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PREFACE

Electronics, perhaps more than any other
field of technology, has enjoyed an explo-
sive development in the last four decades.
Thus it was with some trepidation that we
attempted, in 1980, to bring out a defini-
tive volume teaching the art of the subject.
By “art”™ we meant the kind of mastery that
comes from an intimate familiarity with
real circuits, actual devices, and the like,
rather than the more abstract approach of-
ten favored in textbooks on electronics. Of
course, in a rapidly evolving field, such a
nuts-and-bolts approach has its hazards -
most notably a frighteningly quick obsoles-
cence.

The pace of electronics technology did
not disappoint us! Hardly was the ink
dry on the first edition before we felt fool-
ish reading our words about “the classic
[2Kbyte] 2716 EPROM ... with a price
tag of about $25." They're so classic you
can’t even get them anymore, having been
replaced by EPROMs 64 times as large,
and costing less than half the price! Thus
a major element of this revision responds
to improved devices and methods — com-
pletely rewritten chapters on microcom-
puters and microprocessors (using the IBM
PC and the 68008) and substantially
revised chapters on digital electronics (in-
cluding PLDs, and the new HC and AC
logic families), on op-amps and precision
design (reflecting the availability of excel-
lent FET -input op-amps), and on con-
struction techniques (including CAD/
CAM). Every table has been revised, some
substantially; for example, in Table 4.1
(operational amplifiers) only 65% of the

original 120 entries survived, with 135
new op-amps added.

We have used this opportunity to re-
spond to readers’ suggestions and to our
own experiences using and teaching from
the first edition. Thus we have rewritten
the chapter on FETs (it was too compli-
cated) and repositioned it before the chap-
ter on op-amps (which are increasingly of
FET construction). We have added a new
chapter on low-power and micropower de-
sign (both analog and digital), a field both
important and neglected. Most of the re-
maining chapters have been extensively re-
vised. We have added many new tables,
including A/D and D/A converters, digi-
tal logic components, and low-power de-
vices, and throughout the book we have
expanded the number of figures. The book
now contains 78 tables (available separate-
ly as The Horowitz and Hill Component Se-
lection Tables) and over 1000 figures.

Throughout the revision we have strived
to retain the feeling of informality and easy
access that made the first edition so suc-
cessful and popular, both as reference and
text. We are aware of the difficulty stu-
dents often experience when approaching
electronics for the first time: The field is
densely interwoven, and there is no path
of learning that takes you, by logical steps,
from neophyte to broadly competent
designer. Thus we have added extensive
cross-referencing throughout the text; in
addition, we have expanded the separate
Laboratory Manual into a Student Manual
(Student Manual for The Art of Electronics,
by Thomas C. Hayes and Paul Horowitz),

Xix
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XX

PREFACE

complete with additional worked examples
of circuit designs, explanatory material,
reading assignments, laboratory exercises,
and solutions to selected problems. By
offering a student supplement, we have
been able to keep this volume concise and
rich with detail, as requested by our many
readers who use the volume primarily as a
reference work.

We hope this new edition responds to
all our readers’ needs — both students
and practicing engineers. We welcome
suggestions and corrections, which should
be addressed directly to Paul Horowitz,
Physics Department, Harvard University,
Cambridge, MA 02138.

In preparing this new edition, we are
appreciative of the help we received from
Mike Aronson and Brian Matthews (AOX,

LEGAL NOTICE

In this book we have attempted to teach the
techniques of electronic design, using cir-
cuit examples 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 indepen-
dent testing and verification by the person
making the application. Independent test-
ing and verification are especially important
in any application in which incorrect func-
tioning could result in personal injury or
damage to property.

For these reasons, we make no warran-
ties, express or implied, that the examples,

Inc.), John Greene (University of Cape
Town), Jeremy Avigad and Tom Hayes (Har-
vard  University), Peter Horowitz
(EVI, Inc.), Don Stern, and Owen Walker.
We thank Jim Mobley for his excellent
copyediting, Sophia Prybylski and David
Tranah of Cambridge University Press for
their encouragement and professional ded-
ication, and the never-sleeping typesetters
at Rosenlaui Publishing Services, Inc. for
their masterful composition in TEX.

Finally, in the spirit of modern jurispru-
dence, we remind you to read the legal no-
tice here appended.

Paul Horowilz
Winfield Hill

March 1989

data, or other information in this volume
are free of error, that they are consistent
with industry standards, or that they will
meet the requirements for any particular ap-
plication. THE AUTHORS AND PUB-
LISHER EXPRESSLY DISCLAIM THE
IMPLIED WARRANTIES OF MER-
CHANTABILITY AND OF FITNESS
FOR ANY PARTICULAR PURPOSE,
even if the authors have been advised of a
particular purpose, and even if a particu-
lar purpose is indicated in the book. The
authors and publisher also disclaim all lia-
bility for direct, indirect, incidental, or con-
sequential damages that result from any use
of the examples, data, or other information
in this book.
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This volume is intended as an electronic
circuit design textbook and reference book;
it begins at a level suitable for those with
no previous exposure to electronics and
carries the reader through to a reasonable
degree of proficiency in electronic circuit
design. We have used a straightforward
approach to the essential ideas of circuit
design, coupled with an in-depth selection
of topics. We have attempted to combine
the pragmatic approach of the practicing
physicist with the quantitative approach
of the engineer, who wants a thoroughly
evaluated circuit design.

This book evolved from a set of
notes written to accompany a one-semester
course in laboratory electronics at Har-
vard. That course has a varied enroll-
ment — undergraduates picking up skills
for their eventual work in science or in-
dustry, graduate students with a field of re-
search clearly in mind, and advanced grad-
uate students and postdoctoral researchers
who suddenly find themselves hampered
by their inability to “do electronics.”

It soon became clear that existing text-
books were inadequate for such a course.
Although there are excellent treatments of
each electronics specialty, written for the
planned sequence of a four-year engineer-
ing curriculum or for the practicing engi-
neer, those books that attempt to address
the whole field of electronics seem to suffer
from excessive detail (the handbook syn-
drome), from oversimplification (the cook-
book syndrome), or from poor balance of
material. Much of the favorite pedagogy of
beginning textbooks is quite unnecessary
and, in fact, is not used by practicing engi-

neers, while useful circuitry and methods
of analysis in daily use by circuit designers
lie hidden in application notes, engineer-
ing journals, and hard-to-get data books.
In other words, there is a tendency among
textbook writers to represent the theory,
rather that the art, of electronics.

We collaborated in writing this book
with the specific intention of combining
the discipline of a circuit design engineer
with the perspective of a practicing exper-
imental physicist and teacher of electron-
ics. Thus, the treatment in this book re-
flects our philosophy that electronics, as
currently practiced, is basically a simple
art, a combination of some basic laws,
rules of thumb, and a large bag of tricks.
For these reasons we have omitted entire-
ly the usual discussions of solid-state
physics, the A-parameter model of transis-
tors, and complicated network theory, and
reduced to a bare minimum the mention of
load lines and the s-plane. The treatment
is largely nonmathematical, with strong en-
couragement of circuit brainstorming and
mental (or, at most, back-of-the-envelope)
calculation of circuit values and perfor-
mance.

In addition to the subjects usually
treated in electronics books, we have in-
cluded the following:

B an easy-to-use transistor model

® extensive discussion of useful subcircuits,
such as current sources and current mir-
rors

® single-supply op-amp design

m easy-to-understand discussions of topics
on which practical design information is
often difficult to find: op-amp frequency
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compensation, low-noise circuits, phase-
locked loops, and precision linear design
m simplified design of active filters, with
tables and graphs

® a section on noise, shielding, and ground-
ing

m a unique graphical method for stream-
lined low-noise amplifier analysis

m a chapter on voltage references and regu-
lators, including constant current supplies
m a discussion of monostable multivibra-
tors and their idiosyncrasies

m a collection of digital logic pathology, and
what to do about it

m an extensive discussion of interfacing to
logic, with emphasis on the new NMOS
and PMOS LSI

m a detailed discussion of A/D and D/A
conversion techniques

m a section on digital noise generation

m a discussion of minicomputers and inter-
facing to data buses, with an introduction
to assembly language

m a chapter on microprocessors, with ac-
tual design examples and discussion — how
to design them into instruments, and how
to make them do what you want

m a chapter on construction techniques:
prototyping, printed circuit boards, instru-
ment design

m a simplified way to evaluate high-speed
switching circuits

m a chapter on scientific measurement and
data processing: what you can measure
and how accurately, and what to do with
the data

®m bandwidth narrowing methods made
clear: signal averaging, multichannel scal-
ing, lock-in amplifiers, and pulse-height
analysis

m amusing collections of “bad circuits,”
and collections of “circuit ideas”

m useful appendixes on how to draw sche-
matic diagrams, 1C generic types, LC
filter design, resistor values, oscilloscopes,
mathematics review, and others

m tables of diodes, transistors, FETs, op-
amps, comparators, regulators, voltage ref-

erences, microprocessors, and other de-
vices, generally listing the characteristics
of both the most popular and the best types

Throughout we have adopted a philos-
ophy of naming names, often comparing
the characteristics of competing devices
for use in any circuit, and the advantages
of alternative circuit configurations. Ex-
ample circuits are drawn with real device
types, not black boxes. The overall intent
is to bring the reader to the point of under-
standing clearly the choices one makes in
designing a circuit — how to choose circuit
configurations, device types, and parts val-
ues. The use of largely nonmathematical
circuit design techniques does not result
in circuits that cut corners or compromise
performance or reliability. On the con-
trary, such techniques enhance one’s un-
derstanding of the real choices and com-
promises faced in engineering a circuit and
represent the best approach to good circuit
design.

This book can be used for a full-year
electronic circuit design course at the
college level, with only a minimum mathe-
matical prerequisite, namely, some
acquaintance with trigonometric and ex-
ponential functions, and preferably a bit
of differential calculus. (A short review
of complex numbers and derivatives is in-
cluded as an appendix.) If the less essential
sections are omitted, it can serve as the
text for a one-semester course (as it does
at Harvard).

A separately available laboratory man-
ual, Laboratory Manual for the Art of Elec-
tronics (Horowitz and Robinson, 1981),
contains twenty-three lab exercises, to-
gether with reading and problem assign-
ments keyed to the text.

To assist the reader in navigation, we
have designated with open boxes in the
margin those sections within each chap-
ter that we feel can be safely passed over
in an abbreviated reading. For a one-
semester course it would probably be wise
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to omit, in addition, the materials of Chap-
ter 5 (first half), 7, 12, 13, 14, and possibly
15, as explained in the introductory para-
graphs of those chapters.

We would like to thank our colleagues
for their thoughtful comments and assis-
tance in the preparation of the manuscript,
particularly Mike Aronson, Howard Berg,
Dennis Crouse, Carol Davis, David
Griesinger, John Hagen, Tom Hayes,
Peter Horowitz, Bob Kline, Costas Papa-

liolios, Jay Sage, and Bill Vetterling. We
are indebted to Eric Hieber and Jim Mob-
ley, and to Rhona Johnson and Ken Werner
of Cambridge University Press, for their
imaginative and highly professional work.

Paul Horowitz
Winfield Hill

April 1980
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INTRODUCTION

Feedback has become such a well-known
concept that the word has entered the gen-
eral vocabulary. In control systems, feed-
back consists in comparing the output of
the system with the desired output and
making a correction accordingly. The “sys-
tem” can be almost anything: for instance,
the process of driving a car down the road,
in which the output (the position and ve-
locity of the car) is sensed by the driver,
who compares it with expectations and
makes corrections to the input (steering
wheel, throttle, brake). In amplifier cir-
cuits the output should be a multiple of the
input, so in a feedback amplifier the input
is compared with an attenuated version of
the output.

4.01 Introduction to feedback

Negative feedback is the process of cou-
pling the output back in such a way as
to cancel some of the input. You might
think that this would only have the effect
of reducing the amplifier’s gain and would

be a pretty stupid thing to do. Harold
S. Black, who attempted to patent nega-
tive feedback in 1928, was greeted with
the same response. In his words, “Our
patent application was treated in the same
manner as one for a perpetual-motion ma-
chine.” (See the fascinating article in JEEE
Spectrum, December 1977.) True, it does
lower the gain, but in exchange it also im-
proves other characteristics, most notably
freedom from distortion and nonlinearity,
flatness of response (or conformity to some
desired frequency response), and predict-
ability. In fact, as more negative feedback
is used, the resultant, amplifier character-
istics become less dependent on the char-
acteristics of the open-loop (no-feedback)
amplifier and finally depend only on the
properties of the feedback network itself.
Operational amplifiers are typically used
in this high-loop-gain limit, with open-loop
voltage gain (no feedback) of a million or
s0.

A feedback network can be frequency-
dependent, to produce an equalization
amplifier (with specific gain-versus-
frequency characteristics, an example
being the famous RIAA phono amplifier

175
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characteristic), or it can be amplitude-
dependent, producing a nonlinear ampli-
fier (a popular example is a logarithmic
amplifier, built with feedback that exploits
the logarithmic Vgg versus I¢c of a diode
or transistor). It can be arranged to pro-
duce a current source (near-infinite out-
put impedance) or a voltage source (near-
zero output impedance), and it can be con-
nected to generate very high or very low in-
put impedance. Speaking in general terms,
the property that is sampled to produce
feedback is the property that is improved.
Thus, if you feed back a signal propor-
tional to the output current, you will gen-
erate a good current source.

Feedback can also be positive; that’s
how you make an oscillator, for instance.
As much fun as that may sound, it sim-
ply isn’t as important as negative feed-
back. More often it’s a nuisance, since a
negative-feedback circuit may have large
enough phase shifts at some high frequency
to produce positive feedback and oscil-
lations. It is surprisingly easy to have
this happen, and the prevention of un-
wanted oscillations is the object of what
is called compensation, a subject we will
treat briefly at the end of the chapter.

Having made these general comments,
we will now look at a few feedback exam-
ples with operational amplifiers.

4.02 Operational amplifiers

Most of our work with feedback will in-
volve operational amplifiers, very high
gain dc-coupled differential amplifiers with
single-ended outputs. You can think of
the classic long-tailed pair (Section 2.18)
with its two inputs and single output as
a prototype, although real op-amps have
much higher gain (typically 10° to 10°)
and lower output impedance and allow the
output to swing through most of the sup-
ply range (you usually use a split supply,
most often £+15V). Operational amplifiers
are now available in literally hundreds of

types, with the universal symbol shown
in Figure 4.1, where the (+) and (—) in-
puts do as expected: The output goes posi-
tive when the noninverting input (+) goes
more positive than the inverting input (—),
and vice versa. The (+) and (—) sym-
bols don’t mean that you have to keep one
positive with respect to the other, or any-
thing like that; they just tell you the rela-
tive phase of the output (which is impor-
tant to keep negative feedback negative).
Using the words “noninverting” and “in-
verting,” rather than “plus” and “minus,”
will help avoid confusion. Power-supply
connections are frequently not displayed,
and there is no ground terminal. Oper-
ational amplifiers have enormous voltage
gain, and they are never (well, hardly ever)
used without feedback. Think of an op-
amp as fodder for feedback. The open-
loop gain is so high that for any reason-
able closed-loop gain, the characteristics
depend only on the feedback network. Of
course, at some level of scrutiny this gen-
eralization must fail. We will start with
a naive view of op-amp behavior and fill
in some of the finer points later, when we
need to.

Figure 4.1

There are literally hundreds of different
op-amps available, offering various perfor-
mance trade-offs that we will explain later
(look ahead to Table 4.1 if you want to
be overwhelmed by what’s available). A
very good all-around performer is the
popular LF411 (“411™ for short), origi-
nally introduced by National Semi-
conductor. Like all op-amps, it is a wee
beastie packaged in the so-called mini-
DIP (dual in-line package), and it looks
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Figure 4.2. Mini-DIP integrated circuit.

as shown in Figure 4.2. It is inexpensive
(about 60 cents) and easy to use; it comes
in an improved grade (LF411A) and also
in a mini-DIP containing two independent
op-amps (LF412, called a “dual” op-amp).
We will adopt the LF411 throughout this
chapter as our “standard” op-amp, and we
recommend it as a good starting point for
your circuit designs.

L ] Uﬁ
411 no
offset null @ top view @connection
. . V'
inverting ("5 = @ (usually
input "TEV)
noninverting
eut 3 + @ output
{usually @ ® offset null
-15V)
Figure 4.3

Inside the 411 is a piece of silicon con-
taining 24 transistors (21 BJTs, 3 FETs),
11 resistors, and 1 capacitor. The pin con-
nections are shown in Figure 4.3. The dot
in the corner, or notch at the end of the
package, identifies the end from which to
begin counting the pin numbers. As with
most electronic packages, you count pins
counterclockwise, viewing from the top.
The “offset null” terminals (also known as
“balance” or “trim”) have to do with cor-
recting (externally) the small asymmetries

that are unavoidable when making the op-
amp. You will learn about this later in the
chapter.

4.03 The golden rules

Here are the simple rules for working out
op-amp behavior with external feedback.
They’re good enough for almost everything
you’ll ever do.

First, the op-amp voltage gain is so
high that a fraction of a millivolt between
the input terminals will swing the output
over its full range, so we ignore that small
voltage and state golden rule I:

1. The output attempts to do whatever is
necessary to make the voltage difference
between the inputs zero.

Second, op-amps draw very little input
current (0.2nA for the LF411; picoamps
for low-input-current types); we round
this" off, stating golden rule II:

II. The inputs draw no current.

One important note of explanation:
Golden rule I doesn’t mean that the op-
amp actually changes the voltage at its in-
puts. It can’t do that. (How could it, and
be consistent with golden rule I1?) What it
does is “look™ at its input terminals and
swing its output terminal around so that
the external feedback network brings the
input differential to zero (if possible).

These two rules get you quite far. We
will illustrate with some basic and impor-
tant op-amp circuits, and these will prompt
a few cautions listed in Section 4.08.

BASIC OP-AMP CIRCUITS

4.04 Inverting amplifier

Let’s begin with the circuit shown in
Figure 4.4. The analysis is simple, if you
remember your golden rules:

1. Point B is at ground, so rule I implies
that point A is also.
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2. This means that (a) the voltage across
R is Voyut and (b) the voltage across R; is
Vin.

R 2
AV

: o

Figure 4.4. Inverting amplifier.

3. So, using rule II, we have
Vout/R2 = —Vin/R1

In other words,

voltage gain = Voue/Vin = —Rz/Ra

Later you will see that it’s often better
not to ground B directly, but through-a
resistor. However, don’t worry about that
now.

Our analysis seems almost too easy! In
some ways it obscures what is actually
happening. To understand how feedback
works, just imagine some input level, say
+1 volt. For concreteness, imagine that
R; is 10k and Rs is 100k. Now, suppose
the output decides to be uncooperative,
and sits at zero volts. What happens? R;
and R» form a voltage divider, holding the
inverting input at +0.91 volt. The op-
amp sees an enormous input unbalance,
forcing the output to go negative. This
action continues until the output is at the
required —10.0 volts, at which point both
op-amp inputs are at the same voltage,
namely ground. Similarly, any tendency
for the output to go more negative than
—10.0 volts will pull the inverting input
below ground, forcing the output voltage
to rise.

What is the input impedance? Simple.
Point A is always at zero volts (it’s called
a virtual ground). So Zi, = Rj. At this
point you don’t yet know how to figure the

output impedance; for this circuit, it’s a
fraction of an ohm.

Note that this analysis is true even
for dc - it’s a dc amplifier. So if you
have a signal source offset from ground
(collector of a previous stage, for instance),
you may want to use a coupling capacitor
(sometimes called a blocking capacitor,
since it blocks dc but couples the signal).
For reasons you will see later (having to do
with departures of op-amp behavior from
the ideal), it is usually a good idea to use a
blocking capacitor if you’re only interested
in ac signals anyway.

This circuit is known as an inverting
amplifier. Its one undesirable feature is

the low input impedance, particularly for
amplifiers with large (closed-loop) voltage
gain, where R; tends to be rather small.
That is remedied in the next circuit (Fig.
4.5).

Figure 4.5. Noninverting amplifier.

4.05 Noninverting amplifier

Consider Figure 4.5. Again, the analysis is
simplicity itself:

Va=Vu

But V4 comes from a voltage divider:
Va= VoutRl/(Rl 4 R2)

Set V4 = Vi, and you get

gain = Vout/Vin =1+ R2/R1

This is a noninverting amplifier. In the

approximation we are using, the input
impedance is infinite (with the 411 it
would be 10'2Q2 or more; a bipolar op-amp
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will typically exceed 10%§2). The output
impedance is still a fraction of an ohm.
As with the inverting amplifier, a detailed
look at the voltages at the inputs will
persuade you that it works as advertised.
Once again we have a dc amplifier. If
the signal source is ac-coupled, you must
provide a return to ground for the (very
“small) input current, as in Figure 4.6. The
component values shown give a voltage
gain of 10 and a low-frequency 3dB point
of 16Hz.

0.1uF
in—|

100k p— out

18k
2.0k

Figure 4.6

Figure 4.7

An ac amplifier

Again, if only ac signals are being ampli-
fied, it is often a good idea to “roll off”
the gain to unity at dc, especially if the
amplifier has large voltage gain, in order
to reduce the effects of finite “input off-
set voltage.” The circuit in Figure 4.7 has
a low-frequency 3dB point of 17Hz, the
frequency at which the impedance of the

capacitor equals 2.0k. Note the large ca-
pacitor value required. For noninverting
amplifiers with high gain, the capacitor in
this ac amplifier configuration may be un-
desirably large. In that case it may be
preferable to omit the capacitor and trim
the offset voltage to zero, as we will dis-
cuss later (Section 4.12). An alternative
is to raise R; and Ry, perhaps using a T
network for the latter (Section 4.18).

In spite of its desirable high input im-
pedance, the noninverting amplifier con-
figuration is not necessarily to be preferred
over the inverting amplifier configuration
in all circumstances. As we will see later,
the inverting amplifier puts less demand
on the op-amp and therefore gives some-
what better performance. In addition, its
virtual ground provides a handy way to
combine several signals without interac-
tion. Finally, if the circuit in question is
driven from the (stiff) output of another
op-amp, it makes no difference whether
the input impedance is 10k (say) or infinity,
because the previous stage has no trouble
driving it in either case.

p— OUut

Figure 4.8. Follower.

4.06 Follower

Figure 4.8 shows the op-amp version of an
emitter follower. It is simply a noninvert-
ing amplifier with R; infinite and R zero
(gain = 1). There are special op-amps, us-
able only as followers, with improved char-
acteristics (mainly higher speed), e.g., the
LM310 and the OPA633, or with simpli-
fied connections, e.g., the TLO68 (which
comes in a 3-pin transistor package).

An amplifier of unity gain is sometimes
called a buffer because of its isolating
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properties (high input impedance, low
output impedance).

4
(from a voltage divider

or perhaps a signal) .

in

Figure 4.9

Brs e = = e e =

gt v |

|

| |

| |

| |

|

|

| ; |

| | power |

: supply I
com =

| I _]__

| | =

|- |
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Figure 4.10. Current source with grounded load
and floating power supply.

4.07 Current sources

The circuit in Figure 4.9 approximates an
ideal current source, without the Vgg off-
set of a transistor current source. Nega-
tive feedback results in Vi, at the invert-
ing input, producing a current I = V;,/R
through the load. The major disadvan-
tage of this circuit is the “floating” load
(neither side grounded). You couldn’t gen-
erate a usable sawtooth wave with respect
to ground with this current source, for in-
stance. One solution is to float the whole
circuit (power supplies and all) so that you
can ground one side of the load (Fig. 4.10).
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The circuit in the box is the previous cur-
rent source, with its power supplies shown
explicitly. R; and Ry form a voltage di-
vider to set the current. If this circuit
seems confusing, it may help to remind
yourself that “ground” is a relative con-
cept. Any one point in a circuit could be
called ground. This circuit is useful for
generating currents into a load that is re-
turned to ground, but it has the disadvan-
tage that the control input is now floating,
so you cannot program the output current
with an input voltage referenced to ground.
Some solutions to this problem are pre-
sented in Chapter 6 in the discussion of
constant-current power supplies.

Current sources for loads
returned to ground

With an op-amp and external transistor it
is possible to make a simple high-quality
current source for a load returned to
ground; a little additional circuitry makes
it possible to use a programming input ref-
erenced to ground (Fig. 4.11). In the first
circuit, feedback forces a voltage Voo —Vin
across R, giving an emitter current (and
therefore an output current) Ig = (Voo —
Vin)/R. There are no Vpg offsets, or their
variations with temperature, Io, Vo, etc.,
to worry about. The current source is im-
perfect (ignoring op-amp errors: Iy, V)
only insofar as the small base current may
vary somewhat with Vog (assuming the
op-amp draws no input current), not too
high a price to pay for the convenience of a
grounded load; a Darlington for ¢); would
reduce this error considerably. This error
comes about, of course, because the op-
amp stabilizes the emitter current, whereas
the load sees the collector current. A varia-
tion of this circuit, using a FET instead of
a bipolar transistor, avoids this problem al-
together, since FETs draw no gate current.
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o
"
load

A B

With this circuit the output current is
proportional to the voltage drop below
Vee applied to the op-amp’s noninverting
input; in other words, the programming
voltage is referenced to Vo, which is fine
if Vi, is a fixed voltage generated by a volt-
age divider, but an awkward situation if
an external input is to be used. This is
remedied in the second circuit, in which a
similar current source with npn transistor
is 'used to convert an input voltage (refer-
enced to ground) to a Voc-referenced in-
put to the final current source. Op-amps
and transistors are inexpensive. Don’t hes-
itate to use a few extra components to im-
prove performance or convenience in cir-
cuit design.

One important note about the last cir-
cuit: The op-amp must be able to operate
with its inputs near or at the positive sup-
ply voltage. An op-amp like the 307, 355,
or OP-41 is good here. Alternatively, the
op-amp could be powered from a separate
V5 voltage higher than Vg

EXERCISE 4.1
What is the output current in the last circuit for
a given input voltage V;,?

Figure 4.12 shows an interesting vari-
ation on the op-amp/transistor current

Figure 4.11. Current sources
for grounded loads that don’t
require a floating power sup-
ply.

source. It has the advantage of zero
base current error, which you get with
FETs, without being restricted to output
currents less than Ips(on). In this circuit
(actually a current sink), @, begins to

+Vop

fss = V100 [ 108 |

+15V b

Q,
2N5192

Figure 4.12. FET/bipolar current source suit-
able for high currents.

conduct when @), is drawing about 0.6mA
drain current. With Q,’s minimum Ipgg
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of 4mA and a reasonable value for @Q2’s
beta, load currents of 100mA or more
can be generated (@2 can be replaced by
a Darlington for much higher currents,
and in that case R; should be reduced
accordingly). We've used a JFET in this
particular circuit, although a MOSFET
would be fine; in fact, it would be better,
since with a JFET (which is a depletion-
mode device) the op-amp must be run
from split supplies to ensure a gate voltage
range sufficient for pinch-off. It’s worth
noting that you can get plenty of current
with a simple power MOSFET (“VMOS”);
but the high interelectrode capacitances of
power FETs may cause problems that you
avoid with the hybrid circuit here.

Howland current source

Figure 4.13 shows a nice “textbook™ cur-
rent source. If the resistors are chosen
so that R3/Rs = R4/R,, then it can be
shown that Ijpaq = —Vin/Ra2.

Ry Ay
Vi —AAA———AAA—————

Figure 4.13. Howland current source.

EXERCISE 4.2
Show that the preceding result is correct.

This sounds great, but there’s a hitch:
The resistors must be matched exactly;
otherwise it isn’t a perfect current source.
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Even so, its performance is limited by the
CMRR of the op-amp. For large output
currents, the resistors must be small, and
the compliance is limited. Also, at high
frequencies (where the loop gain is low, as
we’ll learn shortly) the output impedance
can drop from the desired value of infinity
to as little as a few hundred ohms (the op-
amp’s open-loop output impedance). As
clever as it looks, the Howland current
source is not widely used.

4.08 Basic cautions for op-amp circuits

1. 1In all op-amp circuits, golden rules I
and II (Section 4.03) will be obeyed only
if the op-amp is in the active region, i.e.,
inputs and outputs not saturated at one of
the supply voltages.

For instance, overdriving one of the
amplifier configurations will cause output
clipping at output swings near Vgc or
Vgg. During clipping, the inputs will
no longer be maintained at the same
voltage. The op-amp output cannot swing
beyond the supply voltages (typically it can
swing only to within 2V of the supplies,
though certain op-amps are designed to
swing all the way to one supply or the
other). Likewise, the output compliance
of an op-amp current source is set by
the same limitation. The current source
with floating load, for instance, can put
a maximum of Vge — Vi, across the
load in the “normal” direction (current
in the same direction as applied voltage)
and Vi, — Vgg in the reverse direction
(the load could be rather strange, e.g.,
it might contain batteries, requiring the
reverse sense of voltage to get a forward
current; the same thing might happen
with an inductive load driven by changing
currents).
2. The feedback must be arranged so
that it is negative. This means (among
other things) that you must not mix up the
inverting and noninverting inputs.

REED EX1012
IPR2024-01158



AN OP-AMP SMORGASBORD
4.09 Linear circuits

183

3. There must always be feedback at dc in
an op-amp circuit. Otherwise the op-amp
is guaranteed to go into saturation.

For instance, we were able to put a

capacitor from the feedback network to
ground in the noninverting amplifier (to
reduce gain at dc to 1, Fig. 4.7), but
we could not similarly put a capacitor in
series between the output and the inverting
input.
4. Many op-amps have a relatively small
maximum differential input voltage limit.
The maximum voltage difference between
the inverting and noninverting inputs
might be limited to as little as 5 volts in ei-
ther polarity. Breaking this rule will cause
large input currents to flow, with degrada-
tion or destruction of the op-amp.

We will take up some more issues of this
type in Section 4.11 and again in Section
7.06 in connection with precision circuit
design.

AN OP-AMP SMORGASBORD

In the following examples we will skip the
detailed analysis, leaving that fun for you,
the reader.

4.09 Linear circuits

Optional inverter

The circuits in Figure 4.14 let you invert,
or amplify without inversion, by flipping
a switch. The voltage gain is either +1 or
—1, depending on the switch position.

EXERCISE 4.3
Show that the circuits in Figure 4.14 work as
advertised.

Follower with bootstrap

As with transistor amplifiers, the bias path
can compromise the high input impedance
you would otherwise get with an op-amp,

10k 10k

follower

inverti

A

10k
in b— out
+
5.1k

B

Figure 4.14

r out

Figure 4.15

particularly with ac-coupled inputs, where
a resistor to ground is mandatory. If that
is a problem, the bootstrap circuit shown
in Figure 4.15 is a possible solution. As
in the transistor bootstrap circuit (Section
2.17), the 0.1uF capacitor makes the upper
IM resistor look like a high-impedance
current source to input signals. The low-
frequency rolloff for this circuit will begin
at about 10Hz, dropping at 12dB per
octave for frequencies somewhat below
this. Note: You might be tempted to
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reduce the input coupling capacitor, since
its load has been bootstrapped to high
impedance. However, this can generate
a peak in the frequency response, in the
manner of an active filter (see Section
5.06).

Ideal current-to-voltage converter

Remember that the humble resistor is the
simplest I-to-V converter. However, it has
the disadvantage of presenting a nonzero
impedance to the source of input current;
this can be fatal if the device providing
the input current has very little compliance
or does not produce a constant current
as the output voltage changes. A good
example is a photovoltaic cell, a fancy
name for a sun battery. Even the garden-
variety signal diodes you use in circuits
have a small photovoltaic effect (there are
amusing stories of bizarre circuit behavior
finally traced to this effect). Figure 4.16
shows the good way to convert current

1ME2
AAA~

'/1’

.
output (+)
A
—~————
photovoltaic
diode

Figure 4.16

to voltage while holding the input strictly
at ground. The inverting input is a vir-
tual ground; this is fortunate, since a pho-
tovoltaic diode can generate only a few
tenths of a volt. This particular circuit
has an output of 1 volt per microamp of
input current. (With BJT-input op-amps
you sometimes see a resistor connected be-
tween the noninverting input and ground;

its function will be explained shortly in
connection with op-amp shortcomings.)

Of course, this transresistance configu-
ration can be used equally well for devices
that source their current via some positive
excitation voltage, such as Vgoeo. Photo-
multiplier tubes and phototransistors (both
devices that source current from a positive
supply when exposed to light) are often
used this way (Fig. 4.17).

+15

A 10k
—~—— A
light in

LPT 100
(no base
connection) —

Figure 4.17

EXERCISE 4.4

Use a 411 and a 1mA (full scale) meter to
construct a “perfect” current meter (i.e., one
with zero input impedance) with 5mA full scale.
Design the circuit so that the meter will never
be driven more than +150% full scale. Assume
thatthe 411 outputcan swing to 13 volits (£15V
supplies) and that the meter has 500 ohms
internal resistance.

Differential amplifier

The circuit in Figure 4.18 is a differential
amplifier with gain Ry/R;. As with the
current source that used matched resistor
ratios, this circuit requires precise resistor
matching to achieve high common-mode
rejection ratios. The best procedure is
to stock up on a bunch of 100k 0.01%
resistors next time you have a chance.
All your differential amplifiers will have
unity gain, but that’s easily remedied with
further (single-ended) stages of gain. We
will treat differential amplifiers in more
detail in Chapter 7.
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out

Figure 4.18. Classic differential amplifier.

Summing amplifier

The circuit shown in Figure 4.19 is just a
variation of the inverting amplifier. Point
X is a virtual ground, so the input current
is Vi/R + Vo/R + V3/R. That gives
ot = —(Vi + Vo + V3). Note that
the inputs can be positive or negative.
Also, the input resistors need not be equal;
if they’'re unequal, you get a weighted
sum. For instance, you could have four
inputs, each of which is +1 volt or zero,
representing binary values 1, 2, 4, and
8. By using input resistors of 10k, 5k,
2.5k, and 1.25k you will get an output
in volts equal to the binary count input.
This scheme can be easily expanded to
several digits. It is the basis of digital-
to-analog conversion, although a different
input circuit (an R — 2R ladder) is usually
used.

EXERCISE 4.5

Show how to make a two-digit digital-to-analog
converter by appropriately scaling the input
resistors in a summing amplifier. The digital
input represents two digits, each consisting of
four lines that represent the values 1, 2, 4, and
8 for the respective digits. An input line is either
at +1 volt or at ground, i.e., the eight input lines
represent1, 2, 4, 8, 10, 20, 40, and 80. Because
op-amp outputs generally cannot swing beyond
+13 volts, you will have to settle for an output
in volts equal to one-tenth the value of the input
number.

10k

VAA-

10k
vl

10k
v, X

-V

10;( out

v

0.001uF 0.0033uF

+20d8

+10dB

gain

0dB ¢

-10dB -

6dB/octave

frequency (log scale) ———
B

Figure 4.20. Op-amp RIAA phono playback
amplifier.

RIAA preamp

The RIAA preamp is an example of an am-
plifier with a specifically tailored frequency
response. Phonograph records are cut with
approximately flat amplitude characteris-
tics; magnetic pickups, on the other hand,
respond to velocity, so a playback ampli-
fier with rising bass response is required.

B
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The circuit shown in Figure 4.20 produces
the required response. The RIAA play-
back amplifier frequency response (relative
to 0dB at 1kHz) is shown in the graph,
with the breakpoints given in terms of time
constants. The 47uF capacitor to ground
rolls off the gain to unity at dc, where it
would otherwise be about 1000; as we have
hinted earlier, the reason is to avoid ampli-
fication of dc input “offsets.” The LM833
is a low-noise dual op-amp intended for
audio applications (a “gold-plated” op-
amp for this application is the ultra-low-
noise LT1028, which is 13dB quieter, and
10dB more expensive, than the 833!).

*Vee

Figure 4.21

Power booster

For high output current, a power transis-
tor follower can be hung on an op-amp
output (Fig. 4.21). In this case a nonin-
verting amplifier has been drawn; the fol-
lower can be added to any op-amp configu-
ration. Notice that feedback is taken from
the emitter; thus, feedback enforces the de-
sired output voltage in spite of the Vgg
drop. This circuit has the usual problem
that the follower output can only source
current. As with transistor circuits, the
remedy is a push-pull booster (Fig. 4.22).
You will see later that the limited speed
with which the op-amp can move its out-
put (slew rate) seriously limits the speed

b—— output

~Vee

Figure 4.22

2N 3055 + heat sink

output
- +10V (regulated)

{unregulated) 0w 1A

4.3k

5.6k

5.6V
1N4734

Figure 4.23

of this booster in the crossover region,
creating distortion. For slow-speed appli-
cations you don’t need to bias the push-
pull pair into quiescent conduction, be-
cause feedback will take care of most of
the crossover distortion. Commercial op-
amp power boosters are available, e.g., the
LT1010, OPA633, and 3553. These are
unity-gain push-pull amplifiers capable of
200mA of output current and operation to
100MHz and above. You can include them
inside the feedback loop without any wor-
ries (See Table 7.4).

“
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Power supply

An op-amp can provide the gain for a
feedback voltage regulator (Fig. 4.23). The
op-amp compares a sample of the output
with the zener reference, changing the
drive to the Darlington “pass transistor”
as needed. This circuit supplies 10 volts
regulated, at up to 1 amp load current.
Some notes about this circuit:

1. The voltage divider that samples the
output could be a potentiometer, for ad-
justable output voltage.

2. For reduced ripple at the zener, the 10k
resistor should be replaced by a current
source. Another approach is to bias the
zener from the output; that way you take
advantage of the regulator you have built.
Caution: When using this trick, you must
analyze the circuit carefully to be sure it
will start up when power is first applied.
3. The circuit as drawn could be damaged
by a temporary short circuit across the out-
put, because the op-amp would attempt to
drive the Darlington pair into heavy con-
duction. Regulated power supplies should
always have circuitry to limit “fault” cur-
rent (see Section 6.05 for more details).

4. Integrated circuit voltage regulators are
available in tremendous variety, from
the time-honored 723 to the convenient 3-
terminal adjustable regulators with inter-
nal current limit and thermal shutdown
(see Tables 6.8-6.10). These devices,
complete with temperature-compensated

internal zener reference and pass transis-
tor, are so easy to use that you will almost
never use a general-purpose op-amp as a
regulator. The exception might be to gen-
erate a stable voltage within a circuit that
already has a stable power-supply voltage
available.

In Chapter 6 we will discuss voltage
regulators and power supplies in detail,
including special ICs intended for use as
voltage regulators.

4.10 Nonlinear circuits

Power-switching driver

For loads that are either on or off, a switch-
ing transistor can be driven from an op-
amp. Figure 4.24 shows how. Note the
diode to prevent reverse base-emitter
breakdown (op-amps easily swing more
than —5V). The 2N3055 is everyone’s
power transistor for noncritical high-
current applications. A Darlington (or
power MOSFET) can be used if currents
greater than about | amp need to be
driven.

Active rectifier

Rectification of signals smaller than a
diode drop cannot be done with a sim-
ple diode-resistor combination. As usual,
op-amps come to the rescue, in this case
by putting a diode in the feedback loop
(Fig. 4.25). For Vj, positive, the diode pro-

+V
-~ vides negative feedback; the output follows
the input, coupled by the diode, but with-
E out a Vgg drop. For Vi, negative, the op-
amp goes into negative saturation and Vp,;
o is at ground. R could be chosen smaller for
2N3085 lower output impedance, with the tradeoff

Figure 4.24

of higher op-amp output current. A better
solution is to use an op-amp follower at
the output, as shown, to produce very low
output impedance regardless of the resistor
value.

ey
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Figure 4.26. Effect of finite slew rate on the
simple active rectifier.

There is a problem with this circuit that
becomes serious with high-speed signals.
Because an op-amp cannot swing its output
infinitely fast, the recovery from negative
saturation (as the input waveform passes
through zero from below) takes some time,
during which the output is incorrect. It
looks something like the curve shown in
Figure 4.26. The output (heavy line) is an
accurate rectified version of the input (light
line), except for a short time interval after
the input rises through zero volts. During
that interval the op-amp output is racing
up from saturation near —Vgg, so the cir-
cuit’s output is still at ground. A general-
purpose op-amp like the 411 has a slew rate
(maximum rate at which the output can
change) of 15 volts per microsecond; re-
covery from negative saturation therefore
takes about 1ps, which may introduce sig-
nificant output error for fast signals. A
circuit modification improves the situation
considerably (Fig. 4.27).

Figure 4.27. Improved active rectifier.

D; makes the circuit a unity-gain
inverter for negative input signals. Dj
clamps the op-amp’s output at one diode
drop below ground for positive inputs, and
since D; is then back-biased, Vo, sits at
ground. The improvement comes because
the op-amp’s output swings only two diode
drops as the input signal passes through
zero. Since the op-amp output has to slew
only about 1.2 volts instead of Vg volts,
the “glitch” at zero crossings is reduced
more than tenfold. This rectifier is invert-
ing, incidentally. If you require a nonin-
verted output, attach a unity-gain inverter
to the output.

The performance of these circuits is im-
proved if you choose an op-amp with a
high slew rate. Slew rate also influences
the performance of the other op-amp ap-
plications we've discussed, for instance the
simple voltage amplifier circuits. At this
point it is worth pausing for a while to see
in what ways real op-amps depart from the
ideal, since that influences circuit design,
as we have hinted on several occasions. A
good understanding of op-amp limitations
and their influence on circuit design and
performance will help you choose your op-
amps wisely and design with them effec-
tively.

