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Learning the Art of Electronics

This introduction to circuit design is unusual in several respects.

First. it offers not just explanations, but a full lab course. Each of the 25 daily sessions begins with a
discussion of a particular sort of circuit tfollowed by the chance to try it out and see how it actually
behaves. Accordingly, students understand the circuit’s operation in a way that is deeper and much
more satisfying than the manipulation of formulas.

Second, it describes circuits that more traditional engineering introductions 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 transistors. The digital half of the course centers on applying microcontroliers. but gives
exposure to Verilog, a powerful Hardware Description Language.

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

e Each session is divided into several parts, including Notes, Labs; many also have Worked Exam-
ples and Supplementary Notes
An appendix introducing Verilog
Further appendices giving background facts on oscilloscopes. Xilinx, transmission lines, pinouts.
programs etc, plus advice on parts and equipment

e  Very little math: focus is 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 Electronics at Harvard, which he has done for thirty-five years. He
has also taught electronics for the Harvard Summer School, the Harvard Extension School, and for
seventeen years in Boston University’s Department of Physics. He shares authorship 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 designs circuits as the need
for them arises in the electronics course. One such design is a versatile display, 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 tascination of
putting electronics to work. The course squeezes what we facetiously call “all of electronics™ into
about twenty-five days of class. Of course, it is nowhere near a/l, but we hope it is enough to get an
eager person launched and able to design circuits that do their tasks well.

Our title claims that this volume, which obviously is a book, is also a course. It is that, because
it embodies a class that Paul Horowitz and | taught together at Harvard for more than 25 years. It
embodies that course with great specificity, providing what are intended as day-at-a-time doses.

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

Each day’s dose includes not only the usual contents of" a book on electronics — notes describing and
explaining new circuits — but also a lab exercise. a chance to try out the day’s new notions by building
circuits that apply these ideas. We think that building the circuits will let you understand them in a
way that reading about them cannot.

In addition, nearly every day includes a worked example and many days include what we call
“supplementary notes.” These — for example. early notes on how to read resistors and capacitors
— are not for every reader. Some people don’t need the note because 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 just what we mean by “supplementary:™ it’s something (like a supplementary
vitamin) that may be useful, but that you can quite safely live without.

What's new?

If any reader is 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 this book and
that one. First, this book means to be self-sufficient, whereas the earlier book was meant to be read
alongside the larger work. Second, the most important changes in content are these:

e Analog:
— we devote a day primarily to the intriguing and difficult topic of parusitic oscillations and
their cures:
— we give a day (o building a “PID" circuit, stabilizing a feedback loop that controls a motor’s
position. We apply signals that form three functions of an error signal, the difference between
target voltage and output voltage: “Proportional™ (P), “Integral™ (I). and “Derivative™ (D)
functions of that difference.















Overview, as the Course begins

The circuits of the first three days in this course are humbler than what you will see later, and the
devices you meet here are probably more familiar to you than, say, transistors, operational amplifiers
— or microprocessors: Ohm’s Law will surprise none of you; I = CdV /dt probably sounds at least
vaguely familiar.

But the circuit elements that this section treats — passive devices — appear over and over in later
active circuits. So, if a student happens to tell us, “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 somehow. We tell her that the second lab, on RC
circuits, is the most important in the course. If you do not use that lab to cement your understanding
of RC circuits — especially filters — then you will be haunted by muddled thinking for at least the
remainder of the analog part of the course.

Resistors will give you no trouble; diodes will seem simple enough. at least in the view that we
settle for: they are one-way conductors. Capacitors and inductors behave more strangely. We will see
very few circuits that use inductors, 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 pass AC, block DC, and only rarely cause large phase
shifts.

We should 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 dense Math Review (Appendix
A) you feel that you must be spectacularly dense, don’t worry. That is the place in the course where
the squeamish may begin to wonder if they ought to retreat to some slower-paced treatment of the
subject. Do not give up at this point; hang on until you have seen transistors, at least. One of the most
striking qualities of this book is its cheerful 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 useful transistor circuits on your first
day with the subject.

