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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 frequericy), 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

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

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) ecircuit, 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
1012 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).

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.

‘““‘Hold’’ 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)
impedance 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.

Impedance, 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.

Lag: (noun) 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 wvariables 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),
7 (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
A Gain Operational Amplifier open-loop E Generally, the voltage across a
voltage gain " resistor
Ay Gain Same, at DC E,, Erer Reference or bias
Booster Amplifier E Level at which an initial condi-
B Normalized Bandwidth Hz_ (cps) RESET sl o
- 1 Radians /sec See 1.8 E Generally, the reference level
Bias Supply e . : around which a signal varies
C Capacitance, capacitor Farads Sg’eg W]Ct.? identifying subscripta E; Voltage across a Zener diode
3 C : : . Output of operational circuit.
L omp(?nsatmg capactior . e Signal voltage Volts Rarely e, (never e) in Philbrick
c Capacitance of load, or capacitor Literature
L that is part of load - =
= e, €1, €2 Input signal, also ey, e,
Stray capacitance (general); ca- A =
C, pacitance from negative sum- _— Signal voltages at points A and B
ming point to coxmon ’ in a circuit (to ground)
c Standard. capacitance or capaci- Signal generator output voltage
STD tor € Gate logic input
The effective offset voltage ap- . Two signal voltages in a num-
pearing between the amplifier in- €, €j bered series
CME Common-mode error Volts fl:l: ?;{:;n:l;aeii ia g}):;ﬁ;le;;uegf; ‘?g AC signal Voltagg introduced by
PR (Cogmmommo ds voIl‘fa e} eLs power line coupling to or from
= 5 CII:JV g ground (see 1.28)
ommon-mode .
CMRR rejection ratio CME en Noise voltage source
] The logarithmic f f CMRR. Null voltage of an Operational
CMR Decibels | Mt?ROg: 20 loglm (,? ;In}lug €n Amplifier (error voltage)
CMV Common-mode voltage Volts See Nomenclature i Frequency Hertz (cps)
D Diode The frequency at which amplifier
- -loop gain is .unity gain-
DC reference voltage level, or ef- f Frequency, high L S
E Voltage Volts fetlive relarenin vollage Tovsl H :la:x;d;l)dth product product (see
Power supply or zener diode
Ep breakdown voltage G Conductance mho, ©
E, Power supply or battery Signal ground; r.eference for
5 . 3 lowest-level signal in the system
Eu Battery terminal voltage HQG High Quality Ground (as opposed to chassis gr)::und,
E.. DC input signal level earth, or power common)
E,, E, Voltage, constant Volts DC null (or error) voltage I DC current Ampere




SYMBOL TERM UNITS EXPLANATION SYMBOL TERM UNITS EXPLANATION
To T Bias or reference current into or S E Switch
i out of amplifier input terminal T Absolute temperature Degrees K | Sometimes 6 (°C)
I, Offset current Time Constant RC Seconds
I Offset currents associated with t Time Seconds
0ds LoB amplifier input terminals 1% Voltmeter
Idling current or steady-stat
o Clirrant (Amperes) comp%ment Bl eady-state V,v Voltage Volts (See also E or e)
e - Vo Offset voltage
Signal current; also the dynamic Ot vilt i lifi
i component of current; usually Vs i ett 5 z_igel chween ampuier
with identifying subscripts phLe Ay
5 ol il VVd Ju.nctlon voltage drop
Lin Input current s Uy _ Diode forward drop
5 Tl Giiment X. Capacitive reactance ohms Q@

