ). 

The GLUEPAL already takes care of the loading. All you need add to try running from internal 

ROM is a switch that can tell the micro to take its code from internal memory rather than to the 

external, buses. It' as . imple a thi : 

Incidentally, code will run faster from internal memory than from external RAM - on average, 

about three time faster - since for many instructions it is ab le to reduce the normal 4-clock cycle to 
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Standalone 

£xternaLBus 
Figure 25L.1 A toggle switch will let you try running the micro from 
internal ROM . 

one clock. This effect will not matter to you unless you happen to be running code that does timing in 

oftware. 

25L.1.2 An alternative scheme: program the micro on a standalone board 

About five minutes' wiring can produce a breadboard on which you can program the standalone 

controller without the use of your 'big board' computer. This work well, 1 but doe not allow for 

debugging by watching bus activity as you single-step through code. A self-contained controller use 

no external buses, and its opacity can be frustrating when a program doesn't do what you expect. 

Simulation in RIDE can make up in part for the black-box quality of a microcontroller. 

It is possible to ingle-step the controller on your big-board etup, even when it i running code 

from it internal ROM. You can enable single-stepping by turning on the controllers ALEON bit 

(Mov OC4h, #04h is the line of code that does the job). Doing this activates ALE, on which the 
GluePAL' single-step function relies for its timing. In the posted Standalone programs we have turned 

on ALE by etting that ALEON bit. Neverthele s, troubleshooting remains radically more difficult 

when one cannot see bus activity. 

A circuit diagram: Figure 25L.2 how the circuit. The serial connections are familiar; the use of 
DTR may not be. DTR (active low) here puts the micro into the peculiar state that makes it ready to 

receive a program load through its erial port.2 DTR's assertion: 

• drives RST high: 

• drives PSEN* low - leading the micro to turn on its internal ROM and set up the serial port; 

• drives EA* low, to permit the loading. 

Di. a ertion of DTR releases all those line , allowing the micro to run from its newly-loaded ROM 

code. 

A circuit portrait: Figure 25L.3 hows what the standalone circuit looks like. This circuit i blind 

deaf and dumb, so it's not much use in itself. We hope, of cour. e, that you will try adding some 

hardware to the programmed micro to make it do . omething atisfying. 

The little tin can plugged into XTAL l and XTAL2 i a crystal that make use of the controller's 

on-chip o cillator.3 It is smaller and less expen ive than the oscillator used in the full computer. Or 

you can clock the controller with the o cillator you have been using in the earlier labs. 

I It i easier to make th is cheme work than to load your full computer because thi ' circuit sidestep many possible circuit 
defects, ·uch as the full micra' s po sible inability to write to RAM . That action wa. never called for in the micro labs Lo 
thi point, and thus was not rested. So it i, po sible for an otherwise healthy lab computer to refuse to do a RAM download, 

though it may be able to download to the on-chip ROM . 
2 On the full big-board computer, your GLUEPAL drive the c ignal. in the same way. in respon ·e to DTR. The gating in 

Fig. 25L.2 doe one more u eful ta k: it drive EA*. On the full computer. you are obliged to switch EA* by hand. 
3 More technically, the controller expect a fundamental-mode parallel-resonant AT-cur cry ral. See D 89C430 datasheet 

pin de cription ection, p. 12. 
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Figure 25L.2 Hardware that allows 
loading a standa lone 8051. 
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Figure 25L.3 A photo of breadboarded hardware that allows 
loading a standalone 8051. 
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' LED to test your hardware: An LED driven from the corner pin, Pl .0 will let you confirm that your 

loader hardware works (a 3.3k re istor will limit LED current). Load the control ler with one of the 

BTTFLIP-with-delay .HEX fi les available on the website. Disconnect the loader, and ee if the LED 

blink . lf not, try a manual reset of the 8051. When you see the blinking, you can proceed to find a 

use for this loadable controller. 

The remainder of this ection sugge ts a little bit of I/0 for the standalone, and ome ready-made 

code that one might be able to put to entertaining u e. 

25L.1.3 Hardware: a circuit to measure pulse width 

Figure 25L.4 shows a circuit that can be used to let the standalone micro measure and di splay period. 

The di . plays ketched are a hexadecimal LED type. You may prefer to use the LCD that you have 

been u ing in earlier micro lab . 

25L.l.4 Code to use this hardware 

The "hardware' is pretty generic of cour e, so it is capable of doing lots of tasks. It's well-adapted to 

counting, and those are the applications we have in mind. Later we give two version of a program to 

record (and display) the duration of a logic low input pulse: one version hows the duration in decimal 
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form, and i timed in oftware.4 The other version record the duration in binar) form, howing it in 

hexadecimal on the display . . That version uses the 8051' internal timer . 

The decimal version i better if the pul e duration i offered primarily for display; the binary/hex 

version (which makes more efficient use of its counting bit ) is better if the duration is mea ured not 

primarily for di play, but rather for u e in a larger program. 

We have po. ted the source files (.a5 I), rather than the .lst file a in earlier lab , because we assume 

that you now will prefer to download code from a PC to your lab micro (and you will need such a 

facility if you want to burn code into the standalone controller; you will u e RIDE to assemble and 

link the .AS l file, generating the .HEX file that you can ship to the controller). We al o po t the .HEX 

file, in ca e you want to get it ready-made. 

Decimal duration program : The falling edge of the input pul e drive INTO* who ·e ISR starts the 

, oftware counter. The trailing edge of the input puL e drive INTI *, who e lSR tops the counting and 

di play the result. The range of puL e widths that thi program displays (we're showing only the top 

byte of a 16-bit quantity) span I 00 ount , from about 0.3m to 30m when running full-speed , a 

in its present form. When the count overflows, the Overflow LED warns you not to tru t the displayed 

value. 

25L.1.5 Binary duration program 

This program too u. es start and top of the pul e to drive the respective interrupt , 0 and l. The 

counting is done differently though here: INTO' JSR starts an internal 16-bit timer after clearing 

it; the end of the pulse ha two effect : it trigger INT I, as in the other program, and INTI 's ISR 

di plays the re ulting ount; the end of the puL e also trigger. a timer capture operation: the timer 

count i · recorded in a 16-bit "capture" regi ter. Thi trick probably get u nothing in thi program: 

we cou ld ju t as well have read the timer register. themselves after stopping the timer. We just wanted 

to try the "capture" feature. 

You can tinker with the rate at which the internal timer increments to adju t for a convenient range 

of pul e width. With the counter running full- speed, the range of di . played value (again the top byte 

of a 16-bit count) is from 40J.,L to about 6m . 

4 The program Ii ted runs at full speed; to measure wider pul es without overflowing, in ·ert a ALL to a DELAY routine. 
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25L.1.6 Some ways to use the programs 

First, test the setup: If you load one of these two program into a DS89C430, and plug that IC into a 

breadboard wired with a di play. a function generator can provide a TTL quare wave for the circuit to 

measure. Once you re satisfied that the device work you'll probably begin to cast about to measure 

something more jnteresting than a the output of a function generator. 

Capacitance meter (again?!): You may have done this before, and may be tired of the notion; if o, 
push on to an application of your own invention. If you're not yet bored, then you can u e a '555 

o cillator, powered from +5V and ground, to feed your duration meter with a square wave to measure. 

You may possibly recall, from Lab 8L, that the wavefonn's time low (approximately it half-period) 

i 0. 7 x RC, where R is the resistor between the capacitor and th discharge pin and C is the capacitor 
that you in tall. You might choose an RC value that give a reading that is close to full-scale. Then try 

plugging in smaller capacitors, to see if the count drops proportionately. 

If you start with full-scale for a 0.33µF cap, for example, include a trimmer potentiometer (used 
as variable resjstor) so that you can adjust the pulse duration to produce something close to a count 

of "33." See if 0.1 µF produces a count close to "1 O,' ' and so on. Does a econd 0.33 cap, plugged in 

parallel show the effect you expect? 

If you have the energy you can add a third digit to your display, increa ing the range of your meter. 

You ' ll need to modify your code to pick up the high four bits of the bottom byte that measures pul e 

duration. 

Reaction timer (again?!): Ye you've een this before - but done with dedicated hardware rather 

than with a micro. Again, skip thi if it all look. too familiar. 

If you let a debounced switch drive INTO* low, then another switch drive INT l * low, the micro can 

measure the time between these events: the circuit could erve as a reaction timer. But you'll need to 

slow the count of the decimal version: you need to increase the fu11-scaJe pul e range by about a factor 

of l 0, to about 300ms. 

IR remote reader (fancier): This one i more interesting. Once you can measure pul e width, you 're 

just a few steps from a gadget to read the bit- equences sent by an IR remote control. Fig. 25L.5 i a 
scope image showing three examples of code sent by a Sony IR television remote. The raw signal 

from the remote that generate the e logic level are shown in Fig. 25L. 7. The full code sequence 

are much longer than what we show. But what is shown would be enough to allow a program to 

distinguish at least the three codes here. (Thi figure i a detail of Fig. 24N. 13.) 

Figure 25L.5 Three key codes from Sony TV IR 
remote (detected by IR receiver IC) . 

Sony IR Remote: s, art of three key codes 
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IR translator IC : The remote puts out not quite the logic-level signals shown above but instead bursts 

of 40kHz o cillation . An integrated JR photodiode and detector circuit translates tho e bursts into 

logic levels. The part is hown is Fig. 25L.6. 

Vishay tsop 1100 IR to logic translator 

ground 

Figure 25L.6 IR translator. 

Figure 25L. 7 hows the ~40k.Hz o cillation that the LR remote . ends; thi ' ignal i. integrated by a 

receiver IC, then sent to a comparator included on the IC to give a logic-level output a shown in the 

figure, where the bottom trace shows logic levels like tho e of Fig. 25L.5. 

Figure 25L. 7 Detail of IR remote transmission : bursts of 
40kHz oscillations. 

The IR remote signal is robust because it need only sense whether a burst of 40kHz is present; it 

needn't dete teach transition a our audio project did back in Lab 13L. 

A program strategy: Your program needs to detect the long START* pulse (2.5 m ) in order to get 

synchronized. To detect that, invoke a pulse-duration program and compare the resulting count with a 

minimum-width reference. The Sony START* last for a count of about 6Dh by the binary "capture" 

program of §25L. l .5 when the timer runs at full . peed. So set a minimum reference safely below that 

typical value. 

Then, having found the START* puL c detect the width of the next pulse. Thi next pul e i the 

fir t that carrie code information: it will be either 600µ or double that. So make your data pul e 

reference omething between. The timer shows l Ah for 600µ s double that for the longer pulse. 

When your program decide whether a pul 'e is Long or Shm1, it can branch to a patch of code 

that shifts a 1 or a O into a regi ~ ter. After doing thi four times, you will have enough information to 

di , tingui h the key O through 9. 

A use for a remote reader? Every gadget the e day has its remote, but you might enjoy controlling 

something across the room in the lab: making a motor pin forward or backward or . top? Selecting 

among several ound ources to feed a speaker? We admit it: we re groping. lt ' decoding the remote 

that' fun , rather than the experience of controlling omething with it - for that experience i rather 

commonplace the e day . 
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25L.1.7 Two 16-bit pulse-du ration counting programs: one decimal output , one 
binary /hex 

pulse_measure_ decirnal_ standalone_ 505.a51 and pulse_measure_capture_standalone_505.a51 

are po ted on the book's website. 

25L.2 Silabs 6: SPI RAM 

Port pin use in this lab: The wiring ( ee Fig. 25L.8) i. e . entially the same as that used in §24L.2. 

Again we use INTO* to time the program. INTO* replaces RXD that used P0.5 late in §24L.2. 

--V) 

~ --- " C:) C:) V) V) ~ ~ ...... 
V) C) ~ \) \) ~ 
<'. ~ ~ ~ V) a ~ 

Figure 25L.8 PORTO pin use in this lab: INTO* returns to P0.5. 

25L.2.1 One last prescribed exercise: big RAM table 

Thi. exercise i brief: we propose that you download a longish piece of code that will allow your 410 
acce s to a RAM big enough (at 32K byte ) to tore some sound. Conceptually this application is the 

ame a one you met last time with the on-chip RAM. The difference are three-fold: 

• the larger capacity of thi ' RAM will let you have more fun: 32K will allow you to record a little 

speech, or sing a snatch of ong, and hear it played back; 

• this external RAM will introduce you to another erial-ac e ' S peripheral (in addition to the SPI 

Digipot that you may have met last time); 

• for the first time you will run into the need to take account of a device that cannot tolerate a SY 
upply: the SPI RAM must be powered from 3.3V. 

The 3.3V upply presents no difficulty for the '4 10 which i happy to run at that supply voltage. As 

you set up your circuit though, you mu t take care to avoid inadvertently powering or driving either 

'4 10 or RAM with 5V. 

Power the '410 and RAM with 3.3V: You will need to disconnect the tin that, until now has used 

the USB power fed through the programming adapter to power the 410. That lead, from the top 

left corner pin of the cable, now ju t dangle · in it place the 3.3V upply available on that cable's 

lower left corner now should power the '410 and the SPI RAM. This change i hown in the photo of 

Fig. 25L.9 and is sketched in the diagram of Fig. 25L. JO. 

Link '410 to SPI RAM: Four Jine of the SPI bus - two data lines one for each direction· a clock; a 

chip-select* - link controller to RAM. An interrupt input to the '410 comes from an external function 

generator: see Fig. 25L. 10. 
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Figure 25L.9 3V supply replaces 5V, as supply from 
LCD card 's cable, for both '410 and SPI RAM. 
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Figure 25L.10 Power the '410 
and RAM with 3.3V. 
DISCONNECT the 5V used up 
to this point . 

Figure 25L.11 Controller and 
RAM are linked with four SPI 
lines. 

The I k erie - re i tor on the interrupt line - which set the ampling rate - is included to limit 

current in ca:e the '410 objects to a ignal beyond it 3.3Y upply.5 

NOTE that the PORTO pin as ·ignment hown in Fig. 25L. I l d(ffer from tho e u. ed in earlier lab . 

Plea e make the nece sary change . Particularly, don t forget that the DAC output at PO. I i a urrent 

(0- 1 mA) and need. a re is tor to ground ( 1.2k) to convert it to a voltage: ee Fig. 25L.12. 

'410 P0.1 ------- Vour 

1.2k 

OAC output 
Figure 25L.12 DAC output is a current; R needed to convert it to a 
voltage. 

25L.2.2 Trying out the SPI RAM 

Watching the SPI signals : Some people will want to hurry on to u ing the RAM to record waveform . 

But if you re curiou. to watch the SPI . ignal you may want to try a impler program, one that end 

ju. ta single byte to RAM and reads it back. The program spi_ single_byte. as1 on the website does 

5 We think it does not ·o object at this open-drain port pin. See Datashcet at pp. J 51 - 152: "Port [/Os on PO ,ue SY tolerant 
over the operating range of VIO.'' But we're playing it safe. 
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this just once o that a frozen ·creen image of the several signals js quite under tandable. You have 

seen in Chapter 25N what to expect: a command followed by address and a byte of data. 

If you watch the SPI in action trigger on CS* (falling edge) in Normal mode (so you keep one, 
fixed image). If you have a four-channel scope, you can watch every signal: CS*, MOS! and MISO. 

(The latter two signals, as you recall, are the strangely named signals from and into the controller 

from the SPI RAM: "Master Out Slave In" and ' Master In Slave Out.") Fig. 25L. l3 is such a scope 

image borrowed from Fig. 25N.4. 

Figure 25L.13 SPI is just barely intelligible. 

cs· 
SCK 
MOSI ___ ,.,......,::======::;'"''"'~=========:"'"'"''~___J,JJ~IU! 

25L.2 .3 More fun: try the 32K storage program 

The fun, today will lie in playing with storage and playback of audio. A usual , you will want the 

good reconstruction filter - the MAX294, 8-pole elliptic lowpass. Use a TTL output from a function 

generator to clock it. In Chapter 23N you saw the MAX294 circuit, and al o a circuit for an audio 

amplifier to feed with the DAC output signal. 

Today, for the fir t time, you have enough storage (32K samples) o that it is worthwhile to pull 

out the microphone amplifier that. you built back in Lab 7L. Its output, centered on l .25V, can be fed 

directly into the ADC input of the '410 (whose range i 0-2.2Y. 1.25V is clo e enough to the midpoint 

of that range; if you re a perfectioni t, you can move the quie cent voltage down to l.l V by hifting 
the amplifier's bia · at the non-inverting input). 

The 32K samples will Jet you record many econds of speech or ong: a 1 k sample I econd rate i 

adequate for peecb by a male voice. To get away with uch stingy ampling, you will need the good 

reconstruct.ion fi1ter (the MAX294), of cour e. ff you want. to reproduce a song, your sampling hould 

be le s tingy. 

If you can round them up, et up three function generator : 

• One to provide a sinusoidal test input to feed the ADC (later, we expect you'll replace this with 

your mike amp). 

• Another to provide a TfL sampling signal: this drive the '410' INTO*. We would again suggest 

a lk series resistor since the '410 is powered with 3.3Y. 

• A third (TIL) to drive the clock on the MAX294 filter. You' ll recall that the '294 is a switched­

capacitor filter: its hctB or .fcutoff is fc1ock/ 100. 

Figure 25L. l4 is a reminder of the scheme. You'll want to . tart no doubt with a sinu oid from a 

function generator. But when you have played with sampling rate seeing how stingy you can be with 

the help of your good filter, we hope you'll pull out the microphone amplifier and start talking to your 

machine (or singing, if you have courage). 

25L.2.4 Complete the storage scope program 

The program is almost complete. The SPI code make this program long and fu sy, and we don't want 

to stop you to make you study all that detail. ln tead, to give you ome en e of ownership over this 

program, we ask you to write just a routine that determines whether the table-filling i complete. 

The goal is to use all available SPI RAM. Since it is a 32K part, its addre ses run from zero up to 
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Figure 25L.14 Three function 
generators provide input signal, 

f sample and ft,1ter· 

2 15 =32K. The address one beyond this limit - as you may recaU from our many big-board examples 
that use the high half of address pace for I/0 - i the hexadecimal value 8000h. 

This program uses a 16-bit counter to determine when storage is complete. Since the 805 J offers 

only one such register, DPTR, we take advantage of thi register- but putting it to an unusual use: not 

to define an address as usual but simply to count. Here is the CHECKEND routine, waiting for you 

to implement it in as embly language: 

i *** ***** ***** **** *** ****** ****** **** * ****** * ** ******************* * ********************* 

CHECK_ E:ND: 

GO_AHEAD: 

save register (s) we' ll mess up 

increment 16-bit counter 

beyon d end of RAM? 

If not, go g e t anoth er a byte 

... if a ddress BOOOh, beyond RAM ... 

. . . then set fl a g bit that ma i n program tests 

restore register(s) we've messed up 

and go back to main program 

i* ** **** ** * ** * * ** *** * ** *** ** ** ** *** ******** * * ************** ******* *********** * ** ******** 

CHECI<-END is called after each write to RAM and after each read. Program initializations include 

a zeroing of DPTR before the writes begin, and then a reinitia lization to zero before the reads begin. 

In order to test the value of DPTR, you should con ider the limitations on the compare operations 

available to you : 

• the controller lack a 16-bit compare operation; 

• the available compare an 8-bit operation CJNE, is most versatile when operating on the accu­

mulator or A regi ter. 

The flag bit that tell the main program that table-filling i complete is named "ALL.DONE." It 

has been defined at the head of the program, so your code can et a bit using that vmiable name. You 
needn ' t go look up where the bit live ; that, of cour e i. the beauty of descriptive signal name . 

You can insert your patch of code by editing the file s pi_ r am_adc_dac_in cornp le te. a51, which is 

po ted on the book web ire. 

25L.3 Appendix: Program Listings 

The following programs are available on the book ' website: 

Single-byte Write and Readback: spi_single_byte. as 1. 

32K RAM store and playback code: s pi_ra rn_adc_dac_incornplete . as 1. 

Two versions of a pulse-width program: 
pulse_rneasure_decimal_standalone_505.a51 . 

pulse_rneasure_captu re_sta n d alone_505.a51 . 

SPI RAM code to complete: spi_ram_adc_dac_incornplete . as 1. 
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26N.1 One more microcontroller that may interest you 

We'll not have time to try the e "PSOC" device , but you may at some later time want to. These 

integrate a microcontroller (an 8051, in the instance shown below) with analog parts that can be 

configured by downloaded code. These parts, which Cypres Semiconductor calls, a bit grandio ely, 

"Programmable System on a Chip," begin to permit an analog equivalent of the programmability you 
are accustomed to eeing in PALs. 

We include below a few pages from a PSOC data sheet, describing their integration of a rather 

standard controller with the novelty of a couple of operational amplifiers, as well as comparators (a 
feature that is not new: the Si Labs '410 includes one). It is not only the operational amplifier that i , 

integrated; that would hardly be much of an achievement. It is also the configuration of the op-amp 
circuit that is to some extent programmable: the op-amp can be configured for various gains, or to 

form an 1-to-V ("transimpedance ') converter, or even a sample-and-hold. 

We expect that this is just a modest beginning to a richer set of programmable analog functions. 

Already these part have enjoyed commercial success. 

PSoC..,, 3: CY8C38 Family 
Data Sheet 

1. Architectural Overview 
Introducing the CYBC38 family of ultra low-power, Oash Programmable System-0n-Ch1p (PSoC&) devices, part of a scalable 8 -bit 
PSoC 3 and 32-bil PSoC 5 platfom1. The CY8C38 tamily provides configurable blocks of analog, dl!}ital, and interconnect mw,tr,o 
around a CPU subsystem Th combtnatmn of a CPU with a flexible analog subsystem, dl!)1tal subsystem, rou1109 . and 1/0 enables 
a ht!Jh level of integration 1n a wide va11ety of consumer, industnal, and medical applications 

Figure 1·1 . Simpli fied Block Olagr'1m 

unusual 
Figure 26N .1 PSOC block 
diagram: 8051 plus standard 
digital parts and converters -
plus op-amps. (Figure used with 
permission of Cypress 
Semiconductor Corp.) 

The analog parts are shown in a little more detail in the block diagram of Fig. 26N.2. Those 

'SC/CT' blocks mark switched-capacitor block 1 that implement the effective equivalent of resis­

tors in the analog elements. They can be used to set amplifier gains, as in Fig. 26N.3 for example. 

I CT, "continuous time:· eems to be treated as equivalent rather than a contrast. 
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Figure 26N.2 PSOC block diagram 
showing analog parts . (Figure used 
with permission of Cypress 
Semiconductor Corp.) 

26N.1.1 PSOC configuration 

G 

Figure 26N.3 is an excerpt from the PSOC data ·heet howing how op-amp circuit gain can be et. 

Only particular value are available. 

Figure 26N .3 PSOC: 
selected op-amp 
circuit gains set using 
digital codes. (Figure 
used with permission 
of Cypress 
Sem iconductor Corp.) 
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26N.2 Projects: an invitation and a caution 

In our own version of this course, only a minority of the busy students choo e to do projects. But a 

project can be heaps of fun. To help you conceive of one, here is some information on gadgets and 

ideas that might inspire a project builder along with sketches of some great projects of yester-term. 

General advice: 

• Try your ideas on someone el e, early in the proce . Someone with experience can teer you 

away from the impo ibly grandiose· le s often she might tell you that your invention i too 
modest to be called a "project." 

• Choose a project appropriate to the little computer, not a project that's better done on a full-scale 

computer. That means, among other points, keep the programming modest. It also may mean for 

example, making a motor spin rather than doing a computation and then displaying a number. 

• Try to include some hardware additions along with your invented software. This point is partly 

a corollary of the preceding point but also reflects a econd aim: the project often works to help 

you firm up your grip on ideas, by letting you do ome desjgning. It can serve as a sort of review. 

A broader review is better than a pure exercise in programming. 

• Make your project incremental rather than all-or-nothing. For example, the people who built the 
computer-controlled RC car (§26N.4.l l) started out proposing a game in which the computer 

would make one car chase a second car that wa controlled by a human. We persuaded them to 

try thi in stages: 

first, see if the computer could control the car (pretty easy): 

second ee if their ultra onic ears could get ignificant information from the delay times 

between the car' ultrasonic queak and the reception at the computer three 'ear ·'' 

third, build the link between the little computer and the PC. 

• You get the idea. In fact, these students were able to get most of their original scheme to work. 
But task nearly always take longer than one expects and we want you to feel satisfied with a 

modest project rather than fru trated by a grand one. 

26N.3 Some pretty projects 

Later in these chapter beginning at §26N.4 we mention some memorable pa t project from our 

course. Beginning at §26N.6 we suggest some hardware that we offer to builders - along with the 

much richer po sibi lities of hardware available from hobby and robotic. ites. In thi preliminary 
ection, in hope of exciting ambitions, we offer a glimp ·e of some of the more photogenic gizmos 

produced by the energetic minority who found time for a project. 

26N .3.1 Laser character display 

This student per ·evered de pite our advice to try something le s ambitious. What he propo. ed eem d 

much too complicated: to , pin a set of differently inclined mirrors, letting a laser , witch On and Off 

appropriately. to produce a projection of character. on a screen. 
We gasped when he brought the thing in. We also felt uneasy for hi beautiful machine, noting 

that it wa mounted with plasticene. Even the aiming of the la er wa accompli hed by pushing the 

pla ticene blob this way or that. 
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Fig. 26N.4 show the prettily fabricated set of mirrors each with its indexing toothpick. One other 

toothpick serves to index the start of a full rotation. These toothpicks break a light beam in two 

opto-interrupters read by the controller; these are the machine's only input . The et- crew above 
and below each mirror allowed hand-adjustment of each miffor' tilt. Software permitted . till -finer 

tuning, to make up for small imperfections in the left-right positioning of each mirror. Fig. 26N.5 

shows the machine in action. The text i illegible in this photo - but was perfectly legible in life. It 
spelled out a long message, beginning with the name of the course and fini hing with the name of the 
author, Mr. Uscinski . He deserve to be remembered for thi machine! 

Figure 26N.4 Detail of 
spinning-mirrors structure in 
laser display. 

Figure 26N.5 Laser display; 
showing projection on a sheet of 
paper (incoherent image, in this 
photo) . 

optical 
interrupters 

8051 
controller 

programming 
connector 

26N.3.2 Sound source detector 

Thi project, done with the big-board version of the computer rather than with a single-chip imple­
mentation as in the other ca es, came together with surprising speed: in one long afternoon. It survives 

single-rotation 
index blade 

laser 

motor 
(mounted in 
plasticene) 
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partly becau e it builders, Sian Kleindienst and Kristoffer Gauksheim, took the trouble to mount it 
on a big piece of foamcore. 

It di play the compa .. heading of a loud sound (usually a handclap) . The computer is fed three 

binary signals, taken from three microphone amplifiers and comparators. The microphone are sepa­

rated by a few centimeter . The computer gets an approximate direction by noting simply the order in 
which the comparator fire. It gets a more detailed reading in one 60° pie-slice - implemented in ju t 

one egment of the circle because the tudent de igner decided they should call it a day and move on 

to reviewing for exams. Their circuit gets that detailed reading by noting time delay among the three 

microphone . 

Fig. 26N.6 shows the three microphone boards, and the computer board reading 320,' the compas 

heading of a recent handclap. Fig. 26N. 7 shows the circuit with a scope displaying the staggered arrival 

of the handclap that produced a particular compass reading. 

26N.3.3 Computer-driven Etch-a-Sketch 

one of 3 
identical mic 
amp and 
comparator 
circuits Figure 26N.6 Sound source 

detector project. 

Figure 26N.7 Sound source 
detector showing scope display 
of microphone-comparator 
inputs . 

This project implemented a notion le s original than the ones above: let two stepper motor turn the 
knobs of a child' Etch-a-Sketch display. The mechanical part of the task wa a pesky challenge, 

because the toy 's knobs' resistance to turning is considerable, and the hafts wobble a bit. The gadget 

did, however, laboriously spell out "P 1 2 3." That doesn 't sound like much of an achievement, perhap .. 
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But having witnessed the struggles that came before, a the designers implemented the stepper driver 

in software including the refinement of half-step, we were thoroughly impressed when we aw our 
course number emerge on the screen (not shown in Fig. 26N.8, unfortunately). 

Figure 26N.8 Etch-a-sketch driven 
by stepper motors . 

26N .3.4 A giant Etch-a-Sketch 

A somewhat imilar drawing machine was fashioned, again using two tepper motors from a ma sive 

X- Y table that we rescued from the trash. The resolution of thi machine is fantastically fine - but 

this project applied it to writing a short message in the manner of the toy etch-a- ketch. 

A later student added a solenoid that permitted the pen to lift. It would be nice to ee this excellent 

X- Y table used to rout copper for a printed circuit board layout. But the oftware for such a thing 

would be way out of line for the purposes of our students projects. 

26N .3.5 An attempted insect 

Not all projects succeed, un urpri ingly. But failures after intelligent effort please us too. Fig. 26N.10 

show: one: a nicely fabricated six-legged insect. Each leg is driven by a ervo-motor (the o.rt that 
takes an angular po ition determined by the width of a pul e) . Thi insect carrie. it battery, a flat 

Polaroid 6V type, in it belly. The tin can on top regulates that to SV. 

The de igners di covered, when they , et their machine to walking, that insect need knee - or some 

other scheme that let a foot rise and fall from the ground. The creature of Fig. 26N.10 was unable 

to walk, as de igned· it could only raise and lower it body, in the manner of a person salaaming. It 

could not proceed forward or backward. 

The designers of the Radio Shack in ect of Fig. 26N. I l understood that the creature needed to be 
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eccentric leg mount allows middle leg 
to rise and fall, thus lifting front and rear 
legs from the ground as middle leg moves 

Figure 26N.9 Big 
X- Y table driven in 
the manner of the 
Etch-a-Sketch . 

Figure 26N.10 A 
six-servo insect in 
need of further 
evolution. 

Figure 26N.ll Insect 
legs better designed : 
these can lift from the 
ground as they reach 
forward . 

able to lift orne of it feet while they moved forward then to lower them to the ground a they moved 

back. 

The middle leg is an eccentric rod that periodically lifts the fore and rear legs from the ground. 

While lifted, these legs move forward, then they regain contact as they move backward relative to the 
insect' body. But if the creature of Fig. 26N.10 was not a succe sful insect it still was a handsome 

one, and nicely constructed. Next time, no doubt, it will acquire knees. 
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26N.4 Some other memorable projects 

Most of the memorable projects that we have seen do not look like much so we will rely on descrip­
tions more than on photograph in this section. 

26N.4 .1 X-Y scope displays 

This is the quicke. t and ea iest way to draw a picture on a scope screen. The project described used 
analog CRTs, not digital cope with their LCD screen . . 

Using a CRT, if you u e an RC slow-down circuit basically, a low-pass filter) to join the points 

that your program put out, you achieve a quick and easy "vector" display, good at drawing line. , 

including diagonals whereas the more usual raster-scan (TV-like) display does lines laboriou ly with 

a succe ion of dots - and incidentally make ugly lines whenever the slope approaches vertical or 
horizontal (an effect called "aliasing ). 

Hardware: You will need to give your computer a second DAC (two more if you implement the hard­
ware "Zoom": see §26N.4.3). The complicating wrinkles uggested in the lat.er ubsection require 

a bit more hardware. Mo. t of the work, however, lie in the programming, and in building the data 

tables your program is to end out. The payoff comes when you get to put whatever you choose on 

the scope screen. 

Preliminary note: two DAC types: In the lab we have two sorts of DAC: 

• ' Microprocessor compatible ' • ingle supply: the AD7569 (ND DAC in one package); and the 

AD558 , an 8-bit si ngle- upply part (you used this DAC in Lab l 7L, where it provided feedback 

for the succes. ive-approximation AID). Avoid the AD558 in any application where it is fed di­

rectly from the data bu , because of its unacceptably-long setup time. 

• "Multiplying" ('"MDAC ') : thi type offers an output that is the product of its digital input and an 

(analog-) input current. We exploit that characteristic in the Zoom feature described more fully 

in §26N.4.3. 

If the hardware method appeal to you, you hould decide at the outset whether you mean to zoom, 

in order to choose the appropriate DAC. 

16 x 16 dot array hardware : For a l 6 x 16 array of dot , two 4-bit DAC are ufficient. It is conve­

nient to drive these from a single (8-bit) port and to take advantage of the DAC s internal register. 

Fig. 26N. l2 is the lazie. t scheme, which doe not require di connecting line from your DAC-A/D. 

lf you can tolerate an error of about I LSB in one of the outputs thi lazy scheme is good enough. 

(The Y value varies the four low-order bit. fed to the X DAC. Note that these four bits are fed to the 

four most significant bits of the Y DAC.) 

The program should fetch a byte at a time from successive locations in a table of X- Y display 

values, and put oul those byte .. lf you include a call to your delay subroutine, you wjJJ be able to 
tinker with the drawing rate. 

26N .4.2 Complications and improvements 

Connect the dots: A you learned in elementary chool, connecting a few dots can give a coherent 

picture. So with relativ ly little programming effort (few coordinate to li t in your data table), you 
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Figure 26N.12 Simple X-Y scope display; 
scope screen map. 

can draw traight-line pictures. To connect the dots add a low-pass filter at the output of each DAC. 

Try RC of a few microsecond. (e.g., R = 2.2k, C = 0.01 µF). But you will have to experiment~ the 

visual effect will vary with the drawing-update frequency, as well as with the filter's RC. The filter 
lows the movement of the output voltages, of course, so that the movement of the scope trace becomes 

visible. You will notice that th.is new scheme obliges you to pay attention to the sequence in which 

your program puts out these dots. 

256 x 256 dot array: You can of course use two output ports to feed the full eight bits to each DAC. 

If you do this you should arrange things so that the new information reaches the two DACs simulta­
neously. That requires use of an 8-bit register of D flip-flops. Here a 558, fed by the output of the D 

register, may be ea ier to wire than the 7569. We will leave to you the details of this hardware. (Use 

a 74HCT574 8-bit D register; enable the '574 3-states continuously.) In order to provide the same 

full-scale voltage from the '558 that you get from the '7569 (0 to 2.55V) you will need to adjust the 
558's output gain. (See Lab 18L, and the '558's full data sheet.) 
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Figure 26N.13 256 x 256 X- Y display hardware: 
register added for simultaneous updates. 