It is also in the first three labs that you will get used 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 is turning
knobs so confidently, flipping switches and adjusting trigger level — all on the first or second day of
the course — is smarter than you are. No, that person has done it before. In two weeks, 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 start.

The images on the scope screen make silent and invisible events visible, though strangely abstracted
as well; these scope traces will become your mental images of what happens in your circuits. The
scope will serve as a time microscope that will let you see events that last a handful of nanoseconds:
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62 RC Circuits

1’(‘"
z
c
Vout Vet
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Figure 2N.18 Establish the
endpoints of each filter's
frequency response curve, by
trying f = tiny, f= huge.

low-frequency extreme:
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;, and Zoy.)
e 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 f, 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 corner” (corner defined arbitrarily?) 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 corner” is

i
f3dB = 37pc

Beware the more elegant formulation that uses ®:
1
@348 = B

 Well, not quite arbitrarily: a signal reduced by 3dB delivers half its original power.



2N.3 Frequency domain view of RCs 63
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Figure 2N.19 RC filter's frequency response
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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 ® 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.

P 728 Figure 2N.20 Deceptive similarity between shapes
reguency 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), V., moves to about 0.6 of the applied step voltage
(this fraction is (1 —1/e)).
Frequency domain: At figg, a frequency determined by RC, the filter’s Vou /Vin is about 0.7 (this

is 1/v/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

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

m
~
i ~> ©°
Vsut A ' g‘s -0 :
Vin ‘ = '
' S 20 l
° —- - —¢ . .
fu8 f"&’"’”fjf (lrg scafe) ~ Figure 2N.21 Linear and log-log
,‘mguengy v 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.






















































































































































































































































Figure 3W.4 Input impedance problem.

first method: second method:
apply a sine  apply a step or
square wave

Figure 3W.5 Step 1: install known resistance in

|
|
i
|
Civ :
l
|
I
1 series with "“Box".

Measure R|n

The challenge is essentially the same as the one presented by the exercise in §2L.1.1 that asks you to
infer R and C once you have determined the RC product. You need to peel apart the effects ot R versus
C.

To measure Ryy. our strategy will be to test the circuit at a frequency low enough so that the
impedance of the capacitor is unimportant relative to that of the resistor: X¢ > R. This will occur
at a low frequency. But the point that calls for a little thought is iow to determine when we have
arrived at such a frequency. Here, we propose three alternative methods.

Measure Ryn using DC

We can observe the open-circuit input voltage. That reveals the internal V. Then use Rypst. as in
Fig. 3W.5, to form the usual voltage divider. If the internal V' is zero, then we need an external DC
source as input.

Measure R)x using a sinusoid

[f we apply a sine to the input and watch points A and B. we need to make sure that whatever attenua-
tion we see is caused by the R. not by X as well. An R: R divider will show no phase shift: a divider
with R on top and R parallel C will show phase shift. unless X¢ is very large relative to the Box's R.
So. we apply a low-frequency sinusoid. and watch for phase shift. If we see none. our measurement
of Rin 1s not being corrupted by the effect of Cin. The scope images in Fig. 3W.6 show results with
the scope inputs AC coupled.

Two possible hazards:

e Atavery low frequency, if you AC-couple the signals, you may see a phase shift that is a pure
scope artifact. AC-coupling the scope input is a good idea, if you use the method of centering
the scope display on the 0% mark: since the lower part of the waveform goes otf-screen. a DC
offser in the signal can deceive you. But when you use AC-coupling you can see the blocking-
capacitor’s effect. at extreme low frequencies: below about 10Hz.! This cffect is visible in the
leftmost image of Fig. 3W.6.

U fi for both our analog and digital scopes is about 7H7 (high-pass). when AC-coupled and fed by a BNC cable 1> 7).
When fed by a 10x probe. the scope shows an f3gg so fow itis not likely to trouble you: about 0.7Hz.













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































864 Supplementary Notes: 8051 Addressing Modes

Code: simpler when using portpins: The code to test a bit and toggle a bit, as in §21S.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 O lives at address 80h. But this is also the first byte of our usual stack — the
“scratch-pad” RAM area on the 8051/2.5 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 PO that is addressed.

