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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-
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on a broad family of RCA linear integrated circuits.
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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, any one
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 n n
SINGLE CRYSTAL

p

Fig. 1 — Silicon wafer used as start-  Fig. 2 — Diffusion 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
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Fig. 3 — Diffusion 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 t{telectnc
resistor. to form integrated capacitor.

Fig. 7 shows the combination of the three types of elements on a
single wafer.
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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 1 to its width w (i.e.,, R = R; X 1/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 foliows:

Component Relative Area
Transistor 1
1000-ohm Resistor 2
10-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 turn
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 t:onsidérations 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

ACTIVE
B/ 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 circuiis. 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-
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ized high-volume applications. Such circuits may be intended to
replace the if strips in AM or FM 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, FM 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 gr)cro
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-Q-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 Q, operates
as an input buffer, and transistor Q. is essentially a current sink for
Q;. The shift in dc level is accomplished by the voltage drop across
resistor R, produced by the collector current of transistor Q.. The
emitter of the output transistor Qs is connected in a bootstrap ar-
rangement to the emitter of transistor Q.. Feedback from this tran-
sistor through R; results in a decrease in the voltage drop across R;
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-in-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¥2-mil 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-circuit packages.

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 in an integrated
circuit is a function of the maximum storage temperature T, the
maximum ambient temperature T,, and the thermal resistance from
pellet to case 6p.¢ [i.e., Pa = (Ts — T4)/ 6p.c]l. 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 175°C, and the recommended maximum ambient
operating temperature is 125°C. 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 125°C. For dual-
in-line packages, the thermal resistance is typically 70°C per watt
for ceramic types and 150°C per watt for plastic types. The recom-
mended maximum storage and ambient temperatures are, respec-
tively, 85°C and 70°C for plastic packages, and 175°C and 125°C
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 configuration, 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-5-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. Table I lists and provides a brief description of some

Table I — Integrated-Circuit Sockets

Manufacturer Mfr’s or
Integrated-circuit or Supplier’s
Package Type Supplier Part No. Description
AMP-Crimpac4 Header (requires crimping
AMP Inc. 583109 - 0 through 7 machine)

583110 - 0 through 7

Receptacle

Azimuth Electronics 5100-2 Fo’r( u;g %t temperatures up
0 o
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-AG10 For printed circuit boards
314-AG3A For chassis mounting
14-lead 114-AG1B High-temperature Teflon,
Dual In-Line for chassis mounting
(Plastic or 114-AG1A 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
8-Lead printed-circuit boards
T0-5 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
8058-2HG1 Miniature-type, Teflon, for
printed-circuit boards
10-Lead Barnes Development MG1002 Miniature-type, Teflon
T0-5 Style Co. MGR102 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
T0-5 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, E. 1. DuPont De Nemours & Co.

A Registered Trade Mark, AMP Incorporated.
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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 any one 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. 11(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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8
T

PRINTED
CONDUCTOR

TINNED SOLDER
PAD TINNED LEAD

REFLOWED
SOLDER

Fig. 11 — 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 “reflow
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-circuit board, as in
Fig. 11(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 terminal connec-
tions, and (4) larger lead holes can be used to simplify lead
insertion.

325
—>DIRECTION OF LEAD CLINCH —> (a)

SUGGESTED HOLE DIA.
MINIMUM PAD SIZES | (INCHES) REMARKS
(INCHES) after plating

.OB?S—'G—D'
042 .| Foruse atpointsof clinch-
42| 020 min. | o jead attachment
.0754‘-——[
—

gk

| For non-adjacent plated
@ 050 020 min. | through hole terminal areas

F
For adjacent terminal
050
‘]*"j ) areas on .050 centers when
o4z | .020min. |clinched lead attachment
B is not used (shaved .050
dia. pad)

Fig. 12 — In-line lead and terminal arrangements for RCA 14-terminal
flat packs: (a) through-the-board mozngng 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)
037
‘.l —t For use atpoints of clinch-
064 | .030 £.003| o 1eaq attachment
P
—t For terminal areas not
@ 064 .030 +.003| used for clinched lead at-
— tachments

Fig. 13 — Staggered-lead mounting arrangement for RCA 14-terminal
flat 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
Y4 inch. When this maximum offset is used, only the straight-
through type of connection shown in Fig. 11(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.
XXX
XXX

(a) (b)

WELD

(c)

Fig. 14 — Welded connection methods for mounting RCA 14-terminal flat
packs: (a) post method; (b) surface-pad method; (c) tab method.

TAB
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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, 10-lead, and 12-lead TO-5-type packages is shown in
Fig. 15(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 appropriate
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. 15(a) and the radially-offset method
shown in Fig. 15(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. 15(c) shows variations of the method shown in Fig. 15(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-5-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-5-type package, the spacing between adjacent pads on
a 230-mil circle will be even smaller.
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(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 10-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.

5

k= CLINCHED
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TYR

PACKAGE
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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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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 11(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 them 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 flat-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 flat-pack integrated circuits conducted undér 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 4 125°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 flat-pack
and TO-5-type packages are shown in Fig. 19.

—{ fe— 015 miN.

.
Fmin= 004 1 oreseT

(1 LEAD THICKNESS)

0.030 MIN.

Ry, =0.020
(I LEAD DIAMETER)

I

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 dc into the vhf region. The currents to the
emitter-coupled pair of transistors are supplied from a controlled

Iclt Re| Rep iICa Q__-_
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.__‘_> \ Ie' IEZ 4—2—
e
Vbel/ ‘\\Vbea v
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& I°l CONSTANT- \é
—i— CURRENT T
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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, dc
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 dc supply voltages, -+ Voo and
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— Vg, 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 (Q; and Q.) 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 Q; or Q. 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 Q, is driven positive
with respect to the base of transistor Q., the differential input
voltage is considered to be positive. For this condition, the current
through Q, increases, and the current through Q. decreases. Con-
versely, a reversal in the polarity of the differential input voltage
results in a decrease in the current through Q; and an increase in
the current through Q..

Differential Input Voltage

In the differential-amplifier circuit shown in Fig.20, the sum
of the emitter currents of the differential pair of transistors Q
and Q. must be equal to the total amount of current (I,) supplied
to the constant-current sink, as shown by the application of Kirch-
off’s second law at node e:
I, + Iy = I, (1)
The emitter-to-base voltages Vi, and Vi, of the emitter-coupled
transistors Q; and Q. are expressed as follows:
Vbe1 = Vbl - Ve (2)
Vieo = Vi, — Ve 3)
where V. is the voltage at the node e and Vy,, and V,, are defined
as indicated in Fig. 20.
If the V. term is eliminated in Eqs. (2) and (3), the follow-
ing result is. obtained:
Vbl - ng = Vbel - Vbe2 (‘1)

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 (I.) and base
(I,) currents of transistors Q; and Q: in terms of their emitter
current (I.):

Ie; = ol
I, = al., (5)
Ly=>0-a)l,

Ib2 = (1 - a) Ie2 (6)

where alpha («) 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 (Q; and Q.) of the
differential pair.

The base-emitter diode equation relates the base-to-emitter
voltage (V) of a transistor to the emitter current (I.) as follows:

Vbo )
=1L — —1 7
(s .

where I 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 300°K, a saturation current I; in the order of 0.2 X 10—18
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
Q; and Q, respectively, as follows:

(8)

I, = I, exp

Iep = Isp exp —2 9
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If the two transistors Q; and Q, are assumed to be identical,
the following basic equalities can also be assumed:

Ias=L,=1
o = ay =« (10)
T,=T,=T

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

L =1 expVbl—l—I expv;;e2
= I, exp V}‘:‘” (1 + exp Y&;-XPJ> (11)

Eqgs. (8) and (9) can then be rewritten to express the emitter
currents I, and I, in terms of the total source current I, as
follows:

I

I, = v v (12)
1+ exp _ﬂ%l
I
I, = 2 . (13)
| + exp Ym;l‘_vbz

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

al,

Icl = v V (14)
1+ exp bg—h

I, = "“I; s (15)
1 4 exp —2—22 o b2

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

When V,, is equal to V,,, the two transistors Q; and Q. are
balanced, and one-half the total current I, 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.

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

The slope of the transfer curves (i.e., the transconduct-
ance) is dependent upon the value of the total current
I, 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 I,. This re-
lationship implies that automatic gain control is inherent
in the differential amplifier when the current I, is con-
trolled.

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.

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.

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 I,; this circuit, therefore, may be used
for mixing, frequency multiplication, modulation, or
product detection when the current I, 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 g, as a function of the in-
put voltage Vi, — Vi,. The following result is obtained:

o ']‘:9“ exp &
dlc =gm= __}.l__—h._ (16)
deb

(1 =+ exp i_b)?

where e, represents Vy; — Vi, and h is again equal to KT/q.
When the transconductance is evaluated at the operating
point (e, = 0), Eq. (16) reduces to

qal,
Em = 4KT

Eq. (17) reveals that, for the same value of source current
I,, 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 I, 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

(a7
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apparent effective transconductance, g app), for the double-ended
circuit which is expressed by the following equation:

qal,
m (a = 18
Zm (app) 2K (18)

EFFECT OF EMITTER DEGENERATION
ON DIFFERENTIAL-AMPLIFIER CHARACTERISTICS

Fig. 22 shows a curve of transconductance as a function of
differential input voltage Vi, — Vi, 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 differential amplifier as a function
of the differential 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 (R.) 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 linear 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 I, and the value of the
emitter resistance R., 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,
Vze; — Vres, can be expressed as follows:

VrRel - "YRez = Ie] R»e - Ie2 Re (19)
If the relationship expressed by Eq. (1) is used, Eq. (19) becomes
VRq - Vch = (21e1 - Io) Rc (20)

or

1 VRcz = (Io - 2192) Re (21)
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Eq. (20), which expresses the ohmic differential voltage drop
in terms of the emitter current of transistor Q;, may be rewritten
to express this voltage drop in terms of the transistor collector
current, as follows:

VTRel - VRe2 = <%l - Io) Re (22)

where I, is defined as indicated in Eq. (5).

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
1, 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 Vy, — Vy,. In this inverted form,
Eq. (14) becomes

Vi, — Vb, = —h In ("‘L - 1)

c1
This expression for Vi, — V., however, does not include the
ohmic differential voltage drop across the emitter resistors. When
this voltage Vre; — Vre,, as given by Eq. (22), is added, the equa-
tion for V), — Vy, becomes
al, \ /o1
Vi, — Vi, = —hln<Il — 1) 4 (T”—IO)R.B (23)

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

d(Vbl Vbz) h (a_IO> ( ch ) + 2Re (24)
dIcl Ic12 an - Icl «

At the operating point (I, = al,/2), Eq. (24) reduces to
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d(V, — Vi) _ 4h + 2R. _4KT | 2R.
dr, al, « aql, o

(25)

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

, 1 agm .
s - 26)
74 2R o't 2R (

Zn a

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

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

' 8Bm

T T 2R &0
For a differential amplifier having an original transconductance
(gm) of 20 X 10* micromhos, as would be expected for a current
I, of 2 milliamperes, the effective transconductance (g,’) be-
comes approximately one-third the original value when emitter re-
sistors (R.) of 50 ohms are used.

The transconductance curves for a differential amplifier which
employs ecmitter 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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Fig. 25 — Effect of emitter degeneration on the transconductance of the
basic differential amplifier.
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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 (R.) 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 I, 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 siope 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-

To=2.imA |
—MEASUREDT
T 2.5}---CALCULATED
,I_ l—Re=50 OHMS Re=0
uZ.I 2 I\‘ 7, A —
@ ™
5 \ AT
o 15 y
« 4,
s} //
5
“ /|
-] 4
8 os Ve S

- 7

Ter % Icop

0 -100 o] 100 200
DIFFERENTIAL INPUT VOLTAGE—mV

Fig. 26 — DC characteristics of the basic differential amplifier with and
without emitter degeneration for a source current of Io 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 I, 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 dc transfer characteristics at a current
I, of 0.188 milliampere, rather than at an I, 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 Io 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 (R.). At this current, the internal
diffusion resistance (r.) of each transistor is in the order of 260
ohms, and the 50-ohm emitter resistors (R.) are relatively small
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 R, (as given by the second term of the equa-
tion) is 0.28 KT/q for an I, of 0.188 milliampere and 3.1 KT/q
for an I, of 2.1 milliamperes. This behavior suggests that, when
gain control is provided by variations in the value of I, 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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I, (and consequently the circuit gain) is reduced, however, the
increase in signal-handling capability gradually disappears be-
cause the effect of the emitter resistors R, becomes relatively in-
significant compared to that of the internal diffusion resistance r,
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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Fig. 28 — Transconductance of the basic differential amplifier as a function
of differential input voltage for operation with and without emitter
degeneration.
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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, 1., inherent in each transistor of the differential
pair is assumed to be 3 ohms.*

2. The actual value of each diffused emitter resistor R. 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 Eqgs. (17) and (27), except when the total oI, 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 «l,, 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 R.. 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, (I — a)ry'.
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 Q, and Q.
may be expressed as follows:

Vb1 —_ Vb2 = Vbe1 + Ie1 Re - 162 Re - Vbe2 (28)

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

Vier = (1 —a) Ly 1" + % In o + Ieq Tec (29)
Vbez = (1 — Ot) Ie2 l‘b/ -+ qu In 11‘2 + Iez Tee (30)

where ry,’ is the internal base resistance, r. is the internal emitter-
contact resistance, and the following matching equalities are as-
sumed:

L =1L, =1,

a = ap =

I‘b, = I’b1, = I‘bzl (31)
Tee = Tecy = Tecp

Re= Re, = Re,

(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 Egs. (28), (29), and (30),
together with those given by Eqgs. (1), (5), and (6), are used to
obtain equations for the transconductance in terms of the collector
currents I, and I., of transistors Q; and Q,, respectively, as
follows:

Vi, — Vi, = [(1 — &) 10/ 4 Tee + Re] (231 _ L,)

I

+hiln —2— 32
" al, — I (32)
, 21,
V‘)l - th = [(1 - Ol) Ty "l_ Tee + Re] (Io - 7)
thin e =T (33)

cg

Eqgs. (32) and (33) are differentiated, and the results are evalu-
ated at the operating point (at I, = I, = ol,/2) to obtain the
following relationships:



Differential-Amplifier Configuration 43
d(Vyy — Vi) _ 21 —a) 1’ 1 (Tee + Re) 2 4h

- 34

i - » + o (34)

dVip = Vi) _ 20— o)m/ (et R)2_ 4h
dIc2 (¢4 [24 an

Eqgs. (34) and (35) are inverted to obtain the required equa-
tions for the transconductance of transistors Q; and Q,, respec-
tively, as follows:

dI, o {
Ey = - — = - (36)
d(‘" b1 Vbz) 2(1 - a) Iy, + 2(rec + Re) + 4h/10
Ly = dIcz —< (37)

d(Vo, — Vo) 2(1 —a) 1/ & 2(re + Ro) + 4h/1T,

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

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 diffetence in potential between the two out-
puts (V,, and V,,, 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 Q; and Q. through
the two external base resistors to ground. Under these conditions,
the voltages V;,, and V,,, are both unequal to zero; an offset exists
if these voltages are also unequal to each other (i.e., if Vi, — Vy,
= 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 Q; and Q- 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 mecasurement.

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 V,, — V,, 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 Vi, 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 V,, 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 r;,” and by the flow of emitter
current through the emitter-contact and bulk resistance r... Vi, can
be expressed in terms of these voltage drops, as follows:

Vie = (lill‘ In %) 4+ Leree + L (I —a) 1/ (38)

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

r— KT (39)
ql.
The voltage drop across the diffusion resistance r, is included in
the logarithmic term of Eq. (38).

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

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 r, 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 r.. 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 Vy,. can be attributed almost entirely
to the logarithmic term in Eq. (38).

Fig. 29 shows that V). 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 following result can be obtained:

Ezexp@=5)(10“
I, 26

I, = 0.2 X 1071% ampere

For each decade change in the emitter current, the logarith-
mic component of the base-to-emitter voltage V. changes by an
amount equal to KT/q In 10, or 60 millivolts at 300°K. Fig. 29
shows, however, that the V. curve for an emitter current of 1
milliampere is shifted 65 millivolts upward from the Vi, 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 1-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 Vi, 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. is largely dependent upon the
bulk saturation current I,. At a given temperature, this current,
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Fig. 29 — Effect of temperature and emitter current on the base-to-emitter
voltage of an integrated-circuit transistor.
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in turn, 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), with tempera-
ture changes from —1.6 millivolts per °C at low emitter currents
(0.1 milliampere or less) to 1.3 millivolts per °C at 5 milliamperes
of emitter current. This reduction in the negative temperature co-
efficient of V,, 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 I,, and
I, are assumed to enter the bases of the differential pair of tran-
sistors Q; and Q. through external base resistors Ry, and Ry,,
respectively, from the ground reference. Kirchoff’s first law then
dictates that the sum of the voltage drops from the ground refer-
ence across R;,, the base-emitter junction of transistor Q,, the
two equal emitter resistors R, and R.,, the base-emitter junction
of transistor Q., Ry,, and back to the ground reference must be
zero. This summation may be expressed as follows:

be Rbl + Vbel + Ie] Rel - Ieg Reg - V'be2 - Ib2 Rabg =0 (40)

Eq. (40) may be rewritten as follows:
(I—a)leRuy + Iy Rey + Viey = (1—as) Loy Ry

+Ie2 Reg + Vbe2 (41)
This equation is then solved for I,; to obtain
Iel - IegRb2 (1 - 0(2) + Ie2R02 Vbeg - Vbel (42)

Ry, (1 — ar) + R, Ry, (1 — an) + R,

In Eq. (42), the voltage drops across the intrinsic emitter
and base resistances (r.. and 1,’) need not be explicitly expressed
because these voltage drops are implied in the Ve, — Vi, term.
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Alternatively, if the Ve, — Vi, 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 I., and I,
of transistors Q; and Q., respectively, as follows:

IO_L — h [Rbg (1 - 0‘2) + Re2:| Vbeg - Vbe1
a @ | Ry, (1 — 1) + Ry Ry (1 — 1) + Rey
Eq. (41) may also be written in terms of the common-emitter

current gain, i.e., the transistor beta (8), when the following
relationships are employed:

(43)

= 44

B= " (44)
B

= 45

T )
The resultant equation is given by

= & [sz + B+ 1) Rez] I B1 (Vbez - Vbe1) (46)

T BLlRy G+ DR R+ B+ DR

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:

VO] - Vog = Ic2 Rcz - Icl Rcl (4:7)

where V,, and V,, are the collector outputs of the differential-
amplifier transistors Q, and Q,, respectively, and R., and R., are
the collector load resistors for these transistors.

The effects on the offset of differences in corresponding
parameters of the differential pair of transistors Q; and Q: can
be approximated by examination of Eqgs. (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, R.; and R., are used to denote the total
of the extrinsic and intrinsic emitter resistance, and Ry, and Ry,
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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Re; = R, = 50 ohms extrinsic + 3 ohms intrinsic
Ry, = R,, = 40 ohms intrinsic + 0, 1000, or 10,000 ohms

extrinsic
R., = R., = 1000 ohms
I, = Il =~ 1 milliampere
Br = B2~ 60

Figs. 30 to 36 show the effects on the offset of differences in
corresponding pairs of the various parameters as calculated from
Egs. (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
(Rp; = Ry,) 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. 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,. of the differential pair of transistors is reduced by the
use of emitter resistors.

Te;=Icp=ImA |
08}Re)=Rc, <1000 OHMS
Rpj=Rbp=40 OHMS
06} (INTRINSIC)
B)=Bp=60
04 2
2

/03
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02 A
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4 4
04 06 08 | t2 14 16 18 2
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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
(81 = B2) 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 — Qutput 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 °C. Statistical produc-
tion controls usually allow for greater maximum drifts, e.g., 5 to
10 microvolts per °C.
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CONSTANT-CURRENT SINK

The constant-current sink for the source current I,, 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.
D; represents the number (0, 1, 2, ...) of forward-biased diodes
in series with resistor R,, and D, represents the number (0, 1, 2,
. . .) of forward-biased diodes in series with resistor Ro.

—_
('__m_I_e, Io=aTle
! lIz ha

Ry R2

e

.o,

D)y ! 021

Fig. 37 — General configuration for a diode-stabilized transistor current-
sink circuit.
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The sink current I, 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 I. = al., where in this case the I, 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' = (%I‘ In EI_) + Ir (48)

S

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 Ry and R, 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 (V¢g = 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 r,” and a higher forward voltage
drop results. In Fig. 37, this additional voltage drop is lumped
with the voltage drops across the external resistors R; and R..

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:

L=L+0—-a)l (49)
Ve— D14+ D) VV=1,R; + 1: R, (50)
D2 V/ + I2 R2 = (1 - a) l‘b,Ie + V/ + (rec + R3) Ie (51)

Solution of these three equations in terms of the emitter current
I. of the current-sink transistor yields the following relationship:
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I — X [Vee - (Dl + D2) VI] + (Dz -_ 1) V/ (52)
’ Ri+ ree + (1 — @) (1’ + RiX)

where

X = _Re
R: + Rs

(53)

Temperature Characteristics

In Eq. (52), the emitter resistor R; 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 (r, +
R;:X) 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 = «/(1 — o)] 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; + D,) and (D, — 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 D;, D,;, X, and V.. The effect of each of
these parameters on the emitter current I, as given by Eq. (52),
and hence on the output current of the current-sink circuit (I,
= al.) 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:

E
I.= — 54
R (54)
where
E=X[Ve—D1+D) V]+(D:— 1) V' (55)
and

Rt = R3 + Tee + (1 - a) (I‘b’ + R]X) (56)

In Egs. (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.. In this figure, curves B, C, and D show R; as a function of
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Fig. 38 — Resistance ratio R 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 Rj
at 20°C is 500 ohms. Curve A shows variations in the value of
resistor R; 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 Rs, 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; is reduced as the

CURVE
I A-R3zONLY
z B-R4,R3=1500 OHMS
Eo 12l C-Ry Rz= 500 OHMS "
g 8 | B=35 AT 20°C
W R|Ro
<k =2500 OHMS c
@, b RI’RZ g
w>
23
g >
=
28 | g
—
& —
A
0.9
-40 0 40 80 120

TEMPERATURE—°C

Fig. 39 — Resistance ratio R: as a function of temperature for several values
of the emitter resistor (R;) of the current-sink transistor.

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

1. As the temperature rises, the resistance R increases; the
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emitter current I, and, therefore, the source current I,
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 I, is made to increase with
temperature.

2. 1If a collector load resistor tracks the composite resistance
R 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 I, to increase with increases in temperature.

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

V' =V, + CAT (87)

where V, is the value of V' at room temperature, C is the tempera-
ture coefficient of V' (e.g., —1.43 millivolts per °C), and AT 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 - % (MV.. — V, — CAT) 58)
where
M = X - (59)

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

AE _ _—CAT
E MV — V,
Because the temperature coefficient C is negative, the ratio AE/E
can be positive only if M is positive and if MV, is greater than
V,. A zero temperature coefficient for E is approached when M
approaches infinity; resistance ratio X is then given by
_ Dy—1
D; 4+ D

When M is equal to or less than 1, the ratio AE/E is very

(60)

(61)
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small and, for conventional dc power supplies (Vee >> V), is
positive. In the evaluation of M, it is important to remember that
D, and D, 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. Eqgs. (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 R; and R. 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:

1
R,
R—2+1

X:

If production tolerances restrict the ratio R;/R; to a value between
0.5 and 2 (i.e., 0.5 < R;/R; < 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 D; or D, is limited to 3. A
systematic exploration of all possible combinations is best accom-
plished by evaluation of Egs. (59) and (60) as functions of X,
D,, and D,, as D; and D, are assigned values of O, 1, 2, and 3
in turn.

For D, = 0, Eq. (59) becomes

- X
DX +1

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

The change in AE/E that results from a 100°C 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 D; when Dy = 0 and V.. = 3.0 volts. As X
is varied from O to 1, the increase in temperature causes negative
increases in E that rise to infinity. As X is increased further, the

M (62)
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Fig. 40 — 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 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 D,
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 V. is 6 volts. With
V.. doubled, the turnover point occurs closer to the origin, and
the positive changes in E are smaller.

It is obvious that D, must equal O 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 D; and of the ratio X.
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Fig. 41 — 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 V.. of 6 volts when no diodes D: are used.
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For the condition D, = 1, Eq. (59) becomes

_ 1
1+ D,

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 D, = 1 is rejected and will not be
considered further.

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

(63)

M

M = X (64)

R

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

When the voltage V. is low enough, the ratio AE/E may
again approach infinity and then become negative. As illustrated
in Fig. 42, which shows variations in AE/E as a function of X
for a Vi of 3.0 volts and D; = 3, this condition can produce
large positive coefficients. These coefficients are somewhat smaller
when a higher V.. is employed, as shown in Fig. 43 for V. =
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 V. of 3 volts when two diodes D: are used.
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When D, = 3, Eq. (59) can be written as follows:

M = X

B 2
@+00 (x - 575

(65)
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Fig. 43 — 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 V.. of 6 volts when two diodes D: are used.

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

The simplest arrangement that results in a zero temperature
coefficient is defined by the conditions D, = 2 and D; = 0.
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 V.. of 3 volts when three diodes D: are used.
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Fig. 45 — 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 V.. of 6 volts when three diodes D: 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 D; = D, = 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.