A DETAILED LOOK AT
OP-AMP BEHAVIOR

Figure 4.28 shows the schematic of the
741, a very popular op-amp. Its circuit is
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relatively straightforward, in terms of the
kinds of transistor circuits we discussed
in the last chapter. It has a differential
input stage with current mirror load,
followed by a common-emitter nph
stage (again with active load) that pro-
vides most of the voltage gain. A pnp
emitter follower drives the push-pull emit-
ter follower output stage, which includes
current-limiting circuitry. ~ This circuit
is typical of many op-amps now avail-
able. For many applications the prop-
erties of these amplifiers approach ideal
op-amp performance characteristics. We
will now take a look at the extent
to which real op-amps depart from the

ideal, what the consequences are for circuit
design, and what to do about it.

4.11 Departure from ideal op-amp
performance

The ideal op-amp has these characteristics:
1. Input impedance (differential or com-
mon mode) = infinity

2. Output impedance (open loop) = 0

3. Voltage gain = infinity

4. Common-mode voltage gain = 0

5. Voue = 0 when both inputs are at the
same voltage (zero “offset voltage™)

6. Output can change instantaneously
(infinite slew rate)

naninverting

| nputs

output

R
‘ inverting —— T‘m"
| 0, Q,
C,

30pF
30082
aQ 0 D\‘ 02‘1

5 Rs Ry < Ry A
1k 5K 50k < 10052 50k
& > —0 V

o]
offset offset
null null

Figure 4.28. Schematic of the 741 op-amp. (Courtesy of Fairchild Camera and Instrument Corp.)

| ————
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All of these characteristics are indepen-
dent of temperature and supply voltage
changes.

Real op-amps depart from these char-
acteristics in the following ways (see Table
4.1 for some typical values).

Input current

The input terminals sink (or source, de-
pending on the op-amp type) a small
current called the input bias current, Ip,
which is defined as half the sum of the in-
put currents with the inputs tied together
(the two input currents are approximately
equal and are simply the base or gate cur-
rents of the input transistors). For the
JFET-input 411 the bias current is typi-
cally 50pA at room temperature (but as
much as 2nA at 70°C), while a typical BJT-
input op-amp like the OP-27 has a typical
bias current of 15nA, varying little with
temperature. As a rough guide, BJT-input
op-amps have bias currents in the tens of
nanoamps, while FET-input op-amps have
input currents in the tens of picoamps (i.e.,
1000 times lower). Generally speaking,
you can ignore input current with FET op-
amps, but not with bipolar-input op-amps.

The significance of input bias current
is that it causes a voltage drop across
the resistors of the feedback network, bias
network, or source impedance. How small
a resistor this restricts you to depends on
the dc gain of your circuit and how much
output variation you can tolerate. You will
see how this works later.

Op-amps are available with input bias
currents down to a nanoamp or less for
(bipolar) transistor-input circuit types or
down to a few picoamps (10~%uA) for
FET-input circuit types. The very lowest
bias currents are typified by the superbeta
Darlington LM11, with a maximum input
current of 50pA. the ADS549, with an
input current of 0.06pA, and the MOSFET
ICH8500, with an input current of 0.01pA.
In general, transistor op-amps intended
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for high-speed operation have higher bias
currents.

Input offset current

Input offset current is a fancy name for
the difference in input currents between
the two inputs. Unlike input bias current,
the offset current, I g, is a result of man-
ufacturing variations, since an op-amp’s
symmetrical input circuit would otherwise
result in identical bias currents at the two
inputs. The significance is that even when
it is driven by identical source impedances,
the op-amp will see unequal voltage drops
and hence a difference voltage between its
inputs. You will see shortly how this influ-
ences design.

Typically, the offset current is one-half
to one-tenth the bias current. For the 411,
Iogset = 25pA, typical.

O Input impedance

Input impedance refers to the differential
input resistance (impedance looking into
one input, with the other input grounded),
which is usually much less than the com-
mon-mode resistance (a typical input stage
looks like a long-tailed pair with current
source). For the FET-input 411 it is about
10'2 ohms, while for BIT-input op-amps
like the 741 it is about 2MS). Because of
the input bootstrapping effect of negative
feedback (it attempts to keep both inputs
at the same voltage, thus eliminating most
of the differential input signal), Z;, in
practice is raised to very high values and
usually is not as important a parameter as
input bias current.

(J Common-mode input range

The inputs to an op-amp must stay within
a certain voltage range, typically less than
the full supply range, for proper operation.
If the inputs go beyond this range, the
gain of the op-amp may change drastically,
even reversing sign! For a 411 operating
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'from +15 volt supplies, the guaranteed

common-mode input range is 11 volts
minimum. However, the manufacturer
claims that the 411 will operate with
common-mode inputs all the way to the
positive supply, though performance may
be degraded. Bringing either input down
to the negative supply voltage causes the
amplifier to go berserk, with symptoms like
phase reversal and output saturation to the
positive supply.

There are op-amps available with com-
mon-mode input ranges down to the neg-
ative supply, e.g., the LM3358 (a good dual
op-amp) or the LM10, CA3440, or OP-22,
and up to the positive supply, e.g., the 301,
OP-41, or the 355 series. In addition to the
operating common-mode range, there are
maximum allowable input voltages beyond
which damage will result. For the 411 they
are +15 volts (but not to exceed the nega-
tive supply voltage, if it is less).

Differential input range

Some bipolar op-amps allow only a lim-
ited voltage between the inputs, sometimes
as small as +0.5 volt, although most are
more forgiving, permitting differential in-
puts nearly as large as the supply voltages.
Exceeding the specified maximum can de-
grade or destroy the op-amp.

[] Output impedance; output swing

versus load resistance

Output impedance R, means the op-amp’s
intrinsic output impedance without feed-
back. For the 411 it is about 40 ohms,
but with some low-power op-amps it can
be as high as several thousand ohms (see
Fig. 7.16). Feedback lowers the output im-
pedance into insignificance (or raises it, for
a current source); so what usually matters
more is the maximum output current, with
typical values of 20mA or so. This is fre-
quently given as a graph of output voltage
swing V,,, as a function of load resistance,

or sometimes just a few values for typi-
cal load resistances. Many op-amps have
asymmetrical output drive capability, with
the ability to sink more current than they
can source (or vice versa). For the 411,
output swings to within about 2 volts of
Vee and Vgg are possible into load resis-
tances greater than about 1k. Load resis-
tances significantly less than that will per-
mit only a small swing. Some op-amps can
produce output swings all the way down
to the negative supply (e.g., the LM358), a
particularly useful feature for circuits op-
erated from a single positive supply, since
output swings all the way to ground are
then possible. Finally, op-amps with MOS
transistor outputs (e.g., the CA3130, 3160,
ALDI1701, and ICL761x) can swing all the
way to both rails. The remarkable bipo-
lar LM 10 shares this property, without the
limited supply voltage range of the MOS
op-amps (usually £8V max).

[ Voltage gain and phase shift

Typically the voltage gain A,, at dc is
100,000 to 1,000,000 (often specified in
decibels), dropping to unity gain at a fre-
quency (called fr) of 1IMHz to 10MHz.
This is usually given as a graph of open-
loop voltage gain as a function of frequen-
cy. For internally compensated op-amps
this graph is simply a 6dB/octave rolloff
beginning at some fairly low frequency (for
the 411 it begins at about 10Hz), an inten-
tional characteristic necessary for stability,
as you will see in Section 4.32. This rolloff
(the same as a simple RC low-pass filter)
results in a constant 90° lagging phase shift
from input to output (open-loop) at all fre-
quencies above the beginning of the rolloff,
increasing to 120° to 160° as the open-loop
gain approaches unity. Since a 180° phase
shift at a frequency where the voltage gain
equals 1 will result in positive feedback
(oscillations), the term “phase margin” is
used to specify the difference between the
phase shift at f7 and 180°.
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Input offset voltage

Op-amps don’t have perfectly balanced in-
put stages, owing to manufacturing vari-
ations. If you connect the two inputs to-
gether for zero input signal, the output will
usually saturate at either Ve or Vg (you
can’t predict which). The difference in in-
put voltages necessary to bring the output
to zero is called the input offset voltage
V,s (it’s as if there were a battery of that
voltage in series with one of the inputs).
Usually op-amps make provision for trim-
ming the input offset voltage to zero. Fora
411 you use a 10k pot between pins 1 and
5. with the wiper connected to Vgg.

Of greater importance for precision ap-
plications is the drift of the input offset
voltage with temperature and time, since
any initial offset can be trimmed to zero.
A 411 has a typical offset voltage of 0.8mV
(2mV maximum), with temperature coeffi-
cient (“tempco™) of 7uV/°C and unspec-
ified coefficient of offset drift with time.
The OP-77, a precision op-amp, is laser-
trimmed for a typical offset of 10 micro-
volts, with temperature coefficient T'C'V,
of 0.2pV/°C and long-term drift of
0.2 V/month.

Slew rate

The op-amp ‘“‘compensation” capacit-
ance (discussed further in Section 4.32)
and small internal drive currents act to-
gether to limit the rate at which the output
can change, even when a large input unbal-
ance occurs. This limiting speed is usually
specified as slew rate or slewing rate (SR).
For the 411 it is 15V/us; low-power op-
amps typically have slew rates less than
1V/ps, while a high-speed op-amp might
slew at 100V/pus, and the LHO063C “damn
fast buffer” slews at 6000V/us. The slew
rate limits the amplitude of an undistorted
sine-wave output swing above some criti-
cal frequency (the frequency at which the
full supply swing requires the maximum
slew rate of the op-amp, Fig. 4.29), thus
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explaining the “output voltage swing as
a function of frequency” graph. A sine
wave of frequency f hertz and amplitude
A volts requires a minimum slew rate of
2wAf volts per second.

4 14Vr

3V/us
(fiqe = 34kH2)

| maximum
slew rate
L al zero crossing
14V

Figure 4.29. Slew-rate-induced distortion.

For externally compensated op-amps
the slew rate depends on the compensation
network used. In general, it will be lowest
for “unity gain compensation,” increasing
to perhaps 30 times faster for x 100 gain
compensation. This is discussed further in
Section 4.32.

Temperature dependence

All these parameters have some temper-
ature dependence. However, this usually
doesn’t make any difference, since small
variations in gain, for example, are almost
entirely compensated by feedback. Fur-
thermore, the variations of these param-
eters with temperature are typically small
compared with the variations from unit to
unit.

The exceptions are input offset voltage
and input offset current. This will mat-
ter, particularly if you've trimmed the off-
sets approximately to zero, and will ap-
pear as drifts in the output. When high
precision is important, a low-drift “instru-
mentation” op-amp should be used, with
external loads kept above 10k to minimize

e e ——
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the horrendous effects on input-stage per-
formance caused by temperature gradients.
We will have much more to say about this
subject in Chapter 7.

For completeness, we should mention
here that op-amps are also limited in com-
mon-mode rejection ratio (CMRR), power-
supply rejection ratio (PSRR), input noise
voltage and current (e,, ¢,), and output
crossover distortion. These become signif-
icant limitations only in connection with
precision circuits and low-noise amplifiers,
and they will be treated in Chapter 7.

4.12 Effects of op-amp limitations on
circuit behavior

Let’s go back and look at the inverting
amplifier with these limitations in mind.
You will see how they affect performance,
and you will learn how to design effectively
in spite of them. With the understanding
you will get from this example, you should
be able to handle other op-amp circuits.
Figure 4.30 shows the circuit again.

R?
VAA~
R 1
—AAN—
k—
Figure 4.30
Open-loop gain

Because of finite open-loop gain, the volt-
age gain of the amplifier with feedback
(closed-loop gain) will begin dropping at
a frequency where the open-loop gain ap-
proaches R»/R; (Fig. 4.31). For garden-
variety op-amps like the 411, this means
that you're dealing with a relatively low
frequency amplifier; the open-loop gain is
down to 100 at 50kHz, and fr is 4MHz.
Note that the closed-loop gain is always

less than the open-loop gain; this means,
for instance, that a x100 amplifier built
with a 411 will show a noticeable falloff of
gain for frequencies approaching 50kHz.
Later in the chapter (Section 4.25), when
we deal with transistor feedback circuits
with finite open-loop gains, we will have a
more accurate statement of this behavior.

108

open-loop
gain fr

o o S e —
87 6 (closed loop)

£
2 108
-1
g 107
§ closed-loop
10(‘[_ gain
Ln
10-'L L | L 1 1 1 il
1 10 100 1k 10k 100k 1M 10M
frequency (Hz)
Figure 4.31. LF411 gain versus frequency

(*Bode plot™).

a0 |

Vg = +15V
L
= ¥ T, =25°C
E‘ 32 R, =10k
é 28
8 241
]
B 20+
> \
3 16
S 12t drops as 1/f
ol
0 1 L 1
1k 10k 100k ™ 10M

frequency (Hz)

Figure 4.32. Output swing versus frequency
(LF411).

Slew rate

Because of limited slew rate, the maximum
undistorted sine-wave output swing drops
above a certain frequency. Figure 4.32
shows the curve for a 411, with its 15V/us
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slew rate. For slew rate S, the output
amplitude is limited to A(pp) < S/x f for
a sine wave of frequency f, thus explaining
the 1/f dropoff of the curve. The flat
portion of the curve reflects the power-
supply limits of output voltage swing.

As an aside, the slew-rate limitation of
op-amps can be usefully exploited to filter
sharp noise spikes from a desired signal,
with a technique known as nonlinear low-
pass filtering: By deliberately limiting the
slew rate, the fast spikes can be dramati-
cally reduced without any distortion of the
underlying signal.

Output current

Because of limited output current capabil-
ity, an op-amp’s output swing is reduced
for small load resistances. Figure 4.33
shows the graph for a 411. For precision
applications it is a good idea to avoid large
output currents in order to prevent on-chip
thermal gradients produced by excessive
power dissipation in the output stage.

28 ¢
26}
24+

peak-to-peak output swing (V]

01 02 05 1.0 20 50 10

load resistance (k)

Figure 4.33. Output swing versus load (LF411).

Offset voltage

Because of input offset voltage, a zero
input produces an output of Vi, =
G 4.V,s. For an inverting amplifier with
voltage gain of 100 built with a 411, the

output could be as large as 0.2 volt when
the input is grounded (V,s = 2mV max).
Solutions: (a) If vou don’t need gain at dc,
use a capacitor to drop the gain to unity at
dc, as in Figure 4.7, as well as the RIAA
amplifier circuit (Fig. 4.20). In this case
you could do that by capacitively coupling
the input signal. (b) Trim the voltage
offset to zero using the manufacturer’s
recommended trimming network. (c) Use
an op-amp with smaller V,,. (d) Trim
the voltage offset to zero using an external
trimming network as described in Section
7.06 (Fig. 7.5).

Input bias current

Even with a perfectly trimmed op-amp
(i.e., V,s = 0). our inverting amplifier cir-
cuit will produce a non-zero output volt-
age when its input terminal is connected
to ground. That is because the finite input
bias current, I, produces a voltage drop
across the resistors, which is then ampli-
fied by the circuit’s voltage gain. In this
circuit the inverting input sees a driving
impedance of Ry || Rs, so the bias current
produces a voltage Vi, = Ig(R; || R2),
which is then amplified by the gain at dc,
—Ry/R;.

With FET-input op-amps the effect is
usually negligible, but the substantial input
current of bipolar op-amps can cause real
problems. For example, consider an in-
verting amplifier with #; = 10k and Rs =
IM; these are reasonable values
for an inverting stage, where we might
like to keep Z;, at least 10k. If we
chose the low-noise bipolar LM833, the
output (for grounded input) could be as
large as 100x 1000nAx9.9k, or 0.99 volt
(G el B Runbalance), Which is unacceptable.
By comparison, for our jellybean LF411]
(JFET-input) op-amp the corresponding
worst-case output (for grounded input) is
0.2mV; for most applications this is neg-
ligible, and in any case is dwarfed by the
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V,s-produced output error (200mV, worst-
case untrimmed, for the LF411).

There are several solutions to the prob-
lem of bias-current errors. If you must use
an op-amp with large bias current, it is a
good idea to ensure that both inputs see
the same dc driving resistance, as in Fig-
ure 4.34. In this case, 9.1k is chosen as
the parallel resistance of 10k and 100k. In
addition, it is best to keep the resistance of
the feedback network small enough so that
bias current doesn’t produce large offsets;
typical values for the resistance seen from
the op-amp inputs are 1k to 100k or so.
A third cure involves reducing the gain to
unity at dc, as in the RIAA amplifier ear-
lier.

100k

AN
10k
b
9.1k bipolar op-amp
Figure 4.34. With bipolar op-amps, use a

compensation resistor to reduce errors caused
by input bias current.

In most cases, though, the simplest so-
lution is to use op-amps with negligible in-
put current. Op-amps with JFET or MOS-
FET input stages generally have input cur-
rents in the picoamp range (watch out for
its rapid rise versus temperature, though,
roughly doubling every 10°C), and many
modern bipolar designs use superbeta tran-
sistors or bias-cancellation schemes to
achieve bias currents nearly as low, de-
creasing slightly with temperature. With
these op-amps, you can have the advan-
tages of bipolar op-amps (precision,
low noise) without the annoying problems

caused by input current. For example,
the precision low-noise bipolar OP-27 has
Ip =10nA (typ), the inexpensive bipolar
LM312 has Ig =1.5nA (typ), and its im-
proved bipolar cousins (the LT1012 and
LMI11) have I = 30pA (typ). Among in-
expensive FET op-amps, the JFET LF411
has I = 50pA (typ), and the MOSFET
TLC270 series, priced under a dollar, have
Ip = IpA (typ).

Input offset current

As we just described, it is usually best to
design circuits so that circuit impedances,
combined with op-amp bias current, pro-
duce negligible errors. However, occasion-
ally it may be necessary to use an op-amp
with high bias current, or to deal with sig-
nals of extraordinarily high Thévenin im-
pedances. In that case the best you can
do is to balance the dc driving resistances
seen by the op-amp at its input termi-
nals. There will still be some error at the
output (G geLofiset Fsource), due to unavoid-
able asymmetry in the op-amp input cur-
rents. In general, I gse; is smaller than
I1ias by a factor of 2 to 20 (with bipolar
op-amps generally showing better match-
ing than FET op-amps).

In the preceding paragraphs we have
discussed the effects of op-amp limitations,
taking the example of the simple invert-
ing voltage amplifier circuit. Thus, for
example, op-amp input current caused a
voltage error at the output. In a different
op-amp application you may get a different
effect; for example, in an op-amp
integrator circuit, finite input current
produces an output ramp (rather than
a constant) with zero applied input.
As you become familiar with op-amp cir-
cuits you will be able to predict the ef-
fects of op-amp limitations in a given
circuit and therefore choose which op-
amp to use in a given application. In
general, there is no “best™ op-amp (even
when price is no object): For example,
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TABLE 4.1. OPERATIONAL AMPLIFIERS

Total Voltage
% o supply Current
# per E £ voltage Supp Offset Drift - en
pkg® ) curr Bias  Offset @1kHz
.E; £ min max max typ max typ max  max max typ
Type Mfg? 124 W E (V) (V) (mA) (mV) (mV) (W/'C) V/C) (nA) (nA)  nV/ANHz

BIPOLAR, PRECISION

OP-07TA PM+ =*A- -1 6 44 4 0.01 0025 02 0.6 2 2 9.6
OP-07E PM+ *A- + -1 6 44 4 0.03 0.08 0.3 1.3 4 3.8 9.6
OP-21A PM *AA +-1 5 36 03 004 0.1 0.5 1 100 4 21
OP-27TE  PM+ *AA +* -1 8 44 5 0.01 0.025 0.2 0.6 40 35 3.0
OP-27G PM+ *AA + -1 8 44 6 0.03 0.1 0.4 1.8 80 75 3.2
OP-37E. PM+ *A- + -5 8 44 5 0.01 0025 0.2 0.6 40 35 3.0
OPS50E PM +-- =+ 5 10 36 4 0.01 0.025 0.15 0.3 5 1 4.5
OP-77E. PM  *AA =+ -1 6 44 2 0.01 0.025 0.1 0.3 2 1.5 9.6
OP-90E PM +*AA +* -1 16 36 002 005 0.15 0.3 2 15 3 60
OP97E PM *-- + - 1 45 40 06 0.01 0025 02 0.6 0.1 0.1 14
MAX400M MA +-- « - 1 6 44 4 0.004 0.01 0.2 0.3 2 2 9.6
LMBO7A NS +-- =+« {1 & 44 15 0015 0025 02 0.3 2 2 6.5
AD707C AD +*A- -1 6 36 3 0.005 0.015 0.03 0.1 1 1 9.6
ADB46B AD *+-- -+ 2 10 36 65 0.025 0075 08 35 250 (k) 2
LT1001A LT *A- -1 6 44 33 0.01 0025 0.2 0.6 4 4 9.6
LT1007A LT e== &=791 § 44 4 001 0.025 0.2 0.6 35 30 25
LT1012C LT+ <A- =+ 1 4 40 06 0.01 0.05 0.2 1.5 0.15 0.15 14
LT1028A LT *-— *=*= 1 8 44 95 001 0.04 0.2 0.8 90 50 0.9
LT1037A LT *+-— +*-5 5 4 45 001 0025 0.2 0.6 35 30 25
RC4077A RA +-- =+ -1 6 44 1.7 0.004 0.01 0.1 0.3 2 1.5 9.6
HA5134A HA -—--+ —--1 10 40 8 0.05 0.1 0.3 1.2 25 25 7
HA5135 HA *-- =+ -1 8 40 17 001 008 0.4 1.3 4 4 9
HA5147A HA +-- =+« - 10 8 44 4 001 0.025 0.2 0.6 40 35 3.0
BIPOLAR, LOW-BIAS (see also "bipolar, precision”)

OP-0BE PM +-- -+ U 10 40 05 0.07 0.15 0.5 25 2 0.2 20
LM10 NS+ *—-- -1 1 45 04 03 2 2 - 20 0.7 47
LM11 NS+ =—-- e+ {1 5 40 06 0.1 0.3 1 3 50pA  10pA 150
OP-12E PM+ *-- —--1 10 40 05 0.07 0.15 0.5 25 2 0.2 20
LM308 NS+ *A- -+ U 10 36 08 2 7.5 6 30 7 1 35
LM312 NS+ *-- ++ 1 10 40 08 2 7.5 6 30 7 1 35
LP324 N§ == ==1 4 32 025 2 4 10 = 10 2 -
BIPOLAR, SINGLE-SUPPLY

324A NS+ AA+ --1 3 32 3 2 3 7 30 100 30

LP324 NS —-—-+ --1 4 32 025 2 4 10 - 10 2 -
LT1013C LT -+A - -1 4 44 1 006 03 0.4 25 50 2 22
HA5141A HA =AA --1 2 40 007 05 2 3 - 75 10 20
BIPOLAR, SINGLE-SUPPLY PRECISION

LT1006A LT *-= *—=1 27 44 05 002 0.05 0.2 1.3 15 0.5 22
LT1I013A LT -*A —--1 4 44 1 0.04 0.15 0.4 2 35 1.3 22

196
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Swing to

197

supplies?9
Slew Max Max ——
rate® f; CMRR PSRR Gain output diffl In Out
typ typ min  min  min curr input! ———
Type (V/us) (MHz) (dB) (dB) (dB) (mA) (V) + =4+ = Comments
OP-07A 017 06 110 100 110 10 30" ----
OP-07E 017 06 106 94 106 10 30" ==
OP-21A 025 06 100 104 120 - 30 = === low power
OP-27E 28 8 114 100 120 20 0.5 -==—— low noise
OP-27G 2.8 8 100 94 117 20 0.5 - === cheap grade
OP-37E 17 63 114 100 120 20 0.5 - ———  low noise, decomp OP-27
OP-50E 3 25 126 126 140 70 10" - ——— high current, low noise
OP-77E 0.3 0.6 120 110 134 12 30" - ——-= improved OP-07
OP-90E 0.01 0.02 100 104 117 6 36 - * =+  micropower
OP-97E 0.2 09 114 114 110 10 05 ---- low power OP-77
MAX400M 0.3 06 114 100 114 12 30 - ———  lowest non-chopper Vg
LMB07A 0.7 1.8 124 100 134 10 0.5 == 2 ==
AD707C 0.3 0.9 130 120 138 12 44 - ———  improved OP-07; dual = 708
ADB46B 450 310 110 110 - 50 18 - ———  current feedback; fast
LT1001A 025 08 114 110 113 30 30 -—
LT1007A 2i5 8 117 110 137 20 0.5 - === low noise, ~OP-27
LTi012C 0.2 0.8 110 110 106 12 1 - === improved 312; dual = 1024
LT1028A 15 75 114 117 137 20 1 = === ultra low noise
LT1037A 15 60 117 110 137 20 0.5 — === decomp 1007, ~OP-37
RC4077A 025 08 120 110 128 15 30 - === lowest non-chopper V
HAS5134A 1 4 94 100 108 20 40 = === quad, low noise
| HA5135 08 25 106 94 120 20 15" ----
HA5147A 35 140 114 80 120 15 0.5 - ——— low noise, high speed, uncomp
OP-08E 0.12 08 104 104 98 5 05 -—----  precision 308
LM10 0.12 0.1 93 90 102 20 40 ~ 0 & & 1V op-amp; precision; volt. ref.
LM11 0.3 0.5 110 100 100 2 0.5 - — == precision; lowest bias bipolar
OP-12E 0.12 08 104 104 98 5 05 —----  precision 312
LM308 0.15 03 80 80 88 5 05 - ---  original low-bias (superbeta)
LM312 0.15 03 80 96 88 5 0.5 - ———  compensated 308
LP324 0.05 041 80 90! 94 5 32 — * —+ |ow power, single supply
324A 0.5 1 65 65 88 20 30 — * =+ aclassic; dual=358A
LP324 005 0.1 80 g0 94 5 32 =8 =8 low power, low bias
LT1013C 0.4 08 97 100 122 25 30 — * -+ improved 358/324; quad = 1014
l HA5141A 1.5 04 80 94 94 1 7 — *—*  micropower
|
|
' LT1006A 0.4 1 100 106 120 20 30 = * -+ optional I = 90pA
” LT1013A 0.4 0.8 100 103 124 25 30 SRel=sa. improved 358/324; quad = 1014
)
F
|
|
e ————————————
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TABLE 4.1 (cont'd)

Total Voltage
% supply Current
# per £ £ voltage Supp Offset Drift —————— e,
pkg® IR curr Bias Offset @1kHz
._E_; £ min max max typ max typ max  max max ty|
Type Mig? 124 ~uW = (V) (V) (mA) (mV) (mV) (LV/'C) (uV/'C) (nA) (nA)  nV/VHz
BIPOLAR, HIGH-SPEED
OP62E PM =*-- =+ =+ 1 16 36 7 - 0.2 - - 300 100 25
OP63E PM =+-- =+ 1 16 36 7 - 0.75 - - 300 100 7
OP64E PM *+-- =+ =+ 5 16 36 7 - 0.75 - - 300 100 7
OP65E PM +—-—- +-1 9 14 25 - 2 - - 3uA 1pA
cLCc4o0 CL *=- -1 - 7 15 2 5.5 20 40 25uA (k) 12
AD509K AD *-- =+ =+ 3 10 40 6 4 8 - 40 200 25 19
sL541B PL  +-- e+ -10 - 24 21 - 5 15 - 25uA 10 -
VA705L VT +AA +- 1 8 12 10 1 2 20 - 900 25 -
VA706K VT +AA + -1 8 12 10 4 10 20 - 1pA 120 -
VA707K VT *AA =+ —-12 8 12 10 3 6 20 - 1uA 120 -
LM837 NS --+ --1 8 36 15 03 5 2 - 1WA 200 45
ADB4OK AD *+—-- =+ - 10 10 36 12 0.1 0.3 3 - 5uA 200 4
AD841K AD *+-- +- 1 10 36 12 05 1 35 20 SuA 200 13
ADB47) AD +-- +-1 9 36 56 05 1 15 - 7uA 50" 15!
ADB48J AD +-- =-5 9 36 56 05 1 2 10 5pA 15 4
ADB49J AD +-- = -25 9 36 56 05 1 1 10 5uA 15! 4
HA2539 HA +-- —--10 10 35 25 8 15 20 - 20pA 6uA 6
SL2541B PL  +-- =+ -1 14 30 25 10 - 20 - 20pA - -
HA2541 HA +—-- *»— 1 10 35 45 - 2 20 - 35uA TuA 10
HA2542 HA +=-- =+ =+ 2 10 35 40 - 10 20 - 35uA uA 10
HA2544 HA =+-- <+ + 1 10 33 10 6 15 10 - 15uA 2uA -
CA3450 RC *-- =+ + 1 10 14 35 8 15 - - 350 150 -
HA5101 HA *+AA = -1 4 40 6 0.5 3 3 - 200 75 3.3
HA5111 HA *AA =+ 10 4 40 6 05 3 3 - 200 75 33
HA5147A HA +—-—- =+ —10 8 44 4 0.01 0025 0.2 0.6 40 35 3.0
HA5195 HA +-- - -5 20 35 25 3 6 20 - 15pA 4auA B
LM6361 NS *-- + -1 5 36 65 5 20 10 - 5uA 2uA 15
LM6364 NS *+-- * -5 5 36 65 2 9 6 - SHA 2uA 8
LM6365 NS +-- =+ —-25 5 36 68 1 6 3 - 5pA 24A 5
BIPOLAR, OTHER
oP-20B PM *AA +- 1 4 36 008 006 025 075 15 25 15 58
LM833 NS —“+- —--1 10 36 B 03 5 2 - 1uA 200 45
CA3193A RC +-- =+ -1 7 3 35 014 02 1 3 20 5 24
XR4560 XR -+- -—- 1 8 36 2 05 6 - - 500 200 8
HA5151 HA *AA --1 2 40 025 2 3 3 - 150 30 15
NE5534 SN+ *A- =+ +* 3 6 44 8 05 4 - - 2uA 300 4 !
MC33078 MO -+A --1 10 36 5 015 2 2 - 750 150 45
MC33171 MO *AA -1 3 44 025 2 45 10 100 20 32
MC34071AMO +AA =+ -1 3 44 25 05 15 10 500 50 32
198
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Swing to
supplies??
Slew Max Max ———
rate® f; CMRR PSRR Gain output diffl  In Out
typ typ min min  min curr inputt ———
Type (Vius) (MHz) (dB) (dB) (dB) (mA) (V) + =+ = Comments

OP-62E 15 50 110 105 111 20 5 - ———  precision
OP-63E 50 50 110 105 100 20 5 i
OP-64E 200 200 110 105 100 20 5 SES
. OP-65E 200 150 85 90 100 50 5 -——
CLC400 700 280 40 40 E: 50 - - ——— fransimpedance; decomp=401
AD509K 120 20 80 80 80 < 15 -—-—-- fast
SL541B 175 100 60 46 46 65 9 - ——— fast, video
VA705L 35 25 60 60 B0 50 9 - ——— video, drives 50€2; fast settle
| VA706K 42 25 60 60 66 50 9 - ———  video, drives 50€; fast settle
VA707K 105 300 60 60 74 50 9 - ———  decomp, fast, 50Q
! LMB37 10 25 80 120 90 40 30 - - == low noise, low distortion
ADB40K 400 400 100 94 104 50 6 - ———  decomp 841; 842 has G>2
ADB41K 300 40 90 90 88 50 6 - ——— fast setile; decomp versions
AD847J 300 50 78 75 70 20 6 - ——— fast settle; decomp versions
ADB48J 300 250 104! 104! 82 25 6 - ———  decomp 847
AD849J 300 725 110! 100 90 25 6 - ——— uncomp 847
HA2539 600 600 60 85 80 10 6 - ——— low noise, sim to 2540
SL2541B 900 800 47 40! 45 10 10 — ———  has uncommitted unity gain buf
HA2541 280 40 70 60 80 10 (<] —— —— fastsettle, low distortion
HA2542 375 120 70 70 80 100 6 - ———  fast settle, decomp
HA2544 150 33 75 70 70 35 6 -——— video
CA3450 420 180 50 60 96 75 5 - === video amp/line driver
HAS5101 10 10 100! 80 138" 30 7 - ———  lownoise
HA5111 50 100 100! 100t 138" 30 7 - ———  low naise, uncomp
HA5147A 35 140 114 80 120 15 0.7 —----  lownoise, precision, uncomp
HA5195 200 150 74 70 80 25 6 ————  Elantec EL2195 = improved
LM&361 300 50 70 72 52 30 B - ——— vertical PNP
LM6364 300 180 102 70 66' 30 8 - —— - vertical PNP
LMB365 300 725 80 104! 75 30 8 - —— - vertical PNP
OP-208 005 04 96 100 114 0.5 30 — » — — accurate low power
LMB33 7 15 80 80 90 10 30 — === low noise, low distortion
CA3193A 025 1.2 110 100 110 7 5 e =
XR4560 4 10 70 76 86 100 30 - ———  intended for audio
HA5151 4.5 1.3 80 80 94 3 7 —-——+*  low power
NE5534 6 10 70 80 88 20 0.5 ————  low noise, intended for audio
MC33078 7 16 80 80 90 20 36 - ——— low noise, low distortion
MC33171 21 1.8 80 80 94 4 44 - ==
MC34071A 10 4.5 80 80 94 25 44 — e+ ——  drives 0.01uF
199
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TABLE 4.1 (cont'd)

Total Voltage
“ o supply - Current
# per £ £ voltage Supp Offset Drift (-
pkg® s 5 curr Bias Offset @1kHz
— TE_; £ min max max typ max typ max  max max typ
Type Mig® 124 FWZE (V) (V) (mA) (mV) (mV) (uVI'C) (uV/'C) (nA) (nA)  nV/VHz
BIPOLAR, OBSOLESCENT
OP-01E PM s—— -1 10 44 3 1 2 3 10 50 5 -
OP-02E PM sA—- -1 10 44 2 0.3 0.5 2 8 30 2 21
OP-05E PM+ *A-— = — 1 6 44 4 0.2 0.5 0.7 2 4 3.8 9.6
OP-11E PM —=® == 1 {0 44 6 0.3 0.5 2 10 300 20 12
307 NS+ +——- --—-1 10 44 25 2 7.5 6 30 250 50 16
LM318 NS+ *—-- =+« 1 10 40 10 4 10 - - 500 200 14
349 NS -—+ —-—5 10 36 45 1 6 - - 200 50 60
AD517L  AD s~= s« —{ 10 36 3 E 0.025 - 0.5 1 025 20
AD518J AD +-- =+ + 1 10 40 10 4 10 10 - 500 200 -
NES530 SN *A- -1 10 36 3 2 5 6 - 150 40 30
NE531 SN e*——= =+ U 12 44 10 2 6 - 2uA 200 -
NE538 SN *A- -5 10 36 28 2 5 6 - 150 40 18
1A725 FA+ *—-- =+ U 6 44 3 0.5 1 2 5 100 20 -
1A739 FA —-+- -+ U 8 36 14 1 6 - E 2uA  10pA .
741C FA+ *AA +* -1 10 36 28 2 6 - 500 200 -
748C FA+ =—-- =+« U 10 36 33 2 6 - - 500 200
1uA749 FA —-=+- -9+ U 8 36 10 1 3 3 - 750 400 -
1435 ™ «—— &+ 10 24 32 30 2 5 5 25 20pA - -
1456 MO *—-——- -1 10 36 3 5 10 - - 30 10 45
HA2505 HA e—= oo { 20 40 6 4 8 20 - 250 50
HA2515 HA e—— e 1 20 40 6 5 10 30 250 50 -
HA2525 HA +—-—- =+ 3 20 40 6 5 10 30 - 250 50 -
HA2605 HA s+ —— =« 1 10 45 4 3 5 10 - 25 25
HA2625 HA +—-—- =+« 5 10 45 4 3 5 10 - 25 25
CA3100 RC s—= =+ 10 13 36 N 1 5 - - 2uA 400 -
4558 RA+ =9*¢—- --1 8 36 56 2 6 - - 500 200 43
NES5535 SN As- »—- 1 10 36 28 2 L] 6 - 150 40 17
5539 Sl+ *=—- —*« 7 6 24 15 25 5 5 10 20uA - 4
JFET, PRECISION
OP-41E PM e—— -1 10 36 1 0.2 0.25 25 5 0.005 0.001 32
OP-43E PM s—= @ =1 10 36 1 0.2 0.25 25 5 0.005 0.001 32
OPA101B BB e—— -1 10 40 8 005 0.25 3 5 0.01 4pA 8
OPA111B BB «A- -1 10 36 35 005 025 0.5 1 1pA 0.7pA 7
AD547L AD *A- -1 5 3 15 - 0.25 - 1 0.025 2pA' 30
AD548C AD <+*A- -1 9 36 02 041 0.25 - 2 0.01 0.005 30
OPA627B BB +*-- +* -1 9 36 8 0.04 01 0.5 0.8 0.02 0.02 52
AD711C  AD *cAA =+ - 1 9 36 28 0.1 0.25 2 3 0.025 0.01 18
AD845K  AD » = e ] 95 36 12 0.1 0.25 15 ;] 1 0.1 25
LT1055A LT e—-— -1 10 40 4 0.05 0.15 1.2 4 0.05 0.01 14
HA5170 HA R g 44 25 0.1 03 2 5 0.1 006 10
200
I e ——————
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Swing to

' supplies??
Slew Max Max ———
: rate® f; CMRR PSRR Gain output diffl In Out
typ typ  min min  min  curr input! ———
Type (V/us) (MHz) (dB) (dB) (dB) (mA) (V) + =4 - Comments

OP-01E 18 25 80 80 94 6 30

fast, precision

OP-02E 0.5 1.3 90 90 100 6 30 — = ——  precision, low current

OP-05E 017 06 110 94 106 10 30" ----

OP-11E 1 2 110 90 100 6 30 —— - - precision quad

307 0.5 1 70 70 84 10 30 * ——— aclassic; uncomp=301

LM318 70 15 70 65 86 10 05 —---- waspopular

349 2 4 70 77 88 15 36 ————  decomp 348 (quad 741)
ADS17L 0.1 0.25 110 96 120 10 30 =

AD518J 70 12 70 85 88 15 - ===

NE530 35 3 70 76 94 10 30 * ——— fast; dual=5530

NE531 35 1 70 76 86 - 15 -

NE538 60 B 70 76 94 10 30 * ——— fast; dual=5538

HA725 0.005 0.08 110 100 108 15 5 — = —— original precision op-amp
HA739 1 6 70 85! 76 16 5 ———* low noise, intended for audio
741C 0.5 1:2 70 76 86 20 30 - — == oldclassic; dual=1458, quad=348
748C 0.5 152 70 76 94 15 30 — === uncomp 741

UA749 2 6 70 74 86 15 5 -=—-+* simto739

1435 300 1GHz 80 75" 80 10 2 ~—-~— fastsettle

1456 2.5 1 70 74 97 5 40 = =S

HA2505 30 12 74 74 84 10 15 .

