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George A. Philbrick Researches, Inc., founded in 1946, specialized
originally as a manufacturer of systems and functional building blocks for
analog computing. In 1952, the differential-input operational amplifier, a
key analog component, was for the first time liberated from its functional
setting and offered for sale individually. Following publication (1956) of
the gray, 28-page Applications Manual Jor Philbrick Octal Plug-In
Computing Amplifiers, created by MIT Professor Henry M. Paynter,
amplifier sales mushroomed, rapidly outgrowing computor products.

By 1965, vacuum-tube devices like the K2-W were supplanted by potted
modules employing discrete transistors; and the industry was introducing
the first really performance-competitive ICs. But op amps lacked the
support of suitable texts to educate, inform, and stimulate design
engineers. In response, Philbrick devised this Applications Manual, using
Ted Gams’s unique modular approach to apportioning text and graphics to
individual topics. Contributors included Dr. Peter Hansen, Bruce Seddon,
Robert Malter, and Bob Pease; and the whole was edited by the
undersigned. It was eagerly adopted and is fondly remembered by
designers of an earlier generation.

Following the book’s publication in 1966, Philbrick was acquired by
Teledyne, Inc., and merged with a recently acquired competitor, Nexus
Research Laboratory, Inc. In the early 1990s, it was merged with other
Teledyne businesses and lost its identity. What remained of it became the
property successively of TelCom Semiconductor and Microsemi
Corporation.

Two generations of design engineers have appeared since the book’s
publication; the first generation to receive it is on the way to retirement or
beyond. Good op amp books are now available. Yet many of the ideas
expressed here remain fresh to this day. In fact, today’s analog silicon may
make feasible ideas that could once only be suggested but imperfectly
embodied. The book has much that will be “news” to the newer
generation. Approaching the millennium, Analog Devices, recognizing the
book’s possibilities, has acquired the rights to re-publish it. We have left it
virtually unchanged, except for a few evident opportunities to make it
more relevant to the current generation. We’re delighted to have closed the
loop—an eminently analog function!

Dan Sheingold ) Dec, 127 7



WHAT

APPLICATIONS MANUAL-
COMPUTING AMPLIFIERS

This publication is the newest in what may reasonably be called a
publishing continuum—a progression that began in 1951 with the
appearance of our charming but (by today’s standards) old-fashioned
36-page Catalog and Manual, revisions and mutations of which have
appeared, along with The Lightning Empiricist, periodically
throughout the intervening years. Your response to each of these
opera has been warmly enthusiastic. Like Don Marquis’s Mehitabel,
we are always surprised and somewhat bewildered by the magnitude
of the yield—for example, the “Applications Manual for PHILBRICK
Octal Plug-in Computing Amplifiers”, which this manual supersedes,
first appeared in 1956, and to date we have printed and distributed
about a quarter of a million copies, through ten editions. We must
confess to a fond hope for a similar endorsement

of this latest effort.

This manual was prepared by the Engineering Staff
of Philbrick Researches.
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WHY

The reason for this manual may be found in the nature of the Analog
Art. As we shall soon relate, in the pages that follow, the successful
application of that art often involves some degree of originality,

is often improved by full-fledged creativity, and frequently

demands genuine innovation.

Now we are not so naive as to believe that originality, creativity,

or inventiveness may be taught, or even developed, en masse. In fact,
we rather prefer this intractability of the human personality.
Nevertheless, even routine applications of basic principles, clearly
understood, can lead to successful, reliable, and practical results.

Not everyone, however industriously he reads this manual, will
become a genuine Analog Artificer; but those who do so progress
(and those who have already) will find that there is a close analogy
between the study of a new language and the study

of Analog Methods, to wit:

e A clear and complete understanding of the fundamental rules of the game
(“grammar”) is essential to good performance.

e A thorough understanding of the laws of combination and interrelationship
(“syntax”) must be acquired before any significant advanced work
can be contemplated.

e The variety and scope of one’s output is directly proportional to the number
of hard facts one has stored up about available hardware (“vocabulary”).

e The only way to avoid triteness and idiomatic clumsiness is to be exposed to a
large number of successful, practical solutions (to be “well-read”).

To dwell on our analogy for one more paragraph, we should like to
point out that, while a superficial knowledge of any language may be
acquired by deliberately plunging oneself into the daily life of its
country of origin, few are able unaided to overcome the intellectual
barrier implicit in this pragmatic approach sufficiently to write or
speak professionally. Our aim in preparing this manual,

therefore, has been .. .

pages 2 &

o



WHY

(cont’d)

... to provide, not a Primer, nor even a “Dictionary of Useful Phrases”,
but rather a course in how to think professionally—and creatively—
in the language of Analogs.

Those blessed with good habits of study and quick comprehension

will, we trust, gallop through Section I at a fast clip. On the other hand,
those for whom the pleasures of discovery have been spoiled (either

by previous experience or by early exposure to other treatments)
should not find our exposition without interest and merit—indeed,

they are likely to uncover new and useful elements of technique.

Regardless of his status at page 9—sophisticate, savant, scholar, or
seat-of-the-pants sluggard—every reader will find value in the library
of designs contained in Sections II and III, as well as in the reference
material in the appendices.

Furthermore, exposing our scarlet commercial stigmata, we have
elected to specify for each circuit one or more Philbrick amplifiers,
by type and even by their current model number. This move needs
no special pleading . .. Philbrick amplifiers are really

our first choice, always.

e



WE SHALL NOT PRESUME to tell anyone how to read—or even
how to study—a technical book. Everyone has his own method;
indeed, he may have developed several habits, to suit different moods,
climates, and objectives. Within reasonable bounds, this manual

will accommodate and reward almost any kind of serious usage—from
formal, systematic, cover-to-cover study to rambling and occasional
scannings; from selective intense spot-reference, when a specific problem

arises, to dilettante browsing, just for the fun of it. The uses of this
manual are as varied, we believe, as the tastes and needs of its users.

EVEN THE CASUAL OBSERVER WILL BENEFIT, however,
from a brief insight into the structure of this text, for it is unique in
several ways, and must be used intelligently for maximum

advantage. Few texts can and do bridge the gap between a continuous
tutorial exposition and a reference work. This one does, we warrant,
and we invite the reader’s consideration of how to enjoy its

versatility, before plunging into it.

An important part of the organization plan is the grouping of the
material, which is shown below and outlined in some detail on page 2.

WHO, WHAT, WHY, HOW, WHEN, & WHERE: pp. 1-8

FUNDAMENTAL CONSIDERATIONS—not at all the same as “elementary considerations”, these 30 pages comprise a\‘@
: N
“p,
%5,

clear and rigorous exposition of how to make amplifiers perform in Operational Amplifier circuits, and how to predict,
evaluate, and adjust their performance in practical circuits, under realistic conditions. All but the most impatient of experts
should read this section through at least once, before setting pencil to paper with a specific application.

COMPUTING CIRCUITS cover the next 24 pages. The early sections of this part of the manual are a blend of

tutorial exposition and applications advice; they should be considered as a source of background theory for all the

rest of the text. Pp. 39-62
INSTRUMENTATION and other forms of functional IMPLEMENTATION are covered in the next 40 pages.

Despite elaborate cross-referencing (explained later), the reader should stay alert to the possibility that he will need

to lean on earlier material to develop a complete understanding of circuit theory and practice.

THREE IMPORTANT APPENDICES are contained in the last twelve pages—including a complete Subject Index, a
Bibliography, and a Dictionary of Nomenclature and Symbology.

FINALLY, so that the word “Amplifier” will have more than symbolic substance and be realizable in
specific, measurable terms, a chart of typical Philbrick Amplifiers is included, in fold-out format, so that
relevant amplifier designations may be before your eyes as you study circuit diagrams and descriptions.

AMPLIFIER CHaRT

NOW AS TO THE INTERNAL ORGANIZATION ... .. ...
(cont’d)



Text frequently
contains cross-
references by Section
number. Be sure

to scan the text for
these, since their
particular significance
is not indicated

in the listings below
the Section

number, on the
right-hand edge of
the page.

HOW

(cont’d)

Equations are numbered sequentially within
each Part—e.g., equation (3-7) is equation #7
in section I11. This equation is always so numbered,

A MANUAL or handbook differs from a textbook in that it must

be designed to permit random access to the information it contains,
yet the order and logic of its exposition must not be entirely

sacrificed for the sake of either brevity or speed of search. The key to
success, in both the writing and the reading of such a work, is a
healthy respect for the organization of its contents; and the two most
powerful tools available for organizing the written word are

graphical design (layout) and inter-referencing. Learn how a manual
is organized, and you are in a position to get much more out of it,
faster and more accurately, than by picking it up and using it.

MOST OF THE INFORMATION in these pages is presented in
modular form, the basic modulus being one third of a page, like the
sample shown here. Sometimes a double or even a triple module

is required, but most Sections conform in design to this sample.

The schematic and block diagrams are referred to
"I"{ section and (if nacessarn) by a sub-letter.

*

Section Number and Title. (Number i ted ! 2
i on riz?l’t'-ha:d udg: of pu:) e regardless of where it may appear later. e lower diagram shown here is called figure 3.12 (b).
IIL 12 TWO-PHASE OSCILLATORS e 7 .12
et Esin = -
T o L4
NN ™ E cos —
T O Re o L5 Section Number in
X N bold print. The
\ R II.1-4  Roman numeral is
3 (ATT 5ha the
e+ T d% _ 0 3-7) L7 atle aumera
di* following the decimal
' IIL.26  point is the Section
— N\ 3.12 a) : o i
\ : 1 ? .12 (b)
e aoa———
s e (3-8) S T e 4

Z Footnotes—often vital to successful
implementations of circuit. Always check
these footnotes before attempting to apply the
circuit suggested!

l fu = 2rRkRC
Parametric or functional limits may be given

as a note here. Also, equations given ﬁura may not
be repeated in the text. Always check
this space for essential material!

énafcrenr.e Number(s) in light print.
These are provided to ensure that non-repeated
material is made available to you, even if you have
not read earlier or later parts of the text.

A FEW MINUTES DEVOTED to memorizing the disposition of
data within the Section will be found very worthwhile. Likewise, a
few minutes spent in familiarizing one’s self with the Appendices
(pp. 105-115) would be well invested. After that, you are ready

to move mountains!



WHEN
¢¢ WHERE

What are the uses of the Analog Art? When and where should the
Analog Artificer be called upon to practice his magic? We know of no
better way to begin to describe the rightful provinces over which this

specialist reigns than to reproduce here, from an earlier work, two
paragraphs that have frustrated all attempts at improvement,
over the decade since they were written:

ANALYSIS and ANALOGY
If Mathematics can be called the “Queen of the Sciences”, then truly Analogy is
her consort. When logic is enlivened, existence theorems become self-evident.

By introducing amplifiers into physical structures, to supply activation energies
while enforcing signal flow causality, unlimited realms of abstraction may be
physically realized. This does not mean, however, that Fictions may be made
Truths; indeed learning to flatter rather than antagonize Nature is part and parcel
of the Analog Art.

Specifically, using active circuits, one may construct an Electronic Analog Com-
putor, a device using voltages to represent all variables. Such computors are used
as research and development tools in the design and operation of industrial process
controls, chemical reactions, electrical networks, and complex military systems,
among others. They have especial value for dynamic systems, where vibration,
stability, and response time are major design factors.

If relations and parameters are known, computation is a straightforward problem
of solving algebraic and differential equations. However, analog computors also
permit studies of systems where relations describing performance are not clearly
known in advance. In this case, portions of the system may be simulated by ac-
tive or passive networks constructed experimentally to give a behavior approxi-
mating known or desired response. Here operational amplifiers are used, for
example, as isolating and amplifying elements between stages, scaling elements,
lag or delay components, oscillators, regulators, as well as for basic mathematical
operations.

However they arise, all computor representations of real or abstract systems are
physical Models, but of extraordinary flexibility.

CONTRIVANCE and CONTROL

Even a few moments with these tools in hand leads one to attempt to better the
pallid past and attune with a fruitful future. The seeming vices of material pro-
cesses can be turned to virtues through union of energy and entropy control. Lags
can be made leads to predict the probable future from the known past. Instru-
ment bridges may be monitored and balanced with continuous accuracy. Response
data of processes may be digested immediately to enhance research and reward
industry.

In electronic portions of closed-loop control systems and servomechanisms, oper-
ational amplifiers can be used as brains to command the muscles. The “error”
between the ideal or desired condition and the existing condition is constantly
measured by an input amplifier, and then (sometimes using the same amplifier)
is amplified, transformed, scaled, and applied through power actuators to the
process under surveillance as a corrective force to reduce the error. Stabilizing
and compensating networks are conveniently implemented through subsidiary
feedback operations.

In addition to the direct control applications indicated above, operational circuitry
has been profitably used to simulate processes for testing and shakedown of proto-
type control systems and conversely for simulating projected controllers by actu-
ally operating existing plants, processes, or machines. Such uses have already
enjoyed remarkable success in engine design and prime mover development; com-
parable promise is indicated in other fields.

The above realms briefly indicate possibilities of instrumental applications, wherein
input signal information is transformed continuously into directly useful open or
closed-loop output actions.

The computation, simulation, measurement, and control of physical
parameters, then, are the domains in which the Analog Artificer may
most effectively function. In this manual, we are chiefly concerned,
as we have explained earlier, with how he achieves his results.

For a guide to more elaborate descriptions of such results,

see the Bibliography, pp. 110-111. (cont'd)



WHEN ¢ WHERE

(cont’d)

Analogies are made possible by nature’s wonderful
system of structural parallelism in which a physi-
cal element in one medium may be represented
by a corresponding physical element in another
(e.g. mechanical mass may be represented by
electric capacitance).

Analogs are most helpful when an inherently in-
flexible system, or a system of great cost, or one
of unknown performance, is to be investigated.
A problem may be rewritten so that, in effect, the
story remains the same but the names of the char-
acters are changed; or, more specifically, an Ana-
log may be set up in a more convenient system.
The time scale may also be changed to suit one’s
convenience.

There are two basic forms of Analogs: passive,
in which flexibility is limited by the physical real-
izability of passive Networks; and active, in which
the Amplifier extends the limits of realizability,
by a bit more each year, as circuit techniques im-
prove and the state of the component art advances.
(The electronic Analog is clearly superior to that
created in any other physical medium. Electronic
Analogs offer far greater parameter ranges, greater
flexibility of configuration, higher speeds and ac-
curacies, all at lower cost.) “Mixed” Analogs
exist, in which the amplifier merely extends the
range of a passive Analog; e.g., by impedance
transformation.

ACTIVE ANALOGS

The active Analog can be made by activating a
passive Network and may be represented gener-
ally by the drawing to the right.

The shaded area represents any physically-real-
izable, isolatable Network (often passive) in any
medium, having terminals 0, 1, 2, 3, ..., and a
node-pair or Null (i.e., an energy equilibrium) at S.

The triangle A is an amplifier (hydraulic, pneu-
matic, mechanical, or other) having high gain and
a net reversal of sign (polarity or “sense”). The
null in the Network is maintained by A because
any energy difference at S (the input to A) is
always (1/gain of A) of the output of A (the
apex of triangle). Thus, the resultant of the efforts
applied to the Network will be nullified at S, and
the force at point »n (the output of A) is deter-
mined only by the Network and the efforts applied
to the Network.

“The Method”, then, consists of applying the
principle of the Active Analog in one or more of
several different ways:

® By Modelling—that is, given a particular de-
vice or devices, in a particular physical system,
and one or more questions about its behavior
under a given set or sets of conditions (external
forces—0, 1, 2, . . . n), one constructs a con-
venient electronic model, applies analogous ex-
ternal forces (signals, bias voltages or currents)
and then makes a sufficient number of observa-
tions, of both magnitude and magnitude-vs-
time, to answer the questions posed in the prob-
lem statement. (It is, of course, necessary, in
constructing the model and making the obser-
vations, to use “hardware” that will ensure a
degree of accuracy consistent with the problem
statement.) One particular kind of modelling
—the best-known kind, perhaps—is mathemati-
cal modelling, known as computing.

e By Synthesis—that is, given a general descrip-
tion of the nature of the device to be synthe-
sized, and a set of answers (performance
specifications), one constructs an Active (or
passive Analog of the general type described
in the problem statement, and adjusts its param-
eters until the stated performance is observed
—once again, with an intelligent and watchful
eye on the accuracy levels maintained in both
hardware and measurement. (It should be
noted that all too often the “general descrip-
tion” of the device given in the problem state-
ment is too general, and a certain amount of
inspired creativity is required of the Analog
Artificer. We trust that this fact cheers and
reassures you. as to the importance and contri-
bution of the individual—as it does us.)

® By Pure Implementation—that is, given little
or no restriction on the nature of the device,
but only a performance requirement (generally
less than complete), one constructs what one
hopes is an elegantly simple Analog that will
respond to external forces in the prescribed
manner. Both instrumentation and control, in
all their glorious scope and variety, fall into this
class of creativity . . . and the book will never
be closed, we trust, on mankind’s record of
accomplishment in playing this exciting game.
(Although it occasionally causes painfully ex-
pensive redesign, every significant improvement
in componentry and circuitry creates a new
“set of rules” for this game, adding immeasur-
ably to the spice of our lives—and, we trust,
yours. )

The reader should not, if relatively new to this
fascinating Approach to Life, feel either alarm
or inadequacy at this stage. Rather, he should
blame the limitations of written communication,
particularly as practiced (however fervently) by
us, for any sense of incomplete understanding.
Read on—and then return, when the mechanics
of this Analog business are more familiar, and
read this statement again. We predict that, as it
does so often in Nature, courage will follow
competence.,
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1.1 OPERATIONAL AMPLIFIERS. An amplifier that activates a passive Net- L1
work to form an active Analog is called an Operational Amplifier. It is this
amplifier that enforces the Null in the Network, and allows the Network to
impart to the performance of the combined circuit its own (passive) parameters.

Practical Operational Amplifiers are characterized by extremely high “DC”
(static) and low-frequency gain, so that the input (or “error’) signal required for
full output is generally negligible, both in current and in voltage. General-
purpose Operational Amplifiers are also characterized by low closed-loop output
impedance, and by a fairly uniform roll-off in gain with frequency over many
decades. As we shall see, this “linear’ roll-off characteristic gives the operational
amplifier its universality—the ability to accept feedback from a wide variety
of feedback networks with excellent dynamic stability.

1.2 ELECTRONIC AMPLIFIERS. Both vacuum-tube and solid-state Opera- 137
tional Amplifiers are in wide use, although the number of solid-state units has 1-38
already exceeded the number of vacuum-tube units still in service. Without in 1:39

any way detracting from the glorious record established by Philbrick vacuum-
tube amplifiers, it is manifest that modern solid-state circuits have by now almost
eclipsed that radiance. The day of the vacuum-tube Operational Amplifier may
not be over, but it is Twilight . . .

Solid-state or Vacuum-tube, the Rules of the Game are immutable. Designing
and manufacturing dependable yet economical Operational Amplifiers demands
the greatest care—from circuit selection and component quality assurance to
flawless workmanship under controlled conditions. Ifthe ‘‘Solid-State Revolution”
has changed any of the Rules, the effect has been to make Philbrick’s depth of
experience, design integrity, and vigilance even more important.

I.3 FUNCTIONAL DESCRIPTION OF AN AMPLIFIER. The schematic
symbol of an Operational Amplifier, shown here, is a triangle that indicates the
causal direction of signal flow. A ground reference is implied by the dashed
lines. Almost all Philbrick Operational Amplifiers are provided with balanced
inputs, “A” and “B”’, to which are applied the input signals, e, and ep.

The output, e, of an operational amplifier is related to its inputs by*
e = f(ex — ep) as indicated on the graph to the right. A useful output signal may
be obtained by applying a minute signal (e4 — ey) between the input terminals;
in fact, the amplifier output circuit can be saturated by a surprisingly small
input. The slope of the non-saturated portion of the characteristics determines
the DC gain, A.

*ignoring certain important error-factors, for which see 1.7, 1.18, and 1.52.

© 2004 Analog Devices, Inc.
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I.4 AMPLIFIER INPUT CONFIGURATIONS. Almost all Philbrick Opera-
tional Amplifiers provide balanced, differential inputs, as in (a), except for
certain_chopper-stabilized types, which are single-ended, as in (b), requiring
grounding of the (+) terminal. Ideally, the output of (a) is:

e = flea — ep) (1-1)

so that the output is independent of the magnitudes of either e4 or e, but de-
pends only upon their difference. For example, if e, = 10 volts and ey = 10.002
volts, then the effective input is —2 millivolts, just as if ez = 0.002 volts, and
e4 were zero. Calling 10 volts the “common-mode voltage,” or CMV, an ideal
differential amplifier would reject the common 10 volts, responding only to the
2 mv difference. In practice, ey and ey are hardly ever given exactly the same

weight (see I.16 for discussion of common-mode error).

I.b TWO EXEMPLARY CIRCUITS. The
time has come to introduce a circuit. We are
not quite ready for a completely practical cir-
cuit, but we may now consider an idealized
application—a peg, if you will, on which to
hang impending discussions of practical circuits.

Circuit (a) is the popular and useful ‘‘unity-
gain inverter”, in which the output is (ideally)
equal to and opposite in sign from the input.
We are here only concerned with how it func-
tions, ideally.

The ideal amplifier has infinite gain and infinite
input impedance, draws zero input current (i),
has zero output impedance, zero propagation
delay, and a completely passive input . . . that
is, it does not generate signals. Pickup is zero,
R = R, = 10k exactly, the power supply fur-
nishes perfectly-constant noise-free DC, ad-
verse environmental influences are absent, the
Lark’s on the wing, etec.

Since igis zero, i; = is, by Kirchoff’s Law, taken
at the summing point. With infinite gain, no
input signal, however small, would be tolerated
by the feedback, so that e, = 0, terminal A is
at zero, and eg is also zero. From the above,
we may develop a “Response” equation:

P e e
e - kg
R

or e= —e E) (1-2)

In Figure 1.5(a), we have assumed quite arbi-
trarily an input signal that varies with time (in
an asymmetrical manner, for clarity) and have
indicated, in three small graphs, the variations
with time of e;, es, and e. How sweetly simple
is the ideal!

In circuit (b), we introduce a minor but im-
portant variation, in which a signal, E,, is
introduced into the positive terminal of the
amplifier. Circuit (a) uses the amplifier in a
single-ended manner; circuit (b) uses its differ-
ential configuration fully. By the way, we
choose a battery for E, for simplicity only.
E, could vary just as arbitrarily as e;, without
altering our analysis. The Response equation
for (b), based on the same idealistic assump-
tions as for (a), is:
i =91—E,=i =E,—e

! R, i R
or, iR = Rl, €= 2E, = €1 (1-3)
We have assumed that e,, often called the “null
voltage”, is zero, and that the gain infinite. Be-
ginning with I.7, we shall face the facts: that the
gain is finite, and that e, is not zero, but is
possibly appreciable, having the value —e/A.

To sum up: in (a), e; is perfectly reproduced,
with inverted sign; in (b), we have linearly
combined two signals, e; and E,, in accordance
with equation (1-3). Both circuits generate
currents (i;) precisely proportional to the dif-
ference of the input signals, if R, is linear.

11
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1.6 GENERAL OBSERVATIONS ON IDEAL CIRCUIT PERFORMANCE.
Since we shall, (like all philosophers) make frequent reference to the ideal when
discussing the non-ideal, we have elected to use as the prototype of all ideal cir-
cuits a somewhat-generalized application circuit, not too far removed from the ex-
ample just considered in 1.5(a). In this generalized circuit, e, and e, are applied
to the summing point of an Operational Amplifier circuit through two-terminal *
networks having the bifilar (linear or nonlinear) transfer properties described
by fo and f;. The output, e, is connected (fed) back through a Network hav-
ing the transfer properties f,, to the same point—a point at which, please note,
a virtual null or zero potential with respect to ground is forced to exist by the
feedback of the output voltage developed by the Operational Amplifier . . . thus
effectively isolating the input networks from one another and from the output,
despite their connection.

*For pedagogical simplicity.

Since an ideal case deserves an ideal amplifier, is = 0; therefore iy + i; = i,,
as before.

Now then—Ilet us particularize as we did in I.5: assume that the gain of the
amplifier is infinity for all frequencies of importance in the time-domain responses
of fo, f1, and fs . . . to which frequency range we also restrict ¢) and e;, and assume
further that the circuit is stable.

If we now assign a form to fy, f1, and f» (not a value, but merely a form) by assum-
ing that they are linear admittances given in operational form* by:

1 i1 1
ol el b ool et
Lt e B = .___81—83 _.=e—es
ol 2 G 7S Ml el 27
we can derive a fundamental relationship between e and e;:
ey T eg 81"—es=83'—e
Zo(p) Zi(p) Zx(p)
which reduces, when es approaches zero (because of the high gain) to:
€g 1 €y L =g
Zyp) = Zp) Zp) (1-4)
Sl e p) Zy(p)
WL RGP )

which relationship also depends upon two less obvious assumptions: that the am-
plifier is able to produce the necessary output current, including i,, and that e is
within its bounds.

Three additional fundamental relationships are already within our grasp:

o = €0 I = _gl.m ’ d — ;e
3 Zy(p) Zy\(p) Zy(p)

demonstrating that each input current is constrained to depend only on the
voltage applied to that input.

is (1-5)

*T'he operator p is defined as follows: For sine waves, x = X sin wt
_dx A px = wX cos wt, and
dt px = —w?X sin ot

x=fyd:=2 p=V-leo=jo
p

Hence,
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1.7 DEPARTURES FROM THE IDEAL. Does anyone ever grow so experi-
enced that he recognizes and allows for every possible imperfection in Nature’s
real version of Man’s idealization of Her? We doubt it; nevertheless, we make
bold to list hereunder the imperfections in Operational Amplifiers that will be
found to have primary significance in the practice of the Analog Art:

® Voltage and Current Offsets . .. Offsets are usually small, undesired sig-
nals generated by the amplifier and appearing at its input (see 1.8). They can
never be perfectly biased away, except at one moment in time, under one
particular set of conditions. (Sections 1.19-1.23 will assist you in striving
toward perfection.)

® Drift . . . slow changes in offset with time/or temperature, soon (I.11 & 1.12)
to be confronted with courage and (consequent) competence.

® Noise . . . soon to be defined and dealt with (in 1.9 and 1.10). Drift, by the
way, is one form of noise . .. the lowest-frequency component of the noise
spectrum, which includes other pests, such as hum, flicker, hash, etc., etc.

@ Non-Ideal Amplitude and Phase Response vs. Frequency . . . concern-
ing which, see I.17 and the later section on Dynamic Stability (I.42). Limita-
tions in the open-loop Gain and Phase performance of an amplifier are actually
important imperfections in its Gain Characteristic. Less important imper-
fections include variations in gain with time, temperature, and power-supply
voltage. j

® Non-Ideal Impedance Levels . . . one aspect of this class of imperfections
is less-than-infinite input impedance, or its complement, higher-than-zero
output impedance; another aspect may be unbalance of impedances, causing
asymmetrical behavior in differential amplifiers; finally, there is the question
of non-linear impedances (I.18). For each of these ills, there is, within reason,
a cure.

® Input and Output Limitations and Non-Linearities . . . whenever the
mathematics (which deals with abstractions) calls for circuit performance
beyond the specifications (which arise from realities) one or more non-line-
arities will be discovered. These are treated (with respect and practical advice)
in many sections,

® Common-Mode Error...a subject broached in section I.4, and dealt with
squarely in I1.16.

Finally, we must mention a factor that contributes to error—to departure from
ideal—in every application, yet may hardly be termed an “imperfection”: the
fact that the gain of a practical Operational Amplifier is not infinite. Because
it is not, we may never obtain elegantly-simple mathematical results exactly,
but we may only approach them . . .in most cases to an accuracy limited only
by that of the passive components in the circuit. (more on this in 1.15)

The above concepts are graphically and schematically illustrated to the right.
Before leaving this stimulating subject, the reader should note that compounds
of the above phenomena are also possible: e.g. Rate Limiting—a form of dynamic
non-linearity, in which amplitude-non-linearity at some point in the amplifier
circuit conspires with its frequency-response characteristic to produce a limita-
tion on the maximum rate of change (or slewing rate) of output signal. Courage!

© 2004 Analog Devices, Inc.
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1.8 OFFSET AND BIASING. In all DC amplifiers, a small, relatively-constant
(but temperature-dependent) voltage, called “offset,” appears between the two
input terminals. It may be thought of as a small voltage in series with one or
the other of the input leads. In solid-state models, offset is usually well within
a millivolt, over long periods and moderate temperature ranges. Most solid-
state designs are available with a screwdriver-settable zero adjustment. If
internal adjustment is not provided, or remote adjustment is desired, some form
of adjustable zero-setting bias voltage may be employed; see 1.19-1.23.

All amplifiers also demand some small and relatively-constant current at each
input. In some designs, this offset current can be made as low as 107" amperes;
in other designs, it may be a fraction of a microampere. In many applications,
offset currents may be neglected, and bias-current supplies (1.20-1.23) are
unnecessary.

In other applications the amplitude and stability of offset currents or voltages
are the most important criteria in the selection of an amplifier.

1.9 CLASSIFYING NOISE. The term ‘noise” as used here is all-inclusive,
embracing all spurious or unwanted signals (offset and temperature drift ex-
cluded), random or otherwise, that are not correlated with any input signal.

It is customary to divide the noise spectrum into several frequency ranges, each
of which tends to be dominated by certain noise components. For example, the
“broadband” or “wideband’ noise spectrum, which extends from 1 kHz to 100
kHz, tends to be dominated by resistor (Johnson, or thermal) and shot (semi-
conductor or vacuum-tube) noise. Both are readily predicted from simple
theoretical considerations.

The noise spectrum from 10 Hz to 1 kHz tends to be dominated by pick-up
(primarily capacitive) at power line (or chopper) and frequencies harmonically
related thereto.

The range from .1 Hz to 10 Hz (“narrow band”) is usually dominated by
(theoretically unpredictable) so-called “1/f” noise*, or flicker associated with
structural imperfections in components, particularly in (but not limited to)
transistors. Below this range in frequency the dominant component is what we
have called drift, and which we have excluded from this classification.**

*This is also called “pink’ noise (in contrast to “white” noise) because the lower-
frequency components have higher amplitudes. The noise power is distributed
uniformly with respect to the log of frequency, whereas with ““white noise” (either
Johnson or shot noise), noise power is distributed uniformly with frequency.

#*A gignificant component of drift may result from rectified and filtered radio frequency
pick-up.

1.10 NOISE PARAMETERS DEFINED. In each of the noise bands described
in 1.9, amplifier-generated noise may be considered to be produced by the
combination of a noise-voltage source in series with one of the inputs, and noise-
current sources shunting each of the inputs to ground, the entire equivalent
network synthesized in such a way that the root-mean-square noise voltage
measured at the output is predictable regardless of the feedback network,
provided, of course, that the noise contribution of the feedback network is either
included in the reckoning or is negligible. These noise sources may usually be
assumed to be completely independent of (or uncorrelated with) each other,
without serious error.

The ratio of the root-mean-square noise voltage to the root-mean-square noise
current of the equivalent sources is called the “‘characteristic noise resistance”
(Rs) of a noise source. A noise source may have a different value of noise re-
sistance in each frequency band. If, at the input of an operational amplifier, the
parallel combination of all input-circuit and feedback-network impedances

e =

reckoned * at an appropriate frequency exceeds this resistance, the noise-current
source associated with that input terminal will dominate.

If not, the noise-voltage source will be dominant. The ‘‘noise factor” for an
operational amplifier circuit, for a certain frequency band, is defined as the ratio
of the total noise power in that band (as measured at the output of the amplifier)
to the theoretical noise power that would be contributed by an ideal resistor
equal to the real part of the terminal impedance. It is always greater than
unity. Minimum noise factor is obtained when the equivalent resistive com-
ponent of the terminal impedance equals Ry, the characteristic noise resistance.

The “noise figure” is defined as the noise factor, expressed in decibels—that is:
(Noise Figure) = 10 log,; (Noise Factor). See 1.52 for definition of “noise gain”,
and for sample noise calculations.

*This parallel combination of impedances is called the “terminal” impedance of the
circuit at the frequency at which it is calculated.
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I.11 THE NATURE OF DRIFT. What is this thing called drift? For our pur-
poses, it may be considered to be a gradually-developing change in the offset
voltage and both offset currents of an Operational Amplifier. This change in
offsets, current or voltage or both, corresponds, in a feedback circuit, to a change
in the “null” voltage or current, and is therefore a first-order error. No necessary
relationship exists between voltage drift and current drift, not even in regard to
polarity. Of course, one may relate a component of each to the amplifier input
impedance, but it frequently turns out to be an insignificant component. Drift
is also classifiable simply as the bottom-most range in the near-infinite spectrum
of ‘“‘noise”, as noted in 1.10.

Prolonged tests of models drawn from our regular production of solid-state
amplifiers show that, at room temperature at least, the long-term drift over many

months averages close to zero; certainly it does not show any steady progression |I.11

or systematic pattern. However, one can with equal certainty expect random

L7

fluctuations weekly, daily, hourly, per minute, per second, etc. Whether or not | I.12
they are appreciable depends, of course, upon the amplifier design and its ap- |I1.14

plication. Quite often, though, the “apparent stability” of an amplifier depends,
not on random, internally-generated changes, but on the external influences
brought to bear on the circuit by environmental and (external) circuit factors,—
most notably: temperature, humidity, contamination (of insulation), external-
component parameter changes, and power-supply changes. None of these is a
true drift factor; all are “‘stability”” factors for the complete circuit. Because
apparent drift due to temperature instability is generated internally, as is ran-
dom drift, it is usually included in the drift specifications of an amplifier.

1.12 METHODS OF MINIMIZING DRIFT. We have noted that drift is espe-
cially influenced by temperature; to separate this dependency from other in-
fluences, it has become customary to rate amplifiers in terms of the maximum
change in offset (null) voltage observable over a given temperature range. Drifts
with time, at a fixed temperature, are also specified—see the typical specifica-
tions, to the right, for typical unstabilized, and stabilized amplifiers.

The most effective means of minimizing drift is the use of a modulated-carrier
or “chopper” amplifier in the “DC” and low-frequency signal path only. This
preamplifier is employed to maintain the effective offset at the negative input
terminal as near zero as possible; for this reason, it is called the “stabilizer’”.

Chopper-stabilized amplifiers take advantage of the fact that the offset, drift,
and noise levels of a narrow-band chopper-modulator /demodulator DC ampli-
fier are 1 to 3 orders of magnitude lower than those achievable in a conventional
unstabilized wide-band differential amplifier. By combining the two types, the
advantages of both are realized.

The circuit shown here is representative of almost all Philbrick chopper-stabilized
Operational Amplifiers. The input signal is connected to two amplifiers: directly
(DC coupling) to a chopper-modulated /demodulated (slow, narrow-band) sta-
bilizing amplifier; and through a capacitor (AC coupling) to the main (fast,
wide-band) amplifier. By careful design, the low-frequency roll-off of the AC
path is made to complement the high-frequency roll-off of the DC path. (See
1.17.)

A useful way of thinking about the function of the stabilizer is to say that, re-
gardless of the offset generated in the main amplifier, and regardless of the con-
figuration of the input and feedback networks, the stabilizer operates to drive the
effective offset at the input terminal (B’) to zero, and hold it there. It does this
by introducing a DC voltage very nearly equal to the effective voltage offset of
the main amplifier into its positive terminal.

The residual offset, as measured at B’, consists of the inherent offset of the
stabilizer (very low .. .less than 10 microvolts) plus the main-amplifier offset
divided by the gain of the stabilizer.
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1.13 EXTERNAL INFLUENCES. The degree of freedom from drift and noise
achieved in an Analog Circuit depends upon its environment, to a degree often
not appreciated. This is particularly true of the more subtle environmental in-
fluences, such as the history of humidity exposure and the intensity of radio-
frequency pickup.

Temperature is usually the most significant environmental effect. Some amplifiers
are remarkably well compensated for steady-state temperature change, but even
these show an offset change due to thermal transients, and likewise to thermal
gradients established across the amplifier’s interior. Fortunately, it is a simple
matter to shield an amplifier from temperature gradients, and almost as simple
a matter to insulate it so as to prevent rapid changes (transients) in its tem-
perature-.

Humidity can have a significant effect on the components and circuits external
to the amplifier, and the beginning Analog Artificer should, before attempting

Radio-frequency pickup can be a stealthy saboteur, plaguing many low-level DC
and low-frequency applications. Although its suppression is a well-understood
art, its role as a source of drift and low-frequency noise is often overlooked.
A well-designed input stage may be expected to be a poor RF detector, but
even so it may convert millivolts of RFI into microvolts of DC voltage offset.
Modulation of the RF may produce ‘“flicker,” hum, and other noise effects.
Power lines are notorious as sources of RFI, but even casually-applied test in-
struments can do great harm—greater, perhaps, for being less often suspected.

All Philbrick Operational Amplifiers have been rendered at least insensitive, if
not immune, to humidity, thermal transients and gradients, and corrosive at-
mospheres—to a degree consistent with the performance class of the Amplifier.

(See 1.37).
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any serious design work, read Sections 1.33 through I.36.

1.14 TOTAL INPUT UNCERTAINTY. We
have now assembled an impressive array of
factors—some generated within the amplifier
and some introduced by its environment—
that contribute to non-ideal input circuit be-
hayior. The ideal input circuit would exhibit
infinite input impedances, zero offsets, zero
noise (including zero drift) and no pickup or
enyironmental sensitivity. All departures from
that ideal may be expressed as possible false
signal voltages, and as factors of uncertainty.

How much uncertainty can the application tol-
erate? The easiest, most conservative, and
most expensive answer is obtained by taking

the worst-case algebraic sum of all the factors
listed, as shown to the right. It is the cow-
ard’s way, but it may be the way of wisdom

. and it may not be oppressively wasteful,
if second thoughts are not permitted.

The probability of a worst-case departure from
zero null is extremely low, however, and it be-
hooves the designer to question the need for
algebraically-summed pessimism.*  Further,
some factors may not matter much; e.g.,—
even low-frequency flicker averages to nearly
zero in quite a short time, in a long-term in-
tegrator.

*RMS summing is often an intelligent compromise.

1.15 FINITE-GAIN ERROR FACTOR. In
15 and 1.6, we derived ideal response equa-
tions, assuming infinite gain and zero null
voltage. The assumption that very high gain
equals - infinite gain is not always justified
however; therefore, we must investigate the
resulting error. The derivation approach is
quite general. Taking as our model an
“Inverting Adder”, we derive its response not
for infinite gain but in terms of a finite gain, A,
for which the null voltage is:

ew=—7 (1-6)

The resultant response equation is given in
Figure 1.15. Its bracketed term is the error
factor, which should, ideally, be unity. Note

that the error factor multiplies the expression
describing the ideal closed-loop relationship.

The error factor may be generalized by treat-
ing the entire feedback circuit (output to nega-
tive input) as a voltage divider of ratio f*—
usually a complex quantity, but shown here,
for simplicity, as purely resistive. The feed-
back circuit so treated should include all para-
sitic impedances, from whatever source. The
general relationship for closed-loop circuits is:

__( ideal 1!
e relation) 3 T ) -7
48

*The *‘noise gain’’ referred to in 1.52 is 1/8.

