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This Manual, like its preceding edition, has been 
prepared to provide an understanding of the basic princi
ples involved in the design and application of linear 
integrated circuits. It may be used as a guide by circuit 
and systems designers in determining optimum design 
specifications with regard to integrated-circuit capa
bilities and system requirements. Effects of the silicon 
monolithic fabrication process on circuit design are ex
plained, different types of integrated-circuit packages 
are discussed, and mounting and interconnection tech
niques are described. Design equations and performance 
criteria are derived for basic circuit configurations. De
scriptive data and applications information are provided 
on a broad family of RCA linear integrated circuits. 

This edition has been revised and expanded to cover 
the latest innovations in linear integrated circuit design, 
packaging, and application. Information has been added 
on many new types of circuits. Also featured are new 
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istics, and package details for the complete line of RCA 
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General Considerations 

THE design of linear circuits involves the selection and intercon-
nection of an optimum combination of active and passive 

components to accomplish a signal-processing function with maxi
mum efficiency and minimum cost. This general rule is valid 
whether the components are conventional ones fabricated sepa
rately by a variety of processes or integrated components formed 
simultaneously by a single technology. The new design considera
tions introduced by the advent of integrated-circuit technology 
arise not from any differences in the fundamental electronic 
properties of the components individually, but from the technical 
and economic implications of simultaneous fabrication and inter
connection. This section describes the technology used for the 
fabrication of integrated circuits, and discusses the aspects that 
introduce factors not present when discrete components are used 
and their implications with regard to the design of linear circuits. 

INTEGRATED-CIRCUIT FABRICATION 

The fundamental requirement of an integrated circuit is that 
components be processed simultaneously from common materials. 
A variety of technologies can be used to satisfy this requirement. 
If a circuit function can be represented solely by linear reciprocal 
networks consisting of resistive and capacitive elements, anyone 
of several thin-film technologies using such materials as tantalum, 
nichrome, or tin oxide can be used effectively. The use of more 
sophisticated thin-film techniques makes it possible to form active 
as well as passive components. A cadmium sulfide technology de
veloped by RCA is capable of fabricating both field-effect tran
sistors and passive components on a common substrate. 
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The technology presently used for achieving circuit integra
tion, however, is based not on thin-film approaches, but on the 
silicon planar technology developed for transistors. This technology 
has become dominant because of its ability to provide higher
quality active devices than any competing technology. 

The basic steps of the silicon process are shown in Figs. 1 
through 4. The starting material is a uniform single crystal of 
n-type or p-type silicon, as shown in Fig. 1. Diffusion processing 
techniques permit the introduction of impurities to desired depths 
and widths in the starting material. Vertical penetration of the 
impurities is controlled by the diffusion temperature and time, 
and lateral control of the diffusions is made possible by combina
tion of the masking properties of silicon dioxide with photo
chemical techniques. 

When localized n-type regions are diffused into p-type starting 
material, as shown in Fig. 2, isolated circuit nodes are achieved. 

UNIFORM 

SINGLE CRYSTAL 

Fig. 1 - Silicon wafer used as start- Fig. 2 - DiIJusion of n-type areas 
ing material for an integrated circuit. to provide isolated circuit nodes. 

The diodes formed by the p-type substrate and the n-type nodes 
accomplish electrical isolation between the nodes. Diffusion of 
additional p-type and n-type regions forms transistors, as shown 
in Fig. 3. The silicon wafer is then coated with an insulating oxide 
layer, and the oxide is opened selectively to permit metallization 
and interconnection, as shown in Fig. 4. When resistors are re
quired, the n-type emitter diffusion is omitted and two ohmic 

[I I~I I~I [ I "\~IE C1'6h],' I 
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Fig. 3 - DiIJusion of additional p-
type and n-type regions to form Fig. 4 - Addition of metallized con-

transistors. tacts to transistor elements. 

contacts are made to a p-type region formed simultaneously with 
the base diffusion, as shown in Fig. 5. When capacitors are re
quired, the oxide itself is used as a dielectric, as shown in Fig. 6. 
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Fig. 5 - Connection of contacts to 
p-type region to form integrated Fig. 6 - Use of oxide as a dielectric 

resistor. to form integrated capacitor. 

Fig. 7 shows the combination of the three types of elements on a 
single wafer. 

c' 
\r"\r---l 1--.(-0---0 

Fig. 7 - Completed silicon chip containing transistor, resistor, and capacitor. 

COMPARISON OF DISCRETE AND INTEGRATED 
COMPONENTS 

Because the basic fabrication process for integrated circuits 
is almost identical with that used to fabricate transistors, tran
sistors formed by this technology are similar to discrete units. 
The major difference between discrete and integrated transistors 
is the extra capacitance associated with the substrate isolation 
diode. 

Integrated resistors, however, are significantly different from 
discrete versions. Discrete resistors are normally made in standard 
form factors, and different values are obtained by variations in the 
resistivity of the material. In integrated circuits, the resistivity of 
the material cannot be varied to obtain different resistance values 
because it is determined by the optimum value required for the 
transistor base diffusion. The value of the resistor then depends 
primarily on its geometry. The resistor value R is determined by 
the product of its diffusion-determined sheet resistance R. and the 
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ratio of its length I to its width w (i.e., R = Rs X l/w). As a 
result, large resistors are long and narrow and small resistors are 
short and squat. 

The value of an integrated capacitor C is equal to the product 
of its area A and the ratio of the dielectric constant E and the 
thickness d of the oxide layer (i.e., C = A X E/d). Because d is 
kept constant, capacitor values vary directly with area. 

COST FACTORS 

Most of the cost of fabricating a monolithic silicon circuit is 
incurred in processing the silicon wafers through the various epi
taxial, diffusion, and photochemistry operations. Because these 
costs are the same for any circuit wafer, the smaller the circuit, 
the more circuits that can be obtained per wafer and the lower 
the cost per circuit. Therefore, area minimization is an important 
consideration. The relative area requirements of different inte
grated components are as follows: 

Component Relative Area 
Transistor 1 
1000-ohm Resistor 2 
lO-pF Capacitor 3 

These ratios are approximations that will be continually modified 
as technological advances are made. However, the basic relation
ships (that transistors use less area than resistors, which in tum 
are more compact than capacitors) will persist. Because area 
determines cost, these relationships indicate that economical 
integrated-circuit design requires minimization of the number of 
passive components. The requirement is exactly the reverse of 
the economic design rule for discrete-component circuits. 

TEMPERATURE CONSIDERATIONS 

One undesirable aspect of semiconductor resistors is their 
relatively large variation with temperature. This temperature de
pendence makes it difficult to achieve close tolerances on absolute 
values of resistors. However, the ratios of integrated-circuit re
sistors can be closely controlled by control of the geometry of 
photolithographic masks used in the fabrication process. As a 
result, it is desirable that integrated-circuit design be made de
pendent on ratios rather than absolute values of resistors. 

Integrated transistors on the same circuit chip have a number 
of advantages over discrete units as a result of their proximity. 



General Considerations 7 

Adjacent transistors receive almost identical processing and thus 
are closely matched in characteristics. Because of the close spacing, 
minimum temperature differences occur between components and 
this close match is maintained over a wide operating range. In 
addition, integrated circuits can contain many more transistors per 
given area than discrete components. In a typical high-frequency 
silicon transistor, less than 10 per cent of the wafer area is used 
by the active device. The remaining area serves as a support for 
the bonding pads and as a "handle" for the transistor. Six inte
grated transistors in a circuit would use less silicon than the single 
discrete transistor shown in Fig. 8. Therefore, integrated-circuit 

!""yACTIVE L.:J AREA 

Fig. 8 - Discrete-transistor chip. 

technology is most efficiently utilized when circuit designs are 
based on the use of a maximum number of matched active com
ponents. 

BASIC DESIGN RULES 

In summary, integrated-circuit technology offers the circuit 
designer a new approach to the synthesis of electronic functions. 
To use this approach most effectively, a designer should observe 
the following basic rules: 

(a) maximize the number of active components, 
(b) use resistor ratios rather than absolute values, 
(c) take advantage of matched component parameters. 

SELECTION OF CIRCUIT CONFIGURATIONS 

Circuits intended for linear applications have a broad range of 
diverse design requirements and often must be essentially custom 
designed for the application in which they are used. In contrast, 
digital circuits are generally repetitive and concerned with only two 
levels of voltage or current and do not require accurate control of 
transitional-region characteristics (transconductance linearity for 
example). Digital circuits, therefore, can be standardized into a 
few basic designs and are readily adapted to integrated-circuit con-
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struction techniques. Consequently, it is practical to produce such 
integrated circuits in large quantities, so that low-cost off-the-shelf 
devices are readily available to cover virtually the full range of 
circuit functions required for digital applications. 

The variety of design requirements for linear circuits tends to 
prohibit standardization of circuit designs and, therefore, greatly 
complicates the selection of suitable configurations. The configura
tions chosen, in addition to being readily adapted to monolithic 
construction techniques, must offer widespread applicability to war
rant the large-volume production required to achieve low cost per 
unit. Linear integrated circuits, therefore, must be either of two 
basic types. They can be exceptional versatile general-purpose de
vices that can be adapted to provide many different types of circuit 
functions in a variety of electronic-equipment applications. Alterna
tively, they may be special-purpose devices that simultaneously 
provide multiple circuit functions in specialized high-volume appli
cations, such as those prevalent in the home-instrument consumer 
industry. 

General-Purpose Circuits 

The balanced differential amplifier is considered the optimum 
configuration for general-purpose linear integrated circuits. This 
circuit configuration is preferred over other possible types (a feed
back pair for example) for the following reasons: 

1. Advantage can be taken from the exceptional balance be
tween the differential inputs that results from the inherent 
match in base-to-emitter voltage and short-circuit current 
gain of the two (differential-pair) transistors which are 
processed in exactly the same way and are located very 
close to each other on the same very small silicon chip. 

2. The differential-amplifier circuit uses a minimum number 
of capacitors. 

3. The use of large resistors can usually be avoided, and the 
gain of the differential-amplifier circuit is a function of 
resistance ratios rather than of actual resistance values. 

4. The differential amplifier is much more versatile than 
other possible circuit configurations and can be readily 
adapted for use in a variety of equipment applications. 

The differential amplifier is an ideal configuration for mono
lithic integrated.:.circuit processing, as indicated by the fact that the 
use of capacitors and large-value resistors can be held to a mini
mum. The prime reason for the selection of this circuit as the basic 
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configuration for RCA linear integrated circuits, however, is its 
exceptional versatility. The differential amplifier can provide linear 
amplifications from dc through the audio and video frequencies 
into the vhf region and may also be used for such functions as signal 
limiting, frequency mUltiplication, amplitude modulation, mixing, 
product detection, signal generation, gain control, squelch, and 
temperature compensation. 

The differential-amplifier configuration inherently makes pos
sible excellent output-to-input isolation, eliminates the need for 
neutralization, and simplifies feedback arrangements. The close 
match in temperature coefficients of components fabricated from 
the same material on a minute silicon chip assure stable electrical 
characteristics over a very broad temperature range. 

For circuits intended primarily for narrow-band rf applica
tions, the collectors of the differential pair of transistors are un
committed, and external tuned circuits, input and output coupling 
networks, and feedback configurations determine, to a large extent, 
the operating characteristics and the type of circuit function (rf 
amplification, signal generation, mixing, product detection, or 
limiting) for which the device is to be used. For other circuits, 
resistors are diffused into the collector leads of the differential pair 
of transistors and emitter-follower or other types of transistor input 
and/ or output stages are added to the basic differential amplifier on 
the same silicon chip to provide the desired input and output charac
teristics. Judicious use of external bias control and a few "out
boarded" circuit elements permit these circuits to be adapted to 
perform numerous linear circuit functions. (These considerations 
and other factors related to the use of linear integrated circuits in 
practical electronic-equipment applications are discussed in sub
sequent chapters of this manual.) 

Operational Amplifiers 

An operational amplifier is basically a very-high-gain direct
coupled amplifier that uses external feedback for control of response 
characteristics. A common configuration for operational amplifiers 
is a direct-coupled cascade of two balanced differential-amplifier 
stages, with the second stage driven push-pull by the first stage, and 
an appropriate output stage. This circuit is readily adapted to 
integrated-circuit construction techniques. 

By use of external feedback networks, the operational ampli
fier can be employed to synthesize a broad range of intricate transfer 
functions and, therefore, may be adapted for use in many widely 
different applications. Although this type of circuit was originally 
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designed to perform various mathematical functions, such as differ
entiation, integration, analog comparisons, and summation, it may 
also be used for numerous linear applications that have widely 
different transfer and response requirements. For example, the same 
operational amplifier, by modification of the feedback network, may 
be used to provide the broad, flat frequency-gain response required 
of video amplifiers or the peaked responses required of various 
types of shaping amplifiers. This capability makes the operational 
amplifier the most versatile configuration used for linear integrated 
circuits. 

Arrays 

Integrated-circuit arrays illustrate another approach to general
purpose configurations that offer widespread utility in many differ
ent types of circuit applications. Such arrays may consist of groups 
of unconnected active devices, of diode quads, of transistor Dar
lington pairs, or of individual circuit stages. The components of an 
array, which are fabricated simultaneously in the same way on a 
silicon chip, have nearly identical characteristics. The characteristics 
of the various components track each other with temperature varia
tions because of the proximity of the components and the good 
thermal conductivity of silicon. 

The integrated-circuit arrays are especially suited for applica
tions in which closely matched device or circuit characteristics are 
required and in which a number of active devices must be inter
connected with nonintegrable components such as tuned circuits, 
large-value or variable resistors, and large bypass or filter capac
itors. Diode arrays, for example, are particularly useful in the 
design of bridge rectifiers, balanced mixers or modulators, gating 
circuits, and other configurations that require identical diodes. 
Transistor arrays make available closely matched devices that may 
be used in a variety of circuit applications (for example, push-pull 
amplifiers, differential amplifiers, multivibrators, and dual-channel 
circuits). The individual transistors in the array may also be em
ployed in circuit stages that are located in different signal channels 
or in cascade or cascode circuits. Arrays of individual circuit stages 
are very useful in equipment that has two or more identical 
channels, such as stereo amplifiers, or they may be interconnected 
by use of external coupling elements to form cascade circuits. 

Special-Purpose Circuits 

Special-purpose linear integrated circuits are usually designed 
to replace several stages of discrete-component circuits in special-



General Considerations 11 

ized high-volume applications. Such circuits may be intended to 
replace the if strips in AM or PM radio receivers, the sound circuits 
(if amplifier-limiters, discriminator, and audio voltage amplifiers) 
in intercarrier television receivers, the remote amplifier for remote
control television receivers, and similar types of specialized multi
stage circuits typical of the home-instrument consumer industry. 
The configurations chosen for special-purpose integrated circuits, 
therefore, should provide multiple circuit functions at performance 
levels equal to or greater than those of their discrete-component 
counterparts. 

The high gain required of the amplifier sections of the special
purpose circuits can be provided by cascades of the balanced differ
ential amplifier, the basic building block for most of the linear 
integrated circuits described in this manual. The differential ampli
fiers, however, must be augmented by other circuits such as voltage 
regulators or reference-voltage supplies, PM detectors, Darlington 
pairs, phase splitters, and buffer stages to provide the multiple cir
cuit functions required in the specific application. 

SUPPLY-VOLTAGE LIMITATIONS 

Specifications for the maximum dc supply voltage that can be 
safely applied to an integrated circuit are given to ensure that volt
age ratings will not be exceeded in any part of the circuit. The weak 
link is usually the collector-to-emitter breakdown voltage V(BR)CEO 

of the monolithic transistors. Although it is anticipated that the 
continuing efforts to develop improved processing techniques will 
result in higher breakdown levels in the future, the collector-to
emitter voltage breakdown rating for the conventional n-p-n tran
sistors used in silicon monolithic circuits at present is typically in 
the range of 15 to 35 volts. This low rating substantially restricts 
the maximum value of dc voltage that may be safely applied to 
monolithic integrated circuits. 

Supply voltages should be applied to monolithic integrated 
circuits in the usual polarity required for n-p-n transistor stages. If 
the polarity is reversed, the normally reversed-biased collector-to
substrate isolation junction will conduct very heavily and cause a 
portion of the metallization pattern to be destroyed. In battery
operated circuits, or other circuits in which supply leads could 
conceivably be reversed, the use of a protective diode in the dc 
supply line is recommended. 
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Any length of ribbon or wiring on a printed-circuit board has 
inductance that can develop significant voltages in response to high
frequency or fast-rise currents. Such voltages are added to the dc 
supply voltage of an integrated circuit mounted on the board. In 
addition, the supply-lead metallization of the integrated circuit may 
develop high-frequency signals as a result of stray internal feedback. 
Adequate compensation for both effects can be achieved by bypass
ing the supply leads of high-gain units with small external silver
mica or high-O-ceramic capacitors. The bypassing elements should 
be located as close to the integrated-circuit supply terminals as 
possible. 

DC-LEVEL-SHIFTING REQUIREMENTS 

In cascade direct-coupled amplifiers, the dc level rises through 
the successive stages toward the supply voltage. In linear integrated 
circuits, the dc voltage builds up through the n-p-n stages in the 
positive direction and must be shifted negatively if large output 
signal swings are to be obtained. In multistage high-gain integrated 
circuits, such as operational amplifiers and special-purpose multi
function circuits, which use external feedback to provide a wide 
range of gain-bandwidth and gain-stability tradeoffs, it is especially 
important to include provisions that compensate for the shift in 
dc level. Such amplifiers must have equal (preferably zero) input 
and output dc levels so that the dc coupling of the feedback connec
tion does not shift any bias point. ' 

The use of an output stage, such as that shown in Fig. 9, is 
a commonly used technique to prevent a shift in dc level between 
the output and input of an integrated circuit. Transistor 01 operates 
as an input buffer, and transistor 02 is essentially a current sink for 
01. The shift in dc level is accomplished by the voltage drop across 
resistor R, produced by the collector current of transistor 02. The 
emitter of the output transistor Oa is connected in a bootstrap ar
rangement to the emitter of transistor 02. Feedback from this tran
sistor through Ra results in a decrease in the voltage drop across Rl 
for negative-going output swings and an increase in this voltage 
drop for positive-going output swings. 

If properly designed, the dc level shifting circuit shown in 
Fig. 9 can provide substantial voltage gain, high input impedance, 
low output impedance, and an output swing nearly equal to the 
supply voltages, in addition to the desired shift in dc level. More
over, feedback may be coupled from this circuit to the differential
amplifier stages to compensate for dc common-mode effects that 
result from variations in the dc supply voltages. 
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Fig. 9 - Output circuit used in linear integrated circuits to compensate for 
a shift in dc voltage level between output and input. 

PACKAGE CONFIGURATIONS AND 
THERMAL CAPABILITIES 

Integrated circuits are currently packaged in three distinct 
configurations: the TO-5-type glass-metal package, the ceramic flat 
pack, and the dual-in-line package. The dual-in-line package may 
be either ceramic or plastic. The TO-5-type package, which is an 
extension of the standard TO-5 transistor package, may be supplied 
with 8, 10, or 12 leads. The flat pack and the dual-in-line packages 
have 14 leads. Fig. 10 shows the different types of integrated-circuit 
packages. 

Ceramic packages, whether flat-pack or dual-in-line types, 
offer the ultimate in hermeticity and package integrity, but their 
cost is high because of the complexity of their fabrication process. 
At present, dual-jn-line plastic packages are achieving rapid popu
larity in the industry. Molded packages of this type are less costly 
than ceramic packages and can be readily designed to accommodate 
more than 14 leads. 

The technique used by RCA for hermetically sealing TO-5-
type packages, flat packs, and dual-in-line ceramic packages is to 
weld a cap onto the package in a dry-nitrogen atmosphere. Plastic 
packages are sealed by the plastic covering molded around the 
metal lead frame to which the chip is mounted. Metallization-pads
to-lead-frame connections are made with 1 ~-mi1 bonding wire. As 
the final steps in assembly, the circuits are subjected to a series of 
temperature-cycling tests and are checked for package hermeticity. 
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Fig. 10 - RCA integrated-circuitpackages. 

The basic thermal considerations for monolithic silicon in
tegrated circuits do not differ significantly from those of discrete
components circuits. The heat dissipated by the circuit components 
must be transferred to the outside of the package without the 
temperature at any point on the circuit chip becoming excessive. 

In an integrated circuit, all the heat is dissipated by active and 
passive components on top of the silicon chip. The heat sources, 
therefore, are highly localized, with the exact distribution deter
mined by the circuit layout. Because the silicon chip mounted on a 
metal header is a good heat conductor, the heat rapidly diffuses 
throughout the chip, and the entire chip may be considered essen
tially isothermal. It is more meaningful, therefore, to examine the 
dissipation capability of the over-all chip than to determine the 
limits of each of the various localized regions. The dissipation 
capability of a monolithic silicon circuit chip is determined pri
marily by the encapsulation material, the chip mount, the terminat
ing leads, and the volume and area of the integrated-circuit package. 

The predominant mode of heat transfer in an integrated circuit 
is conduction through the silicon chip and through the case; the 
effects of internal free convection and radiation and lead conduc-
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tion are small and may be neglected. The value of thermal resistance 
from pellet to case is dependent upon the pellet dimensions, the 
package configuration, and the location of the selected case refer
ence point. 

The maximum allowable power dissipation P d in an integrated 
circuit is a function of the maximum storage temperature T s, the 
maximum ambient temperature T A, and the thermal resistance from 
pellet to case Op-c [i.e., Pd = (Ts - TA )/ Op-c]. These parameters 
are usually specified in the manufacturer's published data on the 
integrated circuit. 

For an RCA ceramic flat pack, the thermal resistance is 
typically 140°C per watt, the recommended maximum storage 
temperature is 17 SoC, and the recommended maximum ambient 
operating temperature is 12SoC. For integrated circuits in TO-5-
type packages, the thermal resistance is typically 140°C per watt, 
the recommended maximum storage temperature is 200°C, and the 
recommended maximum ambient temperature is 12SoC. For dual .. 
in-line packages, the thermal resistance is typically 70°C per watt 
for ceramic types and IS0°C per watt for plastic types. The recom
mended maximum storage and ambient temperatures are, respec
tively, 8SOC and 70°C for plastic packages, and 17S·C and 12SoC 
for ceramic packages. 

MOUNTING AND CONNECTION TECHNIQUES 

The selection of a particular method for mounting and con
nection of integrated circuits in equipment depends on the type of 
integrated-circuit package involved; on the equipment available for 
mounting and interconnection; on the connection method used 
(soldered, welded, crimped, etc.); on the size, shape, and weight of 
the equipment package; on the degree of reliability and maintain
ability (ease of replacement) required; and, of course, on cost 
consideration. The confi!;uration, dimensions, and terminal arrange
ment for each type of RCA integrated-circuit package are shown in 
the OUTLINES section of this manual. 

The sizes and shapes of the solder-pad terminations for 14-
lead flat-pack integrated circuits will depend on whether "in-line" 
configurations or "staggered" terminal configurations are used. The 
sizes and shapes of pads for TO-S-type circuits will depend on the 
effective lead-circle diameter. In all cases the minimum permissible 
diameter for lead holes (after plating) is 20 mils; the maximum 
permissible diameter will depend on the sizes and shapes of the 
associated pads. 
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For applications in which speed and facility of installation and 
removal are major considerations (for example, in laboratory and 
testing applications), devices can be mounted in commercially avail-
able sockets. Tab1e I lists and provides a brief description of some 

Table I -Integrated-Circuit Sockets 

Manufacturer Mfr's .r 
Integrated-circuit .r Supplier's 

Package Type Supplier Part No. Description 

AMP-Crimpac'" Header (requires crimping 
AMP Inc. 583109 - 0 through 7 machine) 

583110 - 0 through 7 Receptacle 
Azimuth Electronics 5100-2 For use at temperatures up 

to 20·C 
14-lead Barnes Development MD-55 For use at temperatures up 

Flat Package Co. to 125·C 
MD-75 For use at temperatures up 

Jettron Products, 71-062 to 200·C 
Inc. 71-005 Plug-in printed-circuit card 

14-Lead 
Flat Package Barnes Development 029-001 For production batch testing 

in Co. 029-090 For laboratory applications 
RCA Carrier 

Augat, Inc. 314-AGlO 
314-AG3A 

For printed circuit boards 
For chassis mounting 

14-Lead 114-AGIB High-temperature Teflon, 
Dual In-Line for chassis mounting 
(Plastic or 114-AGIA High-temperature Teflon*, 
Ceramic) Barnes Development for printed·circuit boards 

Co. MGl-14 

Augat, Inc. 8058-1G19 Miniature-type, Teflon, for 
chassis mounting 

8058-39G3 Miniature-type, Teflon, for 
Head printed-circuit boards 

TO-5 Style Barnes Development MG-802 Miniature-type, Teflon 
Co. MGR-81 Miniature-type, Teflon, for 

printed-circuit boards 
MF02-8 For chassis mounting 
MF03-8 For printed-circuit boards 

Augat, Inc. 8058-1G22 Miniature-type, Teflon, for 
chassis mounting 

8058-2HGl Miniature-type, Teflon, for 
printed-circuit boards 

10-lead Barnes Development MGI002 Miniature-type, Teflon 
TO-5 Style Co. MGRI02 Miniature-type, Teflon, for 

printed-circuit boards 
MF02-10 For chassis mounting 
MF03-10 For printed-circuit boards 

Sealectro Corp. Series 60 Press-fit# type, Teflon 

Barnes Development MG1201 Miniature-type, Teflon 
12-lead Co. MGR121 Miniature-type, Teflon, for 

TO-5 Style printed-circuit boards 
MF02-12 For chassis mounting 
MF03-12 For printed-circuit boards 

Sealectro Corp. Series 60 Press-fit type, Teflon 

# Registered Trade Mark, Sealectro Corporation . ... Registered Trade Mark, AMP Incorporated. 
• Registered Trade Mark, E. I. DuPont De Nemours & Co. 
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commercially available sockets for integrated circuits by manu
facturers' and/or suppliers' parts numbers. This list is based on 
manufacturers' and/or suppliers' published information and is not 
necessarily complete. Sockets having mechanical and electrical 
characteristics comparable with those of the devices listed may 
also be available from other manufacturers and/or suppliers of 
electronic components. 

Ceramic Flat Packs 

The RCA 14-lead ceramic flat-pack integrated circuits may be 
interconnected with other circuit elements by a variety of soldering 
or welding techniques in anyone of three basic mounting arrange
ments. These various techniques are described and the relative 
merits of each type are discussed in the following paragraphs: 

Soldering Techniques - Fig. 11 shows five methods for mak
ing soldered connections to RCA integrated circuits in 14-lead flat
packages. In the "straight-through" method, Fig. l1(a), the leads 
are bent downward at a 90° angle and inserted in 24-mil diameter 
holes in the printed-circuit board. Connections to all 14 leads may 
be made simultaneously in a dip-soldering or wave-soldering opera
tion. To insure good solder-fillet formation around the lead ends, 
the leads should extend approximately 15 to 30 mils below the 
bottom of the circuit board. To insure that the holes will be filled 
with solder to form good electrical connections, the holes must be 
"plated-through." Replacement of the package can be accomplished 
by melting and removing the solder around each lead by means of a 
"solder gobbler." 

A disadvantage of the straight-through method is that the 
integrated-circuit package must be held firmly in position during 
the soldering operation. Another disadvantage is that the clearance 
between the lead and the hole is critical. Optimum "wicking" in dip 
or wave soldering is achieved when the lead has a circular cross
section and a diameter 6 mils less than the lead hole. 

The "clinched-lead full-pad" method shown in Fig. 11 (b) 
requires an additional operation (clinching of the lead), but has the 
advantage that the integrated-circuit package does not have to be 
held in position during the soldering operation. This method also 
has these additional advantages over the straight-through method: 
(1) because the electrical connection is made on the pad, the hole
to-lead-diameter ratio is not critical, and the lead holes therefore 
can be larger - a feature which simplifies insertion of the leads; 
(2) the solder connections are more reliable (because of the larger 
wetted area, and better mechanical contact); (3) plating of the holes 
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.;;A 
SOLDER 

PLATED-THROUGH HOLE 

(a) (b) 

(e) (d) 

TINNED SOLDER 

I·-~ 

vJlmtmm 
(e) 

Fig. ll-Interconnection methods for RCA 14-terminal ceramic flat packs: 
(a) straight-through method; (b) clinched-lead full-pad method; (c) clinched
lead offset-pad method; (d) clinched-lead half-pad method; (e) surface con-

nection method (reflow soldering). 
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is neither necessary nor desirable (non-plated holes retain less solder 
and the integrated circuit may, therefore, be more easily removed if 
replacement is necessary). 

The "clinched-lead offset-pad" method shown in Fig. 11(c) 
and the "clinched-lead half-pad" method shown in Fig. 11 (d) 
are variations of the clinched-lead full-pad method that provide 
greater maintainability because the lead holes are free of solder 
and only partially filled with solder, respectively; the device there
fore, can be more easily removed if replacement is necessary. The 
reliability of these connections probably is not as great as that of 
the clinched-lead full-pad type shown in Fig. 11 (b). 

In the "surface-connection" method shown in Fig. 11 (e), the 
connections are made on the package side of the printed-circuit 
board. This method has the following advantages: (1) drilling of 
the circuit board is not required; (2) bending or special forming 
of the integrated circuit leads is minimized; (3) higher component 
packing densities are practicable because components may be 
mounted on both surfaces of the printed-circuit board. 

A disadvantage of the surface-connection method is that dip
or wave-soldering cannot be used. However, multi-lead "reflew 
soldering" systems are available in which all seven leads on one 
edge of a 14-lead flat package can be soldered simultaneously. 
Another disadvantage of the surface-connection method is that the 
integrated-circuit package must be held in position during the 
soldering operation. 

Mounting Patterns - The mounting patterns shown in Fig. 12 
employ "in-line" lead and pad arrangements. Although such in-line 
lead and pad arrangements simplify lead-forming requirements, they 
result in very close spacing between leads (approximately 32 mils), 
and require the use of high-precision manufacturing techniques, in 
both board manufacture and assembly, particularly when the leads 
must be inserted through holes in the printed-cir~uit board, as in 
Fig. l1(a) through 11 (d). Another disadvantage of the in-line ar
rangement is the limited space available for routing circuit con
ductors between adjacent solder pads. 

Some of these disadvantages can be overcome by the use of 
"staggered" lead arrangements, as shown in Fig. 13. In these 
staggered arrangements, the lead holes and terminal pads for 
adjacent leads on the same edge of a flat package are offset by 
some convenient distance from the in-line axis. Although a stag
gered lead arrangement requires somewhat more circuit-board area 
per device than the in-line arrangement, it provides several ad
vantages: (1) tolerances are far less critical, (2) larger terminal 
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pads can be used, (3) even with larger pads more space is available 
for routing circuit conductors between adjacent termmal connec
tions, and (4) larger lead holes can be used to simplify lead 
insertion. 

-DIRECTION OF LEAD CLiNCH- (a) 

SUGGESTED HOLE DIA. 
MINIMUM PAD SIZES (INCHES) REMARKS 

(INCHES) after plating 

.0375 -p ---.1. 
Foruse atpointsof clinch-~.042 .020 min. 

.075~t 
ed lead attachment 

~ For non-adjacent plated 8.050 .020 min. through hole terminal areas 
--r 

For adjacent terminal 
.050Bj~ areas on .050 centers when 

+ .042 .020 min. clinched lead attachment 
f is not used (shaved .050 

dia. pad) 

Fig. 12 -In-line lead and terminal arrangements for RCA I4-terminal 
flat packs: (a) through-the-board mounting method; (b) surface mounting 

method. 
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In a staggered lead arrangement a good compromise between 
loss of available circuit-board area and gain in the number of con
ductors that can be routed between adjacent circular terminal pads 
can be achieved by the use of a 100-mil offset between adjacent 
pads. With this combination standard manufacturing tolerances are 
applicable, and a 10-mil annular surface (a practicable minimum) 
is provided on each solder pad. 

A staggered terminal arrangement can provide great flexibility 
in circuit wiring configurations. If offset lead holes 30 mils in 
diameter and circular solder pads 80 mils in diameter are used, at 
least one 8-mil-wide printed conductor can be routed between 
adjacent solder pads. If 60-mil diameter solder pads are used, up 
to two 8-mil-wide printed conductors can be routed between ad
jacent pads. 

SUGGESTED 
MINIMUM PAD SIZES HOLE DIA. REMARKS 

(INCHES) (INCHES) 

~'p( .030 ± .003 
For use at points of clinch-

+ .064 ed lead attachment 

.075 -I:="r 

--.l. For terminal areas not 8.064 .030 ± .003 used for clinched lead at-

----r- tachments 

Fig. 13 - Staggered-lead mounting arrangement for RCA 14-terminal 
/lat packs. 
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The maximum offset that can be achieved with RCA 14-lead 
flat-pack integrated circuits is 150 mils, based on a lead length of 
~ inch. When this maximum offset is used, only the straight
through type of connection shown in Fig. l1(a) is practicable. 

Welded Connection Techniques - For some applications of 
integrated circuits, it may be necessary or desirable to use welded 
rather than soldered connections to the devices. Fig. 14 shows three 
methods which may be used for making such welded connections. 
In general, the mechanical space considerations described above 
for soldered connections (lead bending, tolerances, etc.) apply 
equally for welded connections. 

Although for some applications welding may provide more 
reliable connections than soldering, it has the disadvantage that 
with conventional welding equipment only one connection can be 
made at a time. 

(a) (b) 

(c) 

Fig. 14 - Welded connection methods for mounting RCA 14-terminal flat 
packs: (a) post method; (b) surface-pad method; (c) tab method. 
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The "Tab" method shown in Fig. 14(c) provides a high degree 
of maintainability, because the integrated circuit can be easily re
moved, if replacement becomes necessary. This method employs 
"cross-wire" resistance welding, in which the weld is made at the 
ends of the device lead and the terminal tab. The device can thus 
be removed simply by clipping the leads just above the weld points. 
This method, however, requires that terminal tabs and solder pads 
be provided on the printed-circuit board. 

TO-5-Type Packages 

The most direct method for mounting RCA integrated circuits 
in 8-lead, lO-lead, and 12-lead TO-S-type packages is shown in 
Fig. IS(a). In this method, the leads of the device are simply 
inserted in the proper plated-through holes in the printed-circuit 
board and connection is completed by dip- or wave-soldering. 

Although this method of mounting requires minimum han
dling of the device (trimming of terminal leads to appropriattf 
lengths may be necessary), it does require extremely precise drilling 
and "through-plating" of the lead holes and preparation of solder 
pads on a 230-mil diameter circle. It also has the disadvantages that 
automatic insertion of the device leads in such limited space can 
present problems, and that the device must be held in position dur
ing the soldering operation. 

The method shown in Fig. IS(a) and the radially-offset method 
shown in Fig. IS(b) both make it possible to achieve effective 
"wicking" because they provide a nearly optimum relationship 
between lead diameter (18 mils) and lead-hole diameter (24 mils). 

Fig. lS(c) shows variations of the method shown in Fig. IS (b), 
in which the holes are not plated through and the leads are clinched 
before the soldering operation is performed. Because the electrical 
connection depends on the solder on the pad and not on the solder 
in the hole, the lead-hole diameter can be made larger and there
fore, permits easier lead insertion. Furthermore, the clinching of 
the leads helps to hold the device in position during soldering. 
Fig. 16 shows the lead hold arrangement for Straight-Through 
mounting of the 10-lead TO-S-type package. This arrangement, 
using 60-mil diameter pads, provides only 11 mils clearance be
tween adjacent pads, the smallest clearance practicable without 
danger of shorting. This separation is insufficient to accommodate a 
printed conductor of conventional width. It is evident that with a 
12-lead TO-S-type package, the spacing between adjacent pads on 
a 230-mil circle will be even smaller. 
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(a) 

(b) (c) 

Fig. 15 -Mounting methods for RCA TO-5 style packages: (a) straight
through method; (b) straight-through method with leads radially offset; 

(c) radially offset leads with clinched-lead option. 
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Fig. 16 - Lead-hole circle pattern for RCA lO-terminal TO-5 style package. 

Fig. 17 shows a lead-circle pattern for a 12-lead TO-5-type 
package in which the leads are formed to increase the effective 
lead-circle diameter to 530 mils. This configuration permits the use 
of 80-mil diameter pads with sufficient spacing between pads to 
accommodate three eight-mil-width printed conductors. This radi
ally offset lead-hold pattern also permits clinched-lead mounting, 
and represents a good compromise from the standpoints of mount
ing arrangement, reliability, maintainability, and cost . 

. 080 

1 DIA' r CLINCHED 

~ 'rEy'tP 
PACKAGE \ -~ -
OUTLlNE,/ _~ __ ~/' , 
{~_ II ~ 

II 1/ '" 

" /' -8--.{.1 _ -:. 4-56 
, '.530 ¥,' \ ,TYP. 

~ i { DIA. \~~ 
': J' , PRINTED 

, ~ / (9 co~b~~,{,JRS 
\( 

\ - --8-- .008 WIDE 
,- / .008 SPACING 

~~® 
Fig. 17 -Radially offset mounting pattern for RCA 12-terminal package 

Dual-In-Line Packages 

Fig. 18 shows the mounting arrangement used for integrated
circuits in dual-in-line packages. Because the package configurations 
are very similar, the mounting arrangement and terminal-sorting 
techniques used for these circuits are much the same as those used, 
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___ DIRECTION OF _ 
LEAD CLINCH 

RCA Linear Integrated Circuits 

Fig. 18 - Mounting arrangement for RCA dual-in-line packages. 

in the in-line method [shown in Fig. 12(a)], for the flat-pack cir
cuits. The dual-in-line circuit is longer, however, and the soldering 
operation is made simpler because of the greater spacing provided 
between lead terminals. 

The terminals of the dual-in-line package may be soldered to 
a printed board by use of any of the through-the-board techniques 
[shown in Figs. 11 (a) through I I (d)] used for the in-line method of 
mounting the ceramic flat packs. The terminal leads of the dual-in
line package, however, are larger than those of flat pack. The 
diameter of the mounting holes drilled through the printed-circuit 
board must be increased to a minimum value (after plating) of 
0.032 inch. The larger-size terminals are advantageous in that the 
increased rigidity that results enables tpem to be inserted more 
easily into the mounting holes in the printed-circuit board, or in 
integrated-circuit sockets. 

Another significant feature of the terminals for the dual-in-line 
package is the sharp step increase in width near the package end. 
This step forms a shoulder upon which the package rests when 
mounted on the board; the package, therefore, is not mounted flush 
against the board. As a result, it is possible to run printed-circuit 
wiring directly under the package, convection cooling is increased, 
and the circuit can be more easily removed if a replacement is 
required. 

Lead Bending and Forming Considerations 
In any method of mounting integrated circuits which involves 

bending or forming of the device leads, it is extremely important 
that the leads be supported and clamped between the bend and the 
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seal, and that bending be done with extreme care to avoid damage 
to lead plating. In no case should the radius of the bend be less 
than the diameter of the lead, or in the case of rectangular leads 
such as those used in RCA 14-lead fiat-packaged integrated circuits, 
less than the lead thickness. It is also extremely important that the 
ends of the bent leads be perfectly straight and parallel to assure 
proper insertion through the holes in the printed-circuit board. 

Bending, forming, and clinching of integrated-circuit leads 
produce stresses in the leads and can cause stresses in the seals if 
precautions are not taken. In addition, wide variations in tempera
tures during normal use result in stresses in these devices. Tests of 
14-lead fiat-pack integrated circuits conducted under worst-case 
conditions, in which the packages were rigidly attached to posts 
extending from the printed-circuit board, showed that over a 
temperature swing of 180°C (from - 55°C to + 125°C) the stress 
developed in the leads, the tensile pull on the leads, the shear stress 
introduced in the seal, and the tensile stress developed in the seal 
were all well within the limits for these materials. The use of 
thermal stress-relief bends is, therefore, not necessary. 

Lead bending and forming requirements for both fiat-pack 
and TO-5-type packages are shown in Fig. 19. 

liD"." 
RMIN.=·004 

II LEAD THICKNESS) OFFSET 

Fig. 19-Lead-forming requirements for RCA integrated-circuit packages. 
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Basic Differential-Amplifier 
Configuration for Linear 
Integrated Circuits 

The balanced differential amplifier shown in Fig.20is the basic 
circuit configuration used for a broad line of all-monolithic-silicon 
integrated circuits designed for a wide variety of linear applications 
at frequencies from de into the vhf region. The currents to the 
emitter-coupled pair of transistors are supplied from a controlled 

~-r' 
-=- Vee 

Fig. 20 - Schematic of the balanced differential amplifier used as the 
basic configuration for the linear integrated circuits. 

source (i.e., a constant-current-sink transistor). Temperature
compensating networks can be readily incorporated as an integral 
part of the controlled-source circuit to assure that circuit gain, de 
operating point, and other important characteristics vary as re
quired over the operating temperature range (- 55°C to + 125°C). 

CHARACTERISTICS OF THE BASIC INTEGRATED
CIRCUIT DIFFERENTIAL AMPLIFIER 

As indicated in Fig.20, the integrated-circuit differential ampli
fier is usually operated from dual de supply voltages, + Vee and 
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- VElD, applied in the normal polarities used for n-p-n transistors. 
Single-supply operation is also feasible, but requires an external 
voltage divider network and an additional bypass element. Single
ended outputs may be coupled from the collector of either transistor 
of the differential pair, or the amplifier may be used to provide 
double-ended outputs with the load circuit connected between the 
collectors of the two transistors. 

The pair of integrated-circuit transistors (01 and 02) behave 
in the same way as do a pair of discrete n-p-n transistors operated 
in a similar type of circuit configuration. A positive-going signal 
applied to the base of either transistor 0 1 or O2 tends to increase 
the current through the transistor. Because of the signal interaction 
that results from the emitter-coupled arrangement, however, the 
effective drive for the differential amplifier is the algebraic differ
ence of the input voltages applied to the bases of the differential 
pair of transistors. When the base of transistor 01 is driven positive 
with respect to the base of transistor 02, the differential input 
voltage is considered to be positive. For this condition, the current 
through 01 increases, and the current through O2 decreases. Con
versely, a reversal in the polarity of the differential input voltage 
results in a decrease in the current through 01 and an increase in 
the current through 02' 

Differential Input Voltage 

In the differential-amplifier circuit shown in Fig.20, the sum 
of the emitter currents of the differential pair of transistors 01 
and 02 must be equal to the total amount of current (10) supplied 
to the constant-current sink, as shown by the application of Kirch
off's second law at node e: 

lei + Ie2 = 10 (1) 
The emitter-to-base voltages Vb"l and Vb"!! of the emitter-coupled 
transistors 01 and 02 are expressed as follows: 

(2) 

Vbe2 = Vb2 - Ve (3) 

where Ve is the voltage at the node e and V bl and V b2 are defined 
as indicated in Fig. 20. 

If the Ve tenn is eliminated in Eqs. (2) and (3), the follow
ing result is. obtained: 

(4) 

This latter equation defines the differential input voltage for the 
differential amplifier. 
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Transfer Characteristics 

The familiar equations for the current relationships in a 
transistor and for the voltage across the base-emitter diode are 
employed in the derivation of the transfer characteristics of the 
differential-amplifier circuit. 

The basic transistor current relationships are expressed by 
the following equations which define the collector (Ie) and base 
(Ib) currents of transistors 01 and 02 in terms of their emitter 
current (Ip): 

101 = aIel 
IC2 = aIe2 

Ibl = (1 - a) leI 
h2 = (1 - a) IC2 

(5) 

(6) 

where alpha (a) is the fractional part of the emitter current that 
reaches the collector of the transistor. In this discussion, alpha is 
assumed to be the same for both transistors (01 and 02) of the 
differential pair. 

The base-emitter diode equation relates the base-to-emitter 
voltage (Vbe ) of a transistor to the emitter current (Ie) as follows: 

Ie = Is (exp V; - 1) (7) 

where Is is the saturation current of the transistor, and h is de
fined by the ratio KT / q where K is Boltzmann's constant, T is the 
temperature in degrees Kelvin, and q is the charge on an electron. 
At 300o K, a saturation current Is in the order of 0.2 X 10-15 

ampere is typical for some integrated-circuit transistors, and the 
factor h is approximately 26 millivolts. 

For emitter currents of 1 nanoampere or more, the -1 term 
in the bracketed expression of Eq. (7) becomes insignificant, and 
the equation can be rewritten for the integrated-circuit transistors 
01 and 02, respectively, as follows: 

I I Vbel 
el = 81 exp-

h 
(8) 

(9) 
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If the two transistors 01 and 02 are assumed to be identical, 
the following basic equalities can also be assumed: 

1.1 = 182 = I. 
al = a2 = a (10) 
Tl = T2 = T 

On the basis of the relationships expressed by Eqs. (4) through 
(10), Eq. (1) can be rewritten as follows: 

I I Vbel I Vbe2 
0= .exp-+ .exp-

h h 

- I Vb.! (1 + Vb2 - Vb!) (11) - 8exPh exp h 

Eqs. (8) and (9) can then be rewritten to express the emitter 
currents lei and le2 in terms of the total source current 10 as 
follows: 

(12) 

le2 = 10 
1 + Vbl - Vb2 
. exp h 

(13) 

The collector currents Iq and le2' given by Eq. (5), may also be 
defined in terms of the current 10 , as follows: 

(14) 

I alo 
C2 = ----=-----

1 + Vb! - Vh2 
exp h 

(15) 

The collector-current transfer curves defined by Eqs. (14) 
and (15) are shown in Fig. 21 In this figure, the abscissa repre
sents the differential input voltage V hi - V b2 and is calibrated in 
units of the factor h = KT/q. The ordinate, which represents the 
collector current Ie, is calibrated in units of alo. 

When V bl is equal to V b2' the two transistors 01 and 02 are 
balanced, and one-half the total current 10 flows through each 
transistor. This condition presents the usual operating point for 
an analog differential amplifier. 
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The transfer curves shown in Fig. 21 provide several im
portant points of information about the differential amplifier: 

1. The transfer characteristics are linear in a region about 
the operating point. For the curves shown (KT/q "'" 26 
millivolts), this linear region corresponds to an input
voltage swing of approximately 50 millivolts peak-to
peak. 

2. The maximum slope of the curves, which occurs at the 
operating point, defines the effective transconductance of 
the differential amplifier. 

3. The slope of the transfer curves (i.e., the transconduct
ance) is dependent upon the value of the total current 
10 supplied to the constant-current sink. The slope of the 
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Fig. 21 - Transfer characteristics of the basic differential-amplifier circuit. 

transfer curves can be changed, without changing the 
linear input region, by varying the value of 10 • This re
lationship implies that automatic gain control is inherent 
in the differential amplifier when the current 10 is con
trolled. 

4. The transfer characteristics and the slopes of these char
acteristics are a function of the alpha of the transistors 
and of the temperature, both of which are predictable, 
and of two physical constants. 

5. The differential amplifier is a natural limiter; when input 
excursions exceed ±4KT/q (approximately ±100 
millivolts for the curves shown), no further increase in 
the output is obtained. 

6. The output current of an amplifier is the product of the 
input voltage and the transconductance. In the differen
tial amplifier, the transconductance is proportional to the 
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controlled current 10; this circuit, therefore, may be used 
for mixing, frequency multiplication, modulation, or 
product detection when the current 10 is made a multipli
cand and the input waveform is the multiplier. 

Transconductance Characteristics 

As mentioned in the preceding paragraph, the slope of either 
of the transfer curves shown in Fig. 21 defines the transconduct
ance of the differential amplifier. The transfer equation [Eq. (14) 
or Eq. (15)] can be differentiated, therefore, to obtain the gen
eral equation for the transconductance gm as a function of the in
put voltage Vb! - Vb2. The following result is obtained: 

10 eb 
ahexPh" 

(1 + exp ~ y (16) 

where eb represents Vb! - Vb2 and h is again equal to KT/q. 
When the transconductance is evaluated at the operating 

point (eb = 0), Eq. (16) reduces to 

qalo 

gm = 4KT (17) 

Eq. (17) reveals that, for the same value of source current 
10' the effective transconductance of the differential amplifier is 
one-fourth that of a single transistor. This condition results from 
the fact that, at the operating point, exactly one-half of the total 
current 10 flows through each transistor of the differential pair 
and the input voltage must be divided equally between the two 
transistors. 

When the differential amplifier is operated to provide 
double-ended outputs so that the output voltage is measured be
tween the collectors of the differential pair of transistors, the out
put currents through the load impedance contribute equally to 
the output voltage from each transistor. As a result, the output 
voltage is twice that obtained for single-ended operation. This 
increase in output voltage results because the load impedance 
is doubled, not because of any doubling of the transconductance. 
However, if an impedance is connected between the two collectors 
and the shunt collector-feed resistors are large compared to this 
load impedance, the load current is twice as large as can be ex
pected from a single-ended circuit. This condition indicates an 
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apparent effective transconductance, grn(app), for the double-ended 
circuit which is expressed by the following equation: 

(18) 

EFFECT OF EMITTER DEGENERATION 
ON DIFFERENTIAL-AMPLIFIER CHARACTERISTICS 

Fig. 22 shows a curve of transconductance as a function of 
differential input voltage Vb! - V b2 as obtained from Eq. (16). 
A study of this curve indicates that it may be desirable to increase 
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Fig. 22 - Transconductance of the basic difJerential amplifier as a function 
of the difJerential input voltage. 

the range of linearity of the transconductance and, thus, suggests 
the use of emitter degeneration. Fig. 23 shows the basic differen
tial amplifier with two identical emitter resistors (Re) added. 
The degeneration introduced by the emitter resistors reduces the 
gain (transconductance) of the differential pair of transistors, but 
it also increases the linearity of both the transfer characteristics 
and the transconductance. 

The combination of the nonlinear circuit characteristics and 
the iinear emitter resistors does not lend itself immediately to a 
facile mathematical solution. A new transfer curve, which is a 
function of the actual level of the current Io and the value of the 
emitter resistance Re, can be constructed more easily by graphical 
techniques. The new transfer curve, shown in Fig. 24, is obtained 
from the addition, at a constant current, of the original differen
tial-amplifier voltage drop and the voltage drop across the emitter 
resistor. 

When the effects of two equal emitter resistors (used as 
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Fig. 23 - Schematic of the basic differential amplifier in which emitter 
degeneration is employed. 
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Fig. 24 - Effect of emitter degeneration on the transfer characteristics of 
the basic differential amplifier. 

shown in Fig. 23) are considered, it is apparent that the differen
tial input voltage must include the ohmic differential voltage drop 
across the two resistors. This ohmic voltage-drop component, 
V Ret - V Re2' can be expressed as follows: 

(19) 

If the relationship expressed by Eq. (1) is used, Eq. (19) becomes 

(20) 

or 

(21) 
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Eq. (20), which expresses the ohmic differential voltage drop 
in terms of the emitter current of transistor Q1. may be rewritten 
to express this voltage drop in terms of the transistor collector 
current, as follows: 

VRel - VRe2 = (2!e1 - 10 ) Re 

where leI is defined as indicated in Eq. (5). 

(22) 

Eq. (22) is represented graphically by the straight line in 
Fig. 24, which gives the IR drop as a function of the differential 
input voltage for the circuit shown in Fig. 23 at a constant current 
10 of 2 milliamperes. 

When emitter resistors are used, therefore, the new transfer 
characteristics for a differential amplifier can be determined for 
any given value of the current I" by addition of the voltage drops 
of the differential amplifier to those of the emitter resistors. Thus, 
at the current value P in Fig. 24, the voltage drop across the dif
ferential pair of transistors is PQ and that across the emitter 
resistors is PS. The point on the combined transfer curve that cor
responds to these conditions is PQ + PS = PT. 

This simple graphical addition of voltages at various current 
levels suggests a mathematical approach that may be used to de
termine the effects that the degeneration introduced by emitter 
resistors has on transconductance. In this approach, the transistor 
current relationship given by Eq. (13) or Eq. (14) is first solved 
for the differential input voltage Vbl - V b2 • In this inverted form, 
Eq. (14) becomes 

Vb1 - Vb2 = -h In (alo - 1) 
leI 

This expression for Vbl - Vb2, however, does not include the 
ohmic differential voltage drop across the emitter resistors. When 
this voltage VRel - VRe2, as given by Eq. (22), is added, the equa
tion for V bi - V b2 becomes 

( alo ) (21 ) V hI - V h2 = - h In 1:- - 1 + ~ - 10 Re (23) 

The derivative of Eq. (23) is then taken to obtain the following 
relationship: 

d(Vbl - Vb2) = h (alo) ( Iq ) + 2Re (24) 
dle1 Ie12 alo - Ie] a 

At the operating point (1<'1 = alo/2), Eq. (24) reduces to 
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d(Vb1 - Vb2) = 4h + 2Re = 4KT + 2 Re (25) 
dIO! aIo a aqIo a 

Thc reciprocal of this derivative is the effective transconductance, 
gm', of the differential amplifier when emitter resistors are used, 
as given by 

(26) 

where gm is the transconductance of the basic differential ampli
fier at the operating point, as defined by Eq. (17). 

Because a is approximately unity, Eq. (26) is usually simpli
fied to the following form: 

(27) 

For a differential amplifier having an original transconductance 
(gm) of 20 X 10~ micromhos, as would be expected for a current 
Ie, of 2 milliamperes, the effective transconductance (gm') be
comes approximately one-third the original value when emitter re
sistors (Re) of 50 ohms are used. 

The transconductance curves for a differential amplifier which 
employs emitter degeneration may be constructed as follows: 
First, the reciprocal of Eq. (24) is taken to obtain the trans
conductance as a function of the current. The differential input 
voltage that corresponds to the current is then obtained from 
Eq. (23). Fig. 25 shows transconductance curves constructed 
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in this manner for the differential amplifier shown in Fig. 23. 
These curves show the variation in transconductance as a func
tion of the differential input voltage for emitter resistors (Re) of 
50 ohms and of 100 ohms. For comparison, the normalized trans
conductance of the circuit when no emitter resistors are used is 
also shown on the same scale. 

The increased linearity of the transconductance characteris
tic that results from the degeneration introduced by the emitter 
resistors is evident from the curves shown in Fig. 25. This in
creased linearity, however, is accompanied by a reduction in the 
absolute value of the transconductance. As mentioned previously, 
the use of 50-ohm emitter resistors reduces the absolute value 
of transconductance to one-third the original value (for an 10 of 
2 milliamperes). The use of 100-ohm emitter resistors further 
reduces the transconductance by approximately 40 per cent. 

The preceding discussion has shown that the introduction of 
emitter degeneration decreases the slope of the transfer character
istics (results in a more linear transconductance) and reduces the 
sharpness of the cutoff "knee." As a result of these factors, a 
higher input voltage is required to produce distortion or limiting 
in the differential amplifiers when emitter resistors are used. 

Experimental confirmation of the change in transfer charac
teristics that results from the use of emitter resistors is provided 
by the calculated and measured data shown in Fig. 26. The co
ordinate plane on the right shows one-half of the transfer curves 
obtained when no external emitter resistors are used. The co-
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Fig. 26 -DC characteristics of the basic differential amplifier with and 
without emitter degeneration for a source current of 10 of 2.1 milliamperes. 

ordinate plane on the left shows one-half the transfer curves ob
tained when emitter resistors having a nominal value of 50 ohms 
are included in the differential amplifier. 
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The theoretical (calculated) curves shown in Fig. 26 are 
graphical representations of Eqs. (14) and (23). The small dif
ferences between the measured and theoretical curves can be at
tributed to the few ohms of emitter-contact and bulk resistance 
inherent in the transistor. The exact amount of this emitter re
sistance can best be calculated from measured transconductance 
curves since measurements of slopes on curves such as those 
shown in Fig. 26 are not highly accurate. 

The effect of the absolute value of the total current 10 on the 
transfer and transconductance characteristics, when a fixed-value 
emitter resistor is used, is also an important consideration in the 
differential-amplifier integrated circuit. This effect is illustrated 
in Fig. 27, which shows the de transfer characteristics at a current 
10 of 0.188 milliampere, rather than at an 10 of 2.1 milliamperes 
as shown in Fig. 26. 
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Fig. 27 - DC characteristics of the basic differential amplifier with and 
without emitter degeneration for a source current 10 of 0.188 milliampere. 

At the lower current level, the transfer characteristics of the 
differential-amplifier transistors are not greatly altered by the use 
of the 50-ohm emitter resistors (Re). At this current, the internal 
diffusion resistance (rc) of each transistor is in the order of 260 
ohms, and the 50-ohm emitter resistors (Re) are relatively sma]] 
in comparison. Eq. (23) shows that when the voltage drop across 
the differential pair of transistors (as represented by the first term 
of the equation) is equal to KT/q, the total input voltage drop 
across each resistor Re (as given by the second term of the equa
tion) is 0.28 KT/q for an 10 of 0.188 milliampere and 3.1 KT/q 
for an 10 of 2.1 milliamperes. This behavior suggests that, when 
gain control is provided by variations in the value of 10' the signal
handling capability of the differential amplifier can be extended 
at maximum gain by the use of emitter resistors. As the current 
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Io (and consequently the circuit gain) is reduced, however, the 
increase in signal-handling capability gradually disappears be
cause the effect of the emitter resistors Rc becomes relatively in
significant compared to that of the internal diffusion resistance re 
of the transistors. 

The family of curves shown in Fig. 28 illustrates the effect 
of emitter resistors on the transconductance at various current 
levels. Because of the inherent symmetry of the differential am
plifier for positive and negative input signals, the same graph can 
be used to show the transconductance as a function of the input 
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voltage for operation of the circuit at many different current 
values, with and without emitter resistors. The curves in Fig. 28 
also show that the effects of a fixed-value emitter resistor become 
more pronounced, in relation to both the reduction in gain and 
the increase in linearity, as the current is increased. The experi
mental curves shown in Fig. 28 are in agreement with the theory 
presented thus far provided that the following postulations are 
used in the theoretical calculations: 

1. The total of the effective emitter-contact and bulk re
sistance, r,,, inherent in each transistor of the differential 
pair is assumed to be 3 ohms. * 

2. The actual value of each diffused emitter resistor Re is 
59 ohms, rather than the nominal value of 50 ohms used 
previously. 

3. A leakage current of approximately 12 microamperes is 
assumed. * * 

When the inherent effective emitter resistance of the transistors 
is assumed to be 3 ohms, the measured transconductance curves 
shown on the right coordinate plane in Fig. 28 coincide (within 
the limits of experimental error) with theoretical curves calcu
lated from Eqs. (17) and (27), except when the total <>10 is 
equal to or less than 1 milliampere. At these low current levels, 
the theoretical curves must be corrected to compensate for leak
age effects. The leakage current of 12 microamperes is subtracted 
from the nominal value of <>10' and the theoretical transconductance 
values are thus decreased. 

For the left coordinate plane, coincidence between theoretical 
and experimental curves requires that a value of 62 ohms be 
used in Eq. (27) for the emitter resistor Re. When the effective 
internal emitter resistance of 3 ohms is subtracted from this 
value, the actual value of the external diffused emitter resistors is 
shown to be 59 ohms, as postulated above. 

The excellent correlation of the theoretical assumptions with 
the actual measured data suggests that a more rigorous equation 
for the transconductance can be derived. 

*The emitter resistance r. is the sum of the emitter-contact and bulk re
sistance and the effective base resistance referred to the emitter, (l - a)r.'. 
For the transistors in question, the resistance r. consists of about 2 ohms 
of emitter resistance and 1 ohm of effective base resistance. 

** This leakage-current value of 12 microamperes was based on experi
mental data obtained on early units. Tests on recent units indicate that 
processing improvements have substantially reduced the leakage in linear 
integrated circuits. 
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As can be determined from Fig. 23, the total voltage drop 
from base to base of the differential pair of transistors 01 and 02 
may be expressed as follows: 

Vbt - Vb2 = Vbet + let R. - Ie2 Re - Vbe2 (28) 

In a balanced circuit, the emitter-to-base voltages of transistors 
01 and 02 are given by Eqs. (29) and (30), respectively: 

Vbet = (1 - a) let rb' + KT In ~ + leI rec (29) 
q Is 

V bC2 = (1 - a) Ie2 rb' + KT In ~ + Ie2 rec (30) 
q Is 

where rb' is the internal base resistance, rec is the internal emitter
contact resistance, and the following matching equalities are as
sumed: 

a = a l = a 2 

rb' = rbI' = rb2' 
ree = reel = r eC2 

Re = ReI = Re2 

(31) 

(The effects of the offsets that result from an unbalance in any of 
the matching parameters are analyzed in the next section.) 

The relationships expressed by Eqs. (28), (29), and (30), 
together with those given by Eqs. (1), (5), and (6), are used to 
obtain equations for the transconductance in terms of the collector 
currents ICI and IC2 of transistors 01 and 02, respectively, as 
follows: 

Vbl - Vb2 = (1 - a) rb' + rec + Re] e!c1 - 10) 

(32) 

Vh] - V"2 = [(1 - a) rb' + rec + ReJ (10 _ 2!c2) 

+ h In ala - IC2 
IC2 

(33) 

Eqs. (32) and (33) are differentiated, and the results are evalu
ated at the operating point (at ICI = IC2 = aIo/2) to obtain the 
following relationships: 
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d(Vbl - Vb2) = 2(1 - a) Ib' + (Iec + Re) 2 + 4h (:34) 
dIel a a aIo 

d(Vhl - Vh2) 

dIe2 a a 

4h 
(:35) 

Eqs. (34) and (35) are inverted to obtain the required equa
tions for the transconductance of transistors Ql and Q2, respec
tively, as follows: 

The negative sign of Eq. 37 reflects the negative slope, shown 
in Fig. 21, of the transfer characteristic for Ic2• 

OFFSETS IN THE DIFFERENTIAL-AMPLIFIER 
INTEGRATED CIRCUITS 

In the preceding analyses, it has been assumed that the param
eters of the pair of transistors in the differential-amplifier inte
grated circuits are perfectly matched. In general, this assumption 
is justified because, although finite differences in the parameters 
exist, they are usually negligible. Nevertheless, variations in the 
amount of the differences from unit to unit result in a statistical 
distribution, and practical production limits on the allowable de
viations in corresponding parameters of the differential pair of 
transistors must be established. It is convenient to evaluate the 
effects of circuit and device unbalances in terms of a quantity, 
referred to as offset, which is a measure of the total accumulative 
unbalances. 

Types of Offsets 
The amount of offset in a differential amplifier can be de

termined by output-voltage offset measurements, by input-voltage 
offset measurements, or by input-current offset measurements. 
Each of these basic measurement techniques is straightforward 
and provides accurate results when employed at low frequencies. 
The measurements may also be used to determine the offset in 
cascaded differential amplifiers and in operational amplifiers. 
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Output-Voltage Offset - An offset in the differential-amplifier 
circuit is indicated by a difference in potential between the two out
puts (V 01 and V 02' as defined in Fig. 23) of the transistors when 
there is no signal applied to the input of either transistor. This type 
of offset is a measure of any unbalance caused by the flow of base 
currents from the differential pair of transistors 01 and 02 through 
the two external base resistors to ground. Under these conditions, 
the voltages V h1 and VII!! are both unequal to zero; an offset exists 
if these voltages are also unequal to each other (Le., if Vbl - Vb2 

=1= 0). 
A common method used to determine the offset at the output 

is to reduce the two base resistors to zero. This effect is achieved 
when the inputs of the transistors 01 and 02 are shorted to ground. 
The output offset determined in this manner is restricted in that 
unbalances caused by unequal base currents (betas) or by un
equal external base resistors are excluded. All other unbalances, 
however, are included in the measurement. 