If you enter a large number of data points, you will begin to see flicker in the di play, even if your 
program includes no delay routine. The screen need to be refreshed about 30 times/second in order 

not to flicker annoyingly. You can calculate the number of dots you can get away with - or you can 

just try a big table and examine the resulting display for flicker. 
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26N .4.3 Size control; zoom 

A we have suggested already you can zoom in software. But if you want to make your programming 

task a little easier and like the neat feature of a picture symmetrical about zero a it ize changes, 

then consider the zoom hardware described just below. 

Zooming you will recall , is the operation that can exploit the multiplying capability of certain 

DACs. The mo t traightforward method would use a multiplying dual DAC, a noted below. An 
alternative scheme detailed below, would use three DACs: one to cale the output of two others, 

those that determine X and Y values. 

Zoom using dual MDACs: 

• Analog Devices ' DAC8229, a voltage-out device with a voltage-reference IN terminal that does 
the scaling. Well- uited to zooming X-Y because it offers two DAC in a package. It X and Y 

outputs are the product of that voltage reference and the 8-bit digital input. This part requires split 

supplie·, since its Vout is negative for a positive Vref input. 
• LTC7545A: similar: dual MDAC using single-supply- but again requiring split supply to provide 

the Vref input, because once again Vout is negative for a positive Vref input. This is a 12-bit part, 

but one can use it a an 8-bit part, driving only the eight MSB . 

Zoom using three DACs: Fig. 26N.14 details a 3-DAC circuit using MC1408:2 Incidentally in ca e 

you choose to modify your circuit, the' l408 's reference current flows into the summing junction of 

an internal op amp; therefore, you can provide a voltage rather than current reference if you prefer. 
In that case you simply feed the l408's pin 14 through an appropriate eries resistor (for example, 

7.5k from a+l5V supply). 
In Fig. 26N. l 4 we feed a constant current into just the topmo t of the three DACs - the "Size" DAC. 

The other two DACs are fed not a constant lref but, instead, the Size DAC output current (mirrored 

by duplicate mirrors). Thus the computer can use the Size DAC to cale the X- Y outputs. If R scale were 
7 .5k, for example, 2mA would be the maximum current out of X and Y DACs. 

The min-or - a circuit we have tended to hide from you in this book - "bounces" the scaling DAC's 

sunk current from the positive supply in order to source current into the two current-reference inputs 

of the X and Y DACs. 
Figure 26N.15 i a surprisingly subtle image drawn with thi hardware. This pyramid appear to 

show cleverly gradated shading. In fact, the image shows nothing fancier than a diminishjng guare. 

The square wa drawn a usual by defining four points then connecting the dots by slowing each DAC 

output with an RC. 
The apparent shading in Fig. 26N.15 re ults from the CRT beam's gradual slowing as it moves 

from source to destination. Since the movement of the dot's po ition slows exponentially (the rate 

approaching zero as the dot approache it target), the trace grow progre ively brighter. 

Centering the zoomed image: A circuit refinement is proposed below to center the image on the CRT 

regardless of size. Without this circuit addition, a change of ize al o moves or translate the image: 

ince X and Y are alway negative, the visual effect wilJ be as if a figure that grow were moving down 
and to the left on the creen, a well as toward you. If you prefer to make your figures "approach' 

head-on, then you hould make the modification shown below: an op-amp is added to the output of 

each of the DAC' (X and Y); the op-amp a1Jows you to center the coordinate output at OV. 

2 You may prefer a newer ingle-. upply multiplying DAC such as the AD7524; if you use one, you will need to modify the 
circuits we have hown below. which a urne a 1408. 
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Figure 26N.14 
Multiplying DA( can scale 
X-Y image. 

Figure 26N.15 Receding square drawn 
with scaled X- Y DACs. 

ln Fig. 26N.16's circuit, half the DAC input cunent i applied to the output op-amp's summing 
junction,3 and thus i subtracted from the output, centering that voltage as the scaling current varies.4 

26N.4.4 True vector drawing: position-relative 

Your drawing table need not store absolute creen locations. Instead it can store vectors: direction 

and length relative to pre ent screen location.5 The relative vectors uggested in Fig. 26N. J 7 are listed 

in the manner of compas headings: ESE= Ea t- South-East. This scheme would work with a 4-bit 

direction specification ( 16 direction ). The remaining four bits could define magnitude; that magnitude 

could be used with the multiply instruction to tretch the unit-length direction vector (approximate unit 

lengths will do!). 

3 The I k re i tors are included to equalize the haring of current between the two DACs even in the presence of differing 
Voffset values that could put their two summing junction at . lightly different voltage . 

4 Thanks to D. Durlach for thi .. nifty amendment. 
5 Thank. to Scott Lee for propo ·ing and demonstrating thi ammgement. 
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(from SIZE: 
OAC, 1408) 
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-
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4.7k 
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Figure 26N.16 Op-amp added y OAC 

to DAC to give V 0 ut symmetrical 
-Iouty 

about OV. -=-

Figure 26N.l 7 Drawing with true vectors: relative movement. 

This way of defining a figure allows one to rotate it without much difficulty. Some rotation are 

shown in §26N.4.6. The programmjng i a good deal harder than for an ab olute X- Y figure. 

26N.4.5 Animation 

If you enter the coordinates for two or more similar but different pictures in memory, and then draw 

these pictures in quick succession (changing the picture, say, every 10th of a second) then you can 

animate a drawing. Evidently, you will need a 1arge table to animate even a simple figure, so start 

modestly. You will want to use the follow-the-dots scheme to minimize the number of data points 

required to draw a ingle image. Fig. 26N.18 is a crude example, showing first a hand-drawn sketch of 

a creature with two leg positions, then a scope image showing an implementation that was a little more 

ambitious. The creature seems to have morphed from perhaps horse to terrier, and the implementation 

apparently allowed the dog's head to bob, and its tail to wag. 

Figure 26N.18 Animation using 
vector drawing: a sketch and an 
implementation. 



26N .4 Some other memorable projects 1035 

26N.4.6 Computed drawing 

The tedious loading of values into memory demanded by the table-reading schemes we have ·uggested 

probably has made you yearn to turn over to the machine the job of determining what points it should 

draw. Of course you can do thi . You could write a program that would draw a rectangle, say, by 

incrementing the X register for some steps while holding Y fixed then incrementing the Y regi ster 

while holding X fixed, then decrementing the X register. .. , and ~ o on. 

Two excessively experienced programmers have used the X- Y hardware to draw cube , which they 

then could rotate about any of three axes.6 Fig. 26N.19 showing multiple cubes is a multiple exposure 

showing the cube rotating over time. This sort of ta k requires too much programming sophistication 

- and too much code - for ordinary mortals. 

Figure 26N.19 Computed drawing: two versions of cube that can be rotated about its axes: 
Shumaker / Gingold. 

26N.4.7 Laser X-Y display 

A mirror that can be tilted on each of two orthogonal axes can teer a laser beam to project an image 
on a screen (or ceiling). The first student to try this built an admirable structure using two audio 

speaker , shown in Fig. 26N.20. 

Figure 26N.20 X- Y laser mirror assembly 
- sadly oversized . 

The massive mechani sm of Fig. 26N.20 worked, ort of: the mirror did tilt in response to signal s 

6 Grant Shumaker did thi first ( 1986). and did it entirely in a embly language, entered by hand. This is a feat roughly 
comparable to climbing one of the middle-sized Himalayas without oxygen. David Gingold did it again, thi time putting 
·hape within cube ; David used oxygen (in the form of a C compiler) , as noted in §26 .5.2 in a discussion of David's 
remarkable a teroid. game. 
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from two DACs; the projected la er beam thus could be placed here or there on the ceiling under 

program control. But as a way to draw an image it was a sad failure. The mechanism wa much too 
massive and therefore much too slow. 

A later student made the scheme work by radically reducing the scale of the mechani m. Instead of 

eight-inch woofers he used the tiny speakers in a set of headphones and to these he attached a tiny 

shard of mi1rnr. 

26N.4.8 Charmingly simple LED display 

You've seen displays made by spinning or oscil1ating sticks of LEDs, perhaps: some can be attached 
to a bicycle wheel; other attach to fan blades, or to an oscillating rod. A student wanted to make 

such a thing - and at first was stalled by the difficulty of getting electrical signals to a thing that was 

spinning.7 To rig brushes for sliding contacts - one for each LED - seemed problematic. (One can buy 
such wiring harnesses, but we didn't have one at the time.) He wisely shied away from committing 

much effort to fabrication. 

Figure 26N.21 Spinning display: computer and battery spin, along with display. 

His solution was to spin everything: not just the display LEDs but also the computer and it power 

supply (a battery). Hi di play didn't have much to ay: it counted out the digits O through 9. But it 

worked, and that was gratifying to ee. 

26N.4.9 Vehicles 

Tractors with independent drive for two wheels: Two motors mounted end to end and each with a 

rubber-tired wheel on its shaft form a tractor that can be steered, in the manner of a bulldozer or tank 

by driving the two wheel independently. It shows the useful ability to pivot in place. 

The version on the right in Fig. 26N.22 i a commercial base. Thi model is no longer available, but 

similar cha sis are. 8 Student have used it to make a line tracer and an odd sort of dancing machine 

that would learn what steps to dance by scanning a nearby radio-frequency "tag. ' 

The home-built ver ion on the left in Fig. 26N.22 wa applied by a couple of ambitiou students 

7 Thi was Ryan Jamiolkowski , 2008. 
8 Parallax offer a circular base, SEN- 13285 (www.parallax.com). Pololu offer a imilar round chassi, plate with cutout for 

wheels (Pololu 5'' Robot Cha sis RRC04A) (www.pololu .com). For either ba e one would need to . elect appropriate 
wh el and then improvi e servo motor mounts. 
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Figure 26N.22 Tractor/ tanks: steered by independent drive of the two rear wheels . 

(Mike Pahre and Danny Vanderryn) to blunder it way through a maze. [ts only sensor was it. nose­

bump switch, but this was enough to allow the tractor, after laboriously finding its way to the far side 

of a maze built with boxes and book , to make the return trip without going down any blind alleys. 

It crui ed calmly out, avoidi ng all the dead-ends it had found on the way in. When the tractor had 

completed its graceful exit from the maze it then did a victory dance in the manner of a football player 
who has just .. cored a touchdown. We thought it was entitled to feel pleased with itself. 

That wa a challenging project, and putting together the tractor itself require ome machine- hop 

skills. Because the motors draw a lot of current, the tractor was fed through an umbilical cable, which 

carried logic signals as well as power for the motors . 

The commercial tractor (really just a chassis), in contrast use low-power ervo motor that have 

been modified for continuous rotation. See §26N.6.4. These motors run happily from a flat polaroid 

battery or a 3-cell AAA pack carried by the little vehicle. But lacking the stepper-motor drive, which 

allows easy repeatability of a travel path, thi tractor would need ome feedback and recording scheme 

to mimic the stepper-tractor's feat of maze mapping. 

26N .4.10 A neat application for the independent-drive steerable chassis 

Two student (Luca Kocia and Ferrell Helbling) took advantage of the ready-made teerable chassi 

to make a neat car with a little bit of intelligence. The idea wa simple and they implemented it in 

an afternoon: a car that is mart enough not to ro.ll over the edge of a cliff (well really the edge of a 
table). 

They gave their car a long snout, and on it put an optical ranging device - a clever Sharp infrared 

module with range of 4-30cm9 - pointing down. The ranger thu can sense when the nout protrudes 

over the edge of a table. 

The ranging device use synchronous detection to ignore ambient light. It applie a quare wave 
Enable to it. IR emitter. While the emitter i On, the integrator accumulates the refl.ected light plus 

ambient. When the emitter is Off, the receiver inverts its signal - ambient only - before feeding it to 

the integrator. Thus ambient light cancels it elf. 

The two tudents howed us this car flirting with disa ter but always turning back from the cliff 
- and then startled us by revealing that they had done it with pure analog method (apart from the 

arguably digital use of a ' 555 a a one-shot). Probably we looked di appointed to bear that they had 

9 Sharp GP2YOA4 I KOF. available from Spark.fun. which offers al o a longer-range ver ion. 
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optical ranging snout 
(ranger aimed down) 

Figure 26N.23 Smart anti-suicide car . 

continuous servo motor (one of two); 
the other is hidden, in this view 

·--- analog/digital selector switch 

~t--1--- analog board 
digital board (controller is evident) 

table edge 
(dangerous precipice) 

not taken advantage of the microcontroller that they had met in the course. A day later they invited 

us to watch the car again do its uicide-avoidance routine. But this time they had don the task u ing 
the little SiLabs controller. A switch elected between the two modes analog versus digital. We were 

charmed: what a neat way to demon trate the wide range of skill that we hope student would have 

pi ked up by the end of this course. 

26N .4 .11 A computer-steered toy car 

Two students (Jonathan Wolff and George Marcus) propo ed a project that we thought wildly exces­

sive: their little computer was to steer an RC-controlled car, chasing a car steered by a human. (We 
mentioned their ambitions in 326N.2.) ''Please," we pleaded with them, "couldn 't you . tart by seeing 

if the computer can ju t ·teer a car?' Reluctantly, they con ented - looking as if they considered this 

a dull and trivial task. We had ruined their game. 

Many day later, they demonstrated such a design, and it had turned out to be a very challenging 

ta k. The 'chase me" game never arrived. Their de ign entailed everal ubstantial ta. k : 

• The hardest part of their project lay in letting the computer locate the little car. Their , olution wa 

to put ultrasonic " queakers" on the car, then to li sten for the queak with three ultrasonic detec­
tor . Their computer would command a squeak; 10 the time delays to the three queak detector 

would, in principle, indicate the car's position, through triangulation. 

• Triangulation?! Trigonometry on the little computer, in as embly language? They recognized that 

this sounded painful, and decided to turn this computation-heavy work over to a desktop PC. To 

that end, they built a little-computer-to-PC intetface (a job that would have been a re pectable 

project in itself). Little computer shipped the raw numbers - time delay ; PC responded by ship­

ping back coordinates of the car' location. 

• Given the e coordinates. the little computer now figured out how to get the car from where it wa 

to where it ought to be. 

• Finally, the little computer "drove" the car to its de ti nation. To do this, it controlled witches that 

were designed to be controlled by a human pressing pushbuttons. Implementing such switches 
was not hard. But steering the car was. They had bought the cheapest car offered by Radio Shack, 

and thi car could not be told simply "tum left.· In order to turn left it would have to tum the 

front wheels right, and then back up. Only then could it drive forward to "go left.'' 

10 Sad to say. under pre. sure of time. they sneaked a wire to the lillle car. rather than command the queak through a radio 
ignal. 



26N .4 Some other memorable projects 1039 

Remarkably, they made all this work. Fig. 26N.24 shows the little car, now much battered, and 

also a snapshot of the two designers looking at their project with odd detachment. (Shouldn't they 

be dancing with excitement?) In the figure one can make out two of the three ultra onic detectors 

attached to breadboards placed on two stools. 

26N.4.12 A perennial heartbreaker: inverted pendulum 

Figure 26N.24 Little 
RC car. Triangulation 
located its ultrasonic 
squeak. 

Thi i a problem routinely assigned in controls cour es. It i al. o very difficuJt, done eat-of-the-pants 

in the tyJe of this course. 11 People have come close to ucce , but real success ha eluded everyone, 

. o far. 

Fearless pioneer tried two dimensions: The fir t person to try attacked the problem in a style that 

made succe. s extra-unlikely, and yet made an impressive approach to doing the job. He had not stud ied 
control and probably didn't know how hard a ta k he had set himself. If he had, would he have 

undertaken it in two rather than the usual one dimension'? 

Heu ed imple and entirely analog method to attempt to keep a pencil balanced on its point. The 

choice of a pencil rather than the more usual long rod made his job harder still. Nevertheless, his 

primitive machine was able to keep a pencil balanced on it point for a few , econds, by moving a little 

platform about on a mooth base. 

The analog design shone an LED on the upright pencil while a pair of photodetectors watched to 

see if the pencil leaned away from the vertical. The photodetectors fed a differential amplifier, which 
drove a DC motor whose respon e tended to force the pencil upright. The motor did this by spinning 

a pulley on which a tring was wound, and the string would draw the balancing-block one way or the 
other on the ba e platform. 

Two uch LED-photodetector-pair unit took care of watching for X and Y lean. The negative 

feedback in this arrangement made the mechanism work quite well even though the construction was 

11 Two good example · of success appear on You Tube; if these are gone when you look, you ' I I find many more by . earching 
for "inverted pendulum." See http://www.youtube.com/watch?v=MWJHcl7UcuE ( tick on printer-like base); 
http://www.youtube.com/watch?v=d_8RYpHtRK4&feature=related (Lego Mindstorm car balances on il two wheel. ). 
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crude in the extreme: sewing thread wooden pul1eys a composition-board ba e, and odds and ends 
of adhesive tape were its materials. 12 

The mechanism worked pretty well until the little platform reached one of the edges of the base. 

There, the pencil would fall. What the whole design lacked was any awarene s of the po ition of the 

moving block upon the base - and the slowne s of its respon e set it up as vulnerable to instabilitie · 

like tho ·e you saw with the PID motor control. Later efforts were more sophi ticated but not more 

charming than Paul Titcomb's. 

Figure 26N.25 A wonderful 
partial success: pencil balancer. 

x mowr 

,·c11-;,,~ 

One-dimensional inverted pendulum: After this initial attempt, everyone tried the ta k in the more 

manageable form, in one dimension, using the guts of an old printer to move the base of a long stick. 

We began to collect discarded printer and fitted one with a second potentiometer that indicated the 

position of the moving base in addition to the tilt information given by a fir t pot. This information 

provided a warning when adjustment range was close to finished. 

The re ults have been mixed. One student who e computer control of this setup failed wrote a thor­

ough and somewhat formula-rich report concluding that he had failed because the motor's respon e 

was too low to allow it to catch the falling stick. 13 He proposed that the job could not be done till we 

got a heftier motor. 

A term or so later, two students (Justin Albert and Partha Saha) came closer to success using purely 

analog methods. These student were ophisticated enough to be well aware of the inherent stability 

problem , and tried summing various sorts of error signal, making a PID loop that resembled the one 

12 This balancer wa the work of the inspired tinkerer e.xtraordinaire, Paul Titcomb. Another of Paul ' amazing projects 

deserves mention here; it may inspire someone to a similar effort. Paul made a drawing-mimicker u ing his Jab computer. 

Paul rigged a 2-jointed arm that held a pen . He placed a potentiometer at each joint, and a he guided the arm, drawing a 

picture by hand he had the computer read the joint-potentiometer at regular time-inter aL . Then. when he had finished a 

drawing, Paul would ask the computer to play back the motions it had sensed, by driving a pair of tepper motors on the 

joints of a simi.lar arm also holding a pencil. The machine never quite worked: its drawing. showed a rather severe pal y -
probably an effect of its mechanical crud it and the fact that (unlike the pencil balancer it operated open loop - without 

the error-forgiving magic of feedback. It was an impres ive gadget nevertheless, and the arm and it. last, shaky drawings 
langui hat the back of our lab. They await omeone who will perfect the cheme. 

13 ls it significant that this fellow wa an MIT grad? 

Y nioto, 
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stick attached to shaft 
of potentiometer A 

Figure 26N.26 Inverted pendulum hardware: the guts of an old dot-matrix printer drive. 

you built in Lab l OL. Their circuit worked well enough o that we asked them to show it off to the 

new crop of students on opening day. In September, they pulled out the machine that had worked in 

May - and were unable to get it to work again. This i a ad tale. I it an argument again t analog 

circuits trimmed with multiple potentiometers - an argument in favor of digital method. ? 

A recent effort used a digital implementation of a PID loop. It showed admirable intelligence, 

shimmying the base in its efforts to keep the . tick vertical. After a few econds it would lose the 

struggle, unable to provide ufficient co1Tections. It was clearly trying, though. The tantalizing near 

success of the machine is visible in the photos of Fig. 26N.27 : fir t, with anxiety and apprehension, 

the de igner launch the thing; 14 then they show their delight as the machine makes its frantic small 

adjustments keeping the ruler up1ight for several seconds. We omit the adder concl usion in which 
the ruler fall . 

26N.5 Games 

26N.5.1 Pacman on scope screen 

This was insanely exce sive: it required a home-made "video board" to refresh the cope screen; the 

proce or wa not quick enough to redraw the full creen, over and over. Instead, the designer set 

up RAM that was written initially with the screen layout, and then re-written rapidly u ing hardware 

counters. 

The computer display duties thu were reduced to writing only changes: Pacman' mouth opened 

and clo ed, and he moved, a mon ters moved too. 

We wish we could how it to you in action - but during one summer somebody pul1ed the battery 

plug, and we ve been too lazy to re-enter the code so far. We could not bring our elves however, to 

destroy the hardware; so, maybe someday .... 

14 These are Emily Rus ·ell and Lu rum Wang (2012). Their colJaborator. Tom Dimiduk, is not shown. They used an Arduino 
controller rather than the u ual 8051, because Tom was familiar with the device. 
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Figure 26N.27 Two students test 
their brainchild . Their expressions 
show apprehension and hope. 

Figure 26N.28 
Two Pacman 
screenshots . 

26N .5 .2 Asteroids on a scope screen 

here. pacman 
did some 
eating 

Pacman u ed a raster- canned di play, with a mostly-fixed di play defining the maze. Space Invader 

used vector drawing like that described earlier in §26N.4.6. 15 

Figure 26N.29 Asteroids on a scope screen . 

The game included the gravitational field of the real' ' a teroids game. It wa a marvel to watch 

15 This was David Gingold's project. o hugely ambitiou that we have to note that he got credit for it in two courses: the 
other was one in computer animation. 
He put together not only the code but al ·o hardware that would draw line. of constant brightne s. and having compiled the 
C code on a full-scale computer. he needed to pump it into his little home-made computer. Thi need aro eon a weekend. 
so rather than ask us for help in finding a UART IC he wrote a serial interface in software - tL if he needed a challenge LO 

make his project a little hard r. Hi seria l link worked, a did the game. 
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(and this is another of those pieces of hardware that we keep around, unable to bring ourselves to tear 

it apart). 

26N.5.3 Other great games 

Other wonderful games have appeared, but we lack photo. of these; we'll have to settle for words. 

Stephane's virtual-bubble game. Stephane Ryder figured out how to decode the signals from a Nin­

tendo Power-Glove - a neat toy that can detect po ition and orientation of a glove, and al o 

finger closings. He u ed these signals to let his computer implement a game. The computer 

would i ue beep, at a rate that increased as the glove came nearer to the 3D coordinates of a 

"virtual-object" - ju t some arbitrary X YZ point in the air. When the glove was at the target 

point one could clo e the hand and then move the target point, depo iting it wherever one 

opened the hand. Dazzling! 

Nomeer & Clay's punch-out interface. These students 16 replaced the keypad of a Nintendo box­

ing game with an array of photosensor set in a square that looks like an empty picture frame. 

Behind the frame they put a TV et hawing the boxer . To punch the adversary the user 

punche , air in the picture frame. The nine segments of the frame defined functions earli r 

a signed to key on the keypad: uppercut body-blow, etc. It wa not a complicated project -

but fun. 

LED maze game. Computer handled cope display but the pattern displayed were tored as state 

machine in PAL . So one could change the maze (a set of room. : rectangles with pas ages 

to other rectangle ) by swapping PAL . (Meredith Trauner & Robby Klein) 

Tetris on an LED array. (Kurt Shelton): 8051 running from fla h. An awful lot of coding - but it 

did work. 

26N.6 Sensors, actuators, gadgets 

At this point in our university course we would list devices that we happened to have in the lab, hoping 

student might conceive new ways to use them. In this book which hould outla t any list of devices 

available at the time of writing, it eems more u eful to steer a reader toward th sort of upplier that 

we have found useful. The Web can lead you to many other sources of cours . 

26N .6.1 A few good sources of sensors, actuators and other devices 

Here are some ites that we enjoy: 

Adafruit A really good site (www.adafruit.com), founded by a erious and thoughtful electronic 

geek who often integrate part into helpful "breakout" board, that make the parts easy to 

wire. This aid is important because so many new parts are available in suiface-mount pack­

ages only. The breakout boards permit breadboarding with uch part . Ada often provide 

code in addition to take advantage of programmable part. At present, Ada leans toward 

Arduino interface and code. 

Sparkfun Similar to Adafruit, though more commercial (www.sparkfun.com). Spark.fun too, often 

provide helpful breakout boards. 

Parallax Good for robotics parts such as chassis, and a good collection of sen ·or (www.parallax .com). 

16 oah Helman, Sameer Bhalotra and Clay Scott. 
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Pololu For robotics; selection somewhat sma1ler than Spark.fun's (www.poJolu.com). 

All Electronics This i a surplus hop, o the selection i unpredictable and odd. But here you ' ll find 

strange 
device at low prices that may inspire invention. For example, 'band brake for electric 

scooter." 

(www.allelectronics.com . 

eBay And don ' t forget to try eBay which sometimes, of course offer great bargain . 

26N .6.2 A source of small parts for mechanical linkages 

Specialized parts like bearings, gearing, belt drive , and universal joints are available at Sparkfun 

(above) and al oat both a specialized site and at Amazon 's general "lndu trial & Scientific Store." 

Amazon Industrial & Scientific Store (www.amazon.com/industrial) Lacks the coziness of the 

Small Part , Inc. that Amazon bought, but accesse a great variety of part . 

Stock Drive Products (http://www.sdp-si.com/) A smaller site, less overwhelming. 

26N.6.3 Mechanical: motors, etc. 

Stepper motors: The stepper' appeal is that it does not require use of fe edback for precise control of 

positioning. 

l. Two types: unipolar versus bipolar. 

• Unipolar. Unipolar i the easier configuration to drive, requiring only a tran istor witch on 

each ' phase" winding (typically, thi is a switch to ground, as in Fig. 26N.31). The motor will 

provide ix leads - the usual four leads for the opposite end of the two winding. , plus two 
more for the center tap of each winding. Sometimes the two center taps will be combined, 

reducing the number of leads to five. 

• Bipolar. These 4-lead motors omit the center tap, and thus require a pair of drivers that can 

both source and sink current. Such drivers are available in integrated form and are called "H­
bridge." Though harder to interface the bipolar i more efficient than the unipolar, who e 

winding keep half their length always idle. 

2. Re olution and power. Typical tepper motors provide 200-. teps-per-revolution and need substan­

tial CUITent 0.3-1 A, at perhaps 1 OV. 17 

3. Small tepper motors. Smaller motors usually show coarser resolution - for example, Spark.fun 

offers a small motor with 48 steps per revolution. 18 The smallest that we have encountered is les 

than lcm in diameter. 

4. Stepper driver . As noted in §26N.7, one can sidestep the work of writing code to drive a tepper 

motor by taking advantage of a driver JC. 

26N .6.4 "Servo" motors 

The e pulse-width controlled motor lend themselves to computer control becau e pul e duration is 
not hard to regulate with a microcontroller. They come in two forms: 

17 For example, Ada fruit bipolar EMA- 17 size - 200 step /rev, I 2V 350mA. Similar teppers cost le at All Electronics, 
but the selection there is ' mall. 

18 Sparkfun ROB-10551. 
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l. Radio-control model type: po ition control. 

These are sold a actuator for u e in RC models. (You may have read a description of these in 

Lab 24L.) They rotate through about 270°, holding a rotation position that is detennjned by the 

width (duration) of a logic pul e sent to the motor repeatedly. They are available in at least three 

standard sizes use little power and provide substantial torque (the motor is mall, but geared way 

down). 

Applications : useful to steer a car, e.g.; but trong enough for, say, positioning a small robotic 

arm. 

2. Continuous-turn type: rotation rate control. 

These differ from the usual in using pulse width to determine not shaft position but rather rate 

and direction of rotation. A pulse of standard width ( 1.5 ms) produces no rotation; a pulse of shorter 

or longer duration produces rotation in one direction or the other at a rate roughly proportional 
to the difference from the standard pulse width. A lms pulse produces full peed in one direction 

2ms evokes full speed in the opposite direction. These are used in the car chassis de cribed in 

§26N.4.9, one ervo driving each of two wheel . 

26N .6.5 Nitinol muscle wires 

1. Muscle wires: tiny pullers. 

One company at least really does call these 'muscle wires."19 Their more erious name is shape 
memory or nitinol wire. They shorten (by 3- 7%) with considerable force when heated if they've 

been stretched while in their cool , soft state. 

This slight shrinkage percentage implies that a long wire is needed to provide any , ubstantial 
actuating " troke." A mall company called Miga Motors makes an ingeniou stroke enhancer that 

essentially fold. a longish wire. This scheme achieves a troke of 0.3" from a credit-card size 

circuit board. One such device i the MigaOne- 15 , shown in Fig. 26N.30.20 It includes a contact 

that permits an intelligent driver circuit to sen e full travel in order to shut off power, preventing 

damage from excessive heat. 

l9 www.musclewires.com. 

Figure 26N.30 MigaOne amplifies stroke length for 
nitinol wire actuator . 

20 Th i i neat but expen ive at about $50. See migarnotor .corn. 
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Nitinol actuator call for very large currents, since the current's job is to heat the wire with t2 R 

power; but the power needn t be applied for long if a brief contraction is required. So a small 

battery can do the job, if duty cycle is very low, keeping the whole setup mall. 

2. Applications: tiny robots. 

A couple of tudent made a ix-legged bug u ing muscle-wire - and concluded that they would 

never touch muscle wire again: it gobble current, doesn't pull very hard, and is pe ky to build wW1 

(requiring tensioning adjustment). Still, you can't find an actuator lighter than the nitinol wire. 

The wires can be used to mimic the behavior of tendons, making a crude hand with wiggleable 

finger .21 

26N.6.6 Transducers 

Sound: 

1. Ultrasonic . end, receive' speaker '/microphone. 

These are small diaphragms tied to a piece of piezo-electric stuff, and are resonant at about 40k.Hz. 

Transmitter and receiver are either identical or very imilar to one another. 

Applications: ranging (send a burst; listen for echo)· communication (send data a sequence of 

bursts). 

2. Integrated ultra onic transducer and amp. 

This wa the method Polaroid developed as rangefinder for its cameras. The method is mimicked 

in MaxBotix rangers. 22 The EZ l, for example, offers a ensing range from O to 255 inches, in 

111 increment . lt provides an output in three forms: analog pulse-width and RS232 serial. The e 

rangers are available in variou sensitivities. Note an alternative ranging method that uses infrared 

light. This i mentioned in §26N.4.10. That IR device shows better resolution but horter range. 

Infrared: 

l. JR remote-to-logic ignal translator. 

This wa described in Chapter 24N. The tran lator convert each 40kHz burst put out by a typical 

IR remote into a single logic level. (In the example shown in Chapter 24N, a bur t produce a logic 

Low; silence produce High.) 

Application. : a circuit with brains (your computer) can translate the serial stream of logic levels 

that an IR remote provides. A properly synchronized 8-bit shift-regi. ter, done with computer or 

with hardware, could, in principle, give you 256 options. 

2. Passive differential IR motion detector. 

An 'alarm signal is as erted when the JR image of a room changes. 3.3V to l 2V, logic-level 

output.23 

Color discriminator: An IC array of detectors each with a color filter. Two ingenious people paired 

this device with optical fibers in an effort to read resistor color code . The resi tor color were badly 

defined and defeated them - but the machine wa able to read the colors of a ribbon cable, much of the 

time. Pretty good. You may enjoy the challenge of improving on their machine to automate resi tor 

sorting24 For specifications, see the Parallax site.25 

21 A kit for such hand i. offered by Mtl'cleWires atwww.mu. clewires.com. 
22 These are available from Spmkfun. See for example, MaxBotix LY-MaxSonar-EZI . 
23 Sparkfun SEN-13285 . 
24 Before you do this hard work, hould we remind you that there is an ea ier way to determine the value of a resi. tor? 

Probably not. 
25 www.parallax.com/dctail.asp?producLid=30054 (pan is TAOS TCS230AMLN). 
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Acceleration; rotation rate: Many accelerometer are offered by Adafruit, Parallax , and Sparkfun. 

You shou ld check their site - for new models even niftier than the ones we have noticed. These com­

panie ' typically offer a 'breakout board. 

You probably want a range of just a few g.26 With two axes you can sense tilt. 

Sparkfun offers a helpful discussion on their site of many alternative accelerometers.27 

• Analog output, 3-axis (±3g 3Y supply): ADXL335. 

Sometimes analog output is nice, letting you see on a scope creen a live image of the device 

output. The controllers ADC can read the e value - but to read three axe with a ingle ADC 

require u e of an amtlog multiplexer. The Si Lab. '4 l O include uch a multiplexer, allowing 

the ingle ADC to read all three axe in succes ion. Adafruit offers a breakout board for thi 

accelerometer, a board that includes a 5V-to-3.3V regulator. 

• Digital output: SPI or I2C: ADXL 345 (selectable range ± 2 to l 6g 3Y upply). SPI interface is 

not hard to handle, especially with SiLabs hardware implementation of SPI (see Lab 24L). The 

accelerometer outputs are not viewable on a scope sc reen but their values can be displayed on a 

laptop's screen through the SiLabs IDE. And taking the inputs in digital form is tidier and eas ier 

than what s required if the accelerometer speak. analog. SPI obviates need for ·uccessive ADC 

operations that would include swapping ADC input pins. 

Gyro: A mall olid- tate gyro gives an analog output proportional to angular acceleration . H re one 

axi may be enough, and analog output is more common than digital. 

• 1-axi , analog output (3V upply : LY530AL (Sparkfun). 

• 3-axi I2C and SPI output, breakout board permits 5V upply and SY control signal : L3GD20H 
from STMicro (Adafruit). 

Accelerometer and gyro combined: You can get accelerometer and gyro on one IC to make things 

more compact. For example MPU-6050 (Sparkfun). (Exp nsive at $40.) 

Surely lot of neat improved models will be coming along, ·o treat our Ii t of devices as only a 

snapshot of what was available back in 2015. 

Magnetic field : Two basic ort are available: plain and fancy. 