HA2515 60 12 74 74 78 10 15 LIS

HA2525 120 20 74 74 78 10 15 s

HA2605 7 12 74 74 98 10 12 — i

HA2625 35 100 74 74 98 10 12 = =i

CA3100 25 30 76 60 58 15 12 ===

4558 1 25 70 74 86 15 30 —-——— fast 1458

NE5535 15 1 70 76 94 10 30 »—== fast

5539 600 1200 70 66 46 40 10 ———*  small output swing

OP-41E 1.3 05 100 92 120 15 20 * —— = low bias, low dist; OP-43 faster
OP-43E 6 24 100 92 120 15 20 * ———  low bias, low dist; OP-41 stabler
OPA101B 7 20 80 86 96 45 20 ——=— low noise; decomp = OPA102
OPA111B 2 2 100 100 120 10 36 —— - - low noise, low bias

AD547L 3 1 80 80 108 20 20 ———-—  dual = AD642, 647

AD548C 1.8 1 86 86 110 20 20 ——— = improved LF441; dual = AD648
OPAB27B 55 16 106 106 110 30 - —=== fast

AD711C 20 4 86 86 106 20 20 — === improved LF411/2

ADB45K 100 16 94 95 108 30 36 —is = gt

LT1055A 13 5 86 90 104 30 40 = === LT1056 is 20% faster

HA5170 8 8 90 74 110 10 30 * === low noise
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TABLE 4.1 (cont'd)

Total Voltage
%o supply Current
# per € £ voltage Supp Offset Drift — en
pkg® ) curr Bias  Offset @1kHz
g % £ min max max typ max typ max  max max typ
Type Mig® 124 FW S (V) (V) (mA) (mV) (mV) (uW/C) (WV/C) (nA) (nA)  nVANHz

JFET, HIGH-SPEED
OP-42E PM +-- +=- 1 15 40 65 03 0.75 4 10 0.2 0.04 13
OP-44E PM +-- =+ -3 16 40 6 0.03 0.75 4 10 0.2 40pA 13
357B NS+ =—-- -5 10 36 7 3 5 5 100pA 0.02 12
AD380K AD *+—-- =+ U 12 40 15 - 1 - 10 0.1 5pAl 15
LF401A NS e—— s 1 15 36 12 - 0.2 ) - 0.2 0.1 23
OPA404B BB --+ —-—-1 10 36 10 026 0.75 3 - 0.004 4pA 15
LF457B NS +—— ¢« -5 10 36 10 018 0.4 3 4 50pA 20pA 10
OPA602C BB *-- =+ — 1 10 36 4 0.1 0.25 1 2 1pA ipA 13
OPAGO5K BB +—-- =+ + 50 10 40 9 025 05 5 0.035 2pA' 20
OPASOSL BB +-- =+ - 1 10 36 95 0.1 0.5 3 5 0.01 5pA 13
AD744C AD sA—- e+ 2 9 36 4 0.1 0.25 2 3 0.05 0.02 18
ADB43B AD o == ey 9 36 12 0.5 1 15 ] 1 0.1 13
ADB45K  AD ¥ == (e 95 36 102 041 0.25 1.5 3 0.4 0.05 25
LT1022A LT s+ —— e+ -1 20 40 7 0.08 0.25 13 5 0.05 0.01 14
HA5160 HA +-- -+ U 14 40 10 1 3 20 - 0.05 001 35
MC340B0A MO *AA =+ - 2 6 44 34 03 0.5 10 - 0.2 0.1 30
MC34081A MO *AA <+ -1 6 44 34 03 0.5 10 - 0.2 0.1 30
JFET, OTHER
TLO31C T «+AA =+ -1 10 36 028 05 1.5 6 = 0.2 0.1 41
TLO51C TI «AA + -1 10 36 32 06 15 8 = 0.2 0.1 18
TLOG1C T+ *AA = -1 4 36 025 3 15 10 - 04 0.2 42
TLO71C Tl+ *AA -1 7 36 25 3 10 10 ¥ 0.2 0.05 18
TLOB1B Ti+ *AA -1 7 36 28 2 3 10 - 0.2 0.01 18
OPA121 BB +—— -1 10 36 4 0.5 2 3 10 0.005 4pA 8
OPA128L BB +-- + -1 10 36 15 014 05 . 5 75fA 30fA' 27
LF351 NS+ *AA =—- 1 10 36 34 5 10 10 - 0.2 0.1 25
355B NS+ *-- +—-1 10 36 4 3 5 5 = 100pA 0.02 20
3568 NS+ *-- +-1 10 36 7 3 5 5 - 100pA 002 12
LF411 NS+ *A- =-1 10 36 34 08 2 7 20 0.2 0.1 25
LFnnn NE: =wo— —= 1 6 36 25 1 = " 2 100pA  50pA 35
LFa41 NS <AA -1 10 36 025 1 5 10 20 . 0.1 0.05 35
LF455B NS e—— =+ -1 10 36 4 0.18 0.4 3 S 50pA 20pA 12
LF456B NS «—-—— =+ -1 10 36 8 0.18 0.4 3 4 50pA 20pA 10
AD549L AD +-- +- 1 10 36 07 03 0.5 5 10 60fA 20fA' 35
AD611IK AD *-- + -1 10 36 25 025 05 5 10 0.05 0.025 18
LT1057A LT —+«A —--1 20 40 38 015 045 1.8 7 0.05 0.04 13
HA5180 HA +-- =+ -1 10 40 1 0.1 0.5 5 - 0.001 200fA 70
MC34001A MO *AA = - 1 8 36 25 1 2 10 . 0.1 005 25
MC34181 MO *AA = — 1 3 36 02 05 2 10 & 0.1 0.05 38
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| Swing to

supplies?9
Slew Max Max ——
rate® f; CMRR PSRR Gain output diffl In Out
typ typ min min  min  curr input' —

Type (V/ius) (MHz) (dB)  (dB) (dB) (mA) (V) +-+- Comments
|
OP-42E 58 10 88 86 114 25 40 —=== lowZ,,
OP-44E 120 16 88 90 114 15 40 — i ==
3578 50 20 85 85 94 20 30 * ———  decomp 356
I AD380K 330 300 60 60 92 60 20 — === hybrid, fast, 50Q
LF401A 30 16 90 80 100 50 32 —-———  accurate
| OPA404B 35 6.4 92 86 92 10 36 ————  accurate quad
LF4578B 50 20 86 86 106 100" 40 * ———  low noise; drives 0.01uF
OPAB02C 35 6.5 92 86 92 20 36 — === low bias, fast settle
OPAB05K 94 20 80 74 104" 30 20 - === uncomp
OPABOBL 35 13 85 90 100 10 36 - ———  improved LF356
i AD744C 75 13 86 92 108 20 36 == —=— very low dist (3ppm); fast settle
‘ AD843B 250 35 100 95 88 50 - - ——— fastsettle
‘ AD845K 100 16 94 98 106 25 20 - =—-— fastsettle
| - LT1022A 26 8.5 86 88 104 10 40 = m——
| HA5160 120 100 74 108 98 22 40 - —=——  low bias
| MC34080A 50 16 75 75 94 20 44 = === V;,>V.+4V; decomp 34081
MC34081A 25 8 75 75 94 20 44 === V,>V.+4V
TLO31C 3 1 75 75 74 8 30 * === low power; improved TLO61
TLO51C 24 3 75 75 94 30 30 * ———  lowdist; improved TLO71/081
; TLO61C 35 1 70 70 70 5 30 = === lowpower
| TLO71C 13 3 70 70 88 10 30 - ———  lower noise
B TLOB1B 13 3 80 80 94 10 30 ==
| QOPA121 2 2 86 86 110 10 36 -———  low noise
OPA128L 3 1 90 90 110 10 36 - ——— very low bias
LF351 13 4 70 70 88 10 30 * ———  353=dual, 347=quad
3558 5 25 85 85 94 20 30 ¢ ———  popular
3568 12 5 85 85 94 20 30 * ——— faster 355
LF411 15 4 70 70 8 20 30 *——— jellybean
LFnnn 20 10 80 80 100 15 2 * ==~ lowest noise JFET
LF441 1 1 70 70 88 4 30 * ——— low current jellybean
LF455B 5 3 86 86 106 100" 40 * ———  low noise; drives 0.01uF
LF456B 12.5 5 86 86 106 100" 40 * ———  low noise; drives 0.01uF
AD549L 3 1 90 90 110 10 36 ————  electrometer; guard pin
] AD611K 13 2 80 80 94 20 20 ———— lowdist, gen purp JFET
{ LT1057A 13 5 86 88 104 10 40 — — —— accurate dual/quad JFET
HA5180 7 2 90 90 106 15 40 —— == very low bias over temp; noisy
MC34001A 13 4 80 80 94 20 30 LIEEit
MC34181 10 4 70 70 88 8 36 = ==— low power, fast, low dist.

|
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TABLE 4.1 (cont'd)

Total Voltage
%o supply Current
# per g £ voltage Supp Offset Drift e,
pkg® ) curr Bias Offset @1kHz
—— Eg £ min max max ftyp  max typ max max max tyf
Type Mfg? 124 U S (v) (V) (mA) (mv) (mV) (uV/'C) (uv/°'C)  (nA) (nA) nVAHz

JFET, OBSOLESCENT

OP15E PM+ *A— = - 1 10 44 4 02 05 2 5 005 001 15
OP16E PM+ =-- =+ -1 10 44 7 02 05 2 5 005 001 15
AD515SL AD =+-- =+ - 1 10 36 15 04 1 - 25 80fA  80fA 50
ADS42L AD +-- <+ - 1 10 38 15 - 0.5 E 5 0.025 2pA' 30
AD544L AD +-- =+=- 1 10 3 25 - 0.5 - 5 0.05  0.5pA' 18
ADS45L AD +-- =+ -1 10 36 15 - 0.5 - 5 0.001 - 35
ICH8500A IL e—— -1 16 36 25 - 50 - - 10fA  10fA 40
MOSFET
OPBOE PM +-- =- 1 4516 02 04 1 - - 60fA  10fA' 70
TLC27L2A TI A*A —-1 3 18 004 - 5 0.7 - 1pA! 1pAl 70
TLC27M2A Tl A*A --1 3 18 06 - 5 2 - ipAt  1pA' 38
TLC272A TI  AsA --1 3 18 4 - 5 5 - 1pAl  1pA' 25
TLc279c I --+ —-- 1 3 18 8 0.4 1.2 2 0.7pA!  0.1pA' 25
LMC66OA NS --°+ -- 1 5 16 22 1 2 1.3 5 20pA  20pA 22
TLClo78C I -*A —-- 1 14 16 005 018 0.6 1 - 0.7pA!  0.1pA' 68
ALD1701 AL +-- -- 1 2 12 025 - 45 7 - 0.03 0025 -
ALD1702 AL *+-- -- 1 2 12 2 - 45 7 - 0.03  0.025 100
CA3140A RC *+A- = -1 4 44 6 2 5 6 - 0.04 002 40
CA3160A RC *A- <+ 1 5 16 15 2 5 10 - 0.03 002 72
CA3410A RC --°+ --— 1 4 36 10 3 8 10 - 0.03 001 40
CA3420A RC *+-- =+ 1 2 22 1 2 5 4 0.005 0.004 62
CA5160A RC +A- =+ 1 5 15 04 15 4 - - 0.01 0.005 -
CA5420A RC +-- =+ 1 2 20 05 1 5 - 0.001 05pA -
CAS5422 RC =+-- +-1 2 20 07 18 10 20 - 0.005 0.004 -
CcL76128B L+ +-- —-—- 1 3 18 25 - 5 5 - 0.05 0.03 100
ICL7641B IL+ AAe+ -- 1 1 18 25 - 5 5 - 0.05 0.03 100
CHOPPER STABILIZED
MAX420E MA +-- -—- 1 6 33 2 0001 0005 002 005 003 006 1.1
MAX422E MA +-- -- 1 6 33 05 0001 0.005 002 005 003 006 1.1l
LMC66BA NS +-- -- 1 5 16 35 0001 0.005 005 - 0.06 - 2
TSCO00A TS +-- —--— 1 4516 02 - 0005 002 005 005  0.5pA' 4
Tsce0r TS *AA -- 1 5 32 08 0.007 0015 005 045 005 01 sl
TsCo1iA TS <+AA -- 1 4 16 08 0.005 0015 005 015 007 002 11
Tscg1s TS c-- -- 1 7 3 15 0.01 0.01 04 0.1 01 08
Tscetg TS +-- -- 1 4518 08 - 0.05 0.4 0.8 0.1 0.5pA! 4
LTC1050 LT +-- —-—- 1 48 16 15 05uV 0005 001 005 003 006 1.6
LTc1052 LT +-- —-— 1 4816 2 0.54v 0005 001 005 003 003 1.5
|cL7650 L+ *+-- --— 1 4516 35 0.002 0.005 0.1 - 0.01 spAl 2l
ICL7650S IL e+—— —--1 45 16 3 0.7uV 0.005 002 0.1 0.01 0.02 2
cL7652 L+ =+-- --— 1 5 16 35 0002 0.005 0.1 - 0.03 25pAt 0.7
ICcL7652S L w__ --1 5 16 25 O07uv 0005 001 006 003 0.04 0.7
TSC76HVSZTS +-- - - 1 7 32 15 - 0.01 - 0.3 0.1 01 08
204
- ——————————
Page 49 of 137

REED EX1012
IPR2024-01158



Swing to
supplies??
Slew Max Max ———
rate® f; CMRR PSRR Gain output diff'l In Out

typ min  min  min  curr input'

Type (V/us) (MHz) (dB) (dB) (dB) (mA) (V) +— 4= Comments
OP-15E 17 6 86 86 100 15 40 — — ——  precision fast 355
OP-16E 25 8 86 86 100 20 40 - ———  precision fast 356 (OP-17=decomp)
AD515L 1 04 70 74 94 10 20 ————  very low bias, precision
AD542L 3 1 80 80 110 10 20 - === precision
AD544L 13 2 80 80 94 15 20 — ———  precision, low noise
AD545L 1 07 76 74! 92 10 20 = === precision
ICH8500A 0.5 05 60 so' 100 10 05 - ---— ultralow bias
OP-80E 0.4 03 60 60 100 10 16 -+ —+ electrometer; |,<20pA @ 125°C
TLC27L2A  0.04 0.1 70 70 90 0 18 — * -+  CMOS jellybeans
TLC27M2A 0.6 0.7 70 70 86 10 18 —* -+ CMOS jellybeans
TLC272A 4.5 23 70 65 80 10 18 — * -+  CMOS jellybeans
TLC279C 45 23 65 65 80 10 18 —* =+ bestV, of 272-series
LMC660A 1ot 1.5 72 80 112 15 16 —* + + quad CMOS jellybean
TLC1078C 005 0.11 75 75 114 15 16 -+ -+ |owoffset
ALD1701 0.7 0.7 65 65 90 05 12 * = s o rail-to-rail; specs @ +5V supply
ALD1702 2.1 1.5 65 65 94 2 12 e * ¢ ¢ rajl-to-rail; specs @ +5V supply
CA3140A 7 37 70 76 86 +10,-1 8 SRS O
CA3160A 10 4 80 76 94 12 8 -+ + +  MOSin/out (3130=uncomp)
CA3410A 10 5.4 80 80 86 6 16 — * == high speed 324-type replacement
CA3420A 0.5 0.5 60 70 86 2 15 —**+* lowl, good input protec.
CA5160A 10 4 - - 90 1 ? —+ « s CMOS output
CA5420A 0.5 0.5 - - 85 05 15 —* * =+ similar to 3420
CA5422 1 1 60 60 80 2 15 — * » «  uynusual 2-section design
ICL7612B 1.6 1.4 60 70 80 5M 18 * » = »  programmable; in/out to both rails

ICL76418B 1.6 1.4 60 70 80 5™ 18 * — * *»  gen purp, low voltage

MAX420E 0.5 0.5 120 120 120 +2,-15 33 — e+ #15VV 0.1uV/mo; 430 has C,
MAX422E  0.43 013 120 120 120 +0.2-8 33  — =+  +15VV; 0.1uV/mo; 432 has Gy,
LMC668A 2.5 1 120 120 120 +5,-15 16 —i% 8

TSCS00A 0.2 0.7 110 120 120 25 16 —*—* Jowpower

TSC901 2 0.8 120 120 120 - 36 — -+  +15V supply; int caps

TSC911A 25 1.5 110 112 116 35 186 — * — -+ intcaps, noisy

TSC915 0.5 05 120 120 120 10 36 =y =5 +15V supply

TSC918 0.2 0.7 98 105 100 - 16 — * —* inexpensive

LTC1050 4 25 120 125 130 +3,-20 16 =] D) int caps; 50nV/Ymonth
LTC1052 4 1.2 120 120 120 +5,-15 16 = ae improved 7652; 0.1uV/month
ICL7650 2.5 2 110 120 120 +5,-20 16 —. .. 0.1uV/month

ICL7650S 25 2 120 120 136 +4,-20 16 — * * + improved 7650; 0.1pV/month
ICL7652 0.5 0.4 110 110 120 +5,-20 16 =¥ ¥, 0.15uV/month

ICL7652S5 1 05 120 120 136 +4,-20 16 ——+ + improved 7652; 0.15uV/month
TSC76HV52 05 05 120 120 120 10 32 —— s +15V supply 205
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TABLE 4.1 (cont’d)

Total Voltage
% supply Current
# per £ £ voltage Supp Offset Drift (o
pkg® ) curr Bias Offset @1kHz
,.E % £ min max max typ max typ max max max typ
Type Mig? 124 FW = (V) (V) (mA) (mV) (mV) (WV/°'C) (uV/'C)  (nA) (nA)  nV/NHz
HIGH VOLTAGE
LM343 NS *+-- +-1 10 68 5 2 8 - - 40 10 35
LM344 NS *+-- *+ U 10 68 5 2 8 - = 40 10 35
OPA445B BB «e—-— -1 20 100 45 1 3 10 0.05 0.01 186
1436 MO+ *=——- =+ -1 10 80 5 5 10 - - 40 10 50
HA2645 HA +—-— =+ 1 20 B0 45 2 6 15 - 30 30 30
3580 BB +—-- +-1 30 70 10 - 10 - 30 0.05 - 15
3581 BB e——- -1 64 150 8 3 - 25 0.02 0.02 25
3582 BB e —— '« - 1140 300 65 - 3 - 25 0.02 - 25
3583 BB +-- =+ — 1100 300 85 - 3 - 25 0.1 0.1 50
3584 BB +-- =+ U140 300 65 - 3 - 25 0.1 0.1 50
MONOLITHIC POWER
LM12 NS +-- —--1 20 80 80 2 - 50 300 100 a0
OPA541B BB +-- —-- 1 20 80 25 0.1 1 18 30 0.05 0.03 50
LM675 NS «+—— —-10 16 60 50 1 10 25 - 2uA 500 -
SG1173 SG «-- —-=-1 10 50 20 2 4 - 30 500 150 =
(@) manufacturers are as follows (a "+" suffix designates multiple sources):
AD - Analog Devices HO - Honeywell RC - GE/RCA
AL - Advanced Linear Devices HS - Hybrid Systems RO - Rockwell
AM - Advanced Micro Devices ID - Integrated Device Technology SG - Silicon General
AN - Analogic IL - GE/Intersil Sl - Siliconix
AP - Apex IN - Intel SN - Signetics
BB - Burr-Brown IR - International Rectifier SO - Sony
BT - Brooktree KE - M.S.Kennedy Ceorp ST - Supertex
CL - Comlinear LT - Linear Technology Corp Tl - Texas Instruments
CR - Crystal Semiconductor MA - Maxim TM - Telmos
CY - Cypress MN - Micro Networks TO - Toshiba
DA - Datel MO - Motorola TP - Teledyne Philbrick
EL - Elantec MP - Micro Power Systems TQ - TriQuint
EA - Fairchild (National) NE - NEC TR - TRW
FE - Ferranti NS - National Semiconductor TS - Teledyne Semiconductor

GE - General Electric

OE - Optical Electronics Inc

VT -VTC

Gl - General Instrument PL - Plessey XI - Xicor
HA - Harris PM - Precision Monolithics XR - Exar
HI - Hitachi RA - Raytheon Z! - Zilog
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Swing to

supplies?9
Slew Max Max ———
rate® f; CMRR PSRR Gain output diffl In Out
typ  typ min  min  min curr input'

Type (Vius) (MHz) (dB) (dB) (dB) (mA) (V) + — 4 — Comments
LM343 25 1 70 74 97 10 68 - ——= monolithic
LM344 30 10 70 74 97 10 68 = ——— uncomp 343
OPA445B 10 2 80 80 100 15 80 — === low-bias, monolithic
| 1436 2 1 70 8 97 10 80 ----  monolithic
! HA2645 5 4 74 74 100 10 37 ———-— monalithic
3580 15 5 86" 87" 1068' 60 70 ———== hybrid
3581 20 5 1100 108t 112! 30 150 - === hybrid
3582 20 5 110" 105t 118" 15 300 ———== hybrid
| 3583 30 5 110" 84 94 75 300 —===—  fastJFET, hybrid
| | 3584 150 20 110! 84t 100 15 300 ———— uncomp JFET, hybrid
\
| LM12 9 0.7 75 80 94 10A 80 — = ——  full output protection
OPA541B 10 1.6 95 100 90 10A 80 —— =~ isolated case; no int. protec.
LM675 8 5.5 70 70 70 3000 60 — === full output protection
| SG1173 08 1 76 80 92 3500 50 ———~= thermal shutdown

' the symbol * indicates the number of op-amps per package for the part number shown; an "A" indicates the

\ availability of other quantities of op-amps per package from the same manufacturer; some electrical
characteristics (particularly offset voltage) may be degraded somewhat in multiple packages.

1€ pins are provided for external compensation.

@ a number gives the minimum closed-loop gain without instability. Op-amps with pins for external compensation
can generally be operated at lower gain, if an appropriate ext comp network is used. The letter U means that
the op-amp is uncompensated — external capacitance is necessary for any small value of closed-loop gain.

Ll ©) at minimum stable closed-loop gain (usually unity gain), unless otherwise noted.

) the maximum value without damage to the chip; not to exceed the total supply voltage used, if that is less.

‘@ a dotin an IN column means that the input operating common-mode range includes that supply rail;

a dot in an OUT column means that the op-amp can swing its output all the way to the corresponding supply rail.

(" resistor-diode network draws input current for input differential greater than +1V.

0 v pp, 0.1-10Hz.

) current-sensing inverting input ("current feedback" configuration); the bias currents at the two inputs may differ
widely. The listed bias current is for the non-inverting input.

M mraw output (no current limit) available at pin 8, in addition to the conventional (protected) output at pin 6;
the latter is limited to £15mA.

(™) min/max (worst case).

™ typical.
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A DETAILED LOOK AT OP-AMP BEHAVIOR
4.12 Effects of op-amp limitations on circuit behavior 209

op-amps with the very lowest input cur-  Limitations imply trade-offs

rents (MOSFET types) generally have poor

voltage offsets, and vice versa. Good cir-  The limitations of op-amp performance we
cuit designers choose their components  have talked about will have an influence
with the right trade-offs to optimize perfor-  on component values in nearly all circuits.
mance, without going overboard on un-  For instance, the feedback resistors must
necessary “gold-plated™ parts. be large enough so that they don’t load the

"Here Yesterday, Gone Today"

In its untiring quest for better and fancier chips, the semiconductor industry can sometimes cause
you great pain. It might go something like this: You've designed and prototyped a wonderful new
gadget; debugging is complete, and you're ready to go into production. When you try to order the
parts, you discover that a crucial IC has been discontinued by the manufacturer! An even worse
nightmare goes like this: Customers have been complaining about late delivery on some instrument
that you've been manufacturing for many years. When you go to the assembly area to find out

B what's wrong, you discover that a whole preduction run of boards is built, except for one IC that

‘ "hasn'tcome inyet." You then ask purchasing why they haven't expedited the order; turns out they
have, just haven't received it. Then you learn from the distributor that the part was discontinued six
months ago, and that none is available!

{ Why does this happen, and what do you do about it? We’ve generally found four reasons that
ICs are discontinued:

| 1. Obsolescence: Much better parts come along, and it doesn't make much sense to keep making
the old ones. This has been particularly true with digital memory chips (e.g., small static RAMs and
EPROMSs, which are superseded by denser and faster versions each year), though linear ICs have
not entirely escaped the purge. In these cases there is often a pin-compatible improved version that
you can plug into the old socket.
2. Not selling enough: Perfectly good ICs sometimes disappear. If you are persistent enough, you
may getan explanation from the manufacturer - "there wasn'tenough demand,” or some such story.
You might characterize this as a case of “discontinued for the convenience of the manufacturer.”
We've been particularly inconvenienced by Harris's discontinuation of their splendid HA4925 - a
fine chip, the fastest quad comparator, now gone, with no replacement anything like it. Harris also
discontinued the HA2705 - another great chip, the fastest low-power op-amp, now gone without a
trace! Sometimes a good chip is discontinued when the wafer fabrication line changes over to a
larger wafer size (e.g., from the original 3" diameter wafer to a 5 or 6" wafer). We've noticed that
Harris has a particular fondness for discontinuing excellent and unique chips; Intersil and GE have
done the same thing.
3. Lost schematics: You might not believe it, but sometimes the semiconductor house loses track of
the schematic diagram of some chip and can't make any more! This apparently happened with the
Solid State Systems SS5S-4404 CMOS 8-stage divider chip.
4. Manufacturer out of business: This also happened to the SSS-4404!

If you're stuck with a board and no available IC, you've got several choices. You can redesign
the board (and perhaps the circuit) to use something that is available. This is probably best if you're
going into production with a new design or if you are running a large production of an existing board.
A cheap and dirty solution is to make a little “daughterboard” that plugs into the empty IC socket
and includes whatever it takes to emulate the nonexistent chip. Although this latter solution isn't
terribly elegant, it gets the job done.

e ———— - -
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output significantly, but they must not be
so large that input bias current produces
sizable offsets. High impedances in the
feedback network also increase suscepti-
bility to capacitive pickup of interfering
signals and increase the loading effects of
stray capacitance. These trade-offs typi-
cally dictate resistor values of 2k to 100k
with general-purpose op-amps.

Similar sorts of trade-offs are involved
in almost all electronic design, including
the simplest circuits constructed with tran-
sistors. For instance, the choice of quies-
cent current in a transistor amplifier is lim-
ited at the high end by device dissipation,
increased input current, excessive supply
current, and reduced current gain, whereas
the lower limit of operating current is lim-
ited by leakage current, reduced current
gain, and reduced speed (from stray capac-
itance in combination with the high resis-
tance values). For these reasons you typ-
ically wind up with collector currents in
the range of a few tens of microamps to
a few tens of milliamps (higher for power
circuits, sometimes a bit lower in “mi-
cropower” applications), as mentioned in
Chapter 2.

In the next three chapters we will look
more carefully at some of these problems
in order to give you a good understanding
of the trade-offs involved.

EXERCISE 4.6
Draw a dc-coupled inverting amplifier with gain
of 100 and Z;,, = 10k. Include compensation
for input bias current, and show offset voltage
trimming network (10k pot between pins 1 and
5, wiper tied to V_). Now add circuitry so that
Ziy, > 108 ohms.

4.13 Low-power and
programmable op-amps

For battery-powered applications there
is a popular group of op-amps known as
“programmable op-amps,” because all of
the internal operating currents are set by
an externally applied current at a bias
programming pin. The internal quiescent
currents are all related to this bias current
by current mirrors, rather than by internal
resistor-programmed current sources. As
a consequence, such amplifiers can be
programmed to operate over a wide range
of supply currents, typically from a few

POPULAR OP-AMPS

Sometimes a new op-amp comes along at just the right time, filling a vacuum with its combination
of performance, convenience, and price. Several companies begin to manufacture it (it becomes
“second-sourced"), designers become familiar with it, and you have a hit. Here is a list of some

popular favorites of recent times:

301 First easy-to-use op-amp; first use of “lateral pnp." External compensation. National.
741 The industry standard for many years. Internal compensation. Fairchild.

1458

Motorola's answer to the 741; two 741s in a mini-DIP, with no offset pins.

308 National's precision op-amp. Low power, superbeta, guaranteed drift specifications.

324 Popular quad op-amp (358=dual, mini-DIP). Single-supply operation. National.

355 All-purpose bi-FET op-amp (356, 357 faster). Practically as precise as bipolar, but faster
and lower input current. National. (Fairchild tried to get the FET ball rolling with their 740,
which flopped because of poor performance. Would you believe 0.1V input offset?)

TLO81 Texas Instruments’ answer to the 355 series. Low-cost comprehensive series of singles,
duals, quads; low power, low noise, many package styles.

LF411 National's improved bi-FET series. Low offset, low bias, fast, low distortion, high output
current, low cost. Dual (LF412) and low-power variants (LF441/2/4).
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microamps to a few milliamps. The
slew rate, gain-bandwidth product fr,
and input bias current are all roughly
proportional to the programmed operating
current. When programmed to operate at
a few microamps, programmable op-amps
are extremely useful in battery-powered
circuits. We will treat micropower design
in detail in Chapter 14.

The 4250 was the original programma-
ble op-amp, and it is still a good unit for
many applications. Developed by Union
Carbide, this classic is now “second-
sourced” by many manufacturers, and it

even comes in duals and triples (the 8022
and 8023, respectively). As an example of
the sort of performance you can expect for
operation at low supply currents, let’s look
at the 4250 running at 10pA. To get that
operating current, we have to supply a bias
current of 1.5uA with an external resistor.
When it is operated at that current, fr is
75kHz, the slew rate is 0.05V/us, and the
input bias current Ig is 3nA. At low op-
erating currents the output drive capabil-
ity is reduced considerably, and the open-
loop output impedance rises to astound-
ing levels, in this case about 3.5k. At low

x THE 741 AND ITS FRIENDS

Bob Widlar designed the first really successful monolithic op-amp back in 1965, the Fairchild 2A709.
It achieved great popularity, but it had some problems, in particular the tendency to go into a latch-up
mode when the input was overdriven and its lack of output short-circuit protection. It also required
external frequency compensation (two capacitors and one resistor) and had a clumsy offset trimming
circuit (again requiring three external components). Finally, its differential input voltage was limited
to 5 volts.

Widlar moved from Fairchild to National, where he went on to design the LM301, an improved
op-amp with short-circuit protection, freedom from latch-up, and a 30-volt differential input range.
Widlar didn't provide internal frequency compensation, however, because he liked the flexibility of
user compensation. The 301 could be compensated with a single capacitor, but because there was
only one unused pin remaining, it still required three external components for offset trimming.

Meanwhile, over at Fairchild the answer to the 301 (the now-famous 741) was taking shape. It
had the advantages of the 301, but Fairchild engineers opted for internal frequency compensation,

‘ freeing two pins to allow simplified offset trimming with a single external trimmer. Since most circuit
applications don't require offset trimming (Widlar was right), the 741 in normal use requires no
components other than the feedback network itself. The rest is history - the 741 caught on like
wildfire and became firmly entrenched as the industry standard.

There are now numerous 741-type amps, essentially similar in design and performance, but with
various features such as FET inputs, dual or quad units, versions with improved specifications,
decompensated and uncompensated versions, etc. We list some of them here for reference and as
a demonstration of man's instinct to clutch onto the coattails of the famous (see Table 4.1 for a more
complete listing).

Single units Dual units Quad units

7418 fast (10V/pus) 747 dual 741 MC4741  quad 741(alias 348)
MC741N low noise OP-04 precision OP-11 precision

0OP-02 precision 1458 mini-DIP package 4136 fast (3MHz)

4132 low power (35pA) 4558 fast (15V/us) HA4605 fast (4V/us)
LF13741 FET low input current TLO82 FET, fast (similar TLO084 FET, fast (similar
748 uncompensated to LF353) to LF347)
NES530 fast (25V/us) LF412 FET, fast

TLO81 FET, fast (similar to LF351)

LF411 FET, fast

R —
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operating currents the input noise voltage
rises, while the input noise current drops
(see Chapter 7). The 4250 specifications
claim that it can run from as little as 1
volt total supply voltage, but the claimed
minimum supply voltages of op-amps may
not be terribly relevant in an actual circuit,
particularly where any significant output
swing or drive capability is needed.

The 776 (or 3476) is an upgraded 4250,
with better output-stage performance at
lower currents. The 346 is a nice quad
programmable op-amp, with three sections
programmed by one of the programming
inputs, and the fourth programmed by the
other. Some other programmable op-amps
constructed with ordinary bipolar transis-
tors are the OP-22, OP-32, HA2725, and
CA3078. Programmable CMOS op-amps
include the ICL7612, TLC251, MC14573,
and CA3440. These feature operation at
very low supply voltage (down to 1V for
the TLC251) and, for the astounding 3440,
operation at quiescent currents down to
20 nanoamps. The 7612 and 251 use a
variation of the usual programming

Via

scheme; their quiescent current is pin-
selectable (10uA, 100pA, or ImA),
according to whether the programming
pin is connected to Vi or V_ or is left
open.

In addition to these op-amps, there are
several nonprogrammable op-amps that
have been designed for low supply currents
and low-voltage operation and should
be considered for low-power applications.
Notable among these is the outstanding
bipolar LM10, an op-amp that is fully
specified at 1 volt total supply voltage
(£0.5V, for example). This is extraordi-
nary, considering that Vpg increases
with decreasing temperature and is
close to 1 volt at —55°C, the lower limit
of the LM10’s operating range. Some
other excellent “micropower” op-amps
(and their operating currents) are the
precision OP-20 (40pA), OP-90 (12pA),
and LT1006 (90pA), the inexpensive quad
LP324 (20uA per amplifier), the JFET
LF441/2/4 (150pA per amplifier), and
the MOSFET TLC27L4 (10pA per ampli-
fier).

output
—1.0V/decade

Figure 4.35. Logarithmic converter. @1 and Q2 compose a monolithic matched pair.
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TABLE 4.3. HIGH-VOLTAGE OP-AMPS

Total supply Diffl g Slew Output Pyiss £

— input® 8 fr rate current (50°C) E

min max max LzE typ typ max max @
Type Mig?® (V) (V) (V) wwr (MHz) (V/us) (mA) (W) F+ Case® Comments
LM675 NS 20 60 60 --- 55 8 3000 40 « TO-220 monolithic pwr op-amp
LM343 NS 10 68 68 -—-+ 1 2 20 06 - TO-99 superbeta
LM344 NS 10 68 68 - - 1 3p® 20 06 - TO-99 superbeta
3580 BB 30 70 70 *-+ 5 15 60 45 = TO-3l

LMiI2 NS =20 8 80 --- .07
PA19 AP 30 80 40 =**- 100°
OPA541 BB 20 80 80 =+-- 2
MC1436 MO 10 80 80 —--—+ 1
1460 TP 30 80 6 —* = 1000°
1461 TP 30 80 25 === 1000°
1463 TP 30 80 25 e-—»s A7
HA2645 HA 20 80 74 —=*+ 4
OPA445 BB 20 100 80 =*—+ 2
1481 TP 30 150 150 +<—-+ 45
3581 BE 65 150 150 =—+ 5
PAO4 AP 30 200 20 **- 2
1480 TP 30 300 450 +-+ 20
3582 BB 140 300 300 +-+ 5
3583 BB 80 300 300 -+ 5
3584 BB 140 300 300 -+ 20°
PAOBY AP 30 340 50 -+ 5
PAS8 AP 30 450 25 s - 1d
PAS5 AP 30 450 25 ++- 20°

6509 5000 70 «  TO-3I

1000¢ 200 28 v TO-3l

9 10000 90 . TO-3
VMOS output

1508 15 45 * TO-3
30 150 18 . TO-3I
30° 100 12 = TO-3l

low V., low e,

monolithic high-power

10 10000 90 - TO-31 monolithic high-pwr
2 10 06 - TO-99 original, still good
300° 150 25 = TO-3 VMOS output
1200% 750 - P-DIP VMOS output
165 1000 40 = TO-3  fast unity-gain comp
5 10 06 + TO-99 same as Philbrick 1332
10 15 06 - TO-99 monolithic; miniDIP also
25 80 15 = TO-3  current limit
20 30 45 = TO-3l
50 20000 160 = P-DIP  VMOS output; curr lim
100 80 - TO-3
20 15 45 =+ TO3I
30 75 10 - TO-3

low lq, Vs €, VMOS
low Vg, low e, VMOS

(@) see notes to Table 4.1. ® not to exceed total supply voltage. ! "I" = isolated. ‘® when comp for G>10. ‘® when comp for G>100.

A DETAILED LOOK AT SELECTED
OP-AMP CIRCUITS

The performance of the next few circuits is
affected significantly by the limitations of
op-amps; we will go into a bit more detail
in their description.

4.14 Logarithmic amplifier

The circuit shown in Figure 4.35 exploits
the logarithmic dependence of Vpg on
I- to produce an output proportional to
the logarithm of a positive input voltage.
R, converts Vi, to a current, owing to
the virtual ground at the inverting input.
That current flows through (;, putting
its emitter one Vg drop below ground,

according to the Ebers-Moll equation. Qa,
which operates at a fixed current, provides
a diode drop of correction voltage, which
is essential for temperature compensation.
The current source (which can be a resistor,
since point B is always within a few tenths
of a volt of ground) sets the input current
at which the output voltage is zero. The
second op-amp is a noninverting amplifier
with a voltage gain of 16, in order to give
an output voltage of —1.0 volt per decade
of input current (recall that Vgg increases
60mV per decade of collector current).
Some further details: @1’s base could
have been connected to its collector, but
the base current would then have caused
an error (remember that I is an accurate
exponential function of Vgg). In this

Page 58 of 137

REED EX1012

IPR2024-01158



FEEDBACK AND OPERATIONAL AMPLIFIERS
214  Chapter 4

TABLE 4.4. POWER OP-AMPS

(3]
£ i\"'.tiu I
= Ry SR fr pwr V,s(max)
i E 9 lout min max Pge typ  typ BW -

Type Mig® E w~ Pkg® (A) (V) (V) (W) (Vus) (MHz) (kHz) (mV) (uV/'C) (wV/W)
PA03 AP —-++ PD 30 15 75 500 10 5 70 3 30 20
PAO4A AP —-+—- PD 20 15 100 200 50 2 90 5 30 10!
OPA512 BB --- 3l 15 10 50 125 4 4 20 3 40 20!
LM12 NS * - - 3 10 10 40 90 9 0.7 60 7 50 50
OPAS01 BB --- 3l 10 10 40 80 1.4™ 1 16 5 40 35
OPA512B BB --- 3l 10 10 50 125 4 4 20 6 65 20
OPA541B BB =+ - 31 10 10 40 90 10 2 55 2 30 60
1468 7P --- 3 10 10 50 125 4 4 20 6 65 20"
PA19A AP —+—- 3l 5 15 40 70 900 100 3500 05 10 20"
OPA511 BB --- 3 5 10 30 67 18 1 23 10 65 20!
PAOA AP — =+ * 3 4 10 40 78 400 75 2500 05 10
SG1173 SG *-- 220 35 5 25 20 08 1 4 30 -
LM675 NS *«-- 220 3 8 30 40 8 5.5 10 25t 25
LHO101 NS - ¢ — 3 2 5 20 62 10 5 300 3 10t 150
3572 BB —+«- 31 2 15 40 60 3 05 16 2 40 20!
3573 BB --- 31 2 10 34 45 15 1 23 10 65
LH0021 NS - --— 3 1 5 15 23 3 1 20 3 25 15
MSK792 KE - -+ 3 1 5 22 5 2 1 11 0.1 2 -
1463 TP —= g 1 15 40 40 165 17 5 20!

1461 TP -++ PD 075 15 40 1200% 10004 5 50 =
LHOOB1 NS ——* 3 05 - 15 20 70 - 1000 4 5! 5t
WAOTA AP ——-* 31 04 12 16 10 4000 1000 150000 5 25 10!
cLc203 CL --- PD 02 9 20 6000 5000 60000 15 15

1460 TP —=—= 3 015 15 40 25 300 1000Y 1500 5 50 -
3554B BB -++ 31 015 5 18 5 1200 100 19000 1 15 -
HA2542 HA = —* D 0.1 5 15 16 375 120 4700™ 10™ 20 -
LH4101 NS —= = D 01 - 15 4 250 28 - 15 25! 5
LH4104 NS — =+ * c 01 - 15 25 40 18 - 5 20! <
1480 TP - 3 008 15 150 100 20 120 3 100 -
1481 TP -+ 3 008 15 75 15 25 45 50 3 25
CA3450 RC * —* D o008 - 7 15 420 190 10000 15 S

3583 BB —++ 31 008 40 140 10 30 5 60 3 23 =
OP-50E PM * -+ D 007 5 18 0.5 3 25 20 003 03 -
3580 BB -++ 31 006 15 35 45 15 5 100 10 30 -
AMP-01E PM = — = D 005 5 15 05 45 1 20 005 03

3581 BB —-++ 31 003 32 75 45 20 5 60 3 25

3582/4 BB —=*°* 31 002 70 150 45 20150 7 30/135 3 25

(a) sge Table 4.1 notes. ®) 3 — TO-3; 220 — TO-220; PD — power DIP; D - DIP; | —isolated; C —metal can.
(€ current limit: T — thermal limit; E — external adjust. (™ min or max. ) typical. () yncompensated.
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Iy, (max) @
- Vsa[ ts (Wp)

25'C  Thax him®
Type  (nA) (nA) (V) @ (A)  (us) to (%)

Thermal limit

g_

Comments

PAO3 0.05 50 7 30 2 01 T * amighty brute

PAO4A 0.02 - 75 15 25 01 E — high voltage brute

OPA512 20 15 7 15 2 01 E - PA-12 similar

LM12 300 150 8 10 13 »

OPA501 20 15 7 10 E - PA-51 similar

OPA512B 30 - 6 10 2 01 E =

OPA541B 0.05 40 45 5 2 01 E — monolithic JFET

1468 30 - 6 10 2 01 E =

PA18A 0.05 50 5 4 12 001 E *  VMOS output, wideband, prec

OPA511 40 30 8 5 2 01 E = PA-01 similar

PAOSA 0.02 20 8 2 03 01 45 = fast

SG1173 500 300 6 2 35 -

LM675 2uA 10 3.5 4 .

LHO101 0.3 300 5 2 2 001 E — PA-02 similar

3572 0.1 100 5 2 E * PA-07 similar; 3571 to 1A

3573 40 30 5 2 E = PA-73 similar

LH0021 100 35 4 1 4 01 E - extcomp

MSK792 100 100 35 1 E -

1463 0.2 200 8 1 025 01 E - VMOS output

1461 0.1 100 9 0.5 04 01 E = VMOS output; ext comp

LH0061 100 35 5 0.5 08 01 E — extcomp

WAD1A 10uA 5 0.4 0.02 0.1

CLC203 20uA 20uA 4 0.2 15ns 0.2 E — fast settle, wideband, prec

1460 10pA - 6 0.15 1 0.1 0.25 - VMOS output; ext comp

3554B 0.05 50 5 0.1 0.2 001 0.15 - fast

HA2542 35uA - - - 0.1 04 - — decomp (G>2)

LH4101 0.5 500 = ] 03 0.1 - -

LH4104 0.6 25 5 0.1 05 001 - = LH4105 has V.<0.5mV

1480 0.2 200 10 0.08 1.5 0.01 0.13 - high voltage

1481 0.1 100 5 0.08 75 01 013 -

CA3450 350 - 2 0.08 35ns 0.1 - — video amp

3583 002 20 10 0.08 12 01 01 =+ high voltage

OP-50E 5 7! 2 0.03 30 0.01 0.06 =+ low noise, precision

3580 005 50 5 0.06 12 0.1 01 - :

AMP-01E 3 10! 2 0.03 15 0.01 0.06 = low noise, precinst amp

3581 0.02 20 5 0.03 12 0.1 0.05 -

3582/4 002 20 5 0.02 12 0.1 0.03 =+ high voltage
T ———— = — ——— —
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circuit the base is at the same voltage as
the collector because of the virtual ground,
but there is no base-current error. (4
and Q2 should be a matched pair, ther-
mally coupled (a matched monolithic pair
like the LM394 or MAT-01 is ideal). This
circuit will give accurate logarithmic out-
put over seven decades of current or more
(InA to 10mA, approximately), providing
that low-leakage transistors and a low-bias-
current input op-amp are used. An op-amp
like the 741 with 80nA of bias current is
unsuitable, and a FET-input op-amp like
the 411 is usually required to achieve the
full seven decades of linearity. Further-
more, in order to give good performance
at low input currents, the input op-amp
must be accurately trimmed for zero off-
set voltage, since Vi, may be as small as
a few tens of microvolts at the lower limit
of current. If possible, it is better to use a
current input to this circuit, omitting I?;

altogether.
The capacitor Cy is necessary to stabi-
lize the feedback loop, since @

contributes voltage gain inside the loop.
Diode D; is necessary to prevent base-
emitter breakdown (and destruction) of (0
in the event the input voltage goes nega-
tive, since Q; provides no feedback path
for positive op-amp output voltage. Both
these minor problems are avoided if ), is
wired as a diode, i.e., with its base tied to
its collector.