R
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1.16 COMMON-MODE ERROR. We now restate equation (1-1), for an ideal
differential amplifier, giving the ideal response to inputs e4 and ep:

—en=(ea—e5) = = (1-8)
where A is the voltage gain of the amplifier. In section I.4, we also noted that
practical differential amplifiers do not perfectly reject common-mode signals;
i.e., they do not respond only to differential signals. We shall now describe
Common-Mode Error more explicitly, as an apparent error in the null voltage
en, which error may be considered to be in series with one of the inputs, and may
be attributed, for the sake of simplicity, to imperfection in the symmetry of
the input circuitry.

This imperfection is depicted to the right, with the factor CMRR* introduced
to express the degree to which the Common-Mode Voltage is rejected. We may
now write a more practical expression for the response of a differential opera-
tional amplifier: (eqcy = e4)

L ecm )

‘*"=e‘*_e‘=( A " CMRR

In practical amplifiers, CMRR is very high, usually higher than the rated
low-frequency, open-loop, full-load voltage-gain, A. Common-Mode-Rejection
Ratios of 20,000:1 to 200,000:1 are easily attainable, even in the presence of
many volts of Common-Mode Voltage. Common-Mode Rejection is often ex-
pressed in a logarithmic form:

CMR = 20 logyo |CMRR)|

(1-9)

(1-11)

In practical differential amplifier applications both accuracy and precision may
be limited by both A and CMRR; and in critical applications the effects of both
should be considered.

It is important to note that in any given amplifier, the common mode error may
vary with frequency, or with the common mode voltage level (i.e., the common
mode error is not necessarily linear with input-signal level).

Another possible source of Common-Mode Error is unequal source impedance;
if the impedances of the signal sources or the inputs themselves at both inputs

*Defined operationally in section I.48.

are not equal, the loading of Z,; and Zz; may cause apparent CME; however,
if Zis and Zpg are very much higher than the signal source impedance, this
effect is negligible. :

The effect of Common-Mode Error on circuit performance is mentioned in
many places in this text. It should be noted that it effectively disappears when-
ever either input voltage becomes zero, as when terminal A is grounded.

It is interesting to note that, with few exceptions, the stability of the operating
point (zero-adjustment, for example) of a differential amplifier is measurable in
the same terms, and has the same order of magnitude, as the CMRR. See 1.29
for details.
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1.17 OPEN-LOOP GAIN vs FREQUENCY and PHASE-SHIFT.* In I.1,
we touched on this subject briefly, noting that Operational Amplifiers have a
very high open-loop gain at and near DC, and are designed to exhibit an es-
sentially uniform (linear) roll-off of gain with frequency, at the rate of about
6 db per octavef (20 db per decade) starting at a very low frequency. (In other
words, they are very definitely not designed for a uniform response up to a
“cutoft” frequency, followed by a rapid fall-off in gain with frequency accompa-
nied by a catastrophically rapid increase of phase shift, as are so-called ‘“‘broad-
band” amplifiers.) This characteristic, plotted on a log-log scale, is shown to
the right. Note that in some amplifiers, notably those in which an auxiliary
chopper /demodulator amplifier is used for stabilization against drift, there is
a slight “jog” to the characteristic, in the vicinity of the crossover between the
AC-coupled and DC-coupled input networks. This anomaly generally has no
practical significance.

The roll-off curve passes through unity gain at some frequency, fx, and continues
down, to gain values less than unity. [y is often expressed in terms of its equiva-
lent radian frequency, wy = 27fy. If the log gain vs log frequency curve were a
straight line, the amplifier would have a constant gain-bandwidth product,
which would then, incidentally, be equal to fy, in Hz, since the gain is unity
at fi.

The phase shift introduced by an Operational Amplifier should be nearly zero
in the DC-low-frequency region, and should increase (in the frequency region
in which roll-off begins) to a lagging 90°, and stay constant at or very near 90°
until the neighborhood of f; is reached. In practice, as can be seen from the
graph of figure (b), additional lagging phase-shifts, chiefly due to ‘‘strays,” are
gradually introduced at high frequencies, until, at 5, the phase shift is beginning
to differ significantly from 90°.

Why are we concerned with the open-loop gain characteristic? After all, the
feedback circuit will have a profound effect on the behavior of the amplifier,
and it has not yet been mentioned. Further, most applications require appreci-
able closed-loop gain over bandwidths of only a few kHz . . . why all the concern
about what happens above those frequencies? The answer lies in the fact that
the Operational Amplifier, like all energy amplification devices, possesses the
ability and inclination to oscillate under appropriate feedback conditions.
Moreover, because its principal usefulness is almost always realized with large
amounts of negative feedback, it is constantly living within the shadow of
oscillation.

Nevertheless, if the amplifier is well-designed, there need be no cause for dismay.
However, in order for a practical universal Operational Amplifier to be sta-
bilizable by explicit methods under all conditions of resistive feedback, its open-
loop gain characteristic should (indeed, it must) conform to the description
given above . . . as do nearly all Philbrick Amplifiers but certain special-purpose
types, the unique strengths of which lie elsewhere. A full discussion of the
techniques recommended for achieving dynamic stability is given in I.44.

Note that the amplifiers for which our curves are drawn have nearly constant
gain-bandwidth products.

*In this section we define small-signal behavior and ignore rate-limiting effects. For
sinusoidal output, the maximum amplitude-frequency product is related to the
maximum slewing rate by

de
di

(0E) max =

max

Typically, the maximum frequency at which full-scale output can be achieved is 100
to 200 times smaller than fy.

i
t—6.02db = 20 log;, (E)’ or gain is reduced by 2:1 for each doubling of frequency.
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1.18 OTHER IMPORTANT REALITIES. This group of Operational Ampli-
fier non-idealities have this in common: either they are as difficult to control as
the foregoing Departures from the Ideal (I.7-1.17) but plague us far less fre-
quently; or, conversely, they are almost always with us, but are easily controlled.

® NON-LINEARITIES. The output, input, and gain characteristics all ex-
hibit non-linearity. Forunately, in most applications within ratings, these
non-linearities are negligible.* There is both input and output voltage saturation
—the inability to accept or deliver more than a certain peak-to-peak signal.
Often, the positive and negative saturation limits are symmetrical around zero.
In general (but not always) the output circuit saturates earlier, unless the gain
falls quite low.

Then there is output current saturation, at and below some limiting value of
load impedance, before the amplifier reaches nominal voltage saturation. (The
load includes the feedback circuit.) The output voltage swing and the linear
current swing are interdependent, as shown in (a).

Figure (b) shows the significance of amplifier non-linearity when circuit gain is
high (i.e., with “loose” feedback: R >> R;). The output deviates from that
dictated by e:, by (ei» — e.), where e, is —e/A. For looser feedback, i.e., at
high noise gains e, is larger, in relation to a given input, and the distortion is
greater. For “tighter” feedback, (e.g., R = R,) e, is so small relative to e;, that
amplifier non-linearity is negligible.

Finally, non-linear behavior in any part of an amplifier circuit may combine
with the inherent rolloff characteristic of the amplifier to cause very significant
differences between the small-signal and large-signal transient-response charac-
teristics. Because this effect limits the maximum ‘‘slewing-rate’” (the rate at
which the output will move between full-scale negative and full-scale positive)
it is called “Rate Limiting.”” (Apparent Rate Limiting may also occur if, when
driving large capacitive loads, the amplifier current ratings are exceeded.)

® INPUT-IMPEDANCE LOADING. The specified input impedances of an
Operational Amplifier are not ideally infinite, although they may be very high
compared to the external circuit parameters chosen. The common-mode
impedances, Z,; and Zpg, are generally far higher than the differential im-
pedance, Z,5. Usually Z,¢ and Zzq are high enough, and well-enough matched,
so that unsymmetrical source regulation (a source of common-mode error—
see 1.16) is negligible—but not always. See figure 1.18(c).

The impedance values given in specification charts are always dynamic, small-
signal values, and always minimum or nominal values. Input impedances may be
a function of the common-mode (i.e., may be non-linear); hence, they may con-
tribute to non-linear response, unless their effect is minimized by careful selection
of the amplifier and external-circuit parameters. In the Adder-Subtractor of
I1.5, for example, Zpe and Z,¢ load the summing points, and may be significant;
in the Unity-Gain Inverter of I1.1, Z,5 (in parallel with Zz;) loads the summing
point, and may matter; in the Follower of II.2, however, Z,5 and Zy; are
driven from the (very low) output impedance, and are usually unimportant,
whereas Z,¢ is the principal component of the input impedance.

® SHUNT CAPACITANCE AT THE INPUT. One of the assumptions made
about ideal circuits (I.5-1.6) was that they were stable . . . that is, that they did
not oscillate or exhibit “‘ringing” in response to transients. Stability is discussed
in detail in 1.42, but note for now that the feedback circuit must not contribute

significant phase shift to the loop. In (d), we have introduced, for the first
time, the shunt capacitance, C, that loads the summing junction. Even with
careful wiring, at least 10-20 pF is inevitable; and, with feedback resistors of
the order of megohms, this can cause instability, even with modest-gain-
bandwidth-product amplifiers.

Fortunately, it is only necessary to add a small compensating capacitor, C.,
having a value, typically, of:
R,C,

At

If very fast response is not required, (1-12) yields a good value. Often, a con-
siderably higher capacitance is installed, to curtail unwanted noise and band-
width (see 1.52); but if broad bandwidth is required, excellent stability can
usually be obtained with a much smaller capacitor than equation (1-12) would
indicate. In any case, a feedback capacitor is always in order, and the higher
the capacitance the circuit can afford, the better.

(1-12)

*For several good reasons we often deliberately introduce non-linearities into the
feedback circuit to affect the output performance characteristic—see 1.256—or into the
input circuit—see 1.27.
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1.19 EXTERNAL VOLTAGE BIAS. All Philbrick solid-state L.19
Operational Amplifiers have either special terminals for external 18
adjusting circuits, or built-in adjustment, the purpose of both 1.20
being to achieve zero voltage offset. The internal adjustments, to
or the recommended external adjusting circuit when provided, 1.24

should be used in preference to those shown here, to minimize
temperature drift and assure proper internal operating points.
Circuits (a) and (b) may be used at the positive input of a
single-ended amplifier, (b) providing bipolar adjustment.
Circuits (¢) and (d), since they use cells, may be useful in
differential amplifier applications, in which the bias supply
must often ‘““float.”

Care should be exercised in component selection for all bias
circuits, since drift in them will give rise to apparent amplifier
drift.

I1.20 EXTERNAL CURRENT BIAS. Offset currents of either
polarity may be supplied to terminal B in circuit (a) through a
high resistance, R;. (It should be noted that the R;-R:;-R;
circuit may be replaced by a potentiometer only, provided that
the power supply provides a ‘‘clean’” neutral terminal, for a
discussion of which, see 1.29 and 1.30.)

Note that the part of circuit (a) that is contained within the
dashed rectangle is the same as one of the voltage-bias circuits
of 1.19(b); in fact, any of the bias circuits of 1.19 may be used
to develop current bias*, but it is less likely that the cell circuits
would be used, since a higher voltage across the potentiometer
permits the use of a larger value of R.,.

Circuit (b) may be used ** to furnish adjustable, reversible bias
currents to both inputs, provided either that the summing-point
potential remains at or very near ground, or that the bias-supply
“center-tap” may be floated and returned to a circuit point that
is always at or near the summing-point potential, or that the
variations in the summing-point potential are small compared to
the voltage driving R, and R,’.

*In particular, the divider circuit of 1.19 (a) is well suited to current
biasing of certain amplifiers having known, unipolar current offsets.

**At some small sacrifice in CMR, possibly, if the impedance unbal-
ance introduced by the bias circuit is significant.
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I1.21 INTERNAL VOLTAGE & CURRENT BIAS. In most families of
Philbrick Operational Amplifiers, there exist types in which voltage offset
adjustments are self-contained. There are also types whose offset adjustment
terminals are available, either for remote adjustment or for installation of
fixed external resistors, in which bias adjustment is unnecessary or undesirable.

If very-nearly-perfect current biasing must be accomplished, it is usually accom-
plished externally, by connecting a recommended bias circuit at the amplifier’s
input terminals. However, there exist ‘‘compensated” amplifiers, in which
current offsets are reduced to about 20% of the offsets in the prototype design
of the family. In several of these types, an external terminal is available, to
which a voltage bias may be applied to ‘“‘zero” the offset current at either input,
without loading that input.

The circuit shown at the right has temperature-compensated adjustable current
bias, and is typical of compensated (“C”-type) Philbrick amplifiers.

I.22 TEMPERATURE-COMPENSATING BIAS CIRCUITS.
The inexpensive circuit shown in (a) is designed to be inserted
in series with either input to an operational amplifier for which
bias (zero-adjustment) has already been provided.

First, P; is adjusted so that, at room temperature, manipulation
of P; has no effect, indicating that zero volts must now exist
across the 15k bridge. Presumably, at any other temperature,
an offset will have developed in the amplifier. By re-zeroing
the output, using only P, the entire circuit is exactly zeroed,
at least at two temperatures. Because this circuit can be made
physically small, its capacitance to ground may be kept low,
and it can usually be connected in series with either input
(floating). The 50-cent mercury cell recommended should last
15 years.

Figure (b) shows a similar circuit, intended for non-floating
use, and operated from the amplifier power supply. First, at
room temperature, P; is adjusted so that manipulation of P, has
no effect. At some new temperature, typically toward the
extreme of the desired range of operation, the amplifier is
re-zeroed, by manipulation of P; only. The temperature
coefficient of the resistors used in these circuits is unimportant,
provided that it is repeatable, but the resistors must be stable
with time, humidity, etc. Selective assembly or trimming to
accomplish rough balance of the bridges (with P, centered)
would obviate the need for +14% tolerances on starred
resistors.

Both of these circuits will reduce the effect of a 25°C tempera-
ture change to the effect of approximately 1°C change, when
used with most Philbrick amplifiers.

21

pages 20 & 21

g—tgn_—u_—lr-l!—d!-q
[\ [l el - ]
B NOWw

et et 1
- -l



I.23 FOLLOWER BIAS CIRCUITS. Here are some biasing
methods for use when Operational Amplifiers are used as volt-
age followers (see II.2). Circuit (a) has high input impedance
with no attenuation, but has the capacitance of the bias circuit
shunted across the input. Circuit (b) also provides high input
impedance, but transfers the shunt capacitance to the low-im-
pedance output. Both are unnecessary in amplifiers having
internal voltage bias.

In (c), no cell is required, but the follower is left with a gain
slightly higher than unity, due to the attenuation of feedback
(see I1.2). This can be avoided by using a constant-current
source in place of R,.

In (d) we show a scheme for current biasing. R; is very high
—perhaps 10'-10° Q—and lowers the input impedance only
slightly.

IS

1.24 BIASING THE OUTPUT VOLTAGE. Sometimes it is necessary, or at
least convenient, to develop the output signal, e, around an operating point
other than zero. This is not at all difficult when the bias-plus-range of the output
is still within the output range of the amplifier—in summing-amplifier circuits,
one simply supplies an additive bias having appropriate scale factor as an input
signal. However, it is not well known that, so long as the range of output swing
(due to signals) and the maximum required value of output current are both
within the amplifier’s ratings, the output of the amplifier circuit may have a
precise initial setting at a value of voltage many times that of the amplifier’s
maximum rating, without using a booster. The practical technology involved may
be worth discussion.

First, an approximate approach: In the unity-gain inverter of circuit (a), a
battery or zener diode, Ep, is used to bias the output. Either polarity of bias
may be used; we show a negative operating point here. This circuit is easily
realized, but drift in the battery or in the zener voltage could cause significant
error, since it would be external to the feedback loop. If the load impedance is
low, the zener or battery impedance will also cause a loss in gain.

Circuit (b) is better. The feedback is connected around Ej, effectively elimi-
nating its drift, and the dynamic performance is unaffected by the presence of
the zener; that is, the circuit provides an output precisely determined by the
inputs and the feedback network, and the sole function of Ej is to maintain
the amplifier output within the amplifier’s working range. As an example of
this, assume that the normal rated output voltage range of the amplifier is
+10V, and that Ez = 10 V. The amplifier will then function as a precise unity-
gain inverter for total effective inputs of 0 to +20 V, producing outputs (e) of
0 to —20 V... while ¢, the unbiased output, is varying from approximately
+10to —10 V.

Note: Be sure amplifier can supply worst-case output current at all levels.
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1.25 BOUND CIRCUITS—WHY & HOW. “Bounding” means restriction of
the output voltage to some assigned maximum, even when the input signal ex-
ceeds its assigned full-scale value (either polarity). In practice, this is generally
accomplished by use of a supplementary and non-linear feedback circuit, such
as those shown here. Note that the ideal ““bound” circuit is dormant until full
scale is reached, at which time it takes over the job of supplying the feedback
current necessary to balance the loop, at no significant increase in e.

So far as the amplifier is concerned, the output voltage could be restrained by a
non-linear load, such as a zener diode connected across the normal load, or it
could be allowed to go to its own limit, probably without permanent damage.

However, after an amplifier ‘‘saturates”, i.e., has gone off to a limit, it can require
many seconds—even minutes— before it recovers its former zero adjustment.f
This is particularly true of chopper-stabilized designs. (The time required for the
actual recovery of the zero setting, to within, say, the typical value of short-term
drift, may well take 10,000 times as long as the ‘“‘recovery time-constant’ often
quoted for an amplifier.)

The use of ‘““bound” circuits effectively eliminates the problem of recovery from
overload by preventing both the occurence of overload and its consequences.

The ideal bound circuit would have an infinite “dormant’ impedance below the
critical value of bound signal, and zero ‘“‘active” impedance above that value
... 1n fact, it would resemble in those respects an ideal zener diode. Since, for
almost all applications, both upper and lower bound limits must be established
(i.e., both positive-going and negative-going signals must be limited) a pair of
such ideal zener diodes would have to be used in the bound circuit. Since most
applications specify symmetrical bound limits, we usually strive to make the
voltage at which the bound circuit begins to conduct the same for the upper
bound as it is for the lower bound.

In practice, the performance we have just described is approached with varying
degrees of fidelity by circuits that range from simple to complex, and from in-
expensive to quite costly, with performance roughly related to the cost and
complexity invested. In the diagram to the right, we have shown and annotated
some practical bound circuits, about which the following brief comments may
be instructive:

® The simple zener bounds of circuits (1) and (2) frequently have need of
leakage-current decoupling; for example, by means of diode-resistor Tee net-
works*, such as (5) and (6). This is especially true if i, must be minimized.

® If Z'; must be very low in the “‘active’” mode, the zener bound is the preferred

tNon-chopper-stabilized types will recover to within thermal-offset range in well under
one millisecond after even prolonged overload.

*See 1.26 for a more complete discussion of the Tee network. The decouplers shown in
(6) and (6) are extensions of the resistive Tee, wherein diodes are used to achieve
thresholds.
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circuit. This is especially the case when the allowable excursion in e (when
bounded) must be held to very small values.

In designing decoupling circuits, such as (5) or (6), select diodes that have
relatively high forward drop at about a microampere of forward current. This
will enhance the isolation effect of the Tee.

Shielding and guarding the low-potential terminals of the Tee may be required
to achieve extremely low dormant-mode leakage.

Circuits (3) and (4) have less reverse leakage than (1) and (2), but circuit
(3) allows a greater excursion in e in the “active’” mode, and circuit (4) is
the most expensive. The combination of (4) and (6) has superb charac-
teristics; (4) and (5) combine to approach the ideal; (2) and (5) approach the
ideal at low voltage.
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I1.26 TEE NETWORKS. It is often desirable (and sometimes
necessary) to replace a large feedback resistor by a 3-terminal
resistance network, so proportioned that it has the same
feedback effect, but higher accuracy, lower cost, and far less
susceptibility to stray-leakage and stray-capacitance errors,
because the tee network establishes much lower feedback
impedance levels, end-to-end and to ground.* In the figure, ¢’
must be equal to the product of input current and R’. This can
occur only if e is equal to the product of ¢” and the inverse of the
attenuation ratio of the divider formed by R. feeding R; and R’
in parallel. Hence large values of R can be simulated by a
3-terminal network using practical values of resistance.

*We also use nonlinear Tee networks to reduce “dormant” leakage
in bound circuits (1.25).

I1.27 FAULT-PROTECTION, INPUT AND OUTPUT. The bound circuits
described in I.25 serve to restrict the excursion of the amplifier output voltage
when the input signal exceeds its assigned “full-scale” value. They do not
automatically restrict the flow of resulting fault currents within the amplifier to
safe values. When very high voltages or currents can exist in the presence of a
fault, additional protective measures should be taken.

Automatic limitation of amplifier input voltage can be accomplished as shown
in diagram (a) by connection of a pair of diodes D,-D, across the input. In
most circuits, a few hundred ohms in series with each active input will not affect
accuracy, and will protect the diodes from excessive currents, in the event that
a “stiff” voltage supply of excessive magnitude is connected across the input.
Protection against excessive common-mode voltage in 10-volt amplifier circuits
is obtained by adding an additional pair of diodes to each input, as are D; and
D, biased to positive and negative 15 VDC, as indicated in the diagram, or by
a pair of 12-volt (+10%) zener diodes (D; and D;) for each input, connected
from the input to ground.

Protection of the output circuit against inadvertent load short-circuits is an
inherent part of Philbrick amplifier design. Shorting the output to ground
does no harm at normal operating temperatures (should be avoided in solid-state
units operating above 65°C), and shorts to either supply voltage can be tolerated
for brief periods. Prolonged shorts should be avoided, particularly in high-
output units, to prevent damage to or alteration of component characteristics
by excessive heating. A pair of 12-volt zener diodes between output and ground
as in diagram (b), or reversed diodes to the 15 VDC supplies in diagram (c)
will provide insurance against damage from accidental connection of the output
to higher-voltage sources. In all cases, diodes should be low-leakage types, with
appropriate current and wattage ratings for worst-case fault conditions.
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I.28 THE NEED FOR AN INTERFACE
PHILOSOPHY. In the real and unyielding
world of circuits that work, we must emulate
the best physicians (who treat the whole man)
and treat the whole amplifier, including its
complete “circuit environment.”

The innocent circuit drawn in solid lines may
be prey to dozens of (curable) ills, two of which
are shown in dashed lines. Another malady is
shown in 1.29(a). Now then:

® In 1.28, if R;, is 2.0 megohms, and e,, is one
volt, how much leakage coupling (Z,) is re-
quired from a voltage source (AC or DC)
of 100 volts (ex) to produce a noise signal
equivalent to 0.1% of the input signal?

Answer: Z, = 200,000 megohms. (At 60 Hz
AC, just about 0.01 pF will do it!)

Again 1.28, if power supply common is
coupled to the 60 Hz AC line (e;q) with
about a megohm (Z,), how much common
impedance (Z.) must creep into the ground-
ing connection to produce 1.0 wvolt more
input noise? Answer: About 10 milliohms.
(About 8 inches of #22 wire!)

How much current must be returned through
the power-common, from the load on ampli-
fier #3, (1.29a) to create a 0.1 mV error
between the reference grounds of Amplifier
#1 and Amplifier #2, if Z, is 50 milliohms?
Answer: Only 2 mA! The cures? Read on!

1.29 A POWER SUPPLY PHILOSOPHY. It is a common conception that
operational amplifiers are, by nature, extremely tolerant of such power supply
misbehavior as regulation, random fluctuations, long-term drift, hum, noise,
ripple, and transients; some designers even suggest that an unregulated DC sup-
ply is adequate for all but the most critical applications. Though this is to a great
extent true, experience—supported by logic—forces us to mention important
qualifications.

The influence of power supply regulation and drift may be small, but it is there;
and, even in applications not requiring differential amplification with high
CMRR, power-supply voltage variation is a potential source of common-mode
error. Good tracking of the positive and negative supply voltages helps reduce it.

Any appreciable internal impedance in the supply and its leads provides un-
wanted coupling between and among amplifiers that share it. See 1.29(a).

Power-supply changes that would go unnoticed if slow—and if used in large-
signal circuits, can penetrate to a low-level pre-amplifier stage that is ‘“rate-
coupled” to the supply; hence, supply-voltage transients may not be ignored.

Hum and ripple are important noise components often found in the output
circuits of poorly-supplied Operational Amplifiers; “refer’” them to the input,
if you will, but they probably originate not there, but in the supply ... and
that is where they should be scotched.

For the above reasons, Philbrick power supplies (highly recommended!) are
all well-regulated, extremely-well-filtered, low-noise, dual-output designs, with
the positive and negative outputs inter-referenced (as shown in the 1.29(b)
diagram) for good tracking. Anything less than a high-performance supply is a
disservice to most designs, and probably poor economy. Is a day of debugging
worth an ounce of prevention?

© 2004 Analog Devices, Inc.
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1.30 GROUNDING PHILOSOPHY.
“Ground,” in the ideal electronic amplifier, is a
single point, common to all input, output, and
power circuits. Practical amplifiers exhibit
small but finite impedances in circuit returns—
Zy, Zs, Zy, Z, in (a)—and we accordingly
designate three distinct grounds: Chassis
Ground, Power Common (the DC-power-supply
return), and Signal Ground, often designated
“high-quality’’ ground, or simply HQG. Their
symbols appear at A, B, and C, respectively.
The point C' is the ‘“reference zero,” and the
object of any intelligent grounding technique is
to minimize the potential differences between
A B € Dy and G

Figure (b) illustrates some recommended
practices. First, a floating signal source for
amplifier A is grounded to the power common.
The amplifier reference inputs (which require
insignificant current) may be connected either
to power-supply common at the system tie
point, or, as shown, to the signal-generator in-
put. The voltage-difference “error” so intro-
duced is only the (small) signal current, i,, times
the (low) ground-path resistance from signal-
source to power supply. To assess its signifi-
cance, compare the ground-wire and contact
resistance with the input resistor of A, since
they are in series. It is obvious that this error
is probably negligibly small. Significant error
could however arise if the load current, i;, were
to flow in the lead coupling the amplifier’s
reference input to signal ground.

Note that amplifiers, computing interconnec-
tions do not require ground currents to flow
unless ground appears explicitly as a network
termination. Also, if either 415 volts is to be
used as a reference signal, it is best to run
separate reference and power leads back to the
supply. When supplying heavy load currents,
or when the output contains large, rapid voltage
transients, it may be wise to use a twisted or
shielded pair. The load should be returned di-
rectly to the power-supply common. Multiple-
power-supply systems often require that sub-
stantial computing current flow in the inter-
connecting ground bus. This bus should be
heavy, short, flat, and highly conductive.
Power-line and harmonically-related noise may
be caused by insufficient electrostatic isolation
of the primary and secondary of the power
transformer, particularly if the power-supply-
common is not tied to chassis (AC) ground at
the supply. (This is done to avoid resistive
coupling of power line currents producing
ground system voltage errors.) In multiple
power-supply systems, it may be necessary to
tie each power common and chassis ground
together and accept the resulting ground loops.

Circuit (c) is a difference amplifier capable of
converting a signal referred to one ground
system (denoted by e;) to another (e;) in such
a way that it makes no difference which (if
either) ground system is referenced to the power
supplies.

1.31 SHIELDING AND GUARDING PHI-
LOSOPHY. The amplifier input is as available
to unwanted as it is to legitimate signals. We
recommend that you choose one convenient
path for signal entry, then make all of the rest
inconvenient. When the unwanted signal, ey,
is capacitively coupled, as in (a), provide a
correctly-grounded electrostatic shield for at
least the input circuitry, and preferably for the
whole amplifier. When the unwanted signal is
introduced via inductive coupling, as in (b),
such shielding should be ferromagnetic as well
as conductive, thus adding electromagnetic iso-
lation, by providing both a low-reluctance
short-circuit path for the lines of flux of external

magnetic fields, and a ‘“‘shorted-turn” effect.
Discontinuities in the shield must be avoided;
when openings are necessary, minimize dimen-
sions as well as area—i.e., prefer round holes
to slits, areas being equal. High-permeability
magnetic shielding is very well worth its cost,
for shielding away signals under 100 Hz, but
high-conductivity shielding (aluminum or cop-
per) is the more effective means above 100 Hz.
Both resistive and capacitive stray leakage
paths, particularly those shunting high circuit
impedances, may be interrupted by judiciously-
arranged guard rings, as in (c¢), that lead the
coupling to ground or to some other harmless

(non-signal) path.
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1.32 DIODES. Diodes (or transistors con-
nected as diodes) have many applications in
analog circuits. Among these are bounding,
current selection, voltage selection, and signal
steering or gating.

In bounding, diodes are often used in parallel-
opposing configurations, so that they never
become reverse-biased by more than a fraction
of a volt (typically 0.6 V). In these applica-
tions, very low leakage and high incremental
resistance may be required when the (reverse)
voltage drop is of the order of tens of millivolts
or less, whereas, in the same application, very
low incremental forward resistance is valued
when the current is high. These can be esti-
mated using the equation for forward current:

qu
T In(e mkT — 1)
where:

electron charge

voltage drop

= correction factor, typically between 1 & 2
= Boltzmann’s Constant

absolute temperature, degrees Kelvin
diode current

(1-14)
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The incremental conductance (slope of the

current-voltage curve shown)
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for bounding and other “‘switch-function’ ap-
plications (see 1.25 for an example), a low value
of I, is particularly necessary. The FD300 has
proved satisfactory in many applications. It
has, typically, I, less than 10" amperes at
room temperature, doubling in value with each
8 to 10°C of temperature rise.

For current selection, switching speed may be
an important criterion. A fast diode must have
low shunt capacitance (or stored charge) under
as much as 0.5 V of reverse bias. For this class
of applications, (see 11.23) we have used the
1N914 successfully.

When the characteristics of two or more diodes
must be matched over a substantial current
range, transistors connected as diodes (which
have a factor m of almost exactly 1) are far
superior. (See I1.22.)

Voltage selection may require that diodes be
able to withstand substantial reverse voltage.
1N914 diodes can be used for 10-volt systems,
and FD200 diodes work well in 100-volt sys-
tems. (See I1.34.)

Signal steering or gating applications (see
I1.36 and II.40) often require diodes with high
speed, low leakage, and the ability to withstand
significant reverse-voltage. A good choice for
a 10-volt system is again, the 1N914.

When very low reverse leakage is required, the
collector-base junctions of selected silicon small-

signal transistors (such as the 2N930) have been found to be
as low in leakage as any commercially-available diodesy at
reverse voltages as high as 30 volts.

The zener or reverse breakdown characteristic of a diode may
be exploited to provide a stable reference voltage. The stiffness
of such a reference with respect to loading and to temperature
depends upon the current flowing through the diode. Typically
two to ten milliamperes of reverse current may be required to
achieve optimum temperature insensitivity. For low-voltage
applications (less than 10 volts) the base-emitter breakdown
characteristic of many transistor types can be used in the place
of an expensive ahd perhaps not readily available zener diode.
For this purpose the transistor should be connected as a diode;
ie., base and collector tied together. Breakdown diodes are
also commonly used for bounding as recommended in 1.25.

I1.33 CAPACITORS. Capacitors are critical
primarily in two kinds of circuits: (1) in
Integrators and “‘Sample-and-Holds,” in which
a capacitor must be charged precisely, and in
which leakage, soakage,* and (often) exact
capacitance value matter most; and (2) in
by-passing and sometimes stability compensa-
tion (C. in I.42a) in which resonance, losses,
and sometimes leakage matter most.

Polystyrene capacitors offer the best leakage/
soakage combination. For tolerances of the

*Capacitors with low soakage come up to charge
rapidly, without excessive losses, or voltage lag
or creep during or after charging.

order of 0.01%, we recommend a constant-
temperature oven.

Polycarbonate or mylar capacitors are excellent
low-cost alternatives to polystyrene where the
ultimate in performance is not required, and
they have less leakage than ceramic. In “Track
and Hold” circuits for repetitive computation
they are quite often entirely adequate—avail-
ability is also good. As for leakage in small
capacitors, mica capacitors of the MC-15 style
dependably exhibit a leakage resistance of at
least 7,500 megohms, and the excellent (and
unjustifiably maligned) ceramic discs are even
better. Qur favorite designs typically measure
80-100 thousand megohms.

pages 26 & 27

© 2004 Analog Devices, Inc.

27

1.32
E25
L7
T22
11.24
I1.28
to
I1.31
11.34
I1.35
IT1.45
I11.48

1.33
I1.42
I1.10
I1.12
I1.46
to
I1.48
II1.48
to
11168
ITI.56
II-57



1.34 CONVENTIONAL RESISTORS. Resistors are the most important and
widest-ranging (in value) of all the external components used in Operational-
Amplifier circuits. There are probably more kinds of resistors than there are of
any other component. To compound the matter, in some 90% of all our circuits,
the ultimate limitation to accuracy and stability is not the amplifier, the power
supply, nor any other component, but the resistors.

Beyond initial tolerance, the largest component of resistor error is its temper-
ature coefficient. Following closely are: leakage (particularly in values above
100 k@), humidity effects, drift with time, voltage coefficient, and (rarely in
Operational-Amplifier circuits) self-heating and hysteresis after self-heating.

Resistors also exhibit several kinds of noise-generation effects, including thermal
EMPF’s (Seebeck effect), and, as mentioned in earlier sections, stray capacitance
across the terminals, as well as series inductance (particularly in wire-wound
types), and susceptibility to undesired coupling.

For computing components we use and recommend resistor types in the following
order of preference.

WIRE-WOUND RESISTORS ARE FINE (1) Nothing beats them for initial
accuracy and stability. (2) Their noise levels approach theoretical minima. (3)
They are available in many (relatively expensive) special forms: shielded, her-
metically sealed, encapsulated, oil-filled, guarded, etc.; small, moderately-priced
sealed units in various tolerance ranges are available from several sources. But
... (4) Above about 1 Megohm, they begin to be quite expensive. (5) Reliable
designs much smaller than 1" long x "’ O.D. per megohm are hard to find. (6)
For a given resistance value, they have higher shunt capacitance and series
inductance (even the “non-inductive” types) than any other kind of resistor.
The smaller they are per megohm, the worse is the reactance problem.

COMPOSITION RESISTORS . .. of the familiar military type (Ohmite AB)
are excellent choices for experiment and not-so-critical bread board applications
but are generally not employed as feedback or feed forward resistors in final
operational circuits. These resistors are extremely reliable for almost all other
functions in the production of Operational Amplifiers themselves and as low
power pull downs, etc.

THERE ARE SOME GOOD FILM RESISTORS ... We like some designs
such as the so-called “metal-grid,” for (1) their flicker-free behavior and (2) the
fact that their “white noise”” approaches theoretical. We also like some military
grade film resistors because (3) their T.C. range lies within +150 ppm/°C,
(4) their shunt capacitance and series inductance are low, (5) up to 10 megohms,
they are highly reliable, and cost less than wirewound resistors.

FOR VERY HIGH RESISTANCES, we look to such glass-enclosed, deposited-
carbon resistors as are represented by the Pyrofilm and Victoreen designs. The
Pyrofilms appear most suitable for the range from 10 megohms to 100 megohms,
having (1) very low flicker, (2) T.C.’s in the range of +300 ppm (matched, if
we wish, to within £5 ppm), (3) little or no aging effect, (4) excellent relia-
bility. By the way, they are (5) excellent high-frequency resistors—at 10 meg-
ohms, only about 0.25 pF! The Victoreen design offers: (6) values to 10,000
megohms, (7) calibration to +1% (with compatible stabilities) right up to
10" 2, and (8) high reliability, despite the range and accuracy. The glass-
enclosure helps tremendously, and it deserves careful consideration as to the
insulation on or in which it is mounted, of course.

Speaking of leakage prevention brings us to insulation—one extreme of re-
sistance technology. (The other extreme—wiring for low impedance—has come
up in I.28 and 1.30.) The choice of good insulation for high-resistance circuits,
in which leakage must be minimized, might well follow the listing below, * which
has been arranged in the order of decreasing insulation effectiveness, with no
regard to many other important properties, such as availability in the desired
form, cost, machinability, strength, etc., etc.:

* Ref: Materials in Design Engineering Vol. 62 No. 5 P. 18
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I.35 POTENTIOMETERS. A potentiometer is essentially a resistive divider
and must naturally be considered to suffer from many of the weaknesses inherent
in resistors (see 1.34); in addition, its performance of the division function is
subject to certain anomalies. The following warnings should serve to create an
appropriate mood of informed distrust:

@ The “end-resistance offset’”” of some potentiometers is sufficiently large, and
sufficiently variable from unit to unit, to create error in calibrated circuits—
circuits in which the effect of adjusting a potentiometer must be related to
the numerical readings on its control dial. Precision potentiometers bear a
rating guaranteeing a certain maximum end-resistance offset.

@® ‘“‘Linear” potentiometers are never perfectly so. The reader of specifications
must be particularly careful in interpreting such exotica as: ‘“‘best-straight-
line” linearity error, ‘“‘maximum-deviation-from-chord” linearity error, and
“absolute ratio” linearity.

® Good circuit design will usually eliminate the effect of pot-to-pot variations
in over-all resistance. In divider applications, a second pass should be made

1.36 CHOPPERS AND RELAYS. Although the functions required of all of
the choppers and many of the relays used in operational amplifiers would not at
first appear to be similar, they have one outstanding similarity: their contacts
are quite often connected at the lowest-level point of the circuit—the input
terminal, the summing point, or the amplifier input. The nature of these appli-
cations imposes certain uniform burdens on the performance characteristic of
the relay or chopper:

® The microampere and nanoampere current levels encountered make the
“dry” circuit resistance of the ‘‘closed” contacts, and the resistive and
capacitive leakage across them when ‘“‘open,” serious limitations in many
designs. Either or both can be prohibitively high, unless the relay or chopper
has been specifically designed to minimize them.

® Thermal EMF’s (Seebeck effect) can be larger than the amplifier’s input noise
threshold; induced noise from the driving coil may be larger than the signal,
in extreme cases—shielding can help, but “shaping” of the applied drive-
current signal, to minimize its rate of change, may be necessary.

® In choppers particularly, but not exclusively, the closure synchronization,
bounce, dwell time, and inherent delay between excitation and mechanical
reaction may completely distort the circuit performance.

Variations in these factors may be almost as oppressive.

to anticipate and nullify the influence of this variation on the division
function itself.

® The stray effects—resistive, capacitance, and inductive—that are functions
of the potentiometer setting. Clear thinking is needed, to avoid unpleasant
surprises.

In general, for reliable, accurate coefficient setting or signal-voltage division, a
good grade of wire-wound single or multi-turn potentiometer is recommended.
For single-turn, calibrated-scale applications, we have used such designs as
the Clarostat 42 JA (with properly-specified linearity and tolerance) with ex-
cellent results in the region of =4-1.0% calibrated accuracy.