- The inverse of impedance, ¥ =
i, I Me.t.er e i - - Y Admittance mhos U G + jB (for continuous sine
; 5 Noise current associated with waves)

by e amplifier input terminals 7 - R X - -
. - A I d T = + jX (for continuous sine
i Signal current mpedance O waves)
) — | Imaginary term operator in a 7. Z Input impedance, terminal A to
J v =1 § co;n‘g)_l’t’ax expression (mathemati- 4, 4B ground, terminal B to ground
i i - - 7 Input impedance, terminal A to
K,k Arbitrary constants (Often with subscripts) AB terminal B
g Joule / — Input impedance to ground, same
k Boltzmann’s Constant “degree K| 1-38054 X 107 Zaes Fse aspZA, ng & ’
M Meter Z; Generally, feedback impedance
P Potentiometer Zin Generally, input impedance
P Heaviside operator sec™! py = %yt : ! y = f ydt Zy, Load impedance
P R i d or Zsrp,
Of a circuit or component; spe- ZreF Stf:;iiﬁei;?ggar?:ece e
cifically the rat:io.of energy stor- Impedance at w, i.e., at center
Q Quality factor age to energy dissipation therein. Zwﬂ frequency
(@ = Y% 1) Also, charge (i.e., on Noi t
a capacitor) (coulombs) @ 9156 componenis,
F 1 I f ] resistance ratio
q Charge Coulomb tr(;rnexamp B SRATEE SR S Gt P Feedback divider ratio Cox}r:plex attenuation of feedback
- - s Transistor current gain paths
R Resistance, resistor ohms :‘li‘;;&y with, identifying sub- Ae, be Null or error voltage
R. R Input resistance, terminal A, € lBase ‘(;lfxnatural
dp kB terminal B to power common Ogariiiims =
R Input resistance, terminal A to 9 Phase angle i :ag;‘i?::ls
AB terminal B
: : Leadership in feedback tech-’
R Base-emitter resistance of a tran- PHILBRICK/NEXUS nolo
o sistor (sometimes rs.) gy : i
- L Fractional rotation of a potenti-
Internal resistance, of an Oper- P Ratio
R 2 : iy ometer or rheostat
ational Amplifier output circuit - -
Input circuit resistance or re- pe Turge interval,
R,, S or time constant
R, Resistive component of load ¢ Phase, phase shift . Also angle of phase shift
R Mcter Toliatanie w Angular frequency Radians/sec | = 2nf
m
R, Source resistance e z(a).:;; c::toﬁ'rﬁ:g;elr;gérwz; tag;i ;:;:
R Standard (or reference) resistance 20 fitical irequency quencli’fse
S or resistor L
R Unknown resistor or resistor to wH Upper radian frequency 2xfn_seefu
% be measured wo Center frequency wy = Vwev wer
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BIBLIOGRAPHY

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-
tronics, one "tcan always find refreshment, inspiration,
and guidance at the Source. As an example, we list here
an incomplete sampling of the books to be found—not
in our library, but—in our offices and laboratories, and,
opened, on the desks of our engineers. Please note the
rather heavy emphasis on Analoguery.

BOOKS

Analog Compuration Jackson
Analog Computing in Engineering Design
Analog Simulation

Analogue and Digital Computer Methods

Karplus

in Engineering Analysis Wolford
Analogue Computation (4 Vols.) Fifer
Analogue Computers (Translated from the Eterman

Russian)
Analogue Computing at Ultra High Speed
Computer Handbook

Computers in Education Hall

Design Fundamentals of Analog Computer Howe
Components

Electronic Analog and Hybrid Computers Korn & Korn

Electronics for Scientists
& Toren

REPRINTS & ARTICLES

I. APPLICATIONS

A. Bio-Medical Analysis

“Analog Computation of Respiratory Response Curve”
T. W. Murphy, Memorial Sloan-Kettering Cancer Cen-
ter, and R. Crane, Electronic Gear, Inc. (Reprint No. 41)

“A New Instrument For The Summation Of Evoked
Responses From The Nervous System’” Burton S. Rosner,
Ph.D., Truett Allison, M.A., Elliot Swanson, B.S.E.E,,
and William R. Goff, Ph.D., West Haven Veterans
Administration Hospital, Yale University School of
Medicine, and Ampex Corporation. (Reprint No. 37)