Input-Voltage Offset - An offset voltage referred to the input 
is simply the differential output offset voltage divided by the double
ended voltage gain of the circuit. This definition indicates a con
venient method that may be used to measure the offset. In this 
method, a voltage is applied to one input of the differential amplifier 
and is varied until the differential output voltage VOl - V02 is re
duced to zero. The value of the input voltage is then the offset 
voltage referred to the input. 

Input-Current Offset - The offset in a differential amplifier 
can also be determined by the amount of current that must be in
troduced at one input to obtain a differential output voltage equal 
to zero. This type of measurement, together with the output offset 
measurement in which the inputs of the circuit are shorted to 
ground, tends to segregate unbalances in base currents (betas) and 
in the input base resistors. 

Dependence of Offset on Base-to-Emitter Voltages 

Offsets in the differential-amplifier integrated circuits can, in 
general, be attributed to three basic types of device or circuit 
unbalances: 

1. Differences in the base-to-emitter voltage V be and in the 
beta of the differential pair of transistors because of ini
tial deviations in the geometry or the diffusion-concentra
tion profiles of the transistors; 
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2. Differences in the Vb~, the beta, or the internal resistances 
of the transistors that result from finite variations in 
thermal resistance or heat flow paths; 

3. Differences in the values of resistors used in the collector, 
base, or emitter leads of the two transistors. 

The voltage between the base and emitter leads of a transistor, 
VI"', includes the fundamental voltage drop across the emitter-base 
junction, as given by the diode equation [Eq. (7)], together with 
the voltage drops that are produced by the flow of base current 
through the intrinsic base resistance rl: and by the flow of emitter 
current through the emitter-contact and bulk resistance rec' Vhe can 
be expressed in terms of these voltage drops, as follows: 

Vbe = (KT In 1) + Iefec + Ie (1 - a) fh' (38) 
q 18 

The emitter-contact and bulk resistance rec should not be 
confused with the diffusion resistance rt', which is given by the 
familiar T -circuit representation as follows: 

KT 
fe = - (39) 

qI. 

The voltage drop across the diffusion resistance re is included in 
the logarithmic term of Eq. (38). 

The voltage V be is obviously a nonlinear function of the 
transistor current and, therefore, cannot be represented properly 
by any lumped-constant linear equivalent circuit. Eq. (38), which 
contains no approximation, provides the best means for the cal
culation of this voltage. 

The bulk saturation current Is is best determined from a 
measured curve at an emitter current which is low enough so that 
the voltage drops across the internal resistances (rb' and ree) of 
the transistor are negligible. Fig. 29 shows curves of V be as a 
function of temperature at various emitter currents for a typical 
integrated-circuit transistor. This transistor has an intrinsic base 
resistance rl,' of 40 ohms, an emitter-contact and bulk resistance 
rec of approximately 3 ohms, and a beta of about 50. The Vbe 
curve obtained at an emitter current of 100 microamperes can 
be used satisfactorily in the determination of the current Is. 

At an emitter current of 100 microamperes, the base cur
. rent of the transistor is about 2 microamperes. The resultant volt
age drop produced across the intrinsic base resistance rb' then is 
about 0.08 millivolt. At this level of emitter current, the voltage 
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drop across the emitter-contact and bulk resistance rec is approxi
mately 0.3 millivolt. Thus, at 100 microamperes of emitter cur
rent, the total voltage drop (approximately 0.38 millivolt) across 
the internal resistances of the transistor is negligible, and the 
measured value obtained for V be can be attributed almost entirely 
to the logarithmic term in Eq. (38). 

Fig. 29 shows that Vue is 0.7 volt for an emitter current of 
100 microamperes and a temperature of 20°C. When the values 
of transistor parameters given by these conditions are substi
tuted in Eq. (8), the followipg result can be obtained: 

1> = exp 700 = 5 X 1011 
I. 26 

I. = 0.2 X 10-15 ampere 

For each decade change in the emitter current, the logarith
mic component of the base-to-emitter voltage V be changes by an 
amount equal to KT/q In to, or 60 millivolts at 300°K. Fig. 29 
shows, however, that the V be curve for an emitter current of 1 
milliampere is shifted 65 millivolts upward from the V be curve 
obtained at 100 microamperes. The additional 5 millivolts of 
change is exactly equal to the voltage drop developed across the 
internal resistances of the transistor at the I-milliampere level. For 
an emitter current of 5 milliamperes, the sum of the voltage drops 
across the internal resistances is in the order of 19 millivolts, and 
the logarithmic component of V be is increased from the value ob
tained at 1 milliampere of emitter current by an amount equal 
to KT/q In 5, or 42 millivolts at 300°K. These results show 
that the base-to-emitter voltage V be is largely dependent upon the 
bulk saturation current Is. At a given temperature, this current, 
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in tum, is a function of the geometry of the base-emitter junction 
and the diffusion-concentration profile. 

The curves in Fig. 29 also show that the dependence of the 
base-to-emitter voltage on temperature is varied by a change in 
the level of emitter current. The variation in V be with tempera
ture changes from -1.6 millivolts per DC at low emitter currents 
(0.1 milliampere or less) to 1.3 millivolts per DC at 5 milliamperes 
of emitter current. This reduction in the negative temperature co
efficient of Vb. with an increase in emitter current is a result of 
the positive temperature coefficient of the transistor resistors. 

Relative Effects of Various Circuit and Device Unbalances 

The relative effects of unbalances in various transistor param
eters and in emitter resistors on the offsets in the differential-ampli
fier integrated circuit can be evaluated on the basis of the preceding 
discussion of transistor base-to-emitter voltage. For this evalua
tion, an equation for offset voltage in terms of the various circuit 
and device parameters is derived for the differential-amplifier 
circuit shown in Fig. 23 so that the effects of an unbalance be
tween corresponding parameters on the offset voltage can be 
readily determined. 

In the offset-voltage derivation, the base currents Ibl and 
Ib2 are assumed to enter the bases of the differential pair of tran
sistors Ql and Q2 through external base resistors RbI and R b2, 
respectively, from the ground reference. Kirchoff's first law then 
dictates that the sum of the voltage drops from the ground refer
ence across RbI' the base-emitter junction of transistor Qb the 
two equal emitter resistors ReI and R e2, the base-emitter junction 
of transistor Q2, R b2, and back to the ground reference must be 
zero. This summation may be expressed as follows: 

hI Rhi + Vb•1 + leI ReI - Ie2 Re2 - Vbe2 - h2lh2 = 0 (40) 

Eq. (40) may be rewritten as follows: 

(l-al)IelRhl + leI ReI + V hel = (1-a2) Ie2 Rh2 
+Ie2 Re2 + Vbe2 

This equation is then solved for leI to obtain 

I Ie2Rb2 (1 - (2) + Ie2R e2 V be2 - V bel 
el = + --------------

RbI (1 - al) + Rei Rbi (1 - al) + ReI 

(41) 

(42) 

In Eq. (42), the voltage drops across the intrinsic emitter 
and base resistances (ree and rb') need not be explicitly expressed 
because these voltage drops are implied in the V be2 - V bel term. 
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Alternatively, if the Vbe2 - Vbe! term is used to represent the 
purely logarithmic component of the base-to-emitter voltage, the 
voltage drops across the intrinsic resistances, when they are 
significant, can be lumped with the external resistors. 

The current-transfer relationships given by Eq. (5) are used 
to rewrite Eq. (42) in terms of the collector currents Ie! and Ie2 
of transistors 01 and 02, respectively, as follows: 

~ = ~ [Rb2 (1 - a2) + RC2] + Vbe2 - Vbel (43) 
a1 a2 RbI (1 - a1) + ReI RbI (1 - (1) + ReI 

Eq. (41) may also be written in terms of the common-emitter 
current gain, i.e., the transistor beta «(3), when the following 
relationships are employed: 

{3 = _a_ (44) 
I-a 

{3 
a=--

.8+1 
(45) 

The resultant equation is given by 

IC1 = .81 [Rb 2 + (.82 + 1) Re2] I c' + .81 (Vbe2 - Vbel) (46) 
.82 RbI + (.81 + 1) ReI • RbI + (.81 + 1) ReI 

As stated previously, an offset in a differential-amplifier cir
cuit is indicated by a difference in the collector outputs of the 
differential pair of transistors. This offset-voltage difference is 
given by the following equation: 

(47) 

where VOl and V 02 are the collector outputs of the differential
amplifier transistors 01 and 02, respectively, and ReI and Rc2 are 
the collector load resistors for these transistors. 

The effects on the offset of differences in corresponding 
parameters of the differential pair of transistors 01 and 02 can 
be approximated by examination of Eqs. (43), (46), and (47) 
when such differences are introduced. In such examinations, dif
ferences in only one set of parameters are allowed at any given 
time, and the effects of these differences on the offset are noted. 

In the evaluations, ReI and Re2 are used to denote the total 
of the extrinsic and intrinsic emitter resistance, and RbI and Rb2 
are used to denote the total of the extrinsic and intrinsic base 
resistance. The following initial assumptions are also made for 
a perfectly balanced differential amplifier: 
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50 ohms extrinsic + 3 ohms intrinsic ReI = Re2 = 
RbI = Rb2 = 40 ohms intrinsic + 0, 1000, or 10,000 ohms 

extrinsic 
ReI RC2 
leI Ie2 
/31 /32 

1000 ohms 
1 milliampere 
60 

Figs. 30 to 36 show the effects on the offset of differences in 
corresponding pairs of the various parameters as calculated from 
Eqs. (46) and (47). Because these calculations all result in 
straight-line curves, the effects of the various unbalances can be 
readily compared by the graphic presentation. The effect of un
balanced conditions other than those shown, such as differences 
in collector resistors, may also be compared by the use of these 
simple graphic techniques. 

Fig. 30 shows the effects on offset of unequal betas. Curves 
are shown for an external base resistance of zero and for transistor 
betas in the range of 20, 60, and 100. These curves represent the 
first term of Eq. (46). 
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Fig. 30 - Effect of absolute values and ratios of the betas of the differential 
pair of transistors on the output offset voltage. 

Fig. 31 shows the effect of different values of base resistances 
(RbI = R b2 ) on the offset when the betas of the differential-ampli
fier transistors are unequal. The curves in this figure show that 
a serious increase in the offset occurs when the external base re
sistances are significantly larger than the nominal value. Figs. 32 
and 33, however, indicate that the use of larger external base re
sistances reduces the offset that is produced when the betas are 
the same and a difference exists between the emitter resistors or 
the base-to-emitter voltages. 
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Fig. 31 - Output offset voltage as a function of the beta ratio of the differ
ential pair of transistors for several values of external base resistors. 
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Fig. 32 - Output offset voltage as a function of the emitter-resistor ratio 
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Fig. 34 shows that the offset that results from differences 
in the emitter resistors is increased by the use of larger emitter 
resistors. Fig. 35 shows that the offset caused by differences in 
the V be of the differential pair of transistors is reduced by the 
use of emitter resistors. 

EMITTER-RESISTOR RATIO 

Fig. 34 - Effect of absolute values and ratios of the emitter resistors of 
the differential pair of transistors on the output offset voltage. 
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Fig. 35 - Output. offset voltage as a function of the difference in the base
to-emitter voltages of the differential pair of transistors for several values of 

the total emitter resistance (internal + external) of each transistor. 

Fig. 36 shows the offset as a function of differences in the 
base-to-emitter voltages of the transistors for transistor betas 
({3I = {32) of 20, 60, and 100. The curves in this figure, which 
represent the second term in Eq. (46), indicate that the effects 
of the absolute values of the betas on this term are the opposite 
of those on the first term, as shown in Fig. 30. 
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Fig. 36 - Output offset voltage as a function of the difference in the base
to-emitter voltages of the differential pair of transistors for several 

beta values. 

Effects of Temperature on Circuit Offset Voltage 

Each parameter in Eqs. (46) and (47) is dependent to some 
extent on temperature, even though this dependence cannot be 
readily expressed as a straightforward mathematical relationship. 
An analytical expression of the offset as a function of temperature 
is, therefore, of small practical value. It is more meaningful to 
relate the offset to temperature-caused differences in the values of 
the base-to-emitter voltages, betas, or resistances of the differential
amplifier transistors. 

One of the main advantages of differential-amplifier integrated 
circuits is that each component for a given transistor is physically 
located very close to the corresponding component of the second 
transistor of the differential pair. As a result, the temperature 
environments for the pairs of components should be very similar. 
This feature is successfully exploited in the design of the integrated 
circuits, so that the effects of temperature on corresponding com
ponents is remarkably similar. 

Experimental data on sample units have shown that the 
change in output offset varies from no measurable drift up to 10 
millivolts for temperature variations over the 180-degree range 
from -55°C to +125°C. These limits correspond to an input 
offset of between 0 and 2.5 microvolts per DC. Statistical produc
tion controls usually allow for greater maximum drifts, e.g., 5 to 
10 microvolts per DC. 
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CONSTANT·CURRENT SINK 

53 

The constant-current sink for the source current 10' which 
is a significant factor in the transfer and transconductance char
acteristics of the differential amplifier, may be realized physically 
by a resistor and a dc power supply or by a transistor circuit and 
a dc power supply. The transistor-current-sink circuit has a higher 
ac-to-dc impedance ratio, which results in higher common-mode 
rejection. In addition, the gain characteristics and bias network 
of the transistor sink circuit make possible temperature compensa
tion, gain control, squelch or switch action, and frequency multi
plication in the differential amplifier. The transistor current sink, 
therefore, is clearly superior in versatility to the resistor current 
sink for use in the differential-amplifier integrated circuits. The 
characteristics of the transistor current sink are developed in 
detail below. 

Analysis of Basic Current·Sink Circuit 

Fig. 37 shows the general configuration of a transistor current
sink circuit in which diode temperature stabilization is employed. 
In this general circuit, all diodes are assumed to be forward-biased. 
Dl represents the number (0, 1, 2, ... ) of forward-biased diodes 
in series with resistor Rb and D2 represents the number (0, 1, 2, 
... ) of forward-biased diodes in series with resistor R 2 • 

(I-a) Ie --- -Io = aIe 

Fig. 37 - General configuration for a diode-stabilized transistor current
sink circuit. 
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The sink current 10 of the differential amplifier is the col
lector current of the current-sink transistor. This current is 
expressed in terms of the emitter current of the current-sink tran
sistor by Eq. (5), which relates the collector and emitter currents 
of a single transistor, as Ie = ale, where in this case the Ie is the 
emitter current of the current-sink transistor. Each diode used in 
the integrated circuits is actually a transistor connected to operate 
as a diode. The voltage drop V' across each diode used in the 
current-sink circuit can be expressed as follows: 

V' = (KT In l) + Ir 
q Is 

(48) 

where r is the sum of all the internal resistance of the diode. 
The resistance r is generally very small in comparison to 

the external resistors Rl and R2 in series with the diodes, and 
the voltage drop Ir can usually be neglected. For this condition, the 
voltage drop V' is expressed by the first term of Eq. (48), and, 
as determined from Fig. 29, is about 0.765 volt for a current of 
1 milliampere. The voltage drop Ir in Eq. (48) represents an 
additional 5 millivolts. 

For a diode formed by the connection of the collector of a 
transistor to the base (VeB = 0), the total currents and Ir drops 
are very similar to those of the transistor connection. For other 
possible connections of transistor terminals to form diodes, more 
of the diode current flows through rb' and a higher forward voltage 
drop results. In Fig. 37, this additional voltage drop is lumped 
with the voltage drops across the external resistors Rl and R2. 

For the transistor in the current-sink circuit, the voltage drop 
V' is considered to be expressed by the logarithmic term in Eq. 
(38) . The second and third terms of this equation represent 
voltage drops that, although identified separately, can be lumped 
with the resistive drops in the base and emitter paths for the 
circuit shown in Fig. 37. 

For the general current-sink circuit shown in Fig. 37, the 
following equations are necessary and sufficient to define the 
operating requirements and characteristics: 

II = 12 + (1 - a) Ie (49) 

Vee - (DI + D2) V' = II RI + 12 R2 (50) 

D2 V' + 12 R2 = (1 - a) rb'Ie + V' + (rec + R 3) Ie (51) 
Solution of these three equations in terms of the emitter current 
Ie of the current-sink transistor yields the following relationship: 
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Ie = X [Vee - (Dl + D 2) V'] + (D2 - 1) V' (52) 
Ra + rec + (1 - a) (rb' + RlX) 

where 

(53) 

Temperature Characteristics 

In Eq. (52), the emitter resistor R3 is usually the dominant 
term of the denominator; however, if the beta of the current-sink 
transistor is low, the contribution of the base resistance (rb + 
RlX) may also be significant. The effect of the base resistance can 
be particularly noticeable at the low extreme of the temperature 
range where the current gain [,8 = a/ (1 - a)] is minimum. The 
temperature coefficient of the denominator of Eq. (52), therefore, 
results from the combination of the temperature coefficients of the 
resistors and the effects of temperature on the transistor beta and, 
hence, on 1 - a. 

In the numerator of Eq. (52), V' is the main temperature
dependent parameter. The multipliers (D! + D2) and (D2 - 1), 
therefore, may be used to control the temperature characteristics 
in the numerator. 

These statements indicate that the effects of temperature on 
the operation of the current-sink circuit can be controlled by the 
values selected for Db D 2 , X, and Vee. The effect of each of 
these parameters on the emitter current Ie, as given by Eq. (52), 
and hence on the output current of the current-sink circuit (10 
= ale) is evaluated below. 

In the use of Eq. (52) to evaluate the effects of temperature 
on the current-sink circuit, it is convenient to represent the nu
merator and denominator of the equation by more compact 
symbols, as follows: 

where 

and 

E 
Ie= -

R t 

(54) 

E = X [Vee - (Dl + D 2) V'] + (D2 - 1) V' (55) 

R t = Ra + rec + (1 - a) (rb' + RlX) (56) 

In Eqs. (54) and (55), the term E represents the effective 
emitter voltage of the current-sink transistor. 

Fig. 38 illustrates the effects of temperature on the resistance 
R t • In this figure, curves B, C, and D show R t as a function of 
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Fig. 38 - Resistance ratio R t as a function of temperature for several values 
of the beta of the current-sink transistor. 

temperature for three beta values when the nominal value of Rs 
at 20°C is 500 ohms. Curve A shows variations in the value of 
resistor Ra with temperature. The temperature coefficient of beta 
is considered linear. The slopes of this coefficient for the beta 
values of 64, 35, and 21 used in Fig. 38 are 0.26, 0.14, and 0.12 
per °C, respectively. 

These slopes are average values based on the measured per
formance of a number of transistors. The temperature coefficient 
of resistor Rg, as represented by curve A in Fig. 38, is also deter
mined from measured values. 

Fig. 39 indicates that the effect of beta variations with 
temperature on the composite resistance R t is reduced as the 
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Fig. 39 - Resistance ratio R t as a function of temperature for several values 
of the emitter resistor (R3) of the current-sink transistor. 

value of Ra is increased. Figs. 38 and 39 illustrate the following 
main factors in this relationship: 

1. As the temperature rises, the resistance Rt increases; the 
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emitter current Ie and, therefore, the source current 10 
then decrease unless the voltage E is made to increase 
simultaneously. Eqs. (37) and (38) reveal that the trans
conductance also decreases as the temperature increases 
unless the source current 10 is made to increase with 
temperature. 

2. If a collector load resistor tracks the composite resistance 
R t over a large portion of the operating temperature 
range, the operating point is independent of temperature 
(to a first approximation) only if the factor E has a zero 
temperature coefficient. 

It is desirable, therefore, to examine the factor E, given by 
Eq. (55), to determine (a) a zero temperature coefficient for 
E, and (b) ,a coefficient for E that is large enough to cause the 
current 10 to increase with increases in temperature. 

It is convenient to define the voltage drop V' as follows: 

V'=Vo +C6T (57) 

where Vo is the value of V' at room temperature, C is the tempera
ture coefficient of V' (e.g., -1.43 millivolts per °C), and .:l T is 
the change in temperature from room temperature. 

When the relationship expressed by Eq. (57) is used in 
Eq. (55), the value of E is given by 

E = ~ (MVee - Vo - C6T) (58) 

where 

M= X 

(Dl + D2) (X _ ~2; ~) 
(59) 

The proportional change in E with temperature can be ex
pressed as follows: 

(60) 

Because the temperature coefficient C is negative, the ratio .:lE/E 
can be positive only if M is positive and if MVee is greater than 
Vo. A zero temperature coefficient for E is approached when M 
approaches infinity; resistance ratio X is then given by 

X = D2 - 1 (61) 
Dl + D2 

When M is equal to or less than 1, the ratio .:lE/E is very 
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small and, for conventional dc power supplies (Vee » Vo), is 
positive. In the evaluation of M, it is important to remember that 
Dl and D2 are positive integers, and that X is a positive number 
between 0 and 1 (i.e., 0 < X < 1). The value of X is restricted 
even further by practical circuit considerations. Eqs. (54), (55), 
and (56) show that the operating point of differential-amplifier 
integrated circuits is dependent upon the value of the resistance 
ratio X. This ratio, therefore, must be easy to maintain at the 
required value during production to assure a predictable operating 
point. The more closely the resistors Rl and R2 are matched in 
geometry, the more easily the value of the ratio X can be main
tained at the required value. 

Eq. (53) can be rewritten to obtain the following expression 
for X: 

X=_l_ 

Rl + 1 
R2 

If production tolerances restrict the ratio RdR2 to a value between 
0.5 and 2 (i.e., 0.5 ::;; RdR2 ::;; 2), X is then constrained to the 
region between 0.33 and 0.67 (i.e., 0.33 ::;; X ::;; 0.67). 

Practical considerations also dictate that the number of com
pensating diodes used in the current-sink circuit be limited to the 
minimum required to provide the necessary temperature com
pensation. The maximum value for Dl or D2 is limited to 3. A 
systematic exploration of all possible combinations is best accom
plished by evaluation of Eqs. (59) and (60) as functions of X, 
Dh and D2, as Dl and D2 are assigned values of 0, 1, 2, and 3 
in turn. 

For D2 = 0, Eq. (59) becomes 

X 
M=----

DIX+ 1 
(62) 

M is positive for all values of X. Substitution of Eq. (62) into 
Eq. (60) shows that infinite points occur whenever MVee = Vo. 
When MVee is less than Vo, the ratio AE/E is negative; otherwise, 
this ratio is positive. 

The change in AE/E that results from a 1000 e rise in tem
perature is shown in Figs. 40 through 45, for various conditions. 
Fig. 40 shows this proportional change in E as a function of X 
for different values of Dl when D2 = 0 and Vee = 3.0 volts. As X 
is varied from 0 to 1, the increase in temperature causes negative 
increases in E that rise to infinity. As Xis increased further, the 
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Fig. 40 - Effect of the number of diodes Dl on the variation in the voltage 
E as a function of the ratio X for a temperature increase of loo·e and a 

supply voltage V •• of 3 volts when no diodes D. are used. 

proportional change in E becomes positive and becomes smaller 
and smaller as X approaches 1. The use of higher values of Dl 
increases the value of X at which the turnover occurs and, in 
general, results in a higher positive value for AE/E. 

Fig. 41 shows AE/E as a function of X for the same condi
tions as those given in Fig. 40, except that Vee is 6 volts. With 
Vee doubled, the turnover point occurs closer to the origin, and 
the positive changes in E are smaller. 

It is obvious that D2 must equal 0 for a positive change in 
E to result from a temperature increase and for a negative change 
in E to result from a temperature decrease. The exact amount of 
change in E, together with the expected operating points, dictates 
the value of Dl and of the ratio X. 
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Fig. 41 - Effect of the number of diodes D1 0n the variation in the voltage 
E as a function of the ratio X for a temperature increase of loo·e and a 

supply voltage Vee of 6 volts when no diodes D. are used. 
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For the condition D2 = 1, Eq. (59) becomes 

M=_l_ 
1 + Dr 

(63) 

This equation obviously is independent of the ratio X. The voltage 
E, therefore, is dependent upon only the power supply. This con
dition, however, does not permit the designer the option to 
introduce any quantitative change by the proper selection of X. 
For this reason, the condition D2 = 1 is rejected and will not be 
considered further. 

For the condition D2 2, Eq. (59) is given as follows: 

:;VI = 
x 

(Dr + 2) (X - D1 ~ 2) 

(64) 

For values of X = 1/(2 + Dd, M is infinite, and Eq. (60) 
shows that ~E/E becomes zero. When X is less than 1/(2 + Dd, 
M is negative, and negative values are obtained for ~E/E as the 
temperature rises. When X is greater than 1/ (2 + D1 ), M 1S 

positive. 

When the voltage Vee is low enough, the ratio ~E/E may 
again approach infinity and then become negative. As illustrated 
in Fig. 42, which shows variations in ~E/E as a function of X 
for a Vee of 3.0 volts and Dl = 3, this condition can produce 
large positive coefficients. These coefficients are somewhat smaller 
when a higher Vee is employed, as shown in Fig. 43 for Vee = 
6.0 volts. 
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Fig. 42 - Effect of the number of diodes D, on the variation in the voltage 
E as a function of the ratio X for a temperature increase of 100°C and a 

supply voltage Vee of 3 volts when two diodes Dz are used. 
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When D2 = 3, Eq. (59) can be written as follows: 

M = _____ X ____ _ 

(3 + D 1) (X - 3 : DJ 

(65) 

Fig. 43 -- Effect of the number of diodes D, on the variations in the voltage 
E as a function oj the ratio X for a temperature increase oj 100°C and a 

supply voltage V .. of 6 volts when two diodes D2 are used. 

The results for this condition are similar to those obtained for 
D2 = 2, except that the points of the zero-temperature effect are 
shifted to higher values of X. The results for O2 = 3 are illus
trated in Figs. 44 and 45. 

The simplest arrangement that results in a zero temperature 
coefficient is defined by the conditions O2 = 2 and 0 1 = O. 
For these conditions, only two diodes are used, and the zero-
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Fig. 44 -- Effect of the number of diodes D, on the variations in the voltage 
E as a function of the ratio X for a temperature increase of 100°C and a 

supply voltage Vee of 3 volts when three diodes D2 are used. 
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Fig. 45 - Effect of the number of diode$ D. on the variations in the voltage 
E as a function of the ratio X for a temperature increase of loo·e and a 

supply voltage Vee of 6 volts when three diodes D2 are used. 

temperature effect is obtained for X = 0.5. Little need then exists 
for the use of more diodes, particularly in view of the fact that 
the requirement for high positive coefficients is fulfilled by the 
condition Dl = D2 = 0, which does not require the use of any 
diodes. 

Gain-Operating Point Relationships 

More precise expressions than those thus far presented 
must be derived for the operating point and gain of a differential 
pair of transistors operated with a transistor current sink before 
an intelligent selection of the parameters for the sink circuit can 
be made. 

Eqs. (5) and (54) are used to obtain thefollowing definition for 
the collector currents of the differential pair of transistors at the 
operating point: 

101 = 102 = ~2 (:J (66) 

The voltage drop across the collector load resistor of each tran
sistor is given by 

(67) 

If U is used to represent the ratio RdRt, Eq. (67) may be 
rewritten as follows: 

(68) 
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For a given positive collector supply voltage Vee, the collector 
voltage Voe of each transistor at the operating point is given by 

(69) 

When an output emitter follower is used, the output voltage 
becomes 

Voe = Vee - (~2) UE - V' (70) 

The gain G of each transistor at the operating point is equal 
to Igm Rr.l. On the basis of the relationships given by Eqs. (36), 
(54) and (67), this parameter can be defined as follows: 

aU 
(71) 

2 [(1 - a) rb' + (ree + Re)] + 4h 
Rt aE 

Substitution of Eq. (58) into Eqs. (69) and (70) yields the 
following results: 

V = V - a2 UXV + V (~ UX) + C.6. Ta2 (UMX) (72) oe eo 2 ee °2M 2 

Voe = Veo - a2U~Vee + Vo (a~U ~ - 1) 

- C.6. T (1 - a~~X) (73) 

For the conditions Dl = D2 = ° and XjM = 1, Eqs. 
(72) and (73) may be rewritten as follows: 

Vo• = Vee _ ~ UXVee + Voa 2 U + C.6.T a 2 U 
2 2 2 

(74) 

a2 (a2 U) (a2 U) Voe = Vee - 2 UXVee + Vo 2 - 1 - C.6.T 1 - 2 (75) 

For the conditions Dl = 0, D2 = 2, and XjM = 0, the 
equations for Voe and Voe become 

a 2 U 
Voe = Vee - - X Vee (76) 

2 

a 2 
Voe = Vee - - UXVee - Vo - C.6.T (77) 

2 
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Eqs. (74) through (77) show that the operating point for 
the differential amplifier is dependent upon the resistor ratios U 
and X, upon the dc supply voltages Vee and Vee, and upon the 
a of the transistors. 

Gain-Temperature Relationships 
With the exception of a and U, which are expected to vary by 

small amounts with temperature, the only temperature-dependent 
terms in the expressions for the output voltage are those mUltiplied 
by C.:1T. For the conditions under which Eq. (76) is applicable (i.e., 
Dl = 0, D:J = 2, and X/M = 0), the output-voltage equation con
tains no temperature-dependent terms except a and U. For the con
dition Dl = D2 = 0, Eq. (75) indicates the possibility of zero 
temperature coefficient for the output voltage of the differential 
amplifier when an output emitter follower is used and a 2U /2 
approaches unity. For this condition (Dl = D2 = 0), the gain 
relationship, Eq. (71), becomes 

IGI aU (78) 

2Rte U 4KT ( 1 + ¥,) 
It:- + q (V..,x - Vo - C.6T) 

where To represents the room temperature, AT is the amount of 
deviation in °C from the room temperature, and Rte is given by 

R te = (1 - a)rb' + (ree + Re) (79) 

At toom temperature (20°C), the gain is given by 

aU I G 120'C = (80) 
2 R te U + 4K To 

RL aq (Vee X - Vo) 

For the conditions used to obtain Eq. (76), i.e., X/M = 0, 
D t = 0 and D2 = 2, the general gain equation is as follows: 

lal = aU .6T 

2Rte U + 4KT 0 ( 1 + 'i.';;-) 
RL . aq V.eX 

(81) 

At room temperature, this equation reduces to 

aU IGl 200c = ------
2Rte U + 4KTo 

RL aq Vee X 

(82) 
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The gain of the differential amplifier is thus found to depend 
upon the resistor ratios U, )C, and Rte/RL , upon a, and upon 
the de supply voltage Vee. 

Relative Merits of Various Operating Modes 

The variations in 0: and in 0:2 with temperature are shown in 
Figs. 46 and 47, respectively. The effect of temperature on the re
sistance ratio U is shown in Fig. 48 for several values of resistor Rs 
and a medium beta. The effect of different values of beta on the 
temperature dependence of the ratio U is shown in Fig. 49 for a 
resistor Ra of 1000 ohms. 
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The graphical data presented in Figs. 46 through 49, together 
with the relationships expressed by Eqs. (74) through (82), 
permit certain conclusions to be drawn about differential-amplifier 
integrated circuits. On the basis of the these conclusions, the 
relative merits of the various operating modes in the current
sink circuit can be evaluated with respect to the effects of tem
perature variations on the operating point and gain of differential
amplifier integrated circuits. 

For the basic differential-amplifier circuit in which no output 
emitter follower is employed, Eq. (76) shows that when tempera
ture-compensating diodes are used, the basic shift in the operating 
point with a change in temperature results entirely from a varia
tion in a with temperature. Such a-caused shifts in the operating 
point result in small negative changes in the output voltage as the 
temperature increases. 

When the compensating diodes are not used, Eq. (74) in
dicates that the decrease in output voltage will be more pronounced 
for the same increase in temperature. This condition is implied 
by the fact that the last term in Eq. (74) is negative for a rise in 
temperature. Although the amount of change in voltage can never 
become zero, it can be reduced by an increase in the value of 
resistor Rs. 

When the emitter-follower output is used, the "diodes in" 
mode of operation can result in partial or complete cancellation 
of the negative-going decrease in voltage that occurs with rises in 
temperature. The degree of cancellation is dependent upon the 
values of U, X, and Vee. For low values of Vee, the trend may 
well be a rise in output voltage with temperature. 

In the "diodes out" mode of operation, the change in out
put voltage with temperature is also largely dependent on the 
ratio U. If a2U/2 is greater than 1, the temperature coefficient of 
the output voltage may be negative. If a2U /2 is approximately 
equal· to 1, the "diodes out" performance approaches the "diodes 
in" performance because the temperature-sensitive terms become 
very small and the variation of a with temperature is· the only 
determining factor. If a 2U/2 is substantially less than 1, the posi
tive-temperature-coefficient terms should predOlqinate, and an 
operating point that rises with increases in temperature will result. 

Eq. (78) indicates that the basic decrease in ~ as the tem
perature rises (because of the KT/q term) can be cancelled or 
overcome if the value selected for the supply voltage Vee or for 
the ratio X is low enough. This condition implies that, with the 
diodes out· of the circuit; the gain can be made to decrease, re-
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main constant, or increase with an increase in temperature. 

With the diodes in the circuit, the decrease in gain with rises 
in temperature is not compensated and is about 2 dB per 100°C 
rise for very small values of the emitter resistors Re. These emitter 
resistors tend to diminish the difierence in the temperature char
acteristic for operation with the diodes in and with the diodes out. 
Thus, in circuits in which the external emitter resistors are not 
used, a greater difference will be observed for the two conditions 
in both gain and operating-point temperature dependence. 

Even if there were no significant difference in the tempera
ture characteristics of the two modes of operation, the inclusion 
of the diodes would be worthwhile because they allow a change 
in operating point without substantial change in the ratio X, as 
would be necessary if diodes were not used. Such variation in the 
ratio X could result in very undesirable temperature characteris
tics for some operating points as shown in Figs. 41 and 42. 

Selection of Parameters for the Current-Sink Circuit 
Equations have been derived to show the dependence of the 

gain and operating point of the differential-amplifier integrated 
circuits on temperature. These equations, which have been veri
fied experimentally, provide accurate predictions of the charac
teristics of these important parameters with changes in temperature. 
Engineering judgment can then be used to specify all resistor 
ratios for any given combination of gain, operating point, and 
supply voltage. 

Absolute values for the collector load resistor RL and the 
resistor combination Rt are established by the bandwidth require
ments of the circuit. The absolute value of the resistors Rl and 
R2, which determines the ratio X, is not controlled except as re
quired by the following practical considerations: 

1. The power dissipated in the bias circuit is inversely pro
portional to the absolute values of the resistors Rl and 
R2 • Thus, the smaller the absolute values of the resistors, 
the higher the power dissipated in the bias circuit be
comes. 

2. The dependence of the ratio U on beta is reduced as the 
absolute values of the resistors Rl and R2 are decreased. 
Thus, the smaller the resistors are, the smaller the varia
tions in U with changes in beta. 

These contlicting considerations indicate that a compromise 
is required in the selection of the absolute values of Rl and R2• 
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Another factor that must be considered, before a final decision 
of the absolute value of Rl is made, is the effect of the impedance 
in the base circuit on the output impedance of the current-sink 
transistor. 

The output impedance of the current..,sink transistor is both 
finite and frequency-dependent, rather than infinite and -constant 
.with frequency as implied in an ideal current source. Moreover, 
the output impedance is dependent upon the input impedance be
cause of the non-unilateral characteristic of the current-sink tran
sistor. 

The output iJlipedance must be high compared to the parallel 
emitter input jrnpedances of the differential pair of transistors; 
otherwise, the current-source requirements are not met. Also, the 
common-mode· gain is simply one-half the ratio of the differen
tial-amplifier collector resistor to the equivalent impedance feed
ing the emitters. Because the common-mode gain in a differential 
amplifier should be as low as possible, the larger the impedance 
of the current source, the higher the common-mode rejection 
should be. (Common-mode rejection is the ratio of the differen
tial gain to the common-mode gain.) 

A quantitative evaluation of the output impedance and its 
dependence on the base resistor values may be made with the help 
of a transistor model. The model that best represents the integrated
circuit transistor used in the linear analog (differential-amplifier) 
integrated circuits is shown in Fig. 50. In this model, the substrate 
series resistance R. is small enough so that its effect is negligible 
below frequencies of 100 MHz. The substrate-to-collector leakage 
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v 

Fig. 50 - Equivalent-circuit model of an integrated-circuit transistor. 
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G. is small, but not necessarily negligible, and therefore is rep-
resented. . 

From this model, the output admittance Yout of a common
emitter single stage that has a base termination admittance of 
P times the common-emitter short-circuit input admittan~e is given 
by the following equation: 

Yout = G. + j",C. + 0/./.1.0 ~ + _1_ [Re + fb' + !3Re ] (83) 
D 1 +P DZ. 1 +P 

where 

(84) 

and Re includes any external emitter resistor plus the internal 
emitter resistances ree and reo When Eq. (84) is substituted in 
Eq. (83), the expression for Yout becomes 

Y G + . C 0/./.1.0 P 1 [ fb' !3 ] out = • J"'. = - -- - - 1 + - + --
R. 1 + P Z. R. 1 + P 

(85) 

Fig. 51 shows the low-frequency output impedance of the 
current-sink transistor as a function of the base terminating re
sistance for various values of the emitter resistor. It is evident 
that the smaller the termination resistance in the base, the higher 

I 

CI 
::EO.S 
I 

~ 
~0.6 

~ 
::E 
;:::0.4 
::::J 
a. .... 
50.2 

o 

~ 

~~ 
'P 

F==' 

~J .#f~ 
q. V ~ob V 

~v 

2 4 6 2 4 68 2 468 
10-5 10-4 10-3 10-2 
EQUIVALENT PARALLEL BASE - TERMINATION 

CONDUCTANCE -MHOS 

Fig. 51 - Low-frequency output impedance of the current-sink transistor 
as a function of the equivalent parallel base-termination conductance for 

several values of the emitter resistance. 

the output impedance becomes. The selection of a very small re
sistor, however, is precluded by the high power dissipation that 
results in the base bias network. 
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Fig. 52 shows that the absolute value of output impedance 
varies inversely with frequency, primarily because of the collector 
capacitances. Even at frequencies as high as 100 MHz, the im
pedance is several hundred ohms for a base terminating con
ductance of 1 millimho (i.e., Gb = 10-3 mho). This relatively 
high impedance, which is many times greater than the emitter 
impedances at the junctions of the differential pair of transistors, 
implies that, although the common-mode rejection will not be as 
high as desired at 100 MHz, the signal path will not be appre
ciably shunted by the constant current-sink transistor. 

Fig. 53 shows the effects of the emitter resistor on the rate 
of the inverse change in output impedance with frequency. In 
effect, the larger the value selected for the emitter resistor, the 
higher the low-frequency output impedance becomes, and the 
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lower the frequency at which the roll-off caused by the collector 
capacitances occurs. 

Figs. 54 and SS show that the phase angle of the output 
reaches 90 degrees (the condition which represents a pure ca
pacitive output impedance) at a frequency of a few megahertz. 
The curves in these figures also show the relative effects of the 
emitter resistor and the base-termination resistance on the re
lationship between frequency and phase angle. 

The variation in the power dissipated in the base bias net
work as a function of the sum of the base bias resistors, for a 
supply voltage Vee of 6 volts, is shown in Fig. 56. The sum of 
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Fig. 56 - Power dissipation in the bias network of the current-sink tran
sistors as a function of the sum of base-bias resistors Rl and R •. 

the base-bias resistors, Rl and R2, should be greater than 7000 
ohms to limit the dissipation to less than 5 milliwatts. 

On the basis of these considerations, the final values for the 
parameters in the current-sink circuit can be selected. The value 
of the resistor Rl is chosen as 5000 ohms. For the conditions 
Dl = 0 and D2 = 2 ("diodes in" mode of operaton), the ratio X 
is 0.5, and R2 is also 5000 ohms. The sum Rl + R2 then is 
10,000 ohms. The equivalent base termination resistance RtX 
can be calculated as follows: 
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At a temperature of 20°C and for a transistor beta of 35, 
the quantity (1 - a) R1X is about 70 ohms, which is more than 
10 per cent of the value of a 500-ohm emitter resistor but only 
about 3 per cent of the value of a 3000-ohm emitter resistor. 

For the "diodes out" mode of operation (Dl = D2 = 0), if 
the value of Rl is again 5000 ohms and the ratio X is 0.36, R1X 
is 1800 ohms. The quantity (1 - a) R1X then represents a re
sistance of 50 ohms. The ratio RJlR2' as determined from Eq. 
(53), is 1.78, and the value of R2 becomes 2800 ohms. The sum 
Rl + R2 is then 7800 ohms. 

The circuit adopted as the final configuration for the tran
sistor constant-current sink is shown in Fig. 57. This circuit 
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Fig. 57 - Current-sink configuration used in linear (differential-amplifier) 
integrated circuits. 

which includes provisions for both modes of operation ("diodes 
in" and "diodes out") is used as the standard constant-current 
sink for RCA linear integrated circuits. Circuits that have a 
high value of collector load resistance (i.e., low-frequency, bigh
gain circuits) require larger vatues of emitter resistors than circuits 
that have low values· of collector load resistance. The resistor 
values for each operating condition are indicated on the circuit 
schematic shown in Fig. 57. 
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Integrated-Circuit Operational

Amplifier Configuration 

The term "operational amplifier" was originally intended to 
denote an amplifier circuit that performed various mathematical 
operations such as integration, differentiation, summation, and sub
traction. The application of the operational amplifier, however, has 
been so vastly extended that, today, this term suggests a device that 
finds the widest use in such applications as signal amplification and 
wave shaping, servo and process controls, analog instrumentation 
and system design, impedance transformation, and many other rou
tine functions. This versatile circuit may also be used in many non
linear applications such as voltage comparators, analog-to-digital 
and digital-to-analog converters, logarithmic amplifiers, and non
linear function generators. 

The great versatility and many advantages of operational am
plifiers stem from the use of negative feedback to control response 
characteristics. If the amplifier circuit provides sufficient gain, 
the closed-loop amplifier characteristics become a function of only 
the feedback components. The versatility in the application of the 
operational amplifier, therefore, is limited primarily by only the 
ingenuity of the circuit designer in the selection and arrangement 
of feedback components. 

GENERAL CONSIDERATIONS 

An ideal operational amplifier would have infinite open-loop 
gain and bandwidth and zero noise, offset, and drift. Although no 
amplifier has these ideal qualities, practical operational amplifiers 
are generally characterized by the following properties: 

1. extremely high dc voltage gain, generally in the range from 
lOS to 106; 

2. wide bandwidth that starts at dc and rolls off to unity gain 
at from 1 to 100 MHz with a slope of 6 dB per octave or 
at most 12 dB per octave; 
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3. positive and negative output voltage over a large dynamic 
range, usually from -+- 10 to -+- 100 volts; 

4. very low input dc offset and drift with time and tem
perature; 

5. high input impedance so that amplifier input current can be 
largely neglected. 

The configuration most commonly used for operational am
plifiers is a cascade of two differential-amplifier circuits, such as 
that described in the preceding section, together with an appro
priate output stage. The cascaded differential-amplifier stages 
not only fulfill the operational-amplifier requirement for a high
gain direct-coupled amplifier circuit, but also provide significant 
advantages with respect to the application of the operational 
amplifier. 

From an applications standpoint, the versatility of an opera
tional amplifier that has a differential input is substantially greater 
than that of the single-input type of operational amplifier. The 
increased versatility of the differential-input operational amplifier 
results from the greater flexibility allowed in the selection of the 
feedback configuration. In the single-input operational amplifier, 
only the inverting type of feedback configuration can be employed. 
When differential inputs are employed, the operational amplifier 
may use either an inverting feedback configutation or a noninvert
ing feedback configuration, which is dependent upon the common
mode rejection for its negative feedback. The characteristics of 
an operational amplifier may differ significantly depending upon 
the type of feedback used. The two types, therefore, tend to 
complement each other. Moreover, because the characteristics 
provided by each feedback configuration are required equally 
often, the differential-input operational amplifier is, from an 
applications standpoint, twice as versatile as the single-input 
operational amplifier. 

The differential-input operational amplifier is readily adapted 
to integrated-circuit construction techniques. As pointed out in 
the preceding section, a differential-amplifier circuit is a stable 
dc-amplifier configuration that lends itself particularly well to 
the monolithic diffusion process used in the construction of the 
silicon integrated circuits. In addition, symmetrical differential
amplifier stages can be dc-cascaded readily, provided that each 
succeeding stage is driven push-pull by the preceding stage. The 
common-mode effects that result from this arrangement make 
possible stable, direct-coupled cascades. 

The capabilities and limitations of operational amplifiers are 
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firmly defined by a few very simple equations and rules, which 
are based on a certain set of criteria that an operational amplifier 
must meet. Effective use of these simple relationships, however, 
requires knowledge of the conditions under which each is appli
cable so that errors that may result from various approximations 
are held to a minimum. This section explores the theory of the 
design and use of operational amplifiers, and develops each per
tinent design equation in a general way. Evaluations are then 
made to determine the assumptions that must be made (or 
the criteria the operational amplifier must meet) to reduce 
these general equations to classical operational-amplifier design 
equations. 

Frequency instabilities in the operational amplifier and the 
methods used to prevent them are also discussed. A thorough 
understanding of the principles of frequency stability is imperative 
to the successful application of operational amplifiers. The basic 
concepts and techniques involved in phase compensation (fre
quency stabilization) are explained in terms of (1) basic frequency
stability requirements, (2) the problems that may result from an 
uncontrolled frequency response, and (3) the techniques. that may 
be used to correct these undesirable effects. (Specific applications 
of practical integrated-circuit operational amplifiers are described 
in a subsequent section.) 

Finally, the basic criteria for an operational amplifier are 
given. This discussion is placed last because a basic insight to 
the theory of application is required before the effects of many 
of the operational-amplifier requirements can be fully appreciated. 

BASIC THEORY OF OPERATIONAL AMPLIFIERS 
In the development of the basic equations and concepts 

associated with the use of operational amplifiers, the precise 
formulations for the transfer functions, the input impedances, the 
output impedances, and the loop gains are presented for both the 
inverting and the noninverting feedback configurations, and clas
sical design equations are then derived from these precise formula
tions. The effects of the load impedance and of common-mode 
gain (or common-mode rejection) on the inverting and noninvert
ing feedback configurations are considered separately. 

Inverting Feedback Configuration 

An operational amplifier operated with an inverting feedback 
configuration is shown in Fig. 58. The load resistor RL is assumed 
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Fig. 58 -Inverting-feedback operational-amplifier configuration. 

to be large enough so that its effect on the transfer characteristic 
is negligible, i.e., louT = O. (The effects of a finite RL are in~ 
vestigated and evaluated subsequently in the discussion of the 
equivalent~circuit model of an operational amplifier.) 

Certain differential-input operational amplifiers require a 
significant flow of bias current at each input. For this condition, 
the dc paths to ground for each input must be equal so that a 
minimum dc offset voltage (error) is developed at the output. 
Thus, for the terminology employed in Fig. 58, Rr must equal the 
parallel combination of z.(w = 0) with the series combination 
of Zt(w = 0) and Zoot (w = 0). 

In the circuit of Fig. 58, the drive-source impedance affects 
the feedback in the inverting configuration and, therefore, must 
be considered part of the Z. t-erm. For brevity, the symbol Z. is 
defined to include the source impedance as well as certain feedback 
design elements. The impedances Zt and ZOj are the open-loop 
intrinsic input and output impedances of the . operational amplifier. 
Ordinarily, these impedances are assumed in the amplifier symbol. 
In Fig. 58, however, they are identified to emphasize their im
portance in the ensuing equations. The term Ao(w) is the open-loop 
differential voltage gain of the operational amplifier; this parameter 
is frequency-dependent. The terminals on the operational-amplifier 
symbol labeled minus (-) and plus (+) refer to the inverting 
and noninverting input, respectively. 

Inverting-Configuration Transfer Function - The transfer 
function or closed-loop gain of an operational amplifier is generally 
considered to express the relationship between the input and 
output voltages. (It is relatively simple to convert the voltage 
transfer function to another desired transfer relationship.) In the 
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derivation of the transfer function for the schematic in Fig. 58, 
the following differential-amplifier relationship is used as the 
starting point: 

VOl = -Ao(w) (Ve - Vi) 

where Ve and VI are defined as follows: 

(86) 

Ve = VIN (Zf+Zoi)/(Zi+Rr) + VOl Zr/(Zi+Rr) (87) 

Zr + (Zf+Zoi)/(Zi+Rr) Zf + ZOi + Zr/(Zi+Rr) 

and 

(88) 

(In these and subsequent equations, the load resistor RL is assumed 
to approach infinity.) 

If the expressions for Ve and VI given by Eqs. (87) and (88) 
are substituted in Eq. (86), the resulting expression can be sim
plified as follows: 

VOl = -Ao(w) Zi (Zf+Zoi) VIN (89) 
(Zf+Zoi) (Zi+Rr)+Zr (Zf+Zoi+Zi+Rr)+Ao(w)Zi Zr 

The output voltage V OUT is expressed in terms of VOl and V IN 

by the following equation: 

VOUT = VOl [Zf + Zr/(Zi + Rr)] 
ZOi + Zf + Zr/(Zi + Rr) 

+ VIN ZOi (Zf + ZOi)/(Zi + Rr) (90) 

(Zf + ZOi) [Zr + (Zf + ZOi)/(Zi + Rr)] 

With VOl defined as indicated by Eq. (89), the accurate equation 
for the transfer response (for RL~ 00) becomes 

~_O_UT = ZOi (Zi+Rr) - Ao(w) Zi Zf (91) 

VIN (Zf+ZOi) (Zi+Rr ) +Zr(Zf+Zoi+Zi+Rr) +Ao(W)ZiZr 

If Zt is assumed to be much greater than the combination of Z. in 
parallel with Zr. + Zob and if Zol is assumed to be much smaller 
than Zf, then the closed-loop gain (or transfer function) may be 
expressed as follows: 

VOUT -Ao(w) Zf . -- = --~~-"--
VIN Zf + Zr + Ao(w) Zr 

(92) 

In addition, if the open-loop gain Ao(ru) is the dominant term in 
either Eq. (91) or (92), the transfer-function equation for the in-
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verting configuration simplifies to the following familiar expression: 

VOUT Ao(w)-: 00 Zf 
VIN Zr 

(93) 

Eq. (93) is considered to be the classical or ideal expression 
for the closed-loop gain (transfer function) for an operational am
plifier that uses the inverting type of feedback configuration. 

The difference between the open-loop gain and the closed
loop gain is in itself an important design parameter. This "gain 
throwaway", which is known as the loop gain L.G., is defined by 
the following equation: 

L. G. = open-loop gain, Ao(w) (94) . 

closed-loop gain, V,VOUT 

IN 

When the transfer function is given by Eq. (92), the loop
gain equation may be written as follows: 

Zf 
L.G. = Z, (95) 

Zr 
Moreover, when the open-loop gain is very large, the inverting 
loop gain can be considered to be the open-loop gain divided by 
the ideal inverting closed-loop gain. The equation for L.G. then 
becomes 

L. G. :I: -Ao(w) 
Z, 
Zr 

(96) 

The loop-gain parameter can be used to predict the accuracy 
of the approximate operational-amplifier relationships. In general, 
the higher the loop gain, the more accurate the results provided 
by the approximate (or classical) relationships. This correlation 
is demonstrated in TabIeI!, which compares values of VOUT/VIN 

obtained from the precise transfer expression, Eq. (91), with 

Table II-Comparison of Precise and Approximate Formulas 
lor Closed-Loop Gain (Inverting Configuration) 

C •• dltl ... : A.C.,) = 1000 fO·. Zt = 15,000 !!:. ZOt = 200 /0". Z. = 1000 /0·. 
Vour/YZB YOUP/YIB 

L.I. Z It· tr.. E~(I3) fr_{lJi (11) Elm' 
e.'_) etlB l!!!. CtlB) 

200,000 46.0 44.3 1.70 14.0 
100,000 40.0 39.1 0.90 20.0 
30,000 29.6 29.3 0.30 30.4 
10,000 20.0 19.9 0.10 40.0 
2,000 6.03 6.0 0.03 54.0 
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values obtained from the classical approximation, Eq. (93), for 
various gain settings. The tabular data show that the classical 
equation is accurate to within 1 dB provided the loop gain is at 
least 20 dB. Eq. (96) was used to calculate all of the loop-gain 
values given in the table. 

Inverting-Configuration Input Impedance, ZIN - The input 
impedance ZIN for the inverting-feedback configuration of an 
operational amplifier, shown in Fig. 58, can be expressed as 
follows: 

where 

Therefore, 

VIN 
ZIN =--

lIN 

I VIN - Ve 
IN = 

Zr 

(97) 

(98) 

ZIN = Zr (99) 

1-~ 
VIN 

The ratio Ve/VIN may be determined by substituting the ex
pression for VOl given by Eq. (89) into Eq. (87) and dividing 
through by VIN (with RL"""~oo.) The resultant equation is then sim
plified to obtain the following relationship: 

Ve (Zf + ZOi) (Zi + Rr) 

VIN Zr (Zf+Zoi+Zi+Rr) + (Zf+Zoi) (Zi+Rr) + Ao(W)Zi Zr 
(100) 

If this expression for Ve/VIN is substituted into Eq. (99), the 
result can be simplified to obtain the following precise expression 
for the closed-loop input impedance: 

Z - Z + (Zf + ZOi) (Zi + Rr) 
IN - r 

(Zf + ZOi + Zi + Rr) + Ao(W)Zi 
(101) 

If Ao{w) is dominant and Z01 is small, Eq. (101) reduces to 

Z = Z + Zf (Zi + Rr) (102) 
IN . r Ao(w) Zi 

A further simplification is possible when Rr is much smaller than 
Zb which is a common condition. In this case, the equation for 
the input impedance becomes 

Zf 
ZIN = Zr+-

Ao(w) 
'(103) 

Eqs. (102) and (103), which are important in voltage-summing 
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or scaling-adder* applications, can be used to predict the degree 
of interaction among multiple inputs. 

When Ao(OJ} is large enough, Eqs. (102) and (103) may be 
rewritten as follows: 

A.,(w)-+ <Xl 

ZIN Zr (104) 

Eq. (104) is the "classical" equation for the input impedance 
of an operational amplifier when an inverting-feedback configura
tion is used. This equation, together with Eq. (101), implies the 
existence of a condition known as a virtual ground at the node
assigned voltage Ve (shown in Fig. 58). That is, the node is at 
ground potential even though there is no electrical connection be
tween this point and ground. [This statement can be verified either 
intuitively by the use of Eq. (104) or directly if AiOJ} is assumed 
to be infinite in Eq. (100)]. Moreover, no current flows into the 
negative terminal of the amplifier when the open-loop gain is 
infinite because the voltage Ve is zero while the impedance at the 
negative terminal (i.e., ZI + Rr ) is not zero. The concept of a 
virtual ground leads to an extremely simple three-step analysis 
procedure for an inverting operational':'amplifier configuration. 

1. Because of the virtual ground (Ve = 0), the input current 
lIN and feedback current If can be defined as follows: 

V IN lIN =-
Zr 

(105) 

If = - VOUT (106) 
Zf 

2. Zero current flow into the inverting terminal (Ve = 0) 
indicates the following relationships: 

lIN = If (107) 

VIN = - VOUT (108) 
Zr Zf 

3. Eq. (108) can then be rewritten to obtain the classical 
gain equation, as follows: 

VOUT Zf --= --
V IN Zr 

(109) 

• A scaling adder is an inverting operational-amplifjer confjguration which 
weights and sums multiple voltages. 



Operational-Amplifier Configuration 81 
Although the foregoing analysis is certainly an idealized one, 

it is nevertheless practical because the required approximations 
are usually valid. Eq. (100) serves as a measure of the deviation 
from a true virtual ground. 

Inverting-Configuration Output Impedanee, ZoUT - The 
closed-loop output impedance is the ratio of the unloaded output 
voltage VOUT to the short-circuit output current lOUT as follows: 

Z VOUT (RL --+ CD) 
OUT = 

lOUT (RL --+ 0) 
(110) 

It is apparent from Fig. 58 then that the output current lOUT is 
given by 

I (R 0) -Ao(w) (Ve - Vi) OUT L --+ = --"-'--=-.!....-..:-~ 
Zoi 

(111) 

If the expression given by Eq. (88) is substituted for Vb Eq. (111) 
can be rewritten as follows: 

I (R 0) -Ao(w) Zi V. OUT L --+ = -....:...:..-'---'--" 
Zoi (Zi + Rr) 

(112) 

Under short-circuit conditions (RL = 0), the voltage Ve in terms 
of VIN is given by 

Ve = VIN Zf./'(Zi+Rr) = VIN Zf (Zi+Rr) (113) 
Zr + Zf./'(Zi+Rr) Zr (Zf+Zi+Rr) + Zf (Zi+Rr) 

Therefore, lOUT (at RL = 0) can be expressed in terms of VIN as 
follows: 

(114) 

If this expression for lOUT is substituted in Eq. (110) and con
sideration is given to the intransience of VIN in going from an 
unloaded to a fully loaded condition, the equation for ZoUT 

becomes 

ZOUT = ZOi [Zr (Zf+Zi+Rr) + Zf (Zi+Rr)] (VOUT) (115) 
-Ao (w) Zi Zf VIN 

Finally, the desired equation for the closed-loop output impedance 
is obtained if the expression for VouT/VIN given by Eq. (91) is 
substituted into Eq. (115), as follows: 

ZOUT= 
ZOI[Zr(Zf+Zi+ Rr) + Zf(Zi+ Rr) FAo(w )ZiZf- ZOi(Zi+ Rr)] 

Ao(W)ZiZf[Zr(Zf+Zoi+Zi+Rr) + (Zf+Zoi)(Zi+Rr) +Ao(W)ZiZr] 
(116) 
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H the open-loop gain term Ao(w) is dominant, Eq. (116) simplifies 
to 

ZOUT ,: ZOi [Zr (Zf + Zi + Rr) + Zr (Zi + Rr)] (117) 
Ao(w) Zi Zr 

This expression for ZOOT does not simplify to its "classical" equa
tion unless Z;. is dominant also; in this case, Eq. (117) becomes 

1 + Zr 

ZOUT ,: ZOi ~ (118) 
Ao(w) 

The assumption that Zl is a dominant term is not always valid, 
especially if bipolar transistor inputs are employed. Eq. (117), 
therefore, may be considered to take precedence over Eq. (118). 

Noninverting Feedback Configuration 

Fig. 59 shows the general circuit for an operational amplifier 
operated with a noninverting feedback configuration. In this sec
tion, the equations for the transfer function and the closed-loop 

Vi 

liN -
VOUT -lOUT 

RL 

Zt 

Ve 

Zr 

Fig. 59 - Noninverting-feedback operational-amplifier configuration. 

input impedance for this type of operational-amplifier circuit are 
derived. These derivations,as did those for the inverting circuit, 
assume that the load resistor RL is large enough so that its effect 
is negligible, i.e., RL-+oo and lOUT = o. (The effects of a finite load 
resistance on the noninverting operational amplifier are evaluated 
in the discussion of the equivalent-circuit model of an operational 
amplifier.) 
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A noninverting operational amplifier, unlike the inverting 
type, requires a differential-input arrangement because it uses the 
common-mode effect in its feedback scheme. The following basic 
requirements and definitions that apply to the inverting circuit 
shown in Fig. 58 are also valid for the general noninverting circuit 
of Fig. 59: 

1. The dc return paths to ground for the two inputs must 
be equal and finite for amplifiers that require a significant 
amount of input bias current. 

2. The input and output impedances, Zt and Zot, are inherent 
in the basic amplifier unit and are shown on the diagram 
to emphasize their importance in the relationships to be 
derived. 

3. The open-loop gain is frequency-dependent and is repre
sented by the symbol Ao(oo). 

4. The plus and minus labels on the input terminals desig-
nate the noninverting and inverting terminals, respectively. 

In the noninverting circuit, however, the source impedance is 
included in the passive element Rr rather than the frequency
dependent parameter Zr, as in the inverting circuit. 

Noninverting-Configuration Transfer Function - As with 
the inverting circuit, the transfer function developed for the non
inverting operational amplifier shows the relationship between the 
input and output voltages. It is relatively simple to convert this 
relationship to another type of transfer function. 

When the load resistor RL approaches infinity, the output 
voltage V OUT for the general circuit shown in Fig. 59 can be ex
pressed as follows: 

VOUT = VOl [Zf+Zr/,(Zi+Rr)) 
ZOi+Zf+Zr/,(Zi+Rr) 

+ VIN ZOi [Zr/,(Zf+Zoi)] (119) 
(Zf+Zoi) [Zi+Rr+Zr/,(Zf+Zoi) 

Eq. (119) may be rewritten in the following form: 

VOUT = VOl [Zf (Zr+Zi+Rr) + Zr (Zi+Rr)] + Zr ZOi VIN (120) 
(Zi+Rr) (Zr+Zf+ZoiT + Zr (Zf+Zoi) 

The voltage VOl is defined by the differential-gain expression, as 
follows: 

(121) 
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where VI is the source voltage VIN less the voltage drop across 
Rr , as given by 

(122) 

where 
I Vi - Ve 

IN = 
Zi 

(123) 

The voltage Vh given by Eq. (122), can now be expressed in terms 
of the voltages VIN and Ve, as follows: 

Vi = ZiVIN +Rr Ve 
Zi +Rr 

(124) 

It can be determined from Fig. 59 that, when RL approaches 
infinity, the voltage Ve is given by the following equation: 

V. = VOl Zr./'(Zi+Rr) + VIN Zr./'(Zf+Zoi) (125) 
ZOi + Zf + Zr./'(Zi+Rr) Zi + Rr + Zr./'(Zf+Zoi) 

H the relationships for VOl and VI given by Eqs. (121) and 
(124), respectively, are used, Ve can be expressed solely in terms 
of VIN, as shown by the following equation: 

V. __ (Zr Zf + Zr ZOi + Ao(w) Zi Zr) VIN 

(Zi+Rr) (Zr+Zf+Zoi) + Zr (Zf+Zoi) + Ao(w) Zi Zr 
(126) 

Eqs. (121), (124), and (126) are now used to express VOl in terms 
of VIN, as follows: 

VOl = Ao(w) Zi (Zr+Zf+Zoi) VIN (127) 
(Zi+Rr) (Zr+Zf+Zoi) + Zr (Zf+Zoi) + Ao(w) Zi Zr 

If this expression for VOl is substituted into Eq. (120), the new 
equation that results can be simplified and divided through by 
VIN to obtain the desired transfer function, as follows: 

~_O_UT = Zr ZOi + Ao(w) Zi (Zr+Zt) (128) 
VIN (Zi+Rr) (Zr+Zf+Zoi) + Zr (Zf+Zoi) + Ao(w) ZI Zr 

The transfer function that is usually associated with the 
noninverting feedback configuration of an operational amplifier 
can be derived from Eq. (128) if the impedance ZOi is assumed 
to be zero and the impedance ZI is assumed to be very high. 
When these assumptions are made, Eq. (128) becomes 

(129) 
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Eq. (129) may be rewritten as follows: 

1 + Ao{w) 
1 + Zf/Zr 

85 

(130) 

If the term Ao(w) is dominant in Eq. (130), the following 
"classical" expression for the noninverting transfer response 
results: 

VOUT Ao{w) ~ ex> 1 + Zf (131) 
VIN Zr 

The term 1 + ZtIZr represents the closed-loop gain for the ideal 
noninverting configuration. This term, which is referred to as the 
ideal feedback characteristic, is basic to operational-amplifier fre
quency-stabilization theory. 

