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Operating Considerations for
RCA Solid State Devices

Solid state devices are being d d into an increasing
variety of electronic equipment because of their high
standards of reliability and performance. However, it is
essential that equipment designers be mindful of good
engineering practices in the use of these devices to achieve
the desired performance.

This Note summarizes important operating recommen-
dations and precautions which should be followed in the
interest of maintaining the high standards of performance of
solid state devices.

The ratings included in RCA Solid State Devices data
bulleting are based on the Absolute Maximum Rating
System, which is defined by the following Industry Standard
(JEDEC) statement:

Absolute-Maximum Ratings are limiting values of opera-
ting and environmental conditions applicable to any electron
device of a specified type as defined by its published data,
and should not be exceeded under the worst probable
conditions.

The device manufacturer chooses these values to provide
acceptable serviceability of the device, taking no responsi-
bility for equipment variations, environmental variations, and
the effects of changes in operating conditions due to
variations in device characteristics.

The equipment manufacturer should design so that
initially and throughout life no absolute-maximum value for
the intended service is exceeded with any device under the
worst probable operating conditions with respect to supply-
voltage variation, equipment component variation, equip-
ment control adjustment, load variation, signal variation,
environmental conditions, and variations in device charac-
teristics.

It is recommended that equipment manufacturers consult
RCA whenever device applications involve unusual electrical,
mechanical or environmental operating conditions.

GENERAL CONSIDERATIONS
The design flexibility provided by these devices makes
possible their use in a broad range of applications and under

many different operating conditions. When incorporating
these devices in equipment, therefore, designers should
anticipate the rare possibility of device failure and make
certain that no safety hazard would result from such an
occurrence.

The small size of most solid state products provides
obvious advantages to the designers of electronic equipment.
However, it should be recognized that these compact devices
usually provide only relatively small insulation area between
adjacent leads and the metal envelope. When these devices
are used in moist or contaminated atmospheres, therefore,
supplemental protection must be provided to prevent the
development of electrical conductive paths across the
relatively small insulating surfaces. For specific information
on voltage creepage, the user should consult references such
as the JEDEC Standard No. 7 “Suggested Standard on
Thyristors,” and JEDEC Standard RS282 “Standards for
Silicon Rectifier Diodes and Stacks”.

The metal shells of some solid state devices operate at the
collector voltage and for some rectifiers and thyristors at the
anode voltage. Therefore, consideration should be given to
the possibility of shock hazard if the shells are to operate at
voltages appreciably above or below ground potential. In
general, in any application in which devices are operated at
voltages which may be dangerous to personnel, suitable
precautionary measures should be taken to prevent direct
contact with these devices.

Devices should not be connected into or disconnected
from circuits with the power on because high transient
voltages may cause permanent damage to the devices.

TESTING PRECAUTIONS

In common with many electronic components, solid-state
devices should be operated and tested in circuits which have
reasonable values of current limiting resistance, or other
forms of effective current overload protection. Failure to
observe these precautions can cause excessive internal heating
of the device resulting in destruction and/or possible
shattering of the enclosure.

974
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TRANSISTORS AND THYRISTORS
WITH FLEXIBLE LEADS

Flexible leads are usually soldered to the circuit elements.
It is desirable in all soldering operatings to provide some
slack or an expansion elbow in each lead to prevent
excessive tension on the leads. It is important during the
soldering operation to avoid excessive heat in order to
prevent possible damage to the devices. Some of the heat can
be absorbed if the flexible lead of the device is grasped
between the case and the soldering point with a pair of pliers.

TRANSISTORS AND THYRISTORS
WITH MOUNTING FLANGES

The mounting flanges of JEDEC-type packages such as
the TO-3 or TO-66 often serve as the collector or anode
terminal. In such cases, it is essential that the mounting
flange be securely fastened to the heat sink, which may be
the equipment chassis. Under no circumstances, however,
should the mounting flange of a transistor be soldered
directly to the heat sink or chassis because the heat of the
soldering operation could permanently damage the device.
Soldering is the preferred method for mounting thyristors;
see “Rectifiers and Thyristors,” below. Devices which cannot
be soldered can be installed in commercially available
sockets. Electrical connections may also be made by
soldering directly to the terminal pins. Such connections may
be soldered to the pins close to the pin seals provided care is
taken to conduct excessive heat away from the seals;
otherwise the heat of the soldering operation could crack the
pin seals and damage the device.

During operation, the mounting-flange temperature is
higher than the ambient temperature by an amount which
depends on the heat sink used. The heat sink must have
sufficient thermal capacity to assure that the heat dissipated
in the heat sink itself does not raise the device mounting-
flange temperature above the rated value. The heat sink or
chassis may be connected to either the positive or negative
supply.

In many applications the chassis is connected to the
voltage-supply terminal. If the recommended mounting
hardware shown in the data bulletin for the specific
solid-state device is not available, it is necessary to use either
an anodized aluminum insulator having high thermal con-
ductivity or a mica insulator between the mounting-flange
and the chassis. If an insulating aluminum washer is required,
it should be drilled or punched to provide the two mounting
holes for the terminal pins. The burrs should then be
removed from the washer and the washer anodized. To insure
that the anodized insulating layer is not destroyed during
mounting, it is necessary to remove the burrs from the holes
in the chassis.

It is also important that an insulating bushing, such as
glass-filled nylon, be used between each mounting bolt and
the chassis to prevent a short circuit. However, the insulating
bushing should not exhibit shrinkage or softening under the
operating temperatures encountered. Otherwise the thermal
resistance at the interface between device and heat sink
may increase as a result of decreasing pressure.
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PLASTIC POWER TRANSISTORS AND THYRISTORS

RCA power transistors and thyristors (SCR’s and triacs)
in molded-silicone-plastic packages are available in a wide
range of power-dissipation ratings and a variety of package
configurations. The following paragraphs provide guidelines
for handling and mounting of these plastic-package devices,
recommend forming of leads to meet specific mounting
requirements, and describe various mounting arrangements,
thermal considerations, and cleaning methods. This informa-
tion is intended to augment the data on electrical character-
istics, safe operating area, and performance capabilities in the
technical bulletin for each type of plastic-package transistor
or thyristor.

Lead-Forming Techniques

The leads of the RCA VERSAWATT in-line plastic
packages can be formed to a custom shape, provided they are
not indiscriminately twisted or bent. Although these leads
can be formed, they are not flexible in the general sense, nor
are they sufficiently rigid for unrestrained wire wrapping

Before an attempt is made to form the leads of an in-line
package to meet the requirements of a specific application,
the desired lead configuration should be determined, and a
lead-bending fixture should be designed and constructed. The
use of a properly designed fixture for this operation
eliminates the need for repeated lead bending. When the use
of a special bending fixture is not practical, a pair of
longnosed pliers may be used. The pliers should hold the
lead firmly between the bending point and the case, but
should not touch the case.

When the leads of an in-line plastic package are to be
formed, whether by use of long-nosed pliers or a special
bending fixture, the following precautions must be observed
to avoid internal damage to the device:

1. Restrain the lead between the bending point and the
plastic case to prevent relative movement between the
lead and the case.

2. When the bend is made in the plane of the lead
(spreading), bend only the narrow part of the lead.

3. When the bend is made in the plane perpendicular to that
of the leads, make the bend at least 1/8 inch from the
plastic case.

4. Do not use a lead-bend radius of less than 1/16 inch.

Avoid repeated bending of leads.

w

The leads of the TO-220AB VERSAWATT indine
package are not designed to withstand excessive axial pull.
Force in this direction greater than 4 pounds may result in
permanent damage to the device. If the mounting arrange-
ment tends to impose axial stress on the leads, some method
of strain relief should be devised.

Wire wrapping of the leads is permissible, provided that
the lead is restrained between the plastic case and the point
of the wrapping. Soldering to the leads is also allowed. The
maximum soldering temperature, however, must not exceed
275°C and must be applied for not more than 5 seconds at a
distance not less than 1/8 inch from the plastic case. When
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wires are used for connections, care should be exercised to
assure that movement of the wire does not cause movement
of the lead at the lead-to-plastic junctions.

The leads of RCA molded-plastic high-power packages
are not designed to be reshaped. However, simple bending of
the leads is permitted to change them from a standard
vertical to a standard horizontal configuration, or conversely.
Bending of the leads in this manner is restricted to three
90-degree bends; repeated bendings should be avoided.

Mounting

Recommended mounting arrangements and suggested
hardward for the VERSAWATT package are given in the data
bulletins for specific devices and in RCA Application Note
AN-4142. When the package is fastened to a heat sink, a
rectangular washer (RCA Part No. NR231A) is recommended
to minimize distortion of the mounting flange. Excessive
distortion of the flange could cause damage to the package.
The washer is particularly important when the size of the
mounting hole exceeds 0.140 inch (6-32 clearance). Larger
holes are needed to accommodate insulating bushings;
however, the holes should not be larger than necessary to
provide hardware clearance and, in any case, should not
exceed a diameter of 0.250 inch.

Flange distortion is also possible if excessive torque is
used during mounting. A maximum torque of 8 inch-pounds
is specified. Care should be exercised to assure that the tool
used to drive the mounting screw never comes in contact
with the plastic body during the driving operation. Such
contact can result in damage to the plastic body and internal
device connections. An excellent method of avoiding this
problem is to use a spacer or combination spacer-isolating
bushing which raises the screw head or nut above the top
surface of the plastic body. The material used for such a
spacer or spacer-isolating bushing should, of course, be
carefully selected to avoid ‘“cold flow” and consequent
reduction in mounting force. Suggested materials for these
bushings are diallphtalate, fiberglass-filled nylon, or
fiberglass-filled polycarbonate. Unfilled nylon should be
avoided.

Modification of the flange can also result in flange
distortion and should not be attempted. The package should
not be soldered to the heat sink by use of lead-tin solder
because the heat required with this type of solder will cause
the junction temperature of the device to become excessively
high.

The TO-220AA plastic package can be mounted in
commercially available TO-66 sockets, such as UID
Electronics Corp. Socket- No. PTS-4 or equivalent. For
testing purposes, the TO-220AB in-line package can be
mounted in a Jetron Socket No. DC74-104 or equivalent.
Regardless of the mounting method, the following
precautions should be taken:

1. Use appropriate hardware.

2. Always fasten the package to the heat sink before the
leads are soldered to fixed terminals.

3. Never allow the mounting tool to come in contact with
the plastic case.

. Never exceed a torque of 8 inch-pounds.

. Avoid oversize mounting holes.

. Provide strain relief if there is any probability that axial
stress will be applied to the leads.

. Use insulating bushings to prevent hot-creep problems.
Such bushings should be made of diallphthalate, fiber-
glass-filled nylon, or fiberglass-filled polycarbonate.

oy A
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The maximum allowable power dissipation in a solid
state device is limited by the junction temperature. An
important factor in assuring that the junction temperature
remains below the specified maximum value is the ability of
the associated thermal circuit to conduct heat away from the
device.

When a solid state device is operated in free air, without a
heat sink, the steady-state thermal circuit is defined by the
junction-to-free-air thermal resistance given in the published
data for the device. Thermal considerations require that a
free flow of air around the device is always present and that
the power dissipation be maintained below the level which
would cause the junction temperature to rise above the
maximum rating. However, when the device is mounted on a
heat sink, care must be taken to assure that all portions of
the thermal circuit are considered.

To assure efficient heat transfer from case to heat sink
when mounting RCA molded-plastic solid state power
devices, the following special precautions should be
observed:

1. Mounting torque should be between 4 and 8 inch-
pounds.

2. The mounting holes should be kept as small as possible.

3. Holes should be drilled or punched clean with no burrs or
ridges, and chamfered to a maximum radius of 0.010
inch.

4. The mounting surface should be flat within 0.002
inch/inch.

5. Thermal grease (Dow Corning 340 or equivalent) should
always be used on both sides of the insulating washer if
one is employed.

6. Thin insulating washers should be used. (Thickness of
factory-supplied mica washers range from 2 to 4 mils).

7. A lock washer or torque washer, made of material having
sufficient creep strength, should be used to prevent
degradation of heat sink efficiency during life.

A wide variety of solvents is available for degreasing and
flux removal. The usual practice is to submerge components
in a solvent bath for a specified time. However, from a
reliability stand point it is extremely important that the
solvent, together with other chemicals in the solder-cleaning
system (such as flux and solder covers), do not adversely
affect the life of the component. This consideration applies
to all non-hermetic and molded-plastic components.

It is, of course, impractical to evaluate the effect on
long-term device life of all cleaning solvents, which are
marketed with numerous additives under a variety of brand
names. These solvents can, however, be classified with

n
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respect to their component parts as either acceptable or
unacceptable. Chlorinated solvents tend to dissolve the outer
package and, therefore, make operation in a humid atmos-
phere unreliable. Gasoline and other hydrocarbons cause the
inner encapsulant to swell and damage the transistor. Alcohol
is an acceptable solvent. Examples of specific, acceptable
alchols are isopropanol, methanol, and special denatured
alcohols, such as SDA1, SDA30, SDA34, and SDA44.

Care must also be used in the selection of fluxes for lead
soldering. Rosin or activated rosin fluxes are recommended,
while organic or acid fluxes are not. Examples of acceptable
fluxes are: )

. Alpha Reliaros No. 320-33
. Alpha Reliaros No. 346
. Alpha Reliaros No. 711
. Alpha Reliafoam No. 807
Alpha Reliafoam No. 809
. Alpha Reliafoam No. 811-13
. Alpha Reliafoam No. 815-35
. Kester No. 44
If the completed bly is to be psulated, the
effect on the molded-plastic transistor must be studied from
both a chemical and a physical standpoint.

N N N N

RECTIFIERS AND THYRISTORS
A surge-limiting impedance should always be used in
series with silicon rectifiers and thyristors. The impedance
value must be sufficient to limit the surge current to the
value specified under the maximum ratings. This impedance
may be provided by the power transformer winding, or by an
external resistor or choke.

A very efficient method for mounting thyristors utilizing
the “modified TO-5” package is to provide intimate contact
between the heat sink and at least one half of the base of the
device opposite the leads. This package can be mounted to
the heat sink mechanically with glue or an expoxy adhesive,
or by soldering, the most efficient method.

The use of a ‘“‘selfjigging” arrangement and a solder
preform is recommended. If each unit is soldered individ-
ually, the heat source should be held on the heat sink and the
solder on the unit. Heat should be applied only long enough
to permit solder to flow freely. For more detailed thyristor
mounting considerations, refer to Application Note AN3822,
“Thermal Considerations in Mounting of RCA Thyristors”.

MOS FIELD-EFFECT TRANSISTORS

Insulated-Gate Metal Oxide-Semiconductor Field-Effect
Transistors (MOS FETs), like bipolar high-frequency
transistors, are susceptible to gate insulation damage by the
electrostatic discharge of energy through the devices.
Electrostatic discharges can occur in an MOS FET if a type
with an unprotected gate is picked up and the static charge,
built in the handler’s body cap , is discharged through
the device. With proper handling and applications
procedures, however, MOS transistors are currently being
extensively used in production by numerous equipment
manufacturers in military, industrial, and consumer applica-

*Trade Mark: Emerson and Cumming, Inc.
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tions, with virtually no problems of damage due to
electrostatic discharge.

In some MOS FETs, diodes are electrically connected
between each insulated gate and the transistor’s source.
These diodes offer protection against static discharge and
in-circuit transients without the need for external shorting
mechanisms. MOS FETs which do not include gate-
protection diodes can be handled safely if the following basic
precautions are taken:

1. Prior to assembly into a circuit, all leads should be kept
shorted together either by the use of metal shorting
springs attached to the device by the vendor, or by the
insertion into conductive material such as “ECCOSORB*
LD26” or equivalent.

(NOTE: Polystyrene insulating “SNOW” is not sufﬁ-
ciently conductive and should not be used.)

2. When devices are removed by hand from their carriers,
the hand being used should be grounded by any suitable
means, for example, with a metallic wristband.

. Tips of soldering irons should be grounded.

4. Devices should never be inserted into or removed from

circuits with power on. ’

w

RF POWER TRANSISTORS
Mounting and Handling

Stripline rf devices.should be mounted so that the leads
are not bent or pulled away from the stud (heat sink) side of
the device. When leads are formed, they should be supported
to avoid transmitting the bending or cutting stress to the
ceramic portion of the device. Excessive stresses may destroy
the hermeticity of the package without displaying visible
damage.

Devices employing silver leads are susceptible to
tarnishing; these parts should not be removed from the
original tarnish-preventive containers and wrappings until
ready for use. Lead solderability is retarded by the presence
of silver tarnish; the tarnish can be removed with a silver
cleaning solution, such as thiourea.

The ceramic bodies of many rf devices contain beryllium
oxide as a major ingredient. These portions of the transistors
should not be crushed, ground, or abraded in any way
because the dust created could be hazardous if inhaled.

Operating

Forward-Biased Operation. For Class A or AB operation,
the allowable quiescent bias point is determined by reference
to the infrared safe-area curve in the appropriate data

bulletin. This curve depicts the safe current/veltage combina-

tions for extended continuous operation.

Load VSWR. Excessive collector load or tuning mismatch
can cause device destruction by over-dissipation or secondary
breakdown. Mismatch capability is generally included on the
data bulletins for the more recent rf transistors.

See RCA RF Power Transitor Manual, Technical Series
RMF-430, pp 39-41, for additional information concerning

the handling and mounting of rf power transistors.
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INTEGRATED CIRCUITS

Handing

All COS/MOS gate inputs have a resistor/diode gate
protection network. All transmission gate inputs and all
outputs have diode protection provided by inherent p-n
junction diodes. These diode networks at input and output
interfaces protect COS/MOS devices from gate-oxide failure
in handling environments where static discharge is not
excessive. In low-temperature, low-humidity environments,
improper handling may result in device damage. See
ICAN-6000, “Handling and Operating Considerations for
MOS Integrated Circuits™, for proper handling procedures.

Mounting

Integrated circuits are normally supplied with lead-tin
plated leads to facilitate soldering into circuit boards. In
those relatively few applications requiring welding of the
device leads, rather than soldering, the devices may be
obtained with gold or nickel plated Kovar leads.* It should be
recognized that this type of plating will not provide complete
protection against lead corrosion in the presence of high
humidity and mechanical stress. The aluminum-foil-lined
cardboard “sandwich pack” employed for static protection
of the flat-pack also provides some additional protection
against lead corrosion, and it is recommended that the
devices be stored in this package until used.

When integrated circuits are welded onto printed circuit
boards or equipment, the presence of moisture between the
closely spaced terminals can result in conductive paths that
may impair device performance in high-impedance appli-
cations. It is therefore recommended that conformal coatings
or potting be provided as an added measure of protection
against moisture penetration.

In any method of mounting integrated circuits which
involves bending or forming of the device leads, it is
extremely important that the lead be supported and clamped
between the bend and the package seal, and that bending be
done with 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 and 16-lead flat-packages, less than the lead
thickness. It is also extremely important that the ends of the
bent leads be straight to assure proper insertion through the
holes in the printed-circuit board.

Operating
Unused Inputs

All unused input leads must be connected to either Vgg

or Vpp, whichever is appropriate for the logic circuit
involved. A floating input on a high-current type, such as the
CD4049 or CD4050, not only can result in faulty logic
operation, but can cause the maximum power dissipation of
200 milliwatts to be exceeded and may result in damage to
the device. Inputs to these types, which are mounted on
printed-circuit boards that may temporarily become
unterminated, should have a pull-up resistor to V§g or Vpp.
A useful range of values for such resistors is from 10 kilohms
to I megohm.

Input Signals
Signals shall not be applied to the inputs while the device
power supply is off unless the input current is limited to a
steady state value of less than 10 milliamperes. Input
currents of less than 10 milliamperes prevent device damage;
however, proper operation may be impaired as a result of
current flow through structural diode junctions.

Output Short Circuits

Shorting of outputs to Vsg or Vpp can damage many of
the higher-output-current COS/MOS types, such as the
CD4007, CD4041, CD4049, and CD4050. In general, these
types can all be safely shorted for supplies up to 5 volts, but
will be damaged (depending on type) at higher power-supply
voltages. For cases in which a short-circuit load, such as the
base of a p-n-p or an n-p-n bipolar transistor, is directly
driven, the device output characteristics given in the
published data should be consulted to determine the
requirements for a safe operation below 200 milliwatts.

For detailed COS/MOS IC operating and handling
considerations, refer to Application Note ICAN-6000
“Handling and Operating Considerations for MOS Integrated
Circuits”.

SOLID STATE CHIPS
Solid state chips, unlike packaged devices, are non-
hermetic devices, normally fragile and small in physical size,
and therefore, require special handling considerations as
follows:

1. Chips must be stored under proper conditions to insure
that they are not subjected to a moist and/or contam-
inated atmosphere that could alter their electrical,
physical, or mechanical characteristics. After the shipping
container is opened, the chip must be stored under the
following conditions:

A. Storage temperature, 40°C max.
B. Relative humidity, 50% max.
C. Clean, dust-free environment.

2. The user must exercise proper care when handling chips
to prevent even the slightest physical damage to the chip.

3. During mounting and lead bonding of chips the user must
use proper assembly techniques to obtain proper elec-
trical, thermal, and mechanical performance.

4. After the chip has been mounted and bonded, any
necessary procedure must be followed by the user to
insure that.these non-hermetic chips are not subjected to
moist or contaminated atmosphere which might cause
the development of electrical conductive paths across the
relatively small insulating surfaces. In addition, proper
consideration must be given to the protection of these
devices from other harmful environments which could
conceivably adversely affect their proper performance.

*Mil-M-38510A, paragraph 3.5.6.1 (a), lead material.
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Application Considerations for the RCA 3N128
VHF MOS Field-Effect Transistor

by

F. M. Carlson

Early MOS field-effect transistors were intended
primarily- for low-frequency applications in which their
extremely high input impedance is advantageous,. and
were not designed to be useful in the vhf range (30 to
300 MHz).- Recently, however, RCA has developed
high-frequency MOS transistors that exhibit high gain
and low noise at vhf, together with very low feedback
capacitance and cross-modulation distortion that ap-
proaches the low levels of electron tubes. The low
level of cross-modulation distortion is a particularly
important characteristic in view of the increasing con-
gestion of the communications frequency bands.

This note describes applications and vhf circuit
considerations for a new high-frequency n-channel MOS
field-effect transistor; the RCA3N128. Biasing require-
ments and basic circuit configurations are discussed,
and selection of the optimum operating point and meth-
ods of automatic_gain control are explained. The cross-
modulation and intermodulation distortion characteris-
tics of the 3N128 MOS transistor are compared to those
of bipolar transistors, and procedures are given for the
design of a practical vhf amplifier that uses the 3N128.

Biasing Requirements and Circuit Configurations

The biasing requirements and operating charac-
teristics of an n-channel MOS transistor such as the

3N128 are similar to those of an electron tube. For
example, the 3N128 uses positive drain voltages and
usually negative gate voltages which are analogous to
the plate and grid voltages, respectively, of electron
tubes. In addition, the current-voltage characteristics
of the 3N128, shown in Fig.1, are similar to those of a
pentode tube. An electron-tube analogy, therefore, can
be useful in the analysis of the n-channel 3N128 MOS
transistor. '

'SOURCE_AND SUBSTRATE GROUNDED
AMBIENT TEMPERATURE (Ta) =25 °C

)20

_ SOURCE. VOLTS,
}&‘%

Y

/

=

DRAIN CURRENT (Ip)—mA

-2
i5

0
DRAIN-TO- SOURCE VOLTS (Vps)

Fig.1 - Transfer characteristics for the RCA 3N128
vhf MOS transistor.

Although their characteristics are similar, MOS
transistors have several important advantages over
electron tubes. They can be operated at the low volt-
ages typical of bipolar transistors. The dc gate cur-
rent of MOS transistors is substantially less than the

s or to enh

i The electron-tube analogy does not apply to p-channel MOS
tr i t types.
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grid current of most electron tubes. In addition, the
MOS transistor requires no heat-generating filament.

MOS transistors are most often used in the common-
source type of circuit configuration. Fig.2 shows three
basic methods of dc-biasing an MOS transistor in a
common-source circuit. MOS transistors may also be
used in common-gate or common-drain (source-follower)
configurations.2 These circuits are not widely used
in vhf applications, however, because their gain is
low at high frequencies.

Vs >>lVGsl

Vs

h1 !
(c)

Fig.2 - Bias methods for ce MOS transistor

stages: (a) fixed bias; (b) source-resistor bias;
(c) constant-current bias.

Fig.3 shows a 200-MHz common-source amplifier
used to measure the rf power gain of the MOS transis-
tor. This amplifier uses amodified form of the constant-
current biasing arrangement shown in Fig.2(c). With
this modified biasing arrangement, both the insulated
gate and the case of the MOS transistor are operated
at dc ground potential. The insulated gate should
always have a dc path to ground even if the path is
through a multimegohm resistor. If the gate is allowed
to float, the resultant dc bias conditions may be un-
predictable and possibly harmful.

3pF
AL
v
oUTPUT
R_=500
= < = L RFC
3Ka 082,H
1000pF 1000pF
Vss = Voo
-4V +16vV

L1 =4-1/2 tumns of No.20 wire, 3/16 inch in dia.,
1/2 inch long, tapped at 1 turn

L2 =3-1/2 tumns of No.20 wire, 3/8 inch in dia.,
1/2 inch long

* Leadless disc capacitor

Fig.3 - 200-MHz common-source amplifier.

Fig.4 illustrates the effect of the leakage resis-
tances RL; and Ry, when the insulated gate is float-
ing. When these resistances (X104 ohms) are approx-
imately equal, they form a voltage divider which biases
the insulated gate at +Vpp/2. This value of bias
voltage may exceed the maximum rating for positive
gate voltage and, in addition, may cause an excessive
flow of drain current.

Ry ,RLp *LEAKAGE RESISTANCES

Fig.4 - Bias conditions for an MOS transistor
when the insulated gate is floating.

The cascode configuration represents a useful
variation of common-source circuit. In this configura-
tion, a common-source-connected MOS transistor is
used in the lower section of the cascode, and acommon-
gate-connected MOS transistor is used in the upper sec-
tion. Fig.5 shows the use of MOS transistors in a 200~
MHz cascode amplifier. This circuit normally requires
a negative voltage on the gate of Q1, a positive voltage
on the gate of Q2, and approximately equal drain-to-
source voltages for each transistor. Although the gate
of Qg may require a positive voltage of 5 to 10 volts,
the net gate-to-source voltage for this transistor should
be approximately 0 to -1 volt.
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0.9-7 oF

l "
41 RUS0R

RFC
082 uH

+Vpp

Fig.5 - 200-MHz cascode amplifier.

Selection of Operating Point

The operating point selected determines the power
gain, noise figure, power dissipation, and, where appli-
cable, battery life. In many applications, a compromise
between gain and available supply voltages or battery
lifetime is necessary. Knowledge of the variation in
gain and noise figure as functions of voltage and cur-
rent ‘is essential, therefore, before an operating point
can be selected.

The 3N128 provides maximum rf power gain at a
drain-to-source voltage Vpg of approximately 20 volts
and a drain current Ip of about 5 milliamperes. The
transistor also exhibits a minimum noise figure at a
Vps of 20 volts for a drain current of about 2 milli-
amperes. The difference in the noise figures obtained
at 2 milliamperes and at 5 milliamperes, however, is
very small (usually between 0 and 0.2 dB) and generally
is not a significant factor in the selection of the opera-
ting point. Although a Vpg of 20 volts represents the
optimum value for the 3N128 in terms of both rf power
gain and noise figure, this value is also the maximum
Vps rating for the transistor. Greater long-term relia-
bility is achieved, therefore, by operation of the 3N128
at a Vpg of 12 to 15 volts rather than at 20 volts.

For a Vpg of 15 volts and an Ip of 5 milliamperes,
the 3N128 typically provides a power gain of 18 dB and
a noise figure of 4 dB at 200 MHz. Operation of the

" 3N128 at considerably lower drain currents, such as

those normally employed in batiery-powered eg

does not seriously affect system performance. For
example, when the transistor is operated at a Vpg of

15 volts and an Ip of only 1 milliampere, the power gain .

and noise figure at 200 MHz are typically 15.5 dB and
4.5 dB, respectively. Because the MOS transistor is a
voltage-controlled device, ‘its performance for a given
power dissipation can often be improved by operation
at high voltage and low current levels. At a power
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dissipation of 30 milliwatts, for example, the 3N128
typically provides a power gain of 17.3 dB and a noise
figure of 3.9 dB when operated at 15 volts and 2 milli-
amperes. . At the same dissipation level, however, the
power gain is reduced to 14.6 dB and the noise figure
is increased to 4.7 dB when the 3N128 is operated at 6
volts and 5 milliamperes. Fig.6 shows the variations
in power gain and noise figure of the 3N128 as func-
tions of the drain current and voltage.

SUBSTRATE_AC GROUNDED
AT_DC GATE POTENTIAL
Vpris v
8
POWER GAIN
% /
3
|
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w |
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o NOISE FIGURE o
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12 a2
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w
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z
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o 2 4 6 8 10
DRAIN CURRENT — mA
20
SUBSTRATE_AC GROUNDED
AT DC GATE POTENTIAL
Ip*5mA
18
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o
‘,’ 6 A
Z
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©g ) 8 12 3 26

DRAIN VOLTAGE — V

Fig.6 - Power gain and noise figure of the kCA 3N128
at 200 MHz as functions of drain current and voltage.