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

t

The voltage drop across the collector load resistor of each tran-

sistor is given by
2\ (ERy
LRy = i‘—)( ) 67
- (L) (R (©7)

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

IRL = (;) EU (68)
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For a given positive collector supply voltage V.., the collector
voltage V,. of each transistor at the operating point is given by

a?
Voc = Vcc - 7 UE (69)

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

a? nl ’
Voe = Voo — —2~ UE -V (70)

The gain G of each transistor at the operating point is equal
to |gn Ry|. On the basis of the relationships given by Egs. (36),
(54) and (67), this parameter can be defined as follows:
aU

G| = |gn Re (71
1 | ‘g l (1 —Ol) rb +(rec+Re)] + )

Substitution of Eq. (58) into Egs. (69) and (70) ylelds the
following results:

UX\  CATe? [UX
Vee = Voo — — UXVeP v, (£ ) < ) 72
+ ( 2 M + 2 M 72)

Voe = Vcc - azUXVee + Vo (aij E - 1)
2 2 M

— CAT (1 - “;§X> (73)

For the conditions D; = Dy = 0 and X/M = 1, Egs.
(72) and (73) may be rewritten as follows:

V°‘j‘; U car “TU (74)

afl
Voo = Voo — E UXVe +

“

2 2
Voo = Voo = & UXVar 4V, (0‘-22 - 1) _CAT (1 - ‘i;g> (75)
For the conditions D; = 0, D, = 2, and X/M = 0, the
equations for V,. and V,. become

oc - Vcc - a—‘—U X Vee (76)

4

2
Voe = Vcc - % UXVee - Vo - CAT (77)
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Egs. (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 V. and Ve, and upon the
« of the transistors.

Gain-Temperature Relationships

With the exception of « 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 CAT. For the conditions under which Eq. (76) is applicable (i.e.,
D, =0, D, = 2, and X/M = 0), the output-voltage equation con-
tains no temperature-dependent terms except « and U. For the con-
dition D; = D, = 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 «?U/2
approaches unity. For this condition (D; = D, = 0), the gain
relationship, Eq. (71), becomes

Gl = Lo (78)
2Rte U + 4KT (1 + To )
Re q (VeeX - Vo - CAT)

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

Rte = (1 - a)rb, + (rec + RE) (79)
At room temperature (20°C), the gain is given by
U
G loree = ¢ 80
|Glare 2R.U _ __ 4KT, (80)
Ry aq (Ve X — Vo)

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

aU

|G| = ®81)
AT
ooy KT (1+5T)
Ry aq Vee X
At room temperature, this equation reduces to
U
|G aec = . (82)

2R.. U + 4KT,

Ry, aq Vee X
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~ The gain of the differential amplifier is thus found to depend
upon the resistor ratios U, X, and R¢/Ry, upon e, and upon

the dc supply voltage V..

Relative Merits of Various Operating Modes

The variations in « and in <? 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 R
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 Rz of 1000 ohms.
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Fig. 46 — Relative values of the
alpha for the current-sink transistor
as a function of temperature for
several beta values.
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The graphical data presented in Figs. 46 through 49, together
with the relationships expressed by Egs. (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 « with temperature. Such o-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 V.. For low values of V., 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 «®U/2 is greater than 1, the temperature coefficient of
the output voltage may be negative. If «?U/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 « with temperature is the only
determining factor. If «®U/2 is substantially less than 1, the posi-
tive-temperature-coefficient terms should predominate, and an
operating point that rises with increases in temperature will result.

Eq. (78) indicates that the basic decrease in g, as the tem-
perature rises (because of the KT/q term) can be cancelled or
overcome if the value selected for the supply voltage V.. 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 R.. These emitter
resistors tend to diminish the difference 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 Ry, and the
resistor combination R; are established by the bandwidth require-
ments of the circuit. The absolute value of the resistors R; and
R,, 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 R; and
R,. 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 R; and R, are decreased.
Thus, the smaller the resistors are, the smaller the varia-
tions in U with changes in beta.

These conflicting considerations indicate that a compromise
is required in the selection of the absolute values of R; and R,.
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Another factor that must be considered, before a final decision
of the absolute value of R; 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 impedance must be high compared to the parallel
emitter input impedances 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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Fig. 50 — Equivalent-circuit model of an integrated-circuit transistor.
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G, is small, but not necessanly negligible, and therefore is rep-
resented.

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

. P BR._
Your = G C, + 2 [R ]
‘ +jo D 1+P+DZ + 1’ + s (83)

where
D=R.+ (1 —a)r,/= Re (84)

and R. includes any external emitter resistor plus the internal
emitter resistances r.. and r.. When Eq. (84) is substituted in
Eq. (83), the expression for Y,,. becomes

You—G+ C=-——-——————-[ L] 5
: 1@ 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
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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., G, — 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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Fig. 52 — Absolute value of output Fig. 53 — Effect of the emitter re-

impedance of the current-sink tran- sistor (Rs) of the current-sink tran-

sistor as a function of frequency for sistor on the change in output

several values of the base-termina- impedance with frequency.
tion conductance.

lower the frequency at which the roll-off caused by the collector
capacitances occurs.

Figs. 54 and 55 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 V.. 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 R, and R..

the base-bias resistors, R; and R,, 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 R; is chosen as 5000 ohms. For the conditions
D, = 0 and D, = 2 (“diodes in” mode of operaton), the ratio X
is 0.5, and R, is also 5000 ohms. The sum R; + R; then is
10,000 ohms. The equivalent base termination resistance R,X
can be calculated as follows:

R.
= () = o0
1 1 R1+R2 oUU onms
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At a temperature of 20°C and for a tramsistor beta of 35,
the quantity (1 — «) R;X 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 (D, = D, = 0), if
the value of R, is again 5000 ohms and the ratio X is 0.36, R;X
is 1800 ohms. The quantity (1 — «) R;X then represents a re-
sistance of 50 ohms. The ratio R;/R,, as determined from Eq.
(53), is 1.78, and the value of R, becomes 2800 ohms. The sum
R; + R; 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

Pr—
Io =ale

500 OHMS
31000* OHMS

Ry
§sooo

OHMS 1000 OHMS
2000* OHMS

Saws FoR
(PRe = A+B Re =A,SHORT TO
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Vee Ry_> 5000 OHMS.

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, high-
gain circuits) require larger values 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
108 to 109,

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 configuration 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 Ry, 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., Ioyr = 0. (The effects of a finite Ry, 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, R, must equal the
parallel combination of Z.(w — 0) with the series combination
of Z;(o = 0) and Z,; (o = 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, term. For brevity, the symbol Z, is
defined to include the source impedance as well as certain feedback
design elements. The impedances Z; and Z, 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 A,(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:

V01 = _AO("’) (Ve - Vi) (86)

where V. and V; are defined as follows:

— VIN (Z5+Zoi)/(zi+Rr) Vol Zr/(ZI+Rr)
Zr + (Zf+zoi)/(zi+Rt) Zf + Zoi + Zr/(Z1+Rr)

(87)

e

and
Vi = Ve Rr/(zl + Rr) (88)

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

If the expressions for V. and V; given by Egs. (87) and (88)
are substituted in Eq. (86), the resulting expression can be sim-
plified as follows:

_ —A(w) Zi (Ze+Zo;) Vi
(Zf+Z0i) (Zi+Rr)+Zr (Zf+zoi+zi+Rr)+Ao(w)Zi Z:
The output voltage Voyr is expressed in terms of V,, and Viy
by the following equation:
Vo] [Zf + Zr/(zx + Rr)]
Zoi + Zf + Zl‘/(zl + Rr)
Vix Zoy (Zt + Zo;) / (Zs + Ry)
(Zs¢ + Zoy) Ze + (Zt + Zo3) /(Zs + Ry)]
With V,, defined as indicated by Eq. (89), the accurate equation
for the transfer response (for Ry~ «) becomes
Vour _ Zio; (Zi+Ry) — Ao(w) Zi Zs
Vin  (Zs+Zoy) (Zi+Re) + Ze (Zs+Zo;+Zi+Re) +Ao(w) Zi Z:
If Z, is assumed to be much greater than the combination of Z; in
parallel with Z; + Z,, and if Z, is assumed to be much smaller
than Z,, then the closed-loop gain (or transfer function) may be
expressed as follows:
Vour -~ —A,(w) Zs
VIN Zf + Zr + Ao(w) Zr

In addition, if the open-loop gain A(w) is the dominant term in
either Eq. (91) or (92), the transfer-function equation for the in-

(89)

o1

VOUT =

+ (90)

(91)

(92)




78 RCA Linear Integrated Circuits
verting configuration simplifies to the following familiar expression:

Vour Ao(w)—f o
Vin Z,

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:

(93)

L G = open-loop gain, A,(w) ©4)
Vour

Vin

closed-loop gain,

When the transfer function is given by Eq. (92), the loop-
gain equation may be written as follows:
it 2 Ay(w)
%
Z,
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. = (95)

L G, = ZA:) (96)

Zy

2,

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 Tablell, which compares values of Vour/Vin
obtained from the precise transfer expression, Eq. (91), with

Table II—Comparison of Precise and Approximate Formulas
for Closed-Loop Gain (Inverting Configuration)
Conditions: Ao(w) = 1000 /0°, Z1 = 15,000 /0°, Zo, =200 /0°, Zr = 1000 /0°.

2, 0° trom E4.(08) trom £ 61 Error Le
(ohms) (W) ) (@) (@)
200,000 46.0 43 1.70 14.0
100,000 400 39.1 0.90 200
30,000 29.6 29.3 0.30 304
10,000 20.0 199 0.10 400
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, Z;y — The input
impedance Z;y for the inverting-feedback configuration of an
operational amplifier, shown in Fig. 58, can be expressed as
follows:

Zin = 97)
Iin
where
Iy = Y.IN;Ve (98)
Z,
Therefore, 7
Zin = —— (99)
1 e
VIN

The ratio V./Viy may be determined by substituting the ex-
pression for V,, given by Eq. (89) into Eq. (87) and dividing
through by Viy (with Ry~ «.) The resultant equation is then sim-
plified to obtain the following relationship:

V. _ (Zf + ZOi) (zi + Rr)
Vin  Ze (Zet-Zoi+Zi+Re) + (Zi+Zo;) (Zi+R:) + Ao(w)Z; Z,
(100)
If this expression for V./Viy is substituted into Eq. (99), the
result can be simplified to obtain the following precise expression
for the closed-loop input impedance:

(Zs + Zo;) (Z; + Ry)
Tix = Zs 101
w + (Zi & Zo; + Zi + Ru) + Au(0)Z: (101)

If Ay(w) is dominant and Z,, is small, Eq. (101) reduces to
Zs (Zi + Ry)
Ao(w) Z;
A further simplification is possible when R, is much smaller than

Z;, which is a common condition. In this case, the equation for
the input impedance becomes

Zix =7, + (102)

Z¢
Ao(w)
Eqgs. (102) and (103), which are important in voltage-summing

Ziy =Z;+

(103)



80 RCA Linear Integrated Circuits

or scaling-adder* applications, can be used to predict the degree
of interaction among multiple inputs.

When A(v) is large enough, Eqgs. (102) and (103) may be
rewritten as follows:

o]
g 222 (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 V. (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 Ay(w) 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 V. is zero while the impedance at the
negative terminal (i.e., Z; + R,) 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 (V. = 0), the input current
Iix and feedback current I; can be defined as follows:

Iy = VZ‘“ (105)
I, = —Your (106)
Z;

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

Im=1¢ (107)
Vv _ —Vour (108)
Z, Zs

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

— 109
VIN Zr ( )

*A4 scaling adder is an inverting operational-amplifier configuration which
weights and sums multiple voltages.
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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 Impedance, Zoyy — The
closed-loop output impedance is the ratio of the unloaded output
voltage Vopr to the short-circuit output current Iopr as follows:
_ Vour Rr— =)

Tovr (R — 0)

It is apparent from Fig. 58 then that the output current Iogr is

given by —Ay(w) (Ve — Vi)
Zoi

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

Zovr (110)

Iour (RL—0) = (111)

_Ao(w) Z i Ve
Zoi (Zi + Ry)
Under short-circuit conditions (R, = 0), the voltage V. in terms
of Viy is given by

V. = Vin Z:/ (Zi+R:) _ Vin Z: (Zi+Ry) (113)
* Ze+ ZifZiARe)  Ze Zi+Zi+Rs) + Ze (Zi+Ry)

Therefore, Iopr (at Ry, = 0) can be expressed in terms of Viy as

follows:
—Ao(w) Z;i Z¢ Vin
Zoi [Zr (Zf+zx+R:) + Zf (Z,+Rr)]
If this expression for Ioyr is substituted in Eq. (110) and con-
sideration is given to the intransience of Vyy in going from an

unloaded to a fully loaded condition, the equation for Zogy
becomes

Tovr RL—0) = (112)

IOUT =

(114)

Zo; (Ze (Zt+Zi+R,) + Z¢ (Zi+R))] (VOUT> (115)
—A, (@) Zi Zs Vin
Finally, the desired equation for the closed-loop output impedance

is obtained if the expression for Vour/Viy given by Eq. (91) is
substituted into Eq. (115), as follows:

Zovr =

Zoyr=

Zoi(Ze(Zs+Z:i+Ri) +Zi(Zi+Ro)Ao(w) ZiZs— Zoi(Zi+Ro)]

A(W)ZZAZ(Zs+ZoyF+Zi+Re) + (Zs~+Zo;) (Zi+Ry) +Ao(w) 23 Z:)
(116)
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If the open-loop gain term A,(») is dominant, Eq. (116) simplifies
t
L Zal% (4 %+ R)+ % G+ R

o Aol(w) Zs 2

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

117)

|4 B
Zovr = Loy —— 118
oUT Ao (w) ( )
The assumption that Z; 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

VouTt

Iout

gn

||f

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 Ry, is large enough so that its effect
is negligible, i.e., R~ and Iogr = 0. (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, Z; and Z,, 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 A,(w).

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 R, rather than the frequency-
dependent parameter Z,, 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 Ry, approaches infinity, the output
voltage Vour for the general circuit shown in Fig. 59 can be ex-
pressed as follows:

Yooy < VeulletZe/ (Bt R)]
Zoi+2¢+2. / (Zi+Rs)
Vin ZOi [Zr/(zf+Z0i)]
(Zs+Zo;) [Zi+Re+Ze / (Zs+Zoy)

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

Vol [Zi (Zr+Z1+Rr) + Zr (Z1+Rr)] + Zr Zoi VIN
VOUT = (120)
(Z1+Rr) (Zr+zf+zoi) + Zr (Zf+ZOi)
The voltage V,, is defined by the differential-gain expression, as
follows:

(119)

Vo = Ag(w) (Vi — Vo) (121)
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where V; is the source voltage Viy less the voltage drop across
R,, as given by

Vi=Vix — IimR: (122)
where Vi— V.

Z;

The voltage V;, given by Eq. (122), can now be expressed in terms
of the voltages Vix and V., as follows:

_ Z;Vin + R: V,
Zi+Rr

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

Iin = (123)

Vi (124)

V. = Vo Ze/(Z;+R.) Vin Z. / (Zs+Zo;)
* T+ Zi+ Lo/ (ZiARe)  Zi+ Re + Lo/ (Zit-Zog)
If the relationships for V,, and V; given by Eqgs. (121) and
(124), respectively, are used, V. can be expressed solely in terms
of Vi, as shown by the following equation:
_ (Ze Zs + Zy Zo; + Ao(w) Z; Z,) Vin
(Zi+Rs) (ZetZi+Zo;) + Ze (Zs+Zoy) + Ao(w) Zi Z:

Egs. (121), (124), and (126) are now used to express V,, in terms
of Vin, as follows:

(125)

(126)

e

_ Ay(w) Z; (Z:4-Zs4-Zoy) Vin
(Z1+Rr) (Zr+Zf+Zoi) + Zr (Zf+Zoi) + Ao(w) Zi Zr
If this expression for V,, 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:

VOUT —_ Zr Zoi + Ao(w) Zi (Zr+zf)

VIN (ZI'I'R':) (Zr+Zf+Zoi) + Zr (Zf+Zol) + Ao(w) Zi Z,
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 Z, is assumed

to be zero and the impedance Z; is assumed to be very high.
When these assumptions are made, Eq. (128) becomes

Vour - (Zr+Zf) Ao(“’)
Vin (Zr+zf) + Z, Ao(w)

127)

Vol

(128)

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

VOUT = Ao(w) (130)
Vin 1+ Ao(w)
14 Z¢/Z,

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

Your Aelw) > @ | % (131)
VIN Zr
The term 1 + Z./Z, 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

LG =14 22 (132)
|4 L
Zr

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

L.G. = MZ)— (133)

f

1+ A
Table III compares the values calculated from the precise
and the approximate expressions [Eqgs. (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 /0°, Z1 = 15,000 /0°, Zo, = 200 /0°, Zr = 1000 /0°.

Vour/Vin Vour/Vin L. G. from

Zr /0° from Eq. (131) from Eg. (128) Error Eq. (133)
(ohms) (dB) (dB) (dB) (dB)
199,000 46.0 443 1.70 14.0
99,000 40.0 39.1 0.90 20.0
29,000 29.6 29.3 0.30 304
9,000 20.0 19.9 0.10 40.0
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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, Z;x — The
following equation gives the basic definition of the input impedance
ZIN:

(134)

Z =
IN IIN

It can be readily determined from Fig. 59 that the mput current
Iy is glven by

Vin = Ve
Zi + Rr

When this relationship is applied in Eq. (134), the expression for
the noninverting input impedance becomes
Ty = Lot Be (136)
Ve
1 —

IN
If the expression for the ratio of V./Viy, 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 Ry~ ):

Iiv = (135)

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

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

Zin=2i+Re + Z (137)

Ao(w) Z;
Zs
14 A

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

Znn =Z; + (138)

ZIN - Ao(w)ZZi
at
14 A

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

Noninverting-Configuration Output Impedance, Zoyr — As
in the inverting configuration, the closed-loop output impedance
for the noninverting configuration is defined as the ratio of the

(139)
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open-circuit output voltage, Vour, to the short-circuit output
current, Ioyr, as follows:

Vour (RL — °°)

T —
ot Tour (R — 0)

(140)

where
Iouvr R —0) = Ao(w) (;71 — Vo)

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

(141)

Vin (Zi + Z: /Zy)
R:+Zi + Z. /Zs
Vin Z: /Zs
Rr + Zi + Zr/zf

On the basis of the relationships expressed by Eqgs. (142)
and (143), Eq. (141) may be rewritten as follows:
As(w) Vin Z; (Z; + Zy)

Zio; [(Ze + Zs) R: + Zs) + Z: Z4]

The output impedance Zoyr then becomes

ZiZs 4 (Z; + Zs) (R: + Zi)] (VOUT> (145)
Ao(w.) Z; (Zr + Zf) Vin

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

Zio; [(ZetZs) Re4Z3) + Zy Zg) | Z: Zoy + Ao(w)Zi (Ze+Zs)]

[Ao(w)Zs (Ze+Z0)] [(Zi+Rs) (Zet+Zs+Zo;)
+ Zr (Zf+zqi) + Ao(w)zi Zr]
(146)

Vi Ro—0) = (142)

and

Ve RL—0) = (143)

Iovr RL—0) = (144)

Zouvr = Zo; [

ZOUT

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

Zowe = o, [z, Zi 4 (Ze + 7o) R + zi)] (147)
Ay(w) Z; Zs

The expression for the closed-loop output impedance does not

revert to its classical form unless both the intrinsic input imped-

ance Z; and the open-loop gain A,(w) are very large. Under such

conditions, the equation for the output impedance reduces to
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Z¢
1+ Z
A, (w)

Zovr = Zo; (148)

‘This classical expression indicates that the output impedance of
the noninverting configuration is equal to the intrinsic output
impedance Z,, 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

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

configuration, Z, is used to represent the impedance in series with
the closed-loop input impedance Z;y. In the noninverting configu-
ration, term Z, is replaced by R, to show that the components
thus represented are independent of frequency. The closed-loop
input and output impedances (Z;y and Zoyr, respectively) and
the transfer function Vopr/Viy 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, Ry. For example, if a 2000-ohm load impedance is used
on the 46-dB (approximate) inverting amplifier for which data are
given in Tablell, the equation for the transfer response must be
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modified as follows:

Your)
( V]N VIN RL

RL + ZOUT

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

(149)

VOUT =

Vour _ 164 ( 2000 ohms

) = 162 (150)
Vin 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-chm 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 TableIl).

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, Vour, to the input voltages, V;
and V,, when V; and V, 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 V; and V.. On the other
hand, the common-mode gain acts on those portions of V; and V.
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 V). In the inverting configuration V; is less than V,, but
in the noninverting configuration V; is greater than V.. 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,

Voo = Ag (0) (Vi — V) — (CMG) (V) (151)
2. For the noninverting configuration,
Vor = A, (w) (Vi — Vo) — (CMG) (V) (152)

If these two equations are developed further, the following
gain expressions are obtained for.Z,; = 0 (i.e., Vo; = Vour) :

1. For the inverting configuration,

Vour _ ~ —A(w) Z; Zs — (CMG) R, Z;
VIN Zr (Zf+zx+Rr)+Zf (Z1+Rr)+Z1 Zr Ao(w) +Rr Zr (CMG)
(153)
2. For the noninverting configuration,
Vour _ Ao(w) Zi (Ze + Zs) — (CMG) Z: Z¢
VIN (Zr'l‘zf) (Rr+Z1)+Zr Zf+Ao(w) Zi Zr+(CMG) Zr (ZI+R!‘)
(154)

In each case, the criteria for the common-mode gain, CMG,
to be negligible compared to the open-loop gain, Ao(w), are as
follows:

1. For the inverting configuration,

CMG « 2e(®) Zi (155)
2. For the noninverting configuration,
CMG « 2e(@) 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 V; 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,
A,(w), divided by the common-mode gain, CMG. The following
inequalities are then obtained:

1. For the inverting configuration,
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CMR >» R, (157)
2. For the noninverting configuration,
CMR » Zi 1+ Re (158)

i

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 reflects 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 Z; approaches infinity and Z is zero, are repeated below for
convenience:

1. For the inverting configuration,

Vour - ( Zs ) —A, (w)
Vin  \Zi+RJ/ [ 4 Ad) (w)
1 + 7

l'

2. For the noninverting configuration,

Vour _ _ Ao (w)
Ve 4 A (w)
142

If the phase angle of the feedback term, A,(w)/ (1 + Z/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 A,(»), 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 ~
2240 dB/DECADE OR 12 dB/OCTAVE
3260 dB/DECADE OR 18 dB/OCTAVE

60 | -OPEN-LOOP RESPONSE
L [
STABLE (1+Z§/2/)=40dB
o 40
‘l‘ PHASE OF Ao(w) IS 180° 2
2 UNSTABLE(I+Zf/Zy)=20dB\.
© 20
UNSTABLE (1+Z¢/Z)=12dB N\
= '\
[¢} 4
FREQUENCY fig0) \3

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 + Z;/Z, when Z; and Z, are purely resistive.
Because the crucial frequency for a purely resistive feedback net-
work is that at which A,(») has a phase angle of 180 degrees, the
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magnitude of A,(w0)/(1 + Z/Z,) at this frequency (fis0) de-
termines whether the configuration is stable. If A,(f1s0)/
(1 + Z/Z,) 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 + Z,/Z. 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., A,(f130)=10].

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

Ao(fieo) _ 10/180° 10 /180°
Zit 100/ 0°
14+ 7 _

Because the value of 0.10 obtained for the stability ratio is less

than unity, the configuration is stable.
When 1 + Z,/Z, = 10.0/0°, the stability ratio becomes

Ao(fie)) _ 10/180° ' o 1ge
7t 10/ 0°
1tz

T

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 [Egs. (92) and (130)] reveals that for the condition specified,
each contains the following term:

1
14 1/180°

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

o
A, (f1s0) _ 10/180° = 2.50/180°
1+

Zs 4/0°

Z,

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

When Z, and Z, are not restricted to purely resistive values, a
more general situation exists because the phase of A,(w)/(1 +
Z:/Z.) is no longer dependent solely upon A,(v). 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 + Z,/Z, is in the form
K(1 + jf/f;), where K and f, are constants. Fig. 63 shows a curve
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Fig. 63 — Basic peaking response characteristics of an operational amplifier.

of this term as a function of frequency, for K = 10 and f; = 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 T o".z‘““MHz) (1 +i3 MHz) (1 1 20MHz )

The frequency at which the stability ratio A,(w)/1 + Z¢/Z. 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 (fi1s0) 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 (f;5) 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 A,(»)/
(1 + Z¢/Z,) 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 + Z;/Z,. increases at the rate of 6 dB
per octave (20 dB per decade) for a full decade before it intersects
the open-loop response, A (). 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 + Zs/Z,) = +90°
—135°< Phase of A,(0)< —90°

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

—225° < Phase of Ay(w)/ (1 + Z¢/Z,) < — 180°

Thus, the configuration is unstable.