“Respiratory Carbon Dioxide Response Curve Com-
puter” J. Weldon Bellville, Sloan-Kettering Institute,
and J. C. Seed, Wellcome Research Laboratory. (Reprint
No. 26)

Rogers & Connolly

James, Smith, &

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

Elektronischer Analogrechner

Experiments in Electronics

MecGraw-Hill
McGraw-Hill
McGraw-Hill

International Text-
book Company

McGraw-Hill
Pergamon Press

and Teaching

Wiley
McGraw-Hill
Pergamon Press

D. Van Nostrand
Co.

McGraw-Hill

W. A. Benjamin,
Inc.

Computers

B. Computors

“Analog Techniques Applied To Business Models” F. M.
Verzuh and P. D. Hansen. The Lightning Empiricist
(XII:1).

“*Analog Yesterday, Today & Tomorrow’ G. A. Philbrick.
The Lightning Empiricist (X1:4).

“Automatic Digital Setup and Scaling of Analog Com-
puters” Dr. Henry M. Paynter, Massachusetts Institute
of Technology, and Julian Suez, International Business
Machines Corporation. (Reprint No. 47)

“Intentionally Unconventional Analoguery” The Light-
ning Empiricist (XI:1).

“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.

Generalized Instrumentation for Research

Handbook of Computers and Control

High Speed Analog Computers

Introduction to Analog Computation
Introduction to Electronic Analog

Introduction to Feedback Systems
Mathematical Machines (Vol. 2)
A Palimpsest on the Electronic Analog Art

date via the Philbrick mailing list. Among these, one
should consider the continuing evolution of our own
Applications Briefs, The Lightning Empiricist, new re-
prints, technical data, and catalog documentation. We
also recommend to our readers the splendid service, now
performed by Simulation Councils, Inc., of La dJolla,
California, in their journal, Simulation, entitled “Simula-
tion Survey and Literature Review,” formerly published
at the Georgia Institute of Technology as Analog Com-
puters Literature Review, by Mr. L. W. Ross.

Ernst R. Oldenbourg,
Munich

Evans Prentice-Hall

Morrison Washington State

U. Press (re-

printed by and
available gratis
from Philbrick

Researches)
Grabbe, Ramo, Wiley
Wooldridge
(Editors)
Tomovic & Wiley
Karplus
Ashley Wiley
Warfield Prentice-Hall
Harris Wiley
Murray Columbia U. Press
Paynter Philbrick Researches

“A New Active-Passive Network Simulator For'l'ransient
Field Problems’” Walter J. Karplus, Dept. of Engineering,
University of California. (Reprint No. 31)

“Precision Analog Memory Has Extended Frequency
Response” T. A. Brubaker, Dept. of Electrical Engineer-
ing, University of Arizona. (Reprint No. 36)

“A Report To Engineers And Management” George A.
Philbrick Researches, Inc. (Reprint No. 24)

“Ordering and Selection Processes and Ultra-Reliable
Systems” H. M. Paynter, Massachusetts Institute of
Technology.

“Time Domain Synthesis Based On A Passive Tardigrade
Module” The Lightning Empiricist (XI:3).
C. Industrial Process Analysis

“Operational Amplifier Techniques in Process Control”
Dr. Peter D. Hansen, Philbrick Researches, Inc. (Reprint
No. 45)



“Computer Representations of Engineering Systems In-
volving Fluid Transients” F. D. Ezekiel, Massachusetts
Institute of Technology, and H. M. Paynter, Massachu-
setts Institute of Technology. (Reprint No. 12)

“Contribution to the Stability Theory of Systems of
Surge Tanks” Charles Jaeger, Water Turbine Dept.,
English Electric Company Limited. (Reprint No. 3)

“Dynamic Analysis of Heat Exchanger Control’”’ Bruce
D. Hainsworth, The Foxboro Company, Vincent V. Tivy,
The Foxboro Company, and Dr. Henry M. Paynter,
Massachusetts Institute of Technology. (Reprint No. 1)