Temperature compensation of gain

(> compensates changes in Q1's Vg drop
as the ambient temperature changes,
but the changes in the slope of the
curve of Vpg versus I¢ are not compen-
sated. In Section 2.10 we saw that the
“60mV/decade” is proportional to abso-
lute temperature. The output voltage of
this circuit will look as shown in Figure
4.36. Compensation is perfect at an input
current equal to Iy, (Q2’s collector current.
A change in temperature of 30°C causes a

yq,%

730 —
1
-2.0
1.0+
|
[ . I
10uA 100pA 1mA  10mA
in
Figure 4.36

10% change in slope, with corresponding
error in output voltage. The usual solu-
tion to this problem is to replace %2 with
a series combination of an ordinary resis-
tor and a resistor of positive temperature
coefficient. Knowing the temperature co-
efficient of the resistor (e.g., the TG 1/8
type manufactured by Texas Instruments
has a coefficient of +0.67%/°C) allows you
to calculate the value of the ordinary resis-
tor to put in series in order to effect perfest
compensation. For instance, with the 2.7k
TG 1/8 type “sensistor” just mentioned, a
2.4k series resistor should be used.

There are several logarithmic converter
modules available as complete integrated
circuits. These offer very good perfor-
mance, including internal temperature
compensation. Some manufacturers are
Analog Devices, Burr-Brown, Philbrick,
Intersil, and National Semiconductor.

EXERCISE 4.7

Finish up the log converter circuit by (a) drawing
the current source explicitly and (b) using a TG
1/8 resistor (+0.67%/°C tempco) for thermal
slope compensation. Choose values so that
Vout = +1 volt per decade, and provide an
output offset control so that V1 can be set to
zerofor any desired input current (do this withan
inverting amplifier offset circuit, not by adjusting
Iy).
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4.15 Active peak detector

There are numerous applications in which
it is necessary to determine the peak
value of some input waveform. The
simplest method is a diode and capacitor
(Fig. 4.37). The highest point of the input
waveform charges up C, which holds that
value while the diode is back-biased.

I

Figure 4.37

This method has some serious problems.
The input impedance is variable and is
very low during peaks of the input wave-
form. Also, the diode drop makes the cir-
cuit insensitive to peaks less than about 0.6
volt and inaccurate (by one diode drop) for
larger peak voltages. Furthermore, since
the diode drop depends on temperature
and current, the circuit’s inaccuracies de-
pend on the ambient temperature and on
the rate of change of output; recall that
I =C(dV/dr). Aninput emitter follower
would improve the first problem only.

Figure 4.38 shows a better circuit, using
feedback. By taking feedback from the
voltage at the capacitor, the diode drop
doesn’t cause any problems. The sort of
output waveform you might get is shown
in Figure 4.39.

Ul

Figure 4.38. Op-amp peak detector.

|

Figure 4.39

Op-amp limitations affect this circuit in
three ways: (a) Finite op-amp slew rate
causes a problem, even with relatively slow
input waveforms. To understand this, note
that the op-amp’s output goes into negative
saturation when the input is less positive
than the output (try sketching the op-amp
voltage on the graph; don’t forget about
diode forward drop). So the op-amp’s
output has to race back up to the output
voltage (plus a diode drop) when the input
waveform next exceeds the output. At slew
rate S, this takes roughly (Vo — V_)/S,
where V_ is the negative supply voltage
and Vj is the output voltage. (b) Input bias
current causes a slow discharge (or charge,
depending on the sign of the bias current)
of the capacitor. This is sometimes called
“droop,” and it is best avoided by using
op-amps with very low bias current. For
the same reason, the diode must be a low-
leakage type (e.g., the FIT1100, with less
than 1pA reverse current at 20V, or a “FET
diode” such as the PAD-1 from Siliconix or
the ID101 from Intersil), and the following
stage must also present high impedance
(ideally it should also be a FET or FET-
input op-amp). (¢) The maximum op-amp
output current limits the rate of change of
voltage across the capacitor, i.e., the rate at
which the output can follow a rising input.
Thus, the choice of capacitor value is a
compromise between low droop and high
output slew rate.

For instance, a 1uF capacitor used in
this circuit with the common 741 (which
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would be a poor choice because of its high
bias current) would droop at dV/dt =
Ig/C = 0.08V/s and would follow input
changes only up to dV/dt = Iyupu/C =
0.02V/ps. This maximum follow rate is
much less than the op-amp’s slew rate of
0.5V/us, being limited by the maximum
output current of 20mA driving 1uF. By
decreasing C' you could achieve greater
output slewing rate at the expense of
greater droop. A more realistic choice of
components would be the popular LF355
FET-input op-amp as driver and output
follower (30pA typical bias current, 20mA
output current) and a value of C = 0.01uF
With this combination you would get a
droop of only 0.006V/s and an overall
circuit slew rate of 2V/us. For better
performance, use a FET op-amp like the
OPA111 or AD549, with input currents of
IpA or less. Capacitor leakage may then
limit performance even if unusually good
capacitors are used, e.g., polystyrene or
polycarbonate (see Section 7.05).

[] A circuit cure for diode leakage

Quite often a clever circuit configuration
can provide a solution to problems caused
by nonideal behavior of circuit compo-
nents. Such solutions are aesthetically
pleasing as well as economical. At this
point we vield to the temptation to take
a closer look at such a high-performance
design, rather than delaying until Chapter
7. where we treat such subjects under the
heading of precision design.

Suppose we want the best possible per-
formance in a peak detector, i.e., highest
ratio of output slew rate to droop. If the
lowest-input-current op-amps are used in
a peak-detector circuit (some are available
with bias currents as low as 0.01pA), the
droop will be dominated by diode leakage:
i.c.. the best available diodes have higher
leakage currents (seec Table 1.1) than the
op-amps’ bias currents. Figure 4.40 shows
a clever circuit solution. As before, the

voltage on the capacitor follows a rising
input waveform: IC; charges the capaci-
tor through both diodes and is unaffected
by ICy’s output. When the input drops
below the peak value, IC; goes into neg-
ative saturation, but ICy holds point X
at the capacitor voltage, eliminating leak-
age altogether in Ds. Di’s small leakage
current flows through R,;, with negligible
drop across the resistor. Of course, bath
op-amps must have low bias current. The
OPAI111B is a good choice here, with its
combination of precision (V,, = 2501V,
max) and low input current (1pA, max).
This circuit is analogous to the so-called
guard circuits used for high-impedance or
small-signal measurements.

Note that the input op-amps in both
peak-detector circuits spend most of their
time in negative saturation, only popping
up when the input level exceeds the peak
voltage previously stored on the capacitor.
However, as we saw in the active rectifier
circuit (Section 4.10), the journey from
negative saturation can take a while (e.g.,
1 us—2pus for the LF411). This may restrict
your choice to high-slew-rate op-amps.

R‘
47k
—AAA-
D,
Via 1N3595
3
IC2
1N3595 OPA1118 Vour

c
0.01uF -

polystyrene

Figure 4.40

[] Resetting a peak detector

In practice it is usually desirable to reset
the output of a peak detector in some way.
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One possibility is to put a resistor across
the output so that the circuit’s output
decays with a time constant RC. In this
way it holds only the most recent peak
values. A better method is to put a
transistor switch across C; a short pulse

to the base then zeros the output. A FET
switch is often used instead. For example,
in Figure 4.38 you could connect an n-
channel MOSFET across C'; bringing the
gate momentarily positive then zeros the
capacitor voltage.

FET input
IC -
signal ! 15v IC,
input
output
" I
+15 sample
_____,| acquisition l‘i
time J
capacitor
voltage charge droop
injection
(“hold step”’)
hold nple-st+e———hold —— s+ sample—
timeg ——

A

30k

—N—9
FET
switch 5
p——O——— output

signal 3 |
input |

|

E 3000

6
S[H 8
it 0.0014F )
texternall  Figure 4.41. Sample-and-hold.
A. standard configuration,
— with exaggerated waveform.
8 B. LF398 single-chip S/H.
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4.16 Sample-and-hold and the follower cause C"s voltage to
“droop” during the hold interval, accord-
ing to dV/dt = leaxage/C. Thus C should
be large to minimize droop. But ¢;’s ON
resistance forms a low-pass filter in com-
bination with C, so C should be small if
high-speed signals are to be followed ac-
curately. IC; must be able to supply C’s
charging current I = CdV/dt and must
have sufficient slew rate to follow the in-
put signal. In practice, the slew rate of
the whole circuit will usually be limited by
IC,’s output current and @;’s ON resis-
tance.

Closely related to the peak detector is the
“sample-and-hold” (S/H) circuit (some-
times called “follow-and-hold™). These are
especially popular in digital systems, where
you want to convert one or more analog
voltages to numbers so that a computer
can digest them: The favorite method is
to grab and hold the voltage(s), then do
the digital conversion at your leisure. The
basic ingredients of a S/H circuit are an
op-amp and a FET switch; Figure 4.41A
shows the idea. 1C; is a follower to provide
a low-impedance replica of the input. Q
passes the signal through during “sample”
and disconnects it during “hold.”
Whatever sngpa] Lo w‘hen Q1 was Suppose IC; can supply 10mA of output cur-
turned OFF is held on capacitor C. 1C2  1on¢ ang ¢ = 0.01uF. What is the maximum
is a high-input-impedance follower (FET  jnput stew rate the circuit can accurately follow?
inputs), so that capacitor current during  if Q, has 50 ohms ON resistance, what will be
“hold” is minimized. The value of C' is  the output error for an input signal slewing at
a compromise: Leakage currents in ¢ 0.1V/us? If the combined leakage of (; and

EXERCISE 4.8

[ DIELECTRIC ABSORPTION

Capacitors are not perfect. The most commonly appreciated shortcomings are leakage (parallel
resistance), series resistance and inductance, and nonzero temperature coefficient of capacitance.
A more subtle problem is dielectric absorption, an effect that manifests itself clearly as follows: Take
a large-value tantalum capacitor that is charged up to 10 volts or so, and rapidly discharge it by
momentarily putting a 100 ohm resistor across it. Remove the resistor, and watch the capacitor's
voltage on a high-impedance voltmeter. You will be amazed to see the capacitor charge back up,
reaching perhaps a volt or so after a few seconds!

The origins of dielectric absorption (or dielectric soakage, dielectric memory) are not entirely
understood, but the phenomenon is believed to be related to remnant polarization trapped on
dielectric interfaces; mica, for example, with its layered structure, is particularly poor in this regard.
From a circuit point of view, this extra polarization behaves like a set of additional series RC's across
the capacitor (Fig. 4.42A), with time constants generally in the range of ~100us to several seconds.
Dielectrics vary widely in their susceptibility to dielectric absorption; Figure 4.42B shows data for
several high-quality dielectrics, plotted as voltage memory versus time after a 10 volt step of 100us
duration.

Dielectric absorption can cause significant errors in integrators and other analog circuits that rely
on the ideal characteristics of capacitors. In the case of a sample/hold followed by precision analog-
to-digital conversion, the effect can be devastating. In such situations the best approach is to choose
your capacitors carefully (Teflon dielectric seems to be best), retaining a healthy skepticism until
proven wrong. In extreme cases you may have to resort to tricks such as compensation networks
that use carefully trimmed RC's to electrically cancel the capacitor's internal dielectric absorption.
This approach is used in some high-quality sample/hold modules made by Hybrid Systems.
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ICo is 1nA, what is the droop rate during the
"hold" state?

For both the sample/hold circuit and
the peak detector, an op-amp drives a
capacitive load. When designing such
circuits, make sure you choose an op-
~amp that is stable at unity gain when
loaded by the capacitor C. Some op-amps,
(e.g., the LF355/6) are specifically designed
to drive large (0.01xF) capacitive loads
directly. Some other tricks you can use are
discussed in Section 7.07 (see Fig. 7.17).

Ry G

polypropylene

polystyrene
0.01

voltage memory, %

teflon

0.001 I 1 J
10us 100us ims 10ms

time after pulse

8

Figure 4.42. Dielectric absorption in capaci-
tors. A. model B. measured properties for sev-
eral dielectrics. (After Hybrid Systems HS9716
data sheet.)

You don’t have to design S/H circuits
from scratch, because there are nice mono-
lithic ICs that contain all the parts you
need except for the capacitor. National’s
LF398 is a popular part, containing the
FET switch and two op-amps in an inex-
pensive ($2) 8-pin package. Figure 4.41B
shows how to use it. Note how feedback
closes the feedback loop around both op-
amps. There are plenty of fancy S/H chips

Via VWV =

=
g

Figure 4.43

op-amp
output

+15

+10—

Vi,and V

“glitches”

Figure 4.44

available, if you need better performance
than the LF398 offers; for example, the
ADS585 from Analog Devices includes an
internal capacitor and guarantees a max-
imum acquisition time of 3us for 0.01%
accuracy following a 10 volt step.

[ 4.17 Active clamp

Figure 4.43 shows a circuit that is an active
version of the clamp function we discussed
in Chapter 1. For the values shown,
Vin < +10 volts puts the op-amp output
at positive saturation, and Vouy = Vip.
When Vi, exceeds +10 volts the diode
closes the feedback loop, clamping the
output at 10 volts. In this circuit, op-amp
slew-rate limitations allow small glitches as
the input reaches the clamp voltage from
below (Fig. 4.44).

[ 4.18 Absolute-value circuit

The circuit shown in Figure 4.45 gives a
positive output equal to the magnitude of

1
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the input signal; it is a full-wave rectifier.
As usual, the use of op-amps and feedback
eliminates the diode drops of a passive
full-wave rectifier.

b—output
Figure 4.45. Active full-wave rectifier.
R,
10k 1%
Ry W
10k 1%
- v ICy -
vm x v- aut
\ +
R,
10k —Vgge
L
*Vee
ICa
3160
Figure 4.46
EXERCISE 4.9

Figure out how the circuit in Figure 4.45 works.
Hint: Apply firsta positive input voltage, and see
what happens; then do negative.

Figure 4.46 shows another absolute-
value circuit. It is readily understandable
as a simple combination of an optional
inverter (IC;) and an active clamp (ICy).

For positive input levels the clamp is
out of the circuit, with its output at
negative saturation, making IC; a unity-
gain inverter. Thus the output is equal
to the absolute value of the input voltage.
By running IC; from a single positive
supply, you avoid problems of slew-rate
limitations in the clamp, since its output
moves over only one diode drop. Note that
no great accuracy is required of Ra. '

Vi —AN—

—— V,

out

Figure 4.47. Integrator.

4.19 Integrators

Op-amps allow you to make nearly perfect
integrators, without the restriction that
Voutr € Vin. Figure 4.47 shows how it’s
done. Input current Vi, /R flows through
C'. Because the inverting input is a virtual
ground, the output voltage is given by

Vin/R = _C(dvout/dt)

or
1
Veiie = RC f Vin dt + constant

The input can, of course, be a current,
in which case R will be omitted. One
problem with this circuit as drawn is that
the output tends to wander off, even with
the input grounded, due to op-amp offsets
and bias current (there’s no feedback at
dc, which violates rule 3 in Section 4.08).
This problem can be minimized by using
a FET op-amp for low input current and
offset, trimming the op-amp input offset
voltage, and using large R and C values.
In addition, in many applications the in-
tegrator is zeroed periodically by closing a
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0
-10

-

+15

J_L b

-16

al £
22MQ
) ”'j';aE’!r"e’ - n-channel MOSFET
15 1uF
RY
—— AN —'1\93'\:—*
positive L_
output —
only

4.48. Op-amp integrators with reset switches.

switch placed across the capacitor (usually
a FET), so only the drift over short time
scales matters. As an example, an inex-
pensive FET op-amp like the LF411 (25pA
typical bias current) trimmed to a voltage
offset of 0.2mV and used in an integrator
with R =10M2 and C = 10uF will pro-
duce an output drift of less than 0.003 volt
in 1000 seconds.

If the residual drift of the integrator is
still too large for a given application, it
may be necessary to put a large resistor Ry
across C to provide dc feedback for sta-
ble biasing. The effect is to roll off the
integrator action at very low frequencies,
f <1/R2C. Figure 4.48 shows integrators
with FET zeroing switch and with resis-
tor bias stabilization. The feedback resis-
tor may become rather large in this sort
of application. Figure 4.49 shows a trick
for producing the effect of a large feedback
resistor using smaller values. In this case
the feedback network behaves like a sin-
gle 10MX2 resistor in the standard invert-
ing amplifier circuit giving a voltage gain
of —100. This technique has the advan-
tage of using resistors of convenient values
without the problems of stray capacitance,
etc., that occur with very large resistor val-
ues. Note that this “T-network™ trick may
increase the effective input offset voltage,
if used in a transresistance configuration

(Section 4.09). For example, the circuit of
Figure 4.49, driven from a high-impedance
source (e.g., the current from a photodi-
ode, with the input resistor omitted), has
an output offset of 100 times V5, whereas
the same circuit with a I0M{2 feedback re-
sistor has an output equal to V,, (assuming
the offset due to input current is negligi-
ble).

100k

51k

Figure 4.49

[J A circuit cure for FET leakage

In the integrator with a FET reset switch
(Fig. 4.48), drain-source leakage sources a
small current into the summing junction
even when the FET is OFF. With an ultra-
low-input-current op-amp and low-leakage
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capacitor, this can be the dominant error
in the integrator. For example, the ex-
cellent AD549 JFET-input “electrometer”
op-amp has a maximum input current of
0.06pA, and a high-quality 0.01xF metal-
lized Teflon or polystyrene capacitor spec-
ifies leakage resistance as 107 megohms,
minimum. Thus the integrator, exclusive
of reset circuit, keeps stray currents at the
summing junction below 1pA (for a worst-
case 10V full-scale output), corresponding
to an output dV'/dt of less than 0.01mV/s.
Compare this with the leakage contribu-
tion of a MOSFET such as the popular
2N4351 (enhancement mode), which spec-
ifies a maximum leakage current of 10nA
at Vps = 10V and Vgs = OV! In other
words, the FET contributes 10,000 times
as much leakage as everything else com-
bined.

reset

Q, Q

2
2N4351 2N4351
A <15
1MQ
Cy 0.1u4F
L )
Ay CRC type J93
1M (R>10"MQ)
—A\N\—4
—
(1, = BOfA, max)
Figure 4.50

Figure 4.50 shows a clever circuit solu-
tion. Although both n-channel MOSFETs
are switched together, @, is switched with
gate voltages of zero and +15 volts so that
gate leakage (as well as drain-source leak-
age) is entirely eliminated during the OFF
state (zero gate voltage). In the ON state
the capacitor is discharged as before, but
with twice Ron. In the OFF state, Qy’s

small leakage passes to ground through R,
with negligible drop. There is no leakage
current at the summing junction because
Q1’s source, drain, and substrate are all
at the same voltage. Compare this circuit
with the zero-leakage peak-detector circuit
of Figure 4.40.

4

—

Figure 4.51

[0 4.20 Differentiators

Differentiators are similar to integrators,
but with R and C reversed (Fig. 4.51).
Since the inverting input is at ground, the
rate of change of input voltage produces
a current I = C(dV;,/dt) and hence an
output voltage

Vi
Vout— RC dt

Differentiators are bias-stable, but they
generally have problems with noise and
instabilities at high frequencies because of
the op-amp’s high gain and internal phase
shifts. For this reason it is necessary to
roll off the differentiator action at some
maximum frequency. The usual method
is shown in Figure 4.52. The choice
of the rolloff components R; and C»
depends on the noise level of the signal
and the bandwidth of the op-amp. At
high frequencies this circuit becomes an
integrator, due to R; and C.

00 OP-AMP OPERATION WITH

A SINGLE POWER SUPPLY

Op-amps don’t require 15 volt regulated
supplies. They can be operated from split
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50pF

R, G
10 00WF

Figure 4.52

supplies of lower voltages, or from un-
symmetrical supply voltages (e.g, +12 and
—3), as long as the total supply voltage
(V4 — V_) is within specifications (see Ta-
ble 4.1). Unregulated supply voltages are
often adequate because of the high “power-
supply rejection ratio” you get from nega-
tive feedback (for the 411 it’s 90dB typ).
But there are many occasions when it
would be nice to operate an op-amp from
a single supply, say +12 volts. This can be
done with ordinary op-amps by generating
a “reference” voltage above ground, if you
are careful about minimum supply volt-
ages, output swing limitations, and max-
imum common-mode input range. With
some of the more recent op-amps whose
input and output ranges include the neg-
ative supply (i.e., ground, when run from
a single positive supply), single-supply op-
eration is attractive because of its sim-
plicity. Keep in mind, though, that oper-
ation with symmetrical split supplies re-
mains the usual technique for nearly all
applications.

[J 4.21 Biasing single-supply ac amplifiers

For a general-purpose op-amp like the 411,
the inputs and output can typically swing
to within about 1.5 volts of either supply.
With V_ connected to ground, you can’t
have either of the inputs or the output at
ground. Instead, by generating a reference

voltage (e.g., 0.5V) you can bias the op-
amp for successful operation (Fig. 4.53).
This circuit is an audio amplifier with
40dB gain. Vies = 0.5V, gives an output
swing of about 17 volts pp before onset of
clipping. Capacitive coupling is used at
the input and output to block the dc level,
which equals Vief.

Figure 4.53

0O 4.22 Single-supply op-amps

There is a class of op-amps that permit
simplified operation with a single positive
supply, because they permit input voltages
all the way down to the negative rail
(normally tied to ground). They can be
further divided into two types, according
to the capability of the output stage: One
type can swing all the way down to V_,
and the other type can swing all the way to
both rails:

1. The LM324(quad)/LM358 (dual),
IT1013, and TLC270 types. These have
input common-mode ranges all the way
down to 0.3 volt below V_, and the output
can swing down to V_. Both inputs and
output can go to within 1.5 volts of V.. If
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instead you need an input range up to Vi,
use something like an LM301/307, OP-
41, or a 355; an example is illustrated in
Section 6.24 in the discussion of constant-
current supplies. In order to understand
some of the subtleties of this sort of op-
amp, it is helpful to look at the schematic
(Fig. 4.54). It is a reasonably straight-
forward differential amplifier, with current
mirror active load on the input stage and
push-pull complementary- output stage
with current limiting. The special things
to remember are these (calling V_ ground):

Inputs: The pnp input structure allows
swings of 0.3 volt below ground; if that
is exceeded by either input, weird things
happen at the output (it may go negative,
for instance).

Output: Q13 pulls the output down and
can sink plenty of current, but it goes
only to within a diode drop of ground.
Outputs below that are provided by the
50pA current sink, which means you can’t
drive a load that sources more than 50pA
and get closer than a diode drop above

ground. Even for “nice” loads (an open
circuit, say), the current source won’t bring
the output lower than a saturation voltage
(0.1V) above ground. If you want the
output to go clear down to ground, the load
should sink a small current to ground; it
could be a resistor to ground, for instance.
Recent additions to the family of pnp-
input single-supply op-amps include the
precision LT1006 and LT1014 (single and
quad, respectively) and the micropower
OP-20 and OP-90 (both single), and LP324
(quad).

We will illustrate the use of these op-
amps with some circuits, after mentioning
the other kind of op-amp that lends itself
well to single-supply operation.

2. The LMI10 (bipolar) or CA5130/5160
(MOSFET) complementary-output-stage
op-amps. When saturated, they look like
a small resistance from the output to the
supply (V4 or V_). Thus the output can
swing all the way to either supply. In
addition, the inputs can go 0.5 volt be-
low V_. Unlike the LM10, the CA5130

& . &

4.0pA é

-0V,

11

inputs

— Ce¢

P o,

Figure 4.54. Schematic of the popular 324 and 358 op-amps. (National Semiconductor Corp.)
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battery
+51t0 +15

laioge
(—
NN
« photodiode

TLC251C

0 to 6V for
0 to 500nA

and 5160 are limited to 16 volts (max) to-
tal supply voltage and +8 volts differen-
tial input voltage. Although most CMOS
op-amps permit rail-to-rail output swings,
watch out for some varieties that can only
swing all the way to one rail; also note that
the input common-mode range of most
CMOS op-amps, like ordinary bipolar op-
amps, includes at most one power-supply
rail. For example, the popular TLC27xx

ICL7600

i
1

Figure 4.55. Single-supply photometer.

series from TI has input and output ca-
pability to the negative rail only, whereas
the LMC660 from National, along with the
Intersil ICL76xx series and RCA’s CMOS
op-amps, has output swing to both rails
(but input common-mode range only to
the negative rail). Unique among op-amps
are the CMOS ICL7612 and ALD1701/2,
which claim both input and output opera-
tion to both rails.

| LMC660 LM10 LT1013
CAS5160 CA5422
LM358 0P-90
— _—
Rioad
® - Figure 4.56. Qutput stages
D used in single-supply op-amps.
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Figure 4.57. Connecting a load to a single-
supply op-amp. All single-supply types (A-D)
can swing all the way to ground while sourcing
current. Some types (A and B) can swing nearly
to ground while sinking moderate or substantial
currents; type C can sink up to 50pA, and type
D requires a load resistor returned to ground to
operate near ground.

Example: single-supply photometer

Figure 4.55 shows a typical example of a
circuit for which single-supply operation

V.
positive
input —_— 3
(0K to OV)

—ANN——
Rz
Ry
Page 73 of 137

is convenient. We discussed a similar cir-
cuit earlier under the heading of current-
to-voltage converters. Since a photocell
circuit might well be used in a portable
light-measuring instrument, and since the
output is known to be positive only, this
is a good candidate for a battery-operated
single-supply circuit. R; sets the full- scale
output at 5 volts for an input photocur-
rent of 0.5uA. No offset voltage trim is
needed in this circuit, since the worst-case
untrimmed offset of 10mV corresponds to
a negligible 0.2% of full-scale meter indi-
cation. The TLC251 is an inexpensive
micropower (10uA supply current) CMOS
op-amp with input and output swings to
the negative rail. Its low input current
(1pA, typ, at room temperature) makes
it good for low-current applications like
this. Note that if you choose a bipolar
op-amp for an application like this, better
performance at low light levels results if
the photodiode is connected as in the
circuit shown in Figure 4.94J.

When using “single-supply” op-amps,
watch out for misleading statements about
output swing to the negative rail (ground).
There are really four different kinds of
output stages, all of which “swing down
to ground,” but they have very different
properties (Fig. 4.56): (a) Op-amps with
complementary MOS output transistors
give true rail-to-rail swing; such a stage is

“single-supply”
op-amp

positive
output
{OK to OV)

Ry

Figure 4.58. Single-supply dc amplifier.
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capable of pulling its output to ground,
even when sinking moderate current. Some
examples are the ICL76zz, the LMC660,
and CAS5160. (b) Op-amps with an npn
common-emitter transistor to ground be-
have similarly, i.e., they can pull their out-
put to ground even while sinking current.
Examples are the LM10, CA5422, and

"LT1013/14. Both kinds of output stages
can, of course, handle an open circuit or
a load that sinks current to ground.. (c)
Some op-amps, notably the 358 and 324,
use a pnp follower to ground (which can
only pull down to within a diode drop of
ground), in parallel with an npn current
sink (with compliance clear to ground). In
the 358, the internal current sink is set
at 50pA. Such a circuit can swing clear
down to ground as long as it doesn’t have
to sink more than 50pA from the load.
If the load sources more current, the out-
put only works to within a diode drop of
ground. As before, this kind of output cir-
cuit is happy sourcing current to a load
that is returned to ground (as in the pho-
tometer example earlier). (d) Finally, some
single-supply op-amps (e.g., the OP-90) use
a pnp follower to ground, without the par-
allel current sink. Such an output stage can
swing to ground only if the load helps out
by sinking current, i.e., by being returned
to ground. If you want to use such an op-
amp with a load that sources current, you
have to add an external resistor to ground
(Fig. 4.57).

A note of caution: Don’t make the mis-
take of assuming that you can make any
op-amp’s output work down to the nega-
tive rail simply by providing an external
current sink. In most cases the circuitry
driving the output stage does not permit
that. Look for explicit permission in the
data sheet!

Example: single-supply dc amplifier

Figure 4.58 shows a typical single-supply
noninverting amplifier to amplify an

input signal of known positive polarity.
The input, output, and positive supply are
all referenced to ground, which is the neg-
ative supply voltage for the op-amp. The
output “pulldown” resistor may be needed
with what we called type-1 amplifiers to en-
sure output swing all the way to ground;
the feedback network or the load itself
could perform this function. An important
point: Remember that the output cannot
go negative; thus you cannot use this am-
plifier with, say, ac-coupled audio signals.
Single-supply op-amps are indispens-
able in battery-operated equipment. We'll
have more to say about this in Chapter 14.

COMPARATORS AND SCHMITT TRIGGER

It is quite common to want to know which
of two signals is larger, or to know when
a given signal exceeds a predetermined
value. For instance, the usual method of
generating triangle waves is to supply
positive or negative currents into a ca-
pacitor, reversing the polarity of the cur-
rent when the amplitude reaches a preset
peak value. Another example is a digital
voltmeter. In order to convert a voltage to
a number, the unknown voltage is applied
to one input of a comparator, with a lin-
ear ramp (capacitor + current source) ap-
plied to the other. A digital counter counts
cycles of an oscillator while the ramp is
less than the unknown voltage and displays
the result when equality of amplitudes is
reached. The resultant count is propor-
tional to the input voltage. This is called
single-slope integration; in most sophisti-
cated instruments a dual-slope integration
is used (see Section 9.21).

4.23 Comparators

The simplest form of comparator is a high-
gain differential amplifier, made either
with transistors or with an op-amp (Fig.
4.59). The op-amp goes into positive or
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vy

out

v,

Figure 4.59

negative saturation according to the differ-
ence of the input voltages. Because the
voltage gain typically exceeds 100,000, the
inputs will have to be equal to within a
fraction of a millivolt in order for the out-
put not to be saturated. Although an ordi-
nary op-amp can be used as a comparator
(and frequently is), there are special inte-
grated circuits intended for use as com-
parators. Some examples are the LM306,
LM311, LM393, NE527, and TLC372.
These chips are designed for very fast re-
sponse and aren’t even in the same league
as op-amps. For example, the high-speed
NES521 slews at several thousand volts per
microsecond. With comparators, the term
“slew rate™ isn’t usually used; you talk in-
stead about “propagation delay versus in-
put overdrive.”

Comparators generally have more flexi-
ble output circuits than op-amps. Whereas
an ordinary op-amp uses a push-pull out-
put stage to swing between the supply volt-
ages (£13V, say, for a 411 running from
+15V supplies), a comparator chip usu-
ally has an “open-collector” output with
grounded emitter. By supplying an exter-
nal “pullup” resistor (that’s accepted ter-
minology, believe it or not) connected to
a voltage of your choice, you can have an
output swing from +5 volts to ground, say.
You will see later that logic circuits have
well-defined voltages they like to operate
between; the preceding example would be
ideal for driving a TTL circuit, a popular
type of digital logic. Figure 4.60 shows the
circuit. The output switches from +5 volts
to ground when the input signal goes nega-
tive. This use of a comparator is really an
example of analog-to-digital conversion.
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LF311
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Figure 4.60

This is the first example we have pre-
sented of an open-collector output; this is
a common configuration in logic circuits,
as you will see throughout Chapters 8-11.
If you like, you can think of the external
pullup resistor as completing the compara-
tor’s internal circuit by providing a collec-
tor load resistor for an npn output tran-
sistor. Since the output transistor operates
as a saturated switch, the resistor value is
not at all critical, with values typically be-
tween a few hundred ohms and a few thou-
sand ohms; small values yield improved
switching speed and noise immunity at the
expense of increased power dissipation.
Incidentally, in spite of their superficial
resemblance to op-amps, comparators
are never used with negative feedback
because they would not be stable (see
Sections 4.32-4.34). However, some
positive feedback is often used, as you
will see in the next section.

Comments on comparators

Some points to remember: (a) Because
there is no negative feedback, golden rule
I is not obeyed. The inputs are not at the
same voltage. (b) The absence of negative
feedback means that the (differential) in-
put impedance isn’t bootstrapped to the
high values characteristic of op-amp cir-
cuits. As a result, the input signal sees a
changing load and changing (small)
input current as the comparator switches;
if the driving impedance is too high,
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strange things may happen. (¢) Some com-
parators permit only limited differential
input swings, as little as +5 volts in some
cases. Check the specs! See Table 9.3 and
the discussion in Section 9.07 for the prop-
erties of some popular comparators.

J_,../’_',\ input
A A,

trigger point
(voltage at other input
of comparator)

T oue

Figure 4.61

multiple
transitions

—  without feedback

A
+10
+5
% R1
2 10k
Rq
/\‘,\’ = 1.0k
I
+
L
R, Ry
10k 100k
with feedback
B
Figure 4.62

4.24 Schmitt trigger

The simple comparator circuit in Figure
4.60 has two disadvantages. For a very

slowly varying input, the output swing can
be rather slow. Worse still, if the input
is noisy, the output may make several
transitions as the input passes through
the trigger point (Fig. 4.61). Both these
problems can be remedied by the use of
positive feedback (Fig. 4.62). The effect
of R3 is to make the circuit have two
thresholds, depending on the output state.
In the example shown, the threshold when
the output is at ground (input high) is
4.76 volts, whereas the threshold with the
output at +35 volts is 5.0 volts. A noisy
input is less likely to produce multiple
triggering (Fig. 4.63). Furthermore, the
positive feedback ensures a rapid output
transition, regardless of the speed of the
input waveform. (A small “speedup”
capacitor of 10-100pF is often connected
across Rj to enhance switching speed still
further.) This configuration is known
as a Schmitt trigger. (If an op-amp
were used, the pullup would be omitted.)

+5’F | I l | output
0“ d

Figure 4.63

output

4.0 4.5 5.0
input

Figure 4.64

The output depends both on the input volt-
age and on its recent history, an effect
called hysteresis. This can be illustrated
with a diagram of output versus input,
as in Figure 4.64. The design procedure
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is easy for Schmitt triggers that have a
small amount of hysteresis. Use the cir-
cuit of Figure 4.62B. First choose a resis-
tive divider (R, Rz) to put the threshold
at approximately the right voltage; if you
want the threshold near ground, just use a
single resistor from noninverting input to
ground. Next, choose the (positive) feed-
back resistor R3 to produce the required
hysteresis, noting that the hysteresis equals
the output swing, attenuated by a resistive
divider formed by R3 and R || R2. Finally,
choose an output pullup resistor 4 small
enough to ensure nearly full supply swing,
taking account of the loading by R3. For
the case where you want thresholds sym-
metrical about ground, connect an off-
setting resistor of appropriate value
from the noninverting input to the nega-
tive supply. You may wish to scale all
resistor values in order to keep the
output current and impedance levels with-
in a reasonable range.

input

Figure 4.65

Discrete-transistor Schmitt trigger

A Schmitt trigger can also be made simply
with transistors (Fig. 4.65). @, and Q2
share an emitter resistor. It is essential
that Q1’s collector resistor be larger than
Q>’s. In that way the threshold to turn
on Q;, which is one diode drop above
the emitter voltage, rises when @ is
turned off, since the emitter current is
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higher with @2 conducting. This produces
hysteresis in the trigger threshold, just as
in the preceding integrated circuit Schmitt
trigger.

EXERCISE 4.10
Design a Schmitt trigger using a 311 comparator
(open-collector output) with thresholds at +1.0
voltand +1.5 volts. Use a 1.0k pullup resistor to
+5 volts, and assume that the 311 is powered
from +15 volt supplies.

FEEDBACK WITH
FINITE-GAIN AMPLIFIERS

We mentioned in Section 4.12 that the fi-
nite open-loop gain of an op-amp limits its
performance in a feedback circuit. Specifi-
cally, the closed-loop gain can never exceed
the open-loop gain, and as the open-loop
gain approaches the closed-loop gain, the
amplifier begins to depart from the ideal
behavior we have come to expect. In this
section we will quantify these statements
so that you will be able to predict the
performance of a feedback amplifier con-
structed with real (less than ideal) compo-
nents. This is important also for feedback
amplifiers constructed entirely with dis-
crete components (transistors), where the
open-loop gain is usually much less than
with op-amps. In these cases the output
impedance, for instance, will not be zero.
Nonetheless, with a good understanding
of feedback principles you will be able to
achieve the performance required in any
given circuit. .

4.25 Gain equation

Let’s begin by considering an amplifier of
finite voltage gain, connected with feed-
back to form a noninverting amplifier
(Fig. 4.66). The amplifier has open-loop
voltage gain A, and the feedback network
subtracts a fraction B of the output voltage
from the input. (Later we will generalize
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things so that inputs and outputs can be
currents or voltages.) The input to the gain
block is then Vi, — BV,;t. But the output
is just the input times A:

A(Vin — Bvout) = Vout
In other words,
A
1+ AB

and the closed-loop voltage gain, Voyue/Vin,
is just

Vout = Vin

Go A
1+ AB

Some terminology: The standard designa-
tions for these quantities are as follows:
G = closed-loop gain, A = open-loop gain,
AB = loop gain, 1 + AB = return differ-
ence, or desensitivity. The feedback net-
work is sometimes called the beta network
(no relation to transistor beta, /i s).

>
a

e @y

Figure 4.66

4.26 Effects of feedback on
amplifier circuits

Let’s look at the important effects of feed-
back. The most significant are predictabil-
ity of gain (and reduction of distortion),
changed input impedance, and changed
output impedance.

Predictability of gain

The voltage gain is A/(1 + AB). In the
limit of infinite open-loop gain A, G =
1/B. We saw this result in the noninvert-
ing amplifier configuration, where a volt-
age divider on the output provided the

signal to the inverting input (Fig. 4.69).
The closed-loop voltage gain was just the
inverse of the division ratio of the volt-
age divider. For finite gain A, feedback
still acts to reduce the effects of variations
of A (with frequency, temperature, ampli-
tude, etc.). For instance, suppose A de-
pends on frequency as in Figure 4.67. This

10,000

5000

1000

f—e

Figure 4.67

will surely satisfy anyone’s definition of a
poor amplifier (the gain varies over a fac-
tor of 10 with frequency). Now imagine we
introduce feedback, with B = 0.1 (a sim-
ple voltage divider will do). The closed-
loop voltage gain now varies from 1000/[1
+(1000x0.1)], or 9.90, to 10,000/[1 +
(10,000x0.1)], or 9.99, a variation of just
1% over the same range of frequency! To
put it in audio terms, the original amplifier
is flat to £10dB, whereas the feedback am-
plifier is flat to +0.04dB. We can now re-
cover the original gain of 1000 with nearly
this linearity by just cascading three such
stages. It was for just this reason (namely,
the need for extremely flat telephone re-
peater amplifiers) that negative feedback
was invented. As the inventor, Harold
Black, described it in his first open publica-
tion on the invention (Electrical Engineer-
ing, 53:114, 1934), “by building an ampli-
fier whose gain is made deliberately, say
40 decibels higher than necessary (10,000-
fold excess on energy basis) and then feed-
ing the output back to the input in such
a way as to throw away the excess gain, it
has been found possible to effect extraordi-
nary improvement in constancy of ampli-
fication and freedom from nonlinearity.”
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i

Figure 4.68

It is easy to show, by taking the partial
derivative of G with respect to A (G /9 A),
that relative variations in the open-loop
gain are reduced by the desensitivity:

AG 1 AA
G  1+AB A

Thus, for good performance the loop gain
AB should be much larger than 1. That’s
equivalent to saying that the open-loop
gain should be much larger than the closed-
loop gain.

A very important consequence of this is
that nonlinearities, which are simply gain
variations that depend on signal level, are
reduced in exactly the same way.

Input impedance

Feedback can be arranged to subtract a
voltage or a current from the input (these
are sometimes called series feedback and
shunt feedback, respectively). The nonin-
verting op-amp configuration, for instance,
subtracts a sample of the output voltage
from the differential voltage appearing at
the input, whereas in the inverting con-
figuration a current is subtracted from the
input. The effects on input impedance are
opposite in the two cases: Voltage feed-
back multiplies the open-loop input im-
pedance by 1 +AB, whereas current feed-
back reduces it by the same factor. In the
limit of infinite loop gain the input im-
pedance (at the amplifier’s input terminal)
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goes to infinity or zero, respectively. This
is easy to understand, since voltage feed-
back tends to subtract signal from the in-
put, resulting in a smaller change (by the
factor AB) across the amplifier’s input re-
sistance; it’s a form of bootstrapping. Cur-
rent feedback reduces the input signal by
bucking it with an equal current.