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

_E
1+ jt/fx

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

—45° > Phase of 1 + Z/Z, > —90°
—135° > Phase of A,(w) > —225°

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

—45° > Phase of A,(w)/(1 + Z/Z,) > —180°

Thus, the configuration is szable.
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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
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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 (Z/Z, for an inverting circuit and 1 + Z,/Z,
for a noninverting circuit). The criteria for frequency peaking
can be expressed for both configurations by the following expres-
sion:

riw ||, 2

1+M¢%_ Z: (160)
1+ 7

T
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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):

=B/ (161)

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

1> (162)

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

1> [(1 + %— cos 6)2 + (——}}3— sin 6)2]% (163)

2o}
1> [1+% cos0+<——1~>] (164)

or

B

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

1> 1+—]1§ cos 6 (165)
and
1> L i — sin 6 (166)
B
It is apparent from inequality (165) that
B>+ (167)
2
and from inequality (164) that
1
cosf < — — (168)
2B

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:

B/6
IT—;?_/B > 1 (169)
o | B/6 | > | 1+ B/ | (170)

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

05<|B/6 | <B

1
o< ——
cos 2B
3-dB Bandwidth Prediction — The 3-dB bandwidth of an op-
erational amplifier is defined by the following condition:

Zs¢
Aq(w) _ ll +_Z an)
Ao(w) '\/ 2
L4 =2
1+

The terms of Eq. (171) are rearranged and the definition for B /6
given by the identity (161) is used to obtain the following relation-
ships:

1+1/-0| = 3
B
1 ‘ 2 2
(1+—cos0) +<——-sin0) =2
B
2 1\’
1+-]—3—cosl)+<-§) =2 (172)
Eq. (172) yields the following criteria for the 3-dB point:
1>B>—1  — 0414 (173)
1+vV2
2
cos 0 = B L (174)

2B
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Inequality (173) predicts the possibility of a 3-dB bandwidth
greater than that indicated by the intersection of A,(») and 1 + Z/
Z, (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 + Z;/Z., must intersect the open-loop response, A(v),
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 + Z/Z,, with the open-loop gain response, A,(v), 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+ Zf/ Z,-,

2. the open-loop input impedance, Z;;

3. the open-loop gain, A,(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 + Z/Z, term) for
only those applications in which the intersection of the 1 + Z,/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 A,(w) response, compensation techniques
are used that cause the slope of the 1 + Z,/Z, 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 + Z4/Z, 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

3

L

Vi w) w2
I FREQUENCY

Rs = R: /R»
__ Ry

Vour _ _1+juCRs _ _Ra 1
Vin R: + joL R,

(1+i L) (1 + joCRy)

Fig. 65 — Phase compensation of operational amplifier permissible in the
“three-slope region.”
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In this example, the Z, term is altered by a shunt capacitor and
the Z. term is altered by a series inductor so that the 1 + Z/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,(v), intersects the closed-
loop response, 1 + Z¢/Z,. 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

BANDWIDTH UNCOMPENSATED
IMPROVEMENT OPEN-LOOP RESPONSE
————

1
i
i
'
i
|
h
|
i
i
i
)
I
i
'
1

(o]

Il
. 5
“Ar “Aq il "‘2\ w3 \
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



102 RCA Linear Integrated Circuits

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, Z;. 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 Z/ is used to represent the modified open-loop input
impedance and the open-loop output impedance, Z,, is assumed
to be zero, the following equations for the closed-loop response
are obtained:

1. For the inverting configuration,
Vour _ —A(w) Zi' Zs

= (175)
Vin  Zs(Zi +Ro) + Z: (Ze + Zi + Ry) + Ao(w) Zi' Z,
2. For the noninverting configuration,
Vour - Ao(“’) Zy (Zr + Zf) (176)

VIN (Zi, + Rr) (Zr + Zf) + Zr Zf + AO(OJ) Zi, 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

[T
R +27+2/]1™
Z: (Zi' + R,) [ Ao(w) Z{ ]
bRtz T Rt m ]
The equation for the noninverting configuration is then written
as follows: ‘

Vour _

Vin

a77)

Ao(w) Zi ]
VOUT — [Rr + Zr + Zi, (Zr + Zf) (178)
Vin Z; (Zi’ + Rr) Ao(“’) Zy ]
Lt R yztz T [R,+Z,+Zi’ L

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

(179)

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 R, + Z, term.
If Z/ is made much less than R, + Z,, Eq. (179) becomes

Ay (w) Zy
R: + Z:

As predicted by Eqgs. (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
Z, 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, Z; (thus the closed-loop input
impedance, Z;y, also is smaller and different); and (3) the dc
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 R, and Z.. 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. Egs. (179) and (180) indicate that phase-
compensation can also be effected by an increase in the magnitude
of R, + Z,, provided that the frequency characteristics of this
parameter are controlled. However, this technique relies on the
accuracy of the value of Z; and therefore is unsatisfactory. (The
intrinsic input impedance of an operational amplifier may vary
significantly from unit to unit.)

AJ(w) = (180)

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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A,(w) = uncompensated open-loop gain
A/ (w) = compensated open-loop gain
R = low-frequency intrinsic input impedance

1
=A,(w)R; (Rz + ]—wa)

"y =
Aslw) = 1 1
(Ri+Ra+ 5 R+ Ry (rat m)

aiy < [ AR 1 + joR:C:
o \W) = .
i+ Rifly 4, (Rz + 2——%?‘_3{{_)

Because R, is normally large, the equation for A, (w) may be
rewritten as follows:

A(@) = =Aq(e) — LT ieR:Cs

1 + ]wCz (Rz + 2R1)

For Ay(w) = K
(=)0 =i2)(i2)

w1 wa w3
and if Rz Cz = —'1—
w1

the equation for A,’(w) becomes

= K

A/ (w) =

(1 + jwCa (Re + 2Ry)] (1 +i —:—2) (1 + _“’%)

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.
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Because R, is normally large, the equation for A,’(v) may be
rewritten as follows:

iy _ [ =A(w) Ry 1+jwRi G
Ad'(w) _<2R;+Rz>< ClRlR,>

1+ ieR TR,

If R; << R;, the equation for A/(») becomes

AS(w) = =A,(w) Rs\ /1 4+ jwR, Cy
R, 1 + juCy %’

For Ay(w) = K
. w . w . w
(+iz) (1 +i2) (1 +52)
and R;C; = 1 ,
wy

the compensated open-loop gain A, () is given by
=K

R, . R, W w
QE(”’“’C* 7)(“:,)(”:;;)

Fig. 68 — Phase compensation of operational amplifier in which open-loop
response is modified by alteration of the R. + Z. term to provide the
required frequency characteristics.

AJ(w) =
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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 corner
frequencies becomes the early roll-off corner in the compensated
response. The advantage stems from the fact that no new corner
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 corner 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-oft 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 corner 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 + gu;Re,
(8m;; and R, 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 in 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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A,(w) = uncompensated open-loop gain
A/ (w) = compensated open-loop gain

w ) 1 + joRe Co
w1 1 + ijc C‘t

The 1 + j o/, term in the equation above accounts for the
modification of the w; 3-dB corner.

A = Auw) (1 +i

For Re Co = 1
w

2

K

(1+52) (+3) (1 +53)

the equation for A,’(w) becomes

and A(w) =

=K
(1 + juR. Co) (1 +ji)
w3

A third corner-frequency term, which occurs because of the
time constant of Ry 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 A, (w).

Aa,(“’) =

Fig. 69 — Phase compensation of operational amplifier by use of straight-
rolloff 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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K
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The expression for A, («) becomes

and Ay(w) =

=K
[1 + o (1 + gart Rep) Co Rc]<1 +jfj;)

AJ(w) =

A third corner frequency, which results from the time constant
of Ry and the feedback capacitance C,.’, is neglected in the ex-
pression for A,/(w), 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

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 concerning 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 0-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 0.1-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 1-volt signal against a 1-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 1-millivolt input offset voltage and a 1-microampere
input offset current with the inputs returned to ground through
1000-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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Description and

Applications of RCA Linear

Integrated Circuits

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 any one 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
(0.1-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

Descriptive Name

DG Amplifier

AF Amplifier )
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

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

RCA Type No.

General-Purpose Types
CA3000

CA3007
CA3001, CA3021, CA3022, and CA3023
CA3002

CA3004, CA3005, CA3006, and CA3028A
CA3008, CA3008A, CA3010, CA3010A,

CA3015, CA3015A, CA3016, CA3016A

CA3029, CA3029A, CA3030, CA3030A
CA3031/702A, CA3032/702C, CA3033, CA3033A,
CA3037, CA3037A, CA3038, and CA3(38A

Arrays
CA3018

CA3019
CA3035 and CA3035V1
CA3036

Special-Purpose Types

CA3020

CA3011 and CA3012
CA3013 and CA3014
CA3034 and CA3034V1

Vool

®

INPUT

@

Ry Rz
OUTPUT OUTPUT

Qs : l INPUT

4

%Re

Veg (=)

Fig. 71 — Schematic diagram of the CA3000 integrated-circuit dc 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 (Q. and
Q.) with input emitter-followers (Q,; and Q;) and a constant-
current sink (Qj) in the emitter-coupled leg. Push-pull input and
output capabilities are inherent in the differential configuration.

The use of degenerative resistors Ry and R; 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 10) and ground is essentially the value of the collector
resistors R; and R; 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 Vo plus negative supply voltage Vgg)
is 16 volts. The maximum voltage capability (V¢r) 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 (Q), 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 (Vgg 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 Qs Emitter
Mode Terminals of Diodes Resistor
A none in Ro 4 Rio
B 53 out Ro ~+ Rio
C 4-3 in Re
D 54-3 out Re
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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 Vgg values of —3 and —6 volts dc.

Veg+)

vee(+

CA3000

I
A

i W Vout
O
= Your o
“ViN Vout
OR

* 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 V¢ value required for mode C for a Vgg 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 Negative
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 Gvg Vog, Vo,an Voin* —mW
6 —b A 312 +2.3 +3.7 —3.8 40
6 —b B 21.3 +4.3 +1.7 -5.7 36
6 —b C 34.6 —1.5= +71.5 0 61
6 —b D 324 +1.0 +5.0 —2.4 47
3.7 —6 A 312 0 +3.7 —14 33
1.7 —b B 27.3 0 +1.7 —14 25
10.64 —6 C 34.6 0 +10.6 -1.5 83
5.0 —b D 324 0 +5.0 —15 43
3 -3 A 21.5 +1.2 +1.8 —2.6 88
3 -3 B 16.6 +2.6 +0.4 —4.1 14
3 -3 C 326 —1.5= +4.5 0 14
3 -3 D 244 +1.9 +1.1 —33 85
18 -3 A 215 0 +18 -15 7.2
04 -3 B 16.6 0 +0.4 —15 8.4
5.3 -3 C 32.6 0 +5.3 —15 19
11 -3 D 2.4 0 +1.1 —2.6 6.2

* Vo nax aNd Vo, are the ac swing extremities above and below Vode.
A 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 Vgg of —3
volts dc and a positive supply voltage Voo 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 dc 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 Vgc = 6 Vdc and Vg = —6
Vdc by the addition of 6 volts to the values shown for Vee, Vg,
VO04c, VOmax, and Voui,. (It should be noted that the required



118 RCA Linear Integrated Circuits

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

>
> | o8
| w OUTPUT OPERATING | | | |
4 08— — . € oeN POINT=Vcc-Vx  Vgg=-6Vdc —
2 OUTPUT VEE=-3Vdc 5 D 0 CURVE Vx
2 06 OPERATING CURVE] v, g Q 04t A [370Vdc]H
S o POINT=Vee-Vx ™A [1g5vac] z 5 \\ B [157vdc
= 04PN B [0.39Vdc| A S5 02p= B C__[10.6%vdc|
g AN C_[5.30vdc o M D_ | 5.05Vdc
£ o2[E™ G [iisvdel{ 3 oA == A
3 1 o N~
o OFA S A4 6 -02 B
o ] B o \\,\
9-02 & ~04|— ¥EXCEEDS ABSOLUTE I
u c S MAXIMUM RATING
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Z 04 N 5 7 -06 [ {
LL -06 y -08 [ | ]
@ -60-40-20 O 20 40 60 80 100120 £ 60 40 20 O 20 40 60 80 100 120
Z TEMPERATURE—°C o TEMPERATURE—°C

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 B = 35 at 20°C).

operating mode for negative supply voltages Vgg 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 Q. and Q. were
driven into saturation as a result of the use of symmetrical sup-

78
>0 =)
13 28 [
x 4 T T —
20 Vc’c=3V, \I/EE="3‘V l gg
52 3-8 So 3[4 A~
S2 ,1=10 — | g3 2
3 — 2
gg A — A | Ex T
5% D & T ——
4 1 Qo — D
we o | g5 0 —
52 ¢ ¢ = <
- —
52 Y = e e
@S -60-40-20 O 20 40 60 80 100120140 W& -60-40-20 O 20 40 60 80 100 120 140
v TEMPERATURE—°C sk TEMPERATURE—°C
<34

Fig. 74 — Measured curves of dc output voltage as a function of tempera-
ture for negative-supply voltages of —3 and —6 volts.

plies (Voo = Vgg) 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 Vgg values of —3 and
—6 volts dc. With the diodes in (modes A and C), the gain de-
creases for both values of Vgg. 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

4 J VEE =-3Vdc 4 VEg=-6Vdc
Q3 CUF;VE GAIN(dZByéT 20°C o3 CURVE [GAIN(dB) AT 20°C] ]
. A 31.
‘—L 2 B 16.6 é 2 8 27.3 —
3 [ C 32.6 3 lay c 356
& 1 fe ) 244 —B O 4 D 32.4 —
8 o —— lD g 0-6 i |
& = % ¢
g = I~ N a — D
2424 c—| 2 F=p —
@ B ~~a @ A
<] ) S L
= -2 I z l
-3 -3
-60-40-20 O 20 40 60 80 100 120 -60-40-20 O 20 40 60 80 100 120
TEMPERATURE—°C TEMPERATURE—°C

Fig. 75 — Theoretical curves of gain as a function of temperature for
negative-supply voltages of —3 and —6 volts (calculated for
B = 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

MooEA | 1 1
50-Vcc=6V, VEg =—6V
FREQUENCY =100 Hz

40

PUSH-PULL
| -
SINGLE-ENDED|

30

DIFFERENTIAL VOLTAGE GAIN—dB

20
-60-40-20 O 20 40 60 80 100120
TEMPERATURE—°C

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.)



120 RCA Linear Integrated Circuits

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.

30—k
N
N
25}
AN
20

o

L
A

SINGLE—-ENDED VOLTAGE GAIN—dB
>

o

i 10 100
= = =8V =S FREQUENCY —MHz

Fig. 77 — Single-ended voltage gain of the CA3000 as a function of
frequency in test circuit shown.

Q POSITIVE DC SUPPLY VOLTS =46
| NEGATIVE OC SUPPLY VOLTS=~6
r4
3 10
¢
g
>
g 0 FREE-AIR TEMPERATURE =~55°C
g ™N
1.

0

§ 25
000! 001 [o}] ] 10

FREQUENCY —MHz

Fig. 78 — Normalized gain-frequency curves for the CA3000 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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CA3000

0 T0-6
VOLTS
(ADJUSTABLE) -év

40

20 \

. |
: |
|

-60|

SINGLE-ENDED VOLTAGE GAIN—dB

-80
0 - -2 -3 -4 -5 -
APPLIED DC VOLTAGE APPLIED TO TERMINAL 2

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 squelchable 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 funcuio« of temperature »
in test circuit shown.

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

Crystal Oscillator — The CA3000 can be used as a crystal
oscillator at frequencies up to 1 MHz by connection of a crystal
between terminals 8 and 1 and use of two external resistors, as
shown in Fig. 83(a). The output is taken from :ihe collector that
is not connected to the crystal (in this case. terminal 10). If a
variable-feedback ratio network is used, as showr in Fig. 83(b),
the feedback may be adjusted to provide a sinu-oidal oscillation.
Output waveforms for both circuits are also shown 7The frequency
in each circuit is 455 kHz, as determined by the . ~1al. The range
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Fig. 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 10
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 1-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 1 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 100-pico-
farad capacitor C; 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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Vout O
CA3000

CA3000

Fig. 83 — Schematic diagrams and output waveforms of (a) crystal
oscillator and (b) crystal oscillator with variable feedback.

Vout

100000 <1000
OHMS <JOHMS s

Fig. 84 — Schematic diagram and output waveform of CA3000
modulated oscillator.
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FOR Vpgc =0
Rt Gy
3 63 db (OPEN LOOP)
100000 OHMS 40 db
9000 OHMS 20 db

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 R; 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

75
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Fig. 86 — G ‘auency (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 C, and C; 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 R; and R, because they receive the
total collector current from terminal 10. Because of the high im-
pedances, resistor R, 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 10-MHz tuned-input,
tuned-output narrow-band amplifier using CA3000.

equations (for &« = 1) are summarized below. In these equations,
Q. and Q, are the differential-pair transistors, Q; and Q; are the
emitter-follower transistors, and Qs is the constant-current sink.

State I: Q, off, Q, conducting (not saturated)

_ Voo (R2) — Ve (Ry + 8000)
R; + R. + 8000

VGI

where 8000 ohms is the output impedance of Q4 (obtained from the
published data). For R; = 27000 ohms and Ve = Vge = 6 Vde,
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+6V

Fig. 88 — Schematic diagram of Schmitt trigger using CA3000.

_ 6V (Rs) — 6V (35000)

A A
B Rs + 35000 ()
Vee + Ve
R = (Ry + 8000) —= 1%
2= (R1+ ) Voo — Vo,
R, = (35000) vt Ve (B)
6V — Vi

Vs = Voo — I (8000)

where Ig = collector current of transistor Q; (Ig =~ 0.48 milli-

ampere in operating mode B with Vgz = —6 volts de.)

Ve =214V , ©)

Vr; = Firing voltage for transition from state I to

state I1

Ve = Vg — 0.053 — 100 Ig at 25°C

Vi = Vg — 0.101 V at 25°C (D)
State II: Q, conducting (not saturated), Qq off

V811 = VCC

Ve =6V (A)

Voo = (Vee — Ix 8000) Ry — Ve (R: + 8000)

o1 =

R: + R. + 8000
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_ 214V (Ry) — 6 V (35000)

Vo = B
o R + 35000 ®)
Vi = Firing voltage for transition from state II
back to state I
Vr = Verr + 0.053 4 100 Ig at 25°C
Ve = Ve + 0.101 V at 25°C (C)

Hysteresis Voltage
VHYS = VFI - VFH

_ 3.86 V (R2)
R. + 35000

= 0.202 V at 25°C

From the calculations for state I, it is evident that either Vg; or
R, must be a known design value. Because R; is a composite value,
Vg, 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) Vog = =2V Vry —2.1V —2.2V
Verr —3.19V —32V
Vays +1.09V +1.0V
2) Voy = —1V Vry —110V —1.0V
Ve —251V —245V
Vazs +141V +14V
3) V=10 Vry —0.101V 0
Ve —1.83V —18V
Vays +1.73V +1.8V
4) Vo, = 1V \i +09V +1.0V
N Vero L5V Z1ov
Vays +2.1V +2.0V
5) Vo = 42V V, +1.9V 20V
" Very — 0472V *osv
Vays +243V +24V

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 (Q; and Q) operating as a phase splitter with gain.

9? Vcc
RIZ%
Ris é Rig

Ri7

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 Q;). The emitters of the differential pair of transistors
are connected to the transistor constant-current sink Qj.

The diodes in the bias circuit of the transistor constant-
current sink make the emitter current of Q; essentially dependent
on the temperature coefficient of the diffused emitter resistor Rs.
Because the diffused collector resistors R;; and R;¢ should have
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identical temperature coefficients, constant collector-voltage oper-
ating points should result at the collectors of transistors Q; and Q..
However, the quiescent operating voltages at the output terminals
8 and 10 increase as temperature increases because the base-
emitter voltage drops of transistors Q4 and Q5 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 R;1, Ry2, Ri3, and
R;7 and transistor Q4 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 R;, Rs, Rg, and Ry, 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 Qs 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 (Vgc
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Fig. 90 — CA3007 used as an audio driver for a direct-coupled
300-milliwatt audio amplifier.

= 6 volts, Vgg = —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 1.5 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 Qg. However, unbalances between the two
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halves of the circuit may require that the base of Qg be bypassed
for proper operation. The base of Q; 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

Harmonic Distortion

Power Output-Signal Level (mV rms) Harmonic
Output with 2-KHz Input Signal Distortion
(mW) 2 kHz 4_lliz 6 kiz 8 kHz 10 kHz 12 kHz (%)
62.5 1000 9 3.0 - — — 0.95
140 1500 18 4.0 2.0 14 1.0 1.24
250 2000 25 42 5.0 1.0 15 1.30
330 2300 27 6.0 9.0 3.0 20 1.27

Intermodulation Distortion

Output-Signal Level:

at f1 (2 kH2) .. 1n00 mV rms
at f2 (3 kHz) .. 1000 mV rms
at 2f>f1 (4 kHz) 0.7 mV 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 (V¢e = 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
temperature.
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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, Q;
and Q,, the current of which is controlled by a constant-current
transistor Q. Transistors Q;, Q., Q;, and Qg 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 Qs and Q.

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 R; and R, should be
greater than 1.5 milliamperes. For either single or dual supplies,
the operating current in transistor Q; 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
CA3001 Amplifier

Operating Shorted Condition @ Emitter
Mode Terminals of Diodes Resistor
A none in Ru + Ris
B 53 out Ru + Ris
C 4-3 in Ru
D 54-3 out Ru

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 resistor 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 Vgg of —3 and —6 volts dc. The voltage be-
tween terminals 8 and 9 or terminals 11 and 9 is denoted by Vx.
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 Ver
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
ground) at 25°C

Output Single-
Operating Ended
Volts Positive Negative Power Voltage
Opera- (Term. Supply Supply Dissi- Gain
ting Supplies 8 and 11 Current Current pation at 1 MHz
Mode (=V) to ground) (mA) (mA) (mW) (dB)
A 6 43 84 —4.7 79 15.5
B 6 43 78 -39 70 12.7
C 6 2.8 9.9 —7.9 106 17.8
D 6 4.1 8.7 —5.5 85 16.4
A 45 3.0 6.0 —34 436 14.6
B 4.5 34 5.6 —2.] 37.6 10.0
C 45 2.0 12 —5.8 58.4 17.7
D 45 29 6.0 —37 43.6 15.5
A 3 1.8 3.7 -39 22.6 13.0
B 3 2.1 33 —14 143 38
C 3 1.0 44 —37 25.5 16.4
D 3 2.0 24 —19 13.0 10.8
Veg = -6Vdc Vgg=-3Vde MODE | vx(25°)
OUTPUT OPERATING OUTPUT OPERATING A .22V
. POINT = Vo o = Vy POINT = Vg = Vy B |0.86V
S e
L <
g 22
$§ 04 gg 04
'é,g_ o0z2|% ‘f 8 »:‘-’S 02 4
Sg o] ¥ _— &Z [o] (D
% 020 Tas =ofc=F 88-0‘2 C1AB cl°
-55 -35-15 5 25 45 65 85 105 i25 -55 -35-15 5 25 45 65 85 105 125
TEMPERATURE—°C TEMPERATURE —°C

Fig. 94 — Output operating point of the CA3001 (normalized to the 25°C
operating point) as a function of temperature for Ve 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 Q; and Q,. The gen-
erator source resistance may affect high-frequency bandwidth; for



Description and Applications 139

Vgg=-6Vdc MODE | 25°C GAIN Vgg=-3Vde MODE | 25°C GAIN
, (dB) . (dB)
g g
®
5S e
ol ol
>z >Z 2
g2 g5 , 1
w .
og < | -
ziz 22 'Te -0
':‘g | ALSB Yo B
w
2z ¢ o] €9z | gl <
‘O o<_|
ZzZ0 z9 D A
? ,lclo Al B o,
-55-35 -15 5 25 45 65 85 105 125 -55-35 -15 5 25 45 65 85 105 125
TEMPERATURE —°C TEMPERATURE —°C

Fig. 95 —Voltage gain of the CA3001 (normalized to the 25°C gain) as a
function of temperature for Ve 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 R; and R, in Fig. 92 and their variation with
temperature. Fig. 97 shows the effect of temperature on high-fre-

POSITIVE DC SUPPLY VOLTS =6 |
NEGATIVE DC SUPPLY VOLTS =-6
FREE-AIR TEMPERATURE =25°C

™~

VOLTAGE GAIN—dB

(o1} 1 0 100 1000
FREQUENCY —MHz

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

VCC-6Vdc  MODE C
VEE=-6Vdc TERMINALS 2,6,AND 10
w12 GROUNDED 120
i ~L.\ TERMINALS 7.8,I,AND | &
& \_| 2 OPEN 4
Wi 100 |
z w
<
F8 80 =
Q <<
e RN - 60 &
3 T ineuT ~ 8
£ 4| CAPACITANCE a0
g | INeUT 1T 5
< _| RESISTANCE 3
2 20 £
L hi
0 ~+lllo
001 100

[oX] 10
FREQUENCY —MHz

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

Vcc=6 Vdc; VEE = -6 Vdc I |
MODE C Vec=6Vdc; Vgg=—6Vdc  MODE C
25| SOURCE RESISTANCE=1000 OHMS |-
@
7 15
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é 2 © \
©
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2 AN 2 N :
2 N ws - 175
q 2
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z
0 o 500 1000 1500 2000 2500
0.00i 00! ol ] 10 SOURCE RESISTANCE — OHMS

FREQUENCY—MHz

Fig. 99 — Noise figure of the CA3001 as a function of frequency and
source resistance.

lower values. The noise figure of the CA3001 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 CA3001 at terminal 2 for any of
the four operating modes. Fig. 100 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 (Qy).

The agc range is dependent on frequency at high frequen-
cies because the feedthrough parameters are primarily capacitive;
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Fig. 100 — AGC characteristics of the CA3001 in modes C and D at 1 MHz.

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 Rejection

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 (Q;) and the load resistor
in one side of the differential pair (Qy or Q4). The common-mode
gain increases with increasing frequerncy.

The common-mode rejection is degraded if sufficient signal
is applied to saturate the constant-current transistor (Q:). 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 =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, Vqc, 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, Vgg, 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 Vo +
1.2 volts; for a Vg of 6 volts, the swing is 7.2 volts. The output
voltage swing is lower than this value by Vgg, or from 5.3 to —2.0
volts. This total swing capability can be realized only when the
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resistors Rz and Rg (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 0.02 uF 100 pF
Voltage Supplies *6 +4.5 +6 +4.5 Vic
Power Dissipation 2176 146 276 146 mW
Single-Ended-Output
Mid-Band Gain 64.5 63 60.5 51.5 dB
3-dB Response: Upper 9 9 10.5 10.5 MHz
Lower 0.0125 0.0125 1.9 19 MHz
AGC Range 65 63 61 59 dB
Output Signal for
3-per-cent Distortion 13 1.15 115 0.7 Vrms
Input Signal for 3-dB
Signal-to-Noise Ratio 26 14 20 18.5 wVrms

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 amplifier 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 (Q; and Q4). 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 Qs or
Q. 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 R,. This resistor value effectively sets the voltage at the
input terminal 6 and requires that the input firing voltage at termi-

VIN

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 Re
from State 1 from State 2 Hysteresis Approximate
to State 2 to State 1 Volts Setting
30 15 1.5 max. resistance
B S B R
—3.2 —3.2 0 *
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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 10-terminal 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 (Q. and Q) with input emitter-followers (Q; and Qs),

e

e

Re TERMINAL 6
IS AN INTERNAL

CONNECTION.

DO NOT USE.

R

“® O

Fig. 104 — Schematic diagram of the CA3002 integrated-circuit if amplifier.

a constant-current sink (Qj) in the emitter-coupled leg, and an
output emitter-follower (Qg). 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 (Q. and Q) are connected through
degenerative resistors (R3; and R4) to the transistor current source
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(Q3). The use of these resistors improves the linearity of the trans-
fer characteristic and increases the signal-handling capability.