I. Plain: Ju t Hall-effect sen ors. Linear output propo1tional to cu1Tent: a breakout board by Sparkfun, 

ACS7J2. Simpler sen or. give Ye /No detection. For example US1881 from Sparkfun. 

2. Fancy: a digital compa s. Adafruit provides a SY-compatible breakout board using a Honeywell...,_ 

axi 

HMC5883 IC. The circuit u e two orthogonal coils to ense variations in the orientation of the 

earth' magnetic field relative to each of the two coil . The 3-axis readings are delivered with I2 C. 

Force: Small flexible heets that put out a . mall voltage when flexed. For specification ee 

www.parallax.com/detail.asp?producUd=30056. 

Speech generation : A two-IC board takes ASCII characters in serial form (UART) and does its best 

to pronounce the text phonetically. DEV-11711 , Emic-2 chip et (Sparkfun; expensive, at $80). 

If you're willing to work harder you can put together two $25 ICs, a UART-text-to-aJJophone 

tran lator and a speech ynthe izer IC, TTS256 and Speakjet (Sparkfun). 

26 One g. as may you know, i · the acceleration due to gravity here on the surface of earth. 
27 parkfun' · "Accelerometer Buying Guide," http://www .. parkfun.com/rutorial. / 16 7. 
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Speech recognition: This i a very hard task - rendered utterly easy by someone's IC and little 

printed-circuit board : EasyVR Shield 3.0 (obviously named with Arduino in mind) Sparkfun COM-

13316. 28 user-i ndependent commands, 32 user-definable. 
Just getting it to work is nowhere near a project. The challenge is to think up an intere ting appli a­

tion. The thing is mall (about 1"-by-2"), o it could, in principle, be mounted on a little vehicle (con­

trolled by a microcontroller, probably - but not necessarily), permitting control of the vehicle by voice. 

26N.6 .7 Displays 

I. liquid crystal (LCD). 

Nearly all use the industry-standard interface that looks like a single UO location· the computer 

feeds the display successive ASCII codes (7 or 8 bits), and the display takes care of placing the 
characters properly. This requires six or seven UO lines, as we noted in Chapter 25N though an 

add-on board can convert this parallel interface to a serial protocoI.28 

Applications: wordy output for many orts of gadget. (These may not be very exciting since they 
only take our little computer a little way toward the very chatty LCDs that you're accustomed to 

on big computer . . ) 
2. OLED bit-mapped display. 

These provide beautiful high-resolution images or text displays usually quite mall. Their in­

terface, at the time of writing, remajns difficult. Adafruit provide librarie. of code to help. For 

example, Adafruit's 128-by-32 display.29 

3. "Intelli gent" LED di play: 2-character or 4-character alphanumeric. 

The e are mall. Each character occupies a single 1/0 address and wants to be fed ASCH. For 

example, Siemens PD2435. Handsome, but obsolescent. Try Octopart.com to find tock. 

Good for mall , brief, bright verbal output. 

4. Bar-graph. 

• LED: An array of LED . You may have seen similar di play used a VU meters on audio 
equipment. Simple ones call for wiring each LED. For example, Adafruit's KWL-R I 02588. 

Fancier ones use a serial interface (also at Adafruit). 

• Electrostatic: "E-Ink. The appeal of E-Ink display i zero power-con umption after a level 

is written. The difficulty i their peculiar drive requirements: a brief pulse at ± 15Y to turn a 
segment On or Off. But you might enjoy showing off your ski ll in making your own driver. 

The company take the annoying line that their parts' drive demands are confidential (they a. k 

a user to sign a non-disclosure agreement!). It' no secret though, and drive for a few egments 

is not hard to implement. 

A 14-segment bar graph i available: KWL-R I 025BB (Digikey). So is a 3-character numeric 

di play: SC00422 l (Digikey). 

26N.6.8 Interface devices 

Output: 

• Solid-state relay. These will turn On/Off a heavy AC load (motor, lamp, appl iance) u ing a logic­

level as input. For example, a small device for SA load is Sparkfun 's COM-10636. Input is op­

tically coupled to the high-voltage part , o your circuit remain i olated from the scary 120V 

upp.ly. 

28 Adafruit provides this · back pack" board: T2C/SP1 Character LCD Backpack, PRODUCT ID: 292. 
29 Monochrome 128-by-32 SPl-interface OLED graphic di. play, PRODUCT ID: 661. These are available al o from the u ual 

distributors, including Digikey. 
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In and Out: 

l. Radio serial link. A simple radio link could carry digital data: the simplest scheme would be to 

turn a transmitter ON, then OFF, then ON ... The simplest transmitting device would be a fast 

logic-level oscil1ator gated ON or OFF (you could use a MOSFET to apply power or not). The 

imple t receiver would be an amplifier driving an "envelope detector" - a simple 1-diode AM 

detector like the one you met in Lab 3L. You might build the amplifier from scratch; or you may 

prefer to look for an IC amp. A comparator could then determine whether the envelope-detector 
showed that a burst of signal was coming in (' I") or not (' 0"). 

At its simplest, this burst/no- ignal waveform could generate the logic-level pulse that controls 

the position of a servo motor (see above), steering a little car, say. If you were more ambitious, 

you could use this simple radio link to send erial data in one of the tandard convention - using 

conventional RS-232 (to a UART on tbe receiving end) or perhaps I2C, mentioned just above. 

The easier way to proceed is to buy ready-made Send and Receive modules. See for example 

SparkFun' many "RF link" boards, some simple (such as transmitter WRL-10534 and receiver 

WRL-10532). These are "indiscriminate " so call for ome intelligence on your part. Some inte­

grate UART erial UO. 

Still easier i, to sta11 with a board that converts between USB and radio, though the software 

needed i ub tantial. 'Wixel' radio modules: WRL-10532 (Spark.fun). We have not tried these. 

26N.7 Stepper motor drive 

Generally: A stepper motor contains two coils surrounding a permanent-magnet rotor; the rotor look · 
like a gear, and its 'teeth like to line up with one or the other of the slightly offset coils, depending on 

how the current flows in the coil . A DC cuITent through the e coils hold the rotor fixed. A reversal of 

current in either coil moves the rotor one "step" clockwise or counter-clockwise (a coarse stepper may 

move tens of degrees in a step; a moderately fine tepper may move 1.875°: 200 teps/revolution). The 

equence in which the current are rever ed (a gray code) determine the direction of rotation.30 See 

Fig. 26N.32, where the signal to coils A and Bare labeled 0 1 and D2. 

Integrated stepper driver: Integrated tepper-motor driver chips can make driving a stepper extremely 

ea y: the chip usually is just a bidirectional counter/shift-register, capable of sinking and sourcing 

more current than an ordinary logic gate. Fancier ICs, like the Allegro A3967SLB31 can provide finer 
control: so-called "microstepping."32 The A3967SLB permits l/8 tep . This part also includes driver 

transistors capable of more than what one would expect in a modest 20-pin DIP: 750mA at up to 30Y 
(though not both at the same time). This is not enough for a large tepper motor but is impres ive, 

indeed. 

Such drivers reduce the controller' job to determining direction of rotation and rate of stepping (an 

edge on the IC pin initiate a single step). 

The controller can drive the stepper: If you don't want to be o fancy, and so lazy, you can u e 

a few pins of the controller to drive power transistors wired to the motor. Power MOSFETs will do 

30 You will find a helpful animation at http://www.pcbheaven.com/wikipage /How_Stepper __Motors_ Work. 
31 This surface mount part is avai lable in a handy breakout board from Sparkfun: ROB-10267, "Easy Driver. .. .' ' 
32 Micro tepping - which can be pu heel to extremes such a 1/256 step - works by energizing both windings at graduated 

relative currents. The price one pay for this re ult is drastic reduction in torque . o one should not rely on micro tepping 
for extreme re. olution . See http://www.micromo.com/microstepping-myths-and-realitie . 
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the job: the IRLZ34 u ed in Lab 12L (55V, 30A max) would do. 33 Fig. 26N.3 l shows the scheme. 

Integrated stepper-motor drivers normalJy include cmTent- limiting. The home-brew scheme hown in 
Fig. 26N.3 l lack ·uch limiting. so it is up to you to moderate the upply voltage that will not overheat 

the motor. It can get somewhat hot to the touch without damage. 

(5 to 12v. Use external 
v, supply [JQf your breadboard) 

o, a, 

~ Q, 
C(l 

~ 
~ 

~ 
ft 

Oo Go 

a; -::- -::-
COil A 

Figure 26N.31 Stepper ~ 

driver hardware. OUT2 

One way to generate such successive patterns i to load a value into a regi. ter and rotate that value, 

feeding two adjacent bit to the motor's two coil-drivers: ee Fig. 26N.32. 

Figure 26N.32 Rotated register can 
produce the 2-bit drive pattern for 
stepper. 
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Using the stepper motor: You will dream up your own way to use a motor, but here are a few use 

students have tried. 

Crane: Two motor , each with a , pool on its shaft to wind cord can re ton a tabletop with the load 

su pended from both cords. The two motors can work together to lift, move, then lower the load. This 

i easy to do crudely but would be challenging if one wanted to Jet the load move vertically. then 

horizontally, then vertically again. A mall electromagnet could Jet the machine pick up and drop an 

iron load (a washer, perhaps) . (A . mall spool of wire-wrap wire is handy for an instant home-made 

coil ; put an iron bolt through its core) . (One tudent, Dylan Jones, built such an electromagnet, hung 

it from a ' tepper-driven "winch," and mounted the whole thing on the tractor de cribed below.) 

33 The snubber diodes hown in Fi g. 26N.3 1 will protect the transi ·tors from vollage spike on transi. tor turn-off. These 
hould be power diodes ·uch as I N400x (the " x' · ·pecifies max reverse voltage, not critical in thi circuit). They hould not 

be. mall-signal diode like our u -ual I N914. 
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Drawing machine: As we said back in §26N.3.3, two motor can drive the X and Y knob of a child's 
sketching toy. 

coi!Ax) 
to 

coil Bx drivers 

LJ 
OUTx 

) QI coil Ay 

Go coil By 

"ETCH A SKcTCW 

X motor Y motor 

SAMPLE MACRO: 
diagonal: Southeast 

XCLOCKWISE 

Y COUNTER-CLKWfSE 

RET 

Figure 26N.33 Two stepper 
LI' motors can drive an X- Y 
OUTy drawing toy. 

26N.8 Project ideas 

26N .8.1 Nifty new and untested projects for your inspiration 

Speech recognition : You certainly don t want to try it the conventional, full- cale way: tran forming 

to the frequency domain and then comparing against a template. That is a huge programming task, 

ill-sui ted to thi little machine and our tool . (But ee the cheap trick sugge ted on page I 048: use 

someone' IC that does the hard work for you. ) We want a rough-and-ready method. 

One strategy - u ed for example, on an old Radio Shack chip that could di tinguish "Stop' from 

"Go" for toys - is to look at just zero-crossings: i.n other words, find the dominant frequency (this 
method might detect the "Sssss ' in "Stop"). Count zero-crossings in hardware or software, and check 

agajnst a few range definitions: " 2_5kHz==?Sssss," and so on. 

A little more refined: use a pair of steep filters, high-pa s low-pass, with little overlap; then com­

pare amplitudes (time-averaged, we suppose) above and below this frequency boundary. Bell Labs 

experimented with thi s method in the early ' 50 , placing the boundary around 900Hz, and found they 

could distinguish the 10 digit pretty well. 

Audio encryption: Here's an idea we saw proposed in a trade magazine: imple encryption of audio 

- say, for a cordles phone - by inverting the frequency pectrum of the speech. 

Do this by exploiting a violation of Nyqui" t , rule: multiply the . peech data (in digital form) by a 

large square wave at a frequency just lightly above the top ignal frequency. The re ult is an inverted 

frequency spectrum (because of aliasing or folding) . De-crypt by multiplying by the same frequency. 

The " multiplication" i simpler than it sounds: just flip the MSB of the data, at the multiplication rate 
(apply a l , then a zero, then a l ... to an XOR with the MSB of data). Thi , al o can be done with 

analog method . 

Music effects: chorus, etc.? You may dimly recall a pha e-shifter, back in Lab 7L, that could vary 

pha. e by varying a resistance to ground.34 If you u e a digipot like the one you met in Lab 24L you 
can mak a computer-controlled pha e shifter. 

34 Thi was the second of two phase-shifter de. ign . 
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An alternative way to get the same result might use a multiplying DAC - which can be desctibed as 
a digital1y-controlled attenuator; output is the product of the analog and digital input . 

Combined with a summing circuit, in principle either shifter can make interesting rock-and-roll 
sounds - like those vaguely mentioned in Lab 7L. To hear a repertoire of uch sounds, try http://www.harmony­
central.com/Effect . Thi web page also include circuits and helpful links. 

26N.9 Two programs that could be useful: LCD,Keypad 

26N.9.1 LCD driver; keypad scanner 

These hardware interface are described in Chapter 24N. The code to implement these is posted on 
our book website, in case you want to u e one of these devices in a project. 

26N.10 And many examples are shown in AoE 

We have suggested ju ta few possible peripheral for your controller as we said in Chapter 25N AoE 
suggests many more. 

26N.11 Now go forth 

We hope that you ll be moved to build a project now that you 've made it through the book. But 
our larger wish of cour e is that you'll take what you 've learned of electronics and apply it in many 
settings. And we hope too that you ll continue to find electronic intriguing and fun. The customer 
in Fig. 26N.34 goes a bit beyond our ideal: we do want your devices to be u eful. But we admire his 
enthu iasm. Probably all of us geeks have in our basements some gizmos like the one he' buying -
cool things that we just had to have. 

Figure 26N.34 A model of enthusiasm for electronics - though 
maybe not for its utility. 

I AoE § 15.8 



I AoE § 11.3.48 

A A Logic Compiler or HDL: Verilog 

Let's get started. As you know from your experience with other programming language , the refine­

ments are many, the options can be dazzling. But our goal in this course i modest: only to let you 

try out some of the capabilities of Verilog and PLDs. Later, when you undertake a more ambitious 
design, no doubt you will want to get yourself one or more Verilog reference texts and then explore 

the rich possibilities. 1 

A.1 The form of a Verilog file: design file 

A Verilog file u es ome rigid forms that are better shown than di cussed. Example are in Fig. A.l. 
When you write your first programs we assume that you will simply copy the forms that you see - and 

in early cases we will provide you with nearly-complete files , so that you can side tep the fussy form 

requirements simply entering the interesting stuff: the equations that describe the logic you intend. 

Here, for a fir. t example, is a file that implements a two-input AND gate and a two-input OR gate:2 

I I/I /I II Ill I II /I Ill II Ill II /I II Ill /I I II II II I/ II II II I/ I II II /I Ill Ill II Ill Ill II II II Ill 
module and_or( 

inputx1, ~ 
input x2, - -----_ 
output and2, 
output or2 ~~-­
); 

list all inputs ... 

... and outputs 

assign and2 = x1 & x2; 
assign or2 = x1 I x2 ; 

end module 

~ Here's the section that 
does something: the equations 
relating outputs to inputs 

Here are the elements: 

• the keyword "module" ... 

• ... followed by filename3, and then .. . 

Figure A.1 Verilog source file for AND OR 
functions . 

• . .. the list of input and output variables, "(x l , x2, and2, or2)" 

• ... and the concluding semicolon - required to end most lines. 

I Here are two that we like: J. Bha ker, Verilog HDL Synthesis (1998): extremely conci e, offering little discussion but at 
lea tone example of each copic treated; S. Palnitkar, Verilog HDL (2003): more discursive. and including fewer examples. 
but more detailed discussion of each. 

2 This i. the form produced by Xilinx ISE I I. I. The form change . lightly, from revision to revi ion . The last lSE Design 
Suite revision is 14.7. Further revision. will not occur, as Xilinx moves to it "Vivado," which , however, doe not support 
devices earlier than Series 7 FPGA . 

3 This i the case for our simple designs. A file can, however, include multiple module . 
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All these ignals are of the default type, "wire." Soon (§A.3) we will meet the other important 

category, "reg." 
Then , with these preliminary introduction of variable done, we can get down to busines which 

is done in the two "assign" lines. Assign is the keyword that defines the logic linking the output (for 

example the first: "and2') with the relevant inputs (here, x 1 and x2). The"&' means AND "!" means 

OR. Assign is appropriate for combinational logic (though other methods are available). We will ee 

soon that sequential ciTcuit me better de ·igned with a different form. 
If one compiles this design, Xilinx ' ISE will draw a schematic of the result. 

In ISE 12, one can set up an easy default display of the " top level" schematic . We recommend doing 

that. 
In a small design it would be a nui ance alway to have to specify signal of interest. But in a 

complex design it is useful to be able to look at only the network that produce a single output, 

or a few among many. Here i · the process that permit specifying which ignals to di play in the 

chematic. 

• First, choose "top level ports" and add the e. 

• Then the signals themselve me shown in Fig. A.2 ; but not the linking logic. 

and2 

and2 x1 
or2 

,a--~-
~o-,--- oa 

,c1 --~JO~ ._(adding "Input cone 

or2 imp or21 reveals logic that 
- - produces or2) 

Figure A.2 
Select signals to 
be shown on 
schematic. select an output whose logic you want to see... . . ."add Input cone· will show Just the logic that produces that single output 

• Then you can click on a particular output to see a "cone" that shows see Fig. A.3, all the logic 

that produce that output (this is one way to get the schematic). 

Figure A.3 Showing logic producing a 
particular output. 

-- use selection tool to select both inputs .. 

' ~· lxT then click 

opening ·cone· r ";:, 
to bring forth ~ 
all that x1 , x2 
drive 

No surpri e , here, but it is reassuring to see in Fig. A.4 that it looks like what you would expect. 

A.2 Schematics can help one to debug 

Looking at the schematic make sense not just because we are beginners doing simple tasks. The 

chematic may help anyone to judge quickly whether the de ign compiled a expected. Thi can be 

true even for a de, ign that is not simple. Xilinx s ISE permits one to look at the logic that generates 
just a piece of a complex design. One can look at what ISE calls the "input cone" for a , ingle output, 
in a design with many outputs. 

For example Appendix B show. how displaying logic for a ingle output can tame a bewildering 

rat's nest of logic. The example there is the PAL that produces the many outputs of the' glue" PAL 
that helps to implement the big-board lab computer. 
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and2 

· C?---- and2 

and2_imp_and21 

or2 

--·- Ol2 

or2_imp_or21 

Figure A.4 Compiled AND-OR logic produces what one would 
expect: Verilog's schematic output. 

I I! I I/ I I I/ I/ I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I II/ I I I I II I I I I I I I I I I I I I I I I I I I I I I I I I 

module a ncl_o r_tb; 

/ / Input" 
reg xl ; 
reg x2; 

I I Output" 
w1r e a nd2 : 
w1ce o r2; 

name the general block of logic, to which we now are 
attaching signals 

Under Test (tJIJTl name of the signal in this instance 

name of the signal in the logic block 
I I d1spl.e.y var 1a.1He5 as r:.exc 
initial 

~r, r.1~0:. t •• 

initial begin 
II 1nn1alue Inputs 
X l • 0 ; .. 
:;2 » 0; 

I I Wait. 100 ns to~ 

i'" , xl , x2, and2, o r 2): II .!!111011 any change" 111 11.!!lted v rumles, 1n b1nai:y t ori~ 

levels assigned to these input signals at this time 
(time zero) 

lobal cesec co tin19h 
I I 1/100; I I "e 11or1 • clo this, bee use tc mak,;;" che d1spl yell.nos\• 

II Add sc1rt1ulus here 
#10 x2 = O; :<t • 1; II after delay of 10 time unus, pply new input levell!l 

./#10 x2 • l; x l • 0; 
delay, #10 X2 • l ; Xl • 1; 

#1 0 :::..11-1:?. h: ; 

relative t~npreceding line 

endnlodule 

Figure A.5 Verilog testbench . 

A.3 The form of a Verilog file: simulation testbench 

or2 

Once you have written a Verilog design file , usually you will want to simulate it to see if the design 

behaves as you expect. We do this for all the designs in thi course. But we do that becau e our design 

are not complex. There are respectable arguments against simulating. Some designers u ing FPGAs 

for complex designs find it quicker just to load the design into the hardware and try it. This used to be 

called the "burn and crash ' method. But the perjorative sound of that name i. not always appropriate. 

Simulation files are difficult to write, and for a complex design often cannot be exhaustive: you 

cannot try every pos ible case. Thi is especially likely for sequential designs. 

The simulation file, called a testbench,4 is a Verilog text file that exercises a design. In the case of 

4 Strictly, Verilog calls such a test file "Test Fixture.'' Testbench i VHDL jargon, but we use it because it seems to be more 
widely u ed than test fix ture particularly in Xilinx literature . 
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an AND and an OR gate this is hardly necessary, but the extreme simplicity of the AND- OR logic 

should make the testbench ea y to follow. 
The testbench begin something like the design file, listing input and output variables, and tating 

their types - wire or reg. Just in case you were thinking you 're beginning to understand the wire/reg 
di tinction, note that the inputs in the simulation file are alway of type reg , the outputs are wire. 

The wire/reg distinction is difficult. The type reg bears a ghostly relation to the hardware element. 
"register," but only ghostly. A variable of type reg has a value "retained in memory . . . until changed 
by a sub equent a signment."5 That make it sound Like a collection of flip-flops , but it emphatically is 
not that, and does not imply use of flip-flops. Fig. A.5 how a testbench for exercising the AND- OR 

logic. 

Simulation results: The result, in Fig. A.6, of imulation is what one would expect. OR looks like an 
OR of xl, x2; AND looks like an AND.6 

OO()ps 

Figure A.6 Waveform output from Verilog testbench . 

Instantiation: Some elements of the testbench require explanation. One is the instantiation" block: 

II Instantiate the Unit Under Test (UUT) 

and_or uut ( 

) ; 

endmodule 

.xl (xl), 

. x2 (x2), 

.and2(and2), 

.or2(or2 ) 

Instantiate is a weird word for ales weird concept. It means that it take the defined logic block 
(in this ca e, a block providing an AND and an OR gate) and uses it to process signals in a particular 
instance. The word i chosen to indicate that we are coming down from the abstraction of a high level 
design into an "instance" that make the design real. 

The above code (. and2 (and2)) indicates what we're doing in the present case: the mundane opera­
tion of linking the particular name in this in tance ("and2 ') with the name of the variable coming out 

of the logic block (. and2) . 

But the fact that the two variables carry almost the same name - one from the design block, and 
another from the particular instance - obscure. the fact that they are quite different, independent 
notions. To make that point, we've made a second testbench with sillier names. Fig. A.7 i a sketch 
that tries to make the point that the and_or logic block' input and outputs can be named as we please, 
when the block is invoked by a particular use or instantiation. 

5 J. Cavanagh, Verilog HDL (2007), p. 77. 
6 ISE J I and 12 simulation. how an annoying flaw : initially, it seems to have done nothing, showing constant levels. That' 

because ISE shows the waveform. in an extreme close-up zoom, and place the cursor at the extreme ri ght of the window. 
To get intelligible waveforms, click on the "zoom to full view'' icon which. in our version, looks like a ci rcular life 
preserver). 
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Figure A. 7 Instantiation illustrated : the underlying logic block's signals can be assigned to any signal 
names in the particular "instance". 

Here is the list of signals and the instantiation section of the illy names version: 

II Inputs 

reg harry; 

reg bill; 

II Outputs 

wire andmary; 

wire ormaude; 

II Instantiate the Unit Under Test (UUT) 

and_or uut ( 

) i 

.xl(harry), 

. x2 (bill), 

. and2 (andmary), 

.or2(ormaude) 

This testbench works just as well as the other. The simulation results in Fig. A.8 are the ame except 

for the illy name . 

Display of results in table form : The text display, in contrast to the waveform display done automat­

ically by the Xilinx compiler, occur because of the following lines of code: 

II display variables as text 

initial 

$monitor("xl, x2 = %b,%b, \t and2 = %b, \t or2 =%b ", xl, x2, and2, or2); 

II show any changes in listed variables, in binary form 

initial is a keyword that say , 'Do thi once.' $monitor displays the listed signal any time one 

of them change . The %b is a "modulus" indicator: it says "use binary number format." \ t inserts a 

tab, just to make the table easier to read. If the timing-diagram simulation re. ult i clear to you slcip 
the tabular form. 

Input "stimulus" values and delay times: At la t we reach the core of the . imulation, where we 

timulate the design with pecified levels of the input variables: 
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Figure A.8 Simulation results: same 
with silly-name '' instantiation" . 

initial begin 

II Initialize Inputs 

xl O; 

x2 = O; 

·•-Stn1Ulili1!'l1 -
Current Simulation 

rime: 2000 ns ) 20 
I I 

QJ!l1arrt 0 I 
~ l btll 0 I I 
q.J!andmary 0 

~ formauele 0 I 

< > < > < 
'i? Tn1 • -... n;1; ... ,.. 

< 

I 
f1n1shed c1rcu1t 1n1t1al1zac1on process. 
harry, bill= O,O, and.roary = 0, ormaude = O 
harry, b111~ 0, 1, andmary = 0, orrnaude = 1 
harry, bill• 1,0, andmary z O, ormaude = 1 
harry, b1ll= 1, 1, andlllary = l, orrnaucte = 1 
harry, bill= 0,0, anclmary = O, ormaude • 0 

< 

II Wait 100 ns for global reset to finish 

II #100; II we won't do this, because it makes the display clumsy 

II Add stimulus here 

- - -- -

I 

I 
l 

#10 x2 O; Xl 1; II after a delay of 10 time units, apply new input levels 

#10 x2 = 1; xl 0; 

#10 x2 = 1; Xl 1 ; 

#10 $finish; 

end 

-
40 

The #10 ... values say "wait ten time units before applying the input levels that follow." The te t ­

bench determines what a time unit is (usually nanoseconds, but for present purposes is are of no 
importance since we are only looking at the results of the design without concern for timing). So the 
set of timuli shown above provide changes at lOns intervals. This timjng shows on the waveform 
displays such as Fig. A.8. Again, the keyword 'initial" says 'Go through this sequence once" at 
startup. 

A.4 Self-checking testbench 

It i possible, though laborious, to write a testbench that predicts re ults for each function , and com­
pares these predictions against actual results of a design. We have done this for the "gluePAL ' design 
that links the processor to its peripherals in the ' big board" version of the microcomputer labs later 
in thi course. Here is an excerpt from the self-checking portion of the testbench: a truth table, and a 
"ta k" or function that refers to it. 

II Truth tables list expected outpu ts (rightmost column), and invoke 

II particular functions (named ''Task") to compare this prediction against 

II the result of the logic in the source file 

II here's the truth table for CTR OE bar: f(br, loader) 

check_CTR_OE_bar(0,0,1); 



check_CTR_OE_ bar(0,1,0) ; 

check_CTR_OE_bar(l,0,1); 

check_CTR_OE_bar(l , 1,1); 
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II ... and the collection of "tasks" or f unctions invoked by truth tables 

task check_CTR_OE_bar; 

input i_BR_bar ; 

input i_LOADER_bar; 

input expect_ CTR_OE_bar; 

begin 

#25; BR_bar = i_BR_ bar ; LOADER_bar = i_LOADER_ bar; 

#25; 

if (CTR_OE_bar !== expect_ CTR_ OE_bar ) 

begin 

$display("\t CTR_ OE_bar ERROR: at time=%dns \t INPUTS: BR_bar=%b, LOADER_bar=%b, 

\t OUTPUT: CTR_OE_ bar=%b, \t expected=%b", $time, BR_ bar,LOADER_bar, 

CTR_OE_ bar, expect_CTR_OE_bar); 

errors = errors+ l ; 

end 

end 

end task 

We will not try to explain this , cheme fully, but will settle for the following sketch: the truth table 

for CTR_OE_bar shows two input levels and an expected output. The task named check _CTR_OE_bar 

watche, for a mi match between the truth table ' output prediction and what the function CTR_OE_bar 

actually produces. 

Any mismatch - where the actual and expected values don't match: 

CTR_OE_bar !== exp ect_CTR_OE_b ar 

evoke. a display detailing the mi. match: what wa expected and what wa ob erved: 

if (CTR_OE_bar !== exp ect_CTR_OE_bar} 

begin 

$d isplay( 

Thi elf-checking feature is useful to us in this course where, if we a k tudents to design the 

gluePAL the te tbench warns the student of each case where the design does not produce the result 

we had hoped for. 

Without error-flagging, a complex testbench is hard to use: In Fig. A.9 i the result of imulating 

the gluePAL logic: a set of waveforms that one would be hard-pressed to use for spotting logical 

errors. 

But thi testbench includes the self-checking feature that Li ts the one function that fai led to match 

expectations. The in tance is listed at the bottom of Fig. A.9 - too small to read. Fig. A.10 ha it in 

more readable form. 
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. '""'''"""­,_ . u, ......-.n .. '-•··•If• ....... .,., - ...:.... .. ,.... 

Figure A.9 Testbench waveforms alone can make spotting logical errors very difficult . 

!Sim> 
# run all 

lSim> 

CTR OE bar ERROR: at t ime= 
CTR=OE=bar ERROR: at t ime= 
s,rn failed with 2 errors 

I 120ns INPUTS : BR_bar=O, LOADER_bar=l , 
1220ns INPUTS: BR_bar= l , LOADER _bar=l, 

OUTPUT: CTR_OE_bar=l , 
OUTPUT: CTR_OE_bar=O, 

expected=O 
expected=! 

Figure A.10 Self-checking testbench picks out the single function that failed from the simulation 
plotted in Fig. A .9. 

A.5 Flip-flops in Verilog 

"always©( ... )": test for change in a listed variable: We did a combinational task (AND and OR) 

using the keyword assign back in §A. l. In order to design a sequential circuit, one that uses flip-flop , 

another form is useful, with the strange keyword 

always@(VARIABLE) . 

The compiler then tests for a change in the value of VARIABLE, and proceeds when a change occurs 

executing whatever follows that line. This form can be used to design combinational circuits, but a 

pecial form of it is required for design of edge-triggered flip-flop circuits. 

"always©(posedge . . . )" : edge-sensitive test for change: This flip-flop form i 

always@(posedge VARIABLE) 

for rising edge VARIABLE ("negedge' for falling edge). We will soon meet the complication that this 

form can indicate either edge-sen itive behavior or level-sensitive behavior. Order, in a Ii ted et of 

variables, will determine which behavior applie to a particular variable. 

As a first example here i about a simple a sequential circuit a is pos ible: a ingle D flip-flop, 
with asynchronou reset. On a ri ing edge of clock, q take the value ct· if reseLbar is asserted (low), 

q takes the value zero (this i an a ynchronous reset, despite the word ' 'negedge," below). Verilog i a 
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rather big machine to invoke for the purpose of building this tiny thing, a ingle D flop, but a simple 
example i enough for a tart. 

module flop(d, clock, reset_ bar, q); 

input d; 

input clock; 

input reset_bar; 

output q; 

wire d,clock,reset bar; 

reg q; 

always @( negedge reset_bar or posedge clock) 

if ( ! reset_ bar) II the parens are mandatory, incidentally (this is an 

q <= O; 

else 

q <= d; 

endmodule 

II asynchronous reset, despite the word ''negedge" -- see below) 

Even thi simple design introduces some new Verilog conventions. Here are several. 

• The type reg for the output is required for use with the always@ form . (We have specified "wire" 
for the other ignal · this was not necessary, since 'wire" i the default, a notion we relied upon in 

the AND-OR example, §A. l .) We noted, back in §A.3, that reg does not mean hardware "register" 
or "flip-flop." In tead, it means that a ·ignal hold its value until overwritten. 

• The "=" ign u ed with assign hould be replaced after 'always@(posedge . .. )," with ' <=" 
("non-blocking" as ignment). This seemingly superficial change is impmtant and quite subtle. In 

§A. I 3 we dwell fmther on thi "blocking" ver us "non-blocking" distinction further. Feel free to 

avoid thinking about this subtlety; you can avoid thinking if you adopt the rule that you will use 

the non-blocking"<=" for flip-flop .7 

• 'if. .. else": the line that follows is executed when the "if' condition is fulfilled; it falls through to 

the 'else" if the condition faiL. (' if ... el e' ets may be nested.) 

• Edge-sensitive versus level-sensitive inputs: a very ubtle (and confu ing point): 

clock is an edge-sensitive input, whereas ... 

re eLbar is level-sensitive (de pite the word "negedge") 

Only the last . ignal listed among the 'if. . . else ... else" statements is treated as edge-sensitive 

and as the clocking event;8 the others are level- en. itive.9 

The Yerilog schematic in Fig. A.11 showing its implementation of the flop just described, confirms 
that only the clock is truly edge- ensitive. 

And the imulation re ult is, of cour e, con istent with Verilog's design: reset* i as nchronou : Q 
clears a. , oon a. reset* i , a , erted · Q does not wait for the clock edge: see Fig. A.12. 

7 In ca e you in ·ist on thinking about what this distinc1ion means:·'<=," ''non-blocking" assignment versus"=." blocking. 
here is a sketch. Roughly. the blocking forms will be executed in order (as in an ordinary computer program) wherea 
non-bl eking lines are executed in parallel. all at the 1ime specified. ln the case above that means ·'if clock goes high or 
re eLbar goes low." Use of a '"blocking" ass ignment after ··always@(posedge ... )" i permitted but not recommended 
because of potential timing problems. See Bha ker p. 68. 

8 Bha. ker, p. 78. 
9 Perhaps we are making too much of the word ·'edge," or are asking too much in expecting Verilog to use the 1erm in its 

nom1al digital ense. To be kind to Verilog one might say that in that language "edge" means simply ··change." In that 
. en e. it is not wrong to say that th Verilog design respond. to an ··edge" on its reset* line: iL re pond to a hange on that 
line. 
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Figure A.11 Verilog schematic shows 
only clock is edge triggered . 