Another good choice for this general class of applications is the Géneral Radio
type 972-Q. For multi-turn scaling, where loading effects are negligible, or can
be “calibrated away,” such potentiometers as the Helipot Type A, or the
ingenious divider units manufactured by Fluke are excellent, moderately-priced
choices. A variety of long-lived, reliably-stable readout-dial mechanisms are
available (at a wide range of prices) for the potentiometers described above.

Philbrick chopper-amplifiers and relay-controlled networks have been designed
to minimize their susceptibility to all of these maladies (for really fast switching
and chopping, we resort to electronics), but they can never be ignored as a
source of trouble after age has taken its toll.

Reed relays have become justifiably popular for general signal-switching. They
are compact, operate in any position, are low in cost, high in reliability, relatively
fast in operation; dry-circuit reliability and longevity are excellent; leakage
resistance can exceed 500,000 megohms. They are not presently recommended
for chopper service, which involves a million operations in less than five hours.
Two such reed relays are used in the Philbrick SPREL Relay Control Unit.
Mercury-wetted-contact relays require more-or-less-upright mounting (within
30°-45° of vertical), but are excellent for dry-circuit switching; they are free of
bounce, offer insulation up to 10,000 megohms, are hermetically sealed, and are
extremely long-lived. As choppers, they are noisier than some, but cost far
less, have adequate operating speed (2 msec), and can run for years at 5 million
operations per day. Classical types are usually make-before-break, but non-
shorting types have recently become available.

Two other relays deserve mention: the James Electronics, Inc., “Microscan,”
specified to have switching time of 650 usec, less than 0.5 'V noise, and 10,000
megohms insulation at 200 V; and the Bristol “Synchroverter,” specifying
200 psec each, operate /release.
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1.37 AMPLIFIER PERFORMANCE RATINGS. Throughout
this text, the reader will find recommendations as to the per-
formance characteristics of the Operational Amplifiers used in
the circuits and applications treated. To assist you in evalu-
ating the suitability of a particular Philbrick Amplifier to a
particular application, we have devoted the fold-out back cover
to a comprehensive Amplifier Characteristics chart. . . . and to
speed your use of that chart, we offer this rapid-search table,
which rates 18 families of Amplifiers in terms of their salient
(o) superior (v/) or outstanding (1) properties. The criteria
used are the ones most often mentioned in our circuit descrip-
tions. The recommended procedure is to (1) note the charac-
teristics most desired for the application; (2) use the chart to
identify the families likely to satisfy; and (3) examine the
detailed characteristics of those families in the Characteristics
chart.

I.38 STANDARD AMPLIFIER PACKAGES. An amplifier has no inherent
or classic shape of its own, but must be given one—as convenient and unob-
trusive a configuration as its components and characteristics allow. Philbrick
amplifiers have always been offered in compact and efficient mechanical forms,
from the original vacuum-tube models in the electrically and mechanically stable
plastic shell, through the newest encapsulated solid-state monoliths. The K2
Series has been augmented by SK2’s in all-metal ventilated cases, K2-J mili-
tarized versions, and the USA Series of board-mounted units (and militarized
counterparts, the USA-J Series). Solid-state condensation has sponsored the
metal-cased P Series (224" x 14" x 3{"), and SP Series (33{;" x 234" x 124") mod-
ules intentionally compatible with the Q3 Modules described in 1.39. Their
miniature versions, the PP Series and the FP low-profile series are ideal for
printed-circuit use. Then there is the cast-aluminum case used for potting such
designs as the floating-input P2A. Finally, there is the little newcomer in the
TO-8 transistor case, (0.60” diameter, 0.150" high) . . . where will it all end?

1.39 “HARDWARE’”’ FOR CIRCUIT REALIZATION. The Q3 Modular
Electronic Package shown at right was developed to make the process of trans-
lating schematics into equipment quick, economical, and almost painless.
Efficiently accommodating a number of Philbrick plug-in units (see p. 96 and
cover flap), the Q3 system also offers the equipment designer a broad selection
of blank and pre-punched chassis and panels, plug-in circuit boards, and con-
nectors. These extruded-aluminum, 4.2"" wide, 3.5"" high, 13" long cells can be
grouped, stacked, locked together, or assembled into 19" relay rack combina-
tions. Modules slide into their cases from the front, have mating connectors at
the rear, and are secured and released by a ball-bearing latch. Thermal, electro-
static, and magnetic shielding are excellent. Q3 is available off-the-shelf.

For the designer with little time for building “from the ground up,” there are
the Q3-series ‘““Universal Operational Modules,” such as Model Q3A1P—self-
sufficient devices, in which such distractions as socket-punching, service inter-
connection, noise pick-up, and instability have been minimized freeing him to
concentrate on the signals, and the MP and RP manifolds for multi-amplifier
circuitry with less-stringent requirements.
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1.40 ACTIVATING THE FEEDBACK NET-
WORK. It is time that we introduced you to
a useful new attitude toward Operational
Amplifier circuits; one in which the amplifier
is treated as an activator. This principle in no
way alters the functional realities that we have
so far discussed—rather, it is intended to
illuminate, to organize, and (with luck) simplify
those realities. In circuit (a), the feedback
network is a trifle messy, but otherwise the
elements are all familiar. The format of the
circuit, however, does not delineate the activity
about which our equations will be written.
Figure (b), on the other hand, does exactly
that—it shows the amplifier activating a

complex network made up of all of the im-
pedances in the circuit external to it, and
deriving feedback from the network output.
Note that we have shown dashed-line shorts
across input voltage sources, anticipating the
use of Thevenin’s Theorem.

To determine the closed-loop gain and sta-
bility of a circuit, we shall need to know the
transfer characteristic of the network that the
amplifier activates. This characteristic is the
complex attenuation, 3, a function of frequency.
Except for the simplest feedback networks, and
then only for limited bandwidth, it is often
more efficient to use this “activation’ approach.

1.41 OPEN-LOOP SET-UP; CLOSING THE
LOOP. It is time to define and examine the
relationships amongst the various parameters
in the feedback loop. There are five that will
concern us, and their small-signal frequency
responses may best be characterized by stating
their transfer properties, in magnitude and
phase. We have already met three of them:

® Open-loop gain (A): The output/input
response of the amplifier itself (i.e., without
feedback), all output loads being present;
frequency dependent, as discussed in I1.17.

® Feedback-loop attenuation (3): The response
of the feedback network, accounting for the
effects of all impedances in the loop, whether
planned, parasitic, or providential. It should
be noted that, in the most general case, 3
may include one or more stages of gain, and
Thevenin generator impedances of one or
more inputs, as well (I.15). The inverse of
B, i.e., 1/B, is often called the “noise gain,”
because voltage noise is amplified by this
factor at frequencies for which the loop gain
(see below) is large compared to unity.

® Signal gain: The response of the amplifier
circuit to any one of its input signals. (See,
for example, the equation in figure 1.15.)

© 2004 Analog Devices, Inc.

Let us now consider two additional definitions:

® Loop gain (AB): The net gain as seen when
travelling around the loop from any arbi-
trary point at which the loop has been
opened back to itself. The magnitude and
phase of the loop gain function is the most
meaningful measure of the suitability of a
circuit for any planned application, because
it tells us the amount of error caused by the
fact that the amplifier gain is not infinite,
and it also tells us how stable the circuit
will be.

® Closed-loop gain is the output/input ratio
obtained when a voltage signal is inserted
in series with either input of the amplifier.
Closed-loop gain is, incidentally, the true
notse gain. It is defined as follows:

1' 1
B 1 (1-16)
158 A—B

Closed-loop gain =

The curves in (b) depict a consistent set of gain
and phase relationships amongst the above
parameters for a hypothetical (but conven-
tional ) amplifier and feedback circuit.
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1.42 ACHIEVING DYNAMIC STABILITY.* Operational Amplifier tech-
niques always employ feedback. Not all feedback circuits produce stable
conditions; some are definitely unstable, and oscillate more or less freely, while
others are only conditionally stable, and lie in wait for a signal (or other) con-
dition that will stimulate them to oscillate. .. either form of instability will
render the circuit useless, unless it is to be a signal source of some kind (with
controlled instability ), of course.

Fortunately, there are only two sources of instability: conceptual oversights in
planning the feedback network, and “‘stray,” or otherwise unsuspected, circuit
elements that significantly modify the feedback circuit—from the sane and
stable form originally planned, to the “bomb’’ one observes under test. Remem-
ber this: There Is Always A Way Out, however elusive it may seem at first.

Predicting the dynamic stability of the closed feedback loop around an oper-
ational amplifier is accomplished in the same way as it is for any servo or feedback
system. A useful analytical attack is to diagram the loop in a way that makes
it easy to visualize—one such way being shown in (b).

In this attack, the actual amplifier is represented as an idealized operational
amplifier that is preceded and followed by equivalent circuits describing its
departure from the ideal. (Glance back to I.7.) These two equivalent circuits
surround the computing-feedback network; all three are interdependent.
Together, they may be reduced to a single network, through which the loop
around the ideal amplifier is closed. It is helpful to arrange the “composite”
network in such a way as to emphasize the effect of the external part of the
network—the part under your control—on the overall phase-attenuation
characteristics.

Small-signal frequency response of a typical Operational Amplifier may be
expressed algebraically by:

" Ay
gain = —

L@
M
il + jAu*
Wy
where: w = any angular frequency in radians/sec, and A, = the value of the
“DC?” or low frequency gain.

We have also shown (and the mathematics implies) that the phase shift of such
an amplifier is a constant 90°, so long as the roll-off is uniform at 20 db/decade.
Unfortunately —see Figure 1.17 (b)—the amplifier phase lag may increase rapidly
at frequencies near and above wy; so that the stable, useful negative feedback
we require can become positive feedback, at some frequency. If the frequency at
which that occurs is above wy, then the gain will be below unity, and sustained
oscillation by the amplifier alone, even fully fed back, is not possible. Unfortu-
nately, it is not merely the amplifier that can cause phase lag; circuit (b) shows
that. Even ignoring the effect of load capacitance (which may well be negligible
in many applications, compared to Z;) we must acknowledge that C., the input
capacitance, in combination with Z;, can, and usually does, cause significant
phase shift at frequencies lower than wy. We have already mentioned a simple

solution to this problem, in I.18, and that solution is shown in dashed lines in
Figure (a)—a small capacitor, C,, so proportioned that:

Cch = Riﬂcg (1-18)
where R, is the composite Thevenin impedance obtained by paralleling R;, R,
and R.. In practice, a larger value of C. is often used if small bandwidth (for
slow response or low noise) are desired. However, equation (1-18) is usually
very conservative, and if maximum bandwidth is desired, a value of C. much
smaller than the one it advocates can often be used, providing very fast response,
vet still ensuring good dynamic stability. In practice, this value is usually
determined empirically, by trimming C. down until the desired response is
obtained. Another way to compensate for the lagging effect of C. is to add
another compensating network, also shown in dashed lines in 1.42(a), and
labelled Ry, C;, and R';, C';, proportioned so that:

R1Ck == chjk = Rch

1 ! i
R;c:ﬁRl, sziaaRz

(1-19)
with

Another source of dynamic instability may be the presence of capacitive load,
C.. In most modern solid state amplifiers, a Cy, of up to a few thousand picofarads
is not harmful, so long as some reasonable value of C. is used. When a heavier
capacitive load than that must be driven, the techniques described in 1.44 may
be required, to maintain dynamic stability.

* See also Philbrick Applications Brief R1: Practical Closed-Loop Stabilization of Solid
State Amplifiers. .
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1.43 SAMPLE STABILITY CALCULATION. The Bode plots for differenti-
ator (a) are shown in (b). Assume that they intersect at the radian frequency
1/T with a net variation of minus 20 db per decade. Then, determine the net
sum of all first-order break frequencies to the left of the intersection (leads posi-
tive, lags negative in the function A8). 1 /T must be at least twice the sum,
which is labelled 1 /7. Then determine the net sum of all time constants to the
right of the intersection (lags positive, leads negative in the function Agp).
7 must be at least twice this sum, which is labelled 1 /w;. If one but not both of
the above-stated conditions is satisfied as an equality, the closed-loop system will
have well-damped roots, since the open-loop characteristic (A43) will have a
phase margin of 60° at unity. This simple technique leads to a closed-loop
input-output characteristic that approaches ideal behavior at frequencies
substantially less than w, = 1/T, is down about 3 db at w,, and is lagged above
wa. The transient response has perhaps 5%, overshoot and a mean delay time
of T if the ideal characteristic is a constant gain. The differentiator shown
departs from the ideal at w, = 1 /7 (see I1.21).

I.44 AMPLIFIER STABILIZATION WITH REACTIVE LOAD. A capaci-
tive load may, if C; is high, prove difficult to drive. For rapid rates of change
of output voltage, large load currents may be demanded, since

d
iL:CL_e

@ (1-20)

and a booster may be needed. The effect of capacitive load on most unboosted
Philbrick solid state amplifiers (2 mA output rating) is an effective reduction
of the open-loop gain-bandwidth product due to current limiting. On the other
hand, a booster decouples its input from the load in such a way that a capacitive
load introduces an additional lag, R,C,, (where R, = booster output resistance),
into the composite amplifier-load characteristic. The closed loop may tend
toward instability, particularly if the noise gain, 1/3, is near unity at a high
frequency as with a follower, inverter, or bounded amplifier. Our usual crutch,
the feedback capacitance, will not help and may even make the situation much
worse by increasing the net lag.

Instead, at high frequencies the load must be isolated from the point from which
the feedback signal is derived, or the booster must be effectively by-passed for
high frequencies. In the figure, the booster may serve to isolate the load so that
the small high frequency feedback capacitor, Cy, may be effective. The load
may also be isolated by the resistor R, (chosen to be about the size of Ry, perhaps
50) so that the small capacitor C. will successfully stabilize the circuit. Note
that the output voltage range will be less than that of e’ or e’ when large load
currents flow. The booster may be by-passed with a large capacitor, Cs, chosen

to be about equal to the load capacitance, such that the unboosted output, e,
drives the load at high frequencies and during sudden transients, the booster
being effective for comparatively slowly-varying signals only. In a particular
case, one or more of these measures (Cy, R, & C, or C;) may prove most helpful
in taming a heavily-capacitive load.

A shunt inductive load presents a problem at low frequencies, where its reactance
is very low. The load current must then be limited by a resistor such as R, in
the figure. A bound circuit from e’ to the summing point would enable the
amplifier to recover immediately after an overload.
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1.45 EMITTER-FOLLOWER BOOSTERS.
When necessary to deliver more current than
may be obtained from a general-purpose
Operational Amplifier (designed primarily for
high voltage gain and economy of power con-
sumption), the designer can often use standard
types having more power output. Often,
however, he must find some way to ‘‘boost” the
current capabilities of any amplifier without
visibly deteriorating any of its other charac-
teristics, notably its closed-loop voltage gain
and frequency response (if the booster con-
tributes no phase shift below fy). The simplest
arrangement is an emitter-follower (or a cath-
ode follower, for vacuum-tube circuits) as a
simple unity-voltage-gain device having sig-

nificant current gain and more current capa-
bility. Furthermore, the impedance transfor-
mation (and subsequent unloading) provided
can greatly increase the open-loop gain of the
main amplifier.

The single-transistor emitter-follower is most
efficient when used to supply output currents
of only one polarity. For positive output cur-
rents, use an NPN type; for negative output
currents use a PNP. For both high efficiency
and impartial performance, see 1.46 below.

A resistor should be connected in series with
the collector to protect the transistor against
excessive short-circuit current. Bypassing that
resistor with a capacitor will allow unimpaired
high-frequency response.

1.46 HIGH-EFFICIENCY BOOSTERS.
Circuit (a) constitutes a significant improve-
ment over the emitter-follower circuit of the
preceding section. It uses a complementary
pair of transistors, the idling current of which
can be made negligible, without in any way
limiting the output current capability of the
booster. For positive-going drive signals (+ea),
@, delivers the required output current, while
@: loafs essentially at cutoff. For negative
going drive signals (—e;), @ does all the work,
while @, lolls at or near cutoff. The dynamic
voltage range of this circuit is far wider than
that of the emitter-follower for the same power
supply and drive parameters, yet its efficiency
is many times higher; in fact, if the maximum
output voltage range required is lower than
the nominal power supply voltages used for
the amplifier, +E; and —E; may be made
quite small (perhaps a volt or so more than the
required peak swings), further increasing the
efficiency of this superior circuit.

Circuit (a) does not satisfy by any means all
of the requirements imposed upon a practical
booster for general-purpose use. Current-
limiting problems, not entirely solved by R, are
only one subset of several such practical
problems. Moreover, the design of efficient
voltage (or voltage-cum-current) boosters pre-
sents a far-from-trivial challenge. Such boost-
ers, if realized, would make it practical for
conspicuously non-muscular amplifier, such as
Philbrick P65Q ... operating ‘starved,” at
that, to control a watt at 4100 volts.

Fortunately, however, there is a simple—and
a thoroughly satisfactory—solution to the
whole booster problem: Philbrick Booster
Amplifiers, which are available in packages
compatible with all major amplifier lines, and
in designs compatible with standard Philbrick
amplifier power supply voltages. These are
described in the Philbrick literature and are
enticingly portrayed as shown in Figure (b):
simply by a triangle marked “B.”
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1.47
137
II.1
1.47 MEASURING OPEN-LOOP GAIN. In this and the four modules that e
follow, we shall be discussing means of measuring the performance of an Oper-
ational Amplifier—not necessarily in situ, but sometimes in special test circuits
designed to render such tests practical and accurate, and hence easy and mean-
ingful. Such a special test circuit, designed to measure the open-loop gain and
phase characteristics of an amplifier over a range of frequencies, is shown to
the right in figure (a). It will be recognized as a simple unity-gain inverter,
with the stabilizing capacitor, C,, that we have now learned to add almost
automatically to such circuits. Having established the standardized operating
conditions—power supply voltage, temperature, etc., we are now prepared to
feed a signal into the inverter and examine the Lissajous pattern produced by
feeding the summing-point signal into the vertical channel of an oscilloscope
and feeding the output voltage into the horizontal channel. An external load
resistor may be connected or not, as desired.

We can write the expression for the gain of the amplifier as:

e

€y

gain = A = (1-24)

so that either the incremental or the peak gain can be read from the oscilloscope
as shown in figure (b). If amplifier gain is exceptionally high, or if an oscillo-
scope with adequate vertical sensitivity is not available, the amplifier can be
used to ‘‘preamplify its own voltage error,” as shown in (c), in which the vertical
sensitivity of the oscilloscope is made effectively 101 times as great as its nominal
value. Since this high gain applies to dc signals as well as ac, the voltage offset
adjustment should be made carefully, to avoid saturation of the CRO. So
long as the input impedance of the amplifier is much higher than 1 k), this
technique is valid; at high frequencies, however, circuit (c) is neither necessary
nor recommended, and circuit (a) should be used. As frequency is increased be-
yond very low frequencies, the oscilloscope display will gradually become ellipti-
cal because of amplifier phase shift (see 1.41). The AC voltage gain magnitude
and phase for any particular frequency can be read from the oscilloscope as shown
in figure (d). At very high frequencies, rate limiting will show up as distortion
(see 1.17) and the output-signal test amplitude must be reduced in order to
make meaningful measurements of small-signal (linear) response. The input
capacitances of the oscilloscope, and the feedback capacitance, C., will not
affect the accuracy of the measurements, but the high frequency amplitude
response and the relative phase shifts of the oscilloscope amplifiers over the
entire frequency range should be verified as acceptable.
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1.48 MEASURING COMMON-MODE RE-
JECTION. In this circuit it is best to make
the ratio R;/R; some simple integral value,

suited to amplifiers having very high no-load
voltage gain . . . much higher than the expected
CMRR. (See 1.47 for measurement of A.)

about one tenth to one hundredth of the
CMRR one expects to find, using moderately low

(e — e;) is best measured on an instrument
with a true differential input, such as a differ-
ential DVM, a floating CRO, or a VOM. The
CMRR is defined as inversely proportional to

resistances to set up the ratio. The value R,
o= (B2

the magnitude of (e — e;), for a fixed common- CMRR ~ (

mode swing. This circuit is especially well

e
CMER A

)(R2 1) 1-2
e R1+ ( '6)

1.49 MEASURING “‘DC” OFFSETS. Circuit (a) may be
used to determine the voltage offset of an amplifier. For good
sensitivity it is preferable to make R at least 100 times as high
as R, so that the oscilloscope or digital voltmeter used to read
the output will be able to operate on a convenient range. On
the other hand, the greater the circuit-gain, the lower the loop-
gain, which may introduce a (definitely second order) finite
gain error factor. C, is used to limit the bandwidth to low
frequencies, so as to prevent the masking of voltage offset by
noise. The procedure is simple: obtain the best zero adjustment
possible, if one is present, and read the output voltage. The
equation shown may then be solved to relate ey to Vog. R, and
R should be kept at the lowest feasible values, to prevent cur-
rent offset from superimposing its effect on the voltage offset
measurements. 100 © and 10 kQ or 100 kQ are suitable values,
for example.

Circuit (b) provides a means of measuring the input current to
each terminal, independently. If the voltage offset measurement
has just been made, the zeroing control should be left in that
position, unless it is intended that the voltage offset be adjusted
to compensate for current offset. Output measurements are
then made for both positions of the switch, and the two results
translated into equivalent currents, as shown on the diagram.
Note that it is possible to obtain increased sensitivity for this
measurement, if necessary, when low currents are being meas-
ured by attenuating the feedback to points in the same manner
as was done in (a). Note also that if the switch can simul-
taneously close both circuits, the amplifier’s voltage offset can
be zeroed. If both circuits are simultaneously opened, the
difference of the input currents can be measured.
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1.50 MEASURING VOLTAGE NOISE AND
FLICKER. This circuit may be used to meas-
ure the noise and flicker of an amplifier, pro-
vided that the following conditions are imposed
upon its use: (1) That R, be sufficiently low
so that current noise components of the ampli-
fier and thermal noise generated in it may be
neglected; (2) That some means (like C,) be
employed to limit the measurement bandwidth
to that over which the amplifier will ultimately
be used...or to that for which the noise
rating that is being checked is specified: (3)
That the measuring instrument (V) whatever
it be—from an RMS voltmeter to a peak-to-
peak device, such as a CRO—have adequate
(but not too great) bandwidth to perform the

measurement, and; (4) That every possible
precaution be taken to insure good grounding
and shielding, and minimum stray coupling of
any kind. If several noise bandwidths are to
be examined, or if it is desired to limit the
noise bandwidth in a more exact fashion than
by the gradual roll-off effect of C, it is prob-
ably better to interpose the filter shown on the
drawing between the output of the amplifier
and the measured instrument. This filter may
be of the adjustable low-pass/band-pass,/high-
pass design commonly used in noise and vibra-
tion analysis (and it can of course be an active
one assembled with operational amplifiers.) (See
II1.22-28.)

I.51 MEASURING TRANSIENT RE-
SPONSE. There is no single circuit that will
test the transient response of an amplifier under
all possible ultimate-use conditions. (It may
well be possible to set up the ultimate-use cir-
cuit, however, and run a test of the type we are
about to describe, and this possibility should
not be over-looked.) The circuit shown here
will, however, provide enough information to
permit a meaningful prediction of the transient
behavior of the amplifier in most circuit config-
urations. The amplifier is connected as an in-
verter, and is driven from a pulse or square
wave generator having adjustable rise and fall
times, and a good, distortion-free output atten-
uator. R is set to a value comparable to the
net input circuit resistance that is anticipated,
and the amplifier is loaded with an impedance
as close to the ultimate-use circuit as possible.
A dual-channel CRO having much greater
bandwidth than the amplifier under test is used
to monitor both the input and the output
signals.

Let us refresh our understanding of the open-
loop gain-versus-frequency characteristics of
the amplifier by referring back to I.17. If non-
linearities do not exist, the transient response
of an amplifier may be predicted exactly from
the gain and phase characteristics. The rela-
tionship between the fastest rise time that the
amplifier will pass without distortion and the

high frequency break-point in the gain charac-
teristics is simple and easily calculated. Un-
fortunately, there are both propagation and
magnitude non-linearities in any Operational
Amplifier, so that the large-signal response
characteristics may bear very little relationship
to those predicted by the small-signal curves.
In particular, the inability of the circuit to
“slew” at a rate demanded by large-signal, fast
output transients causes what is known as
“rate-limiting.”

The test procedure is as follows: (1) Starting
with the smallest signal that may be conven-
iently viewed on the Vj channel of the CRO,
superimpose the starting points of both V and
V4 (with V4 “inverted” by the CRO controls)
and determine the fastest rise time at which
they may be made to coincide within reasonable
limits. This rise time is a measure of the small
signal transient response; (2) Increase the am-
plitude of the input, decreasing the sensitivity
of both channels of the CRO proportionately,
until rate limiting is evident. A further increase
in amplitude should cause even further diver-
gence; (3) If the maximum output amplitude
is known, one may set it up on V, and then
increase the rise time until V4 and Vj appear
to be identical. That rise time is a measure of
the maximum slewing rate of the amplifier for
that amplitude of output signal.
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1.52 NOISE CALCULATIONS . . . NOISE GAIN . . . MINIMIZING
NOISE. For an example of how to make a noise calculation, we shall use the
circuit of Figure 1.6. The response to a noise current, i,, injected at the negative
summing point, and to a noise voltage, e., in series with one of the inputs (as-
suming an otherwise ideal amplifier) is:

VA £ 1 1 1
B R e [ 2 H ok i gt
\e] Zn -Jr A + 1 |e.»<, + |Z‘ I:IA-H -Jr 4KTB .]1 (ZO ‘+‘ Zl + Z)]
“ 5 = = 1‘ (es) : :
eRMS = | > T € )RMS ey
RMS z. 77 RMS i % R.
LS IR
Zy | Ly &
Z Z L g § " \ €sRMS
Note that | =~ + - + 1 ) = —, which is called the noise gain, and R, = ——
AR 8 LsRMS

is called the characteristic noise resistance.

© 2004 Analog Devices, Inc.

T'o minimize the noise-to-signal ratio at the output:

(a) Use as small a noise gain (as high a value of ) as possible, without
reducing signal gain below an acceptable minimum.

(b) Design the circuit to function at the lowest practical impedance level.
This reduces the influence of i,, and also reduces the effect of thermal
noise generated by the network resistors.

(c) Minimize external sources of e, and i,, by taking sensible precautions to
prevent excessive pickup. This includes providing adequate shielding of
the summing point —from power lines, chopper-drive excitation, signal
lines, and from r.f. radiation. Summing-point leads should be as short
as possible.

(d) Select an amplifier with suitably low (internally-generated) voltage and
current noise, in the frequency band of interest.

® To the reader: this page will undoubtedly be filled with a miscellany of

afterthoughts in forthcoming editions. Meanwhile, the remaining § of this

page, % of page 62, and all of pages 103 and 104, as well as the margins and other
blank spaces, are available for notes, calculations, circuits, inventions, etc.

38



pree -

L2l ) - et

PART TWO COMPUTING CIRCUITS

The earliest applications of operational amplifiers were in computational structures
applied to indirect modelling, called analog computors. In this Part, we present cir-
cuits that have found, or are likely to find, their principal employment by members of
the computing trade, regardless of their persuasion—analog, digital, or “hybrid.”
These circuits will readily be seen to have applications beyond the limited scope of
problem-solving and data-handling, and a number of the more articulately-rendered
circuits in the “instrument’ section will be recognized as directly derived from the
simple, basic configurations described here.

For convenience, for order, and for other good reasons, this Part has been divided
into three sub-plots: Linear Circuits; Continuous-Function Nonlinear Circuits; and
Discontinuous-Function Nonlinear Circuits.

Linear

Circuits

Though these circuits are inherently linear
(ie., output magnitudes bear a directly pro-
portional relationship to input magnitudes),
bear in mind that they are often used success-
fully in combination with nonlinear devices and
circuitry; either in the same Amplifier circuit,
or in league with other Operational Amplifiers.
Naturally, no claim to comprehensiveness is
made here, either in diversity or in detail, but
enough circuits are provided to encourage the
Thoughtful Reader to expand on the basic
ideas here discovered, and, so armed and stim-
ulated, to crash through to solutions of his
specific (and perhaps unique) problems.

Modules IT.1-I1.21 . . . pages 39-49

i S i

T st

Continuous-Function

Nonlinear Circuits

If linear circuits are best characterized by their
fundamentality and ubiquity, the circuits in this
second subdivision are most notable for their
permutability—the range and diversity of func-
tion that may be achieved by combining, super-
imposing, or reiterating them. Small wonder
that we can here give only a representative and
—we hope—intelligent sampling of the most
powerfully potent of the genre! Once again,
many of the seeds planted here will be found
flowering in Part II1, in the form of Instruments
of bold ambition and gratifying competence.

Modules I1.22-1I1.33 . . . pages 50-55

Discontinuous-Function

Nonlinear Circuits

Veteran followers of Philbrick publications (a
calloused lot) will find nothing remarkable in
the generous way in which we embrace such
elements of the ungainly Digital Discipline as
flipping, flopping, and gating. Indeed, we feel
no such reluctance—most of these circuits were
born analog—and find themselves in their con-
stricted hysteretical, or schizophrenic condition
because they have been driven to their limits
.. .accidentally at first, perhaps, but now
deliberately. Mad and misshapen though they
be, they can be very useful indeed, and we
value the end above the means, if the blood
lines are right. (Digits are members of the
Analog family.)

Modules I1.34-I1.51 . . . pages 56-62

il
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II.1 UNITY-GAIN INVERTER. A voltage
inverter, or one-to-one electronic lever, is
formed by using identical impedances in the
input and feedback paths. The impedances are
usually purely resistive, but sometimes the use
of identical reactive or complex impedance ele-
ments will improve the overall frequency
response.

The equation for the inverter response (ideal)
may be derived from the general equation (1-4)
for this configuration, introduced in 1.6, by
substituting Z for both Z, and Z;, thus:

Zy

e':—zel=-—iel=-~e1 (2-1)

Inverters are used wherever sign changes are
necessary, or simply to lower the impedance
level (and raise the power level) of a signal.
In the circuit shown, the output impedance is
usually less than an ohm, whereas the input
impedance is:
e

Zn=7=R (2-2)
This circuit functions well over a very wide
range of impedances, signal levels, and frequen-
cies. Noise, DC offset, and drift determine the
minimum practical signal; and amplifier input
current, Johnson noise, leakage, bandwidth re-
quirements, and (possibly) pickup limit the
maximum value of R.

I1.2 THE FOLLOWER. The follower circuit of (a) has essen-
tially unity gain because the output, e, is fed directly back to
the negative input as degenerative feedback at high gain. It
has very nearly unity gain over a wide frequency range, pro-
vided that the amplifier has excellent differential properties and

high gain.

The follower is ideal for isolating and driving other circuits, as
well as for direct signal detection at low energy...and it
preserves the sign of the signal (is non-inverting).

The response of the follower-with-gain circuit (b) is

R
9=(1+1Tj)31

Circuit (b) is less demanding of differential excellence, for two
reasons. First, for equal outputs, the input (i.e., common-mode)
voltage of (b) is smaller. Thus, even a curvilinear relationship
between common-mode error and common-mode voltage is
correctable, in (b), by trimming gain, assuming the gain is

high enough.

Secondly, some differential amplifiers have dynamics that are
optimized for inverting work, and, therefore, respond more
rapidly to signals applied to the negative input terminal than
to the positive. For low values of gain, the positive-input lag
rather than the gain-bandwidth product limits the speed
of response. Also, output rate-limiting resulting from input
saturation is much less a factor in (b), because of the smaller
input. For these reasons an amplifier having severe limitations
as a unity-gain follower may be excellent as a gain-of-100

follower-amplifier.

The input admittance of (b), for R, or B; << 1/Y, is given in

equation (2-4).

© 2004 Analog Devices, Inc.

(2-3)
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I1.3 THE INVERTING ADDER—-WITH & WITHOUT
WEIGHTING. Circuit (a) adds linearly; that is, when n input
voltage signals ey, es, . . . e, are applied to the input terminals,
the voltage sum is delivered at the output terminal. (See 1.7.)
When all resistors are equal, the circuit thus acts as a one-to-one
inverter with respect to each input to a very high accuracy
provided that the amplifier gain is high. The response is
given by:

—e=e1+e+ - +en (2-5)

Circuit (a) is but a special case of the generalized circuit of
section 1.6, and it immediately suggests other circuits, less
general than that of 1.6, but more general than (a)—for example,
(b), in which the individual input resistors may have values
different from that of the feedback resistor, so that the output
is the sum of a series of terms, each proportional to one of the
input signals, but each multiplied by an arbitrary coefficient
Thus, in producing a “sum,” we may weight (or ‘“‘scale”) the
inputs arbitrarily, merely by selecting appropriate values of
input resistance. Circuit (b) is sometimes called a ‘“Linear
Combinor.” Its response is given by:

—e =g (I%) + e (E,I%) o DI, A (%) (2-6)

II.4 THE NON-INVERTING ADDER. The We may also derive an expression for e4, in
output of this circuit is (ideally) the direct, terms of e, e;, and the resistance values.
positive sum of the two inputs. In other words, i

we have constructed a non-inverting adder.
A brief analysis of this circuit should prove
useful, since its fundamental configuration e1 + ex
permits a number of interesting variations.

As always, we begin by assuming that e, is 0,
so that the potential with respect to ground at
the positive input, e4, is the same as that at o,
the negative input, ez. From the proportions

_81+82
T 2

of the feedback network connected to the This circuit is not limited to two inputs, nor
to simple addition—the coefficients may be
gty R R ©-7) arbitrarily weighted by wusing appropriate
& 2 resistor values and some algebra.

negative input, it is clear that:

R+ R

Zeq or eq =

=0
(e + e2)

If the input-terminal potentials are equal,

85201', e1t+e=e
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I1.5 THE NON-INVERTING ADDER /SUB-
TRACTOR. Only a perverse and unnatural
insensitivity could resist exploring the possi-
bility of obtaining negative coefficients with
some practical form of the preceding circuit,
and thus achieving subtraction . . . preferably,
of course, without compromising the ability of
the circuit to add, simultaneously. Circuit (a)
satisfies both ambitions. Space does not permit
the derivation of the expression for the output
voltage, but it can be shown that, provided
that the following relationship is satisfied:

kit k4 ks = ks + ks (2'10)
the response equation is given by:

e = kyes + kses — (Rier + kzes + kses)
(2-11)

A simple way of “forcing’’ the provisional re-
lationship is to add a resistor, R/k; or R’ /kq,
from either the negative terminal of the am-
plifier or the positive terminal, to ground, de-
pending upon which side of the provisional
equation must be made larger to achieve the
equality. This resistor, since it is grounded,
corresponds to a term of the general form: &, eq
in which the voltage, e, is zero, and hence
does not add a signal term to the basic rela-

tionship. If a single input, e;, is applied to the
negative terminal, and a single input, es, is ap-
plied to the positive terminal, and &, = &k, = 1,
then the circuit is reduced to a simple sub-
tractor, figure (b), the response of which is:

e=e—e (2-12)

It should be noted that, in this as well as in the
circuit of Figure 2.4, the input resistors in-
dicated are each assumed to include the resist-
ance of their voltage sources; indeed, this is
always assumed in circuits in which an input
resistor is shown connected to an ideal zero
impedance source.

There is no theoretical restriction on the
number of input paths that may be added to
either side of this circuit. If there are ‘“m”
inputs to the negative-terminal summing point
and “n” to positive-terminal summing point,
as in figure (c), the general expression for
response is:

AL m
e= 3 ke;— 3 kie; (2-13)
j=1

i=1

provided that:

T hi= T ki (2-14)
| ot

I1.6 ADJUSTABLE-COEFFICIENT INVERTERS. In cir-
cuit (a) we have the true “adjustable electronic lever’ with the
tap of the potentiometer providing the adjustable “‘fulcrum.”
This results in a wide-range, variable-gain amplifier that may
be precisely, if not conveniently, calibrated. A voltage gain of
—1 occurs at mid-setting, while gains from a precise zero to
very high values are within range. Note that a relatively small
resistor, R, serves to protect the amplifier and prevent overload
of the input source when p approaches unity. Note also that
signal source impedance will generally affect the accuracy of
the equation and limit the maximum gain.

If the potentiometer is placed in the feedback path alone, as in
circuit (b), a proportioning device is obtained with narrower
range than that of a circuit (a) but having a linear scale with
respect to potentiometer rotation—a greater convenience, at
times.
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I1.7 BIPOLAR ADJUSTABLE-COEFFICIENT CIRCUIT.
It is but a short step from the end of IL.6 to a circuit that draws
upon the adder/subtractor technique to provide a wide and
continuous range of coefficient adjustability, from a substantial
negative value, through zero, to a substantial positive value.
In the circuit shown, if R = R;, the response varies between +1
and —1, linearly with rotation, passing through zero at p = 0.5.
The relationship between p and the response is: (for R = R;)
e= (2p — 1)e; (2-15)
Note that this useful circuit may be given a different upper-limit

coefficient, by adjusting the ratio of R to R;. The general ex-
pression for the response is:

R R
e [(1 +E)” —le] e beECh

II.8 BIPOLAR ADJUSTABLE-SCALE COMBINOR. The
circuits (a) and (b) perform identical mathematical operations.

e = n(aie; + azes + *** amen) (2-27)

Circuit (a) requires more amplifiers but these can be inexpensive
types, since the circuit impedance level, R, is arbitrary.

Circuit (b) requires only two amplifiers. They are generally
selected so as to have nearly equal performance, because their
error contributions tend to be identical. Furthermore, the
noise gain (1/8) of the main amplifier of (b) is twice that of
(a) if the current inverter is scaled so that it just avoids satu-
ration (i.e., Ry = R;/m).

The noise gain of (b) is minimized by using large values of R,
while (a) permits use of the lowest feasible values of RE.

I1.9 THE WEIGHTED AVERAGER. A special case of the
Inverting Adder, or Linear Combinor (I1.3), this circuit uses
matching resistors in a voltage-dividing network that assures
that the sum of the weighting coefficients is always precisely
unity. The Weighted Averager yields an output that is the
(inverted ) weighted average of the inputs.

—e = aie; + azes + 4 a.e,
1/R,

where ak=_1+i+”‘+i (2-18)
Rl R2 Rn
1

and where P S R
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I1.10 SINGLE-INPUT AND SUMMING INTEGRATORS. The ability to
integrate accurately is of fundamental importance in solving differential equa-
tions and modelling dynamic systems. The circuit of Figure (a) shows a simple
running integrator (no reset or hold logic) that can be used within a stable feed-
back loop. In this circuit, in the ideal case, all the current flowing through the
input resistor, e,/R, must flow through the feedback capacitor. Hence:

cd—e =

Rcf fLhe

The characteristic time of the integrator is T' = RC. (For example: R = 1
megohm, C = 1 uF; RC = 1 sec.) This is the time required for the output to
change by an amount equal to the average value of the input,

and thus e = (2-19)

—Ae = (2-20)

o
A very long characteristic time can be achieved by using a TEE network (1.26)
of resistors in place of the input resistor, and a large, low-leakage feedback ca-
pacitor. For example, a 10 uF polystyrene capacitor, together with an effective
100 megohm TEE network, gives a 1000-second (1624 min.) characteristic time.
In this example, the amplifier offset current must be low, since even 10 pA of
offset produces an error equivalent to that caused by 1 mV of voltage offset.
On the other hand, the capacitor leakage resistance may become the dominant
error factor, since it must exceed 10'2 ohms, at 10 volts of output, for the leakage
current to be less than 10 pA.