Let’s see explicitly how the effective in-
put impedance is changed by feedback.
We will illustrate the case of voltage feed-
back only, since the derivations are similar
for the two cases. We begin with an op-
amp model with (finite) input resistance as
shown in Figure 4.68. An input Vj, is re-
duced by BV,,t, putting a voltage Vyig =
Vin — BVout across the inputs of the am-
plifier. The input current is therefore

Via — BV _ Via (1 - Bim)
R; R
Y
" (1+ AB)R;

L, =

giving an effective input resistance

R; = Vin/Iin = (1+ AB)R;

Figure 4.69

The classic op-amp noninverting amplifier
is exactly this feedback configuration, as
shown in Figure 4.69. In this circuit,

B = R;/(Ri + Rs), giving the usual
voltage-gain expression G, = 1 + Ra/R;
and an infinite input impedance for the
ideal case of infinite open-loop voltage gain
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A. For finite loop gain, the equations as
previously derived apply.

The op-amp inverting amplifier circuit
is different from the noninverting circuit
and has to be analyzed separately. It's
best to think of it as a combination of
an input resistor driving a shunt feedback
stage (Fig. 4.70). The shunt stage alone has
. its input at the “summing junction™ (the
inverting input of the amplifier), where the
currents from feedback and input signals
are combined (this amplifier connection
is really a “transresistance” configuration;
it converts a current input to a voltage
output). Feedback reduces the impedance
looking into the summing junction, Rz, by
a factor of 1 +A (see if you can prove this).
In cases of very high loop gain (e.g, an op-
amp) the input impedance is reduced to a
fraction of an ohm, a good characteristic
for a current-input amplifier. Some good
examples are the photometer amplifier in
Section 4.22 and the logarithmic converter
in Section 4.14.

The classic op-amp inverting amplifier
connection is a combination of a shunt
feedback transresistance amplifier and a
series input resistor, as in the figure. As a
result, the input impedance equals the sum
of R, and the impedance looking into the
summing junction. For high loop gain, R;,
approximately equals R;.

R, A2
WV
input Ry
— — AN
input
- Zo= Rz = i
A 1+A Z,=R+ 2
z |=Z lopen loop) 1+A
o 1+A z _Z |open loop)
o 1+A8
=
(B TR 4Ry )

Figure 4.70. Input and output impedances for
(A) transresistance amplifier and (B) inverting
amplifier.

It is a straightforward exercise to derive
an expression for the closed-loop voltage
gain of the inverting amplifier with finite
loop gain. The answer is

G =-A(1-B)/(1+ AB)

where B is defined as before, B =
R1/(R; + R2). In the limit of large open-
loop gain A, G = — 1/B+ 1 (ie, G =
—Ry/Ry).

EXERCISE 4.11
Derive the foregoing expressions for input
impedance and gain of the inverting amplifier.

n

Figure 4.71

Output impedance

Again, feedback can extract a sample of
the output voltage or the output current.
In the first case the open-loop output
impedance will be reduced by the factor
1 + AB, whereas in the second case it
will be increased by the. same factor. We
will illustrate this effect for the case of
voltage sampling. We begin with the model
shown in Figure 4.71. This time we have
shown the output impedance explicitly.
The calculation is simplified by a trick:
Short the input, and apply a voltage V
to the output; by calculating the output
current I, we get the output impedance
Ry, = V/I. Voltage V at the output
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puts a voltage — BV across the amplifier’s
input, producing a voltage —ABYV in the
amplifier’s internal generator. The output
current is therefore

V —(-ABV) _ V(1+ AB)
Ry B Ry

giving an effective output impedance
Ry =V/I=Ry/(1+ AB)

If feedback is connected instead to
sample the output current, the expression
becomes

Ry = Ro(1+ AB)

It is possible to have multiple feedback
paths, sampling both voltage and current.
In the general case the output impedance
is given by Blackman’s impedance relation

f— 15 L (AB)sc
Bo= Rol + (AB)oc

where (AB)sc is the loop gain with the
output shorted to ground and (AB)oc
is the loop gain with no load attached.
Thus, feedback can be used to generate a

Fe

O

a

+15V

desired output impedance. This equation
reduces to the previous results for the usual
situation in which feedback is derived
from either the output voltage or the
output current.

Loading by the feedback network

In feedback computations, you usually as-
sume that the beta network doesn’t.load
the amplifier’s output. If it does, that
must be taken into account in comput-
ing the open-loop gain. Likewise, if the
connection of the beta network at the am-
plifier’s input affects the open-loop gain
(feedback removed, but network still con-
nected), you must use the modified open-
loop gain. Finally, the preceding expres-
sions assume that the beta network is uni-
directional, i.e., it does not couple signal
from the input to the output.

4.27 Two examples of transistor
amplifiers with feedback

Figure 4.72 shows a transistor amplifier
with negative feedback.

$ 6200

“ImA l'ImA

(o
R,
2.2uF 4 ‘
signal + —0.4v 100k u
in I
Ve Ry
50
\ L/

Q,,Q,: by =250
matched pair R

(250Q)

Figure 4.72. Transistor power amplifier with negative feedback.
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' [ Circuit description

It may look complicated, but it is extreme-
ly straightforward in design and is rela-
tively easy to analyze. @; and 2 form
a differential pair, with common-emitter
amplifier @3 amplifying its output. Rg is
QQ3’s collector load resistor, and push-pull
pair Q4 and @5 form the output emitter
. follower. The output voltage is sampled by
the feedback network consisting of voltage
divider R4 and Rs, with C included to
reduce the gain to unity at dc for stable
biasing. Rj3 sets the quiescent current in
the differential pair, and since overall feed-
back guarantees that the quiescent output
voltage is at ground, @3’s quiescent cur-
rent is easily seen to be 10mA (Vgg across
Rg, approximately). As we have discussed
earlier (Section 2.15), the diodes bias the
push-pull pair into conduction, leaving one
diode drop across the series pair R; and
Rg, i.e., 60mA quiescent current. That’s
class AB operation, good for minimizing
crossover distortion, at the cost of 1 watt
standby dissipation in each output transis-
tor.

From the point of view of our earlier
circuits, the only unusual feature is Q1’s
quiescent collector voltage, one diode drop
below Voe. That is where it must sit in
order to hold @3 in conduction, and the
feedback path ensures that it will. (For
instance, if @; were to pull its collector
closer to ground, ()3 would conduct heav-
ily, raising the output voltage, which in
turn would force @3 to conduct more heav-
ily, reducing 1’s collector current and
hence restoring the status quo.) Rz was
chosen to give a diode drop at (Q;’s quies-
cent current in order to keep the collector
currents in the differential pair approxi-
mately equal at the quiescent point. In
this transistor circuit the input bias current
is not negligible (4pA), resulting in a 0.4
volt drop across the 100k input resistors.
In transistor amplifier circuits like this, in
which the input currents are considerably
larger than in op-amps, it is particularly

important to make sure that the dc re-
sistances seen from the inputs are equal,
as shown (a Darlington input stage would
probably be better here).

[0 Analysis

Let’s analyze this circuit in detail, de-
termining the gain, input and output
impedances, and distortion. To illustrate
the utility of feedback, we will find these
parameters for both the open-loop and
closed-loop situations (recognizing that bi-
asing would be hopeless in the open-loop
case). To get a feeling for the linearizing
effect of the feedback, the gain will be cal-
culated at +10 volts and — 10 volts output,
as well as the quiescent point (zero volts).

O Open loop. Input impedance: We cut

the feedback at point X and ground the
right side of R4. The input signal sees 100k
in parallel with the impedance looking into
the base. The latter is hy. times twice
the intrinsic emitter resistance plus the
impedance seen at (5’s emitter due to the
feedback network at QQ2’s base. For hj. ~
250, Zin = 250x[(2x25)+(3.3k/250)];
i.e., Zin =~ 16k.

Output impedance: Since the imped-
ance looking back into @3’s collector is
high, the output transistors are driven by
a 1.5k source (Hg). The output impedance
is about 15 ohms (hy. ~ 100) plus the 5
ohm emitter resistance, or 20 ohms. The
intrinsic emitter resistance of 0.4 ohm is
negligible.

Gain: The differential input stage sees
a load of Ry paralleled by Q3’s base re-
sistance. Since ()3 is running 10mA quies-
cent current, its intrinsic emitter resistance
is 2.5 ohms, giving a base impedance of
about 250 ohms (again, hge ~100). The
differential pair thus has a gain of

25011620
2 x 2582

The second stage, (03, has a voltage gain of
1.5k/2.50hms, or 600. The overall voltage

3.5
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OO0 Closed loop.

gain at the quiescent point is 3.5 x 600,
or 2100. Since 3’s gain depends on
its collector current, there is substantial
change of gain with signal swing, i.e.,
nonlinearity. The gain is tabulated in the
following section for three values of output
voltage.

Input impedance: This
circuit uses series feedback, so the input
impedance is raised by (1 + loop gain).
The feedback network is a voltage divider
with B = 1/30 at signal frequencies, so the
loop gain AB is 70. The input impedance
is therefore 70 x 16k, still paralleled by
the 100k bias resistor, i.e., about 92k.
The bias resistor now dominates the input
impedance.

Output impedance: Since the output
voltage is sampled, the output impedance
is reduced by (1 + loop gair). The output
impedance is therefore 0.3 ohm. Note
that this is a small-signal impedance and
does not mean that a 1 ohm load could be
driven to nearly full swing, for instance.
The 5 ohm emitter resistors in the output
stage limit the large signal swing. For
instance, a 4 ohm load could be driven
only to 10 volts pp, approximately.

Gain: The gain is A/(1+AB). At
the quiescent point, that equals 30.84,
using the exact value for B. In order to
illustrate the gain stability achieved with
negative feedback, the overall voltage gain
of the circuit with and without feedback
is tabulated at three values of output level
at the end of this paragraph. It should
be obvious that negative feedback has
brought about considerable improvement
in the amplifier’s characteristics, although
in fairness it should be pointed out that
the amplifier could have been designed
for better open-loop performance, e.g., by
using a current source for @3’s collector
load and degenerating its emitter, by using
a current source for the differential-pair
emitter circuit, etc. Even so, feedback
would still make a large improvement.
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Open loop Closed loop
Vour —10 0 +10 -10 0 +10

Z; 16k 16k 16k 92k 92k 92k
Zour 2002 2092 2002
1360 2100 2400

0302 0302 030

Gain 30.60 30.84 30.90

O Series feedback pair

Figure 4.73 shows another transistor am-
plifier with feedback. Thinking of Q; as
an amplifier of its base-emitter voltage
drop (thinking in the Ebers-Moll sense),
the feedback samples the output voltage
and subtracts a fraction of it from the input
signal. This circuit is a bit tricky because
@2’s collector resistor doubles as the feed-
back network. Applying the techniques we
used earlier, you should be able to show
that G(open loop) = 200, loop gain =~ 20,
Zout(open loop) =10k, Zgyui(closed loop)
~ 500 ohms, and G(closed loop) = 9.5.

SOME TYPICAL OP-AMP CIRCUITS

4.28 General-purpose lab amplifier

Figure 4.74 shows a dc-coupled “decade
amplifier” with settable gain, bandwidth,
and wide-range dc output offset. IC; is
a FET-input op-amp with noninverting
gain from unity (0dB) to x100 (40dB) in
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accurately calibrated 10dB steps; a vernier
is provided for variable gain. IC; is an
inverting amplifier; it allows offsetting the
output over a range of =10 volts, accu-
rately calibrated via R4, by injecting cur-
rent into the summing junction. Cy — C,4
set the high-frequency rolloff, since it is
often a nuisance to have excessive band-
width (and noise). ICs is a power booster
for driving low-impedance loads or cables;
it can provide 150mA output current.
Some interesting details: A 10MQ in-

input
Z.n = 10MR
IV,,| <150V

Ry
10k

%
10 wrns

put resistor is small enough, since the bias
current of the 411 is 25pA (0.3mV error
with open input). Ry, in combination with
D; and Ds, limits the input voltage at the
op-amp to the range V_ to V. + 0.7. Dj
is used to generate a clamp voltage at
V_ +40.7, since the input common mode
range extends only to V_ (exceeding
V_ causes the output to reverse phase).
With the protection components shown,
the input can go to %150 volts without
damage.

C?
16pF

100k Hz
-
b b,

10kHz

I TkHz
Cy 1600pF
AAA ——r

Az
100k 1%

L15v
zero-center

Ry;
10.0k 1%

‘ Figure 4.74. Laboratory dc amplifier with output offset.
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EXERCISE 4.12
Check that the gain is as advertised. How does
the variable offset circuitry work?

4.29 Voltage-controlled oscillator

Figure 4.75 shows a clever circuit, bor-
rowed from the application notes of
several manufacturers. IC; is an inte-
grator, rigged up so that the capacitor
current (Vi,/200k) changes sign, but
not magnitude, when @; conducts. ICs
is connected as a Schmitt trigger, with
thresholds at one-third and two-thirds
of V4. @, is an n-channel MOSFET,
used here as a switch; it is simpler to
use than bipolar transistors in this sort
of application, but an alternative cir-
cuit using npn transistors is shown in ad-
dition. In either case, the bottom side of
R4 is pulled to ground when, the output

is HIGH and open-circuited when the out-
put is LOW.

An unusual feature of this circuit is its
operation from a single positive supply.
The 3160 (internally compensated version
of the 3130) has FETs as output transis-
tors, guaranteeing a full swing between V.,
and ground at the output; this ensures
that the thresholds of the Schmitt don’t
drift, as they would with an op-amp of
conventional output-stage design, with its
ill-defined limits of output swing. In this
case this means that the frequency and am-
plitude of the triangle wave will be sta-
ble. Note that the frequency depends on
the ratio Vi,/Vy; this means that if Vi,
is generated from V. by a resistive di-
vider (made from some sort of resistive
transducer, say), the output frequency
won’t vary with V., only with changes in
resistance.

C|
0.05uF
oSV, <2(V, —1.
n <2V, o) 11l V, (+5V to +12V)
—1r
R, v,

100k 1%

A

L 3160
R =

NN

triangle out

W= wn
< <

v,
—|_|_Lﬂ_|_ ground

2
49.9k 1% R, square out
499k 1% L
= Vin
= f=150 v Hz
< A '
49 9k
1%
Q,
1
§ CDh4007
S

bipolar substitute V,
for FET Q,

2N4124
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2N4124

Figure 4.75. Voltage-controlled waveform
generator.
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EXERCISE 4.13
Show that the output frequency is given by
f(Hz) = 150V}, /V;.. Along the way, verify that
the Schmitt thresholds and integrator currents
are as advertised.

[J 4.30 JFET linear switch
with Ron compensation

In Chapter 3 we considered MOSFET
linear switches in some detail. It is also
possible to use JFETs as linear switches.
However, you have to be more careful
about gate signals so that gate conduction
doesn’t occur. Figure 4.76 shows a typical
arrangement. The gate is held well below
ground to keep the JFET pinched off. This
means that if the input signals go negative,
the gate must be held at least Vp below
the most negative input swing. To bring
the FET into conduction, the control input
is brought more positive than the most
positive input excursion. The diode is then
reverse-biased, and the gate rides at source
voltage via the 1M resistor.

Doypr

output

™ 47k

+15 on
g,m.:Fl:
-15 off

Figure 4.76

control

The awkwardness of this circuit prob-
ably accounts for much of the popularity
of MOSFETs in linear switch applications.
However, it is possible to devise an elegant
JFET linear switch circuit if you use an op-
amp, since you can tie the JFET source to
the virtual ground at the summing junction
of an inverting amplifier. Then you simply
bring the gate to ground potential to turn
the JFET on. This arrangement has the
added advantage of providing a method
of canceling precisely the errors caused by

finite Ron and its nonlinearity. Figure
4.77 shows the circuit.

+5 off Q,,Q,: matched pair
OV—rL & (TTL levels)
Figure 4.77. JFET-switched amplifier with

Ron cancellation.

There are two noteworthy features of

this circuit: (a) When @, is ON (gate
grounded), the overall circuit is an inverter
with identical impedances in the input and
feedback circuits. That results in the can-
cellation of any effects of finite or non-
linear ON resistance, assuming the FETs
are matched in Roy. (b) Because of the
low pinch-off voltage of JFETs, the circuit
will work well with a control signal of zero
to +35 volts, which is what you get with
standard digital logic circuits (see Chap-
ters 8 and 9). The inverting configuration,
with ()1’s source connected to a virtual
ground (the summing junction), simplifies
circuit operation, since there are no sig-
nal swings on @;’s source in the ON state;
D, prevents FET turn-on for positive in-
put swings when @ is OFF and it has no
effect when the switch is closed.

There are p-channel JFETs with low
pinch-off voltages available in useful con-
figurations at low prices. For example, the
IH5009-1H5024 family includes devices
with four input FETs and one cancellation

FET in a single DIP package, with Roy of

100 ohms and a price less than two dol-
lars. Add an op-amp and a few resistors
and you’ve got a 4-input multiplexer. Note
that the same Ry cancellation trick can
be used with MOSFET switches.
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[ 4.31 TTL zero-crossing detector

The circuit shown in Figure 4.78 generates
an output square wave for use with TTL
logic (zero to +5V range) from an input
wave of any amplitude up to 100 volts.
R,, combined with D, and D3, limits the
input swing to —0.6 volt to +5.6 volts,
approximately. Resistive divider RyR3 is
necessary to limit negative swing to less
than 0.3 volt, the limit for a 393 compara-
tor. Rs and Rg provide hysteresis, with
Ry setting the tiigger points symmetrically
about ground. The input impedance is
nearly constant, because of the large Ry
value relative to the other resistors in the

\ input attenuator. A 393 is used because its
inputs can go all the way to ground, mak-
ing single-supply operation simple.

EXERCISE 4.14 .
Verify that the trigger points are at +25mV atthe
input signal.

0] 4.32 Load-current-sensing circuit
The circuit shown in Figure 4.79 provides

a voltage output proportional to load

positive protection

negative
protection =

center hysteresis

current, for use with a current regulator,
metering circuit, or whatever. The voltage
across the 4-terminal resistor Rg goes from
zero to 0.1 volt, with probable common-
mode offset due to the effects of resistance
in the ground lead (note that the power
supply is grounded at the output). For that
reason the op-amp is wired as a differen-
tial amplifier, with gain of 100. Voltage
offset is trimmed externally with Rg, since
the LT1013 doesn’t have internal trimming
circuitry (the single LT1006 does, how-
ever). A zener reference with a few percent
stability is adequate for trimming, since
the trimming is itself a small correction
(you hope!). The venerable 358 could have
been chosen because both inputs and out-
put also go all the way to ground. V. could
be unregulated, since the power-supply re-
jection of the op-amp is more than ade-
quate, 100dB (typ) in this case.

FEEDBACK AMPLIFIER FREQUENCY
COMPENSATION

If you look at a graph of open-loop voltage
gain versus frequency for several op-amps,

+25mV hysteresis (at input)

Figure 4.78. Zero-crossing level detector with input protection.
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+12V to #30V (unregulated OK)

C..

V.
Rl R:‘
10k 1%
R7
3.3k 1 R
Vo=1/ (Rs‘-)
@} ARy 7 3 LT1013 i
10k
Rs zero
100k
6.2V
1N5234
=
O
power Iy
source 0-10A

RS
0.010 1%
1ow

4-terminal
resistor

you’ll see something like the curves in
Figure 4.80. From a superficial look at
such a Bode plot (a log-log plot of gain

voltage gain (dB)

|

|
10k 100k 1M 10M

frequency (Hz)

-20 | | | |

10 100 1k

Figure 4.80

and phase versus frequency) you might
conclude that the 741 is an inferior op-
amp, since its open-loop gain drops off so
rapidly with increasing frequency. In
fact, that rolloff is built into the op-amp
intentionally and is recognizable as the

-

Figure 4.79. High-power
current-sensing amplifier.

ground at ou?put terminal
same —6db/octave curve characteristic of
an RC low-pass filter. The 748, by com-
parison, is identical with the 741 except
that it is uncompensated (as is the 739).
Op-amps are generally available in inter-
nally compensated varieties and uncom-
pensated varieties; let’s take a look at this
business of frequency compensation.

4.33 Gain and phase shift
versus frequency

An op-amp (or, in general, any multistage
amplifier) will begin to roll off at some
frequency because of the low-pass filters
formed by signals of finite source imped-
ance driving capacitive loads within the
amplifier stages. For instance, it is com-
mon to have an input stage consisting of
a differential amplifier, perhaps with cur-
rent mirror load (see the LM358 schematic
in Fig. 4.54), driving a common-emitter
second stage. For now, imagine that the
capacitor labeled C¢ in that circuit is re-
moved. The high output impedance
of the input stage, in combination with
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junction capacitance Cj. and feedback ca-
pacitance Cgp (Miller effect, see Sections
2.19 and 13.04) of the following stage,
forms a low-pass filter whose 3dB point
might fall somewhere in the range of
100Hz to 10kHz.

The decreasing reactance of the capac-
itor with increasing frequency gives rise
to the characteristic 6db/octave rolloff: At
sufficiently high frequencies (which may be
below 1kHz), the capacitive loading domi-
nates the collector load impedance, result-
ing in a voltage gain Gy = gmXc, i€,
the gain drops off as 1/f. It also produces
a 90° lagging phase shift at the output rel-
ative to the input signal. (You can think
of this as the tail of an RC low-pass fil-
ter characteristic, where R represents the
equivalent source impedance driving the
capacitive load. However, it is not nec-
essary to have any actual resistors in the
circuit.)

C)
2 B6dB/octave
£
>
o
(=]
o
o \\
\\
| [\ 2
— - A}
fy fa fy :\\/,ISGB/nctave
frequency (log scale) \
Figure 4.81

In a multistage amplifier there will be
additional rolloffs at higher frequencies,
caused by low-pass filter characteristics in
the other amplifier stages, and the over-
all open-loop gain will look something like
that shown in Figure 4.81. The open-
loop gain begins dropping at 6dB/octave
at some low frequency f;, due to capac-
itive loading of the first-stage output. It
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continues dropping off with that slope un-
til an internal RC of another stage rears its
ugly head at frequency fz, beyond which
the rolloff goes at 12dB/octave, and so on.

V. /V,, (dB)
|
=)
|

frequency (log scale)

—-90° —
£
5
3 45"
=
Q

o | | |
10/ 348

08 i

Figure 4.82. Bode plot: gain and phase versus
frequency.

—270°
g —180
£
a
-90°
074 1 =
fy f; fa
frequency (log)
Figure 4.83

What is the significance of all this?
Remember that an RC low-pass filter
has a phase shift that looks as shown in
Figure 4.82. Each low-pass filter within
the amplifier has a similar phase-shift
characteristic, so the overall phase shift of
the hypothetical amplifier will be as shown
in Figure 4.83.
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Now here’s the problem: If you were
to connect this amplifier as an op-amp
follower, for instance, it would oscillate.
That’s because the open-loop phase shift
reaches 180° at some frequency at which
the gain is still greater than 1 (negative
feedback becomes positive feedback at that
frequency). That’s all you need to generate
‘an oscillation, since any signal whatsoever
at that frequency builds up each time
around the feedback loop, just like a public
address system with the gain turned up too
far.

Stability criterion

The criterion for stability against oscilla-
tion for a feedback amplifier is that its
open-loop phase shift must be less than
180° at the frequency at which the loop
gain is unity. This criterion is hardest to
satisfy when the amplifier is connected as
a follower, since the loop gain then equals
the open-loop gain, the highest it can be.
Internally compensated op-amps are de-
signed to satisfy the stability criterion even
when connected as followers; thus they are
stable when connected for any closed-loop
gain with a simple resistive feedback net-
work. As we hinted earlier, this is accom-
plished by deliberately modifying an exist-
ing internal rolloff in order to put the 3dB
point at some low frequency, typically 1Hz
to 20Hz. Let’s see how that works.

4.34 Amplifier compensation methods

Dominant-pole compensation

The goal is to keep the open-loop phase
shift much less than 180° at all frequencies
for which the loop gain is greater than
1. Assuming that the op-amp may be
used as a follower, the words “loop gain”
in the last sentence can be replaced by
“open-loop gain.” The easiest way to
do this is to add enough capacitance at
the point in the circuit that produces the
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initial 6dB/octave rolloff, so that the open-
loop gain drops to unity at about the 3dB
frequency of the next “natural” RC filter.
In this way the open-loop phase shift is
held at a constant 90° over most of the
passband, increasing toward 180° only as
the gain approaches unity. Figure 4.84

increase C

-—

uncompensated

compensated

open-loop gain

compensated

phase shift

uncompensated
0" —

Figure 4.84

shows the idea. Without compensation
the open-loop gain drops toward 1, first at
6dB/octave, then at 12dB/octave, etc., re-
sulting in phase shifts of 180° or more be-
fore the gain has reached 1. By moving the
first rolloff down in frequency (forming a
“dominant pole™), the rolloff is controlled
so that the phase shift begins to rise above
90° only as the open-loop gain approaches
unity. Thus, by sacrificing open-loop gain,
you buy stability. Since the natural rolloff
of lowest frequency is usually caused by
Miller effect in the stage driven by the in-
put differential amplifier, the usual method
of dominant-pole compensation consists
simply of adding additional feedback ca-
pacitance around the second-stage transis-
tor, so that the combined voltage gain of
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the two stages is gmX¢ OF gm /27 fCeomp
over the compensated region of the am-
plifier’s frequency response (Fig. 4.85). In
practice, Darlington-connected transistors
would probably be used for both stages.

+Vee

1o output

stage

(push-pull
follower)

—Vee

Figure 4.85. Classic op-amp input stage with
compensation.

By putting the dominant-pole unity-gain
crossing at the 3dB point of the next rolloff,
you get a phase margin of about 45° in
the worst case (follower), since a single
RC filter has a 45° lagging phase shift at
its 3dB frequency, i.c., the phase margin
equals 180°— (90° + 45°), with the 90°
coming from the dominant pole.

An additional advantage of using a
Miller-effect pole for compensation is that
the compensation is inherently insensitive
to changes in voltage gain with temper-
ature, or manufacturing spread of gain:
Higher gain causes the feedback capaci-
tance to look larger, moving the pole down-
ward in frequency in exactly the right way
to keep the unity-gain crossing frequency
unchanged. In fact, the actual 3dB fre-
quency of the compensation pole is quite
irrelevant; what matters is the point at
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which it intersects the unity-gain axis (Fig.
4.86).

qgain (log)

pick C_,,, for
gain out here

0dB -
W frequency (log)

Figure 4.86

Uncompensated op-amps

If an op-amp is used in a circuit with
closed-loop gain greater than 1 (i.e., not
a follower), it is not necessary to put the
pole (the term for the “corner frequency”
of a low-pass filter) at such a low frequency,
since the stability criterion is relaxed be-
cause of the lower loop gain. Figure 4.87
shows the situation graphically.

open-loop gain
{uncompensated)
/ open-loop gain
/(cumnensated for 30dB)
open-loop gain
(unity.gain compensation)

100dB

80dB + .
< closed-loap gain
8 sl (30dB
:‘.', 0d compensation }
S 40ds -

20d8:T closed-loop gain

(unity-gain compensation)
0dB + R =
frequency (log)
Figure 4.87

For a closed-loop gain of 30dB, the loop
gain (which is the ratio of the open-loop
gain to the closed-loop gain) is less than
for a follower, so the dominant pole can be
placed at a higher frequency. It is chosen
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so that the open-loop gain reaches 30dB
(rather than 0dB) at the frequency of the
next natural pole of the op-amp. As the
graph shows, this means that the open-loop
gain is higher over most of the frequency
range, and the resultant amplifier will work
at higher frequencies. Some op-amps
are available in uncompensated versions
[e.g., the 748 is an uncompensated 741;
the same is true for the 308 (312), 3130
(3160), HAS5102 (HA5112), etc.], with
recommended external capacitance values
for a selection of minimum closed-loop
gains. They are worth using if you need the
added bandwidth and your circuit operates
at high gain. An alternative is to use
“decompensated” (a better word might be
“undercompensated”) op-amps, such as
the 357, which are internally compensated
for closed-loop gains greater than some
minimum (Ay > 5 in the case of the 357).

[ Pole-zero compensation

It is possible to do a bit better than with
dominant-pole compensation by using a
compensation network that begins drop-
ping (6dB/octave, a “pole”) at some low
frequency, then flattens out again (it has a
“zero™) at the frequency of the second nat-
ural pole of the op-amp. In this way the
amplifier’s second pole is “canceled,” giv-
ing a smooth 6dB/octave rolloff up to the
amplifier’s third pole. Figure 4.88 shows
a frequency response plot. In practice,
the zero is chosen to cancel the amplifier’s
second pole; then the position of the first
pole is adjusted so that the overall response
reaches unity gain at the frequency of the
amplifier’s third pole. A good set of data
sheets will often give suggested component
- values (an R and a C) for pole-zero com-
pensation, as well as the usual capacitor
values for dominant-pole compensation.
As you will see in Section 13.06, moving
the dominant pole downward in frequency
actually causes the second pole of the
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open-loop gain

B

gain (log)

™ response of
- pole-zero

network
overall response “———

0d8 -L—
| frequency (log)

Figure 4.88

amplifier to move upward somewhat in
frequency, an effect known as “pole split-
ting.” The frequency of the canceling zero
will be chosen accordingly.

[ 4.35 Frequency response of the

feedback network

In all of the discussion thus far we have
assumed that the feedback network has
a flat frequency response; this is usually
the case, with the standard resistive volt-
age divider as a feedback network. How-
ever, there are occasions when some sort
of equalization amplifier is desired (inte-
grators and differentiators are in this cat-
egory) or when the frequency response of
the feedback network is modified to im-
prove amplifier stability. In such cases it
is important to remember that the Bode
plot of loop gain versus frequency is what
matters, rather than the curve of open-
loop gain. To make a long story short, the
curve of ideal closed-loop gain versus fre-
quency should intersect the curve of open-
loop gain, with a difference in slopes of
6dB/octave. As an example, it is com-
mon practice to put a small capacitor (a
few picofarads) across the feedback resis-
tor in the usual inverting or noninverting
amplifier. Figure 4.89 shows the circuit
and Bode plot.
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2 - ee without
S 4008 (closed-loop gain, [C,

ifA, ==
20d8
0dB+——— —

B with C,
Figure 4.89

uncompensated op-amps. It is simplest
to use the compensated variety, and that’s
the usual choice. You might consider
the internally compensated LF411 first.
If you need greater bandwidth or slew
rate, look for a faster compensated op-amp
(see Table 4.1 or 7.3 for many choices).
If it turns out that nothing is suitable,
and the closed-loop gain is greater than
unity (as it usually is), you can use an
uncompensated op-amp, with an external
capacitor as specified by the manufacturer
for the gain you are using.

A number of op-amps offer another
choice: a *“decompensated” version, re-
quiring no external compensation compo-
nents, but only usable at some minimum
gain greater than unity. For example, the
popular OP-27 low-noise precision op-amp
(unity-gain-compensated) is available as
the decompensated OP-37 (minimum gain

. of 5), offering roughly seven times the

speed, and also as the decompensated
HA-5147 (minimum gain of 10), with 15
times the speed.

The amplifier would have been close to Example: 60Hz power source

instability with a flat feedback network,
since the loop gain would have been
dropping at nearly 12dB/octave where the
curves meet. The capacitor causes the loop
gain to drop at 6dB/octave near the cross-
ing, guaranteeing stability. This sort of
consideration is very important when de-
signing differentiators, since an ideal dif-
ferentiator has a closed-loop gain that rises
at 6dB/octave; it is necessary to roll off
the differentiator action at some moder-
ate frequency, preferably going over to a
6dB/octave rolloff at high frequencies. In-
tegrators, by comparison, are very friendly
in this respect, owing to their 6dB/octave
closed-loop rolloff. It takes real talent to
make a low-frequency integrator oscillate!

What to do

In summary, you are generally faced with
the choice of internally compensated or
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Uncompensated op-amps also give you the
flexibility of overcompensating, a simple
solution to the problem of additional phase
shifts introduced by other stuff in the
feedback loop. Figure 4.90 shows a nice
example. This is a low-frequency amplifier
designed to generate a 115 volt ac power
output from a variable 60Hz low-level
sine-wave input (it goes with the 60Hz
synthesizer circuit described in Section
8.31). The op-amp, together with Rz and
R3, forms a x 100 gain block; this is then
used as the relatively low “open-loop gain”
for overall feedback. The op-amp output
drives the push-pull output stage, which
in turn drives the transformer primary.
Low-frequency feedback is taken from the
transformer output via Rjg, in order to
generate low distortion and a stable output
voltage under load variations. Because of
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the unacceptably large phase shifts of such
a transformer at high frequencies, the cir-
cuit is rigged up so that at higher fre-
quencies the feedback comes from the low-
voltage input to the transformer, via Cj.
The relative sizes of Rg and R;( are cho-
sen to keep the amount of feedback con-
stant at all frequencies. Even though high-
frequency feedback is taken directly from
the push-pull output, there are still phase
shifts associated with the reactive load (the
transformer primary) seen by the transis-
tors. In order to ensure good stability,
even with reactive loads at the 115 volt
output, the op-amp has been overcompen-
sated with an 82pF capacitor (30pF is the
normal value for unity gain compensation).
The loss of bandwidth that results is unim-
portant in a low-frequency application like
this.

.

120.0 ¢

output voltage
VS.

> frequency
s g TR
o
&
5 output voltage
2 vs.
2 output power
3
2 100+
E
106.0 L l | [ J
50 55 60 65 70
frequency (Hz)
L | | — -]
0 5 10 15
power (W)
Figure 4.91

An application such as this represents a
compromise, since ideally you would like
to have plenty of loop gain to stabilize the
output voltage against variations in load
current. But a large loop gain increases the
tendency of the amplifier to oscillate, espe-
cially if a reactive load is attached. This is
because the reactive load, in combination
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with the transformer’s finite output imped-
ance, causes additional phase shifts within
the low-frequency feedback loop. Since
this circuit was built to derive a telescope’s
synchronous driving motors (highly induc-
tive loads), the loop gain was intentionally
kept low. Figure 4.91 shows a graph of the
ac output voltage versus load, which illus-
trates good (but not great) regulation.

Y

Motorboating

In ac-coupled feedback amplifiers, stability
problems can also crop up at very low fre-
quencies, due to the accumulated leading
phase shifts caused by several capacitively
coupled stages. Each blocking capacitor,
in combination with the input resistance
due to bias strings and the like, causes a
leading phase shift that equals 45° at the
low-frequency 3dB point and approaches
90° at lower frequencies. If there is enough
loop gain, the system can go into a low-
frequency oscillation picturesquely known
as “motorboating.” With the widespread
use of de-coupled amplifiers, motorboating
is almost extinct. However, old-timers can
tell you some good stories about it.

SELF-EXPLANATORY CIRCUITS

4,36 Circuit ideas

Some interesting circuit ideas, mostly
lifted from manufacturers’ data sheets, are
shown in Figure 4.94.

4.37 Bad circuits

Figure 4.95 presents a zoo of intentional
(mostly) blunders to amuse, amaze, and
educate you. There are a few real howlers
here this time. These circuits are guar-
anteed not to work. Figure out why. All
op-amps run from £15 volts unless shown
otherwise.
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ADDITIONAL EXERCISES

(I) Design a “sensitive voltmeter” to have
Zin = IMSQ and full-scale sensitivities of
10mV to 10V in four ranges. Use a ImA
meter movement and an op-amp. Trim
voltage offsets if necessary, and calculate
“what the meter will read with input open,
assuming (a) Ig = 25pA (typical for a
411) and (b) /g = 80nA (typical for a
741). Use some form of meter protection
(e.g., keep its current less than 200% of
full scale), and protect the amplifier inputs
from voltages outside the supply voltages.
What do you conclude about the suitability
of the 741 for low-level high-impedance
measurements?

(2) Design an audio amplifier, using an
OP-27 op-amp (low noise, good for
audio), with the following characteristics:
gain = 20dB, Z;, = 10k, —3dB point =
20Hz. Use the noninverting configuration,
and roll off the gain at low frequencies in
such a way as to reduce the effects of in-
put offset voltage. Use proper design to
minimize the effects of input bias current
on output offset. Assume that the signal
source is capacitively coupled.

(3) Design a unity-gain phase splitter (see
Chapter 2) using 411s. Strive for high
input impedance and low output imped-
ances. The circuit should be dc-coupled.
At roughly what maximum frequency can
you obtain full swing (27V pp, with 15V
supplies), owing to slew rate limitations?
(4) El Cheapo brand loudspeakers are
found to have a treble boost, beginning at
2kHz (4-3dB point) and rising 6dB/octave.
Design a simple RC filter, buffered with
ADG611 op-amps (another good audio chip)

as necessary, to be placed between preamp input |
"and amplifier to compensate this rise. P }
Assume that the preamp has Z,,; = 50k I
and that the amplifier has Z;, = 10k, | ground_|
approximately. L
(5) A 741 is used as a simple compara- -
tor, with one input grounded; i.e., it is a  Figure 4.93
Page 96 of 137 REED EX1012

zero-crossing detector. A 1 volt amplitude
sine wave is fed into the other input
(frequencylkHz). What voltage(s) will the
input be when the output passes through
zero volts? Assume that the slew rate is
0.5V/pus and that the op-amp’s saturated
output is 13 volts.

(6) The circuit in Figure 4.92 is an exam-
ple of a “negative-impedance converter.”
(a) What is its input impedance? (b) If
the op-amp’s output range goes from V. to
V_, what range of input voltages will this
circuit accommodate without saturation?

R,y
10k
AN
input ——4
(circuit has
no output)
r—n—
A,
3
10k 10
Figure 4.92

(7) Consider the circuit in the preceding
problem as the 2-terminal black box (Fig.
4.93). Show how to make a dc amplifier
with a gain of —10. Why can’t you make a
dc amplifier with a gain of +10? (Hint:
The circuit is susceptible to a latchup
condition for a certain range of source
resistances. What is that range? Can you
think of a remedy?)
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GENERAL

Handbooks

Fink, D. G., and Christiansen, D., eds. 1982.
Electronic engineers’ handbook. New
York: McGraw-Hill. Encyclopedic.

Fink, D. G., and Beaty, H. W., eds. 1986.
Standard handbook for electrical
engineers. New York: McGraw-Hill.
Tutorial articles on electrical engineering
topics. ’

Giacoletto, L. J., ed. 1977. Electronics
designers’ handbook. New York:
McGraw-Hill. Excellent tutorials and
data.

Jordan, E., ed. 1985. Reference data
for engineers: radio, electronics,
computer, and communications.
Indianapolis: Howard W. Sams & Co.
General-purpose engineering data.

Master catalogs

EEM: Electronic engineers master catalog.
Garden City, NY: Hearst Business
Communications, Inc. Thousands of
pages of manufacturers’ data sheets,
plus addresses of companies, their
representatives, and local distributors.
Extremely useful. Published annually.

IC master. Garden City, NY: Hearst
Business Communications, Inc.
Comprehensive selection guides and
thousands of pages of data sheets.
Extremely useful. Published annually.

Books

Bracewell, R. N. 1986. The Fourier
transform and its applications. New
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York: McGraw-Hill. The classic in this
field.

Brigham, E. O. 1973. The fast Fourier
transform. Englewood Cliffs, NJ:
Prentice-Hall. Highly readable.

Higgins, R. J. 1983. Electronics with
digital and analog integrated circuits.
Englewood Cliffs, NJ: Prentice-Hall.
“The electronics book that’s not
Horowitz and Hill,” according to its
author.

Lathi, B. P. 1987. Signals and systems.
Carmichael, CA: Berkeley-Cambridge
Press. Network theory, transform
methods, and communication.

Mead, C., and Conway, L. 1980. Introduc-
tion to VLSI systems. Reading, MA:
Addison-Wesley. Device physics and
circuit design; a classic.

Millman, J., and Grabel, A. 1987.
Microelectronics. New York:
McGraw-Hill. Highly recommended all-
around text and reference.

Savant, C. J., Jr, Roden, M. S., and
Carpenter, G. L. 1987. Electronic
circuit design. Menlo Park, CA:
Benjamin/Cummings. Good introduction
to electronic circuits.

Senturia, S. D., and Wedlock, B. D. 1975.
Electronic circuits and applications.
New York: Wiley. Good introductory
engineering textbook.

Siebert, W. M. 1986. Circuits, signals, and
systems. Cambridge, MA: MIT Press.
Network theory, transform methods, and
signal processing.

Smith, R. J. 1984. Circuits, devices, and
systems. New York: Wiley. Broad
introductory engineering textbook.

Tietze, U., and Schenk, C. 1978. Advanced
electronic circuits. Berlin: Springer-
Verlag. Excellent all-around reference.

1095

REED EX1012
IPR2024-01158



1096 BIBLIOGRAPHY

CHAPTER 1

Holbrook, J. G. 1966. Laplace transforms
Jor electronic engineers. New York:
Pergamon Press. Good for learning about
the s-plane; out of print.

Johnson, D. E., Hilburn, J. L., and Johnson,
J. R. 1986. Basic electric circuit
analysis. Englewood Cliffs, NJ: Prentice-
Hall. Passive circuit analysis.

Purcell, E. M. 1985. Electricity and
magnetism (Berkeley physics course,
vol. 2). New York: McGraw-Hill.
Excellent textbook on electromagnetic
theory. Relevant sections on electrical
conduction and analysis of ac circuits
with complex numbers.