A gate voltage Vg of between -0.5 and -2 volts is
normally required to bias a 3N128 for operation at a
draiin’ voliage Vp of 15 volis and a drain current Ip of
5 milliamperes. If a fixed-bias circuit, as shown in
Fig.2(a), is used, the value of the gate voltage must
be adjustable to compensate for variations among indi-
vidual transistors. For the source-resistance bias cir-
cuit shown in Fig.2(b) the value of the biasing resistor
should be 200 ohms (5 mA x 200 ohms = 1 volt). The
source-resistance circuit will limit the variations in
current among the different transistors to approximately



50 per cent. With the constant-current bias circuit
shown in Fig.2(c), variations in current from one tran-
sistor to another can easily be limited to less than
10 per cent. Regardless of the bias circuit or the bias
point selected, there is no danger of thermal runaway
with the 3N128 because this transistor has a negative
temperature coefficient at the zero-gate-bias point. In
the selection of the bias circuit for an MOS transistor
stage inwhich automatic gain control is employed, con-
sideration should be given to the following principle:
The more restrictive the tolerance imposed on quiescent
operating-point current, the more difficult automatic
gain control of the stage becomes because the self-
compensating action of the constant-current bias circuit
also resists current changes that result from the agc
action.

AGC Methods

When it is necessary to employ age in an MOS
transistor stage, either of two methods may be used to
reduce transistor gain. In one method, referred to as
reverse agc, the reduction in gain is accomplished by
an increase in negative gate bias. In the other method,
the gain is decreased by reduction of the drain-to-
source voltage.

In the reverse agc method, the application of higher
negative voltage to the gate reduces the drain current
and the transconductance of the transistor. The low
feedthrough capacitance of the 3N128 (typically about
0.13 picofarad) usually permits more than 30 dB of gain
reduction at frequencies up to 200 MHz. Substantially
greater gain reduction can be achieved at lower fre-
quencies or in neutralized amplifier circuits.

Gain reduction achieved by the decrease of drain-
to-source voltage is usually controlled by a variable
impedance in series, or in shunt, with the MOS tran-
sistor. The variable impedance may be another MOS
transistor or a bipolar transistor. A major disadvantage
of this method is that the MOS feedback capacitance
rises by a factor of 4 or 6 times as Vp approaches
zero. This increase in capacitance reduces the agc
range obtainable and decreases the effectiveness of
a fixed neutralization network. In addition, the output
impedance of the 3N128 decreases with a reduction in
the drain voltage.

In the cascode circuit, age is accomplished most
effectively by application of a negative voltage to the
gate of the upper (common-gate) section. A wide agc
range can be obtained in this circuit. Gain reductions
greater than 45 dB at 200 MHz or 65 dB at 60 MHz are
realizable in an unneutralized cascode circuit.

RF Considerations

One of the prime advantages of the 3N128 MOS
transistor over bipolar transistors is its superior cross-

AN-3193

modulation, intermodulation, and modulation distortion
performance. The 3N128 has considerably lower feed-
back capacitance than junction-gate field-effect tran-
sistors. In addition, the 3N128 maintains a high input
resistance at frequencies well into the vhf range (the
real part of the input admittance, Re(yjy) =0.15 mmho
at 100 MHz).

At maximum gain, the cross-modulation distortion
of the 3N128 is approximately one-tenth that of most
bipolar transistors, or roughly comparable to the cross-
modulation performance of vacuum tubes (at 200 MHz,
an interfering signal of approximately 80 millivolts is
required to produce cross-modulation distortion of 1 per
cent). However, cross-modul ation susceptibility changes
as the gain of the stage®is changed. For a single
3N128, the cross-modulation distortion increases when
reverse agc is applied; the distortion is also increased,
but to a lesser extent, if agc action is achieved by re-
duction of the drain-to-source voltage. A deterioration
in cross-modulation performance at high attenuation
results from the fact that the MOS triode is a sharp-
cutoff device; as a result, large non-linearities occur
near ‘‘pinch-off.”” Beyond ‘‘pinch-off,”” the transad-
mittance depends primarily upon the capacitive feed-
through, which does not have large third-order non-
linearities. Cross-modulation performance at the ex-
treme limits of attenuation, therefore, is very good.!
In cascode stages, the effect of reverse agc on cross-
modulation distortion isreduced when the agc is applied
to the gate of the common-gate stage; application of
reverse bias to the gate of the common-source stage
results in cross-modulation performance similar to
that of a single triode-connected stage. Figs.7 and 8
show the variation in cross-modulation susceptibility
as a function of age. The test circuits used to measure
cross-modulation distortion of MOS transistors are
shown in Fig.9.

IDESIZOO MHz INITIAL BIAS CONDITIONS
fin* 150 MHz TRIODE : Vp =I5 V, Ip=5mA
UNTUNED INPUT CASCODE : VD'ZO \'A ID' 10mA
50
(1
TRIODE (NEUTRALIZED)|
40 b H cascope
. | (UNNEUTRALIZED)
W
‘I’ . ITRIODE (UNNEUTRALIZED) \
230 /
e
2 \< /
2
z,
& =B /
/—’—/
10
\\ (,,__>
o e
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50 100
INTERFERING SIGNAL —mV

Fig.7 - Cross-modulation distortion as a function
of the attenuation produced by reverse agc.
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Fig.8 - Cross-modulation distortion as a function
f the attenuation produced when agc is accom-
plished by a reduction of drain-to-source voltage.

The test circuit shown in Fig.10is used to measure
the intermodulation distortion of MOS transistors. In
such measurements, the receiver is tuned to 150 MHz.
The MOS is then inserted, and bias voltages are ap-
plied. When no signals are applied (i.e., the amplitudes
of the signalsfy and f2 are both 0 volts), the rf indicator
of the receiver indicates an equivalent input noise
level of approximately 2.4 microvolts. The signals
f1 and fo are gradually increased in amplitude until the
reading on the rf indicator is 1 microvolt above the
noise level (3.4 microvolts total). This reading indi-
cates that 2.4 microvolts of 150-MHz signal is being pro-
duced by the interaction of f; and f2 (i.e., 2 f1-f2 =150
MHz). Table I lists the dc bias levels used for the
3N128 MOS transistor and the amplitude of the f and
fo signals required to produce an output, at 150 MHz,
of 2.4 microvolts, which corresponds to 1 microvolt
above the input noise level. The amplitudes of f; and
fo were measured by an rf vacuum-tube voltmeter; the
f1 generator was turned down for measurement of fa,
and vice versa.

Table I

INTERMODUL ATION DISTORTION DATA
FOR THE 3N128 MOS TRANSISTOR

interfering Voltages Reguired to Produce
2.3 microvolts at 150 MHz

D) Ip £1 (175 MHz) £2 (200 MHz)
volts mA mV mV
16.5 10 18 18
16.5 10 7 150
16.5 5 15 15
16.5 5 3.5 150
16.5 5 30 3.5
16.5 2.5 19 21

When the same test methods were used to measure
the intermodulation distortion of bipolar transistors,
distortion levels were found to be two to five times
greater than those of the 3N128 MOS transistor.
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Fig.9 - Test circuits used to e cr dulation

distortion in MOS transistors: (a) block diagram;
(b) unneutralized-stage test circuit;
(c) neutralized-stage test circuit;
(d) cascode-stage test circuit.

Designing VHF MOS Amplifier Circuits

A complete set of graphs of typical y parameters,
both as a function of frequency at constant bias and as
as a function of bias at constant frequency, are given
in the published data for the 3N128 MOS transistor. The
application of these y par s in the design of the
200-MHz amplifier shown in Fig.3 is discussed in fol-
lowing paragraphs.

For operation at a frequency of 200 MHz, an Ip of
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Fig.10 - Test circuit used to measure intermodulation
distortion in MOS transistors.

5 milliamperes, and a Vp of 15 volts, the y parameters
of the 3N128 are typically as follows:

y11 (input admittance with output short-circuited)
= 0.45 + j7.2 mmhos
Yoo (output admittance with input short-circuited)
= 0.28 + j1.75 mmhos
¥g, (forward transfer admittance with output short-
circuited) = 7.0 - 1.9 mmhos
Y1 (reverse transfer admittance with input short-
circuited) = 0 - j0.16 mmhos
If y;5 is assumed to be zero, the maximum available
power gain (MAG) under conjugately matched conditions,*
may be computed. MAG serves as a useful figure of
merit for comparison of the vhf power gain of.various

MOS transistors. The MAG for the 3N128 is determined
as follows:

loil2  17.0-51.9)2
4Re(y; )Rely,,) 4(0.45)(0.28)

MAG = =104 =20.2dB (1)

where Re means “‘the real part of.”’

All MOS transistors have a small, but measurable,
feedback component (y;s); it is possible, therefore,
that some of them will oscillate under certain circuit
conditions. This possibility may be checked by use
of methods given by Linvill2-4 and by Stern.3'% If the
transistor is unconditionally stable for any combination
of passive source and load admittances, then Linvill’s
critical stability factor C, as determined from the fol-
lowing equation, is less than I 1 |:

|Y21Y12]

= 2Re(yll)Re(y22)- Re(ygqy,9)

(2)

* Conjugate match means that the transistor input and the
generator and the transistor output and load are matched
resistively and that all reactance is tuned out.

The critical stability factor for the 3N128 is calculated
as follows:

B [(7.0-71.9%0-j0.16)|

” 2(0.45)(0.28)- Re(7.0-j1.9)(-j0.16)

= 2.08

Stern has derived a similar expression for stability
Cs that includes the effect of the generator and load
conductances, Vg and yL» respectively, as follows:

) |y21y12|
S 7 2Rely,* yg Relysotyp )-Rely, yy9)

<hl®

If a conjugate match is assumed at both the input and
the output, then Re(yg) =Re(y), and Re(yL) = Re(yy,).
For this condition, the stability factor is calculated
as follows:

c 1(7.0:§1.9)0.16)| 116
S 79(0.45+0.45)(0.28+0.28)-Re(7.0- L.9X-j0.16) 1.31

These calculations show that the transistor itself
is not unconditionally stable, but that it is stable when
placed in a conjugately matched circuit. Therefore,
neutralization is not required, although it may be used
if a more symmetrical pass-band characteristic is de-
sired. All unneutralized amplifiers have a certain
amount of skew in the selectivity characteristic; if
this skewness becomes objectionable for the required
application, then neutralization (or mis-matching) is
necessary.

When neutralization is desired, there are two com-
mon methods of obtaining the required feedback. The
first, and more common method, is the capacitance-
bridge technique shown in Fig.11(a). The capacitance
bridge becomes more apparent when the circuit is re-
drawn as shown in Fig.11(b). The condition for neutral-

JIEN
"

+Cr o—}
th it i

Fig.11 - Capacitance-bridge neutralization circuit:
(a) actual circuit configuration; (b) circuit redrawn
to emphasize capacit bridge network,
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ization is that if = ip.
following relationship:

This condition implies the

Vd “Vn
~ =T—, or Cfv =-C, vV, (4)
X iXn d="mn

The voltage v, is defined by the following equation:

v x v 1 vd )

v, = = —_—

n ij+jx1>’ 121G +1) jwCy - w?lCyel
jwCy

If this relationship for v, is substituted in Eq.(4), the
following result is obtained:

vd
Ceva = C(?Ecﬁ) or G, = -C-w?LC1+1)  (6)

At resonance, the equation for the neutralization capa-
citance C,, may be rewritten as follows:

-1
Cp = .Cf[<;c—z)w01 + 1] = Cf<g_;' ]> @)

If C1>>Cg, Eq.(7) may be rewritten as follows:
C1
ChrxCe|— 8
n f <02> ( )

The other common method of neutralization is the
transformer-coupled method shown in Fig.12. Again,
the condition for neutralization is that if = in. The
requirements for this condition are expressed by the
following equation:

Vd _-Vn
— =—, or Csvy=-Cpv, 9
Xf Xn’ V4 n Vn
N
i L1}
-t L
Wt It
L oo Y

Fig.12 - Transformer-coupled neutralization circuit.

Eq.(9) may be rewritten in the following form:
Cn

Ce

The required turns ratio for the coupling transformer
can be determined from Eq.(10).

Vd

Vn

(10)

The generator and load impedances must be matched
to the transistor input and output impedances, respec-
tively, to obtain maximum gain. For the 200-MHz ampli-
fier shown in Fig.3, the generator resistance at the
input is 50 ohms. For a conjugately matched input,

20

the generator admittance y, and the real part of the
transistor input admittance must appear to be equal.
Because the generator admittance yg is 20 mmhos and
the real part of the input admittance Re(y;1) is 0.45
mmho, the coupling transformer must provide a trans-
formation ratio of 44 to obtain the desired impedance

match. The turns ratio required is determined as
follows:

N

—2_.[11 =6.6

N1

Experimentally, a turns ratio of 4 was found to be ap-
proximately the optimum value. This difference results,
in part, from the fact that the parallel resistance of
the tank coil was not considered in the calculation.
At the output of the 200-MHz amplifier, the load is also
50 ohms. Because the dc drain voltage must be blocked
from the load, a series matching capacitor was selected
which performs both de¢ blocking and resistive matching
simultaneously.

In the actual load-circuit network shown in Fig.13(a),
the value of capacitor Cg must be chosen so that the
load admittance, y1, = 20 millimhos, is apparently equal
to the real part of the transistor output admittance,
Re(yg2) = 0.28 millimhos. Fig.13(b) shows the equiva-
lent circuit of the load-circuitnetwork for this condition.

&
W

028 mmho 0.28 mmho .

—zy R =500 —sYy O Y,*0.28 mmho
(@ ®)

Fig.13 - Output network in which series coupling
capacitance is used for dc-voltage blocking and
resistive matching: (a) actual network;
(b) electrical equivalent.

The following equation gives the input impedance
Z1N for the network shown in Fig.13: '

ZiN =Rs + .

n
oCa an

The input admittance yyy, therefore, méy be exéressed
as follows: .
1 1

v R iwC

The terms in Eq.(12) are rearranged to obtain the fol-
lowing result:

R 1 jwC
=2 +jwCpRs + 9%

——+—2-1 (13
R, jwCsRy jwCg )
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The real and imaginary terms in Eq.(l3) are equated to
obtain the following relationships:

R_s +9’. =1 (14)
R, Cs
prRs-wCSRp =0 (15)
1

Cpz 16
P 7 (wCsRp)wRg) (e

Eq.(16) is substituted into Eq.(14) to obtain the follow-
ing equation for the matching capacitance Cg:

1’ 1
Cg = —f| ———r 17
®” & V(Rp-Re)Rs an

Substitution of numerical values for the parameters in
Eq.(17) yields the following value for Csg:

1 ( 1
Cs = 27(2x108) {(3600-50)50 19 pF

Experimentally, a 3-picofarad capacitor was found to
perform very satisfactorily in the amplifier. If Rp>>
Rs, then Cp & Cs. Therefore, a 3-picofarad capacitance
appears in parallel with the 1.4-picofarad capacitance
of the MOS transistor. A small 1-to-9-picofarad variable
air capacitor was selected for the tank tuning capacitor
to compensate for variations among transistors. For a
nominal value of 2 picofarads for the air capacitor, the
total output capacitance is 6.4 picofarads. The induc-
tance required to resonate with 6.4 picofarads at 200
MHz is 0.1 microhenry. When the total output capaci-
tance is known, the required neutralization capacitor
can be calculated. If Cj is arbitrarily selected as 33
picofarads, the neutralization is determined from Eq.(8),

as follows:

C 33
Cox Cf(cz) =02 (6.4
The optimum value for the neutralization capacitor
was determined experimentally by use of a small
(0.5-to-3-picofarad) variable capacitor. This capacitor
was adjusted to the optimum value for a typical unit
(Crgs = 0.13 pF) and then fixed. The required input
inductance was found to be 0.06 microhenry. The com-
pleted amplifier is shown schematically in Fig.3. The
bandwidth of the amplifier is typically8MHz and shows
negligible skew.

= 1.0 pF

The y parameters may also be used to design a
cascode vhf amplifier such as the one shown in Fig.5.
This circuit had typical power gain and noise figure
of 17 dB and 4.2 dB, respectively. The amplifier has
a bandwidth of 10 MHz with negligible skew. The capa-
citance of the source,-drain; interconnection must be
tuned out to achieve a good vhf noise figure. The noise
figure of the cascode amplifier is 2 to 3 dB higher if
this capacitance is not tuned out.

References

1 Gerald Theriault, ‘‘Cross-Modulation and Modulation
Distortion of RF Transistors,” IRE Trans. on Broad-
cast and Television Receivers, July 1962.

2 J.G. Linvilland J. F'. Gibbons, Transistors and Active
Circuits, McGraw-Hill Book Co.,Inc.,New York, 1961.

3 A.P. Stemn, “‘Stability and Power Gain of Tuned Tran-
sistor Amplifiers,”” Proceedings of the IRE, March
1957.

4 George D. Johnson, ‘‘High-Frequency Amplifier Design
using Admittance Parameters,” Electro-Technology,
November 1963.

21



NG

Solid State
Division

MOS Field-Effect Transistors

Application Note
AN-3341

VHF Mixer Design Using the RCA-3N128

MOS Transistor

F. M. Carlson

The 3N128 is a vhf MOS field-effect transistor
suitable for use throughout the vhf band (30 to 300 MHz)
as an amplifier, mixer, or oscillator. This Note dis-
cusses some of the design criteria pertinent to the
construction of MOS mixers, and presents an example
of a complete vhf MOS converter.

Mixer Design Considerations

The conversion gain obtained from a mixer is the
ratio of intermediate~frequency (if) power output divided
by the radio-frequency (rf) power input. This conver-
sion gain CG is usually expressed in dB, as follows:
if Poyt
rf Pll‘l
The value of CG approximates the gain of the active
device operated as an amplifier (unneutralized) at the
intermediate frequency, minus the rf losses at the
input of the device. Practical mixers normally have a

conversion gain of 3 to 5 dB less than their if-amplifier
gain.

CG = 10 log

The 3N128 transistor has good gain and noise
figure throughont the vhf hand. Recanse it also has a
nonlinear region of operation, it may be used as a vhf
mixer to provide good conversion gain. The transfer
function of the 3N128, shown in Fig.1, indicates that
the maximum nonlinearities occur at a drain current of
about 1.5 milliampere. At drain currents above approxi-
mately 5 milliamperes, the transfer function starts to
become linear. No mixing action can occur if the
transfer function is perfectly linear. Because the ampli-

fier gain of the 3N128 is higher at 5 milliamperes than
at 1.5 milliamperes, the best bias point for an MOS
mixer is a compromise between the region where best
mixing occurs and the region where optimum if power
gain occurs. For the 3N128, this point is empirically
determined to be between 3.5 and 4.5 milliamperes.

DRAIN - TO -~ SOURCE VOLTAGE =I5V
SOURCE AND SUBSTRATE

DRAIN CURRENT—mA
\

q
-5 =4 =3 -2 B
GATE -TO~- SOURCE VOLTAGE—V

Fig.1 - Drain current as a function of gate-to-source
voltage for the 3N128 vhf MOS transistor.

The local-oscillator signal may be introduced into
a 3N128 mixer at the insulated gate, the source, or the
junction gate (substrate). Application of the oscillator
signal to the junction gate can be very effective, but
is not recommended because the junction gate of the
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3N128 is tied to the case; placing the transistor case
at local-oscillator signal potential can pose possible
radiation problems.

Injection of the oscillator signal at the source is
not desirable because the source should always be at
rf/if ground for optimum gain, but could not be at ground
at the oscillator frequency. Designing a network to
meet these criteria is difficult and adds to the cost of
the mixer.

Injection of the oscillator signal at the insulated
gate is the least troublesome of the three methods. The
local oscillator may be coupled to the insulated gate
by means of an inductive loop or a small coupling
capacitor.

The input circuit is normally designed for a con-
jugate match with the input impedance of the MOS
transistor at the radio frequency. The output circuit
is normally designed for a conjugate match with the
output impedance of the 3N128 at the intermediate
frequency, unless electrical instabilities (oscillations)
occur, in which case the output circuit must be mis-
matched. Oscillations are not normally a problem in a
3N128 mixer, provided the if and rf signals are rela-
tively far apart in frequency. Under these conditions,
the output circuit presents a low impedance to the rf
signal, and the input circuit presents a low impedance
to the if signal; consequently, oscillations at either
frequency are unlikely to occur.

Neutralization is not generally used in mixers

because of the different frequencies at the output and
the input.

Design Example

A vhf receiver “‘front end”’ has been designed
and built to demonstrate the preceding design consider-
ations and to illustrate the use of the 3N128 vhf MOS
transistor in all four stages: rf, mixer, if, and local
oscillator. The complete converter, shown in Fig.2,
uses an rf input frequency of 200 MHz and an if output
frequency of 30 MHz.

The input stage is a straight-through 200-MHz
amplifier* employing a source resistor for gate bias.
This configuration permits the gate to be at dc ground,
and greatly reduces the possibility of damage to the
MOS gate from input transients. The 240-ohm resistor
allows a current of approximately 5 milliamperes to
flow through the device so that maximum vhf power
gain is obtained. A variable inductor resonates with
the output capacitance of the 3N128 to provide a band-
width of approximately 12 MHz for the rf stage alone.
(Narrower bandwidth could have been obtained by use
of more capacitance in the tuned circuits and different
loading on the output circuit; however, no particular
effort was made to achieve very narrow bandwidth be-
cause a wide bandwidth is desirable in some applica-
tions.) Capacitive bridge neutralization is used to
achieve the maximum allowable stage gain of 20 dB
for the particular 3N128 used.

The input coil of the mixer stage is designed to
permit a conjugate match with the transistor input
admittance. The input admittance yjq of the 3N128
at 200 MHz is approximately 0.45 +j 7.2 millimhos.
Therefore, an admittance of y11* (=0.45 - j 7.2 milli-

30-MHz
000! ouTPUT
AL
"
15-20
7! 15T
E Q3 ; /a"o
.-i)o}l I/';.TD;I 3-1/27
2 000 2500|2000
AL AL AL ATl
i " nw W
L L L \
a1 L 3000
3em 0824H
=| & 2400 Tore émon 2400 ors
T
= 075 RFC
1000 2000, 2000 rFc 3 1000,
L " L L 1
*LEADLESS DISK +16V
A1 TURN (340°) LOOP AROUND TANK COIL

Fig.2 - VHF receiver ‘‘front end’’ using the 3N128 in all stages.

* Design information for vhf MOS amplifiers is given in RCA Application Note AN-3193:
*‘Application Considerations for the RCA-3N128 VHF MOS Field-Effect Transistor,’’ by F.M. Carlson, August 1966.
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mhos) should be presented to the mixer input. A con-
jugate match is not used at the output because it is
desirable to load the input of the following (if) stage
for stability. Therefore, a step-down transformer is
used. (A conjugate match would require use of a step-
up transformer because g17 > gog at 30 MHz.)

The local oscillator is coupled into the insulated
gate of the mixer by means of an ungrounded 340-degree
loop placed around the input tank coil at its high-
impedance end. A small coupling capacitor could also
be used for this purpose. Local-oscillator. amplitude
is approximately 1.4 volts rms into the coupling loop.
Power gain of the mixer stage is 16 dB. Fig.3 shows
the conversion gain of the mixer as a function of local-
oscillator amplitude. A lower oscillator level than
1.1volts would probablybe desirable if spurious output
frequencies were found to be troublesome.

FREQUENCY =200 MHz

CONVERSION GAIN—dB

) 500 1000 1500 2000
LOCAL OSCILLATOR AMPLITUDE-mV

Fig.3 - Conversion gain of the mixer stage in Fig.2
as a function of local-oscillator amplitude.

A 510-ohm source resistor is used in the mixer
stage to provide a drain current of 4 milliamperes.
(This value is larger than would normally be expected
for a drain current of this level because the gate is
subjected to large signal excursions by the local
oscillator.)

The maximum available gain (MAG) of the 3N128
at 30 MHz in a conjugately matched circuit (with y12
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assumed to be approximately zero) may be computed
from the y-parameters for the device, as follows:

p21)2  p.2)?

= = = 3610 = 35.6dB
4g1890 4(0.030.12)

The maximum usable gain (MUG) of the 3N128 in
an unneutralized 30-MHz amplifier is computed as .
follows:

_0.4gm_ (0.4)7.2)(10-3)
“wCrss (27(30)106 (0.13)10-12

If the 30-MHz stage is operated at a gain signifi-
cantly above the MUG value; the possibility of circuit
oscillation exists. Therefore, the input of the if stage
is mismatched to reduce the stage gain from the MAG
level to about 20 dB. (In some cases, it may be easier
to mismatch at the output than at the input.) The out~
put of the if stage is transformer-coupled to a 50-ohm
load.

The local-oscillator stage is a Colpitts circuit in
which frequency is adjusted by means of a slug-tuned
inductor.

MUG =118 =20.7dB

The complete converter has a power gain of 56 dB,
a noise figure of 3 dB, and a bandwidth of 1.5 MHz.
Spurious responses (referred to a level of 0 dB at the
200-MHz input frequency) are -51dB at 100 MHz, -36 dB
at 215 MHz, and -35 dB at 260 MHz. These spurious
responses could be greatly improved by use of anarrower
bandwidth in the rf stage; the present bandwidth is
12 MHz at the 3-dB points.

Table I shows measurements of cross-modulation
of the converter as a function of frequency.

Interfering Interfering Signal Voltage Necessary
Frequency for 1% Cross-Modulation

(MHz) (mV)
50 160
90 115
100 87
110 98
120 97
130 87
140 78
150 77
160 65
170 52
180 39
190 9

Table | - Cross-modulation of MOS mixer.
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Although electromechanical relays have long been
used to convert low-level dc signals into ac signals
or for multiplex purposes, relays are seriously limited
with respect to life, speed; and size. Conventional
(bipolar) transistors overcome the inherent limitations
of relays, but introduce new problems of offset voltage
and leakage currents. This Note describes the use of
MOS field-effect transistors in solid-state chopper and
multiplex designs that have the long life, fast speed,
and small size of bipolar-transistor choppers, but elimi-
nate their inherent offset-voltage and leakage-current
problems.

Basic Chopper Circuits

Chopper circuits' are basically of either the shunt
type or the series type, as shown in Fig.1, or a combina-
tion of the two.

The shunt chopper circuit, shown in Fig.1(a),
operates as follows: When the switch S is opened, a
voltage that is directly proportional to the input signal
appears across the load. When the switch is closed,
all of the input signal is shorted to ground. Therefore,
if the switch is opened and closed periodically, the
voltage across the load appears as a square wave that
has an amplitude directly porportional to the input
signal. This square wave may be highly amplified by a
relatively drift-free, stable-gain ac amplifier. This
procedure is generally used in low-level dc amplifiers,
i.e., a small dc input is chopped, the resulting ac signal
is amplified, and the output of the ac amplifier is recti-
fied to produce a dc output directly proportional to
the input.

The series chopper circuit, shown in Fig.1(b), can
also be used to chop dc signals. This type of circuitis

particularly useful intelemetry or other systems in which -
a signal source such as a t d is tobe cc ted
periodically to a load such as a transmitter.

An ideal chopper is simply an on-off switch that
has certain desirable characteristics. Table I lists

o o—)}
el
Rg J
SIGNAL

SOURCE
(AC ORDC)

Il
L

LOAD

(a)— SHUNT CHOPPER

(b)—SERIES CHOPPER
Fig.1 - Basic chopper circuits.

Available Chopper Devices
Ideal Chopper Compared to Ideal
Characteristics

Electromechanical

MOS Bipolar

Relay
Infinite Life Good Good Poor
Infinite Frequency

Response Good Good Poor
Infinite OFF .

Resistance Good Fair Good
Zero ON Resistance  Poor Fair Good
Zero Driving-Power . .

Consumption Good Fair Fair
Zero Offset Voltage Good Poor Good
Zgro Feedt!}:roggh

etween the driving : :

signal and signal Fair Fair Good

being chopped
Small Size Good Good Poor

Table I - Comparison of available chopper devices
with an ideal.

6-67
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some of these characteristics, and shows the relative
merits of relays, bipolar transistors, and MOS transistors
in each area.

Use of MOS Transistors as Choppers

Fig.2 shows voltage-current characteristics of an
n-channel depletion-type MOS field-effect transistor such
as the RCA-40460. Fig.3 shows an expanded view of
the curves in Fig.2(a) in the region about the origin.

(a)SUBSTRATE CONNECTED
0 SOURCE

(b) SUBSTRATE
FLOATING

DRAIN CURRENT (1p)— 2mA/DIV.

{c) SUBSTRATE CONNECTED
TO DRAIN

DRAIN-TO-SOURCE VOLTAGE (Vpg)— 2V/DIV.
(ab,c:=I VOLT PER STEP;ORIGIN: AT CENTER)

Fig.2 - Voltage-current characteristics of ‘an n-channel
depletion-type MOS transistor: (a) with substrate
connected to source; (b) with substrate floating;
(c) with substrate connected to drain.

Because each curve passes through the origin, the MOS
transistor is said to have zero offset voltage. In an
MOS shunt chopper circuit, therefore, the output is
zero when the input voltage is zero. This result is not
obtained with bipolar transistors. Even for zero input
voltage, a bipolar transistor has an offset voltage equiva-
lent to the collector-to-emitter saturation voltage VCE(sat)
between its collector and emitter terminals. MOS tran-
.sistors have no parameter comparable to Vog(sat). .

When the gate-to-source voltage VGS is zero, an
MOS transistor such as the 40460 has an effective re-
sistance of 200 to 300 ohms between its drain and
source terminals. If the gate-to-source voltage is made
positive, this resistance decreases to about 100 ohms
(typically to 90 ohms for the 40460). No significant
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increase in gate current occurs when V@s is made posi-
tive because the gate of an MOS transistor is insulated
from the source-to-drain channel by an oxide layer. (In
a junction-gate field-effect transistor, the gate and the
channel form a p-n junction, and low gate current can
be obtained only when this junction is reverse-biased.)
When the resistance between the drain and source ter-
minals is low (100 to 300 ohms), an MOS transistor is
said to be ON; the drain-to-source channel resistance is
then designated as rgs(ON). This ON condition corre-

sppnds to the closed-switch condition in the circuits

of Fig.1.

SUBSTRATE CONNECTED TO SOURCE

AMBIENT TEMR = 25°C
+ 7
A

N
NN
X

N
\s

o

-5

DRAIIN CURRENT (Ip)—mA
o n

&

A4
4

-250| A Afo Zo

-120 -80 -40 40 80
DRAIN-TO-SOURCE VOLTAGE (Vpg)-mV

L
]
g .