For high-speed operation, a 1 m sec. time constant (R = 10 kQ, C = 0.1 uF)
may be taken as typical. In this case, leakage current is not of great concern
unless there is to be a long “hold.” (See II1.12, ITI1.57.)

Adding more inputs to achieve a summing integrator is illustrated in (b). By
choosing unequal input-resistor values, the contributions to the output (integral)
of the several inputs may be weighted, in direct proportion to their conductance.

I1.11 THE AUGMENTING INTEGRATOR. When a resist-
ance, Ry, is placed in series with the feedback capacitor of an
integrator, the circuit will produce a composite output, contain-
ing a component proportional to the input signal, added to a
component proportional to the time-integral of the input signal.

This circuit has applications in closed-loop controllers (to pro-
vide a proportional-plus-reset control action) as well as in the
simulation of many commonly-encountered physical systems.
It is adaptable to summing and differential integrators, too, with
and without weighting. By adding R, in series with C in 2.10
(b), for example, we create a response given by:

R
—e—u(l—l— )(e1+ea+“'+en) (2-21)

where T =8,C
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I1.12 PRACTICAL CONSIDERATIONS IN INTEGRATOR DESIGN.
The free-running-integrator circuit of I1.10 must be used within a stable feed-
back loop, because it contains no inherent provisions for forcing it to an arbitrary
output (initial) condition at an arbitrary time (time zero) . .. and an open-loop
free-running integrator will, in time, drift to one of its bounds.

The most common way to impose an arbitrary initial condition upon an open-
loop integrator is to use a relay circuit, such as (a). (See also I1.49, II1.50, and
I1.51.) Externally-generated logic signals are then used to control the mode—
run, set, or hold. Figure (b) shows a typical output history. During each set
mode interval, the integrator output relaxes to E;.¢. in accordance with:
t

e =Eic.+ (e — Erc.)e PaC (2-22)
where e, is the value of e at the start of the set interval. The set interval must
last long enough to allow the transient to subside (7RzC, for 0.1% accuracy).
For fast reset, Ry should be very low.*

If current through R, must be avoided, one may use two amplifiers, resetting
the integrator to a zero initial condition (R, ‘“‘infinite’’), and then, as shown in
(c), adding the arbitrary initial condition in a separate summing amplifier.
Note that in (c), because R is very small, one cannot ground the back contact
of the set relay, as is done in (a), to minimize relay leakage current during the
run and hold modes. In (c), one can attenuate in A and amplify in B, scaling
the circuits so as to impose any arbitrary full-scale initial condition (within the
ratings of B) without saturating A.

When switching from set to run, it is necessary to avoid having both relays of
circuit (a) closed at the same time, lest an error (indicated by dashed lines at
the right of the history graph), be introduced. This error can be avoided by
going through an intermediate hold state, also indicated in Figure (b), possibly
at the expense of control-logic simplicity. (The hold state is a logical requirement
in some systems, anyway.)

When several integrators are involved in a simulation, errors may be introduced
if they do not all switch modes simultaneously. These errors are small if the
characteristic time is large compared to relay-closure time differences.

In the hold mode, the output will tend to drift at a rate :I-/C, where I represents
the average sum of all unwanted currents.

Hence, it would appear that the larger the capacitance (for a given total leakage
current) the better. However, practical capacitors have a leakage conductance
directly proportional to capacitance. When great care has been taken to mini-
mize all other sources of leakage, such as amplifier input current and relay
insulation, no substantial improvement in drift rate is possible by using a high
quality (polystyrene) capacitor greater than 1 uF.

In the run mode, another source of drift appears. The amplifier offset voltage
drives, through the sum of all input admittances, an additional error current.
Thus, for minimum drift in the run mode, an amplifier with both low offset
current and low offset voltage is required. In the hold mode, as noted, only
offset current must be minimized, assuming that the amplifier’s input resistance

*To protect the relay contacts, Rz must be at least 10-100 Q.

is sufficiently high to minimize the error current due to voltage offset.

If there is a possibility that the amplifier output voltage range may be exceeded,
a feedback-circuit bound is desirable. This enables the integrator to respond
immediately if the net input changes sign. By properly guarding the bound
(see 1.25) leakage can be made less than 10 12A.

Instead of relay resetting, AC coupling, as in (d), can be used to prevent inte-
grator runaway. (See also III.73.) Depending upon the frequency range of
interest, this circuit can serve as a differentiator (at low frequencies), a band-
pass filter (at mid-frequencies), or an integrator at high frequencies. It is
usually best to set:

R.-Cd = RJC;

(2-23)
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II.13 THE DIFFERENCE INTEGRATOR. Having gone
this far, it takes little daring, we submit, to replace two of the
resistors in the adder-subtractor of II.5 with capacitors, thus
creating the circuit shown here, in which the output is, at every
moment, proportional to the time-integral of the difference
between two signals.

If RC = R'C’, the input-output relationship is simplest:
t

s ey) dt (2-24)

Because two capacitors are used, the set-run-hold problems
outlined in II.12 are compounded in the differential circuit of
(a). Hence, circuit (a) is happiest in applications in which
the loop is closed externally. Please note that an inverter and

a summing integrator will do a similar job, as shown in (b).

I1.14 DOUBLE INTEGRATOR. This ex-
tension of the basic integrator of I1.10 permits
a single amplifier to generate the second time-
integral of an input signal. It is sometimes
useful in handling dynamic system equations
such as:

s e
@ + ax = f(t) (2-25)
The response of this circuit is given by:
1 1
=g (2-26)

e R*C?p? A (Tp)? €

where T = RC

If the output is connected back to the input,
this circuit will oscillate at a frequency given by:

1 1
! = %2RC ™ 22T 2]

When this circuit is connected as an oscillator,
it is desirable, in practice, to modify the time-
constants so that the feedback time constant
is slightly shorter, and the input time constant
is correspondingly longer, ensuring regenerative
damping and (hence) buildup.

II.15 SIMPLE LAG. After a delay equal to
many time constants (¢ > RC) this circuit, in
response to a ‘“‘step” input at e;, settles down to
behave like any other arbitrary-coefficient in-
verter, approaching the familiar response of:

R
e=— (171) er (2-28)

Initially, however, it behaves like an integrator,
and then its output exponentially approaches
the inverter response at steady state. The net
effect is to delay the appearance of the above-
stated response . . . it “lags” the appearance of
the input. This is called performing a “tardi-
grade’” operation on e;(t). e; need not be a
step function, of course; regardless of the

variation of e; with time, the generalized re-
sponse equation is:

BT I D)
R,

in operational notation, in which

e d i =R

bty il
Note that changing R affects both gain (R/R;)
and time-constant (7'); while changing R,
affects only the gain. Note also that the lag
may be applied to the sum of several inputs, as
indicated in dashed lines, and weighting may
be accomplished, also, by proportioning the
input resistors.
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I1.16 ADJUSTABLE-LAG CIRCUITS. These two circuits
permit continuous manual adjustment of the lag-response time
constant, over a wide range. Circuit (a) provides independent
adjustments of time constant and gain. The amplifier should
have high CMRR; for long time constants, it must also have
low input offset current. By driving the e; input, a high-pass
filter characteristic (imperfect differentiator) can be realized.
Both e; and e; must be driven from low impedance (or grounded. )

Circuit (b) is useful when inverting amplifiers must be employed,
perhaps to gain the advantages of chopper stabilization; how-
ever, one must overcome the following drawbacks and incon-
veniences: dynamic instability at extreme settings; the general
unavailability of high-resistance potentiometers; need for
matching the feedback resistor to the potentiometer resistance.

I1.16
I1.15
II1.17
II1.23
II1.26

I1.17 LAG-LEAD ELEMENT. Introducing a lag into the
feedback circuit (as well as into the input circuit, as was done
in the preceding section) creates the possibility of a leading
response, if the time constant in the feedback circuit is the
greater of the two. If, as shown, we make both time-constants
adjustable, we may arbitrarily change the response of the
circuit from leading to lagging, merely by adjusting the time
constants, relative to each other. When the time-constants are
equal, the circuit becomes a unity-gain inverter. R: and R,
insure dynamic stability.

This example illustrates a fairly general, yet flexible, configura-
tion typical of many used for ‘‘lag-lead” compensation in
instruments and controllers, and in the representation of
thermal systems.

I1.17
1I.15
II.16

I1.18 DELAY-LINE ELEMENT. This circuit is a third-order low-pass filter
having phase lag nearly linear with frequency (¢arwRC) in the range from 0 to
180°. In this sense, it approximates a delay, exp (—7RCp), although, unlike a

j
= = —)- Amongst

€1 | ¢ = 180° 3
the merits of the circuit we may list the following: its transient-step response
has no overshoot; its delay-time-to-rise-time ratio is nearly unity; and its first
two derivatives are zero at zero time. The transfer operator is:
i

(1 + 2RCp)(1 + 1.2RCp + 1.6RCp?) &*
Note that there is a finite time delay before any appreciable response occurs,
following which the response exhibits a rise time of the same order of magnitude
as the delay. To improve the ratio of delay time to rise time, a number of
stages (n) may be cascaded; the ratio increases as v/n.

pure delay, amplitude rolls off considerably (

e = (2-30)

I1.18
II1.23
IIT.24
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I1.19 DIFFERENTIATOR. Circuit (a) is of
an ‘““ideal” differentiator. The current into the
summing point through C is:
del
e
and the feedback current, through R, must, in
the ideal case, equal i., so that:

i (2-31)

de
—e=iR= Rc?t1 = Tpe, (2-32)

where T=RC and pel:%

As we well know from earlier disillusionment,
circuit (a) will not be dependably stable with-
out at least a small feedback capacitor, like C,.
C, is a good idea for at least one other reason:
circuit (a) has a nasty preference (i.e., gain) for
high-frequency noise, which tendency is much
ameliorated by a gentle but firm roll-off above
useful frequencies. Now, however, we no
longer have a true differentiator; C, has changed
that.) (See I1.21 for design consideration.)

Figure (b) shows that we may combine the
derivatives of several signals in one Summing
Differentiator. By now, this comes as no

surprise to any student of the fearful symmetry
of nature—after all, we have already seen
adders and summing integrators . .. why not
summing differentiators? As might be ex-
pected, weighting of the individual derivatives
is entirely practical, merely by proportioning
the input capacitors. The ideal response
equation for n inputs is:

—e = RCipe,; + RCype; + - -+ RC,pe,
(2-33)

Figure (c) supports the theory of Harmony
Throughout The Universe. It is a difference
differentiator—that is, it produces an output
proportional to the difference between two
derivatives. For equal time-constants, the
output expression is:

—e = Tp(e; — e3) (2-34)
where T =RC

Figure (d) shows a scheme that is commonly
used in general-purpose analog computors. To
maintain dynamic stability, one must not make
n too large. In general, stabilizing this loop is
more difficult than stabilizing the single-
amplifier circuit 2.21 (b).

I1.20 THE AUGMENTING DIFFERENTIATOR. The re-

sponse of circuit (a) may be found by simple superposition,
since the current contributions of R, and C are independent
because of the amplifier’s summing property. The output voltage
must furnish both currents, mainly through R, except at high
frequencies above the useful differentiating bandwidth. The
ideal response is given, therefore, to a good accuracy, by:

—e = }% 1+ Tp)ex (2-35)
1

where T = R,C

and is illustrated in the exemplary graph of (b). The frequency
response of this circuit is given in (c).
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I1.21 PRACTICAL CONSIDERATIONS IN
DIFFERENTIATOR DESIGN. In I1.19 we
mentioned the need for a small feedback
capacitor to limit the gain at high frequencies
and to provide dynamic stability. A further
modification of the ‘““‘ideal” differentiator cir-
cuit involves placing a small resistor in series
with the input capacitor. This resistor also
helps to limit the high frequency gain, and to
ensure dynamic stability; furthermore it
“cushions” the signal source by reducing the
effective magnitude of the capacitive load seen
at the input, and it limits the maximum input
current. The addition of this resistor makes
the practical differentiator circuit of (b)
identical in form to the AC integrator circuit,
Figure 2.12(d).

Circuit (b) is dynamically unstable (or at best
marginally stable) if either R; or C; is absent,
or if either is not high enough in value. To
achieve well damped stability, the radian fre-
quency, w.(=1/7.) should be chosen to be no
greater than the geometric mean between

1]
and the amplifier’s gain-bandwidth

R.C,
product, wy. (See 1.43.)
SR 1
Te > o —2 RC:> — (2-36)
wr wr

Wisdom often dictates choosing a substantially
larger value of 7. (than the geometric mean) in
order to limit the sensitivity of the differentiator
to high-frequency noise.

The differentiator characteristic time, R;Cy, is
selected so that the maximum rate of change of
input signal will produce full-scale output.
Le., set

Elmax (£.8.)
R.,C,; = |c‘i_e:‘+_

dt

(2-37)

Occasionally, a still faster (i.e., off-scale) input
change may occur. The bound circuit shown in
(b) will limit the output in that event, and
prevent an erroneous charge from developing

across C;. Thus protected from off-scale
saturation, the output will respond correctly,
even immediately following an anomalous
steep transient.

For moderately-fast signals, choose R, so that
full-scale voltage across R, develops between
0.1 and 1 milliampere in it; however, if this
computation calls for a (polystyrene) capacitor
for C; higher than 1 to 10 uF, it is better
(because of capacitor leakage) to limit the
capacitor value to 10 uF, and permit larger
values of R, in order to achieve a long enough
characteristic time. In such a design, the full
scale signal current will thereby be reduced,
necessitating the selection of an amplifier with
a correspondingly lower offset current rating,
for accuracy, and higher input impedance, too.
An exotic example of this procedure is given in
IT1.56, which describes a differentiator design
having a 10° second (nearly 2-week!) charac-
teristic time.

The effective error produced by DC summing-
point voltage and current offsets (E, and I,)
referred to the input is:

de; 1 1 it
(_J{)ermr ¥ b_d [(ft‘; + R‘“) E, + Iﬂ] (2-38)

where R, is the amplifier’s effective input
resistance.

Choose the “critical” radian frequency:

as low as possible without causing excessive
distortion (i.e., gain and phase error). The
table (d) may prove helpful in assessing the
gain and phase errors caused by the two lagging
time constants R.C; and R;C;. Note that by
substituting jw for the operator p in the input-
output relation the gain and phase are given by:

e RCuw
er] ~ 1+ it T

Plead = 90° — 2 tan'rw (2-41)
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11.22 INHERENTLY NON-LINEAR ELEMENTS. We have
already seen (in 1.32—DIODES) that certain semiconductor
junctions exhibit a reasonably-accurate logarithmic relationship
between voltage and current, over quite wide ranges of current.
This inherent non-linearity is so useful, that many years have
been devoted to the refinement of inherently logarithmic
devices — searching out those that adhere with the greatest
fidelity to the formula:

¢ = Kylogss (i) (2-42)
T

over the widest possible ranges of i, and then domesticating them
...by such means as temperature compensation, matching
pairs, etc. These efforts have been crowned at Philbrick by the
development of a family of devices known as LOGARITHMIC
TRANSCONDUCTORS. The configurational versatility of
typical members of this family is summarized briefly in Figure
(a). Circuits (b) and (c) show the application (without temper-
ature compensation) of just one form of these Transconductors
to the generation of elementary log and anti-log functions.
(See 11.28-31 for fuller exposition.) The graph of Figure (d)
shows the ranges over which the PL1/PPL1 transconductors
adhere closely to the straight and narrow path.

Back in the dim past, it was not uncommon to use the more-or-
less-square-law behavior of a vacuum-tube triode transfer
characteristic to achieve quadratic nonlinearity; and the uses
of nonlinear effects in vacuum tubes, transistors, capacitors,
varistors, etc., still appear from time to time as preferred
solutions to specific problems, in which compromises among
functional fidelity, temperature sensitivity, and bandwidth
are acceptable.

Specific recent examples include the multiplicative properties
of field-effect transistors, and the clever use of silicon carbide
for squaring in the Douglas Quadratron (now available from
Bourns, Inc.).

Finally, no summary of inherently nonlinear elements for
functional representation, however brief, would be complete
without mention of the Hall effect. If any conductor carrying a
current is placed in a transverse magnetic field, a voltage pro-
portional to their true cross-product will appear across the
conductor along the third axis. The constant of proportionality
known as the Hall Coefficient, extremely small for most con-
ductors, is appreciable in some recent devices. However,
Hall-effect multipliers suffer from asymmetry and lack of
common scaling, and they tend to be temperature-sensitive,
but for many applications they are quite useful. Operational
Amplifiers are used with Hall-effect devices for scaling, as
current sources, and for field-driving.

© 2004 Analog Devices, Inc.



11.23 SYNTHESIZED-FUNCTION NON-LINEAR ELE-
MENTS. Another fundamental way to create a known and
dependably-reproducible nonlinear device is to construct a
network, the elements of which are not in themselves selected
for inherently-conformal nonlinear behavior, but which, when
combined and proportioned appropriately, exhibit the desired
nonlinear e/i relationship. Although such synthetic networks
are invariably more ramified than are the inherently nonlinear
devices, particularly if they must be very accurate, they offer
far greater design freedom in the range and variety of available
nonlinear functions. Time and toil have brought forth grati-
fyingly-accurate networks that exhibit logarithmic, transcen-
dental, and quadratic behavior, and accommodate various
combinations of voltage and current polarity. In their most
convenient form, they appear as a family of Philbrick Opera-
tional Plugins, described briefly on the inside back cover of this
manual, under the designations: PSQ-N /P, SPLOG-N/P,
SPSIN-N /P, SPCOS-N /P, and SPFX-N /P. For the ultimate
in flexibility, we commend to you the SK5-F.* Circuit (a) is a
simplified generic schematic of such a network. The graphical
analysis (b) that accompanies it shows how such a network can
be made to conform —at least grossly —to a particular arbitrary
function. The input signal, e,, is connected to n networks, each
forming a divider between e, and a negative reference voltage, E.
Above some value of ¢;, the diode will conduct, driving a current
into the summing point. The necessary condition for diode
conduction in the first branch is:

ey =B (2-43)

above which, the current that flows to the summing point
(neglecting diode drop) is e,/R,,, since feedback from the
amplifier (through R) holds the summing point at a virtual
ground (zero) potential. The complete expression for the
current in D, then, is: (for ip; > 0)

RAI
(e' N RB:E)

, ( e E ) (2-44)

“h Ry Riy  Rp
The difference between the desired function and the synthesized
approximation is the systematic error of the device. Figure (c)
shows such an error for an approximation made by line segments
tangent to the desired function. Usually, these errors are ex-
pressed in percentage of full scale output. Use additional
diodes (and associated reference voltages) connected in opposite
polarity, and or additional amplifiers, to invert input voltages
or computing currents if input voltages of opposite polarity are
to be dealt with or non-monotonic functions to be embodied.

*The SK5-F Manual should interest those who find this treatment of
arbitrary nonlinearity intolerably brief.
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I1.24 BASIC CIRCUIT—LOG OR ROOT
RESPONSE. If we connect a nonlinear net-
work (see 2.23(a)) so that the network is
driven by the amplifier output and feeds back
a current related to the voltage in a predictably-
nonlinear manner, the response of the circuit

will be: 5!
Sy m

(%)
where f is the causal functional relationship
between the voltage at A and the current into
B. This circuit may be used to develop inverse
functions. If, for example, we used Model
PSQ-N (square-law characteristic), the re-
sponse of the circuit cornected for the inverse
function (i.e., square root) would be:

e = (2-45)

—e =1/10e;, for R = 20kQ (2-46)

If an exponential network, such as Model
SPLOG*, is used, the response becomes:
(e2 < 0)

e = logy (— Oi—2V) for SPLOG-P (2-47)

*SPLOG-P /N are designed to operate over a cur-
rent range of four decades (.05 to .500 xA) with

<.01fori > 5 uA

an error (@ 25°C) of:

desired

8i

and < .0001 for i < 5 pA where

lm

8i = |laotual — Pdesired|:

1I.24
11.22
II.25

I1.26
11.27
ITI.65

I1.25 SQUARER. Here we show a form of
circuit 2.23 (a), in which the nonlinear network
is a PSQ-P Quadratic Transconductor, which
has the basic e/i relationship: *

2
i=1%10"* (%) =5 X 10~%,> (2-48)

When used as a squarer, e is connected to es.
The output current of this network is then
transduced to a voltage (see II1.30), as de-
scribed by the relationship:

e e e’ R
s T (20 kn)
The circuit as shown works only for positive
values of e;. If e, is bipolar, —e; should be

(2-49)

connected to the other input terminal, in order
to produce the desired squared output for
either input polarity. (Absolute value compu-
tation is inherent in PSQ if both input polarities
are supplied.) For positive output polarity, use
PSQ-N, restricting the circuit then to negative
input signals. I1.42 shows a pair of Absolute
Value circuits, either of which will convert e, to
a single polarity, regardless of its initial inten-
tions, and such a circuit may be used to drive
either of the input terminals shown here.

*PSQ-P /N are designed to operate over a current
range of 0 to 500 wA with an accuracy (@ 25°C) of:

< .001 where 6i = lsctusl — Ldesired-

max

I1.26 ARBITRARY FUNCTION FITTERS.
Models SPFX-P/N are ten-segment function
fitters having uniformly-spaced fixed break-
point voltages and adjustable slopes. SPFX-P
has breakpoints for positive-going inputs and
SPFX-N has breakpoints for negative-going
inputs. Circuit (a) generates a function having
inputs and adjustable slopes of either sign, and
an adjustable origin. If all these degrees of
freedom are not required, the circuit can be
simplified; e.g., if the desired function has no
slope change for one sign of input (b), one
SPFX can be omitted. If the origin is at zero,
(¢), the initial offset adjustment is unnecessary.
If the desired function has zero slope for zero

input (d), the initial slope adjustment is un-
necessary. Finally, if the desired function has
monotonically decreasing slope (negative or
zero second derivative) for a positive input and
a monotonically increasing slope for a negative
input (e) the inverting amplifier is unnecessary
(ground point A).

The maximum slope change per straight line
segment is 20 pA /volt/volt.

The amplifier output may be scaled by choos-
ing the value of the feedback resistor R so that:

d’i d’e

R dey? de,? (2-50)

max max desired
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11.27 SINE-COSINE FUNCTION FITTER (SINUSOIDAL TRANSCON-
DUCTORS). The Philbrick SPSIN-P and SPSIN-N are diode-resistor func-
tion fitters having output currents proportional to the trigonometric sine of
the input voltages.* They require two input voltages, e, and —e, as shown
in (a). The response of the SPSIN-P is shown in (b). Since the sine is nearly
the same as the angle itself for small angles, the useful range of the SPSIN-P
includes small negative voltages.

SPSIN-N behaves as shown in (c).* By using a P and an N type together
(additional unit inside dashed line of figure a) the sine function can be generated
over a range of —100° to +100°. Note that the polarity of the output can be
changed by interchanging inputs e; and —e,. Generation of the inverse function,
arcsine, is shown in (d). In the conversion of rectangular to polar coordinate this
circuit is the preferred method of generating the angular co-ordinate, for angles
less than 90°. The dashaeline indicates the additional unit necessary for outputs
of.either polarity. Both devices are scaled to 10 degrees per volt of input.

*The accuracy of both SPSIN-P and SPSIN-N (@ 25°C) is
8;

001 for'' IV Z ey <10 V, where 5 /= il = Tieied

11.28 LOG OF RATIO CIRCUITS. Circuits (a) and (b) show two connections
in which one may incorporate a diode-connected dual logarithmic transconductor
(such as the PPL-1-N/P) and, with the aid of a differential amplifier, create
an output voltage that is proportional to the logarithm of the ratio of the two
input currents (note that an input voltage may not be directly converted to
an input current, since the amplifier input terminals are not at ground potential).
The 10y of voltage ratio will be seen later in this section. It is obvious that these
circuits, although perfectly straightforward as they are drawn, have the limita-
tion that they will operate only with unidirectional currents. It is possible to
compute the logarithm of the ratio of input currents going in opposite directions
(log of negative ratio), and it is also possible to parallel logarithmic units with
those of reverse, or complementary, polarity, but please note that reversing the
input polarities inverts the ratio, which is sometimes unfortunate (particularly
if unsuspected ).

Circuit (c) shows how to obtain the log of the ratio of two input voltages. The
lower amplifier, recognizable from the discussion of 11.22, computes the logarithm
of the numerator (about 59 mV per decade at room temperature), and the
upper amplifier functions as a current pump in the Howland Circuit (see I11.6),
that injects a current proportional to the denominator. The difference between
the diode voltages (the log of the ratio) appears at the positive input of the
Howland circuit, and is magnified by the gain ratio (1 + n).

If the ratio is to a fixed quantity, one single-ended amplifier may be used with
the Philbrick PPL4 P/N (or SPL4 P/N) to obtain a wideband compensated
logarithm useful over 5 decades, having both slope (nominally one volt per decade)
and reference current adjustable.
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I11.29 LOG OF LOW-CURRENT RATIO. This circuit is.recommended for
obtaining the log of the current ratio at low currents. It employs transistors
in the transdiode connection, which provide at least two decades more current
range than can be obtained from diode-connection of the same transistors.
The subtractor that follows the two identical log-function circuits then computes
the log of the ratio (the difference of the logarithms). Inputs that are current
sources (such as photomultiplier tubes) tolerate larger amplifier input voltage
offsets than do voltage sources. The SP2A amplifier is suitable for high-
impedance (current) sources, and the SP656 for voltage sources. The output
amplifier requires good common-mode rejection. Temperature variation of
Ey can be compensated by appropriate temperature coefficients for R;.

I1.30 LOG MULTIPLIER CIRCUIT. This circuit produces an output of:

(D] b
e =g (8—1) (2-63)

precisely over many decades, by taking the anti-log of the signal at point A
which, for positive values of ey, e;, and e;, is negative and of the form:

gt 1 [%/:—q (?)] (2-54)

This signal is produced by feeding, to the subtractor circuit in the center of the
diagram, the following inputs: (1) the log of e;, for which it has the gain (—n);
(2) the log of e,, for which it has the gain (4+n); (3) the log of es, for which it
has unity-gain. Note that this is essentially a one-quadrant circuit.

The exponent, n, is determined by the gain of the difference amplifier, which can be
adjusted by changing a single resistor in a differential TEE network, (ITI.81) in the
input circuit (n < 1) or feedback circuit (n > 1).

I11.31 LOG MULTIPLIER (USING LOG RATIO CIRCUITS). The
Philbrick Log Ratio Amplifiers (SPLRA-P or N) and Log Ratio Trans-
conductors (SPLR-P or N) make convenient ‘building blocks” for a
logarithmic multiplier. The circuit shows two SPLRA-N Log Ratio ampli-
fiers connected to give an output

€2\n " (1 4+ ni)En , (14 n)Ts
AT (81) Mo (1 + n2)Ep ¥ 1+ n)T, el

The transconductor version is the same, except that the lower amplifier
in each unit must be provided separately. The gains of the two units,
(1 4+ n;) and (1 4+ n.) are used to compensate for any slight differences
in the junction temperatures (7', T;) of the two units, or alternately can
be adjusted to give n any value between approximately 1 / 5 and 5. Tran-
sistor mismatch error appears as a constant scaling error in one or more of
the inputs and can be removed by changing the gain of the affected inputs
(small adjustable resistors in series with each input is the simplest method ).
When these adjustments are made accuracies of the order of

oe
€desired

can be obtained over three decades of input voltages. The circuit shown
works for positive input voltages. Use SPLRA-P for negative inputs.

< .001 de = €actual — €desired (256)
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I1.32 QUARTER-SQUARE MULTIPLIER. All of the circuitry to
the left of the dashed line is devoted to adding, subtracting, and
weighting e; and e. (by what should be, at this point, thoroughly
familiar techniques) to produce the four signals that are fed into the
PSQ-N and PSQ-P squaring circuits, the outputs of which are fed
to the inverting adder that completes the circuit. The few lines of
algebra that follow prove that the output will, indeed, be proportional
to the product of e; and e..

3 R Ay (e;:v‘”)“
iy = (5mA) (e;m_ \;2)2 (2-57)

Il

=

(20 kQ) (i + is)

e — e\’ el + e2\* e e
(IOV)[( 20V ) ‘( 20 V )] 1V
Note that this circuit is a true four-quadrant multiplier, capable of

producing an output of either polarity, as demanded by any arbitrary
combination of the polarities of e; and e..

When high-speed amplifiers are used (such as the P65AH) the fre-
quency response of the multiplier is limited by the squaring circuits,
the time constant of which is approximately 0.3 usec.

By interchanging the PSQ-P and PSQ-N the output polarity is
changed, giving

e

eesz
oV

This circuit may also be used to accomplish division, and the next
Section is devoted to that subject.

e = (2-58)

I1.33 QUARTER-SQUARE DIVIDER. If we represent all of the circuitry
to the left of the dashed line in figure 2.32 by a rectangle marked ““X,”” then the
circuit shown here is an effective divider; that is:

20kQ ()]
e = (T) (10 A% e—l) (2-59)

There is very little difference between this circuit and that of the multiplier of
11.32, except that the output of the final summing amplifier is connected back
to one of the old multiplier inputs, and the other input (e:) is fed directly into
the summing point through a resistor of appropriate value for correct weighting.
One degree of freedom has been lost, however: the polarity of e; must now be
negative. (If the output polarity has been changed by interchanging the PSQ-P
and PSQ-N then e; must be positive.) In all other respects, the accuracy and
range of the multiplier circuit of I1.32 are preserved. Output errors increase in
inverse proportion to e;.
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I1.34 ELEMENTARY SELECTOR CIRCUITS. In circuit
(a), the output voltage will always be at a potential equal to
the highest of the input voltages, minus the diode drop. Thus,
(except at near equality) only one diode can conduct at any
instant, and at least one must conduct, assuming that the
negative supply is lower in potential than any of the inputs
may ever be. The resistor is proportioned to provide sufficient
current to maintain adequate speed at the lowest voltage, yet
limit the diode current to a specified maximum value for the
highest voltage anticipated. For fast switching circuits, it is
best to design for as much diode current as can comfortably be
allotted to the Selector Circuit, so that stray capacitance effects

The output of circuit- (b) is always equal to the lowest input
voltage, plus the diode drop. Once again, we assume that no
input voltage can be higher than the positive supply, and we
advocate designing for the highest comfortable diode current.

To achieve compensation that is independent of signal ampli-
tude, even when the largest signal is very close to the return
supply in magnitude, we recommend constant-current sources
instead of resistors—see IT1.9.

The Upper Selector can be thought of as presenting at its output
the most positive (or least negative) of its input voltages. As
shown in 2.34 (b) it presents to its output the “upper envelope”
of all the input signals. Similarly, the lower selector presents
to its output the most negative (or least positive) of its inputs,
i.e., the “lower envelope’ of all the input signals.

11.35 COMPENSATED SELECTOR. Although Selection is simple enough in
concept, Selector circuits require certain refinements if their performance is to
approach the ideal described in I1.34.

These features are incorporated in Philbrick standard Upper and Lower Selectors,
designated the PSU and PSL respectively. As shown here, a constant-current
source (I) draws current from one or the other of a pair of diodes. The diodes
are carefully matched at the current level established by the source. (If Selec-
tion among more than two voltage variables is required, the user may connect
additional diodes of a recommended type to the selection node.) A voltage
adjustment is included in the PSU/PSL design, enabling the user to establish
zero output for zero input. This is done by grounding one input, leaving the
other(s) open, and adjusting for zero output. The temperature compensation
provided in the PSU /PSL design achieves thermometric insensitivity comparable
to that of wirewound resistors. Finally, an output buffer amplifier aids error-free
cascading of Selectors and provides adequate output-current capability for
driving computor amplifier inputs.

© 2004 Analog Devices, Inc.
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11.36 SIMPLE DUAL-MODE CIRCUIT. The only difference between this cir-
cuit and the inverting adder of 11.3 is the diode in series with e;. The basic rules
must still be followed, of course, so that the sum of the input currents must equal
the feedback current, and the summing point must be very close to ground—
removed only by the residual null voltage. If both inputs are positive, the output
is simply the negative of the sum of the two (ignoring the diode drop). On the
other hand, if e; is negative, or if both are negative, the output is simply equal
to the negative of e;. This circuit, therefore, has two modes of operation, the
choice of which depends upon the polarity of e; with respect to ground —with
es > 0, the circuit is an inverting adder; and, with e, < 0, it is merely a unity-
gain inverter with respect to e, only.

In particular, if e, and e, are identical, the gain will be different for positive
or negative input. Accuracy can be improved through use of a Selector circuit
(see I1.34, I1.35), to reduce or eliminate the effect of diode drop.

11.37 SIMPLE DUAL MODE CIRCUIT (Non-Inverting).
This circuit will be recognized as a simple follower having two
inputs. If e, is more positive than e;, the output is equal to e,,
ignoring the diode voltage drop.

When e; is negative with respect to e;, the output is equal to
e, and the specific value of e, has no effect on the output, pro-
vided that it is sufficiently negative to render the diode leakage
current negligible. (The path for this leakage current, by the
way is mostly through R,.) The accuracy and speed can both
be improved by use of a Selector circuit.

1

I1.38 SIGNAL POLARITY SEPARATOR. This circuit is
important for low voltage applications because it provides
precisely-scaled selection of the input, e, with respect to
ground potential, at the outputs ep and ey.

‘When Dp is not conducting, ep is nearly zero, assuming resistive
loads returned to ground (or to the virtual ground of a single-
ended amplifier). The departure of er from zero will depend
upon the reverse current of diode Dp through Rp in parallel
with R.p. This error can be made small and virtually constant
by making Ry zero.

When Dp is conducting, the error at ep is the forward voltage
across Dp divided by the amplifier gain. Hence, precise selection
may be accomplished, even when e is in the millivolt range.
As an added feature at the selection point (e; = 0) the output
e undergoes a sharp transition which may be differentiated and
used as a logic signal for commanding gates or relays.
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11.39 PRECISION GATE. When this gate is
“closed’ it functions as a normal unity-gain
inverter between terminals A & B, for negative
input signals. Positive input signals result in
no output, because they would tend to swing
the amplifier output terminal negative, which is
prevented by the cooperative bounding action
of Dy and D;. When the gate is “open,”
terminal A is isolated from terminal B.

The gate is swung open and shut by application
of a signal to terminal C. Assuming that the
resistor (R¢) in series with terminal C is small
compared to R, a positive signal of any appreci-
able magnitude applied to C will cause the
circuit to clamp in the condition in which D,
bounds it, and D, disconnects the amplifier

from terminal B. If terminal C is open-
circuited, or returned to ground, or if a negative
signal is applied to terminal C, the gate is
closed, and the A-to-B circuit acts like a normal
unity gain inverter...but as mentioned above,
only for negative input signals applied to A.
Positive input signals applied to A will open the
gate, just as if they had been applied to terminal
C. Note that the “closed resistance” of this
switch approaches zero, to the extent that the
inverter performance approaches the ideal.
When the switch is open, the isolation is nearly
as perfect, being somewhat dependent upon the
leakage in D,.

As in II1.38, loads must be resistive and
grounded.

I11.40 ELECTRONIC SWITCH. In this circuit, e, is gated to point B when,
and only when e, = 1 volt. The unity-gain inverter produces —e, at the lower
end of the diode bridge when e, is applied as shown; and, provided the magni-
tude of e, is of the order of 2 volts or more, the bridge becomes conducting from

e; to B. Negative values of e, (e. = —1 V) render the bridge non-conducting.

An application to which this circuit is ideally suited, and often applied, is the
resetting or clamping of integrators. In such applications the corner of the

bridge nearest ‘“‘e;”’ is connected to the output of the integrator, and the opposite
corner is connected (as shown in our diagram) to the summing point.

The reader who prides himself on commercial awareness will not be at all sur-
prised to learn that Philbrick makes available a module, called the SPG1, in
which not one, but fwo of these splendid circuits, are economically presented,
in a neat and painless package.*

*The SPG1 contains two complete diode bridges, and a driver stage; a single logic
signal “‘inhibits”” one bridge, “‘enables’” the other, or vice versa, according to the
signal polarity. The two bridges may be used, for example, instead of the relay
circuit of I1.50, for setting arbitrary initial conditions.

I1.41 PRECISION COMPARATOR. This circuit indicates
whether a voltage is greater than or less than a desired reference
voltage. It does so by sensing the direction of the current, i,
flowing between the input network and the amplifier summing
point, and bounding the output accordingly. Since the circuit
is current-sensitive, it can just as easily compare the sum of
several voltages against a reference, or for that matter, against
the sum of several references. Note that the reference voltage,
although it need not be constant, does need to be inverted before
being presented to the comparator. The output is approximately
logarithmie, providing a graded null.

For very slowly changing voltages, ‘“snap action” can be added
by means of positive feedback, at the small price of introducing
a finite amount of hysteresis. The amount of hysteresis is
controlled by the potentiometer connected to the positive input
(which should be grounded if snap action is not required ).
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II.42 SIMPLE ABSOLUTE-VALUE, PRECISION ABSOLUTE-VALUE
CIRCUIT. With negative input, the positive terminal of the amplifier in (a)
is as close to ground potential as one can adjust the low-resistance potentiometer.
Hence, negative-polarity signals find their way from e, to e through a unity-gain
inverter. Positive-going signals have three paths. One is via the unity-gain
inverter. Another is via the drop of D, to the positive input, whence a gain of
(+4) is realized for (e; — Vpsz). The third is via D; and D; in series with R/2,
whence a gain of (—2) is obtained for (e, — Vp: — Vp;3). The sum of these
terms is simply e,, if Vps = Vp; at the suggested current. The output is, thus,
a positive-going signal, equal in magnitude to the input, but of positive polarity,
regardless of the input polarity. (If, for example, e, were to be a sine wave, e
would be the positive full-wave-rectified version of it.) If all diode and supply
polarities were reversed, one would obtain the negative absolute value. The
Philbrick PSU Upper Selector is used to obtain the absolute value in 2.42(b)
and 2.42(c). In the PSU, a zero adjustment, for diode-difference compensation,
is incorporated within the unit. In (b), the Selector is presented with the input
voltage and its negative, and presents the greater of them at the output. A
(single-ended) amplifier is required to invert the input, if its negative is not
already available in the system. In (c), the PSU selects accurately between the
input and ground, presenting the greater of them to the positive input. When
the input is negative, inverter action takes place, because the positive input is at
ground potential; when the input is positive, follower action occurs. A good
differential amplifier is needed in (c), but all the advantages of a feedback
amplifier are gained, including the possibility of inserting a booster in the loop
for high current capability.

By placing the diodes within the feedback loop, the circuit of 2.42(d) renders
them effectively “ideal.” When e; goes negative, the output of the first amplifier
jumps positive by one diode drop, shutting off the upper diode and bounding the
amplifier through the (conducting) lower diode. The second amplifier simply
inverts the (negative) e;. When e, is positive, both amplifiers invert and the
output is: e = 2e; — e¢; = e, by virtue of the gain of 2 in the lower branch.