Transistor Q, 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 Qg 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

(a) = Vg )

Fig. 105 — Circuit configurations for the CA3002 with (a) dual voltage
supplies and (b) 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 R, and R; 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 Qs 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 (Vgz 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 Shorted Condition Q, Emitter
Mode Terminals of Diodes Resistor
A none in Ro + R
B 4-2 out Re + Ru
C ~32 in ’ Re
D 4-32 out Ro

When the diodes are utilized in the bias circuit (modes A
and C), the current is =ssentially dependent on the temperature
coefficient of the diffused emitter resistors Ry and R;;, 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 R; is the same as that of the
emitter resistor, and a constant collector-voltage operating point
results at the collector of transistor Q4. However, the operating
point at output terminal 8 is modified by the base-emitter voltage
drop of transistor Qg and its temperature dependence. Typical
variation of the output operating point with temperature is shown
in Fig. 106 for the four operating modes for Vgg 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 (Vze).

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 Vgr 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 Vgg supply, but decreases with increasing temperature
for a —6-volt Vgg supply. At some intermediate value of Vgg
(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 Q.

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 Dissi-
= Supply (Term. 8 to Gain (dB) Current Current pation
Mode Voits ground) at 1 MHz (mA) (mA) (mW)
A 5 2.6 264 50 42 55.2
B 6 3.8 225 4.7 3.7 50.4
c 6 0 * * * *
D 6 1.8 25.4 5.1 49 60
A 45 2.0 24.0 35 3.0 29.7
B 45 3.0 19.8 34 2.6 27.0
¢ 4.5 0 * * * *
D 45 1.8 24.5 3.7 3.3 315
A 3 11 22 2.3 2.0 129
B 3 2.0 14.5 2.1 15 10.8
C 3 0 * %* * *
D 3 15 20 2.2 1.9 123

* Transistor Qs saturated, transistor Qe 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 Vgg 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 R¢ 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



Description and Applications 151

T

> — T > I

1 VEg=-3V 7 Veg=—6V

Z  |OUTPUT OPERATING g o6l OUTPUT OPERATING
= POINT = Ve -Vy 2 o C POINT=Vee =V

< 1 ¢

Z o 3

< 0.6 § 0,4\

= - D

Z 04 z o2

& g A

! 02 D [ ===

] 2 B S
z A z

A i £,

g ~ q £°

a a

©-0.2] O~04

(= \D‘ rs

g-0al__ ] @ -55-35 -5 5 25 a5 65 85 105 125
£ -55-35 -5 5 25 45 65 85 105125 &

3 TEMPERATURE —°C 3 TEMPERATURE —°C

Fig. 106 — Output operating point of the CA3002 (normalized to the 25°C
operating point) as a function of temperature with Vg
supply voltages of —3 and —6 volts.

Veg-—3V AT e, VEg-—6V AT 25°C,
©
v MODE |Gan-dB8| @ MoDE|{RN %5
s A | 227 ] A [ 253

z
g 3 B 134 ) B | 222
= c 273 = ¢ | 272
Z , o | 200 M b | 258
s £
z z
I IRA7 B Z 'tAB
© MR
¢ o _— | — D 'g o Dc —— o
Q . - £
P-4 | _C} =
g 1o L \‘j N 5 | \E
3= g- IA B
-2 -2
-55-35 -I5 5 25 45 65 85 105 125 -55 —35 15 5 25 45 65 85 105 125
TEMPERATURE—°C TEMPERATURE — °C

Fig. 107 — Voltage gain of the CA3002 (normalized to the 25°C voltage
gain) as a function of temperature with Vg
supply voltages of —3 and —6 volts.

4 —
<l Vec=6V

| S‘SFVEE='6V

£ | MODE A

& 3

g N

5o —

[T ——
[T

o

55

a

=

I
-75 -50 -26 O 25 50 75 100 i25
TEMPERATURE—°C

Fig. 108 — Input offset current of the CA3002 as a function of temperature.

resistance that may be used in each base circuit (resistors Ry 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 Q; and Qg 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, Q; and
Qs. 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 Qg, and is a func-
tion of the current in Qg. The current, in turn, is determined by
the operating mode, the supply voltages, and the connection of
resistor Rg to ground or to terminal 2. In operating mode D with
R 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 0.01-microfarad input-coupling and output-coupling capaci-
tors are shown in Fig. 110. If 1-microfarad coupling capacitors
are used, the low-frequency response can be extended below 100
Hz. The addition of a 0.01-microfarad capacitor at terminal 5
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. 111 — Voltage gain of the CA3002 as a function of negative dc supply
voltage applied at terminal 1 (normalized to a gain of 26 dB).

CA3002 can be used as an if amplifier with a 75-dB agc 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 agc
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

Oryooea

Vec=6V, VEE=—-6V T
f)=1.8 MHz, fo=
-60} [.8015 MHz
INTERMODULATION
DISTORTION=3% /.

GAIN CONTROL —dB
2
o

ool ] ‘ |

TWO-SIGNAL INPUT—PEAk—TO—PEAK VOLTAGE—V

Fig. 112 — Third-order intermodulation characteristics of the CA3002 as
a function of agc.

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 3-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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Fig. 113 — Noise figure of the Fig. 114 — Noise figure of the
CA3002 as a function CA3002 as a function of source
of frequency. 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 Qg can be
operated at zero voltage by connection of an external resictor in
the bias loop of the constant-current transistor Qz, or (2) the cur-
rent in transistor Qg 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 (Q; and Qq in Fig. 104) is increased to the point at which

METHOD | +6V
MODE A
10K
—E__. O Vout
0.0l uF
0.0l uF
50 10K

.75 MHz
50% MODULATED
AT 1kHz

METHOD 2 +6V

0.0l uF

175 MHz
50%

= MODULATED
AT | KHz

Fig. 115 — Envelope detectors using CA3002 integrated circuits.
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the common-collector output transistor Qg is biased almost to
cutoff. For this current increase, the constant-current transistor
Q; is operated with terminal 4 open, and the emitter resistor Ry 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
Qs, 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 (Qg) to approximately
100 microamperes. This operating point provides the non-linearity
for detection in transistor Qs. 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
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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

DOUBLE- SIDEBAND -6V
SUPPRESSED CARRIER
1.701 +1.609 MHz

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

Ve

v oscillator vs 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
1 17 12.5 21.9 60 >65
4 1.7 50 21.9 51 61
8 1.7 100 21.9 16 56
16 1.7 200 21.9 37 6
32 1.7 310 19.8 32 304
4 0.25 22 15.6 15 42
4 05 42 20.3 32 52
4 1.0 60 23.5 45 60
4 1.3 60 235 49 61
4 1.7 50 219 51 61
4 2.0 48 216 52 62
4 2.5 31 17.8 49 60
4 3.0 15 114 42 60

* 4th and 5th harmonics greater than 65 dB down except as noted.
A 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 FM 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:

e Operation with dc supplies of 4.5 to 12 volts.

e Automatic-gain-control capability (60-dB agc range with

large input-signal-handling capability).
o Limiting capability (by connection of diodes provided on
the chip). '

o 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 Q;, Qs, Q4, and Qg, 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 Qg provides the low output impedance desired for itera-
tive operation. The circuit must be capacitively coupled, and
should have a low-impedance source.

O— I
R2 R3
Rs
R| -
Q Q
S AANEILS

%’\'n Ri2

Ri3

® ©

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 R, or a tuned circuit can be added between terminals 3
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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 Q; by the resistor-diode network R,, R,
R;, and D,. Because the collector of Q; 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 floating and 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 Q, and
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Qs are saturated and the impedance in the emitters of Q, and Q.
is low. When the gain-control voltage becomes negative, Q, and
Q; 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 Q, Qs, Q4 and Qg 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 Q; and Q, and thus provide the additional
gain control needed to achieve maximum agc range.

In limiting applications, diodes D, and D; 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 Q;, and thus for
the remainder of the circuit, makes the collector operating voltage
of Q; and Q, 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 Q,, there is little change in out-
put operating point as a function of supply voltage.
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Fig. 121 — Power dissipation as a function of supply voltage for the
CA3021, 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 R; recommended for optimum performance of
each circuit is as follows:

Feedback Resistance,

Circuit R; — ohms
CA3021 18000
CA3022 5100
CA3023 2000

Use of a feedback resistor of the maximum value provides equal
ac and dc 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 Q. and Q; 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 Q, and Qj in saturation in the emitters of Q, and Q4. 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 R, provide satisfactory stability when the circuit is connected
for agc.

DC Considerations for Limiting — In limiter applications,
diodes D, and Dj; 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 D,
and D; (usually D;) are turned on. The gain is then reduced and
the amplifier will not operate linearly at low levels. The values of
R, 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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Fig. 124 — Voltage-gain variation with temperature for the CA3021,
CA3022, and CA3023 (feedback adjusted to provide gain of
approximately 40 dB at 25°C).

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 Feedthrough Input Voltage

Feedback Voltage Below the Applied Output Voltage

Resistor at Output (dB)
Circuit R, (ohms) (volts rms) f=1MHz 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 Qg 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, CA3022, ana
CA3023 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 R; for
which the gain approaches zero. This condition occurs when the
small-signal transconductance g, of the transistor Q, is equal to
the conductance of the parallel tuned circuit; signal cancellation
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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;, 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 R, on the parallel tuned circuit in
the feedback path, as follows:
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B Rr Rx (R: -+ Ry) _
= ®xfRo) (RifRy) +Rx Ry ~ 20 Lo > (l}‘s“n

where Ry is the resistance at resonance of the unloaded Q, Ry is
the resistance added to the tuned circuit for adjustment of gain,
and (Ry; 4 Rg) is the series combination of the two common-
collector load resistors. The 3-dB bandwidth for the response is
given by

R,

fo . Rp . Rp 0
= = _Q
AL X X (182)
Typical values for (R, + Rg) for the three circuits are 39000
ohms for the CA3021, 10900 ohms for the CA3022, and 4800

ohms for the CA3023.
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Fig. 128 — Voltage gain as a function of frequency in a band-pass

amplifier when the tuned-circuit resonant impedance R, is higher
than the cancellation resistance R:..

Output Tuned Circuits

The curves of Fig. 126 indicate that capacitive coupling of
the common-collector output transistor Qs 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
Q: and Q; are then included in the emitter-signal path of transis-
tors Q; and Qg, respectively. For maximum gain, a positive volt-
age is applied to terminal 2 which saturates transistors Q. and Qj.
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 Q. and Q5 to come out of saturation and
present a high impedance in the emitter leads of transistors Q
and Q.. It is important that good filtering and isolation be main-
tained at the agc terminal 2 because transistors Q; and Qj 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 Q; and feed-through to the collector of Q; along a re-
sistance path made up of R; and R,. 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 Q. and Q.
Mazximum 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. When
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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Fig. 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 feedthrough 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 interfering signals outside the tuned-circuit passband.
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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 Q; becomes positive and
the collector of transistor Q4 becomes negative, and diode D, be-
gins to conduct. This action clamps the collector of Q; to the col-
lector of Q4 and, because the diode is in the feedback path, reduces
the gain. For positive swings at the input, the collector of transistor
Q: becomes negative and the output at terminal 8 becomes posi-
tive. Two effects tend to limit input signals of positive polarity:
transistor Q, going to cutoff, and diode D3 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

Noise Figure — dB

Term. 10, 11, 12 AGC operating,
connected to noise measured
ground; gain for maximum

Circuit = 40 dB gain of 30 dB

CA3021 58 7.5
CA3022 1.1 8.7
CA3023 12 8.7
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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
0.01-microfarad coupling capacitors and feedback resistors of
2000 ohms. Performance data can be summarized as follows:

Supply voltage 6 volts
Supply current 4.5 mA
Power dissipation .......c..ccccoccivinieeiieninncnenn. 27 mW
Voltage gain ......ccccccevvvrveeiiiiiieiiiirccieeecreeens 61 dB
Maximum undistorted output

with 510-ohm load .......ccccevinieniiirinnnnene. 0.25 Vrms

Signal level for a 3-dB signal-
t0-NOiSe TAtI0 ...coocvivceiiiiiiiiice e 11 A%
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Dynamic range (input-output

HINEATILY) .ovveevieerieeerieeiieecreee et 27 dB
Bandwith, 3-dB points:

upper frequency .......cccceeveenenreniecennenn. 10.5 MHz

lower frequency .......cco.ceceeveeveecrrrerienneniennes 50 kHz

10-MHz IF Amplifier — Fig. 134 shows a 10-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
1-to-4 turns ratio is used at the second-stage output. The total
effective circuit Q 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 Q3 and Q, of the CA3018; the detected
output is passed through a low-pass filter (C,;, C,, and R;) and
applied to the agc amplifier transistor Q,. Transistor Q. goes
from cutoff to saturation with increasing signal. The voltage drop
across a 100-ohm degenerative resistor R, 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 Q; 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 1-kHz sine wave.
The audio-output equivalent-noise bandwidth is 2.6 kHz.

455-kHz IF Amplifier — Fig. 135 shows a 455-kHz 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 Q 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, an interstage
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 10-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
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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.
500-kHz Limiting Amplifier — Fig. 137 shows the circuit
diagram of a 500-kHz limiting amplifier using two CA3021 " cir-
cuits. Two 500-kHz self-resonant chokes are used in the feedback
path. A tuned 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
500-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:

Wide- or narrow-band amplification
Mixing

Limiting

Product detection

Frequency generation

Generation of pulse or digital waveforms

SNk v

Operating Requirements and Characteristics

Fig. 138 shows the schematic diagrams for the CA3004,
CA3005, CA3006 and CA3028A integrated-circuit rf amplifiers.
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SEE NOTE

®©

SEE NOTE

Note: Connect to most positive dc supply voltage.

Fig. 138 — Schematic diagrams of the integrated-circuit rf amplifiers:
(a) CA3004, (b) CA3005 or CA3006, and (c) CA30284.

Each circuit consists of a balanced differential amphﬁer that is
driven from a controlled, constant-current source.

In the CA3004 circuit, resistors (Rg and R;) are included
in the emitter leads of the differential pair of transistors, Q; and
Q.. 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. Flg 139
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shows the dynamic transfer and limiting characteristics of the
CA3004. The characteristics show that linear operation is pos-
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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Fig. 139 — Dynamic transfer and limiting characteristics of the

limiting characteristics of the CA3005 or CA3006 operated

CA3004. in the differential-amplifier
configuration.

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 (D, and D) 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 any one 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 Qs is determined by the bias voltage, Vgg, 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 dc ground.

Fig. 142 shows the supply-voltage connections for several
operating arrangements of the CA3028A. Connections are shown
for a differential amplifier that has agc capability; a cascode am-
plifier with a constant-impedance or conventional agc 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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+Vee

OUTPUT

+Vee

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,
(¢) a cascode configuration operated from dual suplplies, and (d) a
cascode configuration operation from a single supply.

Operating Modes — For any given bias voltage Vgg, 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, Vgg, 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 constani-impedance agc
capability, (c) a cascode amplifier with conventional agc capability,

(d) a converter, (¢) 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-
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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 a-3
Operating Shorted Shorted of Bias Emitter
Mode* to Term. 3 : to Term. 8 Circuit Resistor(s)
A — - In Re + Rs
B 5 4 Out Re+ Rs
C 4 5 In : Rs
D 4,5 45 Out Rs

* tor 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 Veg. When the diodes
are not used, however, the shape of the current-temperature curves
is dependent on the magnitude of the supply voltage Vgg. The
operating current then may remain constant or rise as the tem-
perature is increased, depending upon the value of Vgg. 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 the 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, CA3005, 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 Vgg. 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-
tal 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 general, 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-terminal blackbox . short-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 Q,
and Q; in the differential-amplifier configurations and for a current
of 2.5 milliamperes in transistor Q; in the cascode 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 Q3 in
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Fig. 146 — Transconductance of the CA3005 or CA3006 in a cascode
configuration as a function of temperature for each operating mode.

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
yi = g+ jbs (183)

where y; is the complex input admittance, g; is the input con-
ductance and b; is the input susceptance.
2. Output admittance with the input voltage constant

Yo = go + ibo (184)

where y, is the complex output admittance, g, is the output con-
ductance, and b, is the output susceptance.

3. Forward-transfer admittance with the output voltage
constant

yi = g+ jbx (185)
where y; is the complex forward-transfer admittance, g; is the
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forward-transfer conductance, and b; is the forward-transfer sus-
ceptance.

4. Reverse-transfer admittance with the input voltage con-
stant

Table XIX-—Relationship Between the Transconductance and
the Power Dissipation of the Integrated-Circuit RF Amplifiers
in Each Operating Mode*

DC Supply Single-Ended Power
Operating Type of Voltages Transconductance Dissipation
Mode Circuit (volts) (millimhos)} (milliwatts)t
A CA3004 +3 5.5 6.5
CA3005 or CA3006 5 6.6
A3004 +45 6.7 15.0
CA3005 or CA3006 12.8 15.0
A3004 +6 13 25.0
CA3005 or CA3006 15.0 25.0
B CA3004 +3 1.6 2.3
CA3005 or CA3006 1.9 23
A3004 +45 4.0 12
CA3005 or CA3006 49 12
3004 +6 5.3 15.0
CA3005 or CA3006 7.2 15.0
(" CA3004 +3 1.5 175
CA3005 or CA3006 22.0 17.5
04 +4.5 8.5 40.0
CA3005 or CA3006 29.0 40.0
CA3004 +6 9.1 62.8
CA3005 or CA3006 37.0 62.8
D CA3004 +3 33 42
CA3005 or CA3006 5.0 42
+45 6.0 174
CA3005 or CA3006 13.0 174
CA300: +6 7.2 35.9
CA3005 or CA3006 200 35.9

* Circuits are operated in differential-amplifier configurations. The transconductances and power
dissipations shown are calculated values for nominal units.

+ 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 y. is the complex reverse-transfer admittance, g, is the re-

verse-transfer conductance, and b, 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 = Zre + jbre (187)

The differential-amplifier reverse-transfer admittance is ex-
pressed as

VoA = gpa + jbrpa (188)
The cascode-amplifier reverse-transfer admittance is given as
Vrcas = grcas + jbroas (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 y;, the output admittance ys,,
and the forward transfer admittance y; are decreased, almost ex-
actly, by a factor of two when the differential-amplifier configura-
tion is used.

The reverse-transfer admittance y, 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 b../b;pa and real parts g../g.pa of the reverse-
transfer admittances as a function of frequency.
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Fig. 147 — Ratio of real (conductance) and imaginary (susceptance) parts
of the reverse-transfer admittance for a common-emitter stage to those
for a differential-amplifier stage as a function of frequency.
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In the cascode configuration of the rf amplifier circuits, a
common-emitter stage drives a common-base stage. The input
admittance y; is, therefore, that of a common-emitter stage. The
forward-transfer admittance y, is that of a common-emitter stage
times alpha. Because of the high-impedance drive source on the
common-base stage, the output admittance y, is very low (0.06
X 10—% 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 + Yload is positive.

The reverse-transfer admittance y, for the cascode 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 cascode stage as a function of frequency.

Although the y, is low for both the differential and cascode
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
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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
cascode 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.

cluded 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 Vgc.

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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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 (Vgg)
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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the figure can be used to predict noise performance as a function
of source resistance for dc operating conditions. The load resistor
Ry, of the circuit is 2200 ohms and Ry = 800 ohms. (Ry 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 Qs 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 =
AVin/AVout, 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

I-kHz 5000

SIGNAL
SOURCE

SINGLE-ENDED COMMON-MODE GAIN = Avgyt/Aviy

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

At —55°C At 25°C At 125°C
CA3004 102 dB 98 dB 101 dB
CA3005 or CA3006 108 dB 101 dB 107 dB

Operating frequency = 1 kHz
Load resistance R = 1000 ohms in each collector.

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 R; can be ad-
justed to vary the current in transistor Qs, or (2) a differential
offset voltage can be applied to transistors Q; and Q.. 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 Qs.

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 Qs. Since the Q; 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 Cf'13006' as a
function of the dc offset voltage Ve applied to the differential pair
of transistors Q1 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, R¢ and Ry,
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 Qs 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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Fig 161 — Maximum gain control provided by variations in the current
through transistor Qs 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 Qs;. 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 agc
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 agc 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



Description and Applications 203

40 Noc =9V FREQUENCY =100 MHz
8 _ |Vec=2
107 MH, ° c
30 ~ Mtz I 20f—+—|
~— z POWER GAIN
o - P ——
S 20[-FREQUENCY=| 5 Mz S Z 16
| — \ x ~~—
z 10 X £ N
g \ a 12
[: 4
& S \
3 W
€10 l 3 [T NOISE FIGURE )(
Lo
-20 s
S <]
-30 <0 1
8 7 6 5 4 3 2 1 O 9 7 € 5 4 3 2
DC BIAS VOLTAGE ON TERMINAL 7—V POSITIVE DC BIAS VOLTAGE ON TERMINAL 7—V

(a) (b)

Fig. 162 — AGC characteristics of the CA3028A operated in a differential-
amplifier configuration: (a) power gain as a function of agc voltage at 10.7
and 105 MHz; (b) power gain and noise figure as a function of agc
voltage at 100 MHz.

produce cross-modulation. The two forms of distortion are related
by the following equation:

-D—2:§—=—3—m:1 (190)

V2 V2 8
where D, 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, V; is the amplitude of the desired-
carrier voltage at the input, V. is the amplitude of the undesired-
carrier voltage at the input, and m is the per cent of modulation
of the desired carrier.

When D, and K are equal and m is 100 per cent, the ratio
of V; to V, 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 V, to V.. For example, in Fig. 135, V, is given
as 22 millivolts for a gain of 0 dB. The value of V;, 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
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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, Qz, and (2) the
use of an offset voltage to produce an unbalance in the differential
pair of transistors, Q; and Q..

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 Qs.

from the emitter resistors Rs and R;, 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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amplifier configuration of the CA3005 or CA3006 having a 50-millivolt
offset and with the gain-control voltage applied to the bias network

of the constant-current transistor.

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 Qs, or (2) a negative
voltage may be applied to the base of transistor Q;.

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 Qs,
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 agc
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



Description and Applications 207

H OUTPUT

0 FREQUENCY OF
DESIREa "(':ARRIER .

1z
FREQUENCY OF W
UNDESIRED
I~ CARRIER=I6MHz

OPERATING MODE D
A

/

/

1
o

I
n
o

&
3

|
D
o

GAIN REDUCTION —dB

'
L

1
[}
o

—
Tt

4 68y * ¢ 850 4
UNDESIRED INPUT VOLTAGE —mVrms

'
~
o

Fig. 166 — Gain control of the CA3005 or CA3006 in a cascode configura-
tion as a function of an undesired-carrier voltage that produces cross-
modulation distortion of 10 per cent when gain control is provided by

a negative bias voltage applied to the base of transistor Qs.

optimum circuit configuration for bipolar-transistor limiters. The
advantage of such circuits in limiter applications is that collector
saturation of either transistor Q; or Q. can be avoided because of
the action of the constant-current transistor Qs. Figs. 139 and 140
show typical limiting characteristics for 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 Ioe because of the linearizing effect of
the degenerative emitter resistors, R¢ and R;. As saturation must
be prevented for good limiting, a maximum load resistor and low-
level voltage gain exist for a given Ioc and positive supply volt-
age. Table XXI shows the maximum resistor values and voltage
gains usable for Voo = 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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Fig. 168 — Limiting characteristics of the CA3028A operated in a
differential-amplifier configuration.
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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 I in the CA3005 and CA3006 and is dependent
on I¢c in the CA3004. Figs. 118 through 121 show the I currents
and transconductance for optional operating conditions.

Table XXI—Limiter Performance of a Differential Amplifier

Voltage Gain Voltage Gain
With Emitter Without Emitter
Degeneration Degeneration
Max. Max.
Ie, Resistive Tuned (48) (98)
Supply +le, 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 U 35 41
6 2.0 3000 6000 25 31 35 4]
6 3.0 2000 4000 22 28 35 41
R = IZ:“-‘;—FIIZ, Resistive Load; R = IZCTT"IL: Tuned Load; gmRL = voltage gain

Table XXII—Maximum Load Resistance Permissible for Non-
Saturating Operation with -9 and 412 Volt Single-Supply Voltages

Maximum Maximum
Supply o1+ les Tuned Load Resistive Load
Volts (mA) (ohms) (ohms)
+9 5.0 3600 1800
6.8 3500 1700

+12
R. = Vec/lei + lcz Resistive Load
R. =2 Vcc/lcv + lc; Tuned Load

When the differential amplifier is used for limiting, the emitter-
to-base breakdown voltage for transistors Q; and Q. 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 (D;), as shown in Fig. 169 (this allows
a maximum usable voltage gain consistent with good limiting and
stability).

Cascode Amplifier — The limiting characteristics of the
CA3005 or CA3006, when used as a cascode amplifier, are de-
pendent on the current limiting in transistor Qs or the voltage
limiting of transistor Q; (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.

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 Q; 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 CA3005 or CA3006 differential-amplifier configura-
tions, and the CA3005 or CA3006 cascode configurations, respec-
tively, as single-ended rf amplifiers. Adjustable matching networks,

Circuit Elements Power Gain Performance
f L C L2 Ce nc POWER GAIN
(MHz) (uH) ()  (uH)  (pF) SUPPLIES (dB)
30 1827 2101827 210 (volts) 30 MHz 100 MHz
100 0.15-0.3 0.97 0.1-0.2 0097 +6 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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e Circuit Elements

f L C1 Le C2
(MHz)  (uH) (oF)  (xH)  (pF)
= 30 122 540 122 1520
= 100 0407 112 02505 112

Power Gain Performance

1 D POWER GAIN
= SUPPLIES (dB)
(-——_L (volts) 30 MHz 100 MHz
= +6 29 18
+4.5 21.8 16
“VeE +3 23.0 11.5

Fig. 173 — Test circuit used to evaluate rf-performance capabilities of
CA3005 or CA3006 in a differential-amplifier configuration.