As might be expected, the loop gain of an operational am
plifier is defined in the same way [by Eq. (94)] regardless of the 
type of feedback configuration. Under the conditions for which 
Eq. (130) is a valid expression for the transfer response, the loop 
gain for the noninverting configuration is given by 

L. G. = 1 + Ao{w) 

1 + Zf 
Zr 

(132) 

If the second term of Eq. (132) is very large, this equation reduces 
to 

L. G. ,: Ao(w) 

1 + Zf 
Zr 

(133) 

Table III compares the values calculated from the precise 
and the approximate expressions [Eqs. (128) and (131), respec
tively] for the closed-loop gain of the noninverting operational
amplifier configuration. The approximate formula is accurate to 
within 1 dB provided the loop gain is 20 dB or more. A com-

Table III-Comparison of Precise and Approximate Formulas 
for Closed-Loop Gain (Noninverting Configuration) 

Conditions: Ao(w) = 1000 !!.', Zt = 15,000 /0', ZOt = 200 !!.', Zr = 1000!!.'. 

z, /0' 
(ohms) 

199,000 
99,000 
29,000 
9,000 
1,000 

Your/YIN 
from Eq. (131) 

(dB) 

46.0 
40.0 
29.6 
20.0 
6.03 

Your/YIN 
from Eq. (128) 

(dB) 

44.3 
39.1 
29.3 
19.9 
6.0 

Error 
(dB) 

1.70 
0.90 
0.30 
0.10 
0.03 

L. G. from 
Eq. (133) 
~ 

14.0 
20.0 
30.4 
40.0 
54.0 
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parison of TablesII and III shows that the error introduced by the 
use of the classical gain formula for the noninverting configuration 
[Eq. (131)] is identical to that introduced by the use of the 
classical gain formula for the inverting configuration [Eq. (93)]. 

Noninverting-Configuration Input Impedance, ZxN - The 
following equation gives the basic definition of the input impedance 
ZxN: 

V IN ZIN =--
lIN 

(134) 

It can be readily determined from Fig. 59 that the input current 
lIN is given by 

I VIN - Ve 
IN = 

Zi + Rr 
(135) 

When this relationship is applied in Eq. (134), the expression for 
the noninverting input impedance becomes 

Z Zi + Rr 
IN = 

1- Va 
VIN 

(136) 

If the expression for the ratio of V/VIN, given previously by 
Eq. (126), is substituted into Eq. (136), the result can be simplified 
to obtain the following precise expression for the input impedance 
(for RL-+CO): 

ZIN = Zi + Rr + Zr ZI + ZOi + A.,(w) Zi 
Zr + ZI + ZOi 

(137) 

For the case where z,. is dominant and ZOi is small, Eq. (137) . 
reduces to 

ZIN ,,;. Zi + A.,(w) Zi 
1 + ZI 

Zr 

(138) 

The following expression for the input impedance results if Ao(fJJ) 
is also considered dominant: 

Z . Ao{w) Zi 
IN = 

1 + ZI 
Zr 

(139) 

Eq. (139) states that the noninverting input impedance is 
equal to the intrinsic input impedance Zt multiplied by the loop 
gain. 

Noninverting-Configuration Output Impedance, ZOUT - As 
in the inverting configuration, the closed-loop output impedance 
for the noninverting configuration is defined as the ratio of the 
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open-circuit output voltage, V OUT, to the short-circuit output 
current, lOUT> as follows: 

Z VOUT (RL -+ co) 
OUT = 

lOUT (RL -+ 0) 
(140) 

where 
(141) 

For the general noninverting operational-amplifier configuration, 
the voltages Vi and Ve are given by the following equations for 
the conditions indicated: 

and 
v. (RL -+ 0) = VIN Zr/Zf 

Rr + Zi + Zr/Zf 
(143) 

On the basis of the relationships expressed by Eqs. (142) 
and (143), Eq. (141) may be rewritten as follows: 

I (R 0) Ao(w) VIN Zi (Zr + Zf) OUT L -+ = ----'~---'::.:.:.--=-~....:............:!.--
ZOi [(Zr + Zf) (Rr + Zi) + Zr Zrl 

(144) 

The output impedance ZOUT then becomes 

ZOUT = ZOi [Zr Zf + (Zr + Zf) (Rr + Zi)] (VOUT) (145) 
Ao(w) Zi (Zr + Zf) VIN 

Finally, the following precise equation for the output impedance 
ZOUT is obtained when the ratio for VouT/VIN is replaced by its 
impedance equivalent, as given by Eq. (128): 

Z ZOi [(Zr+Zf) (Rr+Zi) + Zr Zrl [Zr ZOi + Ao(W)Zi (Zr+Zf)] 
OUT = 

[Ao(W)Zi (Zr+Zf)] [(Zi+Rr) (Zr+Zf+Zoi) 
+ Zr (Zf+Zo;) + Ao(W)Zi Zr] 

. (146) 

If Ao(w) is dominant, then Eq. (146) becomes 

Z -'- Z [Zr Zf + (Zr + Zf) (Rr + Zi)] (147) 
OUT - °i Ao(w) Zi Zr 

The expression for the closed-loop output impedance does not 
revert to its classical form unless both the intrinsic input imped
ance Zt and the open-loop gain Ao(w) are very large. Under such 
conditions, the equation for the output impedance reduces to 
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1 + Zf 
ZOUT == ZOi ~ (148) 

Aiw) 

. This classical expression indicates that the output impedance of 
the noninverting configuration is equal to the intrinsic output 
impedance ZOi divided by the loop gain. It should be noted that 
the classical expressions for the closed-loop output impedances 
for the inverting and noninverting configurations [Eq. (118) and 
(148), respectively] are identical. 

Effect of Finite Load Impedance on 
Operational-Amplifier Characteristics 

Fig. 60 shows the equivalent circuit of a closed-loop opera
tional amplifier. This equivalent circuit is valid for either the 
inverting or the noninverting configuration. In the inverting 

-=-

r----------------------------, 
I ZOUT I 

I 
I 

Z'N (VOUT/VIN)V,N1 RL 
I 
I 
I 
I 
I 
I 
I 

-=- -=- I -=
I 

AMPLIFIER WITH FEEDBACK I L ____________________ ------J 

Fig. 60 - Equivalent-circuit model of a closed-loop operational amplifier. 

configuration, Zr is used to represent the impedance in series with 
the closed-loop input impedance ZIN. In the noninverting configu
ration, term Z. is replaced by Rr to show that the components 
thus represented are independent of frequency. The closed-loop 
input and output impedances (ZIN and ZOtTT, respectively) and 
the transfer function V ouT/V IN were defined previously. 

One of the important features of the equivalent-circuit model 
is that it accurately accounts for the effects of a finite load im
pedance, RL • For example, if a 2000-ohm load impedance is used 
on the 46-dB (approximate) inverting amplifier for which data are 
given in TableII, the equation for the transfer response must be 
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modified as follows: 

( V OUT) VIN RL 
VIN VOUT = ...!---=c.-<--__ _ 

RL + ZOUT 

89 

(149) 

If Eq. (91) is used to determine the value of VOUT/VIN and Eq. 
(115) is used to determine the value of ZOUT, the transfer-function 
ratio for an RL of 2000 ohms can be calculated from Eq. (149) as 
follows: 

VOUT = 164 ( 2000 ohms ) = 162 (150) 
V IN 37.4 ohms + 2000 ohms 

Thus, a ratio of 44.15 dB is obtained, as compared to 44.3 dB for 
an open-circuit load. Similarly, if a 2000-ohm load is used for the 
6-dB amplifier, the gain becomes 5.98 dB, as compared to 6 dB 
indicated in Table I for an open-circuit load. The error in neglect
ing a 2000-obm load, therefore, is 0.15 dB for the 46-dB amplifier 
and only 0.02 dB for the 6-dB amplifier (for the conditions given 
in TableII). 

Effect of the Common Mode Gain (CMG) 
on Operational-Amplifier Characteristics 

In the developments of the basic equations for the inverting 
and noninverting feedback configurations of the operational ampli
fier, it was tacitly assumed that the common-mode gain was essen
tially zero (infinite attenuation). The common-mode gain is defined 
as the ratio of the output voltage, VOUT' to the input voltages, VI 
and Ve, when Vi and Ve are identical in amplitude and phase. The 
validity of this assumption is considered separately in this section 
because the basic feedback equations become burdensome when 
common-mode effects are included. As a result, the salient features 
of these equations become obscured. 

An examination of Figs. 58 and 59 shows that, in either the 
inverting or noninverting configuration, the differential gain acts 
on the difference between the voltages VI and Ve. On the other 
hand, the common-mode gain acts on those portions of VI and Ve 
that are in phase and identical in magnitude. That is, the common
mode gain acts on the smaller of the two in-phase signals 
(VI or Ve). In the inverting configuration Vi is less than Ve, but 
in the noninverting configuration Vi is greater than Ve. These con
ditions are reflected by the output-voltage equations when the 
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effects of the common-mode gain (CMG) are considered, as 
follows: 

1. For the inverting configuration, 

VOl = Ao (w) (Vi - Ve) -:- (CMG) (Vi) (151) 

2. For the noninverting configuration, 

If these two equations are developed further, the following 
gain expressions are obtained forz"i = 0 (i.e., VOi = V OUT) : 

1. For the inverting configuration, 

2. For the noninverting configuration, 

V:_O_UT = ____ Ao.;;..(o....w"-) _Z.:;....i -,-(Z-=-.r -O+_Z-,f:.:....) _-----'--(C_M_G.!-) _Zr:.-Z-=f ___ _ 
VIN (Zr+Zf) (Rr+Zi)+ZrZf+Ao(w) ZiZr+(CMG) Zr (Zi+Rr) 

(154) 
In each case, the criteria for the common-mode gain, CMG, 

to be negligible compared to the open-loop gain, A.,(w), are as 
follows: 

1. For the inverting configuration, 

CMG « Ao(w) Zi 
Rr 

2. For the noninverting configuration, 

(155) 

CMG« Ao(w) Zi (156) 
Zi + Rr 

Eq. (153) or inequality (155) shows that the gain of an in
verting configuration is not affected by the common-mode gain 
when the input impedance Vi is assumed to be infinite. However, 
when this same assumption is made for a noninverting configura
tion, the gain is dependent upon the common-mode gain provided 
the open-loop gain is finite. 

Inequalities (155) and (156) may be given in terms of the 
common-mode rejection, CMR, which is the open-loop gain, 
Ao(w), divided by the common-mode gain, CMG. The following 
inequalities are then obtained: 

1. For the inverting configuration, 
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CMR »Rr 
Zi 

2. For the non inverting configuration, 

91 

(157) 

CMR » Zi + Rr (158) 
Zi 

Neither of these inequalities places a stringent restriction on 
common-mode rejection. 

PHASE SHIFTS IN OPERATIONAL-AMPLIFIER FEEDBACK 

In an operational amplifier, as in any other feedback ampli
fier, the phase of the feedback must be controlled to assure that 
the design is stable with frequency and that the desired gain-fre
quency response is obtained. Fig. 61 shows the gain and phase 
characteristics as functions of frequency for a typical 60-dB op
erational amplifier in which no phase-compensation techniques 
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Fig. 61 - Gain 'and phase response of an open-loop operational amplifier 
operated without phase compensation. 

are employed. Over the frequency range shown, the change in 
the phase of the feedback is substantially greater than 180 degrees. 
This phase response indicates that a low-frequency negative feed
back can become positive and cause the amplifier to be unstable 
at high frequencies unless phase-compensation methods are em
ployed to stabilize and control the response of the amplifier. 

Effect of Excessive Phase Shift on Frequency Stability 

The transfer equation for the inverting configuration, Eq. 
(92), can be rearranged so that it reft,ects the same classical 
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feedback form as that for the noninverting configuration, given by 
Eq. (130). These equations, which are based on the assumptions 
that ~. approaches infinity and 2:01 is zero, are repeated below for 
convenience: 

1. For the inverting configuration, 

2. For the noninverting configuration, 

VPUT = Ao (w) 
VIN 1 + Ao(w) 

1 + Zf 
Zr 

If the phase angle of the feedback term, Ao(ro)/(1 + Zr.1'Z.), 
reaches 180 degrees (not asymptotically) while the magnitude of 
the term is still unity or greater, oscillations will occur. [If the term 
is greater than unity, the oscillations will build until limiting oc
curs. This limiting decreases Ao(ro), and thus the entire feedback 
term, until unity magnitude at a phase angle of 180 degrees is 
achieved.] These unstable conditions can be predicted readily. 
Fig. 62 shows a superposition of the gain-frequency curve shown 

1= 20 dB/DECADE OR 6 dB/OCTAVE -
2=40 dB/DECADE OR 12 dB/OCTAVE 
3=60 dB/DECADE OR 18 dB/OCTAVE 

60 OPEN-LOOP RESPONSE 

CD 40 STABLE(I+Z /Z 1=40dB 

I PHASE OF Ao .1 .. 1 IS 180 0 2 

~ 20 UNSTABLE(I+Zf/Zrl=20~ 
UNSTABLE(I+Zt/Zr)=12dB 

O~--~FR~E~Q~UE~N~CY~-----+~ 

Fig. 62 - Open-loop response and stability characteristics of an operational 
amplifier. 

in Fig. 61 on several sample plots of the ideal feedback character
istic, as given by 1 + Zf/'Z. when Zt and 'Z. are purely resistive. 
Because the crucial frequency for a purely resistive feedback net
work is that at which Ao(ro) has a phase angle of 180 degrees, the 
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magnitude of Ao(w)/(1 + ZtlZr) at this frequency (f180 ) de
termines whether the configuration is stable. If Ao(f180) I 
(1 + Zf/Zr) is equal to or greater than unity, the configuration is 
unstable. On the other hand, if this term is less than unity, then 
the configuration is stable. This stability-determination technique 
is applied to the various values of 1 + Zt/Zr shown in Fig. 62; in 
each case, the gain of the amplifier at the frequency for which the 
phase angle is 180 degrees is assumed to be 10 [i.e., Ao (f180)=10]. 

When 1 + 'Z,IZr = 100/0°, the stability ratio is calculated as 
follows: -

Ao (f 180) = 1O/180~ = 0.10/180° 
100/0° --

1+ Zf 
Zr 

Because the value of 0.10 obtained for the stability ratio is less 
than unity, the configuration is stable. 

When 1 + Zf/Zr = 10.0/0°, the stability ratio becomes 

Ao(f180) = 1O~ = 1.0/180° 
10/0° --

1+ Zf 
Zr 

For this case, the stability ratio is unity, and the configuration 
therefore, is unstable. As a check, an examination of the transfer 
expressions for both the inverting and the noninverting configura
tion [Eqs. (92) and (130)] reveals that for the condition specified, 
each contains the following term: 

1 
1 + 1/180° 

which is not finite and, therefore, indicates an oscillating condition. 
When 1 + 'Z,/Zr = 4.0/0°, 

Ao(f180) = 1O~ = 2.50/1800 
Z 4/00 --

1+_' -
Zr 

The value obtained is greater than unity, and the circuit, therefore, 
is unstable. 

When Zf and Zr are not restricted to purely resistive values, a 
more general situation exists because the phase of Ao ( w ) I (1 + 
Zt/Zr) is no longer dependent solely upon Ao(w). Two examples 
which essentially cover the field are given below. 
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Example No. 1 - A characteristic of. differentiating or peak

ing circuits is that the feedback term 1 + Zt/Zr is in the form 
K(1 + jf/fd, where K and f1 are constants. Fig. 63 shows a curve 

OPEN-LOOP 
60 RESPONSE 

-20~_-:L--t---'-.L...t-~~--:::': 
0.01 0.1 2 12 10 2 100 

FREQUENCY-MHz 

A.,(w) = ( . f ) ( . f ) ( . f ) 
1 + J 0.2 MHz 1 + J 2 MHz 1 + J 20 MHz 

1000 

1 + Zf = 10 (1 + j f ) 
Zr 0.1 MHz 

Fig. 63 - Basic peaking response characteristics of an operational amplifier. 

of this term as a function of frequency, for K = 10 and f1 = 0.1 
MHz, superimposed upon an operational-amplifier open-loop 
transfer curve. The equation for the open-loop characteristic can 
be derived from Fig. 62, as follows: 

1000 
Ao(w) = (159) 

( 1 + j 0.2 ~HZ) ( 1 + j 2 ~HZ) ( 1 + j 20~Hz ) 
The frequency at which the stability ratio Ao(w)!l + Zt!Zr has a 
phase angle of 180 degrees and the magnitude of the ratio for this 
frequency can then be calculated. The computation reveals that 
the phase angle is 180 degrees at a frequency (f180) of 0.746 MHz, 
and the magnitude of the ratio is 3.22 at that frequency. The 
stability ratio is greater than one; therefore, the configuration is 
unstable. The point of instability (f180) is marked in Fig. 63. 

The stability of an operational amplifier may be determined 
more easily from an estimate of the phase angle of the ratio Ao(w)! 
(1 + ZtIZr) at the frequency of intersection (where the magnitude 
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of the ratio is unity). If the estimate shows that the phase angle 
is less than 180 degrees, the configuration is stable. On the other 
hand, if the estimate indicates a phase angle in excess of 180 de
grees, the circuit is unstable. When the estimate shows that the 
phase angle is near 180 degrees, an accurate calculation is required 
to determine whether the operational amplifier is stable. This 
border-line type of configuration, however, is generally undesirable 
from the standpoint of frequency response, as discussed later. 

In the application of the estimation technique to the prob
lem presented in Fig. 63, the following conditions should be noted: 
The feedback characteristic 1 + ZrlZr increases at the rate of 6 dB 
per octave (20 dB per decade) for a full decade before it intersects 
the open-loop response, Ao(w). The intersection occurs near the 
second corner of the open-loop response, which decreases at the 
rate of 6 dB per octave for almost a full decade. The classical 
phase relationships associated with these observations are used to 
obtain the following phase estimates: 

Phase of (1 + Zr/Zr) = +900 

-1350 < Phase of Ao(w)< -900 

Therefore, the following phase estimate is obtained at the fre
quency of the intersection: 

-2250 < Phase of Ao(w)/(l + Zr/Zr) < - 1800 

Thus, the configuration is unstable. 

Example No. 2--An inherent characteristic of integrating or 
band-limiting configurations is that the feedback term 1 -+ Zr/Zr 
has the following form: 

K 

1 + jf/fl 

An example of this type of feedback characteristic is shown in Fig. 
64 for K = 10 and fl = 4 MHz. The application of the phase-esti
mation technique to this problem results in the following estimates: 

-45 0 > Phase of 1 + Zr/Zr > -900 

-135 0 > Phase of Ao(w) > -225 0 

At the frequency of intersection, therefore, the phase estimate is 
given by 

-45 0 > Phase of Ao(w)/(l + Zr./Zr) > -180° 

Thus, the configuration is stable. 
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If the three basic types of feedback characteristics shown in 
Figs. 62, 63, and 64 are compared, it becomes evident that the 

CD 

OPEN-LOOP 
60 RESPONSE 

40 

~ CLOSED-LOOP 
~ 20 RESPONSE 

« 
(!) 

O~----------+-~~r--

1
3 

-20'-----'-------"--k--!----'::--!!;'----L. 
0.01 0.1 124 10 2 100 

FREQUENCY - MHz 

Fig. 64 - Basic integrating response characteristics of an operational 
amplifier. 

differentiating or frequency-peaking configuration is the most 
unstable and that the integrating or low-pass configuration is the 
most stable. In fact, the techniques used to devise this latter con
figuration may be considered a form of phase compensation for 
certain situations, as discussed later. 

Effects of Excessive Phase Shift on Frequency Response 

The criterion evolved for frequency stability neither precludes 
uncontrolled frequency peaking nor provides for a 3-dB closed
loop bandwidth prediction. The conditions that are required to 
develop a stable, controlled-response feedback amplifier are 
evolved in this section. 

Criteria for a Peaked Response -- Frequency peaking results 
when the magnitude of the true closed-loop gain, as given by 
Eq. (92) for the inverting configuration and by Eq. (130) for the 
noninverting configuration, is greater than the magnitude of the 
ideal closed-loop gain (Zr/Zr for an inverting circuit and 1 + Zf/Zr 
for a noninverting circuit). The criteria for frequency peaking 
can be expressed for both configurations by the following expres
sion: 

> 
(160) 
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Inequality (160) may be used to develop a set of criteria that 
predict frequency peaking (or preclude the occurrence of fre
quency peaking). 

The following substitution is first made in inequality (160): 

Ao(w) "'" BI 8 

1 +Zf -
Zr 

(161) 

If both sides of inequality ( 160) are then divided by the left
hand term, the following result is obtained: 

1 > 11 + ~ 1-8 1 
(162) 

Inequality (162) may be rewritten in either of the following forms: 

or 

1 > [1 + ! cos 8 + (~ rT (164) 

The real and imaginary parts of inequality (163) must also be 
less than unity, so that 

and 

1>ll+~COS81 

1> ~ l-sin81 

It is apparent from inequality (165) that 

1 B>-
2 

and from inequality (164) that 

1 
cos8<--

2B 

(165) 

(166) 

(167) 

(168) 

The substitution indicated by the identity (161) is again 
made, and both sides of inequality (160) are then divided by the 
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right-hand term to obtain the following expressions: 

I BI8 I 
1 + BI8 > 1 (169) 

or 
I B~ I > I 1 + BI 8 (170) 

For peaking to occur, therefore, the following relationships must be 
in effect: 

0.5 < I BU! I < B 

1 
c088<--

2B 

3-dB Bandwidth Prediction - The 3-dB bandwidth of an op
erational amplifier is defined by the following condition: 

1 + Ao(w) 
1 + Zf 

Zr 

(171) 

The terms of Eq. (171) are rearranged and the definition for B 16 
given by the identity (161) is used to obtain the following relation
ships: 

2 (1)2 1+ 13 c088+ 13 =2 

Eq. (172) yields the following criteria for the 3-dB point: 

1 > B > 1 = 0.414 
- 1+"\1'2 

B2 - 1 
c088=--

2B 

(172) 

(173) 

(174) 
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Inequality (173) predicts the possibility of a 3-dB bandwidth 
greater than that indicated by the intersection of Ao (w) and 1 + Zrl 
Zr (B = 1 point). However, it should be realized that this "band
width extension" is actually caused by a slight peaking effect. 
Special care should be exercised in any attempt to use this effect 
to advantage. 

Inequality (174) stipulates that the phase angle must be 90 
degrees to obtain the 3-dB bandwidth where B = 1. This stipula
tion essentially coincides with a "rule of thumb" that has become 
a standard in the industry. This rule may be stated as follows: For 
an unconditionally stable configuration, the ideal feedback char
acteristic, 1 + Zr/Zr. must intersect the open-loop response, Ao(w), 
at a slope less than 12 dB per octave. An examination of this "rule 
of thumb" in terms of the phase relationship indicates that the 
phase angle asymptotically approaches 180 degrees when the 
change in amplifier response with frequency occurs at a rate of 
12 dB per octave. Therefore, the amplifier is on the threshold of 
instability. Frequency dependence of less that 12 dB per octave 
indicates that the amplifier is stable; a dependence of greater than 
12 dB per octave indicates that the amplifier is unstable. 

PHASE-COMPENSATION TECHNIQUES 

The design problems (i.e., ac instability and uncontrolled 
frequency response) created by excessive phase shift in the feed
back can be solved by use of compensating techniques that alter 
the feedback response so that excessive phase shifts no longer 
occur. The frequency response can be controlled by limiting the 
slope of the intersection of the ideal feedback characteristic, 
1 + ZrlZr, with the open-loop gain response, Ao(w), to a safe 
value. Theoretically, this slope can have a maximum value of 12 dB 
per octave under certain conditions. In general, however, the 
maximum slope allowed for practical lumped-parameter systems 
is 6 dB per octave. In an operational amplifier, effective phase com
pensation can be accomplished only by a modification in one or 
more of the following parameters: 

1. the ideal closed-loop gain (feedback characteristic), 
1 + ZtlZr; 

2. the open-loop input impedance, Zt; 
3. the open-loop gain, Ao(w). 
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Closed-Loop Method 

Phase compensation can be accomplished by modification of 
the closed-loop gain characteristic (i.e., the 1 + Zt.IZr term) for 
only those applications in which the intersection of the 1 + Zr/Z. 
characteristic with the open-loop response occurs in a region where 
the open-loop response rolls off at a slope of 12 dB per octave or 
18 dB per octave. When the intersection occurs in a 12-dB-per
octave region of the Ao «(J) response, compensation techniques 
are used that cause the slope of the 1 + Z/Zr response to roll off 
at 6 dB per octave near the intersection. As a result of these 
techniques, the slope of the intersection becomes 6 dB per octave. 
(An example of this method of phase compensation was discussed 
earlier, in the section on "Criteria for a Peaked Response", and 
the response curves for this example were shown in Fig. 64.) 

For applications in which the use of an inductor is permissible, 
phase compensation in the 18-dB-per-octave region of the open
loop response can be accomplished by techniques that cause the 
1 + Z/Zr response to roll off at 12 dB per octave near the inter
section. An example of this method of phase compensation, to
gether with the appropriate response curves, is shown in Fig. 65. 

OPEN - LOOP RESPONSE 

CLOSED-LOOP RESPONSE 
z 
<i 
" 

WI 1112 
FREQUENCY 

V IN 

-1 + jWCR2 R2 [ 1 ] 

Rl + jwL = - Rl (1 + j 'it) (1 + jwCR2) 

VOUT --= 

Fig. 65 - Phase compensation of operational amplifier permissible in the 
"three-slope region." 
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In this example, the Zr term is altered by a shunt capacitor and 
the Zr term is altered by a series inductor so that the 1 + Zf/Z. 
response has the required 12-dB-per-octave roll-off. The location 
of these frequency-dependent components in the feedback con
figuration is unique for this type of phase compensation. 

Open-Loop Methods 

Phase-compensation techniques that alter either the open
loop input impedance or the open-loop gain permit the introduc
tion of a zero, in addition to the low-frequency pole, into the 
open-loop gain characteristic. This zero can be designed to cancel 
one of the poles in the open-loop gain characteristic and thus to 
increase substantially the bandwidth of the operational amplifier. 
Alternatively, the operational-amplifier bandwidth can be increased 
by the introduction of a pole at a frequency low enough so that 
all the other corner points will occur at frequencies below that 
at which the open-loop response, A.,(w) , intersects the closed
loop response, 1 + Zf/Zr' The two methods are compared in Fig. 
66. It is apparent that the pole-cancellation method of phase com
pensation is superior to the method in which the other corner 

III .., 
I 
z 
<i 
(!) 

BANDWIDTH 
IMPROVEMENT 
~ 

"AlI 
FREQUENCY 

I-Compensated open-loop response using simple depression 
of higher corner frequencies. 

II-Compensated open-loop response using pole cancellation. 

Fig. 66 - Phase compensation of operational amplifier by use of pole 
cancellation. 

frequencies are depressed. In the phase-compensation techniques 
discussed below, therefore, the pole-cancellation method is em
ployed. 

Modification of the Open-Loop Input Impedance - The fol
lowing analysis shows the limitations imposed on alterations in 
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the open-loop input impedance of an operational amplifier in order 
to provide phase compensation. In this phase-compensation tech
nique, an appropriate network is connected between the input 
terminals so that it appears in parallel with the intrinsic input 
impedance, Zi. Eqs. (92) and (130), which define the closed-loop 
inverting and noninverting responses, respectively, are used as 
the basis for establishing the conditions and the mechanisms in
volved in this kind of compensation. 

If Zt' is used to represent the modified open-loop input 
impedance and the open-loop output impedance, ZOI' is assumed 
to be zero, the following equations for the closed-loop response 
are obtained: 

1. For the inverting configuration, 

VOUT = -Ao(w) Z;' Zf (175) 
VIN Zf (Z;' + Rr) + Zr (Zf + Z;' + Rr) + Ao(w) Z{ Zr 

2. For the noninverting configuration, 

VOUT = Ao(w) Z;' (Zr + Zf) (176) 
VIN (Z;' + Rr) (Zr + Zf) + Zr Zf + Ao(w) Z;' Zr 

A judicious rearrangement of terms in Eqs. (175) and (176) 
reveals the effect that the altered open-loop input impedance has 
on the open-loop response. With this rearrangement, the equation 
for the inverting configuration becomes 

- [ Ao(w) Z;' ,] Zf 
VOUT = Rr + Zr + Zi (177) 

VIN Zf + Zr (Z;' + Rr), + [ Ao(w) Z/ ,] Zr 
Rr + Zr + Zi Rr + Zr + Zi 

The equation for the noninverting configuration is then written 
as follows: 

[ Ao(w) Z;' ] (Z + Z) 
VOUT = Rr + Zr + Z;' r f 

(178) 
Z( + Zr (Z;' + Rr), + [ Ao(w) Z;' ,] Zr 

Rr + Zr + Zi Rr + Zr + Zi 

V IN 

For each configuration, the modified open-loop response is 
defined as follows: 

Ao'(w)... Ao(w) Z;' (179) 
Rr + Zr + Z;' 

It is apparent from Eq. (179) that the alteration of the open-loop 
input impedance has no effect on the open-loop response unless 
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Z{ is, at most, of the same order of magnitude as the Rr + Z. term. 
If Z{ is made much less than Rr + Z., Eq. (179) becomes 

Ao'(w) == Ao(w) Z;' 
Rr + Zr 

(180) 

As predicted by Eqs. (179) and (180), three limitations are 
imposed in the use of the input-impedance modification technique 
to provide phase compensation: (1) the feedback impedance term 
Zr is restricted in value and configuration by the phase-compensa
tion requirements; (2) the effective open-loop input impedance 
must be smaller in magnitude than and different in configuration 
from the intrinsic input impedance, Zj (thus the closed-loop input 
impedance, ZIN, also is smaller and different); and ( 3) the de 
open-loop gain is less for some input-impedance configurations. 

Two examples of the input-impedance phase-compensation 
technique are shown in Figs. 67 and 68. In the method shown in 
Fig. 67, the required modification of the open-loop response is 
achieved by proper choice of the frequency characteristics for the 
network connected in shunt with the input terminals of the op
erational amplifier. Fig. 68 shows that the required modification of 
the response can be achieved by the appropriate choice of the 
frequency characteristics of Rr and Zr. Both techniques employ 
pole-zero cancellation to extend the 6 dB-per-octave roll-off region 
depicted. The technique illustrated in Fig. 67 causes an early roll
off, while the one shown in Fig. 68 results in a reduction in the 
dc open-loop gain. Eqs. (179) and (180) indicate that phase
compensation can also be effected by an increase in the magnitude 
of Rr + Z., provided that the frequency characteristics of this 
parameter are controlled. However, this technique relies on the 
accuracy of the value of Zj and therefore is unsatisfactory. (The 
intrinsic input impedance of an operational amplifier may vary 
significantly from unit to unit.) 

Modification of Open-Loop Gain Characteristics - Phase 
compensation that is effected by internal modification of the 
open-loop gain response is the most widely accepted technique 
for integrated-circuit operational amplifiers. This method offers 
two distinct advantages over other types of phase compensation. 
First, the internal-modification technique affords complete isolation 
of the phase-compensation networks from the feedback parameters. 
This isolation is not possible with the compensation methods 
discussed previously. Second, the point at which the phase com-
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CD .., 
I z 
~ 

, I 
"'I = C2(R2+2RI} 

FREQUENCY 

A" (w) = uncompensated open-loop gain 
Ao' (w) = compensated open-loop gain 
R = low-frequency intrinsic input impedance 

=Ao(w)Ri (R2 + . lC) 
A:(w) = jW 2 

( Ri + R2 + jw~,) 2Rl + Ri ( R. + jw~.) 

[
=Ao(W)Ri][ 1 + jwR.C. ] Ao'(w) = 
2Rl + Ri 1 + jwC. ( R. + 2i~~Ri) 

Because Ri is normally large, the equation for Ao'(w) may be 
rewritten as follows: 

Ao'(w) = =Ao(w) 1 + jwR,C. 
1 + jwC. (R. + 2R1) 

For K 
Ao(w) = -:----:----:--=---,---,------:-

(1 +j:J(1 +j:.)(1 +j:J 

and if 

the equation for Ao' (w) becomes 

Ao'(w) = = K 

[1 + jwC.(R, + 2R1)] (1 + j :J (1 + :J 

Fig. 67 - Phase compensation of operational amplifier in which open-loop 
response is modified by connection of a compensating network that provides 

the required frequency characteristics in shunt with input terminals. 



Operational-Amplifier Configuration 

'" '" I 
z 
~ 

Kh:-----, 
OPEN-LOOP 
RESPONSE 

105 

KR2 
~~----------~W~I--~~~ 

FREQuENCY 

K 
A.(w) = -----==------

(1 + j :J (1 + j :J (1 + j :J For 

1 
and RI CI E --, 

WI 

the compensated open-loop gain A./(w) is given by 

Fig. 68 - Phase compensation of operational amplifier in which open-loop 
response is modified by alteration of the Rr + Zr term to provide the 

required frequency characteristics. 
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pensation is applied can be selected so that the open-loop response 
is altered in such a way that one of the existing 3-dB comer 
frequencies becomes the early roll-off comer in the compensated 
response. The advantage stems from the fact that no new comer 
frequencies are introduced, and an improved compensated response 
is thus obtained. 

Internal phase compensation can be accomplished by either 
of two basic methods. In one method, referred to as the straight 
roll-off, an appropriate RC network is connected across a suitable 
internal resistor of the operational amplifier. With this method, 
the early roll-off starts at the comer frequency produced by the 
phase-compensating capacitor and the internal resistor. The other 
method is the Miller-effect roll-off. In this method, the phase
compensating network still appears electrically to be placed across 
an appropriate internal resistance of the amplifier, but is actually 
connected between the input and the output of an inverting-gain 
stage in the operational amplifier. The impedance of the compen
sating network then appears to be divided by the gain of that stage. 

The Miller-effect roll-off technique requires a much smaller 
phase-compensating capacitor than that which must be used with 
the straight roll-off method. Moreover, the reduction in swing 
capability which is inherent in the straight roll-off is delayed 
significantly when the Miller-effect roll-off is used. Fig. 69 illus
trates the solution to the problem of phase compensation of an 
operational amplifier in which a straight roll-off is used to cause the 
second 3-dB corner frequency to occur at unity gain. Fig. 70 
illustrates the use of a Miller-effect roll-off to solve the same 
problem. For the same early comer frequency, the compensating 
capacitance required in the Miller-effect method is less than that 
required in the straight roll-off method by a factor of 1 + gmU Rc2 

(gmn and Rc2 are defined in Fig. 70). 

DESIGN CRITERIA FOR OPERATIONAL AMPLIFIERS 
It is apparent from the previous discussions that a completely 

universal design of an operational amplifier would have to satisfy 
an impossible set of criteria. As a result, the design of operational 
amplifiers is a somewhat specialized process iIi. that a particular 
amplifier is usually designed for specific applications. For example, 
certain operational amplifiers are designed to provide high
frequency gain at the expense of other performance character
istics, while other operational amplifiers provide very high gain 
or high input impedance in low-frequency applications. Integrated
circuit operational amplifiers, which are fabricated by the diffusion 
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Ao (w) = uncompensated open-loop gain 
A: (w) = compensated open-loop gain 

Ao'(w} '" Ao(w} (1 + j ~) 1 + !wR", C'" 
WI 1 + JwR. C'" 

The 1 + j wi WI term in the equation above accounts for the 
modification of the WI 3-dB corner. 

For 

and 

1 
R",C",=

W2 

K 
Ao(w} = -----------

(1 +i:J(1 +j:J(1 +i:J 
the equation for A: ( w) becomes 

,. ±K 
Ao (w) = -------

(1 + jwR. C"') ( 1 + i :J 
A third corner-frequency term, which occurs because of the 

time constant of R</> and the input capacitance of the succeeding 
stage, should also be included in the equation above; the effects of 
this corner frequency, however, is appreciable only at very high 
frequencies (and usually at a gain less than unity). Because the 
corner frequency normally occurs well out of the active region, 
it is omitted in the expression for Ao' (w ) . 
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Fig. 69 - Phase compensation of operational amplifier by use of straight
rol/ofj method to modify open-loop response. 

process, can be made suitable for comparator applications or can 
be processed to provide high gain at low dissipation levels. For 
these reasons, any discussion of the criteria for operational am
plifiers must be of a general nature unless a specific application 
is being considered. 

Input and Output DC Levels 

In general, an operational amplifier should be designed so 
that the dc bias levels at the input and the output are equal. This 
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Ao ( (0) = uncompensated open-loop gain 
Ao' (00) = compensated open-loop gain 

Ao'(w) ='= Ao(w) (1 + j ~) 1 + jwR~ C .. 
WI 1 + jwRe (1 + gmll R.2) C", 

The 1 + j W/Wl term in the expression for Ao'(w) accounts for 
the modification of the 001 3-da corner. 

For 

and 

1 
R .. C .. =

W2 

Ao( w) = ---:----_----:---:----=K=---:------:_---:-

(1 +j:J(1 +j:J(1 +j:J 
The expression for Ao'(w) becomes 

=10K 
Ao'(w) = ------"""----:------:-

[1 + jw (1 + gmII Ret) C~ R.l (1 + j :J 
A third corner frequency, which results from the time constant 

of R</> and the feedback capacitance Cbc', is neglected in the ex
pression for Ao' ( 00 ), because this corner frequency occurs well out 
of the active region. 

Fig. 70 - Phase compensation of operational amplifier by use of Miller 
effect to modify open-loop response. 

condition is desirable to assure that the resistive feedback network 
can be connected between the input and the output without up
setting either the differential or the common-mode dc bias. More
over, for applications in which two (positive and negative) power 
supplies are used, the operational amplifier should be designed so 
that it is possible to establish a set of standard supply values for 
which the equal input and output bias levels are at zero potential 
with respect to circuit ground. This latter condition is particularly 
important in direct-coupled cascade and comparator applications. 
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Output-Power Capability 

109 

As with any amplifier circuit, the output-power requirements 
for an operational amplifier depend almost entirely on the appli
cation. A few general conclusions can be drawn concernin~ the 
design of the output stage. First, this stage should provide a voltage 
swing essentially equal to the sum of the power-supply voltages. 
It should have sufficient gain so that it is the first stage to limit 
when the amplifier is overdriven. Finally, because of the design 
trade-off that is always required between output-power capability 
and dissipation, the output stage should be sufficiently versatile so 
that the output capability and dissipation can be tailored to the 
power needs of the particular application in which the operational 
amplifier is used. 

Gain and Frequency-Response Characteristics 

The numerical values of the open-loop gain and the 3-dB 
bandwidth of an operational amplifier are of relatively little im
portance in themselves. The important requirement is that the 
open-loop gain must be much greater than the closed-loop gain of 
the transfer response over the frequency range of interest if an ac
curate transfer function is to be maintained. (This requirement is 
explained in detail in the discussions of transfer functions for both 
the inverting and noninverting configurations.) For example, if a 
40-dB amplifier and a 60-dB amplifier are used in a 20-dB gain 
configuration and the open-loop gain is decreased 50 per cent in 
each case, the closed-loop gain of the 40-dB amplifier varies only 
9 per cent and that of the 60-dB amplifier varies only 1 per cent. 

The frequency roll-off characteristics are the prime deter
minants of the frequency response of an operational amplifier. The 
greater the rate of roll-off prior to the intersection of the feedback
ratio frequency characteristic with the open-loop response (in the 
active region), the more difficult phase compensation of the opera
tional amplifier becomes. An 18-dB-per-octave roll-off is generally 
considered the maximum slope that can occur in the active region 
before proper phase compensation becomes extremely difficult or 
impossible to achieve (as indicated in the discussion on the effects 
of feedback phase shifts). In addition, because operational am
plifiers have useful applications down to and including unity gain, 
the active region of the amplifier may be considered as the entire 
portion of the frequency characteristic above its O-dB bandwidth. 
Therefore, a well-designed amplifier should roll off at no greater 
than 18 dB per octave until well below unity gain. 
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Intrinsic Input and Output Impedances 

The ideal values for the input and output impedances of an 
operational amplifier are infinity and zero, respectively (as men
tioned in the discussions on input and output impedances for 
both inverting and noninverting configurations). The degree to 
which a practical amplifier approximates these values depends, 
for the most part, upon the application. A 5000-ohm open-loop 
input impedance may be quite sufficient for one application, while 
a O.I-megohm intrinsic input impedance may not be sufficient for 
another. In most applications, however, the restrictions on the 
intrinsic input impedance are not severe. The closed-loop input 
impedance, which is equal to the product of the intrinsic input 
impedance and the gain "throwaway" or loop gain, is a more 
critical parameter. This parameter effectively increases the input 
impedance (decreases input capacitance) and is the reason that 
many operational amplifiers that have an input roll-off in the 
active region have no input roll-off in this region after negative 
feedback is applied. 

Because the closed-loop output impedance is also affected by 
the loop gain (the proportionality is inverse), the same conclu
sions might be drawn about the importance of the intrinsic output 
impedance. Another factor, however, affects the restrictions placed 
upon the open-loop output impedance. A limiting situation in an 
inverting-configuration application affords an alternate path to 
the signal when the intrinsic output impedance is sufficiently high. 
The loop gain decreases to zero as the open-loop gain decreases 
when overdrive occurs. Therefore, the closed-loop output im
pedance increases until it equals the intrinsic value at full limiting. 
Thus, the intrinsic output must be much less than the lowest prac
tical value of feedback impedance or an alternate signal· path that 
effectively bypasses the limiting amplifier will exist through the 
feedback network. 

Common-Mode Rejection 

Under differential drive conditions, the common-mode rejec
tion has no drastic effects on the performance of the operational 
amplifier unless the rejection ratio is extremely low ( as dis
cussed in respect to the effects of common-mode gain). However, 
in a common-mode drive situation, such as in a comparator type 
of application, high common-mode rejection can be imperative. For 
example, if a 60-dB differential amplifier having a 50-dB common
mode rejection is used to compare a I-volt signal against a I-volt 
reference, the output will be 3.2 volts when it should be zero. 
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Such results would be disastrous for many applications of this 
type. In general, the common-mode rejection should be a minimum 
of 20 dB greater than the differential gain. 

Input Bias Current 
Although an amplifier may have a high intrinsic input ac 

impedance, it can still require a significant amount of dc input bias 
current. This condition is undesirable in applications in which the 
drive source cannot accommodate a significant dc current. Ex
amples of such applications are those that require very high im
pedance sources or sources of a magnetic nature that can be 
severely unbalanced by a flow of dc current. Unfortunately, the 
bipolar transistor remedies for this effect add so much capacitance 
that the frequency response of the amplifier is impaired. There
fore, either field-effect devices should be used in the differential 
input stage or a scheme should be available to assure that a very 
low bias current is obtained when it is absolutely necessary. The 
latter technique requires that sufficient leads be provided so that 
two external transistors can be added to form a Darlington or a 
modified Darlington input configuration. 

Offset Voltage and Current 
The offset voltage of an operational amplifier is the deviation 

of the output dc level from the arbitrary input-output level usually 
taken as ground reference when both inputs are shorted together. 
The offset current is the deviation when the inputs are driven by 
two identical dc input bias-current constant-current sources. These 
two offset parameters are usually referred to the input because 
their output values are dependent on feedback. Under normal 
operating conditions, the offset in the amplifier results from a 
combination of the two factors. For example, if an operational 
amplifier has a I-millivolt input offset voltage and a I-microampere 
input offset current with the inputs returned to ground through 
lOOO-ohm resistors, the total input offset is either zero or 2 milli
volts depending upon the phase relationship between the two 
offset parameters. The offset of an operational amplifier is a dc 
error and should be minimized for numerous reasons, including 
the following; (1) The use of an operational amplifier as a true 
dc amplifier is limited to signal levels much greater than the offset. 
(2) Comparator applications require that the output voltage be 
zero (within limits) when the two input signals are equal and in 
phase. (3) In a direct-coupled cascade, such as a video amplifier 
chain, the input offset of the first stage determines the offset char
acteristics of the entire system. Hence, the gain of the system must 
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be limited to a value that is insufficient to cause limiting at rated 
output voltage. This value is reduced when the offset is significant. 

Power-Supply Stability 
The power-supply stability is a measure of the sensitivity 

that the offset has to power-supply variations. Because the value 
of the offset at the output is dependent on feedback, this sensitivity 
is normally referred to the input and expressed in microvolts per 
volt. In a fixed-installation application that employs heavily regu
lated power supplies, this parameter is of little importance. In 
battery-operated applications of the operational amplifier, how
ever, the sensitivity of the offset to power-supply variations is of 
the utmost importance. In a single-supply system, this sensitivity 
should be an absolute minimum. In a two-supply system, the 
difference in the sensitivities to each supply can be minimized 
because the supplies in many dual systems tend to track. This 
tracking results in a cancellation, or at least a partial cancella
tion, of the two sensitivities. 

Temperature-Stability Requirements 
Temperature stability of an operational amplifier requires 

stable thermal characteristics for most of the parameters discussed 
in this section. The stability demands imposed on the temperature 
characteristics of an operational amplifier are determined to a 
large extent by the application in which the circuit is used. In 
certain applications, stable temperature characteristics are of 
utmost importance; in other applications, the ability of the opera
tional amplifier to perform the required functions is not appre
ciably affected by variations in circuit parameters with temperature. 

In general, the dependence of the open-loop gain on tempera
ture is of less importance than the thermal behavior of the ampli
fier frequency response. Variations in the intrinsic input and 
output impedances with temperature are of little consequence pro
vided that the input impedance remains large enough and the 
output impedance remains small enough to satisfy the requirements 
of the application. If the value of the input bias current is im
portant for the application in which the operational amplifier is 
used, stable temperature behavior is just as important. Variations 
in the offset voltage and current with temperature should always 
be small because they directly affect the internal biases, and thus 
the operation, of the operational amplifier. 
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The RCA line of linear integrated circuits encompasses a 
broad variety of devices designed to perform numerous types of 
circuit functions in many widely diverse applications. This group 
includes general-purpose and special-purpose circuits, as well as 
several device and circuit arrays. The balanced differential ampli
fier is used as the basic building block in both the general-purpose 
and the special-purpose circuits. These circuits, in general, exhibit 
excellent gain-frequency characteristics, high common-mode re
jection, a wide operating temperature range, and good output-to
input isolation. 

Table IV lists the type number and the descriptive name for 
each device in the RCA linear integrated-circuit family. Because 
of the exceptional versatility of the general-purpose circuits, how
ever, a single name cannot completely categorize anyone of them. 
The descriptive names assigned to these circuits, therefore, are 
merely generic designations provided for convenience of identi
fication and are not indicative of the large variety of circuit func
tions for which they may be used. 

DC AMPLIFIER 

Fig. 71 shows the schematic diagram of the CA3000 inte
grated-circuit dc amplifier. This stabilized and compensated differ
ential amplifier provides push-pull outputs, high-impedance 
(O.l-megohm) inputs, and gain of approximately 30 dB at fre
quencies up to 1 MHz. Its useful frequency response can be in
creased to several tens of megahertz by the use of external resistors 
or coils. 
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Table IV - RCA Linear Integrated Circuits 

DC Amplifier 
AF Amplifier 

Descriptive Name 

Video and Wide-Band Amplifiers 
IF Amplifier 
RF Amplifiers 
Operational Amplifiers 

Transistor Array 
Diode Array 
Wide-Band Amplifier Arrays 
Dual Darlington Array 

Multipurpose Wide-Band Amplifier 
FM IF Amplifiers 

General·Purpose Types 
CA3000 
CA3007 

RCA Type No. 

CA300l, CA30Zl, CA3022, and CA3023 
CA3002 
CA3004, CA3005, CA3006, and CA3028A 
CA3008, CA3008A, CA3010, CA3010A, 
CA30l5, CA3015A, CA30l6, CA30l6A, 
CA3029, CA3029A, CA3030, CA3030A, 
CA303l/702A, CA3032/702C, CA3033, CA3033A, 
CA3037, CA3037 A, CA3038, and CA3038A 

Arrays 
CA3018 
CA30l9 
CA3035 and CA3035Vl 
CA3036 

Special-Purpose Types 
CA3020 

FM IF Amplifier/Discriminator/AF Amplifiers 
Wide-Band Ampl ifier /Phase Detectors 

CA30ll and CA30l2 
CA30l3 and CA30l4 
CA3034 and CA3034Vl 

Vcc(+) 

9 

3 4 
VEEH 

Fig. 71-Sehematie diagram of the CA3000 integrated-circuit de amplifier. 
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The circuit, which is supplied in a 10-terminal TO-5 style 
package, is basically a single-stage differential amplifier (02 and 
04) with input emitter-followers (01 and 05) and a constant
current sink (03) in the emitter-coupled leg. Push-pull input and 
output capabilities are inherent in the differential configuration. 

The use of degenerative resistors R4 and R5 in the emitter
coupled pair of transistors increases the linearity of the circuit. 
The low-frequency output impedance between each output (termi
nals 8 and 1 0) and ground is essentially the value of the collector 
resistors R1 and Rz in the differential stage. 

Operating Requirements and Characteristics 

The CA3000 is designed for operation from a wide range 
of supply voltages. Operation from either one or two power sup
plies is feasible, as illustrated by the typical biasing techniques 
shown in Fig. 72. However, operation from two supplies is recom
mended because fewer external bias networks are required and, 
therefore, less power is consumed. 

The maximum voltage that can be applied across the circuit 
(positive supply voltage Vee plus negative supply voltage VEE) 
is 16 volts. The maximum voltage capability (VeE) of the differ
ential pair is limited to 8 volts. Extra care must be used to ensure 
that these values are not exceeded when the circuit is used to 
drive inductive loads. 

The operating-current conditions of the differential pair of 
transistors are determined by the base-bias circuit and emitter re
sistance of the emitter-coupled constant-current sink (03 ), as well 
as by the voltage between terminals 2 and 3. Each possible current 
condition is manifested by (1) a distinct set of dc operating char
acteristics with differing temperature characteristics, (2) a par
ticular value of gain having its own temperature dependence, and 
(3) a particular dynamic output-voltage capability. For each value 
of voltage between terminals 2 and 3 (VEE when terminal 2 is 
grounded), there are four possible operating modes, as described 
in Table V. 

Table V-Operating Modes for CA3000 DC Amplifier 

Shorted Condition Q, Emitter 
Mode Terminals of Diodes Resistor 

A none in R. + R,• 
B 5·3 out R. + R,• 
C 4-3 in R. 
D 5-4-3 out R. 
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The operating characteristics for these modes of operation are 
summarized in Table VI for various two-supply configurations with 
terminal 2 grounded and with VEE values of -3 and -6 volts dc. 

Vcc(+) 

RI 

R3 

+VIN 

04 

0-1 
R3 

-VIN OR 
GAD. 

RZ 

(a) 

Vcc(+) 

Vcc(+) 

R3 RI 

1 '---+--+---{~N 
= 

(e) (d) 

* Connection of terminals 4 and 5 depends upon mode of operation. 

Fig. 72 -, Typical biasing arrangements for the CA3000 for operation from 
(a) two separate voltage supplies, or (b), (c), and (d) a single voltage supply. 
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Table VI shows that the positive supply voltage can be ad
justed for each mode of operation and for each value of negative 
supply so that the nominal dc output voltage is zero. (Although 
the Vee value required for mode C for a VEE of -6 volts dc is in 
excess of the maximum rating, operation within ratings can be 
achieved with slightly negative values of output voltage.) The use 

Table VI-Design Characteristics of CA3000 Operating Modes 

Single· 
ended DC Output 

Mid·Band Volts (Term. Positive Nelative 
DC Supply Volts Opera- Voltage 8 or 10 to Voltage Voltage Total Power 

Positive Negative ting Gain- dB ground) Swing Swing Dissipation 
Vee -VEE Mode Gvs VOde V8mll;1l 

. 
YOm'" 

. -mW 
----

6 -6 A 31.2 +2.3 +3.7 -3.8 40 
6 -6 B 27.3 +4.3 +1.7 -5.7 36 
6 -6 C 34.6 -1.5- +7.5 0 61 
6 -6 0 32.4 +1.0 +5.0 -2.4 47 

3.7 -6 A 31.2 0 +3.7 -1.4 33 
1.7 -6 B 27.3 0 +1.7 -1.4 25 

10.6'" -6 C 34.6 0 +10.6 -1.5 83 
5.0 -6 0 32.4 0 +5.0 -1.5 43 

3 -3 A 27.5 +1.2 +1.8 -2.6 8.8 
3 -3 B 16.6 +2.6 +0.4 -4.1 7.4 
3 -3 C 32.6 -1.5- +4.5 0 14 
3 -3 0 24.4 +1.9 +1.1 -3.3 8.5 

1.8 -3 A 27.5 0 +1.8 -1.5 7.2 
0.4 -3 B 16.6 0 +0.4 -1.5 8.4 
5.3 -3 C 32.6 0 +5.3 -1.5 19 
1.1 -3 0 24.4 0 +1.1 -2.6 6.2 

• VO m•x and VOm'n are the ac swing extremities above and below Vodc. 

'" Over rating. - Saturated. 

of these adjusted values of positive supply provides two advan
tages: (1) direct interstage coupling can be effected in a single
ended configuration, and (2) negative feedback can be introduced 
from a single output back to the appropriate input. For low-level 
applications in mode D with a negative supply voltage VEE of -3 
volts dc and a positive supply voltage Vee of 1.1 volts dc, the 
CA3000 has a gain of 24.4 dB, a dissipation of 6.2 milliwatts, an 
output capability of 2.2 volts peak-to-peak, and a de output-voltage 
reference level of zero. 

The information in Table VI can be modified for single
supply designs by simple addition and/or subtraction of dc values. 
For example, the correct information for a single supply of 12 
volts dc for operating mode A can be obtained from the conditions 
shown in the table for mode A for Vee = 6 Vdc and VEE = -6 
Vdc by the addition of 6 volts to the values shown for Vee, VEE, 
Vode, VOmax, and Vomin• (It should be noted that the required 
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voltage levels at the input terminals 1 and 6 and at terminal 2 are 
also 6 volts higher.) 

As mentioned previously, the four operating modes exhibit 
different temperature characteristics. Fig 73 shows theoretical 
curves of dc output voltage as a function of temperature for each 
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Fig. 73 - Theoretical curves of dc output voltage as a function of tem
perature for negative-supply voltages of -3 and -6 volts (calculated 

for f3 = 35 at 20°C). 

operating mode for negative supply voltages VEE of -3 and -6 
volts dc. The experimental curves shown in Fig. 74 are in excellent 
agreement with the theoretical curves except in the case of mode 
C. In this mode, the differential-pair transistors Q2 and Q4 were 
driven into saturation as a result of the use of symmetrical sup-
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Fig. 74 - Measured curves of dc output voltage as a function of tempera
ture for negative-supply voltages of -3 and -6 volts. 

plies (Vee = VEE) for the experimental data. The discrepancy 
could be corrected by use of somewhat higher values of positive 
supply voltage. 
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Fig. 75 shows theoretical curves of gain as a function of tem
perature for the four operating modes with VEE values of - 3 and 
-6 volts dc. With the diodes in (modes A and C), the gain de
creases for both values of VEE. With the diodes out (modes B and 
D), on the other hand, the gain increases with temperature for 
a negative supply of - 3 volts dc, but decreases with temperature 
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Fig. 75 - Theoretical curves of gain as a function of temperature for 
negative-supply voltages of -3 and -6 volts (calculated for 

f3 = 35 at 20·C). 

for a negative supply of -6 volts dc. With the diodes out, there is 
a value of negative supply (approximately -4.5 volts dc) for 
which the gain is independent of temperature. Fig. 76 shows meas
ured values of single-ended and push-pull gain for mode A with 
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Fig. 76 - Measured values of single-ended and push-pull gain for mode A 
operation with symmetrical power supplies of ±6 volts. 

symmetrical power supplies of +6 volts dc. (This configuration 
is used in the remaining discussion because it provides the maxi
mum sinusoidal output capability, as shown in Table VI, and be
cause of the convenience of + 6-volt dc supplies.) 
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The typical single-ended voltage-gain/frequency-response 
curve of the CA3000 for dc supplies of +6 volts in operating mode 
A is shown in Fig. 77, together with the test circuit used for volt
age-gain measurements. The responses of the CA3000 are virtually 
independent of source impedance up to 10,000 ohms because of 
the emitter-follower inputs. The curves in Fig. 78 show that gain 
and bandwidth are virtually independent of temperature for opera
tion in mode A with + 6-volt dc supplies. 

~ 35 

I 30 ;: 

~ 25 

'" ~ 20 

~ 15 
Q 

~ 10 
'" I 

~ 5 

~ 0 

~ 

0.1 

r--... 

'\.. 

1,\ 
r\ 

I 10 
FREQUENCY-MHz 

Fig. 77 - Single-ended voltage gain of the CA30fJO as a function of 
frequency in test circuit shown. 
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Fig. 78 - Normalized gain-frequency curves for the CA30fJO at three 
different temperatures. 

Fig. 79 shows agc characteristics for the CA3000 for an 
input frequency of 1 kHz, together with the agc voltage-gain 
test circuit. When the agc voltage at terminal 2 is varied from 0 
to -6 volts, the amplifier gain can be varied over a range of 90 dB. 

Fig. 80 shows the test circuit used to measure common-mode 
rejection, together with curves of common-mode rejection as a 
function of frequency and temperature. Typical rejection is 97 dB 
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Fig. 79 - AGC characteristics of the CA3000 in test circuit shown at a 
frequency of 1 kHz. 

at a frequency of 1 kHz. Fig. 81 shows the test circuit used to 
measure the dc unbalance of the amplifier (referred to the input), 
together with a curve of the input offset voltage as a function of 
temperature. Typical input offset voltage (with an assumed push
pull differential gain of 37 dB) . is 1.5 millivolts. Fig. 82 shows 
curves of input bias current, input impedance, and dynamic out
put voltages as functions of temperature. 

Applications of the DC Amplifier 

The full gain-control capability inherent in the CA3000 
makes possible the use of this circuit as a signal switch (with 
pedestal), a squelch able audio amplifier (with suppressed switch
ing transient), a modulator, a mixer, or a product detector. When 
suitable external components are added, it can also be used as an 
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Fig. 80 - Common-mode rejection of CA3000 as a function of frequency 
and of temperature in test circuit shown. 
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Fig. 81 -Input offset voltage of CA3000 as a fU1IctlO" of temperature 
in test circuit shown. 

oscillator, a one-shot multivibrator, or a trigger II Jlh controllable 
hysteresis. Within its specified frequency range. II i .. an excellent 
limiter, and can handle input signals up to about 80 millivolts rms 
before significant cross-modulation or intermodul;Jtion products 
are generated. Some of the applications of the CA3000 are dis
cussed below. 

Crystal Oscillator - The CA3000 can be (I~ed as a crystal 
oscillator at frequencies up to 1 MHz by conne.:lion of a crystal 
between terminals 8 and 1 and use of two exte-rnal resistors, as 
shown in Fig. 83 (a). The output is taken from l he collector that 
is not connected to the crystal (in this case. terminal 10). If a 
variable-feedback ratio network is used, as sho\\ [l in Fig. 83 (b), 
the feedback may be adjusted to provide a sinu-oldal oscillation. 
Output waveforms for both circuits are also sho\1 1\ l he frequency 
in each circuit is 455 kHz, as determined by the •. ~1c11. The range 



124 

.. 60 .. 
I 
~ 
"' ~ 40 
=> u 
U> « 
iii 
I- 20 
=> 
Il. 
0: 

o 

POSITIVE DC SUPPLY VOLTS=+6 
NEGATIVE DC SUPPLY VOL TS'-6 

, 
"-

........... r..... --r---

RCA Linear Integrated Circuits 
S 350 

~300 
u z 
~ 250 

'" Il. 
:!!200 
.... 
~ 150 
~ 

~ 100 
z 
't' 50 

~ 0 

POSITIVE DC SUPPLY VOLTS 
/'" =+6 

NE~~lIVE DC SUPPLY VOLTY 

FREQUENCY =1 kHz 

/"" 

V 
./ 

V 

:;---;0;-
-75 -50 0 50 100 150 ~ -75 -50 -25 0 25 50 75 100 125 

FREE-AIR TEMPERATURE - 'C FREE-AIR TEMPERATURE- 'C 

VCC=6 V; VEE= -6V 
MODE A 
FREQUENCY = 100 Hz 

--,-

4 
40 o 40 80 120 

TEMPERATURE _·C 

Fir:. 82 - Input bias current, input impedance, and dynamic output 
voltage of CA3000 as functions of temperature. 

of these crystal oscillators can be extended to frequencies of IO 
MHz or more by use of collector tuning. 

Modulated Oscillator - If a low-frequency signal is con
nected to terminal 2, as shown in Fig. 84, the CA3000 can func
tion as an oscillator and produce an amplitude-modulating signal. 
The waveform in Fig. 84 shows the modulated signal output pro
duced by the modulated oscillator circuit when a I-kHz signal is 
introduced at terminal 2 and a high-pass filter is used at the output. 

Low-Frequency Mixer - In a configuration similar to that 
used in modulated-oscillator applications, the CA3000 amplifier 
may be used as a mixer by connection of a carrier signal at the 
base input of either differential-pair transistor (terminal I or 6) 
and connection of a modulating signal to terminal 2 or 5. 

Cascaded RC-Coupled Feedback Amplifier - The two-stage 
feedback cascade amplifier shown in Fig. 85 produces a typical 
open-loop mid-band gain of 63 dB. This circuit uses a IOO-pico
farad capacitor C1 to shunt the differential outputs of the first stage. 
This capacitor staggers the high-frequency roll-offs of the ampli
fier and thus improves stability. 
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(a) 

(b) 

Fig. 83 - Schematic diagrams and output waveforms of (a) crystal 
oscillator and (b) crystal oscillator with variable feedback. 
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Fig. 84 - Schematic diagram and output waveform of CA3000 
modulated oscillator. 
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Fig. 85 - Cascaded RC-coupled feedback amplifier using two 
CA3000 circuits. 

The gain-frequency characteristic of the feedback amplifier 
is shown in Fig. 86(a) for a feedback resistance Rf approaching 
infinity. The low-end roll-off of the amplifier is determined by the 
interstage coupling. Because agc may be applied to the first stage, 
the amplifier of Fig. 85 may be used in high-gain video-agc appli
cations under open-loop conditions. If feedback is used to control 
the gain, agc may still be applied successfully. 

Fig. 86(b) shows the agc characteristics for the two-stage 
amplifier under open-loop and two closed-loop conditions at a 
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u',ency (a) and agc (b) characteristics of feedback 
amplifier shown in Fig. 85. 
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frequency of 1 kHz. As shown in Fig. 86 (a), the open-loop band
pass is 18 Hz to 135 kHz; under closed-loop conditions, the band
pass is 1.3 Hz to 2 MHz for 40-dB gain and 0.13 Hz to 6.6 MHz 
for 20-dB gain. The negative feedback thus improves low
frequency performance sufficiently so that the use of the small 
coupling capacitors C2 and Ca involves little sacrifice in low
frequency response. If three or more CA3000 amplifiers are cas
caded, the low-frequency roll-offs must be staggered as well as 
those at the high end to prevent oscillation. A three-stage cascade 
has a midband gain of approximately 94 dB. 