“Fast Time Scale Simulation of a Reactor Control
System” G. Friedensohn, Nuclear Dev. Corp. of America,
and D. H. Sheingold, Philbrick Researches, Inc. ( Re-
print No. 11)

“Hydraulics by Analog” Henry M. Paynter, Massachu-
setts Institute of Technology. (Reprint No. 8)

“On an Analogy Between Stochastic Processes and
Monotone Dynamic Systems” H. M. Paynter, M.I.T.
(Reprint No. 5)

D. Instrumentation

“Capabilities of Some Non-Linear Instrument Circuits
for Low-Level Transients’”” Bruce Seddon, Philbrick
Researches, Inc. (Reprint No. 40)

“Vacuum Tube Electrometers Using Operational Ampli-
fiers”” G. F. Vanderschmidt, Lion Research Corporation.
(Reprint No. 30)

“Subaudio Tunable Amplifier”” J. M. Reece, Naval Re-
search Lab. (Reprint No. 29)

“Operational Amplifier as Direct-Reading Precision
Resistance Comparator” Philbrick Researches, Inc.
Application Brief.

“P65A’s Used to Form a Low-Noise Differential Instru-
ment Amplifier’ Philbrick Researches, Inc. Application
Brief. '

“A Precision Amplitude-Distribution Amplifier” W. F.
Caldwell, G. A. Korn. V. R. Latorre, and G. R. Peterson,
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call your local Philbrick/Nexus field-engineering
representative listed below or write, Philbrick/Nexus
Research, Allied Drive at Route 128, Dedham,
Massachusetts 02026.
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TECHNICAL SUPPORT SERVICES
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cess and quality control systems and in-line analog
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Permanent Track-Hold (111.76) ..
Track and Hold (Electronic Smtch} (II 47)
Track and Hold (Gated Amplifier) (11.48)
Track and Hold (Relay) (11.46) ...............
Meter/Converter
High Frequency to DC (111.66) ..
Low Frequency to DC (111.67) ...
““Meter Relay,"” Meterless (111.79)
Millivoltmeter, AC (I11.55) ..
Millivoltmeter-Amplifier, Electrometer
(111.61)
Milliammeter,
Modulated-Carrier Used as "Chupper (1.12)
Multiplier, Capacitance (111.72) ..
Multiplier-Divider (11.30) ..
(11.31)

Multiplier-Divider (Quarter Square) (11.32)
(11.33)

Multivibrator
Astable (Free-Running) (111.17)
Bistable (111.20) ......
Monostable (111.21)

Negative Coefficients (11.5) ..
Negative Impedance/AGmlttance Carcunts
Nolse
Classifications (1.9) ..
External Influences (i 13)

Parameters (1.10) .

Voltage, Measuring nf (I.SD} y
Non-Linearities in Amplifiers (1.7) .
Non-Linear Circuits (11.28-11.33) ...
Non-Linear Devices

Continuous Function (11.22) ...

Synthesized-Function (11.23) .. .
Null Amplifier, Logarithmic Response (I11.45) ..
Null Deviation with 3-Grade Sorting (111.58) ...

0

Offset and Biasing (1.7)
(1.8) ;
Open-Loop Gain vs. Frequency (I 1?) i
Open-Loop Gain, Measuring (1.47) ... :
Open Loop Set-up, Closing the Loop (I 41}
Oscillator
Sinewave — Twin-Tee (I11.10) .. ..
Sinewave — Wien-Bridge (111.11)
(11.14) ...
Sinewave — Amplltude Controlled (I11. 14)
Three-Phase (111.13) .
Two-Phase (111.12) ..
Overload Input, Recovery from (1.25) ...