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 at this address. The 8051 offered only half as much on-chip RAM, and thus ran out of RAM exactly at
that point, 80h.

scratch RAM, used as stack
(here storing an address, 0064h)

ACC or 'A” R Frh . (328
also knownas’ SPecrar Fp mire
‘address EOh REBISTERS” scroddpal
' ~, )
N

Figure 21S.8 PO and iternoty Gefined
bottom of stack share an PORT 0

128 bytes

address. directiy-addressed RAM indirectly-addressed RAM



21S.1 Getting familiar with the 8051's addressing modes 865

We couldn’t resist adding to Fig. 218.8 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 rwo 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 external” 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!

21S5.1.11 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.)®

CDP

bit zero -
l Seradchpad l
address 34h 8olyles
(dw)

F Lt alle b : of
> (o--7r)r }Iﬁzat}{-} -

20
1Fh 1'29():.([:3
toh 17k lauk2
o orh ';77 baak £ by Bbyks
owoh |7 ?llooh reqlndkp
direct addressing indirect addressing .
v A R2 A © Figure 21S.9 More
:':uc o mov £, @RS double-lives of RAM
Setb Pg.3 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 MOV X operations. The SiLabs "410 for
example does this. See §24L.2.2.

# You may recall that this distinction partially explains the two names for the accumulator register: “A™ versus “ACC.” See
§20L.3.8.

































































































































































































































































































































































































































































































































































































































































































































1100 Scope Advice

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.

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

Figure D.2 Don't start by driving that input)

fussing with the LEVEL knob.
First, set SOURCE appropriately.

...80, 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.

e INT means “internal,” and refers (despite the strange name) to the scope’s INPUT chan-
nels. Nearly always this is the correct choice

e 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).! Ifyou 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.

e 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.

| St)j|/in Europe.
Usually on the Ironl of older analog scopes; in Teklronix TDS3014 digital scopes, the connector is on the back.



D.2 What we’d like to tell you 1101

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 | 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 )
Figure D.6 VERTICAL

mode (called
“alternating... ” on the
digital scope) falsifies
relative timing among
channels.

(Notice sine and square do not align:
in fact, square wave's edge aligns with
peak and trough of sine)

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















Part, generic | Description Detail Mfgr Part No., exact @ Particular Price| Pricel
(pkg, etc.) 5 | Distributor’s (1) |(29)
& | Part No. USS | Uss
Potentiometers
trimpot cermet, one turn | 1/2W 1k Bourns 3352T-1-102LF D |3352T-102LF- 1.53 |1.22
ND
10k 3352T-1-103LF D |3352T-1-103LF- [1.53 {1.22
ND
100k 3352T-1-104LF D |3352T-1-104LF- [1.53 [1.22
ND
1M 3352T-1-105LF D |3352T-1-105LF- [1.53 |1.22
ND
motor-driven rotary pot 4-6V, 100k { Alps RK16812MG099 M | 688- 9.61 | 8.58
audio taper RK16812MG099
B3
slider pot 10V, audio | 10k | Top-up industry | “100mm” S | COM-10734 19.95 18.9¢
taper 15A
Microphone
electret, 0.1v PUI Audio AOM-6738P-R D |668-1296-ND 1.65 {1.18
omi-direct. centers
DIODES
silicon,
ordinary
1N914 silicon diode 0.3A | DO-35 Fairchild 1N914BTR D [1N914BCT-ND !0.1 [0.06
fast recovery
1N4004 silicon diode, 1A | DO-41 Diodes, Inc. 1N4004-T D | 1N4004DICT- 0.130.11
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. 1IN5817T 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-C0002 D |516-2483-1-ND {06 |0.4
C566C-AFS- Yellow, bright 5mm Cree C566C-AFS- D | C566C-AFS- 0.18 (0.17
CUOWO0252 CUOWO0252 CUOWO0252CT-
ND
HLMP-3950 Green, high 5mm Avago HLMP-3950 D | 516-1347-ND 06 |04
efficiency
LNG995PFBW | blue, wide angle |5mm Panasonic LNG995PFBW D | P468-ND 21 (17
LTL-30EH) red/green, 3-lead | 5mm Lite-On LTL-30EHJ D |160-1057-ND 05 |04
TSTS7100 IR LED,9850nm, | TO-18 Vishay TSTS7100 D | TSTS7100-ND | 3.45 | 2.42
10" angle
TIL311 LED hex display | DIP, 14-pin I TIL311 J | TIL311 19.95 199
with decoder

Sources: A=Avnet Express, Arizona; ADI=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).