I1.43 CLIPPER. This circuit has, in the Ideal Case, linear and unity-gain
response between two sharply-defined limits, above and below which its output
is constant at the limit value; thus it behaves as a “clipper,” without saturation
of the amplifier or other undesirable side effects. The curve illustrates its Ideal
behavior for symmetrical limits of -5 V. R adjusts both limits simultaneously.

For convenience in analyzing circuit performance, we have annotated the
schematic with typical voltage values, representing the prevailing conditions
for a +3 V input (point A on the curve). Under these conditions, D, and D,
are conducting, and D; and D, are not. Abovee;, = 5V, D, conducts, clamping
the output at +5 V. Below e;, = —5 V, D, conducts, clamping the output at
—5 V. For good accuracy, the forward drop of D, should match that of D;. ..
a condition that could be encouraged by replacing R, and R; by constant-current
sources (cf: I1.35 and III.8), particularly if the signal excursion approaches
Ey, in magnitude. When in lower bounds, diode drop in D, is not compensated.
N.B. Selector units PSL & PSU will provide bounds having accuracy, tempera-
ture and diode-difference compensation, and low output impedance—sans
amplifier!
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I1.44 DEAD ZONE. This circuit establishes a
region of almost complete insensitivity to
small values of input.

R,
Ry
In that region, both D, and D, are reverse-
biased. D; and D, limit the reverse bias, and
hence block both the leakage current and any
stray capacitive coupling from the input
terminal to the amplifier.

When e, becomes sufficiently large, D, or D,
conducts. The output voltage is approximately:

R R:
e = — R (el +R,E) ,erneg. (2-60)

R

R
Y e PR (2-59)
R,

In both expressions, diode offset has been
neglected. Its principal effect is to cause
significant rounding at the corners of the re-
sponse characteristic, as shown. Practical
values for B; and R, may be larger than the
equations would indicate.

Further, these offsets are temperature-depend-
ent (2-3 mV /°C referred to input), a source of
uncertainty in the intercepts of the character-
istic. D, and D: may each be replaced by an
“ideal diode” (or polarity separator) circuit
like that of II.38, virtually eliminating the
effect of diode offsets. The dashed resistor—
when used—permits symmetrical adjustment
of the thresholds by means of a single adjust-

Il

e Bt

R
= (e1 - ITAE) , €1 pos. (2-61) able element.
3

I1.45 BACKLASH SIMULATION. Backlash (often called
hysteresis) may be simulated by applying a circuit having the
dead-zone characteristic described in I1.44 to a feedback loop
like the one shown in (a). Circuit (b) is a practical realization
of 2.44(a), providing the required summing and integrating
capabilities.

When the input is changing, and the output is beyond the
transition region the output lags the input in a manner deter-
mined by the time constant RC. (To minimize this lag, mini-
mize RC.) When the output is in the transition region (diodes
D, and D; both reverse-biased ) the output drifts at a rate equal
to the net leakage current into the summing point divided by C.
Hence, the diodes, the amplifier, and the capacitor should be
chosen for minimum leakage. The choice of C must therefore
reflect a compromise between tracking speed and holding
accuracy.

I1.46 TRACK AND HOLD MEMORY (Relay Switching).
The Philbrick SPREL set-hold relay pair is an excellent way of
equipping an integrator with Track-and-Hold capability, using
circuit (a). Choose C to achieve the hold accuracy required
(see I1.10 and II.11). R must be low enough in resistance so
that RC is a small enough time constant to permit accurate
tracking of the fastest-changing signal expected. The capacitor
C; can be chosen so that the ratio of the feedback time constant
to the input time constant is the same as the ratio of the closed-
to-open switching times of the relay. The second relay in the
SPREL operates in a complementary manner to the first and,
can be used in a second-stage track-hold circuit, by driving the
logic input appropriately. (Two stages of Track-Hold are often
required so that the second can hold the previous result while
the first is taking a new sample.) The ramp response typical
of (a) is shown in (b).
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11.47 TRACK-HOLD MEMORY (Electronic Switching). The Philbrick
SPG1 (see I1.40) can be used to replace the SPREL circuit of I1.46. In the
circuit shown here, which embodies two stages, as suggested in 11.46 C; must
equal C, since the diode switch operates virtually instantaneously . .. at least
in comparison with the RC time constants. The major disadvantage of this
circuit is the required long recovery (sampling) time, while the output relaxes
exponentially (following the RC feedback time constant) from the value it had
in the previous Hold state to the value it must have in the Track state. This
problem can be largely eliminated by using the circuit of I11.48. Leakage in the
Hold mode may be a problem, particularly at high temperatures. The Wave-
forms that would describe the behavior of 2.47 are similar to those in Figure
2.46 (b), except that there is no relay-operating-time delay.

I1.48 TRACK-HOLD MEMORY (Gated Amplifier). Here a gated amplifier
replaces the electronic switch used in I1.47, and the relay used in 11.46, as the
device that shifts the circuit from the Track mode to the Hold mode. Used as
a current amplifier, to increase the speed of tracking by providing more charg-
ing current, it need not have voltage gain. It must be non-inverting, and, when
gated off, must exhibit as little leakage as possible to the amplifier input. For
stability, it must have little phase shift up to the maximum frequency for which
the loop gain of the amplifier-cum-integrator is greater than unity, and must have
at least as small input uncertainty as the computing amplifier, though its input
leakage current is less important.

Anticipating your desire for a convenient and economical ‘‘black box’’ we have
invented the Philbrick SPT&H, which will also perform peak—and valley—
following operations, at the flick of a switch. (See II1.53.)

I1.49 ZERO-VOLT RESET. Integrators must be reset to appropriate initial
conditions, before each new computing cycle begins. Here we show a relay
discharging the feedback capacitor to zero, thus resetting the output to zero.
A small series resistor limits the capacitor discharge current to protect the relay
contact and the capacitor. This resistor should be no larger than necessary,
since it can allow the circuit to reach an equilibrium significantly different from
zero, if its resistance is significant with respect to R;.

Three caveats: (1) Minimize leakage across the relay contacts, or the circuit
will approach the function of a high-gain unit-lag, rather than a true integrator;
(2) Poorly-chosen relay coils may induce an “inductive kick” into surrounding
circuitry, unless damped. This occurs when the relay is deenergized (the worst
possible time—just as integrating begins again); (3) Leakage and stray capaci-
tance from the relay drive potential to the summing point can be far more serious
than leakage across the contacts, because that voltage can be as high as the
power supply. Hence, this switch should be appropriately shielded and grounded.
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I1.50 INITIAL CONDITIONS RESET. The Philbrick SPREL set-run reed
relay pair is designed for this application. Resetting will be accomplished with
the time constant R,C; hence, R; must be low for fast reset. However, the
Ry, R network must not be so low in resistance as to overload either the amplifier
or the initial-condition source, E;. Independent logic input signals may be fed
to the SPREL to control the Set and Hold modes. The diode clamps shown in
dashed lines will help to reduce both AC and DC leakage currents across the relay.

I1.51 INITIAL-CONDITIONS RESET (Gated Amplifier).
Here we show a gated amplifier (non-inverting), used as a
means of very quickly resetting a summing integrator to an
initial condition. The circuit is identical in function to that
of I1.50, except that the gated amplifier is inherently faster
than the relay, and the integrating network is not disconnected,
because the gated amplifier has established a new summing-
point for the Reset condition. See II1.39.

The Philbrick SPT&H may serve in this capacity as well,
provided that its built-in 0.01 pF integrating capacitor is
suitable. Larger capacitors may of course be connected exter-
nally and will then be in parallel with the 0.01 uF already
inside the SPT&H.
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PART THREE INSTRUMENTATION

The raw materials for these applications were gathered, described, and explained
in Part I. The configurations in which we have arranged those materials have
all appeared and been analyzed in Part IT . . . for all measurement is information
conversion, and all such conversions fall into one class or another of data
manipulation—computing, in its broadest sense.

This Anthology of well over 100 Circuits That Work has been culled (not without
great pain) from the Augean files of our Applications Engineering and Develop-
ment Engineering departments. Time and Space permitting, we might have gone
on for at least another 100, without significant repetition or overlap, but our rule
was to select a good example of each genus, rarely admitting more than one or
two species, and almost never more than one specimen of each. Despite its
imperfections, for which we apologize in advance, we believe this to be the
largest and most panoramic collection of Operational AmplifierInstrumentation
applications ever assembled and catalogued.

Some idea of the pace and vigor of this field may be gained from the fact that we
have twice had to revise and expand this section, in the year or so during which
it was written, to include new circuits that could not, in our judgment, be ignored.

One thought more about the nature of these circuits: only a few of them have
been selected because they were—even in our opinion—the best of their kind. All
are representative of good current practice, yes. In its class, each has been fash-
ioned to enhance some one characteristic: economy, simplicity, accuracy, con-
venience, etc. The few that are, to our knowledge, very close to the limit of the
current state of the Analog Art are so identified, at least by inference. As for the
great majority of these circuits—use them with confidence, but do not despair if
they are not adequate to the task you have set for them; instead, call on us to dip
back into those files again. For every circuit you see here, we have a dozen
variations in stock; one of them is almost sure to serve.

© 2004 Analog Devices, Inc.
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III.1 FIXED-VOLTAGE PRECISE REFER-
ENCE. In Figure (a), R. is adjusted to set the
current through the temperature-compensated
zener diode to a value at which it has essentially
zero temperature coefficient. Noise and pickup
are attenuated by the R,C, filter, and the re-
sulting voltage is amplified and buffered by a
follower-with-gain circuit (see II1.26). The
capacitor Cy is chosen primarily not for noise
reduction, but to assure dynamic stability.
The gain may be trimmed to compensate for
the zener tolerance and achieve the precise
voltage desired at the output. The resistors
R, R, and R; should be low in value, in order

that the amplifier input offset and noise cur-
rents do not contribute significant error.
However R,C; should be high enough for
effective filtering, and K. + R; should not load
the amplifier output excessively.

Figure (b) provides an adjustable output
voltage, using as its precise reference a stable
source such as the Philbrick PR-300 (or even
PR-30) power supply, or circuit (a). R, may
be trimmed so that the full-scale output (e.g.,
10 V) is delivered precisely when p = 1. Since
this circuit does not load the potentiometer, its
dial calibration can be made accurate (say,
+1% ) and linear.

II1.2 PRECISE VOLTAGE SOURCE. In-
stead of the differential amplifier circuits
described in III.1, the single-ended amplifier
circuit shown here may be preferable, especially
since the amplifier may then be a chopper-
stabilized design. The output voltage is
directly proportional to R., which may, for
convenience, be a decade resistor box (typical
range 0 to 10 k) or a (10 k) rheostat may be
used. In the latter case, the input resistance,
R, will probably have to be trimmed to accom-
modate the resistance tolerance of the rheostat.
The dial calibration will be accurate to the
limits of resolution and linearity of Rs.. The
RC filter shown here may require a larger value
of capacitance for the same attenuation than
did that of the IIL.1 circuits.

The input voltage, ep, may be derived from a
resistor and compensated zener diode circuit,
as in 3.1(a). However, to achieve maximum
temperature stability, that resistor, R., must
be smaller than it was in 3.1 (a), because of the
input current, ep/R,. Alternatively, e, may be
a stable power or reference supply.

Special attention to grounding is required if the
full capabilities of this circuit are to be realized.
Ground returns from any heavy loads should be
returned directly to the amplifier’s power com-
mon at the power supply. Also, the current
flowing through the zener diode (if used ) should
not be allowed to flow through a high-quality
ground system to a remote tie point. Instead,

© 2004 Analog Devices, Inc.

either tie the high-quality ground to the zener
supply’s power common at the zener diode, or
bleed a balancing current from the negative
side of the supply to the junction of the zener
diode and high-quality ground. If the power
supply is used as the reference, avoid corrupt-
ing the reference voltage with common-line
resistive drops caused by amplifier quiescent
and load currents. (This can be avoided by
running separate power and reference wires
between the supply and the amplifier circuit.)

The limit of error of this device may be stated

as the sum of the following error sources:

® The absolute accuracy to which the input
current may be established.

® The stability, against both time and temper-
ature, of ep.

@ The absolute accuracy to which R, is known,
at the particular setting used.

® The amplifier input offset current which
represents some fraction of the summing-
point current, and creates a first-order
error.

® The amplifier (residual) offset voltage, in-
cluding drift and all other uncertainty fac-
tors (see 1.14), which also constitutes a
first-order error term (and is one of the
factors affecting the accuracy with which
the input current may be established ).

® The finite-gain error factor—possibly sig-
nificant for amplifiers having low gain.
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II1.3 CURRENT PUMP I —FLOATING LOAD. This circuit is similar to
the follower with gain 2.2(b) with the load replacing the feedback resistor.
The amplifier is selected so that the noise and offset currents at each of its inputs
cause error that is sufficiently small as to be negligible in the application. The
high (low-frequency) gain of the amplifier assures that the voltage across the
resistor R; is very nearly e,, provided that the amplifier has not saturated. The
current through R, must also flow through the load. (This current can be pro-
vided by a booster, if the amplifier cannot furnish enough.)

Special care is required to prevent the flow of heavy load current through the
high-quality ground system to a remote tie point. It may be wise to put the tie
point at the resistor R,.

R, and C are selected to achieve stability. Neither is always required, but both
are necessary when driving inductive loads. Also see 2.22(b), in which the load
is a grounded-base transistor. There are innumerable active and /or non-linear
loads for which this circuit may not be sufficiently stable. A more elaborate
circuit will be required to drive current through such loads.

IIT.4 CURRENT PUMP II — FLOATING LOAD. In the
current pump of circuit (a) the input current is again given by
e1 /R, to the accuracy determined by the ratio of e, to e,. The
feedback current that flows through R, is equal to the signal in-
put current i;, to an accuracy determined by its ratio to the
input error current of the amplifier. The voltage across Rj; is
—Rsi;, subject to the errors just described, and the booster
must furnish both i, and i;. .. through the load. Thus, the
load current is proportional both to the input voltage and the
conductance of R;.

Once again, both load terminals are high, and the load may be
complex and active, within the voltage and current capability
of the amplifier and booster. This circuit can be used as a
deflection-coil driver, in which case, C and R4 would be needed
for dynamic stabilization. These components, in addition to the
booster voltage-range and the deflection-coil inductance, limit
the maximum rate of change of load current, which may be an
important factor in deflection-system performance, particularly
for a saw-tooth current wave form.

Circuit (b) shows a version of this circuit, in which the input
signal, #; is derived directly from a current source, in which
case, the current pump operates simply as a current amplifier,
the gain of which—i.e., the ratio of i, to i,—is given by:

iL R,

e S

31 & R
Note that the power-common symbol is used for the termination
of R;. This connection is. especially recommended when the
drop caused by ¢; flowing through the path from high-quality
ground to power common would be significant compared to e;.

(3-1)
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III.5 CURRENT PUMP III — GROUNDED LOAD. In this circuit, the
voltage across R is equal to the reference voltage, E, within a margin of error
given by the ratio e, to E. The current through R is, therefore, £ /R. Assuming
that the amplifier input current is very small compared to E /R, the same current,
E /R, flows through the load. Provided that the sum of e, and E does not exceed
the output voltage capability of the amplifier, and provided that i; does not
exceed its current capabilities, the circuit will drive the calculated current
through any load impedance, including complex loads. Active loads can of
course be driven but often tend to reduce the available voltage range, and may
introduce a common-mode error factor.

This circuit has the convenience of grounding the load, Z;, and the inconvenience
of floating the reference source, E. Note that R is usually more convenient to
adjust than FE, to set the desired load current. R; and C are suggested for
dynamic stability, particularly if the load is reactive.

II1.6 CURRENT PUMP IV — GROUNDED SOURCE, GROUNDED LOAD.
The “Howland” circuit is made, as are most current sources, to approach
infinite impedance by the application of positive feedback. The current through
the load is given by:

grah Ly 08T 8
iy, = Rz
to an accuracy determined by the ratio of e, to e;, and by the ratio of the
amplifier input current to i;. In this circuit, both input voltages may be de-
veloped with respect to ground, and one side of the load may be conveniently
grounded. Further, within the voltage and current capabilities of the amplifier,
as with all of these circuits, both positive and negative currents may be driven
through the load, depending only on the polarities of e; and e..

(3-2)

Note that e; supplies the short-circuit load current, whereas e; need only supply
the current to a network that may usually be made to have a relatively high
impedance; therefore, when and if only one signal needs to be used, and when
the available signal polarity is appropriate, it is preferable to ground e, and use
the e; terminal as the current-determining input terminal.
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II1.7 CURRENT PUMP V, CHOPPER-STABILIZED. When it is desired
to gain the advantage of chopper stabilization in constructing a current pump
of the Howland Configuration, one must deal with the problem that chopper-
stabilized amplifiers do not offer the necessary differential-input configuration.
The circuit shown here is the functional equivalent of the Howland Circuit.
Resistor R performs the current monitoring function, and the small drop across
it is compensated for by increasing the feed-back resistor in amplifier B by the
same amount, so that amplifier B has slightly higher than unity gain. This
current pump is capable of extremely accurate control of the current through the
load, and is usually limited in accuracy by the resistors involved, rather than
by amplifier drift or uncertainty. Its speed of response may be very nearly the
same as that of the circuit of III.6, all other things being equal. Since current
pumps have essentially “infinite’” internal impedance, if a voltage is applied to
er (e; and e: at zero), its source will see a very high impedance, and the circuit
will behave as a stabilized follower with gain having “push-pull”’ output at
points A & B,

III.8 CURRENT PUMP-—-SINGLE TRANSISTOR. In the interest of
objectivity, we feel it only fair to introduce, at this point, a pair of circuits in
which some kind of current pump action may be achieved without benefit of an
Operational Amplifier. These circuits are not eminently high-performance
current pumps, and it frequently turns out that they are used in conjunction
with Operational Amplifiers . . . which explains, perhaps, our gallant objectivity!
Many applications will be found for these circuits in configurations that require
relatively constant current, but in which current variations cause, at the most,
second-order errors.

The circuits shown to the right behave identically in a complementary manner:
as emitter-followers with the load to be driven connected into the collector-
return circuit. The current level is established by setting the base voltage of
the transistor, E), to an appropriate value—first by the resistance divider shown,
or by furnishing an external signal of the required value. If E, is large compared
to the base-emitter drop of the transistor, then the current through R, is ap-
proximately given by E,/R,. If the current gain, 3, of the transistor is high
enough, we may neglect the emitter-base current, and thus state that i, is also
approximately equal to E;/R.. The base-emitter voltage drop can be partially
compensated if R, > R, by adding a diode in series with R,, thus improving
accuracy and providing first-order temperature compensation.

Provided that the available power supply can furnish the load voltage drop and
E}, leaving a volt or two for the emitter-to-collector voltage, and provided that
the ratings of the transistor are not exceeded, this circuit, in all its approximate
glory, functions as a current source of some utility. It is reasonably independent
of the nature of the load—simple, complex, or active—and is certainly economical
and straightforward.

It is doubtful whether an order of accuracy of better than 0.05% is worth at-
tempting with this circuit.
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II1.9 CONSTANT-CURRENT REGULATOR. In this circuit,
a unipolar derivative of the Howland circuit, a follower with
gain is used to add or subtract a correcting current to or from
(larger) unregulated current derived directly from the power
supply through R;. It must be appreciated that this circuit de-
pends for its accuracy on the stability of the -}15 volt supply
with respect to signal ground ... as well as the accuracy and
stability of R;* and the accuracy and stability of the other
resistors in the feedback networks.

Let us deal first with the diodes connected across the amplifier
input terminals. They function merely as input signal clamps,
preventing excessive input voltage in the event that the load is
disconnected or suddenly becomes a very high impedance.

If R; = aR,, and R, = aR;, then it can be shown that in the
ideal case the load current is simply given by i; = 15/Rs.

The sources of error, beyond the resistor contributions and the
power supply stability mentioned above are as follows: Input
current to the amplifier; Voltage offset and drift; and CME
and finite-gain error factors.

The booster current ratings should be selected to match the re-
quirements of the load, and the output voltage capability of the
booster must be such that it can furnish that current through
R,, when R, is made equal to aR;.

The 4.3 k! resistor shown in series with the positive input ter-
minal in our example, is so proportioned (with respect to R,
and R.) as to reduce the effect of current offset. It also prevents
excessive current in the clamping diodes.

*Establishing high accuracy and holding high stability in a 152 15-
watt resistor may not be as easy as it sounds. Extreme derating
helps, of course.

III. 10 SINE WAVE OSCILLATOR —TWIN-
TEE. This circuit is almost identical to the
double integrator of I1.14. At some frequency,
when R/2is exactly 25 kQ, the phase shift
around the feedback loop is exactly 180° so
that the total phase shift, including the ampli-
fier’s sign inversion, is 360°, aud the circuit is
zero damped. A small incre in R/2 will
encourage oscillatory buildup. (Note that the
accuracy of frequency and zero-ness of damping
are encouraged if f is well within the amplifier
bandwidth—see 1.17 and I1.41.) Without the
damping network at the lower right of the
diagram , sustained oscillations would build
up between the extremes of saturation of
amplifier—producing a distorted output. Be-
yvond a selected threshold, a damping path

© 2004 Analog Devices, Inc.

through the biased diode, I);, maintains a
stable, sinusoidal oscillation at a selected,
adjustable wvalue of peak-to-peak output.
Adjusting the threshold will adjust the output.
The voltage at which the damping circuit limits
the amplitude is a direct function of power
supply voltage, and is temperature-dependent
because the diode forward voltage drop is. The
series RC circuit from summing point to power
supply can be proportioned for rapid startup
yet minimal interference with normal operation.
The output impedance of this circuit is, un-
fortunately, high near f,; therefore, this circuit
would benefit from the addition of a follower
or inside-the-loop booster. The follower choice
allows adjustable output, as shown.
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III.11 SINE WAVE OSCILLATOR (Wien Bridge). At the
frequency f,, the voltage at A is 14 of that at D, and in phase
with it. The voltage at B is approximately the same, varying
from slightly more than to slightly less than that at A, as the
average power dissipated in R, decreases. This variation at
point B acts to regulate (without distorting) the output ampli-
tude, which amplitude can be adjusted by setting R, appropri-
ately. At balance, there is no net feedback; hence the output
impedance is high equalling that of the open-loop amplifier.
As noted in II1.10, an adjustable-gain buffering amplifier could
be used as a convenient way to adjust the output amplitude.

R, actually consists of three incandescent lamps in series,
operated below their visible-illumination current level. Because
the regulating action of these lamps is primarily a thermal
effect, the output amplitude of this circuit is inherently temper-
ature-sensitive and it must be temperature-compensated
(ITI.14) or oven-stabilized, if amplitude stability against
ambient temperature is required. Over reasonable ranges,
neither the amplitude nor the frequency of oscillation are
affected by power supply variations.

II1.12 TWO-PHASE OSCILLATORS. Circuit (a) cascades a non-inverting
integrator with a bounding inverting integrator, in a feedback loop represented

by the differential equations:

des dec
Rc_cl_t—‘ec RCE__eq

The time constant R,C, is deliberately made slightly larger than RC, so that the
circuit is slightly unstable; the bound stabilizes the amplitude without greatly
distorting the waveform of e¢..* Note, the two outputs are 90° out of phase.

sl i ot
e,,=EstC e°_ECOSRC

Circuit (b) is similar, but employs inverting amplifiers only, thus enhancing its
usefulness in very slow, very fast, and computor-bound applications, .
vantages implicit in the wider choice of available single-ended amplifiers.
Positive feedback is provided at B to cause the oscillations to build up until

bounded.

*Because of the integration that operates upon e., e. will be nearly a perfect sinusoid.
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II1.13 3-PHASE OSCILLATOR. This circuit produces three
signals at the same frequency (f) but phase-shifted 120° apart,
one from the other. The total phase shift around the loop, at f,
is 860°, each of the three identical ‘“‘unit lags” contributing an
effective 120° by combining its 60° lag and the normal polarity
inversion of the amplifier, as shown in the vector diagram.

Note that the biased-diode amplitude-limiter circuit used previ-
ously in II1.10 and III.12 is also employed here, as is an adjust-
ment to permit setting the loop phase-shift just to the point of
oscillation.

II1.14 WIEN BRIDGE OSCILLATOR—AMPLITUDE-CONTROLLED.
Very precisé and stable control of the amplitude of a sine-wave Wien-bridge
oscillator is achieved by the circuit shown here. The amplifier to the left oscillates
when the positive feedback fraction of the output terminal exceeds the negative
feedback fraction. The magnitude of the negative feedback signal is dependent
upon a voltage divider, one element of which is an incandescent lamp. As the
effective (RMS) current through the lamp increases, its resistance increases,
increasing the negative feedback, reducing the amplitude of oscillation. The
current in the lamp is derived from three sources: the current through R; (DC)
the current through R; (DC from the —15 volt supply) and the current through
Cs, R4, ete. divider (AC at the oscillator frequency ).

An integrator circuit drives R;. The input to this integrator is a half-wave-
rectified current derived from the output sine-wave through R; and Di. (D:
clips the negative half-cycle.) By so proportioning R; and R that the average
net input current at the summing point of the integrator is effectively zero when
the output amplitude is at the desired value, and by adjusting the time constant
of the integrator to filter the rectified sine-wave effectively, the output voltage of
the integrator will be essentially DC, and will be essentially zero when, and only
when, the output amplitude is correct.

If the output amplitude should fall, the integrator output would swing positive,
driving a positive current through R;, reducing the net current through the lamp,
since this current would furnish some of the current demanded by R;. If the
output amplitude should rise, the integrator output would go negative, increasing
the current through the lamp. Both actions will be seen to operate so as to
regulate the sine-wave output. Since the gain of the integrator is quite high,
it permits only a very small variation in the output amplitude. To avoid low-
frequency oscillation, or ‘hunting,” the integrator time constant must be
somewhat longer than the lamp time constant.
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II1.15 PRECISE TRIANGULAR-WAVE GENERATOR. The output of
amplifier A switches between —+1 volt (approximately) levels determined by
the two diodes clamping the positive input to ground. Amplifier A drives two
current gates (diode bridges) so arranged that when e, is positive, D; and Dj
conduct, while D and D, block. This circuit condition connects 415 V through
R; to the summing point of amplifier B, an integrator. The output of B is, in
this mode, a negative-going ramp, the magnitude of which continues to increase
until it is large enough to drive the input of amplifier A negative, causing the
output of A to flip. (The switching speed can be extremely high, if amplifier A
is fast.)

After amplifier A flips, the behavior of the circuit is reversed throughout: —15V
is connected, through R, to the summing point of integrator B; the output of
B is a positive-going ramp, continuing until it drives the input of A positive,
causing the output of A to flop back to the state it had at the start of this
description.

This circuit can perform well at frequencies ranging from 10—% Hz to 10° Hz,
depending upon the choice of amplifier, diode, and impedance levels.

I11.16 PRECISE SAW-TOOTH GENERATOR, LOW FREQUENCY. The
input signal to the integrator is the —15 V reference. When the output voltage
has reached +10 volts, the current through R balances the current through R;,
the voltage at the positive input of the relay driver becomes positive, and the
relay driver switches its output from (about) —1 volt to (about) +1 volt, driving
the reed relay to reset the integrator. (If a Philbrick SPREL is used, no booster
is necessary, as it requires only a +1 volt or —1 volt logic level to activate a
high-reliability reed relay.) When e has arrived at zero, the relay driver senses
this (because R; has been effectively disconnected) and its output switches back
to —1 volt, removing the excitation from the reed relay reconnecting R; and
starting the cycle again.
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II1.17 ASTABLE (FREE RUNNING) MUL-
TIVIBRATOR. This circuit has two meta-
stable states, in one of which the output is
at positive saturation, and in the other of which
the output is at negative saturation. The
circuit regularly shifts from one to the other
of these two states; hence, the output is a
square wave, the period of which is determined
by the values of R and C, and by the feedback
ratio established by the output divider that
drives the positive input terminal.

Assume that the amplifier saturates symmet-
rically at +12 volts output, and let us begin
our analysis by assuming that the circuit has
been in its positive-output state long enough
for the capacitor C to have charged sufficiently
so that the potential at the negative input
terminal has just approached the potential of
the positive input terminal. At (or immedi-
ately after) the instant at which they become
equal in potential, the circuit will switch, very
rapidly, from its positive-output state to its
negative-output state.

In the new state, the positive input terminal is
held at a potential of about —1.1 volt. The
negative input terminal is still connected to the
capacitor C, which has had no opportunity to
change its voltage, and is still charged to +1.1

volts, because the switching action occurs
essentially instantaneously. The circuit re-
mains locked, therefore, in the negative-output
state for the period of time that is required for
C to discharge and re-charge to approximately
—1.1 volts, through R. This time interval,
obviously, is dependent on the product of R
and C: The fact that the voltage across C
must change by a total of 2.2 volts is deter-
mined, of course, by the 1:11 ratio of the output
divider . . . if the divider had had a different
ratio, the voltage difference through which the
potential of the negative terminal would have
had to swing would have been different, also.
The exact expression for the operating fre-
quency is:

1
R,
2RCIn (1 il sz)

g (3-5)

Note that if, during the time that C is charging
to the new value required for the circuit to
switch states, a large enough pulse (of the
opposite polarity to the output) is fed into the
synchronizing terminal, the circuit will im-
mediately change state. The frequency is es-
sentially independent of loading or power sup-
ply voltage.

II1.18 SIMPLE SQUARE WAVE GENERA-
TOR. The output of this circuit is limited by a
pair of back-to-back zener diodes which, be-
yond their avalanche voltage limits, exhibit such
low impedance compared to the output imped-
ance of the circuit that they ensure generation
of a clean, flat-topped wave by “‘clipping” the
output below the amplitude at which overshoot,
ringing, or rounding can occur. The positive in-
put terminal of the amplifier is connected to an
output divider that provides positive feedback.
Suppose that the output is at +E ;. The posi-
tive input terminal will be at about +!}43E ;.

Capacitor C will be charged via R until the
voltage at the negative input exceeds +!14sE ;.
Because of the amplifier’s high gain, the output
e will “flip” to —E . The positive input will be
at —!%sEz, maintaining the saturated condi-
tion. The capacitor C will start to charge ex-
ponentially in the negative direction (from
+16sEz to —Ez), and the output will flip
once again when the output crosses —!14¢E,
starting the cycle again. The positive feedback
aids in driving the circuit more rapidly to satu-
ration; the 2.4 kQ resistor limits the amplifier
current during clipping to within 2 mA.

72

II1.17
i 0 511
to
II.4
II1.18
to
I11.21

- II1.18

I
I1.2
I1.3
11.4
IIT.17
II1.19
1I1.20
IIT.21



II1.19 STAIRCASE GENERATOR. This circuit must be IIL.19

driven from a current source. Each positive upstep charges C, I1.1
through D,. The corresponding negative downstep discharges to
C, (in parallel with the source resistance, if DC coupled) I1.4
through R, and D:, drawing current from the summing point. I1.10
This current must, of course, come from the capacitor C.
Thus, a series of current pulses are drawn through C, and the
voltage across C (the output voltage, e) increases by the time-
integral of each of those current pulses. If the R,C; time con-
stant is short compared to the pulse-to-pulse spacing, the output
wave form will resemble a staircase, as shown. The circuit may
be reset by means of a pushbutton . . . or if manual reset is not
practical, by means of a relay operated from the generator
output, at some critical value of time or output voltage—the
last desired “‘step.”’
II1.20
I11.17
II1.20 BISTABLE MULTIVIBRATOR. output states are +1 V and —1 V. It is more [T.18
These circuits are different forms of bistable sensitive than the circuit in 3.20 (a), and will IT1.21

multivibrators, frequently miscalled “*flip-
flops.” Each has two stable states, in either
one of which it will remain indefinitely, unless
and until ‘a step or pulse signal of appropriate
polarity is fed to the input, to change its state.

In the basic (saturating) circuit of (a), the
output is saturated at either its positive or its
negative limit (typically 412 V) because of
the positive feedback to the positive input
through R,. A small step of opposite polarity
applied to the trigger input will reverse the
polarity of the voltage at the positive input.
Within a millisecond the output will switch to
its other limit, and the positive feedback via
R, will keep it there, until a step of the opposite
polarity is applied to the trigger input. Square
waves, pulses, sine-waves, from 1.0 V to 20
Vp-p, and from very low frequency to a few
hundred cycles per second will activate the
circuit.

The circuit shown in figure 3.20(b) uses diode
bounding to prevent saturation. Its two stable

respond faster, even to smaller input signals.
With the values shown,.square waves, etc., as
small as 0.1 Vp-p, and as fast as 20 kHz will
reliably switch the state of the circuit. If the
existing trigger signal is substantially larger
than 0.2 Vp-p, R, may be increased and C,
decreased, to minimize the loading on the
trigger signal source.

The circuit in figure 3.20(c¢) is a special kind of
bi-stable device that changes state only every
other cycle of input, and thus can be used as a
frequency divider or scale of two counter. The
diode steering networks D1-4 insure that
negative-going steps are steered alternately
to the positive and negative inputs. With the
values shown, square waves of 1 to 4 Vp-p,
and from very low frequencies to 10 kHz will
actuate the circuit.* Of course, any number
of (c) circuits may be cascaded, to achieve
(binary) frequency division or counting with
moduli of 2, 4, 8, 16, or more.

;’;rith outputs up to 5 kHz.
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III.21 MONOSTABLE MULTIVIBRATOR. A monostable multivibrator
has only one stable state. However, immediately following the introduction of
a trigger pulse, it will change state and stay in the new ‘“‘metastable’ state for
a predetermined period, and then return to its stable state.
In circuit (a), the output states are plus and minus saturation (412 V and
—12 V, typically). When a negative step is applied to the trigger input (3 to
8 volts, typically) the output switches from its stable state at +12 V to —12 V,
and R, begins to charge C, toward —12 V. When the voltage on C, reaches a
point at which |es > les, the amplifier output voltage switches back to +12 V,
and will remain there until the circuit is triggered again. Meanwhile, the voltage
on C, starts to charge back up from —1 V to 412 volts, but is clamped at about
+0.6 V, by D;. Values of C; from 1000 pF to 10 uF and of R, from 10 k{ to
2 M are suitable (for smaller values of R or C, a fast amplifier is recommended ).
With the values shown, the temporary state lasts about 1 second.
To obtain more predictable and ‘“‘nearer-ideal’” behavior, circuit 3.21 (b) is recom-
mended. As in the nonsaturating flip-flop of 3.17(b), diode bounds are used to
prevent saturation and improve response speed, trigger sensitivity, and stability.
The circuit is a variation of the triangular-wave generator of IT1.15. In the
stable state, the switch output is at about —1 VDC, and about 0.5 mA flows
through D; and D;. The integrator’s output is bounded at about 0 V by Ds.
If a step signal of sufficient magnitude is applied to the trigger input, the output
of the switch will go very quickly to +1 volt. Current then flows through R,
and D., and the output of the integrator begins to ramp downward linearly.
When it reaches —10 volts, the current through R, balances that through R;,
and the switch flips back to its permanent state of —1 V. This connects Ro,
through D, resetting the integrator. Since R. can be much smaller than R, the
reset can be accomplished quickly. Using the formula

r = 0{7RC (3-6)
for the component values shown, the output will be at +1.0 volt for 10 seconds.
Substituting the value of R, for R, in equation (3.6) gives the formula for the
reset time—in this example, only 20 milliseconds.

II1.22 ACTIVE FILTERS. Operational Amplifiers can greatly simplify the
design of high-performance signal filters, because they eliminate the need for
inductors and for impedance matching. Furthermore, use of active filters can
result in reduction of weight, size, and cost. Filters designed to satisfy sophisti-
cated mathematical criteria can be realized without resort to ‘“‘equalization”
or trimming.

We shall, in the six sections that follow, attempt to summarize a two-part
article published in The Lightning Empiricist, Vol. 13, 1 & 2, 3 & 4. Our neces-
sarily brief considerations will include Operational Amplifier circuits for low-pass,
high-pass, band-pass, and band-reject filters. Procedures for cascading quadratic
filter stages will be presented, so that high-order ‘“‘mathematically-designed”
filters, in this case the Butterworth, may be synthesized.

In section III.28, we present (in highly-concentrated form) filter-design tables
and a design example, all from the second part of the article, in which all these
matters are examined in a less compressed, more detailed manner,
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II1.23 SIMPLE LOW-PASS FILTERS. The simplest of
low-pass filters are the first-order lag circuits of I1.15 and I1.16.
Efficient higher-order filters exhibit a response equation having
no more than one real root, the other factors being damped
quadratics (b < 2). Figure (a) shows a typical quadratic or
second-order underdamped filter section. Several such sections
may be cascaded to achieve a higher even-order (e.g., 4th, 6th,
ete.) filter characteristic.

An example of a third-order filter circuit was given in II.18.
Another is shown in (b). This circuit is a third-order Butter-
worth filter having relatively sharp cut-off and a flat band-pass

1
region. Its response is 3 db down at w = RC rad /sec. Another

useful third-order filter is shown in I11.69.

111.24 CASCADING ACTIVE FILTER SECTIONS. Cascading quadratic
factors as indicated in (a) is an efficient way of achieving a filter with very
high-performance characteristics, particularly when dealing with low-pass and
band-pass designs. There is no need for the sections to be identical; in fact,

b
Butterworth low-pass factors all have unique damping ratios (5) and narrow-

band-pass factors all have unique natural frequencies and damping ratios.

Values of b, the damping ratio, are tabulated in Table (b) for various even-order
low-pass Butterworth filters. The absolute value of the gain, |A|, for these
filters is given (as a function of frequency, w) by:
o 1

"1+ (wRC)™

The transient response of the Butterworth low-pass filter deteriorates in fidelity
as the number of sections increases.

|Al? (3-7)
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I11.25 “AVERAGING’ FILTERS. Circuit (a) is a modifi-
cation of the third-order, linear-phase-shift (Paynter) filter

1
shown in II.18. This has a notch at w = RC’ achieving the

amplitude vs. frequency characteristic shown in the heavy line
in (b). The dotted line is the “ideal running-average’ operator
given by:

I 1—e T
== = 3-8
y TLTx(t)dt T (3-8)
where T' = 7RC. Figure (c) compares the actual response (to

a step input) with the ideal.

This filter is particularly useful for averaging functions of non-
stationary random variables, since its transient-response time
is minimum for a given averaging time.

II1.26 HIGH-PASS FILTERS. By applying a conformal
transformation to a low-pass filter characteristic it is possible
to convert that characteristic to a high-pass, band-pass, or
band-reject characteristic having exactly the same gain and
phase as the low-pass at corresponding frequencies. (The chart
of Section II1.28 lists these transformations.)