P

Passive Network and Active Analog (1.1) ... .
Peak-and-Valley Measuring (11.48) ...
Peak Reader and Memory
Simple (111.49) ...
Precision (111.50) .
(11.74) ..
Peak Reader, Track- Hold (III 53)
Peak-to-Peak Reader
Memory, Simple (111.51) ..
Memory, Precision (I11. 52) :
Phase Characteristics, Measurement of (i 47)
Phase Shift (1.17) . .
Phono Preamp (RIAA! Low Nmse (III ?0)
Photomultiplier Differential Current
Amplifier (111.40) .
Polarity Separator (II 38)
Potentiometers (1.35) ... ..
Power Common Ground (l. 30)
Power Supply, Floating (111.31) .
Power Supply Philosophy (Regulation and Dnit
Internal Impedance, Hum and Ripple) (1.29)
Preamplifier — Low Noice
Precision (111.35) ..........
Tape or Phono (111.70) .. .
Precise Voltage Source {III 2}
Precision DC Amplifier (111.29) .
Precision Gate (11.39) ...
Protection (1.27) ...

a

Q3 Modular Electronic Package (1.39) ... .. ...
Q3 Series “U.0.M.'s” Dperational
Modules (1.39) . e
Quadratic Transconducior (II 23)
(11.25)
Quarter-Square Divider (11.33) ...
Quarter-Square Multiplier (11.32) ...

55
55

72
73
74

42
97

14
16
14
37
13
53-55

50
51
85
91

‘‘Rate Limiting” (1.57) .
= e T L e I
RFI Filter Bushings,
Use in Low-Level Circuits (111.62)
Ratio Circuits, Log of (11.28) ...
Reactive Loads — Amplifier Stabilization
Readout, Peak
Simple — Memory (111.49)
Precise — Memory (111.50) ..
Readout, Peak-to-Peak
Simple — Memory (111.51) . ..
Precise — Memory (111.52) .
Readout, Precise AC Average 4
Readout, True RMS Value (I11.63) .
Recovery Time-Constant (1.25) ...
Reference, Precise, Fixed-Voltage (III.l)
Regulator, Constant Current (111.8) ..
Relays (1.36) ...
Relay Switching in ‘Track Hold Mernory (II 46)
Reset, Zero-Voit (11.49) .
Reset, Initial-Condition (II 50 II 51)
Resistance Comparator, Precision (I11.78)
Resistance, Insulation (111.46) ..
Resistance Measurement
Grounded Sample (111.43) ..
(111.47)
Kelvin Bridge (I11.44) ...
Teraohms to Ground (I11.46) ...
Wheatstone Bridge (111.43) .
Wide Range (ill.47) .
Resistance, Negative (III 71)
Resistors
in Adder/Subtractor (I1.5) .
in Zero Volt Reset (11.49) ...
Noise Generation in (1.34) .
TYPES (1-34) ...covreresremsesmmmimssines
Response Equations
Ideal (1.5/6) .
Finite Gain (ItS)
RMS Value, True, Readou (1.
Roll-Off, High and Low Frequency,
AC and DC (1.12) ............
“‘Roll-Off,"" Linear (I.1)
Root Response (I1.24)

Saturation
Positive and Negative (1.1)
(1.25) .
in Multivibrators (111.21) ...
Sawtooth Generator, Precise (I11.16)
Scaling for Differentiator (I1. 21) ,,,,,
Scaling of Inputs (11.3) . e
Scaling for Integrator (11. 10)
Seebeck Effect (1.36)
Selectors
Compensated (I1.35) ..
(11.42)
Elementary (11.34) ...
Shielding and Guarding
Signal Ground (1.30) . 5
Signal Source, Grounded (1.30) .
Simple Lag (11.15) ...
Sine-Cosine (2-Phase) Generator (III 12) .
Sine-Wave Oscillator
Twin-Tee (I11,10) .
Wien-Bridge (l11. 11)
Wien-Bridge Amplltude "Controlled (111.14)
Slope-Symmetry Adjustment (Control) (I11.15) .
Squarer (11.25) .. 5
Squarer, 0dd-Valu 3
Square Root Circuits (11.24)
(111.63) .
Square Root of Sum of the Squares (111.65) ...
Square-Wave Generator, Simple (111.18)
Stability, Dynamic Achievement of (1.42) ..........