ND

op-amp, JFET input, |8 DIP Tt LF411CP N | 60K6163 1.69 | 1.35
3MHz

op-amp, bipolar, 8 DIP Ti LM741CN N | 97K3586 0.73 | 0.58
1,5MHz

op-amp, dual, single 8 DIP T LM358P D |296-1395-5-ND | 0.49 [ 0.33
supply

op-amp, rail to rail, in |8 DIP Tt LMC6482IN/NOPB D | LMC6482IN/ 178 |1.4
& out, CMOS (16V NOPB-ND

max V+ to V-)

op-amp, single supply, | 8 DIP TI LMC662CN/NOPB N | 41K2696 1.69 | 1.32
rail out, CMOS

comparator 8 DIP Ti LM311PE4 M | 595-LM311PE4 |0.61 |0.47
comparator, single 8 DIP Ti TLC372CP N | 36K3644 1.14 |09
supply

voltage reg, TO220 TI LM317HVT/ NOPB D [ LM317HVT/ 242 (1.93
adjustable, 1.5A NOPB-ND

voltage reference TO-92 TI LM385LPR-2-5 D [296-31451-1-ND | 0.66 | 0.51
voltage reg, T0-92 Fairchild LM78LO5ACZ D |LM78LO5ACZFS-{0.43 | 0.25
3-term,100mA ND

switching regulator, 8 DIP Linear LT1073CN8#PBF D | LT1073CN8# 553 |3.67
buck/boost PBF-ND

timer /oscillator, 8 DIP T TLC555CP D [296-1857-5-ND | 0.85 | 0.68
CMOS

“half size” metal can |8 DIP ECS ECS-2200B-110.5 D | XC268-ND 3.68 | 3.15
“half size” metal can |8 DIP CTS MXO045HS-3C- D | CTX743-ND 2.07 [1.98

8M0000

0.2" centers 2-pin, ECS ECS-110.5-S-4X D | X1064-ND 0.81 |1 0.69
| welded

switched-capacitor 8 DIP Mx MAX294CPA D | MAX294CPA+- |5.66 | 5.44
8-pole elliptic low-pass ND

filter

power amplifier 8 DIP TI LM386N-1/NOPB D | LM386N- 0.98 1 0.79
(single-supply; will 1/NOPB-ND

drive 8-ohm speaker)

switching amplifier 10 TSOP TI LM4667MM/ NOPB D [LM4667MM/ 1.2 |0.96

NOPBCT-ND

MSOP-10 to DIP 10 DIP Proto PAQ027 PDy PA0O27 10.99 10.9
adapter Advantage*

met Express, Arizona; ADI=Analog Devices Inc.; D=Digikey; J=Jameco; M=Mouser: N=Newark:

lvantage (Ontario): PA/D means that Digikey carries the part; Q=Quest Components Inc., (California)

zlectronics (MA); S=Sparkfun; TTI=TTI Inc., (Texas)

'

ocure, assemble & solder the IC to their carrier.
for its ability to procure SMT parts and then solder these to their carriers.












carbon 1, 10, 47, 100,
composition, 150, 220, 240,
1/4W 270, 330, 390,
470, 560, 620,
680, 750, 820
1k, 1.5k, 2.0k,
2.2k, 2.7k, 3.3k,
4.7k, 5.6k, 6.2k,
6.8k, 7.5k, 8.2k,
10k, 12k, 15k,
20k, 22k, 33k,
47k, 56k, 68k,
82k, 100k, 120k,
150k, 220k,
330k, 470k, 560k
1M, 3.3M, 4.7M,
10M