The high-pass characteristic achieved by this conformal-
transformation process can be very effective at removing all
frequency components below the cut-off frequency, while
passing without attenuation all frequencies above cut-off;
however, if the signal has significant frequency content in the
neighborhood of cut-off, the resulting transient response does
not permit good reproduction of the original waveform, due to
phase distortion. The filter producing the least phase shift
at the cut-off frequency is the first-order lead circuit shown in
I1.16. Another effective high-pass circuit is shown in the
figure. This can be used as the quadratic factor (second-order
section) of high-order filters. Remember that thé amplifier
gain-bandwidth limitation ultimately limits the high-frequency
pass band. Depending upon the amplifier used, small feedback
capacitors may be necessary to achieve stability.
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II1.27 BAND-PASS AND BAND REJECT (NOTCH) FILTERS. A band-
pass filter has two cut-off frequencies. Below the lower, wc;, and above the
upper, wcy, signal components are highly attenuated. Between the two cut-off
frequencies, the signal components are passed with nearly unity gain, and with
phase shift varying significantly with frequency. To simplify calculation, it is
convenient to define two terms: ¢

wy) = Vwepwer , “‘center frequency”’ (3-9)
B= “"’—”2;‘”—” , “normalized bandwidth”’ (3-10)
0

We classify those band-pass filters having a B > 1 (wer /wer > 6) as “wide-
band”’ and those with B < 1 (wep /wer < 6) as “narrow-band.”

To get a wide-band-pass filter, we cascade a high-pass filter with cut-off at
approximately wc; with a low-pass filter with cut-off at approximately wcy.
The transformation listed in the Chart of II1.28 yields a band-pass characteristic
that is symmetrical about w,, when plotted on logarithmic coordinates. Circuit
3.23(a) is typical of the low-pass filters used, and circuit 3.26 is typical of the
high-pass filters one would cascade with them, to achieve a wide-band-pass
characteristic.

Narrow band-pass filters are used primarily for spectrum analysis. An active
filter can be designed to respond to an extremely small band of frequencies,
while rejecting all other components. When B, the normalized bandwidth, is
very small, the damping ratio of each band-pass quadratic factor is also very
small. This causes the filter to have a very slow transient response when a
sudden change in spectral density of the input signal occurs. Circuit (a) is typical.

A band-reject filter, like the band-pass filter, has two cut-off frequencies.
Between these two frequencies, w¢; and wey, signal components are heavily
attenuated, whereas outside this band they are passed without significant
attenuation. The same terms, w; and B, are used in the design equations given
in the Chart of ITI.28. Circuit (b) is typical; note the similarity to 3.26.
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I11.28 FILTER DESIGN DATA. With Table
(a), any of the first-order or second-order low-
pass filter-circuits described and shown in
II1.23 may be used to predict the behavior of
high-pass, band-pass, or band-reject filters of
equivalent (conforming) design, as mentioned
in ITI.26.

Table (b) summarizes the transfer functions of
Butterworth and Paynter filters. For higher-
order Butterworth factors, refer to II11.24.

The following example illustrates the use of
the chart:

Task: Design a band-pass filter, of the Butter-
worth Type, having a 1 octave effective noise
bandwidth centered at 1 radian /second (wp),
to be used for spectral power density measure-
ment. The filter is to have a very sharp cut-off,
such that at = V/2 radians /second (the next
highest center frequency in a comb filter), the
gain is less than 0.1.

The circuit of Figure 3.27(a) can be used for
each of the quadratic factors. Arbitrarily we
can select the largest capacitor, \/2C, to be a
convenient value, 1 uF.




II1.29 PRECISION DC AMPLIFIER. A low-drift (i.e., chop-
per-stabilized) single-ended amplifier, carefully grounded to
preserve a true “high-quality” ground point common to input,
output, and power circuits, if deliberately limited in bandwidth
to reduce effective noise and ensure stability by a low-leakage
(Polystyrene) feedback capacitor, will provide an extremely
precise (1IPPM) DC amplifier exhibiting, typically, less than 5
microvolts of null uncertainty. Under those circumstances, for
DC and low-frequency signals, we may write that:
R

—e = R, e (3-11)
to an accuracy almost entirely dependent on the absolute ac-
curacy of the input and feedback resistors themselves. (At
er = 5V, for example, e, would be less than 1 PPM!)

II1.30
II.1
I11.30 CURRENT-TO-VOLTAGE TRANSDUCER. In this I1.3
simple powerful circuit, the output voltage is a direct function II.4
of the input current, e = —i; R. This “zero-drop” shunt pro- I11.31
vides an exceptionally inexpensive and convenient means of I11.36
current measurement, since it not only introduces negligible 111.38
voltage drop into the circuit, but its output voltage is developed II1.40
at a low-impedance, high-energy level, capable of driving re- II1.59
corders, meter movements, or analog-to-digital converters. 111.60
For example, for 10~7 amperes full scale, R = 10" Q yields a }E%
one-volt output with at least 2-milliampere capability. i
II1.31 VOLTAGE-TO-CURRENT TRANSDUCER. This circuit establishes 111.31
and maintains a precise proportionality between e,, the input voltage, and i, II.1
the output current, such that to
€1
iy == 3-12 1.4
"R il 1113
The proportionality is independent of Z,, within the limitations of amplifier to
output voltage ratings. This proportionality arises from the fact that, so long II1.9
as e, is negligibly small with respect to e;, and the amplifier input current is E}BO
.80

negligible with respect to i;, the output voltage will drive current through Z;
and R so as to make i;R = e,.

Note that the power supply “floats” with respect to signal ground. If the chassis
ground (which is also the AC ground) is tied to the signal ground and if there is
not good electrostatic isolation between the primary and secondary, an error
current will be induced to flow between chassis ground and power common
returning through the load and amplifier. .
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I11.32 SIMPLE FOLLOWER. As described earlier, the simple voltage follower
reproduces, to a very high accuracy, the input voltage e;, without sign reversal—
provided, of course, that e, is very small compared to e;. In the follower, the
output is fed directly back to the negative input as degenerative feedback at high
gain. Phase distortion and attenuation are negligible over the frequency range
in which the amplifier gain is >»1. Input impedances from tens of megohms,
to tens of gigohms and output impedances well below an ohm are easily obtained;
as can be seen from the following expression, which relates input impedances
to circuit and amplifier parameters, as shown in the circuit diagram:

Zin = Zac*|| (Zn X loop gain) (3-13)
VAT A
*Ref. 1.18(c) ... 2Zag || Z = ZA(_A:_ .'Z,

I11.33 CHOPPER-STABILIZED FOL-
LOWER. Back in 1.12, we described chopper
stabilization of an Operational Amplifier, noting
that the circuit usually employed left us with
a single-ended amplifier. Such an amplifier
would not lend itself to use as a conventional
follower, such as that shown in IT1.32; however,
by using the connection shown here, with the
normal output circuit grounded, and the
power-supply common return used as the
output terminal, follower behavior is achieved.
The capacitance and leakage resistance to
ground of the power-supply common terminal

are, of course, loading the output, but the out-
put impedance is low enough, at least at low
frequencies, to tolerate such loading.

Chopper-stabilized followers generally have ex-
ceptionally low attenuation at or near “DC,”
and very low drift. The input impedances are
high at low frequencies, too. Typical values
are: gain; 1.0000000 (4-0.1 PPM attenuation
at “DC”); input impedance: >10'? ohms.

Note that this circuit is an inverted version of
1132

I11.34 PRECISION HIGH-VOLTAGE FOL-
LOWER. Combining the best of two worlds,
this circuit makes use of the wide dynamic
range of a vacuum-tube cathode-follower cir-
cuit, and the high gain of a solid-state Opera-
tional Amplifier to produce a precise follower
with high voltage range capability. The power
supply of the Operational Amplifier rides along
with the output voltage e. Diode pairs protect
the amplifier input, and back-to-back zeners
protect its output, in the traditions established
in I1.27. A principal limitation will be imposed
by the insulation of the amplifier and power
supply from the ground; another is dynamic

stability (the amplifier’s gain and the triode’s
u are cascaded). R,-C,, Cp;, and R, are in-
troduced to stabilize the circuit against RF
parasitic oscillations. R, and R; are current
limiters, and are not large enough in value,
compared to the input impedances they precede,
to affect gain. D, establishes a convenient zero-
signal (quiescent) bias level for the triode, and
the Operational Amplifier output automatically
seeks an appropriate quiescent level to satisfy
the demands of the feedback around the circuit,
while overcoming the contact-potential vagaries
of the triode.
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II1.35 LOW-NOISE PRECISION PRE-AMPLIFIER. In
this application of a follower with gain (see I1.2) a precise gain
of 100 is achieved, using moderately low impedances for opti-
mum response and signal-to-noise ratio. Very precise, low-
noise performance can be obtained with low impedance sources
such as thermopiles or bridge circuits, as the data in figure 3.35
spell out. For source impedances of 10 to 100 k{, very good
noise figures can be obtained (3 to 6 db, typically). The ampli-
fier noted will perform very well, but for optimum noise figure
an amplifier with field-effect transistors (i.e., model P25A)
is recommended.

I11.36 SOLID STATE ELECTROMETER. The low-noise
circuit just discussed in II1.35 may be suited to electrometer
service by adding the circuit modifications shown here:

® E,, Ry, Ry, and R; make up a reversible current-offset-biasing
circuit “bootstrapped” to extremely high impedance com-
pared to R, so that the gain loss is negligible.

® C, is made large enough to narrow the bandwidth to a few
cps, for lowest “white-noise” effect.

@® R, is chosen for optimum current bias sensitivity.

® Guarding of the input lead is provided, and returned to
the negative input terminal.

Typical circuit values and performance are shown. For best
performance, this circuit is not recommended for applications
in which the operating temperature exceeds 50°C, and the lower
the temperature, the lower the offset current and current noise.

1

II1.37 NEUTRALIZING INPUT CAPACI-
TANCE. In circuits employing the follower-
with-gain configuration, the effects of capaci-
tance to ground at the input terminal, whether
due to input-cable shielding, strays, or amplifier
input shunt capacitance, or any combination of
the three, may be neutralized almost perfectly
by connecting a capacitor, C,, as a regenerative-
feedback path from output to input, as shown
here.

The undesired shunt input capacitance, C,
draws a current:

i, = C.pey (3-14)

For perfect neutralization, C, should draw an
equal but opposite current:

in =C,ple —eq) =i, = C,pey (3-15)

Thus C, should be selected so that, for e,
negligible compared to e,

= el
Co = G, (Rﬂ) (3-16)

If C, is too large, oscillation could occur, but
C, will prevent that. Note that much the same
scheme may be used to ‘“neutralize” leakage
and other shunt input resistances, but the value
of the neutralizing resistor becomes so large
that a Tee network (see 1.26) may be necessary.
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I11.38 LOW-NOISE PRECISION CURRENT AMPLIFIER. This is the
circuit of choice when the input current is referenced to ground and the load is
floating. (If the load may not float, a circuit such as 3.7 must be used.)

In this rather more complex version of the current-to-voltage transducer of
I11.30, the current through the load, Z,, is monitored by a low-resistance
shunt, R,, after which that signal e, is fed back through a Tee network (see 1.26)
made up of R;, Ry, and R;, to the summing point, which is at a virtual ground.
The load may be complex and active, within the limitations of the output
voltage rating of the booster, but it must be amenable to “floating” off ground
by e, and R,. With high-performance amplifier (such as either of those noted)
the DC current gain of this circuit is given by:

iz R, R,
a = (Eg) (1 -4 E-z) (3-17)

For dynamic stability, feedback capacitance C, or C; (or both) is usually in order.

II1.39 VERY-HIGH-IMPEDANCE DIFFERENTIAL INPUT
AMPLIFIER. This circuit combines the low output impedance
of a symmetrical subtractor (see 11.5) and the very high input
impedance and CMRR of a dual-amplifier balanced differential
input stage. The output stage is straightforward, and requires
no special comment other than the observation that, since the
circuit is being driven from the low impedance outputs of the
dual-differential-stage amplifiers, the impedance levels of the
feedback and divider networks in the subtractor may be kept
quite low, for good stability and bandwidth. The input stage is
interesting in that (unlike a pair of followers-with-gain, which
magnify both common-mode and differential signals) this cross-
coupled circuit passes the common-mode signal at unity gain,
but amplifies the differential signal with a gain of (1 + m + n).

The limit of common-mode error is established by the degree
to which the error voltages, e,, for the two amplifiers: (a) ap-
proach zero, and (b) track one another.

The input impedances—both common-mode and differential —
are extremely high, as might be expected of follower configura-
tions, so that the circuit is almost completely insensitive to
unbalances in source impedance of e; and es, and the input
terminals are very close to ‘‘passive’”’—i.e., there is negligible
interaction between the input terminals.

This circuit, equipped with the recommended amplifiers, con-
stitutes an extremely high-performance differential-to-single-
ended transition, with excellent gain, bandwidth and stability.
It may be supplemented, of course, with a booster, if need be.
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I11.40 PHOTOMULTIPLIER-DIFFEREN-
TIAL CURRENT AMPLIFIER. The Adder-
Subtractor is very well suited to the conversion
of the difference between small currents to a
husky voltage at manageably-low impedance
levels. In this example, the small currents are
supplied by photomultiplier tubes operated
from a power supply of hundreds to thousands
of volts. The response of this circuit is linearly
and accurately proportional to the difference
between the two photomultiplier currents.
Since the feedback networks cannot have more
than about 10 volts across them, and probably

have less than 5, the amplifier end of the cir-
cuit operates comfortably near ground, com-
pared to —Ep; thus, the ultor voltages cannot
vary by any large percentage with the current
through them, so that the sensitivity will re-
main relatively constant, even with sizeable
current differences. Rpis a zeroing control, and
is meant to provide ‘“‘dark-current” balancing.
It may be used to set an arbitrary zero level at
any standard level of light intensity. Typically,
with R = 10% ohms, this circuit will drive a
1,000-ohm, 1 mA recorder full-scale for a cur-
rent difference of only 10 nanoamperes.

&

II1.41 CHARGE AMPLIFIER. Capacitive
transducers are often employed to accomplish
the conversion of some mechanical, thermal,
chemical, etc. phenomenon to electrical infor-
mation. They respond to physical stimuli by
providing varying electrical charge, which can
often be considered as a constant voltage source
in series with a variable capacitor, or vice versa.
Typical of these is the capacitance microphone,
represented in our drawing as a battery, E, in
series with a capacitance C; + AC;. An Oper-
ational Amplifier, connected as shown, provides
an ideal transition from change of capacitance
to change of output voltage . . . unloading,
linearizing, and providing appreciable cutput
current and voltage capabilities.

A change in capacitance must cause a change in
charge, and that charge is displaced into the
summing point, which must be balanced by an
equivalent displacement of charge across the
feedback capacitor, C, caused in turn by a
change in the output voltage, e. The response
equation shown on the drawing relates the out-
put voltage both to a change in capacitance,
and to a change in the equivalent series volt-
age, E. Note that either or both—a change in
C,, or a change in E—will cause a change in
output voltage, because either will cause a
change in charge . . . hence, the name *““Charge
Amplifier.”” Piezoelectric transducers do not
have an impressed voltage but do produce a d@

output. Compare this circuit with that of the
current-to-voltage transducer of II1.30: resis-
tors convert current to voltage; capacitors con-
vert charge to voltage.

Note that this circuit has the desirable prop-
erty of being virtually independent of shunt
capacitance across the input, since such capaci-
tance is connected from the summing point to
ground, and has across it only the residual null
voltage, which should be negligibly low in prac-
tical application. This independence of input
capacitance permits the use of long shielded
cables between the transducer and the ampli-
fier, without significantly affecting the accuracy
of the conversion from charge to voltage. Leak-
age resistance in parallel with C, on the other
hand, must be deliberately sustained, in order
to prevent the amplifier output from drifting
to saturation. (See Integrators, particularly
I1.12.) It will be noted that the sensitivity is
inversely proportional to the value of the feed-
back capacitance; therefore, the smallest value
that will be large compared to ‘‘strays’ will
yield the highest predictable sensitivity. One
must then be sure that at the lowest frequency
of interest, X, will be small compared to R;,
and that the amplifier’s offset current will be
sufficiently small to prevent saturation with the
required value of R. Amplifiers employing
field-effect transistors are recommended for
this application.
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111.42 WIDE BAND, GAIN-OF-1000 AMPLIFIER. The
wide bandwidth of this circuit is the result of cascading two
amplifiers, producing a resultant gain-bandwidth which is about
half the product of the two. It generally makes good sense to
use the same amplifier type in both positions—however, if that
is not done, for other reasons, the gain required of each stage
should be directly proportional to the gain-bandwidth product
of the amplifier associated with that stage, for optimum resultant
bandwidth.

The circuit consists of a follower with gain (see I1.2), appro-
priately rolled off for stability by means of a suitable feedback
compensating capacitor, driving an inverting stage with gain,
similarly compensated against instability. If the wiring is
carefully done so as to minimize strays, the necessary roll-off
capacitor should not significantly limit the bandwidth, particu-
larly if the impedance levels are held to minimum, as shown.
An outstanding advantage of this circuit is the fact that though
low impedances are used in the feedback groups, the follower
configuration used for the first stage provides very high input
impedance, and the second stage is driven by the relatively low
output impedance of the follower,and exhibits a reasonably low
output impedance itself. Thus, with a total of only 6 external
components, and 2 economical, standard amplifiers, we have
constructed a precise, stable, low-noise, wideband (about 50 kHz)
amplifier with a gain of 1000. Note that the amplifier response
extends all the way down to DC, and that the noise and un-
certainty levels, referred to the input, are of the order of micro-
volts, using the recommended amplifiers. This circuit will find
wide use in instrumentation and computation circuits, and its
utility can be further extended by the addition of a buoster
stage, when necessary.

111.43 WHEATSTONE BRIDGE-—-DEVIA- under those extreme conditions; (3) It is 111.43

TION MEASUREMENT CIRCUIT. This
application of the basic Adder-Subtractor

circuit (II.5) has many advantages over a,

conventional Wheatstone bridge or deviation-
bridge circuit. In this configuration, the bridge
excitation voltage F is applied as a signal to
both the Adder and the Subtractor networks,
and the amplifier output voltage indicates the

perfectly practical to drive very large current
through R, since only Rsrp is involved in that
path, but none of the instrument circuitry need
carry those currents; (4) The read-out is
grounded, which is a very considerable ad-
vantage if a sensitive or high impedance
detector is to be used. (5) Unfortunately, the
output e is linear only with R.; hence a linear

.27
II.1
to
I1.4
I1.41
I11.44
to
I11.48

extent to which R,/R, does not conform to calibration can be achieved only if the un- II1.58
Rsrp/R.. Note the following advantages: known is placed in the R, instead of the R, I11.78
(1) The unknown, R., is grounded, which aids position, sacrificing some of the advantages I11.79

in guarding and shielding; (2) Provided that
e does not saturate when R, is removed or
shorted, there is always some value of Ewithin
the linear region that will “balance” the bridge

-
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previously mentioned. Note the use of a by-
pass capacitor across R, reducing the chance of
stray coupling or pick-up.
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II1.44 KELVIN-DOUBLE-BRIDGE DEVIATION INDI-
CATOR (EXCITATIPN FLOATING). A current-to-voltage
transducer circuit (4 la II1.30) makes a very effective detector
and linear deviation indicator for a Kelvin Double Bridge used
for low-resistance (e.g., sub-ohm) measurements, provided that
the DC bridge excitation source may float. The unknown four-
terminal resistance, R., is measured by comparing it with a
fixed or variable standard, Rs, of the same order of magnitude,
with the switch closed. R, and R, compensate for lead and
contact resistance, provided that they are precisely proportional
to R4 and Rp. This proportion is proved if the bridge is balanced

I1I.44
1227
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to
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to

II1.48
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with switch S open.

I11.45 SIMPLE LOGARITHMIC-RE-
SPONSE NULL-DEVIATION AMPLIFIER.
The current-to-voltage transducer of III.30
makes an excellent null detector, because of
its high current sensitivity and low voltage
drop, as noted earlier. In many applications,
however, this high sensitivity may be a mixed
blessing, because null detectors must often
function in circuits that can and do operate
“off-null” for long periods of time, causing
saturation (or requiring bounding) and giving
little or no indication, when driven to satura-
tion or bounding, of just how far off null they
are—thus rendering adjustment of the external
circuit difficult, and “touchy,” even near null.
One cure for this situation is the modification
of the response characteristic to a predictable
logarithmic characteristic. The circuit shown
here takes advantage of the inherently loga-
rithmic voltage-current characteristic of tran-
sistors connected as diodes (see I1.22, or the
Technical Data Sheet on Model PL1 Loga-
rithmic Transconductor) to achieve a response
in which the output is proportional to the loga-
rithm of the input current, as shown on the
drawing. The output voltage is fed back
through back-to-back transdiodes to the sum-
ming point. (It should be noted that the diode

that is conducting, forms a bound circuit, such
as that described in 1.25.) The feedback circuit
is so proportioned as to operate the diodes at
currents in the range from less than 10-% to
10~ amperes, in which region their voltage/
current characteristic most closely approaches
a logarithmic relationship. For a given input
current, then, the voltage drop across the
diode will be E; log (i/I;) (since the diode
current must equal the input current in the
ideal case). Thus the output voltage is also
proportional to the logarithm of the input
current. The divider shown in (b) but equally
applicable to (a) produces closed-loop gain;
in the degenerate case, in which R, = 0, the
output voltage is simply equal to the forward
voltage of the conducting diode. The response
equation shown on the drawing is based upon
the above assumptions, as well as the usual
“ideal case’” —negligible amplifier input current
and null voltage at the summing point, infinite
gain, constant temperature, etc.

Adding a resistor across the diodes modifies the
effective diode characteristic at very low
currents, limiting the maximum sensitivity,
if desirable.
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I11.46 INSULATION RESISTANCE, TERA-
OHMS TO GROUND. This application of an
integrator has far-ranging implications to the
instrument circuit designer, being but one of
many examples of the use of charging time to
measure small currents. In this application,
R. is an extremely high resistance—of the
order of teraohms (1 teraochm = 10'%* (),
measured between some test point and ground.
After taking the usual precautions to prevent
anomalous results—shielding, guarding and
cleaning the resistance path in question—the
circuit is connected to R., as shown, and the
zero adjustment potentiometer is manipulated
until there is no significant observable change
in the output voltage with time. This condition
reassures us that the net current into the inte-
grator, including all of the usual pestilences—
amplifier offset current, capacitor leakage,
stray leakage, currents generated by thermal
EMF’s, etc.—is zero.

If we now close the push-button switch in
series with K, an input current will flow that
is almost exactly equal to Er/R,. (One may
ignore the piddling megohm in series with the
integrator input, compared to teraohms, of
course.) This current will cause the output
voltage to change at a rate determined by R,
and C, for a given value of E;. Typical values

are shown in the chart appended to the draw-
ing. For nominal accuracies, a stop watch
and a conventional meter are adequate, since
the test may be allowed to run for a time cor-
responding to 10 volts before the amplifier
saturates. The circuit is capable of much higher
accuracy, however, and the inventive reader
will no doubt be tempted to automate the pro-
cedure, using a relay for the pushbutton, a
comparator to detect the exact moment at
which the output arrives at a critical value,
and an accurate time-interval meter to record
the elapsed time.

Note the suggested use of a modest bypass
capacitor across the integrator input, to reduce
the effects of pick-up. Note also the use of
the Tee network into the zeroing circuit to re-
duce the value of the series resistor to a prac-
tical 10° ohms. This will tend to increase the
noise gain for voltage errors at the summing
point. However, as long as Er is of the order
of volts (compared to sub-millivolts), the giga-
ohm shunt load at the amplifier input will not
be significant. Remember that the accuracy of
the measurement is directly affected by the
absolute accuracy to which Eg is known and
maintained, and by the amplifier’s current
offset drift.

II1.47 RESISTANCE MEASUREMENT,
GROUNDED SAMPLE. For precise resist-
ance measurements at relatively low voltage,
over a very wide range of resistances, this in-
teresting application of the Howland circuit is
highly recommended. Note that range switch-
ing is accomplished by selecting resistance-ratio
sets, the accuracy of which is always easier to
establish and maintain than that of individual
“standard” resistors. The same is true for the

ratio set R,/aR,. Even wider ranges may be
obtained by simultaneously switching the
reference voltage . . . in decade steps, perhaps.
Note that the ratio of the voltage across the
sample to the output voltage is the divider
ratio, a. If a is set to 100, for example, 10
millivolts across the sample will correspond to
a 1 volt output, thus avoiding consideration of
self-heating in all but the lowest resistance
ranges.
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II1.48 PRECISE CAPACITANCE-DEVIATION BRIDGE. There is no
shortage of extremely precise capacitor bridges available to-day, but typically
they use small voltage signals at relatively high frequency. This intentionally
excludes such effects as voltage coefficient and polarization. Furthermore, the
effects of shunt (leakage) resistance, series resistance; dielectric and other losses
are lumped together in most bridges as the “dissipation factor,” while the series
inductance tends to lower the indicated capacitance somewhat. For measuring
capacitors to be used in analog integrating circuits, there 'is no substitute for
operating them under conditions similar to the anticipated use, e.g. driving
(“integrating”) them slowly over the voltage range (as shown here) with a con-
stant current of perhaps 1 to 1000 microamperes, again selected to simulate the
intended service.

The excitation, e, applied to this bridge should be a triangular wave for maxi-
mum resolution (although a sine wave can serve well). A triangular wave pro-
vides approximately constant current, first positive, then negative. Thus the
output of the amplifier is a fair square wave of voltage, and the null error voltage
will be a small square wave (of sorts) for a small mismatch between the unknown
capacitance and the standard. Tilt in the square wave implies a difference in
shunt leakage, whereas a “‘bow’ implies a difference in voltage coefficient be-
tween the unknown and the standard. Series resistance or inductance of the
amounts found in practical capacitors for precision integrators will not affect the
balance; neither, in general, will the shunt (leakage) conductance. The potenti-
ometer, R,/1000, can be used when a readout of the percentage deviation is
desired, the extremes of the potentiometer representing about +0.1% difference
between C, and C,4.

111.49 SIMPLE PEAK-READER AND
MEMORY. This circuit may be set to any of
a wide range of initial conditions (i.e., the stored
charge on C), by adjusting the potentiometer.
After reset, signals larger than the stored value
will charge the capacitor, as rapidly as the
source impedance permits. The capacitor will
“remember”’ the most positive (or least nega-
tive) signal. The follower unloads the capaci-
tor, provides unity gain, and low output
impedance. If the diode is reversed, the circuit
will remember the most negative signal applied
to the input. Departures from the Ideal in-
clude: (1) reverse leakage in D1, whenever the
signal is at a lower value than the peak value

stored; (2) leakage (inherent in and stray)
across the capacitor itself, as well as dielectric
soakage; (3) amplifier input admittance and
leakage current; (4) amplifier common-mode
error; and (5) the forward drop (about 0.2 V)
and effective source resistance of D1—the first
causing a gradually-decreasing magnitude error;
the second slowing down the rate of decrease,
primarily because of the increase in charging-
time-constant, at low diode-drop. R limits the
discharge current. Diode D2 provides first-
order compensation for the average drop across
D1. Choose R; and E for zero net offset error
for the most probable amplitude and duration
of peaks.
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II1.50 PRECISION PEAK-READER &
MEMORY. This circuit can be broken down
into a combination of three familiar elements:
a precision electronic switch, of the type de-
scribed in II.40, a track-and-hold memory
(fast-charge integrator) of the type discussed
in II.46, and the very familiar unity-gain in-
verter. The only new element introduced by
this circuit configuration is the fact that all
three of the circuits we have just enumerated
are connected in a closed-loop configuration,
with equal resistors (R) to form a unity-gain
inverter with peak reading and peak holding
characteristics. As the circuit is shown, it fol-
lows only negative peaks, but, by reversing all
of the diodes in the switch, including D, the
decoupling diode, it can be made to follow
positive peaks. The circuit performs as fol-
lows: negative-going value of e, cause positive
current rapidly to charge the integrating capac-
itor C (provided that R,C is short compared
to the fastest rate of change of e;) until the
positive output of the inverter following the
integrator corresponds to the largest negative
peak of e; (since the re-set switch was last

operated ), at which time the error voltage at
summing point S goes to zero, and diode D, is
rendered non-conducting. The unity-gain in-
verter acts as a buffer on the integrator output,
and also provides the necessary polarity re-
versal, so that the major unity-gain inverter
(from e; to e, through R and R) will function
correctly. When e; departs the peak value and
becomes more positive—in circuit (a)—the
precision switch remains open, and the inte-
grator is prevented from discharging back
through the switch by D, (The usual prob-
lems demand attention—leakage in C, input
current in the integrator amplifier, closed-loop
dynamic stability, and stray leakage.) Leakage
in the decoupling diode is unimportant because
the amplifier driving it will be observed to be
the “perfect’” halfwave rectifier whose output is
zero for positive input. Assuming correct cir-
cuit design and most particularly, correct am-
plifier selection, this circuit will hold its peak
for a period limited only by the capacitor’s
leakage.

A two-amplifier alternative is shown in (b).

II1.51 SIMPLE PEAK-TO-PEAK READER. Positive values of e, charge
C, through D,, and are remembered. Negative voltage peaks charge C; through
D,, and are held there. Follower B input is then at the highest peak since C,;
was reset, and follower A output is at the deepest valley since C; was reset.
The subtractor output is:

e = Y(eq — ep) = — ¥ (e, peak-to-peak) (3-21)
Reversing the input connections of the subtractor will yield
e = Y(es — eq) = + % (e; peak-to-peak) (3-22)

Diode and leakage errors prevent our calling this a precision device, but it has
adequate accuracy for many purposes.

By closing the reset switches, ep can be restored to the least value of e;, and e,
to the maximum value of e;, after which e4 and ez may be driven by e; to the
fullest range of values within the circuit ratings.
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II1.52 PRECISION PEAK-TO-PEAK READER-MEMORY.
By combining two of the Precision Peak-Reader circuits de-
scribed in II1.50 and designing them with complementary diode
polarities, so that one responds to and holds the highest positive
peak, and the other the deepest ‘“valley,” and by combining
these signals in a symmetrical Adder-Subtractor of unity-gain,
we obtain an output equal to minus the maximum peak to peak
amplitude, without reference to when the peaks occurred. Note
that it is not absolutely necessary to use the Adder-Subtractor
circuit—a voltmeter connected between the output of the
positive peak reader and the negative peak reader will actually
read the peak-to-peak value, as the difference between those
two potentials. The voltmeter may not be grounded, however,
and should be a true differential device.

II1.53 TRACK —HOLD —PEAK READER. When the selector switch is in
the B position, the circuit functions in exactly the same manner as the gated
track-hold circuit of I1.48. When the selector switch is in the A position, the
integrator is not permitted to track positive-going input signals, because they
are automatically shunted to ground through one of the diodes. Only negative-
going signals are tracked, and then only the most negative signal is held, for
the gated amplifier will receive a negative signal at its input (the resistive sum-
ming point) only when the input is more negative than the output is positive.

Similarly, when the switch is in the C position, positive-going peak input signals
are tracked, and negative-going input signals are ignored. Note that there is a
net inversion; the circuit really tracks and holds the negative of its input.

111.54 PRECISE AC AVERAGE READER. Refer back to I1.42, Circuit (b)—
the Precise Absolute Value Circuit. This circuit is identical to it, except that the
capacitor C “‘averages,” or smooths, the output voltage into a DC value almost
exactly equal to the rectified average value of e;. There are no appreciable diode
errors of any kind in this “perfect” rectification. Furthermore, if the circuit is
opened at point ‘‘x,” the output will remain at whatever value it had at the in-
stant of opening . . . at least, until the capacitor has discharged appreciably. A
word of caution—unless the averager has a sufficiently long time-constant, the
value that it “remembers” will depend upon the particular instant in the cycle of
ey at which the circuit is opened. On the other hand, if the circuit has a long
enough time-constant to eliminate ripple, its response to a change in the
“envelope’” magnitude of e, will be sluggish, and will require many cycles of e, to
settle to a new value. This means that the “true average” exists only when the
waveform of e, has been at equilibrium for a very long time...which may
never happen.
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II1.55 PRECISE AC MILLIVOLTMETER
AND “ZERO-DROP’”’ MILLIAMMETER.
In circuit (a), a follower-with-gain is provided
with a rectifier bridge as its feedback element.
The amplifier forces the voltage across R; to
track e; perfectly . . . ignoring the usual Depar-
tures From The Ideal. In order to do this, it
must drive a current equal to e;/R, through
the bridge. By the courtesy of the rectifier
diodes, this alternating current is rectified into
DC, averaged by the capacitor C in accordance
with the time-constant given on the drawing
and displayed on the DC meter M. The rectifi-
cation is precise (perfect) because the output
voltage of the amplifier accommodates any and
all of the rectifier diode idiosyncrasies in its
determination to track e,. This circuit, when
equipped with a reasonably sensitive meter,
may have a remarkably high sensitivity, and
yet present nearly infinite impedance to the sig-
nal, compared to a conventional millivoltmeter.

Circuit (b) approaches the ideal of a zero-
energy AC milliammeter, because the drop
across its terminals is virtually zero . . . except

for the usual Departures. The input current
must flow directly into the summing junction,
and, provided that neither the amplifier nor the
diode clamps draw any significant current, the
current through the bridge that forms the feed-
back network must have the same value. The
return path for this current is through the am-
plifier output terminal, and back to the source,
through the amplifier “common.” Provided
that the amplifier output current rating is not
exceeded, and that the output voltage swing re-
quired of the amplifier, as it forces the bridge
current to track the input current, does not
exceed its rating, the meter will read the true
and precise rectified value of I;,, “averaged”
by the inertia of the meter movement. Since
this circuit has negligible drop, it is practical
to convert it to a precise low-impedance milli-
voltmeter, by connecting in series with either
input terminal, a resistor of appropriate size.
Even at 10 mV full-scale, the null voltage error
should be negligible compared to the error in
the meter movement. For a high impedance
millivoltmeter, however, circuit (a) is preferable.

II1.56 LONG-TERM DIFFERENTIATOR. Circuit (a) is a practical differ-
entiator with a characteristic time of 1000 seconds. R; and C; are stabilizing
elements (see II.18, et al) and the 10'°Q leakage is well tolerated (as are ampli-
fier input current and stray leakage) by the 100 M feedback. To fix the order of
magnitude, note that de,/dt = 1 mV /sec. produces e = 1 volt!

Circuit (b) adds to our study of this extreme circuitry the need for reset
(shown in the simplest form) and the means for extending the time-constant
far above 1000 seconds. If 10'*Q is the best we can do in limiting the leakage,
and if some “room’” must be left for i;, and strays, then a feedback-network
resistance of 10°Q is just about all we dare use; however, the Tee Network
(90 K/10 K) will buy us yet another order of magnitude, so that 7' = 10¢
seconds—not quite two weeks! Think of it: 1 microvolt/second in, for one volt out!

There is no merit in increasing C—the leakage will rise just as rapidly. Reducing
C will only partly help, because then e, /R will begin to dominate. The optimum
value lies between 1.0 and 10 uF.
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III.57 LONG TERM INTEGRATOR—MEMORY. This
circuit takes full advantage of the very low offset current and
voltage of a superior (Philbrick) modern (Philbrick) solid-state
Operational Amplifier. Even at 10 volts full-scale, the input
current is 10~ amperes . . . yet an accuracy of better than 1.0%
may be anticipated —with a characteristic time of more than a
day! (By the way, the limiting factor is capacitor leakage, not

the amplifier offsets!)

Other caveats: Beware of stray leakage (select good insulation,
and guard critical paths); noisy ground returns (see 1.30); and

stray coupling (see 1.31).

II1.58 NULL DEVIATION WITH 3-GRADE SORTING. This circuit has
three possible states: (1) neither relay actuated; (2) relay 1 actuated; (3) relay
2 actuated. In state (1), normally-closed contacts on each relay, connected in
series, ‘‘choose” the middle-grade-bin actuator—a condition corresponding to
values of i;, that are smaller in magnitude than either I, or I,. The output /input
relationship is like that of the Dead Zone circuit of I1.44 until i;, exceeds I 1 or
I, in magnitude; after which, the loop opens and a rapid transition occurs in the
output voltage, actuating relay 1 or relay 2. This output/input relationship is

shown in (b).

R; and R, provide “latching” through hysteresis, as shown by the dashed

lines in (b).

II1.59 PICOAMPERE TRANSISTOR PA-
RAMETER TEST SET. Here we see the
practical application of two familiar circuits to
the testing of transistor parameters at pico-
ampere current levels. The circuit to the right
of the transistor, which is nothing more than
the current-to-voltage transducer described in
ITI.30, permits us to measure very low base
currents conveniently and accurately, with a
voltmeter that reads its output, e. The base
current is then known:

V. e
kY. ==
R,

The emitter current is accurately established

(3-23)

and maintained by the use of the Howland Cir-
cuit (II1.6), so proportioned that the voltage
read on the voltmeter is exactly twice V..
(Note that the amplifier in the base circuit
operates to maintain the base essentially at
ground potential.) The emitter current is pro-
grammed by the input voltage to the Howland
Circuit, according to the relationship i, = e, /R.
Vb is set by adjusting e.. Note that this con-
figuration provides a convenient means of
measuring the “DC Beta” of high-gain transis-
tors, with negligible approximation error:

_mY RN
o-(E)- w
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II11.60 DIODE-TRANSISTOR LEAKAGE MEASUREMENT. The loga-
rithmic-response null amplifier circuit of II1.45 may be used to advantage in
the measurement of very small diode or transistor leakage values. (A loga-
rithmic characteristic is desirable since leakage values frequently vary, from
diode to diode, over many decades. To protect against the occasional shorted or
leaky diode, back-to-back diode clamps are shunted across the input to the
circuit, and R, is used to limit the current fed to them. A compensated, adjust-
able, logarithmic transconductor may be used here for accuracy, temperature
independence, and gain adjustability. * The amplifier input terminal is deliberately
decoupled from the diode clamps, to insure that they, and not the amplifier
itself, limit first in the event of a shorted or very leaky diode. This circuit may
be used to drive a recorder, a digital voltmeter, a conventional panel meter, or
a limit comparator circuit (II.41 and III.58). It is well suited to automatic
sorting of diodes or transistors.

*Philbrick SPL4-N /P are recommended.

I11.61 ELECTROMETER—MILLIVOLTMETER—AMPLI-
FIER. In this version of the Follower-With-Gain circuit, a
+10 volt output with nearly 2 mA of current capability is de-
veloped from full-scale input voltages as small as =410 millivolts,
while drawing less than 1 picoampere from the signal source.
This exceptional sensitivity is made even more attractive by
extremely high input impedance—ranging from at least 30,000
megohms (in the highest-sensitivity ranges) to millions of
megohms (in the low-sensitivity ranges). The input impedance
is actually the common-mode impedance of the positive input—
in parallel with the differential impedance multiplied by the
loop gain. With this order of input impedance (and appropriate
care in construction), this circuit may certainly be assigned to
the “‘electrometer’” class, drawing currents of the order of
10! to 101 A. The input filter is provided to reduce noise
and pickup, and both it and the compensating capacitor, C.,
are made as large as feasible to reduce the noise bandwidth
without significantly slowing down the signal.
The “bias” current may be provided by a floating (cell) bias
circuit (1.19, 1.22) in series with a very high resistance, or by
slightly offsetting the voltage bias, thus allowing it to develop
an offset current through the amplifier’s differential input
resistance.