Narrow-Band Tuned Amplifier - Because of its high input 
and output impedances, the CA3000 is suitable for use in parallel 
tuned-input and tuned-output applications. There is comparative 
freedom in selection of circuit Q because the differential amplifier 
exhibits inherently low feedback qualities provided the following 
conditions are met: ( 1) the collector of the driven transistor is 
returned to ac ground and the output is taken from the non-driven 
side, and (2) the input is adequately shielded from the output 
by a ground plane. 

The CA3000 has an output capacitance of approximately 
9 picofarads at a frequency of 10 MHz. This capacitance will 
resonate a 28-microhenry coil at this frequency and give a mini
mum Q of 4.55 when the collector load resistor is the only sig
nificant load. With this low Q, stagger tuning may be unnecessary 
for many broad-band applications. 

Fig. 87 shows the CA3000 in a narrow-band, tuned-input, 
tuned-output configuration for operation at 10 MHz with an input 
Q of 26 and an output Q of 25; the response curve of the ampli
fier is also shown. The 10-MHz voltage gain is 29.6 dB, and the 
total effective circuit Q is 37. There is very little feedback skew 
in the response curve. The CA3000 can be used in tuned-amplifier 
applications at frequencies up to the 30-MHz range. 

Schmitt Trigger - The CA3000 can be operated as an ac
curate, predictable Schmitt trigger provided saturation of either 
side of the differential amplifier is prevented (hysteresis is less pre
dictable if saturation occurs) . Non-saturating operation is ac
complished by operation in mode B (terminals 3 and 5 shorted 
together) in the configuration shown in Fig. 88. Large values are 
required for external resistors Rl and R2 because they receive the 
total collector current from terminal 10. Because of the high im
pedances, resistor R2 is actually a parallel combination of the 
input impedance (approximately 0.1 megohm) of the CA3000 
and the 0.25-megohm external resistor. The Schmitt-trigger design 
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Fig. 87 - Schematic diagram and response curves for lO-MHz tuned-input, 
tuned-output narrow-band amplifier using CA3000. 

equations (for Ol = 1) are summarized below. In these equations, 
02 and 04 are the differential-pair transistors, 01 and 05 are the 
emitter-follower transistors, and 03 is the constant-current sink. 

State I: 02 off, 04 conducting (not saturated) 

v _ Vee (R2) - VEE (R1 + 8000) 
61 - R1 + R2 + 8000 

where 8000 ohms is the output impedance of Q4 (obtained from the 
published data). For R1 = 27000 ohms and Vee = VEE = 6 Vdc, 
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Fig. 88 - Schematic diagra'!l of Schmitt trigger using CA3000. 

v _ 6V (R2) - 6V (35000) 
61 - R2 + 35000 

R2 = (35000) 6V + V 61 

6V - VOl 

VSI = Vee - h (8000) 

129 

(A) 

(B) 

where h = collector current of transistor Qa (h "'" 0.48 milli
ampere in operating mode B with VEE = -6 volts dc.) 

V SI = 2.14 V (C) 
V FI "" Firing voltage for transition from state I to 

state II 
VFI = V 61 - 0.053 - 100 h at 25°C 
VFI = V61 - 0.101 Vat 25°C (D) 

State II: Q2 conducting (not saturated), Q4 off 

Vsn = Vee 
Vsu = 6 V 

V _ (Vee - h 8000) R2 - VEE (R 1 + 8000) 
6n - Rl + R2 + 8000 

(A) 
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V - 2.14 V (R2) - 6 V (35000) (B) 
6n - R2 + 35000 

V Fn == Firing voltage for transition from state II 
back to state I 

V Fn = V 6n + 0.053 + 100 lE at 25°C 
VFn = VSII + 0.101 Vat 25°C (C) 

Hysteresis Voltage 

VHYS = VF1 - VFn 

= 3.86 V (R2) = 0.202 V at 250C 
R2 + 35000 

From the calculations for state I, it is evident that either V 61 or 
R2 must be a known design value. Because R2 is a composite value, 
V61 is the more reasonable choice. The ability of these equations 
to predict the Schmitt-trigger performance is evidenced by the 
comparison of calculated and experimental data in Table VII. 

Table VII-Comparison of Calculated and Experimental Data 
for Schmitt Trigger 

Condition Parameter Calculated Experimental 

1) V., = -2V VF, -2.1 V -2.2 V 
VFn -3.19 V -3.2 V 
VUYS +1.09 V +1.0 V 

2) V., = -1 V VF, -1.10 V -1.0 V 
VFn -2.51 V -2.45 V 
VUYS +1.41 V +1.4 V 

3) V., = 0 VF, -0.101 V 0 
VFn -1.83 V -1.8 V 
VUYS +1.73 V +1.8 V 

4) V., = +1 V VF, +0.9 V +1.0 V 
VFn -1.15 V -1.0 V 
VUYS +2.1 V +2.0 V 

5) V., = +2 V VF, 
VFn 

+1.9 V 
-0.472 V 

+2.0 V 
-0.5 V 

VUYS +2.43 V +2.4 V 

AUDIO AMPLIFIER 

The CA3007 integrated-circuit audio driver, shown in Fig. 
89, is a balanced differential configuration with either a single
ended or a differential input and two push-pull emitter-follower 
outputs. The circuit, which is intended for use as a direct-coupled 
driver in a class B audio amplifier, exhibits both gain and operating-
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point stability over the temperature range from -55 to 125°C. 
The CA3007 is an excellent controlled-gain audio driver for sys
tems requiring audio squelching. The audio-driver circuit is avail
able in a 12-terminal TO-5 style for low-silhouette package. 

The input stage of the CA3007 consists of a differential pair 
of transistors (Ql and Q2) operating as a phase splitter with gain. 

6 

Fig. 89 -Schematic diagram of CA3007 integrated-circuit audio driver. 

The two output signals from the phase splitter, which are 180 de
grees out of phase, are direct-coupled through two emitter-follow
ers (Q4 and Q5). The emitters of the differential pair of transistors 
are connected to the transistor constant-current sink Qa. 

The diodes in the bias circuit of the transistor constant
current sink make the emitter current of Qa essentially dependent 
on the temperature coefficient of the diffused emitter resistor Ra. 
Because the diffused collector resistors R15 and R16 should have 
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identical temperature coefficients, constant collector-voltage oper
ating points should result at the collectors of transistors 01 and 02. 
However, the quiescent operating voltages at the output terminals 
8 and 10 increase as temperature increases because the base
emitter voltage drops of transistors 04 and 05 decrease as tempera
ture increases. This small variation in the output quiescent operating 
voltage is sufficient to cause a large variation in the standby cur
rent of a class B push-pull output stage when the audio driver and 
the output stage are direct-coupled. Resistors Rn , R12, R13, and 
R17 and transistor 06 form a dc feedback loop which stabilizes the 
quiescent operating voltage at output terminals 8 and 10 for both 
temperature and power-supply variations so that variations in the 
output operating points are negligible. 

Resistors Rl, R7, Rs, and R14 form the input circuit; a 
double-ended input is applied to terminals 1 and 5, and a single
ended input is applied to either terminal 1 or terminal 5, with the 
other terminal returned to ground. The CA3007 must be ac
coupled to the input source. In addition, any dc resistance between 
terminal 1 and ground should be added between terminal 5 and 
ground. Output power-gain stabilization for a direct-coupled driver 
and output stage is accomplished by means of an ac feedback loop 
that connects terminals 7 and 11 to the proper emitters of the push
pull output stage, as shown in Fig. 90. 

Connection of voltage supplies to the CA3007 audio driver 
requires that the most positive voltage be connected to terminal 9 
and the most negative voltage to terminal 3 (internally connected 
to the substrate and the case). The CA3007 may be operated 
from various supplies and at various levels. Operation from either 
a. single supply (as shown in Fig. 91) or from dual power sup
plies (as shown in Fig. 90) is feasible. For dual-supply operation, 
symmetrical supplies must be used if the audio driver is to be 
direct-coupled to the audio output stage. For single-supply opera
tion, the audio driver must be ac-coupled to the audio output 
stage, and the number of external components required increases. 

For operation from either single or dual supplies, the operat
ing current in transistor 03 is determined by the bias voltage be
tween terminals 2 and 3. The more negative terminal of this bias 
voltage must be connected to terminal 3. For dual-supply systems, 
terminal 2 is either grounded or connected to a trigger circuit for 
audio-squelching purposes. 

Fig. 90 shows the CA3007 used as a dual-supply audio driver 
in a direct-coupled audio amplifier. This amplifier provides a power 
output of 300 milliwatts for an audio input of 0.3 volt rms (Vee 
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Fig. 90 - CA3007 used as an audio driver for a direct-coupled 
300-milliwatt audio amplifier. 

= 6 volts, VEE = -6 volts, V = 30 volts). For a voltage V of 
6 volts, the output power is 10 milliwatts without transformer 
optimization; the use of a lower-impedance transformer would 
permit power outputs in the order of 100 milliwatts. 

The external resistor R connected between terminals 3 and 
4 is used to set the class B output-stage standby current as re
quired for a particular application. If the standby current is too 
low, crossover distortion will result; if it is too high, standby power 
drain will be excessive. Decreasing the value of resistor R reduces 
the standby current; for a standby current of 10 milliamperes, R 
is typically 10,000 ohms. 

Terminal 2 must be grounded or, if an audio squelch is de
sired, must be connected to a positive voltage supply of 5 volts 
minimum. When terminal 2 is near ground, the audio amplifier 
functions normally. When terminal 2 is at 5 volts, the differential 
pair of the audio driver saturates, and the push-pull output stage 
is cut off. The squelch source must be capable of supplying a cur
rent of l.5 milliamperes in the 5-volt condition, and 0.75 milli
ampere in the near-ground condition. 

For a symmetrical audio driver, there is no ac signal present 
at the base of transistor 0 6 • However, unbalances between the two 
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halves of the circuit may require that the base of 06 be bypassed 
for proper operation. The base of 06 may be bypassed by connec
tion of an external capacitor (typically 50 microfarads, 6 volts) 
from terminal 12 to ground. Bypassing is usually not required 
unless high undistorted power outputs are required over the com
plete temperature range of -55 to 125°C. 

Table VIII shows values of harmonic distortion and inter
modulation distortion for the amplifier of Fig. 90. 

Table VIII-Distortion Measurements for Direct-Coupled 
Amplifier Shown in Fig. 90 

HlfIII'lic Distlrtlon 

Pa.lr Output-Signal Level (mY rms) Hlrmo.ie 
Output witll 2-KHz Ilput Signal Distortion 
{IIW} 2kHz 4 kHz 8 kHz 1kHz 18 kHz 12 kHz (%) --
62.5 1000 9 3.0 0.95 
140 1500 18 4.0 2.0 1.4 1.0 1.24 
250 2000 25 4.2 5.0 1.0 1.5 1.30 
330 2300 27 6.0 9.0 3.0 2.0 1.27 

Intermo'ulation Distortion 

output-Signal Level: 
at 11 (2 kHz) ................................... lllOO mY rms 
at t. (3 kHz) .................................... 1000 mY rms 
at 21 .. 11 (4 kHz) ........................... 0.7 mY rms 

3rd·Order IMD ...................................... 0.07 % 

Fig. 91 shows the CA3007 used as a single-supply audio 
driver in a capacitor-coupled audio amplifier. This amplifier pro
vides a power output of 30 milliwatts for an audio input of 6.5 
millivolts rms (Vee = 9 volts) with the transformer shown. 

The connection shown in Fig. 91 still represents a differen
tial-pair phase splitter fed from a constant-current transistor. The 
two output signals from the phase splitter are direct-coupled 
through two emitter-followers which are capacitor-coupled to the 
push-pull output stage. Because of the ac coupling, there is no 
longer a dc dependence between the driver and the output stage, 
and any desired audio output design or drive source may be used. 
As a single stage, the CA3007 audio driver provides a voltage gain 
of 24 dB for a dc power dissipation of 20 milliwatts with the 
harmonic distortion reaching 3 per cent for outputs of 0.6 volt 
rms at terminals 8 and 10 (without feedback). 

Both dc and ac feedback loops are eliminated in the circuit 
of Fig. 91. Although the dc feedback loop is no longer required 
because of the ac coupling, removal of the ac feedback loop causes 
the output power gain to decrease about 1 dB for a 50°C rise in 
tem,perature. 
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Vee (9 V) 

Fig. 91 - CA3007 used as an audio driver for a 30-milliwatt audio amplifier. 

VIDEO AMPLIFIER 
The CA3001 integrated circuit, shown in Fig. 92, is designed 

for use in intermediate-frequency or video amplifiers at frequen
cies up to 20 MHz and in Schmitt-trigger applications. This inte
grated circuit can be gated, and gain control can be applied. The 
CA3001 is available in a 12-terminal TO-5 style low-silhouette 
package. 

The circuit consists of a differential pair of transistors, 03 
and 04, the current of which is controlled by a constant-current 
transistor 07. Transistors 01, 02, Or., and 00 are operated in the 
common-collector configuration to provide a high-impedance input 
and low-impedance output. Thus, the CA3001 provides double
ended input and output, and can be iteratively connected with 
low-value coupling capacitors. The high-frequency response of the 
circuit is determined primarily by the resistance and capacitance 
in the collectors of the differential pair 03 and 04. 

Biasing Requirements and Operating Modes 
When voltage supplies are connected to the CA3001, the 

most positive voltage must be connected to terminal 9 and the most 
negative voltage to terminal 3 (internally connected to the sub
strate and the case). For typical operation, terminals 2 and 10 
are returned to ground. If desired, however, automatic gain con-
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Fig. 92 - Schematic diagram of CA3001 integrated-circuit video amplifier. 

trol can be applied to terminal 2, and terminal 10 can be con
nected to the negative supply to permit larger negative-going output 
swings in the output transistors. 

The CA3001 may be operated with various supplies and at 
various levels. Operation from either a single supply or dual sup
plies is feasible, as shown in Fig. 93. When dual supplies are used, 
they may be either symmetrical or non-symmetrical. The use of 
separate positive and negative supplies minimizes the need for 
external components, as shown in Fig. 93(a). For single-supply 
applications, a resistor divider and a bypass capacitor must be 
added, as shown in Fig. 93 (b). 

When dual supplies are used, the inputs (terminals 1 and 6) 
are returned to ground through equal external resistors (the maxi
mum recommended value of R is 3300 ohms for linear operation). 
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Fig. 93 - Circuit connections for the CA3001 for (a) separate positive 
and negative supplies and (b) a single supply. 

The current through the resistor divider Rl and R2 should be 
greater than 1.5 milliamperes. For either single or dual supplies, 
the operating current in transistor Q7 is determined by the operat
ing mode. For any given bias voltage, four operating modes are 
possible, as described in Table IX. Each mode is characterized 
by a distinct operating current and a corresponding voltage gain, 
both of which have a particular temperature dependence. 

Table IX-Four Possible Operating Modes for 
CA300] Amplifier 

Operating Shorted Condition Q, Emitter 
Mode Terminals of Diodes Resistor 

A none in Rll + R,. 
B 5-3 out Rll + R,. 
C 4-3 in Rll 
D 54-3 out Rll 

Table X shows typical design performance characteristics 
for the four operating modes of the CA3001 at room temperature. 
The output operating point and voltage gain of the circuit are 
reasonably independent of resi~or value, but the current and power 
dissipation may vary with resistor values. Figs. 94 and 95 show 
theoretical curves of output operating point and voltage gain, re
spectively, as functions of temperature for nominal resistor values 
with supply voltage VEE of -3 and -6 volts dc. The voltage be
tween terminals 8 and 9 or terminiils 11 and 9 is denoted by V x. 
Because the variation of voltage gain and operating point with 
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temperature is small for all operating modes, the choice of mode 
depends on application requirements. With a supply voltage VEE 

of -4.5 volts, voltage-gain variation is normally less than 0.5 dB 
for all operating modes over the temperature range of -55 to 
125°C. 

Table X-Typical Design Performance Characteristics for the 
CA3001 Amplifier (terminals 2, 10, 6, and 1 referenced to 

Opera-
ting 
Mode 

A 
B 
C 
0 

A 
B 
C 
0 

A 
B 
C 
0 

I 

"'> 
31:1 
!;<z 
a:Q 
"'I-
~~ 0.4 

~; 
irlz 0.2 
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Supplies 
(±V) 

6 
6 
6 
6 
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4.5 
4.5 
4.5 

3 
3 
3 
3 

VEC-6VdC 
OUTPUT OPERATING 

POINT· Vcc-Vx 

C 

bl 
D "- A,a 

ground) at 25°C 
output 

Operating 
Volts Positive 

(Term. Supply 
8 and 11 Current 

to ground) (mA) 

4.3 8.4 
4.8 7.8 
2.8 9.9 
4.1 8.7 

3.0 6.0 
3.4 5.6 
2.0 7.2 
2.9 6.0 

1.8 3.7 
2.1 3.3 
1.0 4.4 
2.0 2.4 

MODE Vx(25") 

A 1.67V 
a 1.19 V 
c 3.26V 
D 2.00V 
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, 
"'> ZI 
~z 
""0 a:-
~~ 0.4 
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~, 02 
irl
~~ 0 
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Negative Power 
Supply Dissi-
Current pation 

(mA) (mW) 

-4.7 79 
-3.9 70 
-7.9 106 
-5.5 85 

-3.4 43.6 
-2.7 37.6 
-5.8 58.4 
-3.7 43.6 

-3.9 22.6 
-1.4 14.3 
-3.7 25.5 
-1.9 13.0 

VEE"-3Vdc 
OUTPUT OPERATING 

POINT = Vcc -Vx 

IcD 

~ ~ AB 

Single-
Ended 

Voltage 
Gain 

at 1 MHz 
(dB) 
--
15.5 
12.7 
17.8 
16.4 

14.6 
10.0 
17.7 
15.5 

13.0 
3.8 

16.4 
10.8 

MODE Vx(25°) 

A 1.22V 
a 0.86V 
c 2.01V 
D 1.04V 

A a 
J. ~ 

c DJ 
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Fig. 94 - Output operating point of the CA3001 (normalized to the 25°C 
operating point) as a function of temperature for VEE supplies of 

-3 and -6 volts. 

Frequency Response 

When the CA3001 video amplifier is used in cascade, its 
high-frequency response is determined primarily by the RC roll
off at the collectors of the differential pair Qa and Q4. The gen
erator source resistance may affect high-frequency bandwidth; for 
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Fig. 95 - Voltage gain of the CA3001 (normalized to the 25°C gain) as a 
function of temperature for VEE supplies of -3 and -6 volts. 

full bandwidth capability, the parallel combination of source re
sistance and base-bias resistance should not exceed 800 ohms. The 
low-frequency response is determined by the coupling capacitor 
and the base-bias resistance value. 

Fig. 96 shows the circuit used for evaluation of frequency re
sponse of the CA3001, together with the response characteristics 
obtained. The circuit is operated in mode C with supplies of +6 
volts. The 50-ohm generator simulates the frequency and gain be
havior for iterative operation. The curves of Fig. 96 show the 
measured response characteristics. 

The high-frequency roll-off of the CA3001 is a function of 
the values of resistors Rl and R2 in Fig. 92 and their variation with 
temperature. Fig. 97 shows the effect of temperature on high-fre-
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Fig. 96 - Frequency response of the CA3001 in the test circuit shown. 
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Fig. 97 -High-frequency 3-dB bandwidth of the CA3001 as a function 
of temperature. 

quency response. The variation in response can be accounted for 
by the resistance variation with temperature; capacitance variations 
with temperature are a secondary effect. 
Input and Output Impedances 

Fig. 98 shows the parallel input resistance and capacitance 
of the CA3001 as a function of frequency. The input capacitance 
is constant until it begins to decrease at high frequencies. The input 
resistance decreases through the frequency range from 0.1 to 10 
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Fig. 98 - Parallel input resistance and capacitance of the CA3001 as 
functions of frequency. 

MHz. Because the input resistance is high in comparison with the 
external base-bias resistors used (3300 ohms maximum), the 
high-frequency response characteristic of the input is determined 
by the driving-source resistance, the base-bias resistors, and the 
parallel input capacitance. 

The parallel output resistance of the CA3001 is low (approxi
mately 70 ohms), and the output reactance is sufficiently high to 
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provide little or no degradation of frequency response through 
the usable frequency range. 

Noise Figure 

Fig. 99 (a) shows noise figure as a function of frequency for 
a 1000-ohm source. The 1/f noise corner occurs at approximately 
30 kHz; above this frequency, the noise figure remains flat at 
approximately 5 dB to 6 MHz, and then begins to rise. 

Fig. 99 (b) shows noise figure as a function of source re
sistance for frequencies of 1.75 and 12 MHz. For stages in which 
noise performance is important, the source resistance should not 
be less than 500 ohms because of the rapid rise in noise figure at 
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Fig. 99-Noise figure of the CA3001 as a function of frequency and 
source resistance. 

lower values. The noise figure of the CA300l increases when non
driven base-bias resistors are unbypassed. For stages in which 
noise performance is important, the external resistor on an input 
base that is not receiving the signal must be bypassed if minimum 
noise figure is to be achieved. 

Gain Control 

AGC can be applied to the CA300l at terminal 2 for any of 
the four operating modes. Fig. lOO shows representative agc char
acteristics for modes C and D at a frequency of 1 MHz. The 
threshold voltage is higher in mode C than in mode D because of 
the difference in the base-bias circuit for the constant-current sink 
transistor (Q4). 

The agc range is dependent on frequency at high frequen
cies because the feedthrough parameters are primarily capacitive; 
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therefore, it should eventually decrease at a rate of approximately 
20 dB per decade. The average measured agc range at 10 MHz is 
62 dB, and is 15 dB less than that at 1 MHz. 

Common-Mode Reiection 

Fig. 101 (a) shows the common-mode rejection of the CA3001 
as a function of temperature at a frequency of 1 kHz. The com
mon-mode rejection increases with increasing temperature; a typi
cal value at 25°C is 70 dB. 

Because the CA3001 can be used in many applications with 
a single-ended output at high frequencies, both the single-ended 
differential gain and the single-ended common-mode gain are of 
considerable interest. Fig. 101 (b) shows both single-ended com
mon-mode and differential-mode gain as functions of frequency. 
The common-mode gain is a function of the impedance ratio be
tween the constant-current transistor (Q7) and the load resistor 
in one side of the differential pair (Qa or Q4). The common-mode 
gain increases with increasing frequency. 

The common-mode rejection is degraded if sufficient signal 
is applied to saturate the constant-current transistor (Q7). The 
maximum peak-to-peak input voltage without degradation of 
common-mode rejection is a function of the voltage supplies and 
the operating mode of the constant-current transistor. 

Harmonic Distortion and Swing Capability 

When equal positive and negative supplies are used, operat
ing mode C provides the largest swing capability because the out
put operating point is approximately centered. With voltage 
supplies of -I- 6 volts dc at a frequency of 1 MHz, the single-ended 
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Fig. 101 - Common-mode rejection and voltage-gain characteristics of 
the CA3001 as a function of temperature and frequency. 

output is 1.3 volts rms for 3-per-cent distortion in mode C and 
0.665 volt rms in mode D. 

The signal-swing capability was also evaluated as a function 
of temperature in mode C with voltage supplies of +6 volts dc. 
For 3-per-cent distortion, an output swing of 1.2 volts rms can 
be obtained over the temperature range from 25 to 125°C. 

For pulse-type signals, the total possible swing capability is 
important. The voltage at the collectors of the differential pair may 
rise to the positive supply voltage, Vee, and fall to the saturation 
level. If the bases of the input emitter-followers are maintained 
at zero potential, the emitters of the differential pair are negative 
by twice the base-to-emitter voltage drop, V BE, or approximately 
-1.4 volts. If the saturation voltage is assumed to be 0.2 volt, the 
collectors drop to about -1.2 volts before saturation. Therefore, 
the total swing available at the collectors is approximately Veo + 
1.2 volts; for a Vee of 6 volts, the swing is 7.2 volts. The output 
voltage swing is lower than this value by VBE, or from 5.3 to -2.0 
volts. This total swing capability can be realized only when the 
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resistors Ra and Rs ( terminal 10) are returned to the negative 
supply voltage (terminal 10 shorted to terminal 3). Selection of 
the operating point to obtain most of the available total swing in 
one direction involves proper choice of the operating mode and 
the negative supply voltage. 

Cascade Operation 

Over-all performance characteristics for three CA3001 stages 
operated in cascade are shown in Fig. 102. The need for supply 
decoupling is minimized by the symmetry of the circuit, which en
sures equal and out-of-phase currents in the supply leads. Three 
circuits in close proximity can provide stable over-all gains of 
approximately 65 dB. A further advantage of the CA3001 in cas
cade is that a gain increase of 6 dB accrues each time a double
ended output is used. 

Table XI and Fig. 102 show the performance of the CA3001 
in the three-stage cascade circuit for various values of supplies and 
coupling capacitors. The only advantage of +6-volt supplies as 
compared to +4.5-volt supplies is a larger output-swing capability. 

Table XI-Performance of CA3001 Cascade Amplifier shown in 
Fig. 102 

Coupling Capacitor 8.02p.F 100 pF 
Voltage Supplies ±8 ±4.5 ±6 ±4.5 Vdc 

Power Dissipation 276 146 276 146 mW 
Single-Ended-Output 

Mid-Band Gain 64.5 63 60.5 57.5 dB 
3-dB Response: Upper 9 9 10.5 10.5 MHz 

lower 0.0125 0.0125 1.9 1.9 MHz 
AGe Range 65 63 61 59 dB 
Output Signa I for 

3-per-cent Distortion 1.3 1.15 1.15 0.7 Vrms 
Input Signal for 3-dB 

Signal-to-Noise Ratio 26 14 20 18.5 .uVrms 

The use of +4.5-volt supplies entails no sacrifice in bandwidth 
and little gain loss, and provides a saving in power dissipation of 
almost 2 to 1. Better signal-to-noise performance can be achieved 
with no change in bandwidth if a higher value of source resistor 
is used (e.g., 800 ohms, rather than the value of 50 ohms shown 
in Fig. 102). The agc range of the cascaded circuit is 10 dB less 
than that for an individual circuit because no interstage shielding 
is provided and double-ended output is not used. 
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Fig. 102 - Three-stage CA3001 cascade a.mplifier and frequency-response 
characteristics. 

Schmitt-Trigger Operation 

The CA3001 has an advantage in Schmitt-trigger applications 
because the emitter-follower outputs isolate the impedances of the 
feedback loop from the differential stage. These outputs are also 
capable of driving low-impedance loads. When symmetrical power 
supplies of up to +6 volts are used, the CA3001 operates with
out saturation of the basic differential pair (03 and 04). For each 
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of the four operating modes, a complete offset at the input that 
causes all the sink-transistor current to pass through either 03 or 
04 does not bring these transistors into saturation. As a result, un
certainties resulting in hysteresis prediction caused by storage time 
are eliminated. 

When the CA3001 is connected as a Schmitt trigger, as shown 
in Fig. 103, the firing points can be changed by adjustment of the 
resistor R2 • This resistor value effectively sets the voltage at the 
input terminal 6 and requires that the input firing voltage at termi-

+-6Vdc 

-6Vdc 

RI 
4.7 K 

VOUT 

Fig. 103 - CA3001 Schmitt trigger. 

nal 1 approach this value to obtain trigger action. The hysteresis 
voltages obtained for various trigger levels in the circuit of Fig. 
103 are shown in Table XII. 

Table XII-Performance Data for CA3001 Used as a 
Schmitt Trigger 

Input Firing Volts 
Transition Transition 

from State 1 from State 2 
to State 2 to State 1 

3.0 1.5 
1.1 0.1 

-1.4 -1.9 
-3.2 -3.2 

Hysteresis 
Volts 

1.5 
1.0 } 0.5 
o 

R. 
Approximate 

Setting 

max. resistance 
decreasing 

R. 
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IF AMPLIFIER 

The CA3002 integrated-circuit if amplifier can be used with 
either a single-ended or a push-pull input. Its applications include 
RC-coupled if amplifiers, video amplifiers, envelope detectors, 
product detectors, and various trigger circuits. The if amplifier is 
supplied in a 100terminal TO-5 style low-silhouette package. 

Fig. 104 shows the circuit diagram for the CA3002 integrated 
circuit. The circuit is basically a single-stage balanced differential 
amplifier (02 and 04) with input emitter-followers (01 and 05), 

TERMINAL 6 
IS AN INTERNAL 

CONNECTION. 
DO NOT USE. 

Fig. 104 - Schematic diagram of the CA3002 integrated-circuit if amplifier. 

a constant-current sink (03) in the emitter-coupled leg, and an 
output emitter-follower (06)' A single-ended input is connected 
to terminal 10 or a push-pull input to terminals 10 and 5. A 
single-ended output is direct-coupled at terminal 8 or capacitance
coupled at terminal 6. Terminals 5 and 10 must be provided with 
dc returns to ground through equal external base resistors. The 
emitters of the differential pair (02 and Q4) are connected through 
degenerative resistors (Rs and R4 ) to the transistor current source 
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(Qs). The use of these resistors improves the linearity of the trans
fer characteristic and increases the signal-handling capability. 

Transistor Ql provides a high input impedance for the if am
plifier. Transistor Q5 preserves the circuit symmetry, and also par
tially bypasses the base of Q4. Additional bypassing can be obtained 
by connection of an external capacitor between terminal 5 and 
ground. The emitter-follower transistor Qs provides a direct
coupled output impedance of less than 100 ohms. 

Circuit Characteristics 
When voltage supplies are connected to the CA3002, the most 

positive voltage must be connected to terminal 9 and the most nega
tive voltage to terminal 2 (internally connected to the substrate and 
case). The CA3002 may be operated from various supplies and 
at various levels. Operation from either single or dual power sup
plies is feasible. When two supplies are used, they may be· either 
symmetrical or non-symmetrical. When both positive and nega
tive voltage supplies are used, external components can be mini
mized, as shown in Fig. 105(a). For single-supply applications, a 

Fig. 105 - Circuit configurations tor the CA3002 with (a) dual voltage 
supplies and ( ) a single supply. 
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resistor divider and a bypass capacitor must be added externally, 
as shown in Fig. 105 (b). The current through R2 and Ra should 
be greater than one milliampere. Except in applications that use 
inductive drive, equal external base resistors must be added at 
terminals 5 and 10 to provide base-current returns. Terminal 7 
can be connected to ground, or to the negative supply if a larger 
negative-going voltage swing is desired at any operating point. 

For either single or dual supplies, the operating current in 
transistor 03 is determined by the bias voltage between terminals 
1 and 2. The more negative point of this bias voltage must be con
nected to terminal 2. For dual-supply systems, terminal 1 is usu
ally referenced to ground. 

Operating Modes - For any given bias voltage (VEE when 
terminal 1 is grounded), four operating modes are possible, as de
scribed in Table XIII. In general, each mode is characterized by 
(1) a distinct dc operating point with a characteristic temperature 
dependence, and (2) a particular value of gain that has a distinct 
temperature dependence. 

Table XIII-Identification of CA3002 Operating Modes 
operating 

Mode 
Shorted 

Terminals 
Condition 
of Diodes 

Q, Emitter 
Resistor 

A none in R. + R" 
B ~ ~ ~+L 
C -~ ~ ~ 
D 4-3-2 out R. 

When the diodes are utilized in the bias circuit (modes A 
and C), the current is essentially dependent on the temperature 
coefficient of the diffused emitter resistors R9 and Rll, and has a 
tendency to decrease with increasing temperature at a rate inde
pendent of the negative supply voltage. The temperature coeffi
cient of the diffused collector resistor Rl is the same as that of the 
emitter resistor, and a constant collector-,voltage operating point 
results at the collector of transistor 04. However, the operating 
point at output terminal 8 is modified by the base-emitter voltage 
drop of transistor 06 and its temperature dependence. Typical 
variation of the output operating point with temperature is shown 
in Fig. 106 for the four operating modes for VEE supplies of -3 
and -6 volts. The voltage between terminals 8 and 9 is denoted 
by Vx. In mode B (with the diodes out of the bias circuit), it 
should be noted that the output operating point is constant with 
temperature because the change in the collector operating point 
is cancelled by the change in the base-emitter voltage drop (VBE). 

When the diodes are out of the bias circuit, the current-tem
perature curves become dependent on the negative supply voltage. 
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Therefore, the value of VEE can be adjusted so that the transcon
ductance decreases, increases, or remains constant with tempera
ture. As shown in Fig. 107, the gain increases with temperature for 
a -3-volt VEE supply, but decreases with increasing temperature 
for a -6-volt VEE supply. At some intermediate value of VEE 
(approximately -4.5 volts), the gain should be constant as a func
tion of temperature. In any case, however, a constant ac gain 
with temperature is accompanied by a change in the collector 
operating point of transistor Q4. 

Table XIV lists typical design performance characteristics 
for the four operating modes of the CA3002. By use of the data 

Table XIV-Typical Design Performance Characteristics for the 
Four Operating Modes of the CA3002 (Terminals 7 and 1 

are grounded; temperature:;::::: 25°C) 

Output 
Operating Power 

Volts Voltage + Supply - Supply Diss!-
± Supply (Term. 8 to Gain (dB) Current Current pation 

Mode Volts ground) at 1 MHz (mA) (mA) (mW) 

A 6 2.6 26.4 5.0 4.2 55.2 
B 6 3.8 22.5 4.7 3.7 50.4 
C 6 0 * * * * 
0 6 1.8 25.4 5.1 4.9 60 
A 4.5 2.0 24.0 3.6 3.0 29.7 
B 4.5 3.0 19.8 3.4 2.6 27.0 
C 4.5 0 * * • • 
0 4.5 1.8 24.5 3.7 3.3 31.5 
A 3 1.1 22 2.3 2.0 12.9 
B 3 2.0 14.5 2.1 1.5 10.8 
C 3 0 • . . • 
0 3 1.5 20 2.2 1.9 12.3 

• Transistor Q. saturated, transistor Q. cut off. 

in this table and in Figs. 106 and 107, it is possible to select the 
proper operating mode to provide the most transconductance per 
milliwatt of dissipation, the specified output-swing capability, and 
the desired temperature performance for a particular design re
quirement. 

In operating mode C, a valid non-saturated operating point 
may be obtained by use of non-symmetrical voltage supplies. For 
example, when VEE is -3 volts, the operating point will not be 
in saturation if a positive supply voltage of 4.5 volts or more is 
used (as indicated in Fig. 106). Resistor R6 may then be returned 
to the negative supply instead of to ground to ensure the desired 
negative swings. 

Input Offset Current - Fig. 108 shows a curve of input offset 
current of the CA3002 as a function of temperature. This offset 
current determines the maximum value of total effective external 
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resistance that may be used in each base circuit (resistors Rl in 
Fig. 105). A maximum value of 10,000 ohms is recommended for 
each base circuit. However, larger resistances may be accommo-
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dated if the resistors can be adjusted to maintain low input offset 
voltages, or if the operating points of 01 and 05 are not in the 
linear region (as in trigger circuits). 

Input Impedance - The input impedance of the CA3002 is 
essentially a characteristic of the input emitter-followers, 01 and 
05. Because these transistors are lightly loaded, they have parallel 
input impedances that are approximately 0.1 megohm at low fre
quencies and rise to infinity and become negative at a few mega
hertz. In most cases, these impedances are negligible in comparison 
with the impedances of external base resistors or inductors. The 
input capacitance is 3 to 5 picofarads. 

The input impedance decreases with decreasing operating 
temperature. A typical low-frequency value of parallel input re
sistance is 55,000 ohms at -55°C. If a resonant line or tuned cir
cuit that has appreciable impedance in the vhf range is connected 
to either input terminal, a series parasitic resistor of 50 to 100 
ohms should be placed in series with the input lead to prevent vhf 
oscillation. 

Output Impedance - The output impedance of the CA3002 
is essentially that of the output emitter-follower 06, and is a func
tion of the current in 06. The current, in tum, is determined by 
the operating mode, the supply voltages, and the connection of 
resistor R6 to ground or to terminal 2. In operating mode D with 
R6 returned to ground and -+-6-volt supplies, the output resistance 
is approximately 80 ohms over most of the useful frequency range 
and rises to about 110 ohms (its highest value) at -55°C. 

Frequency Response - The mid-frequency voltage gain of 
the CA3002 if amplifier is essentially independent of absolute re
sistor values, but depends on the resistor ratios. Fig. 109 shows a 
test circuit used to measure the response characteristics of an 
iterative-coupled amplifier that uses an input-coupling capacitor 
of 15 picofarads. 

The response curves for an iterative-coupled amplifier that 
uses O.Ol-microfarad input-coupling and output-coupling capaci
tors are shown in Fig. 110. If I-microfarad coupling capacitors 
are used, the low-frequency response can be extended below 100 
Hz. The addition of a O.Ol-microfarad capacitor at terminalS 
improves the high-frequency performance. 

Gain Control- The voltage gain of the CA3002 can be con
trolled over a wide range by adjustment of a negative dc voltage 
applied at terminal 1. Fig. 111 shows the voltage gain at 1.75 
MHz (measured in the test circuit of Fig. 109) as a function of 
the dc voltage. When the gain is controlled in this manner, the 
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Fig. 110 - Effective single-state response characteristics for CA3002 if 
amplifier using 0.01-microfarad coupling capacitors. Curve D represents 

operation with 0.01-microfarad bypass capacitor connected at 
terminal 5 (not shown). 
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CA3002 can be used as an if amplifier with a 75-dB age range, 
or as a video gating, squelching, or blanking circuit with a simi
lar range. The circuit function depends only on the manner in 
which the dc voltage applied to terminal 1 is controlled. The age 
range is dependent on frequency, and decreases from 75 dB at 
1 MHz to 60 dB at 25 MHz. 

Third-Order Intermodulation Distortion - Fig. 112 shows 
the peak-to-peak input signal required to produce third-order inter
modulation distortion of 3 per cent as a function of gain control 
for the CA3002 integrated circuit. The maximum tolerable signal 
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Fig. 112 - Third-order intermodulation characteristics of the CA3002 as 
a function of age. 

input for 3-per-cent intermodulation distortion is relatively con
stant over the entire agc range, but increases dramatically as cutoff 
is attained. When the CA3002 is operated in mode A with sup
plies of ±6 volts and an agc of -30 dB, a peak-to-peak input 
signal in excess of 100 millivolts is typically required for J-per-cent 
distortion. 
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Noise Figure - Because noise figure is an important design 
parameter for both video and if-amplifier applications, it was evalu
ated for the CA3002 over the frequency range of 1 kHz to 10 
MHz. Fig. 113 shows noise performance as a function of fre
quency when a 1000-ohm source is used. The noise figure is 4 dB 
over a large portion of the usable range. The 1/f noise corner oc
curs at approximately 15 kHz, and the high-frequency noise rise 
begins at approximately 4 MHz. Fig. 114 shows noise figure as a 
function of source resistance at 1.75 MHz. The typical noise fig
ure is less than 4 dB. It is reasonably flat for source resistances 
from 500 to 2500 ohms, but rises rapidly at values below 500 
ohms. 
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resistance. 

When external base-bias resistors are used, terminal 5 should 
be bypassed by an external capacitor for any stage in which low 
noise figure is required. If the base-bias resistors are not bypassed, 
the noise figure increases. In a practical receiver, bypassing may 
be avoided if the input at terminal 10 is transformer driven (from 
a filter) and terminal 5 is grounded. In the later if stages, noise 
figure can usually be ignored. 

Applications of the IF Amplifier 

The CA3002 integrated-circuit if amplifier is a versatile 
circuit that can be used for many diverse applications. The bal
anced differential amplifier fed from a constant-current source 
makes an excellent controlled-gain if amplifier. The gain-control 
function may be extended to include video gating, squelching, and 
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blanking applications. Envelope detection can be achieved by suit
able biasing of the emitter-base diode of the output emitter-fol
lower transistor. Product detection can be obtained by re-insertion 
of the carrier at the. base of the constant-current-source transistor. 
Various trigger and waveform-generating circuits can also be 
achieved by the addition of suitable external components. 

Envelope Detector - The CA3002 integrated circuit can be 
operated as an envelope detector in either of two ways, as shown 
in Fig. 115: (1) the emitter of the output transistor 0 6 can be 
operated at zero voltage by connection of an external resi~.tor in 
the bias loop of the constant-current transistor Os, or (2) the cur
rent in transistor 06 can be reduced by connection of a large re
sistor (12,000 to 18,000 ohms) in series with its emitter resistor. 

In the circuit for method 1, the current in the differential 
pair (02 and 04 in Fig. 104) is increased to the point at which 

METHOD I 

~ 

50 10K 

1.75MHz 
50% MODULATED 

AT 1kHz 

D.OII£F 10 

~II£F 
7~~HZ 

-=- ::;ULATED 
AT I KHz 

+6V 

r~ 
= -6V 

+6V 

Fig. 115 -Envelope detectors using CA3002 integrated circuits. 
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the common-collector output transistor Q6 is biased almost to 
cutoff. For this current increase, the constant-current transistor 
Qa is operated with terminal 4 open, and the emitter resistor R9 is 
shunt loaded by the external resistor at terminal 3. Envelope de
tection can be accomplished only in mode A with method 1. 

Although the output transistor is nearly cut off, all the other 
active devices are operating in their linear regions. For small ac 
signals, therefore, the circuit provides linear operation except for 
Q6, which is turned on only by a positive signal. The maximum 
acceptable input signal depends on the linear range of the differ
ential amplifier. An external filter capacitor is connected between 
terminal 8 and ground to remove the rf signal from the detected 
audio output. 

In the circuit diagram for method 2 shown in Fig. 115, a 
fixed value of resistance (15,000 ohms) is used to reduce the 
emitter current in the output transistor (Q6) to approximately 
100 microamperes. This operating point provides the non-linearity 
for detection in transistor Q6. Again, the remainder of the circuit 
produces gain because it is operating linearly. As in the case of 
method 1, an external filter capacitor is connected between termi
nal 8 and ground to remove the rf signal from the detected audio 
output. 

Fig. 116 shows the input-output characteristics of the en
velope-detector circuits shown in Fig. 115. The usable range of 
input signals for distortion below 3 per cent is 10 to 100 milli
volts (20-dB range) for method 1 and 12 to 60 millivolts (14-dB 
range) for method 2. Automatic gain control of the if amplifier 
must maintain the input signals to the detector within this range. 

Product Detector - A differential pair driven by a constant
current transistor can be used as a product detector if a suppressed
carrier signal is applied to the differential pair and the regenerated 

.. 
~400r--+-~-+--~~-~ 

5 
~300r-~~~~~~~-+-~ 

~ 
... 200~-+~,¥--

~ 
5 IOO~~~~-+--r--+-~ 

40 60 80 100 120 
INPUT mVrms (AT 1.75 MHz) 

Fig. 116 - Input-output characteristics of the envelope detectors shown 
in Fig. 115. 
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carrier is applied to the constant-current transistor. There are two 
requirements for linearity: (1) the circuit must be operated in a 
linear region, and (2) the current from the constant-current tran
sistor must be linear with respect to the reinserted carrier voltage. 

The CA3002 satisfies these requirements and can be used as 
a product detector in the circuit shown in Fig. 117. A double
sideband suppressed-carrier signal is applied at terminal 10, and 

50 +6 V OUTPUT 

DOUBLE-SIDEBAND 
SUPPRESSED CARRIER 

1.701 + 1.609 MHz 

-6V 

Fig. 117 - Product-detector circuit using the CA3002. 

the 1.7-MHz carrier is applied to terminal 1. Because of the single
ended output, a high-frequency bypass capacitor (0.01 microfarad) 
is connected between terminal 8 and ground to provide filtering 
for the high-frequency components of the oscillator signal at the 
output. 

When the amplitude of the suppressed-carrier signal and of 
the -oscillator signal are varied, the gain and distortion characteris
tics shown in Table XV are obtained. The conversion voltage 
gain is constant at input signals up to 16 millivolts and would be 
6 dB less for a single-sideband signal than for the double-sideband 
signal. The distortion increases with increasing input signal; for 
distortion of less than 1 per cent, the input drive level does not 
exceed 8 millivolts. The gain maximizes for oscillator voltages of 
1 to 2 volts, and the distortion characteristic is also best in this 
region. Distortion increases both at low oscillator drive levels (0.25 
volt) and at high levels (3 volts). 
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Table XV-Performance Data for CA3002 as Product Detector 

v. 
v, Oscillator v, dB down from 

Double- Voltage Output at Conversion Fundamental 

Sideband at Term. 8 Voltage of Harmonics' 

Voltage Term. 1 at 1 kHz Gain Harmonic 
(mV) (V) (mV) (dB) 2nd 3rd 

-- ---
I 1.7 12.5 21.9 60 >65 
4 1.7 50 21.9 51 61 
8 1.7 100 21.9 46 56 

16 1.7 200 21.9 37 46 
32 1.7 310 19.8 32 30· 
4 0.25 22 15.6 15 42" 
4 0.5 42 20.3 32 52 
4 1.0 60 23.5 45 60 
4 1.3 60 23.5 49 61 
4 1.7 50 21.9 51 61 
4 2.0 48 21.6 52 62 
4 2.5 31 17.8 49 60 
4 3.0 15 11.4 42 60 

• 4th and 5th harmonics greater than 65 dB down except as noted. 
• 4th harmonic 51 dB down, 5th harmonic 64 dB down. 
" 4th harmonic 44 dB down. 

Schmitt Trigger - Fig. 118 shows the use of the CA3002 as 
a Schmitt trigger. In this application, the input is applied to termi
nal 5, and both the output and the feedback are taken from the 
output emitter-follower at terminal 8. The emitter-follower out
put isolates the feedback loop from the differential pair and makes 
it possible for the circuit to drive low-impedance loads. An addi
tional advantage is that neither half of the differential pair saturates 
as the resistance of the feedback loop is varied. Fig. 118 also shows 
the output swing and associated hysteresis of the Schmitt trigger 
as a function of resistor R and the dc input voltage level at 
terminal 5_ 

WIDE·BAND AMPLIFIERS 

The RCA-CA3021, CA3022, and CA3023 integrated cir
cuits are multi-purpose high-gain amplifiers designed for use in 
video and AM or FM if stages in single-power-supply systems. 
These circuits are usable throughout the temperature range from 
-55°C to 125°C. They are supplied in a 12-terminal TO-5 
style package. 

The CA3021, CA3022, and CA3023 have the same circuit 
configuration and the same mid-band open-loop gain. However, 
different resistor values are used in the three circuits to provide 
different values of power dissipation and open-loop bandwidth. 
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Fig. 118 - Schmitt trigger circuit using the CA3002 and the output swing 
and associated hysteresis for the circuit. 

Typical power dissipation with a 6-volt supply is 3 milliwatts for 
the CA3021, 12 milliwatts for the CA3022, and 36 milliwatts for 
the CA3023. Wider bandwidths can be achieved with the CA3023, 
intermediate bandwidths with the CA3022, and narrower band
widths with the CA3021. 

The major features of these circuits is a flexibility that per
mits their use in the following applications: video amplifiers operat
ing at frequencies through 30 MHz, AM and PM if amplifiers, 
and buffer amplifiers in which an isolation capability greater than 
60 dB at 1 MHz is desired. The areas of circuit flexibility are as 
follows: 

• Operation with dc supplies of 4.5 to 12 volts. 
• Automatic-gain-control capability (60-dB agc range with 

large input-signal-handling capability). 
• Limiting capability (by connection of diodes provided on 

the chip). 
• Gain adjustment (by addition of external feedback re

sistor or network to obtain desired operating gain and 
bandwidth) . 
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Circuit Description 

The circuit diagram for the CA3021, CA3022, and CA3023 
is shown in Fig. 119. Amplifier gain is obtained by use of tran
sistors 010 03, 04, and 06, which are connected as two dc-coupled 
common-emitter/common-collector amplifiers having a voltage gain 
of approximately 60 dB. The common-collector configuration pro
vides the necessary impedance transformation (high-impedance 
input and low-impedance output) for wide bandwidth. The output 
transistor 06 provides the low output impedance desired for itera
tive operation. The circuit must be capacitively coupled, and 
should have a low-impedance source. 

II 

Fig. 119 - Schematic diagram for the CA3021, CA3022, and 
CA3023 integrated circuits. 

Fig. 120 shows typical connections for the CA3021, CA3022, 
and CA3023 for wide-band and bandpass applications with and 
without agc, and for limiter applications. An external feedback 
resistor Rf or a tuned circuit can be added between terminals 3 



162 RCA Linear Integrated Circuits 

CHOKE 

~ +Vcc 

c, C, 

"~ , "~ , Rg Rg 

'" '" 
= 

(a) 
(b) 

(e) 

Fig. 120 - Typical connections for the CA3021, CA3022, and CA3023 
for (a) wide-band and band-pass applications, (b) wide-band and 
band-pass applications that require agc, and (c) limiter applications. 

and 7 for desired bandwidth and gain performance. Linear operat
ing conditions are maintained by the bias applied between the col
lector and the base of 01 by the resistor-diode network R2, Ra, 
Rlo and D1. Because the collector of 01 is held at a fixed potential 
that is relatively independent of supply, device characteristics, and 
temperature, dc coupling to the remainder of the circuit can be 
used. . 

For applications in which gain control is desired, terminals 
10 and 12 are left fioatingand agc is applied to terminal 2, as 
shown in Fig. 120(b). For maximum gain, terminal 2 is operated at 
a positive voltage not larger than the supply voltage applied to 
terminal 5. In the positive voltage condition, transistors O2 and 



Description and Applications 163 

05 are saturated and the impedance in the emitters of 01 and 04 
is low. When the gain-control voltage becomes negative, 02 and 
05 come out of saturation and provide high degenerative emitter 
resistance which reduces the gain. Because most of the increasing 
signals appear across the increasing degenerative resistance, the 
active gain transistors 010 Oa, 04, and 06 handle only a small 
part of the large signal. As a result, signal-handling capability in
creases with increasing agc. Further increases of gain-control volt
age reduce the current in 01 and 04 and thus provide the additional 
gain control needed to achieve maximum agc range. 

In limiting applications, diodes D2 and Da are connected in 
the feedback loops, as shown in Fig. 120(c) (terminals 4 to 3, 
6 to 7, and 8 to 9). The diodes provide clamping for sufficient 
input-signal swing; limiting can be achieved with input-signal 
swings up to 2.5 volts rms. 

Biasing Requirements 

The most positive voltage to be applied to the CA3021, 
CA3022, and CA3023 integrated circuits is connected to terminal 
5. The most negative voltage is connected to the substrate through 
terminal 11. 

The circuits can be used with single power supplies of 4.5 to 
12 volts. The bias technique used for transistor 010 and thus for 
the remainder of the circuit, makes the collector operating voltage 
of 01 and 04 relatively independent of the supply. Consequently, 
the current in the circuit increases almost linearly as a function of 
supply voltage. Fig. 121 shows typical power dissipation for the 
three circuits as a function of supply voltage. Because there is little 
change in the collector voltage of 04, there is little change in out
put operating point as a function of supply voltage. 
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Fig. I21-Power dissipation as a function of supply voltage for the 
CA302I, CA3022, and CA3023. 
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DC Stability with Temperature - The output operating points 
of the CA3021, CA3022, and CA3023 are shown in Fig. 122 as 
a function of temperature and feedback resistance. As a result of 
the resistor values used in each circuit, the output operating point 
is compensated in the temperature range between -20°C and 75°C 
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Fig. 122 - Output operating point of the CA3021, CA3022, and CA3023 
as a function of temperature for various values of feedback resistance. 

when the circuit is operated under open-loop conditions (terminals 
3 and 7 floating). Insertion of a feedback resistor between terminals 
3 and 7 is recommended to minimize degradation in performance 
at temperatures outside this range. The maximum value of the 
feedback resistor Rf recommended for optimum performance of 
each circuit is as follows: 

Circuit 
CA3021 
CA3022 
CA3023 

Feedback Resistance, 
R,-ohms 

18000 
5100 
2000 

Use of a feedback resistor of the maximum value provides equal 
ac and de feedback, but reduces the usable gain of the circuit· to 
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approximately 40 dB. When equal ac and dc feedback is not de
sired, as in the case of bandpass or tuned responses, a choke or 
tuned circuit can be included between the feedback terminals 3 and 
7 to provide dc temperature stability and permit gains of 50 to 
55 dB. 

As a general rule, feedback should be included in all appli
cations in which operation over an extended temperature range is 
required. 

DC Considerations for Gain Control - When the agc transis
tors 02 and 0" are included in the circuit, the output operating 
point can be held constant only by addition of feedback. Variation 
of operating point is caused by the added collector-to-emitter volt
age of 02 and 05 in saturation in the emitters of 01 and 04. The 
effect is more pronounced in the higher-current circuits CA3022 
and CA3023. As discussed previously, full dc feedback can be 
used to stabilize the operating point; ac feedback can be removed 
by the use of tuned circuits. The maximum recommended values 
of Rf provide satisfactory stability when the circuit is connected 
for age. 

DC Considerations for Limiting - In limiter applications, 
diodes D2 and Da are included in the feedback loops in the circuit 
[external connections are made as shown in Fig. 120(c)]. Under 
open-loop conditions, the dc operating point may be such that D2 
and Da (usually Ds) are turned on. The gain is then reduced and 
the amplifier will not operate linearly at low levels. The values of 
Rr recommended previously also assure correct operation for limit
ing amplifiers. 

Gain-Frequency Characteristics 

Open-loop frequency responses for the CA3021, CA3022, 
and CA3023 are given in Fig. 123. The curves also show the re
sponse characteristics to the 3-dB point for various values of feed
back resistance. Values of feedback resistance larger than those 
recommended for operating-point temperature stability are included 
to indicate gain performance at resonance when tuned circuits or 
chokes are used in the feedback loop. For these measurements, 
the circuits were operated with a 50-ohm source and a high im
pedance load. 

Fig. 124 shows the variation· of gain with temperature for the 
three circuits. Each circuit was operated with sufficient feedback 
to provide a closed-loop gain of approximately 40 dB. The gain 
variation is practically independent of feedback, and is slightly 
greater for the CA3023 than for the other two circuits. Fig. 125 
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shows typical upper-3-dB frequency shifts with temperature for 
the three circuits for a gain of approximately 40 dB. 

In buffer-amplifier applications, reverse feedback or isola
tion capability is required. Table XVI shows the isolation per
formance of the CA3021, CA3022, and CA3023 at three frequency 
levels with the input terminated in 50 ohms. 
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Table XVI-Isolation Performance of the Wide-Band Amplifiers 

Resultant Feedthrougb Input Vlltlge 
Feedback Voltage Below tbe Applied Output Voltage 
Resistor at Output (dB) 

Circuit Rf (Dbms) (YDlts rms) f = 1 MHz f = 10 MHz f = 50 MHz 
CA3021 18000 2 66 66 54 
CA3022 5000 2 66 66 54 
CA3023 2000 2 66 66 52 

Power-Output Capability 
The maximum power-output capability of the common-collec

tor output transistor 06 in Fig. 119 occurs for a load-resistance 
value higher than the output impedance. For determination of op
timum load-resistor values, each circuit is operated from a 6-volt 
supply at a gain of approximately 40 dB with a variable resistor 
capacitively coupled to terminal 8. The variation of maximum 
linear signal output as a function of load resistance is shown in 
Fig. 126. Maximum power output is measured at a level at which 
output distortion is just discernible on an oscilloscope. 
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Fig. 126 - Maximum linear signal output of the CA3021, CAS022, and 
CAS023 as a function of load resistance. 
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Tuned Circuit in the Feedback Loop 

When a parallel tuned circuit is included in the feedback 
path between terminals 3 and 7 of the CA3021, CA3022, or 
CA3023, the gain at resonance is a function of the equivalent re
sistance of the feedback loop. Gain characteristics of the three 
circuits as a function of feedback resistance are shown in Fig. 127. 
For each circuit, there is a value of feedback resistance Rf for 
which the gain approaches zero. This condition occurs when the 
small-signal transconductance ~ of the transistor Q4 is equal to 
the conductance of the parallel tuned circuit; signal cancellation 
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TERMINALS 10.II,.AND 12 ,U .... r- .... 
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Fig. 127- Voltage gain of the CA3021, CA3022, and CA3023 as a 
function of feedback resistance. 

then results at terminal 7. In a tuned circuit designed with the 
correct feedback resistance R f , therefore, zero gain can be obtained 
at the resonant frequency. The resistance valus required for signal 
cancellation are 2000 ohms for the CA3021, 400 ohms for the 
CA3022, and 230 ohms for the CA3023. When the tuned-circuit 
impedance is made equal to these cancellation resistance values at 
resonance, the gain increases at frequencies off resonance and a 
trapping effect results. For zero feedback resistance, the gain of 
each circuit is approximately 24 dB. For values of feedback re
sistance in excess of the cancellation resistance, the gain increases. 
When the tuned circuit has a resonant impedance higher than the 
cancellation resistance, the response is added to the video re
sponse characteristic, as shown in Fig. 128. Then, because no 
purely resistive value occurs that is equal to the cancellation re
sistance, no cancellation occurs. 

The bandwidth of the response can be approximated by de
termining the total loading of Rp on the parallel tuned circuit in 
the feedback path, as follows: 
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R - RT Rx (~+ Rs) _ T _ R 
P - R R - CUo LJQ > to (Rx + RT) ( 4 + s) + Rx RT (181) 

where RT is the resistance at resonance of the unloaded 0, Rx is 
the resistance added to the tuned circuit for adjustment of gain, 
and (R4 + Rs) is the series combination of the two common
collector load resistors. The 3-dB bandwidth for the response is 
given by 

(182) 

Typical values for (R4 + Rs) for the three circuits are 39000 
ohms for the CA3021, 10900 ohms for the CA3022, and 4800 
ohms for the CA3023. 

50 
Rp'WoLQ>Rf 

./ \ 
r-r--, 

10 

o 
2 468 2 468 2 468 

0.1 I 10 100 
FREQUENCY-MHz 

Fig. 128 - Voltage gain as a function of frequency in a band-pass 
amplifier when the tuned-circuit resonant impedance Rp is higher 

than the cancellation resistance R fe • 

Output Tuned Circuits 

The curves of Fig. 126 indicate that capacitive coupling of 
the common-collector output transistor 06 to a matched load 
severely limits the transistor output-voltage-swing capability. If 
the required mismatch is achieved by ac coupling of a tuned circuit 
directly across the output, the tuned circuit will be loaded by the 
low output impedance of the common-collector transistor. How
ever, comparable output power can be obtained by use of a re
sistor in series with the circuit output and the tuned circuit. This 
arrangement provides a load for the common-collector transistor 
for frequencies of resonance of the tuned circuit, and prevents 
the possibility of reactive loads causing emitter-follower transistor 
instability . 
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Gain Control 

The CA3021, CA3022, and CA3023 are connected as shown 
in Fig. 120 (b) when gain-control application is desired. Transistors 
02 and 0 5 are then included in the emitter-signal path of transis
tors 01 and 04, respectively. For maximum gain, a positive volt
age is applied to terminal 2 which saturates transistors 02 and 05. 
If a voltage of 6 volts is applied to terminal 2, the typical gain
control current is 0.8 milliampere. The gain-control action is pro
vided by reduction of the voltage on terminal 2. The decreasing 
voltage causes transistors O2 and 05 to come out of saturation and 
present a high impedance in the emitter leads of transistors 01 
and 04. It is important that good filtering and isolation be main
tained at the agc terminal 2 because transistors O2 and 0 5 are in 
the linear active region for a portion of the agc range and can, 
therefore, provide gain for a signal on the agc terminal. 

The minimum gain is determined by a combination of the 
gain of 01 and feed-through to the collector of 0 1 along a re
sistance path made up of Rs and R 2• Because the signals are out 
of phase, there is a point at which cancellation of signal results. 
This cancellation occurs in all three circuits when terminal 2 is 
0.5 volt more negative than terminal 11. It is accompanied by 
severe distortion of signal and AM modulation. Techniques for 
obtaining agc without reaching the cancellation point are discussed 
later. 

When the maximum recommended feedback resistance for 
operating-point stability is used in the connection of Fig. 120(b), 
maximum gain is reduced because of the extra emitter resistance 
presented by the saturation resistance of transistors 02 and 05. 
Maximum voltage gain for each circuit is approximately 30 dB 
with the maximum recommended feedback resistance and a 6-volt 
supply. The typical agc range for each circuit is 55 dB with re
sistive feedback. 

When a tuned circuit is used in the feedback loop, higher 
maximum gain can be obtained in the agc connection shown in 
Fig. 120(b). The maximum gain obtainable is approximately 50 
dB when high feedback impedance is maintained. A self-resonant 
choke is a convenient element to add in the feedback loop to ob
tain high impedance because it provides wide bandwidth; resistance 
loading can be added to adjust the gain to the desired value. VVhen 
a combination of self-resonant choke and added resistance is used, 
dc feedback is complete and the operating point is temperature
stable. Wide-bandwidth tuned circuits are suggested for all three 
circuits, but especially for the CA3022 and CA3023 because the 
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bandwidth shifts with gain control, as shown in Fig. 129. For a 
tuned frequency of 3 MHz at full gain, for example, the resonance 
point of the tuned response increases slightly (about 5 per cent) 
for gain control of -20 to -30 dB because of the combination 
of the low-frequency roll-off and the tuned response. In the re
gion of gain control of -50 dB, the high-frequency roll-off affects 
the response and the resonant frequency decreases below 3 MHz 
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129 - Effect of gain control on response characteristics of the 
CA3021, CA3022, and CA3023. 

(by about 10 per cent). At full agc the tuned circuit becomes a 
trap in the feed-through path, minimum gain is achieved at the 
3-MHz frequency, and the response is inverted, i.e., a notch occurs 
where a bandpass had existed. When tuned circuits are included 
in the feedback path of the gain-controlled amplifier, therefore, it 
is recommended that the bandwidth be chosen as wide as possible 
to minimize detuning effects. Desired bandwidth control should be 
obtained at the input, at the output, or in the feedback path of 
stages without gain control. 

The use of emitter degeneration as a gain-control technique 
improves signal-handling capability. At full gain control, signals 
as high as 2 volts rms can be handled without the occurrence of 
serious overload distortion. Typical cross-modulation characteris
tics for the CA3021, CA3022, and CA3023 with only feedback 
resistance in the feedback loop are shown in Fig. 130. Maximum 
gain for each circuit is approximately 30 dB. When a tuned circuit 
is used in the feedback loop, more gain-control range is available 
as a result of the feedtbrough reduction. Depending on the im
pedance of the tuned circuit, the gain-control range is between 
60 and 80 dB. The cross-modulation characteristics when tuned 
circuits are used are similar to those obtained with resistive feed
back except for modifications caused by different feedback charac
teristics of intedering signals outside the tuned-circuit passband. 
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Fig. 130 - Cross-modulation distortion characteristics of the CA3021, 
CA3022, and CA3023. 