120

Fig.3 - Low-level drain current as a function of drain-to-
source voltage in an n-channel depletion-type MOS
transistor with substrate connected to source.

When a negative voltage of about -6 volts or more
is applied between the gate and the source of the MOS
transistor, the channel resistance between drain and
source becomes extremely high (typically thousands of
megohms). In this condition, which is known as ‘‘cut-
off”” or ‘‘pinchoff”’, it is impractical to measure the
channel resistance directly; instead, the leakage current
that flows from drain to source at cutoff is normally
specified.  This current ID(OFF), is typically 0.1
nanoampere for the 40460. Because Ip(OFF) is mea-
sured at a drain-to-source voltage of 1 volt, the equiva-
lent channel resistance is 10,000 megohms. This OFF
condition corresponds to the open-switch condition in
the circuits of Fig.1.

Fig.4 shows three basic chopper circuits using the
MOS field-effect transistor. The gating signal for the
40460 should swing from zero to at least -6 volts, and
may cover a range as large as $10 volts. The substrate
(and thus the case) of the 40460 transistor is usually
connected to the source. However, if the incoming
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signal to be chopped exceeds -0.3 volt, the substrate
must be ‘‘floated’’, connected to the drain, or biased
negatively so that the source-to-substrate and drain-

to-substrate voltages never exceed -0.3 volt. If this
—O
OUTPUT
GATING
Rs SIGNAL
U R e
SIGNAL
SOURCE
= (@) SHUNT CHOPPER
i O
QuUTPUT
R
Ry
LU GATING SIGNAL
(b) SERIES CHOPPER
O
ouTPUT

" GATING SIGNALS =
(OPPOSITE POLARITIES)

(c) SERIES - SHUNT CHOPPER

Fig.4 - Basic MOS chopper circuits.

value is exceeded, the substrate, which forms two p-n
junctions with the drain and the source, becomes for-
ward-biased and the resulting flow of diode current
shunts the incoming signal to ground.

Steady-State Conditions

Ideally, when an MOS transistor in a shunt chopper
circuit is ON, the output voltage of the circuit should
be zero. Because the drain-to-source resistance rds
is some finite value, however, the output cannot reach
true zero. Fig.5 shows an equivalent circuit for steady-

state conditions in an MOS shunt chopper. For the ON

condition, the output voltage EQ is given by

rds Ry,
Tas v Ry )
rds RL

Rg +
s s + Ry,
In Eq.(1), it is assumed that the gate leakage resistance
RG is much larger than the drain-to-source resistance
rds- If the load resistance R[, is also much larger than
rds; Ea.(1) canbe simplified as follows:

Tds
Ey = Eg| —— 2
o S [Rs " rds] (2)
+—OE,
. Vas Ra
1 Tas Ry

NOTE: ALTHOUGH RES!STANCE Rg IS ACTUALLY
DISTRIBUTED ALONG THE LENGTH OF rds,
CONNECTION SHOWN ASSURES A WORST
CASE ANALYSIS.

Fig.5 - Steady-state equivalent circuit of MOS
shunt chopper.

For EQ to approach zero, it is necessary that the source
resistance R§ be much greater than r4s. Thé value of
EQ is then given by

Eq = Eg(rg,/Rg) @

A typical value for Rg and R, in an MOS shunt chopper
is 0.1 megohm. A typical value of rds(ON) for the 40460
transistor is 90 ohms. If these values are substituted
in Eq.(3) and the signal voltage Eg is assumed to be
1 millivolt, EQ is calculated as follows:

Eq = 1078 (90/10% = 0.9 microvolt

In the ON condition, therefore, the dc error voltage is
less than 0.1per cent forthe values used, and is directly
proportional to the input signal.

For the OFF condition, the steady-state output
voltage Eq is given by

r4s Ry, ras Ry
rgs + Ry, rgs + R,
E,=E +V (4)
O g teeR | Bl resRe
S gt Ry O g * Ry
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In most MOS transistors, both rgs(OFF) and Rg are much
greater than R],. Therefore, Eq.(4) may be simplified
as follows:

_ RL RL
Eg = Eg RgrR, Ves 7 5

If RS, RL, and Eg are assumed to have the values used
previously, the gate-to-source voltage Vs is assumed
to be -10 volts, and the gate resistance R is assumed
to be 1012 ohms (minimum permissible gate resistance
for the 40460), the value of EQ is calculated as follows:

10° 105
- 103 20 |—
Bo = 10 [2x105:| 10 [1012]
10-3
= —2- -10-6 ~ 0.5 millivolt

The second term in Eq.(5) is the error term for the
OFF condition; it is not proportional to the input signal
ES. For the numbers used, the output error in the OFF
condition is only 0.2 per cent. If a typical value of
1014 ohms is used for the 40460 gate resistance instead
of the minimum value of 1012 ohms, the error voltage is
reduced to only0.002 per cent. The output error remains
small for any value of signal voltage Eg that does not
approach the error voltage in magnitude.

) Because the error voltage is inversely proportional
to the gate leakage resistance R, most junction gate
field-effect transistors produce larger error voltages
than MOS transistors (the minimum RG of most junction-
gate devices is only 1 to 10 per cent that of MOS tran-
sistors).

A similar procedure may be used for analysis of
series chopper and series-shunt chopper circuits.

The operation of all MOS chopper circuits is greatly
affected by the magnitude of the source and load re-
sistances. Table II lists the output voltages of the
three basic chopper circuits for various combinations
of source and load resistances. It is assumed that the
input voltage ES is 1 millivolt, and that the drain-to-
source resistance rds is 100 ohms in the ON condition
and 1000 megohms in the OFF position. The gate leak-
age resistance RG (1012 ohms or more) is neglected.
The following conclusions can be drawn from the data
shown:

1. Only the series or the series-shunt circuit should
be used when Rg < rgg(ON).

2. Ingeneral, R, should be high. (Rf, >> r4g(ON)

3. The load resistance should be higher than the
source resistance. (R[, > Rg)
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4. The performance of the series-shunt circuit is
equal to or better than that of eitherthe series
or the shunt chopper alone for any combmatlon
of Rg and Rp,.

Approximate Output Voltage Eq- 1LV
(Max. Output = 1 mVY)

Source Load Shunt Series  Series-Shunt
Resistance Resistance Chopper Chopper Chopper
(o.:';s) (oﬁ;s) (ON) (OFF) (ON) (OFF) (ON) (OFF)
M M 0.1 500 500 1 500 0.0001
100 K 1M 1 900 900 1 900 0.0001
100 1M 500 1000 1000 1 1000 0.0001
0 M 1000 1000 1000 1 1000 0.0001
1M 100K 0.1 90 90 0.1 90 0.0001
1M 100 0.05 0.1 0.1 0.0001 0.1 0.00005
100 K 100 K 1 500 500 0.1 500 0.0001
100 100 333° 500 333 0.0001 333 0.00005

Table Il - Steady-state chopper output voltage for
various source and load resistances.

Transient Conditions

Fig.6 shows the ac equivalent circuit of an MOS
shunt chopper. The interelectrode capacitances of the
MOS transistor affect operation of the circuit at high
frequencies. The input capacitance Cgs increases the
rise time of the gate driving signal and thus increases
the switching time of the chopper. This effect is not
usually a serious limitation, however, because the

QOOoUTPUT

Fig.6 - AC equivalent circuit of MOS shunt chopper.

switching time of the MOS transistor depends primarily
on the input and output time constants. Switching times
as short as 10 nanoseconds can be achieved when an

[Y7eva] CON S, onobsw

MOS transistor is diiven fiom a Auvv-nnpcunnvc BEneErawt

and the load resistance is less than about 2000 ohms.

The output capacitance Cdg also tends to limit
the maximum frequency that can be chopped. When the
reactance of this capacitance becomes much lower than
the load resistance R, the chopper becomes ineffective
because XCgs is essentially in parallel with RL and
rds(OFF).
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The feedthrough capacitance Cgq is the most im-
portant of the three interelectrode capacitances because
it couples a portion of the gate drive signal into the
load circuit and causes a voltage spike to appear across
RL each time the gate drive signal changes state. ng
and Rf, form a differentiating network which allows the
leading edge of the gate drive signal to pass through.
The output capacitance C{dg is beneficial to the extent
that it helps reduce the amplitude of the feedthrough
spike. .

The effect of the feedthrough spikes can be reduced
by several methods. Typical approaches include the
following:

(a) use of a clipping network on the output when
the input signal to be chopped is fixed in amplitude,

(b) use of a low chopping frequency,

(c) use of an MOS transistor that has a low feed-
through capacitance Cgd (some RCA MOS transistors
have typical Cgd values as low as 0.13 picofarad),
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Vpg=0; Vo= 0 fxIkHz
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™
® »

(d) use of a gate drive signal that has poor rise
and fall times,

(e) use of a source and load resistance as low as
feasible,

(f) useof ashield between the gate and drain leads,

(g) use of a series-shunt chopper circuit.

Temperature Variations

The variation of MOS transistor parameters with
temperature can affect the operation of a chopper circuit
unless allowance is made for such variations in the
circuit design. It is important, therefore, to determine
the approximate degree to which each parameter can be
expected to change with temperature. Fig.7 shows
curves of channel resistance rds, gate leakage current

100 /

nA

o
o

5
N

DRAIN-TO- SOURCE LEAKAGE CURRENT [Ip(oFf)]

° 20 40 60 80 100 120 140
®) AMBIENT TEMPERATURE —*C

0.1

(c)

20 30 40 50 60 70 80 90 100 110 120 130
AMBIENT TEMPERATURE (T,)—°C

Fig.7 - Variation of 40460 parameters with ambient temperature: (a) channel resistance rdsi

(b) gate leakage current Igss;

(c) drain-to-source leakage current ID(OFF ).
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Igss, and drain-to-source leakage current ID(OFF) as a
function of temperature for the 40460. Igq and In(OFF)
were not measured at temperatures below 25° C because
condensation and frost that form on the test chassis
result in erroneous and/or erratic readings of pico-
ampere currents. Test circuits used to measure these
parameters are shown in the Appendix.

Typical Circuits

Fig.8 shows three chopper circuits that were con-
structed for demonstration purposes: (a) a shunt chopper,
(b) a series chopper, and (c) an ac chopper. The 0.005-
microfarad capacitor across the gate drive generator in

-QouTPuT
100K
At °
\ ot -OOUTPUT
=)
N SHIELD
100 30k 330K
JL 100 0.005
™ I *
(b) SERIES CHOPPER
—O OUTPUT
10K
100K
f=IMHL

100
2w

(c) RF CHOPPER

Fig.8 - Typical MOS chopper circuits: (a) shunt chopper;
(b) series chopper; (c) tf chopper.

circuits (a) and (b) increases the rise time of the gate
drive signal. A resistor is used in each circuit to
simulate the impedance of the signal source. The actual
input voltage was set at zero so that spike feedthrough
and offset voltages could be measured. The dc offset
voltage, which is caused primarily by the average value
of the spikes over the whole cycle, was too small to be

ed on the equipment available. Fig.9 shows the
actual spike feedthrough for the 40460 and 3N128 MOS
transistors in the shunt and series circuits of Figs.8(a)
and 8(b); the rise time of the gate drive signal was
1 microsecond.
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It is recommended that MOS choppers be driven
from a square-wave source. Fig.10 shows the feed-
through that results when the circuits of Figs.8(a) and
8(b) are driven from a sine-wave generator instead of a
square wave.

Fig.11 shows how the circuit of Fig.8(c) can be
used to chop an rf signal at either a slow or a fast
chopping frequency. The 40460 transistor can be used
to chop rf signals extending up to the low vhf region.
The frequency of the gate drive signal can be as high
as several hundred kilohertz before excessive degrada-
tion of the square wave occurs. The rise time of the

GATE DRIVE
OUTPUT (O to~8V)

GATE DRIVE
OUTPUT (O to-8V)

3NI28
SHUNT CIRCUIT

SCALE
VERTICAL

UPPER TRACE = IOV/DIV.
LOWER TRACE = I0mV/DIV.

1004S/DIV.

HORIZONTAL

GATE DRIVE
OUTPUT (Oto-8V)

- GATE DRIVE
. e OUTPUT (0 to-8V)

3NI28
SERIES CIRCUIT

SCALE

VERTICAL | UPPER TRACE=10V/DIV.
LOWER TRACE =20mV/DIV.

HORIZONTAL | 100 #S/DIV.

Fig.9 - Actual spike feedthrough in shunt and series
chopper circuits employing the 40460 and
3N128 MOS transistors.

VERTICAL SCALE:
UPPER TRACE=I0V/DIV.
LOWER TRACE = 2mV/DIV.

VERTICAL SCALE:
UPPER TRACE=10V/DIV.
LOWER TRACE = 10mV/DIV.

HORIZONTAL SCALE: 100 uS/0DIV.

Fig.10 - Comparison of sine- and square-wave gate drive
for an MOS shunt chopper employing the 40460.
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gate drive signal for the circuit of Fig. 8(c) was 15
nanoseconds.

In field-effect-transistor choppers using a version
of the series-shunt circuit shown in Fig.8(c), noise and

CHOPPING FREQUENCY:
25kHz

CHOPPING FREQUENCY:
100 Hz

VERTICAL SCALE:
UPPER TRACE = 5V/DIV.
LOWER TRACE = IV/DIV.
Fig.11 - Results of using MOS rf chopper at a fast
and a slow chopping frequency.

offset voltages as low as 10 microvolts or less have
been obtained.! Balanced MOS chopper circuits using
special compensating networks have also been developed
to chop 0.1-microvolt signals at impedance levels up to
40,000 ohms and chopping frequencies up to 250 Hz.2
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APPENDIX
Test Circuits
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Fig.A-1 - Channel resistance (rds(ON)) measurement
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Fig.A-4 - Reverse transfer (Feedback) capacitance
(C,ss) measurement circuit.
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- An FM Tuner Using an RCA-40468
MOS-Transistor RF Amplifier

H. M. Kleinman and C. H. Lee

Previous - work with - field-effect transistors in
general, and MOS field-effect transistors in particular,
has demonstrated the superior signal-handling capability
of this type of device.l*3 This Note describes an FM
tuner that incorporates an MOS field-effect transistor
as the rf amplifier, and shows how the MOS transistor
is instrumental in minimizing the spurious responses
normally found in FM receivers.

Spurious responses result when harmonics of an
unwanted incoming signal mix with harmonics of the
local-oscillator signal to produce a difference frequency
which falls within the if passband of the receiver.*
When these harmonics of unwanted signals are created
in the rf amplifier, they may be removed by improved
filtering between the rf amplifier and the mixer. When
used as an rf amplifier, the MOS transistor produces an
output signal that contains low levels of the harmonics
of unwanted signals. As a result, the need for a double-
tuned rf interstage transformer is reduced and accept-
able performance can generally be achieved with single-
tuned circuits in both the antenna and rf interstage
sections.

The FM tuner described in this Note utilizes an
RCA-40468 MOS rf ampiifier, an RCA-40478 bipolar
mixer, and an RCA-40244 bipolar oscillator. The rf-
stage gain of 12.7 dB and mixer gain of 21.8 dB yield

* In a receiver tuned to 100 MHz, the local oscillator is tuned
to 110.7 MHz. The second harmonic of the local oscillator
occurs at 221.4 MHz. A signal at a frequency of 210.7 MHz

can beat with the 221.4-MHz signal to form the 10.7-MHz-

intermediate frequency. This 210.7-MHz frequency is the
second harmonic of 105.35 MHz, which is above the desired
channel by half the intermediate frequency.

a total tuner gain of 34.5 dB. A three-stage if-amplifier
strip that uses RCA-40482 bipolar transistors and ex-
hibits 94 dB of gain completes the FM tuner.

Table I summarizes the performance of the system.
The figure shown for if rejection was achieved when the
tuner section was tested with a fully shielded, remotely
located if-amplifier strip. When the final tuner was
assembled, only partial shielding was used around the
if amplifier. This partial shielding, coupled with the
close proximity of tuner and if amplifier, reduced the
if rejection to 77 dB.

Carrier Frequency.....c.oeeeeeeeeans ceee 100 MHz
Modulation ......... ... eeessss 400 Hz, 22.5 kHz deviation
Sensitivity:*

For 20-dB signal-to-noise ratio .. ...ovu.. 1.4 BV

For 30-dB signal-to-noise ratio .. .coevuas 2.2 mY

For -3-dB limiting point (with 94-dB if strip). . 1.6 »v
Image Rejection® . .......oieiviain 72 dB
IF Rejection® ... itiiiinneennnsanans 91 dB
Half-IF Rejection® .. ..vvvvvenennsannes 96 dB
Rejection of Other Spurious Responses®

(with 0.2 volt at antenna terminals) ....... >100 dB
*M d at ant inals (300-ohm nominal imped

® Relative to 2 uV/,

Table | - Over-all Tuner Performance

Circuit Considerations

The rf section of the tuner is shown in Fig.1, and
the if strip in Fig.2. The if strip, which is described
more fully elsewhere,® utilizes three 40482 bipolar

- transistors that operate at collector currents of 3.5
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= R, 7
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=
’
-5V
L3

Cle= C”ﬂ!

All resistors 1/2 W.

Ry =100 K2 C1,CgiCrg =16 pF
Ry =220 KQ) CyCy = 2-12 pF, Trimmer
Ra,Ry =47 KQ C3,Cq =0.002 uF
Rs =4.7 KQ C4C5/Cyg =5.5-22.5 pF, ganged tuning capacitor
Rg  =8.2KQ Cg =5000 pF
R =120 KQ Cyp =2.7 pF
Rg =22 KQ Cyy =0.01 pF
Cy2Cy4Cy5 = 1000 pF

Ci3 = 1000 pF feedthrough type
Cy7 =2-10 pF, Trimmer

= #18 bare copper wire, 4 turns, 1/4" 1.D., 7/16” winding length, Qg at 100 MHz = 130.

Tunes with 34 pF capacitance at 100 MHz.
Antenna Link approximately 1 turn from ground end.
Gate Tap approximately 1-1/2 turns from ground end.

"= #18 bare copper wire, 4 turﬁs, 1/4" 1.D., 7/16" winding length, Qg at 100 MHz = 120.
Tunes with 34 pF capacitance at 100 MHz.
Base Tap approximately 3/4-turn.

L3

#18 bare copper wire, 4 turns, 7/32" 1.D., 7/16" winding length, Qo ot 100 MHz =120.
Tunes with 34 pF capacitance at 100 MHz.

Emitter Tap approximately 1-1/2 turns from ground end.

Base Tap approximately 2 turns from ground end.

Fig.1 - Typical FM receiver front end using RCA-40468 MOS field-effect transistor.

milliamperes in neutralized configurations and provide
an over-all if gain of M4 dB.

The rf section provides a total gain of 34.5 dB,
which includes 12.7 dB in the rf stage and 21.8 dB in
the mixer. The mixer and oscillator were designed
according to principles established previously,5:¢ and

details of their design are not discussed. The common-
collector oscillator provides an extremely clean oscil-
lator waveform. In addition, the low injection level at
the mixer base, 25 to 30 millivolts, coupled with the
design of the preceding circuits, limits the maximum
possible signal at the mixer base and minimizes the
generation of spurious responses in that stage.
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Fig.2 - Typical if-amplifier strip.

RF-Stage Design

The 40468 rf stage is designed to achieve the
published maximum usable stable gain of 14 dB at a
nominal operating point of 5 milliamperes. Additional
losses of 1.3 dB reduce the actual gain in the tuner to
12.7 dB. Details of the rf-stage design are given in
the Appendix.

Selection of the appropriate source and load im-
pedances for the rf stage is based on the fact that a
low spurious response requires the gate of the 40468 to
be tapped as far down on the antenna coil as gain and
noise considerations permit. This arrangement applies
the smallest possible voltage swing to the gate and
makes optimum use of the available dynamic range.
(In a bipolar tuner designed to optimize the rejection
of spurious responses, the tap point on the antenna
coil was approximately 25 ohms.)

For low spurious response, therefore, the entire
rf coil is used as the load for the 40468. The interstage
coil presents a load impedance to the rf stage of 3800
ohms, which nearly matches the 4200-ohm output im-
pedance of the 40468. Although this arrangement loads
the interstage coil and causes a degradation of selec-
tivity of the front end, it is an acceptable compromise in
this case because the antenna coil is not loaded by the
gate of the MOS transistor.

As indicated by the calculations in the Appendix,
this approach yields a source impedance of approxi-
mately 200 ohms for the 4500-ohm input impedance of
the gate of the 40468.

Tuner Performance

Performance of the tuner with respect to sensitivity
limiting, if rejection, and image rejection compares
favorably with that of tuners using high-performance

bipolar transistors. Figs.3, 4, and 5 show typical per-
formance characteristics of the receiver. Receiver per-
formance, particularly as regards spurious-response-
rejection figures, is highly dependent on such factors
as physical layout, power-supply decoupling, and care
in construction. The use of a negative supply voltage
facilitates the grounding of tuned circuits and the de-
coupling of the supply.

3
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Fig.3 - Sensitivity curves for FM receiver
using circuits of Figs.l and 2.

The elimination of spurious response was the pri-
mary goal in this design. Generally, a circuit that has
a low spurious response is difficult to reproduce. In
some systems, the performance of such acircuit depends
on the exact operating points of the transistors used;
when the rf-amplifier transistor in Fig.1 was repeatedly
changed, performance of the tuner remained essentially
the same. The best correlation was found with the
operating current of the transistor in the circuit. Fig.6
shows the change in the rejection of the ‘“half-if’’
spurious response as a function of drain current for a
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typical 40468. For the normal spread of operating cur-
rent in this circuit of 3.5 to 7 milliamperes, the varia-
tion in rejection is shown to be about + 1 dB.

Fig.7 shows the variation of 20-dB quieting sensi-
tivity as a function of drain current, aud indicates why
the 5-milliampere nominal operating point was chosen.
Below 3 milliamperes, the sensitivity of the receiver
degrades very rapidly. However, at 5 milliamperes the
actual spread of 3.5 to 7 milliamperes causes a negligi-
ble change in performance.

n
2]

n
o

i

ANTENNA TERMINALS)-uV

o
(=)

1 2 8 9 10

20-dB QUIETING SENSITIVITY
(MEASURED AT

4 5 6
DRAIN CURRENT-mA

Fig.7 - 20-dB quieting sensitivity as a function
of operating point.

Conclusions

The 40468 MOS field-effect transistor has been
incorporated into an FM tuner in which all other stages
are high-performance, low-capacitance bipolar types.
The wider dynamic range of the MOS transistor provides
significant improvements in the rejection of spurious
responses over results previously achieved with bipolar
of amplifiers. .

Most significantly, the performance with respect
to spurious-response rejection has been repeated when
devices with wide parameter variations have been used.
Furthermore, the system has been duplicated with
comparable results. These two factors strongly indicate
that the performance advantages are real and are attribut-
able to the characteristics of the MOS rf amplifier used
rather than theresult of cancellation or peculiar trapping
in a single tuner.
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Appendix - Design of 40468 RF-Amplifier Stage

The following parameters are important in the de-
sign of the rf-amplifier stage:

40468 parameters (atVpp =15V, Ip =5 mA):

input resistance Rjp . ....... 4500 ohms
output resistance Royt. . . . . . . 4200 ohms
forward transmittance ypg . . . . . 7500 umhos

feedback capacitance Crgg(max). 0.2 pF
mixer-stage parameters:

input resistance Rjp(mix) . .. .. 550 ohms
input stability IS(mix) E
(from previous design) . .. ... 4
" coil data:
mounted unloaded Q. ... ..... 120
tuning capacitance CT
at I00MHz ............. H pF
antenna impedance . . ....... 300 ohms

Fig.8 shows the ac equivalent circuit for the rf
stage. At resonance, this circuit reduces to the form

Fig.8 - AC equivalent circuit of the 40468 rf stage.

shown in Fig.9, where all impedances are referred to
the gate and drain terminals of the 40468. The maximum
available gain (MAG) is the gain in a conjugately
matched, unilateralized circuit and is defined as follows:
_ P f5|2 Rin Rout

4
For the values given above, MAG = 266 = 24.2 dB.

N32 Nz
Hd!l b o
— -
Ry

Fig.9 - Equivalent input (R7) and output (R)) circuit
of the rf stage during resonance.

MAG 3]

(:—;)ZR,N(MM
N

The maximum usable gain MUG is the stable gain
which may be realized in a practical neutralized or un-
neutralized circuit. It is defined by the relationship
for the unneutralized case as follows:

X— (2)
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where a is a skew factor smaller than unity which
is used to maintain bandwidth, and b is a number
equal to or greater than unity related to the number of
stages (inserted to maintain bandwidth in multistage
amplifiers). A skew factor of 0.2 is generally used.
Because only one stage of 100-MHz gain is used in the
amplifier shown in Fig.1, b = 1. For the values given,
therefore, MUG is given by

0.4 yfs
w

MUG =

=235 = 13.7dB @
rss

The total mismatch loss is called the stability factor S,
and is equal to the difference (in dB) between MAG and
MUG, as follows:

S = MAG - MUG = 10.5 dB, or 11.3 times (4)

This value is arbitrarily divided between the input and
output circuits by use of an input stability IS and an
output stability OS, as follows:

IS = Rjn/2R1 (5)
0S = Rout/2R2 (6)

where R1 and R2 are the total parallel impedances at
the input terminal (gate) and the output terminal (drain),
respectively. These stability terms are related to the
stability factor S as follows:

S =ISx OS @

The division between IS and OS is made by means
of some arbitrary choices. As mentioned previously,
it was decided to maximize IS so that the signal level
at the gate would be minimized. This choice necessi-
tates matching or nearly matching Rout to its load.
Therefore, the entire rf coil is used as the output load.

As indicated in Eq.(6), the value of R2 must be
determined to define OS; the value of IS can then be
determined and the input circuit defined. RQ consists
of the parallel combination of Rout, RT2, and (N1/N2)2 x
Rin(mix), where RTg is the tuned impedance of the rf
coil and is given by

RTg = Qo/wo Cy (8)

The value of Royt is given above as 4200 ohms. The
value of RT9 as calculated from Eq.(8) is 5600 ohms.
The value of the input impedance of the mixer Rin(mix),
obtained from the published data for the 40479, is 550
ohms. The only remaining component of R2 to be deter-
mined is the turns ratio N1/N9.

In Fig.8, the rf coil L9 represents both the input
circuit of the mixer and the output circuit of the rf
stage. Therefore, the stability of the mixer stage must
also be considered. Because stability factors are
equal to resistance ratios, the input stability of the
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mixer can be considered at the top of the rf coil, as
follows:

25, s
(N1/N2)“ R

ISmiz) = /N2 Rin(mix)
2R

9
The value of IS(mix) was specified above as 4 (from a
previous_design). Because R2 is a linear function of
(N1/N2)2 Rin(mix), manipulation of the data through
several steps provides a value of 5.5 for (N1/N9) and
a reflected value of 16,800 ohms for Rip(mix).

The output stability of the rf stage can then be
determined. R2 is computed as the parallel combination
of Rout, RTg, and (N1/N2)2 Rin(mix), and is found to
be 2100 ohms. The output stability OS is determined
from Eq.(6), as follows:

0S = Rout/2Rg = 4200/(2x2100) = 1
The value of unity indicates an impeciance match be-
tween Royt and the load.
The input stability of the rf amplifier can then be
determined from Eq.(7), as follows:
IS = 8/0S8 = 11.3

By use of this stability term, the input-circuit constants
can be calculated. R] is determined from Eq.(5), as
follows:

R1 = Rin/2IS = 191 ohms
This value is so much lower than Rjp that it is apparent
the MOS transistor does not load the antenna coil at all.

Because it is desired to match the antenna with
the input circuit, the value of Ry should be one-half the
reflected antenna impedance. Therefore, the value of

(N3/N2)2 RANT is 382 ohms, which is a very slight step
up. Because two of the three component terms of Rq are
then known, the remaining term (N:3/N1)2 RT1 can be
determined as 456 ohms. The turns ratios are then
given by

N1/Ng = 4.3

Ny/Ng = 3.7

The values of circuit components obtained by means
of this design method are given in the parts list for
Fig.1.
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Selection of the transistors for use in FM-tuner
stages involves consideration of such device character-
istics as spurious response!, dynamic range, noise
immunity, gain, and feedthrough capacitance. MOS
field-effect transistors are especially suitable for use
in FM rf-amplifier’and mixer stages because of their
inherent superiority for spurious-response rejection and
signal-handling capability. This Note describes an FM
tuner that uses an RCA-40468 MOS transistor as the rf
amplifier and an RCA-40559 MOS transistor as the mixer.
A conversion gain of 17.5 dB was obtained, to provide
an over-all tuner gain of approximately 30 dB. RF and
mixer circuit considerations pertinent to the design are
discussed.

Performance Features of MOS Transistors

Spurious response in an FM tuner is caused by the
mixture of unwanted signals with the desired carrier in
either the rf stage or the mixer. This effect can be
expressed mathematically by use of the Taylor series
expansion of the simple transfer function of output cur-
rent as a function of input voltage at the operating point,
as follows:

ig = Iy + aeg + Beg? + fed +. .. )

where i is the instantaneous value of output current of
the device; Iy is the dc component of output current; eg
is the rf signal voltage present at the input terminal of

the transistor; and a, 3, and O are the coefficients of a
Taylor series expansion. These coefficients are related
to the first-, second-, and third-order derivatives of the
transfer characteristic as determined by the ‘bias point.
1t can be shown?:3 that mixing action within the device
is attributable to the second-order term (,Bes2), and that
cross-modulation and intermodulation result from third-
and higher-order terms. Therefore, when a device has
an inherent square-law transfer characteristic, i.e., the
drain current varies as the square of the applied gate-
to source voltage, third- and higher-order terms are
zero and spurious response is eliminated. The transfer
characteristic of MOS field-effect transistors more nearly
approaches this ideal square-law relationship than the
very steep exponential transfer characteristic of bi-
polar transistors.