CHAPTER 2

Ebers, J. J., and Moll, J. L. 1954, Large-
signal behavior of junction transistors.
Proc. LR.E. 42:1761-1772. The Ebers-
Moll equation is born. .

Grove, A. S. 1967. Physics and technology
of semiconductor devices. New York:
Wiley. Principles of fabrication and
operation of bipolar and field-effect
transistors.

Schilling, D. L., and Belove, C. 1979.
Electronic circuits: discrete and
integrated. New York: McGraw-Hill.
Traditional h-parameter transistor
treatment.

Searle, C. L., Boothroyd, A. R., Angelo, E. J.,
Jr., Gray, P. E.,, and Pederson, D. O.
1966. Elementary circuit properties of
transistors (semiconductor electronics
education committee, vol. 3). New
York: Wiley. Physics of transistors.

Sze, S. M. 1981. Physics of semiconductor
devices. New York: Wiley.

“Discrete products databook™ and “Transistor
databook.” Soft-cover collections of
transistor data sheets are published
sporadically under these titles by all the
transistor manufacturers, in particular
GE, Motorola, National, and TI. Data
sheets are essential for circuit design.

CHAPTER 3

Muller, R. S., and Kamins, T. 1. 1986.
Device electronics for integrated

circuits. New York: Wiley. Transistor
properties in ICs.

Richman, P. 1973. MOS field-effect
transistors and integrated circuits.
New York: Van Nostrand Reinhold.
Recommended.

Tsividis, Y. P. 1987. Operation and
modeling of the MOS transistor. New
York: McGraw-Hill.

See also Grove, A. S., under Chapter 2
listings.

“FET databook,” “Power MOSFET
databook.” Soft-cover collections of
FET data sheets and applications
notes are published every few years
under these or similar titles by all the
FET manufacturers, in particular GE
(Intersil, RCA), Hitachi, IR, Motorola,
National, Siemens, and TI. Data sheets
are essential for design.

CHAPTER 4

Frederiksen, T. M. 1984. Intuitive IC
op-amps. Santa Clara, CA: National
Semiconductor Corp. Extremely good
treatment at all levels.

Graeme, J. G. 1987. Applications of
operational amplifiers: third
generation techniques. New York:
McGraw-Hill. One of the Burr-Brown
series.

Jung, W. G. 1986. IC op-amp cookbook.
Indianapolis: Howard W. Sams & Co.
Lots of circuits, with explanations.

See also Jung’s Audio IC op-amp
applications.

Meyer, R. G., ed. 1978. Integrated circuit
operational amplifiers. New York:
IEEE. Choice selection of reprints,
somewhat dated.

Rosenstark, S. 1986. Feedback amplifier
principles. New York: Macmillan.
Design principles for discrete circuits.

Smith, J. L. 1971. Modern operational
circuit design. New York: Wiley. A
favorite, now out of print.

Soclof, S. 1985. Analog integrated circuits.
Englewood Cliffs, NJ: Prentice-Hall. The
design of linear ICs.

Stout, D. E, and Kaufman, M. 1976.
Handbook of operational amplifier
circuit design. New York: McGraw-Hill.
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Explicit design procedures. See also their
Handbook of microcircuit design and
application.

Wait, J. V., Huelsman, L. P, and Korn, G. A.
1989. Introduction to operational
amplifier theory and applications.
New York: McGraw-Hill.

“Linear databook,” “Analog databook,”
and “Op-amp databook.” Soft-cover
collections of linear IC data sheets
and application notes are published
approximately every two years
under these titles by all the linear IC
manufacturers, in particular Analog
Devices, Burr-Brown, GE (RCA, Intersil),
Linear Technology, Maxim, Motorola,
National, Precision Monolithics, and
TI. Data sheets are essential for circuit
design.

CHAPTER 5

Bingham, J. A. C. 1988. Theory and
practice of modem design. New
York: Wiley. A good engineering guide;
includes filters and oscillators.

Clarke, K. K., and Hess, D. T. 1971.
Communication circuits: analysis and
design. Reading, MA: Addison-Wesley.
Good chapter on oscillators.

Hilburn, J. L., and Johnson, D. E. 1982.
Manual of active filter design. New
York: McGraw-Hill,

Jung, W. C. 1983. IC timer handbook.
Indianapolis: Howard W. Sams & Co.
All about 553s.

Lancaster, D. 1979. Active filter cookbook.
Indianapolis: Howard W. Sams & Co.
Explicit design procedure; easy to read.

Loy, N. J. 1988. An engineer’s guide to
FIR digital filters. Englewood Cliffs,
NIJ: Prentice-Hall. Design procedures and
discussion.

Parzen, B. 1983. Design of crystal and
other harmonic oscillators. New York:
Wiley. Discrete oscillator circuits.

Zverev, A. 1. 1967. Handbook of filter
synthesis. New York: Wiley. Extensive
tables for passive LC' and crystal filter
design.

See also Graeme, J. G., under Chapter 4
listings.

CHAPTER 6

Hnatek, E. R. 1981. Design of solid-
state power supplies. New York: Van
Nostrand Reinhold. Switching supplies.

Pressman, A. 1. 1977. Switching and linear
power supply, power converter design.
Rochelle Park, NJ: Hayden Book Co; out
of print.

“Voltage regulator databook,” “Power
databook.” Soft-cover collections of
voltage-regulator data sheets, power-
component data sheets, and application
notes are published sporadically under
these and similar titles by Apex,
Motorola, National, TI, and Unitrode.
The “Linear databooks” referenced for
Chapter 4 also contain regulator data
sheets, which are essential for circuit
design.

CHAPTER 7

Buckingham, M. J. 1983. Noise in
electronic devices and systems. New
York: Wiley.

Morrison, R. 1986. Grounding and shield-
ing techniques in instrumentation.
New York: Wiley.

Motchenbacher, C. D., and Fitchen, F. C.
1973. Low-noise electronic design.
New York: Wiley. Recommended for
low-noise amplifier design.

Netzer, Y. 1981. The design of low-noise
amplifiers. Proc. IEEE 69:728-741.
Excellent review.

Ott, H. 1988. Noise reduction techniques
in electronic systems. New York: Wiley.
Shielding and low-noise design.

Sheingold, D. H., ed. 1976. Nonlinear
circuits handbook. Norwood, MA:
Analog Devices. Highly recommended.

Van Duzer, T. 1981. Principles of
superconductive devices and circuits.
New York: Elsevier. Overview of
traditional superconductors and
applications.

Wong, Y. J,, and Ott, W. E..1976. Function
circuits: design and applications. New
York: McGraw-Hill. Nonlinear circuits
and op-amp exotica; out of print.

“Data acquisition databook” or “Linear
databook.” Soft-cover collections of data

F:
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sheets and application notes relevant

to precision design are published every
few years under these or similar titles by
many semiconductor manufacturers, in
particular Analog Devices, Burr-Brown,
Linear Technology, Maxim, National,
Precision Monolithics, and Teledyne
Semiconductor.

CHAPTER 8

Blakeslee, T. R. 1979. Digital design with
standard MSI and LSI. New York:
Wiley. Refreshing approach to practical
logic design; includes two chapters of
“nasty realities.”

Hill, E J., and Peterson, G. R. 1981.
Introduction to switching theory
and logical design. New York: Wiley.
Classic logic design textbook.

Lancaster, D. 1979. TTL cookbook.
Indianapolis: Howard W. Sams & Co.
Practical circuits, good reading.

Lancaster, D. 1988. CMOS cookbook.
Indianapolis: Howard W. Sams &

Co. Good reading, down-to-earth
applications. Includes widely used (but
rarely mentioned) M 2L (Mickey Mouse
logic) technique. .

Wickles, W. E. 1968. Logic design with
integrated circuits. New York: Wiley.
Dated, but still good.

“TTL databook,” “Logic databook,”
and “CMOS databook.” Soft-
cover collections of data sheets and
applications notes are published
approximately every two years under
these and similar titles by most
semiconductor manufacturers, in
particular AMD/MMI, GE (RCA),
Motorola, National, Signetecs, and
TI. Look also for “Programmable
logic databooks” (and similar titles)
from manufacturers such as Altera,
AMD/MMI, Cypress, Gazelle, Lattice,
National, VTI, and Xicor. Data sheets
are essential for design.

CHAPTER 9

Best, R. E. 1984. Phase-locked loops.
New York: McGraw-Hill. Advanced
techniques.
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Davies, A. C. 1969. Digital generation of
low-frequency sine waves. IEEE Trans.
Instr. Meas. 18:97. Digital sine-wave
generation.

Gardner, E M. 1979. Phaselock techniques.
New York: Wiley. The classic PLL book:
emphasis on fundamentals.

Hnatek, E. R. 1988. A user’s handbook of
D/A and A/D converters. New York:
Wiley. Applications.

Jung, W. G. 1978. IC converter handbook.
Indianapolis: Howard W. Sams & Co.
Using modern converter ICs.

Sheingold, D. H., ed. 1976. Nonlinear
circuits handbook. Norwood, MA:
Analog Devices.

Sheingold, D. H., ed. 1980. Transducer
interfacing handbook. Norwood, MA:
Analog Devices.

Sheingold, D. H., ed. 1986. Analog-digital
conversion handbook. Englewood Cliffs,
NIJ: Prentice-Hall. The A/D bible, from
Analog Devices.

Yariv 1976. Introduction to optical
electronics. New York: Rinehart &
Winston. Physics of opto-electronics,
lasers, and detection.

“Conversion products databooks,” “Data
acquisition databook.” Soft-cover
collections of data sheets and application
notes are published periodically under
these and similar titles by semiconductor
manufacturers, in particular Analog
Devices, Analogic, Brooktree, Burr-
Brown, Crystal, Datel, Hybrid Systems,
Teledyne Seniconductor, and Telmos.
Data sheets are essential for design.

“Interface databook.” Soft-cover collections
of data sheets and application notes
are published every few years under
this and similar titles by semiconductor
manufacturets, in particular Motorola,
National, Sprague, and TI.

CHAPTER 10

Eggebrecht, L. C. 1986. Interfacing to the
IBM personal computer. Indianapolis:
Howard W. Sams & Co. By the PC
system architect and design team leader.

Osborne, A. 1987. An introduction

to microcomputers. Vol. 1:
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Basic concepts. Berkeley, CA:
Osborne/McGraw-Hill.

Sargent, M., III, and Shoemaker, R. L. 1986.
The IBM PC from the inside out.
Reading, MA: Addison-Wesley. Detailed
guide to programming and hardware.

Sloan, M. E. 1980. Introduction to
minicomputers and microcomputers.
Reading, MA: Addison-Wesley. Enphasis
on computing; software-oriented.

Sloan, M. E. 1983. Computer hardware
and organization. Chicago: Science
Research Assoc.

Tanenbaum, A. S. 1984. Structured
computer organization. Englewood
Cliffs, NJ: Prentice-Hall. Mainframes
to micros to bit-slice.

See also Bingham, J. A. C., under Chapter 5
listings.

" Also, manuals and data sheets on the

8086/8088 (Intel “MCS-86 user’s

manual,” “iAPX 86,88 user’s manual,”

“The 8086 family user’s manual,” etc.).

CHAPTER 11

Cramer, W., and Kane, G. 1986. 68000
microprocessor handbook. New York:
McGraw-Hill. Introduction to 68000
hardware. .

Eccles, W. J. 1985. Microcomputer systems
- a 16-bit approach. Reading, MA:
Addison-Wesley. Hardware and software,
illustrated with the 63000.

Hancock, L., and Krieger, M. 1982. The
C primer. New York: McGraw-Hill,
Introduction for beginners.

Hansen, A. 1986. Proficient C. Bellevue,
WA: Microsoft Press. Microsoft C on the
IBM PC.

Harbison, S. P., and Steele, G. L., Jr., 1987.
C: a reference manual. Englewood
Cliffs, NJ: Prentice-Hall. Readable and
definitive; has ANSI extensions.

Motorola, Inc. 1986. M68000 program-
mer’s reference manual. Englewood
Cliffs, NJ: Prentice-Hall. A must, if you
plan to write 68000 code.

Peatman, J. B. 1977. Microcomputer-based
design. New York: McGraw-Hill. Broad
view of applying microprocessors.

Peatman, J. B. 1987. Design with micro-
controllers. New York: McGraw-Hill.

Also, manuals and data sheets on the
68000/68008 (Motorola M68000 family
reference book, P/N FR 68K/D).

CHAPTER 12

Coombs, C. E, Jr., ed. 1988. Printed
circuits handbook. New York:
McGraw-Hill. A wealth of information
on the design, fabrication, and
application of PC boards.

“Technical manual and catalog.” Westlake
Village, CA: Bishop Graphics, Inc.
Frequently revised product catalog and
information for PC layout.

CHAPTER 13

Carson, R. S. 1982. High-frequency
amplifiers. New York: Wiley. RF
transistor amplifiers.

DeMaw, D. 1982. Practical RF design
manual. Englewood Cliffs, NJ: Prentice-
Hall. Down-to-earth radiofrequency
design.

Edwards, T. C. 1981. Foundations for
microstrip circuit design. New York:
Wiley.

Gonzalez, GH. 1984. Microwave transistor
amplifier analysis and design.
Englewood Cliffs, NJ: Prentice-Hall,
Small-signal s-parameter design of
oscillators and amplifiers.

Hayward, W. H. 1982. Introduction to
radiofrequency design. Englewood
Cliffs, NJ: Prentice-Hall. Design
techniques; good on receiver systems.

Matick, R. E. 1969. Transmission lines for
digital and communication networks.
New York: McGraw-Hill.

Milligan, T. 1985. Modern antenna design.
New York: McGraw-Hill. What you need
to know about every antenna.

Rohde, U. L. 1983. Digital PLL frequency
synthesizers. Englewood Cliffs, NJ:
Prentice-Hall. Theory and lots of circuit
detail.

Rohde, U. L. and Bucher, T. N. 1988.
Communications receivers. New York:
McGraw-Hill. Excellent compendium
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Skolnik, M. L, ed. 1979. Radar handbook.
New York: McGraw-Hill. Incredible
compendium of radar information.

Unitrode Corp. 1984. Pin diode designers’
handbook and catalog. Lexington,

MA: Unitrode Corporation. Theory, data
sheets, and applications.

Viterbi, A. J. 1966. Principles of coherent
communication. New York: McGraw-
Hill. A classic; modulation theory; out of
print.
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Theory and Techniques. MTT-28,
10:1041-1054. Theory and practice of
low-noise microwave amplifiers, by the
world’s expert.

“The radio amateur’s handbook.” Newington,
CT: American Radio Relay League.
Published annually, this is the standard
handbook for radio amateurs.

“RF transistor data book.” Soft-cover
collections of data sheets and application
notes are published sporadically under
this and similar titles by the RF tran-
sistor manufacturers, in particular
Avantek, GE (RCA), Mini-circuits,
Mitsubishi, Motorola, Siliconix, and
TRW.

CHAPTER 14

Meindl, J. D. 1969. Micropower circuits.
New York: Wiley. Dated, but good for
discrete design.

See also occasional appplication notes from
Linear Technology, Maxim, and National.
Extensive data books and applications
notes are available from Duracell,
Electrochem, Eveready (Union Carbide),
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Meade, M. L. 1983. Lock-in amplifiers:
principles and applications. London:

P. Peregrinus Ltd. How lock-in amplifiers
work and how to design them.

Radeka, V. 1988. Low-noise techniques in
detectors. Ann. Rev. Nucl. and Part.
Physics, 38:217-277. Amplifier design,
signal processing, and fundamental limits
in charge measurement.

Wobschall, D. 1987. Circuit design for
electronic instrumentation. New York:
McGraw-Hill. Sensors and associated
electronics.

“Temperature measurement handbook.”
Stamford, CT: Omega Engineering Corp.
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The letter “t” following a page number indicates a table.

ABEL, 530
absolute address mode, 747f.
absolute temperature sensor,

ac amplifier, 179, 186
ac line filters, 326, 327t, 858
| . fuse mandatory, 860
hot terminal, care with, 860
AC logic, 569fF., 601, 9391
ac power source, 248f.
ac relay, solid state, 588, 761,
768
accelerometer, 1004
access time, in serial port, 809
calculation, 767
memory, 528, 766fF., 813ff.
accumulator bin, 774f., 795f.
| acoustic ranging, 965
[ acoustical coupler, 727
acousto-optic spectrometer
(AOS), 1037
ACT logic, 5691, 601, 939ff.

load, 87, 132ff.
rectifier, 187f., 221f,, 469,
888fF.
resistor, 257
active filter (see alsofilter), 41,

adaptive equalizer, 729
adaptive optics, 169
A/D converter (see also ADC),

grounding, 627
guidelines for choosing, 6311
half-flash, 622

338fF, 982ff. high resolution, 630
absolute-value circuit, 221f., integrating, 625ff., 634t
8B8fT. microprocessor compatible,

690, 769, 794f., 810fF.
with multiplexer, 777ff.
used as panel switch, 799
parallel encoder, 621f.
in pulse-height analyzer, 1034
single-slope, 625f., 1035
subsystem, 634f.
successive approximation,

622ff.
switched-capacitor, 628
tracking, 624
video, 630
Wilkinson, 1035

adder, 478, 497f,
. address

access time calculation, 767
bus lines, 684
comparator, 685

active contiguous, 768
' clamp (seeclamp) decoding, 685, 766, 787f.
device, 61 direct, 680f.

incomplete decoding, 766,
768

indirect, 675, 680f., 749, 752,
790

internal registers of chips, 768

| 263ff., 274t multiplexing, in DRAMs,
bootstrap as, 184 814f.
example, 548 postincrement, 752
inductor, 304 registers, 744

relative, 675

segment register, 681
setup time, 771

612ff., 621fF., 630fF.
ADC (A/D converter), 612ff,,
6211T., 630ff., 632t, 634t
aperture interval, 622
charge-balancing, 625fF. autoincrement, 747
CMOS IC design example, direct, 676
982 8086, 680f.

address bits, ignored, 766, 768

address latch enable (ALE), 802

address modes, 747ff., 748t, 749:
absolute, 676, 750

combined with DAC, 630 indirect, 790
delta-sigma, 628, 640f. indirect with offset, 749
dual-slope, 626ff. paged, 676

3 experience with 16-bit, 810f.
flash, 621f.

postincrement, 747ff.
preincrement, 747ff.

relative, 750
68000, 748t.
admittance, 79
AGC, 139
aging, 303
air cooling, 855
aliasing, 283, 775f.
alkaline battery, 921ff,, 978
alphanumeric, 677
alphanumeric character, 720
ALS logic, 568
AM homodyne detection, 652,
889, 896
amnesia, 675
amperage (seecurrent)
amplifier (see alsoop-amp)
ac, 179, 186
audio, 91ff., 948f.
autozeroing, 415ff.
building blocks, 91ff.
cascode, 79, 103, 868, 913,
950
charge, 1039
class A, AB, B, 92ff.
CMOS linear, 156f.
common-base, 103, 868
common-emitter, 76f., 82ff.
dc, 100, 179, 260, Ch.7,
392ff.
differential (see alsodifferen-
tial amplifier), 98fF., 105,
184, 421ff., 867, 989f.
emitter follower, 868
equalization, 175f.
FET, 129f.
GaAsFET, 873ff.
GPD, 873ff.
grounded base, 103
grounded emitter, 83
headphone, 256
high-frequency, 863ff.
high frequency configurations,
868fT.
high voltage, 168f., 213, 256
369, 1041
input impedance (see impedance)
instrumentation, 402, 419,
29t

inverting, 177f., 235
inverting, 1101
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amplifier (cont.)
isolation, 460, 462ff.
laboratory, 238f.
logarithmic, 176, 213f., 254,
392
low distortion, 255, 256
low drift, 469
low-noise, 873fF.
magnetic, 366
micropower, 948ff., 951fF
modular, 873fF.
with negative feedback, 236fT.
noise, 428fF.
noninverting, 178f.,, 234
nonlinear, 176
nulling, 415fF.
operational (see op-amp)
output impedance (see
impedance)
parametric, 903
pathologies in micropower,
953
photodiode, 253, 1039
photomultiplier, 911,
piezo, 168f., 1039
power, 214t, 248f.
precision, 392ff.
programmable-gain, 110, 152,
638 .
push-pull, 911, 316
radiofrequency, 883
RIAA, 185f.
series-feedback pair, 238,
872f., 950f.
servo, 254 1
shunt-series pair, 238, 872f.,
950f
single-ended, 100
summing, 185
switchable gain, 152, 638
thermal stability in, 93
transconductance, 79
transimpedance, 79, 184, 235,
962, 1039
transresistance, 79, 184, 235,
962, 1039
tuned, 305, 869, 882ff.
variable gain, 139f, 255,
257
video, 449, 876, 915
voltage, 76f.
voltage-controlled, 139f., 255,
257
wideband, 869ff.
amplitude, 16
amplitude modulation, 885f.,
8941T.
detection, 889f.
analog display wristwatch, 968
analog modeling tools, 908f.
analog switch, 124, 140
analog-to-digital converter (sce
ADC), 631t

analysis, state, 824
timing, 527, 766, 812ff.,, 824f.
analyzer, logic, 821, 824f.
AND gate, 155f., 479
wired, 490
AND—O?—INVERT (AOI) gate,
485

anodic stripping voltametry
(ASY), 1015f.

antialiasing filter, 776

antistatic, 170f.

aperture interval, 622

APL, 715

Appletalk, 736

application-specific IC (ASIC),
851

arbitrary phase sinewave, 296
argument, immediate, 679
argument convention
Intel, 679
Motorola, 680
arithmetic logic unit (ALU), 498,
675
array initialize, 790
LED, 768f.
artwork, 844, 855
AS logic, 568, 587

- ASCII, 474, 604, 714, 721t, 723,

803
communication interface,
803f.
8-bit binary, 720
ASICs (application-specific ICs),
851

assembler, 679, 714
native, 821
assembly language, 678ff., 684,
691, 745fF., 774
assertion-level logic, 482ff.
asynchronous, 515, 552
bus, 678, 707, 754
serial communication, 804ff.
transmission, 722
atomic beam, 1017f.
atomic standards, 303
attenuation, 71
attenuator, 19, 887
audio amplifier, 91ff., 948ff.
authorized distributors, 861
autocorrelation, 657ff.
autoformer, 58
autoincrement addressing mode,

automatic gain control (AGC),
139 ’
autorouting, 844
autoscale, 775
autovector, 700, 756, 788
interrupt, 756
polling, 698f.
auto-zero, 627, 640
IC, 419
avalanche injection, 817
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back annotation, 844

back diode, 49, 891, 904

back pressure, 857

backplane, 56, 801

backspace, 720

backup battery, 819, 929, 968

balanced mixer, 140, 886, 896,
1037f.

balanced quadrature detector,
900

balun, 881
bandgap, 948
reference, 325, 331ff.
temperature sensor, 338f.,
994f.
bandpass filter, 59, 277f.
bandwidth
of modulated carrier, 893f.
narrowing, 1026ff.
noise, 453f., 659
bare PC board testing, 848f.
barrel shifter, 499
barrier strip terminals, 837
base-emitter breakdown, 68, 578
base spreading resistance, 436,
445, 872, 905
baseband, 898
BASIC, 714f.
batch testing, 861
battery, 920ff., 922t, 923t, 930t
alkaline, 921, 978
backup, 929, 968
backup for RAM, 819
charger, 385
charging, 926ff.
dry cell, 921ff.
energy density, 9251
heavy-duty, 9211
lead-acid, 926fF.
LeClanche, 9211
lithium, 771, 921ff.
low-voltage alarm, 963
mercury, 921fF.
nickel-cadmium (Nicad),

operation from 9 volt, 969
passivation, 924
pathology, 927
photovoltaic, 932ff.

. primary, 920ff., 922t
recommendations, 928ff.
replacement for, 820
secondary, 920fF.
self-discharge, 926ff.
silver oxide, 921ff.
split supply with, 945fF.
switchover, 349
two-step ‘charge, 928
types, 920ff.

baud rate, 722, 805f., 900
frequency generator, 806
BCD, 476
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bmt-fr;quency oscillator (BFQO),
98
bed of nails, 849
Bell 103, 7271,
Bell 212A, 7271
benchtop cabinet, 854
Bessel filter, 269ff., 306
beta, 62f.
network, 233
super, 959
bias, 70
CMOS linear amplifier, 157
self, in JFET, 127ff.
bias current, 136
cancellation, 111
FET and BJT compared,
136f.
biasing, 69
bad, 71, 110

common emitter amplifier, 84

current source, 73

grounded emitter amplifier, 83

voltage, 71
bidirectional

buffer, 560, 801

bus, 678, 684ff.
bifurcated contact, 838
Bin (for PC cards), 854

bin, signal averaging, 774f., 795f.

binary, 474

binary offset, 476

bingo card, 1068

biologically-significant time, 792

BIOS, 816

biquad filter, 276, 278f.

BITNET, 735

Black, Harold S., 175, 233

Blackman's impedance relation,

236

bleeder resistor, 330, 366, 370

block transfer, 711

blocking capacitor, 36

blower, 313, 855ff., 858t

BNC connector, 55f.

boards, evaluation, 821, 825

Bode plot, 243ff.

body, MOSFET, 163

bolometer, 8§91

Boltzmann’s constant, 80, 431

boot, 764f.

bootstrap, 94, 96ff., 110, 135,

183f, 675

impedance, 96
peaking in, 183f.
power supply, 427f.

boxcar integrator, 1029

Bragg cell, 1037

breadboard, 544, 827f.
cards, 712
solder, 829

break, 722

breakdown

base-emitter, 68, 578

collector-emitter, 74
second, 159, 321
breakout box, RS-232, 726
breakpoint hardware, 823
software, 823
brick-wall filter, 264, 453f.
bridge, 619
linearized, 1039
rectifier, 45fF,
Wheatstone, 1001f., 1025
Wien, 296
bridged differentiator, 280
broadside pinout, 800
brushless dc fans, 857
buffer
bidirectional, 801
character, 691
latch (seelatch)
three-state, 560t, 801
unity gain, 179f, 186, 414f.,
418t
buried gate, 817
burn and crash, 821
bus, 487f., 602f., 677ff., 704t,
709t, 753t, 788
arbitration, 759
asynchronous, 678, 707, 754
bidirectional, 689
.computer, 678, 709t, 753t
contention, 488
control, 675
default-wait, 754
driver, 602f., 910
8-bit claustrophobia, 788
EISA, 708
error, 765
Fastbus, 711
Futurebus, 711
GPIB, 712f, 720, 734
grant, 759
HPIB, 712f., 720, 734
IEEE-488, 712f., 720, 734
interface, sluggish, 810
1/0, 745
ISA, 708
master, 690, 702, 711, 757f.
Micro Channel, 708
Multibus, 708, 720
multiplexed DATA/ADR., 802
981
NuBus, 711
PC/XT, 684ff., 704t
PS/2 bus, 708
Q-bus, 711, 720
request, 702, 757
SCSI, 720
signals, 684ff., 753fF.
synchronous, 678, 707
system, 801
termination, 602, 911
terminators, 678
time-out, 764
VAXBI, 711

VME, 711
Butterworth filter (see also filter),
269ff., 1064ff, 1064t
bypass capacitor (seecapacitor)
byte, 474, 675, 744, 800
byte-wide pinout, 800

C, 678, 714f.
cabinet, 854
cable between instruments, 457fF,
coax, 603, 879ff.
coax driver, 610ff,
current-sinking driver, 606
differential drive, 604ff,
driving, 599ff., 603
ECL driver, 611
flat ribbon, 712, 837
mass termination, 712
ribbon, 603, 609, 712
trapezoidal drive, 605
twisted pair, 603, 605, 609
Twist-"n-flat, 712
cable diagrams, RS-232, 726
cache
disk, 718
memory, 675fF., 813
CAD (Computer-Aided Design),
833ff, 848
IC design (ASICs), 851
Multiwire, automatic, 849f.
PC board, 844
programs, hierarchical, 842
Wire-Wrap, automatic, 849
CAD/CAM, 842f.
CAE, 908f.
cage, card, 854
calendar clock (seeclock,
calendar), 760, 978ff.
CAMAC crate, 855
capacitance (see alsocapacitor)
causes dynamic current, 973
of coaxial cable, 880
of diode junction, 865f.
effective, 970
elimination by tuned circuit,
882
feedback, 102ff., 864fF., 906,
910f, 950
of FET, 142, 146ff.
interelectrode, 864f.
inter-winding, 918f,
junction, 102ff,
loading causes failure, 974
Miller, 102fF., 864fF.
MOSFET gate, 161ff.
multiplier, 305
power dissipation, 970
of shielded cable, 135
transistor, 864fF.
capacitive
coupling, 970
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capacitive (cont.)
loading, 221, 413f., 467, 768,
974
logic load, 555
capacitor (see alsocapacitance),
20ff.
in ADC, 627
blocking, 36
bypass, 42, 50, 310f., 366,
554, 555, 579, 600, 836,
962
chip, 902
compensation, 407
coupling, 70, 456
current in, 23
dielectric absorption, 220, 627
differential equation for, 23
discharge, 23f.
double-layer, 820, 934
energy in, 970
feedthrough, 883, 902
filter, 42, 329f.
flying, 153, 359, 377fF., 420,
804, 943, 983
in frequency domain, 24, 30ff.
hold, 393
in isolation amplifier, 464
leakage compensation, 394
load, 221, 413f., 467, 768,
974
low leakage, 396
memory effect, 220, 627
microphone, 1002ff.
neutralizing, 869
parallel, 21f.
power in, 33
reactance (graph), 37
reactance of, 32
speedup, 64, 231, 579, 908
in time domain, 23
timing, 42
transducer, 1002ff.
types of, 21
variable, 58
capacitors (box), 22
card (see alsocircuit board, PC
board)
breadboard, 712
cage, 852, 855
connections between, 601f.
edge connector, 56
ejector PC card, 852
PC board, density, 837
prototype, 828
carpet shock, 170
carriage return (CR), 720
carrier, 892f.
CAS, 813ff.
cascaded RC filter, 264f.
cascode, 79, 103, 868, 913, 950
in JFET current source, 128f.
in Wilson mirror, 89
Cauer filter, 271

causality, 39
CCD, 998ff.
CD ROM, 676
center-tapped rectifier, 47
centrifugal blower, 857
Centronics, 713f., 730t
parallel port, 730ff,, 730t
Cerenkov detector, 1011
Cesium frequency standard, 303,
885, 1017
channel, 113ff.
channel plate, 999f.
character buffer, 691
control, 720
character generator, 816
character-serial interface, 736ff.
characters, lost, 690
charge
balancing ADC, 625ff.
coupled device (CCD), 998ff.
gate, 162f.
injection, 148, 396, 417, 638
integrating meter, 640
transfer, 396
chassis, 857
Chebyshev filter, 269ff.
checksum, 559
chips, support, 744ff.
Chirp/Z transform, 1037
choke, 883
chopper amplifier, 415ff.
noise, 416f.
saturation in, 417
chopper stabilized op-amp, 400f.,
41 51T
circuitboard (see alsocard, PC
board

prototype, 712, 828
circuit density, PC board, 837
circulator, 887
clamp, 49fF., 221, 258, 319f,,
548, 571f., 578, 1039
Baker, 908
chopper amplifier, 417
in CMOS logic, 157, 571f.
with voltage divider, 50
class A amplifier, 92
class A current, 156, 969
in low-power oscillator, 967
cleaning PC board, 840
clipping, 70, 157, 182
clock
feedthrough, 283, 416f.
frequency, minimum, 975
real-time, 690
refresh, 812fF.
skew, 552f., 555, 974
clock, calendar, 760, 771, 978ff.
interface, 771
micropower, 968f.
real-time, 690
clock frequency, CPU, 759f., 767

Page 116 of 137

clocked latch (see latch, edge
triggered)
closed-loop gain, 233
CMOS, 484ff., 802
characteristics, 486f.
CPU, 764, 975f%., 976t
EPROM, 979
555 equivalent, 967
4000-series, 568f., 967
high-speed, 569fF.
latchup, 150
linear amplifier, 156f.
linear switch, 142ff.
microprocessor, 764, 975fF.,
976t
op-amp, 959
peripheral, 977
PLD, 538f.
power consumption faults,

powered by photovoltaics, 933
powered via input, 556
poysilicon gate, 973
problems with, 554ff., 973ff.
protection network, 150, 171
quiescent current, 154ff.
relaxation oscillator, 967
replacements for NMOS, 974
switch, 142ff., 951
unused inputs, 580
CMOS logic
compatible with TTL, 970
families, 969f.
keeping low power, 970f.
coax connector, 55f.
isolated, 459
code
ASCII (see ASCII)
converter, 497
function, 756
gray, 477f., 480
machine, 750
position-independent, 750
pulse, 900fT.
cold boot, 977
cold switching, 64, 494, 860
collector
bootstrapping load resistor, 97
to emitter breakdown voltage,
74
«  open, 487f.
color code, 1053
Colpitts oscillator, 297
column address strobe (CAS),
813ff.
combinational logic, 478ff., 490
common-base amplifier, 103, 868
common-emitter amplifier, 76f.,
2fF.

biasing, 84f.
input impedance, 85

common-mode, 98
interference cancellation, 460f.
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common-mode (cont.)
range, 190f, 867
rejection ratio (CMRR), 402,
4211

communication
ASCII interface, 803f.
methods, 8921,
power-switched, 965
synchronous, 806
commutating auto-zero (CAZ),
419f.
Compact disc (CDs), 472, 901f,
comparator, 101, 229ff., 561t,
5771F., 580fF., 584t, 962,
966t
with active pullup, 965
address, 685
differential amplifier as, 102
FET input, 582
hysteresis with, 581f.
input properties, 581f,
magnitude, 499, 561t
micropower, 581, 965, 966t
noise in, 581
output circuit, 580f,
' power-switched, 965, 968
programmable, 965
single supply, 580f.
speed, 582
supply voltage, 580f.
window, 669
compensation
diode, 888
dominant-pole, 245f.
of feedback amplifiers, 176
frequency, 242ff., 946, 965
op-amp, 242fF., 946, 964
pole-zero, 247
thermocouple, 9891,
compiler, 715
library, 715
complement, 509
nine’s, 499
complex number, 1050ff.
complex representation, 31f.
compliance (see alsocurrent
source), 9, 73f,, 75, 110
component
library, 842
pads, 835
placement, 842
unreliable, 858
component side, 833
computer
block diagram, 674
bus, 678, 709t
portable, 978
computer-aided design (see
also CAD), 833
computer-aided engineering
(CAE), 908f.
condenser (seecapacitor)
conditional instruction, 683

conditional loop, 790f.
conductance, 7, 79
conductor widths, PC board, 841
connection
gas-tight, 838
soldered, 829
Wire-Wrapped, 829
connector
banana, 55
BNC, 55f.
card-edge, 56, 834, 838, 852f.
coax, 55f.
D, 56
dual readout, 828
F, 56
isolated, 459
LEMO, 56
mass termination, 712, 837
MHYV, 56
multipin, 56
N, 56
PC board, various, 852
PC edge, 828
phono, 56
pin, 55
reliability of, 858
SMA, 56, 873
TNC, 55f.
Wire-Wrap pin, 852
XLR, 1005
contact, bifurcated, 838
contact pressure, 838
control
character, 720
. shut-down, 978, 983
control panel, remote, 799
switch table, 797
control-C, 720
controller, 975, 976t
CMOS, 976t
dedicated, 774
DMA, 702f.
temperature, 105
control-Q handshake, 726
convective cooling, 856
converter errors, 614
Cooley-Tukey FFT, 1037f.
cooling, air, 855, 857
convective, 856
COPS, 968
core, 675
corner-pin power, 553
correlator, 498
counter, 496, 524ff., 563t
BCD, 524
binary, 522
cascading, 544f.
with display, 525
divide-by-n, 511
divide-by-2, 510
divide-by-3, 513f,
down, 548
event, 512
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frequency, 512, 542, 556, 558,
10191,
hexadecimal, 524
instruction, 675
jam-load, 545
with latch, 525
modulo-n, 524, 544ff,, 548,
6411F.
period, 1020ff.
program, 675
reciprocal, 1020f.
ripple, 511f., 524
synchronous, 512, 524, 544f.
with three-state outputs, 525
timing, 545f.
timing with, 522
up/down, 514, 524
coupler
acoustic, 727
hybrid, 728
coupling, capacitive, 70, 456, 970
CPU (see alsomicroprocessor),
675, 822t, 976t
clock frequency, 759f,, 767
CMOS, 764
defined, 673
register, 679f.
crash, 823
crate, 854
CRC, 735
crest factor, 454
cross-assembler, microprocessor,
821
cross-coupled input stage, 408
cross regulation, 367
cross-triggering, 825
crossover distortion, 92ff,, 411f,
crosstalk, 148
crowbar
modular, 319
overvoltage, 311f., 317ff,
366f., 389, 771, 931
crowbarring, 156, 599, 970
crystal
integral, 968
tuning fork, 968
crystal oscillator, 157, 300fF.
startup, 975, 977
temperature stability in, 968
CSMA/CD, 735f.
CUPL, 530ff. -
current
bias, cancellation of, 111
in capacitor, 23
class A, 156, 967, 969
as complex number, 31f.
defined, 2
dynamic, 156, 569f., 971
dynamic, due to capacitance,
973

gain, 107
gate, 135ff.
hogging, 122
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current (cont.)
impact ionization, 137
input ADCs, 629
inrush, 364, 367, 940f.
leakage, 136, 971
limit, 166f., 309, 316f., 940f.
loop, ASCII, 723
loop, industrial, 919, 934,
937f.

mirror (see alsocurrent
mirror), 111, 953

noise, 436fF.

op-amp input, 964

through PC boards, 841

pin-selectable, 953, 955

quiescent, 154ff, 983

rail-to-rail, 156, 351f., 967

regulator (seecurrent
regulator)

relay, 934, 937

sensing, 379ff., 388, 555

signal, 933fF.

sinking cable driver, 606

source (seecurrent mirror,
current source)

spikes, 554, 599

spy, 555

static drain, 569

telephone, 919, 934ff.

transfer ratio (CTR), 596

transients, S99ff.

valley, 968

to voltage converter, 184

zero with power down, 975,
977

current gain, small signal, 67
current limit, 166f., 309, 316f,,

940f.

current mirror, 88fF., 105, 111
active load, 101
current ratios in, 89ff.
Early effect in, 88f.
limitations of, 88ff.
Wilson mirror, 89
current monitor, 242, 253, 388
current regulator, 129t, 379fF,
diode, 125ff., 129t, 288, 379
current-sensing resistor, 971, 974
current sink (see current source)
current source (see alsocurrent
mirror), 9, 252, 254f.,
257f., 261, 354, 3791,
386, 388
active load, 87
biasing of, 73
bipolarity, 182
compliance, 73, 75, 110, 182
deficiencies of, 74
in differential amplifier, 100
FET, 124ff.
Howland, 182
impedance of, 66, 128
improved with feedback, 176

op-amp, 180f.
oscillation in, 298ff.
precision, 468
programmable, 72, 74, 88,
469
resistor as, 72
transistor, 72, 129
Vpg-referenced, 76
current-spy resistor, 971, 974
current transients, DRAM, 815f.
cut-and-try, 650, 903
cutoff frequency, 267
cycle time, memory, 813ff.

D connector, 56
D/A converter (see DAC)

DAC (D/A), 612ff., 614ff., 620t,
687, 777, 779, 793f.
combined with ADC, 630

double buffered, 688
glitches, 294, 810
guidelines for choosing, 619ff.
with microprocessor, 769
microprocessor compatible,
688, 769, 810
multiplying, 619
output glitches minimized,
810
scaled current sources, 614
voltage output, 616f.
daisy-chain, 699f., 757f., 771
damaged input, causes leakage,
974

damping resistors, 815
Darlington, 94fF., 105, 380f.
complementary, 95
driving from NMOS, 588f.
leakage, 95
photo, 997
saturation voltage, 95
superbeta, 96
Vge drop, 95
data
bus, 487f., 602f., 677ff., 684,
864

registers, 744
2’s complement code, 794
data-acquisition system (DAS),
36f.

data logger, 677, 690, 983
example design, 978

data port, serial, 802ff.

data sheets, 1072f,
LF411-12, 1078
LM317, 1086
op-amp, 1078
transistor, 1073
2N4400-01, 1073
voltage regulator, 1086

data transfer, programmed,

685fF.,, 753

date code, 1071

IC, 861
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dB/octave (see also filter), 39
DB-25 connector, 723
dc amplifier, 179, 260, 392ff.
dc-dc converter, 360, 387
dc offset of FET follower, 134
dc restoration, 51
DCE, 723f.
debounce, 506, 576f.
switch, 789
debouncing software, 775
debugging, 848
Microprocessor programs,
821ff.
decibels (dB), 16f.
DECNET, 735
decoder, 496f., 500, 561t
instruction, 675
decoding, 981
address, 685, 766
memory mapped for 1/0, 768
decompensated op-amp (see
alsoop-amp), 247f.
dedicated application, 743ff.
dedicated controller, 774
microprocessor, 756
default-wait bus, 754
defluxing, 840
degreaser, 840
delay
digital, 521, 965
equalizer, 266
fall-through, 541
LSI access latency, 809
ripple-through, 541
sweep, 1049
time, 25, 907
delay line, shorted, 880
tapped, 815
delta-sigma ADC, 628, 640f.
DeMorgan’s theorem, 490
demultiplexer, 143, 496f.
denormalized number, 739
depletion, 113ff.
desensitivity, 233
dwigusru‘l’w, PC board, 836f.,
4
detector, 256, 888
AM, 889
balanced quadrature, 900
homodyne, 889, 896
ratio, 899
slope, 899
square-law, 890f.
synchronous, 889, 896,
10311F.
development microprocessor
code, 821ff.
system, 751, 824
diagram, state, 514f.
circuit (seeschematic)
dibit (see alsomodem), 729
dielectric absorption, 220, 627
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noise, 445ff.

phase splitter, 101
pseudo, 460

as single-ended amplifier,
100f.