C1111 e11t . 1111ultm\111 

Tun : ,~o II 

~ cl 

0fl d 
~ reset 

~ q 

reset 

Figure A.12 Flip-flop 
simulation shows 
reset* is 
asynchronous. 

inputs are determined here, 
for the first time 

INV FDC 

0 0 

CIR 

reset* assertion takes Q low 
(evidently, reset* is asynchrounous): 
Q does not wait for clock 

Flip-flop with synchronous reset* : One could build a flop with a synchronous reset*. This is not 

omething we have met, but Verilog permits it. The difference in the de ign is just that the "al­

way @( ... " would mention only the clock so that only this signal could cau e the circu.it to change 

state. 

module flop(d, clock, reset_bar , q); 

input d ; 

input clock ; 

input reset_bar; 

output q; 

wi re d , clock,reset_ bar; 

reg q = O; II stating level initializes flop level for simulation 

always @(p osedge clock) 

if ( !reset_ bar) II this reset • is s y nchronous : it will not be 

II applied unti l the rise of clock 

q < = O; 
else 

q <= d ; 

endmodule 

Verilog's schematic in Fig. A.13 show what we would expect: the reseLbar signal can force the D 

input low, but any change of Q wi ll await the next rising clock edge. 

Simulation confirm that clearing awaits the next rising clock edge: ee Fig. A.14. 

No surprise here; but it's nice to find that we can choose either result - sync or async behavior. 

A.5.1 Simulation of a sequential circuit must begin in a known state 

Simulation can fail if your te tbench fails to specify the circuit' initial tate. In a combinational 

circuit, that wiJl pose no problem, but it is a point that requires attention in a sequential circuit (a topic 

treated at §A.5 and after) . If, for example, you test a divide-by-two circuit and fail to tell the simulator 

what is the circuit s initial state the imulator will balk giving you no result . 
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Figure A.13 Schematic of sync-clear* flip-flop , for contrast with the more usual async clear* . 

C1111e11t mmlilt10 11 

lune: U011> 

~ elk 

~ d 

~reset 

~ Q 

inputs are determined here, 
for the first time 

reset• assertion takes Q low 
(evidently, reset• is asynchrounous): 
Q does not wait for clock 

Figure A.14 Simulation 
shows sync-clear* takes 
effect only on the next 
clock. 

One Can specify the initial state in the design file . . . : In Fig. A.15 a toggling flop circuit fai ls to 

simulate until we add a specification of the initial level of the flop output, in the design file (not in the 

testbench). 

modul e d i v_2_sim_examp1e( 
input el k , 

,.~ 

,oo~ ,ro,... output reg Q 
); 

e ndmodul e 

a l ways~(posedge e l k) 
Q <= ...(); 

module di v_2_si example( 
i nput el k , 
output r eg Q ,. 

) ; 

endmodul e 
specifying initial level 
of flop output , in 
design file ... 

X .. ~ L.&....-,1...l.. ..... LL 
t llO M 

0 ' 

... permits simulation : initial state known . toggling can be shown 

Figure A.15 Simulation of a sequential circuit requires initialization . 

. . . but instead one should provide a hardware initialization: The previous method makes the sim­

ulation work, but has no effect on the implementation: the startup condition is unpredictable. So a 

hardware reset* hould be added to the design: 

module div_ 2_sim_example_better( 

input e l k , 

i n p u t r e set _bar , 

output reg Q 
) ; 
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always@(posedge elk or negedge reset_bar) 

if ( ! reset_ bar ) 

Q <= 0; 

el se 

Q <= -Q. 

endmodule 

Thi, hardware reset* would take effect not only in . imulation but in the behavior of the pro­
grammed part. 

A.6 Behavioral versus structural design description: easy versus hard 

Using Verilog, one can design circuits, sequential or combinational by detailing their innard as if 

drawing gate and flop . Here is a tiny 2-bit ynchronous counter designed by describing its structure. 
In a moment, we'll do this same job the easy way. 

Structural way: detail the design ("hard"): With an XOR gate feeding the econd flop we can make 

a T-flop one that changes only when told to. We will tell it to change if Qo is high just before the 

clock edge (during set-up time). Here's some Verilog code for saying that. 

module ctr_ boolean_2bit(clk, reset_ bar, Q); 

input elk; 

input reset_ bar; 

output (1:0) Q; 

wire elk, reset_bar ; 

reg Q; 

always@(posedge elk or negedge reset_ bar) 

if (-reset_bar) 

Q[l:O) <= 2'b0; 

else 

II asynchronous reset 

II these events occur on the rising edge of elk 

begin 

Q[OJ <= -Q[OJ ; II QO always toggles 

Q(l) 

end 

endmodule 

<= Q[OJ ~ Q[l); II Ql toggles if QO is high (XOR achieves that: 

Verilog draw us the chematic, Fig. A.16, and it is what we expect to ee. 

Behavioral way: ask Verilog to design it ("Easy"): But one can al o be remarkably lazy, leaving 

much of the design work to the compiler. It is almost embarra ingly easy to design the simple counter 

we ju t made at the higher 'behavioral' level. We can describe how we would like the circuit to 
behave and then let Verilog do the re t. 

module two_ bit_simplest_ctr(clk, reset_ bar, count); II list the signals 

input elk; II ... say if they're in or out 

input reset_bar; 

output [1:0] count; // this is a 2-bit variable 

wire elk, reset_bar; II jargon used for inputs 

reg count = 0; I I ... and outputs when using "always@( ... " 

II form (here initialized to zero) 

always@(posedge clk,negedge reset_bar) 

II despite the name, reset_bar is not edge-sensitive 

if (- reset_bar) II level-sensitive 

count<= 2'b00; 

else 
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Figure A.16 2-bit counter designed with detailed Boolean description . 

count<= count +l ; II clock really IS edge-sensitive 

endmodule 

The resulting chematic i the ame as before (the rectangle that feeds the second flop encompasses 

a single XOR gate, as one can confirm by exploring or' pushing into" that rectangle). You probably 

don t need to be persuaded that you are likely to use behavioral design whenever you can. 

A. 7 Verilog allows hierarchical designs 

When a design gets complicated, it 's nice to be able to design a relatively simple "low level" module, 

like a D flip-flop with re et (in the example below); then invoke that block in a slightly more complex 

module (here, a flop that toggle each time it is clocked) . .. and so on, ultimately putting together a 

compl x circuit that is a fairly simple collection of ubmodules. 

This technique recalls our way of doing modular de igns in the analog section of the course. We 
held to the times-ten impedance rule" becau e following that rule permitted us to de ign module A, 

then hook it up to module B without having to re-analyze the behavior of A when so attached: we did 

not need to consider a complex upem1odule called AB. Designing a module at a time helped keep our 

work of de ign and analysi simple. Verilog permits the equ ivalent method, which is illustrated below 

in an example very similar to one provided by Palnitkar in his book, Verilog HDL (pages l 7ff). 

The circuit to be de igned i a 3-bit ripple counter. The example makes thi out of D flops , each 

with it Q-bar output tied to its D input. Nothing clever here. But the simplicity of the example makes 

it u eful. It show. each block made from lower-level sub-blocks. Specifically: 

• The D flop i made "from cratch, invoking no simpler piece .. 
• The toggling flop 10 i made by feeding the complement of Q back to D, on the D flop. Even the 

"complement" L generated by using a submodule called "NOT:" a Verilog "primitive." 

• The 3-bit counter i formed from three of the toggling flops, the clo k of each driven by the Q of 

the lower, preceding flop. 

Here i what the modules look like. 

D flop : This is getting fam iliar by now: clear on reset; D to Q on clock (thi s clock is falling-edge). 

module D_FF (q , d, elk, reset); 

output q; 
input d, elk, reset; 

reg q; 

10 Thi . is not a T Oop, but a simple divide-by-two: a flop that toggle each time it is clocked. 
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always @(posedge reset or negedge elk) 

II the clock is made falling-edge, to produce an UP counter 

if (reset) 

q <= l'bO; 

else 

q <= d; 

endmodule 

The toggle-every-time flop ( "DIV2" ) : This is just a D flop with D fed Q-bar, so that the flop toggles 

each time clocked. (Note as we said earlier that thi s is simpler than a T flop.) 

module DIV2 _ FF(q, elk, reset); II this is a new device built out of the module 

output q; 

input elk, reset; 

wired; 

I I ''D_F F", and also a built-in Verilog ''primitive" 

II gate called' ' not"--which does what you'd expect 

D FF dffO(q, d, elk, reset); II instantiate D_FF. Call it dffO. 

not nl (d, q); 

endmodule 

II The name "dffO" does not matter at all, 

II and is never used elsewhere. 

II not gate is a Verilog primitive: 

II here, the built - in primitive is "not;" 

II in this instance we give it the arbitrary name "nl". 

II dis its output, q is its input. 

II We are passing a signal named ''q" to the "not" primitive, 

II and taking back its output 

II with a signal name, "d" 

I I In other words, "nl" inverts "q" applying its output 

II to "d" of the O_ FF. 

II In case invoking "not" seems over-complicated, 

II here is a more familiar way to get the same result: 

II assign d = !q; 

Even the job of inversion is done, here, by invoking a lower-level module; in thi case it is the 
Verilog ' primitive' named ' not.' Its output is listed first, its input second: "not nl(d, q)." This way of 

pa sing or defining parameters is discussed in §A.9. 

The ripple counter: Thi counter takes three of the DIV2 flop , tying Q11 to Clkn+I: 

module ripple_carry_ counter_3bit (q, elk , reset}; 

output (2:0] q; 

input elk, reset; 

II four DIV2_ FF instances 

DIV2 FF div2_0(q[OJ , elk, reset); 

II applies the named signals (elk and reset) to inputs of DIV2, and takes 

II DIV2's output, "q" in DIV2 , and calls it "q[O]" in the top-level counter 

DIV2_ FF div2_ 1(q[l] ,q(O], reset); 

II ... similar -- but here's the rippling: clock for this DIV2 flop 

II is not "elk" but the output of the low - order flop: q[O] 

DIV2_ FF div2_2(q(2] ,q(l), reset); 

endmodule 

What 's perhaps mo t striking in this design is the fact that the top-level module - what we call the 

" ripple counter" - which we might expect would be the most complex element, seems the simplest. 

Here 's a potentially confusing point: once again, the "instantiation" ignal name - ctiv2 _0, ctiv2 _1 , 

div2_2 - do not matter at all, and are never used elsewhere in this design. The signals actually u ed 
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in the top level de ign are only tho e listed within the parens, such as (q [OJ, elk , reset) . The 3-bit 

counter's outputs are just those three q [nJ values. 

Instantiation once again : The lines of the top-level module that assign signals to inputs and outputs 

of lower level modules may at fir. t look unfamiliar: 

II four DIV2 FF instances 

DIV2_FF div2_0(q[O) ,elk, reset); 

II applies the named signals (elk and reset) to inputs of DIV2, 

AA DIV2 FF div2_ 1(q[l) ,q[O), reset); 

II .. . similar - - but here's the rippl i ng: clock for this DIV2 flop 

II is not "elk" but the output of the low-order flop: q[O) 

Design 

Sources for: Jmplementatoo 

)-·i Hie1'¥chy 

" "pple_counter _hierarchy 

- Q xc9'572·7PCH 

... 0 f:} X , 

00 ' - ~ ;;i
0a stnnulus(~,ple_cariy_counter_3b,t.v) - r .... rt ·rfpple_carry_counter(ripple_carry_cour,ter_3blt.v) 

~ • '. v DIV2ff0 · DIV2_FF (r,pple_carry _counter _3btt. v) 
'v'j DIV2fft • OIV2_FF (r,pple_carry _counter _3blt . v) 

CJ ~ DIV2ff2 • DIV2_FF (npple_cany_couritet_3bit.v) 
_, It dffO · D_fF (nppte_carry_coonter_3bit v) 

~ < ) 
Figure A.17 Verilog modules, one built out of 
modules below its level. 

And let ' remind ourselves of the nrv2 _FF's list of signal 

BB module DIV2_FF(q, elk, reset); 

Putting the two equations together - the line, marked above with AA and BB - we ee that the 

particular instance, di v2_1, applie the particular ignal ' reset" to the input of the same name in 

orv2 _FF. More interesting and illuminating i the application ot q [OJ to the nrv2 _FF input named elk, 

and the assignment of an output signal name q [ l l to the n1v2_FF output named q. 

This looks more familiar if we recast this instantiation in the form that we have seen in testbench 

files. 

The hierarchy: Figure A.17 hows ISE's representation of the hierarchy. The last of the listed n1v2 

flops i shown expanded, so that the simple D_FF from which it i. made can be seen. 

Schematic of the modules : 

Bottom level: DIV2...FF: The bottom-level module, D flop , is too familiar to need di splaying. The 

nrv2_FF is pretty obvious~ but maybe it 's reassuring to see, in Fig. A. 18, it drawn by ISE. 

rese1 

Figure A.18 DIV2_FF module: D flop 

feeding Q- bar to D . 
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A more familiar way of designing the always·toggle flops: Perhaps we pushed too far, going all the 

way back to re-de igning the D flop and building a toggler from a D flop. If we skip that stage, the 

always-toggle fl.op looks more familiar: 

always @( negedge elk or negedge reset} 

if ( !reset} 

q <= O; 
else 

q <= !q; 

The ripple counter: Figure A.19 shows a set of three such DIV2 strung together to fonn the ripple 

counter. This chematic - showing just my terious rectangle doing the DIV2 ta k - i n't very illumi­
nating. But paired with an exploded view of one of those rectangles (the DIV2 of Fig. A.18) it makes 
ense. Again, the result is obviou ·; and again perhaps it is reassuring to see ISE producing what we 

would expect. 

The schematic i ea ier to understand if we do not adopt the strict hierarchic approach - howing 

just high-level black boxe . Fig. A.20 gives a view of the 3-bit 1ipple counter that shows the underlying 

D flops. 

Figure A.19 Schematic of "top level" design : ripple counter stringing together DIV2 flops . 

!JIV' FF I OM' FFl OM' FF l ,.. ... nv O_ff 
"""' ' {...v' \'(>--. 

L ~ - ....r--'{ ;.--L--4 •. <ml) 
01 01 q:, O&H ... .!..t. • ~ J ....., , I 

liflO dllO 

IA 

d>12_0 drv2_t d"2_2 

Figure A.20 Detailed schematic, showing innards of div-2 blocks within ripple counter. 

A.8 A BCD counter 

The implest counter is natural binary. In Verilog, a you know, you can de ign an UP counter sim­

ply by writing,' ... count <= count +1 ." But , ometimes (when erving those ten-fingered creature 
known as humans) it i better to use a divide-by-ten or' binary coded decimal ' (BCD) counter. 
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Such a counter is mes ier to code in Verilog, and the ca cading of. everal stages calls for a hierar­

chical design like the one de cribed for the ripple counter of §A.7. 

A single-digit BCD counter (the lowest-level unit): A BCD counter looks like an ordinary counter 

(that is, natural-binary), except that it has to be told to roll over to zero after nine. 

A subtler difference also is necessary because this is to be a unit in a hierarchy. Because each 

counter is just one of several tages to be cascaded, the ingle-digit s carry_out must depend on not 

only the state of thi digit but also on the state of all le ser digits. Therefore, carry_out depend also 

on carry_rn. (The -e ignals use the shorter name 'cin' and "cout,' in the file ju t below.) The need 

to include carry_rn to permit cascading i a point treated again in Chapter l6N. 

Code A.l (Single-digit BCD) 

module bcd_counter( 

input elk, cin, reset_bar, 

output reg (3:0) count, 

II "reg" because we'll use the "always @( " form ("non - blocking"); 

II "= 0" for clean startup in simulation 

output cout 

) ; 

assign c_out = cin & (count== 9); 

II the "cin" condition implements dependence on the lesser stages: 

II all must be full, to generate a carry-out 

always @( posedge elk, negedge reset_bar) 

begin 

if (-reset_bar) 

count<= O; 

else 

if (cin & (count 9)) 

end 

endmodule 

count<= O; 

else 

if(cin) 

count<= count +1; 

else 

count<= count; 

II async reset 

II here begin the transitions that depend on 

II the clock (that is, those that are synchronous) 

II here's the line that makes this BCD rather 

II than the usual natural binary: 

II roll over only when this digit is full (nine) 

II and so are lesser digits, if any 

This time we have a hardware re et*, so we did not use the initializing device that we mentioned 

in §A.5.1. We did not w1ite output reg (3: OJ count = o. We relied on the hardware reset* instead, 

following the advice we gave ourselves then. 

Cascade several BCDs to make a larger counter: The BCD counter of §A.8 is de ·igned - like the 

old MSI 4-bit IC counters mentioned in Chapter 16N (for example, the 74HC161)-to be cascaded so 

a to make a divide-by-one-hundred, divide-by-one-thousand, and o on. Another Verilog module can 

implement that cascading. Here, for example, is a divide-by-one-hundred made with two of the BCD 

modules. 

Code A.2 (BCD divide-by-one-hundred) 

module div_lOO_bcd( 

input elk, 
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input cin, 

input reset_bar, 

output (7:0] count , 

output c_out 

) ; 

bcd_ counter units (elk , cin, reset_bar, count[3:0] ,c_outO); 

II 'instantiating• one div-10 

bcd_ counter tens (elk, c_ outO, reset_ bar, count[7:4] ,c_out); 

II ... this one same, except its cin is 

II cout of units (instantiated as "coutO" ) 

endmodule 

Again, as in the ripple counter. thi "top-level module' is far simpler than the elements that it trings 

together. 

A.9 Two alternative ways to instantiate a sub-module 

Parameters set by position: The code that applies a sub-module named "bcd_counter' to make a 

particular stage, such as the units , i · compact: 

bcd_ counter tens (elk, c_ outO, reset_bar, count[7:4] ,c_out); 

II .. . this one same, except its cin is 

II cout of units (instantiated as "c_outO" ) 

That's good - but this compactness comes at a cost. The named signals elk ... , c _outo are applied 

by the higher-level module (div_1oo_bcd) to the lower (bcd_counter) relying on position in a list. So, 

for example, c_out from the lower module is given the name c _outo. This works because c _out i last 

in the list within the module bcd_counter. If we got the order wrong, our design would go wrong. If, 
say we thought that reseLbar came last in the listed signals of bcd_counter, we would be associating 

reset..bar with the sub-modules c_out . This a sociation would make no sense. 

Parameters set by name: Ales compact but clearer way to associate signals with sub-module signals 

(that is, a clearer way to instantiate the sub-module) is to li st the two, ide-by- ide, a we have seen 

done in testbenches. 

bcd_ counter units( 

.clk(clkl, 

.cin(c_outO), 

.reset_ bar (reset_bar), 

.count(count[7:4]), 

.c_out(c_ out) 

) ; 

Parameters set by name rather than by position in a list : the second BCD counter: Its cin, for 
example, is c_outo from the lesser stage 

If we use this scheme, we don ' t need to remember where in a li st the bcd_counter ignals were 

placed. The association. are explicit. For a simple module (or "function") - like ay, the NOT of 

page 1066, with its single input and single output - the ordered Ji ting probably is quite manageable. 
When signals are more numerous the explicit listing may be worthwhile. 
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A.10 State machines 

A counter implemented with the conditional form, "case" : For a imple counter, there is no tidier. 

easier design method than the 'behavioral" description we saw earlier. But for odder machines that 

advance from one " tate" to another (state defined as the level of its flip-flops), other forms , such a · 

nested " if " or' Case ... ' can be u eful. "Finite tate machine" is a fancy name for a circuit that step 

through a equence of tate , teered by ignal from the outside world. More usually we call these 

circuit just 'state machine ." Counters are a special case of state machine - the simplest ca e. State 

machines are treated more fully in Chapter 17N. 

How would you de ign such a thing? Ne ted " if. . . else" pairs can make complex branching struc­

ture , but where many conditions are to be tested, the "case" form i tidier. Here, for example is a way 

to make an up/down counter conceived as a state machine. We can list each possible pre ent state of 

the counter a a case, leading to one or another next state. Because you know an easier way to make 

a counter and therefore aren ' t likely to find this method very appealing, we 've given the counter a 

light oddity - allowing it to step through only three states, and making the equence a bit strange 

(we use gray code 11 rather than the usual "natural binary"). With these wrinkle we've tried to make 

our use of state machine form almost justifiable (soon we ' ll show an instance where this form surely 

i justified). We have also included two other novel elements which we' ll explain below: a carry out 
that switches meaning appropriately, according to direction of count, and naming of states in order to 

make the code more readable. 

Code A.3 (Up/ Down counter done with case statements: Version 1, asynchronous Carry_Out) 

module up_ down_state_machine(clk, startup_ bar,up, c_out , state); 

II state form to make a tiny counter 

input elk , startup_bar , up; 

output c _out; II carry out: asserted on zero, for down-count, 

II on 11 for up-count 

output [1:0] state; 

wire clk,startup_bar,up , c _out; 

reg [l:O]state; 

parameter A = 'bOO , B = ' bOl , C = 'bll; II let's make this a div- by - t h ree 

assign c_out= ( (up & (state == C)) I (-up & (sta te == A ))); 

II a Mealy out put , sin ce it d e p e nds on an input (up ) as well as state 

always @(posedge elk, negedge startup_ b ar) 

begin 

if (-start up_bar) 

state<= A 

else 

case (state) 

A: 
if (up) 

state<= B; 
else 

state<= C; II this reverses count direction 

B: 
if (up) 

state<= C; 

else 

state<= A· II this revers es count direct i o n 

C: 

11 Gray code allow. only one bit to change, between successive tates. This rule prevents false transient conditions. See 
AoE § IO. I .3E. 
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if (up) 

state<= A· 
else 

state<= B· II this reverses count direction 
endcase 

end 
endmodule 

Two novelties, here: 

parameter: Allows u to give intelligible name to tates to make the code more readable. 12 

c _out is conditional: Assert c_out on maximum count (11) if counting UP, on minimum count (00) 

if counting DOWN. Nothing really new in this - but a feature we have not shown before in a 

counter. 

Such a cany is asynchronou,, so could glitch dming a , tate tran ition in which flops didn't 

ynchronize exactly, because their delays differed slightly. If c _out drives a synchronous 

input - such a a carry_in to a ynchronous counter, uch a glitch i ham1less. lf, in contrast, 

we use c_out a an overflow detector, say using it to clock an overflow flop, the gli tching can 

cause mischief. 

Up/ Down counter done with "case" statements: Version 2, synchronous Carry_Out: The up/down 

counter of §A.JO can be designed with a synchronous c_out. This hould be glitch free: the carry, like 

the state , would change only shortly after each clock. Between clock , like any ynchronous function 

it will be well-behaved: quiet. 

The addition of c_out to the next state information makes the carry wait for the clock: 13 Then the 

level of c _out is specified for each tate: 

case (state) 
A: 
if (up) 

begin 
state <= B; 

c - out <= O; II this is level we'll get after next clock 
end 

And here is the full up/down counter, except for the start of file information , which we did not 

repeat because it look like that for the async c _out file on page 1071. 

Code A.4 (Up/ down counter) 

module up_down_state_ machine_ sync_carry(clk, startup_bar,up,c_out, state); 
II state form to make a tiny counter 

II [INITIAL BLOCK OMITTED; same as for async carry-out) 
always @(posedge elk, negedge startup_bar) 

begin 
if (-startup_ bar) 

begin 
state<= A; 
c_out <= O; 

II this is the usual asynchronous reset function 

12 The scope of thi s definition is local to the module. One authority advocate. using, in place of parameter, the define 
com piler directive. Define i not a part of Verilog and therefore i to b used out icle any Yerilog module (Monte 
Dalrymple. Microprocessor Design Using Verilog HDL (20l2). p. 36. 

13 We aLo had to call c_out type "reg"' at the head of the file: 
wire clk,startup..bar,up; 

reg [l:O)state; 

reg C-OUt; 
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else 

B: 

end 
else 

case (state) 
A: 
if (up) 

begin 
state<= B; 
c out<= O; II this is level we ' ll get after next clock 

end 
II this is down counting 

begin 
state <= C; 

c out <= 0; -
end 

if (up) 
begin 

state<= C; 

c out <= 1; 

end 
II try for sync carry (next state is max on up count) 

else 

C: 

end 

II 

if 

this is down 
begin 

state <= A; 
c out <= l; -

end 

{up) 
begin 

state <= A; 
c out<= O; 

end 

counting 

II try for sync carry (next 

else II this is down counting 
begin 
state<= B· 
c out<= O; 
end 

endcase 

state is min, on down count) 

A.11 An instance more appropriate to state form: a bus arbiter 

The case form we ju t aw is tidy - but it is not a form appropriate to a counter. It worked all right for 

a tiny divide-by-three design: three cases two branche for each . It would work very badly for, say, 

an 8-bit up/down counter: 256 ca es, two branches for each. The state-machine form is made to order 

however, for a machine that follows a pattern more complex than that of a counter. Here, we use state 

form to make a "bus arbiter' - a machine intended to let two users (probably two microprocessor ) 

hare one resource (perhaps a memory, perhaps a peripheral). 

Figure A.21 i a block diagram of the thing: two requesters; the box can grant a request from either 

one. 

The circuit is to enforce the sort of rule familiar from nur ery choo1 , a rule for sharing the sandbox 

shovel at rece s: 

1. don ' t keep the shovel if you re not u ing it; 

2. don ' t grab it from your cla mate if she' using it; 

3. take turn . 
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,----~ 
CLOCK------

I I :if : 5hav-ed , , resource 
I ' ""--- --J 

Figure A.21 Block digram of arbiter. 

Flow diagram : Let' draw a flow diagram to say that. How many tates do we need? Certainly we 

need a state in which we give the bu to A, and another tate in which we give it to 8. A subtler point, 

though is the need for two more states, di tinguished by who's next, in ca e of a new simultaneou 

pair of reque ts. 

Figure A.22 is such a preliminary flow diagram showing only the ·tate · given name that roughly 

de cribe the meaning of each state. The two left-hand tates de cribe the waiting condition: no one has 

been given the bus. The GRANT.A or GRANLB notation indicates an output or an action - the granting of 

the bus. 

Transition rules: We can fini ·h the flow diagram by adding notation showing what input conditions 

hould take u, from each state to another. In Fig. A.23 the arrow · are labeled with the input conditions 

that lead to the transitions. A indicates a request from user A, whereas AB mean both are reque ting. 

This i a synchronou clocked circuit of course, so it is the clock that times the advance from any state 

to another. The circuit output i hown in the tate in which it i a serted. 14 

Figure A.22 Preliminary flow diagram: states only, no rules for 
transition . 

Figure A.23 Flow diagram of arbiter. 

A v 
A v 

8 
8 

This diagram makes a choice that wasn ' t required by the problem statement: the . hovel never goes 

directly from user A to user B; there's always a nursery-, chool quiet time (lasting one clock period) 

between the grant . We may ask you to modify the de ·ign in some future exercise, eliminating thi 

quiet time. The change would not be at all difficult to implement. 

14 This ircuit'~ outputs depend on state on ly, not on state and present input. In state-machine jargon, that make thi · a 
''Moore" machine rather than '"Mealy.'' ju, t in case you bump into these terms. 
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A.11.1 Simulation showing arbiter 's behavior 

Figure A.24 how waveform for the arbiter from the Verilog simulation. This may help to make the 

circuit behavior less abstract. 

Xillm,: - IS( .:, Y:'°esktop\PlO_xllinx\TOM\slllle.)Tl1tt:hine1\bus_arbi~~b.u,_arbil!!f.\bus_ar!!J!':.f~ [Sll!)!1!alio!'} 

Yj bu:_ ,~.,, ,v, bus_.,biM 19 

Sirnulec.or 1s doing c1rcu1.t 1.n1t1aJ1tat1on process. 
Fuu.:shed c1rcu1c 1n1~1a11:at1on pcoeess. 
elk: •O., A rq~t •0 ,8 l"'(tSt •O,.state •OQ,tj1vc >.. •O.,G1ve 8 •O 
elk •1 1 A.-rqst a Q,8-rQSt •O.,!!ttate: • 0 0,Gl.ve:-A •O,G1v~-B •O 
elk •O, A-rqst -sQ,8-rqst •O.st.t-~ •OO , G1ve-A -.o,r.1vte-B •O 

elk •O , A-cq.5t. •t,8-rq$c •1,.st.ate •00 , Gi.ve-! •o,1;1v -~t.;·~o--.-.-=------,.-­
cl>-! •l . A-,q~c. •1,8- i;-q.St •1,sc.ate •lO,C1vc-A •1, 
elk •IJ, A-t:qs c. co1,B-rt.1.s.t • 1., st ce •10,t:j1ve-J. •1,G 1ve 8 •O 
elk • l, A-cqsc. • 1, 8-rq~ • l ,~tate • 10, G1ve-,. •1 ,~1ve-B •O 
elk •O, ,.-,q!!:t • 1,B-rqs •l,!St. te •lO,G1ve-A •t , •j1ve-B •O 
elk •o, .A.-rq :i c. •O,B-rqst.. •O,.scate: • l O,lj1ve-.1 •1 1 G1ve:- •O 

elk •1, A.=rq5c •o,a:rq.$ •O,stat.e •0 1.. G1ve=A --o , G1ve:e •O 
elk •O, A rqs •0 ,8 rqsc ""0,~ o.tc •0 1, G1ve A •O,G1ve B =O 
elk • 1, .A-rq!':t. •0 ,8-rq,c •O,~t t.f!! •Ol , G1ve-.l •O,Chv~- B • O 
elk: •O, J.-rqsc •O,B-rq:,t. •O,st te •Ol,G 1ve-A •O,G1ve-8 •O 
..:lk •O, ,..-rq=c. • 1,8-t'(f:lt •l,St te: •Ol,G1ve-A •O,G 1ve-B •O 
cl~ •t, A=cqsc. •1,s:rqt1t .s.t,sc te • 1LG1ve=A •O,C1v~=B :1 
elk •O, >._rqs t. •1,B_rq-st •1.,st.e.te •1 1, G1ve ., •O,G 1ve B -.1 
elk •O, A_rq~c. •1, B_rq3c. •O,s ate • 11.,G i ve=A •O,G1ve=B •1 
elk •1, A cqsc. • l, B rq:sc •O,~t.&.te •OO,G1ve A •O,G1ve 8 •O 
elk •O, A-rqst •l , B-cq-st. •O,st ~e •OO,G1ve-A •O,Gtve- •O 
elk •l, .1.-rqsc. • 1,8-rq.5 •0 ,st.ate • 10, G1.vl!:-A •1, 
elk •O, A-rq~t • L,B-rqs.c •0,Stl!\te • 10 ,GiVl!-A • 1,,; 1ve •O 
elk •O, A-rQ!St •0 , 8-rq"S •l , ~t.ete •10,C1ve-A •1,G1ve-B •O 
elk •l, A- rqsc •0,8-c-q.s c •1,~tatl! -01, G1vc- A. • O,G1ve-B a:a-Q 

el k •O, 1-L"' CJ!Jt •O,B-r:q3t • t, sta e •01, Give-A •O , G1ve- •O 
elk •1 , A-rqsc •O,B-rq !!t. •l,st.ate • 11, t; 1ve-A •O,G1ve-B •l 
elk •O, ,.-rqst •0,B=-rq.st • t, sta e • 11, G1ve-.l •O,G1ve-B st 

... run 280 n; - -

Figure A.24 Bus arbiter simulation . 

Code A.5 (Bus arbiter) 

wlllln B stops 
reqLNtlng. Astll want. It. eo gets Glw-" 

module bus_ arbiter(clk, startup, A_ rqst, B_rqst, state , Give_A, Give_ B); 

input elk; 

input startup; 

input A_ rqst; 

input B_rqst; 

output [1:0] state; 

output Give_ A; 

output Give_ B; 

wire clk,startup,A_rqst,B_ rqst; 

wire Give_A,Give B; II wire for assign 

reg [1:0) state; 

parameter waicA 'bOO, waitB 'bOl, GrantA = 'blO, GrantB = 'bll; 

II give names to states, to make code more readable 

assign Give_ A = (state== GrantA); 

second slmuttarwous 
rwqmsta ... 
procluoe Glv8.JI 

II clumsy way to get my output, after Moore effort failed 

assign Give_ B = (state== GrantB); 

II This is low- budget Moore (does not depend on any input) 

assign A_ only = A_ rqst & - B_ rqst; 
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assign B_only = B_ rqst & - A_rqst; 

assign no_ rqst = -s_rqst & -A_rgst; 

always @(posedge elk , posedge startup) 

if (startup) 

state<= waitA; 

else 
case (state) 

waitA: 

begin 

i f (no_rqst) // hang here till A requests or B without A 

state<= waitA; 

else 
if (A_rq st) 

el s e 

state<= GrantA; 

if (B_only) 

state<= GrantB; 

end 

waitB: 

begin 

if (no_rgst) II hang here till A requests or B without A 

state<= waitB; 

else 

end 
GrantA: 

begin 

if (B_rqst) 

else 

state<= GrantB; 

if (A_only) 

state<= GrantA; 

if (A_rgst) II hang here till A loses interest 

state<= GrantA; 

else 

end 
GrantB: 

begin 

state<= waitB; 

if (B_rqst) II hang here till B loses interest 

state<= GrantB; 

else 

state<= waitA; 

e nd 

endcase 

endmodule 

The bus arbiter itself is not exciting - but we hope you feel the power you have with state-machine 

technique to de ign a great variety of device that might solve a problem quite elegantly. 

A.12 Xilinx ISE offers to lead you by the hand 

When you aren tin the mood to think, you can call up IS E's substantial library of ready-made de ign . 

Many elements are included: gate , flops, multiplexer , counters, tate machines - all in the form of 

"template " showing the code (minus the u. ual head-of-program information). 

Suppose, for example, that you ve forgotten how to design a imple Up/Down counter. You can find 
a standard design template as foJJows from within the ISE: 



A.13 Blocking versus non-blocking assignments 1077 

• from Project Navigator, select Edit> Language Templates. 
• under Verilog, choose Synthesis Constructs. 
• ... expand the Coding Examples. 