Limiting 
For applications in which signal limiting is required, the 

diodes of the CA3021, CA3022, and CA3023 are connected as 
shown in Fig. 120(c). At low signal levels, the diodes are cut off 
and the gain performance is similar to that described previously 
except for some bandwidth reduction caused by the inherent ca
pacitance of the diodes. For large input-signal swings in the nega
tive direction, the collector of transistor 01 becomes positive" and 
the collector of transistor 04 becomes negative, and diode D2 be
gins to conduct. This action clamps the collector of 01 to the col
lector of 04 and, because the diode is in the feedback path, reduces 
the gain. For positive swings at the input, the collector of transistor 
01 becomes negative and the output at terminal 8 becomes posi
tive. Two effects tend to limit input signals of positive polarity: 
transistor 04 going to cutoff," and diode Ds going into conduction. 
When the circuits are connected as shown in Fig. 120(c), limiting 
is symmetrical at the onset. With increased signal, however, the 
symmetry is not perfectly preserved because of dc shift in the cir
cuit. Typical output-signal characteristics as a function of input 
level are shown in Fig. 131. The lack of symmetry at high input 
levels causes a decrease in power output, as shown in the wave
forms. 

Limiting characteristics for the CA3021, CA3022, and 
CA3023 are measured in the circuit configuration shown in Fig. 
132. The output tuned circuit is designed to provide filtering for 
the desired output frequency so that rms values of output voltage 
can be obtained. Limiting characteristics are measured for two 
types of feedback, resistive and tuned circuit; results are shown 
in Fig. 133. When a resonant circuit is used in the feedback loop, 
the gain of the circuits is higher and limiting occurs at a lower 
input level. The effects of multistage limiting are described" later. 
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Fig. 131 - Output waveforms obtained in limiter applications using the 
CA3021, CA3022, and CA3023. 

Noise Performance 
Table XVII shows typical noise figures for the CA3021, 

CA3022, and CA3023 circuits for a frequency of 1 MHz, a supply 
voltage of 6 volts, and a source resistance of 50 ohms. The data 
in the first column of noise figures were measured in the connection 
shown in Fig. 120 (a) ; the second column shows data measured in 
the connection shown in Fig. 120(b). 

Table XVII-Typical Noise Figures for the Integrated-Circuit 
Wide-Band Amplifiers 

Circuit 
CA3021 
CA3022 
CA3023 

Noise Filure 
Terll. 10, 11, 12 

cDnlected to 
grlund; lain 
= 48 dB 

5.8 
7.1 
71 

- dB 
AGe .,erdilg, 
.Iise 118Hund 
for 1I0illlllll 

gaia af 3D dB 
7.5 
8.7 
8.7 
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(b) 

TYPE FREQ. C, L, R, CIRCUIT(a) CIRCUIT(b) 
(MHz) (pF) (LIlt) (kG) R ~ ~ (~) (mH) (pF) 

CA3021 0.5 2000 36-64 8.2 18 10 
CA3022 1 5000 3-5 1 5.1 1.2 4-45 
CA3023 5 600 1.8 1 2 

Fig. 132 - Test circuit used to evaluate limiting characteristics of the 
. . CA3021, CA3022, and CA3023. 
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Fig. 133 - Limiting characteristics of the CA302J, CA3022, and CA3023. 

Applications 

The following paragraphs describes several typical applications 
of the integrated-circuit wide-band amplifiers. 

Video Amplifiers - The use of single CA3021, CA3022, 
or CA3023 integrated circuits in video applications was discussed 
previously. For an evaluation of iterative video performance, two 
CA3022 circuits were operated in cascade. Each circuit employed 
O.OI-microfarad coupling capacitors and feedback resistors of 
2000 ohms. Performance data can be summarized as follows: 

Supply voltage ........... ....... ..... ... ... ...... ..... .......... 6 
Supply current .. ..... .... ............... ... .... ....... .... .... 4.5 
Power dissipation ............................................ 27 
Voltage gain .................................................... 61 
Maximum undistorted output 

with 51O-ohm load ..... ...... ....... ... ..... .......... 0.25 
Signal level for a 3-dB signal-

to-noise ratio ................................................ 11 

volts 
mA 
mW 

dB 

Vrms 
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Dynamic range (input-output 

linearity) ..................................................... . 
Bandwith, 3-dB points: 

upper frequency ......................................... . 
lower frequency ........................................... . 

27 

10.5 
50 

dB 

MHz 
kHz 

to·MHz IF Amplifier - Fig. 134 shows a to-MHz ampli
fier employing two CA3023 circuits. The first stage is operated 
in a broadband mode with a 2000-ohm feedback resistor between 
terminals 3 and 7, in accordance with the design rules described 
previously. The second stage is a tuned if amplifier. Because the 
sinusoidal output capability of the CA3023 at 10-MHz is in the 
200-millivolt range, it is necessary to step up the voltage to drive 
the envelope detector; therefore, a tuned transformer that has a 
I-to-4 turns ratio is used at the second-stage output. The total 
effective circuit 0 for this if configuration is 200, and the full rf 
voltage gain is 86 dB from the input of the first stage to the output 
of the step-up transformer. 

A CA3018 integrated-circuit transistor array is used to pro
vide detection, audio amplification, and dc amplification. (The 
CA3018 circuit is described in a later section.) Detection is pro
vided by transistors 0 3 and 04 of the CA3018; the detected 
output is passed through a low-pass filter (Ch C2, and R1 ) and 
applied to the agc amplifier transistor O2• Transistor O2 goes 
from cutoff to saturation with increasing signal. The voltage drop 
across a 100-ohm degenerative resistor R2 prevents the gain
control voltage in terminal 2 of the first CA3023 amplifier from 
decreasing below 0.5 volt and causing signal cancellation. Transis
tor 01 of the CA3018 provides audio gain and is biased in a con
ventional manner. Fig. 134 also shows the output-signal and noise 
characteristics of the circuit as functions of rf input level for an 
input signal that is 30-per-cent modulated by a I-kHz sine wave. 
The audio-output equivalent-noise bandwidth is 2.6 kHz. 

455·kHz IF Amplifier-Fig. 135 shows a 455-lcHz two
stage if amplifier using the CA3021. The tuned-circuit approach 
discussed previously is used in the first stage. The rf feedback 
choke is self-resonant at 455 kHz and has a 0 of 3.2 in the cir
cuit. The second stage is a video amplifier. Input filtering would 
normally be provided to obtain the desired if response. For the 
particular choice of stage gain and agc loop gain, aninterstage 
pad network is used to maintain stability and achieve an acceptable 
signal-to-noise ratio with gain control. The CA3018 output con
figuration is essentially the same as that used in the circuit of Fig. 
134. The signal and noise characteristics of the 455-kHz amplifier 
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Fig. 134 - Schematic diagram and performance curves for lO-MHz if 
amplifier using two CA3023 circuits. 

are also shown in Fig. 135 for the same conditions used for the 
10-MHz amplifier. 

28-MHz Two-Stage Limiter Amplifier - Fig. 136 shows the 
circuit diagram of a 28-MHz two-stage limiter amplifier using two 
CA3023 integrated circuits. Terminals 3 and 7 are connected to 
terminals 4 and 6, respectively; terminal 8 is connected to terminal 
9 to provide limiting action. A self-resonant coil in parallel with 
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Fig. 135 - Schematic diagram and performance curves for 455-kHz if 
amplifier using two CA3021 circuits. 

a 2000,..ohm resistor is inserted in the feedback loop of each am
plifier to provide gain and stability. The bandwidth of the system 
before limiting is 3.8 MHz, and the effective Q is 7.35. The total 
gain is 61 dB (30.5 dB per stage), and the power dissipation is 
66 milliwatts. Fig. 136 also shows the limiting performance of 
the system. Full limiting occurs at an input of 300 microvolts. 

SOO-kHz Limiting Amplifier - Fig. 137 shows the circuit 
diagram of a 500-kHz limiting amplifier using tW() CA3021· cir.;. 
cuits. Two SOO-kHz self-resonant chokes are used in the feedback 
path. A twed circuit is included in the output to obtain a sine
wave output. The limiting characteristics of this amplifier are also 
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Fig. 136 -Schematic diagram and limiting performance of two-stage 
limiter-amplifier using the CA3023. 

shown. Although limiting occurs for noise, a limited signal is ap
parent above the noise at an input signal of 1 microvolt. Because 
of the noise and early limiting, voltage gain can only be estimated; 
however, it is at least 100 dB. Good limiting performance is ob
tained for input signals up to 3 volts rms. Total power drain for 
the circuit with a 6-volt supply is approximately 6 milliwatts. 

RF AMPLIFIERS 

The CA3004, CA3005, CA3006, and CA3028A integrated
circuit rf amplifiers are supplied in TO-5 style packages. The 
CA3004, CA3005, and CA3006 are 12-terminal units designed to 
operate from low or medium dc supply voltages at frequencies from 
dc to 120 MHz. These circuits may be operated from single or dual 
dc power supplies. For dual-supply operation, either symmetrical or 
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Fig. 137 - Schematic diagram and limiting performance of two-stage 
SOO-kHz limiter-amplifier using the CA3021. 

nonsymmetrical power supplies may be used. The CA3028A is an 
8-terminal unit designed to operate from a single dc supply of 9 or 
12 volts at frequencies from dc to 125 MHz. All the rf amplifiers 
have an inherent gain-control· capability and provide stable op
eration over a range of ambient temperatures from - 55°C to 
+ 125°C. These circuits are extremely versatile devices and may 
be used with external tuned-circuit, transformer, or resistive load 
impedances to provide the following types of functions: 

1. Wide- or narrow-band amplification 
2. Mixing 
3. Limiting 
4. Product detection 
5. Frequency generation 
6. Generation of pulse or digital waveforms 

Operating Requirements and Characteristics 

Fig. 138 shows the schematic· diagrams for the CA3004, 
CA3005, CA3006 and CA3028A integrated-crrcuitrf amplifiers. 
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Fig. 138 - Schematic diagrams of the integrated-circuit rf amplifiers: 
(a) CA3004, (b) CA3005 or CA3006, and (c) CA3028A. 

Each circuit consists of a balanced differential amplifier that is 
driven from a controlled, constant-current source. 

In the CA3004 circuit, resistors (Rs and R7 ) are included 
in the emitter leads of the differential pair of transistors, 01 and 
02. The degeneration introduced by these unbypassed emitter re
sistors improves the linearity of the transfer characteristics and 
increases the single-handling capabilities of the· circuit. Fig. 139 
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shows the dynamic transfer and limiting characteristics of the 
CA3004. The characteristics show that linear operation ispos
sible over a wide range of differential input voltage and, thus, indi
cate that relatively large input signals can be handled by the circuit 
without limiting. These features indicate that the CA3004 is par
ticularly useful for applications in which the ability to handle large 
input signals is an important consideration. 

In the CA3005, CA3006 and CA3028A circuits, no emitter 
resistors are provided for the differential pair of transistors. As a 
result, these circuits have a smaller dynamic range and provide 
higher gain than the CA3004 circuit. The dynamic transfer and 
limiting characteristics of the CA3005 and CA3006, given in Fig. 
140, show that these circuits are very good limiting amplifiers. A 
comparison of the curves in Fig. 140 with those given for the 
CA3004 in Fig. 139 emphasizes the excellent limiting character
istics of the CA3005 and CA3006. 
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Exceptional versatility in the operation of the CA3005, 
CA3006, and CA3028A is made possible by the availability of 
internal circuit points to which external circuit elements may be 
connected to alter the basic circuit configuration. As a result of such 
external modifications, it is possible to operate these circuits as 
push-pull amplifiers, as cascode amplifiers, or as single amplifiers 
in cascade or parallel channels. 

The CA3005 and CA3006 rf amplifiers are identical except 
for their input offset voltages. The offset voltage for the CA3006 
is typically less than 1 millivolt, while the offset voltage for the 
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CA3005 is normally in the order of 3 millivolts. The low level of 
input offset voltage makes the CA3006 well suited for balanced
modulator, mixer, or other push-pull applications that require a 
well-balanced circuit. 

In the CA3028A rf amplifier, the temperature-compensating 
diodes (D1 and D2) used in the other rf amplifiers are omitted from 
the current-sink bias network, and only one value of emitter re
sistance is available for the current-sink transistor. As a result, this 
circuit does not provide the bias-circuit options that permit a choice 
of anyone of four possible operating modes in the other rf ampli
fiers. (These operating modes are discussed in a subsequent para
graph.) The CA3028A circuit exhibits especially good performance 
characteristics when used in if amplifiers and in FM front ends as 
an rf amplifier, if amplifier, or converter. 

Supply-Voltage Connections - Fig. 141 shows the supply
voltage connections for differential- and cascode-amplifier opera
tion of the CA3005 or CA3006 from single and dual supplies. 
When two supplies, one for positive voltage and one for negative 
voltage, are used, as shown in Fig. 141(a) and 141(c), fewer ex
ternal components are required. When only one supply is used, 
an external resistive voltage divider and bypass capacitor must 
be added to the circuit, as shown in Figs. 141(b) and 141(d). 
Tuned amplifiers that operate from dual supplies, such as that 
shown in Fig. 141(a), require the least number of external com
ponents. 

For either single- or dual-supply operation, the operating cur
rent of transistor 03 is determined by the bias voltage, VEE, ap
plied between terminals 2 and 3 on the CA3004 or between 
terminals 8 and 12 on the CA3005 and CA3006 (refer to the 
circuit diagrams in Fig. 138). The more negative terminal of the 
bias-voltage source must be connected to terminal 3 on the CA3004 
or to terminal 8 on the CA3005 and CA3006. In dual-supply sys
tems, terminal 2 of the CA3004 and terminal 12 of the CA3005 
and CA3006 are usually returned to de· ground. 

Fig. 142 shows the supply-voltage connections for several 
operating arrangements of the CA3028A. Connections are shown 
for a differential amplifier that has age capability; a cascode am
plifier with a constant-impedance or conventional age capability; 
a converter; a mixer; and an oscillator. Cascode operation of the 
CA3028A is preferred for applications that require high gain. The 
differential-amplifier configuration is preferred when good limiting 
is required. 
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Fig. 141-Supply-voltage connections for the CA3005 or CA3006 in 
(a) a differential-amplifier configuration operated from dual supplies, 
(b) a differential-amplifier configuration operated from a single supply, 
(c) a cascode configuration operated from dual supplies, and (d) a 

cascode configuration operation from a single supply. 

Operating Modes - For any given bias voltage VEE, there are 
four possible operating modes for the CA3004, CA3005, and 
CA3006 integrated-circuit rf amplifiers. In general, each mode is 
characterized by (1) a distinct level of operating current and corres
ponding transconductance, (2) the degree of dependence of the 
operating current on temperature, and (3) the way in which the 
transconductance is affected by temperature. The operating points 
for the various modes are established by: 

1. The emitter resistance selected for the constant-current
source transistor, Qs; 

2. Whether the base-bias network includes the diodes shown 
in Fig. 138; 

3. The magnitude of the bias voltage, VEE, applied to the 
circuit. 
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Fig. 142 - Connections for the CA3028A for use as (a) a balanced differ
ential amplifier with a controlled constant-current-source drive and agc 
capability, (b) a cascode amplifier with a constant-impedance agc 
capability, (c) a casco de amplifier with conventional agc capability, 

(d) a converter, (e) a mixer, and (f) an oscillator. 

As pointed out previously, the CA3028A is designed for only 
one mode of operation. This circuit, however, is very similar to the 
CA3005 operated in mode C. For operation at the same dc supply
voltage levels, the operating current, transconductance character-



186 RCA Linear Integrated Circuits 

istics, and temperature dependence of the CA3028A are essentially 
the same as those of the CA3005 in mode C. 

Table XVIII lists the required conditions for the four operat
ing modes of the CA3004, CA3005, and CA3006 integrated-circuit 
rf amplifiers. The following paragraphs describe the characteristics 

Table XVIII-Required Conditions for Each Operating Mode of 
the CA3004, CA3005, and CA3006 Integrated-Circuit 

RF Amplifiers 

CA3005 
CA3004 or CA3006 Diodes 

Terminals Terminals In or Out Q·3 
Operating Shorted Shorted of Bias Emitter 

Mode" to Term. 3 to Term. 8 Circuit Resistor!s) 

A In R. + R. 
B 5 4 Out R.+ R. 
C 4 5 In R. 
D 4,5 4,5 Out R5 

• for all modes, terminals 2, 6, and 12 of the CA3004 and terminals 1, 7, and 12 of the CA3005 and 
CA3006 are grounded. 

of the circuits in each operating mode. The data are given for 
operation of the circuits from symmetrical dual power supplies at 
three levels of dc supply voltage (+3 volts, +4.5 volts, and 
+6 volts). 

Fig. 143 shows the operating current for the various modes 
as a function of temperature. The current-temperature data show 
that, in addition to the obvious shift in the level of operating cur
rent, the dependence of the operating current on temperature varies 
significantly with a change in the operating mode. 

When the diodes are included in the base-bias circuit (modes 
A and C), the operating current, which is primarily dependent on 
the temperature coefficient of the diffused emitter resistor, tends to 
decrease with an increase in temperature at a rate that is rela
tively independent of the bias supply voltage VEE. When the diodes 
are not used, however, the shape of the current-temperature curves 
is dependent on the magnitude of the supply voltage VEE. The 
operating current then may remain constant or rise as the tem
perature is increased, depending upon the value of VEE. The posi
tive supply voltages, shown in Fig. 143; have no effect on the 
operating current, and the current-temperature curves are not 
changed by increases or decreases in this voltage. Some deviation 
in the current-temperature curves is to be expected because of 
normal variations in the absolute resistor values. 

Fig. 144 shows tbe effects .of .different operating modes. and 
variations in temperature on the single-ended transconductance* of 
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Fig. 143 - Operating current of the CA3004, CA300S, or CA3006 as a 
function of temperature for each operating mode. 

the CA3004. In general, when diodes are used in the base-bias 
network, the transconductance decreases with increases in tempera
ture. If the diodes are not used, the transconductance may decrease, 
increase, or remain constant as the temperature increases, depend
ing on the value of the negative supply voltage VEE. With the 
diodes out, however, the collector operating point tends to shift 
when resistive loads are used. In applications that require a stable 
collector dc operating point, therefore, operating mode A or C 
(diodes in) should be used. 

Fig. 145 shows transconductance-temperature curves for each 
operating mode of the CA3005 or CA3006, operated in a differen
tial-amplifier configuration. These transconductance curves differ 
from those for the CA3004 shown in Fig. 144 primarily because 
of the emitter resistors used in the CA3004. For each operating 
mode, the operating points for the differential-amplifier configura-

* The single-ended transconductance is the incremental output current for 
one collector of the differential pair of transistors divided by the incremen
ta! input voltage. The curves shown of this parameter are obtained at an 
operating frequency of 1 MHz. 
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Fig. 144 - Single-ended transconductance of the CA3004 as a function 
of temperature for each operating mode. 

tion of the CA3005 or CA3006, as well as for the CA3004, pro
vide a current in each collector of the differential pair of transistors 
that is equal to one-half that shown in Fig. 143. 

In a cascode configuration of the CA3005 or CA3006, the 
current through each part of the common emitter-common base 
cascode is equal to the total current. shown in Fig. 143 in each 
mode. Fig. 146 shows the transconductance-temperature curves for 
each operating mode of the cascode circuit. These curves show 
that, in g~neral, the transconductance is higher when the diodes 
are included in the base-bias network (modes A and C) than it 
is when the diodes are not used (modes B and D). 

The power dissipation of the CA3004, CA3005, or CA3006 
is highest when the circuit is operated in mode C. Table XIX 
shows power dissipation and the single-ended, transconductance of 
the circuits for each operating mode. These data may be used to 
determine the operating point that provides the highest value of 
transconductance per· milliwatt of circuit dissipation for given de
sign conditions. 

Admittance Parameters - In the design of rf and if circuits, 
the four-te.-minal blackboxshort'-circuit admittance parameters. 
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Fig. 145 - Single-ended transconductance of the CA3005 or CA3006 in a 
differential-amplifier configuration as a function of temperature for 

each operating mode. 

have become a valuable tool. The determination of stability criteria, 
input and output impedances as a function of load and source ad
mittance, power gain, and voltage gain in iterative connections are 
all facilitated by a knowledge of the "y" parameters. 

The "y" parameter curves presented in this section have been 
calculated from a model and verified at several points by measure
ments. These curves are a valuable aid in the design of systems 
that use integrated circuits. For the CA3004, CA3005, and CA3006 
circuits, the admittance curves are all generated for a quiescent 
operating current of 1.25 milliamperes in each of the transistors 0 1 

and O2 in the differential-amplifier configurations and for a current 
of 2.5 milliamperes in transistor 03 in the cascade configuration. 
This operating current is obtained in operating mode D with supply 
voltages of +6 volts. For the CA3028A circuit, the admittance 
curves are generated for a quiescent current of 2.2 milliamperes in 
each differential-pair transistor in the differential-amplifier con
figuration and for a current of 4.5 milliamperes in transistor 011 in 
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the cascode configuration. The operating current in the CA3028A 
is obtained with a supply voltage of 9 volts. 

The "y" parameters and their symbols are listed below: 

1. Input admittance with the output voltage constant 

(183) 

where YI is the complex input admittance, gi is the input con
ductance and bl is the input susceptance. 

2. Output admittance with the input voltage constant 

Yo = go + jbo (184) 

where Yo is the complex output admittance, ~ is the output con
ductance, and bo is the output susceptance. 

3. Forward-transfer admittance with the output voltage 
constant 

Yf = gf + jbf (185) 

where Yf is the complex forward-transfer admittance, ~ is the 
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forward-transfer conductance, and br is the forward-transfer sus
ceptance. 

4. Reverse-transfer admittance with the input voltage con-
stant 

Yr = gr + jbr (186) 

Table XIX-Relationship Between the Transconductance and 
the Power Dissipation of the Integrated-Circuit RF Amplifiers 

in Each Operating Mode* 
DC Su"I, Single-Eaded 'ower 

Operating Type of Voltages Transconductance Dissipation 
Mode Circuit (volts) (mllllmhaS)t (milliwltts)t 

--- ----
A CA3004 ±3 5.5 6.5 

CA3005 or CA3006 8.5 6.6 
CA3004 ±4.5 6.7 15.0 

CA3005 or CA3006 12.8 15.0 
CA3004 ±6 7.3 25.0 

CA3005 or CA3006 IS.0 2S.0 
8 CA3004 ±3 1.6 2.3 

CA300S or CA3006 1.9 2.3 
CA3004 ±4.S 4.0 7.2 

CA300S or CA3006 4.9 7.2 
CA3004 ±6 S.3 15.0 

CA300S or CA3006 7.2 15.0 
C CA3004 ±3 7.5 17.S 

CA300S or CA3006 22.0 17.S 
CA3004 ±4.5 8.5 40.0 

CA300S or CA3006 29.0 40.0 
CA3004 ±6 9.1 62.8 

CA3005 or CA3006 37.0 62.8 
0 CA3004 ±3 3.3 4.2 

CA300S or CA3006 5.0 4.2 
CA3004 ±4.5 6.0 17.4 

CA3005 or CA3006 13.0 17.4 
CA3004 ±6 7.2 35.9 

CA3005 or CA3006 20.0 35.9 
• Circuits are operated in differential-amplifier configurations. The transconductances and power 

dissipations shown are calculated values for nominal units. 
t For operation at the same supply-voltage levels, transconductance and dissipation of the 

CA3028A are the same as those of the CA3005 operated in mode C. 

where Yr is the complex reverse-transfer admittance, &- is the re
verse-transfer conductance, and br is the reverse-transfer sus
ceptance. 

A comparison of the parameters of the various possible cir
cuit·configurations with those of the more familiar common-emitter 
parameters requires a second subscript to indicate the type of con
figuration being considered. Examples of the use of the second
subscript notation are given below: 

The common-emitter reverse-transfer admittance is written 
as 
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Yre = gre + jbre (187) 

The differential-amplifier reverse-transfer admittance is ex
pressed as 

YrDA = grDA + jbrDA (188) 

The cascode-amplifier reverse-transfer admittance is given as 
YrCAS = grCAS + jbrCAS (189) 

These cumbersome second subscripts will not be used when 
the type of circuit for which the parameter is given is clearly in
dicated by an illustration or a descriptive phrase in the text. 

In general, it is valuable to understand the essential differences 
between the "y" parameters of a regular common-emitter stage 
and those of the compound stages, such as differential and cascode 
amplifiers. 

The differential amplifier, when used at radio frequencies, 
consists essentially of a common-collector stage that drives a com
mon-base stage. In comparison to the regular, common-emitter 
"y" parameters, the input admittance Yh the output admittance Yo, 
and the forward transfer admittance Yt are decreased, almost ex
actly, by a factor of two when the differential-amplifier configura
tion is used. 

The reverse-transfer admittance Yr is also less for the differ
ential amplifier than for the single transistor in the common-emitter 
configuration. The ratio of the imaginary term in the differential
amplifier admittance to that of the single transistor is 1/140 at 
low frequencies and 1/10 at 100 MHz. Fig. 147 shows the ratios 
of imaginary parts bre/brDA and real parts gre/ grDA of the reverse
transfer admittances as Ii function of frequency. 
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of the reverse-transfer admittance for a common-emitter stage to those 

for a differential-amplifier stage as a function of frequency. 



Description and Applications 193 

In the cascade configuration of the rf amplifier circuits, a 
common-emitter stage drives a common-base stage. The input 
admittance Yi is, therefore, that of a common-emitter stage. The 
forward-transfer admittance Yr is that of a common-emitter stage 
times alpha. Because of the high-impedance drive source on the 
common-base stage, the output admittance Yo is very low (0.06 
X 10-5 mho) at low frequencies and is both negative and low at 
high frequencies. Since the output admittance is low and may be 
negative, a conjugate match cannot be obtained at the output. 
Practical amplifiers are possible, however, provided that the sum 
Yout + Y10ad is positive. 

The reverse-transfer admittance Yr for the cascade circuit is 
less than that for the single-stage common-emitter circuit. The 
ratio of the imaginary terms of these admittances is 1/1200 at low 
frequencies and 1/35 at 100 MHz. The ratios of the real parts and 
of the imaginary parts as a function of frequency are shown in 
Fig. 148. 
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Fig. 148 -Ratio of real (conductance) and imaginary (susceptance) parts 
of the reverse-transfer admittance for a common-emitter stage to those 

for a cascade stage as a function of frequency. 

Although the Yr is low for both the differential and cascade 
configurations, instability can occur in high-gain amplifiers. A fur
ther consideration in high-gain circuits is that the layout can con
tribute more feedback than the integrated circuit. Shielding and 
layout therefore are of prime importance if proper advantage is 
to be taken of the low feedback of these circuits. 

The computed y parameters for the CA3004 differential am
plifier are shown in Fig. 149. The admittance parameters for differ
ential-amplifier operation of the CA3005 or CA3006 are given in 



194 
.,.. 
2 
~ 6 
z 
1'! 5 g 
Ii! 4 
8~ 
0::.3 
OE 

~ 12 

~ , 
j'! 
e:; 0 

COLLECTOR CURRENT OF EACH 
TRANSISTOR~1.25 rnA 

Yj= gj+jb j 

b; 

A 
V -r 

RCA Linear Integrated Circuits 

7 
COLLECTOR CURRENT OF EACH I I TRANSISTOR"".25 rnA 

L-
/ 
9; 

/ 
./ 

o 
~ 0.1 2 4 6 1.0 2 4 6 10.0 2 4 6,00 2 0.1 2 4 6 1.0 2 4 6 10 2 

FREQUENCY - MHz 
(e) 

4 "1002 
iiJ FREQUENCY-MHz 

OJ 
U z 
1'! 
U 
:;) 
0 z 
0., 
Uo 

~~ Q03 
_E 
~ 10.02 
OJ 
U 
Z 0.01 

COLLECTOR 
CURRENT 
OF EACH 
TRANSISTOR 
'" 1.25mA 
yo=gO+jbo 

(0 ) 

0.6 

0.5 

0.4 

0.3 

0.2 

/ 
V 

0.1 

I 
bo 

II 
00 

........ 1/ 

~ 12 
z 
~ 10 
5 
~(fI 8 
uo 

~~ 6 

!14 
OJ 

~ 
1'! 

2 

o 

COLLECTOR CURRENT OF EACH 
TRANSISTOR"'1.25 mA 

-df 

X 

.....-V n-
~ o ~ 

0.1 2 4" 1.0 1.0 2 4" 10 2 4" 100 2 ., 
FREQUENCY-MHz iil 

0.1 2 4" 1.0 2 4" 10 2 4" 100 2 
FREQUENCY-MHz 

Ii. 
( b) 

~ 0.003 
COLLECTOR CURRENT 

1'! g 
Ii! 0.002 
0" uO r 
0:", 
o E 

~ 1 0.001 

o 

OF EACH 
TRANSISTOR 
~1.25mA 

Yr= gr+jbr 

~ 

-j; 
" Or 

0.3 

0.2 ~ 
I 
I 

"'-l 
~ 

0.1 

o 
0.1 2 4 "1.0 2 4 "10 10 2 4 "100 2 4 

FREQUENCY-MHz 
(e) 

(d) 

Fig. 149 - Admittance parameters of the CA3004 differential amplifier 
as a function of frequency. 

Fig. 150 and those for cascode-amplifier operation of either cir
cuit are given in Fig. 151. The y parameters for the CA3028A are 
shown in Figs. 152 and 153 for the differential-amplifier and 
cascade configurations, respectively. 

Noise Figure - The noise figure of the CA3004, CA3005, 
and CA3006 integrated-circuit rf amplifiers is a function of the dc 
operating current and frequency, for both differential and cascode
amplifier configurations. The noise figure increases both with an 
increase in current and with an increase in frequency. For con
venience, noise data are taken in a fixed configuration as the nega
tive supply voltage is varied. On the data plots, the operating 
currents that correspond to the various supply voltages are in-
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Fig. 150 - Admittance parameters of a CA3005 or CA3006 differential 
amplifier as a function of frequency. 

eluded as a separate abscissa to show that the noise figure is a 
direct function of operating current. Figs. 154 and 155 show rep
resentative noise-figure data for tuned amplifiers in the differential 
and cascode configuration, respectively. In each case, the input and 
output are tuned, and the input is conjugately matched to a 50-
ohm noise diode. Practically no change in noise figure occurs with 
variations of the positive supply voltage V cc. 

The curves in Figs. 154 and 155 show that, for optimum 
single-stage noise performance, the operating current should be 
low, which results in a low gain. Thus, in system applications of 
the tuned amplifiers, the operating current in each stage should 
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Fig. 151-Admittance parameters of a CA3005 or CA3006 cascode 
amplifier as a function of frequency. 
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Fig. 153 - Admittance parameters of a CA3028A cascode amplifier 
as a function of frequency. 

be adjusted to obtain the optimum over-all noise figure by con
sidering the gain and noise figure of the first stage and the noise 
figure of the second stage. The operating-current adjustment can 
be accomplished by a change in the negative-supply voltage (VEE) 
or by means of the bias connections that are available. 

Fig. 156 shows the noise figure as a function of the source 
resistance for a CA3005 or CA3006 used as a differential ampli
fier at an operating frequency of 12 MHz. The equation given in 
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Fig. 155 -Representative noise performance of the CA3005 or CA3006 
operated in a cascode configuration (operating mode D). 

the figure can be used to predict noise performance as a function 
of source resistance for dc operating conditions. The load resistor 
RL of the circuit is 2200 ohms and RN = 800 ohms. (RN is the 
equivalent noise resistance.) 

Common-Mode Rejection Ratio - The common-mode re
jection ratio (the ratio between the full differential gain and the 
common-mode gain) is a function of the ratio of the impedance 
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Fig. 156 - Noise figure of the CA3005 or CA3006 in a differential
amplifier configuration as a function of source resistance 

(operating mode D). 

of the constant-current transistor 03 to the load resistor. The com
mon-mode rejection decreases if the signal applied is large enough 
to saturate the constant-current transistor. The maximum peak
to-peak input voltage, therefore, is a function of the supply volt
ages and the bias connections of the constant-current transistor. 
The common-mode rejection ratio for a 1-kHz signal is shown in 
Table XX. 

Fig. 157 shows the single-ended common-mode gain* for the 
integrated-circuit rf amplifiers as a function of frequency. (Fig. 
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Fig. 157 - Single-ended common-mode and differential gains of the 
CA3004, CA3005, or CA3006 as a function of frequency. 

* Single-ended common-mode gain: The ratio of the change in the 
single-ended output voltage, measured from either output terminal with 
respect to ground, to the change in the input voltage applied simultaneously 
to both inputs of the circuit, i.e., single-ended common-mode gain = 
l:::,. Vln/ l:::,. Vout, as shown in Fig. 158. 
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158 shows the method used to determine the single-ended com
mon-mode gain.) The common-mode rejection decreases with in
creasing frequency when the rf amplifiers are operated with a single
ended output. 

Vee 
+6V 

VEE 
-6V 

O,IILF ,:-r 
:~~ I 

VOUT 

+ 
SINGLE-ENDED COMMON-MODE GAIN' AVOUT/AvlN 

Fig. 158 - Test circuit used to determine single-ended common-mode gain. 

Table XX-Common-Mode Rejection Ratio for the CA3004. 
CA3005, and CA3006 Integrated-Circuit RF Amplifiers 

CA3004 
CA3005 or CA3006 

Operating frequency = 1 kHz 

At -55°C 

102 dB 
108 dB 

At 25°C 

98 dB 
101 dB 

Load resistance RL = 1000 ohms in each collector. 

At 125°C 

101 dB 
107 dB 

Gain Control- The gain of the CA3004, CA3005, and 
CA3006 circuits may be controlled in either of two ways: (1) the 
negative voltage applied to the base-bias resistor R1 can be ad
justed to vary the current in transistor 03, or (2) a differential 
offset voltage can be applied to transistors 01 and 02. In both 
techniques, the gain-control voltage has a ground reference in a 
two-supply system, and maximum gain is obtained at zero volts. 
The first method provides greater gain-control range but also re
quires more control voltage than the second method. Figs. 159 
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Fig. 159 - Gain-control characteristics of the CA3005 or CA3006 as a 
function of the dc gain-control voltage applied to the bias network 

of transistor Q •. 

and 160 show the typical gain control as a function of voltage for 
the CA3005 or CA3006 for the two methods. Fig. 159 gives the 
gain-control characteristic for the CA3005 or CA3006 when the 
gain-control voltage is applied to the base-bias network of tran
sistor 03. Since the 03 bias networks are the same, the gain char
acteristics for the CA3004 are nearly the same as those for the 
CA3005 and CA3006. Fig. 160 shows that in the offset method 
of gain control the gain range is dependent on the polarity of drive. 
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Fig. 160 - Gain control characteristics of the CA3005 or CA3006 as a 
function of the dc offset voltage VBB applied to the differential pair 

of transistors Ql and Q •. 

For maximum gain-control range on a single-ended amplifier, the 
common-collector transistor should be cut off (negative voltage 
applied to its base). Because of the emitter resistors, R6 and R7, 

the CA3004 circuit will require more dc voltage for the same gain 
reduction as the CA3005 or CA3006, and the dc voltage required 
will be a function of the initial operating current. 
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The maximum gain-control range that can be provided by a 
reduction in the current of transistor 03 varies with frequency as 
shown in Fig. 161. The maximum gain-control range that can be 
obtained is dependent on the full gain used, the circuit loading, 
and the external-circuit layout. 
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~ 3: -60f----/f'---:: 

~~ 
~!!!-70 
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FREQUENCY-MHz 

Fig 161 - Maximum gain control provided by variations in the current 
through transistor Q. as a function of frequency. 

A large part of the variation in the maximum gain control 
for the different circuits results from differences in the initial gain 
of the various circuits. Capacitive feedthrough appears less for 
the cascode than for the differential-amplifier configuration. 

In the CA3028A, gain control is achieved by application of a 
positive voltage to the base (terminal 7) of the constant-current
source transistor 03. A CA3028A operated in a differential
amplifier configuration, such as that shown in Fig. 142(a), can 
provide linear operation over a very wide input range with an age 
voltage applied to terminal 7. As shown in Fig. 162(a), the 
CA3028A operated in a differential-amplifier circuit has a gain
control capability of - 60 dB at 10.7 MHz and of - 46 dB at 
100 MHz. Fig. 162(b) shows the power gain and noise figure of the 
circuit as a function of age voltage. The combination of an optimum 
noise figure of 5.5 dB and a power gain of 15 dB at 100 MHz 
makes this circuit suitable for use as an rf amplifier in the com
mercial FM band. 

Cross-Modulation and Modulation Distortion - Cross
modulation and modulation distortion are important considerations 
in the selection of an amplifier for use in AM systems. Cross
modulation distortion refers to the transfer of modulation from an 
undesired carrier to the desired· carrier by nonlinearities in the am
plifier. Modulation distortion is a change in the modulation on the 
desired carrier caused by the same amplifier nonlinearities that 
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produce cross-modulation. The two forms of distortion are related 
by the following equation: 

D2 K 3 - = - m : 1 (190) 
V I 2 V 22 8 

where D2 is the per cent of distortion in the modulation on the 
desired carrier (i.e., the modulation distortion), K is the per cent 
of cross-modulation distortion, VI is the amplitude of the desired
carrier voltage at the input, V2 is the amplitude of the undesired
carrier voltage at the input, and m is the per cent of modulation 
of the desired carrier. 

When D2 and K are equal and m is 100 per cent, the ratio 
of VI to V2 is 1.64. In the following paragraphs, data are given 
for only the cross-modulation distortion. The modulation distor
tion can be predicted from these data, however, on the basis of 
the relationship of V1 to V2 • For example, in Fig. 135, V2 is given 
as 22 millivolts for a gain of 0 dB. The value of VI. then, is 
1.64 x 22, or 36 millivolts. 

Figs. 163 through 167 show the cross-modulation distortion 
of the CA3004, CA3005, and CA3006 integrated circuits as a 
function of their gain-control characteristics in both differential
amplifier and cascode-amplifier configurations. (The cross-modula
tion characteristics of the CA3028A are essentially the same as 
those of the CA3005 and CA3006.) The amount of cross
modulation distortion is determined by the two-generator method 
with the input of the circuit under test driven from a 50-ohm 
source and with its output tuned to the frequency of the desired 



204 RCA Linear Integrated Circuits 

carrier. The amplitude of the undesired-carrier input voltage is 
that necessary to produce 10 per cent cross-modulation distortion 
for each manually determined gain-control setting. 

Differential-Amplifier Configurations - The availability of 
internal connection points makes possible several methods of gain 
control in differential-amplifier configurations of the CA3004, 
CA3005, and CA3006 circuits. Only two of these methods need 
be considered, however, to obtain an adequate evaluation of the 
cross-modulation characteristics. These include (1) the variation 
of the current in the constant-current transistor, 0 3, and (2) the 
use of an offset voltage to produce an unbalance in the differential 
pair of transistors, 01 and 02. 

Fig. 163 shows the cross-modulation distortion characteris
tics of the CA3004, CA3005, and CA3006 with the differential 
pair of transistors balanced and with agc applied to the constant
current transistor. Because of the increased linearity that results 
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Fig. 163 - Gain control as a function of an undesired-carrier voltage that 
produces cross-modulation distortion of 10 per cent for balanced differential

amplifier operation of the CA3004, CA3005, and CA3006 when the 
gain-control voltage is applied to the bias network of the 

constant-current transistor Q •. 

from the emitter resistors R6 and R7, the CA3004 has improved 
cross-modulation characteristics at high current. The interfering 
signal voltage required to produce 10 per cent of cross-modula
tion distortion is practically a constant over the entire agc range 
for the CA3005 and CA3006. The value of the interfering-signal 
voltage (approximately 15 millivolts) for the CA3005 and CA3006 
is twice that calculated from the logarithmic transconductance 
characteristic of a single transistor. 

Fig. 164 shows the cross-modulation distortion characteristic 
of the CA3005 and CA3006 when an offset voltage is applied to 
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Fig. 164 - Gain control as a function of an undesired-carrier voltage that 
produces cross-modulation distortion of 10 per cent for balanced differential

amplifier operation of the CA3005 and CA3006 when gain control is 
provided by application of an offset voltage to the 

differential pair of transistors. 

control the gain. The improved cross-modulation performance 
at -5 dB gain is coincident with an inflection point on the curve 
of transconductance as a function of input offset voltage. This 
point occurs at an offset voltage of approximately 50 millivolts. 

The cross-modulation performance is improved by the offset 
of the differential pair of transistors. Fig. 165 shows the cross
modulation data when an initial offset of 50 millivolts is employed 
and agc is applied to the constant-current transistor. The introduc
tion of the unbalance reduces the cross-modulation distortion to 
approximately 10 dB less than that of the balanced circuit. This 
reduction in cross-modulation distortion, however, is accompanied 
by a decrease in gain of approximately 5 dB. 
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Cascode Configurations - Cross-modulation data for cascode 
configurations of the integrated-circuit rf amplifiers are given for 
only the CA3005 and CA3006 circuits, because the CA3004 cir
cuit is not designed for this type of operation. When the CA3005 
or CA3006 is operated in the cascode configuration, gain control 
may be provided by either of two methods: (1) a negative volt
age may be applied to the base of transistor Os, or (2) a negative 
voltage may be applied to the base of transistor 01. 

In the first method, the gain is reduced by the application of 
a negative-going voltage at terminal 12. As the amplitude of this 
voltage is increased to the value required to cut off transistor Os, 
the gain of the circuit is decreased. The cross-modulation distortion 
characteristics for this type of gain control are shown in Fig. 166. 
The cross-modulation characteristics are comparable to those of a 
single transistor having a bypassed emitter resistor. 

The cross-modulation distortion characteristics obtained for 
the second method of gain control are shown in Fig. 167. No im
provement in cross-modulation characteristics over those obtained 
for the first gain-control method are observed, although the age 
range is greater. 

Limiter Characteristics - The following paragraphs describe 
the limiter characteristics of the integrated-circuit rf amplifiers in 
both differential-amplifier and cascode configurations. (When 
the CA3028A is used for limiting, it should be operated in the 
differential-amplifier configuration.) 

Differential-Amplifier Configurations - The differential-am
plifier, driven by a constant-current transistor, is probably the 
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modulation distortion of 10 per cent when gain control is provided by 
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optimum circuit configuration for bipolar-transistor limiters. The 
advantage of such circuits in limiter applications is that collector 
saturation of either transistor 01 or 02 can be avoided because of 
the action of the constant-current transistor 03. Figs. 139 and 140 
show typical limiting characteristics tor the CA3004 and for the 
CA3005 and CA3006 respectively. Fig. 168 shows the limiting 
characteristics for the CA3028A. For the CA3005, CA3006, and 
CA3028A (no emitter degeneration), "hard" limiting is achieved for 
a peak-to-peak input of 300 millivolts for all values of total dc cur
rent (IcC>. For the CA3004, the input voltage required for "hard" 
limiting is a function of Icc because of the linearizing effect of 
the degenerative emitter resistors, Rs and R7 • As saturation must 
be prevented for good limiting, a maximum load resistor and low
level voltage gain exist for a given Icc and positive supply volt
age. Table XXI shows the maximum resistor values and voltage 
gains usable for Vee = 6 volts, for the CA3004, CA3005, and 
CA3006. Table XXII shows the maximum permissible load re
sistance for nonsaturating operation of the CA3028A when single 
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supply voltages of 9 or 12 volts are used. The low-level trans
conductance can be obtained from the slope near the origin for the 
curves shown in Figs. 139 and 140. The maximum voltage gain is 
independent of Icc in the CA3005 and CA3006 and is dependent 
on Icc in the CA3004. Figs. 118 through 121 show the Icc currents 
and transconductance for optional operating conditions. 

Table XXI-Limiter Performance of a Differential Amplifier 

Voltage Gain Voltage Gain 
With Emitter Without Emitter 

Max. Max. 
Degeneration Degeneration 

1o, Resistive Tuned 
(dB) (dB) 

Supply +10, Load Load Resistive Tuned Resistive Tuned 
Volts (mA) (ohms) (ohms) Load Load Load Load 

6 0.5 12000 24000 31 37 35 41 
6 1.0 6000 12000 28 34 35 41 
6 2.0 3000 6000 25 31 35 41 
6 3.0 2000 4000 22 28 35 41 

RL = Vou •• 'y Resistive Load; RL = 2 Vnpply 
Tuned Load; gmRL = voltage gain 

IC1 + Ic. IC1 + Ic. 

Table XXII-Maximum Load Resistance Permissible for Non
Saturating Operation with +9 and +12 Volt Single-Supply Voltages 

Supply 101 + 10. 
Volts (mA) 

---=1="9 5.0 
+12 6.8 

RL = Vee/ Ie, + Ie, Resistive Load 
RL = 2 Vee/lei + Ie, Tuned Load 

Maximum 
Tuned Load 

(ohms) 

:i6UO 
3500 

Maximum 
Resistive Load 

(ohms) 

1800 
1700 

When the differential amplifier is used for limiting, the emitter
to-base breakdown voltage for transistors Q1 and Q2 cannot be 
exceeded without degradation in performance. For the CA3004, 
CA3005, and CA3006, this voltage including a safety margin 
should not exceed 2.5 volts rms. Either of two methods may be 
used to prevent this value being exceeded: (1) make sure the 
preceding stage limits before the input voltage reaches 2.5 volts 
(maximum voltage gain per stage approximately 20 dB), or (2) 
add one junction diode (D1), as shown in Fig. 169 (this allows 
a maximum usable voltage gain consistent with good limiting and 
stability) . 

Cascade Amplifier - The limiting characteristics of the 
CA3005 or CA3006, when used as a cascode amplifier, are de
pendent on the current limiting in transistor Q3 or the voltage 
limiting of transistor Q1 (high-impedance output load). Limiting 
characteristics for both cases are shown in Figs. 170 and 171. The 
data in Fig. 170 are obtained with a collector load of 500 ohms. 
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Fig. 169 - CA3005 or CA3006 differential-amplifier limiter that uses 
a diode to provide overload protection. 
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Fig. 170 - Limiting characteristics and circuit diagram of a CA3005 or 
CA3006 cascode limiter having a 500-ohm collector load impedance. 
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Fig. 171-Limiting characteristics and circuit diagram of a CA3005 or 
CA3006 cascode limiter having a 5000-ohm collector load impedance. 

2 

This limiting characteristic is "soft" and is acceptable over only 
a 20-dB range. The peak-to-peak voltage at the collector is never 
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large enough to cause saturation. The limiting characteristic shown 
in Fig. 171 is obtained with a collector load of 5000 ohms, and 
saturation of transistor Q1 occurs. The limiting is harder and 
covers a broader range, but severe tuned-circuit loading occurs. 

RF- and IF-Amplifier Capabilities 
The typical applications described in the following paragraphs 

illustrate the use of the integrated-circuit rf amplifiers in both the 
differential and cascode modes. 

RF and IF Amplifiers Using the CA3004, CA3005, and 
CA3006 - Figs 172, 173, and 174 illustrate the use of the 
CA3004, the CA300S or CA3006 differential-amplifier configura
tions, and the CA300S or CA3006 cascode configurations, respec
tively, as single-ended rf amplifiers. Adjustable matching networks, 

Circuit Elements 
f Ll Cl L. c. 

(M·Kz) (I'K) (pF) (I'K) (pF) 

30 1.8-2.7 2-lI} 1.8-2.7 2-10 
.100 0.15-0.3 0.9-7 0.1-0.2 0.9-7 

AGe + Vee 

Power Gain Performance 
DC 

SUPPLIES 
(YO Its) 

±6 

POWER GAIN 
(dB) 

30 MKz 100 MKz 

24 12 

Fig. 172 - Test circuit used to evaluate rf-performance capabilities of 
CA3004. 

derived from the y parameters, are included in each circuit. The 
values of the adjustable components, as well as typical power gains, 
are also shown in the figures. A conjugate match at the input is 
provided for all configurations. A conjugate match at the output 
is impossible for the cascode configuration (as pointed out in the 
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AGe +Vcc Circuit Elements 
f L1 C, L. C. 

0.0015 r!15 q (MHz) CitH) (pF) (pH) (pF) 

30 1.2-2 5-40 1.2-2 1.5-20 
100 0.4-0.7 1-12 0.25-0.5 1-12 

Power Gain Performance 
DC POWER GAIN 

0.0015 ~ 
SUPPLIES (dB) 

(YO Its) 30 MHz 100 MHz 

±6 29 18 
±4.5 27.8 16 
±3 23.0 11.5 

Fig. 173 - Test circuit used to evaluate rf-performance capabilities of 
CA3005 or CA3006 in a differential-amplifier configuration. 

= 

AGe + vee 
Circuit Values 

f L. C, L. 
0.0015 ( 1_.0015 ~_ (MHz) (pH) (pF) (pH) 

30 0.3-0.6 14-150 0.8-1.4 
100 0.07-0.12 5-40 0.15-.3 

C. 
(pF) 

5-40 
5-40 

= 
0.0015 f----J...= Power Gain Performance 

DC POWER GAIN 
SUPPLI ES (dB) 

(YO Its) 30 MHz 100 MHz 

±6 36 20 
±4.5 33 18.5 
±3 21.5 15.0 

Fig. 174 - Test circuit used to evaluate rf-performance capabilities of a 
CA3005 or CA3006 in a cascode configuration. 

discussion of y parameters). At 30 MHz, the CA3005 differential 
amplifier output was mismatched. At high gains, the circuit feed
back (Yr) is low, but the external-circuit layout adds feedback. 
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Two or more CA3004, CA300S, or CA3006 integrated cir
cuits can be connected in cascade for use as a tuned if amplifier 
for either AM or FM applications. The schematic diagrams of two 
three-stage 12-MHz amplifiers are shown in Figs. 175 and 176, 

IT o---i-Ir-<> 10 T 

0-3~1.5/OH 

10 T 0--3f--o 3 T 

0.9/OHa--3 ~ 

= 

TYPE.L 
IN9141 

I 
I 

+4.5V 

loon 

f- ____ l_~oOI f---

r 

I 
I 
I 
I 
I 
I I 

I 

looa 

+4.5V 
0.001 ---r----i 

,...---.-.~_~T4 I 

-4.5V 

-4.5V 

500n 

Notes: 1. Transformer T, is a Ferramic Q-2 Type (unloaded 
Q = 200). 

2. Transformers T2, T., and T. are slug-tuned with carbonyl 
IT-75 material (unloaded Q = 75). 

Fig. 175 - Three-stage, 12-MHz limiting if amplifier that uses CA3005 
circuits in mode D. 
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+6 V 

0.001 

---(--------l 
.--._-L __ ~~~ I 

I 
I 
I 

1 

1 = 1 

l_~·ool (-- _____ ~ 
-6V 

-6V 

OUTPUT 

I 
I 
I 
I 

Notes: 1. Transformers T, and T. are Ferramic Q-2 Toroid Types 
(unloaded Q = 200). 

2. Transformers T2 and T. are slug·tuned with carbonyl 
IT-71 material (unloaded Q = 70). 

Fig. 176 - Three-stage, 12-MHz, gain-controlled AM amplifier that uses 
CA3004 circuits in operating mode D. 

for FM and AM use, respectively. Both if amplifiers are housed 
in metal boxes, and adequate shielding and supply decoupling are 
provided. 
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The amplifier shown in Fig. 175 (limiting amplifier for FM 
use) is designed to provide a gain per stage of 26 dB. At this gain 
per stage, diodes are required at the input to prevent base-to
emitter breakdown. For operation as a low-level limiter, the cir
cuit input is matched, and the required gain fixes the unloaded Q 
of the tuned circuit and the collector load. Good noise perform
ance for the first stage is obtained by the use of a high-Q (200) 
toroid inductor for input transformer T 1. The other transformers 
are slug-tuned and have relatively low unloaded Q's (70 to 100) 
which contribute the necessary insertion loss for the required 
gain. A lower unloaded Q was required for transformer T 2, so 
10,000 ohms of resistance was added in parallel with this trans
former. Little or no skew is detectable in the response character
istic for this circuit, shown in Fig. 177. The limiting characteristic 
of the circuit is shown in Fg. 178. Other typical over-all perform
ance characteristics are: 

Total power drain = 48 milliwatts 
Over-all power gain = 77 dB 
3-dB bandwidth = 300 kHz 
Input limiting level = 30 microvolts 
Noise figure = 4 dB 

35 

~30 

I 
~25 
« 
UJ 

520 
;!: 
UJ 
~ 15 
~ 
~10 
.... 
::> 

~ 5 

o 

OUTPUT HELD CONSTjNT 

\ r--CENTER 
FREOUENCj 
12 MHz -

1\ 

\ / 
\ / 

\ / 
'\. l/ 

-O.B -0.6 -0.4 -0.2 ° 0.2 0.4 0,6 O,B 1 
FREQUENCY -MHz 

Fig. 177 -Frequency-response char
acteristics of the 12-MHz limiting 

amplifier shown in Fig. 175. 
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0.0 I 
10 100 1000 10000 

INPUT-I'Vrms 

Fig. 178 - Limiting characteristics 
of the 12-MHz limiting amplifier 

shown in Fig. 175. 

The AM circuit (Fig. 176) uses three CA3004 circuits and 
is designed to provide a stage gain of 25 dB. The source resistance 
to the input circuit was chosen as 800 ohms as a satisfactory com
promise for gain, noise figure, and modulation-distortion perform-
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ance. Input and output transformers, Tl and T4, have high 
unloaded Q's (200) to preserve good noise performance and to 
maximize the output power. The interstage transformers, T2 and 
Ta- have low unloaded Q's (37) to achieve the required gain. The 
second detector has a 3-dB bandwidth of 5.0 kHz. The typical 
over-all performance characteristics are: 

Power drain = 83 milliwatts 
Power gain (to second-detector input) 
AGe range (1st stage) = 60 dB 

76 dB 

Noise figure = 4.5 dB 
3-dB bandwidth = 160 kHz 

The signal-to-noise ratio of the circuit as a function of the 
input is shown in Fig. 179, and the frequency-response charac
teristic is shown in Fig. 180. 
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Fig. 179 - Output signal-to-noise 
ratio as a function of the input sig
nal for the 12-MHz gain-controlled 
amplifier shown in Fig. 176 when 

gain control is used in only the 
first stage. 
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Fig. 180 - Frequency-response char
acteristics of the 12-MHz gain
controlled amplifier shown in 

Fig. 176. 

lO.7·MHz CA3028A Cascode IF Amplifier - Fig. 181 shows 
an FM if strip in which the CA3028A is used in a high-gain, high
performance cascode configuration in conjunction with a CA3012 
integrated-circuit wide-band amplifier. (The CA3012 circuit is dis
cussed in detail in a subsequent paragraph on FM IF AMPLI
FIERS.) The CA3012 is used in the last stage because of the high 
gain of 74 dB input to the 4000-obm-Ioad ratio-detector trans
former T 4. An input of approximately 400 microvolts is required 
at the base of the CA3012 for - 3 dB below full limiting. An 
impedance-transfer device and filter must be connected between the 
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VCC=+9V 

150a 

T.: Interstage transformer TRW #22486 or equiv. 
T.: Ratio detector TRW #22516 01' equiv. 

1.5K 

Audio Output: 155 mV rms for 7.5 p.V ± 75 kHz input 3 dB 
below knee of transfer characteristic. 
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6.8K • 

51'F -

6.8 K 

Fig. 181-10.7-MHz if amplifier us.ing a CA3028A in a cascode 
configuratIon. 

CA3012 base (terminal 1) and the output of the CA3028A (ter
minal 6). The insertion loss of this filter should be kept near 6 dB 
(1:2 ratio of loaded to unloaded Q) so that all possible gain can be 
realized up to the CA3012 base. In addition to this insertion loss, a 
voltage step-down loss of 5.8 dB in the interstage filter is unavoid
able. Therefore, the total voltage loss is approximately 9 to 14 dB, 
and an output of 1500 to 2000 microvolts must be available from 
the CA3028A to provide the required 400-microvolt input to the 
CA3012. 

The voltage gain of the CA3028A into a 3000-ohm load is 
determined as follows: 

VG= 
Yo+YL 

= 100 X 10-3 = 300 = 49 dB 
0.33 X 10-3 

(191) 
This calculation indicates a sensitivity of 6.6 microvolts at the 
CA3028A base (terminal 2). This value cannot be realized, how
ever, because the CA3012 limits on noise peaks so that the gain 
figure is reduced. 

A sensitivity of 7.5 microvolts was realized in the design 
shown in Fig. 181. The filter approach with high-gain integrated-
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circuit chips differ from that for single, cascaded transistor stages in 
that lumped selectivity is required rather than distributed selectivity. 

Special care must be exercised when second-channel attenua
tion in the order of 45 dB is required. Selectivity is then propor
tioned as follows: 

Interstage filter: double-tuned 220 kHz at - 3 dB; coefficient 
of critical coupling, 0.7; voltage loss, 8 dB 

Converter filter: triple-tuned, 220 kHz at - 3 dB; coefficient 
of critical coupling, 0.8; voltage loss, about 28 dB 

Because of input limiting in the CA3012, the interstage filter ex
hibits a somewhat wider bandwidth than the 220 kHz indicated. 
Therefore, a coefficient of critical coupling near 0.8 is realized, 
which is optimum for minimum deviation from constant time delay. 
The triple-tuned converter filter alone provides second-channel 
attenuation of 30 to 33 dB, while the interstage filter contributes 
8 to 10 dB. The filters described meet requirements of both per
formance and economy. 

The large collector swing that can be obtained in cascode 
operation of the CA3028A makes it desirable to take the agc 
voltage from the collector or "hot" end of the if transformer for 
front-end gain control. The cascode stage then operates primarily 
in its linear region, and excellent selectivity (40 dB) is maintained 
even for large signal inputs of approximately 0.4 volt. Front-end 
gain reduction is between 40 and 50 dB. 

lO.7·MHz IF Strip Using Two CA3028A Circuits - The 
10.7-MHz if strip shown in Fig. 182 uses two CA3028A integrated 
circuits to provide less over-all gain than the circuit of Fig. 181. 
The first CA3028A is connected as a cascode amplifier and yields 
voltage gain of 50 dB; the second CA3028A is connected as a 
differential amplifier and yields voltage gain of 42 dB. 

When a practical interstage transformer having a voltage in
sertion loss of 9 dB is used, over-all gain is 83 dB and the sensi
tivity at the base of the first CA3028A is 140 microvolts. A less 
sophisticated converter filter (double-tuned) could be employed at 
the expense of about 26 dB of second-channel attenuation. If the 
voltage insertion loss of the converter filter is assumed to be 18 dB 
and the front-end voltage gain (antenna to mixer collector) is 50 
dB, this receiver would have an IHFM sensitivity* of approxi
mately 8 microvolts. 
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6.8K 

51' F -

44.5mV 15.8mV 2Vrms 

T3: Interstage transformer TRW #22486 or equiv. 
T,: Ratio detector TRW #22516 or equiv. 

IK 

Audio Output: 155 mV rms for 140 ,N ± 75 kHz input 3 dB 
below knee of transfer characteristic. 

Fig. 182 - JO.7-MHz if strip using two CA3028A circuits. 

6.8 K 

lO.7-MHz CA3028A Differential-Amplifier IF Strip - Fig. 
183 shows a 10.7-MHz medium-gain if strip consisting of a 
CA3028A connected as a differential amplifier and a CA30l2 
wide-band amplifier. As in the circuit shown in Fig. 181, an input 
of approximately 1500 microvolts is required to the interstage 
filter. The differential-mode voltage gain of the CA3028A into a 
3000-ohm load is determined as follows: 

VG= -Yf 

Yo+YL 
35 X 10-3 = 92.5 = 39.3 dB 

0.38 X 10-3 

(192) 
This voltage gain requires that an input of approximately 15 micro
volts be available at the base of the CA3028A differential amplifier. 

Even if a triple-tuned filter having a voltage insertion loss of 
28 dB is used in a low-gain front end, a receiver having an IHFM 
sensitivity of 5 microvolts results. If 26 dB second-channel attenua
tion is permissible, a 3-microvolt-sensitivity IHFM receiver can be 
realized. 

* Rating based on Institute of High Fidelity Manufacturer's standard No. 
IHF-A-201 (1966). 
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0.001 
68K I'F OUTPUT 

4.7K 10K 

330pF 

150n ~ 

= I 
1500l'V 2Vrms 

T.: Interstage transformer TRW #22486 or equiv. 
T.: Ratio detector TRW #22516 or equiv. 
Audio Output: 155 mV rms for 15 p.V ± 75 kHz input 3 dB 

below knee of transfer characteristic. 
Fig. 183 -10.7-MHz if strip using a CA3028A in a differential-amplifier 

configuration. 

88-MHz-to-108-MHz FM Front End Using the CA3028A -
Fig. 184 illustrates the use of the CA3028A as an rf amplifier and 
a converter in an 88-to-108-MHz FM front end. For best noise 
performance, the differential mode is used and the base of the 
constant-current source 03 is biased for a power gain of 15 dB. 
The rf amplifier input circuit is adjusted for an insertion loss of 
2 dB to keep the noise figure of the front end low. Because the in
sertion loss of the input transformer adds directly to the integrated
circuit noise figure of 5.5 dB, the noise figure for the front end 
alone is 7.5 dB, as compared to noise figures of about 6 dB for 
commercial FM tuners. 

Although a single-tuned circuit is shown between the collector 
of the rf -amplifier stage and the base of the converter stage, a 
double-tuned circuit is preferred to reduce spurious response of 
the converter. If the double-tuned circuit is critically coupled for 
the same 3-dB bandwidth as the single-tuned circuit, the insertion 
loss remains the same. 

The collector of the rf stage is tapped down on the interstage 
coil at approximately 1500 ohms, and the base of the converter 
stage at 150 ohms. RF voltage gain is computed as follows: 

Antenna to base . . . . . . . . . . . . . . . . . . . . . . . 0 dB 
Base to collector ..... . . . . . . . . . . . . . . . . . 22 dB 
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Voltage insertion loss of interstage coil 
Net rf voltage gain .................... . 

IpF 

-13 dB 
9 dB 

_t-----+4IdB----I 

~----------------.50dB---------__I 
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L1 : 3-3/4 T #18 tinned copper wire; winding length 5/16" on 9/32" form; 
tapped at 1-3/4 T; primary - 2 turns #30 SE. 

L2 : 3-3/4 T #18 tinned copper wire; winding length 5/16" on 9/32" form; 
tapped at 6 2-1/4 T, A 3/4 T. 

CVl_2: variable ~ C "" 15 pF. 
T1 : Mixer transformer TRW #22484 or equiv. 
T2 : Input transformer TRW #22485 or equiv. 
La: 3-1/2 T #18 tinned copper wire; winding length 5/16" on 9/32" form. 
CVl_S: variable, ~ C <= 15 pF. 

Fig. 184 -- 88-MHz-to-J08-MHz front-end circuit for an FM receiver. 

If an if converter transformer having an impedance of 10,000 
ohms is used, the calculated voltage conversion gain is 

VGc = -Yf 3 d ---.:!...!'--- = 112 = 41. B 
YO+YL 

(193) 

Measured gain into the collector of the converter is 42 dB. The 
measured voltage gain of the rf amplifier and converter into a 
1O,000-ohm load is 52 dB; calculated gain is 50 dB. When the 
converter is tuned for the commercial FM band (88 to 108 MHz), 
the following parameters apply: 
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Input resistance Rln ..... . . . . . . . . . . .. 170 ohms 
Input capacitance Cln . . . . . . . . . . . . . . .. 6.3 pF 
Output resistance Ront . . . . . . . . . . . . . .. 80K ohms 
Output capacitance Cout . . . . . . . . . . . . .. 3.5 pF 
Conversion transconductance . . . . . . . . . . 13 mmhos 
The rf amplifier and converter shown in Fig. 184 were com

bined with the if amplifier shown in Fig. 181, and the following 
performance data were measured at 100 MHz: 

30-dB (S + N)/N IHFM Sensitivity. . . . . . .. 3 p.V 
Image Rejection . . . . . . . . . . . . . . . . . . . . . . .. 46 dB 

Receiver noise figure is the limiting factor that permits a sensitivity 
of only 3 microvolts to be realized. 