Ve cancellation in, 100f.
differential drivers, 714

_ differential input voltage, 183
differentiator, 25f.

in frequency domain, 39
op-amp, 224

570t, 574t

AC, ACT, 569ff, 939, 943
buffered, 604f.

capacitive loads, 600ff.
CMOS, 920, 933
combinational, 478ff.
current transients, 599ff.
driving cables, 599ff., 604f.
driving external loads with,
582fF.

driving inputs of, 575ff.
dynamic current, 569f.

edge-sensitive inputs, 574f.
families, 570t

family history, 565ff.
fanout, 570f.

gate, 478fT., 484t

ground noise, 599ff.

HC, HCT, 939, 943

high voltage, 605

input characteristics, 570ff.
input protection, 571f.
interconnecting, 574t
interfacing between, 573ff.
latchup, 572

micropower, 969ff.

multiple transitions, 574
NMOS, 588ff.

output characteristics, 570ff.
programmable, 499ff., 5271
pullup resistor with (see
alsoresistor, pullup), 572
recommendations, 570
sequential, 504ff.

digital design, micropower, 969ff.
digital logic (see alsologic), 560t,

dynamic incompatibility, 574f.

in collector circuit, 64

compensated zener, 333f.

current regulator, 125ff., 129t,
288, 379

damper, 374

drop cancellation, 49, 52, 888

fast recovery, 365

gate, 49

Gunn, 904

hot carrier, 49, 331, 365, 886,
888f., 904, 908, 973

impatt, 904

input protection, 555, 960,

. 971

laser, 599

light-emitting, 963

low-leakage, 217

nonlinear circuits, 51f.

photo, 596, 962, 996f., 1039

PIN, 904, 996

programmable zener, 338

reference, 334t

Schottky, 49, 331, 365, 886,
888f., 904, 908, 973

signal, 48f.

SNAP, 887, 904

snubber, 64

tunnel, 14f., 49, 886, 891,
904, 1060f.

varactor, 297ff,, 865f., 883f,,
887, 899, 904

zener (see alsozener diode),
13f,, 331fF, 334t, 369

diode leakage, circuit cure for,

218

DIP

IC package, 836

plugs, 837

skinny, 801
DIP-switch, 687, 760, 768f.
direct address, 680f.
direct memory access (see

also DMA), 701

directional coupler, 887
disk

cache, 718

floppy, 676, 701f., 717

hard, 676, 717

INDEX 1107
dielectric constant, PC board, speed vs. power, 569 RAM, 676
840 tables, 560ff. display, 57, 525
differential amplifier, 98ff., 105, with 3.3V supply, 573 controller IC, 548
110, 184, 421ff. thresholds, 571f. gas discharge, 594f.
applications of, 98 unused inputs, 579f. LCD, 591, 594f.
base bias path, 100 digital pulse, with timer, 798 LED, 591ff.
CMRR, 98ff. digital-to-analog converter (see multiplexed, 300, 546ff., 592,
as comparator, 102 alsoDAC), 614ff., 620t 808
current source biasing, 100 diode, 43t, 44fF., 331t, 334t refresh, 778, 791f.
FET, 132 adjustable, 94, 913 rollover, 792
gain of, 98 back, 49, 891, 904 screen, 793f.
high frequency, 867, 989f. for base bias, 93 7-segment, 588
high voltage, 423 catch, 357 smart, 593f.
long-tailed pair, 99 clamp (see also clamp), 491f., split screen, 825
and Miller effect, 102 571f., 578 walking bit, 792, 808

X-Y, 688
disassembly, 824
distortion, caused by
changing input impedance, 65
crossover, 92ff., 411f.
dither, 1023
divide, test for zero, 791
divide-by-n, 511
divide-by-2, 510
divide-by-3, 513f.
divider, Kelvin-Varley, 1025
DMA, 701ff,, 707, 712, 753, 757,
803
block transfer, 718
controller, 702f.
terminal count, 706
DMOS, 158
dominant-pole compensation,
245f.

don't care (X), 493
DOS, 816
double-layer capacitor, 820, 934
double sideband, 897f.
double-sided PC board, 833, 836
double transition, 555
doubler
flying capacitor, 804
frequency, 887
voltage, 47f.
drain
FET, 104, 114ff.
open, 489f., 587
DRAM (dynamic RAM), 812ff.
address multiplexing, 814f.
current transients, 815f.
noise-indyced errors, 816
precharge time, 813
refresh cycle, 704, 813ff.
support chips, 815f.
undershoot and ringing, 815
drift, thermal, 122
drift chamber, 1012
drill tape, 844
driver
bus, 602f., 910
cable, 599f.
coax, 610ff.
differential, 604ff.
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1108 INDEX

driver (cont.)
differential current sinking,
606, 712
LED, with HC logic, 768
RS-232, 803f.
RS-232, CMOS replacement,
978
serial data (see also ASCII),
721
droop, 133
dry film, 834
dry switching, 577
dry-transfer lettering, 855
DTE, 723f.
DTL, 568
dual-gate FET, 883, 886
dual-readout connector, 828, 852
dual-slope ADC, 626ff.
dual-tracking voltage regulator,
344, 351f.
duty-cycle, 977
dwell time, 776
dynamic current, 137f., 156,
569f., 971
registers, 975
dynamic gate current, 137f.
dynamic impedance, 69
dynamic memory refresh, 704

dynamic RAM (see alsoDRAM),

812ff.
dynamic range, 641
floating-point number, 740
vs. precision, 391f.

Early effect, 74ff., 81, 88f., 110
Ebers-Moll equation, 79ff., 90
model, 62, 1062
ECL, 484, 568f.
cable driver, 611
logic, 602
oscillator, 305
ECO (engineering change order),
849
edge
detector, 26
fast, undershoot and ringing
with, 815
leading, 753, 800
trailing, 687, 768, 800
edge connector, PC board, 834,
838, 852f.
edge-sensitive interrupt, 700
edge-triggered latch, 800
editor, 715f.
EEPOT (programmable trimpot),
819
EEPROM, 502, 818f.
flash, 819
shadow, 820
use in SRAM socket, 818
effective capacitance, 970

8th bit, 720 8086 microprocessor,

674ff.,, 678ff.,, 701ff., 802

addressing modes, 680ff.
instruction set, 679
8087 arithmetic coprocessor, 739
8088 microprocessor, 802, 975
80C31 controller, 975
80286 microprocessor, 708f.
80386 microprocessor, 675, 681
8250 serial port, 803
8255 parallel I/O chip, 801
8259 interrupt controller, 693f.,
700f.
8530 serial port IC, 722, 760f.,
7691F., 803ff., 804t, 806t
access recovery time, 809
block diagram, 770
initialization, 806t
interface to microprocessor,
771f., 803fF.
registers, 804t, 805f.
8536 port/timer, 7691, 788, 798,
808f.
one’s catching input, 798
pulsed handshake, 809
timer as one-shot, 798
EISA bus, 708
electrical leakage, 840
electrochemistry, 1015ff.
electroless plating, 834
electronic engineer’s master
(EEM), 595
electronic trimpot (EEPOT), 819
electrostatic discharge (ESD),
163fF.,, 169ff., 554, 572
elliptic filter, 271
emitter
impedance, 81
intrinsic resistance, 81
emitter-ballasting resistor, 159
emitter follower, 65
ability to source/sink, 67f.
applications of, 67f.
base-emitter breakdown, 68
biasing, 69, 81
capacitively coupled, 70
design example, 70f.
gain of, 68, 82
impedance of, 66f.
isolation function of, 67
with op-amp, 186
output impedance, 81
push-pull, 68
short circuit protection, 69
with split supply, 71
as voltage regulator, 68
emitter resistor as feedback, 84
bypassed, 84
for thermal stability, 93
emulator
EPROM for debugging code,
821ff
in-circuit, 823f.
microprocessor, 821
enable, 488
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enclosure
instrument, 929
modular, 852
encoder
priority, 497
rotary, 557, 799
7-segment-to-hex, 531
simple, 497
endurance
in EEPROMs, 819
in EPROMs, 817
unlimited, 820
energy, in capacitor, 970
enginegrigg change order (ECO),
4
enhancement, 113ff.
envelope, 894
epoxy-fiberglass laminate, 833,
840

EPROM, 502, 760, 765ff., 816f.
CMOS, 979
emulators for debugging,
821ff.
endurance, 817
OTP (one-time program-
mable), 817
piggyback, 818
principle of, 816f.
slow, 767
smart programming
algorithms, 817
equalization amplifier, 175
error budget, 392
ESD, 163ff,, 169ff., 554, 572
ESDI, 733
etching, 834
Ethernet, 677, 735f.
evaluation boards, 821, 825
event software, 824
event counter, 512
exception, 759
interrupt, 792
excess-3 (XS3), 501
excluded state, 514
exclusive-OR gate, 479f.
execution speed, software, 796
execution time, instruction, 781f,
expansion, 496f., 559

F connector, 56

F logic, 568f.

failure, pattern sensitive, 555

failure modes, CMOS, 973ff.

fall time, 907f.

false, 472

fan (seeblower)

fanout, 487, 570f.

farad, 20

fast edges, increase coupling,
973f.

undershoot and ringing, 815

fast Fourier transform (FFT),

1037f.
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fast-recovery rectifier (see

alsodiode, Schottky), 330f.

Fastbus, 711
feedback, 86f., 94, 175fT.

at dc, 183

effect on input impedance, 87
effects on amplifier, 233ff.
emitter resistor as, 84
with finite loop gain, 232
gain equation, 232
negative, 175f.

positive, 2301

in regulated supply, 105
series, 234

shunt, 157, 234

feedback amplifier, noise, 445ff.

stability in, 245fF.

ferrite bead, 457ff., 887
FET (field-effect transistor) (see

alsotransistor, MOSFET),
104, 1131, 125t, 126t,
128t, 164t

active load for, 132f.

amplifier, 129ff.

analog switch, 124

applications of, 116ff.

basic circuits, 124ff.

buffer, 124

capacitance in, 142, 146ff.

charge injection, 638

CMOS linear switch, 142ff.

comparator, 582

current-regulator diode, 125fF.,
129t, 288, 379

current source, 124ff.

demultiplexer, 143

depletion, 114

differential amplifier, 132

drain, as effective source, 120

dual-gate, 883, 886

dynamic gate current in, 137f.

enhancement-mode, 114

follower, 133ff.

GaAs, 119, 873ff, 904

gate conduction in, 118

gate current of, 135ff.

high-impedance amplifier,
1013

Ipss, 120

insulated gate (see MOSFET)

junction (see also JFET),
113fF, 125¢t, 128t

leakage cancellation, 223f.,
394

linear region, 121

linearization of resistance,
139f.

load line, 1060

logic switch, 124

manufacturing spread, 122f.

matched, 123, 128t, 139

matched pair as follower, 135

microphone preamp, 1003f.

Miller effect in, 133, 883

MOSFET (see MOSFET)

multiplexer, 143f.

noise, 441fF.

opto, 598

oscillator, 132, 297, 300, 653

output impedance, 134

peak detector, 133

pinch-off voltage, 120

polarities, 114

poorer performance of p-
channel, 117

power switch, 124, 158, 939f.,
964, 980

replacement for BJT, 125

as resistor, 138fF.

Rorr, 142

Ron, 140fF.

sample-and-hold, 133

“saturation” region, 121

self-biasing, 127

subthreshold region, 122

switch, 116ff., 140ff., 148,
151, 219, 222, 241, 393,
939

thermal runaway absent in,
122

threshold voltage, 114, 120

_transconductance, 114, 130ff.

types, 117

universal characteristics, 119

variable resistor, 124

VI curves, 114

FFT, 1037f.
fiber optics, 612, 999f.

° fiberglass, 833, 840

field-effect transistor (see FET)

FIFO, 541

file, 717

filter, 273t, 274t

ac line, 326f., 327t, 456, 858

active, 41, 263ff., 548

all-pass, 266

anti-aliasing, 776

bandpass, 59, 277f.

Bessel, 269ff., 306

biquad, 276, 278f.

breakpoint, 36

brickwall, 264, 453f.

bridged differentiator, 280

Butterworth, 269ff., 548,
10641F., 1064t

cascaded RC, 264f.

Cauer, 271

ceramic, 888

Chebysheyv, 2691T.

circuits, 272fF.

comb, 666

commutating, 666ff.

component tolerance, 270

constant bandwidth, 278

constant-Q, 277f.

crystal, 888, 895

dc-accurate, 283f., 667

as differentiator, 39

digital, 660ff., 664

digital low pass, 665f., 776

elliptic, 271

fmitga6 ;mpulse response (FIR),

Gaussian, 272

high pass, 35f., 40, 71, 1064fF.

high-Q, 275f.

inductorless, 266

infinite impulse response
(IIR), 665

integrating, 776

as integrator, 39

LC, 265f., 1064ff., 1064t

linear-phase, 268, 271f.

low-pass, 37ff., 40, 274t, 548,
665f., 776, 864, 1064ff.,
1064t

mechanical, 888

multistage, 41

noise bandwidth, 453f.

nonrecursive, 6635

notch, 279ff., 666

parameters of, 267f.

phase shift in, 38, 40

phase-sequence, 295

piezoelectric, 888

pi-section, 365f.

power supply, 45f.

RC, 263ff.

recursive, 665

RF (radiofrequency), 858,
887f.

rumble, 59

Sallen and Key, 267

scratch, 59

sensitivity, 273

state-variable, 276ff.

surga:g acoustic wave (SAW),

switched-capacitor, 281fF.,
666f.

Thomson, 271

time-domain comparison,
2711, 273t

trap, 42

tunable, 282

twin-T, 279f.

VCVS, 273ff., 274t, 548

filter capacitor, 42, 329f.
finite impulse response filter

(FIR), 498f.

firmware, 743fF.
first-in/first-out (FIFQ), 541
first-order loop, 646f.

555 IC, 286fF., 289t

CMOS equivalent, 939, 967
CMOS higher frequency than,
967

flag, 675, 691, 714

with interrupt handler, 798
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1110 INDEX

flag(cont.)
power-on, 977
register, 694
software, 789, 798
status, 693f, 806f.
stop, 796
flash ADC (see also ADC), 621f.
flash EEPROM, 819
flat ribbon cable, 837
flicker, 778
flicker noise, 432f.
flip-flop (FF), 478, 504ff.
boot, 765
clocked, 507
D-type, 508f.
edge-triggered, 508f.
JK, 509f., 556
master-slave, 508f.
multiple input, 507
one’s catching, 509f.
SR (set/reset), 506
floating gate, 817f.
floating input, 556, 579f., 977
floating-point
format table, 740
number, 739f.
processor (FPU), 499, 822
floppy disk, 676, 701f., 717
flow chart, 780 .
fluctuation-dissipation theorem,
431
fluid level, 965
flux-gate magnetometer, 1007
flyback, 357f., 374
flying capacitor, 153, 359, 377ff.,
420, 943, 983
RS-232 supplies, 804
FM, demodulation, 651f.
PLL demodulation, 647
foldback current limiting, 316f.
folded architecture, 504
follower
active load for, 134
bootstrapped, 183f.
dc offset of, 134
emitter (see alsoemitter
follower), 65ff.
FET, 133, 254
FET-BJT hybrid, 134
FET matched pair, 135
op-amp, 179
oscillation in, 298ff.
output impedance, 134
form feed, 720
format, number, 738fF.
FORTRAN language, 678, 714f.
4000 series CMOS logic, 969
FPU, 499
frame ground, 724
free-running oscillator, 968
frequency
agility, 897
angular, 16

compensation, 242fT., 946,
965
compression, 894
counter, 512, 542, 556, 558,
10194
cutoff, 267
deviation, 898f.
domain, 23, 29ff., 1036
doubler, 887
image, 896, 1036
modulation (FM), 898ff.
multiplexing, 893
multiplier, 886f.
Nyquist, 901
resonant, 41
response, 16
shift keying (FSK), 727ff.,
896, 900
standards, 303, 885, 1016ff.
synthesizer, 19, 653
translation, 898
unity-gain, 104, 866
to voltage converter (F/V),
618
frequency, minimum clock, 975
frequency-shift keying, 727
FR-4 epoxy-fiberglass laminate,
833, 840
from-to list, 849
FSK, 727f., 896, 900
fr, 104
full duplex modem, 729
full-wave rectifier, 45, 221f,,
888ff.
function code, 756
function generator, 20
fuse, 47, 326ff., 860
rating of, 327f.
slow-blow, 327, 860
fusible-link ROM, 817f.
Futurebus, 711
fuzz, 853

GaAs, 484
GaAsFET, 119, 885, 904
gain
closed-loop, 233
current, 65
of emitter follower, 82
with feedback, 233
open-loop, 233
power, 61, 65
of transconductance amplifier,
79
voltage, 65
gain control, 261
GAL, 538
gamma ray detector, 1008ff.
gas-tight connection, 838
gate, 478ff., 484t
AND, 155f., 479

AND-OR-INVERT (AOI), 485

buried, 817
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charge coupling, 148ff.
circuits, 485
CMOS, 155ff., 484t
diode, 49
discrete, 107, 481
FET, 104
floating, 503, 817f.
interchangeability, 482
Mickey Mouse, 970
NAND, 155f., 479
NOR, 479
NOT, 479
OR, 478f.
polysilicon, 554, 969
select, 494
transmission, 494ff.
TTL, 484t
wired-AND, 490
wired-OR, 490
XOR, 479f., 491f.
gate array, RAM-configurable,
539
gate charge, 148, 162f.,, 396, 417,
638

Gaussian distribution, 431
Gaussian filter (see also filter),
272
Gaussian noise, 454
Geiger counter, 1008
Ge(Li), 1010
general-purpose register, 680
generic array logic (GAL) (see
also programmable logic),
538
Gerber format, 844
ghost memory images, 766
glitch, 294, 515, 578, 963
in analog switch, 148ff.
detection, 825
dynamic, 541
minimized in D/A output,
810
in PAL, 540
static, 541
global positioning system (GPS),
1019

glue, 537, 766, 800, 825

. GOES satellite, 1018

golden rules, 177
limitations of, 182
GPIB bus, 712f., 720, 734

GPS satellite, 1019

gray code, 477f., 480

ground, 455fF., 1049
blunders, 457
bounce, 555f., 600f.
center-pin, 555
corner-pin, 555

frame, 724
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ground (cont.)

gridded, 771

mecca, 320, 457

noise, 599fF.

redundant, 853

reference, 945fF,, 962

transient, 815

virtual, 178
ground loop noise, 853
ground mecca, 320, 457
ground-sensing inputs, 853

+ grounded-emitter amplifier, 76f,
82ff.

feedback in, 83f.
grounding, 455fF.
groundplane, 816, 853

flexible, 712

with Multiwire, 851
guard, 135, 426, 465, 467
guard electrode, 1013, 1016
gyrator, 266f., 281

half-wave rectifier, 45
" Hall effect, 1007
keyboard, 1007
switch, 54, 577
handler
interrupt, 693f., 757, 778,
T88ff., 792ff., 798
line, 691
handling precautions, MOSFET,
1691,

handshake, 707, 720, 723f,, 799
control-Q, 726
hardware, 731, 805f,
interlocked, 809
modem, 803f,
programming, 808ff.
pulsed, 809
signals, 724, 934
software, 804
timing diagram, 809
handshake signals, 724, 934
hard disk, 676, 717
hardware breakpoint, 823
Hartley oscillator, 297
Hayes modem, 729
HC, HCT logic, 5691
HDLC, 761, 802
headroom, 311
heat-shrink tubing, 328
heat sink, 312ff,
heterodyne, 1038
hexadecimal, 474
HEF, 893
hibernation, 983
‘hierarchical CAD, 842
HIGH, 472, 475
high frequency Miller effect, 102
high-integration microprocessors,
821
high-level language, 678, 683f.,
714

high-pass filter (seefilter)
high-speed CMOS, 569f.
high-voltage
op-amp, 213t, 256
piezo driver, 168f., 1041
power supply, 368fT.
hit rate, 676
hold time, 510
holes, plated through, 834
homodyn: detection, 652, 889,
89

hook, 840
host adapter, 733
hot-carrier diode (see Schottky
diode)

hot terminal, 860
housing, instrument, 852
Howland current source, 182
HPIB bus, 712ff,, 720, 734
hybrid, 887

coupler, 728

quadrature, 897
hydrogen maser, 303, 1017f.
hysteresis, 231f,, 553, 571, 579

IBM PC (see PC/XT)
IC (integrated circuit), 61
date code, 861, 1071
failure rate, 1071
package DIP, 836
prefix, 1069fF.
IC sockets, 838
idle mode, 975
IEC power connector, 326, 860
IEEE number format, 7391,
IEEE-488 bus, 712ff, 720, 734
IGFET (see MOSFET)
image, 896, 1036
image dissector, 1000f,
immediate argument, 679
impedance (see also resistance),
29fF.

characteristic, 602, 879

of current source, 66

dynamic, 13f, 69

of emitter follower, 66f,

FET buffer, 133

incremental, 13f,

input, 66f,, 77, 83, 87, 177,
234

internal, 13

loading effect of, 65

matched, 66, 8791

negative, 14f, 251, 886,
1060f.

output, 77

of parallel circuit, 32

of series circuit, 32

small signal, 13f.

source, 13

Thevenin, 13

of transistor amplifier, 77
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incomplete address decoding,
766, 768
incomplete defluxing, 840
indicator LED, 590f.
indirect address, 675, 680f, 749,
752, 790
with offset, 749
inductance in digital logic, 601f.
inductive kick, 52f,
inductive load, 52f., 64
inductor, 28, 902
active, 304
vs. capacitor, 39
limitations of, 39
as load, 52
peaking, 869
reactance (graph), 37
reactance of, 32
in time domain, 28
variable, 58
input (see alsoinputs)
floating, 556, 579, 977
leakage, 974
one’s catching, 761, 789
open, 556, 579f., 974, 977
power through protection
diodes, 974, 977
protection diodes, 555, 960,
971

shut-down, 978
unused, 516, 556
input impedance
of emitter follower, 66,
in feedback amplifier, 234
of grounded emitter amplifier,
77, 83
of inverting amplifier, 177
of noninverting amplifier,
178f.
of RF amplifier, 873
input/output PAL pins, 538
inputs (see alsoinput)
ground-sensing, 853
swing rail-to-rail, 971
unused, 555, 971
inrush current, 364, 367, 940f.
instruction
counter, 675
decoder, 675
examples, 681ff., 7454,
execution time, 781f.
microprocessor, 679fF,, 745f.
pointer, 745
instruction set
8086, 679
68000, 746t
instrument
bus, 734
cabinet, 852
1/0, 689
instrumentation amplifier, 402,
4191, 638
ICs, 426, 427, 429t
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insulating layer, gate, 817

insulating washer, 313f.

integer, 4731, 477t, 614, 739f.

integrated circuit (see 1C)

integrating filter, 776

integrator, 26f., 195, 240, 261,
906

boxcar, 1029
clamped, 468
FET reset, 163
in frequency domain, 39
op-amp, 195, 222fF.
precision, 468
switched-capacitor, 282
Intel argument convention, 679
intensifier, 998ff.
interface (see alsocurrent,
loop; digital logic; ESDI;
Ethernet; GPIB; IPI;
MICROWIRE; parallel
port; SASI; SCSI; SDLC)
ASCII communication, 803f.
character serial, 736fF.
8530 to microprocessor, 684ff.
keyboard, 694
RS-232 driver, 803f.
timing, 810

interfacing between digital logic,

573fF.
interference, 433, 455ff.
interferometer, 1004
interlocked handshake
(see handshake)
intermittent failure, due to
connector, 838
intermodulation, 1037
interpreter, 715
interrupt, 688, 693, 697Mf, 711,
753
acknowledge, 699
autovector, 756fT., 764, 792
cycle, 756
daisy-chain, 699f., 757f., 771
dedicated line, 711
edge-sensitive, 700
exception, 792
handler, 693ff., 757, 778,
788ff., 798
interval, programmed, 968
level-sensitive, 700, 756
nonmaskable (NMI), 764
from phone ring detect, 983
priority, 698f., 757f.
request, by timer, 793, 796
service time, 797
shared lines, 698
68000, 756
slot dedicted lines, 757
software, 701
stored until powerup, 977
timekeeping, 968
timer, 979
vector, 694, 699, 757, 788

interrupter, optical, 598
intrinsic standoff ratio, 968
inverter, 479
CMOS, 154fF.
flying capacitor (see
also capacitor), 804
voltage, 153
inverting amplifier, input
impedance of, 177
1/0 (input/output), 744
addresses, PC/XT, 687
bus, 745
cycle, 685
instrument, 689
library, 715
memory-mapped, 745, 764,
979
programmed, 685, 689, 753
real-time, 677
I/0 decoding, memory mapped,
768

with 68000, 768
ion-specific electrodes, 1013f.
ionization chamber, 1008, 1012
1PI, 713, 733f.
ISA bus, 708
ISIT, 998ff.
isolation, 29, 917

amplifier, 460, 462fF.
isolator, 887

jam-load, 509, 525
JEDEC format, 532
JFET (see alsoFET;, transistor),
1131, 125t, 128t
oscillator, 297, 300, 653
switch, 141fF, 222, 241
jitter in low-power oscillator, 967
Johnson noise, 430f., 1025
as test source, 451
Josephson junction, 1025
journals, 1068
jump table, 765
jumpers, PC board, 836
junction
isolation, 555
temperature, 313ff.
justification, left vs. right, 810

k compared with K, defined, 675
Karnaugh map, 492f., 514
Kelvin-Varley divider, 1025
Kermit, 729
keyboard driver, 721
Dvorak, 722
Hall-effect, 1007
interface, 694
keys, 720
keypad mania, 776
kick start, 365
Kirchhoff’s laws, 3
complex, 32f.
klystron, 904
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knee, 265
kynar insulation, 829

label, symbolic, 684
laboratory power supply, 323ff.
ladder, 185, 614f.
lamp, as feedback, 296
lamp flasher, 386
LAN, 677, 719, 735f.
Lancaster, Don, 716
language
assembly, 678ff., 684, 745fF.,
774

high-level, 678, 683f., 714
machine, 678f., 684, 750
large-scale integration (see LSI)

laser diode, 599
latch, 523f., 562t
addressable, 523
edge-triggered, 800
three-state, 801
transparent, 523, 753, 756,
800
latchup, 150
CMOS, 150
digital logic, 572
SCR, 138, 150, 555, 572,
636, 964, 969, 973f.
latency, 541, 756
time, 975
layout, prototype board, 828
LC, 41
circuit, 87f., 869, 883fF., 895
as collector load, 87f.
filter, 265f., 1064fF., 1064t
oscillator, 297ff., 300, 305,
653, 883f.
LCD display, 591, 594f.
lead bender, 840
leading edge, 753
leakage
analog switch, 151
current screening, 971
electrical, 840
gate, 136
input, 974
learning curve, 802
least significant bit (LSB), 512
LED, 57, 328, 582ff., 590f.,
963
* array, 591, 599, 768f.
display, 591f.
display driver IC, 594
drive with HC logic, 768
lock-in, detection of, 1034
resistors, 768
smart display, 593f.
left justification, 810
LEMO connector, 56
level-sensitive interrupt, 700
level shifter, 669f.
level translator, 573f.
leveling, 888
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library, compiler, 715
, 715
LIFO, 681
light curve, 1030
limiter, 51, 899
precision, 256
LinCMOS, 400
line handler, 691
line-operated ac fans (see alsoac
line filters), 857
linear FET, region of, 121

“linear interpolation, 1022

linear-phase filter, 268, 271f.
linear switch, CMOS, 142
link, RF on coil, 883
linker, program, 717
listener, 714, 734
load, 12, 65
active, 87, 134
capacitance, 768, 971
current mirror as, 101
hot/cold, 451
inductive, 52f.
line, 10594
LocalTalk, 736
lock-in amplifier, 889, 896,
10311F.
lockup, 551
log on, 677
logarithmic
amplifier, 176, 213f., 254, 392
converter, 51, 254f.
logger, data, 978
logic
AC, ACT, 485f., 569ff., 601
analyzer, 821, 824f.
arbitrary, 500f.
assertion-level, 482fF,
combinational, 478ff., 490
component tables, 560ff.
design, worst-case, 768
discrete, 537
families, 485, 969f.
family characteristics, 486f.,
570t
gate, 478fF., 484t
generic array (GAL), 538
glue, 537, 800
hazard, 540
HC, HCT, 569ff.
HC, LED drive with, 768
identities, 491t
inputs source current, 554
interfacing, 573ff., 574t
levels, 19
levels (box), 475
low threshold, 970
LS, 485f., 568ff.
majority, 499
metastable-hardened, 552
minimization, 492f.
PAL or PLD, 499
pathology, 551f.

programmable, 499, 501f.

race, 515, 525, 552

random, 537

redundant, 540

sequential, 490, 504fF., 512ff.

sequential MSI, 523f

signals, cold switching, 64,
494, 860

state machine idiosyncrasies,
809f.

states, 472
with switches, 54
synchronous, 537
tables of devices, 560ff.
3.3-volt, 551
threshold, 475, 554f.
threshold scatter, 974
logo, 845
long-tailed pair (see
also differential ampli-
fier), 98
long word, 794
(32 bits), 744
lookup table, 816
oscillator, 294
loop
conditional, 790f.
second-order, 646f.
Loran, 1018
LOW, 472, 475
low-distortion oscillator, 296
low-dropout voltage regulator,
343, 345fF.
low-leakage diode, 217
low-level analog signals, 853
low-noise (see alsonoise)
design, 438ff.
oscillator, 285f.
power supply, 374ff,
low-pass filter (see alsofilter),
37MF, 274t
in FET switch, 143
switchable, 151
low power (see alsomicropower)
achieving with CMOS, 970f.
comparators, 966t
design, 917f.
submicrowatt, 970
low-threshold
logic, 970
MOSFET, 160f.
LS logic, 485f., 568ff.
LSB, 512
LSI (large scale integration
ICs), 1
latency warning, 809
poor output drive, 801
state machine idiosyncrasies,
8009f.
LVDT, 1001f.

machine
code, 750

Page 125 of 137

language, 678f., 684, 750
state, 512, 533, 537
vending, 533
macrocell, 504, 538
magazines, 1068
magic-T, 887, 903
magnetic
amplifier, 366
coupling, 456
field, 1007
shielding, 456f.
magnetometer, 1007
magnetron, 904
magnitude comparator, 499, 561t
mail-order houses, 861
mainframe, 673
majority logic, 499
mantissa, 739
manufacturer prefixes, 1069ff.
mark, 723ff, 729
maser, 904
mask, 498
masked ROM, 817
mass termination cables, 712
connectors, 837
mathematics review, 1050ff,
mecca, 320, 457
medium-scale integration (MSI),
493fF.

memory

access time, 527, 766f., 813ff.

address decoding, 766, 768

aliases, 766

backup, 929

byte-wide, 765

cache, 675ff., 813

cycle time, 813ff.

decoding, 766fF.

EEPROM, 502, 818f.

EPROM, 502, 816f.

expansion, 559

FIFO, 541

ghost, 766ff.

map, 718, 766

mask-programmed, 502, 817f.

noise induced errors, 816

nonvolatile, 502, 765, 812,
819f.

OTP, 502

phantom, 788

PROM, 502

RAM, 523, 675, 718, 765K,
812fF.

read-only (ROM), 501f.

repeating, 766, 768

ROM (see also EEPROM;
EPROM), 501f,, 816fF.

shadow, 766

timing, 527, 766, 812ff.

types, 820

virtual, 718

wait state, 766

memory arrays, fabrication, 849
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memory effect
in batteries, 927
in capacitors, 220, 627
memory-mapped /O, 718, 768,
979
memory write, spurious, 977
menu mania, 776
meshed gate, 442
“meta”shift key, 720
metal-gate CMOS logic, 969
metastable, 757
hardened logic, 552
state, 511, 552
meter, 57
methane laser, 1018
metronome, 959fF.
mho, 79, 808
MHYV connector, 56
Mickey-Mouse logic, 970
Micro Channel bus, 708
microcomputer, defined, 673fF.
microcontroller, 542f., 744, 816,
975
defined, 673f.
microelectrode, 1013
microphone, 1002ff., 1005f.
microphonics, 433
micropower
amplifier, 948ff.
applications, 917ff.
calendar clock, 968
CMOS logic, 156
comparator, 965, 966t
CPU design for, 979
linear design, 948
microprocessor, 975fF., 980
op-amp, 950ff., 956t, 958t
oscillator, 965
temperature sensor, 948
timer, 965, 965ff.
voltage reference, 943, 948fF.,
949t
voltage regulator, 349f., 376f.,
937, 941, 942t
micropower comparator, 965fF.,
965t
micropower design
circuit design, 917ff.
digital design, 969ff.
diminishing returns in, 985
tricks-of-the-trade, 970ff.
microprocessor (see also CPU),
542f., 743ff., 822t, 976t
categories, 975
code development, 821ff.
comparison, 822t
“cross-assembler,” 821
dedicated, 756fT.
defined, 673ff.
emulator, 821
interfacing, 684ff.
incompatibility, 744
micropower, 975ff.

power-switched, 965, 978ff.
supervisory circuit, 764, 773
support chips, 800ff.
technology, 821
voltage regulator, 349
microprocessor-compatible A/D
and D/A, 688, 769, 810
microsequencer, 539
Microsoft, 716
MicroVAX, 711, 740
microvolts, 853
microwave, 892
MICROWIRE, 968
Miller effect, 1011f., 133, 162,
245f., 445, B6A4fT., 883,
905ff., 950f.
in cascode connection, 103
in differential amplifier, 103
MIL-STD-1750A, 741
minicomputer, defined (see
also CPU, micro-
computer), 673
mini-DIP, 176f.
EEPROMs, 819
minimization, 492f.
minterm, 501

.. misalignment, in PC boards, 848
mixer, 652, 885f.

balanced, 140, 886, 896,
1037f.

image-reject, 886, 896f.

quadrature detector, 900
mnemonics, 679, 714, 750
modem, 677, 719, 722

control handshaking, 803f.

defined, 726fT.

full duplex, 729

null, 723

power-switched, 983
modular enclosures, 852
modular jack, 727
modulation, 892ff.

amplitude, 885f., 894ff.

double sideband, 897f,

frequency (FM), 898ff.

index, 894f., 897, 898f.

inter-, 1037

in lock-in detection, 1032f.

phase, 729

pulse code (PCM), 471f.,

900fT.

pulse-width (PWM), 360, 618,
901

single-sideband (SSB), 295,
897,

modulator, 885f., 897
modulo-n counter, 524
modulo-2, 480
monitor program, 717, 823
monostable multivibrator, 304,
517fF., 562t
cautionary notes, 517f.
circuit example, 517
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replace with timer, 798
retriggerable, 517f.
MOSFET (see alsoFET), 113,

126t, 164t, 906

body, 163

breakdown in, 136, 163

cautions, 163fF.

charge transfer, 396

compared with BJT, 165

gate capacitance, 161ff.

gate charge, 162

gate impedance, 161ff.

handling precautions, 169fF.

logic switch, 153ff.

low threshold, 160f.

offset drift, 397, 400

op-amp, 959

opto-, 598

parallel connected, 320f.

power switch, 153, 158, 164t,
166fF., 939f.

safc3§perating area (SOA),

1

series, 142ff, 172, 219, 222,
371f., 393
switch, 140ff., 939
Mossbauer effect, 1028f.
most significant bit (MSB), 512
motherboard, 56, 602, 853
motor, stepping, 542
motorboating, 250, 582, 955
Motorola argument convention,
680
mouse, 677
MSB, 512
MS-DOS, 717f.
MSI chips, 800ff.
Multibus, 708, 720, 733
multichannel
averager, 10291,
scaler (MCS), 774ff., 1026fT.
multilayer PC board, 771
multimeters (box), 9
multipin connector, 56, 838
multiple conversion, 896
multiplexed
bus, 981
display, 300, 592f., 808
multiplexer (MUX)
analog, 143f, 636
differential, 669
digital, 495f., 500
from PAL, 528
multiplexing, time, 472, 901
multiplier, 140, 493, 498, 502,
559
four-quadrant, 886
frequency, 886f.
IC, 886
photo, 368, 997f., 1009, 1030
rate, 541f., 618f.
voltage, 47f.
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multiplier-accumulator (MAC),
498

multistage LC, 41

multitasking, 717f.

Multiwire, CAD based
fabrication, 849f,

muon, 1035

MUX (see multiplexer)

mylar, PC board, 833, 835, 839t

N connector, 56
NAN (not a number), 740f.
NAND gate, 155f, 479
NAVSTAR satellite, 1019
n-channel, 113ff,
negation, 509
negative, PC board, 834
negative-impedance converter
(NIC), 251, 266f.
negative-true, 472, 483
netlist, 849
network
local-area (LAN), 677, 719,
7351,
pi, 882f.
token-ring, 735
neutralization, 869, 883
nicad battery, 926f.
NIM bin, 855
9-track tape, 676
NMQOS, 572
CMOS replacements for, 974
logic, 569
LSI, 588
NMR, 1007, 1030, 1032f.
node, 3
node minimization, 970
noise, 18, 428ff, 950
in chopper amplifiers, 416f,
computer bus, 712
current, 436ff.
density, 433f.
design, for low-noise, 438fF,
differential amplifier, 445fF.
feedback amplifier, 445fF.
in FET, 443ff,
figure, 434ff.
flicker, 432f.
fuzz, 853
gain, 468
generator IC, 655, 656
ground, 555f., 5991,
ground loop, 853
at high frequency, 444
immunity, 473, 489, 554
integrated, 447f.
Johnson, 430f., 1025
laboratory source, 660ff.
measurement of, 449ff., 875
in memory circuits, 815f.
nonperiodic, 774
1/f, 432f., 1025
oscillator, 285f.

pink, 432, 452

popcorn, 447

potpourri, 454f.

prevent with cold switching,
860

pseudorandom, 452, 653ff,
reduction with ground plane,
816
resistance, 440f.
shot, 431f., 438
sideband, 1037
source, 449ff.
temperature, 435f.
transistor, 436ff.
voltage, 436f.
voltage reference, 340
zener, 340
noise bandwidth, 453f., 659
noise current, 436fF.
voltage, 436fF.
noise immunity, 579
noninverting amplifier, input
impedance of, 178f.
nonlinearity
in FET switch, 147
in grounded emitter ampli-
fier, 83
nonvolatile memory (see
alsoEPROM; ROM), 502,
765, 812
EEPOT, 819
RAM, 819f,
NOP, as 1/0 delay solution, 809
NOR gate, 479
niormal mode, 98
Norton equivalent circuit, 58
notch filter, 279fF,
NuBus, 711, 757
nuclear magnetic resonance
(NMR), 1007, 1030,
1032f.
null modem, 723ff.
number
codes, 473ff.,, 477t, 614, 7391
denormalized, 739
floating-point, 739
formats, 738ff., 740t
IEEE format, 739fF.
offset-binary, 741
prime, 493
sign-magnitude, 741
number storage, in microcomput-
ers, 741
nybble, defined, 675
Nyquist
criterion, 775f.
frequency, 901
noise, 430f.,, 1025

object code, 679

octal, 474

octal driver, transient current,
815
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offset binary, 476, 614, 741
offset trim, 468, 955
offset voltage, thermal, 417f.
Ohm’s law, 4
generalized, 29, 32f,
on resistance, 941
100% testing, 861
one’s catching input, 761, 789
in 8536, 798
one-shot (see also monostable
multivibrator), 517ff.,, 562t
1488 and 1489 (RS-232 drivers),
803f.
CMOS replacements, 978

op-amp (operational amplifier)

(see also amplifier;
instrumentation amplifier),
176fF., 196t, 208t, 213t,
214t, 401t, 404t, 412t,
956t, 958t

autozeroing, 415ff.

bandwidth, 409

bias, compensated, 397f.

bias current, 190, 194f,, 397f.

bootstrapped follower, 183

bridge, 254

capacitive load, 221, 413f,,
467, 946

cautions, 182f.

chopper-stabilized, 400f,,
4151

clamp, 221

CMOS, 959

common-mode input range,
190f., 2241,

compensation, 242ff., 407,
410, 964

crossover distortion, 411f,

current source, 180, 257

data sheet, 1078

decompensated, 247f.

detector, 256

differential amplifier, 184

differential input range, 191

differential input voltage of,
183

differentiator, 224

distortion, 193f,

driving logi¢ from, 578f.

feedback at dc, 183

follower, 179f.

frequency compensation,
242,

gain error, 410

gain of, 191, 193

golden rules, 177

ground reference generation,
943

high-speed, 412t, 878t

high-voltage, 213t, 256, 1041

ideal, 189

REED EX1012
IPR2024-01158



1116 INDEX

op-amp (cont.)
input current, 177, 190, 194f.,
964

input errors, 396fT.

input impedance, 190, 397

integrator, 195, 222f.

inverting amplifier, 177f.

laser trimmed, 399

limitations of, 188ff.

limiter, 256

logarithmic amplifier, 213f.

low-distortion, 256

low-noise, 256, 448f.

low-power, 210ff., 956t

low-voltage, 212

micropower, 950fT., 956t

MOSFET, 959

noise voltage, 413

noninverting amplifier, 178f.

offset current, 190, 195, 397f.

offset drift, 192, 399, 403

offset trim, 192, 194, 399,
955

offset voltage, 192, 194, 399f.

optional inverter, 183

output current, 191, 194

output errors, 403ff.

output impedance, 191, 413

output swing, 191, 228f., 959

overcompensated, 248f.

paralleled, 256

peak detector, 217ff.

phase reversal in, 191

phase shift of, 191

photometer, 228

pin-programmable, 964

popular, 210

power, 214t, 253

power booster, 186

precision, 391ff., 401t, 404t,
1041

precision, compared, 401t

programmable, 2101, 945,
953, 958t, 962, 964

recommended, 208t

rectifier, 221f.

relaxation oscillator, 285

resistor values, 209f.

saturation, 182

self-heating, 399f.

settling time, 409

741 and friends, 211

single-supply, 191, 224ff., 953

slew rate, 192, 193f., 403ff.

supply voltage, 959

symbol, 176

temperature dependence,
192f.

trade-offs, 209f.
transimpedance, 617
ultra-low-noise, 470
uncompensated, 243, 246ff.
wideband, 876ff., 878t

op-amp selection tables, 196,
208, 213, 214, 401, 404,
412, 956, 958

opcode, 745

open circuit, 9

open collector, 230, 487f.

open drain, 587

open inputs, grounded, 971

open-loop gain, 233

operating controls, cold
switching, 860

operating system, 702, 716f., 816

operational amplifier (see op-
amp)

optional inverter, 183

opto

coupler, 364, 366, 370, 587f.,

5951

FET, 598
interrupter, 598
isolator, 460, 462ff., 595ff.
SCR, 596ff.
optoelectronics, 590fF.
OR, wired, 490
OR gate, 478f.
organic solvent, 840

. oscillation

with capacitive load, 946
parasitic, 298ff., 902
oscillator, 284ff., 289t, 293t
atomic, 303, 885, 1017f.
baud rate, 806
beat-frequency (BFO), 898
blocking, 374
calibration, 1018f.
CMOS, 547, 943
color-burst, 301
Colpitts, 297
crystal, 157, 300ff., 548, 759,
885, 1016f.
start-up time, 975, 977
tunable, 301f.
dielectrically stabilized, 885
digital, 667
distortion, 298
double transitions, 963
FET, 132
555-type, 286ff., 289t
free-running, 968
frequency stability, 967
Hartley, 297
high frequency, 305
ICs, 301
JFET, 297, 300, 653
jitter, 967
LC, 297fF, 300, 305, 653,
883f.
local (LO), 895ff.
lookup table, 294f.
low-distortion, 296
low-noise, 285f.
micropower, 965
modular, 301
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ovenized, 303, 885, 1016f.