In the example below, we have then cho en 

• Counters, 

• Binary 
• Up/Down Counters 

and we then clicked on Simple Counter evoking the listing shown on the right in Fig. A.25. 

i Deviee Mdcro !Mt.!rtl&\On 

• Devite P111t,ttve lt\Stant1atlon 
., , ~ Constructs 
a, } SynU',esi, ConslrV<ts 

Ml11butes 
- , Codn\l b.impies 

- A<~OIS 
- -, Mhmetic 

- Md/Sob 
Addtt 

.- ~. 
~- f,'.J\lj)~ 

• · .., Sublc,act0t 

~Gates 
&-drecuonal 1/0 
(OfllP"'l>IOfS 

- , C~e.s 
- .. &n.,ty 

t,o...,(0<.11'1("1'S 

UpCo.,1te<s 

~ , Ur,/Oowfl Counters 

1' wfCE 
wf CE and buync A(tr;e ttQh Reset 
w/ CE and Async Actm. Low P~t 

,- wf CE 4r.d S·tnc Act,ve Hqh Reset 
wl CE .;oo Sync A< ,ve Low Reset 

- wf Load, CE and .. sync A<trve Hl<f, Peset 
w/ L~, CE and As't"I( A«Ne low Re>et 
wl load, (E arid Sync Active ~ Reset 
wf L<:>ad, (E and Sync Active Low Reset 

, GroyCode 

L "9 (<upper>: 0) <reo_ naine>; 

l!il<ll'l~·"' e (po ,,,ecl(,le <clock>) 
1t (<up_clolin>) 

<reg_name> <• <...-e11_ name> + 1: 
el.,e 

<reo_name :> <a <reo_nan,e> - l; 

Figure A.25 Xili nx ISE includes a library of templates for standard logic blocks. 

We can make this template less abstract by filling in the blanks so as to implement a particular 
design - say, an 8-bit up/down counter: 

Code A.6 (8-it up/ down counter) First the usual header stuff, then 

reg [7:0] count; 
always @{ posedge clock) 

begin 
if (up ) 

count<= count+ l; 

else 

count<= count -1; 

end 

A.13 Blocking versus non-blocking assignments 

Here's a point you should feel free to ignore. This example is for those who are troubled by the odd 
distinction between these two sort of a signment, ' a distinction mentioned back in §A.5. 
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An example can make thi s abstract- eeming difference clear. Let's u e Yerilog to design a 3-bit 

shift-register. 15 Fig. A.26 shows what we intend to build. We will design this twice: once correctly -

and once not, as if we had not dige. ted the difference between blocking and non-blocking assignments. 

Figure A.26 3-bit shift-register: a design we 
intend. 

IN ----1 D.0 Q~i-----1Di Q1 D2. Q21----

Let's do it wrong: blocking version : Blocking as ' ignments are executed in the order they appear 

within a sequential block. It is called blocking because it complete the assignment of left-hand ide 

from right-hand side without pemutting intem1ption by any other Verilog operation. As Cumming 

puts it, "A blocking as ignment 'blocks' trailing assignments in the same always block from occur­

ring until after the current assignment ha been completed. 16 Blocking a 'ignments behave a you 

probably are accu tomed to in computer code: one line executes, then the next. 

Let s design the shift-register with blocking a signments, letting lN generate Q0 on the clock, Qo 
generate Q 1 ••• and so on. Here s the code: 

module shift_reg_blocking( 

i nput elk, 

input in, 

output reg qO, 
output reg ql, 

output reg q2 
) ; 

always@(posedge elk) 

begin 

qO in ; 

ql qO; 
q2 ql; 

end 

endmodule 

Thi code will compile properly. But it won't build what we intended. always@ ( take action upon 

the rising edge of elk. The several assignment all are made in re pon e to a single clock edge. So far, 

so good. 

On a ingle clock then, the IN should ail right through to Q2 : not what we wanted. The. chematic 

in Fig A.27 how what Veri1og built from this code:. It' not a ·hift regi ter at all but a flop with three 

labels as. igned to its single output. 

Let's do it right : non-blocking version : When we use non-blocking a signments, on each clock edge 

the three flop outputs take the old levels that were present at their inputs just before the clock rose. As 

the MIT notes put this," ... all as ignments [are] deferred until all right-hand sides have been evaluated 

(end of the simulation timestep)." 17 

15 This example appears in the notes for MIT's 6.11. Spring 2004. and al o in a paper by Clifford ummings, "Nonblocking 
Assignments in Verilog Synthe i. , Coding Style that Kill ,' 

http://www.sunburst-design.com/papers/Cumm ingsSNUG2000SLNBA. Bha ·ker treats the topic in his §2. J 8. 
16 Cummings, §3 . 
17 MIT notes, p. 7. The use of the word" ·imulation•· in what is a di . cussion not of imulation but of synthesis is odd - and 

remind. us of the di comfiting fact that Verilog was born a · a simulation program. h u e for ynthesis came later. 
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Figure A.27 Schematic of Verilog 's im plementation of blocking 
"3-bit shift-register" design . 

Because each assignment takes in an old pre-clock level, this design does, indeed build a shift­

register, as the Verilog schematic in Fig. A.28 confirms. 

module shift_reg_non..bloeking ( 

input elk, 

input in, 

output reg qO, 

output reg ql, 

output reg q2 

) ; 

always@(posedge elk) 

begin 

qO <= in; 

ql <= qO; 

q2 <= ql; 

end 

endmodule 

LPM_DFF _1.1 

.. 1 

LPM_DFF _1:2 

fd 

0 
qt 

LPM_~ _1:3 

fd o ---
q2 

Figure A.28 Code and schematic of Verilog 's implementation of non-blocking shift register. This 
works. 

The example supports the point which you probably believed anyway, that you should use non­

blocking assignments for equential designs. 



B Using the Xilinx Logic Compiler 

8.1 Xilinx, Verilog, and ABEL: an overview 

A hardware description language (HDL ) have evolved Verilog and VHDL have largely displaced 

the older hardware compiler languages like ABEL. These newer languages, both widely u ed, look 

more like high-level computer programming languages. VHDL may be marginally more powerful, 
but i the harder to learn. 1 We will introduce you to the fundamentals of Verilog. We will not use 

YHDL or ABEL. 

~sum of products" 
--OR of ANO'i;. 
(This is the scheme 
of PAls) 

each variable i5 available 
complemented if needed 

le 

.·~ 1 
I 

----0-

As.'fj 1ooal 
Product 
ihfms 
(lromomer 
m t\c;soce.:;) 

ADJiltonal 
Prodt.cl 
Terms 
( ,om o er 
macroce Is) 

Figure 8.1 Xilinx XL/ XC95xx logic call (macrocell). 

G1ooa1 
$t;Lnc;;~1 

invert ar pass 

clock ccn be 'globor (common to a.fl fraps} 
or specffic fo this one 

--------1 >- ~-1:F } ~~ Sleeks 

~ - 3-!ifate .output 
~ under fogic control 

one can widen the OR','ng beyond 
the capacity of a single macrocell 

Whether the hardware in which your design i to be implemented i a CPLD (the smaller, more 

rigid tructure) or an FPGA (the large and very ver atile structure using look-up tables to map input 
to output), the procedure is fundamentally the same when using the Xilinx tools. 

I lf you happen to be interested in this strange dispute, see 
http://www.cl.cam.ac.uk/u crs/mjcg/Verilog/Cooley-VHDL-Verilog.html . 
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8.1.1 Download Xilinx's ISE code 

Go to the Xilinx web ite, click on Download and take the current ISE (we took the current ISE 

14.7 for Windows, the final version ofISE. Xilinx maintains ISE but is not offe1ing further revi ions, 

preferring Vivado which however, wiJI not compile PLO ).2 Choose webpack, the free download. 

It 's a big file (more than 3GB for our download; the installed size is above 8GB). 

The downloaded files expand and among them you will find one called XSETUP.EXE. Though 

webpack is free it requires a license which is issued once you have registered and which is valid for 

a year. When it expires you can get a new license. I guess Xilinx wants to keep your registration up to 

date. When insta1lation is complete, you will find a Project Navigator icon on the desktop. Click on 

this. 

B.1.2 Verilog process: making a source file 

Define a project : name the project and place it: On the File menu, choose "new", and give your 

project a name. You may want to place your work somewhere other than in the main Xilinx directory, 

the default location. 

Choose a device and language: The next menu will a k you to choose Device Family, Device and 

language ( 'Synthesis Tool"). We will choose one of the 'implest, mallest parts, adequate for holding 

all the logic our lab computer needs: XC9500 CPLDs.3 For the fir t part of this section we 11 as ume 
that it' Verilog that we mean to use. We will use the XC9572XL (a 3.3V part). Note that the simulator 

you want i the ISE not ModelSim; see Fig. B.2. 

Open or start a file: When you are using a template file that we have provided in thi course, you 
will . tep pa t this "new ource" window and instead will "add source" using the next window. But 

let' go through the ·teps we would u e if tarting from scratch. Click on new source; that will bring 

up a window as in Fig. B.3 where you choose "Verilog module" and name it. 

Begin the source file: The compiler lets you tart the new file by entering inputs and outputs (which 

can be one-bit value a here, or multi-bit, as for a counter). The compiler then delivers a template 

file, with some of the fussy work already done. This template is shown at the center of Fig. B.4. 

tJto~e,._,...)M, 
1'*:lrlln)tt(t.--..-.t, 

't~~'#'$1.1,.~ ... ~i,oe\.w,jo, 

w,,.~~,.-~~4-l'\O._......,:ll0"4p,4M,.tflf 

~!Wl~:it~•-wtt<.uWI-Yd11~1Ca,, 

~w.4.-ut\009 

Pl"~A ktf.""'1 
»t(l'{lW\'l('t'_..,~~,ff 

·­.... 

flo.t..,-.:l..-~ •"-" 
"~;;w.k1ttq11t\Pf~·.. !IM, ...... -
t\M'llt#( c-oleOfd.f r-

Figure B.2 Name a 
project, choose device 
and compiler. 

The template file takes care of most of the boring stuff, including these details: 

2 lf you want to use ABEL, as we do not you must choose not the current version of the compiler (called ISE) but version 
10. 1, which includes the obsolescent compiler, ABEL. 

3 The malle t of the e, the XC9536 hold 36 flip-flop aod about 800 gate .. 
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Figure B.3 Name the new Verilog module . 

assrgnrng signal names .... 

lru, I los 
I I I I I I II I/ f I I I I II I/ I II// I// ! I I /I I II II II I J 

3 I I Con:ips_ny: 

II tnq l nee e: 
II 

6 II Cree.t.e t>at.e: 13: 48:'45 01/26/2011 
II Design Name : 
/I Module Nen,e: and_or 

9 I I Project. Nt\ft'le ; 
10 II Te.coet Device:,: 
11 II Tool versions: 
12 // De:,cn.pt.1on: 
13 II 
l .11 I I D~pendenciei,: 
1s II 
U // Revision : 
17 // Revision 0.01 - rue Creo.ted 
16 // Addit1ona1 Cot1rnents: 
19 II 
20 I//// I/// I/// I I/ I/ I I I I I// I I/ I II I I II// I/ It 
2 1 module ftnct_oc ( 
22 inp\.lt ti, 

23 1nput b, 
Zoll output out_a1'd, 
25 output. out_or 
26 l; 
2? 
28 
29 c:ndmodu.le 
10 

. (empty) template file , 
automatically generated ... 

lms I lP~ 
//I/ I I// I I////// I//// I/ I// I I// I/// I I I I I I I I I 

3 II Company: 
/ I tn1;J"tn~er : 
II 
II Cceate Dau~: 13 : .\6 : 115 Ol/26/2011 
JI Dc319n NlmlC: 
II Kodule N~ : e.J:Ld_or; 
/ I ProJect. No.tne: 

10 I J Tar9et Device:i, ; 
t l 11 Tool ve't"~non•: 
12: // De~ccipc ion: 
13 II 
11 // Depeodcnc1c3: 
1s II 
16 // Rev1:no:n : 
17 // Rev1:,ion 0.01 - rue C.rctu.ed 
18 // J.ckht.ional Co,m,ent.s : 
19 II 
20 I! I I I I I I I I I I I I/ I I I I I/ I I I I I I I I I I I I/ I I I I I I I I I 
21. module and or ( 
l2 input ;, 
23 i nput. b* 
2. 4 o ut.put. out._aud, 
?S out.put out. oc 
26 I; -

28 u=si9n out and • 6 , b : 
29 e.,:uon ou.t..:oc • a I b: 
30 
31 eodmOdUlc 

... design equations 
added to template file 

Figure B.4 List inputs and outputs; ISE will produce a template file; you then enter your design . 

• lists aJl signal used as input and outputs; 

• specifies whether each is input or output· 

• classifies by type: "wire' (the default) or "reg" (the les common type that holds a value once 

given) 

We then write the design - as on the right in Fig. B.4 adding it to the template. 

Synthesize the file (compile it) : Once we have written and saved the source file, we choo e ''Synthe­

size" under "Implement. .. ' among the Sources. We don't need a full' Implement" at this tage, and 

won't until it is time to program a part. Synthesi may take a minute or two, even for a very simple 

file. When a stage of synthesis or implementation has been completed, a check on a green button will 
indicate completion see Fig. B.5. 

Look at schematics of the result if you like: There 's not much reason to look at schematics usually 

- but it' fun: makes you believe the compiler has actually accomplished something. And ometimes 

a glance at the schematic can show that the compi ler ha not understood your intention. In the present 
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Figure 8.5 Implement the design - or start 
with synthesis only, which is quicker . 

Figure 8.6 Schematics: block, the RTL, finally 
"technology schematic," showing how it will be 
implemented . 

case, where we're asking for AND and OR there's not much room for confusion; the schematic can 

hardly hold urprise . 

Two forms of schematic display: RTL versus technology schematic: The schematic is offered in 

two forms: 

• RTL form (regi ter transfer leve] - strange HDL jargon), a generic de ign, independent of the 

particular part that you are using· or 

• technology schematic, a diagram that show how the circuit will be constructed in the particular 

IC that you are u ing. 

The, e alternative chematic are hown below in Fig. B.6. In the pre ent case, the RTL i the simpler 

of the two. Sometimes the technology version is the more intelligible.4 

4 Occa. ionally, we have found the RTL schematic to be qui te wrong: in a counter de. ign it implemented an adder rather than 
counter in re pon e to the line COUNT <= COUNT + 1. The technology chemati has not hown thi error. 
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,....," ~ ... w.v., .... ~ ... -.i--
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Figure 8.7 For simple circuits let the schematic 
view show the entire circuit . 

.... -·-,.. ·-~ 

___ .. ___ _ 

~ A 
and_or 

In Fig. B.6 you can see the schematics for the AND- OR logic look as expected. When the circuit 

is complex, a full schematic may not be helpful. Instead, you may want to see just a piece of the 

schematic, not to be overwhelmed. This option is illustrated next. 

You can choose to see a partial schematic: The schematic viewer gives you a hoice of what to 

diagram. This choice is visible the first time you ask for a schematic, and can be evoked later if you 

click on Edit/Preferences/RTLffechnology Viewers. 

Full view: good for simple circuits: The simpler and handier cheme is to see the full design by 

default. This you will get if you choose the option ' tart with a schematic of the top-level block," 

as in Fig. B.7. Clicking on the "black box" will how the details of the de ign, as in Fig. B.6. A 

more complicated de ign may include further sub-layers, which can be exposed by clicking on each 

succeeding layer. 

Partial view: good for complex circuits: ff you want to ee just part of your design drawn, then 

choo e the other option in the viewer: select 'start with explorer wizard," as in Fig. B.8. We have 

asked to see 'top level ports" in the figure. 

Figure B.8 Schematic viewer allows you to 
select signals you want to see diagrammed . 

\' ..,........,.,u,orurt .. lf;l'fll!IOllrll':,,,\- ,.. .. .,..,.,.~ i. """- '-t..-" ·w ........ ,. ... ,.,....,,,w,_.,,. •• ...,.._...,,..,. __ 
"--~ C.-'1;7& ~·~~~;..,"W"°'_..s~~~~"r.'=-::-:-:::;:;;........,_..flN~ .... ,,,. ....... ,, 

"'· r,.,...~ 

...and then select the signals you want ) 

Clicking on "Create Schematic" brings up a black-box chematic (the box on the left in Fig. B.9), 

much Like the one in Fig. B.7. But this one lets us select which signal to diagram. One can select 

an input signal, and diagram all that it drives (a so-called "output cone"). Or (more often useful ) one 

can select an output signal and ask to ' add input cone,' as we have done in the right-hand image of 

Fig. B.9 (where we show the OR but not the AND function). 

Figure B.9 Schematic view can show less 
than the entire design . 

out,·· 

.,.. ··~ •<·•• ··~" 4 "::;:s,,c.i• .... 

or?. 

out_or_1mp_ou1_or1 
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A more complex design for illustrating a reason to see less than full schematic: The AND OR design 

hardly motivate one to ee less than the full schematic. Fig. B.10 is a more persuasive example: the 

"glue PAL" that you can u e to link the large element of the lab computer (if you build the "big 

board" version later in thi course). The full schematic is intelligible but too much to see all at once. 

II 
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I 
Figure B.10 Full schematic may show too 
much . 

Figure B. J 1 shows how nice and clear a single function in thi design can look if we ask to have 

only this ingle function drawn for u 
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Figure B.11 Schematic of a 

small part of a design may be 
easier to understand. 

One can te t the behavior of a de. ign by writing another Verilog file called a testbench.5 Thi, file 

allows you to apply input stimuli to the design and see what output results. The simulator will produce 

a waveform plot and can additionally if you like, how inputs and outputs in tabular form. 

5 Strictly, it ~hould be called. in Verilog jargon. "'Test Fixture;" ''testbench'' is a VHDL term, but widely used for both 
language . 
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Process: add new source ( " . .. _tb .v" ); ISE makes a template file: We can u e Project/New Source/Verilog 

Te. t Fixture to get ISE to make an empty template file for us, with most of the fussy work already 

done. 

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 
module and_or_tb; 

+ 

II Inputs 

reg a; 

reg b; 

II Outputs 

wire out_ and; 

wire out_or; 

II Instantiate the Unit Under Test (UUT) 

and_or uut ( 

.a(a) , 

.b(b)' 

.out_and(out_and), 

.out_ or(out_or) 

) ; 

initial II next line prints results in table form 

II (we'll also get a waveform simulation, by default) 

$monitor("(a, b) = %b,%b, out and= %b , out or= %b", a, b, out_and , out_or); 

initial begin 

II I n itialize Inputs 

a = O; 

b = O; 

II Wait 100 ns for global reset to finish 

#100; 

II Add stimulus here 

e nd 

endmodule 

This template file does the work of as ociating this testbench with it design file: 

II Instantiate the Unit Under Test (UUT) 

and_or uut( 

and "instantiates the necessary signals - the inputs and outputs: 

.a( a), 

.b(b) J 

.out_and(out_ and), 

. out_or(out_or) 

ISE's template also remember what we might forget: that a simulation file requires that the inputs 

be of type REG, so as hold their values till overwritten with a new value, while the circuit outputs are 

of type WIRE. 

Complete the testbench file . .. : In this testbench you specify input Jevels and when they are to 

change (the "#10," below means for example, "do this IO time units after executing the preceding 



B.1 Xilinx, Verilog, and ABEL: an overview 1087 

line") .6 Below we have inserted the four possible input combinations for the AND- OR logic ' two 

inputs, a and b . 

module and_or_tb; 

II Inputs 

reg a; 

reg b; 

II Outputs 

wire out_and; 

wire out_or; 

II Instantiate the Unit Under Test (UUT) 

and_or uut ( 

) ; 

.a(a), 

.b(b)' 

.out_and(out_and), 

.out_ or(out_or) 

initial II next line prints results in tabl e form 

II (we'll also get a waveform simulation, by default) 

$monitor("(a, bl = %b,%b, out_and = %b, out_or "' %b", a, b, out_and, out_or) ; 

initial begin 

end 

endmodule 

II Initialize Inputs 

a= O; 

b = O; 

II Wait 100 ns for global reset to finish 

#100; 

II Add stimulus here 

#10 b = l; II the "#10" defines delay relative to preceding line 

#10 b = 0. 

a = l; 
#10 b = l ; 
#10 a = 0· 

b = O; 

ISE's simulator produces a waveform result automatically. We have added a '$monitor. .. ' line to 

this testbench in order to get a textual output as well. Sometimes this may be clearer than a waveform 

display, though the present case is so simple that a tabular output surely is not necessary . 

. . . and simulate: Simulating this file soon gets us results like those shown in Fig. B.13's bottom right 

window: input and output waveforms. But the process that gets you this result is a bit convoluted. 

B.1.4 Simulation procedure 

Once you have a testbench defined and added to the project, you can run it. To do this, check the 

'Simulation" button rather than "Implementation ' at top left of the screen shown in Fig. B.12. 
Then click on "Simulate Behavioral Model." ISIM will open (at a leisurely pace) - and will show 

horizontal lines where you hoped to see waveforms (see top right of Fig. B.13). But don ' t lose heart. 

You can get ISIM to show you the waveforms (which by default it withholds, weirdly enough) by 

clicking on "Run All" under the Simulation menu. Finally click on the lifesaver-like icon, and you 

should see the waveforms. 

If you have et up a text display in your testbench you will see a tabular output along with the 

6 You can define " time units" how you like; in thi fil e, a unit is defined (in a l ine at the very top of the fi le, not reproduced 
here) as a nanosecond. 
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Figure B.12 Simulation process: first select 
"Si mulation" rather than "Implementation" . 
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Figure B.13 Steps in 
simulation process . 
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default waveform di play. Sometimes the re ult of a simulation is easier to ee in it tabular form . It 

may be, for example, in the case the AND- OR shown in Fig. B.14. But that is a matter of ta te. 

Figure B.14 Result of simulation, using textual test bench. 
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Self-checking testbench: For a complex design it may be worthwhile to write a self-checking test­

bench that include expected results and compares the e against actual results. Such testbenches are 

painful to write. One is described in Appendix A 

Verilog trouble: in case of weird errors, try cleanup: Occasionally, compilation errors corrupt files 

and the compiler than give puzzling error messages such a. "could not link simulation." If that occurs, 

try cleaning up project file : elect the Project menu, then Cleanup Project Files. 
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C. l A topic we have dodged till now 

Becau e, in our labs, we have not encountered the high frequencie that call for con ideration of 

transmission line behaviors, you might leave this course unaware of this way of looking at impedance 

questions. You will need this way when you encounter frequencies significantly higher tban the highest 

we have een in this cour e. We have een signal of only a few MHz, with perhaps a single exception: 

the fast parasitic oscillation of the discrete follower of Lab 9L. That frequency did come close to 

1 OOMHz for ome of you. You clocked your microcontroller at 11 MHz or 24.SMHz (the SiLabs 

version) but you were not obliged to do any handling of thj s clock. 

C.1.1 The impedance rules we have applied so far, when A drives B 

The most common case: voltage source at modest frequencies On the very first day of the cour e 

we began to drum away at a theme concerning the recurrent case in which circuit fragment A drives 

another fragment, B. We have aid, over and over, that we like to make ure that A s Zout i low relative 

to B' Z in· And we elevated to the tatu of a rule of thumb the notion that this relation should be a 
ratio of 10 to 1: 

l 
2 A< -(Z. B) OUL - lQ JO _ • 
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Thi design rule remains valuable. Don ' t worry: we are not about to tell you that tran mis ion line 

rules make this rule obsolete. 

A less common case: current source at modest frequencies Now and then we have met signals that 
are currents rather than voltages. A current source, like the photodiode of Lab 6L (drawn in Fig. C. I 
with a smaller R) , has taste opposite to tho e of a voltage source. 

Figure C.1 Current source as signal calls for low R in· 

photo_Q 

(no emitte.r 
cormel. +ioh) 

1Meg 

The photodiode in Fig. C. l likes to drive a load whose Rin is low, and its favorite load is (of all 
thing !) a short circuit. The op-amp current-to-voltage converter of Fig. C. l ( ometimes called by 
the fancy name "transimpedance amplifier") comes close to providing this ideal Rin· At this virtual 

ground Rin is very low; the golden rules would put it at zero. 1 (We doubt that you need to be reminded 
that Rin for this circuit is not lM! ) 

C.2 A new case: transmission line 

We have worked with coaxial cables throughout thi cour. e (we often call these BNC cables referring 
to their connectors). They usually have worked for us quite transparently. Occasionally - if you found 

yourself using not a function generator but a circuit with a sub ·tantial R source to drive a cable - you may 
have become aware of the cable 's substantial capacitance (about 30pF per foot). That ' a complicated 
as things have got so far. 

But the behavior of the familiar coax cable becomes unfamiliar when we pu h on to frequencies 
higher than what we have been using in this course, while driving fairly long cables. (The effect is not 
limited to cables, but these are easiest to discuss because of their standardized characteristics). 

Specifically, we get new results in cases that can be described in terms using either frequency or 
time. We can describe in two ways the cases where we mu t treat a ignal path as a transmission line: I AoE §H.2 

~-------' 

1. frequency: when the line length2 is, to quote AoE, "a significant fraction ... of the wavelength of 
the highest frequency"; 

2. time: when "the round-trip propagation time is a significant fraction of the signal risetimes." 

C.2.1 Considering frequency ( of sinusoids) 

Lets try applying the first of these criteria - the one that peaks of frequenc , - to the signals we have 
met in thi . course. Let us see whether we can confirm that our experience makes sense: we noticed no 
transmis ion line effect . 

I You're more ophisticated than that though. You recall that the actual R io = Rreedback/ A , where A is the open-loop gain. So, 
at a frequency where A was I Ok, for example, R in wou Id be IM/ I Ok = I 00.Q. 

2 Strictly. as AoE say , it is the "electrical length" that matters: electrical length takes into account the lowing of ignal 
propagation in the cable dielectric. - and ee §C.2.1 . 
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At what cable length should we begin to worry about tran mission-line effects?3 We are applying 

a rule of thumb that says we'll worry if cable length - the "electrical length," taking account of cable 

dielectric - is about 1/10 of the wavelength of the applied inusoid. 

Frequency Wavelength, A, )., physical length Xmssn-hne threshold length 
(meters) (meters coax) (meters· cable== ;t / 10) 

IM 300 200 20 

3 100 66 6.6 

10 30 20 2 

30 10 6.6 0.66 

100 3 2 0.2 

The ' physical length" of one wavelength in the cable, at a given frequency is less than in free space 
because the signal travels more lowly in the dielectric. So, difficultie appear at horter cable lengths 

than one might expect. 
But the table makes clear how we managed to steer clear of transmis ion-line effect in this course: 

we u ed function generator · most of which top out at 3MHz. And on the rare day when we set the 

generator to 3MHz we did not run sinusoids down a 7-meter cable. 

C.2.2 Considering risetime 

So much for sinusoids (except for one more glance in §C.5). But steep digital waveforms can raise 

transmis ion-line problem. , even when the repetition rate of the waveform is low. The signals we 

met in our cour e did ometimes show the potentially troublesome combination of fast edges with 

fairly long lines. We did not worry about these effects because the result of these reflections was only 
to make our logic ignaJ somewhat ugly, but not so ugly as to produce purious crossings of logic 

thresholds . We admire digital circuitry for it ability to ignore a good deal of ugliness. 

We did not drive long coaxial cables with logic signal , but we did drive as much a 12 inches of 

printed-circuit trace on the big-board computer, with its PC buses. Reflections did occur there, but 

caused no mischief becau e the signal were not very demanding. We ent only signals uch as data 

and address, which had plenty of time to settle after a transition. You may recall that we did not send 

any clock signal down these bus lines. 

We will look at such bused waveform in §C.4.3. But first, let's note some rule of thumb that can 

relate edge rates (or ' risetimes ) to signal path lengths, so a to learn when we ought to worry about 

transmis ion-line issue . 

Relating risetime to path length 

The cause of trouble It's easie t to ee what causes trouble by describing what sort of reflection, 

do not cause trouble: those from short lines that return to the driving end while the driver is still in 

transition. The reflection may distort the edge somewhat, but typically is harmless. So where risetime 

is well over the round-tiip signal propagation time, we can jgnore transmission line effects.4 

Rule of thumb that tell one when to worry can be formulated in several way . Here is a very direct 

rule for estimating line length where transmission line effects should begin. The rule de cribes the 

length of a printed circuit trace whose reflection would arrive ju tat the completion of the transmitting 
edge. 

Begin treating a line a transrnission line at length ... 

3 The table as umes ignal speed i 2/3 the peed of light. about right for cable with solid polyethylene dielectric. 
-1 See http://www.ultracad.com/mentor/transmi sion%201ine%20critical%201ength.pdf. 



1092 Transmission Lines 

three inches xt,. (in nanoseconds)5 

This rule i based on the argument that such a length allows a reflection to return during the transition 

time. A risetime of l ns, for example allow time for about 6 inches of travel. (Wave velocity on FR4 

printed circuit i assumed to be about one half the free pace velocity which i approximately one foot 

per nano econd.) A round-trip on a three-inch length of PC trace should take 1 ns. Hence the rule. A 

risetime of 3.5n (close to 74HC driver edge rates6) would put the transmi sion line "critical length" 

around 10 inches. 

A less direct rule of thumb translate risetime to the highest frequency present in the wavefom1: 

Bandwidth (that is max sine frequency)~ 0.35/t,. where t,. i ri etime 

So, for example, at,. of 3.Sns translates to lOOMHz. The table of §C.2.1 ugge ts, then, that for the 
3.Sns edge, tran. mission line effects would begin at around 0.2m, or about 8 inches for coaxial cable 

or 6 inche for a PC trace. This rule i more conservative than the simpler ri etime rule, "three inche 

xt,.," which put the boundary at about ten inches. But the critical-length values from the two rules are 

not far apart. 

C.3 

C.3.1 

Reflections 

Pulses rather than sinusoids 

The behaviors of pulses on transmission lines are easier to understand than the behavior of sinusoid , 

so let start with the e. We 11 reach sinusoids later (§C.5). When everything is done right, as we'll ee 

in §C.4. 1, nothing remarkable happens when a pulse travels down even a long cable. The interesting 
- and troublesome - behaviors, called reflections" result from improper termination. You may have 

een equivalent effects demon trated for waves on a taut rope.7 We'll begin with the extreme of 

wrong terminations of a long cable to which we'll apply a pul e. 

C.3.2 Improper termination 1: end open 

If the end of the tran mission line is left open, which in electrical terms is equivalent to driving a 

load whose impedance L much larger than the transmis ion line's impedance, a pulse is reflected at 

the end. The pul e i of the same polarity as the incident pulse (thus reaching double the level of 

the input pulse), and travels back to the input. 8 Here is an example. In Fig. C.2, the pulse i narrow 

enough o that the returning pulse arrives well after the extinction of the initial pul e. The two pul e 

at the driving end - the original and the reflection - lie about 32n apart. This i about what we would 

predict for a 3m cable.9 

5 Rule proposed for FR4 prinLed circuit. http ://www.ultracad.com/mentor/transmi sion%20line~ 20criLical%201ength.pdf. A 
nice informal explanation appear at http://www.ultracad.com/articles/criticallength.pdf 

6 See Philips user's guide: http://www.nxp.com/documents/u er_manual!HCLUSER_GUIDE.pdf, indicating 4n ri . etime 
for bu. driver IC's, 6ns for ordinary 74HC. More recent HC part may show faster edge ·. 

7 A good animation and film clip of pul e : 
http://www.animation .physics.un w.edu.au/jw/wavc _ uperposition _reflection.htm#reflections. Less good i Wikipedia·. 
treatment: http ://en.wikipedia.org/wiki/Pul e_%28phy ics%29. 

8 Thi "reflecLing" behavior. like Lhat or the ca e of slwrred end. re ult from conservation of energy. For the open end. 
current is zero, for the shorted end vollage is zero. The indu ed reflection di . sipatc energy in the line and driving source 
impedance. See http ://www.ti . om/lit/an/ nla027b/ nla027b.pdf. 

9 The round-trip length is 6m or 20 feet. Wave velociLy in thi coax i 0.66 what it i · in free air, o about 0.66 feet/ns, and 
round-trip time therefore is about 30n . 
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Figure C.2 Reflected pulse appears non-inverted one round-trip 
propagation time after the incident pulse when end is open (3m cable) . 
(Scope settings: 2V / div; 20ns/ div .) 

\140 . 0ns A Ch I J l20mV 

Figure C.3 Reflection from shorted end comes back 
inverted (3m cable) . (Scope settings: 500mV / div ; 
40ns/ div .) 

C.3.3 Improper termination 2: end shorted 

At the other extreme of mismatch, the far end is shorted rather than open. In thi case the pulse is 

reflected, but returns inverted. Fig. C.3 show the effect for a pulse ent down a 3 meter cable. 

Step input , end shorted A curious variation on thi circuit can be used to generate a nanow pulse 
from a step input. A fir t thought if one consider what the tran mit end would look like with the far 

end shorted, might be "You II get nothing if R out i 50.Q, since we're looking at a divider between 50.Q 

and O.Q.' That's almost conect: you do get nothing in the steady state. But it takes some time for the 
transmit end to discover that the end is shorted. Meanwhile, the voltage looks like the driving voltage 

(or more exactly, like Vsource/2, since Rout forms a divider with the cable's characteristic impedance 
of 50.Q). Only when the reflected wave returns does the voltage drop to zero. The pulse width equals 

the round-trip delay time. In Fig. C.4 the pulse begins to fall perhap 30-40ns after the ri se to full 

ampUtude. The calculated round-trip time is about that as we argued in §C.3.2. 

I 
.1 

i!11J iOii rn\ \I 40 Om A. Ch I J 310m\' 

step, no load 

I 
-~ 

Jr,f-10 On'l A, Ch I J 320mJ 

step, far end shorted 

Figure C.4 Step input into shorted 
cable produces a narrow pulse (3 .Sm 
cable) . (Scope settings: 500mV / div; 
40ns/ div .) 
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C.4 But why do we care about reflections? 

One can make a plausible argument that these reflections may be harmless. Send a pulse down a long 

coaxial cable from a logic gate (low output impedance) to another logic gate (high input impedance). 

What happens? 

This case, with a logic gate rather than function generator driving the cable, differs from the" ... end 

open" case of §C.3.2 in that the signal source is not matched to the cable a the function generator 

was (50-ohm output impedance is built into the generator, as in your lab instruments). That 50Q 

ource impedance swallowed the reflected waveform, so only one reflection occurred. The low output 

impedance of the logic gate should instead, produce a new reflection (and inver ion), which travels 

anew, and will get reflected. In short, it looks as if things will get complicated and messy. 

Indeed they do. Fig. C.5 hows the waveform into an unterminated 6-foot coax driven by a collec­

tion of 7HCT logic gates, paralleled, for extra current). 10 Ugly! 