Mixer Capabilities 
The CA3004, CA3005, CA3006 and CA3028A integrated 

circuits may be used as mixers, modulators, and product detectors. 
The schematic diagrams in Figs. 185(a) and 185(b) illustrate the 

IF 

CT n 
~RL 

(b) 

Fig. 185 - Circuit diagrams for use of (a) the CA3004 and (b) the 
CA3005 or CA3006 as mixers (operating mode D). 
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use of these circuits in mixer applications. The oscillator input 
is injected at the base of transistor 03 (because there is no direct
base connection available on the CA3004, a higher oscillator drive 
voltage is required for this .circuit); the rf input is injected single
or double-ended to the bases of transistors 01 and 02. The use of 
a center-tapped inductor for the output tuned circuit (double-ended) 
allows the common-mode signal of the oscillator to be balanced out 
so that the oscillator will not overload subsequent stages, and 
provides carrier suppression for modulators. 

The gain performance and generation of harmonics in the 
CA3004, CA3005, CA3006, and CA3028A mixer circuits are de
pendent on the amplitude of the oscillator drive signal and the dc 
bias. The expression for product detection or frequency multiplica
tion in the CA3005 or CA3006 (consult Fig. 186) is determined 
as follows: 

(194) 

where eo is the output voltage, el is the differential input voltage, 
g". is the transconductance of the differential pair of transistors 
(01 and 02), and ~ is the load impedance (total between col
lectors). For a balanced circuit, the transconductance is given by 

pll~-= .L..---.--...j 

91ijf 
Fig. 186 - Circuit diagram of a CA3005 or CA3006 balanced mixer 

(operating mode D). The equations for product detection or multi
plication are based on this circuit. 
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gm= aq 10 
2KT 

(195) 

The term 10 represents the collector current of transistor Qa 
and may be expressed as 

(196) 

where gm2 is the transconductance of transistor Qa and e2 is the 
input voltage applied to transistor Qa. The output voltage, eo, 
therefore, is given by the following equation: 

aq 
eo = -- el e2 gm2 ZL 

2KT 
(197) 

Eq. (197) is a general expression for the output voltage of 
the mixer having input signals el and e2. With emitter degenera
tion in the constant-current transistor (Q3) , gm2 is essentially 
constant for a sufficiently large emitter current (greater than 1 
milliampere); the current 10 , therefore, follows the applied volt
age e2. 

When el and e2 are sinusoidal and gm is constant, the input 
signal voltages are given as follows: 

* el = EI el'"lt + EI e-J'"lt (198) 

* e2 = E2 eJro2t + E2 e-J"'2t (199) 

* * (EI is the conjugate of Eb and E2 is the conjugate of E2) 

With the substitution of these relationships, the equation for 
the output voltage for he CA3005 or CA3006 then becomes 

aq * * * + -, - gm2 ZL [E IE 2el('"1 - '"2)t + EIE~-j("'l - '"2)t] (200) 
2KT 

Eq. (200) gives the output voltage for aCA3005 or CA3006 
used as a product detector or multiplier. (Note that only the two 
sideband frequencies are included in the output.) The require
ments for, product detectors or multipliers are that the circuit 
should be biased in a linear region with a small signal voltage ap
plied. Because aqgm2/2KT is essentially constant, the gain of the 
mixer is determined from ZL and the ele2 product. The linearity 
of the CA3006 is illustrated by the curve of the conversion trans-
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conductance as a function of the oscillator voltage, shown in Fig. 
187. (Although the curve is plotted on logarithmic paper because 
of the wide range, the relationship is linear.) The gain reaches a 
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Fig. 187 - Conversion gain of a CA3005 or CA3006 mixer circuit as a 
function of oscillator voltage. 

maximum value at approximately 2.5 volts rms. Because measure
ment inaccuracies prevent the use of this curve to determine har
monic generation, spurious-signal measurements were taken on 
CA3005 and CA3006 mixer circuits. For these measurements, the 
d input was untuned and the oscillator and if frequencies 
were held constant. For a fixed amplitude of oscillator injection 
on terminal 3, the d was varied in frequency, and the amplitude 
of the responses was recorded. The results are shown in Table 
XXIII. The spurious signals generated are a function of oscillator 
drive. A low oscillator drive (0.1 volt rms) produced only three 
spurious signals for which the rejection was less than 70 dB down. 

Table XXIII-Response of a CA3005 or CA3006 Mixer to 
Spurious Harmonics 

Signal Dillerence-Frequency Output 

Frequency (dB relatiYe to f. - f.) 

f .. for Vo •• at Ter •• 3 (Vnns) of 
Frequncy (MHz) 0.7 1.3 8.1 

f. - f. 1.0 0 0 0 0 
f .. 0.659 7.5 10 18 27 

2f.-fo 1.159 -53.1 -53.1 -54.9 -52.3 
2fo-2f. 1.329 -76.1 
2f,,-2f. 1.988 -75.5 
f.-f. 2.318 0 0 0 0 

2f.-f" 2.659 -31.7 -35 -39.7 -47.8 
2f,,-3f. 2.813 -79.6 
f,,-2f. 3.977 -31.7 -35 -39.7 -47.8 

3f.-f" 4.309 -35.8 -59.3 -74.7 
f,,-3f. 5.627 -38.5 -57 -74 

4f.-f" 5.977 -38.9 -63 
f. = 1.659 MHz; V ••• = oscillator injection voltage. 
All blank spaces indicate difference·frequency output more than 70 dB below the f. - f" output. 
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These measurable spurious responses were third-order products 
that involved the second harmonic of either the oscillator or rf 
signal. The relative if gain increases with decreasing oscillator drive 
because of lower mixer gain. 

The common-mode cancellation of the oscillator signal at the 
collector outputs is indicative of the carrier suppression that can 
be provided in modulators. The carrier suppression is a function 
of output tuned-circuit balance and the transistor offset voltage. 
The contribution of the offset is illustrated in Figs. 188 and 189 
which show the output signal as a function of the offset voltage for 
the CA3004 and for the CA3005 or CA3006, respectively. These 
data were obtained on circuits operated with a balanced output 
tuned to the oscillator frequency. 
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Fig. 188 - Cancellation of the oscillator signal at the output of a 
CA3004 mixer as a function of dc offset voltage. 
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Fig. 189 - Cancellation of the oscillator signal at the output of a 
CA3005 or CA3006 mixer as a function of dc offset voltage. 

Mixers - The use of the CA3004 and the CA3005 or 
CA3006 as balanced mixers to convert 20 MHz to 1.75 MHz is 
shown in Fig. 190. Because the input impedances of the two cir-
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Fig. 190 - CA3004 and CA3005 or CA3006 balanced mixers used to 
convert an input frequency of 20 MHz to an output frequency of 1.75 MHz. 
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cuits differ by a factor of approximately 2: 1, typically 4000 ohms 
for the CA3004 and 2200 ohms for the CA3005 or CA3006, dif
ferent input transformers (T1 ) are required; the other tuned cir
cuits, however, are the same. The output load impedance between 
collectors is approximately 8000 ohms. The conversion power 
gain and noise figure as a function of the oscillator drive are shown 
in Figs. 191 and 192. Power gain increases and noise figure de
creases with increases in oscillator drive. 
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Fig. 191 - Power gain and noise 
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Fig. 192 -Power gain and noise 
figure as a function of oscillator 

drive voltage for the CA3004 
balanced mixer. 

Suppressed-Carrier Modulator and Product Detector - The 
CA3005 and CA3006 can be used in a suppressed-carrier double
sideband modulator and product detector. The double-sideband 
modulator is a convenient vehicle to evaluate carrier suppression 
and product detection. With the two circuits coupled together, the 
relation between modulation distortion and drive levels is readily 
established. 

Feedback may cause oscillation or unbalance; care must, 
therefore, be taken in the external-circuit layout design. Shielding 
must also be provided for both the double-sideband modulator and 
product detector. 

The circuit diagram of the double-sideband modulator is 
shown in Fig. 193. The modulating signal is applied single-ended 
to the differential pair of transistors, Ql and Q2, and the oscillator 
signal is applied to the base of transistor Qs. The output is taken 
double-ended from the balanced transformer, T2• The carrier 
suppression is a function of bilateral symmetry (offset, output
transformer balance and modulation drive circuits) and the modu
lation-to-carrier drive ratio. With the external-circuit bilateral 
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Fig. 193 - Double-sideband, suppressed-carrier modulator using the 
CA3005 or CA3006. 

symmetry carefully preserved, the carrier output is approximately 
25 dB below the double-sideband output for CA3006 units (offset 
~ 1 millivolt) operated with a drive Vl = 10 millivolts rms and 
V2 = 31.5 millivolts rms. Although the signal-to-carrier ratio of 
25 dB represents an inadequate rejection for most systems (40 
to 60 dB is usually required), this value relaxes the filter require
ments from those necessary on more commonly used single-side
band modulators. An improvement over the 25-dB ratio is obtained 
if the modulation drive Vl is increased and the carrier drive V2 is 
decreased, because the output is a function of the product of Vl 

and V2. 

The circuit diagram for a product detector is shown in Fig. 
194. The product detector, which provides the advantage of a 
double-ended out-of-phase output, is driven through a 50-ohm 
adjustable feed by the double-sideband signal from the modulator. 
The levels of Vh V2, V4, and V5 are altered to establish the relation
ship between the harmonic distortion and drive levels as well as 
gain values for typical operation. The results are shown in Table 
XXIV. Overdrive by the modulation (vd or the modulated signal 
(V4) results in third-harmonic distortion of the detected signal. 
It should be noted that gain is a function of either the product of 
Vl and V2, or the product of V4 and V5. 

Video-Amplifier Capabilities 

The CA3004, CA3005, and CA3006 integrated circuits may 
be used as video amplifiers, as shown in Figs. 195(a) and 195(b). 
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Fig. 195 - Video amplifiers usinf? (a) the CA3004 in a differential-amplifier 
configuration and (b) the CA3005 or CA3006 in a cascode configuration. 

A relatively large number of external components is required, and 
the availability of internal-circuit connections for these external 
components provides a large degree of flexibility to the user with 
respect to such factors as bandwidth, gain, power dissipation, and 
peaking. In the circuit shown in Fig. 195 (a), Rl should be equal 
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to R2 to preserve the circuit balance, and C2 should be an ade
quate bypass so that the noise factor and gain are not degraded. 
For the cascode configuration shown in Fig. 195(b), C2 is an 
emitter bypass, and its reactance should be less than 1.5 ohms at 
the lowest video frequency to be handled. 

In either cascode or single-ended differential-amplifier con
figurations, the feedback is low. Each configuration provides good 
isolation from output to input; the high-frequency performance 
therefore can be approximated from the input and output parallel 
Rand C for a single stage or from the total shunt R and C be
tween stages for an iterative connection. The mid-frequency volt
age gain can be computed from the familiar gmRL product. As an 
aid to such calculations, Table XXV gives the input and output 
parallel Rand C and the absolute values of gm for the various 
circuits and configurations for operation at 1, 10, and 40 MHz. 
For more precise, but more elaborate calculations, the y parame
ters may be used for video-amplifier design. 

Table XXIV-Gain and Distortion as a Function of Different Drive 
Levels for a Double-Sideband Modulator and Product Detector 

Using the CA3006 

3rd Harmonic 
Distortion 

Voltages" (mV rms) (dB below 
Variable Term. 3 Vee w. Vbl ", v. fundamental) • 

V, varied, v. = 31.5 mV, v. = 1 mV, V5 = 0.5 mV 
5 296 46 4.95 4 36 54 

10 296 80 8.9 4 36 54 
30 296 250 26.6 4 36 37.5 

v. varied, V, = 10 mV, v. = 1 mV, V5 = 0.5 mV 
31.5 296 83 8.9 4 36 54 
100 960 262 28 4 36 51 
315 2960 830 8.9 4 36 50 

v. varied, V, = 10 mV, V2 = 31.5 mV, V5 = 0.5 mV 
0.5 296 83 8.9 2 17.5 54 

1 296 83 8.9 4 36 52 
3 296 83 8.9 12 110 47.5 
5 296 83 8.9 20 188 37" 

v. varied, V, = 10 mV, V2 = 31.5 mV, v. = 1 mV 
0.315 296 83 8.9 4 23 54* 

0.5 296 83 8.9 4 36 54 
1.0 296 83 8.9 4 86 50 

.. See Figs. 193 and 194 for explanation of voltage designations . 
• 2nd, 4th, and 5th harmonics more than 60 dB down except as noted . 
• 2nd harmonic 51 dB down, 5th harmonic 59 dB down. 
* 2nd harmonic 56 db down. 
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Table XXV-Input and Output Parallel RC Network, Trans
conductance, and Video Performance Data for CA3004, CA3005, 

and CA3006 RF Amplifiers* 

Input 
Parallel RC 

Frequency R'n Cin 

(MHz) (ohms) (pF) 

CA3005 or CA3006 Cascade Operation 
1 500 42 

10 500 42 
40 180 22 

output 
Parallel RC 

Rout 

(ohms) 

-1.67Xl06 
-1.67 X 106 

-6X105 

Coul 

(pF) 

3 
3 
3 

CA3005 or CA3006 Differential-Amplifier Operation 
1 2500 16 

10 1800 13 
40 670 10.5 

CA3004 Differential-Amplifier Operation 
1 6650 8 

10 6650 6.2 
40 2000 5 

Video Performance (Simulated Iterative Connection) 

Interstage 
RL 

Type Operation (ohms) 

CA3005 Cascade 150 
or CA3006 Differ. 

CA3005 Amp!. 500 
or CA3006 Differ. 

CA3004 Amp!. 1000 

105 
4X104 

2800 

1.7 X 105 

105 
2X104 

4 
4 

7.6 

6.5 
6.1 
6.8 

High-Frequency 
3-dB Point 

(MHz) 
Meas. Calc. 

23 20 

18 16 

18.4 15 

Transcon
ductance 

gm 
(mmhos) 

78 
77 
58 

20 
20 

18.6 

7.8 
7.8 
7.6 

Mid-Band 
Voltage 

Gain (dB) 
Meas. 

19.3 
Calc. 
20.6 

19.5 20.0 

17.2 18.0 

• Data obtained for circuits operated from ±6-volt dc supplies in operating mode D. 

OPERATIONAL AMPLIFIERS 

The RCA family of linear integrated circuits includes a broad 
line of highly versatile operational amplifiers that may be adapted 
to perform a large variety of circuit functions in telemetry, data
processing, instrumentation, and communications equipment. Typi
cal applications include narrow-band or wide-band amplifiers, os
cillators, multivibrators, comparators, scaling adders, integrators, 
and differentiators. These amplifiers are primarily designed to 
operate with externally applied negative feedback. Table XXVI 
lists the operational amplifiers and points out the maximum dc 
supply voltage, package configuration, and operating-temperature 
range for each type. 

The integrated-circuit operational amplifiers are designed to 
operate from symmetrical positive and negative dc power supplies 
at various levels of supply voltage. On the basis of the dc supply 
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Table XXVI-RCA Integrated-Circuit Operational Amplifiers 

Maximum DC supply Operating-Temperature 
Type No.· rype of Package Voltage (volts) Range (oC) 

CA3008 14-terminal ceramic ±6 -55 to +125 
CA3008A flat pack 

CA3010 12-terminal TO-5 style ±6 -55 to +125 
CA3010A package 

CA3015 12-terminal TO-5 style ±12 -55 to +125 
CA3015A package 

CA3016 14-terminal ceramic ±12 -55 to +125 
CA3016A flat pack 

CA3029 14-terminal dual-in- ±6 o to 70 
CA3029A line plastic package 

CA3030 14-terminal dual-in· ±12 o to 70 
CA3030A line plastic package 

CA3033 14-terminal dual-in- ±12 -55 to +125 
CA3033A line plastic package ±18 

CA3037 14-terminal dual-in- ±6 -55 to +125 
CA3037A line ceramic package 

CA3038 14-terminal dual-in- ±12 -55 to +125 
CA3038A line ceramic package 
• The RCA line of integrated-circuit operational amplifiers also includes the CA3031!702A and 

CA3032!702C types. These amplifiers are designed to operate from asymmetrical dual dc supply 
voltage up to +12 and -6 volts, are supplied in 8-terminal TO-5 style packages, and have an 
operating temperature range of -55°C to +125°C. Ratings and characteristics for the CA3031/ 
702A and CA3032/702C are given in the TECHNICAL DATA section of this manual and in the 
technical bulletin on these types. 

voltage rating, the amplifiers may be classified as +6-volt types, 
+ 12-volt types, and + 18-volt types. The types indicated by the 
"A" suffix (refer to Table XXVI) have lower noise figures and 
improved static characteristics (Le., input offset voltage and cur
rent, input bias current, and input impedance) in comparison to 
the corresponding types without the "A" suffix. As shown in Table 
XXVI, the CA3033A also has a higher supply-voltage rating than 
the CA3033. For applications in which low noise and dc balance 
are important considerations, the "A"-version types are recom
mended. Fig. 196 shows the noise figure of the "A"-version opera
tional amplifiers as a function of frequency for operation from 
±6-volt and + 12-volt dc supply voltages. 

+6-Volt Types 
The CA3008 and CA3008A, the CA3010 and CA3010A, the 

CA3029 and CA3029A, and the CA3037 and CA3037A inte
grated-circuit operational amplifiers are designed to operate from 
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Fig. 196 - Noise figure for the "A "-version integrated-circuit operational 
amplifiers for operation from ±6-volt and ±12-volt supply voltages. 

dual positive and negative 6-volt dc supplies. All the amplifiers have 
the same circuit configuration and, except for the improved noise 
and static characteristics of the "A "-version types, their electrical 
characteristics are also the same. 

Fig. 197 shows the schematic diagram and terminal numbers 
for the +6-volt integrated-circuit operational amplifiers. Two sets 
of terminal numbers are shown because the numbering svstem for 
the CA3010 and CA3010A, which are supplied in 10-terminal 
TO-5 style packages, differs from that of the other circuits, which 
are supplied in 14-terminal (flat-pack or dual-in-line) packages. 
The numerals enclosed in squares are the terminal designations 
for the CA3010 and CA3010A packages. 

In the following discussion, terminal numbers referred to in 
the text or shown on diagrams are those for the 14-terminal cir
cuits; corresponding terminals for the CA3010 and CA3010A can 
be determined from the schematic diagram in Fig. 197. Moreover, 
for convenience of notation, specific reference is made to only the 
CA3008 and CA3008A circuits. All information given for the 
CA3008 is equally applicable to the CA301O, CA3029, and 
CA3037; all information given for the CA3008A can also be di
rectly applied to the other "A"-version types. 

Circuit Description - Each operational amplifier consists 
basically of two differential amplifiers and a single-ended output 
circuit in cascade. The pair of cascaded differential amplifiers are 
responsible for virtually all the gain provided by the operational
amplifier circuit. The inputs to the operational amplifier are applied 
to the bases of the pair of emitter-coupled transistors, 01 and 02, 
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Fig. 197 - Schematic diagram for the ±6-volt integrated-circuit operational 
amplifiers (CA3008, CA3008A, CA30lO, CA30lOA, CA3029, CA3029A, 

CA3037, and CA3037 A). 

in the first differential amplifier. The inverting input (at terminal 
3) is applied to the base of transistor 02, and the noninverting 
input (at terminal 4) is applied to the base of transistor 01. These 
transistors develop the driving signals for the second differential 
amplifier. A dc constant-current-sink transistor, 0 6 , is also in
cluded in the first stage to provide bias stabilization for transistors 
01 and 02. Diode D1 provides thermal compensation for the first 
differential stage. 

The emitter-coupled transistors, 03 and 04, in the second 
differential amplifier are driven push-pull by the outputs from the 
first differential amplifier. Bias stabilization for the second differ
ential amplifier is provided by current-sink transistor 07. Com
pensating diode D2 provides the thermal stabilization for the 
second differential amplifier and also for the current-sink tran
sistor, 09, in the output stage. 

Transistor 05 develops the negative feedback to reduce com
mon-mode error signals that are developed when the same input 
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is applied to both input terminals of the operational amplifier. 
Transistor 05 samples the signal that is developed at the emitters 
of transistors 03 and 04. Because the second differential stage is 
driven push-pull, the signal at this point will be zero when the 
first differential stage and the base-emitter circuits of the second 
stage are matched and there is no common-mode input. A portion 
of any common-mode, or error, signal that appears at the emit
ters of transistors 0 3 and 04 is developed by transistor 05 across 
resistor R2 (the common collector resistor for transistors 01> 02, 
and 05) in the proper phase to reduce the error. The emitter cir
cuit of transistor Or. also reflects a portion of the same error 
signal into current-sink transistor 07 in the second differential stage 
so that the activating error signal is further reduced. 

Transistor 05 also develops feedback signals to compensate 
for dc common-mode effects produced by variations in the supply 
voltages. For example, a decrease in the dc voltage from the posi
tive supply results in a decrease in the voltage at the emitters of 
transistors 03 and 04. This negative-going change in voltage is 
reflected by the emitter circuit of transistor 05 to the bases of 
current-sink transistors 07 and 09. Less current then flows through 
these transistors. The decrease in the collector current of transistor 
07 results in a reduction of the current through transistors 0 3 and 
04, and the coIIector voltages of these transistors tend to increase. 
This tendency to increase on the part of the collector voltages par
tially cancels the decrease that occurs with the reduction in the 
positive supply voltage. The partially cancelled decrease in the 
collector voltage of transistor 04 is coupled directly to the base of 
transistor Os and is transmitted by the emitter circuit of this tran
sistor to the base of output transistor 010. At this point, the de
crease in voltage is further cancelled by the increase in the collector 
voltage of current-sink transistor 09 that results from the de
crease in current mentioned above. 

In a similar manner, transistor 05 develops the compensating 
feedback to cancel the effects of an increase in the positive supply 
voltage or of variations in the negative supply voltage. Because of 
the feedback stabilization provided by transistor 05, the CA3008 
and CA3010 operational amplifiers provide high common-mode 
rejection, have excellent open-loop stability, and have a low sensi
tivity to power-supply variations. 

In addition to their function in the cancellation of supply
voltage variations, transistors Os, 09, and 010 are used in an 
emitter-foIIower type of single-ended output circuit. The output 
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of the second differential amplifier is directly coupled to the base 
of transistor Os, and the emitter circuit of transistor Os supplies 
the base-drive input for output transistor 010. A small amount of 
signal gain in the output circuit is made possible by the bootstrap 
connection from the emitter of output transistor 010 to the emitter 
circuit of transistor 09. If this bootstrap connection were neglected, 
transistor 09 could be considered as merely a dc constant-current 
sink for drive transistor Os. Because of the bootstrap arrangement, 
however, the output circuit can provide a signal gain of 1.5 from 
the collector of differential-amplifier transistor 04 to the output 
(terminal 12). Although this small amount of gain may seem insig
nificant, it does increase the output-swing capabilities of the 
operational amplifiers. 

The output from the operational-amplifier circuit is taken 
from the emitter of output transistor 010 so that the dc level of 
the output signal is substantially lower than that of the differential
amplifier output at the collector of transistor 04. In this way, the 
output circuit shifts the dc level at the output so that it is effec
tively the same as that at the input when no signal is applied. 

Resistor R15 in series with terminal 8 (refer to Fig. 197) in
creases the ac short-circuit load capability of the operational am
plifier, when this terminal is shorted to terminal 12 so that the 
resistor is connected between the output and the negative supply. 

DC Characteristics - The operational amplifiers are designed 
to operate from two symmetrical dc power supplies at supply volt
ages in the range from +3 volts to ±6 volts. For operation with 
±3-volt supplies, the power dissipation in the amplifiers is less than 
7.0 milliwatts with terminal 8 open or 23 miIliwatts with terminal 
8 shorted to terminal 12. When ±6-volt supplies are used, the dis
sipation level increases to either 30 or 92 milliwatts, depending 
upon whether terminal 8 is open or shorted to terminal 12. 

The input offset voltage for the operational amplifiers is 
typically 1.1 milliv.olts for the CA3008 and 0.9 millivolt for the 
CA3008A for all symmetrical supply voltages. This parameter 
is relatively insensitive to variations in the supply voltages. When 
+6-volt supplies are used, the variation in the input offset volt
age with fluctuations in supply voltage is typically less than 300 
microvolts per volt for either supply. For +3-volt supplies, the 
variation is typically 700 microvolts per volt. The offset voltage 
varies slightly with temperature as shown in Fig. 198. (Fig. 198(c) 
shows the schematic diagram of the special test circuit used for the 
offset-voltage measurements.) 
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Fig. 198 -Input offset voltage and input offset current as a function of 
temperature: (a) for CA3008; (b) for CA3008A; (c) test circuit used 

for offset-voltage measurements. 

The input bias current and the input offset current of the 
amplifiers are typically 5.3 microamperes and 0.54 microampere, 
respectively, for the CA3008 and 2.6 microamperes and 0.31 
microampere for the CA3008A when +6-volt supplies are used. 
Figs. 198 and 199 show the variations in these parameters with 
temperature. 

Gain-Frequency Response - The operational amplifiers pro
vide a gain of 60 dB at low frequencies and have a unity-gain 
bandwidth of 18 MHz when operated from ±6-volt supplies. The 
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Fig. 199 -Input bias current as a function of temperature: (a) for 
CA3008; (b) for CA3008A. 

typical gain-frequency response is shown in Fig. 200 for operation 
of the amplifier at -55°C, at 25°C, and at 125°C. The response 
of the amplifier exhibits little change over the temperature range. 
A typical gain-frequency characteristic for amplifiers operated 
from +3-volt supplies at 25°C is shown in Fig. 201. 

Transfer Characteristic - The transfer characteristic of the 
operational amplifiers is shown in Fig. 202. This characteristic 
shows that the amplifiers do not exhibit any hysteresis effect. 
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Common-Mode Rejection - The common-mode rejection 
provided by the operational amplifiers is typically 94 dB for opera
tion with +6-volt supplies. Fig. 203 shows the differential-gain and 
common-mode gain frequency plots for the amplifiers. Fig. 204 
shows the common-mode rejection as a function of frequency. 
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Fig. 203 - Differential and common- Fig. 204 - Common-mode rejection 
mode gain as a function of as a function of frequency. 

frequency. 

Output Swing - The operational amplifiers exhibit a maxi
mum dynamic-swing capability of ±3.5 volts with terminal 8 open 
and of ±3.0 volts with terminal 8 shorted to terminal 12. The 
output-swing capability varies only slightly with temperature, as 
shown in Fig. 205. Fig. 206 shows the variation in the output
swing capability with frequency. 

Input and Output Impedances - When the CA3008 opera
tional amplifier is operated from -+- 6-volt supplies, it 4as an input 
impedance of 14,000 ohms at 1 KHz and an output impedance 
of 200 ohms (terminal 8 open) or 75 ohms (terminal 8 shorted 
to terminal 12). For the same operating conditions, the CA3008A 
has an input impedance typically of 20,000 ohms and an output 
impedance of 160 ohms (terminal 8 open) or 85 ohms (terminal 
8 shorted to terminal 12). The input. impedance and output im
pedance of the amplifiers are affected by temperature as shown 
in Figs. 207 and 208 respectively. 
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Fig. 205 - Output-swing capabilities 
as a function of temperature. 
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Fig. 206 - Output-swing capabilities 
as a function of frequency. 
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Fig. 207 - Input impedance as a function of temperature: (a) for CA3008; 
(b) for CA3008A. 
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Output-Power Capability - A choice of two output-power 
capabilities is provided in the operational amplifiers. The output 
can be tailored to the specific load requirements by leaving termi
nal 8 open and placing an appropriate resistor between terminals 
6 and 12. The minimum safe value of load resistance (including 
the aforementioned resistor) is 200 ohms when -1- 6-volt supplies 
are used. In determining the output capability, it should be kept 
in mind that the feedback network can contribute to the output 
loading especially in the lower-gain configurations. 

The output-power capability of the operational amplifiers can 
be increased by the addition of an external emitter-follower output 
stage or a class B push-pull output stage. The emitter-follower ap
proach is highly inefficient from a dissipation standpoint. A class 
B push-pull output stage, added as shown in Fig. 209, works well 
in a closed-loop circuit, but is subject to thermal runaway under 
open-loop conditions. The thermal-runaway effect may be con
trolled by the introduction of a small amount of emitter degenera
tion in each of the push-pull transistors. The load requirements, 

DRIVING SOURCE 
(NON-INVERTING CONFIGURATION) 
OR GROUND 
(INVERTING CONFIGURATION) 

Zr 

DRIVING SOURCE 
(INVERTING CONFIGURATION) 

OR GROUND 
(NON-INVERTING CONFIGURATION) 

+Vcc 

-Vee 

Zf 

PHASE COMPENSATION NOT 
SHOWN 

Rr = Zr (0.= 0) 

Zsouree « Zr 

Fig. 209 - Schematic diagram showing addition of an external push-pull 
output stage to increase the output capability of an operational amplifier. 
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however, are sometimes severe enough to preclude the use of 
emitter degeneration. Moreover, depending on the choice of com
plementary transistors, the addition of the push-pull amplifier may 
limit the over-all bandwidth. 

Phase Compensation - The response characteristics of an 
operational amplifier can be controlled by an external feedback 
circuit. Because of this feedback control, the amplifier can be used 
to synthesize a wide variety of transfer functions and is, therefore, 
useful in many diverse applications. Figs. 210 and 211 show the 
basic schematic diagrams for the use of the CA3008 or CA3008A 
operational amplifier in the inverting and noninverting feedback 
configurations, respectively. For convenience, the "classical" de
sign equations for each type of configuration are repeated below 
the schematic diagram. In each configuration, the two inputs are 
returned to ground through dc paths that are effectively identical, 
as required to assure a minimum offset voltage. 

r-----, 
I I 

: Z i : 

Z, L ____ J 

R, 

+ 
r-----, 

: Zoi [ 
Avo (w) 

I I c. ____ ~ VOUT 

Zi = open-loop input impedance 
ZOi = open-loop output impedance 
Ao(w) = open-loop gain 

Rr = Zr (w = 0) /Zf (w = 0) 

=0 

Fig. 210 - Inverting-feedback configuration for an operational amplifier. 
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The open-loop input capacitance of the CA3008 and 
CA3008A integrated-circuit operational amplifiers is less than 10 
picofarads; the frequency response of these amplifiers, therefore, 
is virtually independent of the drive source impedance. The input
impedance equations given in Figs. 210 and 211 indicate that this 
lack of dependence is even more pronounced when the amplifiers 
are operated with negative feedback. 

In any given application of the operational amplifiers, small 
values of capacitance properly added to the circuit will provide the 
required phase compensation. When ±6-voIt supplies are used, two 
phase-compensating networks, each of which consists of a 27-
picofarad capacitor in series with a 2000-ohm resistor, connected 
between terminals 1 and 14 and between terminals 9 and 10, cause 

+ 
r-----..., 
: Zol : 
I I + 
I I L _____ .J 

ZI = open-loop input impedance 
Zoi = open-loop output impedance 
Ao{w) = open-loop gain 

Rr = Zr (w = 0) /Zf (w = 0) 

VOUT = Ao(w) (Zr + Zf) ,: 1 + Zf 
V IN Zr + Zf + Zo Zr Zr 

ZIN = Zi (1 + Ao(W)) 
VOUT 

VIN 

( ";~T) 
ZO = Zoi Ao(w) 

Fig. 211 - Noninverting-feedback configuration for an operational 
amplifier. 

the closed-loop response of the integrated-circuit operational am
plifier to roll off at a slope of one (6 dB per octave) all the way 
to unity gain (where it then breaks into a slope of two). This 
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value of compensation is sufficient to stabilize the amplifier for all 
resistive-feedback applications including unity gain. The response 
for this value of phase compensation is compared to the original 
open-loop response in Fig. 212. Although the two compensating 
networks are sufficient to ac-stabilize the amplifier, they are not 
sufficient to produce a fiat response (within ± 1 dB) for closed
loop gains below 15 dB. Fig. 213 shows a plot of the capacitance 
required to produce a fiat (± I-dB) gain response as a function 
of closed-loop gain. The capacitors must have a resistor in series 
with them so that 1/(27TRC) = 3 MHz. 

POSITIVE DC SUPPLY VOLTS;+6 
NEGATIVE DC SUPPLY VOLTS;-6_ 
SOURCEIMPEDANCE;I kn 

~f-

'" ~1'. I 0 Vo 

0 vb ~4,.oJ I 
~~1c ~l 

0 0'4J-~o-r0 

6 

0 

" I 
.\ 0 

10 
0.01 0.1 10 100 

FREQUENCY-MHz 

Fig. 212 - Open-loop gain as a 
function of frequency for both 
phase-compensated and uncompen-

sated operational amplifiers. 
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Fig. 213 - Amount of phase-com
pensating capacitance required to ob
tain a flat (±l-dB) gain-frequency 

response. 

Phase compensation may also be effected conventionally by 
adding a capacitor in series with a resistor between terminal 11 and 
ground. A O.02-microfarad capacitor in series with a 22-ohm re
sistor is sufficient to ac-stabilize the integrated-circuit operational 
amplifier at resistive closed-loop gains down to unity. 

The required phase compensation depends upon the feedback 
configuration and not upon the location of the drive source. Hence, 
phase-compensating networks that provide sufficient compensation 
for a 10-dB noninverting configuration also provide sufficient com
pensation for a 6-dB inverting configuration because the two feed
back configurations are identical. 

Video Amplifiers - When the feedback is applied through a 
purely resistive network and suitable phase compensation is em
ployed, fiat gains are attainable from the operational amplifiers. 
Fig. 214 shows a 30-dB noninverting configuration of a video am
plifier, together with the closed-loop response of the circuit. The 
phase compensation is provided by a 5-picofarad capacitor in series 
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Fig. 214 - Circuit diagram and closed-loop response of a non inverting 
type of operational amplifier used as a 30-dB video amplifier. 

with a 10,000-ohm resistor. This arrangement provides the required 
amount of compensation, as predicted in Fig. 213. (For purposes 
of comparison, the uncompensated response of the 3D-dB con
figuration is shown in Fig. 215. Observe the 13-dB peaking effect 
at 4.5 MHz.) An alternate method of phase compensation may be 
used when the intersection of the closed-loop characteristic and the 
open-loop response occurs in a two-slope region. The technique is 
to cause the feedback ratio (Zr/Zr) to roll off at a slope of one. 
Fig. 216 illustrates this alternate technique for the 3D-dB gain 
circuit. 

The low-frequency input impedance of the 3D-dB noninvert
ing configuration is 480,000 ohms, as calculated from the appro
priate equation in Fig. 178 (Zi = 14,000 ohms). 

Fig. 217 shows the configuration and the response of a 6-dB 
inverting type of video amplifier. The intersection of the closed
loop characteristic with the compensated open-loop response pre
dicts the 3-dB bandwidth of the video amplifier provided the 
transfer phase shift of the open-loop amplifier is approximately 
-90 degrees. This relationship suggests a way to extend the band
width without peaking. In the 6-dB video amplifier shown in Fig. 
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Fig. 215 - Circuit diagram and gain-frequency response of the 3D-dB 
noninverting video amplifier operated without phase compensation. 
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Fig. 216 - Circuit diagram and gain-frequency response of the 3D-dB video 
amplifier when phase compensation is accomplished by addition of a 

capacitor in parallel with the feedback resistor. 

218, the 3-dB bandwidth has been increased from 5.6 to 11 MHz 
by a decrease in the value of the phase-compensating capacitors 
from 56 to 33 picofarads. 
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Fig. 217 - Circuit diagram and closed-loop response of an inverting type 
of operational amplifier used as a 6-dB video amplifier. 
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Fig. 218 - EtJect of a decrease in phase-compensating capacitance from 
56 picofarads to 33 picofarads on the response of the 6-dB video amplifier. 
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Because a broad-band amplifier should be capable of handling 
digital signals, data were taken to determine this capability. Figs. 
219(a) and 219(b) illustrate the pulse-handling capabilities of the 
30-dB noninverting circuit shown in Fig. 214. Fig. 219(a) shows 
the low-level (non-saturating) pulse response. The input is a 38-
millivolt, 960-nanosecond pulse; the output is a 1.1-volt pulse 
having a 40-nanosecond delay time, a zero storage time, and 125-
nanosecond rise and fall times. Fig. 219(b) shows the response of 
the amplifier for a 960-nanosecond input pulse under 20-dB over
drive conditions. The output pulse has an amplitude of 3.2 volts, 
a delay time of 32 nanoseconds, a storage time of 160 nanoseconds, 
a rise time of 500 nanoseconds, and a fall time of 160 nanoseconds. 

,:}:~trrntf;,i 
__ ••• _ •••• " ....... ~~ ••••• .!.. __ ..... l ... _ ... .l._ ... ocL_",. __ ._ 

Low-Level Pulse 
VIN = 38 mV 
VOUT = 1.1 V 
t. = 40 ns 
t. = 0 ns 

(a) tr = t, = 120 ns 

~tTI~:~ 

Overdriven Pulse 
V,N = 1.27 V 
VOUT = 3.2 V 
t.=32ns 
t. = 160 ns 
tr = 500 ns 
t. = 160 ns 

(b) 

Note: 
t. = DELAY TIME 
t. = STORAGE TIME 
tr = RISE TI ME 
t, = FALL TIME 

Fig. 219 - Pulse-handling characteristics of the noninverting 30-dB video 
amplifier: (a) low-level pulse response; (b) pulse response under 

overdrive conditions. 

Frequency.Shaping Amplifiers - The operational amplifiers 
may be used to create simple frequency-shaped characteristics, 
such as those associated with band-pass, notched-response, and 
single-tuned narrow-band amplifiers. 

Fig. 220 shows a noninverting amplifier that may be used to 
synthesize the following peaked-response transfer function: 

(1 + j £ ) (1 + j L) 
VOUT +10 (201) 

VIN (1 + j iJ (1 + j iJ 
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Fig. 220 - Circuit diagram and response of a noninverting type of opera
tional amplifier used to synthesize peaked-response transfer functions. 

In terms of the notations employed in Fig. 220, the break
frequency equations for the amplifier may be expressed as follows: 

fl = 10 = 10 kHz (202) 
211"Cr (R f + lORr ) 

1 
f2 = -- = 40 kHz 

211"CrR r 

fa = 1 = 200 kHz 
211"Cn(Rn + R f) 

f, = 40 = 800 kHz 
211"Cn(40Rn + R f ) 

(203) 

(204) 

(205) 

These break-frequency equations are the precise equations 
derived from the gain equation in Fig. 211. The amount of phase 
compensation required is that shown in Fig. 213 for a noninverting 
gain of 20 dB. 

Fig. 221 shows the circuit configuration and the frequency 
response of a narrow-band, 100-KHz tuned amplifier. The circuit 
Q is 33.3. A true single-tuned response can be obtaifled from only 
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Fig. 221 - Circuit diagram and response of an inverting type of opera
tional amplifier used as a narrow-band JOO-kHz tuned amplifier. 

an inverting circuit configuration, as shown by the gain equation 
for the two types of configurations given in Figs. 210 and 211 and 
repeated below: 

1. For the inverting configuration, the gain equation is given 
as: 

VOUT = / -Zr Zr 
V IN 

2. For the noninverting configuration, the following gain 
equation is used: 

VOUT = 1 + Zr/Zr 
V IN 

The "1 +" term in the gain expression for the noninverting con
figuration indicates that the gain of this type of circuit will never 
decrease to zero as required for a true single-tuned response. The 
amount of phase compensation required for the narrow-band 100-
kHz amplifier is the value given in Fig. 213 for an inverting gain 
of 0.0 (infinite attenuation). 

Comparators - The CA3008 and CA3008A operational am
plifiers have excellent transfer characteristics for comparator appli-
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cations. As shown in Fig. 202, the amplifiers have no observable 
hysteresis effect; the trace (minus to plus) and retrace (plus to 
minus) excursions coincide. 

Integrators - The important design consideration when an 
operational amplifier is to be used as an integrator is that dc feed
back be provided. This feedback is necessary so that an offset 
(error) voltage cannot continuously charge the feedback capaci
tor until the amplifier limits. The required dc feedback is norm
ally provided by shunting the integrating capacitor with a resistor 
so that the resulting time constant is substantially longer than the 
periods for the frequencies of interest. Fig. 222 shows the cir
cuit configuration for the use of the CA3008 or CA3008A 
operational amplifier as an integrator and the responses of the cir
cuit for 1-kHz square-wave inputs. The dc gain of the circuit is 
limited to 20 dB by the 390,000-ohm feedback resistor. The effect 
of this resistor on the gain, however, becomes negligible for ac sig
nals at frequencies above 13 Hz because of the 0.03-microfarad 
capacitor in parallel with it. The weighting factor of integration for 
the circuit is about 1 millisecond (R = 39,000 ohms; C = 0.03 
microfarad) . 

r-----, 
I 390 K "-
I I Zf 

+6V 

OUTPUT-O.2 V/OIV. 

-6 V OUTPUT-50mV/OlV 

Fig. 222 - Circuit diagram and. the input and output waveforms for an 
operational amplifier used as an integrator. 
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Phase compensation must also be provided in an integrating 
amplifier circuit to assure ac stability. In general, the amount of 
compensation required is the maximum value given by Fig. 213, 
because the closed-loop characteristic of the integrator has rolled 
off completely at the frequency where the intersection of the open
loop response and the closed-loop characteristic occurs. 

Differentiators - The main problem in the design of differen
tiating amplifiers is that the gain of such amplifiers increases with 
frequency; hence, they are susceptible to high-frequency noise. The 
classical remedy for this effect is to connect a small resistor in series 
with the input capacitor so that the high-frequency gain is de
creased. Actually, the addition of the resistor results in a more 
realistic model of a differentiator because a resistance is always 
added in series with the input capacitor by the source impedance. 
The schematic diagram of a CA3008 or CA3008A operational am
plifier used as a differentiating circuit and the response of the circuit 
for I-kHz square waves are shown in Fig. 223. A value of 51 
ohms is selected for the gain-limiting resistor to illustrate that the 
effect of the source impedance is not necessarily negligible in dif
ferentiator applications. This 51-ohm resistor limits the high
frequency numerical gain factor of the amplifier to 433. 

r---~~ Zf 

_Jn~IEr'l 
INPIJT -2 mVlDlI! 

-6V 

Fig. 223 - Circuit diagram and the input and output waveforms for all 
operational amplifier used as a differentiator. 

If the closed-loop gain of a differentiator rises to the open
loop value before the open-loop response has started to roll off, no 
phase compensation of the circuit is required. In order to assure 
that the intersection of the closed-loop characteristic with the 
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open-loop response occurs at a slope less than two, the RC time 
constant of the phase-compensating network must be adjusted so 
that open-loop response does not roll off in the region of the inter
section. 

Scaling Adders - The inverting feedback configuration of the 
operational amplifiers lends itself not only to summing several 
different signals, but also to weighting each signal to be summed. 
The weighting operation is possible because the virtual ground that 
exists at the junction of the feedback resistor and the inverting 
input (terminal 3) isolates each signal channel from the others. 
The weighting operation requires that each input signal enter the 
virtual-ground node through an impedance of such value that its 
ratio to the feedback impedance is equal to the desired weighting 
factor. 

Fig. 224 illustrates the use of the CA3008 or CA3008A opera
tional amplifier as a scaling adder (weighting amplifier). This 
figure also shows the output waveform. The minimum phase com
pensation needed for this circuit is that required for the gain ob
tained when a single signal drives all the input channels in parallel. 

+6V 

VERTICAL' 0.5 V/DIV. 

10 K 

Fig. 224 - Circuit diagram and output waveform for an operational 
amplifier used as a scaling adder. 

± 12-Volt Types 

The CA3015 and CA3015A, the CA3016 and CA3016A, 
the CA3030 and CA3030A, and the CA3038 and CA3038A opera-
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tional amplifiers are identical in circuit configuration to the 
±6-volt types discussed previously, but have improved device 
breakdown voltage that permits operation from 12-volt supplies. 
Operation of these types from power supplies of +6 volts or +3 
volts is the same as for the lower-voltage types. This section de
scribes the operating characteristics of the operational amplifiers 
at + 12 volts and discusses applications that take advantage of 
the higher gain-bandwidth product and increased output signal 
swing obtained at the higher voltages. (The circuit configuration 
of the CA3033 differs from that of the other ± 12-voIt types, and 
this circuit is discussed together with the CA3033A in a later 
section.) 

Fig. 225 shows the schematic diagram and terminal numbers 
for the ± 12-volt operational amplifiers. The numerals enclosed in 
squares are the terminal designations for the 12-terminal CA3015 
and CA3015A circuits. As in the case of the +6-volt types, each 
operational amplifier consists basically of two differential ampli
fiers and a single-ended output stage in cascade. Throughout the 
following discussion, terminal numbers referred to in the text or 
shown on illustrations are those for the 12-terminal CA3015 or 
CA3015A circuit; the corresponding terminals for the 14-termina1 
circuits can be determined from the schematic in Fig. 225. 

DC Characteristics - When operated from + 12-volt power 
supplies, the operational amplifiers have a typical dissipation of 
175 milliwatts with terminal 5 open. If terminals 5 and 9 are 
shorted, higher output-current capability can be achieved, but the 
dissipation increases to a typical value of 500 milliwatts. The in
put offset voltage for the CA3015, CA3016, CA3030, and 
CA3038 is typically 1.4 millivolts, and the variation in input offset 
voltage is typically less than 200 microvolts per volt for fluctuation!' 
in either supply voltage. At 25°C, the input bias current and the 
input offset current for these types are typically 9.6 and 1 micro
amperes, respectively. For the "A "-version types, the input offset 
voltage is typically 1 millivolt, and the variation in this voltage is 
typically less that:t 200 microvolts per volt for fluctuations in either 
supply voltage. At 25°C, the input bias current and input offsct 
current for the "A "-version types are typically 4.7 and 0.5 micro
amperes, respectively. (Curves of input offset voltage, input biHs 
current, and input offset current for the + 12-volt operational am
plifiers are given in the technical bulletin on these types.) 

When the ± 12-volt operational amplifiers are operated from 
+ 12-volt supplies with terminals 5 and 9 shorted for greater out
put capability, the power dissipation is high enough so that tem-
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perature derating is necessary. The maximum junction-temperature 
rating is 150°C, and the thermal resistance is 100°C per watt. 
The maximum power-dissipation rating is 600 milliwatts at 25°C 
(with terminals shorted as described above). In this higher-output 
mode. the circuits can operate safely at ambient temperatures up 
to 90°C. 

AC Characteristics - The open-loop transfer characteristic 
for the + 12-voIt operational amplifiers is shown in Fig. 226. As 
in the case of the + 6-volt operational amplifiers, there is no . 
hysteresis effect. The technical bulletins on the + 12-volt opera
tional amplifiefs include curves of maximum peak-to-peak voltages 
as functions of load resistance with terminal 5 open and with 
terminals 5 and 9 shorted. The operational amplifiers can drive 
a low-resistance'load when these terminals are shorted. 

The open-loop low-frequency gain of the operational ampli
fiers with +12-volt supplies is typically 70 dB with a 3-dB band
with of 320 kHz. The unity-gain crossover occurs at a frequency 
of 58 MHz. 

Fig. 

8 
~-4---+~-~--4_---~~AA~~ 

4 6 
VEE 

RI5 @] 

225 - Schematic diagram for the ±12-volt operational amplifiers 
(CA3015, CA3015A, CA3016, CA3016A, CA3030, CA3030A, 

CA3038, and CA3038A). 
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Fig. 226 - Open-loop transfer characteristics. 

The common-mode rejection ratio of the operational ampli
fiers is typically 104 dB for operation with + 12-volt supplies. A 
curve of common-mode rejection ratio as a function of frequency 
is included in the technical bulletin. 

The technical bulletins for the +12-volt operational ampli
fiers include curves of input and output impedances as functions 
of temperature. At 25°C, the typical input impedance is 7800 ohms 
for the CA3015 and 10,000 ohms for the CA3015A. The typical 
output impedance of the CA3015 is 92 ohms with terminal 5 open, 
and 76 ohms with this terminal connected to the output. The out
put impedance of the CA3015A is typically 85 ohms with termi
nal5 open and 78 ohms with this terminal connected to the output. 

Phase Compensation - When the operational amplifiers are 
operated from +6-volt supplies, the phase-compensation tech
niques described previously for the +6-volt types are applicable. 
Fig. 227 shows the various phase-compensation techniques for the 
CA3015 or CA3015A. When the CA3015 or CA3015A is opera
ted from + 12-volt supplies, corrections must be made in the 
phase-lag compensation to allow for the shift in frequency at which 
the second break in the open-loop response occurs. At +12 volts, 
this second break occurs at a frequency of 10 MHz. For Miller
effect and conventional ph~e-Iag compensation, the series RC 
combinations must be adjusted so that 1/(271'RC) = 10 MHz to 
correct for the shift in frequency. In addition, the Mi11er technique 
requires a larger value of phase-lag capacitance for a non-peaking 
( + 1 dB) response to allow for the higher gain. 

Fig. 228 shows a curve of the required phase-lag capacitance 
as a function of gain, together with the corresponding response 
curves. (The required capacitance values shown in this figure are 
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applicable not only for + 12-volt power supplies, but also for all 
lower-voltage symmetrical supplies; however, smaller capacitors 
could be used at lower voltages.) 

MILLER EFFECT 
PHASE-LAG CONVENTIONAL PHASE-LAG 

~ 
MILLER EFFECT 

PHASE-LAG 

Fig. 227 - Terminal connections for phase-lag and phase-lead compensa
tion of the CA30I5 or CA30I5A. 
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Fig. 228 - Amount of phase-lag capacitance required to obtain a flat 
(±I-dB) response and typical response characteristics. 

4 

Fig. 229 shows curves of open-loop compensated and uncom
pensated frequency response with +12-volt supplies. Although 
the phase-lag compensation capacitance of 18 picofarads shown 
in curve (B) of this figure is sufficient to provide stability in re
sistive-feedback amplifiers down to unity gain, it is not sufficient 
to provide flat closed-loop response (+ 1 dB) below 20 dB. 
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Fig. 229 - Open-loop gain as a function of frequency for compensated 
and uncompensated operational amplifiers. 

In addition to the standard phase-lag compensation dis
cussed above, the + 12-volt operational amplifiers have a phase
lead compensation capability. For this phase-lead compensation, 
a capacitor is connected between terminals 7 and 8 of the CA3015 
or CA3015A, as shown in Fig. 227. The effect of this capacitor 
is to eliminate the break at 10 MHz in the open-loop response 
and thus extend the 6-dB-per-octave roll-off. The second break 
in the response then occurs at approximately 35 MHz, and the 
unity-gain crossover occurs at 150 MHz. The phase-lead compen
sated open-loop response is shown in curves (C) and (D) of Fig. 
229 for various values of capacitance. For optimum performance, a 
minimum phase-lead capacitance of 47 picofarads is recommended. 

For flat (+1 dB) responses at closed-loop gains below 30 
dB, a small amount of phase-lag compensation is required in addi
tion to the phase-lead compensation. The required phase-lag 
capacitance for flat (+ 1 dB) responses and the corresponding re
sponse curves are shown in Fig. 230. When phase-lead compensa-
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Fig. 230 - Amount of phase-lag capacitance required to obtain a flat 
(±l-dB) response when phase-lead compensation is used, and typical 

response characteristics. 
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tion is used, the series RC combinations should be adjusted so 
that l/(21TRC) = 35 MHz. 

The phase-lead compensation is also applicable when ±6-
volt power supplies are used, and provides a unity-gain, crossover 
improvement of about one octave as compared to the uncompen
sated connection. As mentioned earlier, the phase-lag capacitance 
requirement for +12-volt supplies shown in Fig. 228 is satisfac
tory for +6-volt supplies, although smaller capacitors could be 
used with the lower voltages. 

50-db Amplifier - Fig. 231 shows the circuit configuration 
and frequency response for a non-inverting, 50-dB amplifier em-

7 0 l"U II 
CJOJD l~ OPEN LOOP 

0 
COMPENSATED 

0 
...... ~ 

~ 

~ 
~ 

'0 

0 ~ 
0.1 2 4 68, 2 4 68'0 2 4 6 ~oo 2 

FREQUENCY -MHz 

Fig. 231- Circuit diagram and response tor a 50-dB noninverting opera
tional amplifier with phase-lead compensation. 

ploying phase-lead compensation. This amplifier has a 3-dB band
width of 3.5 MHz, and a unity-gain crossover at 150 MHz. 

to-dB, 42-MHz Amplifier - Fig. 232 shows the circuit dia
gram and frequency response for a 10-dB, non-inverting amplifier 
employing both phase-lead and phase-lag compensation. Slight 
peaking (2 dB) occurs for the phase compensation shown. Flat 
response with bandwidth reduction to 25 MHz may be obtained 
by use of a phase-lag capacitance of 15 picofarads. 

Twin-T Bandpass Amplifier - Fig. 233 shows the circuit 
diagram and frequency response of a bandpass amplifier using a 
twin-T network in the feedback loop. The difference in resonant 
frequency between the bandpass-amplifier response and the twin-T 
network response is caused by device capacitances and loading ef
fects. The unloaded Q (Qo) of the twin-T network is 14.4; the 
Qo of the bandpass amplifier is 12.8. 
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Fig. 232 -- Circuit diagram and response for a lO-dB noninverting opera
tional amplifier with phase-lead and phase-lag compensation. 

35r---~--~---r---.---' 

30 

1.6 

Fig. 233 -- Circuit diagram and response for a band-pass amplifier using 
a twin-T network. 

The symmetrical twin-T network can be designed by use of 
the following equations: 

Rl = 2 R2 
C1 = lh C2 

fo = 1/(2'7TR1C1) 

(206) 
(207) 
(208) 
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It is important in the design of this type of bandpass amplifier 
that the two inputs be returned to ground through equal resistances; 
in this case a value of 2000 ohms is used. 

20-dB, to·MHz Bandpass Amplifier - Fig. 234 shows the 
circuit diagram and frequency response of an RLC bandpass am
plifier. This amplifier is designed to have a 00 of about 10 (Rp = 
Xe 00 = 2200 ohms) and a gain of about 20 dB at resonance 
(2200/200 = 11, or 20.9 dB). In this application, the inputs are 
effectively grounded. 
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Fig. 234 -Circuit diagram and response for a lO·MHz band·pass amplifier. 

Voltage FoHower - A voltage follower is a non-inverting, 
unity-gain amplifier used primarily to transform from a high im
pedance to a low impedance. Because low voltages are usually 
associated with high-impedance sources, the voltage follower need 
not have a great voltage capability. 

Fig. 235 shows the circuit diagram for a voltage follower us
ing the CA3015 or CA3015A together with a curve of maximum 
undistorted output voltage as a function of load resistance. When 
terminals 5 and 9 are shorted, the voltage follower is capable of 
transforming a 3.4-volt peak-to-peak voltage from a 100,OOO-ohm 
source to a 470-0hm load. 

If higher voltage-swing capability is desired, the positive 
supply voltage (Vee) may be increased. Temperature derating 
may be necessary, depending on the magnitude of Vee and whether 
the high- or low-current mode is used. 
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Fig. 235 - Circuit diagram for a voltage follower driven from a 100,000-
ohm source, and curve showing maximum undistorted output voltage 

as a function of load resistance. 

CA3033 and CA3033A Types 
The CA3033 and CA3033A integrated-circuit operational 

amplifiers have improved device breakdown voltages that permit 
operation from dual 12- and 18-volt dc power supplies, respec
tively. Fig. 236 shows the schematic diagram for these circuits. 

The modified-Darlington inputs provide isolation and im
prove frequency response. The isolation is afforded by the very 
high ac input impedance and the very low base bias current of 
these units. Frequency response is improved because the effective 
source impedance of the preceding circuitry is divided by the hfe 
of the input transistor (01. 02, 019 or 0 20). 

By deriving the base bias for transistor 0 8 from the emitter 
circuitry of feedback transistor 05, an additional common-mode 
negative-feed back path is obtained. A common-mode signal ap
pearing at the collectors of the first stage (03 and 04) is reflected 
to the coupled emitter of the second stage (06 and 07), where it 
is sampled by 0 5 and applied through its emitter circuitry to the 
base of the constant-current-sink transistor 08 of the first stage. 
Transistor 0 8 then causes a common-mode change in the bias 
current of the first stage so that the actuating common-mode signal 
is attenuated. The results are improved common-mode rejection 
and power-supply stability. 

The third (output) stage of the CA3033 or CA3033A pro
vides signal gain, an efficient high-power-output drive, and a shift 
in the dc level reference from the quiescent voltage of the second 
stage to zero or ground reference. 
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Fig. 236 - Schematic diagram of the CA3033 or CA3033A 
integrated-circuit operational amplifier. 

If the feedback supplied by resistor RIo is neglected, the sig
nal from the second stage is injected into the base of common
collector transistor 011. Constant-current-sink transistor 012 arid 
the emitter circuitry of 0 11 shift the dc reference (with very little 
attenuation) to a dc level that is appropriate for driving the suc
ceeding circuitry. Signal attenuation is minimized by the high input 
impedance of the succeeding circuitry and by the high output im
pedance of 0 12• 

The signal appears at the base of modified-Darlington tran
sistor 014 through the forward-biased diode-connected transistors 
013 and 013A. Transistor 014 drives inverting transistor 015 and 
output transistor 018 in parallel. Transistor 014 provides impedance 
transformation, multiplying the parallel combination of the input 
impedances of 0 15 and 018 by 1 + hie' Its prime function, therefore, 
is to provide the high input impedance required by the level-shift 
circuitry for minimum ac attenuation. It also increases the frequency 
response somewhat by offering a low-impedance source to tran
sistors 015 and 018' 

Transistor 018 is the output transistor for the negative signal 
excursions. Its gain is equal to its transconductance (gm) multiplied 
by the load impedance applied. Transistor 015 provides inversion 
and gain for the positive signal channel. It also presents the nega
tive portion of the signal to the input of the positive output tran
sistors in order to insure that they are in cutoff while the negative 
channel is conducting. 
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The most significant function of transistor OJ5 is to pro
vide idle current bias for output transistors 017 and 018. It ac
complishes this by virtue of its V Bt~ voltage drop shunting that 
of transistor 018. If transistors 015 and 018 are ideally matched, 
their collector currents will be equal. Hence, the collector current 
of transistor 01'\ determines the idle current of the output tran
sistors. Furthermore, the collector current of 015 is limited by the 
power supply voltage levels and the size of resistor R7. The maxi
mum value of the collector current has been designed so that 
thermal runaway of output transistors 017 and OJ8 does not occur 
with power supply values up to +24 Vdc. 

Modified-Darlington transistor 0]6 provides impedance trans
formation of resistor R7 so that it does not limit the positive out
put swing under high-load-current conditions. The impedance that 
effectively appears in series with the load is divided by the 1 + hfe 
of two transistors, 016 and 017, instead of just the 1 + hfe of out
put transistor 017. 

Transistor 017, the positive channel output transistor, has a 
common-collector configuration and, therefore, has no voltage 
gain. 

Thermal stabilization of the output stage is accomplished by 
a proper choice of resistor values to offset the thermal variations 
in the input bias voltages, appearing at the bases of transistors Qll 
and 012, as well as the inherent variations in the output stage. 

The use of a negative feedback resistor in the output stage aids 
in thermal stabilization, sets the voltage gain, and enables the use 
of a wide range of power supply values. Feedback resistor RIll 
is placed between the output and the virtual ground in the level
shift circuitry (junction of R13 and R14 ). The voltage gain with 
R15 in place is essentially R15/R13, regardless of which channel is 
conducting, provided the positive-negative channel gains without 
RID are much greater. 

The output stage will work properly over a wide range of 
power supply values because the collector voltage of 012 is essen
tially clamped to the negative supply through the diode action of 
013, 013A, 014 and 015, and 0]8' Only a few millivolts are re
quired at the collector of 012 to cover the entire range of O]u and 
018, from cutoff to saturation. The feedback can affect this change 
of a few millivolts, forcing a balance between output transistors 
017 and 018. 

Detailed ratings and characteristics for the CA3033 and 
CA3033A are given in the technical bulletins on these circuits. 
Ratings and typical operating characteristics at an ambient tem-
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perature of 25°C are given in the TECHNICAL DATA section 
of this manual. 

MULTIPURPOSE WIDE-BAND AMPLIFIER 

The RCA-CA3020 monolithic integrated circuit is a multi
purpose, multi-function power amplifier designed for use in portable 
and fixed communication equipment and servo control systems. 
This circuit is a stabilized direct-coupled amplifier, and performs 
pre-amplifier, phase inverter, driver, and power-output functions 
without transformers. The circuit is designed to operate from a 
single power supply between +3 to +9 volts; the ac power-output 
capability and the idling current are direct functions of the sup
ply voltage used. At a supply voltage of +3 volts, the CA3020 
delivers a typical power output of 65 miIIiwatts with an idling cur
rent of 7 milliamperes; at +9 volts, it delivers 550 miIIiwatts with 
a current of 22 milliamperes. The circuit includes a temperature
tracking voltage regulator which permits stable operation over a 
wide temperature range (-55°C to +125°C). Principal features 
of the CA3020 are as follows: 

• Specially designed power transistors which deliver high power 
efficiently. 

• Single-power-supply operation from +3 to +9 volts. 
• Built-in temperature compensation to assure stable power 

gain and circuit operating points over the temperature range 
from _55 0 to +I25°C. 

• Low idling-current capability depending on supply voltage 
and circuit connections used. 

• Easy application of squelch to the amplifier. 
• Low-distortion operation obtainable. 
• Optional buffer stage for increased input impedance. 
• High power gain to permit coupling to most detectors with-

out additional amplification. 
• Wideband operation (typical 3-dB bandwidth of 6 MHz). 
• Availability of restricted frequency capability. 
• 12-lead TO-5 package to permit use with economical heat 

sinks at higher power levels. 

Circuit Description 

The schematic diagram of the CA3020 amplifier is shown in 
Fig. 237. The functional block diagram in Fig. 238 shows that the 
circuit performs five functions: voltage regulator, buffer or op
tional amplifier, differential amplifier and phase splitter, driver, and 
power-output amplifier. 
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Fig. 237 - Schematic diagram of the CA3020 integrated-circuit multipurpose 
wide-band ampUfjer. 

POSITIVE SUPPLY 
VOLTAGE"t;c 

Fig. 238 - Functional block diagram of the CA3020. 