The dynamic-range capability of MOS field-effect
transistors is about 25 times greater than that of bipolar
transistors. In an actual tuner circuit, this large in-
trinsic dynamic range is reduced by a factor proportional
to the square of the circuit source impedances.* The
net result is a practical dynamic range for MOS tuner
circuits about five times that for bipolar types.

With MOS field-effect transistors, as contrasted with
either bipolar transistors or junction-gate field-effect
transistors, there is no loading of the input signal, nor
drastic change of input capacitance even under extreme
overdrive conditions.
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In junction-gate field-effect transistors, a large in-
coming signal can have sufficiently high positive swing
to drive the gate into conduction by a momentary for-
ward bias; power is then drawn from the input signal in
the same way as if a resistance were placed across the
input circuit. In bipolar transistors, there is a gradual
change of both input impedance and input capacitance
as a function of large signal excursions. These changes
are undesirable because they can result in detuning of
tuned circuits and widening of the input selectivity curve.

FM Tuner Design

The FM tuner shown in Fig.1 uses single-gate MOS
field-effect transistors in the rf-amplifier and mixer
stages and a bipolar transistor as the local oscillator.
The rf-amplifier transistor RCA-40468 operates in the
common-source configuration with a stage gain of

Q2 MIXER

T
U
t

All resistors in ohms,

unless specified otherwise L

1pF

=

1200 pF

v

12.7 dB. The mixer transistor RCA-40559 also operates
in the common-source configuration, with both the rf and
local-oscillator signals applied to the gate terminal.
The bipolar oscillator transistor RCA-40244 operates in
the common-collector mode. The conversion power gain
from the mixer stage is 17.5 dB; the total gain of the
tuner is 30.2 dB.

Performance of the FM tuner was evaluated by use
of the bipolar-transistor if amplifier shown in Fig.2.
The 10.7-MHz if output from the tuner is coupled to the
first if-amplifier stage by means of a double-tuned trans-
former Ty. The if amplifier employs two 40245 and one
40246 bipolar transistors, each operating in a neutralized
common-emitter configuration at a collector current of
3.5 milliamperes. The over-all gain of the if amplifier
is 88 dB. A detailed analysis of a similar if amplifier
is covered in an earlier publication.5

cla’ C1 b Clc - 3-gang tuning capacitor, TRW 5-plate Model
V2133 with trimmers stripped off.

Cy, C3,Cy4 - Arco 402 trimmer, maximum value 10 pF

Ll - No.18 bare copper wire, 5 turns on 19/64" form, coil length
172", with IRN .250" x .250" Arnold slug. Qg =164. An-
tenna tap at 0.8 of a turn, output tap at 1.4 turns.

L, - No.18 bare copper wire, 5 turns on 15/64" form, coil length
3/8", with 0.181" x 0.375" Arnold slug. Q, =104

L, - No.18 bare copper wire, 5 turns, air core with 3/8" 0.D.,
coil length 1/2". Emitter tap on 1-1/2 turns. Feedback
tap on 2 turns. Q =164.

T1 - Double tuned, 90 per cent of critical coupling. Primary un-
loaded uncoupled Q = 137 with 68-pF tuning capacitance,
secondary unloaded uncoupled Q =76 with 47-pF tuning
capacitance. Secondary has a turns ratio of 26.2 to 1.0.
Primary, No.32 enamel wire, 15 turns, space wound at 60
TP1, 0.250" x 0.500" TH slug. Secondary, No.36 enamel
wire, 18 turns, close wound, 0.250" x 0.250" TH slug. Both
coils on 9/32" form without shield.

Fig.1 - Circuit diagram of FM tuner using MOS transistors for the rf amplifier

and mixer stages.

RCA-
. 40245

IN542 1k
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Nl
i

3
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All resistors in ohms,
unless specified otherwise

(3t
]
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Fig.2 - Three-stage if amplifier using bipolar transistors.
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Table 1 summarizes the performance of the MOS
tuner. Spurious response was evaluated with a generator
output of 350 millivolts.

OVER-ALL TUNER PERFORMANCE

Carrier Frequency. . . « v« v« v v v .. 100 MHz
Modulation Frequency ... ........ 400 Hz
Deviation (except IHFM) . ........ 22.5 kHz
Sensitivity:

THFM o ooo oo vvnnn AU I i S

20-dB Quieting. . . v v v o v e a L5 MV

30-dB Quieting. . « v v v v nn . 1.75 Y

3-dB Limiting .. ..o vvvvenon 2.5 Y
Image Rejection « « v oo v v v vvvnunn 62 dB
IF Rejection . . ..o v v v i 96 dB
Half-IF Rejection . . . ... ..o vt 92 dB
Spurious Response across

VHF band with egen, =0.35 volt . . NONE

Table I - Over-all performance characteristics
of FM tuner.

RF-Circuit Considerations

The RCA-40468 MOS transistor used in the rf ampli-
fier stage has a maximum available gain of 24 dB.
Because the design criteria required a total mismatch
plus insertion loss of 11.3 dB, the net gain for the
stage is 12.7 dB. Although the design procedure used
for these calculations hasbeen discussed previously,1,6
some of the considerations for optimizing performance
warrant additional comment.

In the design of an rf stage for FM performance,
the stage gain should be a compromise between optimum
receiver sensitivity and spurious response rejection.
In other words, the rf gain capability should be large to
minimize the effects of noise from the mixer, and yet be
limited to prevent a verylarge undesired incoming signal
located on the skirt of the selectivity curve from driv-
ing the mixer beyond its dynamic range. Good FM tuner
petformance is achieved by selection of the proper tf-
stage gain and step-down to the mixer input.

The tf input coil L is tapped down to provide the

smallest practical input swing to the gate of the rf- -

amplifier transistor for increased dynamic range. This
tap-down is a compromise between optimizing for dy-
namic range and noise. When the degree of mismatch
has been established, the drain-circuit load L9 is de-
termined from stage-gain and bandwidth requirements.
Table Il shows the device parameters used forthe design
of the f stage.

The 40468 MOS transistor has a typical feedback
capacitance of 0.12 picofarad, with a maximum value of
0.2 picofarad. * This small value of C,;s minimizes
oscillator radiation feedback through the device, and
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also makes it unnecessary to add neutralization com-
ponents to the if stage to achieve adequate gain.

Mixer-Circuit Considerations

The mixer circuit shown in Fig.1l is designed for
operation into an 8000-ohm-load. A load up to 12,000
ohms is permissible and provides a gain increase of
about 1 dB from the mixer. The input circuit is tapped
down by a 2.7-picofarad capacitor in series with the
device input capacitance to improve dynamic range.
These mismatch losses result ina stage gain of 17.5 dB,
as compared to the maximum available gain of 21.5 dB
shown in the published data for the 40559 transistor.

The trap consisting of a 1-microhenry inductor and
270-picofarad capacitor is designed to bypass any 10.7-
MHz component that may appear at the input to the
mixet. A 1.5-picofarad capacitor couples the oscillator
signal to the mixer gate. Because the capacitor is small,
interaction with the oscillator tuned circuit is minimized
and good oscillator stability is maintained. The in-
jection level at the gate of the mixer is 700 millivolts rms.

The biasing arrangement for the mixer stage is
particularly important: substrate bias is used to pro-
vide the optimum combination of mixing and spurious-
response rejection. Fig.3 shows the shift of the transfer
characteristic as a function of negative substrate bias
Epg for the RCA-40559 mixer transistor.

Eds=ISV
15 Eps(VOLTS):0,
1

=3,

3

DRAIN CURRENT {Ip)—mA

-3 -2 =l
GATE VOLTAGE (Eg)—V

Fig.3 - Transfer characteristics of the RCA-40559 MOS
field-effect transistor for several valuves

of subssrgts Lics
oF sussirgie sias.

The transconductance, which is the first derivative
of the transfer characteristic, also varies as a function
of substrate bias, as shown in Fig.4. As stated pre-
viously, mixing is accomplished by means of the quad-
ratic term of Eq.(1); higher-order terms contribute only
to undesired responses. For ideal mixing, therefore, the



transconductance curve should approach a straight line.
As the transconductance curve becomes linear, higher-
order derivatives (i.e., above the second) reduce to zero
and the conversion transconductance increases. Fig.4
shows that the transconductance curve is most linear at

f=1kHz
vgrlomv

=I5V
| Eas 5

\

10

TRANSCONDUCTANCE (g,) —mmho

. gz

-3 -2 ~| [}
GATE VOLTAGE (Egl—V
Fig.4 - Transconductance of the RCA-40559
as a function of gate bias with the sub-
strate voltage as the parameter.

a substrate bias of -3 volts. Fig.5 shows the relative
conversion gain of the RCA-40559 mixer stage as a
function of the oscillator injection level at substrate
bias of zero and -3 volts. It can be seen that the con-
version transconductance also increases with the oscil-
lator injection level.

Egs=I5V
? / \ Ega-Iv
2 -2
<
3 \
[ -
T /g -
S,
= »
5
w &
5
gt
-10
02 04 06 [X) 12 14 16 18

OSCILLATOR INJECTION LEVEL— VOLTS (rms)

Fig.5 - Conversion transconductance as a function
of oscillator injection level.

Table II shows the MOS device characteristics

measured under circuit conditions. Reasonable verifica-.

tion of the measured conversion transconductance was
obtained by calculation of the conversion transconduc-
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tance for gate voltages ranging from zero to -2.1 volts.
Details of these measurements are given in the Appendix.

RF Amplifier Mixer

Parameter Units RCA-40468 RCA-40559
Cres pF 0.12 0.12
Rin KQ 4.5 6 (100 MHz)
Cin pF 5.5 5.0
Ro KQ 4.2 12(10.7 MHz)
Co oF 1.4 15
yo1 mmho 7.5 2.8
MAG dB 24.2 21.5
MUG (unneutralized) dB 14 -
Gp (in tuner) dB 12.7 17.5

Table Il - Device parameters for RCA-40468 and 40559
MOS field-effect transistors.

On the basis of these results, the optimum operating
conditions for the mixer circuit were empirically estab-
lished at an effective gate bias of -1 volt and an effec-
tive substrate bias of -3 volts to provide a typical drain
curtent of 3 milliamperes.

Oscillator-Circuit Considerations

The common-collector oscillator circuit shown in
Fig.l generates an extremely clean output waveform?
The absence of harmonics in the oscillator signal is an
important factor in good tuner design. The oscillator
signal is coupled to the mixer gate by means of a 1.5-
picofarad capacitor which isolates the tuned circuit of
the oscillator from the input circuit of the mixer and
thus minimizes the possibility of oscillator instabilities
as a result of “pulling”.

Over-all Tuner Performance

The performance of the single-gate MOS tuner with
respect to sensitivity, limiting, and particularly spurious
response exceeds that obtained with the best bipolar
transistors. In general, spurious-response performance
can be degraded by inadequate circuit layout and wiring
practices. For this reason, care should be exercised in
arranging the physical layout of tte tuner, and power-
supply decoupling should be used.

Figs.6 and 7 show the measured sensitivity of the

- tuner of Fig.1. The quieting sensitivity, shown in Fig.6,

is practically flat across the entire FM band. IHFM
sensitivity and 3-dB limiting, shown in Fig.7, show
the same excellent performance. The IHFM sensitivity
test input voltage, as defined by the Institute of High
Fidelity Manufacturers, is the minimum 100-per-cent-
modulated signal input which, when applied to a receiver
through the standard 300-ohm dummy antenna and an
audio voltmeter connected through a 400-Hz filter, re-
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duces a total internal receiver noise and distortion to
the point where the output rises 30 dB when the 400-Hz
null filter is removed from the audio voltmeter circuit.
This value is expressed in microvolts.

30-dB QUIETING

20-dB QUIETING

8

SIGNAL LEVEL AT ANTENNA
TERMINAL—,V
~

9 92 94 96 98 100 102 104 106 108

SIGNAL FREQUENCY—MHz

Fig.6 - Signal level for 20- and 30-dB quieting
as a function of signal frequency.

n

\ 3-dB LIMITING
g

>

IHFM SENSITIVIT

SIGNAL LEVEL AT ANTENNA
TERMINAL —puV

88 90 92 98 100 102 104 106 108

94 96
SIGNAL FREQUENCY—MHz
Fig.7 - Signal level for 3-dB limiting and IHFM

sensitivity as a function of signal frequency.

Figs.8 and 9 provide additional performance char-
acteristics. Fig.8 shows the gain and noise character-
istics; Fig.9 shows the image and half-if rejection of
the tuner. The spurious responses shown in Fig.9 were
measured with a generator drive capability of 350-milli-
volts from 10.7 to 216 MHz.
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FREQUENCY
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JF
- IF REJECTION
-100) 1 1 1
107 V54 100 1a6 216

INPUT FREQUENCY —MHz

Fig.9 - Signal rejection as a function of input
frequency, measured with a generafor
voltage of 350 millivolts.

MOS transistors covering a wide range of drain cur-
rent were tested in the rf-amplifier and mixer sockets.
Performance variations for image rejection and half-if
rejection were within £ 1 dB of the values shown in
Table I. Variations in sensitivity were less than
0.25 microvolt.

Conclusions

The RCA-40468 and 40559 MOS field-effect transis-
tors were designed into an FM tuner. Evaluation of this
tuner was made in conjunction with an FM-if amplifier
that used 40245 and 40246 bipolar transistors. Over-all
performance of the combination showed that the capa-
bility of MOS devices for dynamic range, sensitivity, and
spurious response rejection exceeds that obtained with
similar FM tuners that used bipolar transistors. Ex-
perimental work indicated that performance variations
as a function of product distribution were insignificant.

APPENDIX
Caleulati

° SIGNAL + NOISE
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Fig.8 - Relative gain of signal and noise as a
function of the signal voltage level.
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of Conversion Transconductance from the
Operating Charuacteristic

The following procedure is used to calculate the
conversion transconductance of the mixer stage based
on the degree of linearity of the transconductance curves
of Fig.4 and the magnitude of the oscillator injection
voltage. The results show that the conversion trans-
conductance is greatest forthe curve that is most linear.
For the mixer circuit described in this Note, this con-
dition occurs at a substrate bias of -3 volts.

For the curves of Fig.4, the transconductance g

is given by the following general relation:
&n = { (Eg) @
where Eg is the gate bias. For a substrate bias of
-3 volts, and a gate bias between zero and -2.1 volts,
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the corresponding curve of transconductance is ex-
pressed as follows:

gy = 12.5 - 2.14€70-937E, 3)

For optimum mixer performance with a minimum of
spurious responses, a gate voltage of -1 volt was selec-
ted as the quiescent operating point. The Taylor series
expansion for Eq.(3) for a center-point operating bias
Eg of -1 volt is given by

gm = 10.3 + 2.584 e, - 0.148 egz +0.75 e +. .. (4)

where eg is the instantaneous voltage on the gate.
This instantaneous gate voltage e, can be expressed in
terms of the peak oscillator signal voltage e, as follows:

(5)

Substitution of Eq.(5) into Eq.(4) yields the following
expression for transconductance:

eg = -l + egsinwg t

gm = 6.82 + 5.13 e sinwg t - 2.39 eo2 sin? Wt +
3,3 (6)
0.75 ey” sin” wy t
An expression for instantaneous drain current ig in
terms of Eq.(6) and the incoming signal eg can then be
written, as follows:

@

i = gy eg sinwg t

Expansion of Eq.(7) in terms of egsinw,t andegsinwg t
and selection of those components which are effective
at 10.7 MHz [i.e., sin (wg - wgdt cumponents] provides
the following expression for drain current at the inter-
mediate frequency:

ifp = (257 eq + 0.28 egleg (8)
By definition, the conversion transconductance g

is equal to the if current divided by the signal voltage,
as follows:

gc = iIF/eg @

Therefore, g can be expressed in terms of the oscillator
injection voltage e, as follows:

g = (2.57 + 0.28)e, (10)
Because the magnitude of oscillator injection voltage
e, for the MOS FM tuner was selected to be 1 volt peak,
the conversion transconductance is .calculated to be

gc = (2.57) +(0.28) = 2.85 mmhos

By use of the same procedure, the conversion trans-
conductance at a substrate bias of zero volts is calcu-
lated to be 2.29 millimhos. It is apparent that the
application of a substrate bias provides an increase in
conversion transconductance of more than 25 per cent.
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Design of Gate-Protected
MOS Field-Effect Transistors
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MOS (metal-oxide-semiconductor) field-effect transis-
tors are in demand for rf-amplifier applications because
their transfer characteristics make possible significantly
better performance than that experienced with other
solid-state devices. 1:2 Unless equipped with gate pro-
tection, however, MOS transistors require careful hand-
ling to prevent static discharges from rupturing the
dielectric material that separates the gate from the
channel. This Note describes the design of dual-gate
MOS field-effect transistors that use a built-in signal-
limiting diode structure to provide an effective short
circuit to static discharge and limit high potential build-
up across the gate insulation.

Breakdown Mechanism

Before the techniques of gate protection can be
applied, the breakdown mechanism associated with
gate destruction must be understood. For the sake of
simplicity in exploring the breakdown mechanism, a
single-gate structure is used. Fig. 1 shows this single-
gate structure (a), its electrical symbol (b), and a much
simplified equivalent circuit (¢) that explains the poss-
ible static discharge paths within the device. The sub-
strate diode is formed by the p-n junction integrated
over the entire junction area, i.e., the source and drain
diffusions connected by the inversion layer or n-type
channel. Fig. 1 (c) lumps the diffuse diode into one
equivalent diode terminating at the center of the channel.

CiN in Fig. 1(c) represents the gate-to-channel
capacitance, and R; and Ry represent the channel re-
sistance. Rg is the leakage resistance associated with
the substrate-to-channel equivalent diode D;. Leakage
resistance across C[N was intentionally deleted because
it is more than a thousand orders of magnitude higher
than R3. In a typical RCA MOS field-effect transistor
(e.g., 3N128), CIN is less than 5 picofarads. The
channel resistance Ry + Rg,which is a function of the
a‘pplied|l;ias, can range from 102 to 1010 ohms. Rj is
also subject to variations determined by operatiig coi-
ditions, but can be assumed to be in the order of 109
ohms. Thus, the application of a dc potential between
the gate and any other element results in practically all
of this potential being applied across Cpy.

In a dual-gate MOS field-effect transistor, the oxide
thickness of the CiN dielectric is about 600 angstroms.
The dielectric material is SiO5, which has a breakdown
constant of 5 x 106 volts per ‘centimeter. The gate yolt-
age-handling capability is therefore 30 volts. A cross-

SOURCE GATE DRAIN

DRAIN
Siop

SOURCE

SILICON
(a) SUBSTRATE (1))

GATE

(©)

Fig. 1-Single-gate MOS field-effect transistor: (a)structure;
(b) electrical symbol; (c)simplified equivalent circuit.

section of a typical RCA dual-gate device is shown in
Fig. 2 (a), and its schematic symbol in Fig. 2(b). The
substrate in this structure is internally tied to the
source; this connection is also shown schematically
by the dotted line in Fig. 1(c). :

DRAIN

GATE | GATE 2
E

GATE 2
GATE |

SOURCE
SILICON

SUBSTRATE

ta) . (b}

Fig. 2-Dual-gate MOS field-effect transistor: (a) structure;
(b) electrical symbol.

Static Discharge

If the potential applied to an MOS transistor were
entirely within the control of the circuit designer, there
would be no need for gate protection. Unfortunately,
designers do not have complete control of the MOS
field-effect transistor environment and static potentials
do accumulate. These high potentials can inadvertently
be discharged through the device when it is handled
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during the equipment manufacturing cycle or by a re-
ceiving antenna associated with the end product in
which the transistor is used. The more severe of these
conditions, in terms of percentage of units that suffer
damage, is probably the initial handling phase.

ig. 3 shows a simple equivalent circuit of a static
discharge generator as it appears at the input of an MOS
transistor. Eg represents the static potential stored in
the static generator capacitor Cp. This voltage must be
discharged through internal generator resistance Rg.
Laboratory experiments have determined. that a human
body acts as a static (storage) generator with a capaci-
tance Cp ranging from 100 to 200 picofarads and a re-
sistance Rg greater than 1000 ohms. Although there is

Rs

€o

-

Fig.3- Equivalent circuit of a static discharge generator.

virtually no upper limit to the amount of static voltage
that can be accumul ated, repeated measurements suggest
that the amount of potential stored is usually less than
1000 volts. Experience has' also indicated that the
potential from a static discharge is more severe during
transistor handling than when the device is installed in
a typical application. In an rf application, for example,
a static potential picked up by the antenna would tra-
verse an input circuit that normally provides a large
degree of attenuation to the static surge before it
appears at the input of the rf amplifier. For this reason,
the development of gate-protected MOS transistors con-
centrated on the requirement that the devices be capa-
ble of withstanding the static discharges likely to occur
during handling operations.

Gate-Protection Methods

It has been established above that in terms of a
static discharge potential it is reasonable to represent
the MOS transistor as a capacitor, such as Cyy in Fig.4.
The ideal situation in gate protection is to provide a
signal-limiting configuration that allows for a signal
such as that shown in Fig. 4(a) to be handled without
clipping or distortion. The signal-limiting devices
should limit all transient responses that exceed the
gate breakdown voltage, as shown in Fig. 4(b). One
possible means of securing proper limiting is to place
a diode in parallel with CiN, as shown in Fig. 4(c).
Unfortunately, this arrangement causes several:unde-
sirable consequences. In terms of signal handling,
the single diode clips the positive peaks of a sine wave
such as that in Fig. 3(a) when the transistor is operated
in the vicinity of zero bias. The 3N140 dual-gate MOS
transistor, for example, is frequently operated with the
if signal superimposed on a slightly|positive “bias’’
potential on gate No. 1. Furthermore, gate No. 2 of
the 3N140 is designed to handle large positive and
negative dc voltage swings from the agc loop. A single-
diode arrangement would render this device useless
for this type of circuit. It is important, therefore, that
the limiting device be an effective open circuit to
any incoming signals through the amplitude range of
such signals. The best available method for accom-

Ly

HANDLE THIS
ta}

LIMIT THIS
(b)

GATE CiN Cin

Tl 1| Tl

ONE POSSIBILITY RCA's METHOD
(3} (d)

Fig. 4- Gate-protection requirements and two solutions.

plishing this effective open circuit is the back-to-back
diode arrangement pioneered by RCA and shown in Fig.3(d).

Ideally, the transfer characteristic of the protective
signal-limiting diodes has an infinite slope at limiting,
as shown in Fig. 5(a). Under these conditions, the
static potential generator in Fig. 5(b) discharges
through its internal impedance Rg into the load rep-
resented by the signal-limiting ﬁiodes. The ideal
signal-limiting diodes, with an infinite transfer slope
(Rg =0), would then limit the voltage presented to the
gates to its knee value, eg. The. difference voltage.
E-eq =eg (where E is the static potential in the static
generator, eq is the diode voltage drop, and eq is the
voltage drop across the generator internal resistance)
appears as anIR drop across Rg, the internal impedance
of the generator. The instantaneous value of the diode
current ‘is then equal to eg/Rg. During handling, the
practical range of this discharge varies from several
milliamperes to several hundred milliamperes.

ta)

gk

(b)

Fig. 5- Transfer characteristic of protective diodes (a),and
resulting waveforms in equivalent circuit (b).
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Electrical Requirements

The previous discussion points out that optimum
protection is afforded to the gate with a signal-limiting
diode that exhibits zero resistance (i.e., an infinite
transfer slope and fast turn-on time) to all high-level
transients. In addition, the diode ideally adds no
capacitance or loading to the rf input circuit.

The first phase in the development of gate-protected
MOS field-effect transistors was, quite naturally, their
construction in hybrid form. This form was used for
initial measurements because it effectively enabled the
physical separation of the diodes from the MOS pellet.
This separation made it possible to measure the per-
formance of the active device apart from the combined
structure and thus obtain a more precise assessment of
the loading effect of the diodes. The hybrid phase has
now been followed by the development of monolithic
gate-protected MOS field-effect transistors such as
the RCA-40673. In this transistor, the diodes are an
integral part of the MOS device and are internally con-
nected as shown in Fig. 6.

GATE ! GATE 2

/ b i \\

i | \

SOURCE
AND BASE

Fig. 6 - Connection of integral protective diodes in
dual-gate MOS transistor.

Monolithic Gate-Protected MOS Transistors

In the design of a monolithic diode-protected MOS
transistor, several factors must be taken into account.
(1) The high-frequency performance of the device must
be comparable to that of available unprotected units.
(2) The device must be designed so that no additional
assembly cost is incurred. (3) The silicon area must be
used efficiently to provide the maximum number of
devices per semiconductor wafer. (4) The diodes must
provide adequate protection against the transients ex-
penenced prlmanly in handlmg but also when t.he
transistor is finally installed in some piece of equip-
ment.

One approach to integrating protective diodes into
an MOS transistor structure on one chip is shown in
Fig. 7. In this approach, the silicon substrate required
for an n-channel depletion-type MOS device is the

starting material. The n-type wells are diffused into
the silicon to provide pockets for the protective de-
vices. The surface concentration and depth of these
wells are carefully controlled because both of these
factors are important in determining diode charac-
teristics.

The p*type regions are diffused into the n-type
wells to form the diodes and around the periphery to
isolate the diode structure from the surface of the MOS
device and to provide a region into which the channels
may be terminated. The size of the diodes is determined
by the desired current-handling capability and the
amount of capacitance that can be tolerated across the
gate of the MOS transistor. The spacing of the diodes
is determined by the area available and the desired
amount of control of transistor action from diode to
diode. After the diode structures are formed, they are
covered by a protective oxide. The MOS device is
then fabricated by conventional means.

Fig. 8 shows a photograph of a completed monolithic
diode-protected dual-gate MOS transistor. In this structure,

_—
CONNECTING PADS FROM
SEOYECTIVE DIODES TO

Fig. 8- Completed monolithic diode-protected dual-gate
MOS transistor.

one of the diodes of eachpair has beenlocated under the
gate bonding pads. The small triangular metal pads

SILICON SUBSTRATE

Fig. 7 - Structure of MOS transistor chip including pro-

tective diodes.
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make contact with the second diode of each pair and
connect it to the source metalization. In assembly, the
source is shorted to the substrate so that a low-resis-
tance path to ground is provided for the diodes. To
ground the diodes under the second gate properly, it is
necessary to break the metal of the first gate and ter-
minate the first channel on the p*type guard band
surrounding the diode structure of the second gate.
‘This technique prevents spurious source-to-drain
current which could result from the open nature of
the structure.

Current-Handling Capability

Fig. 9 shows a typical diode transfer characteristic
measured with a one-microsecond pulse width at a
4 x 10-3 duty cycle. The purpose of the protective
diode is to limit the amplitude of the transient to a
value that is below the gate breakdown voltage. Typ-
ically, a dual-gate transistor has a gate-to-source
breakdown voltage rating of 20 volts. The curves in
Fig. 9 show that the transfer characteristic of the
signal-limiting diodes will constrain a transient impulse
to potential values well below this 20-volt limit even
when the input surge is capable of delivering hundreds
of milliamperes.
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Fig. 9- Typical diode transfer characteristic measured
with 1-microsecond pulse width at 4x10-3duty cycle.

The protection offered by the MOS signal-limiting
‘diodes is more dramatically demonstrated when a gate-
protected MOS transistor is compared to a high-frequen-
cy bipolar device. A laboratory experiment in which a
static charge was accumulated in a capacitor and dis-
charged through a circuit configuration like the one
shown in Fig. 3 demonstrated that the special signal-
limiting diodes made the protected-gate MOS field-
effect transistor less vulnerable to static discharge
damage than the bipolar transistor by a factor greater
than two.

AN-4018

Input Capacitance and Resistance

The curves of input capacitance and input resistance
as a function of drain current in Fig. 10 represent
average readings taken from ten hybrid devices with
diodes first connected and then disconnected (the
readings for all ten devices were remarkably close to
the averages). The curves indicate that the diodes in-
crease input capacitance by about 2.5 picofarads and
decrease input resistance by about 200 ohms.

1400

T

T T
—— INPUT RESISTANCE Vos *15
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Fig. 10-Input resistance and capacitances as a function of
drain current for hybrid structures with and without diodes.

Power Gain and Noise Factor

In the final analysis, the question that must be an-
swered is how the addition of the protective signal-
limiting diodes affects circuit power gain and noise
factor. Performance data taken on the ten units de-
scribed above in the typical rf test circuit shown in
Fig. 11 are given in Table 1. Noise-factor values show
an average degradation of 0.25 dB when the diodes are
connected. The power-gain values show that the change
in this characteristic is insignificant.

Table 1- Power Gain and Noise Factor at 200 MHz.