AGC

Circuit Values

f L C1 Lo Cz

(—_L (MHz)  (uH)  (pF) (uH)  (pF)
30 0.3-0.614-150 0.8-14 540
100 0.07-0.12 540 0.15-3 540

(__L Power Gain Performance

oc POWER GAIN
SUPPLIES (4B)
~Vgg (volts) 30MHz 100 MHz
+6 36 20
+4.5 33 18.5
+3 215 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 (y.) is low, but the external-circuit layout adds feedback.
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Two or more CA3004, CA3005, 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,

+4.5v
1008 1002

T4
0T (;:} E:Z 3T
0.9 uH
Notes: 1. Transformer T, is a Ferramic Q-2 Type (unloaded
Q = 200).

2. Transformers T., Ts, 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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1009 1008 +6V
NNA—CO

CA3004

T4
5T 9T
3.9uH

Notes: 1. Transformers T: and T. are Ferramic Q-2 Toroid Types
(unloaded Q = 200).
2. Transformers T. and Ts 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;. 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, 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 ——————
OUTPUT HELD CONSTANT \
o 30 A ya
© < CENTER ©
| FREQUENCY / i
w25 12 MHz "
] \ £ 2
=
S 20 | Y
z \ Lol
w D 8
Q15 7 IS
2 \ 8
> 10
2 \ |/ 2
z
z 5 0.0l
I 10 100 1000 10000

0 =
-08-06-04-02 0 02 04 06 08 1 INPUT —pVrms

FREQUENCY —MHz

Fig. 177 — Frequency-response char-  Fig. 178 — Limiting characteristics
acteristics of the 12-MHz limiting  of the 12-MHz limiting amplifier
amplifier shown in Fig. 175. 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, T; and T,, have high
unloaded Q’s (200) to preserve good noise performance and to
maximize the output power. The interstage transformers, T, and
Ts. 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) = 76 dB
AGC range (1st stage) = 60 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.

SORFUT SIGNAL 12 MHz, 30%MODULATED o 59 T T
DETECTOR OUTPUT FILTER ° "_F'%%EEN%Y
@ BANDWIDTH =5 kHz | 12 MH
1]:'_40 w40 z
2]
52 DETECTED SIGNAL g
2~ 30 L1l | 830
58 GAIN_CONTROL S 4
o2 STARTED o /
[} [0}
w20 20
SPEn 5 /
<o o
.
e N\ |DETECTED ouTPUT g
NOISE E
0 ! - - =
| © 100 000 10000 06 -04 -02 O 02 04 086

INPUT SIGNAL—pV FREQUENCY—MHz

Fig. 179 — Output signal-to-noise .
ratio as a function of the input sig- Fi8- 180 — Frequency-response char-

nal for the 12-MHz gain-controlled acteristics of the 12-MHz gain-
amplifier shown in Fig. 176 when controlled amplifier shown in
gain control is used in only the Fig. 176.
first stage.

10.7-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-ohm-load ratio-detector trans-
former T4. 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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0001

r QUTPUT

ey

+49 dB ——=
75uV ~2100 pV ~400uV 2Vrms

Ts: Interstage transformer TRW #22486 or equiv.

T«: Ratio detector TRW #22516 or equiv. .

Audio Output: 155 mV rms for 7.5 ¢V = 75 kHz input 3 dB
below knee of transfer characteristic.

Fig. 181 — 10.7-MHz if amplifier using a CA3028A4 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:

— —3
VG = ye _ 100 X 107° _ 3400 — 49 dB
Yo + yu 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.

10.7-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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&

0.0l uF

140 uV 445mV 158mVv 2Vrms

Ts: Interstage transformer TRW #22486 or equiv.

T.: Ratio detector TRW #22516 or equiv.

Audio Output: 155 mV rms for 140 4V =+ 75 kHz input 3 dB
below knee of transfer characteristic.

Fig. 182 — 10.7-MHz if strip using two CA3028A circuits.

10.7-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 CA3012
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:

—3
VG— =¥ 3 X107 o s _3934B
YO‘I'YL 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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1

00011
68K P
47K

OUTPUT

1O

10K

H

15 uv 1500uV  400uV 2Vrms

Ts: Interstage transformer TRW #22486 or equiv.

Ti: Ratio detector TRW #22516 or equiv.

Audio Output: 155 mV rms for 15 xV =+ 75 kHz input 3 dB
below knee of transfer characteristic.

Fig. 183 —10.7-MHz if strip using a CA3028A4 in a differential-amplifier
configuration.

88-MHz-t0-108-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 Qs 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:

Antennatobase .. ... ... ..... ... ... ... 0 dB

Base to collector ...................... 22 dB
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Voltage insertion loss of interstage coil . . . .. —13 dB
Net rf voltage gain . . ... ... ... ... ... .. ... 9 dB

‘ Vee=+9V

0dB-»t +22dB ! -13dB T +41dB

L, +50dB

L,: 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.

L,: 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.

Cv;: variable A C ~ 15 pF.

T,: Mixer transformer TRW #22484 or equiv.

T,: Input transformer TRW #22485 or equiv.

Ls:  3-1/2 T #18 tinned copper wire; winding length 5/16” on 9/32” form.

Cy,.3: variable, A C =~ 15 pF.

Fig. 184 — 88-MHz-to-108-MH?z 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

VGo= —* — — 112 =413 dB (193)
Yo+ YL
Measured gain into the collector of the converter is 42 dB. The
measured voltage gain of the rf amplifier and converter into a
10,000-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 Ry, .. ... ... ... ... ... 170  ohms
Input capacitance Cip, .. ... ........... 6.3 pF
Output resistance Roye ... ... ... ... ... 80K ohms
Output capacitance Copt - . .. ... ..o ... 35 pF
Conversion transconductance . ......... 13 mmbhos

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 4+ N)/N IHFM Sensitivity . ... .. .. 3 wv

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

RF

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 Qs (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 Q; and Q.. 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:

€ = €1 &m ZL (194)

where ¢, is the output voltage, e, is the differential input voltage,
gn is the transconductance of the differential pair of transistors
(Q; and Q,), and Z;, is the load impedance (total between col-
lectors). For a balanced circuit, the transconductance is given by

LN

=T |

NI

-Vee

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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oq
m = —— | 195
e (195)
The term I, represents the collector current of transistor Qs
and may be expressed as

Io = Zm,y €2 (196)

where g, is the transconductance of transistor Q; and e, is the
input voltage applied to transistor Qs;. The output voltage, e,,
therefore, is given by the following equation:

e = 2—‘% €1 €2 Zmy 71 197)
Eq. (197) is a general expression for the output voltage of
the mixer having input signals e; and e,. With emitter degenera-
tion in the constant-current transistor (Qs), gms is essentially
constant for a sufficiently large emitter current (greater than 1
milliampere); the current I,, therefore, follows the applied volt-
age e.
When e; and e, are sinusoidal and g, is constant, the input
signal voltages are given as follows:

er = By eort 4 By e—topt (198)

es = Ep ehgt + iy et (199)

(El is the conjugate of E;, and ﬁz is the conjugate of E,)

With the substitution of these relationships, the equation for
the output voltage for he CA3005 or CA3006 then becomes

€ = é%{qr—r gms 7y, [ElEze’("’l tot EE,e-ie, + wz)t]

+ 2%2;1‘— gmy Zy, [EEqei@; —9pt 4+ FEe~i@; —t]  (200)

Eq. (200) gives the output voltage for a CA3005 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 aqgn2/2KT is essentially constant, the gain of the
mixer is determined from Z,, and the e;e, 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

[FREQUENCY=20 MHz
| CONSTANT RF SIGNAL
CONSTANT LOAD (80000) ¥~

s 00O

A

)

N

4 68Q]
OSCILLATOR VOLTAGE — Vrms

CONVERSION TRANSCONDUCTANCE—mMHO
a

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
rif input was untuned and the oscillator and if frequencies
were held constant. For a fixed amplitude of oscillator injection
on terminal 3, the rf 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

Difference-Frequency Output

Fromumcy (4B relative to fo — f2)
fz for Vosc at Term. 3 (Vrms) of

Freguency (MH2) 1 0.7 0.3 0.1
fo —fx 1.0 0 0 0 0
fie 0.659 15 10 18 2]
2 —A1, 1.159 —53.1 —53.1 —54.9 —52.3
20 — 26« 1.329 —76.1 — — —
26, —2f, 1.988 —75.5 — — —
fr—Tfo 2.318 0 0 0 0
A6, —1x 2.659 —317 —35 —39.7 —47.8
2f, —3fo 2.813 —79.6 — — —
fr —2f, 3.977 1.7 —35 —39.7 —47.8
3o —1x 4.309 —35.8 —59.3 —74.7 —
fx—3f, 5.627 —38.5 —57 —74 —
4o —1x 5.977 —38.9 —63 - —

o = 1.659 MHz; V... = oscillator injection voltage.
All blank spaces indicate difference-frequency output more than 70 dB below the fo — fx 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.

2  *[POSITIVE DC SUPPLY VOLTS=+6 |
£ 2 NEGATué/ﬁrgc Isgmu VOLTS=-6
EQUENCY =1. 2
3
I K)OO3 i,o :o } T \&
wn 4 LS
g . S
jats) oS or
g IOO8 = ~Ef7
o v
cS 4 1 Y/
Y NEAN
[ AN
35 19 \H
N AV /4
% ©
o< N
< 2 —EXPANDED —N\
4 — SCALE 1
g -2 -8 -4 0 40 80 120
o DC OFFSET—mV

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 functicn 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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Ny

GEN
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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 (T;) 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.

fae] ”
Q 36 OSCILLATOR FREQUENCY=2175MHz ‘,’ 32 OSCILLATOR FREQUENCY=21.75 MHz
| 32LINPUT SIGNAL FRQUENCY a og}INPUT SIGNAL FREQUENCY =20 MHz
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Fig. 191 — Power gain and noise Fig. 192 —Power gain and noise
figure as a function of oscillator figure as a function of oscillator
drive voltage for the CA3005 or drive voltage for the CA3004

CA3006 balanced mixer. 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, Q; and Q, and the oscillator
signal is applied to the base of transistor Q;. The output is taken
double-ended from the balanced transformer, T,. 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 v; = 10 millivolts rms and
ve = 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 v, is increased and the carrier drive v, is
decreased, because the output is a function of the product of v;
and vo.

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 vy, vq, V4, and v; 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 (v;) 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
v, and Vs, or the product of v, and v;.

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 using (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), R; should be equal
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to R. to preserve the circuit balance, and C, 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), C. 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
R and 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 g, Ry, product. As an
aid to such calculations, Table XXV gives the input and output
parallel R and C and the absolute values of g, 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 4 (mV rms) (dB below
Variable Term. 3 Vee Vs Va0, \3 fundamental) *
vy varied, v: = 31.5mV, ve = 1 mV, v; = 0.5 mV
5 2% 46 4.95 4 36 54
10 296 80 89 4 36 54
30 296 250 26.6 4 36 37.5
ve varied, v, = 10 mV, ve = 1 mV, vs = 0.5 mV
315 296 83 89 4 36 54
100 960 262 28 4 36 51
315 2960 830 8.9 4 36 50
v varied, vi = 10 mV, v» = 31.5 mV, vs = 0.5 mV
0.5 296 83 8.9 2 175 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=
vs varied, vi = 10 mV, v. = 315 mV, v, = 1 mV
0.315 296 83 8.9 4 23 h4%
0.5 296 83 8.9 4 36 54
1.0 296 83 8.9 4 86 50

A 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.

t 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 Output Transcon-
Parallel RC Parallel RC ductance
Frequency Rin Cin Rout Cout gm
(MHz) (ohms) (pF) (ohms) (pF) (mmbhos)
CA3005 or CA3006 Cascode Operation
1 500 42 —1.67x108 3 78
10 500 12 —1.67x108 3 71
40 180 22 —6x105 3 58
CA3005 or CA3006 Differential-Amplifier Operation
1 2500 16 108 4 20
10 1800 13 4104 4 20
40 670 10.5 2800 16 18.6
CA3004 Differential-Amplifier Operation
1 6650 8 1.7x105 6.5 7.8
10 6650 6.2 105 6.1 78
40 2000 5 2104 6.8 1.6
Video Performance (Simulated Iterative Connection)
High-Frequency Mid-Band
Interstage 3-dB Point Voltage
Rz (MHz) Gain (dB)
Type Operation (ohms) Meas. Calc. Meas. Calc.
CA3005 Cascode 150 23 20 193 20.6
or CA3006 Differ.
CA3005 Ampl. 500 18 16 19.5 20.0
or CA3006 Differ.
CA3004 Ampl. 1000 18.4 15 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.* Type of Package Veltage (volts) Range (°C)
CA3008 14-terminal ceramic +6 —55 to +125
CA3008A flat pack

CA3010 12-terminal T0-5 style +6 —55 to 4125
CA3010A package

CA3015 12-terminal T0-5 style +12 —55 to 4125
CA3015A package

CA3016 14-terminal ceramic +12 —55 to 4125
CA3016A flat pack

CA3029 14-terminal dual-in- =+6 0to 70
CA3029A line plastic package

CA3030 14-terminal dual-in- +12 0t 70
CA3030A line plastic package

CA3033 14-terminal dual-in- +12 —55 to 4125
CA3033A line plastic package +18

CA3037 14-terminal dual-in- +6 —55 to 4125
CA3037A line ceramic package

CA3038 14-terminal dual-in- +12 —55 to 4125
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 412 and —6 volts, are supplied in 8-terminal TO-5 style packages, and have an
operating temperature range of —55°C to +4-125°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 (i.e., input offset voltage and cur-
rent, input bias current, and input impedance) in comparison to
the corresponding tvpes 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 CA3010, CA3029, and
CA3037; all information given for the CA3008A can also be di-
rectly applied to the other “A”-version types.

Circuit Description — Fach 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, Q; and Q.,
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Fig. 197 — Schematic diagram for the *6-volt integrated-circuit operational
amplifiers (CA3008, CA3008A4, CA3010, CA30104, CA3029, CA3029A,
CA3037, and CA3037A).

in the first differential amplifier. The inverting input (at terminal
3) is applied to the base of transistor Q., and the noninverting
input (at terminal 4) is applied to the base of transistor Q;. These
transistors develop the driving signals for the second differential
amplifier. A dc constant-current-sink transistor, Qg, is also in-
cluded in the first stage to provide bias stabilization for transistors
Q; and Q.. Diode D, provides thermal compensation for the first
differential stage.

The emitter-coupled transistors, Q; and Q,, 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 Q;. Com-
pensating diode D, provides the thermal stabilization for the
second differential amplifier and also for the current-sink tran-
sistor, Qg, in the output stage.

Transistor Qs 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 Q; samples the signal that is developed at the emitters
of transistors Q; and Q.. 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 Q3 and Q, is developed by transistor Q5 across
resistor R, (the common collector resistor for transistors Q, Qa,
and Q;) in the proper phase to reduce the error. The emitter cir-
cuit of transistor Q; also reflects a portion of the same error
signal into current-sink transistor Q- in the second differential stage
so that the activating error signal is further reduced.

Transistor Q; 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 Qs and Q. This negative-going change in voltage is
reflected by the emitter circuit of transistor Q; to the bases of
current-sink transistors Q; and Q,. Less current then flows through
these transistors. The decrease in the collector current of transistor
Qy results in a reduction of the current through transistors Qs and
Q4, and the collector 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 Q, is coupled directly to the base of
transistor Qs and is transmitted by the emitter circuit of this tran-
sistor to the base of output transistor Q0. At this point, the de-
crease in voltage is further cancelled by the increase in the collector
voltage of current-sink transistor Qg that results from the de-
crease in current mentioned above.

In a similar manner, transistor Q5 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 Q;, 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 Qg, Qy, and Q;¢ are used in an
emitter-follower 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 Qg, and the emitter circuit of transistor Qg supplies
the base-drive input for output transistor Q9. A small amount of
signal gain in the output circuit is made possible by the bootstrap
connection from the emitter of output transistor Q,, to the emitter
circuit of transistor Q,. If this bootstrap connection were neglected,
transistor Q, could be considered as merely a dc constant-current
sink for drive transistor Qg. Because of the bootstrap arrangement,
however, the output circuit can provide a signal gain of 1.5 from
the collector of differential-amplifier transistor Q. 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 Q;, so that the dc level of
the output signal is substantially lower than that of the differential-
amplifier output at the collector of transistor Q. 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 R;; 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 milliwatts 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 millivolts 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 CA3008A4; (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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Fig. 200 — Open-loop gain as a Fig. 201 — Voltage gain as a func-
function of frequency. tion of frequency.

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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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 has 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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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 ==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,
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Fig. 209 — Schematic diagram showing addition of an external push-pull
output stage to increase the output capability of an operational amplifier.



Description and Applications 243

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.

Z¢

Zy

open-loop input impedance
open-loop output impedance

= open-loop gain
R: =7 (0 =0)/Zi (w = 0)
Vour _ —Zs Zs

Vi Zo+ (Ze+ Z)/Ao(e)  Z.

Zy
Z = Zr Zi = Zr
N + (Ao(w)/ )

VOUT
1 PAECAE Y
T Vi

Lo = Zoy ———— =
A (w)

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-volt 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

Re
0O
e
VIN | 27
Lg-d
= M=
O

Z; = open-loop input impedance
Z,; = open-loop output impedance
A,(o) = open-loop gain

R =Z (0w =0) /% (0w =0)

Voor _ Ac(@) (Ze + Z) .y %
VIN Zr + Zf + Zo Zr Zr
A(w)
Tonw = Zif 1 + 2222
o ( + Vom‘)
VIN

Vour
Zoo = Zioi __YLI“__
As(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 flat response (within =1 dB) for closed-
loop gains below 15 dB. Fig. 213 shows a plot of the capacitance
required to produce a flat (+1-dB) gain response as a function
of closed-loop gain. The capacitors must have a resistor in series
with them so that 1/(2#RC) = 3 MHz.

POSITIVE DC SUPPLY VOLTS:=+6 60 .
NEGATIVE DC SUPPLY VOLTS=-6 B e Py YOLTS=+6
SOURCE IMPEDANCE =1 kQ % 50 AMBIENT TEMPERATURE=25°C
& T I | \TERMINAL No.8 OPEN
85 N o W 40
! o, R 2 N
240 L & E 30
o) AN Q N
=30 % 0 g N
8 e N <20
P4 N
220 N N
] N | N
2, N N\ 10 <
> N| \ N
0 o —
0 0 10 20 30 30
CLOSED-LOOP NON-INVERTING VOLTAGE GAIN—dB
0ol ol i 10 100 - 0 6 191 297 40
FREQUENCY—MHz CLOSED-LOOP INVERTING VOLTAGE GAIN—dB

Fig. 212 — Open-loop gain as a Fig. 213 — Amount of phase-com-

function of frequency for both pensating capacitance required to ob-

phase-compensated and uncompen- tain a flat (+1-dB) gain-frequency
sated operational amplifiers. response.

Phase compensation may also be effected conventionally by
adding a capacitor in series with a resistor between terminal 11 and
ground. A 0.02-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, flat 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 noninverting
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 30-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 (Z:/Z,) to roll off at a slope of one.
Fig. 216 illustrates this alternate technique for the 30-dB gain
circuit.

The low-frequency input impedance of the 30-dB noninvert-
ing configuration is 480,000 ohms, as calculated from the appro-
priate equation in Fig. 178 (Z; = 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 30-dB
noninverting video amplifier operated without phase compensation.
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Fig. 216 — Circuit diagram and gain-frequency response of the 30-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 — Effect 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.

Low-Level Pulse

Vin = 38 mV
VOUT = 1.1 V
; e g ta = 40 ns
SUS SO SOOI SOOTONS SRR SN S S te = ns
(a) t. = te = 120 ns

Overdriven Pulse

Vin = 127 V
Vour = 32 V
ta = 32 ns
ts = 160 ns
t. = 500 ns
ko te = 160 ns
(b)

Note:

ta = DELAY TIME

t, = STORAGE TIME

t. = RISE TIME

te — 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+i£) (1+if)
Vour _ +10 ; f4 (201)
e (i) ()
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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:

fp= — 10 50kHz (202)
27C.(R: + 10R,)
fo= — L — 40 KHz (203)
27C.R,
fy= — 1 _ 900 kHz (204)
27C.(Rn + Ry)
40 — 800 kHz (205)

M= SrCi@OR, + Y
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 obtained 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 100-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:

‘@? = —"Zr/ Zy
VIN
2. For the noninverting configuration, the following gain

equation is used:

Vour
— =14 Z,/Z:
Vin

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).

= ——" |

| 390K N
Z¢ i
[ L
| i

| falkHz

CA3008
OR
CA3008A

£210 kHz

—

Vout

OUTPUT =50 mV/DIV

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 1-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.

39 K Z¢

f=lkHz

CA3008
OR
CA3008A

~INPUT-2mV/DIV.

. OUTPUT-IV/DIV.

Fig. 223 — Circuit diagram and the input and output waveforms for an
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.

o

CA3008
OR
CA3008A

VERTICAL=0.5 V/DIV.

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-volt 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-terminat
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 fluctuations
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 than 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 bias
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-volt 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 ampliﬁer/s 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.
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Fig. 225 — Schematic diagram for the —12-volt operational amplifiers
(CA3015, CA3015A4, CA3016, CA3016A, CA3030, CA30304,
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-
nal 5 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 phase-lag compensation, the series RC
combinations must be adjusted so that 1/(2#RC) = 10 MHz to
correct for the shift in frequency. In addition, the Miller 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
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could be used at lower voltages.)
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Fig. 227 — Terminal connections for phase-lag and phase-lead compensa-
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(£1-dB) response and typical response characteristics.

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
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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
(%+1-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 1/(2#RC) = 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-
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Fig. 231 — Circuit diagram and response for 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.

10-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 10-dB noninverting opera-
tional amplifier with phase-lead and phase-lag compensation.
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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:

R, = 2R, (206)

fo = 1/(27R,Cy) (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, 10-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 Qo of about 10 (R, =
X. Qo = 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 10-MHz band-pass amplifier.

Voltage Follower — 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 100,000-ohm
source to a 470-ohm load.

If higher voltage-swing capability is desired, the positive
supply voltage (Vgc) may be increased. Temperature derating
may be necessary, depending on the magnitude of V¢ 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 h,
of the input transistor (Q;, Q,, Q9 or Qy).

By deriving the base bias for transistor Qg from the emitter
circuitry of feedback transistor Q;, an additional common-mode
negative-feed back path is obtained. A common-mode signal ap-
pearing at the collectors of the first stage (Q; and Q,) is reflected
to the coupled emitter of the second stage (Qg and Qy), where it
is sampled by Qs and applied through its emitter circuitry to the
base of the constant-current-sink transistor Qg of the first stage.
Transistor Qg 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 CA30334
integrated-circuit operational amplifier.

If the feedback supplied by resistor Ry is neglected, the sig-
nal from the second stage is injected into the base of common-
collector transistor Q;;. Constant-current-sink transistor Q;, and
the emitter circuitry of Qy; 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 Q..

The signal appears at the base of modified-Darlington tran-
sistor Q;4 through the forward-biased diode-connected transistors
Q.3 and Qg;a. Transistor Q.4 drives inverting transistor Q,; and
output transistor Qg in parallel. Transistor Q;4 provides impedance
transformation, multiplying the parallel combination of the input
impedances of Q;; and Qq5 by 14 hy,. 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 Q;5 and Qqs.

Transistor Qy4 is the output transistor for the negative signal
excursions. Its gain is equal to its transconductance (g, ) multiplied
by the load impedance applied. Transistor Q,; 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 Q;; is to pro-
vide idle current bias for output transistors Q;; and Q5. It ac-
complishes this by virtue of its Vg voltage drop shunting that
of transistor Qqs. If transistors Q,; and Q,s are ideally matched,
their collector currents will be equal. Hence, the collector current
of transistor Q5 determines the idle current of the output tran-
sistors. Furthermore, the collector current of Q;; is limited by the
power supply voltage levels and the size of resistor R;. The maxi-
mum value of the collector current has been designed so that
thermal runaway of output transistors Q,; and Q3 does not occur
with power supply values up to =24 Vdc.

Modified-Darlington transistor Q;¢ provides impedance trans-
formation of resistor R; 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 - hy,
of two transistors, Q;¢ and Q,7, instead of just the 1 4 hy, of out-
put transistor Q.

Transistor Q,;, 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 Qq;
and Q., 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 R;s
is placed between the output and the virtual ground in the level-
shift circuitry (junction of R;; and R,4). The voltage gain with
R;; in place is essentially R;5/R;3, regardless of which channel is
conducting, provided the positive-negative channel gains without
R,5 are much greater.

The output stage will work properly over a wide range of
power supply values because the collector voltage of Q- is essen-
tially clamped to the negative supply through the diode action of
Qis, Qiza, Qis and Q;5, and Qus. Only a few millivolts are re-
quired at the collector of Qq» to cover the entire range of Q,; and
Qss, from cutoff to saturation. The feedback can affect this change
of a few millivolts, forcing a balance between output transistors
Q7 and Q.

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 milliwatts with an idling cur-
rent of 7 milliamperes; at -9 volts, it delivers 550 milliwatts 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 4-125°C). Principal features
of the CA3020 are as follows:

e Specially designed power transistors which deliver high power
efficiently,

¢ Single-power-supply operation from +3 to ++9 volts.

e Built-in temperature compensation to assure stable power
gain and circuit operating points over the temperature range
from —55° to +-125°C.

e 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).

e Availability of restricted frequency capability.

e 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 amplifier.
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Fig. 238 — Functional block diagram of the CA3020.

The voltage regulator consists of diodes D,, D,, and D3 and
resistors R;o and R;;. The diodes are constructed from transistor
emitter-base junctions to permit temperature tracking over the
range from —55°C to 4-125°C. The regulator supplies two volt-
ages to the differential amplifier, a base supply voltage equal to
2 Vg (about 1.4 volts) and a collector supply voltage equal to
3 Vie (about 2.1 volts).
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The differential-amplifier-and-phase-splitter circuit consists
of transistors Q. and Qj, collector resistors R, and R;, and biasing
resistors Ry, R;, R, and R;. The ac signal voltage may be capaci-
tor-coupled directly into terminal 3 or applied to terminal 10
(buffer amplifier Q;) 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 Q, and Q.