( 10 mV

e85 700 0

For less demanding applications, amplifiers of more modest
performance at lower cost may be profitably employed.

= 10-12A)
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I11.62 LOW-LEVEL MAGNETIC FIELD
MEASUREMENT. This unusual application
illustrates the low-level capabilities of Opera-
tional Amplifiers and shows the precautions
necessary when extremely small signals must be
detected in the presence of large ground cur-
rents and stray coupling. The earth’s magnetic
field varies very slowly. Even a 10,000-turn
search coil 6 feet in diameter will produce only
1.28 microvolts rms for a peak flux excursion
of 10 microgauss (1 Gamma) at 0.01 kHz. The
only saving grace is the fact that the bandwidth
can be spoken of in terms of cycles per hour;
which permits us to use filters to reduce the
effective noise level, moving power line disturb-
ances many octaves away.

Note particularly: (1) the heavy copper case,
for electrostatic shielding, and for some
“shorted turn” effect on the incident power-
frequency magnetic flux; (2) the “RFI filter
bushings’’used to lead signals in and out of the
enclosure. Typical designs are the Sprague
Type IJX 179 for the power lines and Type
IJX 152 for the signal lines; (3) the use of an
ungrounded coaxial cable for the output lead.
If the cable is buried in the ground, it should
serve as the signal return lead, and no other
ground connections should be made. If the
cable is not buried, the case should be grounded.
Note that the input drives the positive ter-
minal, and the amplifier is connected as a fol-
lower-with-gain.

I11.63 TRUE RMS VALUE READER. Here we feed the signal and its inverted
value into a voltage-squaring circuit employing the PSQ-P Quadratic Trans-
conductor (see II.24 et al), averaging the squared output to obtain the mean
square of the input waveform. We show alternate forms of obtaining e; and
—e; from e, alone: a center-tapped transformer, and a unity-gain inverter.

After filtering, the output of the averager is then fed to a square-root circuit,
which employs the PSQ-N Transconductor (I1.23, et al) so that the output e,
of this last circuit is the square root of the mean square of e;, otherwise known
as the true RMS value of e, ... over a frequency range extending from zero
well up into the audio spectrum. The square root and elementary filter circuits
shown may be replaced by an integrator (I1.10) for true continuous-accumulation
(total energy ) measurement.

I11.64 ODD-VALUE SQUARER. The output of this circuit is proportional to
the negative of the product of the input signal and the absolute value of the
input signal—always in either the second or the fourth quadrant, as shown in
the graph to the right. The constant K is proportional to the value of R. (For
the standard Philbrick Quadratic Transconductors shown, K = 1.00 when
R = 20,000 ohms.) As for the circuit, the so-called “ab-square,’’ it consists of our
old friend the current-to-voltage transducer, driven by the output current of
one or the other of the Quadratic Transconductors. Positive values of e; will
produce negative output voltages, and negative values of e; will produce positive
output voltages. The current provided by the transconductor is proportional to
the square of ey, as is the resultant output voltage. The inverse of this function—
the odd-value root, or “ab-root” —can be generated by interchanging the input
and feedback elements.

Applications include: simulation of bidirectional hydraulic turbulent friction,
synthesis of quadratic nonlinear conductance, creation of a graduated null or
graduated dead-zone, or (when connected in the feedback path for odd-value
rooting) synthesis of quadratic impedance.
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111.65 PRECISE SQUARE ROOT OF THE:
SUM OF SQUARES. Each of the three input
Quadratic Transconductors produces a current
proportional to the square of the voltage ap-
plied to it. The currents are equally weighted,
and their sum, proportional to the sum of the
squares, is drawn from the summing point. The
amplifier output, e, must force an equal current
into the summing point, through the Quad-
ratic Transconductor used as the feedback net-
work. The required value of e is (see 11.24)
proportional to the square-root of the feedback
current. Thus, e is proportional to the square-

root of the sum of the squares of e;, e, e;, etc.
Now then, please note that if the constants of
proportionality applied to e;, es;, and e; are
all the same as the one applied to e, and all
are weighted the same, then the value of e is
equal to the square-root of the sum of the
squares, with no constant of proportionality
required!

By the way, for problems yielding a negative
output, that is:

e=—Ve’teltes  (3-25)

interchange the roles of PSQ-P’s and PSQ-N's.

I11.66 FREQUENCY METER. This circuit
exploits the high open-loop gain of an Opera-
tional Amplifier to generate a meter reading
that is closely proportional to the frequency of
an incoming signal, but independent of the
signal amplitude, over amplitudes ranging
from about +1.5 V to 450 V for frequencies
from DC to 100 kHz. The amplifier is output-
bounded by a symmetrical bi-directional feed-
back network consisting of diodes in series with
mercury cells, the series combination being
such as to bound the output at about 42 volts
(4 V, peak-to-peak). If the input voltage is
large enough to be limited by the input-clamp-
ing diodes, an essentially-constant voltage is
maintained across them. This clamped voltage
drives a constant current through the 4.7 kQ
input resistor, causing a current of the same
magnitude to flow through the feedback capaci-
tor, producing an output ramp that increases in
magnitude until bounded. The input resistors
and clamping diodes also protect the amplifier
against excessive input signal voltage, enabling
it to handle a wide dynamic range of input
signals.

The peak-to-peak amplitude of the trapezoidal
output waveform sketched on the drawing is a
function only of the parameters of the feedback
bounding circuit, and the slope of the rise and
the fall is essentially constant, depending only

on the voltage-drop of the input-clamping
diode. Therefore, as frequency increases, the
ratio of ramp time (rise time and fall time) to
bound time (the flat portion) increases, and the
waveform approaches, in the limit, a triangular
wave.

The amplifier drives a meter, through a full-
wave-bridge rectifier, via a capacitor, C.
Because of the low resistance of the meter and
its associated diodes, the capacitor effectively
differentiates the amplifier output voltage,
passing a current proportional to the trape-
zoidal slope during the rise and fall portions of
the waveform, and passing zero current during
the bounded (flat) portion. Thus, the result of
applying the trapezoidal wave-form to the
rectifier circuit is to charge the capacitor C to
the peak applied voltage, on each half-cycle of
the driving signal. The charge current is a
“gpike” or pulse, with an energy content that
is independent of the amplitude or frequency of
the input signal. One such pulse of charge is
fed to the meter for each half-cycle of the in-
coming wave, so that the average current
through the meter in any reasonable averaging
period is directly proportional to the number of
those pulses that arrive each second, which is a
true and linear function of frequency ... and
frequency only.
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II1.67 LOW FREQUENCY METER-CONVERTER. This 11154

circuit is a low-frequency version of the preceding one (I11.66). 111.66

The bounded open-looped amplifier to the left produces a trape-

zoid of very steep sides (for low frequencies) and an amplitude

of 16-20 volts. This waveform then produces “‘spikes’ or pulses

of current through C;R; (proportioned as in IT1.66) and these

are ‘“averaged” by C; in the modified current-to-voltage

transducer, which then drives a meter or other load. e is propor-

tional to frequency only, for a given set of component values, as

shown in the equations on the diagram.

The feedback capacitor shown connected around the main

amplifier is of critical importance and must not be made too

small, lest overshoot and effective distortion occur.
II1.68

IT1.68 DERIVATIVE dy/dx FROM TIME DERIVATIVES. If e, and e, 11.22

are increasing functions of time, so that their time-derivatives are positive, * £

they will drive input currents into each of the logarithmic-response amplifiers I1.32

to the left of the Subtractor. The output of each amplifier will, then, be pro-
portional to the log of its input current—i.e., to the log of the time-derivative
of the corresponding input voltage.

The Subtractor stage produces an output proportional to the difference of the
logarithms, or proportional to the logarithm of their ratio, as indicated.

An anti-log circuit (see I1.23) might be tacked on, at this point, to produce a

signal of the form:
d
Pt K(Ey) (3-26)

R’ is proportioned: (1) to achieve stability (see II.18, et al); (2) to prevent
excessive capacitive loading of the input; and (3) to be as small as possible, yet
still satisfy (1) and (2).

*Both i, and i, must be positive (or both negative if the log diodes are reversed), since
the logarithm of a negative quantity is not real.
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111.69 DEMODULATOR-AMPLIFIER. This
circuit provides gain, impedance-buffering, and
effective carrier filtering with reasonably fast
envelope response for almost any kind of
demodulator that can ‘““float.” The demodula-
tor impedance (R,) should be low enough to
preserve the filter dynamics. This circuit
permits one to insert a correcting bias (or an
arbitrary ‘“‘set point’’) of appropriate polarity
in series with the positive-input return to
ground of the (differential) amplifier, without
influencing the gain . . . a useful feature.

Note that the source impedance does not affect
the low-frequency gain (1 + K) but does make
the amplifier current offset more significant.

The circuit has the further advantage of pro-
viding an independent gain control, in the form
of an adjustment of the feedback resistor (or
the feedback divider ratio) thus making it
possible to adjust both the sensitivity and the
intial zero independently.

The filter characteristic has been chosen to
provide a minimally-overshooting transient

10
step response, low phase shift (da i Rlclw)
at low frequencies and high attenuation at high

o gl 9(1+K)). It is near

er] ~ 20(R\Cro)?
optimum in these regards for an attenuation of

1000 at the carrier frequency.

frequencies (

II1.70 PHONO & TAPE PREAMPLIFIERS. This circuit will be recognized
as a form of follower with gain (see 11.2), three features of which are important
to this application. First, the amplifier’s input resistance is well over 50 megohms,
shunted by less than 20 pF. Second, the noise will be very low, especially im-
portant at low frequencies, where the input is smallest. Third, the frequency
response is determined by the feedback network alone, and not by the amplifier;
thus the calculated network values will be accurate to within a small fraction
of a db.

Two standard equalization curves are shown—the RIAA for phonograph records,
and the NAB for tape recordings. They require that the gain of the equalizing
preamplifier begin “rolling off”” at some frequency, fi, at 6 db per octave up to
another frequency, f:. From f; to a higher frequency, f;, the gain is constant.
Above f3, the gain rolls off again, indefinitely, for RIAA. For NAB, the gain
should be constant above f., indefinitely; however, to minimize noise, most
-audio equipment manufacturers arbitrarily roll off the response above the limit
of hearing . .. beginning, say, at 30 kHz, as is shown here for f; (NAB). To
minimize low-frequency noise, especially transients, it is advisable to reject
“DC” and low-frequency signals below some arbitrary cut-off frequency, fo,
here selected to be 10.6 Hz. Two time constants, R:C; and R.C;, combine to
provide a 12 db per octave attenuation below fi.

The tantalum capacitor C; will always charge to about 10 to 100 millivolts of
DC in the polarity shown (if the amplifier is properly zeroed) because the tiny
amplifier input current (DC) flows through R, from ground. Low noise requires
relatively low input-circuit impedance—hence the choice of 0.3 uF for C,,
which, with R, = 50 kQ, provides the desired low-frequency cutoff. Direct
coupling can be employed by eliminating the R,C, filter, and the circuit would
then present essentially ‘““infinite’” impedance; however, most pick-ups require
a resistive load of about 50 k2 (some as low as 5 k), hence R;.
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II1.71 NEGATIVE-IMPEDANCE/ADMIT-
TANCE CIRCUITS. The circuits shown here
exhibit, between the input terminal and signal
ground, a negative impedance (or admittance)*
in that a positive-going signal results in a
negative current flow. Such a condition,
produced as it is by positive feedback, will
immediately suggest to the battle-scarred
circuit designer the possibility of at least
conditional instability, if not outright oscilla-
tion. Indeed, either of these circuits can run
the gamut of instabilities from sinusoidal
ringing to flipping and flopping from one bound
to the other. Circuit (a), used to create nega-
tive impedance (Z, ) tends to be stable for small
values of source impedance |Z,| and is, there-
fore, said to be ‘“‘short-circuit stable.” Circuit
(b), used to create negative admittance (Y,)
tends to be stable for large values of |Z,|, and is,
therefore, said to be ‘“‘open-circuit stable.”

*The reason for making this distinction in
nomenclature will be apparent in a very few lines.

A necessary condition for stability for each
circuit may be stated more rigorously as:

Al I3 sl B
® Circuit {a),[l o+ Z = T 1 - Z,
i ’ Z, !
@ Circuit (b),’l + E[ < ; =1=Y.Z,'
(3-27)

for all values of frequency. However, even
when (3-27) is satisfied, one cannot be certain
of stability—in other words, the condition
stated is not sufficient.

We have already seen one very useful applica-
tion of these circuits, in I11.37, which discussed
the creation of a negative capacitance across
the input-to-ground terminals, to neutralize
input capacitance. It is apparent from the
equations developed on the drawings that these
circuits can develop negative resistance, ca-
pacitance, inductance, or combinations thereof,
provided only that the stability requirements
be respected.
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111.72 CAPACITANCE MULTIPLIER. This circuit allows
the synthesis of a capacitor or other impedance (between the
input terminal and ground) that may be adjusted over a wide
range by rotating the potentiometer shown, so as to adjust the
gain of the inverter stage. The first stage is a simple follower,
the only function of which is to isolate the capacitance created
by this circuit from the loading represented by aR. Indeed, if
we have no objection to creating a ““lossy’’ capacitor, and if aR
need never be adjusted near zero, the follower could well be
omitted . . . but this circumstance is, unfortunately, rare. It
will be noted that the capacitance created is inversely propor-
tional to the rotation of the potentiometer, and it will further
be noted that, since « may be varied between 0 and 1, the input
capacitance is always larger than, or at least equal to Cy. The
principal limitation in applying this circuit to the construction
of mammoth capacitors from tiny ones is that the ratio of e to e,
is almost exactly the same as the ratio of C to Cy, so that the
larger the multiplication of capacitance achieved, the smaller is
the maximum input signal that may be tolerated, for a given
amplifier output-voltage rating.

Other limitations include: signal frequency, which must not
exceed the value at which the finite-gain error factor intrudes
upon the simple response relationship given here; @, which is
the function of the phase shift in the amplifiers, since such phase
shift introduces a loss component, and noise components, which
are magnified by the ratio of C to C,.

e e el
II1.73 HIGH FIDELITY AC INTEGRATOR. In this cir-

cuit, the conventional frequency response characteristic of an

AC integrator (see I1I.11) is extended as shown providing

accurate integration at lower frequencies, without loss of sta-

bility. This characteristic is accomplished by paralleling the

integrating capacitor with a Tee network designed to roll off

at approximately the same frequency as that at which the

stabilizing Resistor and Capacitor, (R. and C; in II.11) would

normally begin to limit the low-frequency response.

The same technique (with the R’s and C’s playing reverse roles)
permits extended high frequency performance of a differentiator,
while maintaining the noise-rejection capabilities at still higher
frequencies. Both circuits are useful as second-order band pass
filters, for { (the damping ratio) not much smaller than 0.5.

This circuit has applications in instrumentation, e.g., the
conversion of acceleration to velocity, velocity to position
(or vice versa), etc.




|
I11.74

II1.74 PRECISION PEAK-READER/MEMORY. This circuit will be recog- 11.39
nized as a simpler variant of that of II1.50, using only two amplifiers instead of 1140
three, at some (small) sacrifice of accuracy. The left-hand amplifier is used in a I1.49
switching circuit of the type described in II.40. It responds only to negative I1.50
input signals, being diode-bounded against positive inputs. Negative inputs L
are permitted to charge C, through R, D, and D.. The voltage across C is the 11149
input signal for the second amplifier, which is connected s a unity-gain follower g0 3
having two feedback paths: igg5

(1) feedback through R,, which creates, in effect, a unity-gain inverter, in I11.76
combination with the input resistor, B,. (The normal inverter summing-point
equilibrium is achieved, however, only when and if C is charged fully to the in-
stantaneous values of e;; otherwise, some current must flow through C; and R,.)

(2) feedback through R, which assists D; and D, in disconnecting C from
any discharge path whenever the input voltage is the same as or less than the
highest peak to which C has been charged since the last resetting. (Leakage in
C itself, or through the reset push-button insulation, is not nullified by this
expedient, however.)
The 10 M resistor provides a path for the leakage in D,. The reset push-button
restores C to the potential of the output of the switching amplifier, thus nulli-
fying the error due to diode drop, particularly if R; is made about equal to R.
Initial conditions other than zero may be achieved by the method shown in
111.49.
For good tracking RC should be very short compared to the fastest rate of
change of e,; preferably an order of magnitude shorter. By reversing all of the
diodes, the circuit can be made to track positive peaks, instead of negative.
Note that the circuit inverts; that is,
e (a positive voltage) = —F, (highest negative peak of e, since reset) (3-28)
II1.75 TRACK-HOLD LONG-TERM MEMORY. When the input to this II1.75
circuit varies, the output “tracks” it, provided that the rate of change of output 11.39
required does not exceed the limitations imposed by the tracking time constant, 11.40
RC. (See I1.46-48.) 11.49
When the relay contacts are open, the “Hold” Performance of the circuit de- IL.50
pends almost entirely on the leakage in C, and only slightly upon the amplifier IL51
input current. The performance quoted in our exemplary diagram, while im- IIL.49
pressive, is not unusual for the best (Philbrick ) amplifiers, polystyrene capacitors, to
and heads-up circuit construction. 111.53
There is the matter of resetting, which is automatically accomplished (back to ig;g

“Track™) by closing the relay contacts. The diodes are provided principally
to keep the resistive summing point near ground potential during “Hold,” what-
ever the range of input variation, thus tending to minimize voltage drop and
hence leakage across the switch.
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1I1.76 PERMANENT TRACK-HOLD MEMORY. This
circuit, with the exception of the hold relays and brake, is
representative of a servo-driven (computing) potentiometer of
the kind used for multiplication, function generation, or trigo-
nometric resolution. Tachometer (velocity or rate) feedback is
incorporated to aid stabilization; although a tachometer may
not be necessary if the 'eﬁéﬂél e, is sufficiently noise-free to
be differentiated to obtain a rate signal, as in (b).

The input must not change so rapidly that the output, e, is
unable to follow it; therefore the time delay associated with
relay operation and brake actuation should be small. The
brake must be capable of rapidly dissipating the kinetic energy
of the rotating parts. The zener clipping diodes in the brake
solenoid circuit are used to reduce the magnetic field rapidly
(by dissipatihg its energy) whenever the hold relay is opened.
If the brake is spring loaded, it will always maintain the most-
recently-servoed shaft position, even when the power is off.
Note that the clamping accuracy of the brake is enhanced by
the use of an anti-backlash gear train.

An additional follower-amplifier is needed if the output (e)
must drive a varying or heavy load (R;) since the potentiometer
is loaded with the parallel resistance of R; and R;. If any other
potentiometers are mounted on the same shaft as P, they
should have the same resistance and electrical load as does
the follow-up potentiometer, in order that their output voltages
be proportional to e;.

One may have to interchange the voltages (E and —E), for net
negative feed-back around the “position’ loop.

II1.77 SIMPLE ONE-AMPLIFIER CONTROLLER WITH INDEPENDENT
ADJUSTMENTS. This controller circuit provides standard three-term pro-
portional-derivative-integral control capability in a compact adjustable one-
amplifier form convenient for many laboratory applications. Particularly useful
is the ability of the bounding circuit (see 1.25), to prevent “integrator wind-up”
during periods of large error. As the sign of the error (input,e;) reverses, the
output comes out of the bound immediately and begins to control the process.

In essence, this circuit is a combination of the augmenting differentiator of
I1.20, and the augmenting integrator of II1.11.
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I11.78 PRECISION COMPARATOR. The unity-gain-inverter
circuit in the lower left of the drawing accepts the +Epc test
voltage, and creates its exact mirror image (—Epc¢) to drive
the lower end of R., the unknown. If R, = Rgrp, and if the
inverter feedback divider is perfect, then the input to the null-
deviation detector circuit will be at zero, exactly. The output,
e, of the detector will also be zero.

The detector output is bounded (to protect its meter load and
avoid saturation) and its input is diode-clamped against such
unnatural conditions as removal of R,. For small deviations,
this detector circuit is fairly linear, and may be calibrated for
percent of deviation, or ohms of deviation.

The null (match) point is unaffected by variations in Ep¢, be-
cause of the ‘“mirror-image’” behavior of the inverter, but the
calibration sensitivity is still directly proportional to Epc.

I11.79 METERLESS “METER RELAY.” This circuit simu-
lates a meter relay—that is, a moving coil relay in which the
pointer of the meter in some way carries a contact, or has the
ability to cause contact closure when its deflection reaches a
specified value, in either direction around a center-zero position.
Let us begin our analysis by mentally grounding the positive
input terminal of the amplifier, instead of connecting it to the

output divider R4, Rz. Now the circuit will compare the poten-
tial at the junction of Z, and Zgzpr with ground, and any ap-
preciable deviation, however small, will cause the output to
bound at the voltage of the back-to-back zeners used as the feed-
back elements in order to maintain the summing point at zero.
This swing to the bound condition will certainly cause the relay
to operate. If the input signal range is small compared to noise
(in ey, e,, or i;) the output of the amplifier will swing wildly,
which will in turn cause the relay to ‘“‘chatter.”

If, however, we now restore the positive input terminal to its
proper tap on R4, Rp, the positive feedback that results produces
a “hysteresis” action quite similar to that produced by mag-
netically aided meter relay contacts—that is, once the circuit
crosses the threshold, the positive feedback forces it the rest
of the way, and holds it in the bound state until such time as
the input signal comes back well beyond the forward threshold.
By adjusting the positive feedback divider, the width of this
hysteresis region may be varied. Note that the diodes in series
with the relay are often not necessary, and should be omitted if
bi-directional action is desired. Note also that the input signal
need not be a voltage source, but may be a pure current source.
The booster may not be required if the amplifier has sufficient
current capacity to drive the relay. Figure (b) shows a typical
hysteresis of the kind we have described. Useful design equ a-

tions are given under the schematic.
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II1.80 BRIDGE AMPLIFIERS. Because of their inherent
symmetry and self-duality, bridges are fascinating subjects for
study. Here are four (out of many) popular approaches to the
use of Operational Amplifiers with resistance bridges.

All but (d) are primarily used as small-signal (nulling) bridges,
because of their nonlinearity in response to large deviations.
Circuit (a) is the most convenient, because it may be used with
a single-ended (possibly chopper-stabilized) amplifier, the
sensitivity is independent of bridge impedance level (permitting
indifference to common-mode bridge temperature variations),
and the readout is proportional to the true voltage difference
developed across the bridge —but the bridge-excitation supply
must float . .. often a significant limitation. Circuits (b) and
(c) are “‘galvanometric’ bridges, in which the opposing corners
are maintained at equal potential by the amplifier, which reads
out the voltage required to establish the balancing differential
current. If an accurately-tapped, stable power supply is avail-
able, (¢) is better; otherwise (b) serves well, but one must choose
an amplifier type insensitive to the potentially-large common-
mode level. Bridge (b) could be read out potentiometrically by
the use of circuit II1.39, with consequent first-order independ-
ence of impedance level, for both scaling and common-mode
rejection.

Bridge (d) is inherently linear, even for very large deviations;
and it is used with a grounded supply—two major virtues. A
further advantage of (d) is that its output is independent of
bridge impedance level, as is that of (a). However, because
(d) does not provide amplification, the measurement of small
resistance changes may be difficult, unless another amplifier
is added to increase sensitivity. Also, it is a b-terminal “in-
terrupted’’ bridge —one corner has been opened. This circuit
configuration may not be realizable using a conventional bridge
as the base for constructing circuit (d).

IT1.80

I11.81 ADJUSTABLE-GAIN DIFFERENCE
AMPLIFIER. By using differential form of
the Tee network (1.26), the gain of the dif-
ference amplifier (I1.5) may be widely ranged
by adjusting only a single resistor—KR. in
(a). The common-mode rejection of the circuit
is independent of this resistor; indeed, if the
same (common-mode) voltage is applied to
each input, and if all the resistors are sym-
metrically matched, the output will be zero.

Since the effect of K on gain is far from linear;
gain variation with the rotation of a (linear)
rheostat is also nonlinear (b). Linearity can
be improved by putting a fixed resistor in series
with the rheostat. This expedient will increase
the gain at the minimum setting, for a given
resistor ratio. An alternative is to use a multi-

position switch to select discrete values of
KR, and thus specific calibrated gains (b).

The trimming capacitor shown from the
positive input to ground may be necessary to
ensure good common-mode rejection over a
substantial range of frequencies. This capaci-
tor should be adjusted to compensate for the
net effect of all of the capacitances at the nega-
tive summing point. If the common-mode
voltage varies substantially, an amplifier having
a small and linear common-mode error should
be used, so that trimming one of the R, resistors
will provide almost perfect rejection. A
CMRR greater than 10° can be achieved at
low and moderate frequencies with (a), if the
inputs are driven from low impedance sources.

II1.81
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NOMENCLATURE

Admittance: For sinusoidal signals, the incremental
ratio of a current to a voltage. A self-admittance de-
scribes the current-voltage relationship in a two-terminal
element; a driving-point admittance relates the current
into a terminal to the voltage between that terminal and
common; a trans-admittance, in general, relates a current
into any terminal of a circuit to a voltage between any
pair of terminals.

Arbitrary Function Fitter: A circuit having an output
voltage or current that is a presettable, adjustable,
(usually non-linear) function of the input voltage(s) or
current(s) fed to it.

Bandwidth: Generally, the frequency range over which
a particular transfer characteristic (i.e., gain, attenua-
tion, phase-shift, etc.) is maintained between two sets of
terminals (i.e., input and output). In an Operational
Amplifier, the frequency range over which the open-loop
gain exceeds unity. In an Operational-Amplifier circuit,
the frequency range over which the (small-signal) loop
gain maintains the desired response, to the desired
accuracy.

Bias Circuit: A (fixed or adjustable) circuit that is used
to set amplifier (zero-signal) input-current or input-volt-
age level to an arbitrary value (normally zero). May be
“temperature-compensating” . . . i.e., able to track the
variation of amplifier input voltage or current with
temperature, more or less perfectly.

Booster Amplifier: A circuit used to increase the output
current or voltage capabilities of an Operational Amplifier
circuit, without loss of accuracy (ideally) or inversion of
polarity. Usually applied inside the loop, for accuracy.

Bound Circuit: A circuit designed to limit the excursion
of a signal. The limit value it establishes may be nominal
(when used for protection), or highly-precise (when used
operationally).

Chopper: A circuit or device for interrupting (or at least
modifying) a low-frequency signal path at a constant
rate (i.e., carrier frequency), producing a wave, which is
modulated by the DC signal magnitude, preserving the
polarity of the DC signal. Generally associated with a
synchronous demodulator, following amplification.

Common-Mode Error (CME): (referred to the in-
put) A (generally) small offset voltage appearing between
the input terminals of a differential operational amplifier,
as a function of the common-mode voltage.

Common-Mode Rejection Ratio (CMRR): The ratio
of common-mode voltage to common-mode error in a
differential amplifier circuit.

Common-Mode Voltage: The voltage between the out-
put signal return and (in this book) the positive input
terminal of a differential operational amplifier.

Comparator, Precision: A high-gain amplifier circuit
whose output changes decisively between two definite

© 2004 Analog Devices, Inc.

levels whenever the sum of the input voltages changes
sign. i

Controller: A portion of a feedback system in which the
unregulated unbalance (or “‘error’) signal is operated on
by adjustable dynamic elements (proportional, integral,
derivative, lead-lag, etc.) to affect the manipulated vari-
able in such a way that desirable response criteria for the
loop (stability, speed, accuracy) may be met,

Current Bias: See Bias.

Current Pump: A circuit that drives, through an ex-
ternal (load) circuit, an adjustable variable or constant
value of current, regardless of the reaction of that load
to the current, within rated limits of current, voltage,
and load impedance.

Damping Circuit: A circuit used to limit, control, or
prevent dynamic instability (oscillation or “ringing’) in
a closed-loop active circuit, or in a complex passive net-
work having appreciable second-order (or higher-order)
response.

Dead Zone: A range in which no output change is pro-
duced by substantial input variations; a circuit element
having such response (or lack of response).

Differential-Input Amplifier: One in which the output
is (ideally) a function only of the difference between the
signals applied to its two inputs, both signals being
measured with respect to a common “low,”” or “ground”
reference point.

Differentiator: Ideally, a circuit having a response
(output) proportional to the time-derivative(s) of one or
more input signals.

Diode Bounding: A form of Bounding in which the
nonlinear conducting properties of a diode (or diodes)
are used to accomplish the magnitude-limiting action.

DC Beta: The DC current gain of a transistor; the ratio
of the collector current to the base current that caused it,
measured at constant collecter to emitter voltage.

Drift: A gradually-developing deviation in any voltage,
current or impedance. For an Operational Amplifier, a
gradually-developing change in the offset voltage or in
either or both of the offset currents. Also, the bottom-
most frequency range of the noise spectrum.

Electrometer Amplifier: An Amplifier circuit having
sufficiently low-current drift and other noise components,
sufficiently low amplifier input-current offsets, and ade-
quate power and current sensitivities to be usable for
measuring current variations considerably less than
10~ 12 A,

Emitter-Follower: In principle, a single-transistor
amplifier in which the load is connected between the
emitter and signal ground, so that the base-to-emitter-
to-ground path (for the input signal) contains 1009
negative feedback of the output voltage. The collector
is returned (in principle) directly to the power supply.
The gain is very nearly unity and the output signal is
not inverted (i.e., it ““follows’ the input).
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Error-Factor, Finite-Gain: That factor by which the
“ideal” closed-loop response expression must be multi-
plied to yield the response for an amplifier with finite
gain, A, rather than infinite gain, as is assumed in com-
puting the “ideal” response.

Fault Current: The current that may flow in any part
of a circuit or amplifier under (specified) abnormal
conditions.

Follower-With-Gain: A Follower (which see) in which
only a part of the output voltage is fed back in series
opposition to the input signal . . . hence, closed-loop gain
greater than unity is obtained over the rated range of
operation.

Feedback Circuit: A causal circuit configuration in
which (for the simplest circuit) the input and the output
variables are combined and together determine the
output.

Flicker: Noise in an amplifier, of higher frequency than
drift, but lower than power-line or chopper-drive fre-
quency noise. Also called “jitter” or “wobble.”

Follower: A circuit in which the output of a high-gain
amplifier is fed directly back to its negative input. The
input signal is reproduced without polarity reversal.
See also Emitter Follower, and Follower with Gain.

Flip-Flop: See Multivibrator, Bistable.

Frequency, Angular: The rate of change of the angle
of a sine wave, expressed in radians per second, where
2r radians (360°) = 1 alternation (cycle).

Frequency, Break: In a plot of log gain (attenuation)
vs. log frequency, the frequency at which the asymptotes
of two adjacent linear slope segments meet.

Gain-Bandwidth Product: (1) The product of a
specific frequency and the gain of a circuit, amplifier, or
system at that frequency.

(2) For an Operational Amplifier, or any other circuit or
device having the special property that its gain is in-
versely proportional to frequency, the G. B. P. is equal
to the frequency at which the gain falls (by extrapolation)
to unity.

Gain, Closed-Loop: The response of a feedback circuit
to a voltage inserted in series with the amplifier input.
Also the “noise gain.”

Gain, Loop: In an Operational Amplifier circuit, the
product of the transfer characteristics of all of the ele-
ments (active or passive) encountered in a complete trip
around the loop, starting at any point and returning to
that point.

Gain, Open Loop: The ratio of the (loaded) output of
an Amplifier to its net input, at any frequency. Usually
implies voltage gain.

Gate, Precision: A circuit that may be switched from
closed- to open-circuit or vice versa without error (time,
bias, impedance) in response to a command signal
(voltage or current).




Ground, Chassis: The potential (assumed uniform) of
the (metallic) structure on or in which the circuit is built.

Ground, Power-Common: The potential of the termi-
nal or circuit point to which the output of a power supply
(and often an amplifier output load) is returned (i.e.,
power-supply ‘‘zero’),

Ground, Signal (or High-Quality): The potential of
a terminal or circuit point to which all signal voltages are
referenced, by convention or arbitrary assumption.
Usually the signal-return of the lowest-level signal in a
system.

“_Hol_d” Mode: In integrators or other charge-storage
circuits, a condition (or time-interval) in which input(s)
are removed and the circuit is commanded (or expected)
to maintain constant output.

Hysteresis: A form of non-linearity in which the re-
sponse of a circuit to a particular set of input conditions
depends, not only on the instantaneous values of those
conditions, but also on the immediate past (recent
history) of ‘the input and output signals. Hysteretical
behaviour is characterized by inability to “‘retrace”
exactly on the reverse swing a particular locus of input /
output conditions.

Idling Current: The zero-signal power supply current
drawn by a circuit, or by a complete amplifier. Also
called “Quiescent’ current.

.Impedance, Input, Common-Mode: The (internal)
1I.npedan.ce between either one of the input terminals of a
differential Operational Amplifier and signal ground.

Impedance, Input, Differential: The (internal) im-
pedance observed between the input terminals of an
Operational Amplifier.

!mpedance, Negative: In general, the driving-point
impedance of circuit in which a current increase produces
a voltage decrease (and vice versa); for a negative admit-
tance, a voltage increase produces a current decrease,
and vice versa,

Integrator: A circuit having a response (output) pro-
portional to the time-integral of one or more input signals.

Inverter, Voltage: A circuit having a response (output)
proportional to a constant (the gain) times the input
signal, but opposite in sign to it. In a unity-gain inverter,
the output is ( —1) times the input.

I:ag:. (nou.'in) a delayed-response characteristic, or a
circuit having such a delayed response. Usually 1st-order
lag is implied unless otherwise specified.

(verb) to respond to a stimulus in delayed fashion.

Lag-Lead (lead-lag): A circuit whose response includes
lag components and their derivatives.

Leakage: (Unwanted) current flow through a nominally-
blocked (non-conducting) circuit or circuit element due
to imperfections in its blocking behavior.

Limits: (See Bounds)

Memory, Peak or Valley Readout: A circuit in which
the output remains at the condition corresponding to the

most positive (least negative) or vice versa input signal
since the circuit was set to initial conditions, until reset
to those conditions.

Multiplier, Quarter-Square: A circuit that achieves
true four-quadrant multiplication by taking advantage
of the mathematical relationship that the product of two
variables is equal to one quarter of the difference of the
squares of the sum and the difference of the variables.

Multivibrator, Astable (free-running): A circuit
having two momentarily stable states, between which it
continuously alternates, remaining in each for a period
controlled by the circuit parameters, and switching
rapidly from one to the other,

Multivibrator, Bistable (Flip-Flop): A circuit having
two stable states, in either one of which it will stay in-
definitely, until triggered appropriately, immediately
after which it switches to the other state.

Multivibrator, Monostable (one-shot): A circuit
having only one stable state, from which it can be trig-
gered to change state, but only for a predetermined
interval, after which it returns to the original state.

Noise, amplifier: All spurious or unwanted signals,
random or otherwise, that can be observed in a com-
pletely isolated amplifier in the absence of a genuine
input signal. (See also: Drift and Flicker.)

Null Detector: A comparator (which see) having zero
reference voltage. A graded-null detector has decreasing
sensitivity away from the null.

Offset Current: A DC error current appearing at either
input terminal of a DC amplifier.

Offset Voltage: A DC error voltage appearing in series
with either input terminal of a DC amplifier.

Offset, End-Resistance: In potentiometers, the re-
sidual resistance between a terminal and the moving
contact, at a position corresponding to full rotation
against that terminal.

Passive Network: A network whose net influx (or
efflux) of available energy is stored or dissipated within
the network. There may be no sources of energy other
than those explicitly bookkept as influxes.

Phase Characteristic: A graph of phase shift vs.
frequency, assuming sinusoidal input and output.

Phase Shift: Phase angle between two related variables
in a circuit (usually input and output voltage) when
excited by sinusoidal signal(s).

Rate Limiting: Non-linear behavior in an amplifier due
to its limited ability to produce large, rapid changes in
output voltage (slewing)—restricting it to rates of change
of voltage lower than might be predicted by observing
the small-signal frequency response.

Reset Mode (Set Mode): In integrators, memories, or
other charge-storage circuits, a state (or time-interval)
in which the circuit is forced to return to a set of initial
conditions, removing all record of its previous condition.

RMS Value: The square root of the time average of
the square of a variable signal.

Roll-Off: The decrease in magnitude of gain with fre-
quency. Typical roll-off (low-pass) of a circuit for which
the dominant lag is first-order is 6 db per octave (in-
versely proportional to frequency). “Steep” roll-off
might be at 12 or 18 db per octave (proportional to the
inverse square or cube of frequency) or more.

Saturation Voltage: Generally, the voltage excursion
at which a circuit self-limits . . . i.e., is unable to respond
to excitation in a proportional manner. In Operational
Amplifiers, the output-voltage saturation limits may be
imposed by any stage, from the input to the output,
depending in part on the external loading and feedback
parameters.

Scaling: Adjusting the coefficient of a circuit to each of
its one or more input signal terminals. The relative
scaling (of one input to another) is called “‘weighting.”
In computing, relating problem variables to machine
variables.

Slewing Rate: See Rate Limiting.

Soakage: The disability of a capacitor to come up to
voltage instantaneously, without voltage lag or creep,
during or after charging. The lower the soakage, the
lower the lag and creep.

Stabilizer: (DC) A circuit that uses a chopper and
preamplifier to maintain the net offset near zero at the
input terminals of an Operational Amplifier. (See
Chopper-Stabilized.)

(Dynamic) An element or circuit employed to promote
dynamic stability, also damper.

Subtractor: An Operational Amplifier circuit in which
the output is proportional to the difference between its
two input voltages (or between the net sums of its
positive and negative inputs).

Time Integral: The definite integral of a variable over
an interval of time. Also the area under a curve of a
function of time during that period. Divide it by the
time interval to obtain the average value of the argument
over that period.

Track-Hold Memory: A circuit that, in its “track”
mode, develops an output that follows (ideally) the input
exactly, or is proportional to it; and then, in its “hold”
mode, maintains the output constant (ideally) at the
value it had at the instant the circuit was commanded
to change from “track” to “hold.”

Transconductor: A device that produces a current at
a given point in the circuit (usually an amplifier’s
summing point) as a function of a voltage or voltages,
usually at its input or output.

Transdiode: A transistor so connected that base and
collector are actively maintained at equal potentials,
though not connected together. The logarithmic transfer
relationship between collector current and base-emitter
voltage very closely approximates that of an ideal diode.

Uncertainty, Input: In an Operational Amplifier, the
algebraic sum of all the factors, including environmental
and time effects, that contribute to the non-ideal be-
havior of the input circuit. See Sections 1.7-14.

Weighting: See Scaling.
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SYMBOLOGY

NOTE: This list includes terms used more or less frequently throughout the preceding pages, some of
them in special senses. It omits familiar conventional symbols such as A (amperes), Hz (cycles /sec),
m (3.1416), and @ (ohms). Specific references, where given, are to modules where the symbol is first,
or characteristically, used. Such physical quantities as voltage, current, etc., are described by lower-case
symbols when circuit variables, upper case when constants or magnitudes.