10€2, 25W axial TE-connectivity | 1625971-5 D | A102130-ND
power
resistor,
wire-wound

Sources: A=Avnet Express, Arizona; ADI=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).










































Figure J.8 Converters,
PLL: ADC, DAC and SAR. ADT569 B-hit DAC + ADC
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Figure J.12
Microcontrollers,
RAM, SPI digipot.
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Index

LC circuit, 113 pinout (lab), 786

R:2R ladder, 697-698 addressing modes

RLC circuit, 113118 bit operations, 862-864
resonance, |14 DPTR, 857-858

Ron examples (brief). 867-868
analog switch (lab), 490 indirect addressing, 860-861
MOSFET (lab). 489 R,. 859. 860

Ron multiple address spaces. 864-868
analog switch (lab), 490 oft-chip operations. 857-860

Serosovers 312 on-chip operations, 857

e, 158 portpins vs external buses (examples), 862

re

A in feedback: open-loop gain. 396
AB in feedback: loop gain, 397, 399
AC/DC (scope input select), 34
ACC
vs "A" SiLabs (lab). 846
active filter, 354
Bessel, 387
Bessel (lab), 374
Butterworth. 387
Butterworth (lab). 374
Chebyshev. 387
Chebyshev (lab), 374
transient response, 388
VCVS, 354
active tilter (lab), 373-374
active low
...in Verilog, 526, 571
why prevalent, 529
active pullup gate output: CMOS (lab):, 545
active rectifier, 281
ADSS58 (lab), 724
AD7569 (lab). 926

...deriving, 207
‘311 (lab), 337
555, 341-343
AINC file (assembler/compiler). 817
Ast file (RIDE assembler/compiler/simulator). 951
#344 lamp (lab). 343
#47 lamp (lab). 174
“WATCH™ window

RIDE assembler/compiler/simulator. 953
“active low”, 522
“loop™ (program): origin of term. 815
“saturation” (FET usage). 500
“sticky™ flag. 600, 601
IN5294 current-limiting diode, 342
IN5294 current-limiting diode (lab). 213
INS5717 Schottky diode (lab), 135
2’s-complement

cheap trick to calculate. 816
2N3904 (lab), 169
2N3906 (lab), 271
4046 PLL. 717
7T4HCOO0 (lab):, 540

ADC
74HC14 (lab). 339 see “analog «» digital conversion™, 701
T4HC175 (lab). 594 ADC

74HC4040 (lab). 730
74HC4046 (lab), 730
74HC574 (lab). 728
7T4HC74 (lab), 588
74HCTI139 (lab), 835
T4HCTS73 (lab), 786
74L.S00 (iab). 540
741.8503 (lab), 725
78105 regulator (lab), 454
8051 controller, 765
8051 port. 770-771

SiLabs (lab) , 942-944
ADC (lab), 725-729
ADC & DAC to micro
modify wavetorms
lowpass tilter, 923-925
rectity: full-wave, 922
rectify: half-wave, 923
number formats, 922
reconstruction filter, 917
Sil.abs
left-justify, 917
8051 ADDC (lab). 841, 854



adder
worked example, 556-559
address decoding, 675
address multiplexing (lab). 786
addressing modes
see "8051: addressing modes™, 857
ADx address/data lines (lab), 786
ALE (lab), 787
aliasing, 696, 735. 738-739
ALU
design with gates. 563
design with Verilog, 564
worked example, 503
AM radio (lab), 135
ammeter (lab), 29
analog
contrasted with digital, 513
analog > digital conversion
R:2R ladder. 697-698
ADC designs. 701-712
...compared. 701
“flash™ or parallel, 701
binary scarch (SAR), 705-707
delta—sigma. 706-712
dual-slope. 703

how delta—sigma high-passes quantization noise,

710-711
how delta—sigma low-passes signal. 711
oversampling, 709
pipelining, 703
tracking, 705
aliasing, 714
DAC designs, 697-701
current summing R:2R. 697
PWM, 700
switched-capacitor, 699
thermomcter, 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
sample-and-hold (lab), 492
switched-capacitor filter (lab), 493495
analog to digital conversion
ADC designs
single-slope. 616
AND as “it™, 574
AND as Pass/Block* function, 573

assembler directive (RIDE assembler/compiles/simulator),

947
assembly language. 813
assembler directive, 817
bit versus byte operations, 775. 776, 864
CALL subroutine, 826, 830