Stabilization with Reactive Loads (1.44)
Stabilizer (1.12) . -
Staircase Generator (III 19)
Stray Leakage — Resistive — Capacitance
(1.31) .
Subtractlon (Il 5)
Sum of the Squares, Sq
Summing Integrator (11.10)
Summing Point (1.5) ...
Switch, Electronic (11.40)

T

Tape Preamplifier (NAB), Low Noise (I11.70) ...

“‘Tardigrade” Operation (11.15) .
Tee Networks (1.26) .
Temperature Effects (on Ampllflers) (1.13) .
Thermal EMF (1.36) .
Thermal Gradients (l 13)
Thermal Transients (1.13) ...
Three-Phase Oscillator (111.13)
Time Delay (11.18) ..
Time Integral (11.10
Time Integral of Difference
between Signals (11.13) .
Total Input Uncertainty (1.14) ..
Track-Hold Long-Term Memory (I11.75)
Track-Hold Memory
Permanent (111.76) .
Electronic Switching (Il 47) i
Gated-Amplifier Switching (I1. 48) .
Relay Switching (11.:46) v
Track-Hold-Peak Reader (I11. 53)
Transconductor, Dual Loganthmlc (II 22)
Transducer
Current-to-Voltage (111.30)
Piezoelectric (I11.41)
Voltage-to-Current (111.31) ...
Transient Response, Measuremen i
Transdiodes: Transistors Used as D!odes (. 22)
Transistor Parameter Measurement,
Picoampere Range (111.59) . .
Transition with Gain Carrier to DC (III 69)
Transmission Delay (11.18) .
Triangular-Wave Generator, Precise (III 15)
Triggering of Monostable Circuits (111.21) .
Triggering of Bistable Circuits (111.20) .
True RMS Value Readout (111.63) ... .
Twin-Tee Oscillator (111.10) ..o

Uncertainty, Input, Worst-Case (I. 111)
Unity-Gain Inverter (11.1) ... "

Voltage Bias
External (1.19) Ry . R
Internal (1.21) ... TR T
Voltage Bias (1.19-1.24) i
Voltage Excursion (1.27) .
Voltage Measurement, AC (RMSJ (III 63)
Voltage Offset (1.7) :
Voltage Precise Reierence, leed (III 1)
Voltage Source, Precision, Adjustable (Il 2)
Voltage-to-Current Transducer (111.31) .

w

Weighting Coefficients, in Inverting Adder (11.9)
Wheatstone Bridge — Deviation Measurement
(111.43) .. "
Wideband, High “Gain Amphiler (III 42) e
Wien Brldge Oscillator (M111) i
(111.14)

Z

Zener Diode, ldeal (1.25) .
Zero-Drop Milliammeter (Ili 55)
“Zero-Drop'' Shunt (111.55) .

23
90
90
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Class 1. Natural Function Logarithmic Transconductors

Model Description Fundamental e-i Relationship and Operating Ranges
PL1-N/P Dual Element, ¢onnectable ds diodes, transdiodes, or 3 )
PPL1-N/P transistors; uncommitted as to interconnections. e=E, log;- =~ 60 mV /decade of 7