The ac signal is then applied to the emitter-follower tran-
sistors Q, and Q; which form the driver stage. Feedback resistors
R; and R; provide dc and ac stability in the differential amplifier.
If these resistors were not used, slight variations in Vgg, beta and/
or resistor ratios could cause the dc voltage between the collectors
of Q; and Q; to vary from zero. However, application of the
emitter-follower voltages from Q, and Qj; to the differential ampli-
fier through R; and R; compensates for any imbalance.

The power transistors Qs and Q; accept the ac signal from
the emitters of Q, and Q; 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 49 volts. Fig. 239 shows
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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.

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).

AC
INPUT
SIGNAL T

Rz

(a) (b)

Fig. 241 — Input-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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+ VCC

Fig. 242 — CA3020 connection optimized for low distortion.

Table XXVII — Optimum Value of Resistor Connected Between

Terminals 8 and 11
Resistor
Supply 1dling Between Pawer Total
Veltage Curremt  Terminals Output Harmonic

Vee lao Sand 11 Pout Distortion
W) (mA) (ohms) (mW) (%)

3 10 220 50 2.0

6 21 1000 200 2.0

9 24 ) 400 2.5

Although the CA5020 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 Connections — The collectors of the power
transistors Qg and Q; 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 — Output power as a function of 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 Q, is off. When E, switches to a value of 1 volt or more (thresh-
old is at a Vg of about 0.7 volt), Qs 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 R;o and R;; (terminal 8) is connected to the col-
lector of Q,. The resistor R, is not necessary for squelching, but
can be used to set the desired operating mode (idling current).

R2

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.

+Vee

Fig. 245 — Methods of restricting the bandwidth of the CA3020.
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Capacitors C;, C,, and C3 may be used for rolling off the
low-frequency response. The low-frequency cutoff is determined
by the time constants C;R;, and C:R;,, where Ry, is the input re-
sistance at terminal 10 (about 50,000 ohms) and Rj is the input
resistance at terminal 3 (about 700 ohms).

Capacitors C, and C; are used for establishing the upper-
frequency cutoff. The high-frequency roll-off is determined by the
time constants C4R3 and C;Ry, where Ry, is the load resistance.

For a restricted bandwidth of 300 Hz to 3 kHz, the follow-
ing capacitance values are recommended:

Cl oo 0.02 uF

Cz ...................................................................... 1 ,LF

G eovveveeereeesseseesseeeeeeeeeseessssssene e ssssssesennnnene 2 uF

G oo 0.1 uF

Cﬁ ...................................................................... 0.2 F/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-Milliwatt 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

+9V

| IS |

RCA-111113
130QSPEAKER
OR EQUIV.

o
Fig. 246 — 310-milliwatt audio amplifier without transformers.

with- a typical input voltage of 45 millivolts rms. Pertinent circuit
characteristics are summarized below:
Input voltage for full power output .... 45 mV
Maximum power output ..........cc..ce..... 310 mW
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Idling current ........cccceecvreverrcenecverneees 24 mA
Input resistance ...........c.cevveerveensuensnene 50,000 ohms
Total harmonic distortion at

Pout = 135 mW .............................. 1%
Signal-to-noise ratio (input voltage

reference of 20 mV) ................... 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

RATIO
DETECTOR |, F
OUTPUT

ARGONNE
6 TYPE 174
OR EQUIV.

IuF T
0.01

IpF _L_

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 mV
Maximum power output ..........c.c.ou... 545 mW
Idling current ..........ceceeveeveeneiniciiunnn 22 mA
Input resistance ..........cccecceveeeveeerenvenens 50,000 ohms
Total harmonic distortion at

Poe = 135 mW .o 3.3%
Signal-to-noise ratio (input voltage

reference of 20 mV) ....ccccevenneeennn. 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.

7-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.

S5kQ

=

~0.0!

L wF =

Fig. 249 — 7-watt class B single-ended audio amplifier.

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 logm (Eo“t/Em) = 44 dB.

Motor Controller and Servo Amplifier — The CA3020 may
be used as a 40-t0-400-Hz motor controller and servo amplifier,
as shown in Fig. 251.

S. 20 mA HS.
+10 vdc AT{LLMAHS. 118 vdc AT 4,,'% P
TYPE
2N3053 8y
koS TYPE
2N37T2
7V
i 4700 STANCOR
W v P-8358
N | dosa ||| Rew
TYPEl 6v ow 85500 Hz
03v-jmiTe3al EVe-p “ = SN
1 LOAD
050 40
Pk IOW Vp-p
4700
'/|W eIV
< Jdizv
TYPE
N3772
TYPE
*05v 2N3053
. 29 x 100
Efficiency of power stage at 80-400 Hz = ~—>8—<5—— = 34%
. 21 x 100
Efficiency of power stage at 40 Hz = —%——— = 25%

Fig. 251 — 40-t0-400-Hz motor controzller and servo amplifier using the
C.

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 of the CA3011 or CA3012 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 Vpy 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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Fig. 254 — Schematic diagram of 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
FM 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 frequency 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 Dj, Dg, and D;. 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 significant 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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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.
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Fig. 261 — Block diagram of typical television receiver using CA3013 or
CA3014 integrated-circuit sound if amplifier and detector section.
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G TC2 Wire Type: GRIPEZE,* or equiv.
| ' f Size Turns C1 Cz
| MHz AWG# LA LA LY pF  pF
O I 175 36 44 20 44 820 820
| | total _
| 4540 18 7 22 360 330
total
L 107 3% 18 18 18 100 100
total
O
* Registered Trade Mark, Phelps-Dodge = At this frequency, TRW Type No, 21685,
Copper Products or equiv., may be used for discriminator
A Wound bifilar transformer
¥ Two sections bifilar wound; bnﬂlar turns * At this frequency, TRW Type No. 21590-
= 1 total turns 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 CA3011 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 — 10.7-MH? if-amplifier strip using CA3012 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 THFM receiver selectivity between 35 and 40 dB is
practical and does not impose too much burden on alignment. Be-
cause THFM 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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™
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Fig. 266 — Configurations and resglonse curve for triple-tuned interstage
ter.

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
10.7-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,
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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-loss filters. Over-all receiver noise F is calcu-
lated as follows:

_ Fo—1 F;—1
F= Fl + Gl + GlG (209)

2

where F,, F,, and F; are the noise figures of the first (rf), second
(mixer), and third (if) stages, respectively; and G, and G are the
power gains of the first and second stages. If a value of 27 dB is
assumed for the if noise figure F; (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:
Fz—1 27—1

G = °+7o00
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:

Fy=F, 4 = 10.026 dB (210)

10.87—1

Fy—1 _ _
=5+ 77— =5285dB (211

G,

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 that- 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

F=F1+
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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.

K _|SuF/
o] 25V

Fig. 269 — Complete 10.'7 MH?z if-amplifier strip using two CA3012

integrated circuits.
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Fig. 270 — Voltage gain and impedance values for if-amplifier strip of
Fig. 269.
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Fig. 271 — Performance curves for if-amplifier strip of Fig. 269.
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Fig. 272 — Selectivity curve for if-amplifier strip of Fig. 269.
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Fig. 273 — Measured over-all selectivity curve for if-amplifier strip of
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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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K
15 WV 1500 uV 600 WV 175V
| | [
50 o 3ka 1k 3kQ
Fig. 274 — IF-amplifier strip using CA30284 and CA3012 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 higher 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
10.7-MHz FM 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 (FM and AM)
signal with the AM signal at 30 millivolts is 50 dB.

The 10.7-MHz FM signal from the mixer in the FM 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, 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
FM signal receives additional gain of 70 dB and limiting from
terminal 1 to terminal 5 in the CA3014. The FM output at ter-
minal 5 is applied to the primary winding of the phase-shift (dis-
criminator) transformer Ts;. 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 FM signal
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varies, the phase shift of the secondary voltage follows the modu-
lation. The detected output at the base of Q,; in the CA3014
(terminals 6 and 7) is thus amplified and buffered. The recovered
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.

AUDIO OUTPUT

TO MIXER
OUTPUT

+9vV

T. = TRW No. 21969 or
equiv.

T: = TRW No. 21590 or
equiv.

10.7-MHz IF SELECTIVITY CURVE
(Markers are 100 kHz apart with center
at 10.7 MHz)

DETECTOR “S” CURVE

Fig. 277 — 10.7-M1‘_Iz 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 CA3034V1 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 CA3034V1 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
CA3034V1 integrated circuits, These circuits perform the functions
of amplifier limiter, dual phase detector, difference amplifier, and

® @ ® q?

NOTE : ALL CONNECTIONS SHOWN BY GROUND
SYMBOL ARE INTERNALLY CONNECTED
TO TERMINAL No.8

Fig. 278 — Schematic' diagram of the CA3034 or CA3034V1 integrated-
circuit wide-band amplifier/ phase detector.

reference voltage regulator. Fig. 279 shows a block diagram that
illustrates the use of the CA3034 or CA3034V1 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
CA3034V 1 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 e, 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 R;, and
R,; and of Ry4 and R;; is approximately to 2.25 volts (bias volt-
age). The differential amplifier (Qs, Q4, Q7, and Qg) is balanced
for this condition; the voltage difference between terminals 4 and 5
is then equal to 0 = 1.5 volts.

On cither side of the center frequency, the voltage swings
positively and negatively about the bias voltage at the detector
resistor junctions. As the junction of R;, and R;3 become positive,
the junction of R, and R;; 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.
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WIDE-BAND AMPLIFIER ARRAYS

The CA3035 and CA3035V1 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
CA3035V1 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 CA3035V1 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 regulater. 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 uV 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,

+I13Vv
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Fig. 282 — Block diagram of a typical remote control system using the
CA3035 or CA3035V 1.

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 D, through D, are internally intercon-
nected to form a diode quad, while diodes D; and D4 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).

O,
Ds
©,
®
De
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.

METAL TO METAL TO
TERMINAL @)  TERMINAL (3
Si02
=
— p
N
o
//// j
- TO
EMITTER L remt@ua ®
BASE
COLLECTOR

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 the CA3019. 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.

PULSE
SPECTRUM
INPUT. S
Oo—®@ ©,

4

Fig. 285 — Typical synthesizer mixer circuit using the CA3019.
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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
D; and Dg conduct during one half of each gating cycle and do not
conduct during the other half of the cycle. When diodes D5 and Ds
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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 Output Output Output
Fr:::lpe':ltcy Voltage Bel:w Voitage Bedlnw Voltage B:I:w Voltage Below Volt;ze B:I|;w

KHz :':ns Vs ms Vs rms Vs :ns Vs ::‘s Vs

28 and 32* 34 65 115 7 440 5 51 14 170 3

30 0.7 41 082 49 26 5 01 68 36 37

26and 34 002 72 005 724 048 64 004 724 007 71

4and36 003 69 049 54 60 22 058 525 06 53

22and 38 0001 724 001 724 14 55 015 724 002 72+

* Double-Sideband, Suppressed-Carrier Output.
All other outputs are spurious signals.

Vg(fg)

T;—TECHNITROL No. 85166 OR EQUIV.
Fig. 288 — Series gate using the CA3019.
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are conducting, the diode bridge (D, through D,) is not conducting
and the high diode back resistance prevents the input signal V,
from appearing across the load resistance Ry; when diodes D5 and
Ds are not conducting, ithe diode bridge conducts and the low
diode forward resistance allows the input signal to appear across
the load resistance. Resistor R, 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 series gate is shown in Fig. 289.

o ON
-1 -
N

‘t?-z
°. ,/,_-
3 /
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[ OFF Y
3 /|

= -

L
-7 >
10 00

FREQUENCY—MHz

Fig. 289 — On-to-off ratio of the series gate of Fig. 288 as a function
of 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, is of sufficient amplitude, the diode bridge (D,
through D,) conducts during one half of each gating cycle and does
not conduct during the other half of the cycle. When the diode
bridge is conducting, its low diode forward resistance shunts the
load resistance Ry, and prevents the input signal V, 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 D; and resistor R, 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 100 kHz

Gating voltage (V) — 0.8 to 1.2 Vrms

Signal frequency (f;) —dc to 500 kHz (2 dB down)

Signal voltage (V;) —O0to1 Vrms
The amount of gating voltage V, present at the output as a function
of the amplitude and frequency of V, is shown in Table XXIX.
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Fig. 290 — Shunt gate using the CA3019.

Table XXIX — Gating Characteristics of Shunt Gate
Shown in Fig. 290

Amount of Vg

Frequency Amplitude Present at the
of Vg of Vg Output
kHz voits mv
1 0.8 0.2
1 1.0 0.5
1 12 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 12 40.0

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 (D4 and D,)
encounters a low shunt impedance to ground (D; and Dg) 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
D,). 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 R;. Any pedestal at the output is a
function of the resistor, transformer, and diode balance.

The gate continues to operate successfully with resistors R,
and R, 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 0.6-volt-rms
oscillator drive.

The CA3019 mixer shown in Fig. 294 is essentially a balanced
mixer with two additional diodes (D3 and D,) added to form a
half-wave carrier switch. The additional diodes permit both legs of
the circuit (D; — D, and D3 — D,) 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 €o
7 pH R
15
7-a52 K
pF

Fig. 292 — Balanced mixer using the CA3019.

f,§=45 MHz
fosc=56 MHz
OF fi=10 MHz
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4

CONVERSION GAIN—dB
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OSCILLATOR AMPLITUDE —Vrms

Fig. 293 — Conversion gain as a function of oscillator voltage for the
balanced mixer of Fig. 292.

S\

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-
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tion would flow in each half of the center-tapped transformer Ts.
Thus, the effect of the carrier current in transformer T, 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 (D; 4+ D,) and (D; 4 D,) are actually two diodes
in parallel, while diodes (D;) and (Dg) 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.

600 Q

Fig. 295 — Ring modulator using the CA3019.

As the carrier passes through half of its cycle, diodes (D, +
D,) and (Ds) conduct, and diodes (D; + D,) and (Ds) 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 given Vs 4 Vg, eo in millivolts

Output Vs mvs 300 350 450 500
Freq. K2y oy 600 500 350 300
Upper or
- 28or3 Lower 86 97 83 91
Sidebands
9 Sig.
Freq. 0.042 0.02 0.015 0.020
30 Carrier

Freq. 13 (—§7dB) 0.88 (—4'ldB) 0.67 (—42dB)  0.62 (—43dB)

i . 0.043
wow i 0.018 0.016 0.03
2hor 36 gienands 0021 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 TO-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 Q4 as a common-base
amplifier. In pulse video amplifiers and line-driver circuits, Q4 can
be used as-a forward-biased diode in series with the emitter of Q3.
Q3 may be used as a diode connected to the base of Q4; in a
reverse-biased connection, Q3 can serve as a protective diode in rf
circuits connected to operational antennas. The presence of Q3 does
not inhibit the use of Q4 in a large number of circuits.

In transistors Q1, Q2, and Q4, the emitter lead is interposed
between the base and collector leads to minimize package and lead
capacitances. In Q3, 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.

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 Qs to the base of Q, provides dc and low-
frequency feedback; the loop from the collector of Q, to the col-
lector of Q, 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 C;, C,, and C;. 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 4-125°C. The upper 3-dB break is constant at 32
MHz from —55°C to +425°C, and drops to 21 MHz at 4125°C.
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Fig. 298 — Voltage gain as a function of frequency for the broadband

video amplifier of Fig. 297.
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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 4-125°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 Q, and Q; comprise
the common-emitter and common-base portions of the cascode, re-
spectively. The common-base unit is followed by cascaded emitter
followers (Q; and Q,) which provide a low output impedance to
maintain bandwidth for iterative operation.



Description

and Applications

s
35
500 b
Vs ==
7
C2
wr L

1%
=

w@

~]

Q

CA

3018

3N

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;, Cs, and C;.

The up

per

3-dB point is a function of the devices and of the load resistor R;,

and is 10.5 MHz at
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Fig. 300 — Voltage gain as a function of frequency for the cascode
amplifier of Fig. 2
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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 4-125°C. The
power dissipation varies from 16.8 milliwatts 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.

15-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 (Q,). Transistor Q, is used

+6V
0.00F [F—_
T
2 25
C2_‘£'
out
500
TRATE

e DRGNS [.o-X

L =0.8uH = 0.8 uH
Q. = 200 Qo = 200
Tis = 6T Tss = 6T
T1-2 = lT Tj,-z = 4T
Tis = 2T Teu = 1T

#22 wire on Q-2 material, CF107 Toroid from Indiana

General.
C,, C: = Arco 425 or equiv.

Fig. 301 — Schematic diagram for a CA3018 15-MHz rf amplifier.
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as a variable resistor in the emitter of Q4 to provide improved
signal-handling capability with agc. Transistor Q, is used as a bias
diode to stabilize Q4 with temperature, and the reverse breakdown
of Qs 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 .....ccccoceeveeviinieeeninneneeieeeeneeneene 20 dB
Power-Gain Variation from —55 to

F125°C e +1 dB
Bandwidth ......cccooveeiiniincieiencieeeeees 315 kHz
Noise Figure at Full Gain ..........ccccvevnennnee. 7.4 dB
AGC Range .....ccccevveviiiceiienicciiecienneee, 45 dB
Power Dissipation ........cc.ccececevvverireeneernneen. 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 Q.

1
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1
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GAIN CONTROL—dB
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0.0l B .1
UNDESIRED SIGNAL VOLTAGE —Vrms
(FOR 10% CROSS-MODULATION DESTORTION)

L
o

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 Q, is maintained at approximately cutoff to permit the
cascaded emitter-follower configuration (Q; and Q) 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

a7k %27 kQ éa.a kQ
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K SUBSTRATE =
IF =
INPUT

Fig. 303 — Schematic diagram for a CA3018 final if amplifier and second
detector.
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The if amplifier of Fig. 303 has a voltage gain of 30 dB at
1 MHz. Transistor Q, is used -in the base-bias loop of the com-
mon-emitter amplifier Q, 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 Q.. If Q, is biased con-
ventionally with base-bias resistors, Q, can be made available for
the first audio or agc 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 hpp roll-off and moderately high saturation
resistance at high currents. A typical circuit is shown in Fig. 304.
Idling-current bias is provided to Q; and Q. by use of transistor
Q; 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

R2
— — —A\AN———

| 33kQ !

4 = || 150
;7;;;‘ | Vcc=6V

VYV Y YYYYYYYYY
+

Q

T: — ADC Products No. 5SX1322 or equiv.
T. — Chicago Standard Trans. Corp. No. TA-10 or equiv.
Note: R; is removed when R: and R are added.

Fig. 304 — Schematic diagram for a CA3018 class B amplifier.

the resistance-diode loop. Because the resistor R; 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 Q; and Q. in Fig. 304 varies from 0.5 to 0.6 milliampere
from —55 to 4125°C. Excellent balance between output devices
is achieved throughout the range. v

AC feedback as well as dc feedback can be obtained by sub-
stitution of two resistors R, and R; in place of R;, as shown by
the dotted lines in Fig. 304. These two resistors, which have a
parallel combination equal to R,, are connected between collector
and base of transistors Q, and Q;. 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.

100-MHz Tuned RF Amplifier — Fig. 305 illustrates the use
of the CA3018 in a 100-MHz cascode circuit with an agc amplifier.
Transistors Q, and Q. are used in a cascode configuration, and
transistors Q; and Q, 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

L, =0.11t0 0.17 yH
L:=0.5 to08 uH

Fig. 305 — Schematic diagram for a CA3018 100-MHz cascode amplifier.
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of low-power drive (high input impedance). In addition, the emit-
ter of Q; 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.

o

4.5 }“B
/TN
/TN

4

]
w0

2
o

VOLTAGE GAIN—dB
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-20
85 90 95 100 105 10 5
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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 4+125°C and are supplied in 10-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.

&

‘ o
®

Q2 Q4

® @ © ©®

Fig. 307 — Schematic diagram of the CA3036kintegrated-circuit dual
Darlington array.
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Fig. 308—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 ....... A%
Negative DC Supply Voltage A\
Input Signal Voltage:

SINgle-eNded ......ooovevviveeriiiieiserreeeeaene et seereneee e asseas +2 \'%

Common-mode +2 A%
Total Device DiSSIPAtION ........ccevcueeerrecriierseneiiennrenssceseeecnueanne 300 mW
Temperature Range:

Operating —55 to +125 °C

Storage ........ e e —65 to +200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = + 6V, Vgg = —6V)
Input Offset Voltage .........cccceueue.e. Vio 14 mV

Input-Offset Current ..........ccoevenuvvcrnnnenn Iro 1.2 LA
Input Bias Current I 23 rA
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TYPICAL CHARACTERISTICS (continued)

Quiescent Operating Voltage:

Terminals 4 and 5 not connected ................ Vsor Vi 2.6 A%
Terminal 4 not connected, terminal 5
connected t0 VEE ..cecveercerivecninemnicsesaesnees Vsor Vi 42 A%
Terminal 4 connected to Vgr, terminal 5
NOt CONNECLEd ..coeovvenrieriieeeeeneeceeeeereseeeianee —1.5 A\
Terminals 4 and 5 connected to Vzs ... 0.6 A\
Device DiSSIPAtiON ......cccevevreeeeriernirceesensuensernsnes 30 mW
Differential Voltage Gain (Single-Ended Input,
f = 1kHz):
Single-ended output .........cccvvivinininneiinenne. Apirr 32 dB
Double-ended output ..........ccocceeiviiieiiiiiinnens Aopirr 37 dB
-3-dB Bandwidth ...... BW 650 kHz
Maximum Output-Voltage Swing (f = 1 kHz) Vou:(P-P) 6.4 Voo
Common-Mode Rejection Ratio (f = 1 kHz) CMR 98 dB
Single-Ended Input Impedance (f = 1 kHz) .. Zia 195 ko
Single-Ended Output Impedance (f = 1 kHz) Zou: 8 kQ
Total Harmonic Distortion (f = 1 kHz) ........ THD 0.2 %
Useful Frequency Range .........cecccevcveneevsenseeens dc to 30 MHz
AGC Range (Maximum voltage gain to com-
plete cutoff, f = 1 KHZ) ....cccocvvrurrevcnvrrnens AGC 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 101.

MAXIMUM RATINGS

Positive DC Supply VOltage .......ccccoeeeevivveeeeeeeeerecrereenaene Vee +10 \%
Negative DC Supply VOItage .......cccevereereereereerenreerennns Vee -—10 Vv
Input Signal Voltage
Single-ended A%
Common-mode +2. A%
Total Device DISSIPAtiON ......ccccceeveeerivrreireeireiereeeceecreeecreeenaees 300 mW
Temperature Range:
Operating ........ccccceevvennen. —55 to 125 °C
StOrage .....ccevevvereerveenrneennns —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Vee = + 6V, Vgg = — 6V)

Input Offset VOItage .........ccccceeveevenrrcarruenvenersesnenns Vio 1.5 mV
Input Offset CUITEnt ......ccocevvevveerercrenncsecrncsnsncens Io 34 BA
Input Bias Current ........ I 10 uA
Output Offset Voltage Voo 52 mV
Quiescent Operating Voltage:

Terminals 4 and 5 not connected ................ Vsor Vu 4.4 A\

Terminal 4 not connected, terminal 5
connected to Ve Vsor Vu 4.8 \%
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TYPICAL CHARACTERISTICS (continued)

Terminal 4 connected to Vggr, terminal 5

not connected . Vsor Vu 2.9 v
Terminals 4 and 5 connected to Vg ............ Vsor Vi 39 \'%
Device Dissipation ................ Pz 80 mW
Differential Voltage Gain (Single-ended
input and output):
f = 175 MHzZ .......aeeeeece e Aopirr 19 dB
f = 20 MHZ ..ot cesaesennee Avpirr 14 dB
-3-dB Bandwidth ....... BW 16 MHz
Maximum Output Voltage Swing
(f = 1.75 MHZ) cooevriecncicctcneissseneanes Vout (P-P) 5 Vi
Noise Figure:
Rs = 1kQ, f = 1.75 MHz ....ccceceevuvuennnnns NF 5 dB
Rs = 1kQ, f = 11.7 MHz ..........cccueuuee. NF 7.7 dB
Common-Mode Rejection Ratio (f = 1 kHz) CMR 70 dB
Parallel Input Resistance (f = 1.75 MHz) ... R 50 kQ
Parallel Input Capacitance (f = 1.75 MHz) .... Cu 7 pF
Output Resistance (f = 1.75 MHz) 70 Q
Useful Frequency Range ..........cecoeeevcveninecnnens dc to 20 MHz
AGC Range (Maximum voltage gain to com-
plete cutoff, f = 1.75 MHz) .....c.ceevuverunnene AGC 60 dB

IF AMPLIFIER CA3002

General-purpose amplifier used in video amplifier, product and AM
detector applications. 10-lead “TO-5" package; Outline No. 1. For
schematic diagram and characteristics curves, see Fig. 104 and
Figs. 106 through 114.