SYMBOL TERM UNITS EXPLANATION | SYMBOL TERM UNITS | EXPLANATION
2 Gain Operational Amplifier open-loop E Generally, the voltage across a
| voltage gain | i resistor
Ay ~ Gain R Same, at DC E,, Ezrr Reference or bias
Booster Amplifier E Level at which an initial condi-
B Normalized Bandwidth Hz_ (cps) RESET tion is set
Bids Supply Radians /sec dicir e E Generally, the reference level
s g * around which a signal varies
’ ; Often with identifying subscripts R r
' Capacitance, capacitor Farads T E; Voltage across a Zener diode
i B C : : Output of operational circuit.
—Cgf* T & 4 { ompe-znsatmg Sapmcior e Signal voltage Volts Rarely e, (never e;) in Philbrick
Capacitance of load, or capacitor Literatur
C. that is part of load 2 kit lennrash —-
o e T - €, €1, €1 Input signal, also e, e,
Stray capacitance (general); ca- - -
C. pacitance from negative sum- S Signal voltages at points A and B
ming point to common ’ ina cu‘cu_lt (to ground)
C Standard capacitance or capaci-_ Signal generator output voltage
s tor s Gate logic input
The effective offset voltage ap- Two éignal voltages in a num-
pearing between the amplifier in- S bered series
CME Common-mode error Volts put terminals as a consequence of ‘ AC signal voltagé introduced by
the voltage level of the positive I . P
input (Common-mode voltage) g EVTe e sbubiing) ke ok fromn
e o e Sl i ground (see 1.28)
on-mode — i e
CMRE rejI;:Tion ratio | CME ex Noise voltage source |
A B "The logarithmic form of CMRR. Null voltage of an Operational
CMR Decibels CMR g= 20 log,, CMRR €n Amplifier (error voltage)
CMV Common-mode voltage Volts | See Nomenclature Fi i I*jr‘equency Hertz (cps) 4
D Diode o The frequency at which amplifier
7 e T R : open-loop gain is unity gain-
E Voltage Volts gg;ilf:?;g:sn‘ézliiﬁf;;:i’vg ot fu Frequency, high blandwi)dth product product (see
Bk (el : bl it FEp et also wy
Power supply or zener diode — i
Ep breakdownpgojitage aq Conductance mho, © = ) i
E; Power supply or battery - ) llgignai . gr‘im}d; ]I:efili-?nce tfor
T - : ; owest-level signal in the system
Ey, B | Battery terminal voltage HQG High Quality Ground (as opposed tgo A gr{)und,
E., ( DC il‘lpl_.lrt signal ]eve_l_ i earth, or power common)
E,, E, Voltage, constant Volts DC null (or error) voltage i DC current Ampere it
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SYMBOL TERM UNITS EXPLANATION SYMBOL TERM UNITS EXPLANATION
Ty Bias or reference current into or S Switch
i out of amplifier input terminal T Absolute temperature | Degrees K | Sometimes 6 (°C)
¥ Offset current Time Constant RC Seconds
cpene Offset currents associated with ¢ Time Seconds
od, LoB amplifier input terminals Vv Voltmeter
Idling current or steady-state V.v Voltage Volt (S lso E
1 Current (Amperes) s g 8 ee also E or e)
c?mponent of current 2 T Offset voltage
; Signal current; also the dynamic Diiet vrlkina between amplitee
i component of current; usually Vg input terminals
with identifying subscripts v
: : Va Junction voltage drop
ip Diode current :
: \T Diode forward drop
(N Input current e
; s X. Capacitive reactance ohms
- LI Mot : The inverse of impedance, Y =
Ll She Qun e : ! ¥ Admittance mhos U G +jB (for continuous sine
S | Noise current associated with waves)
e __ | amplifier input terminals Z = R + jX (for continuous sine
i Signal current Z . Impedance ohms © waves)
= Imaginary term operator in a Input impedance, terminal A to
3] V-1 complex expression (mathemati- Z1, Zn ground, terminal B to ground
: cal ") ! : Input impedance, terminal A to
FaEl Arbitrary constants (Often with subscripts) Zan terminal B
) Joule o Input impedance to d, same
k Boltzmann’s Constant degree K 1.38054 X 107 e Lo a:%,lz,:)e RSB0 LTI, SR
M Meter Z; Generally, feedback impedance
B Potentiometer st GIREENY o ¢ il o Zia Generally, input impedance
P Heaviside operator sec™! py = 4y 4 L y = f ydt Zy, Load impedance
| dt” p 7 Reference impedance or Zsrp,
:‘ | Of a circuit or component; spe- OB Standard impedance
cifically the ratio 'of energy stor- Impedance at w, i.e., at center
(4] Quality factor age to energy dissipation therein. i Z"’a frequency
(@ = %% ) Also, charge (i.e., on -
. Noise components,
a capacitor) (coulombs) a e e et
q Charge Coulomb | f‘r(;;example, Chitee of au slec: Feedback divider ratio Complex attenuation of feedback
1—6--- m e TdonBi b B Transistor current gain paths
R Resistance, resistor ohms @ 4 csrlilStsy i i s Dl Ae, de Null or error voltage
R R Input resistance, terminal A, € I?) asiicz]fl;atural
L] _terminal B to power common g4 it o
Input resistance, terminal A to g Phase angle egéf’es
Rap terminal B S ot
| Base-emitter resistance of a tran- (I) Philbrick Leadership in feedback tech-
Ry, sistor (sometimes ry.) gology ;
Katarnal toait A, af Hn Oper Rati Fractional rotation of a potenti-
R; i . ? B i atio ometer or rheostat
ational Amplifier output circuit L
Input circuit resistance or re- T Tlm.e interval,
Rin | sistor or time constant :
R, Resistive component of load ) Phase, phase shift : Also angle of phase shift
| R, Vidior r st ahich w Angular frequency Radians/sec OE 2xf — -
| S resist r cutoff frequency: wer and wer
| R, LRRHECS TeRlpuAncy - we Critical frequency are upper and lower cutoff fre-
| R Standard (orreference) resistance quencies
[ STD or resistor b -
i R Unknown resistor or resistor to wH Upper radian frequency 2nfu_seefn
| i be measured wo Center frequency wo = Ve wer
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The Analog Art and the Operational Amplifier are in-
separable, having common roots in feedback; and both
have been sources of fascination to us during the past
twenty years and more. Although the Operational
Amplifier seems destined for a grand future as a com-
ponent in instrumentation and “‘building-block™ elec-
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and guidance at the Source. As an example, we list here
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MacKay & Fisher
Huskey & Korn

Malmstadt, Enke,

Following that list is one of articles and publications
printed or reprinted by us in recent years and still avail-
able at no charge, arranged by subject. For a more com-
prehensive (though somewhat dated) list, see The
Lightning Empiricist, Volume 12, Number 2, April,
1964. Admittedly, even these are but a drop in the
ocean of literature that has been and (especially) is yet
to be written on this subject.

For those who would dig even more deeply, we
suggest reference to the applications publications of
companies that manufacture analog products. Readers
of this Publication are of course invited to keep up to

e e —

Elektronischer Analogrechner

Experiments tn Electronics

MecGraw-Hill
McGraw-Hill
MeGraw-Hill
International Text-
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McGraw-Hill

Pergamon Press

and Teaching
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McGraw-Hill
W. A. Benjamin,

Computers
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puters” Dr. Henry M. Paynter, Massachusetts Institute
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Machines Corporation. (Reprint No. 47)
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““Matrix Programming Of Electronic Analog Computers”
R. E. Horn, Westinghouse Electric Corporation, and
P. M. Honnell, Washington University. (Reprint No. 2)

“Modern Analog Computing Machines'” G. A. Philbrick,
Philbrick Researches, Inc.
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High Speed Analog Computers
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Introduction to Electronic Analog

Introduction to Feedback Systems
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date via the Philbrick mailing list. Among these, one
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prints, technical data, and catalog documentation. We
also recommend to our readers the splendid service, now
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111

““Missile Rate Simulator Provides Sinusoidal Motion for
Guidance Systems” Joel K. Nelson, Boeing Airplane Co.
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Philbrick Utility-Grade Amplifiers, identified by the letter “U” following
the family number (e.g. P65AU), are identical to premium-grade prototypes
in circuitry, layout, manufacturing techniques, and the exclusive use of
gilicon transistors and first-grade passive components from leading U. S.
manufacturers. The price difference is achieved by the following means:

The use of silicon transistors encapsulated in highly moisture-resistant
gilicone plastic (Note: not epoxy!) instead of hermetically-sealed
amplifiers.

Use of capacitors which are guaranteed from —55 to +85°C, instead
of the —65 to +125°C units normally used in premium units.

All room-temperature tests are carried out with the thoroughness that
has earned Philbrick an enviable reputation for reliability; complete
temperature tests are run on representative samples of each production
run to confirm compliance with published specifications.

Use of date codes and go-no-go tests instead of serial numbers and
recording of data as normally required for all premium units (Govern-
ment Inspection and /or certified test results are always available, upon
request, for premium units.)

In performance, the Utility-Grade amplifiers are within their operating
temperature range identical to their Premium-Grade counterparts. As
low-temperature tests are conducted on samples only, gain tolerances are
relaxed by a factor of 2, and the input current vs. temperature tolerances
by a factor of 1.5, compared with the corresponding specifications for the
premium amplifier.

Philbrick Utility-Grade amplifiers may be substituted in virtually all
applications for which Premium-Grade counterparts are recommended.

Philbrick differential operational amplifier families P35 through P85
contain input stages with matched pairs of junction transistors in a com-
mon emitter configuration. Emitter current being kept constant, each
transistor requires a “housekeeping’ current into its base amounting to
emitter current divided by g (current gain). By selecting high-g transistors
and low emitter currents, these base currents can be made as small as
10~* amperes, but they can never be eliminated, and they increase as
temperature decreases. If the base currents of input transistors are not
supplied by current sources within the amplifier, an output voltage error
will result because this offset current produces a voltage drop across the
feed-back impedance (in an inverter) or the signal source impedance (in
a voltage follower).

The simplest form of base current supply is a resistor from +B to
each base. P45A, P55A, P65A and P85A families have these built in, while
the proper resistance values for external installation are marked on their
PP equivalents. Although these current trim resistors are inexpensive,
they are most effective within narrow temperature limits and where high
common-mode voltages do not occur. After all, 8, and with it base current
do change with temperature, and a resistor is a constant current source
only as long as the voltage across it remains constant!

Philbrick Current Compensated Amplifiers, identified by the letter C
following the family number, have built-in base current sources which
closely track current demand over the entire operating temperature range.

The P35C and P85C series contain a sophisticated compensating circuit
which leaves the outstanding common mode voltage rejection ratio, the
common mode voltage range, and the input impedances unaffected. An
additional feature of this compensating circuit is a provision for nulling
either input current completely by applying an adjustable voltage bias
(+5 volts maximum) to a terminal provided for the purpose. The P45C
and P65C series contain a simpler compensating circuit which provides a
fivefold decrease in offset current over the entire temperature range, but
also reduces the common mode rejection ratio, the common mode voltage
range, and the input impedance.



PHILBRICK PRODUCTS & SERVICES FOR SCIENCE & INDUSTRY

MULTI-CHANNEL
CALIBRATED
DISPLAY SYSTEM
for ANALOG
COMPUTOR READOUT

A convenient monitor of related variables for analog
computing, dynamic testing, and laboratory experiments
... This versatile, easy-to-use, and precise oscilloscopic
readout instrument will display up to eight separate
functions simultaneously in correct absolute time and
phase relationship, on an electronically produced and
displayed, accurately-set coordinate system, for quick,
graph-paper readout of time and voltage.

SYSTEM &
INSTRUMENT
POWER
SUPPLIES

Available in rack, cabinet, modular, plug-in, or build-in
form, Philbrick power supplies are precisely regulated
and essentially noise-free—typically, regulation (includ-
ing drift) is of the order of 100 PPM, noise and hum
less than 1 PPM, and recovery (to within .001% ) from
a step-change in load is accomplished in a few micro-
seconds. Standard ratings are compatible with Philbrick
(and many other) amplifiers and systems.

OPERATIONAL
AMPLIFIERS
FOR EVERY
NEED

By early 1965, we had shipped approximately 300,000
Philbrick operational amplifiers, the great majority of
which are still in frequent if not continuous use. The
Philbrick line embraces every major type of operational
activator and instrumentation amplifier, in a dozen differ-
ent forms and in literally hundreds of standard variations.

COMPUTOR &
SYSTEM
BUILDING BLOCKS

Philbrick equipment for the implementation of both ana-
log and hybrid computors, simulators, and analyzers, in-
cludes: arbitrary function generators, universal linear
operators, multiplier-dividers, and manifolds of several
kinds, (See also the Q3 packaging system, elsewhere on
this page.)

COMPUTATION/
SIMULATION
SERVICES &
FACILITIES.

Our goal remains unchanged over the years: to marry
operational concepts with electronic technology in pio-
neering new instruments and computing systems. Toward
this end, we solicit and welcome the opportunity to
consult with you, without charge.

Consulting services on a more formal, fee basis are avail-
able at our computing center in Dedham, Mass.

THE Q3
MODULAR
PACKAGING
SYSTEM

We consider this purely mechanical development to be
one of our most important recent contributions to the
electronic art. It employs as its modulus an extruded
outside shell 4.2” w x 3.5 h x 13” I, into which the
modular chassis slides on four rails. These shells may
be used individually or permanently joined together both
vertically and horizontally to form a matrix of rectang-
ular cells that will stack in locking fashion without being
fastened together. Standard front panels, modular chassis,
adaptors, and accessories are available.

DOING BUSINESS WITH PHILBRICK ...

It is our pleasure to provide sympathetic attention, sound
advice, interdisciplinary empathy, and economical imple-
mentation, in response to every serious enquiry. You may
gain access to this low-pressure data interface through
any of the channels listed at the right.

If either the intensity or the magnitude of your problems
justifies personal contact with our Applications Engineer-
ing staff, you will find us most receptive to marathon
telephone conferences. Those whose corporate policy and
limited budget prohibit the use of long distance are wel-
come to phone collect. You are, of course, always wel-
come at our beautiful new Dedham facilify.

DOMESTIC ENGINEERING REPS.

Ala.: Huntsville 205-536-8393; Ariz.: Phoenix 602-265-3629; Calif.:
Los Angeles 213-782-1532. Palo Alto 415-969-9770. San Diego
714-222-1121; Colo.: Denver 303-733-3701; Conn.: Hartford 203-233-
5503. Greenwich 203-661-5140; Fla.: Ft. Lauderdale 305-564-8000.
Orlando 305-425-5505; Ga.: Tucker 404-939-1674; IIl.: Chicago 312-
676-1100, 312-676-1101; Ind.: Indianapolis 317-356-4249; Md.: Bal-
timore 301-727-1999; Mass.: Wakefield 617-245-5100; Mich.: Detroit
313-838-7324; Minn.: Minneapolis 612-545-4481: Mo.: Florissant
314-741-3779; N.M.: Albuquerque 505-268-3941; N.Y.: DeWitt 315-
446-0220, Buffalo 716-B35-6186. Valley Stream 516-561-7791: N.C.:
Winston-Salem 919-725-5384, 919-725-5385; Ohio: Dayton 513-298-
9964, Westlake 216-871-8000; Okla.: Tulsa 918-627-6199; Pa.: Con-
shohocken 215-277-0559. Pittsourgh 412-371-1231; Tex.: Dallas
214-526-8316. Houston 713-781-1441; Utah: Salt Lake City 801-466-
4924; Va.: Alexandria 703-836-1800; Wash.: Seattle 206-723-3320;
ESAZgADA: Quebec-Montreal 514-482-9750. Ontario-Toronto 416-789-

PHILBRICK RESEARCHES, INC.

Allied Drive at Route 128, Dedham, Massachusetts 02026
Telephone 617-329-1600 TWX 617-326-5754

© 2004 Analog Devices, Inc.

113

INTERNATIONAL ENGINEERING
REPRESENTATIVES...

U. S. Export Representative: Terminal Radio International, Ltd.,
3 West 61st St., New York, N.Y. 10023, U.S.A. Telephone: (212)
Circle 6-2133, Cables: TERMRADIO, Telex (overseas): TRIL 224326.

In Western Europe: AUSTRIA, International Engineering Service,
A-1130 Wien, Telephone: 82 46 732. BELGIUM, C. N. Rood s.a.,
Brussels 4, Telephone: 02-35.54.79, 02-35.53.40. DENMARK, J. Arndt
Jensen, Aller¢d, Telephone: (03) 27 29 29, ENGLAND, A. E. P. Inter-
national Ltd,, Isleworth, Middlesex, Telephone: |SLeworth 7447,
FRANCE, Imex France, Montreuil, Seine, Telephone: 808.19.20.
HOLLAND, C. N. Rood n.v., Rijswiljk (Z.H.), Telephone: 98.51.53.
ITALY, dott. Gigi Gallo Gorgatti, Milan, Telephone: 890.040,
870.725; Rome, Telephone: 655.747. NORWAY, Morgenstierne and
Company, Oslo, Telephone: 429993. SWEDEN, Svenska AB OL-
TRONIX, Stockholm-Vallingby, Telephone: 87 03 30. SWITZER-
LAND, Baerlocher a.g., Zurich 5, Telephone (051) 42 9900, W.
GERMANY, Knott Elektronik, 8021 Hohenschaftlarn bei Muenchen,
Telephone: Ebenhausen (08178) *3754,

In Other Areas of the World: ARGENTINA, Rayo Electronica s.r.l.,
Buenos Aires, Telephone: 38-1779, 37-9476. AUSTRALIA, Sample
Electronics Pty. Ltd., Richmond, Victoria, Telephone: 42 4757.
NEW ZEALAND, Sample Electronics (N.Z.) Ltd.,, Onehunga, Auck-
land, Telephone: 567-356. INDIA, Electronic Enterprises, Bombay
4, Telephone: 75376. ISRAEL, Landseas (lsrael) Ltd,, Tel Aviv.
P.O.B. 16166, Telephone: 244311-2. JAPAN, Toyo Trading Co.,
Ltd., Chuo-ku, Tokyo, Telephone: 279-0771; Higashiku, OSAKA,
Telephone: 251-1271.
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CHARACTERISTICS
Typical at +25°C unless otherwise indicated P25A CmmbI P35A P35C P45A PasC P45AL
i i i i i Differential input 4 tra wideband
1. Aoplication features = Derenbal pen . Differental current compensated Ultra wideband I t
(See price list for selection guide) :.mu sﬂz maumnmnﬁa s s*__ﬁ_hwm_._n_ o high input impedance | | pioh inout impedance large output current mammzuoczmw_“:hﬂ.ﬁsa KB ool S
ow ofTset curren 0 curre low offset voltage low offset voltage conibeneated
2. Voltage gain (dc open loop)
At +25°C, rated load, minimum 40,000 10,000 100,000 100,000 50,000 50,000 50,000
10k load, 80,000 20,000 200,000 200,000 200,000 200,000 200,000
100 k<2 load, minimum 150,000 80,000 1,000,000 1,000,000 200,000 200,000 200,000
At —25°C, rated load, minimum 30,000 7,500 40,000 40,000 20,000 20,000 20,000
At +85°C, rated load, minimum £0,000 7,500 150,000 150,000 100,000 100,000 100,000
3. Résponse (open loop, inverting,25°C)
Small signal: Unity gain-bandwidth minimum 1.5 MHz 30 MHz - 4 MHz 4 MHz 100 MHz 100 MHz 15 MHz
Gain at 1.0 MHz 2 40 6 6 140 140 2
Gain at 10 MHz - 4 - - 14 14 =,
Large signal: Full output minimum 10 kHz 0.1 MHz 8 kHz 8 kHz 300 kHz 300 kHz 10 kHz
Rate limit, 0.6V/p-sec 6.3V/p-sec 0.5 V/usec 0.5 V/p-sec 200 V/p-sec 200 V/u-sec 0.6 V/p-sec
4. Input voltage range
Voltage range, both inputs +10V =10V =10V =10V =10V +5V <10V
Voltage range, between inputs, absolute maximum 0V v 5V 5V 5N 5V 5V
CMRR (dc, 25°C), minimum 1000:1 5,000:1 20,000:1 20,000:1 1000:1 300:1 1000:1
5. Inputimpedance
Between inputs 109 || 6pF 1042 || 3pF 5MQ || 5oF 5MQ || 5pF 220k2 || 6pF 20k || 6pF 220k || BpF
Negative input to common 10%Q || 6pF 1020 || 6pF 20099 || 27 pF 2109 || 27 pF BMQ || 0.01uF 15MQ || 0.01F 33MQ || 1000pF
Positive input to common 1020 I 6pF 1020 1l 6pF 2109 || 27pF 210%Q )| 27pF 33MQ || 6pF 15MQ || 6pF 33MQ || 6pF
6. Input voltage offset =% Ao
Adjustment Built-in External Built-in Built-in Built-in Built-in
Vs Temp. (+10°C to +60°C), maximum 3mv Imv 1 mV 1mv 25 mv 25 mv
Vs Temp. (—25°C to +85°C), maximum 6 mV 6my Imv Imv 6 mV 6 mv
Vs Time (per day), 50 uV 50 uV 25 w¥ 25 uV 100 wv 100 uv
Vs Time (Y2 hour), 10 uV 10wV 10 wv 10 v 15 wv 15 ¥
1. Input nt offset *
I R (0,—) 150 pA * 0,—) 150 pA (0,+) 20 A * 4 100 nA* ~50nA 100 nA*
Vs Temp. (+10°C to +60°C), maximum 1 nA 1nA 20 nA 4nA 300 nA 50 nA 300 nA
Vs Temp. (—25°C to +85°C), maximum 10 nA 10 nA 45 nA 10nA 12 A 150 nA 12 A
Vs Time (per day) 3pA L3pA 1 nA 1 nA 30 nA 30nA 30 nA
Vs Time (¥ hour), 1 pA 1pA 0.1 nA 0.1 nA 3nA 3InA 3nA
8. Input noise
(a) Flicker (0.016 to 1.6 H
voltage pp 2 Sy 5 10 p¥ 10 p¥ 5 ¥ 5 ¥ 5 ¥
current pp 2pA 2 pA 0.05 nA 0.05 nA 05 nA 05 nA 05 nA
(b) Broadband (160 to 16 kH
N 20 2 10 10 1 1 1
Current rms IpA 3pA 6 pA 6 pA 600 pA 600 pA 60 pA
9. Output (—25°C to +85°C)
Voltage =11V +11V «11V =11V +10V =10V =10V
Current +2.2 mA +22 mA +2.2 mA =+22 mA +20 mA +20 mA +20 mA
Load (rated) 5 ke 5 k@ 5 k@ 5 ka2 500 @ 500 @ 500 @
10.  Power requirements (+25°C).{ Voltage =15V =15V =15V +15V =15V =15V +15V
Current at +15 V (Quiescent) 46 mA 6.6 mA 6 mA 6 mA 4 mA 4 mA 4 mA
Current at +15 V(Full load) 46 mA 6.6mA 6 mA 6 mA 23 mA 23 mA 23 mA
Current at —15 V (Quiescent) 46 mA 6.6mA 6 mA 6 mA 4 mA 4 mA 4 mA
Current at —15 V(Full load) 68 mA 88mA 8.2 mA 82 mA 23 mA 23 mA 23 mA
11.  Temperature range (in degrees Centigrade)
(] ing: Best overall Perf & Reliability —25 to +60 — 25to+60 0 to +60 0 to +60 +10 to +60 +10 to +55 +10 to +55
Rated —25t0 +85 —25t0+85 —25 to +85 —25 to +85 —25 to +85 —25 to +85 —75 1o +85
Maximum with derated specifications — 55 o +100 —55to+100 —355 to 4100 —55 to +100 —55 to +100 —55 to +100 —55 to +100
Storage:  Maximum — 62to+125 — b62to+125 —62 to +125 —62 to +125 —62 to +125 —62 to +125 —62 to +125
12.  Alternate forms P25C and PP25Cm have | | P25AH is a plug-in ver- | |P35AT and PP35A1 m are _.umm_ m_.."_ Ewum_ n_ are| | PP45 ® PP45C m PP45L®
i : input currents approxi- sion having similar per- units selected for less units selected for less
M_m.ww ﬂﬁ“:wm_ﬂm,.__.u__“qm MMH_N”N% __“m_mwzm_nm_,—w__”_w mately 1/10 of those formance. $154 than 1 mV input volt- than 1 mV _%sjé_v
configurations. They may differ significantly from given for P25A at any age mamn_ (—25°C to wnm m.mwﬂ (—25°C to
the listed types in electrical or physical characteris- -given temperature. +85°C). 85°C).
tics, or applications considerations. Philbrick Re- PP25Am PP35A m PP35Cm
searches welcomes your inquiry regarding these
and other modified forms of standard units.
13, Price (quantity 1-4) Price of “Alternate Forms” may
be slightly different. Prices may change without $135 $180 $118 $138 $118 $133 $95
notice.
14.  Utility grade
Where 598&9 a utility grade BF___,E_ma. denoted
by the letter U following the model designation, is
available at reduced price. Utility grade amplifiers “wW>m>== " s “ww.—m“__- g s " ““m-mw“- "
have identical performance with their premium PP45U m
grade equivalents in the temperature range 0-60°C.
Storage temperatures below —55°C and above
+85°C and certified test data are not available.
15.  Outline Dimensions P Q P P P P P
Suggested booster types (used with operational amplifiers for voltage or current boost; connected inside the loop) Physical Form  Price (quantity 14)
P6BA delivers =10V at =100 mA with external “Boost” resistors connected; --20 mA without. P $39 P66A
PPG6A delivers same power output as Model P66A . PP 340 PPEBA
P5 delivers =10 V at =20 mA; physical companion of P2A, P2A $48 P5
6154-50/50 _ delivers —+-50 V at ~-50 mA with external “Boost” resistors connected; 10 mA without; has dc gain of 7; requires 60 V supplies. P $85 - 6154-50/50
0SPB-100/10 delivers -+ 100 V at - 10 mA with external “Boost” resistors connected; 1.5 mA without; has dc gain of 20; requires =120 VDC supplies. sP 85 0SPB-100,/10
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SOLID STATE OPERATIONAL

P45CL P55A P65A P65C P65AH P65Q P75A P85A P85C Q85AH
Large output current Differential ifferenti ifferenti i : FEE [ Oifferentil
input current low cost premium- ch_: Eﬁ_n_ c_jwﬂ__mmn__:ﬁ_ﬂm___m Wideband Low quiescent power | | High input impedance Differential low voltage offset Differential wideband
compensated grade construction rsatie coMpensated versatile low voltage offset input current low voltage offset
50,000 20,000 20,000 20,000 20,000 20,000 20,000 50,000
200000 w000 40000 0000 o0 3 w000 100000 100,00 o
200,000 40,000 80,000 80,000 80,000 100,000 80,000 200,000 200,000 80,000
20,000 5,000 10,000 10,000 10,000 10,000 10,000 20,000 20,000 15,000
100,000 35,000 40,000 40,000 40,000 40,000 40,000 60,000 60,000 15,000
1.5 MHz 1.5 MHz 1.5 MHz 1.5 MHz 20 MHz 1.3 MHz 1.5 MHz 2 MHz 2 MHz WM ™
2 3 3 3 2 15 3 3 3 50
s i - — — Z = < - 5
10 kHz 20 kHz 20 kHz 20 kHz 75 kHz 75 kHz 20 kHz 10 kHz 10 kHz 0.1 MH;
06 V/psec 15V/-sec 15V/ p-sec 15 V/p-sec 5V/u-sec 0.5V/p-sec 15V/p-sec 0.6 V/p-sec 0.6 V/psec m.zz_\m.ms
+5V =10V =10V + 5y v i nv v
: z § ol wig B e
0 1000:1 1000:1 3001 1000:1 1000:1 1000:1 20,0001 20,000:1 20,000:1
2202 || 6pF 110k 1] 7pF 20k || 6pF 220k |1 6pF 20k || 6pF 20k || 6pF 10MQ || 6pF 330 kQ || 6pF 330 k2 || 6pF 2 M2 || 3F
15ME || 1000 pF 15M% |) 400 pF 33MQ || 400 pF 15M2 || 400 pF 33MQ || 400 pF 33ME || 400pF 500 M2 || 400pF 83 MQ || 6pF 500 MQ || 6pF 500 M || 5pF
15MQ || 6pF 15MQ || 8pF MR || 6oF 15MQ || 6pF 33MQ || 6pF ML || 6o 500 M2 || 6pF 88 M@ || 6of 500 M || 6F 500 MR || SpF
Built-in External Builtin Built-in Built-in Built-in Built-in Builtin Builtin External
25 mV 5my 15 mv 15 mv L5 mV 15 mV Imv 1mV 1my 1mV
6 mvV 20 mV 6 mV 6 mV 6 mv 6 mV 12 mv ImV ImVy imv
100 pv 100 wv 50 w¥ 50 u¥ 50 ¥ 50 v 100 pV 50 pV 50 uv 50
15 pv 25wy 10 v 10 v 10 uv 10 v 25 uV 10 v 10 v 10 v
=50nA 4 =200 nA* =100 nA +50pA* =100 nA* =100 nA* 0+) 20 nA* =50 nA* =50 * 200 nA
50 nA 1 A 400 nA T 400 nA 200 nA 20 nA 200 nA 50 nA 200 nA
150nA 3 uh 1.2 uh 150 nA 12 pA 800 nA 60 nA 440 nA 150 nA 440nA
300A 100 nA 10 nA 10 nA 10 nA 5 nA InA 5nA 5nA 5nA
3nA 20 nA 1nA 1nA 1nA 05 nA 0.1 nA 0.5 nA 0.5nA 0.5nA
10 uV 10 wV 20 v 5 uy 5 uV 5 py
5 uy 15wy 10 wV 10 uy
05 oA 1m 05 A 05 n... 05 nA 05 nA 0.05 nA 0.25 nA 025 nA 0.25 nA
1wV 1wV 10 u¥ 1 v 1 ¥ 1y
1y 2wV 1 pV 1wV 60 60 30
6 pA 100 pA 60 oA 60 i pA pA 6 pA 30 pA 30 pA pA
=11V =11V =11V =11V =l V =11V
=10V +11V =11V =11V 22 mA 055 mA 22 mA 29 mA 292 mA 22 mA
=20 mA =22 mh +22 mA =22 mA m =0 W = o G i i
i s 5 10 g 5 k2 20 k2 5 k0 5 ke 5@ 5 ke
=[5 ¥ =15V +15V +15V =15V =15V +15V =15V =I5V =15V
4 mA 5.5 mA 55 mA 5.5 mA 55 mA 0.9 mA 5.5 mA 4 mA 4 mA 6mA
23 mA 1.7 mA 7.7 mA 1.7 mA 7.7 mA 145 mA 7.7 mA 4 mA 4 mA 6mA
4 mA 55 mA 55 mA 5.5 mA 5.5 mA 0.9 mA 55 mA 4 mA 4 mA 6mA
23 mA 5.5 mA 5.5 mA 5.5 mA 55 mA 0.9 mA 55 mA 62 mA 6.2 mA 82mA
+10 to +55 +10 to +60 +10 to +60 +10t0 +60 110 to +60 +10 to +60 +10 to +60 +10to +60 +10to +60 +10to +60
~25to +85 —25 to +85 —25 to +85 —2510 +85 25 to +85 —25 to +85 —25 1o +85 —2510 485 —2510 +85 —25t0 +85
—55 to +100 —55 t0 +100 —55 to +100 —55t0 +100 —55 to +100 —55 to +100 —55 to +100 —55 to +100 —55to +100 —55 to +100
—62 to +125 ~62 to +125 —62 to +125 —62t0 +125 —62 10 +125 —62 to +125 —62 to +125 —62t0 +125 —62to +125 —62t0 +125
PP45CL w PS5AH and PPSSAH ® | [ PP6SAJm uses mili- | [PBSCH§84and PPE5CHm | [ PPBSAH® 60 | [PG5aCand PPGSACE | [ PPISA ® PBSAT and PPBSATmare| [ PPESC = PESAH is a discrete
are stable wide- tary transistor [ |$79 are wideband have temperature units selected for less component plogin ver-
band versions $53 | types. versions sensitive _q”_.uE a__=a_= ﬁ&Z ﬂ.:< _m_mu_hm voltage sion having similar per-
PP55A m PPB5SCm  §7! compensation; lower offset (—25°C to + fi g
PPESA m  $60 " common ﬂ__._s._m voltage 85°(). g
range and CMRR.
PPESQ m 564 PPaSA®m
§110 $49 $65 $80 $69 $69 $98 $75 $95 $161
P55AU $21.50
PPS5AU $20
EPS5AU $20 PGSAU $33 PSAHU $37 PE5SQU $37 P75AU 368 PB5AU $49
P55AHU §25.50 PPESAUS  §30 PPGSAHUE  §34 PPE5QUm $34 PPTSAU = PPESAUm
PPSSAHU m  $24
EPSSAHU @  $24
P K P P P P P P P (]
LEGEND M —mega —108
K —kilo —10°
m—milli -10"3
p—micro —10°8
n —nano —10-9
p —pico —10-12

f —femto —10-1%




AMPLIFIERS

CHARACTERISTICS
SP2A SP65At SP65AH SP656 1 SP456t Typical at +25°C unless otherwise indicated
Differential Stabilized Stabilized Stabilized Wideband stabilized 1. Application features
Itra low offset current low offset low offset ice li ion gui
™ foating mput iCAiabat low offset large output current large output current (See price list for selection guide)
2 Voltage gain (dc open loop)
20,000 107 107 5x 107 108 At +25°C, rated load, minimum
40,000 2x107 2x107 108 4 x 108 10 k2 load, minimum
150,000 4x107 4x107 2 x 108 4x 108 100 KS2 load,
10,000 (0°C) 5x108 5x 108 25 x 107 5% 107 At —25°C, rated load, minimum
10,000 (65°C) 4x107 4x107 108 2 x 108 At +85°C, rated load, minimum
3. Response (open loop, inverting,25°C)
75 khz 1.5 MHz 20 MHz 15 MHz 100 MHz Small signal: Unity gain-bandwidth minimum
= 3 25 3 140 Gain at 1.0 MHz
) — 25 - 14 Gain at 10 MHz
1.1 kHz 20 kHz 75 kHz 20 kHz 300 kHz Large signal: Full output mi
066 V/p-sec L5V/ -sec 5V/p-sec 15V/u-sec 200 V/p-sec Rate limit,
4. Input voltage range
+200V +0.1V +0.1V +0.1V Voltage range, both inputs
15V 05V 05y 05V Voltage range, between inputs, absolute maximum
== - - = CMRR (dc, 25°C), minimum
5. Input impedance
10°Q || 500pF - - - = Between inputs
1029 || 5oF 13MQ |) 3006F 13M82 || 300pF 1.3 M&2 || 300pF L3MR || 0.01uF Negative input to common
1029 || SpF . - = = Positive input to common
6. Input voitage offset
Built-in External External External External Adjustment X
= 20 uV (5 1V typ) 20 uV (5 uV typ) 20 1V (5 ¥ typ) 20 pV (5 1V typ) Vs Temp. {+10°C to +60°C), maximum
6 mV(0265°C) 50 £V (20 uV typ) 50 uV (20 mV typ) 50 nV (20 pV typ) 50 pV (20 pV typ) Vs Temp. (—25°C to +85°C), maximum
100 ¥V 1V 1V L uy 1V
10 v 1wy 1V 1V 1V
10 pA 10 pA 10 pA 10 pA 10 pA T DN ——— R
" o o L s Vs Temp, (+10°C to +60°C), maximum
100 pA (0%65°C) 100 pA 100 pA 100 pA 00 pA Vs Temp. (—25°C to +85°C), maximum
0.1 pA 10 pA 10 pA 10 pA 10 pA Vs Time Num- day), d
0.01 pA 2 pA 2 pA 2 ph 2 pA Ve Time 04 hoant
8 Input noise
ker (0.016 to 1.6 Hz)
1y 6 v 6 v § uy 6 ¥ @ .
1A 01 nA 0.1 nA 01 nA 01 nA i id
10 uv 1 pV 1wV 1wV 1 v (b) Broadband (160 to 16 KHz)
600 Voltage rms.
ol Rw 50 oA og " Current rms
=11V +11V =11y =10V 10V 9. c_.__““_snwﬂmluusns +85°C)
22 mA 222 mA 22 mA =20 mA =20 mA g
5 k2 5 k2 5 ke 500 @ 500 Load (rated)
=15V +15V +15V +I5V <15V 10.  Power requirements (- 25°C).+ Voitage
8 mA 8 mA 8 mA 8.75 mA 5 mA Current at + 15 V (Quiescent)
8 mA 10 mA 10 mA 28 mA 245 mA Current at 415 V(Full load)
6 mA 7 mA 7 mA 875 mA 4.5 mA Current at —15 V (Quiescent)
82 mA 7 mA 7 mA 28.5 mA 24 mA Current at —15 V(Full load)
11.  Temperature range (in degrees Centigrade)
+10 to +40 +10to +60 +10to +60 +10to +60 +10 to +60 ing: liabili
0o Tes imW 185 ImM s..,f.mw Immw_ +MM IMM Ma Hmw Operating MNMQSE Performance & Reliability
—25 to +85 —4510 +85 —45t0 —4510 + —45 to ith derated ;
—55 fo +85 —55t0 +85 —5510 +85 —55t0 +85 —55 to +85 Storage: ““x_suﬁ o i
[PZA 15 a wirein version 12, Alternate forms
of SP2A. It has no pro- These units belong in the same family as the pro-
vision for a driven totype because they have nearly equivalent circuit
guard. configurations. They may differ significantly from
SP2B has 20 mA output the listed types in electrical or physical characteris-
current capability. $242 tics, or applications considerations. Philbrick Re-
SP102 has —=100v @ searches welcomes your inquiry regarding these
..Eﬁam_a output capability. and other modified forms of standard units.
13, Price (quantity 1-9) Price of "Alternate Forms’ may
$227 $180 $189 $19 §227 be slightly different. Prices may change without
notice.
14.
have identical performance with their premium
grade equivalents in the temperature range 0-60°C.
Storage temperatures below —55°C and above
+85°C and certified test data_are not available.
SP s P sp P 15.  Outline Dimensions

* P-models have built-in current trim resistors. These may be installed externally on PP-models. See individual PP- data sheets.

t Specifications shown are for units with mechanical chopper; 6.3 VAC, 50-80 cps at 80 mA is required, Units with photochopper are available for operation below -+65°C. In addition to 6.3 VAC,
50-80 cps, 1 mA,the photochopper also requires 115 VAC, 5 mA at the same frequency and phase.

+ At 4 857C power requirements will be 10% higher than those stated at +25°C.  For maximum power requirements at any temperature add 10%.
® A compact wire-n cast epoxy version having similar performance. Voltage offset adjustment external.

¥ Roll-off network connected externally.
® A plugiin cast epoxy version having similar performance. Voltage offset adjustment external.
% With Trim | terminal grounded. Can be trimmed to zero by voltage bias (=5 V Max.) applied to “Trim
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