Figure C.5 74HCT logic driving 6-foot coaxial 
cable, unterminated . (Scope settings: 2V /div; 
40ns/div.) 
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far end 
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Not only is the waveform ugly, but the 8V peak at the far end of the cable could damage a 5V logic 

gate. The oscillations look, at first glance like resonances that we have seen produced by stray L and 

C. You may have een such junk if you forgot to attach a scope probe s ground lead for example. But 

the oscillations are not that. Instead, they result from reflections that bounce off the far end, then off the 

transmitting end, and so on, banging back and forth. When the pulse reflects from the low-impedance 

at the transmitting end, it i inverted, and that would account for the negative-going excursion at the 

far end, a swing that does occur about one round-trip time (30ns) after the initial po itive pulse reaches 

that far end. The very best evidence that thi ugliness results from reflections is the fact that proper 

termination cleans things up (see §C.4.3, Fig. C.7). 

C.4.1 Remedies: termination 

The reflection effect.:; described in §C.3.2 and §C.3.3 are intriguing. But they are, of course, undesir­

able - except for the short-pulse generator of Fig. C.4, which could be useful. For fa t signal , proper 

termination will clean up signals that otherwise might be di torted by reflections. 

C.4.2 Classic remedy: terminate the line in matched resistance 

If we 'terminate" the cable - that is, join ignal line to ground or another voltage source through a 

resistor - with a resistance equaJ to the characteristic impedance of the cable, then the cable appear 

to continue forever. The wave or pul e never hits a discontinuity. If we terminate the 3.Sm coaxial 

10 We used all eight gates of a 74HCT541 , for nominal current of about 50mA, enough to drive a 500 termination to legal 
logic High . 

I AoE §H.5 
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f 
~ · t •\>,V • ·- ~ ...... -'--l ......... __ _ 
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I 
:iJlll 2. 00 V 

end open 

j AoE §H.5 

.._, l fl on~ A ( h1 r 60"nw S.iJ1 {CiOV '\ 110.0rl\ A (hi f 600mV 

cable terminated in 50 ohms 

Figure C.6 Open-ended versus terminated 
cable (10 feet) : termination eliminates the 
reflection . (Scope settings: 2V /div; 
20ns/div.) 

cable that produced a double pulse back in Fig. C.2, no returning puJse occurs. In Fig. C.6 we show 
the two cases, unterminated and terminated . 

The same remedy - a 500 resistor between the signal line and ground at the far end of the cable -
cleans up the pulse sent by the logic gates of Fig. C.5. 

u 

It. 

transmit end 

far end 

r ,...._ .. 
,v-1 

I 

I 

t 
T 
+ ... 
1 

i 
l 
t 

Figure C.7 50Q termination cleans up 74HC-to-coax 
drive. (Scope settings: 2V /div; 40ns/div.) 

This termination does clean things up - but it call for a lot of current from the signal source: as 
much as 1 OOmA, if the termination goe to ground and is driven to 5V. 11 

C.4.3 Series termination: include a driving resistor matched to the line's 
characteristic impedance 

A less perfect but more practical protection is simply to install a series resistor on the transmitting 
end, matched to the cable's characteristic impedance. This is so standard on function generators that 
you may not even think of this as a 'remedy." But that series resistance driving the cable help a lot. 

It does not prevent reflections from the far end (as we have seen in §C.3.2), but it does prevent 
a second reflection at the driving end, and prevents the later rebounds from both ends. It swallows 
up any reflected wave, preventing the bang-bang nonsense visible in Fig. C.5. It also attenuates the 

driving signal o that the level that reaches the far end of the line i full-size, not double size. 

For logic gates, thi simple scheme i preferable to the classic termination at the far end, which 

Figure C.8 Series termination at the transmit end will 
swallow up reflections . 

11 The current would be less by half if we used a termination divider to one-half of the supply voltage, making its 

RThevenin = SOQ. Thi i a bit more trouble to wire. DC current could be eliminated if the termination were AC-coupled, 
u ing a blocking capacitor. 
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Figure C.9 47Q series R at driving end of 
6-foot coax cleans '541 logic drive pretty well . 
(Scope settings: 2V /div; 40ns/div.) 
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would call for large quie cent currents. Fig. C.9 shows the cleanup provided by in ertion of a 47Q 

resistor at the output of the '541 logic driver as it drives a 6-foot cable. 

Driving PC board traces rather than coaxial cable For the similar case of driving printed circuit 

traces, inserting a serie re istance at the driving end again helps a lot. Fig. C.10 hows the im­

provement where logic gates drive a l 0-inch bus trace. The left-hand figure shows direct drive; the 

right-hand screen shows the cleanup provided by driving through IOOQ. The driver i 74HCT54l. 12 
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I 

\/ \ 
. ( \ ~ - ! 

····~J ······,;·~ 
'/' v - . . l' 

V;~ 

~ 
\ 

·\_,__. 
, ... ' 

I 
! Figure C.10 Matched drive 

impedance cleans up 10-inch printed 
circuit drive. (Scope settings: 

' . l 
--------- Ch2 · 2.·oo"v ·-M 20.ons A· Ch2 f - 2. 00 v --~ 2.ooV M2()~ons Ac°h2F~ 
lllll 2.00 V Ch3 2.00 V 

drive direct from 8--paralleled '541 gales dnve lhrough 100 ohms 

2V / div; 20ns/ div.) 

Use an inherently-terminated logic family LVDS, the differential digital logic you met back in Chap­

ter 14N, solves the reflection problem elegantly. At first glance the fast transition of LVDS might 

seem troublesome - as low a about 0.25n .13 But a glance at the typical LVDS wiring in Fig. C. 11 

may reassure you . 14 

The characteri tic impedance of the printed circuit trace is around 1 OOQ, and yes, that resistor at 

the receiver sure looks like a terminating resistor matched to the line' impedance. Indeed it is, and 

it i not an afterthought. The lOOQ i not just desirable a termination: it is also required in order to 

generate the signal at the receiver. The transmitter's current . ourced thrnugh one wire sunk through 

the other, generate the difference ignal of 350m V. 

12 The drive is again the et of eight gates paralleled for high current capability u ed for the oaxial cable conventionally 
terminated in Fig. C.7. 

13 http://www.ti .com/Jit/an/sllaO 14a/slla0 l 4a.pdf 
14 Compare NationalffJ LVDS U er' Guide: http://www.ti .com/lit/ml/snlal87/snla l87.pdf. Fig. 1-1. 
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Figure C.11 LVDS transmitter and 
receiver wiring. 

LVDS scope image Figure C.12 hows differential ignals, small but pretty clean as they arrive at 

the far end of a I 0-inch printed circuit trace. 

... 

.. 
tilE 5. 00V M 100ns 

Ch3 soomv c 11-1 soomv 

Figure C.12 LVDS inherently-terminated signal line 
produces pretty clean signals on lOin PC trace . (Scope 
settings: SV / div (input), 500mV / div (diff signals) ; 
lOOns/ div .) 

C.5 Transmission line effects for sinusoidal signals 

Where the , ignal applied to a transmi ion line is inusoidal rather than a pulse, the effects are even 

farther out of the range of what we saw in lab. We did apply digital signal with fast edges but never 

applied high frequency sinusoid . If we had, we would have found results surprisingly different from 

what we aw at lower frequencie . 

C.5.1 Familiar: low-pass behavior 

At lowish frequencie , a coaxial cable behaves like a low-valued capacitor to ground. If we use our 

function generators whose Rout i son to drive a long cable - ay, the 3.5m cable we used in most of 

the pulse tests above - we usually see no attenuation. This is what we are accustomed to in lab. 

But we would anticipate that at ome high frequency we would begin to see a low-pass effect 

from the RC of son driving the cable' · 30pF/foot of stray capacitance. If we calculate thi effect for 

3.5m of RG58 coax, we get an !idB of ~9MHz. This relatively high frequency explain why we have 

not noticed any such effect in our labs: our function generators do not run that high - or if they do, 

we've not u ed them at such a frequency. And we certainly never drove IO feet or so of coax at high 

frequencie . 

C.5 .2 Novel : transmission line effects 

lf we try driving this 3.5m coax with a sinusoid, pushing the frequency beyond what have tried in lab, 

we get a new behavior that results from tran mission line effects. Specifically, as frequency climb 
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approaching one where the cable length is 1/4 wavelength, amplitude at the transmitting end falls -

looking superficially hke the behavior of a low-pass. Amplitude goes right down to zero when the 
cable length is exactly a quarter wavelength. This occurs at about L6MHz. And if frequency climbs 

further amplitude begins to rise, going all the way to full amplitude when cable length i 1/2 wave­

length (32MHz). This behavior i brand new. What's going on? Reflections from the unterminated 

end of the cable are causing this result. 

Figure C.13 shows a manually swept frequency that begin ' at l MHz and moves up to about 
I lOMHz. The scope is watching the transmitting end of the unterminated cable. The "nulls" are ob­

vious, the first at about l 6MHz. 

Figure C.13 Manually swept frequency shows several nulls 
where reflected waveform cancels the driving waveform. 
(Scope settings: 5V /div, 2s/ div.) 

16MHZ 

tiIIJ 1.00 V ti, 1111\' L M2.00s A 

I IOMHI 

I , J 

When the cable length i 1/4 wavelength, the reflected waveform arrives back at the transmit end 

at a time when the driving signal has reached 1/2 its period. The reflected wave is then an inverted 
version of the driving signal. The two cancel. When the round-trip time i a full wavelength there is 

no interference, and again (at 32MHz) we see full amplitude. 

Let' · try the numbers to ee if the nulls of Fig. C.] 3 make sense. Round-trip time for the 3 .5 m cable 

- about 11.5 feet - i the time to travel 23 feet. In the cable, where signal velocity is about 2/3 wave 

velocity in free space, 23 feet takes about 23 x 1.5ns ~35ns. A null should appear when this time is a 

half period, making the full period around 70ns. That period corresponds to a null frequency of I /70ns 

= 0.015gHz= 15MHz: about what we ob. erved in Fig. C.13. Seem to make sense. 
Since the cause of the problem is the same as the cau e of the pulse reflections that we saw earlier, 

the remedies are the same as well: matching impedances of source and load to the cable. 

C.5.3 Partial impedance mismatch 

We have looked at only the extreme mismatch cases: far end open and far end shorted. Less extreme 

mismatches produce as you might gues , partial reflections. These are al o undesirable. We will not 
illustrate them here. 
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D.1 What we don't intend to tell you 
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We don't believe we can tell you how to use a scope by writing a lot of word . You'll learn by trying 

it - and, if you're lucky, by having someone with experience look over your shoulder as you try. But 

there are a few points that may be worth writing out and trying to illustrate. 

D.2 What we'd like to tell you 

D.2.1 Triggering: 

Triggering is the hard element in cope u e. Triggering is jargon for the scope's mechanism for syn­

chronizing its succe ive sweeps from left to right acros. the screen. This yncbronization is necessary 

in order make the image coherent rather than a muddled overlaying of trace . On successive sweep , 

the trace had better redraw the waveform in the ame left-right position as the previous sweep. Tf it 
doesn't, the traces seem to wander horizontally, a. in Fig. D. l. The visual effect is thoroughly annoy­
ing. 

Bod triggering: digital scope. .. ... analog scope 

Figure 0.1 Bad triggering produces 
muddled overlaying of images on scope 
screen . 

Choose the appropriate signal to trigger on (reject all the duds) - starting with the most general 
issues . .. : 
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Don’t start by adjusting LEVEL Novices often start by twiddling the trigger LEVEL knob hoping 
to see the waveform stabilize. That is the wrong way to begin. Figs. D.2 and D.3 illustrate 
this for analog and digital scopes, respectively.

Figure D.2 Don’t start by 
fussing with the LEVEL knob. 
First, set SOURCE appropriately.

in vain will you twiddle LEVEL...

...because SOURCE is set wrong
(it's looking to the external ("EXT") INPUT 
for a trigger signal, and nothing is 
driving that input)

...so, tinkering with the trigger LEVEL is rot likely 
to solve this triggering problem
(unless Chi and Ch2 signals are synchronized, 
as they could be if one causes the other).

Probably we'll need to change the triggering
to Channel 2

Figure D.3 LEVEL won’t solve this problem either (digital scope version).

instead, start with the most general issue: INT/LINE/EXT Before fine-tuning can work (as by 
adjustment of LEVEL) you must tell the scope which sort of signal to trigger on. The most 
general selections are those labeled “INT/LINE/EXT” on our scopes.
• INT means “internal,” and refers (despite the strange name) to the scope’s INPUT chan­

nels. Nearly always this is the correct choice
• LINE triggers the scope on the power supply of the scope. This is good for stabilizing 

any waveform synchronized with the 60Hz “line” voltage (the supply that comes out of a 
wall socket).1 If you see low-frequency noise or wobble, and wonder if it’s caused by the 
60Hz noise that pervades indoor settings, LINE trigger usually answers that question: if 
LINE stabilizes the wobble, then, yes, the wobble is caused by power-supply noise. 
LINE, then, can be useful - but not often.

• EXT means “EXTERNAL,” and takes its signal from a separate BNC input somewhere 
on the scope.2 This is useful when the usual trigger source - one of the input channels 
(INT) - is marred by noise that can upset triggering.

.. then choose the particular internal trigger source: You will nearly always trigger on an input 
channel rather than LINE or EXT. You will need to choose which channel - and there is a trap lurking, 
here.

1 St)j|/in Europe.
Usually on the Ironl of older analog scopes; in Teklronix TDS3OI4 digital scopes, the connector is on the back.
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Figure D.4 EXTERNAL trigger is useful when an input signal is muddled 
by noise.

Beware the evil “VERTICAL MODE”: The analog scope shows two choices: Ch 1 and Ch 2. Be­
tween them - tempting the wishy-washy liberal - is a compromise: VERT MODE (“vertical,” what­
ever that might mean).

Figure D.5 The evil VERTICAL 
mode tempts the unwary.

equivalent to analog scope's
VERTICAL MOPE-
and equally perilous

(Notice sine and square do not align: 
in fact, square wave's edge aligns with 
peak and trough of sine)

Figure D.6 VERTICAL 
mode (called
“alternating... ” on the 
digital scope) falsifies 
relative timing among 
channels.

This mode triggers on the two channels independently - and as a result loses the relative phase or 
timing between the two channels.

This mode is named differently on our digital scopes (TDS2014), and you would have to hunt
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through menus to find it- so it is very unlikely to lead you astray. The TDS2014 call this triggering 

mode "Alternating" - not to be confused with the display mode of analog scopes that is called' ALT" !3 

But if you use this mode, with analog or digital scope, you will get a display that falsely displays 

relative timing of the input channel . Fig. D.6 for example, shows the function generator' MAIN 

output and SYNC output, fal ely displayed by thi mode, on the digital scope: 

We know that the timjng display in Fig. D.6 is false because the MAIN output (a sinusoid here) and 

the TRIG_SYNC output (a square wave) are locked in phase by the design of the function generator 

the TRIG edges coinciding with peak and trough of the MAIN output. That relation is not shown here. 

The scope is misrepre enting the relative timing of the two signal . 

Why, you ask, do scope designers provide this nasty trap? As you would expect, there is indeed 

a case for which VERT mode i useful. That is the very rare situation when signal on the several 

channels are not synchronized. In this ca e, VERT does give a stable display for all channels at the 

expense of lo ing information concerning relative timing. We have to be mart enough to remember 
that relative timing is lost, or VERT mode wil l mislead us. In the entire set of labs that we do in this 

course, you are unlikely to want this mode even once. 

"AUTO" versus "NORM": Once you have told the scope which signal to use as trigger, you till face 

a choice labeled "AUTO" versus "NORM.' AUTO di plays traces whether or not you have set the 

trigger LEVEL properly; NORM does not: it show you nothing if you have not fed the scope a good 

trigger signal. Since a dark screen - or frozen screen, in the case of a digital scope, which holds the 

last image it caught - is even worse than a muddled one, we advise you to think of NORM as short 

for ABNORMAL. We use it only in exceptional cases. 

Figure 0.7 hows the contrasting results of AUTO and TRIG choices for a case where the LEVEL 

has been set too high (above the highest level of the Ch 2 waveform chosen as trigger source; the arrow 

shows this t1igger level, in both left- and right-hand images). The left-hand image, using AUTO, shows 

a tuttering display; the NORM display show us nothing. U ually we prefer something to nothing. 
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Figure 0. 7 AUTO and NORMAL trigger results when LEVEL is mistakenly set higher than the input 
waveform . 

The case for NORM: NORM become u eful (rather than ju t frustrating) when we want to display 

a waveform who e trigger event is infrequent. AUTO gets impatient and sweeps when it decides 

3 You probably recall lhe contrasl between ALT and CHOP di play modes for an analog scope: ALT draws one trace for a 

full sweep (say, Ch I), then draws another trace ( ay, Ch 2). HOP. in contra ·l, jumps the beam rapidly back and forth 
between the two channels on a ingle creen sweep. 
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enough time has passed; NORM waits patiently for the next occurrence of the trigger event. You will 

recognize the cases that call for NORM when you meet them. But expect these to be exceptional. 

D.2.2 Aliasing on a digital scope 

Digital cope are pretty nearly irresistible, but they are vulnerable to one misbehavior that is quite 

baffling to someone who has not seen it before (and sometimes puzzling to someone who has seen it 
before, a we can attest). This is the effect called "aliasing," the generation of a false image when the 

scope does not sample the input waveform often enough. 
The topic of ampling, and the artifact it can introduce, is treated at some length in Chapters l 8N 

and l 8S . If you are reading this appendix early in the course, it is too early to work at a full under­

standing of sampling effect . We will settle here for showing you an example, and then adding a few 

words on why the aliasing looks a it does. lf you return to this appendix after reading Chapter 18N 

we hope the point sketched here will look familiar. 

Aliasing occurs when we violate the standard ampling rule (often referred to as Nyqui t' · or Shan­

non' sampling theorem). This rule says that one needs somewhat more than two sample per period 

of an input to get enough information about that signal. ff one sample less often, one doesn't just 

miss ome data. One gets disinformation: a pseudo signal called an "alias.' 

For example a sinusoid at 5kHz should be ampled at more than lOkHz. Sampling creates a lowest 

frequency artifact at ,/;amp1e-.fm.4 So a 5kHz signal sampled at 7.SkHz would create an artifact at 
2.SKHz. In the example illustrated by Fig. D.8 we will ee a similar effect. 

Aliasing can produce a strange low-frequency image on a digital scope: To demonstrate this 

hazard, we fed a sinewave of ju t under SkHz to a digital scope5 that was weeping rather slowly 

(200m /division). Fig. D.8 i what the scope showed u . 

lh l l rt'Q 
10 2• l lf 

, I( c ~1 U lt!I ,\,(,•~ IF.I 1•> 

scope show~ tOHz fo, an inpµt of 
about 5kHz[{4.990kHz) 

. , · ·=; 
( changing acquisition from dsample" to "peak" makes 

alias disappear--confirming that the tOkHz is f;shy 

Figure 0.8 A digital 
oscilloscope can show an 
unexpected low-frequency 
when sweeping too slowly 
to resolve the input signal. 

Ten hertz, when we fed th ~cope about SkHz (SkHz les I OHz: 4,990Hz - a detail that turns out to 

be important)?6 Is the scope crazy? 

No, jt's not crazy it's ju t stuck with being a sampling machine. This scope collects I 0,000 data 

points a it fills a creen. So when sweeping slowly at 200ms/division, a trip aero . the scope. creen 

takes 2 econds. So the lOk data point mu t have been picked up(, ampled) at SkHz. This is much too 

low a rate to get an honest image of a signal coming in at close to SkHz. The result i the spurious L OHz 

4 More generally. sampling produces " images'' at n x ! ~ample ± Jin· But u ually it is only the image of lowe. t frequency that 
concerns u . 

5 A Tektronix TDS 014. 
6 The nearness of fin to f~ample is what produces the striking low-frequency sinusoid in Fig. 0 .8, rather than just a puzzling 

messy display. But other input frequencies would have similar effect . An input close to any multiple of 5kHz evoke the 
same 011 of strangeness. 
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signal that the scope show us. (This alias occurs at the frequency !~ample - fin= 5kHz - 4.990k.Hz = 
JO Hz.) 

The right-hand scope image in Fig. D .8 shows what happens when (confronted by the weirdness 
of a l OHz output) we change cope acqujsition from " ample" (the u ual setting) to ' peak , which 

catches highe t and lowest levels, acquiring amples at a high rate de pite the , low sweep rate. 

We don 't want to scare you with this example of aliasing. You won't see thls often and it i n't really 
likely to fool you (you're not likely to believe that 5kHz look. like lOHz, de pite what the scope 

says). But it 's useful to have heard about the pos ibility of alia ing. When your digital scope suddenly 

talk, nonsen e - especially if it's surpri sing low-frequency nonsen e - we hope you'll remember this 

possible cause. 



Part, generic 

LAMP 
# 47 

#344 
Inductors 
lOmH 
lOOuH 

ferrite bead 

Transformer 
6.3 v, C.T. 

heat sink 
T0-92 
Switches 
slide 

snap action 

pushbuttons 
spst 

spdt 

DIP: 
4-position 

8-position 

E Parts List 

The parts u ed in the labs that this book de cribes are 1i ted below. It's a chore to order them all s 

we intend to have orneone "kit" the parts for us, in separate analog and digital collections. To fin 

such kit plea e vi it www.learningtheartofelectronics. om. 

If you're unable to locate some part (and some on thi list are bound to become hard to find), tr 

the excellent parts search tool OCTOPART (octopart.corn). 

Description Detail Mfgr Part No., exact Q) Particular Price Price 
u 

(pkg, etc.) .... Distributor's (1) (25) :i 
0 Part No. US$ US$ Cl) 

lamp T3-1 / 4 Visual Communic- 47 0 CM47-NO 1 0.65 
ations Company 

lamp T3-l / 4 JKL Components 344 M 344 1 0.85 

Q = 150 radial Murata 13R106C 0 811-2058-NO 0.59 0.58 
radial Panasonic ELC-120101E M 67-ELC- 1.28 0.83 

120101E 
length 4.3mm, cylinder Ke met B-20F-46 0 399-10820-NO 0.25 0.18 
inside diameter 
1.5mm, lOOMHz 
test frequency 

1.2A Stancer P-6134 N 16P8886 16 15 

slip-on T0-92 A avid 575200BOOOOOG M 532-575200800 0.68 0.63 

SPOT 0.1" E-switch EG1218 0 EG1903-NO 0.58 0.55 
centers 

SPOT 0.2" C&K ZMAOOA150L04PC 0 CKN10157-NO 0.73 0.69 
centers 

square , flush 0.2" Asp em MJTP1212 0 679-2424-NO 0.36 0.35 
mount centers 
square 0.1'' TE KS12-R22CQO D CKN1595-NO 

centers 

SPST 0.1" TE 1825057-3 0 450-1364-NO 0.81 0.67 
centers 

SPST o.r· Alco ADE0404 N 68K9398 0.81 0.75 
centers 

Sources: A= Avnet Express, Arizona; ADl = Analog Devices Inc .; D= Digikey; J = Jameco; M= Mouser; N= Newark; 
PA is Proto Advantage (Ontario): PA/ 0 means that Oigikey carries the part ; Q= Quest Components Inc., (California) ; 
R= Rochester Electronics (MA) ; S= Sparkfun ; TTl = TTI Inc., (Texas) . 



Part, generic Description Detail Mfgr Part No., exact Q) Particular Price Price! u 
(pkg, etc.) ,._ 

Distributor's (I) (25) = 0 Part No. US$ US$ ti) 

Potentiometers 
trim pot cermet, one turn 1/ 2W lk Bourns 3352T-1-102LF D 3352T-102LF- 1.53 1.22 

ND 
lOk 3352T-1-103LF D 3352T-1-103LF- 1.53 1.22 

ND 
lOOk 3352T-l-104LF D 3352T-l-104LF- 1.53 1.22 

ND 
lM 3352T-l- 105LF D 3352T-1-105LF- 1.53 1.22 

ND 

motor-driven rotary pot 4- 6V, lOOk Alps RK16812MG099 M 688- 9.61 8.58 
audio taper RK16812MG099 
83 

slider pot lOV, audio lOk Top-up Industry "lOOmm .. s COM-10734 19.95 18.9~ 
taper 15A 

Microphone 
electret , 0.1 ' PUI Audio AOM-6738P-R D 668-1296-ND 1.65 1.18 
omi-direct. centers 

DIODES 
silicon, 

ordinary 
1N914 silicon diode 0.3A 00-35 Fairchild 1N914BTR D 1N914BCT-ND 0.1 0.06 

fast recovery 
1N4004 silicon diode, lA D0-41 Diodes, Inc. 1N4004-T D 1N4004DICT- 0.13 0.11 

ND 
zener 

1N5232 zener, 5.6V 1/ 2W Vishay 1N5232B-TR D 1N5232BVSCT- 0.19 0.15 
ND 

Schottky 
1N5817 Schottky, 1 A . Diodes, Inc. 1N5817T D 1N5817DICT- 0.44 0.25 

ND 

1N5711 Schottky, 15mA, STM 1N5711 N 89K1806 0.86 0.5 
low capacitance. 

LED 
HLMP-4700 Red , low current 5mm Avago HLMP-4700-(0002 D 516-2483-1-ND 0.6 0.4 
C566C-AFS- Yellow, bright 5mm Cree C566C-AFS- D C566C-AFS- 0.18 0.17 
CUOW0252 CUOW0252 CUOW0252CT-

ND 
HLMP-3950 Green , high 5mm Ava go HLMP-3950 D 516-1347- ND 0.6 0.4 

efficiency 
LNG995PFBW blue, wide angle 5mm Panasonic LNG995PFBW D P468- ND 2.1 1.7 
LTL-30EHJ red / green , 3- lead 5mm Lite-On LTL-30EHJ D 160-1057-ND 0.5 0.4 

TSTS7100 IR LED,9850nm , T0-18 Vishay TSTS7100 D TSTS7100- ND 3.45 2.42 
10° angle 

TIL311 LED hex display DIP, 14-pin Tl TIL311 J TIL311 19.9~ 19.9 
with decoder 

Sources: A= Avnet Express, Arizona; ADl= Analog Devices Inc.; D= Digikey; J= Jameco; M= Mouser; N= Newark; 
PA is Proto Advantage (Ontario) : PA/ D means that Digikey carries the part; Q= Quest Components Inc., (California) ; 
R= Rochester Electronics (MA) ; S= Sparkfun; TTl= TTI Inc., (Texas) . 
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Part, generic Description Detail Mfgr Part No., exact Q) Particular 
u 

(pkg. etc.) ... Distributor's ~ 
0 Part No. l/l 

TRANSISTORS 
BIPOLAR 

2N3904 NPN , small-signal T0-92 Fairchild 2N3904TFR D 2N3904D26ZCT-
ND 

2N3906 PNP, small-signal T0-92 Fairchild 2N3906TFR D 2N3906D26ZCT-
ND 

MJE3055T power NPN (lOA), T0220 ON MJE3055TG N 45J1504 
min beta 20 ©4A 

MJE2955T power PNP (lOA), T0220 Fairchild MJE2955TTU D MJE2955TTUFS-
min beta 20 ©4A ND 

Array 
CA3096 bipolar array, 3 16 DIP lntersil CA3096CM96 R CA3096CM96 

NPN , 2 PNP 
HFA3096 bipolar array, 3 16-SOIC lntersil HFA3096BZ D HFA3096BZ-ND 

NPN, 2 PNP 
SOIC-16 to DIP 16 DIP Proto PA0005 PC PA0005 
adapter Advantage* 

Optical 
BPVll phototra nsistor, visible, Vishay BPVll N 32C9138 

visible light 5mm 
QSD124 phototransistor, IR IR, 5mm Fairchild QSD124 D QSD124- ND 

MOSFET 
BUK9509 power MOSFET, T0220 NXP BU K9509-40B, 127 D 568-5727-5-ND 

n-ch, logic-level 
Vgs 

IRLZ34 power MOSFET, T0220 IR IRLZ34NPBF N 63J7705 
n-ch, logic-level 
Vgs 

2N7000 NMOS T092 Fairchild 2N7000TA N 31Y5851 
BS250P PMOS T092 Diodes.Inc BS250P D BS250P-ND 

DG403 analog switch 16 DIP Maxim DG403CJ+ D DG403CJ+-ND 
Array 

CD4007 MOSFET array, 3 14 DIP Tl CD4007UBE N 4(7958 
N-ch, 3 P-ch 

JFET 
2N5485 JFET T0-92 Central 2N5485 M 610-2N5485 
1N5294 JFET, current 00-35 Solid State 1N5294 N 79T5011 

source, 0.75 mA 

Sources: A= Avnet Express, Arizona; ADl= Analog Devices Inc.; D= Digikey; J= Jameco; M= Mouser; N= Newark; 
PA is Proto Advantage (Ontario) : PA/ D means that Digikey carries the part; Q= Quest Components Inc., (Cal ifornia); 
R= Rochester Electronics (MA); S= Sparkfun ; TTl= TTI Inc., (Texas) . 
* Proto will procure, assemble & solder the IC to their carrier. 
We like Proto for its ability to procure SMT parts and then solder these to their carriers . 

Price Price 
(1) (25) 
US$ US$ 

0.21 0.18 

0.21 0.18 

0.97 0.75 

0.64 0.5 

0.88 0.81 

6.38 5.43 

5.09 5.09 

0.68 0.64 

0.51 0.33 

1.6 1.28 

1.75 1.1 

0.12 0.12 

8.43 7.47 

0.48 0.37 

1.19 0.98 
min . 4.43 
or-
der 
25 



ND 

op-amp, JFET input, 8 DIP Tl LF411CP N 60K6163 
3M Hz 
op-amp, bipolar, 8 DIP Tl LM741CN N 97K3586 
1,5MHz 
op-amp, dual, single 8 DIP Tl LM358P D 296-1395-5-ND 
supply 
op-amp, rail to rail, in 8 DIP Tl LMC64821N / NOPB D LMC64821N / 
& out, CMOS (16V NOPB-ND 
max v+ to V-) 
op-amp, single supply, 8 DIP Tl LMC662CN/NOPB N 41K2696 
rail out. CMOS 

comparator 8 DIP Tl LM311PE4 M 595-LM311PE4 
comparator, single 8 DIP Tl TLC372CP N 36K3644 
supply 

voltage reg, T0220 Tl LM317HVT / NOPB D LM317HVT/ 
adjustable, l.5A NO PB-ND 
voltage reference T0-92 Tl LM385LPR-2-5 D 296-31451-1-ND 
voltage reg, T0-92 Fairchild LM78L05ACZ D LM78L05ACZFS-
3-term,lOOmA ND 
switching regulator, 8 DIP Linear LT1073CN8# PBF D LT1073CN8# 
buck/boost PBF-ND 

timer / oscillator, 8 DIP Tl TLC555CP D 296-1857-5-ND 
CMOS 

"half size" metal can 8 DIP ECS ECS-22008-110.5 D XC268-ND 
"half size" metal can 8 DIP CTS MX045HS-3C- D CTX743-ND 

8MOOOO 

0.2" centers 2-pin , ECS ECS-110.5-S-4X D X1064-ND 
welded 

switched-capacitor 8 DIP Mx MAX294CPA D MAX294CPA+-
8-pole elliptic low-pass ND 
filter 

power amplifier 8 DIP Tl LM386N-1 / NOPB D LM386N-
(single-supply; will 1/ NOPB-ND 
drive 8-ohm speaker) 
switching amplifier 10 TSOP Tl LM4667MM/ NOPB D LM4667MM / 

NOPBCT-ND 
MSOP-10 to DIP 10 DIP Proto PA0027 PC PA0027 
adapter Advantage* 

met Express, Arizona ; ADl = Analog Devices Inc.; D= Digikey; J= Jameco; M = Mouser; N= Newark; 
!vantage (Ontario) : PA/ D means that Digikey carries the part; Q= Quest Components Inc. , (California) ; 
:lectronics (MA) ; S= Sparkfun; TTl= TTI Inc. , (Texas) . 
:>cure, assemble & solder the IC to their carrier. 
for its ability to procure SMT parts and then solder these to their carriers . 