The voltage regulator consists of diodes D t , D2, and Ds and 
resistors RIO and R H . The diodes are constructed from transistor 
emitter-base junctions to permit temperature tracking over the 
range from -55°C to +125°C. The regulator supplies two volt
ages to the differential amplifier, a base supply voltage equal to 
2 V BE (about 1.4, volts) and a collector supply voltage equal to 
3 VBE (about 2.1 volts). 
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The differential-amplifier-and-phase-splitter circuit consists 
of transistors O:! and Oa, collector resistors Rl and Ra, and biasing 
resistors R4, Rr., Ru, and R7• The ac signal voltage may be capaci
tor-coupled directly into terminal 3 or applied to terminal 10 
(buffer amplifier 01) and then coupled into terminal 3. Which
ever technique is used, the signal is amplified and the 180-degree 
phase shift necessary for push-pull operation is obtained between 
the collectors of transistors 02 and 03. 

The ac signal is then applied to the emitter-follower tran
sistors 04 and Or. which form the driver stage. Feedback resistors 
R5 and R7 provide dc and ac stability in the differential amplifier. 
If these resistors were not used, slight variations in V BE, beta and/ 
or resistor ratios could cause the dc voltage between the collectors 
of O2 and 0 3 to vary from zero. However, application of the 
emitter-follower voltages from 04 and 05 to the differential ampli
fier through Rr. and R7 compensates for any imbalance. 

The power transistors 06 and 0 7 accept the ac signal from 
the emitters of 04 and Or. and deliver power to the load in a class 
B push-pull mode of operation. 

Operating Requirements and Characteristics 

The following paragraphs describe circuit operating require
ments and characteristics for the CA3020. 

Supply Voltages and Derating - The CA3020 operates 
with any supply voltage between +3 and +9 volts. Fig. 239 shows 

Fig. 239 - Performance characteristics of the CA3020 as a function of 
supply voltage. 

performance characteristics at an ambient temperature of 25°C for 
various supply voltages, and Fig. 240 shows the temperature derat
ing curve. At supply voltages from +6 volts to +9 volts, a heat 
sink should be used for maximum power-output capability. 
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Fig. 240 - Temperature derating curve for the CA3020. 
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Input-Resistance Options - The input signal may be applied 
to the CA3020 in either of two ways, as shown in Fig. 241. Typical 
input resistance is 700 ohms for the configuration in Fig. 241 (a), 
and 50,000 ohms for the configuration shown in Fig. 241(b). 

(a) (b) 

Fig. 241-1nput-impedance options for the CA3020. 

DC Idling Current, Power Output, and Distortion - The 
CA3020 idling current, power output, and distortion are controlled 
primarily by the connections of terminals 8, 9, and 11. Lowest 
idling current is obtained when terminals 8 and 11 are open. When 
terminal 8 is connected to terminal 9 or 11, the idling current and 
power output increase and total harmonic distortion is reduced. 

For applications in which low distortion is a premium re
quirement, a resistor may be connected between terminals 8 and 
11, as shown in Fig. 242. The optimum value of this resistor 
for various supply voltages is shown in Table XXVII. 
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Fig. 242 - CA3020 connection optimized for low distortion. 

Table XXVII - Optimum Value of Resistor Connected Between 
Terminals 8 and 11 
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Although the CM020 is thermally stable at all rated tempera
tures because of the built-in temperature-tracking voltage regulator, 
a small resistor (1 ohm) may be inserted from terminals 5 and 6 
to ground for added stability. This introduction of negative feed
back in the output stage also reduces distortion and idling current. 

Power-Output Connedious - The collectors of the power 
transistors 0 6 and Q7 may be used for direct drive of center-tapped 
speakers or center-tapped output transformers when low-impedance 
loads are used. A curve of output power as a function of loading 
is shown in Fig. 243. 
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Fig. 243 - Outpllt power tIS a Junction oj load resistance. 
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Squelch - The CA3020 has an extremely flexible squelch 
capability. Two methods of squelch application are shown in Fig. 
244. In method A, when the squelch voltage E. is at zero, transis
tor O. is off. When E. switches to a value of 1 volt or more (thresh
old is at a V BE of about 0.7 volt), O. turns on, terminal 11 is 
clamped to 0.3 volt, and the differential amplifier is turned off. 
Method B operates in the same manner as method A except that 
the center-tap of RlO and Rll (terminal 8) is connected to the col
lector of 0.. The resistor R2 is not necessary for squelching, but 
can be used to set the desired operating mode (idling current). 

r---~ n~ 
~hh~th~ 
V V 

METHOD A METHOD B 

Fig. 244 - Methods of applying squelch to the CA3020. 

Frequency Shaping 
In communication systems it is often necessary to restrict the 

bandwidth of the audio amplifier to minimize the effects of noise 
(particularly low-frequency noise) and other interfering signals 
outside the passband. The CA3020 is a wideband amplifier that 
has a relatively flat frequency response to approximately 6 MHz. 
Various methods can be used to roll off the high- and low-frequency 
response by means of the coupling capacitors and bypass capaci
tors shown in the feedback loop in Fig. 245. 

i-Vcc 

c4* 
Fig. 245 -Methods of restricting the bandwidth of the CA3020. 
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Capacitors C], C~, and Cs may be used for rolling off the 
low-frequency response. The low-frequency cutoff is determined 
by the time constants C1RIO and C2Rs, where RIO is the input re
sistance at terminal 10 (about 50,000 ohms) and Rs is the input 
resistance at terminal 3 (about 700 ohms). 

Capacitors C4 and CIl are used for establishing the upper
frequency cutoff. The high-frequency roll-off is determined by the 
time constants C4RS and C5RL, where RL is the load resistance. 

For a restricted bandwidth of 300 Hz to 3 kHz, the follow-
ing capacitance values are recommended: 

C1 ...................................................................... 0.02 p.F 
C2 ...................................................................... 1 p.F 
Cs ...................................................................... 2 p.F 
C4 ...................................................................... 0.1 p.F 
CII ...................................................................... 0.2 p.F 

Applications 

The CA3020 may be used to drive a high-impedance speaker 
directly, without transformers, or it may be used with power trans
formers to deliver power to a low-impedance speaker or to one 
or more power transistors to develop power output up to 7 watts. 

310·MiUiwatt Transformerless Audio Amplifier - Fig. 246 
shows a circuit configuration for a 310-milliwatt audio amplifier 
that uses no driver or output transformers. This circuit can be used 
with most AM and FM detectors because full power is developed 
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I 
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RCA-1I1113 
130nSPEAKER 

OR EQUIV. 

Fig. 246 - 31O-milliwatt audio amplifier without transformers. 

with a typical input voltage of 45 millivolts rros. Pertinent circuit 
characteristics are summarized below: 

Input voltage for full power output .... 45 m V 
Maximum power output ...................... 310 mW 
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Idling current .. ....... ... .......................... 24 rnA 
Input resistance .................................... 50,000 ohms 
Total harmonic distortion at 

Pout = 135 mW .............................. 1% 
Signal-to-noise ratio (input voltage 

reference of 20 m V) .. .... ... ..... ...... 77 dB 

545-Milliwatt Amplifier Driving a Low-Impedance Speaker 
- Fig. 247 shows a circuit configuration that has the required 
characteristics for driving a conventional low-impedance speaker. 
The circuit shown uses a transformer capable of driving a 3.2-ohm 

+9V 

RATIO 

D501~Lcr 'j'I-F _ __+--{ 

I~ ""'r O.OI 
-4:- "F 

Fig. 247 - 545-milliwatt amplifier driving a low-impedance speaker. 

speaker; other transformers may be used to drive 8-ohm and 16-
ohm speakers. This circuit has the following characteristics: 

Input voltage for full power output .... 45 m V 
Maximum power output ...... ...... .......... 545 m W 
Idling current ........ .......... .............. ...... 22 mA 
Input resistance .................................... 50,000 ohms 
Total harmonic distortion at 

Pout = 135 mW .............................. 3.3% 
Signal-to-noise ratio (input voltage 

reference of 20 m V) .. .............. ...... 77 dB 

4-Watt Class A Audio Amplifier - Fig. 248 shows a class A 
audio amplifier in which the CA3020 is used with a driver trans
former, a 2N2148 power transistor, and an output transformer. 
This circuit can deliver a power output of 4 watts to an 8-ohm 
speaker for an input voltage of 18 millivolts, or 0.45 watt for an 
input of 5.5 millivolts. 
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Fig. 248 - 4-watt audio amplifier. 

TYPE 
2N2148 

'-Watt Single-Ended Class B Audio Amplifier ---,- Fig. 249 
shows a class B audio amplifier in which the CA3020 is used with 
a driver transformer and two 2N2869 power transistors in a single
ended output stage. With an input voltage of 14.2 millivolts, this 
circuit has an idling current of 350 milliamperes and can deliver 
an output of 7 watts to the 2.5-ohm speaker. 

5k il 

I o.o' = "F = 
Fig. 249 -7-watt class B single-ended audio amplifier. 

2.5il 

= 

AC Amplifiers - The CA3020 may be used in control sys
tems as a highly efficient power amplifier. Fig. 250 shows a typical 
configuration in which the CA3020 is connected for wideband 
operation with a resistive load. At a frequency of 1 kHz, the volt
age gain V.G. of this circuit is given by 
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Fig. 250 - CA3020 as a wide-band amplifier. 

V.G. = 20 log10 (Eout/Ein) = 44 dB. 
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Motor Controller and Se"O Amplifier - The CA3020 may 
be used as a 40-to-400-Hz motor controller and servo amplifier, 
as shown in Fig. 251. 

1K 
IW 

+10 Vdc /{I"fl7 rnA H.S. +18 Vdc ATJ20 rnA H.S. 
l:;2 rnA F.S. 14.7 A F.S . 

ISVp-p 

+4.7V + - '\ 

. 7V 

~I 
0.3V 1N1763A 6 Vp_p 

I 

J' \ 470.n 
IW 

/ +11V 

O.S.n 
lOW 

QS.n 40 

+:.~vW VP\_P 

TYPE 
N3772 

STANCOR 
P-8358 
120Vrrns 
0.24SA 
29WAT 
80-400 Hz 

IIITo SOO.n 
l-LOAD 

Efficiency of power stage at 80-400 Hz = 29 X 100 = 34% 
85 

Efficiency of power stage at 40 Hz = 21 ~5100 = 25% 

Fig. 251-40-t0-400-Hz motor controller and servo amplifier using the 
CA,3020. 

Class A Wide-Band Amplifier - Fig. 252 shows the use of 
the CA3020 in a class A wide-band amplifier that operates over 
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Fig. 252 - CA3020 as a wide-band class A amplifier. 
the frequency range from 30 Hz to 8 MHz. For a peak-to-peak: in
put of 0.12 volt at 1 MHz, the amplifier provides an undistorted 
peak-to-peak: output of 2 volts. The input impedance of the am
plifier at 1 MHz is 7800 ohms, and the output impedance at this 
frequency is 3 ohms. 

FM IF AMPLIFIERS 
The CA3011 and CA3012 wide-band amplifiers and the 

CA3013 and CA3014 amplifier-discriminators are designed for 
use in black-and-white or color television receivers or in FM 
broadcast or communications receivers. The CA3011 and CA3012 
are basically if amplifier-limiters intended for use with external 
FM detectors. The CA3013 and CA3014, however, can provide 
if amplification, noise limiting, FM detection, and low-level audio 
amplification in the sound-if section of intercarrier television re
ceivers or in FM receivers without the use of external components 
other than tuned coupling networks and bypass elements. 

Circuit Descriptions 

The circuit configurations of the CA3011 and CA3012 are 
identical; the circuits differ, however, in that the CA3012 is capa
ble of operation at higher levels of dc voltage and current. Simi
larly, the CA3013 and CA3014 are identical, except that the 
CA3014 has higher dc voltage and current ratings. 

Fig. 253 shows the schematic diagram of the CA3011 or 
CA3012 wide-band amplifier. The amplifier consists of three 
direct-coupled cascaded differential-amplifier stages and a built-in 
regulated power supply. Each of the first two stages consists of 
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Fig. 253 - Schematic diagram 0/ the CA30n or CA30n integrated-circuit 
wide-band amplifier. 

an emitter-coupled amplifier and an emitter follower. The operat
ing conditions are selected so that the dc voltage at the output of 
each stage is identical to that at the input to the stage. This con
dition is achieved by operation of the bases of the emitter-coupled 
differential pair of transistors at one-half the supply voltage and 
selection of the value of the common-emitter load resistor to be 
one-half that of the collector load resistor. As a result, the volt
age drops across the emitter and collector load resistors are equal, 
and the collector of the emitter-coupled stage operates at a voltage 
equal to V BE plus the common-base potential. The potential at the 
output of the emitter follower, therefore, is the same as the com
mon-base potential. 

Fig. 254 shows the schematic for the CA3013 or CA3014 
amplifier-discriminator. Each amplifier-discriminator includes a 
three-stage, direct-coupled, amplifier-limiter cascade and regulated 
power supply identical to those in the CA3011 and CA3012 wide
band amplifiers, together with an FM detector and a Darlington 
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R'4 
2o---~--------------~~~ 

3 4 

Fig. 254 - Schematic diagram 01 the CA3013 or CA3014 integrated-circuit 
amplifier-discriminator. 

pair low-level audio output stage, on the same silicon chip. The 
operation of the amplifier-limiter stages and the regulated power 
supply is identical to that of the wide-band amplifiers. 

The FM detector includes all the components required for 
PM demodulation except the tuned phase-shift transformer. In 
the design of the integrated detector, the large nonintegrable diode 
load capacitors conventionally used to obtain peak rectification in 
balanced phase-shift discriminators and in ratio detectors are 
eliminated, and average detection is employed with a substantially 
resistive load. Filtering of the signal frequen9)' and its harmonics 
is provided by the distributed capacitance of the load resistors; 
additional filtering is provided by the capacitance of the small 
reverse-biased diode junctions D1;, D6, and D7• The parallel input 
resistance at the discriminator terminals 6 and 7 is typically 12,000 
ohms; the parallel input capacitance at these terminals is typically 
7 picofarads. 

Operating Characteristics 

The CA3011 and CA3013 are designed to operate at various 
levels of dc supply voltage up to 7.5 volts. The CA3012 and 
CA3014, which have higher supply-voltage and dissipation rat
ings, may be operated at dc supply voltages up to 10 volts. For 
each circuit, the external dc voltage is applied to terminals 10 and 
5; dc voltages required at other terminals are derived from the in-
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ternal power supply. When the circuits are operated at the same 
dc levels, the characteristics of their amplifier-limiter stages are 
identical. For operation at 7.5 volts with an ac resistive load im
pedance of 3000 ohms from terminal 5 to ground, the output 
voltage at terminal 5 with respect to ground is typically 3 volts 
peak-to-peak. Figs. 255 through 260 show the signlficant charac
teristics of the FM-if amplifier integrated circuits. 
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Fig. 255 - Total dissipation as a function of temperature. 
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Fig. 258 - Input and output impedance as a function of frequency. 
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Fig. 259 - Input limiting voltage (knee) and recovered audio-frequency 
voltage for operation of amplifier-discriminator at 1.75, 4.5, and 10.7 MHz. 

Applications 
The performance of the integrated circuits in the FM sound 

channel of intercarrier television receivers and in the if amplifier
limiter-detector channel of FM radio receivers is at least equal to 
that of conventional circuits in every characteristic, and is superior 
in many of them. In particular, the AM rejection ratio (more 
than 50 dB) of the integrated circuits is so large that it cannot be 
measured with commercial FM-AM signal generators because of 
incidental phase modulation of the generators. The block diagram 
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Fig. 260 - Total harmonic distortion as a function of dc supply voltage. 

in Fig. 261 shows the use of the CA3013 or CA3014 amplifier
discriminator in the sound channel of an intercarrier television 
receiver. (Details of discriminator transformer shown in Fig. 261' 
are given in Fig. 262.) Fig. 263 shows the use of the CA3011 
or CA3012 wide-band amplifier in the 10.7-MHz if-amplifier 
channel of an FM broadcast receiver. 

Fig. 261 - Block diagram of typical television receiver using CA3013 or 
CA3014 integrated-circuit sound if amplifier and detector section. 
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I BIFILAR BIFILAR I 
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• Registered Trade Mark, Phel ps-Dodge 
Copper Products 

.. Wound bifilar 
"Two sections bifilar wound; bifilar turns 

= '12 total turns 

Discriminator-Transformer 
Construction Details 

Coil-form outside diameter = 7/32 inch. 
Slugs: Radio Industries, Inc., Type "E" 

material, or equiv. 
Wire Type: GRIPEZE,* or equiv. 

f Size Turns C, C. 
MHz AWG# L," lo' La" pF pF 

1.75 36 44 20 44 820 820 
total 

4.5" 40 18 7 22 560 330 
total 

10.7 0 36 18 18 18 100 100 
total 

" At this frequency, TRW Type No. 21685, 
or equiv., may be used for discriminator 
transformer 

o At this frequency, TRW Type No. 21590-
R1, or equiv., may be used for dis
criminator transformer. 

Fig. 262 - Details of discriminator transformer shown in Fig. 261. 
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Fig. 263 - Block diagram of typical FM receiver using CA30n or CA3012 
integrated-circuit wide-band amplifier. 

CA3012 FM IF Strip - Fig. 264 shows the use of two 
CA3012 units in a 10.7-MHz if-amplifier strip. At an operating 
point 3 dB down from the knee of the transfer curve, the CA3012 
requires an input between 400 and 600 microvolts, depending on 
the ratio-detector design. A double-tuned filter that has a voltage 
insertion loss of 8 dB is located between the two CA3012 units to 
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Fig. 264 -lO.7-MHz if-amplifier strip using CAJOl2 integrated circuit. 

provide a filter input of approximately 1000 microvolts (at termi
nal 5 of the first CA3012), For an if-strip sensitivity of 4 micro
volts, a gain of 48 dB is required. However, if the CA3012 used 
has a load impedance of 1200 ohms, the available gain is 65 dB, 
or approximately 17 dB more than required. The extra gain is not 
wasted, but drives the second CA3012 harder, causing it to limit 
so that its gain is reduced by approximately 17 dB. 

Fig. 265 shows the selectivity of the double-tuned interstage 
filter. The 3-dB bandwidth is 200 kHz at an input of 10 micro
volts and 240 kHz at inputs from 500 microvolts to 0.5 volt. The 
coefficient of critical coupling is approximately 0.5 at 10 micro
volts and increases to 1.0 but still maintains good phase response. 
The double-tuned filter should be coupled capacitance-aiding to 
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Fig. 265 - Selectivity curve for double-tuned interstage filter used in the 
if-amplifier strip of Fig. 264. 
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avoid a nearly in-phase over-all relationship. Otherwise, bypassing 
of terminal 10 and the ratio-detector primary becomes critical, and 
over-all stability is impaired. 

The connection of the FM front end to the integrated-circuit 
if strip must provide good selectivity and good phase response. A 
double-tuned filter is not suitable from the standpoint of selectivity. 
An actual IHFM receiver selectivity between 35 and 40 dB is 
practical and does not impose too much burden on alignment. Be
cause IHFM selectivity includes other factors than passband, a 
combined filter design that provides second-channel attenuation 
between 52 and 60 dB becomes imperative. 

Investigation of various types of inductance-capacitance fil
ters indicates the use of a triple-tuned type to form the major 
lumped selectivity of the FM receiver. Fig. 266 shows the response 
curve and two configurations for such a filter. Economy and ease 
of alignment are the major features in this approach. 
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Fig. 266 - Configurations and response curve for triple-tuned interstage 
filter. 

The triple-tuned filter, which is located between the mixer 
and the first integrated circuit, may have a voltage insertion loss 
of 33 dB, depending on the desired gain distribution. The power 
insertion loss of the filter, which is between 12 and 17 dB, is the 
loss that contributes to if noise. If the primary impedance is re
duced to provide a lower voltage insertion loss, the front-end gain 
is decreased by a corresponding amount. Stability criteria must be 
the deciding factor in impedance and gain distribution. 

Most FM front ends come equipped with a double-tuned 
1O.7-MHz if transformer in which a secondary high-impedance 
winding is brought out capacitively unterminated and non-polarized 
with respect to ground. This configuration does not lend itself 
readily to optimum skirt selectivity (form factor) when connected 
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with an additional single-tuned transformer to form a triple-tuned 
filter. Most effective use of the existing front-end filter is accom
plished by the addition of another double-tuned filter, such as 
those shown in Fig. 267. Either bottom inductance or capacitance 
coupling can be used. Voltage insertion losses from 18 dB to 26 
dB can be expected. Fig. 268 shows the response curve obtained 
with a quadruple-tuned interstage filter. The per-cent coupling be
tween filters and the coupling mode must be determined on the 
basis of over-all stability and performance. 

120pF 100 
pF ,,,0 

pF 

t t 
0.0491'H 

820 pF 

Fig. 267 - Configurations of two quadruple-tuned interstage filters. 
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Fig. 268 -Response curve obtained with quadruple-tuned filter. 
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It may be appropriate to consider briefly the noise associated 
with high-insertion-Ioss filters. Over-all receiver noise F is calcu
lated as follows: 

(209) 

where Fl , F2, and F3 are the noise figures of the first (rf), second 
(mixer), and third (if) stages, respectively; and G1 and G2 are the 
power gains of the first and second stages. If a value of 27 dB is 
assumed for the if noise figure Fa (filter plus integrated circuit), 
10 dB for the mixer noise figure, and 30 dB for mixer power gain, 
the effect of if noise on mixer noise is determined as follows: 

, Fs-1 27-1 
F2 = F2 + G2 .= 10 + 1000 = 10.026 dB (210) 

If the rf stage is assumed to have a power gain of 15 dB and a 
noise figure of 5 dB, total. received noise is then determined as 
follows: 

(211) 

These calculations show that the power gain of the rf-amplifier 
stage overrides both if noise and mixer noise. A minimum power 
gain of 10 dB is advisable. 

The use of a tuning capacitance of 82 picofarads in the col
lector circuit of the mixer stage provides a loaded primary impe
dance of approximately 10,000 ohms and eliminates the need for 
a tap. The 27-picofarad tuning capacitances thate comprise the 
other poles of this filter could be reduced to obtain more favorable 
loaded-to-unloaded-Q ratios without use of additional resistor load
ing. The choice of 27 picofarads is based primarily on circuit 
stability considerations. 

Fig. 269 shows one type of complete integrated-circuit if 
strip, and Fig. 270 shows the accompanying voltage gains and 
impedances. Values are given for two levels of mixer output im
pedance. All other impedance levels shown have exhibited good 
stability. Over-all performance of the circuit is illustrated in Fig. 
271. 

Capture ratio, which was measured at various levels, varies 
from 5 dB at 2 microvolts to 1.2 dB above 500 microvolts. With 
careful adjustment, values as low as 0.8 dB can be obtained. The 
selectivity curve for the integrated-circuit if 'strip is shown in Fig. 
272. Over-all selectivity for a given ratio detector and the if strip 
is shown in Fig. 273. Some distributed-selectivity receivers have 
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very little second-channel selectivity at an antenna input of 2000 
microvolts. The points marked in Fig. 273 show such selectivity 
for several antenna input levels. 
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Fig. 269 - Complete 10.7 MHz if-amplifier strip using two CA30l2 
integrated circuits. 
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Fig. 269. 
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Fig. 273 - Measured over-all selectivity curve for if-amplifier strip of 
Fig. 269 and a given ratio detector. 

Fig. 274 shows an if strip that combines high gain per package 
and the single-stage-per-package approach. CA3012 and CA3028 
integrated circuits are used in a differential-mode connection. An 
if sensitivity of 15 microvolts can be obtained with this if strip. 

If discrete circuits are directly replaced by single differential 
integrated-circuit amplifiers, a minimum of if transformer and 
printed-circuit-board redesign is required. Values of voltage gain 
and impedance are indicated on the block diagram in Fig. 275. All 
three double-tuned transformers are made symmetrical with re
spect to primary and secondary windings and taps. 

Because the single- or double-tuned circuit used between the 
mixer and the if strip has inherently less insertion loss than a 
triple-tuned input filter, the input required is 20 instead of 3.5 
microvolts. All three double-tuned if transformers have an inser
tion loss of 6 dB and a 3-dB bandwidth of 280 to 300 kHz. The 
ratio-detector primary impedance dictates the stage gain of 36 dB 
for the last integrated circuit. Each of the remaining three stages 
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has a gain of 21.5 dB, for the total required gain of 100 dB. The 
impedance required for the desired stage gain was calculated to be 
660 ohms for both the primary and secondary windings of the if 
transformers. 
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Fig. 274 -IF-amplifier strip using CA3028A and CA30I2 integrated 
circuits. 
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Fig. 275 - Voltage gain and impedance values for if-amplifier strip of 
Fig. 274. 

With inputs from 20 to 200 microvolts, second-channel se
lectivity as high as 52 to 59 dB can be attained for three double
tuned and four double-tuned filters, respectively, for a 3-dB 
bandwidth of 196 kHz. For higber inputs, the same deterioration of 
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selectivity occurs as that experienced with discrete circuits, as 
shown in Fig. 276. 

Several receivers incorporating the if strips shown have been 
field-tested in areas of 200-kHz station separation, where a weak 
station was sandwiched between two strong stations. The weak 
station was received without interference, as compared to the per
formance of other high-quality FM receivers fabricated with dis
crete-component if circuits, where lack of selectivity marred 
reception. 
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Fig. 276 - Selectivity curves for discrete-component if-amplifier strip 
using six double-tuned filters. 

FM IF Amplifier, Limiter, and Detector - Fig. 277 shows a 
1O.7-MHz PM if strip and detector that uses a CA3005 and a 
CA3014 to provide 95 dB of gain. The input limiting knee for the 
if strip is 30 microvolts. The recovered audio obtained from ter
minal 9 of the CA3014 is 220 millivolts rms. The if selectivity 
curve and the detector "S" curve are also shown in Fig. 277. The 
AM rejection referenced to a 30-percent modulated (PM and AM) 
signal with the AM signal at 30 millivolts is 50 dB. 

The 10.7-MHz PM signal from the mixer in the PM receiver 
is applied to terminal 7 of the CA3005. The gain from this point 
to the input of the CA3014 is 25 dB. The interstage transformer 
T 2 is designed so that the collector output of the CA3005 at ter
minal 1 does not saturate. As a result, bandpass spreading is kept 
to a minimum over large swings in input voltage. The 10.7-MHz 
PM signal receives additional gain of 70 dB and limiting from 
terminal 1 to terminal 5 in the CA3014. The PM output at ter
minal 5 is applied to the primary winding of the phase-shift (dis
criminator) transformer T3 • The secondary winding, which is 
connected to terminals 6 and 7, is in quadrature with the primary 
voltage at the center frequency, 10.7 MHz. As the PM signal 
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varies, the phase shift of the secondary voltage follows the modu
lation. The detected output at the base of Q11 in the CA3014 
(terminals 6 and 7) is thus amplified and buffered. The rec.overed 
audio is taken from the low-impedance terminal 9. 

If more selectivity in the if strip is desired, an additional double
tuned transformer can be added to the circuit. 

TO MIXER -O~--<:D--!' 
OUTPUT 

~ 

2K ~PF 

+9V 

To = TRW No. 21969 or 
equiv. 

T3 = TRW No. 21590 or 
equiv. 

10.7-MHz IF SELECTIVITY CURVE 
(Markers are 100 kHz apart with center 

at 10.7 MHz) 

..... , ............. "., ...... , 

i 

DETECTOR "S" CURVE 

; 

_ ..... _ .... _ .... _._ ..... _ ....... _ .... _ ...... _ ...... _ ... __ i 

Fig. 277 -IO.7-MHz if amplifier, limiter, and discriminator using CA3005, 
CA3014, and interstage transformer, together with the selectivity 

curve and the detector "S" curve. 
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WIDE·BAND AMPLIFIER/PHASE DETECTORS 
The CA3034 and CA3034Vl integrated-circuit wide-band 

amplifier/phase detectors are multiple-function circuits designed 
primarily for use in automatic-frequency-control (afc) applica
tions at frequencies from dc to 100 MHz. These circuits are 
identical except that the CA3034 is supplied in a 10-terminal TO-5 
style package with straight leads and the CA3034Vl is supplied in 
a TO-5 style package with formed leads. The circuits are designed 
to operate from a single dc power supply, at various voltage levels 
up to 15 volts, over a range of ambient temperatures from -55°C 
to +125°C. 

Fig. 278 shows the schematic diagram for the CA3034 and 
CA3034Vl integrated circuits. These circuits perform the functions 
of amplifier limiter, dual phase detector, difference amplifier, and 

5 

9 

8 

NOTE: ALL CONNECTIONS SHOWN BY GROUND 
SYMBOL ARE INTERNALLY CONNECTED 
TO TERMINAL No.8 

Fig. 278 -Schematic diagram of the CA3034 or CA3034Vl integrated
circuit wide-band amplifier/phase detector. 

reference voltage' regulator. Fig. 279 shows a block diagram that 
ill~strates the use of the CA3034 or CA3034Vl to perform the 
afc function in a color television receiver. The integrated circuit. 
samples the video if signal, detects any frequency deviation of the 
picture carrier from the center frequency that may result because 
of mistuning or drift of the tuner local oscillator, and converts 
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Fig. 279 - Block diagram of a typical afc application of the CA3034 or 
CA3034Vl in a color television receiver. 

these deviations into dc correction voltages. These correction volt
ages, together with a reference voltage, are supplied to voltage
variable diodes in the VHF and UHF tuners to compensate for the 
local-oscillator drift. 

The input voltage el is the 45.75-MHz picture carrier, which 
is usually obtained from the output of the third picture if stage. 
This signal is amplified, limited, and applied to the primary of a 
phase-shift transformer. The secondary voltage of the transformer 
is normally in quadrature with the primary voltage. At the center 
frequency (47.75 MHz), the potential at the junctions of R12 and 
R I3 and of R14 and R I5 is approximately to 2.25 volts (bias volt
age). The differential amplifier (03, 04, Qr, and 0 8 ) is balanced 
for this condition; the voltage difference between terminals 4 and 5 
is then equal to 0 + 1.5 volts. 

On either side of the center frequency, the voltage swings 
positively and negatively about the bias voltage at the detector 
resistor junctions. As the junction of RI2 and RIB become positive, 
the junction of R14 and R]5 becomes negative. These junction volt
ages control the biasing of the differential amplifier, which in turn, 
determines the correction voltages at terminals 4 and 5. The color
receiver designer can use either the differential correction voltages 
from terminals 4 and 5, or single-ended correction voltages in con
junction with the regulator correction voltage. 



294 RCA Linear Integrated Circuits 

WIDE-BAND AMPLIFIER ARRAYS 

The CA3035 and CA3035Vl integrated-circuit arrays are 
ultra-high-gain, low-noise, wide-band devices intended primarily 
for use as remote-control amplifiers in receiver applications. The 
circuits are supplied in 10-terminal TO-5 style packages. With the 
exception that the CA3035 package has straight leads and the 
CA3035Vl has formed leads, the circuits are identical. The cir
cuits operate from a single dc power supply at various voltage 
levels up to 15 volts over an ambient temperature range from 
-55°C to +125°C. 

Each circuit consists of three general-purpose high-gain ampli
fier stages that may be operated independently or in cascade. Each 
stage can provide a voltage gain in excess of 40 dB and when 
operated in cascade provide an over-all voltage gain of 129 dB at 
40 kHz. 

Fig. 280 shows the schematic diagram for the wide-band in
tegrated arrays. The first stage features a low-noise common
emitter amplifier combined with emitter followers at both the input 
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Fig. 280 - Schematic diagram of the CA3035 or CA 3035 V 1 integrated
circuit wide-band amplifier array. 
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and the output. The second stage consists of a common-emitter 
input, an emitter-follower output, and a dc voltage regulator. The 
third stage consists of a common-emitter amplifier with uncom
mitted collector and a voltage regulat~r. The uncommitted collector 
permits the use of tuned or resistive loads and an increased col
lector supply voltage for larger output swings. Fig. 281 shows the 
gain-frequency response for each amplifier stage. 
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Fig. 281 - Typical gain-frequency response of the three amplifier stages 
in the CA3035 or CA3035V1 array: (a) first stage; (b) second stage,' 

(c) third stage. 

Fig. 282 shows the CA3035 used in a remote-control system. 
An input signal of about 40 kHz is delivered to terminal 1 from 
the microphone pickup. The remote-control system requires a typi
cal input voltage of 100 /LV to pull in the relay driver. 

The ease of accessibility to the 3 separate stages of the circuit 
makes it possible to vary the gain and bandwidth of each stage by 
adjustment of external feedback resistors. As a result, the amplifier 
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array can be used in many applications that require different gain
bandwidth specifications. 
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Fig. 282 - Block diagram of a typical remote control system using the 
CA3035 or CA3035Vl. 

DIODE ARRAY 

The RCA-CA3019 integrated-circuit diode array provides four 
diodes internally connected in a diode-quad arrangement plus two 
individual diodes. Its applications include gating, mixing, modulat
ing, and detecting circuits. 

The CA3019 is designed for operation at ambient tempera
tures from -55°C to 125°C and is supplied in a 10-terminal TO-5 
low silhouette package. 
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Because all the diodes are fabricated simultaneously on a 
single silicon chip, they have nearly identical characteristics, and 
their parameters track each other with temperature variations as a 
result of their close proximity and the good thermal conductivity of 
silicon. Consequently, the CA3019 is particularly useful in circuit 
configurations which require either a balanced diode bridge or 
identical diodes. 

Circuit Configuration and Operating Characteristics 

Fig. 283 shows the circuit diagram and terminal connections 
for the CA3019. Diodes Dl through D4 are internally intercon
nected to form a diode quad, while diodes D5 and D6 are available 
as independent diodes. Each diode is formed from a transistor by 
connection of the collector and the base to form the diode anode 
and use of the emitter for the diode cathode (this technique is one 
of five methods by which the transistor structure can be utilized as 
a diode). This diode configuration, in which the collector-base 
junction is shorted, is the most useful connection for a high-speed 
diode because it has the lowest storage time. The only charge stored 
is that in the base. This configuration also exhibits the lowest for
ward voltage drop, and is the only one which has no p-n-p transistor 
action to the substrate. The diode has the emitter-to-base reverse 
breakdown voltage characteristic (typically 6 volts). 

SUBSTRATE, 
CASE 
(£) 

Fig. 283 -Schematic diagram of the CA3019 integrated-circuit diode 
array. 

The monolithic process produces a substrate diode between 
the collector of a transistor and its supporting substrate, as shown 
in Fig. 284. Connected at each diode anode, therefore, is the 
cathode of a substrate diode for which the anode is the substrate 
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(Terminal 7). In many applications, the substrate can be left 
floating because a forward bias on any substrate diode creates a 
self reverse-bias on the other substrate diodes. However; the uncer
tainty of this bias and the capacitive feedthrough paths provided 
by the substrate must be considered. 

SUBSTRATE (a) 

(b) 

Fig. 284 - Diagram and equivalent circuit of the monolithic array. 

The capacitive feedthrough paths can be eliminated if the sub
strate is either ac grounded or returned to a dc voltage (or ground 
when possible). This dc voltage must be more negative than any 
anticipated ac or dc operating voltage present on any diode anode 
to assure that every substrate diode will always be reverse-biased. 
When a choice exists, the substrate diodes should be reverse-biased. 

The operating characteristics of the CA3019 integrated diode 
array are determined primarily by the individual diode characteris
tics, which are given in the technical bulletin. 

Applications 

There are many possible applications for theCA3019. Besides 
the obvious uses as separate diodes and possible quad combinations, 
some of which are covered in the following discussion, it should be 
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noted that shorting of terminals 2 and 6 in the quad effectively pro
vides two diodes in series. This diode connection can be used as 
the elements of special balanced mixers, as ring modulators, and as 
compensating networks that provide two diode drops. Fig. 285 
shows an example of a typical synthesizer mixer circuit. Shorting of 
terminals 5 and 8 provides two independent sets of back-to-back 
diodes useful for limiting and clipping, as shown in Fig. 286. 

Fig. 285 - Typical synthesizer mixer circuit using the CA3019. 

Fig. 286 -Limiters using the CA3019. 

Balanced Modulator - Fig. 287 shows the use of the CA3019 
as a balanced modulator which minimizes the carrier frequency 
from the output by means of a symmetrical bridge network. A car
rier of one polarity causes all the diodes to conduct, and thus 
effectively short-circuits the signal source. A carrier of the opposite 
polarity cuts off all the diodes and allows signal current to flow to 
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Fig. 287 - Balanced modulator using the CA3019. 

the load. If the four diodes are identical, the bridge is perfectly 
balanced and no carrier current flows in the output load. The cir
cuit operates properly with the substrate (terminal 7) either float
ing or returned to a negative voltage. Table XXVIII lists the 
characteristics of the balanced modulator. 

High-Speed Gates - In high-speed gates, the gating signal 
often appears at the output and causes the output signal to ride a 
"pedestal." A diode-quad bridge circuit can be used to balance out 
the undesired gating signal at the output and reduce the pedestal 
to the extent that the bridge is balanced. 

A diode-quad gate functions as a variable impedance between 
a source and a load, and can be connected either in series or in 
shunt with the load. The circuit configuration used depends on the 
input and output impedances of the circuits to be gated. A series 
gate is used if the source and load impedances are low compared to 
the diode back resistance, and a shunt gate is used if the source and 
load impedances are high compared to the diode forward resistance. 

Fig. 288 shows the use of the CA3019 as a series gate in 
which the diode bridge, in series with the load resistance, balances 
out the gating signal to provide a pedestal-free output. With a 
proper gating voltage (1 to 3 volts rms, 1 to 500 kHz), diodes 
Do and D6 conduct during one half of each gating cycle and do not 
conduct during the other half of the cycle. When diodes D5 and D6 
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Table XXVIII - Characteristics of Balanced Modulator 
of Fig. 287 

Carrier Voltage 
VRMS at 0.75 0.75 0.75 0.50 1.0 
30 KHz 

Signal Voltage 
mVRMS at 77 245 770 245 245 
2 KHz 

output output db output db Output 
db Output db output db 

Frequency Voltage Below Voltage Below Voltage Below Voltage 
Below 

Voltage Below 
KHz mV Vs mV Vs mV 

Vs 
mV 

Va mV Vs rms rms rms rms rms 

28 and 32' 34 6.5 115 7 440 5 51 14 170 3 

30 0.7 41 0.82 49 2.6 50 0.1 68 3.6 37 

26 and 34 0.02 72 0.05 72+ 0.48 64 0.04 72+ 0.07 71 

24 and 36 0.03 69 0.49 54 60 22 0.58 52.5 0.6 53 

22 and 38 0.001 72+ 0.01 72+ 1.4 55 .015 72+ 0.02 72+ 

• Double-Sideband, Suppressed-Carrier Output. 

All other outputs are spurious signals. 

TI-TECHNlfROL No. 851166 OR EQUIV. 

Fig. 288 - Series gate using the CA3019. 
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are conducting, the diode bridge (0] through 0 4) is not conducting 
and the high diode back resistance prevents the input signal V 8 

from appearing across the load resistance RL; when diodes D5 and 
D6 are not conducting, the diode bridge conducts and the low 
diode forward resistance allows the input signal to appear across 
the load resistance. Resistor Rl may be adjusted to minimize the 
gating voltage present at the output. The substrate (terminal 7) is 
connected to the -6 volt supply. The on-to-off ratio as a func
tion of frequency for the aeries gate is shown in Fig. 289. 
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Fig. 289 - On-to-oD ratio 0/ thi! series gate 0/ Fig. 288 as a/unction 
0/ frequency. 

Fig. 290 shows the use of the CA3019 as a shunt gate in 
which the diode bridge, in shunt with the load resistance, balances 
out the gating signal to provide a pedestal-free output. When the 
gating voltage V g is of sufficient amplitude, the diode bridge (01 

through D4 ) conducts during one half of each gating cycle and does 
not conduct during the other ha1f of the cycle. When the diode 
bridge is conducting, its low diode forward resistance shunts the 
load resistance RL and prevents the input signal V 8 from appearing 
at the output; when the diode bridge is not conducting, its high 
diode back resistance allows the input signal to appear at the out
put. Diode D5 and resistor Rl keep the transformer load nearly 
constant during both halves of the gating cycle. The substrate (ter
minal 7) can either be left floating or returned to a negative voltage, 
but it cannot be returned to ground. The characteristics of the shunt 
gate are as follows: 

Gating frequency (fg) - 1 to 100kHz 
Gating voltage (Vg) -0.8 to 1.2 Vrms 
Signal frequency (f.) -de to 500 kHz (2 dB down) 
Signal voltage (Vc) -0 to 1 Vrms 

The amount of gating voltage V g present at the output as a function 
of the amplitude and frequency of Vgis shown in Table XXIX. 
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Fig. 290 - Shunt gate usinll the CA3019. 

Table XXIX -- Gating Characteristics of Shunt Gate 
Shown in Fig. 290 

Amount of Y. 
Frequency Amplitude Present at the 

of Y. If Y. Output 
kHz nits mY 

1 0.8 0.2 
1 1.0 0.5 
1 1.2 1.3 

10 0.8 2.0 
10 1.0 4.7 
10 1.2 8.7 
50 0.8 11.0 
50 1.0 24.0 
50 1.2 40.0 

303 

A series-shunt gate which utilizes all six diodes of the CA3019 
is shown in Fig. 291. This configuration combines the good on-to
off impedance ratio of the shunt gate with the low-output pedestal 
of the series gate. 

On the gating half-cycle during which the voltage at A is posi
tive with respect to the voltage at B, there is no output because the 
shunt diodes are forward-biased and the series diodes are reverse
biased. Any signal passing through the input diodes (04 and O2 ) 

encounters a low shunt impedance to ground (D5 and Oe) and a 
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Fig. 291- Series-shunt gate using the CA3019. 

high impedance in series with the signal path to the load (D3 and 
Dl)' This arrangement assures a good on-to-off impedance ratio. 
When the voltages at A and B reverse, the conduction states of 
the shunt and series diodes reverse, and the signal passes through 
the gate to the load resistor RL • Any pedestal at the output is a 
function of the resistor, transformer, and diode balance. 

The gate continues to operate successfully with resistors Rl 
and R2 shorted if the transformer center tap is removed from 
ground. In either case, no dc supply is required to bias the gate 
diodes. 

Balanced Mixer - Fig. 292 illustrates the use of the CA3019 
as a conventional balanced mixer. The load resistor across the out
put tuned circuit is selected to provide maximum power output. 
The conversion gain of the mixer for a 45-MHz input signal and a 
55-MHz oscillator signal is shown in Fig. 293. The input impe
dance at point A is approximately 600-ohms for a O.6-volt-rms 
oscillator drive. 

The CA3019 mixer shown in Fig. 294 is essentially a balanced 
mixer with two additional diodes (D3 and D 4 ) added to form a 
half-wave carrier switch. The additional diodes permit both legs of 
the circuit (Dl - D2 and Da - D4 ) to function throughout the ac 
cycle. As compared with a conventional balanced mixer, shown in 
Fig. 292, this circuit effectively doubles the desired output voltage 
and reduces the output voltage at the oscillator frequency by half. 
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However, the capacitances associated with the integrated diodes 
prevent this circuit configuration from realizing the improvement 
in conversion gain at frequencies above 20 MHz. 

1:9 r---..--..-O 

7-45 
pF 

Fig. 292 -Balanced mixer using the CA3019. 
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Fig. 293 - Conversion gain as a function of oscillator voltage for the 
balanced mixer of Fig. 292. 

Fig. 294 - Balanced mixer with half-wave carrier switch using the 
CA3019. 

Ring Modulator - The use of the CA3019 as a ring modu
lator is shown in Fig. 295. If a perfectly balanced arrangement 
were used, carrier current of equal magnitude and opposite direc-



306 RCA Linear Integrated Circuits 

tion would flow in each half of the center-tapped transformer T 2. 

Thus, the effect of the carrier current in transformer T 2 would be 
cancelled, and the carrier frequency would not appear in the output. 
However, the ring modulator of Fig. 295 is not exactly balanced 
because diodes (01 + O2 ) and (03 + 0 4 ) are actually two diodes 
in parallel, while diodes (05 ) and (06 ) are individual diodes. 
Nevertheless, this circuit attenuates the carrier in the output as well 
as an arrangement that uses both individual diodes in two CA3019 
circuits. 

,Cf 
t 

Fig. 295 -Ring modulator using the CA3019. 

As the carrier passes through half of its cycle, diodes (01 + 
O2 ) and (06 ) conduct, and diodes (03 + 0 4 ) and (05 ) do not 
conduct. When the carrier passes through the other half· of its 
cycle, the previously nonconducting diodes conduct, and vice versa. 
As a result, the output amplitude is alternately switched from plus 
to minus at the carrier frequency. The signal-frequency component 
of the output waveform is thus symmetrical about the zero axis and 
is not present in the output. Therefore, the ring modulator sup
presses both the carrier frequency and the signal frequency so that 
the output theoretically contains only the upper and lower side
bands. For single-sideband transmission, one of these sidebands can 
be eliminated by selective filtering. The performance of the CA3019 
as a ring modulator is shown in Table XXX. 

TRANSISTOR ARRAY 
The CA3018 integrated circuit consists of four silicon epi

taxial transistors on a single chip mounted in a 12-lead TO-5 style 
package. The four active devices, two isolated transistors plus two 
transistors with an emitter-base common connection, are especially 
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Table XXX - Performance Characteristics of Ring Modulator 

For a give. Vs + V •• e. II millivolts 

Output v. mvs 300 350 450 500 

Freq. kHz V. mvs 600 500 350 300 

Upper or 
28 or 32 lower 86 97 83 91 

Sidebands 

2 
Sig. 
Freq. 0.042 0.02 0.015 0.020 

Carrier . . • . 30 
Freq. 1.3 (-37dB) 0.88 (-41dB) 0.67 (-42dB) 0.62 (-43dB) 

26 or 34 
Higher 0.018 0.016 0.036 0.043 
Order 

24 or 36 Sidebands 0.021 0.054 0.047 5.0 

• dB below the desired upper and lower sidebands 

suitable for applications in which closely matched device charac
teristics are required, or in which a number of active devices must 
be interconnected with nonintegrable components such as tuned 
circuits, large-value resistors, variable resistors, and microfarad by
pass capacitors. Such areas of application include if, rf (through 
100 MHz), video, agc, audio, and dc amplifiers. Because the 
CA3018 has the feature of device balance, it is useful in special 
applications of the differential amplifier, and can be used to advan
tage in circuits which require temperature compensation of base
to-emitter voltage. 

Circuit Configuration and Operating Characteristics 

The circuit configuration for the CA3018 is shown in Fig. 296. 
In a 12-lead T0-5 package, because it is necessary to provide a 
terminal for connection to the substrate, two transistor terminals 
must be connected to a common lead. The particular configuration 
chosen is useful in emitter-follower and Darlington circuit connec
tions. In addition, the four transistors can be used almost inde
pendently if terminal 2 is grounded or ac grounded so that Q3 can 
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Fig. 296 -Schematic diagram for the CA3018 integrated-circuit 
transistor array. 

be used as a common,:"emitter amplifier and 04 as a common-base 
amplifier. In pulse video amplifiers and line-driver circuits, 04 can 
be used as-a forward...;biased diode in series with the emitter of 03. 
03 may be used as a diode connected to the base of 04; in a 
reverse-biased connection, 03 can serve as a protective diode in rf 
circuits' connected to operational antennas. The presence of 03 does 
not inhibit the use of 04 in a large number of circuits. 

In transistors 01, 02, and 04, the emitter lead is interposed 
between the base and collector leads to minimize package and lead 
capacitances. In 03, the substrate lead serves as the shield between 
base and collector. This lead arrangement reduces feedback capaci
tance in common-emitter amplifiers, and thus extends video band
width and increases tuned-circuit amplifier gain stability. 

Operating characteristics for the CA3018 are given in the 
technical bulletin. 

Circuit Applications 
The applications for the CA3018 are many and varied. The 

typical applications discussed in the following paragraphs have been 
selected to demonstrate the advantages of four·' matched devices 
available on a single chip. These few examples should stimulate 
the generation of a great many more applications., 
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Video Amplifiers - A common approach to video-amplifier 
design is to use two transistors in a configuration designed to reduce 
the feedback capacitance (appearing as a Miller capacitance) in
herent in a single triode device. These configurations which utilize 
two devices are (1) the cascode cricuit, (2) the single-ended 
differential-amplifier, and (3) the common-collector, common
emitter circuit. In all three circuits, the output-to-input feedback 
capacitance is minimized by isolation inherent in the configuration. 
The availability of four identical transistors in a common package 
provides a convenient vehicle for these circuit configurations for 
video-amplifier design. Two of the many possible circuit variations 
are discussed below. 

A broadband video-amplifier design using the CA3018 is 
shown in Fig. 297. This amplifier may be considered as two dc
coupled stages, each consisting of a common-emitter, common
collector configuration. The common-collector transistor provides a 
low-impedance source to the input of the common-emitter transistor 
and a high-impedance, low-capacitance load at the common-emitter 
output. Iterative operation of the video amplifier can be achieved 
by capacitive coupling of stages. 

C, 
'/,F 

RS=~ 3 50n 

Vs I\J 

VCC= 
+6V 

2.5 kn 

4 

Fig. 297 - Schematic diagram for a CA3018 broadband video amplifier. 
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Two feedback loops provide dc stability of the broadband 
video amplifier and exchange gain for bandwidth. The feedback 
loop from the emitter of Os to the base of 01 provides dc and low
frequency feedback; the loop from the collector of 04 to the col
lector of 01 provides both dc feedback and ac feedback at all 
frequencies. 

The frequency response of the broadband video amplifier is 
shown in Fig. 298. The upper 3-dB break occurs at a frequency 
of 32 MHz. The low-frequency 3-dB characteristics are determined 
primarily by the values of capacitors Ct, C2 , and Cs. The low
frequency 3-dB break occurs at 800 Hz. The mid-frequency gain 
of 49 dB is constant to within 1 dB over the temperature range 
from _55° to +125°C. The upper 3-dB break is constant at 32 
MHz from -55°C to +25°C, and drops to 21 MHz at +125°C . 

60 
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Fig. 298 - Voltage gain as a function of frequency for the broadband 
video amplifier of Fig. 297. 

The total power dissipation over the entire temperature range 
is 22.8 milliwatts. The dc output voltage varies from 2.33 volts at 
-55°C to 3 volts at +125°C. The tangential sensitivity occurs at 
20 microvolts peak-to-peak. The dynamic range is from 20 micro
volts peak-to-peak to 4 millivolts rms at the input. 

The circuit of Fig. 297 demonstrates a typical approach that can 
be altered, especially with regard to gain and bandwidth, to meet 
specific performance requirements. 

The cascode configuration offers the advantages of common
emitter gain with reduced feedback capacitance and thus greater 
bandwidth. Fig. 299 shows a typical circuit diagram of a cascode 
video amplifier using the CA3018. Transistors O2 and 0 1 comprise 
the common-emitter and common-base portions of the cascode, re
spectively. The common-base unit is followed by cascaded emitter 
followers (Os and 04) which provide a. low output impedance to 
maintain bandwidth for iterative operation. 
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+6V 

Fig. 299 - Schematic diagram for a CA3018 cascode video amplifier. 

The frequency response of the cascode video amplifier is 
shown in Fig. 300. The lower and upper 3-dB points occur at fre
quencies of 6 kHz and 11 MHz, respectively. The lower 3-dB point 
is primarily a function of capacitors C), C2, and Ca. The upper 
3-dB point is a function of the devices and of the load resistor RIo 
and is to.5 MHz at -55°C and 5 MHz at +125°C. 

45 

1\ 

!\ 

15 

103 104 105 106 107 108 
FREQUENCY-Hz 

'Fig. 300 - Voltage gain as a function 0/ frequency for the cascode 
amplifier of Fig. 299; 
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The mid-frequency voltage gain of the amplifier is 37 dB + 
1 dB over the temperature range from -55°C to +125°C. The 
power dissipation varies from 16.8 miIliwatts at -55°C to 17.6 
milliwatts at +125°C. The amplifier has a tangential sensitivity of 
40 microvolts peak-to-peak and a useful dynamic input range from 
40 microvolts to 16.6 millivolts peak-to-peak. 

1S-MHz RF Amplifier - Fig. 301 shows a typical design ap
proach for a tuned amplifier for use in the frequency range of 2 
to 30 MHz in military receivers. This circuit was designed for a 
mid-band frequency of 15 MHz to demonstrate its capability. Gain 
is obtained in a common-emitter stage (04). Transistor O2 is used 

L= 0.8 /LH 
Q.= 200 
Tl41 = 6T 
T1- 0 = IT 
T.-o= 2T 

L = 0.8 /LH 
Q. = 200 
To-o = 6T 
T1- o = 4T 
To-< = IT 

+6V 

#22 wire on Q-2 material, CFI07 Toroid from Indiana 
General. 
Cl, Co = Arco 425 or equiv. 

Fig. 301 - Schematic diagram for a CA30I8 IS-MHz rf amplifier. 
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as a variable resistor in the emitter of 04 to provide improved 
signal-handling capability with age. Transistor 01 is used as a bias 
diode to stabilize 04 with temperature, and the reverse breakdown 
of 03 as a diode is used to protect the common-emitter stage from 
signal overdrive of adjacent transmitters. 

The tuned-circuit design of Fig. 301 utilizes mismatching to 
obtain stability. Although the usable stable gain for a common
emitter amplifier using this type of transistor is 26 dB at 15 MHz, 
the tuned rf amplifier was designed for a total gain of 20 dB to 
obtain greater stability and more uniform performance with device 
variations. The general performance characteristics of the circuit 
are as follows: 

Power Gain 
Power-Gain Variation from -55 to 

-+-125°C ................................................... . 
Bandwidth ..................................................... . 
Noise Figure at Full Gain .......................... .. 
AGC Range ................................................ .. 
Power Dissipation ....................................... . 

20 dB 

-+-1 dB 
315 kHz 
7.4 dB 
45 dB 
1.8 mW 

Fig. 302 shows the cross-modulation characteristics of the 
circuit for in-band signals. For out-of-band undesired signals, the 
cross-modulation performance is improved by the amount of at
tenuation provided by the input tuned circuit. Cross-modulation 
performance also improves (i.e. more interfering signal voltage 
is required for cross-modulation distortion of 10 per cent) with 
increased agc as a result of the degeneration in the emitter of 04. 

-5 o fUNDESIRED=20 MHz 

-4 
CD 

r f3 0 

8-20 
z 
Ci 
'" -I 0 

fDESIRED=15 MHz 

< 
./ 
V~ 

r 
) 

--

0 
0.01 4 6 801 4 6 8 I 

UNDESIRED SIGNAL VOLTAGE-Vrms 
(FOR 10% CROSS-MODULATION DESTORTION) 

Fig. 302 -In-band cross-modulation characteristic of the 15-MHz amplifier 
of Fig. 301 (data taken with untuned input). 
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Final IF Amplifier Stage and Second Detector - Fig. 303 
illustrates the use of the CA3018 as a last if amplifier and second 
detector (0.1 volt emitter voltage on terminal 1). The bias on 
transistor 04 is maintained at approximately cutoff to permit the 
cascaded emitter-follower configuration (03 and 04) to be used 
as a second detector. Because this stage is driven by a common 
collector configuration, the input impedance to the detector can 
be kept high. A low output load impedance can be used as a 
result of the output current capability of the cascaded emitter
follower configuration. The input impedance (terminal 9) of ap
proximately 9000 ohms is largely determined by the bias network. 
A minimum if input power of 0.4 microwatt must be delivered to 
terminal 9 for linear operation. The audio output power for 60 
per cent modulation for this drive condition is 0.8 microwatt. 
Linear detection is obtained through an input range of 20 dB for 
60 per cent modulation. This detector arrangement requires less 
power-output capability from the last if amplifier than a conven
tional diode detector yet allows a low dc load resistor to achieve 
a good ac-to-dc ratio for the first audio amplifier. 

+6V 

3.3 k.ll 

~'Ol 
I'F 

IF 
=- INPUT 

!SUBSTRATE 

Fig. 303 - Schematic diagram for a CA30I8 final if amplifier and second 
detector. 

The if amplifier of Fig. 303 has a voltage gain of 30 dB at 
MHz. Transistor 01 is used in the base-bias loop of the com

mon-emitter amplifier 02 to stabilize the output operating point 
against temperature variations. This arrangement also eliminates 
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the need for an emitter resistor and bypass capacitor, and thus pro
vides a larger voltage-swing capability for 02. If 02 is biased con
ventionally with base-bias resistors, 01 can be made available for 
the first audio or age amplifier. 

Class B Amplifier - Characteristics were obtained on a low
level class B amplifier to establish the idling-current performance 
of nearly identical devices on a single chip with respect to tempera
ture variations. The transistors in the CA3018 can be used only 
for low-power class B operation (maximum output of 40 milli
watts) because of the hFE roll-off and moderately high saturation 
resistance at high currents. A typical circuit is shown in Fig. 304. 
Idling-current bias is provided to 0 1 and 02 by use of transistor 
03 as a diode (with collector and base shorted) and connection 
of a series resistor to the supply. The idling current for each tran
sistor in the class B output is equal to the current established in 

I 
I 
I 
I R3 I 
-- -'\/ .. vl\..,,---

33 kn 

T.- ADC Products No. 5SX1322 or equiv. 
T2 - Chicago Standard Trans. Corp. No. TA-lO or equiv. 
Note: R. is removed when R. and Ra are added. 

Fig. 304 - Schematic diagram for a CA30I8 class B amplifier. 

the resistance-diode loop. Because the resistor Rl is the predomi
nant factor in controlling the current in the bias loop, the bias cur
rent is relatively independent of temperature. In addition, because 
the devices have nearly equal characteristics and are at the same 
temperature, the idling current is nearly independent through the 
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full military temperature range. The total idling. current for tran
sistors 01 and 02 in Fig. 304 varies from 0.5 to 0.6 milliampere 
from -55 to +125°C. Excellent balance between output devices 
is achieved throughout the range. 

AC feedback as well as dc feedback can be obtained by sub
stitution of two resistors R2 and Ra in place of Rlo as shown by 
the dotted lines in Fig. 304. These two resistors, which have a 
parallel combination equal to Rlo are connected.between collector 
and base of transistors O2 and Ot. The added feedback reduces the 
power gain by approximately 6 dB (30 to 24 dB), but improves 
the linearity of the circuit. Although the output-power capability 
for the circuit shown in Fig. 304 is approximately 18 milliwatts, 
output levels up to 40 milliwatts can be obtained in similar con
figurations with optimized components. 

tOO·MHz Tuned RF Amplifier - Fig, 305 illustrates the use 
of the CA30l8 in a lOO-MHz cascode circuit with an agc amplifier. 
Transistors 0 1 and O2 are used in a cascode configuration, and 
transistors 0 3 and 04 are used to provide an agc capability and 
amplification. With a positive-going agc signal, current in the cas
code amplifier is transferred to the Darlington configuration by 
differential-amplifier action. This agc amplifier has the advantage 

+6V 

3.9pF 

L = 0.11 to 0.17 pH 
L. = 0.5 to 0.8 pH 

SUBSTRATE 

1 

Fig. 305 - Schematic diagram for a CA3018100-MHz cascode amplifier. 
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of low-power drive (high input impedance). In addition, the emit
ter of 01 can be back-biased with respect to the base to provide 

. larger input-signal-handling capability under full agc conditions. 
The operating characteristics of the amplifier shown in Fig. 

305 are as follows: 

Power Gain - 26 dB 
Agc Range - 70 dB 
3-dB Bandwidth - 4.5 MHz 
Noise Figure - 6.8 dB 
Power Dissipation - 7.7 mW 

The response characteristic is shown in Fig. 306. 
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Fig. 306 - Response characteristics of 100-MHz amplifier of Fig. 305. 

DUAL DARLINGTON ARRAY 

The CA3036 integrated-circuit array may be used to pro
vide two independent low-noise wide-band amplifier channels. 
These arrays are designed to operate over a range of ambient tem
peratures from -55°C to +125°C and are supplied in IO-terminal 
TO-5 style metal packages. They are particularly useful for pre
amplifier and low-level amplifier applications in single-channel or 
stereo systems. 

Fig. 307 shows the schematic diagram of the CA3036 array. 
The array consists of four transistors connected to form two in
dependent Darlington pairs. Fig. 308 shows a block diagram that 
illustrates the use of the array in a typical stereo phonograph. The 
CA3036 can be mounted directly on a stereo cartridge. Because 
of the low noise, high input impedance, and low output impedance 
or the array, only minimal shielding is required from the pickup to 
the amplifier. The buffering action of the CA3036 also substantially 
reduces losses and decreases hum pickup. 
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The CA3036 array features matched transistors with emitter
follower outputs, low-noise performance, and a gain-bandwidth 
product typically of 200 MHz. Typical applications of the array 
include stereo phonograph amplifiers, low-level stereo and single
channel stages, low-noise emitter-follower differential amplifiers, 
and operational-amplifier drivers. 

Fig. 307 - Schematic diagram of the CA3036 integrated-circuit dual 
Darlington array. 

STEREO 
SYSTEM 

Fig. 30B-Block Diagram of Stereo System using CA3036 
as Phono Preamplifier. 
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Technical Data 
This section lists ratings and typical operating characteristics 

for all current RCA linear integrated circuits. These data pro
vide a convenient, readily accessible source of information that 
is useful in the selection of the optimum circuit type for a par
ticular application. For complete descriptive data on specific cir
cuits being considered, as well as information on test setups and 
methods used to determine circuit operating characteristics, the 
prospective user should consult the technical bulletins for indi
vidual types. Because the technical bulletins are frequently updated 
to include the latest available circuit information, reference to the 
appropriate bulletin is an important step in any proposed applica
tion of RCA linear integrated circuits. 

DC AMPLIFIER CA3000 
General-purpose amplifier used in Schmitt-trigger, RC-coupled 
feedback-amplifier, mixer, comparator, crystal-oscillator, sense
amplifier, and modulator applications. 10-lead "TO-5" package; 
Outline No.1. For schematic diagram and characteristics curves, 
see Fig. 71 and Figs. 73 through 82. 

MAXIMUM RATINGS 
Positive DC Supply Voltage ................................................ Vcc +10 V 
Negative DC Supply Voltage ............................................ Vmm -10 V 
Input Signal Voltage: 

Single-ended ............ ................ ...... .............. ................ .......... ±2 V 
Common-mode .................................................................... ±2 V 

Total Device Dissipation ........................................................ 300 mW 
Temperature Range: 

Operating ................................................................ -55 to + 125 'C 
Storage .................................................................... -65 to +200 'C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 6V, VEE = -6V) 

Input Offset Voltage ............................................ VIO 
Input ·Offset Current ................................ ............ IIO 
Input Bias Current ...............................................• II 

1.4 
1.2 
23 

mV 
pA 
pA 
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TYPICAL CHARACTERISTICS (continued) 

Quiescent Operating Voltage: 
Terminals 4 and 5 not connected ............... . 
Terminal 4 not connected, terminal 5 

connected to VEE ...................................... .. 
Terminal 4 connected to V n, terminal 5 

not connected .............................................. .. 
Terminals 4 and 5 connected to VEB .......... .. 

Device Dissipation .............................................. .. 
Differential Voltage Gain (Single-Ended Input, 

f = 1 kHz): 
Single-ended output ...................................... .. 
Double-ended output .................................... .. 

-3-dB Bandwidth ................................................. . 
Maximum Output-Voltage Swing (f = 1 kHz) 
Common-Mode Rejection Ratio (f = 1 kHz) 
Single-Ended Input Impedance (f = 1 kHz) .. 
Single-Ended Output Impedance (f = 1 kHz) 
Total Harmonic Distortion (f = 1 kHz) ...... .. 
Useful Frequency Range .................................. .. 
AGC Range (Maximum voltage gain to com-

plete cutoff, f = 1 kHz) .......................... .. 