Pierce, 300

quadrature, 291fT., 304

quartz crystal, 291, 300

radiofrequency, 884f.

relaxation, 284fF., 289t, 293t,
304, 962

saturation in, 296f.

sawtooth, 288

sinewave, 296, 646

state-variable, 295

switched-capacitor, 291ff.

temperature-compensated, 302

temperature-stabilized, 303

tracking, 1036

triangle wave, 240, 258, 285,
288ff.

trigonometric function, 293f.
tunable, 297
tuning-fork, 298
variable frequency (VFO),
883f.
VCXO, 301f.
voltage-controlled (see
also VCQ), 240, 257, 286,
291, 293t, 297, 305f.,
624f., 645f.
oscilloscope, 1045fF.
probe, 59
08/2, 717
OTP (one-time programmable),
502

EPROM, 817
output impedance, 77
in feedback amplifier, 235f.
op-amp, 413
output swing, rail-to-rail, 967,
969f., 97
overcompensation, 248f.
overflow, test for, 792
overshoot, 268
overtone crystal, 301
overvoltage crowbar, 311f,,
317ff., 366, 389, 771, 931

packed BCD format, 736, 741

pads, 835

PAL, 499, 756, 800, 815
glitch, 540

* programming, 530ff.
registered, 515, 527ff.
sequential, 527ff.
speed of, 539

PALASM, 530

panel
accessibility, 855
cold switching, 64, 494, 860
control, 789
control switch, 776
controls, replacements for,

Wire-Wrap, 828ff.
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panel (cont.)
wiring, effects of fast edges,

paper tape, 844

parallel circuit, 3

parallel encoder, 621f.

parallel port, 685ff., 754ff., 808f.

parallel port, Centronics, 730ff.,
730t

parallel port/timer IC (8536),
T69f.

parasitic coupling, 26
parasitic oscillation, 298ff.
parasitic SCR, 973
parity, 499, 805
parse, 776
particle detector, 1008fF.
PASCAL, 714f.
pass transistor, 311, 353f.
passband, 267
passive components, 53ff.
.passive device, 61
pathology, 555f., 973ff.
PC board (see alsocard; circuit
i board)
card ejector, 852
cleaning, 840
desoldering, 841
double-sided, 833, 836
edge connector, 828, 834, 838
fabrication, 830fF.
four-layer, 816
hook, 840
multilayer, 771, 849
plated-through holes, 828
production houses, 845, 848
prototypes, 848
standard size, 852
trace resistance, 954
Wire-Wrap, 830f.
PC board design, 833ff.
with CAD, 835ff.
conductor width guidelines,
841
graphic patterns, 838f., 839t
taping, 837, 838
PC motherboard, 853f.
PC/AT, 674, 708f.
PCM, 471f., 900ff.
PC/XT, 674, 700, 708f., 731,
803, 810f.
bus, 684f.
bus signals, 704f., 704t
cards, 716
1/0 addresses, 687
number storage, 741
p-channel, 113ff.
peak detector, 133, 217ff, 253
peak-to-peak amplitude, 16
peaking inductor, 869
pencil layout PC board, 835
perfboard, 828

peripheral, 677f., 689, 707f., 719,
764

circuits, 768
CMOS, 977
driver, 490, 583ff.
internal registers, 768
PHA, 1034f,
phantom memory, 788
phase
detector, 641fF., 669, 1031f.
modulation, 729
reversal, 191
shift, 38, 268
shifter, 77f.
splitter, 77, 101
phase locked loop (PLL), 641ff.,
899f.

phase-sequence filter, 295
phase-shift keying, 727
phasor diagrams, 39f.
phone, ring detect, 983f.
phoneNET, 736
phono cartridge, 1006f.
phono connector, 56
phosphorus doping, 400
photoconduction in EPROM, 817
photodiode, 596, 962, 996f.
amplifier, 253, 1039
photometer, 228, 998
photomultiplier, 368, 997f., 1009,
1030
amplifier, 9111,
photon counting, 911fF.
photoplot, 833, 835, 844f.
photopositive, 833
photoresist, 834
phototransistor, 596, 996f.
photovoltaic cell, 184, 919, 932ff.
pi network, 882f.
pickup and differential ampli-
fiers, 98
Pierce oscillator, 300
piezo amplifier, 168f., 1039
piezo driver, 909
piezo beeper, 962f.
piggyback configuration, 983
piggyback EPROM, 818
pin, Wire-Wrap, 828
pin-and-jack socket, 839
PIN diode, 904, 996
pinch-off voltage, 120
pink noise, 432, 452
pinout, broadside, 800
nonstandard, 553
PIO, 809
pixel, 1001
PLA, 504
plated-through holes, 833f.
plating electroless, 834
PLD, 499ff.
PLL
applications of, 651ff.
capture, 650f.
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power fail, 349

clean signal regeneration,
652f.
design example, 647f.
lock, 650f.
loop gain, 647ff.
loop stability, 646f.
phase detector, 644f.
resolution multiplication,
1020
pod, 824
pointer, 788
stack, 675, 681, 765
pole, 40
" off-axis, 265
splitting, 103, 872
pole-zero compensation, 247
polling autovector, 698f.
polysilicon gate, 554, 973
polysilicon-gate CMOS logic, 969
port, read/write, 755
serial, 379, 677, 760f., 981
position-independent code, 750
positive true, 472
postincrement addressing, 747ff.,
752, 790
potentiometer (see alsotrimmer),
8, 57, 819
power, 3f.
amplifier, 214t, 248f.
in capacitor, 33
combiner, 887
connector 1EC, 860
consumption (see power
consumption)
cord, 326
factor, 34f.
fail monitor, 667
FET, 158fT., 164t
gain, 61
through input protection
diodes, 974, 977
measurement, 888ff.
module (see power entry
module)
MOSFET, 153, 158, 164t,
166ff., 939f.
op-amp, 214t
in reactive circuit, 33f.
splitter, 887
switch, 158,
switching, 938ff., 962, 965,
982
transistor, 158ff., 312ff,, 314t
power consumption
dynamic, 574
faults, CMOS, 973f.
proportional to switching
frequency, 970, 974
power-dissipation capacitance,
970

power entry module, 326f., 327t,
328, 860
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power-on reset, 764
power-on test, 777
power spectrum of pseudoran-
dom noise, 658ff.
power supplied
by relay current, 937
by signal currents, 933ff.
power supply
analysis of switcher, 361ff.
auxiliary, 365
bootstrap, 427f.
commercial, 382ff.
constant current, 379ff., 386ff.
crowbar (seecrowbar)
decoupling, 457
dual polarity, 350ff.
filter, 45f.
flyback, 357f., 374
fully enclosed, 384
high voltage, 368ff.
laboratory, 323ff.
limited voltage, with CMOS,
959
location on diagrams, 1057
low drift, 374ff.
low noise, 374ff.
modular, 382fF.
open frame, 382f.
output sensing, 320, 376
precision, 374ff.
programmable, 321ff.
regulated (see alsoregulated
supply), 104, 187
ripple, 329f.
split, 47, 71, 350fF, 389,
945/, 962
supervisory circuits, 319
switching, 355fF., 360, 372f.,
943ff.
transistor, 314t
uninterruptible (UPS), 920
unregulated, 325ff.
wall plug-in, 384, 931f.
power supply rejection ratio
(PSRR), 402
power switch, MOSFET and BJT
compared, 165
power-switched circuits
communication, 965
comparator, 965, 968
microprocessor, 965, 978fF,
programming issues, 983
sensor circuits, 982
power switching, 124, 819f,, 962,
975, 977
timer for, 973
power transfer, 13
preamp, low-noise, 449, 469
precharge, 813
precision vs. dynamic range,
391f.
predecrement address mode,
T471F.

prefix, 1069fF.

prefixes (box), 3

preregulator, 385

pressure transducer, 1004f.

price curve, 802

prime, 493

printed-circuit board (see PC
board

printer, 730f.
signals, 730t
priority encoder, 497, 621f,,
7571,

probe, oscilloscope, 1048f.

problem behavior, 555f., 973

processor, floating-point (FPU),
499

production houses PC board,
845, 848
program
boiled-egg timer, 773
boot, 764
counter, 675, 745
flow chart, 780
signal averager, 774fF.
program debugging, 764
programmable
.. comparator, 965
current source, 74, 88
logic (see alsoPAL), 499,
527f.
op-amps, 210ff., 945, 953,
958t, 962, 964
power supply, 321ff.
) 968
programmable-array logic (PAL),
499, 756, 800, 815
programmable-gain amplifier,
110, 152, 638
programmable logic (PLD),
4991f., 527f.
erasable (EPLD), 538
hints, 536ff.
programmed data transfer, 753
interrupt interval, 968
1/0, 685, 689
programmer, 504
EPROM, 817
PAL, 527
programming issues
power-switching, 983
“top-down,” 777
programs, as files, 676
PROM, 502
proportional counter, 1008f,
protection
CMOS, 150, 555
Schottky diode, 973
protection, diode, fault hidden
with, 974, 977
protection network, 171, 555,
960, 971
prototype circuit, 830
circuit boards, 828, 830
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prototypes, PC board, 848
prototyping methods, 827ff.
proximity switch, 157
pseudo-differential amplifier, 460
pseudo-op, 684
pseudo-random noise, 452,
653ff., 729
PSK, 7271
PS/2 bus, 708
PUIT, 968
pulldown, shows fault, 974
pullup, active, 487
pullup resistor, 75, 160, 230,
4871f., 497, 572, 575, 964
pulsar, 1030f.
pulse, 18
code modulation (PCM),
4711, 900f.
with digital timer, 798
quadrature, 799
runt, 553
software, 731, 779, 798
wake-up, 968
width modulation (PWM),
360, 618, 901
pulse generator, 19f.,, 557
pulse-height analyzer (PHA),
1034f.
pulsed power output, 965
push-pull, 68, 168, 237, 316
amplifier, 911F., 316
op-amp booster, 186
pyrometer, 995

Q, 41f., 276fT.,, 888
quadrature

conversion, 557

FM detection, 652

hybrid, 897

oscillator, 291fF., 304

pulse, 799

square wave, 296
qualitysfactor (Q), 41f., 2761,

88

quartz oscillator, 300ff.

quartz window, 765

Q-bus, 711, 720

quiescent current, 70, 983
absent in CMOS logic, 154fF.
chpice of in op amps, 210
power, 91f.
screening, 971

quieting, 900

race, logic, 515, 525, 552
rack, 854
radiofrequency (see RF)
rail-to-rail output swing, 967,
969f., 978
RAM (see alsomemory), 523,
675, 718, 7656., 812ff.
nonvolatile, 819f.
as shift register, 527
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ramdisk, 676, 718
ramp, 17
ramp generator, 27
random-access memory
(see RAM), 523
random walk, 661f.
RAS, 813ff.
rat race, 887
rate multiplier, 541f., 618f.
ratio detector, 899
ratiometric, 105, 619
RC discharge, 23f.
RC filter, noise bandwidth, 453f.
RC snubber, 53
reactance, 29ff.
read-only memory (see
alsoROM), 501f., 816ff.
read/write port, 755
real-time clock (RTC), 690
real-time 1/0, 677
receiver powered during shut-
: down, 983
rectification, 44ff.
_rectifier, 330f,, 331t
active, 187f., 221f., 469, 888f.
bridge, 45, 46f., 330
center-tapped, 47
fast recovery, 330f.
full-wave, 45
half-wave, 45
Schottky, 331
signal, 48f.
synchronous, 889, 896
reference (see alsovoltage
reference), 309, 3311
reference terminal, 426
reflow soldering, 834
refresh, 761
clock, 812ff.
display, 778, 791f.
dynamic memory, 704, 813ff.
register (see also latch), 512,
523f., 675
buried, 535
CPU, 679f.
flag, 694
general-purpose, 680
ICs (see alsolatch), 562t
shift, 525fF.,, 564t, 764
status, 691, 804f.
registers, in CPU
address, 744
data, 744
dynamic, 761, 975
segment, 745
regulated supply (see also power
supply)
discrete, 104, 187
emitter follower as output, 68
feedback in, 105
with regulator IC
(see regulator)

regulator (see also power supply),
48, 259, 342t, 346t, 942t
connection paths, 320
current limit, 309
data sheet, 1086
headroom, 311
high-current, 311
low-dropout, 343, 983
723 IC, 307ff.
three-terminal, 325, 341ff.,
342t, 346t
reject rate, 861
relabeler, 861
relative address, 675, 750
relaxation oscillator, 284ff., 304,
967
relay, 55, 937, 940
ac, solid state, 588, 595, 761,
768
current, 934
relay rack, 854
removal time, 554
repeating memory, 766, 768
request, interrupt, 693
reset, 509, 534f.
at power-on, 551, 764, 771
resist, 834
resistance (see also impedance;
resistor)
base spreading, 436, 445, 872,
905
dark, 996
dynamic, 13f.
of FET, 139f.
incremental, 13f.
internal, 13
load for FET switch, 142
negative (see also tunnel
diode), 14f., 367, 1060
noise, 440f.
ON, 145, 158
on, 941
small signal, 13f.
source, 13
standard, 1025
thermal, 313
thermometer, 993
Thevenin, 13
resistor (see also impedance;
resistance), 4ff.
active, 257
array, 593
bleeder, 330, 366, 370
built-in, 768
carbon, 1053
color code, 1053
composition, 1053
current-sensing, 971, 974
damping, 815
emitter-ballasting, 122, 159
FET as, 124, 138ff.
metal-film, 1054f.
characteristics, 395
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parallel, 6
positive tempco types, 216
power in, 7
precision, 57f., 1054f.
programmable array, 638
pulldown, 548, 575
pullup, 75, 160, 230, 487ff.,
497, 572, 575, 964
series, 6
shortcuts, 6
specifications, 4f.
as temperature sensor, 995f.
“T-network,” 223, 395, 424
types, 1055t
variable, 8, 57
voltage coefficient, 372
resistors (box), 4
resonant circuit, 41
retriggerable monostable, 517f.
return difference, 233
RF (radiofrequency)
circuit elements, 884ff.
filters, 858
interference (RFT), 853
level measurement, 888fF.
quadrature, 296
tricks, 902f.
VCO, 297
RFI, 853
RIAA amplifier, 185
ribbon cable, 712, 837
right justification, 810
ring detect, 983f.
ringer equivalence number
(REN), 936
ringing, 268, 409
in DRAM circuits, 815
ripple, 46, 329f.
passband, 267f,
rejection, 68
rise time, 268, 906fF.
slow, causes failure, 974
RLC filter noise bandwidth, 453f.
rms amplitude, 16, 327, 452, 454
roach wires, 849
Rorpr, 142
rollover display, 792
ROM (see alsomemory), 501f,,
674, 675, 718, 743ff,, 765,
812, 816ff.
emulator, 823f.
fusible-link, 817f.
masked, 817
ROM-BIOS, 816
Ron compensation, 241
Ron, 140ff, 145, 158
rosin, 840
rotary encoder, 799
row address strobe (RAS), 813ff.
RS-232, 379, 603f.,, 713f., 720,
T23fT., 724t, 803, 934, 938,
943
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RS-232 (cont.)

breakout box, 726

cable diagrams, 726

detecting input connection,
981

driver, 771, 803f., 978

genius, 726

handshaking, 724ff.

interface chips, 803f.

micropower design example,
981

signals, 724t

supplies, flying capacitor,
804f.

timing waveform, 723
unlike, 730
RS-422, 605fF., 712, 726, 736
RS-423, 726
RS-485, 726
RTC (see alsoclock, calendar),
690
RTL, 565
R-2R ladder, 614f.
rubber mirror, 169
rubidium frequency standard,
303, 885, 1017
rule, unspecified, 553
runaway, thermal, 159 ‘
runt pulse (see alsoglitch), 553
RVDT, 1001

S logic, 568
safe operating area (SOA), 74,
159f, 321, 368 -
Sallen and Key filter, 267
sample-and-hold (S/H), 133,
152f., 220f., 637f.
SASI, 713
saturation, 63, 1062f.
FET, 121
op-amp, 182
in oscillators, 296f.
sawtooth oscillator (see
alsotriangle wave), 288
scaler, multichannel, 774ff.
schematic
capture (CAD), 835, 842, 848
diagram, 1056fF.
Schmitt trigger, 229ff., 231, 240,
259, 285, 576f., 579, 596,
764, 1019
CMOS, 971
precision, 669
Schottky diode, 49, 365, 886,
888f., 904, 908, 973f.
protection with, 973
rectifier, 331
Schottky logic families, 568f.
Schottky output, 815
scintillation chamber, 1012
scintillator, 1009f.
SCR, 312, 318, 365

|

latchup, 138, 150, 555, 572,
636, 964, 969, 973f.
opto-, 596ff.
screen display, 793f.
scroll, 825
SCSI, 712ff, 733f.
bus, 720
SDLC, 761, 802
format, 735f.
seat-belt circuit, 107
second breakdown, 159, 321
second-order loop, 646f.
Seebeck effect, 417f.
segment registers, 745
address, 681
select, 494
sense terminal, 320, 376, 426
sensitivity, 273
sensor (see also transducer)
power, same as reference
voltage, 982
temperature (see temperature
sensor)
velocity, 965
sequential logic, 490, 504ff.
serial communication, 804ff.

_serial data port (see also ASCII),

379, 677, T60f.
8530 block diagram, 770
8530 IC, 7691T.
interface, 802ff.
standards, 726, 727t
timing waveform, 723
series circuit, 3
series damping resistors, 815
series-feedback pair, 238, 872f.,
950f.
set, 509
SETI, 1038
settling time, 151, 268, 409, 467
op-amp, 409
RC low-pass, 409
relation to bandwidth, 409
setup time, 510, 552, 753, 755
723 IC, 3071
S/H, 133, 152f., 220f., 637f.
shadow memory, 766
EEPROM, 820
Shannon theorem, 901
shielding, 455ff.
magnetic, 456f.
shift register, 525ff., 564t, 764
bidirectional, 526
maximal-length, 656fF.
noise generator, 655,
RAM as, 527
variable length, 664
shock hazard, 328
short circuit, 9
protection, 69
from SCR latchup, 973
shot noise, 431f., 438
shunt feedback, 157
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shunt-series pair, 238, 872f.,
950f.

shutdown, 820, 940, 978
sidereal synthesizer, 548
sign extend, 794
sign magnitude, 476
number, 741
signal
amplitude, 16
averaging, 760, 774ff., 1026f.
common-mode, 98
coupling from fast edges,
973f.
diode, 48f.
generator, 19
handshake, 707, 720, 723f.,
799, 934
normal-mode, 98
regeneration, 652f.
signal-to-noise ratio (SNR),
434ff,, 1027
signals, 15
low-level analog, 853
RF, 853
signed number (see alsonumber),
476
integer, 739
Si(Li), 1010
silicon controlled rectifier (SCR),
312, 318
silicon-gg:;e CMOS logic, 554,

silkscreen, 844, 855
SIMM, 814
sinewave, 15f.
arbitrary phase, 296
digital generation of, 667
oscillator, 296, 646
quadrature, 291ff.
single-chip microprocessors, 821
single sideband (SSB), 295, 897f.
single-slope ADC, 625f., 1035
single-supply
comparator, 580f.
op-amp, 191, 224ff., 953
68000, 673f., 700, 744ff., 746t,
748t, 788t
addressing modes, 748t, 749t
instruction set, 746t
interrupt, 756
“interrupt handler, 792fF.
number storage, 741
vectors, 788t
68008, 674, 744ff., 753
bus signals, 753t
clock, 759, 761
dedicated, 756f.
read/write timing, 754
68020, 675
skew, 552f.
clock, 974
skinny-DIP, 801
skirt, 263
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slew rate, 192, 403fF.

and active rectifier, 188

box on, 407

slope detector, 899

slow-blow fuse, 327, 860

SMA connector, 56

small signal, 66

SmartFan, 857

SMD (Surface Mount Devices),

733, 850

snubber, 53, 328

SOA, 74, 159f., 321, 368

sockets, IC, 829f., 838

sodium ion migration, 400

soft start, 367

software

breakpoint, 823

circuit as, 537

control structures, 715

debouncing, 775

driver, 719

flag, 789, 798

handshake, 720, 804

interrupt, 701, 792ff.

loop, 789

modules, 760

pulse, 731, 779, 798

system, 714

timing performance, 796f.

UART, 983

solar cell, 919, 932ff.

solder

breadboard, 829

bridge, 834

mask, 844

reflow, 834

side, 833

wave, 834

solenoid driver, 669

solid-state particle detector,

1010ff.

solid-state relay, 588, 595, 761,
768

solvent, 840

source, FET, 104, 114f.
source code, 684

source follower, 133ff.

source impedance (see
alsoimpedance), 12
space, ASCII, 723ff., 729
spectrum analyzer, 1024, 1035ff.
speech synthesis, 542
speed/power tradeoff, 965
“speedup” capacitor, 64, 231,
579, 908

SPICE, 908f.

spike, 19

suppressor, 860

spikes

current, 554, 599

in digital logic, 599ff.

in DRAM drivers, 815f.
s-plane, 40

split power supply, 47, 71, 350fF,
389, 945ff.,, 962
spooling, 717
spurious memory write, 977
square-law detector, 890f.
square-law nonlinearity, 886
square wave, 18
quadrature, 296
symmetrical, 548
SQUID, 443, 1007
SRAM (see alsomemory), 812f.
nonvolatile, 819f.
use of EEPROM in socket,
818
stability, 245
stack, 681f.
pointer, 675, 681, 745, 765
standard
atomic, 303, 885, 1016ff.
frequency, 303, 885, 1016ff.
resistance, 1025
voltage, 1025
standard size PC board, 852
standoff ratio, intrinsic, 968
start bit, 722
start-up vector, 777
start-up time, oscillator, 975, 977
state anaylsis, 824
diagram, 514f.
excluded, 514
state machine, 512, 533f., 537,
764
idiosyncrasies, 809f.
state-variable
filter, 276fF.
oscillator, 295
static electricity, 554, 572
static RAM (see aiso memory),
812f.
status bit, generalized, 692
status flag, 693f., 806f.
register, 691, 804f.
step function, 19
stepper motor, micropower, 968
ST-506, 733
stop bit, 722
STOP mode, 979
stopband, 267
stopwatch, 556, 558
storage (see memory)
storage time, 907f.
strain gauge, 421, 425, 1001f.
strain relief, 326
streaming tape, 676
stripline, 879, 902
strobe, 684fF., 753ff., 813ff.
stub, 881
stuck-node tracer, 953ff.
submicrowatt (low) power, 970
subroutine, 691, 777ff.
substrate, 117f.
subthreshold region, 122
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successive approximation ADC,
622fF.
SUHL, 565
summing amplifier, 185
summing junction, 235, 614
superbeta transistor, 95f., 397,
959
superheterodyne, 895
supply (see power supply)
support chips, 744f.
DRAM, 815f.
microprocessor, 800fF.
suppressor, 860
surface-barrier detector, 1010f.
surface mount devices (SMD),
850
surge suppressor, 860
susceptance, 79
swage terminals, 837
sweep, 774ff., 793ff.
generator, 19
trigger, 796
switch, 53ff.
alternative to, 799
analog, 140
bilateral, 495
bounce, 506, 576f.
break-before-make, 147
charge transfer, 148, 396, 417,
638
CMOS, 116ff., 140ff., 148,
151, 219, 222, 241, 393,
939, 951
cold, 64, 494, 860
contact material, 577
crosstalk, 148
debounce, 789
debouncer, 506, 551, 558
diode bridge, 172
DIP, 760, 768f.
driven by op-amp, 187
FET, 116ff., 140ff.,, 148, 151,
219, 222, 241, 393, 939
form A, 577
glitch, 148fT.
Hall-effect, 54, 577
inverted inputs, 789
JFET, 241
limitations of FET, 143
logic, 153fF.
MOSFET, 116ff., 140ff., 148,
151, 219, 222, 241, 393,
939
MOSGFEI‘ and BJT compared,
165
nonlinearity in, 147
omitting, 962
panel control, 776, 799
power, 153, 158, 166ff.
proximity, 157
reliability of, 858
Ron compensation, 241
self-wiping, 577
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switch (cont.)
series-shunt, 147
table, 797
thumbwheel, 522, 544, 548
transistor, 63, 104, 116fT.,
140fF., 148, 151, 219, 222,
241, 393, 939
3-way, 54f.
video, 143, 148, 172
switch logic, 54
switched-capacitor
ADC, 628
filter, 28 1ff.
integrator, 282
oscillator, 291ff.
switched power, 938fT., 962, 965,
982
switching
cold, 64
dry, 577
high-speed, 904ff.
MOSFET power, 166fF.
speed in MOSFETs, 138
switching power supply, 355ff.,
360, 372f., 943ff.
switching waveforms, digital, 853
symbolic
label, 684
names, 679
synchronizer, 506f., 515
synchronous, 552
bus, 678, 707
communication, 806
counter, 512
detection, 889, 896
load, 525
system, 512ff.
syntax, 745
synthesizer, 19
frequency, 653
music, 542
sidereal, 548
speech, 542
system, development, 751, 824
Sziklai connection, 95

T network, 179, 223, 395, 403,
424
tab, 720
table
jump, 765
lookup, 816
sinewave generator, 294f.
talker, 714, 734
tank circuit, RF, 883
tape
electrical, 328
9-track, 676
for PCB artwork, 838
streaming, 676
tapped delay line, 815
TAXIchip, 610
TCXO, 302, 885, 1016f.

telephone
audio bandwidth, 727
current, 934fF.
holding current, 919
permissible loading, 935ff.
states of, 935ff.
telescope drive, 275, 548
teletype, 805
tempco
of bandgap reference, 338f.,
994f,
of base current, 136
of FET, 159
FET drain current, 122
of gate leakage, 136
of MOSFET drain current,
159
of offset voltage, 192, 399f.
temperature-compensated
oscillator, 302
temperature-compensation
transistor, 74
temperature control, 105, 619,
992
temperature sensor (see
alsothermistor), 338f.,
988fT.
design example, 982
IC sensors, 338f., 994f.
micropower, 948
quartz thermometer, 995
thermocouple, 988ff., 990t,
1008
temperature-stabilized oscillator,
303

terminal, barrier strip, 837
terminal, computer, 677
terminal count, DMA, 706
termination
ac, 602
bus, 678
test
built-in, 777
power-on, 777
testing
bare PC board, 848f.
batch, 861
TEX, 716, 719
text formatter, 716
thermal
offset, 417f,
resistance, 313
stability, 93ff.
thermal runaway, 93ff., 159
absent in FET, 122
thermal shutdown, 343
thermistor, 105, 364, 992f.
linearizing, 992
thermocouple, 988ff., 990t, 1008
Thevenin’s theorem, 11f., 58f.
generalized, 44
Thomson filter, 271
three-state, 487, 691
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buffer, 801

three-terminal regulator, 325,
342t, 346t

adjustable, 344f,, 346t
three-way switch, 54f.
threshold

logic, 473, 475

scatter in logic, 974

skew, 556

spread in 555
thmhc;lgzvoltage, Schmitt trigger,

time (see alsotimer, timing)
acquisition, 638
to amplitude converter, 1035
delay, 25, 907
domain, 23
fall, 907ff.
fall-through, 541
hold, 510
latency, 541, 809, 975
removal, 554
ripple-through, 541
rise, 906fF.
settling, 151, 268, 409, 467
setup, 510, 552, 753, 755
storage, 907f.
time clock, micropower (see
alsoclock, calendar), 968
time-interval measurement,
1022f.
time-out, bus, 764
time-out power switching, 973
time-to-amplitude converter
(TAC), 1035
timed wake-up, 965
timekeeping interrupt, 968
timer (see alsotime; timing), 556,
943
boiled-egg, 773
CPU, used in UART, 983
digital, 522
digital pulse, 798
ICs, 286ff., 963
interrupt request by, 793, 796
micropower, 965ff.
timing (see also time, timer), 510
anaylsis, 241
interface, different from
. conversion speed, 8§10
memory, 527, 766ff., 812ff.
68008 read/write, 754
software performance, 796f.
timing constraints, memory,
T66fT., 812ff.
relaxed, 768
timing diagram handshake, 809
tin roof, rain on, 432
tip and ring, 935fF.
title block, 1057
TMOS, 158
TNC connector, 55f.
toggle, 510
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token-ring network, 735
tools, 841
“top-down” programming, 777
totem-pole, 689, 691
trailing edge, 687
latch, 768, 800
tranparent latch, 523, 753, 656,
800

transceiver, 560t, 603, 801
transconductance, 114ff., 130ff,

amplifier, 79
defined, 78
FET and BJT compared, 130
as function of Ic, 130f.
as function of Ip, 130f.
as function of Vg, 130
model, 791f.
of transistor, 78
transducer (see alsosensor), 987fF.
displacement, 1001fF.
light-level, 996ff.
magnetic field, 1007
particle, 1008ff.
pressure, 1004f.
radiation, 1008ff.
strain, 1001ff.
temperature (see also
thermistor), 338f., 988fT.
transfer function, 7f.
transform, Fourier, 1037f.
transformer, 28f., 328f., 460,
462, 610
balun, 881
flyback, 357f., 374
heating in, 47, 329
leakage current, 917f.
for minimum noise, 443
rating of, 329
toroidal, 457
transmission line, 443, 461,
882
variable, 58
transient capture, 651
transient current in DRAMs,
815f.
transient suppressors, 326t, 860
transimpedance amplifier, 79,
184, 235, 962, 1039
transistor (see alsoFET;
MOSFET), 109t, 314t,
877t
active region, 70
amplifier, 76
bad biasing of, 71
base-emitter breakdown, 68,
578
base spreading resistance, 872
beta, 62f.
bias, 70
bipolar, 61fF.
bootstrapping, 96ff.
capacitances, 102ff.

cascode connection, 75, 79,
89, 103, 128f., 868, 913,
950

clipping in, 70

collector as current source, 64

collector-emitter breakdown
voltage, 74

common-emitter amplifier,
76f.

as current amplifier, 62

current source, 72ff., 129

cutoff, 70

Darlington connection (see
alsoDarlington), 94

data sheet, 1073fF.

diode biasing of, 93

dissipation, 312ff.

Early effect, 74ff., 81, 88f.,
110

Ebers-Moll model, 62, 79fT.

emitter follower, 65

emitter impedance of, 81

FET (see alsoFET), 113ff.,
125t, 126t, 164t

FET as BJT replacement, 125

field effect (see also FET),
113ff

follower (see alsoemitter,
follower, op-amp), 65,
1331

fr. 866

grounded base, 103

high electron mobility
(HEMT), 904

high-frequency model, 863ff.,
9051t

h-parameter model, 61f.

inductive loads with, 64

intrinsic emitter resistance, 81

JFET, 113ff, 125t

LC collector load, 87f., 883ff.

low-capacitance, 950

low-noise, 438fF., 445

matched biasing, 86

matched pair, 96, 123, 128t,
216

Miller effect in, 1011

MOSFET (see also MOSFET),
113ff., 126t, 164

MOSFET and BJT compared,
165

noise, 436ff.

noise comparison, 441f.

npn, 62

operating current, 864

outboard pass, 353f.

in parallel, 320f.

pass, 311

photo, 596, 996f.

pnp, 62

power, 158ff., 312ff, 314t

push-pull, 316

quiescent point, 70

RF (radiofrequency), 877t,
950

rules of thumb, 81
safe operating area (SOA), 74,
159f., 321, 368
saturation, 63, 70, 165f.,
1062f.
series, 371f.
small-signal, 109t
sound, 413
stored charge in, 104
superbeta, 95f.
switch, 63, 116ff.
tables, 109t, 314t, 877t
temperature compensation, 74
temperature dependence
in, 81
transconductance of, 78ff.,
130
unijunction, 285, 377, 968
transitions, slow, 971
transmission gate, 494fF.
transmission line, 602, 879ff.
in frequency domain, 880
mismatched, 880, 915
quarter-wave section, 881
transformer, 882
transpasr;alt latch, 523, 753, 756,

transresistance amplifier, 79, 184,
235, 962, 1039
trap filter, 42
trapezoidal driver, 605
traveling-wave tube (TWT), 904
triangle wave, 17
oscillator, 240, 258, 285,
288ff.
trickle charge, 927
trigger, 1045fT.
sweep, 796
triggering, cross, 825
trigonome}ric—function generator,

trimmer, 57
op-amp offset, 192
problems with, 422
programmable, 819
TRI-STATE, 487f.
true, 472
true rms, 327, 452, 454
truth table, 478fF.
generalized, 500
TTL, 484ff., 568
characteristics, 486f.
noise immunity, 579
problems with, 554fF.
tuned circuit (see alsoLC circuit),
41, 87f., 869
Q of, 88
as transistor load, 138
tuned circuit (see also LC circuit),
87f., 883ff.
tuning fork crystal, 968
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tuning fork crystal (cont.)
oscillator, 298

tunnel diode, 14f., 49, 886, 891,

904, 1060f,

twisted pair, 456, 460

Twist-"n-flat cable, 712

two-part connector, 852

2's complement, 476, 739f., 794

typical, 475

UART (see alsoUSART), 610,
722, 802ff.
CMQOS, 977, 979f.
receive sampling, 805
software, 983
UHE, 892, 902
UJT, 968
UL, 931
uncompensated op-amp, 243,
246fF.
undersampling, 775f.
undershoot, in DRAM circuits,
815
unijunction transistor, 285, 377,
968

unity-gain frequency, 104

UNIX, 717f.

unregulated supply, 325f.

unreliable components, 858

unsigned integer, 739

unused inputs, 555, 579f., 971,
977

up/down counter, 514, 524
USART, 764, 802ff.
8530 registers, 804t
programming, 804fF.

vacuum gauge, 1007
valley current, 968
vapor-phase degreaser, 840
varactor diode, 297ff., 865f.,
883f., 887, 899, 904
variable
capacitor, 58
gain amplifier, 139f., 255, 257
inductor, 58
resistor, 57, 138fF.
transformer, 58
Variac, 58
varistor, 53, 326t
VAX, 711, 735, 740
VAXBI bus, 711
VICO (voltage controlled
oscillator), 240, 257, 286,
291, 293t, 297, 305f.,
624f., 645f.
linearity of, 646
radiofrequency, 646
sine wave, 646
VCVS filter, 273ff., 274t, 548
VCXO, 301f.
vector, 855
interrupt, 694, 699, 756, 788

68000, 788t

start-up, 777
vellum, 836
velocity sensor, 965
vending machine, 533
ventilation, 856
venturi blower, 313, 856, 858t
vernier interpolation, 1023f.
vertical MOS, 158
very large-scale integration

(VLSD), 1
V/F converter (see also VCQ),
291, 305f.
VHE 892, 902
VHS, 718
via, 844
video
ADC, 630
amplifier, 449, 876, 915
isolator, 598
pixel clock, 647f.
switches, 143, 148
vidicon, 998ff.
virtual ground, 178
virtual memory, 718
VLE, 892
VME, 711, 720, 733, 852
VMOS (see also MOSFET), 158
VMS, 717
volatile, 675
voltage, defined, 2
amplifier, 76f.
biasing, 71
as complex number, 31f.
differential input, 183
divider, 8f,, 11, 35, 50, 70
electrostatic, 170t
multiplier, 47f.
noise, 436ff.
offset drift, 964
pinch-off, 120
reference (see voltage
reference)
regulator (see voltage
regulator)
source, 9
standard, 1025
thermal offset, 417f.
threshold, 120
voltage controlled
amplifier, 139f., 255, 257
capacitance, 865f.
oscillator (see VCO)
voltage divider, 8
in clamp circuit, 50
generalized, 35
Thevenin equivalent of, 11
voltage doubler, 47f.
flying capacitor, 804
voltage inverter, 377ff.
flying capacitor, 153, 804
voltage reference, 3311, 336t,
338, 949t, 963
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as temperature sensor, 994f.
bandgap, 325
micropower, 943, 948ff.
noise, 340
output from ICs, 946f.
temperature stabilized, 339f.
use of micropower, 982
voltage regulator, 46, 3071, 342t,
346t, 352t, 942t
adjustable, 346t
current mode, 360
data sheet, 1086
dual tracking, 344, 351f., 352t
emitter follower as, 68
fixed, 342t
floating, 371
flyback, 357f.
high voltage, 368ff.
low-dropout, 345fF.
low-power, 942t
micropower, 349f., 376f.,, 937,
941, 942t
outboard pass transistor, 353f.
processor-oriented, 344, 349
PWM, 360
shutdown, 940
switching, 355fF., 360, 941
3-terminal adjustable, 344f.
3-terminal, as current source,
379f.
4-terminal, 345
zener, 68
voltage source, 9
voltage-to-frequency converter
(V/F)(see alsoVCO), 624f.
voltmeter, digital, 542, 638ff.
VoM, 9, 10

WAIT mode, in CMOS
microprocessor, 979
wake-up, 938, 965
pulse, 968
start-up time, 975, 977
“walking bit” display, 792, 808
wall plug-in power supply, 384
water velocity sensor, 965
wave soldering, 834
Weston cell, 1025
wet mask, 834
Wheatstone bridge, 105, 1001f,,
1025
whiskers, 834
wideband amplifier, 863fF.
op-amp, 876, 878t
Widlar, R., 211, 307, 371
Wien bridge, 296
Wilkinson converter, 1035
Wilson mirror (see also current
mirror), 89
winchester disk, 676, 717
window, quartz, 765
window discriminator 669
wire, Kynar, 829
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Wire-Wrap, 711f., 828
backplane, 853
CAD-based, automatic, 849
panel, 828ff.

PC board, 830f.

pin connector, 852
poor for memories, 816
socket, 829f.

wired-AND, 490

wired-OR, 490, 764

word, 744

) long (32 bits), 744, 794
recognizer, 824f.
size in microprocessors, 820

word, defined, 675

Words and Phrases, 484

workstation, 677

WORM, 676, 718

worst-case, 475

design, 68, 161, 768

spec, ignoring, 983
wristwatch, analog display, 968
write, spurious, 977

WWYVB, 1018

WYSIWYG, 716

Xacto knife, 838

XMODEM, 729

XOR gate, 479f., 491f.

x-ray detector, 1008ff.

X-Y display, 688
coordinates, 793

Y factor, 451
yttrium-iron-garnet (YIG),
884

Z-axis, 779, 792

zener diode, 13f., 68, 3311,
334t, 860, 948
compensated, 333f.
dissipation in, 69
with follower, 69
IC, 333ff.
noise, 340
power, 68
programmable, 338
reference, 309
ripple reduction with, 69
tempco, 309
3-terminal, 366
zero, test before divide, 791
zero-cr;g)ing detector, 242, 256,

zero current, 975, 977
zero-voltage switching, 588
ZIP, 814
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