MAXIMUM RATINGS
Positive DC Supply Voltage .............. v

Negative DC Supply Voltage v
Input Signal Voltage (Single-ended) . \%
Total Device DiSSIPAtION ...........coceeeeereiireeeeeeeeieeeereenreeeneenas mW
Temperature Range:
Operating —55 to 125 °C
StOrage ......ccocevevveneecrerrennennns . —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Vee = -+ 6V, Vgg = — 6V)

Input Unbalance Voltage 22 mV
Input Unbalance Current 2.2 uA
Input Bias Current 20 rA
Quiescent Operating Voltage:
Terminal 2 connected to Vge, terminal 4
NOt connected .........coccoeverieiierieceeensennsssees 2.8 A%
Terminals 2 and 4 connected to Veg ............ 3.9 v
Device DiSSIPAtion .........cccecevrveeieeererrreerensessssenss Pr 55 mW
Differential Voltage Gain (Single-Ended Input
and Output, f = 1.75 MHz) ......ccceeuveuene. Apirr 24 dB

-3-dB Bandwidth ..........cccceviiiiiiciecreceeeeren, BW 11 MHz
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TYPICAL CHARACTERISTICS (continued)

Maximum Output Voltage Swing .........ccc.u.e.. Vou: (P-P) 5.5 Vi
Noise Figure (Rs = 1 k@, f = 1.75 MHz) ... NF 4 dB
Parallel Input Resistance (f = 1.75 MHz) ... R 100 kQ
Parallel Input Capacitance (f = 1.75 MHz) ... Cia 4 pF
Output Resistance (f = 1.75 MHz) ................ Rout 70 Q
3rd Harmonic Intermodulation Distortion ........ IMD —40 dB
Useful Frequency Range ..........cccccevveveeennnnnes dcto 15 MHz
AGC Range (Maximum Voltage Gain to Com-

plete Cutoff, f = 1.75 MHz) ....................... AGC 80 dB

CA3004 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 VoItage .....c.ccceevvveeveecrercerceeeneeneenens Vee +12 v
Negative DC Supply VOItage .......ccccvviviininicniennniinrenns Ve —12 v
Input Signal Voltage:
Single-ended .......cccoccnvinininnii +35 V
CommON-MOAE  ...cccvvrvivieirrrerireeseirisessestesessesseenrenes +35t0o =25 V
Total Device Dissipation .. 300 mW
Temperature Range:
Operating —55 to 125 °C
SLOTABE  ...oeceeeeeienerireeseerieeeeseesreetesesanessessessasssesssenns —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = + 6V, Vgg = — 6V)

Input Offset VOItage .......coeceverveienecriesineenucsennnnne Vio 1.7 mV
Input Offset Current ... v To 0.125 LA
Input Bias CUITENE ...c..coeeerrevevereniiierereeecreecnenans Ir 21 A
Quiescent Operating Current:
Terminals 4 and 5 not connected .................... Lorlu 1 mA
Terminal 4 connected to Ver, terminal 5
NOt CONNECLEd ....oovvveeveeerrieerieeerneearnereereanns Is or In 2.7 mA
Terminal 4 not connected, terminal 5
connected t0 VEE «weceeveereerrrevereerveeeeresseenns Lorlu 0.45 mA
Terminals 4 and 5 connected to Vgs .. . orlu 1.25 mA
Quiescent Operating Current Ratio .......... wo Ie/In 1.1
Device Dissipation .......cccocoveeeevennne. w. Pg 26 mW
Power Gain (f = 100 MHz) .... w. Ge 12 dB
Noise Figure (f = 100 MHZ) ........ccceevvveervennenne NF 6.3 dB
Common-Mode Rejection Ratio (f = 1 kHz) CMR 98 dB
Useful Frequency Range ........cccccvevvreicevenennne dc to 120 MHz

AGC Range (Maximum Voltage Gain to Com-
plete Cutoff, f = 1.75 MHz) .....cceervvunee AGC —60 min dB



Technical Data 323

RF AMPLIFIER CA3005

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 161, and
163 through 166.

MAXIMUM RATINGS

Positive DC Supply Voltage ......ccccecevvvveeiecrreveesveeneennns Vee +12 v
Negative DC Supply Voltage .........cooceeveiiiiecicinieinienen. Vee —12 A%
Input Signal Voltage:
Single-ended .......occooiieiiine e, +35 V
Common-mode .............. +35 to —25 V
Total Device Dissipation 300 mW
Temperature Range:
OPETatiNg  .....ooeeiieiieiee ettt ee ettt st e e srae s saeesveesanes —55 to 125 °C
SLOTAZE  .oeeevreeiiiciieeiee ettt s nannees —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = + 6V, Vgg = — 6V)

Input Offset Voltage ........cccevvvvvircuvnnceccncnniinens Vio 2.6 mV
Input Offset Current .... Io 14 LA
Input Bias Current .........ccoveveenreciciiicisenn Ir 19 A
Quiescent Operating Current:
Terminals 4 and 5 not connected ................ IoorIy 1 mA
Terminal 4 not connected, terminal 5
connected t0 VEE oovererrevieieeereireerennisrenens Ioor Iy 2.7 mA
Terminal 4 connected to Vg, terminal 5
NOt CONNECLEd ....eovverurrrrireieiereriiesreeseeeeneeanne IoorIy 0.45 mA
Terminals 4 and 5 connected to Vzg ........ TIoor In 1.25 mA
Quiescent Operating Current Ratio v Lo/In 1.05
Device DisSipation ..........ccceevververinreereeesienseeeennns Pz 26 mW
Power Gain (f = 100 MHz):
Cascode CIrCUIt ....cccvvveveireeiierceeiresreeeeeaerenns Ge 20 dB
Differential-amplifier circuit ......cc.ccceverveevruneans Ge 16 dB
Noise Figure (f = 100 MHz):
Cascode CITCUIL ....cccovveeeveereieeriieeiiereireeteeirneeens NF 7.8 dB
Differential-amplifier circuit NF 7.8 dB
Common-Mode Rejection Ratio (f = 1 kHz) CMR 101 dB
Useful Frequency Range ........cccocovevvecrieneennnnnn. dc to 120 MHz
AGC Range (Maximum Voltage Gain to Com-
plete Cutoff, f = 1.75 MHz) .....ccco....... AGC —60 min dB

RF AMPLIFIER 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,
Veo = + 6V, Vgg = — 6V)
Input Offset VOItage .....cccovvverrererienreneenneseenees 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 ......ccccoceeviemieiniicnveenieennns Vee +10 A%
Negative DC Supply VOItage ......cccoceeivvveeerenvernenienneenns Vee —10 v
Input Signal Voltage:
Single-ended .....ocociiiiiiiviie e +2.5 A\
CommON-MOAE  ....eoviiiireiiiisieeeiraeeeeteesireereeessesssbeesseeesveaens +2.5 A%
Total Device DisSipation .........cccccevvvveeirieeriienersieesseesiveeenns 300 mW
Temperature Range:
OPEratiNg  ....cccvveeeerieriiereeriieeseesereeeesraessaseeaesstesenneenes —55 to 125 °C
SLOTAZE  ceveeiiiiieiiiereieeee ettt s sae s s saneeee —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = + 6V, Vgg = — 6V)

Input Unbalance Voltage ........ccceevvvevveervenenrennns Vi 0.57 mV
Input Unbalance Current . . I 0.57 rA
Input Bias Current .......cccceceveeeveceeseennnesrenensens I 11 sA
Quiescent Operating Voltage ......c.c.ccccceeverevennen Vsor Ve  0.87 A%
Device DiSSIPAtION ......c.ccceeveeereevierresreereeneeeseenneene Px 30 mW
Power Gain (f = 1 KHZ) ....ccovevvveenvirerveniene Ge 22 dB
Total Harmonic Distortion (f = 1 kHz) ........ THD 0.28 %
Useful Frequency Range ........ccccevveivivneeennenne dcto 20 kHz
Common-Mode Rejection Ratio (f = 1 kHz) CMR 77 dB
Input Impedance (f == 1 kHz) ..ccocvevvrvnrenreennene 4 kQ
Output Impedance (f = 1 kHz) 60 Q
CA3008 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 325
MAXIMUM RATINGS

Positive DC Supply VoItage .....ccccovievieeieneecrnnieererennens Vee +10 \'
Negative DC Supply Voltage ................... Vee —10 v
Input Signal Voltage (Single-ended) +1, —4 A%
Total Device DiSSIPation ........ccccecievereeiveeveenreceiereeereneeens 300 mwW
Temperature Range:
OPErating ....coceevveeveereereeniinrenieeessreenseesssesseessesseassenns —55 to 125 °C
SEOTAZE  .eooveiiiieeiece et —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Vo = +6V, Vgg = —6V)

Input Offset Voltage ......cccccevrvereirrencvnnnnes Vio 1.08 mV
Input Offset Current .. Io 0.54 BA
Input Bias Current I 53 rA

Input Offset Voltage Sensitivity:
Positive AVio/AVee 0.103 mV/V
Negative AVie/AVee 0.260 mV/V

Device Dissipation:

Terminal 8 not connected ...............cocuue. Pz 30 mW

Terminal 8 shorted to terminal 12 ........ Pz 102 mW
Open-Loop Differential Voltage Gain

(f = 1 KHzZ) ..o Aow 60 dB
Open-Loop —3-dB Bandwidth .................... BWoL 300 kHz
Common-Mode Rejection Ratio

(f = 1 KHZ) ocvreeeeeeeercreeereeve e CMR 94 dB
Maximum Output-Voltage Swing

(f = 1 KHZ) oo Vo(P-P) 6.75 Ve»
Input Impedance (f = 1 kHz) ...... Zin 14 kQ
Output Impedance (f = 1 kHz) .... v Lous 200 Q
Useful Frequency Range .......ceeeveeuenennen dcto 15 MHz
Common-Mode Input-Voltage Range

(f = 1KHZ) ooeeeeeeeeecveereceecerenreesens 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 — 25°C,
Voo = +6V; Vg = —6V)

Input Offset Voltage 0.9 mV
Input Offset Current 0.3 BA
Input Bias Current .... 2.5 pA

Input Impedance .......... 20 ko
Output Impedance ... 160 Q
NOISE FiZUIE ..ooeeevireveirecenieneecessteveeeeeseeeesenens 8.3 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 is elec-
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-lead “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 — 25°C,
Vee = 46V, Vgg = —6V)

Input Offset VOItage ........ccceecerveverierenenieruerversereenes Vio 0.9 mV
Input Offset CUrrent .......cocoovvvevvcrvencrnrenseesisnens Io 0.3 wA
Input Bias CUITENt .....ccoevvevieeeneeieririreeneeeenresaeeereens I 2.5 rA
Input IMpedance ........c..coevvereeererincersienneenencresienenes Zin 20 ko
Output Impedance ........ccccceeevvenvreeiveeciveeannen, Zout 160 Q
Noise FiGUIE .....cccccovvvevrievererieecreeeecreenecreeeenseens NF 8.3 dB
CA3011 FM IF AMPLIFIER

Special-purpose amplifier used in if amplifiers for FM 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 .......cccevevceeervreveenreesresennns Voec +10 v
Recommended Minimum DC Supply Voltage (Vcc) ... 55 V
Input Signal Voltage (Single-ended) .........ccceevvvivrvierennnes +3 V
Total Device DISSIPAtiON .......cccccveieeeveervereerersieereesssesennnes 300 mW
Temperature Range:
OPErating .....ccccevveerervierieneneervesreereeeeesseessesseessssssessnssses —55 to 125 °C
SLOTAZE  oocieecieiiieeieecie et e rne s deseteeeesbaesnsnenee —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
ch = + 7.5V)
Device Dissipation vee Pr 120 mW
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TYPICAL CHARACTERISTICS (continued)
Voltage Gain:

f=1 MHz ..... A 70 dB

f = 45 MHz ... A 67 dB

f = 10.7 MHz A 61 dB
Parallel Input Resistance (f = 4.5 MHz) ........ Rin 3 kQ
Parallel Input Capacitance (f = 4.5 MHz) ... Cmn 7 pF
Parallel Output Resistance (f = 4.5 MHz) .... Rout 31.5 kQ
Parallel Output Capacitance (f = 4.5 MHz) .... Cout 4.2 pF
Noise Figure (f = 4.5 MHz) ......ccccvevviivvennn NF 8.7 dB
Useful Frequency Range ........ccccecveiveenvecennnnnnes 100 kHz to > 20 MHz
Input Limiting Voltage, Knee (f = 4.5 MHz) V.(lim) 300 %
FM IF AMPLIFIER CA3012

Special-purpose amplifier used in if amplifiers for FM 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. This type is electrically identical
to type CA3011 except for the following item:

MAXIMUM RATINGS
Positive DC Supply Voltage ......ccccccecvveevenivreiceenieeenneens Vee +13 A%

FM IF AMPLIFIER/
DISCRIMINATOR/AF AMPLIFIER CA3013

Special-purpose amplifier used in if amplifier, AM and noise limiter,
FM detector, and af preamplifier applications. 10-lead “TO-5”
package; Outline No. 1. For schematic diagram and characteristics
curves, see Figs. 254 through 260.

MAXIMUM RATINGS

Positive DC Supply Voltage ........ccoeevevenverceeceneenuenn Vee +10 \'%
Recommended Minimum DC Supply Voltage (Vce) . 5.5 A%
Input Signal Voltage

(Between terminals 1 and 2) ....ccccvvceireeecniieneennne. +3 A%
Total Device DisSipation ......c...cccccceecieveceernveeecceneenanns 300 mW
Temperature Range:

Operating ........... . —55 to 125 °C

SEOTAZE  .veoveeiereeinieeeeerreereeretesresssessnessesssesneensssesns —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
VCC — —l— 7.5V)

Device Dissipation ............cc...... Pr 120 mwW
Voltage Gain:
f=1 MHz ... e A 70 dB

f = 45 MHz ...t A 67 : dB
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TYPICAL CHARACTERISTICS (continued)

f = 10.7 MHZ ..ooooreeeeieecerereeeesvesreseeenne A 60 dB
Parallel Input Resistance (f = 4.5 MHz) ........ Rin 3 kQ
Parallel Input Capacitance (f = 4.5 MHz) ... Cima 7 pF
Parallel Output Resistance (f = 4.5 MHz) ... Rout 31.5 kQ
Parallel Output Capacitance (f = 4.5 MHz) .. Cout 4.2 pF
Noise Figure (f = 4.5 MH2z) ....cccceeverernvecuennen. NF 8.7 dB
Input Limiting Voltage, Knee (f = 4.5 MHz) V.(lim) 300 uV
Recovered AF Voltage (f = 4.5 MHz) ............ Vo(af) 188 mV
Amplitude Modulation Rejection (f = 4.5 MHz) AMF 50 dB
Discriminator Output Resistance (f = 4.5 MHz) R.(disc) 60 Q
Useful Frequency Range 100 kHz to > 20 MHz
Total Harmonic Distortion (f = 4.5 MHz) ... THD 1.8 %
CA3014 FM IF AMPLIFIER/

DISCRIMINATOR/AF AMPLIFIER

Special-purpose amplifier used in if amplifier, AM and noise limiter,
FM detector, and af preamplifier applications. 10-lead “TO-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 ....c.cecoeeevveriieveieresneerinnens Vee +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 VOItage .......cccceceevivemrenvecreereerennnes Vee 420 v
Negative DC Supply VOItage .......ccceeevvvveveieereeereseeseennens Vee —20 A%
Input Signal Voltage (Single-ended) ... v 41, —8 A\
Total Device DisSipation ......c.ccoccovveeveerirnveninereenesressennnenns 600 " mW
Temperature Range:
OPETatiNg  ...ccceovveiiirieierresere et erae e esneestesaesaeseeseanns —55 to 125 °C
SEOTAZE  veovierieccieerieentreccresreeeree e raeesses e tesaeesnnesennene —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = +12V, Vgg = —12V)
Input Offset Voltage

Input Offset Current ....
Input Bias CUITENL .........ccoccvevveeirceerenrenenens I 9.6 bA

Vio 1.37 mV
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TYPICAL CHARACTERISTICS (continued)
Input Offset Voltage Sens1t1v1ty

Positive AVio/AVee 0.096 mV/V

Negative AVie/AVer 0.156 mV/V
Device Dissipation:

Terminal 5 not connected ............cccenen. Pr 175 mW

Terminal 5 shorted to terminal 9 .............. Pr 500 mwW
Open-Loop Differential Voltage Gain

(f = 1 KHZ) v, Aow 70.2 dB
Open-Loop —3-dB Bandwidth .................... BWow 320 kHz
Common-Mode Rejection Ratio

(f = 1 kHz) CMR 103.5 dB
Maximum Output-Voltage Swmg

(f = 1 kHz) Vo(P-P) 14 Vop
Input Impedance (f = 1 kHz) Zin 7.8 kQ
Ouput Impedance (f = 1 kHz) veee ZLout 92 Q
Useful Frequency Range ....c.c.cccceeeeuvirccnencnns dc to 50 MHz
Common-Mode Input-Voltage Range

(f = 1 kHz) ............ Vour +40.65, —8 A%
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 — 25°C,
Voo = +12V, Vgg = —12V)
Input Offset Voltage 1 mV

Input Offset Current .... 0.5 pA
Input Bias Current ........ 4.7 rA

Input Impedance ........ 10 kQ
Output Impedance .... 85 Q
Noise FigUIe ....ccocvviiieiieetieeeecceeeeee et 11 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 CA3015.
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CA3016A 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 — 25°C,
VCC = —|—'I2V, VEE = —12V)

Input Offset Voltage 1 mV
Input Offset Current 0.5 uA
Input Bias Current .......... 4.7 BA
Input Impedance ........... 10 kQ
Output Impedance .. 85 Q
NOiSE FiUIE ...oocevvnrieriirriireeneeeresse s eresseesens 11 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, 15-MHz
tuned rf amplifier, video amplifier, class B amplifier, and cascode
video amplifier applications. 12-lead “TO-5" package; Outline
No. 2. For schematic diagram, see Fig. 297.

MAXIMUM RATINGS
Each Transistor:

Collector-to-Emitter Voltage .........ceceovvveeece Vero 15 v

Collector-to-Base Voltage 20 A\

Emitter-to-Base Voltage ... 4 v

Collector Current ............... 50 mA
Device Dissipation:

Any one transistor .... Ps 300 mW

Total package ....c...ccevervenevirinirnrcnesecsessenseennes Pr 300 mw
Ambient Temperature: :

OPETAtiNG ...ooveeveererierieireneiinresteneereseseesseseesaesasssesaesnses —55 to 125 °C

SLOTAZE  covvirieecie ettt crree e snne e e s nrr e e e s ee e e s nee —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C)

Each Transistor:
Collector-to-Substrate Breakdown Voltage

(Ic = 10pA, Ici = 0) covvecereireceeenecnee Varcio 20 min A%
Emitter-to-Base Breakdown Voltage
(Im = IOuA, To = 0) correeeecceeeeeee V@rEBo 4 min A"

Collector-to-Emitter Breakdown Voltage
(Ie = ImA, It = 0) coovvvrvrrreveneenrenne V@rjcro 15 min A\
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TYPICAL CHARACTERISTICS (continued)

Collector-to-Base Breakdown Voltage
(Ic = 10pA, It = 0) .coveceviiiiiiciiinen,
Collector-Cutoff Current:
Ve = 5V, Ig = 0 areeeeeeveerevnaeenes
Ve = 15V, Ig = 0 e
Static Forward-Current Transfer Ratio:
Static Beta, Ven = 3V, Ic = ImA ...
Transistors with common base-emitter
terminal Qs and Q,,
Ver = 3V, Ic = IMA ...cccovvirrreereerrens
Magnitude of Static Beta Ratio, Isolated
transistors Q: and Q.

(Vee = 3V, Ici = Iz = 1ImA) ............

Magnitude of Input-Offset Voltage,
Isolated transistors Q. and Q:
(Vee = 46V, Veg = —6V,
I = Icz = 1IMA) .ovvrecereeeenene
Temperature Coefficient, Magnitude of
Input-Offset Voltage
(Vee = +6V, Veg = —6V,
I = Iz = 1mA) ...

Small-Signal Forward-Current Transfer
Ratio

(Vee = 3V, Ic = 1mA, f = 1kHz) ....
Small-Signal Input Impedance

(Ve = 3V, Ic = 1mA, f = 1kHz) ....
Small-Signal Output Impedance

(Vee = 3V, Ic = 1mA, f = 1kHz) ...
Small-Signal Reverse Voltage-Transfer

~Ratio

(Vee = 3V, Ic = 1mA, f = 1kHz) ....
Forward Transfer Admittance

(Ve = 3V, Ic = 1mA, f = 1IMHz) ....
Input Admittance

(Vez = 3V, Ic = 1mA, f = 1IMHz) ....
Output Admittance

(Vee = 3V, Is = 1mA, f = IMHz) ....
Gain-Bandwidth Product

(Substrate (terminal 10) connected to

ground) ........
Output Capacitance

(Vor = 3V, Is = 0) cveereirrercriene
Input Capacitance

(Vee = 3V, Ic = 0) e
Collector-to-Substrate Capacitance
(Ver =3V, Ic = 0) s

DIODE ARRAY

V@sriceo 20 min
Icso 0.1 max
Icmo 10 max
hrs 67
hrrc 3500
hre:
hres 1
| Vams-Vae| 1
Vau-Var: 10
AT
hto 70
hye 2800
hoe 35
hre 6.5 x 10
Yo 31—j15

Yie 0.3 4j0.05
Yoe 0.02+j0.05

fr 400
Cevo 1.9
Ciso 1.8
Ceto 3.5

33

HA

mV

wV/°C

pmho

mmho
mmbho
mmbho

MHz
pF
pF
pF

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. 10-lead “TO-5”
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package; Outline No. 1. For schematic diagrams, see Figs. 283
and 284.

MAXIMUM RATINGS

Device Dissipation:
Any one diode unit 20 mW
Total for device .........cevmrevvierienrennennn. 120 mW

Diode Voltage Limits —3to+12 A%
Temperature Range:
OPETatiNg  ivvveevreieenrieristneereirertereriereereereerssseessesseseenns —55 to 125 °C
SLOTAZE  covvevireiiiiieeeniriete sttt eere et esreesbbeenrees —65 to 200 °C
TYPICAL CHARACTERISTICS (At ambient temperature — 25°C)
DC Forward Voltage Drop (Ir = 1mA) ... Vg 0.73 \%
DC Reverse Breakdown Voltage
(Ir = —10pA):
ANY dIOdE ..c.oovrvereiieeriiereeerereresre e VeErmr 6 v
Any diode and substrate .............cueeueenne Verr 80 A%
DC Reverse Leakage Current
(Ve = —4V):
Any diode .....ccooeerevrineienrennanenn Iz 0.0055 pA
Any diode and substrate ........ccoceereereene Iz 0.010 BA
Magnitude of Diode Offset (Difference in
DC Forward Voltage Drops of any
Two Units)
(Ir = IMA) et le—VFzI 1 mV
Single Diode Capacitance
(Ve = =2V, f = IMHz) ......cccoeverrrenenn Co 1.8 pF
Diode Quad-to-Substrate Capacitance (V=
between terminals 2, 5, 6, or 8 of
diode quad and terminal 7 (substrate)
= —2V):
Terminal 2 or 6 to terminal 7 ................ Cpq.1 4.4 pF
Terminal 5 or 8 to terminal 7 ................ Coq 2.7 pF
Series Gate Switching Pedestal Voltage ... Vs 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 wee Vee +12 A\

Push-Pull Amplifier ................ Vee 20 A%
Input Signal Voltage (Single-ended) ........cocevivvrverennn +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/°C
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MAXIMUM RATINGS (continued)

Temperature Range:

OPEratiNg  ....coceirieiieiieniiteeereere ettt sre e st sbe s aeeeeees —55 to 125 °C

SEOTAGE  ..ooieeiiiiiieeieeiet e ecree et et et sre e e eee s e aevaennene —65 to 200 °C
TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Positive Supply Voltage ......ccceeeureeneee Vee 3 6 9 A%
Zero-Signal Current Drain Imin 7 14 22 mA
Maximum-Signal Current Drain ........ Imax 47 105 145 mA
Maximum Power Output .................... Pout 65 300 550 mW
Transducer Power Gain .... G, —_ 58 — dB
—3-dB Bandwidth ................ . BW — 6 — MH:z
Signal-to-Noise Ratio ............. . S/N — 70 — dB
Total Harmonic Distortion ... . THD — 1 — %
Sensitivity .....cccceeveeiiieieieninn. . €in — 35 — mV
Useful Frequency Range . . dc to 8 MHz
Circuit Efficiency ......ccoceeevvvverveneene 7 — 45 — %
Input Resistance (f = 1 kHz):

Terminal 3 to ground Rins — 600 — Q

Terminal 10 to ground Rinwo — 40 — kQ

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-5" package; Outline No. 2. For schematic diagrams
and characteristics curves, see Figs. 119 through 133.

MAXIMUM RATINGS

Positive DC Supply Voltage ......c.ccccevvvevienveenesverrersenans, .
Negative DC Supply Voltage ..............
Input Signal Voltage (Single-ended)
Total Device Dissipation ...........cccccevievemveeiviereereesveseennns

Temperature Range:
Operating ... .. —551to0 125 °C
SEOTAZE c.vieveiieeiieiiteectete e et rre et eetesraeseesre e s seseaenannen —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = +6V, Ve = 0)

Device Dissipation .........cccceeuue. . w. Pr 4 mW
Quiescent Output Voltage ........c...ccu.nnee Vo 2.2 v
AGC Source Current (Viscc = 6V) .. wo. lace 0.8 mA
Voltage Gain (f = 0.5 MHz) ............. . A 56 dB
—3-dB Bandwidth ......cccceeeeuennnn. ... BW 2.4 MHz
Input Resistance (f = 1 MHz) ........ Rin 4 kQ
Input Capacitance (f = 1 MHz) ... Cin 11 pF
Output Resistance (f = 1 MHz) .... ... Rout 300 Q
Noise Figure (f = 1 MHz) ............ .. NF 4.2 dB
AGC Range (f = 1 MHz) .... .. AGC 33 dB
Useful Frequency Range .......ccccceccveeeennen. dcto 6 MHz

Maximum Output Voltage (f = 1 MHz) .......... Vout 0.6 Vieme
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VIDEO AND
CA3022 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 — 25°C,
Voo = +6V, Ve = 0)

Device DisSipation .........cccceveeeveeernuinercecsienneinens Pz 12.5 mW
Quiescent Output Voltage ................... . Vo 1.9 Vv
AGC Source Current (Vage = 6V) ... Tace 0.8 mA
Voltage Gain (f = 2.5 MHz) ......... . A 57 dB
—3-dB Bandwidth ......cccccoovvernrrnnncnnne ... BW 7.5 MHz
Input Resistance (f = 5 MHZz) ......cccovveveeneneen Rin 1300 Q
Input Capacitance (f = 5 MHz) .........ccccueenune. Cin 18 pF
Output Resistance (f = 5§ MHZ) .....oeeeuvvvenneenens Rout 120 Q
Noise Figure (f = 1 MHz) ......ccccoevvevreenrenennen NF 4.4 dB
AGC Range (f = 5§ MHZ) ...ccccvvvververeneenne AGC 33 dB
Useful Frequency Range ........cccceceereevvceecrennenne dcto 20 MHz
Maximum Output Voltage (f = 5§ MHz) ........ Vout 0.7 Vims

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 — 25°C,
Voc = +6V, Vgg = 0)
Device DISSIPAtion ........cccceevveeeirveeneereessereeesaeniones 35 mW

Quiescent Output Voltage ................ 1.3 \"%
AGC Source Curreit (Vacc = 6V) 0.8 mA
Voltage Gain (f = 5 MHZ) .....cccccccvvviicvvrnnnne 53 dB
—3-db Bandwidth 16 MHz
Input Resistance (f = 10 MHz) ........ccoecerveennee 300 Q
Input Capacitance (f = 10 MHz) .... 13 pF
Output Resistance (f = 10 MHz) .... 100 Q
Noise Figure (f = 1 MHz) ............ 6.5 dB
AGC Range (f = 10 MHz) ..... 33 dB
Useful Frequency Range ..................... dc to 40 MHz
Maximum Output Voltage (f = 10 MHz) ........ Vout 0.5 Virms

&
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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 ......ccccceccevvveevrecvereenriennenns Voo +18 v
Negative DC Supply Voltage ...............