Index

stack, 826
directives. 817
INCLUDE. 817
DPTR initialization, 822, 823
EQU. 818
extending operations beyond 8 bits, 830
format, typical, 823
INC. 817
INCLUDE. 817
indirect addressing. 823
jump oftsets, 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 feedbuck: fraction ted back, 396
ballast resistor., 469
bandpass filter (worked example). 103
battery backup (lab), 832
Bessel filter, 387
beta, 158
bias current. 288
bias divider, 179
biasing. 161
details, 163
binary, 514
binary number codes, 518
binary numbers
hexadecimal notation, 519
signed, 518
unsigned. 518
binary search (lab), 724
binary search ADC. 705-707
binary search display (lab), 727
bipolar transistor, 154
four topologies, 167
impedance at collector, 167
bipolar transistor (defined). 152
bit defined, 514
bit move
using carry flag, 873
bit operations
bit move, 873
external bus, 869-870
in C. 873
port pins. 870-871
bit versus byte operations, 864
Black
formalizing teedback. 249
Black. Harold
memoir, 245
bleeder resistor. 143
blocking capacitor, 74

blocking vs non-blocking assignments, 1077-1079

Bluetooth, SiLabs (lab) . 989-991
Boole. 520-521
bootstrap (op-amp input). 397

1129




































“Learning the Art of Electronics — A Hands-on Course provides a perfect introduction to electronics
for aspiring experimentalists. The style is both playful and practical; not only ‘hands on,’ but ‘minds
on’ as well. We've been happily using previous editions of the student manual in Wellesley College
physics courses for the last 30 years. This latest installment is easily the best yet.”

Robbie Berg, Glenn Stark, and James Battat, Wellesley College Physics

“If you are going to learn the Art of Electronics, you'll need to spend some time practicing that Art
with your own two hands. Thinking about it isn’t enough, and that's what makes this course book
so useful to those of us studying to understand electronics. The 25 lessons are designed to
teach-by-example, so you can learn via the many hands-on labs. Going through these exercises
will open your eyes to how electronic components act in real life, how your tools can help or
deceive, and how to debug and analyze the day-to-day challenges of engineering!”

| Fonk] L] ey (M Rl SSTE)

Limor “Ladyada” Fried, Adafruit Industries

“This was my favorite book and class in graduate school. I'd taken electronics labs before, but
never really got it. The book is very clearly written and thought out. | had a wonderful sense of
continual ‘ah-ha’ moments going through it. It's also just fun to read, you feel like a friend is
explaining it all to you. This new edition adds some valuable sections (one on the black art of
fighting parasitic oscillations). It has some great new projects as well, including one that | did
when it was being infroduced, where the class designs a device for transmitting music across the
room with an infrared LED. When we got that one to work | felt like | could do anything.
Honestly, the whole class is really empowering in that basic way. As complicated as my iPhone
is, | feel like basically inside it's got a clock and some memory and @ CPU and some buses.

l imagine | know roughly how it works. | feel like | know this secret and no one else does. To them
it'’s magic. But | know.”

David Kestenbaum, National Public Radio

“Having learned electronics 25 years ago from the student guide, I've greatly enjoyed working

Tom’s new and updated labs into our electronics course at Penn. The intuitive, hands-on style of

these lab exercises makes them fun and highly effective. The labs guide students through building

and studying each circuit, but are peppered with questions and design choices that force one to

think carefully and to check one’s understanding at each step. Our students especially love building

the classic AM radio receiver and the new PID motor controller: these exercises reinforce key .‘
concepts (filters, rectifiers, op-amps, feedback) and provide a great sense of accomplishment once

they work. These labs are a freasurel”

Bill Ashmanskas, University of Pennsylvania
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