1.69 1.35 

0.73 0.58 

0.49 0.33 

1.78 1.4 

1.69 1.32 

0.61 0.47 
1.14 0.9 

2.42 1.93 

0.66 0.51 
0.43 0.25 

5.53 3.67 

0.85 0.68 

3.68 3.15 
2.07 1.98 

0.81 0.69 

5.66 5.44 

0.98 0.79 

1.2 0.96 

10.99 10.9 
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Part, generic Description Detail Mfgr Part No., exact Cl) Particular Price Price 
u 

(pkg, etc.) .... Distributor's (1) (25) :::, 
0 Part No. US$ US$ V) 

DIGITAL 
TTL (LS) 

74LSOO quad NANO 14 DIP Tl SN74LSOON N 60K6847 1.18 0.94 
74LS503t 8-bit successive- 16 DIP Fairchild DM74LS503N R call call 

approximation 
register 

CMOS (HC) 
74HCOO quad NANO 14 DIP Tl SN74HCOON D 296-1563-5-ND 0.52 0.35 
74HC02 quad NOR 14 DIP Tl SN74HC02N N 67K1077 0.49 0.33 
74HC04 hex inverter 14 DIP Tl SN74HC04N D 296-1566-5-ND 0.56 0.43 
74HC74 dual D flop 14 DIP Tl SN74HC74N D 296-1602-5-N D 0.52 0.35 
74HC86 quad XOR 14 DIP Tl SN74HC86N D 296-837 5-5-N D 0.42 0.33 
74HC125 quad 3-state buffer 14 DIP Tl SN74HC125N D 296-1572-5-ND 0.45 0.35 
74HC175 quad D register 16 DIP Tl SN74HC175N D 296-8257-5-ND 0.52 0.4 
Counters 
CMOS: 74HC 
74HC160 4-bit BCD counter , 16 DIP (to NXP 7 4HC160N ,652 M 771-74HC160N 1.65 1.32 

jam clear be discon-
tinued) 
16TSSOP NXP 74HC160PW,118 D 568-8860-1-ND 0.62 0.48 

TSSOP 16 to DIP 16 DIP Proto PA0034 PD PA0034 4.19 4.19 
adapter Advantage* 

74HC161 4-bit binary 16 DIP STM M74HC161BlR D 497-1787-5-ND 0.96 0.76 
counter, jam clear 

74HC163 4-bit binary 16 DIP Tl CD74HC163E D 296-33033-5-N D 0.88 0.7 
counter, sync clear 

74HC390 dual ripple decade 16 DIP STM M74HC390BlR D 497-7370-5-ND 1.07 0.85 
counter 

74HC393 dual ripple binary 16 DIP Tl SN74HC393N N 60K6838 0.48 0.37 
counter 

74HC4040 12-bit ripple 16 DIP Tl SN74HC4040N D 296-832 4-5-ND 0.71 0.54 
counter 

PLL 
74HC4046 phase-locked loop 16 DIP Tl CD74HC4046AE D 296-9208-5-N D 0.66 0.53 
CMOS: 
74HCT 
74HCT14 hex Schmitt Trigger 14 DIP Tl SN74HCT14N D 296-8394-5-ND 0.59 0.45 

inverter 
74HCT125 quad 3-state buffer 14 DIP Tl SN74HCT125N D 296-8386-5-N D 0.42 0.33 
74HCT139 dual 2-to-4 decoder 16 DIP Tl SN74HCT139N D 296-8390-5-N D 0.63 0.51 
74HCT541 octal 3-state buffer 20 DIP Tl SN74HCT541N D 296-1619-5-ND 0.68 0.52 
74HCT573 octal transparent 20 DIP Tl SN74HCT573N D 296-1621-5-ND 0.61 0.49 

latch, 3-state 
74HCT574 octal D register, 20 DIP Tl SN74HCT574N D 296-1623-5-ND 0.76 0.61 

3-state 

Sources: A= Avnet Express, Arizona ; ADl= Analog Devices Inc. ; D= Digikey; J= Jameco; M= Mouser; N= Newark; 
PA is Proto Advantage (Ontario) : PA/ D means that Digikey carries the part; Q= Quest Components Inc., (California); 
R= Rochester Electronics (MA) ; S= Sparkfun; TTl= TTI Inc., (Texas) . 
* Proto will procure , assemble &. solder the IC to their carrier. 
We like Proto for its ability to procure SMT parts and then solder these to their carriers. 
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Part, generic Description Detail Mfgr Part No., exact Q) Particular 
u 

(pkg, etc.) ... Distributor's ::, 
0 Part No. (/) 

PAL 
XC9572XL 44 TQFP-to-DIP 44 TQFP Xilinx XC9572XL-10VQG44C D 122-1448-ND 

adapter PA0093* PD PA0093 

Processor/ controller, 50MHz 32 LQFP Silicon Labs C8051F410-GQ D 336-1318-ND 
Controller 
C8051F410 32 DIP Proto PA0091 PD PA0091 

Advantage* 
controller, 33MHz 40 DIP Maxim/ Dallas DS89C430-MNG R DS89C430-MNG 

DS89C430 or DS89C430- MNG+ D 0589(430-
0589(450 MNG-t-ND 

0589(430-MNL R DS89C430-MNL 
DS89C430-MNL+ D DS89C430-

MNL+ 
or DS89C450: 
0589(450-MNL+ D DS89C450-

MNL+ -ND 
RAM 32K x 8 SRAM , 28 DIP, Cypress CY62256NLL-70PXC N 48W3332 

low-power, 55ns. 0.6" (wide) 
Wide pkg: better 
for affixing label 

CY62256N LL- Any equivalent is 
70PXC OK 
Converters 

OAC DAC. 8-bit, single 16 DIP Analog Devices AD558JN D AD558JN-ND 
supply, volt out 

AD558JN multiplying DA(. 16 DIP Analog Devices DAC08CP D DAC08CP-ND 
parallel in, current 
out 

DAC08 multiplying OAC, 16 DIP Analog Devices AD7524JN D AD7524JN-ND 
parall el in, current 
out 

AD7524JN dual DAC, 8-bit , 20 SOIC Analog Devices DAC8229FSZ ADI DAC8229FSZ-
multiplying, volt ND 
out 

DAC8229 20 DIP Proto PA0008 PD PAOOOB 
Advantage* 

dual DA( , parallel 16 TSSOP Maxim MAX5102BEUE+ D MAX5102BEUE-
in, volt out ND 

MAX5102 16 DIP Proto PA0034 PD PA0034 
Advantage* 

AOC ADC, DAC, 24 DIP Ana log Devices AD7569JNZ M 584-AD7569JNZ 
AD7569 microprocessor-

compatible 

Sources: A= Avnet Express, Arizona ; ADl = Analog Devices Inc.; D= Digikey; J= Jameco; M= Mouser; N= Newark; 
PA is Proto Advantage (Ontario) : PA/ D means that Digikey carries the part ; Q= Quest Components Inc., (California) ; 
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Part, generic Description Detail Mfgr Part No., exact QJ Particular Price Price u 
(pkg, etc.) .. Distributor's Part (1) (25) ::, 

0 No. US$ US$ VI 

Hexadecimal 
display 
TIL311 hexadecimal 16 DIP Tl TIL311 J TIL311 19.95 17.95 

display with 
decoder & latch 

Miscellaneous MCP41100 
Peripherals 

digital 8 DIP Microchip MCP41100-1/ P D MCP41100-1/ P- 1.61 1.11 
potentiometer, ND 
SPI, lOOk 

23K256-1/ P SPI RAM , 32K 8 DIP Microchip 23K256-1/P D 23K256-I / P-ND 1.34 1.08 
MXD1210 battery-backup 8 DIP Maxim MXD1210CPA+ D MXD1210CPA+- 9.08 6.29 

RAM power ND 
supply controller 
IR receiver 3-pin, side Vishay TSOP31240 D TSOP31240-ND 1.45 0.98 
module view 

5103310-1 header, 10-pin 5X2 TE Connectivity 5103310-1 D A33179-ND 1.25 1.19 
CEM-1205C 5V buzzer 0.3" pin CUI CEM-1205C D 102-1124-ND 2.51 2.08 

spacing 
PAL 72-cell PLO, 44-PLCC Xilinx XC9572XL-10PCG44C N 98K3382 8.91 8.91 
XC9572XL 3.3V 
Custom Parts 
LCD card 32-bit LCD .t. 

+ 
display; 
USB{=> UART 
and U58{=>5ilabs 
C2 translator 

SAR (for functional 24 DIP t 
ADC lab, 05) equivalent to 

74LS502, which 
now is obsolete 
and hard to find 

Price PricE 
(1) (100 
US$ US$ 

Capacitors 
ceramic, lOpF 0.2" AVX CK05BX100K M 581-CK05B100K 0.2 0.18 
CK05 68pF 

lOOpF 
470pF 
O.OluF axial, 630V Cornell-Dubilier 150103K630BB N 9383223 0.62 0.57 

polyester O.luF axial, 50V Cornell-Du bi lier WMF05P1K-F TTI WMF05P1K-F n.a. 1.14 
(mylar) 

0.223uF axial, 400V Cornell-Dubilier 150224J400FE N 9181397 1.4 1.4 

luF axial, 35V Ke met T322B105K035AT D 399-11374-1- ND 1.67 0.97 
7200 

tantalum 4.7uF axial , 20V Vishay 173D475X9020VE3 N 06X1297 1.1 0.85 
15uF axial , 20V Vishay 173D156X9020XE3 N 06X1292 1.94 1.56 
lOOuF axial, 20V Ke met T322F107K020AT A T322F107K020AT 9.53 6.47 

OS-Con / lOOuF, low series axial, 16V Panasonic 667-16SEPC100MW M 16SEPC100MW 0.82 0.35 
conductive resistance 
polymer 

Sources: A= Avnet Express, Arizona ; ADl = Analog Devices Inc.; D= Digikey; J= Jameco; M= Mouser; N= Newark; 
PA is Proto Advantage (Ontario) : PA/ D means that Digikey carries the part; Q= Quest Components Inc., (California) ; 



carbon 
composition , 
1/ 4W 

power 
resistor, 
wire-wound 

1, 10, 47 , 100, 
150, 220, 240, 
270, 330, 390, 
470, 560, 620, 
680, 750, 820 
lk, l.5k , 2.0k, 
2.2k, 2.7k , 3.3k, 
4.7k, 5.6k, 6.2k, 
6.8k, 7.5k, 8.2k, 
lOk, 12k, 15k, 
20k, 22k, 33k, 
47k, 56k , 68k, 
82k, lOOk, 120k, 
150k, 220k, 
330k, 470k. 560k 
lM, 3.3M , 4.7M , 
lOM 

lOQ, 25W axial TE-connectivity 1625971-5 D Al02130-ND 

Sources: A= Avnet Express, Arizona ; ADl= Analog Devices Inc.; D= Digikey; J= Jameco: M = Mouser; N= Newark; 
PA is Proto Advantage (Ontario) : PA / D means that Digikey carries the part ; Q= Quest Components Inc., (California); 
R= Rochester Electronics (MA) ; S= Sparkfun ; TTI= TTI Inc., (Texas) . 
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G "Where Do I Go to Buy Electronic 
Goodies?" 

Good question! Here are some hints , from our experiences. 

I. Mail order and online 

Digi-Key Corp (Thief River Falls, MN: 1- 800-digikey). We used to say' Get their catalog!!' - but, 

adly, they've abandoned paper, replacing it with an impressive search capability. You can get every­

thing here, even in small quantitie , with fast delivery. It's often worth designing with their webpage 

open in front of you. Online ordering and stock/price checking: www.digikey.com. 

Mouser Electronics (www.mouser.com). Broad stocking di tributor, with ervice comparable to Digi­

Key's, and willingness to ship small quantities. Good selection of preci ion passives; and they are still 
printing a comprehensive paper catalog. 

Newark Electronics + Farnell (l- 800- 2- newark- www.newark.com). Broadest stocking di tributor 
with service comparable to Digi-Key' and good selection of tools; paper catalog still in print. 

"Stocking Distributors". These are the standard distribution channel for quantity buying; names like 

Allied ( till publishing a paper catalog), Arrow, Avnet, FAI, Heilind, In ight, Pioneer, Wyle. Substan­

tial minimum quantities - not generally useful for prototyping or small production. 

Manufacturers' Direct . Many semiconductor manufacturer (Analog Device , TI Maxim ... ) will 

not only send free sample with the slightest provocation, they will also ell in mall quantities via 

credit card; check out Mini-Circuits for RF components and Coilcraft for inductors transformer , 
and RF filter . 

Oddballs. Marlin P Jone , Jameco B&D Herbach & Rademan, Omnitron, ABRA, All Electronics; 
ephemeral collection of "surplus" stuff, some real bargains. 

eBay (www.ebay.com). If you haven't been here, you've probably just arrived from Mars. LOTS of 

stuff, literally million of items an online auction. You can get plenty of electronic stuff, but CAVEAT 
BIGTIME EMPTOR. Feedback Forum helps. 

Alibaba Small Pacific-rim companje, that have tocks of obsolete components are easily found on 

Alibaba. You can place a quote reque t for a part number and you ll get dozens of useful reasonably­
priced uppliers. 
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11. Indexes and Locators 

Octopart, FindChips, NetComponents (octopart.com, findchips.com, netcomponents.com). Give it 
a part number and it earches dozens of distributors, returning (sometimes unreliable) information on 

availability and pricing. 

WhoMakeslt (www.whomakesit.com). A bit like the EEM catalog, helpful if you know the category 

of stuff you want, but not the manufacturer, etc. 

Google (www.google.com). Our standard portal, ' reads your mjnd and vectors you to the goodstuff. 

Helpful , omet1me , in finding part and equipment manufacturers and vendors. 

111. Local 

Sometimes it's nice to shop in person; here are the sort of places to go. 

Radio Shack (www.radio hack.com). They call themselves ' America' , Electronic Supermarket"; 

wed call them "America's Electronic Convenience Store." Their store are everywhere, and they 

stock (pretty reliably) an idiosyncratic collection of parts and supplies, of uncertain quality or dura­

tion . However, in the changing marketplace of consumer electronics, their future path is unclear. 

Electronics Flea Markets . Also known as "swap meets," perhaps somewhat in decline; two legendary 

meet are on oppo ite coasts: De Anza College (Cupertino, every second Saturday, March- October), 
and MIT (Cambridge, every third Sunday, April-October). What meets are three cultures (electronics, 

computers, hams); haggling i mandatory ; caveat very emptor. 

Electronics Surplus Supply Stores. These are incredibly cool! Several well-known haunts are Halted 

(www.halted.com; officially "HSC Electronics Supply") in Santa Clara, Sacramento, and Santa Rosa; 

and Murphy' Surplu Warehou e (www.murphyjunk.bizland.com) in El Cajon. 

IV. Miscellaneous 

Obsolete I Cs. Your best place to start is Rochester Electronic (www.rocelec.com), a wonde1fol place 
that apparently buys up inventories of IC being di continued. Jameco also has a lot of obsolete parts. 

Freetradezone has broker lists for obsolete parts. Also try Interfet (www.interfet.com), a manufacturer 

of small- ignal FETs including ones that the big guys have abandoned. 

PC Board Manufacture. We like a place called Advanced Circuits, www.4pcb.com; you can get 

online quotes , and they do a good job and deliver pronto. Another inexpen ive and fast PC house is 

Alberta Printed Circuits in Canada (www.apcircuits.com). 



H Programs Available on Website 

Here i a list of programs posted on the book' web ite. (Others may be added from time to time.) 
We have not posted the very sh01t programs of the early big-board 1abs. 

Lab 20L 

Si labs: 

• bitflip. a51 

• bitflip_delay_inline.a51 

Lab 21L 

Big-board: 

• l6 _sum_o2. a51 

• keysum_delay_inline-402. a51 

• keysum_delayroutine_407.a51 

Si Labs: 

• bitflip_delay_subroutine.a51 

• byte_in_ouLports. a51 

• bitflip_if .a51 

• byte_in_out. a51 

• keysum_8bit.a51 

• keysum_l6bit.a51 

Lab 22L 

Big-board: 

• getready_l208.a51 

• intdsply_l204.a51 
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Si Labs: 

• timer2_bitflip . a51 

• pwm_by_wizard..novlO . a51 

• comparator_oscillator_janll. aSl 

• comparator_osc_display_janll . as 

Lab 23L 

Big-board: 

• adcdacint..Rn_504.a51 

• adcdacint_504.a51 

• fullwave_40lb . a51 

• inLinc_dec. aS 1 

Si Labs: 

• adc _dac_int_janll. aSl 

• dac_tesL12_june15. a51 (incomplete) 

• dacL8biLwizard...MT . a51 

• adc _wizard_aprll. a51 

• adc_dac_inLjanll. aSl 

Lab 24L 

Big-board : 

• biLflip_assy. a51 

• tmr800 . a51 

• servopulse_512.a51 

• spLdigipoLinL504. aSl 

• delay_bitflip_408.c 

• table_bidirectionaLdeclO_wLale. aSl 

• table_bidirectional _declQ_wi_ale.lst 

• store_and_playback_bidirectional . c 

Si Labs: 

• adc_store_on_chip_mayl5. aSl 

• spLdigipoLsilabs_aprl4. a51 

• seriaLmessage_silabs_aprll. as 

• serial_receive_silabs.a51 
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Lab 25L 

Big-board : 

• pulse_measure_decimal _standalone_505.a51 

• pulse_measure_capture_standalone_sos. a51 

Si Labs: 

• spi....ram_adc_dac _incomplete . a51 

• spLsingle.l)yte. a51 

Chapter 26N 

Big-board : 

• lcd-4biL407. a51 

• keypad_encoder_606.a51 

Verilog code 

Glue PAL files: 

• stepglue_qfp_octl5.v 

• stepglue_qfp_octlS _tb. v 

• stepglue_qfp_octl5 . ucf 

• stepglue_qfp_octl5.xise 

Micro counter files: 

• ctr_16biLud_3stL10data. v 

• ctr_l6biLud_3stL10data_tb. v 

• ctr_16biLud_3stL10data. ucf 

• counter_micro_l6bit_qfp_octl5 . xise 



I Equipment 

1.1 Uses for This List 

We know it's hard to know where to begin, in outfitting a home shop or a course lab. Our list, de 'crib­

ing equipment that we have liked, may be helpful , at least as a starting point. Within few years after 

publication of this book, surely additional good alternatives will have appeared. So, we know that we 

are not saying the last word on this subject. Note, by the way, that our prices are what we find listed 

online. You may well get a better price, e pecially if you are buying for a university. 

1.2 Oscilloscope 

Thi ' i the most important piece of equipment in our lab, and the mo t expensive. For 30-odd year we 

have used mostly Tektronix copes. We tried a scope made by HP (later called Agilent, now Keysight); 

we tried a Hameg and a LeCroy. We always returned to Tektronix. Most of our analog copes were 

2213s (2-channel 60MHz); our digital scopes - which we continue to enjoy - were TDS3014s (4-
channel, l OOMHz). 

Both the e models now have gone out of production, and among the newer models that we have tried 

(inc1uding a Tek mixed-signal model, the MS02014) th Rigol scope seem to offer the best value: 

the MSO if you can afford it (digital channels occasionally are useful and the lOOMHz bandwidth is 
appealing, though far from es, ential). 

1.2.1 Digital scopes 

Rigol DS1054Z 50MHz, 4-channel. Really good value $399 

Rigol MS01104Z l 00 MHz Mixed Signal Oscillo cope 4 "analog" channels, 1 16 digital channels 
$997 

Tektronix DP020148 1 OOMHz oscillo cope, 4 channels $2074 

1.2.2 Analog scopes 

We have not tried any of the e three. These are two of the last companie still manufacturing analog 
scopes: 

B & K Precision 2160C 60MHz 2-channels $1 l l 9 

Instek 6051 50MHz, 2-channels $832 

Instek GOS6103 lOOMHz, 2 channels, on-screen readout $1493 

1 These four "analog" channel are digitally- amplecl channels, "analog" only in the sense that the display hows nearly 
continuous voltage variation, in contra t to the sixteen "digi tal" channels, which how only a binary di ·play, High or Low. 
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You'll notice that these cost more than a very capable digital. cope like the Rigols mentioned above 

so you'll surely not be tempted to make a new analog oscilloscope your only scope. But it's worth 
recalling that discontinued scopes Jike the Tektronix 2213 are available used, and can cost very little 
(sometimes $200 or less). These can bee pecially appealing to a hobbyist. 

1.3 Function generator 

The evolution of function generators has not suited us. Most generator now use keypad or pu hbutton 

frequency . election which we find much les friendly than the knob of the analog generator that we 

have long used. The B & K model listed below come close to the old style that we like. 

B & K Precision Model 4017 A, I OMHz, with linear/log sweep and digital readout $449 

The newer, digital function generators offer capabilities not available from the old analog models, 
including arbitrary wavefonn synthe is. We simply don't use such capacities in our course, so we look 

for a simpler generator. 

1.3.1 Doing without a dedicated function generator 

Get a scope With function generator: A few scopes, including the Rigo) MS01104Z mentioned 
above, offer to include an optional function generator. The part number is Rigo I MSO 11042-S, and the 

20MHz generator adds $232 to the price. Sharing a front panel with the oscilloscope is less convenient 
than using a separate generator - but the price is very appeaJing. 

Rely on the powered breadboard's built-in function generator: A hobbyi t planning to buy a powered 

breadboard like the PB-503 (see just below) could get by u ing the not-so-versa61e function generator 

that is built into the PB-503. It lack DC-offset variation, it waveforms are less perfect than those 

from a standalone generator, and it maximum frequency is only lOOkHz.2 But it could be adequate. 

1.4 Powered breadboard 

A unified breadboard with power supply, like the Global Specialties PB-503 that we have been u ing 

for decades, is very convenient. For a course it seems nearly indi pen able. 

For an individual hobbyi st, a cheaper alternative would be to buy a triple power supply (+5V, ±15V) 

and individual breadboard strips, or a et of three strip a in Global PB-105 ($54 ). You would need 
to improvi e other functions of the PB-503 ($433) that we find convenient: 

• A simple function generator. We eldom use the one provided by the PB-503.3 But when we want 
a second signal, it s handy. 

• Debounced switches. 

• Two potentiometers. 

• LEDs. 

None of those improvisation would be difficult. 

2 Another way to do without buying a function generator i to buy a fancier oscilloscope that includes a function generator. 
The Tektronix MD03014 offer this plu a spectrum analyzer), but at more than $4000 it probably is useful neither to a 
hobbyist nor to someone setting up an electronics lab. 

3 Most often, we u e the built-in generator as a source of logic-level quare wave ·. In Lab SL we u e it as a second sinewave 
source, where we feed two signal to a differential amplifier. 
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1.5 Meters, VOM and DVM 

1.5.1 VOM (analog multimeter) 

The $267 analog "Simpson meter' that we u e only occasionally in our cour e (Simpson 260-8) is a 

luxury one can do without. We introduce it on Day I because we prefer that students know how to use 

the instrument (which requires more thought than a DVM doe ). But in the ordinary case, we all reach 

for a DVM, not a VOM. The VOM beats the DVM only in the exceptional instance where you would 

like a quick graphical indication of a low trend - like the falling off of current in Lab 4L' transi tor 

current . ource, a the circuit slips into saturation. 

Hobbyi ts can happily kip the VOM, or could choose a small and inexpensive model like the 

Tenma 72-8170, $3 l (Newark). 

1.5 .2 DVM ( digital multimeter) 

A great variety of DVM i available. We need nothing fancy. 

B & K Precision 2704C: Very simple 3 1/2 digit DVM with transistor beta test, capacitance, fre­

quency $66 

We like this very inexpensive device. lts frequency counter and transistor te ter are nice 

features, not often found in an inexpensive meter. 

Amprobe 37XR-A: Better, and more expensive : 4 I /2 digit DVM: true RMS, capacitance, induc-

tance frequency. $ J 52 

1.6 Power supply 

We have used only the fir t of these supplie - the expen. ive HP model. The Rigol's specifications are 
impressive. 

Keysight (formerly HP) E3630A triple power upply, 35W, to 20V @0.5A 

Rigol DP832 triple output, l 95W, to 30V @3A 

I. 7 Logic probe 

$670 

$450 

Tenma 72-500 combined logic probe and pulser, detects lOn pulse, witchable ITL vs. CMOS 
levels $27 

1.8 Resistor substitution box 

We like the one that offers fewer value , because it make changing values easy. But occa ·ionally the 

l.Q resolution of the other is useful. For a cour e, perhap many of the RS4000 and one of the RS5000. 

Elenco RS4000 24 value , lOQ through lMQ 

Elenco RSSOOO IQ increments, 0 to 11 MQ 

$17 (Amazon) 

$24 (Robotshop.com) 
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1.9 PLD/FPGA programming pod 

We use the Xilinx model DLC9G. $47 (Amazon) 

USB links the pod to a computer. It provides leads to can-y the JTAG signal to a PAL. We use a 

zero-insertion-force socket, wired to the e leads plu ground and +SY. But these ZIF socket (e.g. , 

Aries 44-6551-10 at Digikey) are not available in single quantity. You could u e an ordinary 44-

position 0.611 -spacing socket, in, tead. 

1.10 Hand tools 

1.10.1 Pliers 

We like small "chain no e" pliers. The the 'e are 5 inches long and spring to their open position. We 

like the feel of the C & K, but we've moved to the less expen ive Excelta. 

Excelta 2644 smooth-surface chain no e or 2644D errated-surface chain nose 

C&K 37720 chain nose 

1.10.2 Wire strippers 

Ideal 45-125 22 to 30 AWG wire gauge 

1.10.3 Screwdriver 

Xcelite R3324 slotted head 0.1" blade 6.25' length 

1.11 Wire 

22 AWG solid hookup wire, insulated 
• Alpha: 305 l BK005 100-foot pool (8 colors· last digit is color): 

• Techedco J 000 foot spool (8 colors): 

$17 

$52 

$12 

$3.50 

$29.53 (Digikey) 

$49 (Ebay) 

Banana hookup wire banana double-ended, J 8 inch . We cut most of these at midpoint and solder 

on olid leads, to make banana-to-wire cable , convenient for plugging into breadboards. We 

u ·e red and black. 
• Pomona: B-18-0 (black), B-18-2 (red) $5.22 @quantity 25 (Digikey) 



J Pinouts 

J.l Analog 

14 2 11 

7 3 

Cl)~007 KOSF€T'ill"l~'l 

* l.E;D ( V 1S 1~fe.) 

T0 -220: 

:tR'-"l.3'i 
<"MOS) 

Hlf°3055° 
(l>r-,) 

MJf:2955 
(f'11•,p) 

12 

To-no: 

ScR. 

3 NPi.J's 2 P"1P 's 

Figure J.l 
Transistors. 
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Figure J.2 Linear ICs: op-amps, 
comparators, etc. 

Figure J.3 Voltage 
regulators . 

Figure J.4 Miscellaneous 
analog ICs. 

TO- 32: 
!78LOS"\ 

TD-1.2o 
L-l'\'3 ,1 
~jv\ai'Or ~ 

NG+ 
1..t'\~'35-~.5 

swrfciled-e~r l..f!: 
M>i>< 29 ', 

SW2. 

£-T'\073 s~1h:h1rij rc~l4\;~.\-or 



J.2 Digital 

t<. ~ l't 13 12 II 10 

~ D DB "Ve. 1) E}(P G 
12.3'15''-78 

t(G,)( '1-b·,t' 'S)f\c-'t-. Cllu"~ 

cfM, IG.2..: "&CJ> 
11lPl/(b3: b1l'l,H~ 

11160,'l<-1: as1N:. r~~t 
'1c,2 1 't<,,3 : ~jN:. r-es._t 

<o 4 i ,wec-ter-
( I 4 ~t'Oitt,/t(\Vf(i(r' 

l39? d lliJ i b1~~ 
rirpk. cov .... kr 

t390 d~L &c., .... ~L 
riypk. cov,..kr 

J.2 Digital 1125 

Figure J .5 Gates. 

Figure J.6 Registers . 

Figure J.7 
Counters. 



Figure J.8 Converters, 
PLL: ADC, DAC and SAR. 

Figure J.9 Three-state buffer; 
decoder. 

Figure J.10 Digital 
miscellany. 
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Index 

LC ci rcuit, 11 3 
R:2R ladder 697- 698 
/?LC circuit, 113- 118 

resonance, I 14 

RoN 
analog witch (lab . 490 
MOSFET (lab). 489 

Ron 

analog switch (lab), 490 

/~rossovcr, 3 I 2 
hrc, 158 
re 

.. . deriving 207 
'3 11 lab) , 337 
'555 , 34 1- 343 
.r C file (assembler/compi ler). 817 
.Jst file (RIDE assembler/compiler/simulator), 951 
#344 lamp (lab), 343 
#47 lamp (lab). 174 
''WATCH ' window 

RID assembler/c mpilerhmulator. 953 
"active low", 522 
·' loop" (program): origin of term, 815 
"saturation" (FET u age), 500 
·· ticky ' fl ag. 600, 60 I 
I N5294 current- limiting c..liodc, 342 
I N5294 current-limiting diod (lab}. 2 13 
I N57 I 7 Schottky di de (lab), 135 
2's-com plement 

cheap trick to cal ulate. 816 
2N3904 (lab). 169 
2N3906 (lab). 271 
4046 PLL, 7 17 
74H 00 lab):, 540 
74HCl4 (Jab) , 339 
74HC 175 (lab), 594 
74HC4040 (lab), 730 
74HC4046 (lab) , 730 
74HC574 (lab), 728 
74HC74 (lab), 588 
74HCTl39 (lab), 835 
74H T573 (lab) , 786 
74LSOO (lab) , 540 
74LS503 (lab), 725 
78L05 regulator (lab), 454 
8051 controller, 765 
805 I port. 770-77 I 

8051 

pinout (lab), 786 
addre .. ing modes 

bit operations, 862- 864 
DPTR , 857- 858 
example (brief) , 867- 868 
indirect addre . . ing, 860- 86 1 
R11 .859,860 
multiple addres. spaces. 864-868 
off-chip operations, 857- 860 
on-chip operation , 857 
portpin, v external buse (examples), 862 

A in feedback: open-loop gain. 396 
AB in feedback : loop gain. 397. 399 
ACID (scope input elect) , 34 
A 

VS "A" iLabs (lab) , 846 
active filter, 354 

Bessel 387 
Be. sel (lab), 374 
Butterworth. 387 
Butterworth (lab). 374 
Chebyshev 387 
Cheby hev (lab), 374 
transient response 388 
VCYS, 354 

active filter (lab), 373-374 
active low 

... in Verilog, 526, 571 
why prevalent, 529 

active pullup gate output: CMOS (lab):, 545 
active rectifier, 281 
AD558 (lab), 724 
AD7569 (lab , 926 
ADC 

ee ··analog f--7 digital con er ion '. 70 I 
ADC 

SiLab (lab) , 942- 944 
ADC (lab) , 725- 729 
AD & DAC to micro 

modify waveforms 
lowpass filter, 923- 925 
rectify: full -wave, 922 
rectify: hal f-wave, 923 

number format . 922 
re on truction filter, 917 
Si Lab 

left-j u tify. 917 
ADDC (lab) , 84 1. 854 



adder 
worked example. 556-559 

addre decoding, 675 
addre s multiplexing (lab) . 786 
addre. , ing modes 

see "8051: addressing mode ", 857 
ADx addre s/data line (lab) , 786 
ALE (lab), 787 

alia ing, 696, 735. 738- 739 
ALU 

de ign with gate ·, 563 
de ign with Verilog, 564 
worked exampl . 563 

AM radio (lab), 135 
ammeter (lab). 29 
analog 

contra Led with digital , 513 
analog H digital conversion 

R:2R ladder. 697-698 
ADC design , 701 - 712 

. . . compared, 70 l 
" fla h" or parallel , 701 
binary search (SAR), 705- 707 
delta- sigma, 706-712 
dual-slop , 703 
how delta- igma high-passes quantization noise, 

710-711 
how delta- igma low-pa e signal. 71 I 
oversampling. 709 
pipelining. 703 
tracking, 705 

aliasing, 714 
DAC de ign , 697- 701 

urrent summing R:2R, 697 
PWM, 700 
switched-capacitor, 699 
thermometer, 697 

dither 714 
quantization error, 694 
resolution, 694 
sample and hold. 705 
sampling artifacts. 712- 714 
sampling rate. 694-697 

aliasing, 696 
analog switch 

application 
chopper (lab , 491 
flying capacitor (lab) , 493 
ample-and-hold (lab), 492 

switched-capacitor filter (tab) , 493--495 
analog to digital conver ion 

ADC deigns 
ingle-slope, 616 

AND as "if' , 574 
AND a. Pass/Block* function , 573 
assembler directive (RIDE as. embler/compiter/simulator) 

947 
as embty language, 81 

as ernbler directive, 817 
bit versus byte operations, 775 , 776, 864 
CALL subroutine, 826, 830 

tack, 826 
directive , 817 

INCLUDE, 817 
DPTR initializati n, 822, 823 
EQU 81 

Index 1129 

extending operations beyond 8 bit. , 830 
format , typical , 823 
INC, 817 
INCLUDE, 817 
indirect addres ing. 823 
jump off ets, 815 

loop in slow motion. 818 
moving pointer, 959- 961 
MOVX 823 
ORG, 817 

assertion level logic notation, 522- 528 
assign (in Verilog) , 1054 
audio amplifier (LM386) 920 

B in feedback: fraction fed back, 396 
ballast resi, tor., 469 
bandpa · filter (worked example). 103 
battery backup lab), 832 
Be el filter, 387 
beta, L58 
bias current, 288 
bias divider, 179 
biasing, 161 

detail , 163 
binary, 514 
binary number code , 518 
binary number 

hexadecimal notation. 519 
signed , 518 
un ·igned, 518 

binary search (lab) , 724 
binary search AD 705- 707 
binary ·earch display (lab), 727 
bipolar transistor. 154 

four topologies, L 67 
impedance at collector, 167 

bipolar transistor (defined), 152 
bit defined, 514 
bit move 

using carry flag, 873 
bit operation , 

bit m ve, 873 
external bu ·, 869- 870 
in C. 873 
port pin . 870- 871 

bit versus byte operations, 864 
Black 

formalizing feedback. 249 
Black Harold 

memoir, 245 
bleeder resistor, 143 
blocking capacitor, 74 
blocking vs non-blocking a ·signments, I 077- l 079 
Bluetooth, SiLabs (lab), 989- 991 
Boole, 520-521 

boot trap (op-amp input), 397 
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BPV I l (lab). 899 
BR* (lab), 786 
breadboard (use of), 25 
breadboard printed-circuit, microcompmer (lab), 620 

breakpoint 
SiLab (lab) , 802 
SiLab. IDE, 806 

BS250 (lab), 271 
BS250P (lab). 453 
BUK9509-40B (lab), 486 
bullet timer (worked), 642 

bus, 648 
bu. activity 

ISNEISA. 768-770 
Butterworth filter 387 

C code 
bit operation , 873 

C language 
functions a ubroutine , 829 

c2 interface, SiLabs (lab), 793- 796 

C8051F410 
pin use, all labs (lab), 796 

C8051 F4 IO (lab), 792 
CA3096 array (lab). 209 
CA3600 (lab). 544 
cache memory. 653 
CALL 

ee ,. ubroutine' . 826 

SiLabs (lab), 844 
CALL (lab). 842 
capacitance meter (lab). 749- 750 
capacitor 

blocking. 74 
decoupling. 75 
dynamic de cription , 52 
exponential RC charging), 53 
hydraulic analogy, 52 
polarized. 85 
reading value 85 
static description, 52 
tolerance code . 89 

carrier frequency 
group audio project, 505 

carry 
counter carry-out glitch (lab), 630 

carry (counter) , 611 
carry-out: synchronous, 612-613 

caJTy flag 
for bit move. 873 

CC* (lab), 726 
CD standard, 745 
CD4007 (lab) , 544 
CE*, 649 

EM- 1205C lab), 899 
hebyshev filter 387 

chopper op-amp 317 
clamp, diode (lab) 

see "diode clamp", 136 
clipping 

differential amplifier, 220 

clock. 579 
CMRR 

in op-amp (worked example), 240 
CMRR, op-amp from array (lab), 218 
combinational logic, 520 
common emitter amplifier (lab) , 174 
common-emitter amplifier 