V.orV", 2.6 V 

V.orV", 4.2 V 

V.orV", -1.5 V 
V.orV", 0.6 V 
PT 30 mW 

ADI),), 32 dB 
ADlJ'J' 37 dB 
BW 650 kHz 
Vo., (P-P) 6.4 Vp _p 

CMR 98 dB 
ZIU 195 kn 
Zout 8 kn 
THD 0.2 % 

dc to 30 MHz 

AGe 90 dB 

CA3001 VIDEO AND 
WIDE-BAND AMPLIFIER 

General-purpose amplifier used in dc, if, and video amplifier, 
Schmitt-trigger, mixer, and modulator applications. 12-lead "TO-5" 
package; Outline No.2. For schematic diagram and characteristics 
curves, see Fig. 92 and Figs. 94 through 10 1. 

MAXIMUM RATINGS 
Positive DC Supply Voltage ................................................ Vee +10 V 
Negative DC Supply Voltage ............................................ VBB -10 V 
Input Signal Voltage 

Single-ended ........................................................................... . ±2.5 V 
Common-mode ....................................................................... . ±2.5 V 

Total Device Dissipation ........................................................... . 300 mW 
Temperature Range: 

Operating .................................................................... -55 to 125 'C 
Storage ........................................................................ -65 to 200 'c 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = +6V, VEE = -6V) 

Input Offset Voltage .......................................... .. VIO 1.5 mV 
Input Offset Current ........................................... . 110 3.4 p.A 
Input Bias Current ............................................... . II 10 pA 
Output Offset Voltage ....................................... . Voo 52 mV 
Quiescent Operating Voltage: 

Terminals 4 and 5 not connected .............. .. V.orVn 4.4 V 
Terminal 4 not connected, terminal 5 

connected to V BB .................................. .. V.orVn 4.8 V 
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TYPICAL CHARACTERISTICS (continued) 

Terminal 4 connected to VEE, terminal 5 
not connected ........................................... . 

Terminals 4 and 5 connected to VEE ........... . 
Device Dissipation ............................................... . 
Differential Voltage Gain (Single-ended 

input and output): 
f = 1.75 MHz ........................................... . 
f=20MHz ............................................... . 

-3-dB Bandwidth ............................................... . 
Maximum Output Voltage Swing 

(f = 1.75 MHz) ........................................... . 
Noise Figure: 

Rs = 1 tn, f = 1.75 MHz ...................... .. 
Rs = 1 kn, f = 11.7 MHz ...................... .. 

Common-Mode Rejection Ratio (f = 1 kHz) 
Parallel Input Resistance (f = 1.75 MHz) .. .. 
Parallel Input Capacitance (f = 1.75 MHz) .. .. 
Output Resistance (f = 1.75 MHz) .................. .. 
Useful Frequency Range ................................... . 
AGC Range (Maximum voltage gain to com-

plete cutoff, f = 1.75 MHz) ....................... . 

321 

V.orVn 2.9 V 
V.orVn 3.9 V 
P~ 80 mW 

An .. · .. 19 dB 
AnI .... 14 dB 
BW 16 MHz 

Vout(P-P) 5 Vp _p 

l'o."P 5 dB 
NF 7.7 dB 
CMR 70 dB 
Ria 50 kn 
Cia 7 pF 
Rout 70 n 

dc to 20 MHz 

AGC 60 dB 

IF AMPLIFIER CA3002 
General-purpose amplifier used in video amplifier, product and AM 
detector applications. lO-lead "TO-5" package; Outline No. 1. For 
schematic diagram and characteristics curves, see Fig. 104 and 
Figs. lO6 through 114. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ............................................ Vee 
Negative DC Supply Voltage ............................................ VEE 
Input Signal Voltage (Single-ended) .................................. .. 
Total Device Dissipation ...................................................... .. 
Temperature Range: 

+10 
-10 

±3.5 
300 

V 
V 
V 

mW 

Operating ................................................................... . -55 to 125 °C 
Storage ....................................................................... . -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 6V, VEE = - 6V) 

Input Unbalance Voltage .................................... Vm 2.2 mV 
Input Unbalance Current .................................... 1m 2.2 pA 
Input Bias Current .................... ............................ I, 20 p.A 
Quiescent Operating Voltage: 

Terminal 2 connected to VEE, terminal 4 
not connected ............................................ .. 2.8 V 

Terminals 2 and 4 connected to VEE ........... . 3.9 V 
Device Dissipation ........................................ ........ P~ 55 mW 
Differential Voltage Gain (Single-Ended Input 

and Output, f = 1.75 MHz) ........................ Am .... 24 dB 
-3-<1B Bandwidth ................................................ BW 11 MHz 
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TYPICAL CHARACTERISTICS (continued) 

Maximum Output Voltage Swing ................... . 
Noise Figure (R. = 1 kn, f = 1.75 MHz) ... . 
Parallel Input Resistance (f = 1.75 MHz) ... . 
Parallel Input Capacitance (f = 1.75 MHz) .. .. 
Output Resistance (f = 1.75 MHz) .............. .. 
3rd Harmonic Intermodulation Distortion ....... . 
Useful Frequency Range ................................... . 
AGC Range (Maximum Voltage Gain to Com-

plete Cutoff, f = 1.75 MHz) ...................... .. 

CA3004 

Vout(P-P) 5.5 
NF 4 
R ln 100 
Cln 4 
Rout 70 
IMD -40 

dc to 15 

AGC 80 

Vp _p 

dB 
kn 
pF 
n 

dB 
MHz 

dB 

RF AMPLIFIER 

General-purpose amplifier used in push-pull input and output, wide
and narrow-band amplifier, agc, detector, mixer, limiter, and modu
lator applications. 12-lead "TO-5" package; Outline No.2. For 
schematic diagram and characteristics curves, see Figs. 138, 139, 
143, 144, 149, 154, 157, and 163. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ........................................... . 
Negative DC Supply Voltage ........................................... . 
Input Signal Voltage: 

Single-ended ................................................................. . 
Common-mode ........................................................... . 

Total Device Dissipation ............................................... . 
Temperature Range: 

Operating ................................................................... . 
Storage ....................................................................... . 

Voe +12 V 
VillE -12 V 

±3.5 V 
+3.5 to -2.5 V 

300 mW 

-55 to 125 ·C 
-65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = +6V, VEE = -6V) 

Input Offset Voltage ........................................... . VIO 1.7 mV 
Input Offset Current .......................................... .. 110 0.125 p.A 
Input Bias Current ............................................... . II 21 p.A 
Quiescent Operating Current: 

Terminals 4 and 5 not connected ................... . I. or In rnA 
Terminal 4 connected to VEE, terminal 5 

not connected .............................................. .. I. or III 2.7 rnA 
Terminal 4 not connected, terminal 5 

connected to V IIlIll ....................................... . I. or III 0.45 rnA 
Terminals 4 and 5 connected to VEE ........... . I. or III 1.25 rnA 

Qui~scent ~~era~ing Current Ratio ................... . 
DeVIce DISSipation ........................................... . 

10/111 1.1 
PT 26 mW 

Power Gain (f = 100 MHz) .......................... .. Gp 12 dB 
Noise Figure (f = 100 MHz) .......................... .. NF 6.3 dB 
Common-Mode Rejection Ratio (f = 1 kHz) CMR 98 dB 
Useful Frequency Range ................................... . dc to 120 MHz 
AGC Range (Maximum Voltage Gain to Com-

plete Cutoff, f = 1.75 MHz) ................... . AGC -60 min dB 
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RF AMPLIFIER CA300S 
General-purpose amplifier used in push-pull input and output, wide
and narrow-band amplifier, agc, detector, mixer, limiter, modulator, 
and cascode amplifier applications. 12-lead "TO-5" package; Out
line No.2. For schematic diagram and characteristics curves, see 
Figs. 138, 140, 143, 145, 146, 150, 151, 154 through J61, and 
163 through 166. 

MAXIMUM RATINGS 
Positive DC Supply Voltage ........................................... . 
Negative DC Supply Voltage .......................................... .. 
Input Signal Voltage: 

Single-ended ................................................................. . 
Common-mode ........................................................... . 

Total Device Dissipation .............................................. .. 
Temperature Range: 

Operating ...................................................................... .. 
Storage .......................................................................... .. 

Vee +12 V 
VEE> -12 V 

±3.5 V 
+3.5 to -2.5 V 

300 mW 

-55 to 125 ·C 
-65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 6V, VEE = - 6V) 

Input Offset Voltage .......................................... .. 
Input Offset Current ........................................... . 
Input Bias Current ....................................... " ... .. 
Quiescent Operating Current: 

Terminals 4 and 5 not connected ............... . 
Terminal 4 not connected, terminal 5 

connected to VEE ...................................... .. 
Terminal 4 connected to VEE, terminalS 

not connected ............................................... . 
Terminals 4 and 5 connected to VEE ....... . 

Quiescent Operating Current Ratio ................... . 
Device Dissipation .............................................. .. 
Power Gain (f = 100 MHz): 

Cascode circuit .............................................. .. 
Differential-amplifier circuit .......................... .. 

'Noise Figure (f = 100 MHz): 
Cascode circuit ............................................... . 
Differential-amplifier circuit ........................... . 

Common-Mode Rejection Ratio (f = 1 kHz) 
Useful Frequency Range ""."""""""""""."""" 
AGC Range (Maximum Voltage Gain to Com-

plete Cutoff, f = 1.75 MHz) .................. .. 

RF AMPLIFIER 

VIO 2.6 mV 
10 1.4 p.A 
II 19 p.A 

110 or 111 rnA 

110 or 111 2.7 rnA 

110 or 111 0.45 rnA 
110 or 111 1.25 rnA 
I10lIu 1.05 
PT 26 mW 

Gp 20 dB 
Gp 16 dB 

NF 7.8 dB 
NF 7.8 dB 
CMR 101 dB 

dc to 120 MHz 

AGC -60 min dB 

CA3006 
General-purpose amplifier used in push-pull input and output, wide
and narrow-band amplifier, agc, detector, mixer, limiter, modulator, 
and cascode amplifier applications. 12-lead "TO-5" package; Out-
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line No.2. For schematic diagram and characteristics curves, see 
Figs. 138, 140, 143, 145, 146, 150, 151, 154 through 161, and 
163 through 166. This type is identical to type CA3005 except 
for the following item: 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 6V, VEE = - 6V) 

Input Offset Voltage ............................................ VIO 0.8 mV 

CA3007 AF AMPLIFIER 

Special-purpose audio amplifier used in audio driver applications, 
sound systems, and communications equipment. 12-lead "TO-5" 
package; Outline No.2. For schematic diagram, see Fig. 89. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ................. '" ..... ....... .... ...... .. Vee +10 V 
Negative DC Supply Voltage ............................................ VEE -10 V 
Input Signal Voltage: 

Single-ended ....................................................................... . ±2.5 V 
Common-mode ................................................................... . ±2.5 V 

Total Device Dissipation ...................................................... . 300 mW 
Temperature Range: 

Operating .................................................................... -55 to 125 ·C 
Storage ........................................................................ -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At. ambient temperature = 25°C, 
Vee = + 6V, VEE = - 6V) 

Input Unbalance Voltage ................................... . 
Input Unbalance Current ................................... . 
Input Bias Current ............................................... . 
Qui~scent. <?Pe~ating Voltage ........................... . 
Device DIssipation ............................................... . 
Power Gain (f = 1 kHz) ................................... . 
Total Harmonic Distortion (f = 1 kHz) ....... . 
Useful Frequency Range ................................... . 
Common-Mode Rejection Ratio (f = 1 kHz) 
Input Impedance (f = 1 kHz) ........................... . 
Output Impedance (f = 1 kHz) ....................... . 

VIU 
llU 
II 
V.orV •• 
P .. 
Gp 
THD 

CMR 
Z,. 
Z.ut 

0.57 
0.57 

11 
0.87 

30 
22 

0.28 
dcto 20 

77 
4 

60 

mV 
p.A 
p,A 
V 

mW 
dB 
% 

kHz 
dB 
kD 

D 

CA300a OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 14-lead 
ceramic-and-metal flat package; Outline No.3. For schematic dia
gram and characteristics curves, see Figs. 197 through 208. 



Technical Data 

MAXIMUM RATINGS 

Positive DC Supply Voltage ........................................... . 
Negative DC Supply Voltage ........................................... . 
Input Signal Voltage (Single-ended) ........................... . 
Total Device Dissipation ................................................... . 
Temperature Range: 

Operating ................................................................... . 
Storage ....................................................................... . 
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Vee +10 V 
VEE -10 V 
+1, -4 V 

300 mW 

-55 to 125 ·C 
-65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = +6V, VEE = -6V) 

Input Offset Voltage ................................... . VIO 1.08 mV 
Input Offset Current ..................................... . 110 0.54 pA 
Input Bias Current ....................................... . I, 5.3 pA 
Input Offset Voltage Sensitivity: 

Positive ....................................................... . t:,. VIOl t:,. Vee 0.103 mVIV 
Negative ..................................................... . t:,. VIOl t:,. VEE 0.260 mVIV 

Device Dissipation: 
Terminal 8 not connected ....................... . PT 30 mW 

Terminal 8 shorted to terminal 12 ....... . 
Open-Loop Differential Voltage Gain 

PT 102 mW 

(f = 1 kHz) ........................................... . 
Open-Loop -3-dB Bandwidth ................... . 

AOL 60 dB 
BWoL 300 kHz 

Common-Mode Rejection Ratio 
(f = 1 kHz) ........................................... . CMR 94 dB 

Maximum Output-Voltage Swing 
(f = 1 kHz) .......................................... .. Vo(P-P) 6.75 Vp _p 

Input Impedance (f = 1 kHz) ................... . Z'n 14 kn 
Output Impedance (f = 1 kHz) ................. . Zout 200 n 
Useful Frequency Range ............................. . dc to 15 MHz 
Common-Mode Input-Voltage Range 

(f = 1 kHz) ............................................... . VeuR +0.5, -4 V 

OPERATIONAL AMPLIFIER CA3008A 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback, dc and video amplifier, multivibrator, oscillator, 
comparator, and servo driver applications. 14-lead ceramic-and
metal flat package; Outline No.3. For schematic diagram and 
characteristics curves, see Figs. 196 through 208. This type is iden
tical to type CA3008 except for the following items: 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = +6V, VEE = -6V) 

Input Offset Voltage ................................................ VIO 
Input Offset Current .......... .................................. .... 110 
Input Bias Current ........ ... ..... .... ... ..... .... .... .... .......... h 
Input Impedance ............................. ............... ........ .... Z," 
Output Impedance ............ ............ .... ........................ Zout 
Noise Figure ............................................................ NF 

0.9 
0.3 
2.5 
20 

160 
8.3 

mV 
pA 
pA 
kn 
n 

dB 
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CA3010 OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 12-lead 
"TO-5" package; Outline No.2. For schematic diagram and char
acteristics curves, see Figs. 197 through 208. This type iselec-
trically identical to type CA3008. . 

CA3010A OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback, dc and video amplifier, multivibrator, oscillator, 
comparator, and servo driver applications. 12-1ead "TO-5" pack
age; Outline No.2. For schematic diagram and characteristics 
curves, see Figs. 196 through 208. This type is identical to type 
CA3010 except for the following items: 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = +6V, VEE = -6V) 

Input Offset Voltage ................................................ VIO 
Input Offset Current .. ... ... ...... ...... ........ .... ................ 110 
Input Bias Current .... .... ... .... ............. ........ ........ ... ..... II 
Input Impedance ........................................................ Zin 
Output Impedance .................................................... Zout 

Noise Figure ............................................................ NF 

0.9 
0.3 
2.5 
20 

160 
8.3 

mV 
p.A 
p.A 
kO 
o 

dB 

CA3011 FM IF AMPLIFIER 

Special-purpose amplifier used in if amplifiers for PM broadcast 
and TV sound applications. 10-lead "TO-5" package; Outline 
No.1. For schematic diagram and characteristics curves, see Figs. 
253, 255 through 258, and 260. 

MAXIMUM RATINGS 
Positive DC Supply Voltage ........................................... . 
Recommended Minimum DC Supply Voltage (Vee) ... . 
Input Signal Voltage (Single-ended) ................................ . 
Total Device Dissipation .................................................... . 
Temperature Range: 

Operating ..................................................................... . 
Storage ....................................................................... . 

Vee +10 V 
5.5 V 
±3 V 

300 mW 

-55 to 125 'C 
-65 to 200 'C 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = + 7.5V) 

Device Dissipation ................ ................................ PT 120 mW 



Technical Data 

TYPICAL CHARACTERISTICS (continued) 

Voltage Gain: 
f = I MHz ................................................... . 
f = 4.5 MHz ............................................... . 
f = 10.7 MHz .............................................. .. 

Parallel Input Resistance (f = 4.5 MHz) ...... .. 
Parallel Input Capacitance (f = 4.5 MHz) ... . 
Parallel Output Resistance (f = 4.5 MHz) .. .. 
Parallel Output Capacitance (f = 4.5 MHz) .. .. 
Noise Figure (f = 4.5 MHz) .......................... .. 
Useful Frequency Range .................................... .. 
Input Limiting Voltage, Knee (f = 4.5 MHz) 

FM IF AMPLIFIER 
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A 70 dB 
A 67 dB 
A 61 dB 
RID 3 kn 
Cln 7 pF 
Rout 31.5 kn 
Cout 4.2 pF 
NF 8.7 dB 
100 kHz to> 20 MHz 

VI(lim) 300 p.V 

CA3012 

Special-purpose amplifier used in if amplifiers for FM broadcast 
and TV sound applications. IO-Iead "TO-5" package; Outline 
No.1. For schematic diagram and characteristics curves, see Figs. 
253, 255 through 258, and 260. This type is electrically identical 
to type CA3011 except for the following item: 

MAXIMUM RATINGS 
Positive DC Supply Voltage 

FM IF AMPLIFIER/ 
DISCRIMINATOR/ AF AMPLIFIER 

Voe +13 V 

CA3013 

Special-purpose amplifier used in if amplifier, AM and noise limiter, 
FM detector, and af preamplifier applications. lO-lead "TO-5" 
package; Outline No.1. For schematic diagram and characteristics 
curves, see Figs. 254 through 260. 

MAXIMUM RATINGS 
Positive DC Supply Voltage ..................................... .. 
Recommended Minimum DC Supply Voltage (Vee) . 
Input Signal Voltage 

(Between terminals 1 and 2) ................................. . 
Total Device Dissipation ........................................... .. 
Temperature Range: 

Operating .................................................................. .. 
Storage ...................................................................... .. 

Veo +10 V 
5.5 V 

±3 V 
300 mW 

-55 to 125 ·C 
-65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = +7.5V) 

Device Dissipation ............ .................................... PT 

Voltage Gain: 
f=lMHz .................................................... A 
f = 4.5 MHz .................................................. A 

120 

70 
67 

mW 

dB 
dB 
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TYPICAL CHARACTERISTICS (continued) 

f = 10.7 MHz ............................................... . 
Parallel Input Resistance (f = 4.5 MHz) ....... . 
Parallel Input Capacitance (f = 4.5 MHz) ... . 
Parallel Output Resistance (f = 4.5 MHz) ... . 
Parallel Output Capacitance (f = 4.5 MHz) .. 
Noise Figure (f = 4.5 MHz) ........................... . 
Input Limiting Voltage, Knee (f = 4.5 MHz) 
Recovered AF Voltage (f = 4.5 MHz) ........... . 
Amplitude Modulation Rejection (f = 4.5 MHz) 
Discriminator Output Resistance (f = 4.5 MHz) 
Useful Frequency Range ................................... . 
Total Harmonic Distortion (f = 4.5 MHz) ... . 

A 60 dB 
R.n 3 kn 
C.n 7 pF 
Rout 31.5 kn 
Cout 4.2 pF 
NF 8.7 dB 
V.(lim) 300 pV 
Vo(af) 188 mV 
AMF 50 dB 
Rn(disc) 60 n 

100 kHz to > 20 MHz 
TIID 1.8 % 

CA3014 FM IF AMPLIFIER/ 
DISCRIMINATOR/ AF AMPLIFIER 

Special-purpose amplifier used in if amplifier, AM and noise limiter, 
PM detector, and af preamplifier applications. 10-lead "T0-5" 
package; Outline No.1. For schematic diagram and characteristics 
curves, see Figs. 254 through 260. This type is identical to type 
CA3013 except for the following item: 

MAXIMUM RATINGS 
Positive DC Supply Voltage ............................................ Voo +13 V 

CA3015 OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 12-lead 
"TO-5" package; Outline No.2. For schematic diagram and char
acteristics curves, see Figs. 225 and 226. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ............................................ Voo +20 V 
Negative DC Supply Voltage ............................................ VEE -20 V 
Input Signal Voltage (Single-ended) ............................ +1, -8 V 
Total Device Dissipation .................................................... 600 mW 
Temperature Range: 

Operating .................................................................... -55 to 125 °C 
Storage ........................................................................ -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 12V, VEE = -12V) 

Input Offset Voltage .................................... VIO 
Input Offset Current ...................................... 110 

Input Bias Current ..........................•..... ........ II 

1.37 
1.07 
9.6 

mV 
pA 
pA 
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TYPICAL CHARACTERISTICS (continued) 

Input. <?ffset Voltage Sensitivity: 
Positive ....................................................... . 
Negative ..................................................... . 

Device Dissipation: 
Terminal 5 not connected ....................... . 
Terminal 5 shorted to terminal 9 ............. . 

Open-Loop Differential Voltage Gain 
(f = 1 kHz) ............................................... . 

Open-Loop -3-<1B Bandwidth ................... . 
Common-Mode Rejection Ratio 

(f = 1 kHz) ............................................... . 
Maximum Output-Voltage Swing 

(f = 1 kHz) ............................................... . 
Input Impedance (f = 1 kHz) ................... . 
Ouput Impedance (f = 1 kHz) ................... . 
Useful Frequency Range ............................... . 
Common-Mode Input-Voltage Range 

(f = 1 kHz) ............................................... . 
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b. VIOl b. Vee 0.096 mVIV 
b. VIol b. V •• 0.156 mVIV 

P~ 175 mW 
P~ 500 mW 

AOL 70.2 dB 
BWoL 320 kHz 

CMR 103.5 dB 

Vo(P-P) 14 V._. 
Z.n 7.8 len 
Zou. 92 0 

dc to 50 MHz 

Vella +0.65, -8 V 

OPERATIONAL AMPLIFIER CA3015A 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 12-lead 
"TO-5" package; Outline No.2. For schematic diagram and char
acteristics curves, see Figs. 196, 225, and 226. This type is iden
tical to type CA3015 except for the following items: 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = + 12V, VEE = -12V) 

Input Offset Voltage ................................................ VIO 
Input Offset Current .... ........ ......... ....... .................... 110 
Input Bias Current ...... ...... .... .................... ................ II 
Input Impedance ........................................................ Z.n 
Output Impedance .. ..... ........ ........... ........... .... ... ........ Zou. 
Noise Figure ............................................................ NF 

1 
0.5 
4.7 
10 
85 
11 

mV 
pA 
p.A 
kO 
o 

dB 

OPERATIONAL AMPLIFIER CA3016 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 14-lead 
ceramic-to-metal flat package; Outline No.3. For schematic dia
gram and characteristics curves, see Figs. 225 and 226. This type 
is electrically identical to type CA30 15. 
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CA30l6A OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback, dc and video amplifier, multivibrator, oscillator, 
comparator, and servo driver applications. 14-lead ceramic-and
metal flat package; Outline No.3. For schematic diagram and 
characteristics curves, see Figs. 196, 225, and 226. This type is 
identical to type CA3016 except for the following items: 

TYPICAL CHARACTERISTICS (At ambient temperature 

Vee = + 12V, VEE = -12V) 
Input Offset Voltage ................................................ VIO 
Input Offset Current ...... ...... .................................... 110 
Input Bias Current .................................................... II 
Input Impedance ............... .... .................................... Z'n 
Output Impedance .................................................... Zout 

Noise Figure ............................................................ NF 

1 
0.5 
4.7 
10 
85 
11 

mV 
p.A 
p.A 
kn 
n 

dB 

CA3018 TRANSISTOR ARRAY 

General-purpose array consisting of two isolated transistors and 
two transistors with a common base-emitter terminal used in 100-
MHz cascode amplifier, final if amplifier and 2nd detector, IS-MHz 
tuned rf amplifier, video amplifier, class B amplifier, and cascode 
video amplifier applications. 12-1ead "TO-S" package; Outline 
No.2. For schematic diagram, see Fig. 297. 

MAXIMUM RATINGS 

Each Transistor: 
Collector-to-Emitter Voltage .......................... Velllo 15 V 
Collector-ta-Base Voltage ................................ VeBo 20 V 
Emitter-to-Base Voltage ................................ VBBO 4 V 
Collector Current ............... ............................. 10 50 rnA 

Device Dissipation: 
Anyone transistor ................................ ............ Ps 300 mW 
Total package .................................................... PT 300 mW 

Ambient Temperature: 
Operating ................................................................... . -55 to 125 ·C 
Storage ....................................................................... . -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C) 
Each Transistor: 

Collector-to-Substrate Breakdown Voltage 
(Ie = 10p.A, 101 = 0) ............................ V(BIIICIO 20 min V 

Emitter-to-Base Breakdown Voltage 
(1111 = 10p.A, 10 = 0) ............................ V(BIIIBBO 4 min V 

Collector-to-Emitter Breakdown Voltage 
(10 = lrnA, Ia = 0) ............................ V(BII)CBO 15 min V 
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TYPICAL CHARACTERISTICS (continued) 

Collector-to-Base Breakdown Voltage 
(Io = lO}LA, IE = 0) .......................... .. 

Collector-Cutoff Current: 
VOR = 5V, 1m = 0 ............................... . 
VeE = 15V, IR = 0 ............................... . 

Static Forward-Current Transfer Ratio: 
Static Beta, VOE = 3V, Ie = lmA .... 
Transistors with common base-emitter 

terminal Q. and Q., 
VOID = 3V, 10 = lmA ........................... . 

Magnitude of Static Beta Ratio, Isolated 
transistors Ql and Q" 

(VOID = 3V, 101 = lea = lmA) ........... . 

IoRo 
IOIDo 

20 min 

0.1 max 
lOmax 

67 

3500 

I 
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V 

}LA 
}LA 

Magnitude of Input-Offset Voltage, 
Isolated transistors Ql and Q. 

(Vee = +6V, VIDID = -6V, 
101 = lea = lmA) ........................ IVBm-VBul mV 

Temperature Coefficient, Magnitude of 
Input-Offset Voltage 

(Vcc = +6V, Va = -6V, V V 0 
101 = lea = lmA) ........................ Bm- BU I}LV 1°C 

Small-Signal Forward-Current Transfer AT 
Ratio 

(VelD = 3V, Ie = 1mA, f = 1kHz) .... bto 70 
Small-Signal Input Impedance 

"'." (Vem = 3V, Ie = 1mA, f = 1kHz) .... ble 2800 n 
Small-Signal Output Impedance 

(VeE = 3V, 10 = lmA, f = 1kHz) .... bo. 35 .umbo 
Small-Signal Reverse Voltage-Transfer 

..Ratio 
(VeE = 3V, Ie = lmA, f = 1kHz) .... b.. 6.5 X 10'" 

Forward Transfer Admittance 
(Vem = 3V, Ie = lmA, f = IMHz) .... Yte 31- j 1.5 mmho 

Input Admittance 
(VeE = 3V,Io = lmA, f = 1MHz) .... Y I • 0.3 + j 0.05 mmho 

Output Admittance 
(VeE = 3V, Ie = 1mA, f = 1MHz) .... Yo. 0.02 + j 0.05 mmbo 

Gain-Bandwidth Product 
(Substrate (terminal 10) connected to 
ground) .................................................... fT 400 MHz 

Output Capacitance 
(VCR = 3V, lID = 0) ............................ Cobo 1.9 pF 

Input Capacitance 
(VRlD = 3V, Ie = 0) ............................ ClbO 1.8 pF 

Collector-to-Substrate Capacitance 
(VC1 = 3V,Io = 0) ................................ Celo 3.5 pF 

DIODE ARRAY CA3019 
One diode "quad" and two isolated diodes on a common substrate 
used for modulator, mixer, balanced modulator, analog switch, and 
diode gate for chopper-modulator applications. lO-lead "T0-5" 
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package; Outline No. 1. For schematic diagrams, see Figs. 283 
and 284. 

MAXIMUM RATINGS 

Device Dissipation: 
Anyone diode unit ....................................................... . 
Total for device ........................................................... . 

Diode Voltage Limits ....................................................... . 
Temperature Range: 

Operating ................................................................... . 
Storage ....................................................................... . 

20 mW 
120 mW 

-3to+12 V 

-55 to 125 ·C 
-65 to 200°C 

TYPICAL CHARACTERISTICS (At ambient temperature _ 25°C) 
DC Forward Voltage Drop (IF = 1mA) .... V.. 0.73 V 
DC Reverse Breakdown Voltage 

(1& = -10pA): 
Any diode ................................................ V(BJ1>lI 6 V 
Any diode and substrate ........................ V(BII)lI 80 V 

DC Reverse Leakage Current 
(VII = -4V): 

Any diode ................................................ III 0.0055 pA 
Any diode and substrate ........................ Is 0.010 pA 

Magnitude of Diode Offset (Difference in 
DC Forward Voltage Drops of any 
Two Units) 

(1,. = 1mA) ............................................ IV .. 1-V ... I 1 mV 
Single Diode Capacitance 

(VII = -2V, f = 1MHz) ........................ CD 1.8 pF 
Diode Quad-to-Substrate Capacitance (V II 

between terminals 2, 5, 6, or 8 of 
diode quad and terminal 7 (substrate) = -2V): 

Terminal 2 or 6 to terminal 7 ................ CDQ_l 4.4 pF 
Terminal 5 or 8 to terminal 7 ................ CDQ_l 2.7 pF 

Series Gate Switching Pedestal Voltage Va 10 mV 

CA3020 MULTIPURPOSE 
WIDE-BAND POWER AMPLIFIER 

Special-purpose amplifier used in audio applications; combines 
functions of preamplifier, phase-inverter, driver, and power-output 
stages. 12-lead "TO-5" package; Outline No.2. For schematic 
diagrams and characteristics curves, see Figs. 237 through 244. 

MAXIMUM RATINGS 

Positive DC Supply Voltage: 
Differential Amplifier .................................................... Vee +12 V 
Push-Pull Amplifier ........................................................ Vee +20 V 

Input Signal Voltage (Single-ended) ............................ ±3 V 
Total Device Dissipation: 

At ambient temperatures up to 25°C ................ 600 mW 
At ambient temperatures above 25°C ................ Derate at 4.8 mW 1°C 
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MAXIMUM RATINGS (continued) 
Temperature Range: 
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Operating .................................................................. .. -55 to 125 ·C 
Storage ...................................................................... .. -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient 

Positive Supply Voltage ...................... Vee 
Zero-Signal Current Drain .................. 1m ,. 

Maximum-Signal Current Drain ........ Imax 
Maximum Power Output .................... Pout 
Transducer Power Gain .................... Gp 

-3-dB Bandwidth ................................ BW 
Signal-to-Noise Ratio .......................... SIN 
Total Harmonic Distortion ................ THO 
Sensitivity.............................................. e,. 
Useful Frequency Range .................. .. 
Circuit Efficiency................ ................ 7J 
Input Resistance (f = 1 kHz): 

Terminal 3 to ground .................... R'n3 
Terminal 10 to ground .................. R'nlo 

temperature 

3 6 
7 14 

47 105 
65 300 

58 
6 

70 
1 

35 
de to 8 

45 

600 
40 

= 25°C, 
9 V 

22 rnA 
145 rnA 
550 mW 

dB 
MHz 

dB 
% 

mV 
MHz 

% 

VIDEO AND 
WIDE-BAND AMPLIFIER CA3021 

General-purpose amplifier used in gain-controlled linear amplifier, 
AM/FM if amplifier, video amplifier, and limiter applications. 
12-lead "TO-S" package; Outline No.2. For schematic diagrams 
and characteristics curves, see Figs. 119 through 133. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ............................................. Vee +18 
Negative DC Supply Voltage ............................................ VEE -6 
Input Signal Voltage (Single-ended) ............................ -
Total Device Dissipation ............................................... . 
Temperature Range: 

±3 
120 

V 
V 
V 

mW 

Operating ........................................................................ -55 to 125 ·C 
Storage ............................................................................ -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = +6V, VEE = 0) 

Device Dissipation ............................................... . 
Quiescent Output Voltage ................................... . 
AGC Source Current (VAGe = 6V) ............... . 
Voltage Gain (f = 0.5 MHz) .......................... .. 
-3-dB Bandwidth .............................................. .. 
Input Resistance (f = 1 MHz) .......................... .. 
Input Capacitance (f = 1 MHz) ....................... . 
Output Resistance (f = 1 MHz) ...................... .. 
Noise Figure (f = 1 MHz) ............................... . 
AGC Range (f = 1 MHz) .............................. .. 
Useful Frequency Range .................................. .. 
Maximum Output Voltage (f = 1 MHz) ........ .. 

PT 
Vo 
IAGe 
A 
BW 
R,a 
CIa 
Rout 
NF 
AGC 

Vout 

4 
2.2 
0.8 
56 

2.4 
4 

11 
300 
4.2 
33 

de to 6 
0.6 

mW 
V 

rnA 
dB 

MHz 
len 
pF 
n 

dB 
dB 

MHz 
Vrm. 
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CA3022 
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VIDEO AND 
WIDE-BAND AMPLIFIER 

General-purpose amplifier used in gain-controlled linear amplifier, 
AM/FM if amplifier, video amplifier, and limiter applications. 
12-lead "TO-5" package; Outline No.2. For schematic diagrams 
and characteristics curves, see Figs. 119 through 133. For maxi
mum ratings, refer to type CA3021. 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = +6V, VEE = 0) 

Device Dissipation ............................................... . PT 12.5 
Quiescent Output Voltage ................................... . Vo 1.9 
AGC Source Current (VAGe = 6V) ................... . IAGe O.S 
Voltage Gain (f = 2.5 MHz) ....................... . A 57 
-3-dB Bandwidth ............................................... . BW 7.5 
Input Resistance (f = 5 MHz) ....................... . Ria 1300 
Input Capacitance (f = 5 MHz) ....................... . Cia IS 
Output Resistance (f = 5 MHz) ....................... . Rout 120 
Noise Figure (f = 1 MHz) ............................... . NF 4.4 
AGC Range (f = 5 MHz) ............................... . AGC 33 
Useful Frequency Range ................................... . dcto 20 
Maximum Output Voltage (f = 5 MHz) ....... . Vo"t 0.7 

mW 
V 

rnA 
dB 

MHz 
n 

pF 
n 

dB 
dB 

MHz 
Vrms 

CA3023 VIDEO AND 
WIDE-BAND AMPLIFIER 

General-purpose amplifier used in gain-controlled linear amplifier, 
AM/FM if amplifier, video amplifier, and limiter applications. 
12-lead "TO-5" package; Outline No.2. For schematic diagrams 
and characteristics curves, see Figs. 119 through 133. For maxi
mum ratings, refer to type CA3021. 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = +6V, VEE = 0) 

Device Dissipation ............................................... . PT 35 
Quiescent Output Voltage ................................... . Vo 1.3 
AGC Source Current (VAGe = 6V) ................... . IAGe O.S 
Voltage Gain (f = 5 MHz) ............................... . A 53 
-3-db Bandwidth ............................................... . BW 16 
Input Resistance (f = 10 MHz) ....................... . RIB 300 
Input Capacitance (f = 10 MHz) ................... . Cia 13 
Output Resistance (f = 10 MHz) ................... . Rout 100 
Noise Figure (f = 1 MHz) .............................. .. NF 6.5 
AGC Range (f = 10 MHz) ........................... . AGC 33 
Useful Frequency Range ................................... . de to 40 
Maximum Output Voltage (f = 10 MHz) ....... . Vo"t 0.5 

'" 

mW 
V 

rnA 
dB 

MHz 
n 

pF 
n 

dB 
dB 

MHz 
V. lDa 
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DIFFERENTIAL/ 
CASCODE AMPLIFIER CA3028A 

General-purpose amplifier used in differential or cascode if am
plifier, converter for FM broadcast band, limiter, mixer, oscillator, 
and audio, sense, and dc amplifier applications. 8-lead "TO-5" 
package; Outline No.4. For schematic diagram and characteristics 
curves, see Figs. 138, 152, 153, 162, and 168. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ............................................ Vee +18 V 
Negative DC Supply Voltage ............................................ V"" -6 V 
Input Signal Voltage (Single-ended) ............................ 6 Vp _p 

Total Device Dissipation .................................................... 300 roW 
Temperature Range: 

Operating .................................................................... -55 to 125 ·C 
Storage ........................................................................ -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C) 

Quiescent Operating Current: 
Vee = +9V ........................ I. or I. 
Vee = +12V ........................ I. or I. 

Input Bias Current: 

Differential Cascode 
Amplifier Amplifier 

2.5 
3.4 

Vee = +9V ........................ I, 29 
Vee = +12V ........................ I, 44 

AGC Bias Current (Into Constant-Current Source Terminal No.7): 
VAGO = +9V ...................... IAGe 1.28 
VAGe = +12V ...................... IAGe 1.65 

Device Dissipation: 
Vee = +9V ........................ PT 

Vee = +12V ........................ PT 

Power Gain: 
Vee = +9V, f = 100 MHz Gp 
Vee = +9V, f = 10.7 MHz G p 

Noise Figure: 
(Vee = +9V, f = 100 MHz) NF 

Input Admittance 

56 
113 

17 
32 

6.7 

20 
39 

7.2 

mA 
mA 

,."A 
,."A 

rnA 
mA 

roW 
roW 

dB 
dB 

dB 

(Vee = +9V, f = 10.7 MHz) Yll 

Reverse Transfer Admittance 
0.5 + jO.5 0.6 + j1.6 mmho 

(Vee = +9V, f = 10.7 MHz) Y,2 0.01 - jO.0002 0.0003 - jO mmho 
Forward Transfer Admittance 

(Vee = +9V, f = 10.7 MHz) Yat 

Output Admittance 
(Voe = +9V, f = 10.7 MHz) Y." 

Power Output (Untuned) 
(Vee = +9V, f = 10.7 MHz) Po 

Voltage Gain . 
(Veo = +9V, RL = 1 kn, 

f = 10.7 MHz) ................ A 
Useful Frequency Range ...... .. 
AGC Range, Maximum Power 

Gain to Full Cutoff: 
(Vee = +9V, f = 10.7 MHz) AGC 

-37 + jO.S 99 - j18 

0.04 + jO.23 0 + jO.08 

5.7 

32 
dcto 120 

62 

98 

mmho 

mmho 

dB 
MHz 

dB 
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CA3029 OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, servo driver, scaling adder, and balanced 
modulator-driver applications. 14-lead dual in-line plastic package; 
Outline No.6. For schematic diagram and characteristics curves, 
see Figs. 197 through 208. 

MAXIMUM RATINGS 

Positive DC Supply Voltage .......................................... .. 
Negative DC Supply Voltage ........................................... . 
Input Signal Voltage ....................................................... . 
Total Device Dissipation ................................................... . 
Temperature Range: 

Operating ..................................................................... . 
Storage ......................................................................... . 

Vee +10 V 
VEE -10 V 
+1, -4 V 

300 mW 

o to 70°C 
-25 to 85 °C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = +6V, VEE = -6V) 

Input Offset Voltage ....................................... . 
Input Offset Current ....................................... . 
Input Bias Current ....................................... . 
Input Offset Voltage Sensitivity: 

Positive ....................................................... . 
Negative ..................................................... . 

Device Dissipation: 
Terminal 8 not connected ....................... . 
Terminal 8 shorted to 12 ....••...................... 

Open-Loop Differential Voltage Gain 
(f = 1 kHz) ........................................... . 

Open-Loop -3-dB Bandwidth ................... . 
Common-Mode Rejection Ratio 

(f = 1 kHz) ........................................... . 
Maximum Output-Voltage Swing 

(f = 1 kHz) ............................................... . 
Input Impedance (f = 1 kHz) ................... . 
Output Impedance (f = 1 kHz) ............... . 
Useful Frequency Range ............................... . 
Common-Mode Input-Voltage Range 

(f = 1 kHz) ........................ : .................. . 

VIO 1.08 
110 0.54 
I, 5.3 

6. VIOl 6. Vee 0.103 
6. VIOl 6. VEE 0.260 

PT 30 
PT 102 

AOL 60 
BWoL 300 

CMR 94 

Vo(P-P) 6.75 
Z'n 14 
Zout 200 

de to 15 

VeMa +0.5, -4 

mV 
p.A 
p.A 

mVIV 
mVIV 

mW 
mW 

dB 
kHz 

dB 

V._. 
kn 
n 

MHz 

V 

CA3029A OPERATIONAL AMPLIFIER 
General-purpose amplifier used in narrow-band and bandpass am
plifier, dc and video amplifier, multivibrator, oscillator, comparator, 
and servo driver applications. 14-lead TO-116 dual-in-line plastic 
package; Outline No.6. For schematic diagram and characteristics 
curves, see Figs. 196 through 208. This type is identical to type 
CA3029 except for the following items: 



Technical Data 337 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = +6V, VEE = -6V) 

Input Offset Voltage ................ ......... .... ......... ... ....... V 10 
Input Offset Current ................................................ 110 
Input Bias Current ............ ........................................ II 
Input Impedance .... .................................................... Z'n 
Output Impedance .................................................... Zout 
Noise Figure ........ .... ... ............. ................................ NF 

OPERA llONAl AMPLIFIER 

0.9 
0.3 
2.5 
20 

160 
8.3 

mV 
p.A 
p.A 
kn 
n 

dB 

CA3030 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, servo driver, scaling adder, and balanced 
modulator-driver applications. 14-lead dual in-line plastic package; 
Outline No.6. For schematic diagram and characteristics curves, 
ses Figs. 225 and 226. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ........................................ : .. . 
Negative DC Supply Voltage ........................................... . 
Total Device Dissipation ................................................... . 
Temperature Range: 

Operating ..................................................................... . 
Storage ......................................................................... . 

Vee +20 V 
VEE -20 V 

600 mW 

o to 70°C 
-25 to 85 °C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 12V, VEE = -12V) 

Input Offset Voltage ................................... . 
Input Offset Current ....................................... . 
Input Bias Current ....................................... . 
Input Offset Voltage Sensitivity: 

Positive ....................................................... . 
Negative ..................................................... . 

Device Dissipation: 
Terminal 8 not connected ....................... . 
Terminal 8 shorted to 12 ....................... . 

Open-Loop Differential Voltage Gain 
(f = 1 kHz) ............................................... . 

Open-Loop -3-dB Bandwidth ................... . 
Common-Mode Rejection Ratio 

(f = 1 kHz) ........................................... . 
Maximum Output-Voltage Swing 
(f = 1 kHz) ............................................... . 

Input Impedance (f = 1 kHz) ................... . 
Output Impedance (f = 1 kHz) ............... . 
Useful Frequency Range ............................... . 
Common-Mode Input-Voltage Range 

(f = 1 kHz) ............................................... . 

VIO 1.37 
110 1.07 
II 9.6 

t::,. VIOl t::,. Vee 0.096 
t::,.VIOI t::,.VEE 0.156 

PT 175 
PT 500 

A OL 70.2 
BWoL 320 

CMR 103.5 

Vo(P-P) 14 
Z'n 7.8 
Zout 92 

dc to 50 

VeJolR +0.65,-8 

mV 
p.A 
p.A 

mV/V 
mV/V 

mW 
mW 

dB 
kHz 

dB 
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CA3030A OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback, dc and video amplifier, multivibrator, oscillator, 
comparator, and servo driver applications. 14-lead TO-116 plastic 
dual-in-line package; Outline No.6. For schematic diagram and 
characteristics curves, see Figs. 196, 225, and 226. This type is 
identical to type CA3030 except for the following items: 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = + 12V, VEE = -12V) 

Input Offset Voltage ................................................ VIO 
Input Offset Current . ........ ..... ....... .... ... .................... 110 
Input Bias Current ...... ...... .... ............ ........ ................ I, 
Input Impedance .. .... ....... ....... ............. ....................... Z'n 
Output Impedance .................................................... Zon. 
Noise Figure ............................................................ NF 

1 
0.5 
4.7 
10 
85 
11 

mV 
pA 
pA 
kn 
n 

dB 

CA3031/702A OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, servo driver, and scaling adder applications. 
8-lead "T0-5" package; Outline No.4. 

MAXIMUM RATINGS 

Positive DC Supply Voltage ........................................... . Veo +18 V 
Negative DC Supply Voltage ........................................... . V,," -12 V 
Input Signal Voltage (Single-ended) ........................ .. +1.5, -8 V 
Total Device Dissipation .............................................. .. 300 mW 
Temperature Range: 

Operating .................................................................. .. -55 to 125 ·C 
Storage ....................................................................... . -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 12V, VEE = -6V) 

Input Offset Voltage ...................................... .. VIO 
Input Offset Current .................................. .. 110 
Input Bias Current ....................................... . I, 
Input .<?ffset Voltage Sensitivity: 

Positive ...................................................... .. I!i.V,o/I!i.Vcc 
Negative .................................................... .. I!i.V,o/I!i.V"" 

Device Dissipation ...................................... .. PT 
Open-Loop Differential Voltage Gain 

(f = 1 kHz) ....................................... . AOL 
Open-Loop -3-dB Bandwidth .................. .. BWoL 
Common-Mode Rejection Ratio 

(f = 1 kHz) ...................................... .. CMR 

2 
0.5 

3 

0.05 
0.065 

85 

70 
700 

85 

mV 
pA 
pA 

mV/V 
mV/V 

mW 

dB 
kHz 

dB 
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TYPICAL CHARACTERISTICS (continued) 

Maximum Output-Voltage Swing 
(RL = 100 kO, f = 1 kHz) ............... . 

Input Resistance (f = 1 kHz) ................... . 
Output Resistance (f = 1 kHz) ................... . 
Useful Frequency Range .............................. .. 
Common-Mode Input-Voltage Range 

(f = 1 kHz) ....................................... . 

OPERATIONAL AMPLIFIER 

VO(P-P) 
RIll 
Rout 

VCMR 

10 min 
25 

130 
dc to 40 

+0.5,-4 

Vp _p 

kO 
o 

MHz 

V 

CA3032/702C 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, servo driver, and scaling adder applications. 
8-lead "TO-S" package; Outline No.4. The maximum ratings for 
this type are identical to type CA3031 /702A, except for the tem
perature ranges mentioned below. 

MAXIMUM RATINGS 

Temperature Range: 
Operating ........................................................................ 0 to 70 °C 
Storage ............................................................................ -65 to 150 ·C 

TYPICAL CHARACTERISTICS (At ambient temperature 25°) 
Vee = + 12V, VEE = -6V) 

Input Offset Voltage .... ....... ... ........ .............. m V VIO 5 
Input Offset Current .... ........ ..... ....... .............. p.A IIO 1.5 
Inp~t Bi~ <?ur~ent ........................ ................ p.A 
DeVIce DISSIpatIon ........................................ mW 

I, 5 
PT 90 

Open-Loop Differential Voltage Gain 
(f = 1 kHz) ............................................ dB AOL 70 

Open-Loop -3-dB Bandwidth .................... kHz BWoL 700 
Common-Mode Rejection Ratio 

(f = 1 kHz) .......................................... dB CMR 80 
Maximum Output-Voltage Swing 

(RL = 100 kO, f = 1 kHz) ................ Vp _p Vo(P-P) 10 min 
Input Resistance (f = 1 kHz) .................... kO R lu 20 
Output Resistance (f = 1 kHz) .................... 0 Rout 200 

dc to 40 Useful Frequency Range ................................ MHz 
Common-Mode Input-Voltage Range 

(f = 1 kHz) ........................................ V VCMR +0.5, -4 

OPERATIONAL AMPLIFIER CA3033 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 14-1ead 
TO-116 dual-in-line ceramic package; Outline No.7. 
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MAX.IMUM RATINGS 
Input Signal Voltage ..... ..... ...... ..... .......... ................... ........ ...... ± 10 V 
Device Dissipation .................................................................... 600 mW 
Temperature Range: 

Operating .................................................................... -55 to 125°C 
Storage ........................................................................ -65 to 200°C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = +12V, VEE = -12V) 

Input Offset Voltage ........................................ VIO 
Input Offset Current '" ................... ................ 110 
Input Bias Current .... ........ ... ... ...... .... ........ .... II 
Input. ?ffset Voltage Sensitivity: 

Poslttve ........................................................ ~ VIOl ~ V cc 
Negative ...................................................... ~VIO/~VEE 

Device Dissipation ...... .................. ............ .... P T 

Open-Loop Differential Voltage Gain 
(f = 1 kHz) ................................................ AOL 

Open-Loop -3-dB Bandwidth .................... BWoL 
Common-Mode Rejection Ratio .................... CMR 
Common-Mode Input-Voltage Range 

(f = 1 kHz) ................................................ VCMR 

Input Impedance (f = 1 kHz) .................... Z'n 
Output Current (RL = 500n, f = 1 kHz) .... 10 
Maximum Output-Voltage Swing 

(f = 1 kHz) ............................................ Vo(P-P) 
Slew Rate .......... .......................... .................... SR 
Power Output (RL = 500n, f = 1 kHz).... Po 

2.6 
5 

83 

0.3 
0.3 
120 

84 
100 
94 

+5,-9 
1.5 
44 

21 
6 

122 

mV 
nA 
nA 

mV/V 
mV/V 

mW 

dB 
kHz 

dB 

V 
Mn 

mAp _ p 

Vp _ p 

V II's 
mW 

CA3033A OPERATIONAL AMPLIFIER 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 14-lead 
TO-116 dual-in-line ceramic package; Outline No.7. 

MAXIMUM RATINGS 
Input Signal Voltage ................................................................ ±10 V 
Device Dissipation .................................................................... 600 mW 
Temperature Ran~e: 

Operating .................................................................... -55 to 125°C 
Storage .......... ~.............. ............................... ................ -65 to 200°C 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = + 18V, VEE = -18V) 

Input Offset Voltage .................................... VIO 2.86 mV 
Input Offset Current ...................................... 110 9 nA 
Input Bias Current ............ .............................. I, 103 nA 
Input. ?ffset Voltage Sensitivity: 

Posltlve ........................................................ ~ VIOl ~ V cc 0.2 mV/V 
Negative ...................................................... ~VIO/~VEE 0.2 mVIV 

Device Dissipation ............ .............................. PT 290 mW 
Open-Loop Differential Voltage Gain 

(f = 1 kHz) ................................................ AOL 91 dB 
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TYPICAL CHARACTERISTICS (continued) 

Open-Loop -3-dB Bandwidth .................... BWoL 
Common-Mode Rejection Ratio 

(f = 1 kHz) .............................................. CMR 
Common-Mode Input-Voltage Range 

(f = 1 kHz) .............................................. VCMR 

Input Impedance (f = 1 kHz) .................... Zin 
Output Current (RL = soon, f = 1 kHz) .... 10 
Maximum Output-Voltage Swing 

(f = 1 kHz) .............................................. Vo(P-P) 
Slew Rate .... .................................................... SR 
Power Output (RL = soon, f = 1 kHz) .... Po 

HIGH·FREQUENCY 
WIDE·BAND AMPLIFIER/ 
PHASE DETECTOR 

110 

103 

+7,-12 
1 

64 

32 
10 

255 

341 

kHz 

dB 

V 
Mn 

mAp _p 

Vp - p 

V/p.s 
mW 

CA3034 

Special-purpose amplifier used in differential input amplifier, dual 
phase detector with differential output amplifier, and afc applica
tions. IO-lead "TO-S" package; Outline No. 1. For schematic dia
grams, see Figs. 278 and 279. 

MAXIMUM RATINGS 

Input Signal Voltage (Single-ended) .......................................... .. 
Supply Voltage ............................................................................. . 
Total Device Dissipation ............................................................... . 
Temperature Range: 

12 Vp _p 

15 V 
300 mW 

Operating ................................................................... . -55 to 125°C 
Storage ....................................................................... . -65 to 200 °C 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = lOV) 

Total Current Drain ............................................ Id 
Quiescent Operating Current into Terminal 2.. L 
Reference Voltage at Terminal 9 .................... V. 
Quiescent Operating Voltage at Terminal 4 .... V. 
Quiescent Operating Voltage at TerminalS.... V. 
Output Offset Voltage between Terminals Vu 

4and5 ....................................................... . 
Input Impedance (Terminal 7) ........................ Zin 

HIGH·FREQUENCY 
WIDE·BAND AMPLIFIER/ 
PHASE DETECTOR 

9 
1.9 
5.5 
5.5 
5.5 

o 
2 

rnA 
rnA 

V 
V 
V 
V 

kn 

CA3034Vl 

Special-purpose amplifier used in differential input amplifier, dual 
phase detector with differential output amplifier, and afc applica
tions. lO-formed-lead "TO-S" package; Outline No.5. For sche-
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matic diagrams, see Figs. 278 and 279. This type is electrically 
identical to type CA3034. 

CA3035 ULTRA-HIGH-GAIN 
WIDE-BAND AMPLIFIER ARRAY 

General-purpose amplifier with three individual amplifiers used in 
remote-control amplifier applications, such as TV receivers. 10-lead 
"TO-5" package; Outline No.1. For schematic diagrams and 
characteristics curves, see Figs. 280 through 282. 

MAXIMUM RATINGS 
Input Signal Voltage (Single-ended) ........................................... . 1 Vp _p 

Supply Voltage ............................................................................. . 15 V 
Total Device Dissipation ............................................................... . 300 mW 
Temperature Range: 

Operating ................................................................... . -55 to 125 °C 
Storage ....................................................................... . -65 to 200 °C 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = +9V) 

Quiescent Operating Voltage .............................. Va 2 V 
Quiescent Operating Voltage .............................. V. 1.9 V 
Quiescent Operating Voltage .............................. V, 4.9 V 
Total Current Drain (Ru = 5 kn) ............•...•. 14 5 rnA 
Voltage Gain (f = 40 kHz): 

Amplifier 1 ........ .... ........................ .................. At 44 dB 
Amplifier 2 ...................................................... ~ 46 dB 
Amplifier 3 ........................................... _.......... As 42 dB 
Cascade ............................................................ 132 dB 

Output Voltage Swing: 
Amplifier 1, RLl = 10 kn ............................ V, out 2 Vp_p 

Amplifier 2, R ... = 10 kn ................................ V. out 2.6 Vp _p 

Amplifier 3, Ru = 5 kn ................................ V. out 8 Vp _p 

Input Resistance (f = 40 kHz): 
Amplifier 1 .. .......... ...... .......... .......................... R, in 50 kn 
Amplifier 2 .. ............ ...... ................ .... .............. R. in 2 kn 
Amplifier 3 ... ................................................... R. in 670 n 

Output Resistance (f = 40 kHz): 
Amplifier 1 ...................................................... R, out 270 n 
Amplifier 2 ...................................................... R. out 170 n 
Amplifier 3 ...................................................... R. out 100 kn 

-3-dB Bandwidth ............................................... . 
Amplifier 1 ...................................................... BW, 500 kHz 
Amplifier 2 ...................................................... BW. 2.5 MHz 
Amplifier 3 ...................................................... BW. 2.5 MHz 

Noise Figure (Amplifier 1) 
(Rs = 1 kn, f = 1 kHz) ................................ NFl 6 dB 

Sensitivity (Vee = + 13V, Relay Current = 
7.5 rnA) ........................................................ 100 pV 
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ULTRA-HIGH-GAIN 
WIDE-BAND AMPLIFIER ARRAY 

343 

CA303SVl 
General-purpose amplifier with three individual amplifiers used in 
remote-control amplifier applications, such as TV receivers. 10-
formed-lead "TO-5" package; Outline No.5. For schematic dia
grams and characteristics curves, see Figs. 280 through 282. This 
type is electrically identical to type CA3035. 

DUAL DARLINGTON ARRAY CA3036 
General-purpose amplifier with two independent low-noise wide
band amplifier channels used in stereo phonograph preamplifier, 
low-level stereo and single-channel amplifier stages, low-noise 
emitter-follower differential amplifier, and operational-amplifier 
driver applications. lO-lead "TO-5" package; Outline No. 1. For 
schematic diagram, see Fig. 307. 

MAXIMUM RATINGS 

Device Dissipation (Anyone transistor 
or total for device) ........................................................ 300 mW 

For Each Transistor In The Array: 
Collector-to-Emitter Voltage ................................................ 15 V 
Collector-to-Base Voltage ...................................................... 30 V 
Emitter-to-Base Voltage ........................................................ 5 V 
Collector Current .... .... ................ ... ............. ............ ...... ........ 50 rnA 

Temperature Range: 
Operating .................................................................... -55 to 125 ·C 
Storage ... ...... ...... ......................................... ................ -65 to 200 ·C 

TYPICAL CHARACTERISTICS (At ambien,t temperature - 25°C) 
For Each Transistor (Q" 0., Q., Q.): 

Collector-to-Emitter Breakdown 
Voltage (Ic = 1 mA, Is = 0) .... V(BRlCmO 20 V 

Collector-to-Base Breakdown 
Voltage (10 = 10 p.A, 1m = 0) .... V(BRlCBO 44 V 

Emitter-to-Base Breakdown 
Voltage (1m = 10 p.A, Ic = 0) .... V(BRlmBO 6 V 

Collector-Cutoff Current: 
VCB = 5V, 1m = 0 .................... ICBO 0.5 max p.A 
Vcm = 15V, IB = 0 .................... lomo 5 max p.A 

For Either Input Transistor (Ql or 
Q.): 

Static Forward Current-Transfer 
Ratio (101 or lea = 1 rnA) .... hII'm 82 

Forward Transfer Admittance 
(IC1 or lea = 2 rnA, 
f = 50 MHz) ........................ yto 0.68 + ;7.9 mmhos 
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TYPICAL CHARACTERISTICS (continued) 
Input Admittance (Output Short

Circuited) (le1 or lea = 2 rnA, 
f = 50 MHz) ........................ Y'e 

Output Admittance (Input Short
Circuited) (le1 or lea = 2 rnA, 
f = 50 MHz) ............................ yoe 

Reverse Transfer Admittance (Input 
Short-Circuited) (101 or lea 
= 2 rnA, f = 50 MHz) ........ Yr. 

For Either Darlington Pair (Q1, Q. 
or Q., Q.): 

Emitter-to-Base Breakdown Voltage 
(IE. or IE. = 10 pA) ............ V(BR) JlIBO(D) 

Static Forward Current-Transfer 
Ratio 

(101 + loa or lea + Ie. = 
1 rnA) ...................................... hFJlI(D) 

Small-Signal Forward-Current 
Transfer Ratio 

(101 + loa or lea + Ie. = 
1 rnA, f = 1 kHz) ................ hfe(D) 

Small-Signal Input Impedance 
(101 + Ie. or lea + leo = 
1 rnA, f = 1 kHz) ................ h'e(D) 

Small-Signal Output Admittance 
(101 + Ie. or lea + Ie. = 
1 rnA, f = 1 kHz) ................ hoe(D) 

SJYlall-Signal Reverse-Voltage 
Transfer Ratio 

(le1 + J~. or lea + Ie. = 
1 rnA, f = 1 kHz) ................ hre(D) 

Voltage Gain 
(le1 ." Ie. or lea + Ie. = 
1 m/., f = 1 kHz) ................ A(D) 

Power Gain 
(le1 + Ie. or lea + Ie. = 
1 rnA, f = 1 kHz) ................ Gp(D) 

Noise Voltage (f = 1 kHz) ............ EN 

Input Admittance 
(101 + loa or les + Ie. = 
2 rnA, f = 50 MHz) ............ YIelD) 

Output Admittance 
(le1 + Ie. or lea + 10. = 
2 rnA, f = 50 MHz) ............ Yoe(D) 

Gain-Bandwidth Product 
(le1 + loa or loa + Ie. = 
2 rnA) ........................................ fT(D) 

For Each Input Transistor Q1 or Q. 
(le1 or lea = 1 rnA, f = 1 kHz): 

Small-Signal Forward Current-
Transfer Ratio ........... ............. hfe 

Small-Signal Input Impedance ...... hie 
Small-Signal Output Admittance.... hoe 
Small-Signal Reverse Voltage-

Transfer Ratio ............ .............. hr. 

4.14 + j5.95 mmhos 

1.94 + j2.64 mmhos 

Negligible mmhos 

12.6 "if 

4540 

1300 

82 kn 

10Ssoqwrl 

2.7 X 10'" 

26 dB 

47 dB 

0.05 
p.Vrm• 

y'f(Hz) 

1.71 + j2.S mmhos 

3.96 + j2.6 mmhos 

200 MHz 

82 
2.6 kn 

7 p.mhos 

9.8 X 10'" 
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OPERATIONAL AMPLIFIER CA3037 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 14-lead 
TO-116 dual-in-line ceramic package; Outline No.7. For sche
matic diagram and characteristics curves, see Figs. 197 through 
208. This type is electrically identical to type CA3008. 

OPERATIONAL AMPLIFIER CA3037A 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 14-lead 
TO-116 dual-in-line ceramic package; Outline No.7. For sche
matic diagram and characteristics curves, see Figs. 196 through 
208. This type is identical to type CA3037 except for the follow
ing items: 

TYPICAL CHARACTERISTICS (At ambient temperature = 25°C, 
Vee = +6V, VEE = -6V) 

Input Offset Voltage ................................................ VIO 0.9 mV 
Input Offset Current .... ................... ..... .......... .......... 110 0.3 p.A 
Input Bias Current . ....... ........ ...................... ......... ..... I. 2.5 p.A 
Input Impedance ........................................................ Z'n 20 kO 
Output Impedance .................................................... Zout 160 n 
Noise Figure ............................................................ NF 8.3 dB 

OPERATIONAL AMPLIFIER CA3038 
General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback amplifier, dc and video amplifier, multivibrator, 
oscillator, comparator, and servo driver applications. 14-lead 
TO-116 dual-in-line ceramic package; Outline No.7. For sche
matic diagram and characteristics curves, see Figs. 225 and 226. 
This type is electrically identical to type CA3016. 

OPERATIONAL AMPLIFIER CA3038A 

General-purpose amplifier used in narrow-band and bandpass am
plifier, feedback, dc and video amplifier, multivibrator, oscillator, 
comparator, and servo driver applications. 14-lead TO-116 ceramic 
dual-in-line package; Outline No.7. For schematic diagram and 
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characteristics curves, see Figs. 196, 225, and 226. This type is 
identical to type CA3038 except for the following items: 

TYPICAL CHARACTERISTICS (At ambient temperature 
Vee = + 12V, VEE = -12V) 

Input Offset Voltage ................................................ VIO 
Input Offset Current ............................ .................... 110 
Input Bias Current .................................... ................ II 
Input Impedance .... ........................ ........ .................... Zin 
Output Impedance .................................................... Zout 

Noise Figure ............................................................ NF 

1 
0.5 
4.7 
10 
85 
11 

mV 
J.lA 
J.lA 
kn 
n 

dB 
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Dimensions shown in parentheses are in millimeters and 

are derived from the basic inch dimensions as indicated. 
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