HYBRID POWER GAIN NOISE FACTOR
UNIT (dB) (dB)
DIODES DIODES DIODES | DIODES
IN REMOVED IN REMOVED
1 16.3 16.4 3.7 3.4
2 18.8 18.5 2.4 2.2
3 16.5 16.2 3.3 3.0
4 16.3 15.7 3.9 3.4
5 17.7 17.8 2.6 2.4
6 17.2 17.5 2.8 2,5
7 17.1 17.0 3.3 3.2
8 17.9 18.0 2.9 2.6
9 18.5 18.5 2.4 2.3
10 17.3 17.3 3.2 3.0
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FOR AGC VOLTMETER

Cjy: 100 picofarads, ceramic disc
Cg Cq7 Cg Cg Cj0: 1000 picofarads, feed-through type
Cg: 1 to 10 picofarads, variable air (piston);
JFD VAM-010, Johnson Co. No. 4335/ or equivalent
Cy: 1.8 to 8.7 picofarads, variable air;
Johnson Co. No, 160-104 or equivalent
Cs: 3 picofarads, tubular ceramic
Cg: 22 picofarads, ceramic disc
C11: 1.5 to 5 picofarads, variable air;
Johnson Co. No. 160-102 or equivalent
C12: 100 picofarads, ceramic disc
013: 1.5 picofarads, tubular ceramic
014: 0.8 to 4.5 picofarads, variable air (piston);
Erie 560-013 or equivalent

Ferrite 4beads onNo. 24 wire between L and socket; beads
28d8: gre Pyroferrio Co. *‘Carbonyl J'* or equivalent:
0.093-inch OD, 0.03-inchID, 0.063 inch thick

L1: 4 turns 0.020-inch copper ribbon, silver-plated, 0.075to
0.085 inch wide, 0.25-inch inside diameter, coil
approximately 0.80 inch long

Lo: 4.5 turns 0.020-inch copper ribbon, silver-plated, 0.085 to
0.095 inch wide, 0.3125-inch inside diameter, coil approxi-
mately 0,90 inch long

Qy: MOS transistor under test R3: 36,000 ohms

RFC: Ohmite part No. Z235 Ry4: 1800 ohms

i Rg: 275 ohms, % watt, 1%

or equivalent
Rg: 120,000 ohms

Rj: 27,000 ohms
Rg: 47,000 ohms R7: 1000 ohms

Fig. 11 -RF testcircuit for dual-gate MOS transistors.

Conclusions

Gate-protected dual-gate MOS field-effect transistor
such as the RCA-40673 make available to the circuit
designer a device capable of good rf performance with-
out the hazards previously associated with the handling
and installation of MOS devices. Moreover, the gate
protection is provided by signal-limiting diodes that do
not significantly compromise dynamic range, noise fac-
tor, or power gain.
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Applications of the RCA CA3048
Integrated-Circuit Amplifier Array

by
L. Kaplan

The RCA CA3048 integrated circuit is an array of
four identical amplifiers, each with independent inputs
and outputs, all on a single monolithic silicon chip. The
circuit is housed in a 16-lead dual-in-line plastic pack-
age. It has an operating and storage temperature range
of -25°C to +85°C. Each amplifier in the array has a
typical open-loop gain of 58 dB and input impedance
of 90,000 ohms. The noise in the CA3048 is inherently,
very low and is tightly controlled in rigorous factory and
quality-control testing.

The combination of low noise, high gain, and high
input impedance make, the CA3048 a very versatile unit.
and numerous applications suggest themselves for its
use.

CIRCUIT DESCRIPTION

Fig. 1 shows the complete schematic of the CA3048
integrated-circuit amplifier array. Each amplifier (Ag
through Ay4) provides two stages of voltage gain.

The input stage is basically a differential amplifier
with a Darlington transistor added on the one side. The
output stage consists of a combination of three transis-
tors and associated resistors connected in an inverting
configuration. For example, in amplifier A3, Qqg is the
Darlington input transistor, and Qg and Qp; are the

differential-pair transistors. The load resistor Ryg for
the differential input stage is located in the collector
lead of transistor Qpp- Transistors Q13 Q14, and Q7
are used in the output stage. Transistor Q17 is the ac-
tual output transistor; transistors Qp3 and Q14 raise
the input impedance of the output stage so that the load-
ing’ of the 30,000-ohm source resistance Ryg (i.e., load
resistor for the differential-amplifier input stage) is
small. The ratio of total collector resistance to emitter
resistance [(Rgp + R38)/R50] in the output stage is
1000/200, or 5. In view of the small source loading, the
stage gain, therefore, is essentially equal to 5.

A feedback network (R41, Ry2: Ry and D7) is
connected between the output terminal and the base of
transistor Q1. The resistor values are chosen so that
the output transistor is biased at approximately 5 mil-
liamperes for maximum dynamic range. Diode Dy com-
pensates for variations in the base-to-emitter voltage
of Qy; with changes in temperature. Because the other
transistor (Qgq) of the differential amplifier has two
emitter-base junctions in series, two diodes, D3 and D4,
are required for temperature compensation. Diodes D3
and Dy also provide temperature compensation for the
differential -pair transistor Q; in amplifier A, (similarly
diodes Dg and Dg are shared by amplifiers Aj and Ay).

370
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Diodes D3 and D4 and diodes Dg and Dg are connected
to their respective inputs through a relatively stiff vol-
tage divider (for amplifier A3, the divider consists of
Ry7 and Rpg). The input to amplifier Aj3 is normally
applied to the base of the Darlington transistor Qpq.
The 100-kilohm resistor R37 supplies bias current to
this transistor. The voltage drop across resistor R37
is small because of the very small base current of tran-
sistor Qqq-

Each amplifier of the CA3048 may be viewed as an
ac operational amplifier in which a fixed resistance is
permanently connected between the output and the in-
verting input. The built-in feedback resistor delimits
the characteristics of the CA3048 amplifiers in the fol-
lowing ways:

1. The impedance as viewed from the noninverting in-
put terminal consists mainly of the 100 kilohm input-
bias resistance (Rl3, RIS' R37, or R3'9). This re-
sistance is shunted by the input capacitance of ap-
proximately 10 picofarads and the additional resis-
tive loading presented by the input impedance of the

?e A2

Darlington input pairs. When the amplifier is oper-
ated under open-loop conditions (inverting input at
ac ground), the total input impedance consists of
90 kilohms in shunt with the input capacitance.
When the built-in feedback loop is allowed to func-
tion (by insertion of an unbypassed resistance in
the noninverting input lead), then the loading caused
by the Darlington input pairs is reduced, and the
input resistance rises asymptotically towards 100
kilohms.

The impedance as viewed from the inverting input
terminal is small (in the order of 40 to 50 ohms.)

When the CA3048 is used in its normal mode of op-
eration, each amplifier in the array may be repre-
sented by the equivalent circuit shown in Fig. 2.
(The capacitances shown are the sum of the device
capacitances, socket capacitances, and stray cap-
acitances.) The transconductance G, which is
equal to the product of the voltage gain and the
output conductance (10™°mho), is typically 0.8 mho
at midband.

a

Fig.

Rs) Dg Rs2
1K 200
Sia Se GND (2)

1 - Schematic of the CA3048 integrated-circuit

amplifier array.
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Fig. 2 - Equivalent circuit of a CA3048 amplifier.

GAIN-FREQUENCY RESPONSE )
Curves of the transconductance of any amplifier in
the CA3048 array as a function of frequency up to 30
MHz show two break points. At frequencies above the
first break point, which occurs at 300 kHz, the transcon-
ductance rolls off at a rate of 6 dB per octave to 12
MHz. At frequencies above 12 MHz, the rate of roll-off
increases to 12 dB per octave. At frequencies up to 12
MHz, therefore, the transconductance of any amplifier in
the CA3048 array is expressed by the following equation:
@0 8mo

= 1

- o 7 S @O

where S is the complex frequency, g . is the mid-band
transconductance, and w, = 27 x 300 x 10°.

Fig. 3 shows the open-loop transconductance for an
amplifier inthe CA3048 array as a function of frequency.
This response indicates potential uses of the CA3048
integrated circuit at frequencies that extend into the
video range.

STABILITY

The equivalent circuit shown in Fig. 2 can be used
to determine the stability of the amplifiers in the CA-
3048 array under various conditions of loading when un-
desirable external capacitance is present in the wiring
and socket. With no external generator connected to,the
circuit, the input conductance G; is equal to 1/100000
mho, and the output conductance Gj is equal to 1/1000
mho (for amplifiers Ay, Ag, Az, or Ay, respectively, Gy
is equal to 1/R;yg5, 1/Rq3, 1/R3y, or 1/Ryg, and Gy is

20

equal to 1/(Ryg + Rpj), 1/(Ryy4 + Ryg), 1/(R31 + Rag),
or 1/(R3g * Ryq)- The capacitance C4 and the conduc-
tance Gy shown in Fig. 2 represent an external damping
network which can be varied or deleted as demanded by
stability or gain-bandwidth requirements.

A necessary and sufficient condition for a system
to be stable is that the roots of the characteristic equa-
tion of the system have no positive real parts. The
characteristic equation for the circuit of Fig. 2 is ob-
tained by expansion of the circuit determinant and col-
lection of the coefficients of the complex frequency S.
The equation assumes the following form:

Ap+ AgS + AgS? + A4S3 + Ags? = 0 @
After much tedious algebra, the coefficients are deter-

mined as follows:
Al = wOG]G3G4

Ay = @04 [G3(Cy + Cp) + G1(Cy +C3) - gy _Gpl
+ 61G3(C3w0 + G4)
A3 = 0 {CyC3(Gy + Gg + Gy - &y ) + C1[C3(G3

+ Gg) + CoGyl ) + G4 [G3(Cy + Cp)
+Gy(Cy +Cg)] + G1G3C3
Ay =G4 [Cq(Cy +C3) +CxC3) +C3[C1(w,Cy
+G3) + Cy(Gy +Ggy)]
Ag = C1CyC3 @)
With the aid of a computer, it is possible to check
very quickly many combinations of circuit values for
stability by solving for the roots of Eq. (2) with differ-
ent circuit values assigned to the various components.
Although there are many variables involved, it is
possible to state in a general sense the results of sev-

eral solutions of Eq. 2.
The system cannot oscillate without capacitor C,

to introduce positive feedback. The analysis is reduced,
therefore, to the determination of the maximum value
of C, before oscillation occurs. With careful printed-
circuit-board layout, the feedback capacitance Cy is

-small, and the system is usually stable. If a socket is

used the feedback capacitance is greatly increased, and

gm AT FREQUENCIES LESS

of THAN 100 kHz =0.8 MHO

o

I

L
=3

~
o

5
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5
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4 2
10 100

FREQUENCY—MH2z

Fig. 3 - Typical gain-frequency response for a CA3048
amplifier.
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stabilization of the circuit is generally required.

- 1.28

As with any two-port network, any increase in
source or load conductance aids stability. In addition,
analyses of Eq. (2) show that addition of shunt capaci- 064
tance at the input is a very effective stability technique
when the source impedance is high. Introduction of 'i“n
negative feedback into the circuit [which is simulated w 02
in ‘Eq. (2) by a decrease in the value assigned to the H /
transconductance g_ and an increase in the cutoff fre- g

. m . B fes & ol6
quency] also improves circuit stability. 3
x

Another stability method, which is effective for any §
source impedance or gain value, is the addition of a & oos
damping network such as that formed by capacitance Cy ‘g
and conductance Gy in Fig. 2. In this method, the value 2 .
of C4 is chosen so that its reactance is equal to the E 004 4
parallel combination of R3 and Ry, at the highest fre-
quency of desired amplification. The value of Ry is
made small so that the gain is reduced at high frequen- 002
cies and is typically 1/10 or 1/20 the value of the par-
allel combmatxon‘ovf Rj and Ry . 00!

The series of curves in Fig. 4 show the results of ° N 2 ° 24 b *
the computation for the roots of E_. (2). It should be (b) GAIN REDUCTION AND BANDWIDTH INCREASE —dB
noted that the maximum value shown for capacitance Cy
is that obtained just before oscillation occurs. Severe
peaking of the response (or ringing) may result before
the listed value of C, is reached. It is advisable, there- 128
fore, to maintain the capacitance of C, well below the
indicated value.
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Fig. 4 - Stability curves for a CA3048 amplifier: (a) per-

missible feedback capacitance as a function of the

total conductance at the input; (b) permissible feedback

capacitance as a function of gain reduction and of band-

width increase; (c) permissible feedback capacitance
as a function of the total input capacitance.
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OUTPUT SWING VS. SUPPLY VOLTAGE

Fig. 5 shows the output voltage for any one of the
CA3048 amplifiers as a function of supply voltage. The
solid lines rep t the perfor obtained with the
full open-loop gain. The dotted line shows the improve-
ment obtained when 12 dB of negative feedback is added
by inclusion of a 150-ohm unbypassed resistor in the in-
verting-input lead. The values obtained for this curve
are those which prevail when the output is loaded only
by the measuring equipment. It should be realized that
any substantial loading will tend to reduce the magni-
tude of the available output voltage for equivalent dis-
tortion figures. For example, an additional 1000-ohm
load exactly balances the internal load resistor, and
would reduce the available output voltage by 50 per
cent.

PER CENT

R
'O\v\

TOTAL HARMONIC DISTORTION
~

/7 .
i

—— Ry *150 OHMS|
o 0.5 1.0 15 20 25 3.0

OUTPUT VOLTAGE—rms VOLTS

Fig. 5 - Total harmonic distortion of a. CA3048 amplifier
as a function of output voltage for different value of dc
supply voltage.

NOISE

Fig. 6 shows output noise obtained when a single
amplifier of the CA3048 is operated at 40 dB gain into
a “C” filter. Table I shows typical values of noise

TABLE |

TYPICAL NOISE VOLTAGE AND CURRENT FOR AN
AMPLIFIER IN THE CA3048 ARRAY

Frequency Enoise lnoise
(Hz) (volts) (amperes)
10 30.5 x 1077 7.5x 1012
100 17 x 1077 43x 1012
1000 8 x 109 1.2x 10712
10000 6 x 1077 0.5x 1012
100000 4x 1077 0.3x 10°12

voltage (Enoise) and current (I.:..) for the-CA3048 at
spot frequencies of 10, 100, 1000, 10000, and 100000 Hz.
From these values, the equivalent input noise voltage
for any value of source resistance may be computed by
use of the following equation:

E @

equiv ~ '\/(Enoise) * (poise source)

Laboratory measurements have shown that the noise
performance of the CA3048 is not significantly affected
by variation of the supply voltage. The values shown in
Fig. 6, therefore, may be used with supply voltages
down to about 2 volts if it is remembered that the open-
loop gain decreases to about 35 dB at a supply voltage
of 2.5 volts.
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SOURCE RESISTANCE — OHMS

Fig. 6 - Noise output as a function of source resistance

for a CA3048 amplifier.

CIRCUIT APPLICATIONS

In all the foregoing discussions, a single amplifier
has been described as though it existed alone. The
CA3048, however, consists of four separate amplifiers,
which may be used independently or in combination. A
glance at the complete schematic of the CA3048 reveals
other aspects worthy of consideration.

Two supply-voltage terminals and two ground ter-
minals are indicated. Terminal No. 12 supplies the Voo
voltage to amplifiers A, and. A3, and terminal No. 15
supplies the Vi voltage to amplifiers Ay and Ay. The
ground return for amplifiers A; and A, is provided by
terminal No. 2; all other ground returns are provided by
terminal No. 5.

When two units are cascaded, it is preferred to let
amplifiers Ay and Ag be the input units, and amplifiers
A; and Ay be the output units. This arrangement per-
mits separation of both the Vi~ and ground lines for low-
and high-level signals.

If resistive decoupling is used, amplifiers Ay and
A3 can be operated at lower Vpo» voltages to effect a
savings in current consumption.
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Hartley Oscillator

The Hartley oscillator is easily designed and con-
structed using the CA3048 amplifier. No feedback cap-
acitor is required, and it is possible to extract ‘‘square”’,
sawtooth, or sinusoidal waveshapes.

In the circuit shown in Fig. 7, the tap on the coil
is located at one-fourth the total turns, capacitors Cy
and C, provide dc blocking, and capacitor Cj tunes with
inductor L1 (w, = 1/dL;C3). When the circuit is oper-

Caz

A 1S ANY AMPLIFIER OF THE CA3048
Fig. 7 - Hartley oscillator.

ated from a 12-volt supply, the output voltage is a
clipped sine wave that has a peak-to-peak value of
about 7 volts. The voltage at the inverting input is a
sawtooth that has a peak-to-peak value of about 0.300
volt. If an unclipped sine wave is desired, it is avail-
able across the coil L. A sine wave can be obtained
in the single-ended connection if the value of Cy is
made large with respect to C3 so that it effectively by-
passes the sawtooth to ground; the voltage across L
is then sinusoidal with respect to ground.

Colpitts Oscillator

A tunable Colpitts oscillator is readily designed
using one of the amplifiers of the CA3048 array. Fig. 8
shows an example of the CA3048 used in this way.
Capacitors C; and C) are dc blocking capacitors; the
series combination of capacitors C3 and C4 resonates
with coil L.  The ratio of C3 to C,4 determines the rela-
tive amounts of signal fed back to the two inputs, and
may be chosen on the basis of stability or strength of
oscillation.

For the component values shown in Fig. 8, the
frequency of oscillation is 33.536 kHz with a 12-volt
supply and increases to 33.546 kHz when the supply
voltage is reduced 25 per cent to 9 volts.

A IS ANY AMPLIFIER OF THE CA3048

Fig. 8 - Colpitts »oscillafor.

Three waveshapes are available from the Colpitts
oscillator. A sawtooth waveform is obtained at the out-
put, a sinusoidal waveform is obtained at the inverting
input, and a clipped sinusoidal waveform appears at the
noninverting input.

Astable Multivibrator

The CA3048 may be connected as an astable mul-
tivibrator with the addition of only two external com-
ponents. An example of this type of operation is shown
in Fig. 9.

A IS ANY AMPLIFIER OF THE CA3048

Fig. 9 - Astable multivibrator.

The resistor R introduces positive feedback into
the circuit, and the capacitor C sets the period of the
waveform. The operation of the circuit can be explained
more easily if it is assumed that transistor Q7 (of amp-
lifier A3) has just turned OFF so that the voltage at
terminal No. 11 becomes very positive. This positive
voltage is fed through R to the base of Qg to maintain
the conduction of this transistor and to hold transistors
Q1 Q13, Ql4’ and Q17 cut off. Meanwhile, capacitor
C charges through the internal bias resistors Ryq and
R4o- When the voltage on capacitor C reaches the level
at which transistor Qg begins to become forward-bias-
ed, some current is diverted from Qyq to Qyq and Qq3,
Q4. and Qg7 begin to turn ON. The action is regen-
erative because the negative-going voltage from the
collector of Qy7 feeds a negative-going signal back to
the base of Q19 to enhance the switching action. When
C discharges to the point at which Qg; tumns OFF, on
begins to turn ON and the process repeats itself.

Two waveforms are available from the astable mul-
tivibrator circuit, both at low impedance. A rectangular
waveform that has a peak-to-peak amplitude of 7 volts
or greater is obtained from the output terminal. The
waveform available at the inverting input is an isosceles
triange that has a peak-to-peak amplitude of approxi-
mately 0.220 volt.

With the circuit as shown, reliable oscillation is
obtained for values of the resistor R in the order of 2.2
megohms, with supply voltages as low as six volts.

4-Channel Linear Mixer

Fig. 10 illustrates the use of the CA3048 as a
linear mixer. Each input is connected to its own CA3048
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INPUT T amplifier through the gain-control potentiometers Ry,
Ry, R3, and Ry4. Capacitors Cy, C), Cg, and Cy4 block
the dc voltage at the inputs.

The gain of any input to the corresponding output
is 20 dB for the circuit values shown and a load impe-
dance of 10000 ohms or greater. Resistors Rs, Rg, Ry,
and Rg program the gain of the system, and may be
varied to provide more or less gain, depending on the
_f". ouTPUT requirements of the application. The curve in Fig. 11
1OuF Bl illustrates the effect of variation in the resistance in

ISiokoun)  the feedback circuit of the CA3048. The difference in
9 the 20 dB gain indicated for the mixer circuit and the
approximately 34 dB shown in Fig. 12 results from the
loss in the combining circuit that consists of Ri3 Rygs
Ris, R6' and Ry .

A resistor-capacitor combination (R9, Cg, RIO' clO'
Ri1: €11 Ryps Cyp9) connected to the output of each
amplifier stabilizes the amplifiers when source and load
Fig. 10 - Linear mixer. conductances aretoo small to provide adequate damping.
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Fig. 11 - Gain of a CA3048 amplifier as a function of

feedback resistance.
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Fig. 12 - Balanced-line driver.
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The input impedance of each amplifier of the CA-
3048 is nominally 90 kilohms. In the linear mixer, how-
ever, the input potentiometers R; through R, are 500
kilohms. The effective impedance presented to the de-
vice, therefore, is quite high except when the circuit is
adjusted for maximum gain. At this time, the impedance
decreases to about 75 kilohms.

Driver for 600-ohm Balanced Line

Two amplifiers of the CA3048 may be connected to
drive a 600-ohm balanced line at levels up to 1 volt rms
with a gain of 40 dB. When the circuit is connected as
shown in Fig. 12, the distortion is less than 1 per cent
at an output level of 1 volt and a gain of 40 dB.

The output of the circuit is limited to a value slight-
ly greater than 1 volt mms, primarily because of drive-
current limitations to the output transistors. In this
respect, it is self-protecting. Should a short circuit de-
velop across the line, the circuit will not destroy itself.

Resistor Ry in Fig. 12 is common to the output and
input circuits of both amplifiers A; and A3. Should a
gain unbalance exist, or should the input signals be of
unequal” amplitude, then the outputs would tend to be-
come unbalanced with respect to ground. For example,
if amplifier Aq had the larger output, a signal in phase
with the output at A; would be developed across resis-
tor Ry. In this event, the voltage developed at Ry would
tend to reduce the output of amplifier A; because this
voltage is applied to the inverting input. At the same
time, the voltage at Ry is applied to the inverting input
of amplifier A; and tends to increase the effective input
voltage of that amplifier and, in this way, help to restore
balance. The balancing effect takes place regardless
of the cause of the initial unbalance.

Gain-Controlled Amplifier

Any amplifier of the CA3048 may be used as a gain-
controlled amplifier in order to accommodate a wide
range of input signal amplitude. Fig. 13 shows one
amplifier of the CA3048 used in this type of configura-
tion. By variation of the dc potential at the gate No. 1
of the MOS transistor Qq, the gain of the amplifier may
be varied from 14 dB to 49 dB. In this circuit, the MOS
transistor Qq acts as a variable impedance in the feed-
back loop of the CA3048.
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Fig. 13 - Gain-controlled amplifier.

In a circuit such as that shown in Fig. 13, the vol-
tage gain may be expressed as follows:

E, ARy +Rp ®)
E, Ri+RyA *1)

where R, is the equivalent resistance of the MOS tran-
sistor and Ry is the feedback resistance, which includes
the internal feedback resistance of the integrated circuit
together with any paralleled external feedback resistance.

As the value of resistor R, approaches zero, the
gain of the circuit approaches the open-loop gain of the
amplifier (A). For very large values of resistor R, the
gain of the circuit approaches A/(A + 1), or approxi-
mately unity. The maximum theoretical agc range then
is A. .

The practical agc range of this circuit is limited
on the high end by the ““ON’’ resistance of the MOS tran-
sistor, and on the low end by the finite input impedance
of the CA3048. In the circuit shown in Fig. 13, the
range of control is 35 dB.

There is no necessity for direct current to flow in
the MOS transistor, and if a low impedance source of
about five volts is available, this voltage may be sub-
stituted for the Zener diode-resistor combination so that
the power requirements of the circuit are further reduced.

Distortion, which is inherently low, ranges from
0.65 per cent at minimum gain (output of 2 volts rms) to
0.4 per cent at maximum gain.
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MOS/FET Biasing Techniques

by S. Reich

A wide variety of applications exist for field-
effect transistors today including rf amplifiers
and mixers, i-f and audio amplifiers, electro-
meter and memory circuits, attenuators, and
switching circuits.

Several different FET structures have also
evolved. The dual-gate metal-oxide-semiconduc-
tor FET, for example, appears particularly ad-
vantageous in rf stages because of low feedback

itance, high tra ductance and superior
cross modulation with automatic-gain-control
capability.

The rules for biasing FETs vary slightly de-
pending upon the type of FET being applied.
But we’ll attempt to cover most of the possi-
bilities by looking at several typical examples.

As you know, all FETs including junction
devices, can be classified as depletion or en-
hancement types, depending upon the conduc-
tivity state of the channel at zero gate-to-
source voltage or bias. In a depletion type,
charge carriers are present and the channel is
conductive when no bias is applied to the gate.
Reverse bias depletes this charge and reduces
channel conductivity; forward bias draws
more charge carriers into the channel and in-
creases conductivity. In an enhancement type,
no useful channel conductivity exists at either
zero or reverse gate bias; the gate must be
forward-biased to produce active carriers and
permit conduction through the channel.

Test circuits which can be used to measure
the zero-bias drain current I,s of junction-gate
and insulated-gate field-effect transistors are
shown in Fig. 1. The junction-gate device, shown
in Fig. 1(a), is always a depletion type and thus
exhibits a reading for I,g. Insulated-gate or
MOS devices may be either depletion or enhance-
ment types; depletion types exhibit reasonable
I,ss readings in the circuit of Fig. 1(b), while
enhancement types are cut off. The transistor
symbol shown in Fig. 1(b) uses a solid channel

line to indicate the “normally ON” channel of
a depletion type. An enhancement type is repre-
sented by an interrupted channel line, that in-
dicates the “normally OFF” channel.

o Lo
(@ [}
Fig. 1. l,g test circuits for (a)
junction-gate and (b) insulated-
gate field-effect transistors.

Although enhancement types are always oper-
ated (activated) in the enhancement mode (be-
cause application of reverse bias would simply
cut the device off), depletion types can operate
in either mode. Junction-gate devices can oper-
ate in the enhancement mode only within a very
limited range because gate voltages exceeding
0.3 V also forward-bias the gate-to-source input
diode and load the signal source. However, MOS
depletion devices can operate in either the en-
hancement or the depletion mode without the
constraints associated with input-diode loading.

The field-effect transistors shown in Fig. 1
are single-channel, . single-gate, or triode-type
devices. Although it is possible that the sub-
strate of either the junction-gate or insulated-
gate transistor may be used as a separate con-
trol element, in most circuits it is adequate as
a control element and is extrinsically connected
to the source or operated at a fixed potential.

When two separate control elements are re-
quired in a circuit, a dual-gate MOS transistor
such as that shown in Fig. 2 is usually used. In
this type of device, two independent gate elec-
trodes that control individual channels are
serially interconnected. In newer dual-gate MOS
transistors, gate protection is provided by in-
trinsic back-to-back diodes, as shown in Wig.
2(b). The substrate in this type of device is in-

970
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ternally connected to the source.
Blasing a single-gate MOS transistor

The bias circuit for a single-gate MOS tran-
sistor may take three forms, as shown in Fig.
8: (a) self-bias, (b) an external supply, or (c)
a combination of the two. The design of a self-
bias circuit is fairly straightforward. For ex-
ample, if it is desired to operate a 3N128 MOS
transistor (an n-ch ], depletion device) with
a drain-to-source Vg voltage of 16 V and a

D D
G2
6;
]
(]} !
S S
@ )

Fig. 2. Dual-gate MOS transistors.
(a) conventional symbol, (b) modi-

fied i to show gate-pi
device.
Voo Voo
lrn Ry lxu R |0
Vos
Ves Re 2 Rs

‘e Re s
IR

(0) () (©

Fig. 3. Biasing circuits for single-gate transistors:
(a) self-biasing; (b) external biasing; (c) a combina-
tion of self-biasing and external biasing.

a h,

small-signal tra tance g,, of 7.4
the drain current I, required for the desired
transconductance is first obtained from pub-
lished transfer-characteristics curves such as
those shown in Fig. 4(a). A published curve
such as the one shown in Fig. 4(b) is then used
to determine the gate-to-source voltage Vg re-
quired for the desired value of I,. The circuit
parameters can then be calculated using Vg =
16V, I, =56mA, Vo@o—= —1.1 Vand Vo, = 0.

Vo= Vg — Vgg= 11V (1)
Ry=Vg/l,=11/6 =2200  (2)
Voo ="Vog + Vg=15 + L1 =161V (3)

In a circuit designed for applied bias only, the
problem hecomes more complicated, For example,
the voltage divider consisting of R, and R, in
Fig. 3(b) may be required to apply a Vg of
—1.1 V. In addition to the fact that a negative
supply is required, a more serious problem
exists. The bias-voltage computations shown
above were based on the solid-line curve shown
in Fig. 4(b) for a typical device.

However, the drain currents for individual
devices may cover a wide range of values, as in-
dicated by the dashed curves H and L repre-

senting high- and low-limit devices, respectively.
With .a fixed-bias supply of —1.1 V, therefore,
drain current could range from cutoff to 18.5
mA. Some form of dc feedback is -obviously de-
sirable to maintain the drain current constant
over the normal range of product variation.

The combination bias method shown in Fig.
8(c) makes use of a larger value of B to narrow
the range of drain current to plus or minus a
few milliamperes. Figure 6 shows curves of Ipg
as a function of I, for various values of Rg. The
normal range of I,g for the 3N128 is from 5 to
25 mA, or a spread of 20 mA. The use of the
220-0 source resistor Rj calculated in the previ-
ous example reduces this spread to about 5 mA,
for a 4-to-1 improvement. Higher values of Ry
achieve tighter control of the spread of drain-
current values.

As an example, the circuit of Fig. 8(c) may
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Fig. 4. (a) Transfer and (b) operating characteristics of
the 3N128 single-gate MOS transistor.
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be required to maintain drain current constant
within =1 mA for the same conditions given in
the previous example. Figure 5 shows that a
value of Rg equal to or greater than 1000 Q will
satisfy the required drain-current tolerance.
However, a quiescent current of 5 mA through
a source resistor of 1000 Q produces a Vg
value of —5 V, which is incompatible with a
drain current of 5 mA. Therefore, an applied
bias must be used in conjunction with the self-
bias. The circuit parameters for Fig. 3(c) are
then calculated using Vs = 15 V, I, = 5 mA,
Vegs = —1.1 V, and Ry = 1000 Q.
Vg = I, Rg = (0.005) (1000) =5V (4)
Vo=V + V= —11+5=239V (5)
Vop = Vog + Vs =15 + 5 =20V (6)
Vop _ R, + R, 20
V., =R —33 = 5.12 (7)
The lower limits of R, and R, are established
by determining the maximum permissible load-
ing of the input circuit and setting this value
equal to the parallel combination of the two re-
sistors. For example, if the total shunting of the
input circuit is to be no less than 50,000 @, R,
and R, are calculated as follows:

Rl R!
1tz = 50,000 8
B T E ®
R, + R, _
" = 5.12 9

R, = 256,000 Q, and R, = 62,000 Q.