. .. modest gain, 157 
bypassed-emitter, 197 
distortion, 194 

remedy : RE I 95 
common-emitter amplifier (lab). 172 
common-mode amplifier (discrete) 

common-mode gain , 205 
common-mode gain 

measuring (lab). 212 
comparator, 320- 326 

. .. contrasted with op-amp. 320 
in Si Labs controller (lab) , 897 
digital 

magnitude (design pr blem), 560-562 
worked example, 559 

hystere. is , 324- 326 
AC, 326 
how much? 325 
Woody Allen 325 

Schmitt trigger, 324 
comparator (lab) , 337- 338 
compensation capacitor 

op-amp (lab), 218 
compliance 

output voltage, 222 
conditional branch, 874-875 
counter. 583- 586 

16-bit 
a. ync load (lab). 622, 625 
reset, sync (lab) , 622 
ync load (lab), 622 

16-bit (lab). 621 - 626 
application 

stopwatch (lab) , 631 - 633 

Cafl'Yin & Carry0 ui, 611 
carry-out glitch (lab) , 630 
cascading 6 I I 
load , 614 
ripple, 583 
ripple (lab) , 591 
ripple versu synchronou , 606 
ynchronou ·, 584- 586 

. ynchronou (lab) . 591 - 592 
synchronou clear, 613 

counter (lab). 591 - 592 
CPLD, 597 
crossbar (lab). 798 
crossbar switch 

SiLabs output port enable, 872 
SiLabs port enable. 775 

cro, sover distortion 
op-amp remedy, 259 

crossover frequency, 312 
crystal oscillator (lab) , 788 



CS*, 649 

current limit 

op-amp output, 242 

current mirror, 222 

as load for op-amp first stage. 240 

urrent source 

op-amp, 257 

single-transistor, 155 

current source (lab), 172 

current-hogging, 469 

current-to-voltage converter (op-amp) 258 

D flip flop , 579 

D flip-flop, 579 

D flip-flop (lab), 588-589 

DA (lab), 839, 853 

DAC 
ee " H digital conver ion : DAC de igns' ' 697 

DA 

Si Lab · (lab) , 935- 942 
DAC (lab), 724-725 

DAC reconstruction filter, 917 

Darlington 
switch. applied (worked example), 351 

Darlington transi tor pair. 349 

debounce 
p eudo (lab) , 932 

pst RC debouncer, 873 
deb uncer, 577, 582 

debouncer lab). 592- 594 

debug 

DAC kink. can how wiring etTors (lab), 927 

folded pin, 67 l 
o cillation frequency as clue, 673 

p wer through 1/0 pin, 672 

decibel, 64 

decibel: two definitions. 41 
decoder 

2-to-4, 553 

decoder 

1/0 (lab) , 834 

decoding (addre sand control) , 675 

decompen, ated op-amp. 384 

decoupling apacitor, 75 

decoupling capacitor (lab) , 176 

decoupling of power upply (lab), l 76 

decoupling power supplies (lab) , 262 

delay loop, Silab (lab), 801 

delta- igma AD , 706- 712 

deMorgan, 520 

theorem, 522 

depletion mode, 498 
DG403 (lab) 489 

DG403 analog switch, 475 

difference amplifier, 189 

op-amp version, 30 I 

difference amplifier (discrete), 201 - 206 
... evolves into op-amp, 206 

de ign, 204-206 

differential gain. 205 

differential amplifier, 189 

clipping, 220 

op-amp version, 30 I 

Index 1131 

differential amplifier (di ·crete), 201 - 206 

. .. evolve into op-amp, 206 

design, 204-206 

differential gain , 205 

differential amplifier (lab), 209- 213 

differential gain 

mea uring (lab) , 213 

differentiator 

op-amp, 300 

pa . . ive RC, 55 
differentiator (lab), 79- 80 

Digikey. 463 

digital 

alternatives to binary. 516 

binary, 514 

contra ted with analog, 513 

resolution , 515 

why, 514 

digital logic 

m inimizing, 569 

Dilbert , 776 

diode 

zener, 122 

diode (lab) , 29 

diode circuit.. l 18 

diode clamp. I 19 
diode clamp (lab , 136-137 

diode drop, I 19 

DIP package 

breadboarding, 210 

directives, 817 

discrete tran istor (defined). 152 

di play board (lab , 627 

di tortion 

differential amplifier, 220- 222 

symmetric, 221 

dropout voltage (lab , 454 

DS89C430 (lab), 785 

DSP, 957 

dual-slope ADC, 703 

dynamic RAM, 653 

dynamic re. istance, 122 

E 12 re istor values, 38 
EA* (lab) , 786 
Early effect, 224-227 

calculating R0 ui, 226 
emitter resistors as remedy, 227 

Wil ·on mirror, 227 

Eb rs- Moll, 190 

re, 193 

Ebers- Moll view of transistor. 190 

Ebers-Moll 

I , 192 
l versu V curve, 192 

reconciling with le = f3 x Is 20 I 
edge triggering 

advantages, 603 

how implemented 605 
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edge- versu level-sensitive input , 580 

edge-triggering, 579 

electret microphone (lab), 309 
electronic ju tice, 196 
emitter follower, 157 

... as impedance changer, 159 
clipping, 164 
input impedance, 162 
push- pull , 165 

emitter follower (lab). 170-172 
EPROM, 652 
EQU (lab), 850 

exponentia l 
charge and discharge, 54 

estimati ng, 55 
function, 54 

f3d8 

placing (worked example), 101 
FB73- I IO ferrite bead (lab), 376 

feedback 
... versu open- loop 250 
effect on Rout , 252 
examples without op-amps, 250 
generally. in e lectronics, 249 
po ·itive, 320 
quantitative view 

A, 396 
B 396 
benefit from phase shift 399-400 
loop gain. 397, 399 

the golden rules. 251 
feedthrough , analog witch (lab) 49 1 
ferrit e bead (lab), 376 

FET. 152 
similarities to bipolar transistors, 466 

tructure, 497 
virtues, 468 

Field Effect Transistor, 466 

filter 
software 

FIR, 957 

IIR, 956 
filter, DAC reconstruction, 917 
fi nite tate machine. 655 
FlR filter, 957 
Fi rewire, 973 

flag 
hardware lab), 883 

flag (hardware), 873, 880 

flash ADC, 70 1 
flip flop 

clock, 579 
D type, 579 
danger 

slow clock edge, 607 
debouncer, 577 582 
edge- versus level- ensitive input, 580 
edge-triggering, 579 
jam clear 580 
master-slave, 579 

setup time, 586 

shift regi . ter, 586 
SR latch, 576 
Ttype 

built from D, 585 
tran parent latch, 578 

flip-flop, 575 
D, 579 
D type (lab), 588-589 
debouncer (lab) . 592- 594 
divide-by-two (lab) 589 
do-thi /do-that (generalized) 60 I 
edge-sen itive " flag". 600 
one-shot , ynchronou. (lab) , 595-596, 633 
pathology: slow clock edge (lab) 589. 590 
propagation delay (lab), 589 

etup time, 605 
hift-regi ter (lab 594-595 

SR. 599 
SR (lab). 588 
ync set, async clear, 600 
ync et, ync clear, 60 I 

T type, 584 
T type (lab), 590 

float 

function generator common (lab). 2 11 
floating logic inputs (lab), 541 - 543 
FM demodulation 

PLL (lab) , 732 

FM demodulator 
group audio project, 506 

FM using ·555 

see "oscillator ... ". 342 

folded pin, 67 J 

follower op-amp), 252 

Ford, Henry, 520 
Fourier(lab), 132 

Fourier erie , 117 
quare wave, 117 

FPGA. 526. 598 
frequency compensation (op-amp). 380-384 
frequency domain (lab), 81 
FSM, 655 
full-wave re<.:tifier. 120 
fu e 

duration of overload. 126 
slow-blow, 126 

GAL. 597 
gate array, 526 
glitch (di gi tal). 608 

asynchronous carry-out, 612 

redundant cover a remedy. 609 
GLUEPAL 

Yerilog code Jab), 803 
pinout (lab), 803 

GLU PAL (lab) , 78 1-785 

golden rules (feedback). 251 
ground 6 

scope probe (optimal) , 789 
two enses, 20 



ground loop.391 - 392 
ground noise, 391 
grounded-emitter amplifier, 191, 193- 195 

Harvard Clas. computer, 771 
hazard (digital), 608 
HDL, I 053, I 080 
heat sink 

ga ket, 463 
HFA3096 array (lab), 209 
high-pa s filter (lab) 82-83 
hy tere. i · (lab), 338 

1/0 
A register, 822 
8051 , 821 
DPTR, 821 
using buse. , 820, 821 

port addre ·s, 822 
waveforms, 824 

without bu e 82 1 
1/0 decoder (lab), 834 
1/0 decoding 

805 I "lazy", 818. 820 
IC current. ource, 443 

JFET type, 443 
LT3092,443 
REF200, 443 

£CM7555 (lab), 34 l 
IF 

bit te t equivalent (lab), 849 
IGBT, 470 
IIR filter, 956 
impedance 

RC circuit, 68 
worst-case. 68 

. .. in a direction, 164 

. . . output, 14 
capacitor, 59 

imp dance relations: a rule of thumb, 21 
INA 149 difference amplifier, 276 
l CLUDE 

(RrDE as embler/compiler/simu lator). 947 
INCLUDE (assembler/compi ler). 817 
indirect addre sing 823. 860-86 1 
inductor, 112 
input protection clamp (lab). 542 
in tantiation (in Verilog), I 056-1058 
integrator 

op-amp, 294-299 
pa ive RC, 57 

integrator (lab), 80 
interfacing 

ADC & DAC to micro 
big board, 912 
SiLab. , 915- 9 16 

A DC &DAC Lo micro 
Big Board, 911 

interfacing among logic familie 
3V with SY, 692 
CMO can behave like TTL 690 
low-voltage ( < 5V). 692-693 

Index 1133 

TTL to CMOS (SY), 690-691 
interfacing among logic families , 689-693 
interrupt, 829, 906-912 

on timer overflow, SiLabs (lab), 891 
SiLab (lab) , 932- 935 
applicati on examples, 906 
edge- ·ensitive, 909 
enabling, 909 
implementation , 907-909 
inC, 911 
latency, 907 
priority, 909- 910 

interrupt (lab) , 884-886 
interrupt priority, ilabs (lab), 935 
inverting amplifier (op-amp), 254 
JR remote (lab), 1016 
IRLIB9343 (lab) 453 
IRLZ34 (lab), 486 
ISNEISA bu , 766 
ISNEISA port, 767- 770 
!SR (lab), 886 

JFET, 466, 497 
linear region, 499 

JFET as Variable Resistance, 499 
JTAG, 973 
justification 

left/right DAC, SiLab · (lab), 936 

keypad (lab) 628 
keypad scan, I 006 
KiBi , 654 
Kirchhoff' Laws, 9 
KRESET* (lab), 786 

latched display (lab), 833 
latency (interrupt) , 907 
LCD 

interface, l 007 
lead-lag filter, 720-72 l 
LED 

bi-color (lab), 896 
left-justify (A DC/DAC), 917 
LF4 I I (lab). 262 
line noi e, 390-39 1 
little re, 193 
LM3 l 1 lab), 337 
LM317 440 
LM358 lab), 308 
LM385- 2.5 lab), 452 
LM386, 920 
LM386 (lab), 93 l 
LM4667 (lab), 495 
LM4667 switching amplifier 471 
LM50 temperature sen or, 348 
LM723 (lab), 452 
LM74 l (lab), 262 
LM78xx , 439 
LMC6482 (lab), 453 
LMC7555 (lab), 341 
load (counter). 614 
loader (Dalla micro), 993 

debugging 
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COM port trouble (windows), 1000-100 I 
fla. h error, 999 

USB -to-serial translation , 993- 994 
loader program (lab), 976 
LOADER* (lab), 786 
loading, 14 
logic families, 528 

TTL and CMOS circuitry, 528 
logic gate 

active pullup, 533 
noise immunity 

differential tran ·mission, 532 
hysteresis, 514 531 

open drain/open collector, 533 
speed ver us power consumption, 535 
three-state, 535 
threshold, 529 

logic gate, 
noise margin 529 

logic probe (lab), 537 
loop gain , 397, 399 
low-pass filter 

microcontroller version (lab), 93 1 
low-pass filter (lab), 81 - 82 
LTI 073 regu lator (lab), 458 
LTl215 (lab) , 378 
LT3092, 443 
LTCI 150 (lab), 305 
LVDS, 532 

macrocell, 597 598 
Mao, Chairman. 90 l 
masking (software), 875- 880 
master-slave flop 579 
MAX294, 917- 919 
MAX294 (lab), 931 
MAX294 frequency response, 747 
memory 

as data organization , 651 
RAM (lab), 661 - 663 

meter movement (analog), 27 
microcomputer 

. . . as state machine, 760 
addre,. multiplexing (8051 ). 772 
Big Board lab computer 

first test program 815 
ingle-step logic, 773 

big-board lab computer 
first test program, 818 
single-step logic, 772 

bootstrap startup 762 
bus activity (JSA/EISA), 768- 770 
elements of a computer, 760 

. .. minimal, 760 
Harvard Class vs Von Neumann, 771 
history 

microcontroller, 759 
microprocessor, 758 
pre-microprocessor, 757 

microcontrol Ier 
. . . contrasted with microprocessor, 763 

choosing a controller, 762, 765 
microprocessor 

... contra ted with microcontroller 763 
processor control . ignals, 765-767 

68000 (Motorola), 767 
805 I. 770 
address, 767 
application example , 767 
1/0 vs memory, 767 
ISA/EJSA bus, 766 

, ingle-chip controller 
first te. t program, 774-776, 81 

microcontroller 
. . . ontrasted with microproces or, 763 
history, 759 
low-cost, 759 

microprocessor 
. .. contra ted with microcontroller, 763 
hi tory, 758 

Miller effect, 371. 470 
MJE2955 (lab), 378 
MJE3055 (lab). 174, 378 
module (Verilog), 1053 
MOSFET, I 52, 497 

RoN 469 
analog switch, 474-485 

application : multiplexer, 477 
appl ication: sample-and-hold, 478-485 
application: switched cap filter, 477 
charge injection, 479, 48 
CMOS,474 
imperfections, 475 

body diode, 468, 474 
CMOS 

logic gate, 473 
IGBT, 470 
input capacitance, 470 
logic gate, 473 
power witch 469 

application: witching amplifier, 471 
paralleling, 469 

ymbols, 467 
moving pointer, 959- 966 

end test , 964-966 
tore and playback 

big-board version. 963 
BSiLabs version, 964 

table copy 
as. embly language, 960 
inC, 961 

MOVX at Rn, 962 
MOVX at Rn (lab). 928 
MOVX RAM , SiLabs(lab), 983 
multimeter (lab), 27 29 
multiplexer 

decoder included , 551 
implemented with gates, 553 
implemented with three-states, 553 
implemented with transmission gates, 553 

multiplexing, 550 
address (lab), 786 



multiplexing 
LCD data (Jab). 840 

multiplier 
worked example, 563 

MXD1210 (Jab), 832 

AND latch (lab), 588 
negative feedback 

in ordinary usage, 248- 249 
noise 

"line·· , 390- 391 
ground. 393 
ground loop,391 - 392 
ground noi c, 391 
parasitic o cillation, 394-395 
power supply (lab), 176-177 
RF pickup, 390, 393 

non-inverting amplifier (op-mnp) , 252 
OSYMBOLS 
(RIDE a sembler/compiler/. imulator), 947 

Nyqui t sampling theorem, 694 

OE*, 649 
off et binary, 922 
offset current. 290 
offset voltage <Vos), 286 
Ohm·s Law 

why it holds. 7 
Ohm ' law, 5 
one- hot , synchronou (lab) , 595- 596. 633 
op-amp 

tability 
plit feedback (worked example), 403 

open-collector (lab), 538 
operatic nal amplifier 

. .. designed from di crete transistors. 206 
AC amplifier, 301 
active rectifier, 281 
amplifier, inverting (lab), 265 
amplifier, non-inverting (lab), 265 
amplifier summing (lab), 266 
a comparator (lab), 336 
chopper, 3 17 
current source, 257 
current source (lab) 271-272 
current-to-voltage converter 258 
current-to-voltage converter (lab), 269-271 
detailed schematic C 411 ), 395 
difference amplifier. 30 I 
differential amplifier. 30 l 
differentiator 300 
differentiator (lab), 306-307 
feedback generalized, 259 
finite gain 

effect of phase shift, 402 
follower, 252 
follower (lab), 263 
frequency ompensation. 380-384 

.. . imposes integration, 380-381 
uncompen ated and decompen ated op-amps, 384 

golden rules 
conditional application, 28 l 

when they apply, 256 
imperfection 284 

balancing paths for / bias , 288 
bias current (/bias), 288 
DC, 284 
dynamic, 284 

Index 1135 

gain rolloff (GBW product) , 290 
input and output voltage range 292 
noise, 292 

offset current Uorrset ). 290 
offsel voltage, 286 
outpul-current limit, 291 
slew rate, 290 

integrator, 294-299 
integrator (lab), 303- 306 

off 'et trim. 304 
elf-trimming op-amp, 305 

integrator test,; op-amp, 298 
inverting amplifier. 254 
made from tran istor array (lab), 2 14- 219 
non-inverting amplifier, 252 
open-loop (lab), 263 
pha e sh ifter (lab) 266-267 
photodetector (lab), 269- 271 
power booster, 258 
pu h-pull buffer (lab), 268 
rail-to-rail. 293 
ingle-supply AC amplifier (lab), 308- 309 

slew rate (lab), 308 
source of name, 251 
specification . ordinary and premium 294 
summing amplifier, 255 
transresistance amplifier, 258 
virtual ground, 255 

OR as Set/Pass* function, 575 
ORG 

(RIDE assembler/compiler/simulator), 947 
ORG (assembler/compi ler), 817 
OS-CON capacitor (lab) , 459 
oscillator, 326-335 

applied as suntan alarm, SiLabs (lab), 899 
implemented with SiLab comparator (lab), 897 
FM u ing '555 (lab), 342 
JC: '555 , 329 
IC: recent, 330 
relaxation (IC inverter) 328 
relaxation (op-amp), 327 
sinusoid: Wien bridge. 331 - 334 
triangle (lab), 342 

o. ci llator (lab) 
IC oscillator: '555, 34 1- 343 
op-amp relaxation, 338 
PWM motor drive, 340 
RC: IC Schmitt trigger, 339-341 
si nu oid: Wien bridge. 343-344 

oscilloscope 
probe. 109 

o cilloscope (lab: fir. t view), 32 
triggering, 32- 33 

o cillo cope advice 
triggering, 1099- 1103 
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"auto" vs "nonn", 1102 
vertical mode, 1 l O I 

oscilloscope probe 
compensation, I 12 

output current limit 
op-amp (lab), 264 

output impedance, 14 
overflow (worked), 644 
oversampling, 709 

PAL 526, 597 
parasitic oscillation, 394-395 

discrete follower, 367-371 
di crete follower (lab). 374-376 
general remedies, 372 
generally. 356 
op-amp 

capacitive load as problem, 362-365 
capacitive load: remedy I. feed back less, 363 
capacitive load: remedy 2, move feedback, 364 
capacitive load: remedy 3, plit feedback. 364 
capacitive load: remedy 4, specialized driver 365 
frequency compensation as remedy. 359-360 
gain roll -off as remedy, 361 
generally, 356-359 
phase lag a. cau e. 358 

op-amps 
stability crite1ia, generally, 365-367 

operational amplifier (Jab), 376-379 
remedy: snubber, 379 
remedy: split feedback, 379 

remedy: base resistor (lab) 376 
remedy: ferrite bead (lab). 376 

parasitic oscillation (lab) 
comparator, 337 

PCA, SiLabs (lab). 895 
phase margin, 383 
phase shift 

hiding from it, 60 
rule of thumb, 69 

phase splitter, 189- J 90 
phase plitter (worked), 182 
phase-Jocked loop, 716-722 

applications, 720 
FM demodulation (lab). 732 
loop filter (lab), 730-731 
phase detector 

edge-. ensitive, 717 
edge-sen ·itive compared to XOR, 717 
XOR. 716 
XOR (lab), 732 

stability, 720-722 
lead-lag filter. 720-721 

phase-locked loop (lab), 729-733 
phasor diagram, 70 
PIO 

' l : integral of error (lab), 432 
control I er design, 4 IO 
D: deri vative of error 

calculating (lab), 429 
D: derivative of error (lab). 428 

effect of derivative, 414-419 
formal description 4 I I 
I: integral of error (lab). 430 
integral , 420 
motor control loop, 408 
P: proportional to error (lab) , 427--428 
phase margin. 413 
sample applications. 408 
setting D gain, 417 
the problem, 407 

PLO, 526, 597- 1079 
structure, 598- 599 

PLL 
see ·'phase-locked loop", 716 

POP 
SiLabs (lab), 846 

po itive feedback 
hysteresi , 324-326 
oscillators, 326-.,35 

potenl iometer, 12 
as variable resi tor, 12 
con. truction, 13 

power, 4, 8 
P = IV justified, 9 

power dissipation 
variable resistor, 459 

power supply 
filter capacitor. I 24 
fuse, 125 
split. 120 
transfonner current rating, 125 
transformer voltage, 123 
unregulated 123- 126 

power, in resi tor, 8 
priority 

interrupt. natural (lab). 935 
probe 

oscilloscope, I 09 
probe compensation, I 12 
program "loop: origin of term. 815 
program microcontroller 

Dallas 89C430 
hardware (lab). 1013 

Dalla DS89C430 (lab). 101 2 
programmable logic array, 526 
project 

examples 
etch-a-sketch, I 027 
game: a ·teroids on scope. l 042 
game: pacman on scope, l 041 
inverted pendulum, I 039 
laser character display 1025- 1026 
sound source detector, I 026 
spinning LED display, 1036 
vehicles, I 036-1039 
X- Y table, I 028 

inverted pendulum, I 041 
projects 

hardware 
display. , 1048 
motor . 1044- 1045 



mu ·cle wire, I 045 
stepper motor drive, I 049- l 051 

nitinol actuator, 1045 
oftware 

LCD drive, keypad scan, I 052 
transducers 

accelerometer. I 047 
colordi criminator.1046 

force. 1047 
gyro, 1047 
infrared, 1046 

magnetic field, 1047 
speech recognition, I 048 
ultra onic. I 046 

projects (general advice), I 025 
PROM, 652 
propagation delay (lab), 589 
PSEN* (lab), 786 
PSENDRV * (lab), 786 
pseudo-static RAM, 653 
PSO (Cypre s), 1023 
pulse duration program (lab), IO 18 
pul e-width mea uring program (lab), 1014 

pulse-width modulation. 700 

PUSH 
iLabs (lab), 846 

pu h- pull 

i Labs port option. 87 I 
pu h- pull follower 

.. . imple. 158 
PWM 

controller hardware, SiLabs (lab , 894-897 
configuration. SiLab (lab). 895 
ee "pulse-width modulation", 700 

Q, 115- 116 
Q (quality factor), 131-133 

QAM.516 
Quality factor, I 15 
quie cent defined. 178 

race (digital), 608 

radio 
AM demodulation, 127. 130 
AM receiver, !_6-130 

radio lab) 
see "AM radio'', 135 

rail-to-rail op-amp. 293 

RAM 
block diagram. 649 
synchronous RAM, 652 
types: static vs dynamic. 653 
v ROM. 652 

RAM (lab), 661 - 663 
ramp waveform 53 

RC 
time constant. 55 

RC circuit 
impedance. 68 

worst-case. 68 
rcactance, 59 

capacitor, 59 

reaction ti mer 
controller version (lab). 1016 

reaction timer (lab), 750 

rectifier 
full-wave, 120 
half-wave, 119 

rectifier, full-wave (lab), 134 
rectifier, half-wave (lab), 133 

redundant cover 609 

REF200. 443 
REF200 current- oun:e IC, 464 

reflections, l 092 
relaxation: see oscillator, 327 
relay, 486 

RESET vector. 815 
RESET51 (lab) , 786 
resistance, 7 

dynamic, 7 

parallel , lO 
shortcuts, I I 

resistor 
"El2" values, 37 

"ten percent" values, 37 

carbon composition, 35 

color code, 36 
fabrication, 7 
metal-fi lm , 35 

power, 38 
tolerance, 36 

resonance, I 14 
resonant RLC circuit, 113-l J 8 

re. onantcircuit(lab), 131 - 133 
RETI, 910 
RETI (lab) , 886 

reverb , 958 

RIDE 
.LST file, 95 l 
"WATCH" window, 953 

assembler directive, 947 

simulation. 951- 955 

Index 1137 

RIDE (as. embler/compiler/simulator). 946- 955 

ringing, 117 
ringing (lab) , 133 

ringing of LC circuit, 138 

ripple counter, 583 
contrasted with synchronou , 606 

ripple counter (lab), 591 

RLC circuit 
ringing. 117 

RLC (lab) 

see resonant circuit. 131 
ROM 

varieties: EEPROM , 652 
varieties: EPROM, 652 
varieties : Flash, 652 

v RAM, 652 
Romeo and Juliet , 574 

Romeo and Juliet. 690 

RS232, 966 

RS232, SiLab (lab) , 986- 989 
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sample and hold, 705 
sample-and-hold 

charge injection, 479, 483 
error , 480 

s~unpling 
alia ing, 735, 738- 739 
analogy with amplitude modulation, 740-743 
artifact of sampling, de cribed in frequency domain, 739 
filtering artifacts, 735 
, ecn as multiplication , 742- 743 

. ampling rate, 694 
SAR 

see binary search ADC. 705 
SAR (lab), 724 
saturation (bipolar) 

effect upon Rin 199 
. aturation voltage (discrete transi tor) (Jab). 175 
Schmitt trigger, 324 
Schmitt trigger (lab). 338 
scope multiplexer (lab), 752 
self-checking testbench, I 088 
self-checking testbench (in Verilog), I 058- 1060 
sequential circuit 575 
SerDe, 966 
. crial buses. 966- 974 

i2c, 973 
... a comparison, 974 
"one-wire", 973 
Firewire and Thunderbolt, 973 
IR remote. 972 
JTAG, 973 
SerDes, 966 
several serial buse '. compared, 973 
SPI, 969- 97 I 
UART (RS232), 966 
USB, 968 

erial link 
LCD, 1007 

servomotor (lab), 981 
SET*, RESET* (lab), 589 
setup time, 586 605 
shadow RAM, 653 
Shannon 

see Nyquist ampling theorem, 694 
shift register, 586 
shift-register (lab), 594-595 
simulation 

RIDE assembler/compiler/simulator, 951-955 
sinewave generator (lab), 751 
single-breadboard counter lab, 620 
single-slope ADC, 616 
single-. tep 

SiLabs IDE, 806 
slow clock edge (lab). 590 
slow-blow Fu. e, 126. 143 
S PI, 969-97 l 

SPI RAM, l009 
SPI bu (lab), 979 
SPI RAM 

hardware(lab). 1018 
SPl, SiLabs (lab) , 984 

plit feedback (lab), 379 
·plit feedback (worked example), 403 

split power upply, 120 
SR flip-flop (lab), 588 
SR latch, 576 
SR latch (lab), 588 
stack, 826 

for short-term storage. generally, 827 
state machine, 655-659 

(lab), 663-669 
RAM-based (lab), 665-669 

state machine (in Verilog). I 071 
tatic RAM , 653 

STEP PAL 
schematic (lab), 803 
single- tep (Jab). 787 
Verilog code (lab), 804 

STEP PAL (lab) , 787- 790 
stopwatch (lab), 631 - 633 
storage scope program (lab) 978 
subroutine. 826. 830 

equivalent to function in C, 829 
SiLabs (lab). 844 
simulation, 828 

ubroutine (lab), 842 
summing circuit, 255 
untan alarm (lab), 899 

sweeping frequen ies (lab), 81 
sweeping function generator frequencies, 93 

analog generator 
analog scope: timed display. 97 
analog scope: XY, 95- 96 
digital ·cope, 97 

artifacts caused by fast weep, 96. 98 
digital generator 

digital scope, 98 
·witch 

bipolar tran ·istor. J 66 
switch debouncer, 577, 582 
switch, bipolar transistor (lab), 174. 176 
switched-capacitor DAC, 699 
switching amplifier, 471 
. witching amplifier lab), 495 
. ymbols, descriptive (assembler/compiler), 818 
SYNCDUT (function generator output), 33 
ynchronizer 

on carry-out (worked), 646 
ynchronizer (lab), 595 

synchronous 
meaning. 584 

synchronous carry 
for overflow (worked). 645 

synchronous carry-out, 612 
ynchronou circuit 

advantages. 603 
. ynchronou counter, 584-586 

contrasted with ripple. 606 
. ynchronou counter (lab), 591-592 
synchronous SRAM, 652 

T flip-flop, 590 



T network, 297 
T-flop, 584 
temperature effect · 

current mirTor, 223 
temperature in" tability, 196-20 I 

remedy 
RE, 197 
compensation with econd transistor, 200 
explicit feedback , 199 

temperature response (bipolar), 196 
temperature tability 

diff-amp (worked example) 239 
Terminal (SiLab utility) (lab), 987, 992 
test loop (lab), 791 
testbench (in Verilog). 1055 
thermal calculation: MOSFET (lab), 486 
them1al runaway 

op-amp push-pull , 242 
thermally conductive ga ket, 463 
Thevenin 

model, 15 
resi lance. 15 

shortcut, 16 
hortcut: ju tifying, 15 

voltage. 15 
Thevenin model (lab), 26-27 
three-state, 535 

buffer keypad (lab), 662 
where needed. 648 

three- rate (lab , 545 
three- ·tate buffer (lab), 545 
Thunderbolt, 973 
time constant, 55 
time con tant (Jab) 78-79 
time-domain (lab), 78 
timer 

code. Si Lab · (lab), 891 , 893 
timer, 8051 (lab), 980-982 
TIP! lO Darlington tran .. istor pair, 349 
tolerance (resi tor). 36 
tolerance code. , capacitor, 89 
tracking ADC, 705 
transistor (bipolar) 

beta, 158- 160 
Early effect, 224-227 

calculating R0 ui, 226 
emitter resistor as remedy, 227 
limit to amplifier gain. 230 
remedies, 227- 230 
Wilson mirror, 227 

first model, 154 
.. ymbol, 154 
temperature effects 

mirror, 223 
transistor pinout (lab) 

by experiment, 169 
transistor summary 

Early Effect, 235 
impedances, common-emitter amp, 234 
impedance , diff-amp, 234 
Miller Effect, 235 

switch, 2 5 
transi tor switch 

bipolar, 166 
transi tors (bipolar) 

... why they are hard, 189 
common-emitter amplifier 

bypa sed-emitter, 197 
Eber ·- Moll model, 190 

Index 1139 

effect of aturacion upon Rin· 199 
grounded-emitter amplifier. 193- 195 
phase splitter 189 
temperature instability, 196-201 

tran. mission gate, 466 
transmission lines. 23, I 089 

reflections, I 092 
series termination, 1095 

transparent latch, 578 
transresistance amplifier 258 
Lri-state, 535 
triangle wavefom1, 53 
truth table, 520 
TIL 

syncing output from function generator, 33 
TTL function generator output), 33 
two· -complement, 518 

worked example. 555 556 
two's-complement (lab), 841 

UART, 966 
uncompensated p-amp, 384 
univer al gate. 521 
USB, 968 

variable resistor, 12 
vco 

group audio project, 504, 505 
VCVS (lab), 374 
VCVS filter, 354. 386 
VCVS filter (lab), 373 
Verilog, 526, 527. 571 1053-1079 

"always@" form , 1060-1062 
"case'·, 1072 
'·parameter", I 072 
behavioral versus structural de ' ign, I 064-1065 
blocking v non-blocking a. signments, 1077- 1079 
case 107 l 
flip-flop, 1060-1062 
hierarchical design. 1065- 1070 
instantiation, J 056-1058 
state machine, I 07 I 

bu. arbiter example, I 075 
ynchronous carry _out I 072 

template files , I 076 
testbench, I 055 

initialize, 1062, 1069 
self-checking, 1058- 1060 
tabular output, I 057 

veri log 
schematic views, l 083 
imulation , I 085 
imulation procedure I 087 

synthesize, I 082 
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test bench, I 086 
self-checking, I 088 

VHDL, 526 
virtual ground, 255 
volatility (of memory) , 653 
voltage divider, 11 
voltage divider (lab), 26 
voltage regulator 

317 (adjustable), 441 
78xx (fixed), 439 
crowbar (lab), 457 
crowbar circuit, 444 
current limit 436 
dropout voltage, 437 
evolving a de ign , 434-437 
re regulator 

a<lju table, 440 
fixed 439 

LM3 l7 (adjustable), 440 
low-dropout regulator, 438 
stabilization, 436 
switching, 445-450 

configurations: boost. buck, invert, 446 
efficiency, 447 
inverting (lab), 46 J 
step-down ("'buck") (lab), 460 
tep-up ("boost") (lab), 458 

web applications for design, 449 
Williams, Jim, 450 

witching (lab), 457 
thermal calculation (lab), 454 
thermal de. ign , 441 
three-terminal. adjustable (lab}, 456 
three-terminal , fixed (lab), 454-456 
voltage reference IC, 435 
zcner, 434 

vol tage defined, 6 

Yon Neuman n computer, 771 
YPOl (lab), 27 1, 453 

watch 
SiLabs IDE, 807 

watchdog (microcontroller), 777 
watchdog timer (lab) 798 
waveform 

ramp, 53 
triangle. 53 

WE*, 649 
Wien bridge, 331 
Wien bridge oscillator (lab), 343-344 
Wilson mirror. 227 
wired OR, 534 
Woody Al len, 325 
wor t-case impedance, 68 

XC9572, 1081 
XC9572XL, 1081 
Xilinx, 598 
Xilinx TSE, 1081 
XOR as invert/Pass* function, 574 

Zc, 60 
zener diode, 122 
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