Input Signal Voltage (Single-ended) .. . 6 Vi
Total Device Dissipation ..........ccccccvveiieieeninreeievennreeneeesenns 300 mW
Temperature Range:
OPEratilg  .....cccoovviveiriiereeeeeereeerteeeeseeerreeaeeesnesrbeesanen —55 to 125 °C
SOTAZE  eeeeviieieieciie et ete et esaeeree e et be st enne —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C)
Differential Cascode
Amplifier Amplifier
Quiescent Operating Current:

Voo = +9V ........................ Is or I, 2.5 _— mA

Vee = +12V ........................ Is or Is 34 —_ mA
Input Bias Current:

Vee = 49V e, It 29 — _A

Voo = 412V e I 44 — wA
AGC Bias Current (Into Constant-Current Source Terminal No. 7):

Viace = IV v Tace 1.28 mA

Vice = +12V e Tasc 1.65 mA
Device Dissipation:

Vee = 49V e Pr 56 mW

Vee = 412V ... Pr 113 mwW
Power Gain:

Vee = +9V, f = 100 MHz G» 17 20 dB

Vee = 49V, f = 10.7 MHz G 32 39 dB
Noise Figure:

(Vee = +9V, f = 100 MHz) NF 6.7 7.2 dB
Input Admittance

(Vee = 49V, f =10.7MHz) Yu 0.5+4j0.5 0.6 4j1.6 mmho

Reverse Transfer Admittance

(Vee = 49V, f =10.7MHz) Y: 0.01—j0.0002 0.0003 —j0 mmho
Forward Transfer Admittance

(Veec= +9V,f = 10.7MHz) Ya —37 4+j0.5 99 —j18 mmbho
Output Admittance

(Vee = 49V, f=10.7MHz) Y. 0.04 4 30.23 0 <+ j0.08 mmbho
Power Output (Untuned)

(Vee =49V, £ =10.7MHz) Po 5.7 — uW
Voltage Gain

(Vee = 49V, R = 1 kQ,

f = 10.7 MHz) ............... A 32 98 dB
Useful Frequency Range ........ dcto 120 MHz
AGC Range, Maximum Power

Gain to Full Cutoff:

(Vee = 49V, f =10.7 MHz) AGC 62 — 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 .......cccccovvieevevvnveieicieeinnenns Vee +10 Vv

Negative DC Supply Voltage ......cccooeerivvveeieeiieereecnenee. Ve —10 A%
Input Signal Voltage ............... e +1, —4 A\
Total Device Dissipation ..........c.cccceeveeeiieeenriieeveeieeevenrenns 300 mW
Temperature Range:
OPErating ......cccceeererinerreneerieniesee st eses e steeeseereneesre s 0to70 °C
SLOTAZE  ..oovieiiicee et e re e —25 to 85 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C
VC(; = +6V, VEE = —6V)

Input Offset Voltage .........ccccocevvvvvvcvivirinncennnne Vio © 1.08 mV
Input Offset Current Io 0.54 nA
Input Bias Current I 53 uA

Input Offset Voltage Sensitivity:

Positive AVio/AVee 0.103 mV/V

Negative AVio/AVez 0.260 mV/V
Device Dissipation:

Terminal 8 not connected ............c.c.......... Pr 30 mW

Terminal 8 shorted to 12 .........c.ocvevveuennnee Pr 102 mW
Open-Loop Differential Voltage Gain

[CEEST 0 3 : 0 Y Aox 60 dB
Open-Loop —3-dB Bandwidth .................... BWor 300 kHz
Common-Mode Rejection Ratio

(f = 1 KHZ) oo CMR 94 dB

aximum Output-Voltage Swin
M(f =1 kHz)p...........,.‘g.‘....5. ..... e Vo(P-P) 675 Vi
Input Impedance (f = 1 kHz) ...... Zin 14 kQ
Output Impedance (f = 1 kHz) .. v Lout 200 Q
Useful Frequency Range ......ccccccecevvvernnennnen. dcto 15 MHz
Common-Mode Input-Voltage Range

(f = 1 KHZ) cociiiieeeencceeeeciees Voeur +0.5, —4 \"%
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:
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TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
VCC == —~|—-6V, VEE = —6V)

Input Offset Voltage Vio 0.9 mV

Input Offset Current .... w. Tio 0.3 _A
Input Bias Current ..... wo I 2.5 BA
Input Impedance ......... we Zin 20 kQ
Output Impedance ..... vo ZLout 160 Q
Noise FigUIe ...coccvviiiiiiiiiiiiieiciec et eeneesre e NF 8.3 dB

OPERATIONAL AMPLIFIER 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 ...

Veeo +20 Vv
. Ve —20 A%

Total Device DisSIPAtion ........cccccevvieieiricieeeiesiieeieeeeneeens 600 mW
Temperature Range:
OPETAtINE  ...oviciieniiiiiieeteeit ettt ssre e ereaeasae e 0to 70 °C
SEOTAZE  c.eieiieeiieiieeec ettt st —25 to 85 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,

VCC = —|—'|2V, VEE e ——-'|2V)
Input Offset Voltage ........cccovvvimveriicnienns Vio 1.37 mV
Input Offset Current Lo 1.07 uA
Input Bias Current L 9.6 LA
Input Offset Voltage Sensitivity:

POSILIVE  weeviviieeiriiieeeeeeercenrnneeeeeeeeeseeinvasseeases AVio/AVee 0.096 mV/V

NEgative ..ccccovviiiiiiiiiiire e AVie/AVee 0.156 mV/V
Device Dissipation:

Terminal 8 not connected ........c.cccovvuiene Pr 175 mW

Terminal 8 shorted to 12 ........cccceeveiennes Pr 500 mW
Open-Loop Differential Voltage Gain

(f = 1 KHZ) ceeieeeieereeinecenircenciecneeene Aor 70.2 dB
Open-Loop —3-dB Bandwidth ................... BWor 320 kHz
Common-Mode Rejection Ratio

(f = 1 KHZ) oo CMR 103.5 dB
Maximum Output-Voltage Swing

(f = 1 KHZ) .ooereeeeeercecrenecnccincsenens Vo(P-P) 14 Vi
Input Impedance (f = 1 kHz) ....ceeeennene Zin 7.8 kQ
Output Impedance (f = 1 kHz) ............... Zoue 92 Q
Useful Frequency Range .........ccccoeuievcicnnnnn. dc to 50 MHz

Common-Mode Input-Voltage Range
(f = 1 KHZ) cooiiiecececcreceernee e Veur -+0.65, —8 \"%
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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 — 25°C,
VCC = +12V, VEE = —12V)

Input Offset Voltage 1 mV
Input Offset Current ... 0.5 BA
Input Bias Current .... 4.7 BA
Input Impedance ........ 10 kQ
Output Impedance .... 85 Q
NOiSE FiZUIE ...cccovvvevirieiirrienieseereerreeeensecressaessens 11 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 “TO-5” package; Outline No. 4.

MAXIMUM RATINGS

Positive DC Supply Voltage ......cccccovrvverirvenrenrennesensenns Veo 418 v
Negative DC Supply Voltage .......ccc...... Vee —12 A%
Input Signal Voltage (Single-ended) +15, —8 V
Total Device DisSipation ..........ccceceevevrevveeeeeeneverenseenne 300 mW
Temperature Range:
()73 717} 1 V- SO URURSINY —55 to 125 °C
SEOTAZE  ..ovvevverereereriiieriesreesrereesenstaensensesseseessessasnsans —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
VCC pr— +12V, VEE = ——6V)

Input Offset Voltage .... . Vio 2 mV
Input Offset Current ........cccecevevvvvvereveneens Io 0.5 BA
Input Bias Current ... I 3 sA
Input Offset Voltage Sensitivity:
PoSitive .....ccovevevnveenens AVy/AVee  0.05 mV/V
Negative ........ AVy/AVge 0.065 mV/V
Device Dissipation ..........c.ccoceeveveeveervesersensenns Pr 85 mWwW
Open-Loop Differential Voltage Gain )
(f = 1 kHz) .. Ao 70 dB
Open-Loop —3-dB Bandwidth .................... BWor 700 kHz

Common-Mode Rejection Ratio
(f =1 kHz) . ... CMR 85 dB
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TYPICAL CHARACTERISTICS (continued)

Maximum Output-Voltage Swing

(Rr = 100 k@, f = 1 kHz) ....cconeeee Vo(P-P) 10 min Voop
Input Resistance (f = 1 kHz) .....cccceeeernene Rin 25 ke
Output Resistance (f = 1 kHz) .................... Rout 130 Q
Useful Frequency Range ...........cccceeeervenuenenn. dc to 40 MH:z
Common-Mode Input-Voltage Range

(f = 1 KHZ) oo, Venr 0.5, —4 A\
OPERATIONAL AMPLIFIER 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-5” 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 0to 70 °C
Storage ........ rereen evreesreenee. —65 t0 150 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°)
V()Q p— —|—12V, VEE = —6V)

Input Offset Voltage .......ccovvvevcnvruvnnennee Vio 5 mV
Input Offset Current .........cccecervverveceereennnes Io 1.5 rA
Input Bias Current .........cccecceveiuneenn. I 5 uA
Device DisSIDAtion ........cccccecervervesrervessessenaonee Pr 90 mW
Open-Loop Differential Voltage Gain

(f = 1 kHz) ......... Ao 70 dB
Open-Loop —3-dB Bandwidth .................... BWor 700 kHz
Common-Mode Rejection Ratio

(f = 1 KHZ) oo CMR 80 dB

Maximum Output-Voltage Swing

(Ry = 100 k2, f = 1 kHz) Vo(P-P) 10 min Voo
Input Resistance (f = 1 kHz) ..... Rin 20 kQ
Output Resistance (f = 1 kHz) ..... Rout 200 Q
Useful Frequency Range ........ccccoeevvevrveereennnnee dc to 40 MHz
Common-Mode Input-Voltage Range

(f = 1 KHZ) e Veme +0.5, —4 v
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-lead
TO-116 dual-in-line ceramic package; Outline No. 7.
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MAXIMUM RATINGS

Input Signal VOItage .......ccccccvievereniiniinnieneesesneeseseresenneanne +10 \'%
Device DISSIPAtiON ........cceiiiveeiienieerierientineeieeeeseesreeeeeeeereeenns 600 mW
Temperature Range:
Operating —55 to 125 °C
Storage ......cceene. —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
VCC p— —|-—'|2V, VEE = —-12V)

Input Offset Voltage 2.6 mV
Input Offset Current 5 nA
Input Bias Current 83 nA

Input Offset Voltage Sensitivity:

Positive AV10/AVec 0.3 mV/V

Negative weee AV1o/AVEr 0.3 mV/V
Device DisSIpation ...........cccoeeeeveeeivrivvenrennnens Px 120 mW
Open-Loop Differential Voltage Gain

(f = 1 KHZ) cooeeieieeeeeeee e 84 dB
Open-Loop —3-dB Bandwidth .... 100 kHz
Common-Mode Rejection Ratio 94 dB
Common-Mode Input-Voltage Range

(f = 1TKHZ) oo +5,—9 v
Input Impedance (f = 1 kHz) 1.5 Ma
Output Current (R = 5002, f = 1 kHz) .... Io 44 mA,,
Maximum Output-Voltage Swing

(f = 1 KHZ) oo Vo(P-P) 21 Vs
SIEW RaALe ..oovvviiiiiiiieeieecceccecre e SR 6 V/us
Power Output (R. = 5009, f = 1 kHz) ... Po 122 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 VOItage ......cccccociviiieeieeniiiniinieeneeciecsreessneessinnes +10 v
Device DISSIPAtION ...c.cccvvvieriieiiiiriesiereeieseetee e saeeseesee s 600 mW
Temperature Range:
Operating ...... e ettt b e et naen —55 to 125 °C
StOTAZE  vevcverrieieirierieeieseteee ettt sae e sne e —65 to 200 °C
TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
VCC = —{—'IBV, VEE = —'I8V)
Input Offset Voltage .......ccccevveecvevirrinninens Vio 2.86 mV
Input Offset Current 9 nA
Input Bias CUITENt ........ccccevvvervveeernrrserenreennens Ir 103 nA
Input Offset Voltage Sensitivity:
POSIHIVE  vevvevveiiicienieieieecsiesteeesesaestensesesnes AV10/AVec 0.2 mV/V
Negative .............. AV10/AVEr 0.2 mV/V
Device Dissipation Pr 290 mW

Open-Loop Differential Voltage Gain
(f = 1 KHZ) woiieiiciiniecceececeecicsneeene Aon 91 dB
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TYPICAL CHARACTERISTICS (continued)

Open-Loop —3-dB Bandwidth .................... BWoy 110 kHz
Common-Mode Rejection Ratio

(f = 1 KHZ) oo eeeenenee CMR 103 dB
Common-Mode Input-Voltage Range

(f = 1 KHZ) oo eeeieaee Vour +7,—12 v
Input Impedance (f = 1 kHz) .....cccecuenees Zin 1 MQ
Output Current (Ry = 5009, f = 1 kHz) .... Io 64 mA,,
Maximum Output-Voltage Swing

(f = 1 kHz) 32 Vi-»
Slew Rate ....cooceeiiiiiiereriiieiterceeecie e naees 10 V/us
Power Output (R. = 50092, f = 1 kHz) .... Po 255 mW
HIGH-FREQUENCY
WIDE-BAND AMPLIFIER/ CA3034

PHASE DETECTOR

Special-purpose amplifier used in differential input amplifier, dual
phase detector with differential output amplifier, and afc applica-
tions. 10-lead “TO-5" package; Outline No. 1. For schematic dia-
grams, see Figs. 278 and 279.

MAXIMUM RATINGS

Input Signal Voltage (Single-ended) ....ccccccoveveveenernreeveeveereenennen 12 Vs
Supply Voltage ......cccccceveverniereeveneneennn. 15 A\
Total Device DisSIPAtION .......c.cccceereviiiuniveeecrivneeeenesersessesseseeseeses 300 mW
Temperature Range:
OPEratiNg .....ceoeemreeiniecnrierieeneeetnee ettt saeaans —55 to 125 °C
SEOTABE  .eeevverriiiireeeecteetenieeseeransseeteeseestesseessessssennen —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = 10V)

Total Current Drain .....cccccoeceveeeiniiennieniveeiceennnns Ia 9 mA
Quiescent Operating Current into Terminal 2 .. I. 1.9 mA
Reference Voltage at Terminal 9 .................... Vo 55 A%
Quiescent Operating Voltage at Terminal 4 .... V., 5.5 A%
Quiescent Operating Voltage at Terminal 5 .... Vi 5.5 A%
Output Offset Voltage between Terminals Vis 0 \'%
4 and 5 .o

Input Impedance (Terminal 7) ........ccccoevvennne Zin 2 kQ
HIGH-FREQUENCY

WIDE-BAND AMPLIFIER/ CA3034V1

PHASE DETECTOR

Special-purpose amplifier used in differential input amplifier, dual
phase detector with differential output amplifier, and afc applica-
tions. 10-formed-lead “TO-5" 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.

ULTRA-HIGH-GAIN
CA3035 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) .......cccocvevinniienineninnnnninnen 1 Vo,
Supply Voltage ................. i5 v
Total Device DiSSIPAtION .......cccevveerierierrerreerenneiereessesreessessressesesssnne 300 mW
Temperature Range:
OPETALING  ..oeoeveeeeeeieerecteseereesessaesaesssesesstessessassnssnns —55 to 125 °C
Storage .....ccceeveeins —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C,
Voo = +9V)

Quiescent Operating Voltage ..........cocvvcveensnnias Vs 2 \
Quiescent Operating Voltage ........ccccccevvevrcersernces Vs 1.9 v
Quiescent Operating Voltage .......ccccccceveevereveenees Vz 4.9 A\
Total Current Drain (Rrs = 5 kQ) .ccocevveercnanee Ia 5 mA
Voltage Gain (f = 40 kHz):

Amplifier 1 A, 44 dB

AMPLfier 2 oo seeeae e A, 46 dB

Amplifier 3 As 42 dB

Cascade .......... . 132 dB
Output Voltage Swing:

Amplifier 1, Rr: = 10 KQ .ccocvverrverrcrerenne V. out 2 Vi

Amplifier 2, Rr. = 10 kQ V. out 2.6 Ve

Amplifier 3, Res = 5 kQ Vs out 8 Ve
Input Resistance (f = 40 kHz):

Amplifier 1 ....ccccerueeeee. R:in 50 ke

Amplifier 2 ...ccoveeevirrenrerreeenreeeeenne R:in 2 ke

Amplifier 3 ....ccoevreeeenen. Rsin 670 Q
Output Resistance (f = 40 kHz):

Amplifier 1 ...ccovvvvicvienrennnen, Riout 270 Q

Amplifier 2 ...ccccovrvevrnnenieenienne R.out 170 Q

Amplifier 3 ... Rs out 100 kQ
—3-dB Bandwidth

Amplifier 1 BW. 500 kHz

AMPHAET 2 oot BW: 2.5 MHz

Amplifier 3 ...... BW: 2.5 MHz
Noise Figure (Amplifier 1)

(Rs = 1KQ £ = 1 KHZ) wereveeeeeeeeerrcesrresrrrone NF, 6 dB

Sensitivity (Vec = 413V, Relay Current =
7.5 mA) 100 VvV
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ULTRA-HIGH-GAIN
WIDE-BAND AMPLIFIER ARRAY  CA3035V1

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. 10-lead “TO-5" package; Outline No. 1. For
schematic diagram, see Fig. 307.

MAXIMUM RATINGS

Device Dissipation (Any one transistor

or total for deviCe) .....ccevrririiniinienireneneeaeeenes 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 mA
Temperature Range:

Operating ... —55 to 125 °C

StOrage ...occceveevviieerereeree e —65 to 200 °C

TYPICAL CHARACTERISTICS (At ambient temperature — 25°C)

For Each Transistor (Qi, Qz, Qs, Qu):
Collector-to-Emitter Breakdown

Voltage (Ic = 1 mA, Is = 0) .... V@mocro 20 v
Collector-to-Base Breakdown

Voltage (Ic = 10 gA, I = 0) .... Vemcso 44 A
Emitter-to-Base Breakdown

Voltage (Ir = 10 pA, Ic = 0) .... V@mEzso 6 \%

Collector-Cutoff Current:

Vee = 5V, Ie = 0 Icso 0.5 max BA
Vee = 15V, I = 0 . Tezo 5 max uA
For Either Input Transnstor (Ql or
Qs):
Static Forward Current-Transfer
Ratio (Icx or Ics = 1 mA) ... hrs 82

Forward Transfer Admittance
(Io: or Ies = 2 mA, .
f = 50 MHz) .....ccoovevveennn Vte 0.68 + j7.9 mmbhos
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TYPICAL CHARACTERISTICS (continued)

Input Admittance (Output Short-
Circuited) (Ic: or Ics = 2 mA,
f = 50 MHz)
Output Admittance (Input Short-
Circuited) (Ic: or Ics = 2 mA,
f = 50 MHz)
Reverse Transfer Admittance (Input
Short-Circuited) (Iex or Ics
= 2 mA, f = 50 MHz)

For Either Darlington Pair (Q., Q:

or Qs, Qu):
Emitter-to-Base Breakdown Voltage
(Ig2 or Iee = 10 pA)
Static Forward Current-Transfer
Ratio
(Ier + Iz or Iz 4+ Ies =
1 mA)
Small-Signal Forward-Current
Transfer Ratio
(Ier + Ie2 or Ics + Iee =
1 mA, f = 1KkHz) e,
Small-Signal Input Impedance
(Icx + Ice or Ics + Tos
1 mA, f = 1 kHz) ................
Small-Signal Output Admittance
(Tor + oz or Ies + Ica
1 mA, f = 1 kHz) ...
Small-Signal Reverse-Voltage
rransfer Ratio
(Ies + Yoo or Ics 4+ Ice
1 mA, f = 1 kHz)
Voltage Gain
(Iex -7 T2 or Tea +
1 m-, f = 1 kHz)
Power <ain
(Iex + Ic2 or Ics +
1 mA, f = 1 kHz) ...cueue.

Noise Voltage (f = 1 kHz)

Input Admittance
(101 + Ic: or Ics —I-
2 mA, f = 50 MHz)
Output Admittance
(Iex + Iz or Ies +
2 mA, f = 50 MHz)
Gain-Bandwidth Product
(Iex =+ Ic: or Ics +
2 mA)
For Each Input Transistor Q; or Qs
(Ici or Ies = 1 mA, f = 1 kHz):
Small-Signal Forward Current-
Transfer Ratio .......cccceeeenenes
Small-Signal Input Impedance ......
Small-Signal Output Admittance ....
Small-Signal Reverse Voltage-
Transfer Ratio

Vie 4.14 4 j5.95 mmbhos
Yoo 1.94 4 j2.64 mmhos
Vre Negligible mmbhos
V@mesom 12.6 \"
hrem 4540
htem 1300
hie 82 kQ
hoem 108 soyurr
hre(D) 2.7 X 10—8
Am 26 dB
Go»» 47 dB
Ex 0.05—Yrme
Vi(Hz)
Viem 1.71 4 j2.8 mmhos
Yoe 3.96 +j2.6 mmbhos
from 200 MHz
hte 82
hle 2.6 kﬂ
hoe 7 ,uthS

h:. 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,

Voo = +6V, Veg = —6V)
Input Offset VOItage .....cccoovvevevreeieicieeeeeeerennen. Vio 0.9 mV
Input Offset Current ..........ccocococeieeevervveeeiennne. Io 0.3 nA
Input Bias CUITent ........ccoevveeivvieiieeriseeeeeeresseen. I 2.5 HA
Input IMpedance .............ocovveveiericreieeceeeeeeeeeseeeens Zin 20 kQ
Output IMpedance ........ccocoevvevvvveieeiveeeeeeeeeeeeeens Zoue 160 Q
Noise FiUIe ....ccccoooioieieieeiieieiieeeeee e sen e 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



346 RCA Linear Integrated Circuits

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 — 25°C,
Voo = +12V, Vgg = —12V)

Input Offset Voltage Vio 1 mV
Input Offset Current wee Tro 0.5 uA
Input Bias Current ........... e It 4.7 nA
Input Impedance ........... vee Zya 10 kQ
Output Impedance ....... veee Lout 85 Q

NOisE FiBUIe ....cccoovieiiirinieneeieneereeseenne e eerneees NF 11 dB
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Product detector .............

Resistance:
Emitter-contact-and-bulk
External-base ...
External-emitter
Internal-emitter-diffusion
Intrinsic-base
Ratios
Substrate-series ..

Resistors, integrate
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RF amplifiers, integrated-circuit
Admittance parameters

Characteristics .......oocvnnnne 180

Common-mode rejection ratio 198

Cross-modulation and modulation
AISLOTLION cvcvrircrcrverrcreninisinnresiinnen 202

Gain control
Limiter characteristics
Mixer capabilities
Noise figure
Operating modes
Operating requirements .

RF- and if-amplifier capabilities 211
Supply-voltage connections .. 183
Video-amplifier capabilities 229
5caling adders 254
Schmitt trigger . 127, 145, 159
Design equations 12

Firing points

Hysteresis voltage .

Performance data .
Silicon planar technology
Sockets for RCA integrated
Straight roll-off ...
Special-purpose cir
Supply voltage:

Bypassing requirements ... 11
Polarity 11
Limitations 11
Susceptance:
Forward-transfer ........ e 190
Input 190
Output 190
Reverse-transfer ..........coovvevenvcnnsinnnns 191
Techmcal data (ratings and charac-
teristics) for RCA linear inte-
grated circuits . 319
Temperature consnderatlons . 6

Temperature range ....
Thermal capabilities ..
Thermal resistance, pellet-to-case .
Thin-film technology
TO-5-type integrated-circuit packages

Lead-hole circle patterns 23
Mounting and interconnection ... 23
Sockets 16
Thermal capabilities ......occrevninnenen 15
Types 13
Transistor array, integrated-circuit ...... 306
Applications 30

Circuit configuration
Operating characteristics
Used as:
Class B amplifier
Final if amplifier and second
detector
RF amplifier .
Video amplifie
Transistors, mtegrated

RCA Linear Integrated Circuits

Collector-to-emitter breakdown
voltage
Equivalent-circuit model

Video amplifier, integrated-circuit
Biasing requirements
Cascade operation .....
Common-mode rejection
Frequency response ..
Gain control
Harmonic distortion
Impedance, input and output ...
Noise figure
Operating modes
Schmitt-trigger operation
Swing capability

Wide—band amplifier array, integrated-

circuit 294

Wide-band amplifiers, integrated-circuit 159

Applications 175
Biasing requirements

Circuit description
DC considerations for gain control
DC considerations for limiting .......
DC stability with temperature ...
Features
Gain-control characteristics
Gain-frequency characteristics
Limiting characteristics .
Noise performance
Operatlon in tuned-circuit feedback

00p

Power-output capability .....

Used as:
IF amplifier .
Limiting ampli
Video amplifier
Used with output tune
Wide-band amplifiers,
cuit, multipurpose
Applications

Charactersitics

Circuit descnptwn
DC idling current .
Derating
Distortion
Frequency-shaping characteristics ....
Input-resistance options ..
Operating requirements
Power output ................
Power-output connections .
Squelch capability ..
Supply voltages

Used as:
AC amplifiers
Audio amplifier ..
Class A wide-band amphﬁer
Motor controller and servo
plifier
‘Wide- band amplifier /phase detectors,
integrated circuit ...

d circuits
integrated-cir-

m-