In practice, the effects of input-circuit loading
can frequently be eliminated by the use of the
circuit arrangement shown in Fig. 5.

[
TYPE 3NI28

LlNﬁPERES
1000 — |
S0
\i\’<—
&
EONY

Vps*I5V
Rg IN OHMS

~n

v

.=

§§§< Rsei
N

N
Qo

Rg *100g"
i N
Rs *1005

h'a—

) 2 K I
DRAIN CURRENT (Ip)—MILLIAMPERES

Fig. 5. Zero-bias drain current lys; as a function of
drain current |, for various values of source resist-
ance Ry in a 3N128 single-gate MOS i

The upper limits of R, and R, are usually de-
termined by practical consideration of the re-
sistor component values because the absolute
values of gate-leakage current I;g are extreme-

ly small. In unique applications where I, is a
significant factor, a maximum value for the
parallel combination of R, and R, can be deter-
mined by dividing the total permissible change
in voltage V; across the combination by the
maximum allowable value of I,g at the expected
operating temperature, as determined from the
published data for the transistor used.

Because Igg¢ consists of leakage currents from
both drain and source, and these currents are
usually measured with a maximum-rated voltage
stress on the gate with respect to all other ele-
ments, the published value of I;g is generally
much higher than that which could be expected
under typiecal circuit conditions. As a result, the
values of R, and R, determined in this manner
are conservative.

E

G

Von'-‘\é\'/\/—‘

Fig. 6. Circuit used to eliminate
input-circuit loading.

Substrato biasing

As mentioned previously, many single-gate
FETs incorporate provisions for separate con-
nection to the substrate because it is sometimes
desirable to apply a separate bias to the -sub-
strate and use it as an additional control ele-
ment. A simple arrangement for achieving this
bias is shown in Fig. 7(a). In this circuit, the
substrate bias V; is equal to I, (R, + R,) and
the gate bias Vg is equal to I,R,.

One application in which substrate bias is
mandatory is the attenuator circuit shown in
Fig. 7(b). An MOS transistor is extremely use-
ful as an attenuation device because it acts as
a fairly linear resistance whose intrinsic con-
ductivity can be drastically changed by means
of .a dc voltage applied to the gate. In the cir-
cuit of Fig. 7(b), for example, a signal applied

R3

Fig. 7. Substrate biasing circuits.
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to the drain can be attenuated by application of
a positive voltage to the MOS transistor gate.
The attenuation A, obtained is given by

Rp

Y= By R

(10)

where Rj, the device channel resistance, is a
function of bias voltage and can be varied from
approximately 100 Q to 105 MQ. Because of the
construction of the MOS transistor, however,
the drain must always be positive with respect
to the substrate so that the drain-to-source
diode (diffusion) will not be biased into conduc-
tion. Therefore, the substrate must be back-
biased to at least the peak value of the negative-
going signal that might be applied to the drain.
Figure 7(b) shows how this back-bias is ob—
tamed

Blasi: . af "
g aj 9!

The biasing techniques that have been de-
scribed for single-gate MOS transistors are
directly applicable to junction-gate devices with
one exception. Because the input gate of a
junction-gate field-effect transistor consists of a
back-biased diode, the device must always be
biased so that the input-gate diode is not in
conduction. Effectively, therefore, a junction-gate
device will almost always be operated in the
depletion mode.

Although the biasing considerations covered
thus far are applicable to all types of single-gate
transistors, it should be remembered that en-
hancement-type devices must be turned on be-
fore they can be used as amplifiers. Therefore,
applied bias such as shown in Fig. 3(b) and 3(c)
must always be used with these devices. In
addition, it is desirable to narrow the range of
drain current by means of a source resistor,
such as that shown in Fig. 3(c), that produces
self-bias after the transistor is turned on.

As an example of this type of biasing, it may
be assumed that a 2N4065 p-channel enchance-
ment-type MOS transistor 'is to be operated at
room temperature with a supply voltage of 19 V,
a source resistance of 1000 Q, and a drain cur-
rent of 1 mA, as shown in Fig. 8. To complete
the bias circuit, it is necessary to determine
the values of R, and R, to satisfy a total input-
loading requirement of 10,000 Q.

The 2N4066 transistor has a typical threshold
voitage of —0.8 V and requires a gaie voliage
of approximately —9.2 V for a drain current of
1 mA. (The threshold voltage V., for an en-
hancement-type device is comparable to the cut-
off voltage Vgz (OFF) for a depletion-type de-
vice, and is the value of gate voltage required
to initiate drain current. It is usually specified
for a drain-current value between 10 and 100
mA). Circuit parameters for the network of Fig.
8 are then calculated as follows:

Vg = Iy Ry = (—0.001)(1000) = —1V (11)
Vpg=Vpp — Vg=—19 + 1 = —18V (12)
Ve="Vog + Vg=—92— 1= —10.2V (13)

R, + R, + R, = -

—‘;m- 10 7 = 1.86 (14)
R R, _
%, T K, = l}0,000 Q (16)
R, = 18,600 (16)
R, = 21,600 O - Qanr
vpp* -9V
Ry tIo- I mA
Rz Rg*1,0000

Fig. 8. Biasing circuit for an
enhancement-type MOS. tran-
sistor.

Blasing the dval-gate MOSV fransistor

A dual-gate MOS transistor such as that shown
in Fig. 9(a) is actually a combination of two
single-gate MOS transistors arranged in a cas-
code configuration; as depicted in Fig. 9 (b).
The el t voltages iated with each of
the individual transistors can be analyzed as
follows:

Vps = Vps: + Vose (18)
Voss = Vos: + Vs (19)
Veis = Vet (20)
Vos,
_ i)
; Vs
Veos v, . } Vbs
Y - !
vGsy
)
is} o
(b)
Fig. 9. Circuits 1 Itag iated

with MOS dual-gate transistors.

Curves of the voltage distributions for the
3N140 dual-gate MOS transistor are shown in
Fig. 10. It can be seen for an applied gate-No. 1-
to-source voltage Vg, of zero, a supply voltage
Vpp of +15 V and a gate-No. 2-to-source volt-
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age Vg of + 3 V ,the actual drain voltage
across the grounded-source unit is approximate-
ly +2.756 V and gate No. 2 is 0.25 V positive
with respect to its own source. These curves ex-
plain the logic behind the apparently high posi-
tive gate-No. 2 voltages (in the order of +4 V)
recommended for typical operation of dual-gate

MOS transistors.

I I [ I
ON THIS SINE OF Vps), VGps LINE
GATE No. 2 IS NEGATIVE WITH RESPECT
t——TO ITS OWN SOURCE.

.

\

N

No. 2 IS
WITH RESPECT TO ITS OWN

*[os; % //
V65 4 / . ON THIS SIDE OF Vps,* Vg
‘N § ) * V62S

LINE GATE

v /, /
615
(VOIL'I'S / / SOURCE.

POSITIVE

/1

/
XN/ 1174 //'

W/

VoD = 415 V]

=1.0f ,’
_0‘5// ﬁvosl = Vst V650~ Vos,
0.0 ’ V6isO-
2 +|.07 I 1
+20 |
-2 o +2 +4 +8 +0 +12

GATE No. 2-TO-SOURCE VOLTAGE (Vg,5) — VOLTS

Fig. 10. Voltage distributions for the 3N140 dual-
gate MOS transistor.

Operating curves for the 3N140 are shown in
Fig. 11. These curves can be used to establish
a quiescent operating condition for the transis-
tor. For example, a typical application may
require the 3N140 to be operated at a drain-to-
source voltage V5 of 15 V and a transconduct-
ance gy, of 10.5 mmhos. As shown in Fig. 11(a),
the desired value of g, can be obtained with a
gate-No. 2-to-source voltage Vg, of +4 V and a
gate-No. 1-to-source voltage Vg,q of —0.45 V.
From Fig. 11(b), the drain current compatible
with these gate voltages is 10 mA.

Two biasing arrangements which can be used
to provide these operating conditions for the
3N140 are shown in Fig. 12. For the application
mentioned above, it may be assumed that shunt
resistance for gate No. 1 should be 25,000 @
and the dc potential on gate No. 2 should be fixed
and at rf ground. The remaining parameters for
the biasing circuits can then be obtained from
the curves showing I, as a function of Ry in
Fig. 13, with Rg = 270 Q:

Ve=1I,Ry= +27V

Vo =
Vo: =

Vop =

Vo + Vg = +225V
Voes + Vs = +6T7V
Vpg + Vg = +177V

(21)
(22)
(23)
(24)
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Fig. 11. Characteristics curves for the 3N140.

The values of the resistance voltage dividers
required to provide the appropriate gate voltages
are determined in the same manner as shown
previously for single-gate transistors. For the
circuit of Fig. 12(a), R, is 197,000 @, R, is
28,600 @, and R, R, = 11/6.7.

The circuit of Fxg’ 12(a) is normally used in
rf-mixer applications and in rf-amplifier circuits
which do not use age. The circuit of Fig. 12(b)
is recommended for the application of age volt-
FIXED SUPPLY

AGC VOLTAGE Voo

Fig. 12. Typical biasing circuits for the 3N140.
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E TYPE 3NI140 a;:ce as a function of temperature. These curves
. also show the p ting effects produced by
§ao-—::f f:: ‘3° S / (3 i / the use of source resistance Rg; variations in
3 | rwoms '4 o) / % #;é’ drain current are reduced significantly by use
£ v of an Rg value of 1000 Q.
- / / / Variations in transconductance can be virtu-
H2o ally eliminated by application of a gain-control
[ 4 voltage from a temperature-dependent voltage-
'é'ns divider network to gate No. 2. For example, the’
3 values of the resistance voltage dividers in the
2. §° —\_;P circuit of Fig. 12(a) were determined to provide
& 7/ S | <9 § a transconductance of 9.5 mmhos at ambient
g ,§' > temperature, and the device temperature was
i then varied through the range of —45 to
] +100°C. The values of gate-No. 2-to-source
o 5 v . = ; n ; : voltage Vg,s required to maintain a constant
DRAIN CURRENT (Tp) — MILLIAMPERES transconductance over the entire temperature
range, for R values of zero and 1000 Q are
Fig. 13. Drain-current curves for various values of shown in Fig. 15.
Ry for the 3N140.
. 5 T
age to rf-amplifier stages. In this circuit, the rf Vpg=+I3V
signal is applied to gate No. 1, and the age volt- § 945" 9.5 mmhos /
age to gate No. 2. 5 e 000
The dual-gate MOS transistor is useful in :g Rg IN OHMS /s
age-supplied rf amplifiers because almost no age § 33 L »
power is required by the device as a result of $T // /
the high dc input resistance indigenous to the v b P
MOS transistor. Another advantage provided by & st <~ =
the MOS transistor is revealed by the ease with g= | 85—
which it obtains delayed agc action and good g . —
cross-modulation characteristics as a function ©
of agc. The applieation of agc bias to gate No. 2
while the bias on gate No, 1 is changed improves o
the cross-modulation characteristics of the tran- 180 g <
sistor as a function of age applied. . ;ag o [Bst0
Blasing to for P (f g £ § N : — Rg*1000)
Unlike bipolar transistors, MOS transistors g%‘ 7 it R —
exhibit a negative temperature coefficient for SHOR 20 0 420 440 +60 480 +100
typical values of drain current. That is, drain TEMPERATURE —°C
current and dissipation decrease as temperature Fig. 15. Drain cu,.,.ent and gate-No. 2-to-source volt-
increases, and there is no possibility of I, age for s a fi of p for
runaway with elevated temperature. Unfortun- the circuit of FlS 14 (b).
ately, transconductance and rf power gain also A . 3
decrease as temperature increases. Figure 14 In a practical circuit, the required voltages
shows curves of drain current and transconduct- can be applied to gate No. 2 if E,, or the combi-
nation of R, and R,, is a temperature-sensitive
6 resistor that is thermally linked to the MOS
2 g :’J\Q Vog*+13v transistor package. This thermistor network can
5 3 “l e ﬁr‘h ‘,’flz_f;“" be tiesjgned to provide a desired voltage charac-
§ 3 I I~ Rs 1N OHMS teristic at gate No. 2 either to keep the trans-
g'é’? 12 conductance constant or to permit some vari-
§§ ) ! \\\ Bsen ation with temperature to compensate for
g3y R0 R : e
gac w0 = . (t:hanggs in 9t.her stagt:s. The e:;fiects tgl tempt:ra-
F i ure given in percentages on these other stages
é 3 . froo0 \;\ may be summarized as follows: R;,—one ‘per-
z \1\ cent; C;,—one percent; Cpe.apocx—O0ne percent;
& 35 i~ R,+—plus 45 percent; C,,,—one percent,

6
~60 -40 -20 0. 420 +40 +60 +80 +100 +I20

TEMPERATURE — °C The data was measured on a 3N140 MOS tran-

sistor in the circuit of Fig. 12(a). Drain cur-
Fig. 14. Drain and t as a rent was 8 mA, frequency was 200 MHz, and the
function of temperature for the 3N140. temperature varied from 0 to 100°C.
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Summary

All field-effect transi 3 may be biased simi-
larly. Uniform quiescent operating points can be
easily achieved in MOS field-effect transistors by
employing circuit designs that incorporate a
source resistance. For a given I,g range, the
value of the source resistance inversely affects
the in-circuit I, spread. An increase in the value
of the source resistance minimizes variations in
I, as a function of temperature. The dual-gate
MOS field-effect transistor is ideally suited for
use in gain-controlled stages; dual-gate transis-
tor biasing can provide various types of agc
action including temperature compensation to
assure constant output.

AN-4125
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-RF-Applications of the
Dual-Gate MOS/FET up to 500 MHz

by L. S. Baar

The RCA dual-gate protected, metal-oxide silicon,
field-effect transistor (MOS FET) is especially useful for
high-frequency applications in RF amplifier circuits. The
dual-gate feature permits the design of simple AGC circuitry
requiring very low power. The integrated diodes protect the
gates against damage due to static discharge that may develop
during handling and usage. This Note describes the use of the
RCA-3N200 dual-gate MOS FET in RF applications. The
3N200 has good power gain and a low noise factor at
frequencies up to 500 MHz, offers especially good cross-
modulation performance, and has a wide dynamic range; its
low-feedback capacitance provides stable performance
without ncutralization.

Gate-Protection Diodes

Fig. 1 shows the terminal diagram for the 3N200.
Gate No. 1 is the input signal electrode and Gate No. 2
is normally used to obtain gain control. The back-to-back
diodes are connected from each of the gates to the
source terminal, lead No. 4. If short duration pulses
greater than 10 volts, generated for example by static
discharge, are inadvertently applied to either gate, the
protective diodes limit these voltages and shunt the current
to the source terminal. Thus the gates, under normal
operating conditions, are protected against the effects of
overload voltages.1

LEAD i - DRAIN

LEAD 2 - GATE NO. 2

LEAD 3 - GATE NO. 1

LEAD 4 - SOURCE, SUBSTRATE,
AND CASE :

Fig. 1 — Terminal diagram for the 3N200.

Operating Conditions

Typical two-port characteristics at 400 MHz including
both “y” and “s” parameters, are given for the 3N200 in the
RCA technical bulletin, File No. 437. This note makes use of
the “y” parameters; however, designers who prefer the
alternate method can, by parallel analysis, make use of the
“‘s” parameters.

A recommended operating drain current (Ip) for the
3N200 is approximately 10 milliamperes with Gate No. 2
sufficiently forward biased such that a change in the bias
voltage does not greatly affect the drain current. An
adequate Gate No. 2-to-source voltage (VG2S) is approxi-
mately +4 volts. The forward transadmittance (yfs) increases
with drain current, but saturates at higher current levels. The
increase in RF performance at drain currents above 10
milliamperes is achieved only with less efficient use of input
power.

To establish the optimum operating conditions for a
type, consideration must be given to the range of variations
in characteristics values encountered in production quantities
of the type.2 One important measure of type variation is the
range of zero bias drain current (Ipg). The current range
given in the 3N200 technical bulletin for Ipg is from 0.5 mA
to 12 mA. A fixed bias condition intended to center the
range of drain current at the desired level, still will produce
an operating drain current range of 11.5 milliamperes with a
resultant wide range of forward transconductance (gfs). The
drain current can be regulated by applying dc feedback with
a bypassed source resistor (RS). A good approximation of Rg
(where IpQ > IDS/2) can be calculated by the use of the
following formula*, assuming that VG1s vs. IDS is linear
over the current range under consideration:

1 Alpsg

—_—-1

AlpQ

Rg = Eq.1

gfg(min.)

*See Appendix
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where:
AIpg is the current range given in the 3N200 technical
bulletin
AIDQ is the desired range of operating current

grg(min.) is the minimum forward transconductance
at 1000 Hz

With the value of Rg established, then the Gate-No. 1
Voltage (VG1) can be calculated from the equation

VG1=VGis + IpQRs Eq.2
where VG1s is estimated by:
Inq-Ips
VGis~ Eq.3
grs(ave)
where:

gfs(avg.) is the average forward transconductance

To establish the Gate-No. 2 Voltage (VG2), follow the
same procedure described for calculating the Gate-No. 1
Voltage, except that a fixed VG2s of approximately 4 volts
is adequate.

If gain control is desired, apply a negative-going voltage
to Gate No. 2. Because Gate No. 2 has little control in the

voltage range of +2 to +5 volts, this characteristic may be
used to effect AGC delay of the device in order to maintain
the low noise figure until the RF signal is out of the noise-level
range.

Stability Considerations

Typical “y” parameter data as a function of frequency
are given in Table 1. Maximum available gain (MAG) cal-
culated from these data are also included to indicate ideal
gain performance (i.e., y ¢ = 0). The ability of the MOS FET
to approach these gain levels depends on the device main-
taining stable performance at the required operating fre-
quency.

There are several methods which may be used to test for
gain vs. stability. One of these methods, the Linvill Criteria
(C), is defined by the equation:

Yis Yfs
285 8os ~ Re (v rs yfs)

Eq. 4

A value for C which is less than 1 indicates uncondi-
tional stability. Applying the 400-MHz values taken from
Table 1 to the Linvill Criteria yields a value of C = 0.615;
‘substantially less than the value indicating unconditional
stability.

CHARACTERISTICS SYMBOL FREQUENCY (MHz) UNITS
100 200 300 400 500
y Parameters

Input Conductance s 0.25 0.8 2.0 3.6 6.2 mmho
Input Susceptance bjs 3.4 5.8 8.5 1.2 156.5 mmho
Magnitude of Forward Transadmittance l Yis 1 163 163 15.4 15.5 16.3 mmho
Angle of Forward Transadmittance afs -16.0 -25.0 -35.0 -47.0 -60.0 degrees
Output Conductance 9os 0.15 0.3 0.5 0.8 11 mmho
Output Susceptance bos 15 27 36 425 654 | mmho
Magnitude of Reverse Transadmittance | vrs | 0012 0025 006 014 026 | mmho
Angle of Reverse Transadmittance ﬂrs -60.0 -25.0 0 14.0 20.0 degrees
Maximum Available Gain MAG | 320 240 175 13 10.0 dB

Table 1 — “y" Parameters from 100 to 500 MHz
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The following equation for Maximum Usable Gain
MUG)3 is:

% |y
MUG= ——m8M ———— Eq.5
Iyrs'(l+coso)

where:
0 =Lygs + Ly
K = skew factor
Ly = angle of reverse transadmittance

Lyfs = angle of forward transadmittance

The skew factor, introduced in this equation, is a safety
measure that establishes an arbitrary degree of skewing in the
frequency response which may be introduced by regenera-
tion. A value of 0.2 for K has been established on the basis of
past experience. The value of MUG calculated at 400 MHz is
13.8 dB. This value of MUG is greater than the value of
MAG, again indicating unconditional stability, since MAG,
ignoring inherent feedback, is the conjugately matched gain.
Therefore, neutralization or circuit loading is not required to
insure stable performance, and the gain can approach MAG,
limited only by circuit losses.

Reverse transadmittance (yys) is composed of several
components, but the major ones are feedback capacitance
(Crss) and source-lead inductance (Lg). Therefore, care must
be exercised in the application of the yyg values, shown in
Table 1, at the upper end of the usable frequency range. The
3N200 utilizes a JEDEC TO-72 package that has 4 leads. The
data in Table 1 was compiled with the use of a socket which
contacts the leads of the 3N200 as close as possible to the
bottom of the package as specified by the JEDEC Standard
Proposal SP-1028 “Measurement of VHF-UHF “y” Para-
meters”. The leads are shielded from each other to eliminate
stray capacitance between the leads, but some lead induct-
ance is inevitable. If the device is soldered directly to the
circuit components using commercial production techniques
rather than by precise laboratory methods, then additional
source lead inductance can be expected. Also, some
additional capacitive coupling may result if the input and
output ci are not completely isolated from each other.

Because the published yrs value for the 3N200 is very
small, the circuit yrg values may differ significantly from the
Yrs values shown in Table 1 and hence, may result in an
unstable operating condition, It is impossible to provide data
for all possible mounting combinations, therefore, a recom-
mended mounting arrangement is shown in Fig. 2. The
source and substrate in the T0-72 package of the 3N200 are
internally connected to lead No. 4 and the case. The
source-lead inductance can be reduced, if the case is used as
the source connection. Fig. 2 illustrates a partial component
layout in which the case is held by a clamp or other fingered
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device. The clamp is soldered to a feedthrough capacitor to
provide an effective, very-low inductance bypass to RF
signals. This mounting arrangement still permits the use of a
source resistor for DC stability, and enables the case to
provide isolation between the input and output circuit in
addition to the isolation afforded by the shield.

TUNING
CAPACITOR C2

FEED THROUGH
CAPACITOR C

INPUT BNC JACK

TOP VIEW

SHIELD

TUNING
CAPACITOR Cp CLAMP

FEEDTHROUGH
CAPACITOR C7

SIDE VIEW

Fig. 2 — Partial component layout of 400-MHz amplifier
circuit

The reduction of source-lead inductance provides in
addition to greater stability, a lower input and output
conductance. Table 2 shows the differences in “‘y” parameter
values at 400 MHz when measured with the source con-
nection made to lead No. 4 (in accordance with the
published data for the 3N200) and when measured with the
case connected directly to the ground plane of the test jig.
The magnitude of reverse transadmittance is halved with a
significant change in its phase angle. The input conductance
is reduced by 30%, and the output conductance is reduced by
13%. A recalculation of the expressions for MAG, MUG, and
Linvill Criteria (C) shows a significant improvement in gain
and circuit stability.

While it is difficult to provide accurate information on
the effects of shielding between the input and output
circuits, its effect can be demonstrated when all other
feedback components have been reduced to negligible values.
The circuit, shown in Fig. 3 (for component layout see Fig.
2), was measured both with and without a shield. The
maximum gain, without the shield, averaged 0.8 dB lower
than with the use of the shield.

When receiver sensitivity is an important consideration
in the design of an RF amplifier, a compromise must be
made in the circuit power gain to achieve a lower noise
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CHARACTERISTICS SYMBOL FREQUENCY. (f) = 400 MHz UNITS
Normal Case
Connection Grounded
Maximum Available Power Gain MAG 13.0 15.7 dB
Maximum Usable Power Gain {(unneutralized) MUG 13.8 19.4 dB
Linvill Stability Factor, C Cc 0.615 0.335 mmho
'y"’ Parameters
Input Conductance gis 3.6 25 mmho
Input Susceptance big 11.2 11.7 mmho
Magnitude of Forward Transadmittance | Yfs I 15.5 15.5 mmho
Angle of Forward Transadmittance afs -47.0 -40.0 degrees
Output Conductance 9os 0.8 0.65 mmho
Output Susceptance bog 4.25 4.25 mmho
Magnitude of Reverse Transadmittance ! Yrs l 0.14 0.07 mmho
Angle of Reverse Transadmittance ﬂrs 14.0 49.0 degrees

Table 2 — “’y" Parameters at 400 MHz with source connection to lead No. 4 and with case connected to ground plane

of test jig

factor. A contour plot of noise figure as a function of
-generator source admittance is shown in Fig. 4. Each contour
is a plot of noise figure as a function of the generator source
conductance and susceptance. Data for the noise figure were
obtained from a test amplifier designed with very low
feedback. Even though the area of very low-noise figure in
the curves in Fig. 4 cover a broad range of source admittance,
impedance-matching for maximum power gain could result in

+I15V

c2 3

1.3-5.4 pF 7]

Fig. 3 — 400-MHz amplifier circuit

a relatively poor noise figure. As shown in Table 2, the input
conductance (gjs) with the case grounded is 2.5 mmho. With
the reactive portion tuned out, the noise factor at power
matched conditions is almost 1 dB higher than the optimum
noise figure. However, matching to 5.0 mmho results
in a near optimum noise factor with a loss of only 0.5 dB in
gain. In addition, impedance matching to high conductance

FREQUENCY(f)= 400 MHz

2 AMBIENT TEMPERATURE (Ty)=25°C
E NOISE FACTOR
IE 15 4dB
E / \
2125
w
E / \
g o /
§ 3548
z 33 ‘R
o 75
M 31 N /
4 3.0
/|
3 s \
E 25 N—t—]
2
i 5d8

]
=225 -20 -I75 ~I15 -125 ~10 -75 -5 -25 O
GENERATOR SOURCE SUSCEPTANCE (bjg) — mmho

Fig. 4 — Noise factor vs. generator source (input) admittance
(yis)
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also benefits crossmodulation performance, as will be dis-
cussed in a later section.

Gate Protection Diodes

The diodes incorporated into RCA dual-gate MOS
FETs, for gate protection, have been designed to minimize
RF loading on the input circuits. The small amount of RF
loading results in only a fraction of a dB loss in power gain
and a negligible increase in the noise figure. The advantages
of diode protection, greatly outweigh the slight loss in power
gain, especially in an RF amplifier intended for the input
stage of a receiver.

In addition to the protection afforded in normal
handling, the diodes also provide in-circuit protection against
events such as: static discharge due to contact with the

delay in t; it-receive switching, or connection
of an with an accumulated charge to the receiver.
Crossmodulation

Crossmodulation is an important consideration because
it is an inherent device characteristic where circuit considera-
tions are secondary. Crossmodulation is the transfer of
modulation” from an undesired signal on a desired signal
caused by the non-linear characteristics of a device.

Crossmodulation is proportional to the third-order term
of the expansion of the Ip - VG§ curve. It is normally
specified as the undesired signal voltage required to produce
a crossmodulation factor of 0.01. The crossmodulation
factor is defined as the percent modulation on a desired
carrier by the modulated undesired signal divided by the
percent modulation of the undesired signal 4

Inspection of the Ip - VG1s curve of Fig. 5 offers an
insight to the possible crossmodulation as a function of
gain-reduction performance. When both channels of the
3N200 are fully conducting current, as shown by the VGas =
4-volt curve, the device approximately follows a square-law
characteristic. If the Ip - VG1S curve was ideal, the
third-order term would be zero; but in practical cases, the

AMBIENT TEMPERATURE (Tp)=25°C
DRAIN — TO-SOURCE VOLTS (Vpg)=15

15 |4
u

2
i ?:: //‘
E 125 LY
: £,
I 5
2 §
~ 10 X
£ & |
o 5%‘ / |
x 75
2 /P
z /4
U
g 9 g
<
«
2.5 (}/’\ -
1
= o 0.4

GATE No.l- TO~SOURCE VOLTAGE (Vg ) — V

Fig. 5 — Drain current (Ip) vs. gate No. 1-to-source voltage
(vG1s)
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third-order term and crossmodulation have some low values.
When the gain is reduced, by the application of bias to Gate
No. 2, the square-law characteristic changes to a curve with a
knee. Sharp curvatures usually result in larger high-order
terms and poorer crossmodulation performance can be
expected at lower gain conditions. If in Fig. 6, Circuit A, we
assume a fixed bias (VG1S) of approximately +0.4 volt, then
the expected variation in crossmodulation is determined at
the points where the ordinate at VG1S = +0.4 volt crosses
the curves. Crossmodulation performance at values of VGag
= +4 volts to cutoff is as follows: good (low crossmodula-
tion) at +4 volts, poorer at +2 volts, poorest at +1 volt, and
again improves from zero volts to cutoff.

Voo Voo Voo
GATE
NO.|
AGC AGC \ AGC
voLTs , VOLTS 1 VOLTS |
t
GATE GATE GATE
| No-2 NO.2 NO. 2
CIRCUIT A CIRCUIT B CIRCUIT C

Fig. 6 — Biasing circuits using the 3N200

Curve A, Fig. 7 shows a curve of the undesired signal
with a crossmodulation factor of 0.01 as a function of gain
reduction. The curve indicates performance is poorest when
gain reduction is in the 3- to 15-dB region; this region repre-
sents a Gate No. 2-voltage range of approximately 0.5 volt to
2 volts. The exception to the poor crossmodulation perform-
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Fig. 7 — Cr dul: vs. gain 1 using biasing

circuits shown in Fig. 6
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ance in this range is the sharp peak which occurs at the 5-dB
level and is due to a curve inversion that takes place just prior
to the knee. Beyond the 15-dB level, crossmodulation
generally shows an improvement.

If Gate No. 1 is also reverse biased in conjunction with
Gate No. 2 in the manner shown in Fig. 6, Circuit B, then the
overall performance is poorer because the Gate No. 1 voltage
will tend to follow the knee of each curve. This occurrence is
evident in Fig. 7, Curve B. If Gate No. 1 is biased as shown in
Fig. 6, Circuit C, the Gate No. 1-to-Source voltage intercepts
the Gate No. 2 curves where the curvature is less severe,
indicating as shown by Fig. 7, Curve C an improvement in
crossmodulation performance. A further slight improvement
is possible by the use of a higher initial operating drain
current, which effectively moves the intercepts to the right
on each curve. This improvement is indicated in Fig. 7,
Curve D.