0
PL2-N/P Quad Element, transdiode-connected, with all four bases :
PPL2-N/P connected together, and brought out on one terminal. 1pA < 4,<1mA (9 decades)
PL3 Quad_ Elern_ent, diode—t_:onnected: uncommitted as to s s i/ B ink 24 21 ik 45 deeadesy
PPL3 polarity or interconnections. I,\8+1
Temperature-Compensated Transconductor:  transistor % )
PPL4-N/P | connected log element, plus integral current-error and |€ = Eg IOE; (where E is selectable between 0.3 V
voltage-error compensation. & 2.0 V. Nominal value of Ip= 107*A.)
SPL4-N/P | Same as PPL4 plus gain and reference current controls. 10nA <1< 100 A (4 decades)
Log-of-Ratio Transconductor: a pair of transistors as basic — —nE.l (@) B _EE':)
SPLR-N/P log elements, plus dual-purpose current-pump / scaling - i 8 L e or ¢=e€z10 (n y
amplifier. Requires external activating amplifier. —10V<e<10V 10V < e, ea <10V
Class Il: Straight-Line Approximation Transconductors
SPLOG-N/P Logarithmic Transconductor —i = 510" 4A 50 nA < 7 < 500 pA (4 decades)
2 2
Quadratic Transconductor with two inputs and built-in i - 0(81.82.0)] ; _ [U(el.ez. 0)]
PSQ-N/P lower (1) or upper (U) input voltage selector respec - e 10V By S ia 10V
tively. —10V <ej,e2< +10V
; : T
i(mA) = 0.5sine 18
SPSIN-N/P Trigonometric Transconductor
—-10V<e< +1 or —1<e< 410V
» ™
SPCOS-N/P Trigonometric Transconductor 1(mA) = 0.5 cose 15 —10V<e< +10V
Arbitrary Function Transconductor: 10 break points at -
aPERN/® 0.5, 1.5,...9.5 V. Slopes screwdriver adjustable. i =fle) —10V<e<0 or 0<e<10V
Class 11I. Multiplier-Divider Transconductor
Multiplier-Divider (Triangular Wave Bounding principle) e —10V<e, <10V
SPM1 when used with external Operational Amplifier. Nominal e =% — 10V <e, <10V
accuracy 1%. €3 0 <ey; <10V

These non-linear circuits accurately implement such oper-
ations as multiquadrant squaring, generating sine and
cosine functions, quadratic or logarithmic response, and
the linearization of a multitude .of non-linear transducers.
They fall into two general classes: (1) Natural Continuous
Function types, based on the continuous-function charac-
teristics inherent in certain semiconductors operated in
specific parametric regions, and (2) precise-linear-approxi-
mation types, using diode-resistor networks proportioned
to approximate the desired function by a series of straight
lines. Scaled and biased for use in conjunction with #10-
volt Operational Amplifiers, they constitute a convenient
and effective means for generation of exponential, trans-
cendental, and high-order mathematical functions. Exeept
for Type (P) PL3, all units are manufactured in two forms
(designated by suffixes “-P” and "“-N"), one for each
polarity of input signal; signals exhibiting both polarities
sometimes require one of each gender. These units are
available in the same mechanical configurations as solid
state Operational Amplifiers.

PLUG-IN UNIT OPERATORS such as models SPL4A-N/P,
SPLRA-N/P, and SPM1A are equivalent to a combina-
tion of Transconductor (SPL4-N/P, SPLR-N/P, and
SPM1 respectively) and one or more Operational
Amplifiers, as required to provide the specified opera-
tion on one or more input signals.

CONTROL MODULES

These standard modules are used to achieve multi-mode
operation of many operational circuits. Appropriately
combined with the Amplifiers and Transconductors listed
in this catalog, they permit the construction of circuits
for repetitive, iterative, and “hybrid” computing, as well
as for data-acquisition.

SPG1 COMPLEMENTARY CURRENT GATES: Diode
gates used to reset integrators at rapid rates on
digital commands.

RELAY CONTROL UNIT: Relay gates, also used
to reset integrators on digital commands, but
at slower speeds. Has the additional advantage
of a “Hold” position and very low leakage.

TRACK-AND-HOLD UNIT: Performs the follow-
ing switch-selectable functions: track and hold,
peak or valley follow and hold. Optimized for
use with an SP656 Amplifier in the loop.

TRACK-AND-HOLD UNIT: Performs the track
and hold function on digital commands. Must
be read out with a high impedance amplifier
in the follower mode, e.g. P25AH.

SPREL

SPT&H

PT&H
PPT&H
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