The curves in Fig. 7 establish that the biasing
arrangement which provides optimum crossmodulation
performance is the one in which Gate No. 1 forward bias
increases as Gate No. 2 controls the gain. This biasing
arrangement is easily accomplished by the use of a fixed Gate
No. 1 voltage and a source resistor. As the Gate No. 2 bias
voltage reduces the drain current, there is also a decrease in
source voltage and an increase in the Gate No. 1-to-Source
voltage. The gate-to-source voltage ratings must not be
exceeded under any circumstances.

Summary

An RF amplifier, ideally, should provide high gain, a
low-noise figure, and low crossmodulation. The 3N200 offers
a good compromise in providing these three features. As
indicated in the section on “Stability Considerations” a
mismatch at the circuit input to a higher conductance level,
provides an improved noise figure. The same mismatch
condition also improves crossmodulation performance. The
input signal at the gate of the device, when mismatched as
indicated above, is lower than if it is power matched. The
same ratio applies to any undesired signal and, thus, reduces
the possibility of crossmodulation interference.

Appendix
The drain current of a device is established by the
relationship

Ip = g5 VGis + Ips

where:
Ips = drain current

at:
VG1s=0, VGas = +4 volts.

If a source resistor is used, as shown in Fig. A1, the gate
No. 1-to-source voltage is

VG1s=VG1-IDRs

then
ID=g¢ (VG1-ID Rg) +Ips  or
: g VGI . IDs
D=
1+ge Rg 1+ge RS
Vg — ID
Vi —L—'
Veis
R

Fig. A1 — Bias circuit using the 3N200

The typical curves in Fig. A2 show drain current vs.
Gate No. 1-to-Source Voltage as a function of Ipg level.
These curves are almost linear when the typical operating
drain current is in the 10-milliampere region. For the
remainder of the analysis a linear relationship will be
assumed for the required range of quiescent current. The
assumption of linearity dictates that gfs is a constant.

The required range of drain current is ID7 - Ip}

where:
gts Vg1 Ips (max)
Ip2= +
1+ges Rg 1+gg Rg
_ Bfs Vi1 + Ipg (min.)
l+geRg 1+gpRg
_ _Ipg (max.) -Ipg (min.)  Alpg
Alp=Ipy -Ip; = =

1+gg Rg 1+ggRg

Solving the above cquation for Rg gives
(Alpg/Alp) -1
Rg=—>——
Bfs

where:
gfs is equal to the expected minimum value at the
required Ip
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Using MOS FET
Integrated Circuits in
Linear Circuit Applications

by S. Reich

Although the discrete metal-oxide-semiconductor (MOS)
field-effect transistor (FET) has been available for many
sears,] its usage has been comparatively limited. Designers
1ave been reluctant to employ MOS FET devices in their
sircuits because the gate oxide in a discrete device is
nlnerable to damage by static electricity discharges en-
sountered during handling and/or electrical transients found
in circuit applications. RCA engineers have now successfully
;ombined MOS FET and integrated-ircuit (IC) fabrication
techniques to produce a simple monolithic MOS FET IC in
which back-to-back diodes are connected in shunt with the
zate oxide to restrict the gate potential appearing across the
jate oxide. The simple gate-protected IC’s are of major
significance because their immunity to damage by static
zlectricity or by in-circuit transients is on a par of excellence
with that of other solid-state devices intended for similar
types of applications. Consequently, circuit designers can
now practically utilize the many unique MOS FET
‘haracteristics. viz.. high input impedance, square-law
transfer characteristic. wide dynamic range, dual-gate
sonfiguration. ete. For example, the squaredaw transfer
characteristic is especially desirable in the maintenance of
low cross-modulation characteristics in rf amplifiers.2,3 This
paper contains a brief review of the device theory, followed
Jy a survey of some linear circuit applications for the MOS
FET IC.

REVIEW OF DEVICE THEORY

The operating voltage applied to the MOS FET deter-
mines whether the device will function as a resistor, an
amplifier, or a diode. This section will provide a review of
these various MOS FET operational modes. Subsequently,
the useful operational modes will be employed in typical
applications.

Fig. 1 is a sketch, for zero gate-to-source voltage, of Ip as
a function of Vps for an n-<channel depletion-type MOS
FET. Changes in the conductivity pattern are shown in the
simplified conductivity profile for each region of operation.

Ohmic — Region ‘A’ depicts an Ip-Vps curve that is
characteristic of a resistance. The shape of this curve is a
function of Vpg (drain-to-source voltage). Its slope is
govemned by VGs (gate-to-source voltage). The VDS/ID

1

1

’l BREAKDOWN
!

<

C
(FORBIDDEN)

DRAIN CURRENT (1)

o
]
)

L

CIRCUIT CONDITI!
ibs (MAX)

DRAIN —TO - SOURCE VOLTAGE (Vpg)

of op h | depletion MOS

V’°

Fig. 1—Regi
FET.

characteristic i.e., its resistance value, is controlled by the

gate voltage. )

As Vps is increased, it produces an electrostatic stress in

the channel that modifies the channel conductivity as shown.
The channel is completely pinched off beyond Vo
(pinch-off voltage). Increasing Vp§ serves only to maintain
Ip at a constant level.

- N

Amp]iﬁer4 — For a fixed gate-voltage, Ip is at a constant
level in region ‘B’. A change in VGS produces a change in Ip;
thus in region ‘B’ the device exhibits the transconductance
characteristic that is essential in amplifier operation (i.e., G
=dIp/dVGs).

“Forbidden” Region — Increase of VpS beyond its rated
maximum could produce avalanching in the drain-to-
substrate diffusion (diode). Therefore MOS FET devices
should not be operated in this region.

The dual-gate device is a serial arrangement of two
single-gate devices. This arrangement improves the MOS FET
performance by reducing capacitance from output to input
(drain to gate 1), and provides an added control element that
adds to the versatility of the MOS FET. ’

3N
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Gate Protection

A gate-protection system, which can be incorporated as
an integral part of the transistor structure, has been
developed for dual-gate MOS transistors. In devices that
include this protection system, a set of back-to-back diodes is
fabricated on the semiconductor pellet and connected
between each insulated gate and the source. (The low
junction-capacitance of the small diodes represents a
relatively insignificant addition to the total capacitance that
shunts the gate.) Fig. 2 is a profile drawing and schematic
symbol for aii n-channel dual-gate-protected depletion-type
MOS field-effect transistor. The MOS FET IC metallization
pattern, including the connections to the drain, gate 1, gate
2, source, and protective devices, all on a single monolithic
structure, is shown in Figure 3.

The back-to-back diodes do not conduct unless the
gate-to-source voltage exceeds typically +10 volts. The
transistor, therefore, can handle a very wide dynamic signal

'swing without significant conductive shunting effects by the

diodes (leakage through the “nonconductive” diodes is very
low, typicaily 1 na). If the potential on either gate exceeds
typically +10 volts, the upper diode (shown in Fig. 2) of the
pair associated with that particular gate becomes conductive
in the forward direction and the lower diode breaks down in
the backward (Zener) direction. In this way, the back-to-
back diode pair provides a path to shunt excessive positive
charge from the gate to the source. Similarly, if the potential
on either gate exceeds typically -10 volts, the lower diode
becomes conductive in the forward direction and the upper
diode breaks down in the reverse direction to provide a shunt
path for excessive negative charge from the gate to the
source. The diode gate-protection technique is described in

I. DRAIN
2 GATE 2
3 GATE |
q

SOURCE
(SUBSTRATE AND CASE )
(a)

Sy DRAIN.
BULK (SUBSTRATE)  TERMINAL

1
H
|

UNIT No.i UNIT No.2

(b)

Fig. 2—Protected dual-gate MOS FET IC: (a) schematic
diagram, (b) profile sketch.

CONNECTING PADS FROM PROTECTIVE
DIODES TO SOURCE

Fig. 3—Monolithic protected dual-gate MOS FET IC.

more detail in the following section on integrated gate
protection.
Integrated Gate Pro

The advent of an integrated system of gate-protection in
MOS field-effect transistors has resulted in a class of
solid-state devices that exhibits ruggedness on a par with
other solid-state rf devices. The gate-protection system
mentioned in the preceding section offers protection against
static discharge during handling operations without the need
for external shorting mechanisms. This system also guards
against potential damage from in<circuit transients. Because
the integral gate-protection system has provided a major
impact on the acceptability of MOS field-effect transistors
for a broad spectrum of applications, it is pertinent to
examine the rudiments of this system.

Fig. 4 shows a simple equivalent circuit for a source of
static electricity that can deliver a potential eq to the gate
input of an MOS transistor. The static potential Eg stored in

Fig. 4—Equivalent circuit for source of static electricity.
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an “equivalent™ capacitor Cp must be discharged through an
internal generator resistance Rs. Laboratory experiments
indicate that the human body acts as a static (storage) source
with a capacitance Cp ranging from 100 to 200 picofarads
and a resistance Rg greater than 1000 ohms. Although the
upper limits of accumulated static voltage can be very high,
measurements suggest that the potential stored by the human
body is usually less than 1000 volts. Experience has also
indicated that the likelihood of damage to an MOS transistor
as a result of static discharge is greates during handling than
when the device is installed in a typical circuit. In an rf
application, for example, static potential discharged into the
antenna must traverse an input circuit that normally provides
a large degree of attenuation to the static surge before it
appears at the gate terminal of the MOS transistor. The ideal
gate-protection signal-limiting circuit is a configuration that
allows for-a- signal, such as that shown in Fig. 5(a), to be
handled without clipping or distortion, but limits the
amplitude of all transients that exceed a safe operating level,
as shown in Fig. 5(b). An arrangement of back-to-back
diodes, shown in Fig. 5(c), meets these requirements for
protecting the gate insulation in MOS transistors.

HANDLE THIS

LIMIT THIS
()

(a)

Fig. 5—Gate-protection requirements and solution.

Ideally, the transfer characteristic of the protective
signal-limiting diodes should have an infinite slope at
limiting, as shown in Fig. 6(a). Under these conditions, the
static potential across Cp in Fig, 6(b) discharges through its
internal impedance Rg into the load represented by the
signal-limiting diodes. The ideal signal-limiting diodes, which
have an infinite transfer slope, would then limit the voltage
present at the gate terminal to its knee value, ed. The
difference voltage eg appears as an IR drop across the internal
impedance of the source Ryg, i.e., &5 = Eg - eq where Eg is the
potential in the source of static electricity and e{ is the diode
voltage drop. The instantaneous value of the diode current is
then equal to eg/Rg. During physical handling, practical peak
values of currents produced by static-electricity discharges
range from several milliamperes to several hundred milli-
amperes.

Fig. 7 shows a typical transfer characteristic curve
measured on a typical set of back-to-back diodes used to
protect the gate insulation in an MOS field-effect transistor
that is nominally rated for a gate-to-source breakdown

ta)

- J
NN

o,
(b}

Fig. 6—Ideal transfer characteristic of protective diodes (a),
and resulting waveforms in equivalent circuit (b).

voltage of 20 volts. The transfer-characteristic curves show
that the diodes will constrain a transient impulse to potential
values well below the +20 volt limit, even when the source of
the transient surge is capable of delivering several hundred
milliamperes of current. (These data were measured with
1-microsecond pulses applied to the protected gate at a duty
factor of 4 x 10-3),

2
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Fig. 7—Typical diode transfer characteristic.
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Electrical Requirements

The previous discussion points out that optimum
protection is afforded to the gate with a signal-limiting diode
that exhibits zero resistance (i.e., an infinite transfer slope
and fast turn-on tinue) to all high-leve! transients. In addition,
the ideal diode adds no capacitance or loading to the rf input
circuit. This ideal diode in practice simply does not exist, but
integrated circuit techniques made possible the development
of a gate-protected'MOS FET IC that is close to the ideal.
For example, Fig. 8 shows typical 200-MHz input character-
istic changes brought about by the addition of the integrated
circuit diodes. Their effect on power gain and noise factor is
shown by the data given in Table I. These data indicate that
there are no discernible reductions in power gain and a trivial
noise factor increase of about 0.25 dB.

—— INPUT RESISTANCE Voas* 4V
=== INPUT CAPACITANCE Vos* ISV
1200} 1+200MH2
UNPROTECTED MOS FET
(3
Z 1000} . w
2 ————__GATE-PROTECTED MOS FET IC 9
£ eoof- He0 'i_
= S
@ <
a L d70 &
£ oo 03
- GATE-PROTECTED MOS FET IC 5
£ 400} _— oo 2
—_— ””
- -
+ - 50
200 ~ _ ——""UNPROTECTED MoS FET
—
-
L 1 1 1 i ) 1 4
o 2z 4 & & 0 iz w e’

DRAIN CURRENT (lo) —~mA

Fig. 8—Input rresistance and capacitance as functions of drain
current for the MOS FET with and without diodes.

Table | - Power Gain and Noise Factor at 200 MHz

POWER GAIN NOISE FACTOR
unIT (dB) (dB)
DIODES | DIODES DIODES DIODES
IN REMOVED IN REMOVED
1 16.3 16.4 3.7 34
2 18.8 185 24 2.2
3 16.5 16.2 33 3.0
4 16.3 15.7 39 34
5 17.7 17.8 2.6 24
6 17.2 17.5 2.8 25
7 171 17.0 33 3.2
8 179 18.0 29 2.6
9 185 18.5 24 2.3
10 17.3 17.3 3.2 3.0
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The Triode-Connected Protected Dual-Gate IC

The dual-gate MOS FET can be connected so that it
functions as a single-gate device, as shown in Fig. 9. The
triodeconnected configuration has curve tracer (drain
family) characteristics that look like the ‘real’ triode. The
curves in Fig. 10 show that characteristics for the triode MOS
FET (3N128) and the triodeconnected dual-gate MOS FET
(3N187) are essentially similar.

Fig. 9—Dual-gate MOS FET IC in a single-gate configuration.

Triode-Connected-Device Characteristics

Some useful triode ted-device ch istics are
provided in Table Il in the form of comparisons with
dual-gate and single-gate devices. It should be noted that the
difference in Ipg level between the 3N187 and the 3N200
carries over to their triode-connected versions. A curve
showing Ipss for triode connection versus Ipg for the
dual-gate configuration (i.e., VG2s = 4 volts) is shown in Fig.
11.

A plot of the triodeconnected dual-gate transfer char-
acteristics (Ip vs. VGS) is shown in Fig. 12; similarly, gfs
curves are given in Fig. 13 as functions of Ip. Curves for
typical dual-gate operation are available in commercial data
sheets.5,6

Dual gates connected as tetrodes and triodes were
evaluated for Rp(ON) where ‘on’ resistance compares
favorably with single-gate devices. Typical variations in
RD(ON) as a function of gate voltage are shown in Fig. 14.

CRAIN CURRENT (Ip)—mA
ORAIN CURRENT (Ip)—mA

o o 20
DRAIN-TO-SOURCE VOLTAGE (Vps) -V DRAIN-TO-SOURCE VOLTAGE (Vps)-V
(o) ()

Fig. 10—Drain families: (a) for triode-connected protected
dual-gate device, (b) for triode.



Table Il — Comparison of Typical Electrical Characteristics for Triode-Connected Dual-Gate, Dual-Gate,
and Triode MOS FET Devices

CHARACTERISTIC CONDITIONS TRIODE-CONNECTED DUAL-GATE CIRCUIT*  SINGLE GATE  UNITS
3N187 3N200 3N187 3N200 3N128
IDs VDS. 15v 6.0 20 15 5 15 mA
DS =15v
9¢g =10 mA 7.0 85 12 15 9 mmho
f=1kHz
DS =15v .
VG1s(OFF) 20 1.0 20 1.0 15 v
1g =50 A
1G1ss Vgs = 16V 20 20 10 10 10 nA
DS =15v
Ciss Ip=10mA 10.0 10.0 6.0 6.0 5.5 pF
f=1kHz
DS =15v
Cres =10mA 05 05 0.02 0.02 0.2 pF
f=1kHz
VDs =15v
Coss p=10mA 20 20 20 20 14 pF
f =1 kHz
RDS(ON) DS 160 250 100 150 300 ohm
=0
GS

It should not be inferred from these comments that all
single-gate applications can be handled by the protected
dual-gate device. The advent of MOS FET opened application
areas in which circuit requirements imposed leakage-current
limits in the picoampere range. For these applications the
present generation of protective gate devices do not suffice
and it is necessary to employ a “classical” MOS FET type
(e.g., 3N128) and exercise precautions against gate-insulation
puncture.

SURVEY OF LINEAR APPLICATIONS

This section shows typical circuit arrangements. Some are
documented, and others are design ideas for use of dual-gate
MOS FET’s with integrated diodes in applications using
tetrode and triode-connected configurations.

Choppers
The circuits shown in Fig. 15 use the dual-gate MOS FET
IC in chopper or gating circuits. In the shunt<ircuit

.VG2S =4 v except for 'GSS measurement, where vG’lS =0

configurations shown in Figs. 15(a) and 15(b), the MOS
device is normally conductive, i.e., eq is low. A negative
gating-pulse turns off the MOS device so that approximately
50 percent of e appears at the output terminals. Circuit (a)
features the use of an additional control potential (VG2). A
dc potential may be applied as shown to the second gate,
thereby establishing the value of desired channel ‘on’
resistance (RpgS). Alternatively, circuitry can be arranged so
that the second gate can function as a “‘coincidence-gate”,
i.e., to reduce eq to a low value, a positive-going pulse must
be applied to gate 2 simultaneously with a positive-pulse to
gate 1.

All circuits in Fig. 15 make reference to Note (A). The
circuit diagrams show a “jumper” connected between two
terminals in the drain-to-ground-return circuits. The circuits
as drawn assume a peak generator level (eg) of less than 0.2
volts. Should the signal exceed this value, it is possible that
the “n-p” parasitic diode between the drain and semi-
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28

24

20

Ips (TETRODE —CONNECTED) —mA

—1 L L L Il
o 2 4q 6 8 10 12
Ipgg { TRIODE — CONNECTED)— mA

Fig. 11—Correlation of 2ero-bias drain current for the pro-
tected dual-gate device in tetrode (I ps) and triode (lpss!
configurations.

conductor substrate will be driven into conduction and load
the signal. This contingency may be obviated (with a
simultaneous improvement in attenuator linearity) by con-
necting a suitable dc potential in lieu of the “‘jumper”, so
that a positive potential is applied to the drain. The
magnitude of this voltage should equal or exceed the peak
value of the rms signal from eo.

Circuits shown in Figs. 15(c) and 15(d) function in a
manner opposite to those described above, i.e., output
voltage appears at ey in the absence of a gating signal.
Consequently, a negative gating signal-reduces the level of eq.
The dual-gate configuration can be made into an ‘or’ circuit,
i.e., a negative signal applied to gate 2 of sufficient magnitude
to override VG2 will also reduce the level at eg.

Attenuators

Fig. 16 shows the dual-gate device in an attenuator
circuit. In Fig. 16(a) both gates are used as control elements.
This type of circuitry is particularly attractive when control
of the attenuator must be located at some remote location. A
dc potential on gate 1 has greater control on the channel
resistance than is the case for gate 2. Thus an arrangement
can be used whereby gate 2 provides a “fine” attenuator
adjustment and gate 1 controls “course” adjustment. The
circuit in Fig. 16(b) shows the dual-gate device in a
triode-connected attenuator circuit. Curves showing typical
variations in resistance as a function of gate-voltage were
given in Fig, 14.
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3N187
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(b)

K

+ Fig. 12— Triode-connected protected dual-gate MOS FET IC

transfer characteristics.

Constant-Current Sources

The characteristics of the MOS FET IC in the region
beyond pinch-off make the device suitable for constant-
current supplies, as illustrated in Fig. 17 (using a “triode-
connected” dual-gate device).

The dual-gate device may be used to obtain higher values
of current-regulation with the circuit depicted in Fig. 18. A
supply circuit with a maximum output voltage capability of
about 4.0 to 5.0 volts is required for VG2. Values greater
than this will have negligible effect on output current
control.

The circuits in Fig. 19 use the MOS FET constant-current
characteristic to make a regulated constant-voltage reference
source by feeding Ipg through a fixed-value resistor.

In any typical amplifier application using the MOS FET
device, e.g.,, in Fig. 20, the voltage developed across a
bypassed source resistance provides a well-regulated fixed
reference voltage (if the amplifier stage is not subjected to
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3NI87
| TRIODE CONNECTED

FORWARD TRANSCONDUCTANCE (g4 ) MMHO

DRAIN CURRENT (Ip) — mA
(a)

3N200
| TRIODE CONNECTED

FORWARD TRANSCONDUCTANCE (q's)— MMHO

DRAIN CURRENT (Ip) —mA
(b)

Fig. 13- Triode-connected protected dual-gate MOS FET IC
transconductance characteristics.

varying bias conditions, sich as those encountered in
connection with AGC). When a reference voltage is obtained
in this manner, it is advisable to feed it to other circuitry
through an adequate decoupling network.

General-Purpose Amplifier Circuits

Fig. 21 shows three basic single-stage amplifier configura-
tions that utilize dual-gate-protected MOS FET IC’s as triodes
and as tetrodes in common source, common-drain, and
common-gate circuits. Each configuration has its own
particular advantages for specific applications. The dual-gate
device has an added advantage in any of these configurations
in that gate 2 provides (a) reduced gate-to-drain capacity by
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Fig. 14—"0ON" resistance as a function of gate voltage for
tetrode- and triode-connected protected dual-gate MOS FET
IC’s.

an order of magnitude, and (b) a convenient means for
controlling the gain of the stage by adjusting the dc potential
applied to gate 2.

A dual-gate device is shown in Fig. 22 as a shunt-type
attenuator to control the input level to a source-follower.
The source-follower uses the dual-gate MOS FET with gate 2
available as a control for adjusting the gain of the
source-follower. The jumper in the ground return path of the
generator can be used to insert a positive voltage on the drain
for the reasons explained above.

Fig. 23 shows a circuit using the “triode-connected”
dual-gate device in a simple 20-dB preamplifier for extending
the sensitivity range of an oscilloscope or ac voltmeter. It can
also be used in audio circuits as a phono preamplifier or
microphone preamplifier. It is shown as self-contained, i.e.,
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‘Fig. 16—Attenuator circuits using the protected dual-gate
MQOS FET IC: (a) variable series-type attenuator with coarse

and fine controls; (b) variable series-type attenuator using
triode-connected configuration.
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cuits using protected dual-
gate MOS FET IC's., (a) shunt-
type using tetrode connection;
(b) shunt-type using triode
connection; (c) series-type
using tetrode connection; (d)
series-type using triode con-
nection,

with its own power supply and a by-pass switching
arrangement.

In Fig. 24 “triode-connected” MOS FET devices are used
in a simple differential amplifier configuration in which the
“triode-connected™ gates of the two devices aTe biased from a

single source (the junction of R1 and R2). This arrangement

is possible because the 2N187 has a
i5 possicie vecause ne SN nas a

(IgsS) in the triode configuration of 2 nanoamperes.
Therefore, the bias can be supplied through R3 with a
negligible voltage offset. Resistor RS is used to null out the
effects of slight differences in device characteristics so that
the offset-voltage at e can be set to zero.

tuniaal sata sureant
typicai gatc current



AN-4590

-
—10
ViN i Ry
Vd et \
i ;| ]'"'L L
X [3
\\_—/
(a)
Io | '
2ma— — — : LLL 4
1
| !
| R:2400 X
ImA—— —/ I 1
0.5mA — —| l R=1000 0
s ]
ViN—V
(b)
410 | I
1 R:0
6mA— — — ] I
! l
| R:2200 |
3ImA— ~1 ' 1
| R=27008 l
0.5mA—
| 1 .
5 20
ViN—V
()

Fig. 17—Constant-current supply using protected dual-gate
MOS FET IC in triode configuration: (a) basic circuit;
(b} typical 1, vs. V,, for RCA-3N200 in the basic circuit;
(c) typical I, vs. V;,, for RCA-3N187 in the basic circuit.

The circuit in Fig. 25 shows another differential amplifier
configuration, in which the offset voltage at eq can be set to
zero by means of appropriate potentials supplied to the No. 2
gates, adjustment being provided by R6.

The circuit shown in Fig. 26 is a frequency-selective
amplifier intended for operation within the audio frequency
range of 10 Hz to 20 kHz. Frequency-selective circuits are
used for selective coding, i.e., in garage-door openers,

narrowing the bandwidth response in CW receivers to.

+ O——
V62
Io
VIN R
b N
( ML [_ l
- —‘\/\R" > _ ——

Fig. 18—Protected dual-gate device as a constant-current
source.
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Fig. 19—Voltage-reference circuits using protected dual-gate
MOS FET IC: (a) as triode; (b) as tetrode.

eliminate unwanted side bands, and in systems requiring
some form of keying impulse (e.g., synchronizing the
narration in a tape recorder with slides).

The frequency-selective circuit shown is an audio
amplifier with a twin-“T” RC filter circuit in its output. This
network provides regenerative feedback to the input circuit
at an audio frequency predetermined by the selection of
capacitors CS, C6, and C7. The peaking control R7 fine-tunes
the twin-“T” for the desired frequency of operation, and
potentiometer R8 adjusts the level of feedback for desired
performance. The circuit as shown in Fig. 26 is selective at an
audio frequency of 1200 Hz. Table III below lists values of
the bridge capacitors for operation at other frequencies.

RF Amplifiers, Oscillators, and Mixers

The circuit in Fig. 27 is a converter used to convert
10-MHz WWV broadcasts to 1.5 MHz for reception on a
standard broadcast-band receiver. The MOS FET IC is used in
the dual-gate configuration as a mixer and is triode-

V4

VOLTAGE
O REFERENCE
SOURCE

OIuF

I

Fig. 20—-Typical amplifier using bypassed source resistor as a
voltage source.
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Fig. 21— Three basic single-stage amplifier configurations that
use protected dual-gate MOS FET IC’s as triodes and tetrodes: Fig. 24— Triode-connected MOS FET IC’s in a simple differ-
(a) common source; (b) c drain;, (c) ¢ gate. ential amplifier circuit.
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8+ 20V
ol S Seox o1
MY b3 M3
) — 1 I
r.%_l[‘_\ ) T it —O0
J
,\ 3nie7 T“
-y !
3220 k Ry 5==680
PEAKING 4
CONTROL
100 K 1300 oF | ouTPuT
INPUT W \
— cr 250 k
L ea0
< 220 CeTR o
12xg Liour K
v
l L
7 T“
[e, 6 O
SELECTIVITY
8- CONTROL

Fig. 26—Selective audio-frequency amplifier.

Table 111 — Capacitor values for Fig. 26

FREQUENCY C5, C6 c7

(Hz) (pF) (pF)
150 5,600 12,000
300 2,700 6,200
600 1,300 3,000
2400 330 750
4800 160 360
9600 82 180

150 uH MIN-
330 uH MAX
10 uH MIN 3INIBT (OUTPUT COIL
25 uH MAX 3N 25 TURNS)
unpyT coll , |*‘ N
URNS
’ KT L ouTPUT
J_ \4 / pF 15 MHz
INPUT 82pF —L
10 MHz ~—
100k ™ Looos
' ) I+
560K =
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Fig. 27—10 MHz-to-1.5 MHz converter for WWV reception.

connected in a crystal oscillator circuit. MOS FET
characteristics are very attractive for use in highly stable
oscillator circuits because the inherent reactive components,
Ciss and Cogs, are relatively invariant over a very wide
temperature range. Additional types of oscillator circuits in a
number of different arrangements are shown in Fig. 28.

It is also feasible to use the MOS FET IC as a keyed
oscillator, by utilizing a circuit arrangement shown in Fig.
29. A negative voltage at gate 2 will key the oscillator.
Additionally, the level of the oscillator output can be
controlled by variation of R[. It should be understood that
any of the oscillator configurations shown above are
adaptable to the circuit arrangement in Fig. 29.

A dual-gate-protected MOS FET IC is used in Fig. 30 asa
regenerative amplifier/detector. The circuit is basically an
amplifier with controlled feedback adjusted to the verge-of
oscillation, as shown in Fig. 30. Gate 2 provides a convenient
means to adjust the amplifier gain to the requisite level.
Detection is accomplished in the gate 1 input circuit by the
interaction of the diode in parallel with the 100-kilohm
resistor and the 270-picofarad capacitor.

A typical circuit that utilizes the MOS FET IC in the pix
IF section of a TV receiver is shown in Fig. 31. This circuit
utilizes gate 2 for AGC. The reverse AGC bias? applied to
gate 2 in the circuit of Fig. 31 has the secondary effect of
making gate 1 move in a positive direction. Evaluations of
the relationship between AGC and crossmodulation show
that it is desirable to allow the voltage between gate 1 and
the source to move in a positive direction when gate 2 is
reverse-biased. Various circuit arrangements have been used
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to achieve this action. Reference to a more comprehensive
review on crossmodulation as a function of bias is given in
the bibliography.2,3
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Fig. 28—Oscillator circuits using MOS FET IC’s: {a) and (b)
Hartley oscillators; (c) and (d) Colpitts oscillators.
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Fig. 29—-Gate-keyed oscillator using MOS FET IC.
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Fig. 30—Protected dual-gate MOS FET IC regenerative re-
ceiver.

A typical circuit for an FM tuner is shown in Fig. 32. The
biasing arrangement for the rf stage incorporates provisions
for AGC. The circuit in Fig. 33 is an rf amplifier designed for
200-MHz operation. The typical power gain for a 3N187 in
this circuit is 18 db, with a noise factor of 3.5 dB.

Typical circuits for a TV tuner are shown in Figs.
34(a){(d). Fig. 34(a) is the rf stage operating at a current level
of approximately 10 milliamp Gate 1 is about 2 volts
above ground potential. When AGC applied to gate 2 is
advanced the drain current decreases, with a consequent
reduction in voltage drop across the 270-ohm source
resistances.”

+20v
REVERSE
AGC

TO NEXT
IF STAGE

1000pF -
AY

ALL RESISTANCE VALUES ARE IN OHMS

Fig. 31-TV IF amplifier stage utilizing RCA-40820 MOS
FET IC.
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REVERSE
AGC

+5v

1F
ICZO OUTPUT
Cai

C1, C9, C15 = Trimmer capacitor, 2 to 14 pF

C2, C7, C16 = Ganged tuning capacitors, each section = 6 to 19.5 pF

C3,C6, C14, C17, C22 = 2000 pF, ceramic

C4, C5 = 1000 pF, ceramic disc

C8, C19 = 0.01 yF, ceramic disc

C10 = 3.3 pF, NPO ceramic

C11 =270 pF

C12 = 500 pF, ceramic disc

C13 = 3 pF, NPO ceramic

C18 = 68 pF, ceramic

C20 = 50 pF, ceramic

C21 = 1200 pF, ceramic

L1 = antenna coil; 4 turns of No. 18 bare copper wire; inner diameter,
9/32 inch; winding length, 3/8 inch; nominal inductance,
0.86 UH; unloaded Q, 120; tapped approximately 1 1/4 turns
from ground end; antenna link approximately 1 turn from
ground end

L2 = rf interstage coil; same as L1 antenna link

L3 =rf choke, 1 uH

L4 = oscillator coil; 3 1/4 turns of No. 18 bare copper wire; inner
diameter, 9/32 inch; winding length, 5/16 inch; nominal
inductance, 0.062 4H, unloaded Q, 120; tapped approximately
1 turn from low end

R1, R10 = 0.56 megohm, 0.5 watt

R2 = 0.75 megohm, 0.5 watt

R3 =0.27 megohm, 0.5 watt

R4, R13 = 270 ohms, 0.5 watt

RS = 22000 ohms, 0.5 watt

R6 = 56000 ohms, 0.5 watt

R7 =330 ohms, 0.5 watt

R8, R12 = 0.1 megohm, 0.5 watt

R9 = 4700 ohms, 0.5 watt

R11 = 1.6 megohms, 0.5 watt

T1 = first if (10.7 MHz) transformer; double-tuned with 90 per cent
of critical coupling; primary: 15 turns of No. 32 enamel wire,
space wound at 60 turns per inch on 0.25-by-0.5-inch slug;
secondary: 18 turns of No. 36 enamel wire, close wound on 0.25-
by-0.25 inch slug; both coils wound on 9/32-inch coil form.

Fig. 32— FM tuner using RCA-40822 and RCA-40823 MOS FET IC’s for the rf amplifier and mixer stages.
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g(gHMIYE TYPE

J 235 OR EQUIV.)
_”"TOBJ‘_% """" - —--—-—— =TT
6K 1000 ok 1000
Voo
hid 15V

Loy

#Ferrite bead (4); Pyroterric Co. “Carbonl J” Q = 3N187
0.09 in. OD; 0.03in. ID; 0.063 in. thickness. ¥ Disc ceramic

Ali resistors in ohms * Tubular ceramic

All capacitors in pF

C1 =1.8-8.7 pF variable air capacitor: E.F. Johnson Type 160-104,
or equivalent.

C2 = 1.5-5 pF variable air capacitor: E.F. Johnson Type 160-102, or
equivalent.

C3 = 1-10 pF piston-type variable air capacitor: JFD Type VAM-010;
Johanson Type 4335, or equivalent

C4 = 0.8-4.5 pF piston type variable air capacitor: Erie 560-013 or
equivalent.

L1 = 4 turns silver-plated 0.02-in. thick, 0.075-0.085-in. wide, copper
ribbon, internal diameter of winding = 0.25 in., winding length
approx. 0.08 in.

L2 = 4% turns silver-plated 0.02-in. thick, 0.085-0.095-in. wide,

5/16 in. ID. Coil = .90 in. long.

Fig. 33—-200-MHz amplifier using the RCA-3N187 MOS FET IC.

83



AN-4590

Lo
1000 pF

éazo K

AGC 10K 1000 pF

= = RF 10 22pF 2 910K
AMP MIXER
Pl

759 -

INPUT /

. ST~ 1
~~- I AMP. g ¢

= L m
= = o—it

RFC B82pF

(a) 39
oF

—e v
VA
12 MEG Ry REC 82 oF
L STAROOFF [\ 7meg T i
= TERMINAL = e
330K

Fig. 34-Typical circuits using protected dual-gate MOS FET
IC’s in a TV tuner for (a) rf stage, (b) mixer with rf on gate
1, oscillator on gate 2; (c) mixer with both rf and oscillator
on gates 1 and 2, (d) mixer with rf on gate 2 and oscillator

on gate 1.

Fig. 31, this circuit arrangement optimizes tuner perfor-

Because the voltage on gate 1 is fixed, the effect of
applying AGC is to make the gate-to-source voltage drift ina mance for crossmodulation.2
positive direction as a negative gate 2 (AGC) voltage is The rf stage in Fig. 34(a) can work into any of the mixer
applied. In these cases, as in the earlier [F system shown in circuits shown in Figs. 34(b), (c), and (d).
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Fig. 34(b) is a mixer circuit arrangement with oscillator
injection into gate 2 and the rf signal applied to gate 1. Fig.
34(c) utilizes gate 1 and gate 2 as the input elements for both
rf signal and oscillator. Fig. 34(d) shows the rf signal applied
to gate 2 and oscillator injection on gate 1.

Each of the above circuit arrangements has its own
desirable characteristics, and the subject of mixer perfor-
mance deserves a much more detailed discussion than can be
accommodated here. In this context it is intended to
demonstrate feasibility in terms of circuit arrangements.

A mixer circuit with componcit values used in the
laboratory for measuring conversion power gain from 200 to
44 MHz is shown in Fig. 35.8

100 K

¥ Disc. ceramic.

* Tubular ceramic.

All resistors in ohms

All capacitors in pF

C1, C2 = 1.5-5 pF variable air capacitor: E.F. Johnson Type 160-102
or equivalent.

C3 = 1-10 pF piston-type variable air capacitor: JFD Type VAM-010,
Johanson Type 4335, or equivalent.

C4 = 0.9-7 pF compression-type capacitor: ARCO 400 or

equivalent
L1 =5 turns silver-plated 0.02" thick, 0.07°-0.08" w-de copper
ribbon. Internal di of winding = 0.25"; ing length

approx. 0.65". Tapped at 1-1/2 turns from C1 end of winding.
L2 = Ohmite Z2-235 RF choke or equivalent.
L3 = J.W. Miller Co. #4580 0.1 uH RF choke or equivalent.
NOTE:  If 502 meter is used in place of sweep detector, a low pass
filter must be provided to eliminate local oscillator voitage
from load.

Fig. 35—Mixer circuit for 200 MHz-to-44 MHz conversion,
using the RCA-40821 MOS FET IC.

Protected dual-gate MOS FET's have been used in
applications cperating at frequencies up to 500 MHz. They
are useful in such uhf applications as rf amplifiers and mixer
circuits. For example, the RCA-3N200 has the capability to
provide a typical rf power gain of 12.5 dB with 4.5-dB noise
factor at '400 MHz in a common-source configuration
without the need for neutralization. A circuit with this
capability is shown in Fig. 36.

T
|
| |
| s 1
300K | STANDOFF I
= Eorel =+ |
| 2460 |
[_______ 1% (IOOOJ?— | ‘w_ooo;____l
Vos
Qs

All resistances in ohms

All capacitances in pF

C1, C2 = 1.3-5.4 pF variable air capacitor: Hammerland Mac 5 type
or equivalent

C3 = 1.9-13.8 pF variable air capacitor: Hammerland Mac 15 type
or equivalent

C4 = Approx. 300 pF - capacitance forméd between socket cover &
chassis

CS = 0.8-4.5 pF piston type variable air capacitor: Erie 560-013 or
equivalent

L1, L2 = inductance to tune circuit

Fig. 36—Using the RCA-3N200 MOS FET IC in a 400-MHz
amplifier.

CONCLUSIONS
The preceding discussions outlined numerous practical
applications that utilized the unique technical features of the
RCA protected dual-gate MOS FET IC. A summary of these
technical features includes:

1. Wide dynamic range — MOS FET IC’s will handle both
positive and negative signal excursions.

2. Crossmodulation and spurious response performance is
inherently better than with other active devices such as
bipolars and single-gate FET’s.

3.The very low gate-leakage permits AGC circuitry with
virtually no power requirements.
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4. Two input control elements make the device adaptable for
mixers, remote-control gain circuits, coincidence gate
circuits, etc. The device can also function as a triode-
equivalent when the two gates are connected to a single
terminal.

. An exceptionally high transconductance.

. Negative temperature coefficient for drain current, so that
thermal runaway is virtually impossible.

. Extremely low feedback capacity, typically 0.02 pico-
farad; this means very low oscillator feedthrough from the
mixer stage back to the antenna.

. The low feedback capacity enables the dual-gate MOS FET
IC to provide good rf power gain in common-source
amplifiers without the need for neutralization.

. In addition to the above features, the new MOS FET IC
provides protection against static electricity discharges
encountered during handling and/or in circuit applications.
This protection was achieved with insignificant com-
promises in overall device performance.
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Application of the RCA CA3008 and CA3010
Integrated-Circuit Operational Amplifiers

BY

A. J. LEIDICH

The RCA CA3008 and CA3010 Operational Amplifiers
are silicon monolithic integrated circuits designed to oper-
ate from two symmetrical low- or medium-level dc power
supplies (at supply voltages in the range from =3 volts to
=+6 volts). The power dissipation in the amplifiers ranges
from 7.0 milliwatts to 92 milliwatts depending upon the
supply-voltage level and the desired output-power level.
The amplifiers are primarily intended to operate with ex-
ternally applied negative feedback; however, they may also
be operated successfully under open-loop conditions. The
main features of the CA3008 and CA3010 Operational
Amplifiers are listed below:

¢ All-monolithic construction designed to operate at
ambient temperatures from —55°C to +125°C.
Built-in temperature compensation which assures that
the gain and dc operating point are stable over the
temperature range of —55°C to +125°C.

Capability of operating at extremely low dissipation
and supply-voltage levels, as well as at medium levels.
Balanced differential-amplifier input configuration and
a single-ended output configuration.

No shift in the dc level between the differential inputs
and the output.

Little effect on the input offset voltage from variations
in the power-supply voltages.

The CA3008 Operational Amplifier is supplied in a 14-
terminal flat-pack; the CA3010 Operational Amplifier is

pplied in a conventional 12-terminal TO-5 package. With
the exception of the differences in their package construc-
tion, the two operational amplifiers are identical. This note
describes the circuit arrangement, lists the performance
characteristics, explains the major design considerations,
and discusses typical applications of the operational ampli-
fiers.

CIRCUIT DESCRIPTION

Fig. 1 shows the schematic diagram of the CA3008 or
the CA3010 Operational Amplifier. The numerals shown
alongside the circuit terminals indicate the terminal designa-
tions for the CA3008 14-terminal flat-pack and CA3010
12-terminal TO-5 package. The numerals enclosed in
squares are the designations for the CA3010 package. The
diagram in the upper right corner of the figure shows the
orientation of the terminals on the CA3008 flat-pack; the
diagram at the lower right corner shows the orientation on
the CA3010 TO-5 package. (The number designations used
to refer to specific terminals in the following discussion, or
elsewhere in this note, are those for the CA3008 14-
terminal flat-pack. The corresponding terminals on the

370
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CA3010 12-terminal TO-5 package can be determined from
the schematic in Fig. 1.)

As shown in the schematic diagram, each operational
amplifier consists basically of two differential amplifiers

B or

R2241K

g iox
10K

SUBSTRATE 92M-14068

Note: Rjg and Ry3 not used.

the second differential amplifier is provided by current-sink
transistor Q.. Compensating diode D, provides the thermal
stabilization for the second differential amplifier and also for
the current-sink transistor, Q;, in the output stage.

—— | s—
2!:/_\‘:!3
sC———1 —
aC—— | m— ]
5 ::\_/:: 10

(-] — —
4 s— | —————8

CA3008
14-TERMINAL FLAT-PACK

CA3010
12-TERMINAL TO-5 PACKAGE

Fig. 1—Schematic diagram of the CA3008 or CA3010 lntegrdted—Circuil Operational Amplifier.

and a single-ended output circuit in cascade. Circuit ele-
ments are also included to provide thermal stabilization
and to compensate for shifts in the dc operating point. In
addition, negative feedback loops are employed to cancel
common-mode signals (i.e., error signals developed when
the two inputs to the operational amplifier are in phase
and of equal amplitude).

CASCADED GAIN STAGES

The pair of cascaded differential amplifiers are respon-
sible 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., 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 de-
velop the driving signals for the second differential am-
plier. A dc constant-current-sink transistor, Q,, is also
included in the first stage to provide bias stabilization for
transistors Q; and Q.. Diode D, provides thermal com-
pensation 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

COMMON-MODE-REJECTION FEEDBACK LOOPS

Transistor Q, develops the negative feedback to reduce
common-mode error signals that are developed when the
same input is applied to both input terminals of the opera-
tional 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
emitters of transistors Q, and Q, is developed by transistor
Q. across resistor R. (the common collector resistor for
transistors Q,, Q., and Q;) in the proper phase to reduce the
error. The emitter circuit 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 compen-
sate for dc common-mode effects produced by variations
in the supply voltages. For exampie, a decrease in the dc
voltage from the positive supply results in a decrease in the
voltage at the emitters of transistors Q, and Q.. This nega-
tive-going change in voltage is reflected by the emitter cir-
cuit 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 Q. re-
sults in a reduction of the current through transistors Q.



and Q,, and the collector voltages of these transistors tend
to increase. This tendency to increase on the part of the
collector voltages partially cancels the decrease that occurs
with the reduction in the positive supply voltage. The par-
tially cancelled decrease in the collector voltage of transis-
tor Q, is coupled directly to the base of transistor Q. and
is transmitted by the emitter circuit of this transistor to the
base of output transistor Q,. At this point, the decrease in
voltage is further cancelled by the increase in the collector
voltage of current-sink transistor Q, that results from the
decrease in current mentioned above.

In a similar manner, transistor Q. develops the compen-
sating feedback to cancel the effects of an increase in the
positive supply voltage or of variations in the negative sup-
ply voltage. Because of the feedback stabilization provided
by transistor Q,, the CA3008 and CA3010 Operational
Amplifiers provide high common-mode rejection, have ex-
cellent open-loop stability, and have a low sensitivity to
power-supply variations.

OUTPUT STAGES

In addition to their function in the cancellation of
supply-voltage variations, transistors Q,, Q, and Q,, are
used in an emitter-follower type of single-ended output
circuit. The output of the second differential amplifier is
directly coupled to the base of transistor Q,, and the emit-
ter circuit of transistor Q, supplies the base-drive input for
output transistor Q,. 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 Q.. 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 in-
significant, 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 effectively the same as that
at the input when no signal is applied.

Resistor R,; in series with terminal 8 (refer to Fig. 1)
increases the ac short-circuit load capability of the opera-
tional amplifier when this terminal is shorted to terminal 12
so that the resistor is connected between the output and
the negative supply.

OPERATING CHARACTERISTICS

The operating characteristics of the CA3008 and
CA3010 Integrated-Circuit Operational Amplifiers are iden-
tical. The characteristics data given in the following para-
graphs, therefore, apply equally to each type. A proper
evaluation of the capabilities of the operational amplifiers
requires a thorough understanding of the parameters in
terms of which the operating characteristics are expressed.

For this reason, the special parameters for which addi-
tional clarification may be necessary are defined in an
appendix at the end of this note.

DC CHARACTERISTICS

The operational amplifiers are designed to operate from
two symmetrical dc power supplies at supply voltages 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 dissipation level increases
to either 30 milliwatts 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 all symmetrical supply volt-
ages. This parameter is relatively insensitive to variations
in the supply voltages. When =*6-volt supplies are used,
the variation in the input offset voltage 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. 2. (Fig. 3
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Fig. 2—Input offset voltage as a function of temperature.
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NOTE: Pins 8 and 12 should be shorted for the pertinent
power dissipation measurement ONLY!

92CS-13484

Fig. 3—Test circuit used to measure the input offset voltage.
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shows the schematic diagram of the special test circuit FOSITIVE DC SUPPLY VOLTS (Vog) - +6
used for the offset-voltage measurements.) NEGATIVE DC SUPPLY VOLTS (Vgg)s —6
The input bias current and the input offset current of SOURCE RESISTANCE (Rs) = IKQ
. 3 . TERMINAL No. 8 [5] OPEN
the amplifiers are typically 5.3 microamperes and 0.54 T 70 T |
microampere, respectively, when =*6-volt supplies are | ‘,‘,@
used. Figs. 4 and 5 show the variations in these parameters 2 - e &
with temperature. S s0 \q"’
z -55 %
BN} °© % 4"'
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2 i Fig. 6—Open-Loop gain as a function of frequency.
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Fig. 4—Input bias current as a function of temperature. ?“
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unity-gain bandwidth of 18 MHz when operated from § I
+6-volt supplies. The typical gain-frequency response is 3 T
shown in Fig. 6 for operation of the amplifier at —55°C, -0 - +5 +10

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. 7.
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Fig. 8—Output voltage as a function of input voltage for
an open-loop operational amplifier.
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Transfer Characteristic: The transfer characteristic of -? POSITIVE DC SUPPLY VOLTS (Vo) = +6
the operational amplifiers is shown in Fig. 8. This char- % NEGATIVE DC SUPPLY VOLTS (Vgg)= =6
acteristic shows that the amplifiers do not exhibit any = FREQUENCY (1) = A —
hysteresis effect. o 3 TERMINAL No. 8 [3) OPEN
C Mode Rejection: The common-mode rejection 27 d T
provided by the operational amplifiers is typically 94 dB g A 1 ==
for operation with *6-volt supplies. Fig. 9 shows the 38 L:x_ M
dlﬂerenm‘al-gam e{nd common-mode-gain {requency plpls ~for 5 TERMINAL No. 8 [3) SHORTED TO
the amplifiers. Fig. 10 shows the common-mode rejection [ TERMINAL No. 12
as a function of frequency. 2
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Output Swing: The operational amplifiers exhibit a maxi- 58 10 =
mum dynamic-swing capability of +3.5 volts with terminal 'i
8 open and of +3.0 volts with terminal 8 shorted to ter- .
minal 12. The output-swing capability varies only slightly
with temperature, as shown in Fig. 11. Fig. 12 shows the °
variation in the output-swing capability with frequency. ~75 -50 -25 O 25 S0 75 100 25
Input and Output Impedances: When the CA3008 or FREE-AIR TEMPERATURE (Tga)—°C
CA3010 Operational Amplifier is operated from =6-volt 9ecs-1asze
supplies, it has an input impedance of 14,000 ohms at 1 Fig. 13—Input imped. as a function of temp. e.
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kHz and an output impedance of 200 ohms (terminal 8
open) or 75 ohms (terminal 8 shorted to terminal 12). The
input impedance and output impedance of the amplifier are
affected by temperature as shown in Figs. 13 and 14, re-
spectively.

generalized inverting feedback configuration, and Fig. 16
provides the diagram and the equations for the noninvert-
ing configuration. In both configurations, the inputs are
returned to ground through dc paths that are effectively
identical. This condition is necessary for minimum offset
voltage (dc error).

POSITIVE DC SUPPLY VOLTS (Vgg) = +6 Because the open-loop input capacitance of the opera-
NEGATIVE DC SUPPLY VOLTS (Vgg)=* —6 : - f -
FREQUENCY (1) = | kHz tional a{nphﬁer is le§s than 10 picofarads, fhe frequem':y re:
T sponse is virtually independent of the drive source impe-
HH dance. The input-impedance equations given in Figs. 15 and
o 16 indicate that this lack of dependence is even more pro-
| nounced when the amplifiers are operated with negative
- foedback
3
1]
w .,
2
g
§ =
g g
=3 1 - -
4 T
1 M NS
[T 1 T 1T 11
-75 -80 -25 25 50 715 100 125
FREE-AIR TEMPERATURE (Tgp)—°C MV
92CS-13540 ‘:z, 24
Fig. 14—Output imped as a function of temp Z; = open-loop input impedance

CIRCUIT DESIGN CONSIDERATIONS

The basic design equations for the CA3008 or CA3010
Operational Amplifier in closed-loop circuits are sum-
marized in Figs. 15 and 16. Fig. 15 shows the basic
schematic diagram and gives the design equations for the

= = Z; = open-loop input impedance
Z,; = open-loop output impedance

R, = Z(«=0)// Zi(» =0) Ayo (@) = open-loop gain

-Z; .

Vot Vin= ————:.37
out/ Vin 2,+ 2+ 20/ Avel@) 4
Zin= 2+ /Aol DT 2 2,

i(‘ + vwi/ vin)
* Ayo(w)

Zo= Ly 20

Fig. 15—Inverting-feedback figuration for
an operational amplifier.
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Zy; = closed-loop input impedance
= Z(w = 0//Z4(.= 0) Ayo(®) = epen-loop gain
Avol«) (Z,+ 29 |

s h/z,
LU+ L2,
. Avo()
Zn= 7 (‘f. vou!/vin) 4
_ v«n/vin)
L =1y (—Av“(“)

Fig. 16—Noninverting-feedback ion for
an operational amplifier.

Vour/ Vin =

PHASE COMPENSATION

B lly, phase comp ion is used to alter the re-
sponse of an amplifier so that a phase shift of 180 degrees
cannot occur at a frequency for which the loop gain is
unity or greater. A rule of thumb that will guarantee an
ac-stable amplifier is that at the intersection of the closed-
loop response with the open-loop response, the respective
slopes must have a difference less than 12 dB per octave.

With few exceptions (some of which will be covered
in the section on applications), phase compensation must

Lod altering the onen-loop response of the
shcd by altering the open-loop response of the

Lo ooo
o acdi

operauonal amplifier itself. One of the advantageous fea-
tures of the CA3008 and CA3010 Operational Amplifiers
is that small values of capacitance properly added to the
amplifier circuit will provide the required phase com-
pensation. 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,
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connected between terminals 1 and 14 and between ter-
minals 9 and 10, cause the amplifier 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 valuec of com-
pensation 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. 17. 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. 18 shows a plot of the capacitance required to produce

POSITIVE DG SUPPLY VOLTS (V)= +6
NEGATIVE DC SUPPLY VOLTS (Vgg)s —6
SOURCE IMPEDANCE (Rs) = | KQ

0 —

N N

- %,
g %
1 N D
<., ‘1{04, 1\
Z 3 N A
o 4'6'47 %
§ 20 S
g N

0
> N \

° A

ool ol | 10 100

FREQUENCY (f) — MHz
92Cs-13518

Fig. 17—Open-loop gain as a function of frequency for both
h d and d [ amplifiers.

b D P

DC COLLECTOR SUPPLY VOLTS (V) = +6
DC EMITTER SUPPLY VOLTS (Vgg) * -6
FREE -AIR TEMPERATURE (TfFa) = 25°C
TERMINAL No. 8 OPEN.

-]
V.

ENSATION

$) — pF

~n

REQUIRED PHASE-COMP
CAPACITANCE (C,

1T
6 10 20 30 40
CLOSED~-LOOP NON-INVERTING VOLTAGE GAIN — dB
- G 191 297 40
CLOSED-LOOP INVERTING VOLTAGE GAIN—dB
92CS-13523
Fig. 18—Amount of phi p ing cap required

to obtain a flat (* 1-dB) gain response as a
function of frequency.
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 =3 MHz.

1
2xRC

Phase compensation may also be effected convention-
ally 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 resistor is sufficient to ac stabilize the
CA3008 or CA3010 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, phasc-compensating networks that
provide sufficient compensation for a 10-dB noninverting
configuration also provide sufficient compensation for a
6-dB inverting configuration because the two feedback
configurations are identical.

OUTPUT-POWER MODIFICATIONS

A choice of two output-power capabilities is provided
in the CA3008 and CA3010 Operational Amplifiers. The
output can be tailored to the specific load requirements
by leaving terminal 8 open and placing an appropriate re-
sistor 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.

APPLICATIONS OF THE
OPERATIONAL AMPLIFIERS

The CA3008 and CA3010 Integrated-Circuit Opera-
tional Amplifiers can be adapted for use in a variety of
diverse applications. For example, the amplifiers ‘may be
operated to provide the broad, flat gain-frequency response
required for video amplifiers or the peaked responses re-
quired for various types of shaping amplifiers. Other appli-
cations of these amplifiers include comparators, integrators,
differentiators, and summing amplifiers. The following
paragraphs describe the circuit arrangements and the per-
formance characteristics of the operational amplifiers in
such applications:

VIDEO AMPLIFIERS

When the feedback is applied through a purely resistive
network and suitable phase compensation is employed, flat
gains are attainable from the operational amplifiers. Fig.
19 shows a 30-dB noninverting configuration of a video
amplifier, together with the closed-loop response of the cir-
cuit. The phase compensation is provided by a 5-picofarad
capacitor in series with a 10,000-ohm resistor. This arrange-
ment provides the required amount of compensation, as
predicted in Fig. 18. (For purposes of comparison, the
uncompensated response of the 30-dB configuration is

5

shown in Fig. 20. 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
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Fig. 19—Noninverting figuration and closed-loop resp of an operational-amplifier type of video amplifier that provides
a gain of 30-dB.
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Fig. 20—Circuit diagram and gain-frequency response of the 30-dB noninverting video amplifier operated without phase
compensation.
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ca3008
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Fig. 21—Circuit diagram and gain-frequency response of the 30-dB video amplifier when the phase compensation is accom-
plished by the addition of a capacitor in parallel with the feedback resistor.
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Fig. 22—Circuit diagram and response of an inverting type of operational amplifier used as a 6-dB video amplifier.
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Fig. 23—Effect of a decrease in the phase-compensating capacitance from 56 picofarads to 33 picofarads on the
response of the 6-dB video amplifier.

(Z,/Z,) to roll off at a one slope. Fig. 21 illustrates this LOW-LEVEL PULSE

alternate technique for the 30-dB gain circuit. pureur Vin = 38mV
The low-frequency input impedance of the 30-dB non- Vour = 11V

inverting configuration is 480.000 ohms. as calculated from 9= Mns

the appropriate equation in Fig. 16 (Z, = 14.000 ohms). :’: ?"‘: 0ms

Fig. 22 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 predicts 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 bandwidth without peak-
ing. In the 6-dB video amplifier shown in Fig. 23, the
3-dB bandwidth has been increased from 5.6 MHz to 11
MHz by a decrease in the value of the phase-compensating

OVERDRIVEN PULSE

Vin= L7V
capacitors from 56 picofarads to 33 picofarads. Yoyt = 32V
14 = 32ns
Because a broadband amplifier should .be capable of .:=m.,,
handling digital signals. data were taken to determine this 1, = 500ns
capability. Figs. 24(a) and 24(b) illustrate the pulse- 1 = 160ns
handling capabilities of the 30-dB noninverting circuit
shown in Fig. 19. Fig. 24(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 NOTE:
a 40-nanosecond delay time, a zero storage time, and 14 = DELAY TINE
125-nanosecond rise and fall times. Fig. 24(b) shows the s = STORAGE TINE
. . 1, = RISE TIME
response of the amplifier for a 960-nanosecond input pulse W = FALL TIHE
under 20-dB overdrive conditions. The output pulse has
an amplitude of 3.2 volts, a delay time of 32 nanoseconds, Fig. 24—Pulse-handling characteristics of the noninverting
a storage time of 160 nanoseconds, a rise time of 500 30-dB video amplifier: (a) Low-level pulse response;
nanoseconds, and a fall time of 160 nanoseconds. (b) Pulse response under overdrive conditions.
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FREQUENCY-SHAPING AMPLIFIERS

The operational amplifiers may be used to create sim-
ple frequency-shaped characteristics, such as those asso-
ciated with band-pass, notched-response, and single-tuned
narrow-band amplifiers.

Fig. 25 shows a noninverting amplifier that may be used
to synthesize the following peaked-response transfer func-

tion:
. f . f
1+ —) (1 + —)
Vi ( " T

- = +10
Vi (1+ji) (]+J_f_)
f. f.

where f, = 10 kc/s, f.=40 kc/s, f,= 200 kc/s, and f,
= 800 kc/s.

In terms of the notations employed in Fig. 25, the break-
frequency equations for the amplifier may be expressed
as follows:

10

3-CR, FT0Ry — |0z
- 40kHz
ZCR, =
1
- =1
O, TRy - 200 Mz
40 = 800 kHz

2=C,(40R, + R,)

CA3008
Vout

Rr = 300

\s

Ce= 0.013 uF Ra
r I I K
= Cn Rp
- 68 pF 27K

These break-frequency equations are the precise equa-
tions derived from the gain equation in Fig. 16. The
amount of phase compensation required is that shown
in Fig. 18 for a noninverting gain of 20 dB.

Fig. 26 shows the circuit configuration and the fre-
quency response of a narrow-band, 100- kHz tuned am-
plifier. The circuit Q is 33.3. A true single-tuned response
can be obtained from only an inverting circuit configura-
tion, as shown by the gain equation for the two types of
configurations given in Figs. 15 and 16 and repeated
below:

1. For the inverting configuration. the gain equation is
given as:

Vo

n

=-ZJ/Z.

2. For the noninverting configuration, the following
gain equation is used:

=1+ ZiZ,

The “1+” term in the gain expression for the noninverting
configuration indicates that the gain of this type of cir-
cuit 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. 18 for an inverting gain of 0.0 (infinite
attenuation).

40
]
i
=
g 2 ,
8 //’ \\\
5 \
g I N
20 Sail I~
10
0001 001 o1 o

FREQUENCY—MHz

Fig. 25—Circuit diagram and response of a noninverting type of operational amplifier used to synthesize peaked-response
transfer functions.
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+6V

CIRCUIT Q=33.3

€A3008
Vour

-6V
—r e
1.7mH
AN
35K ( TERMINALS

s 57,811
It OPEN)
LAl

1500 pF

VOLTAGE GAIN-dB

7 84 92 100 108 1
FREQUENCY—kHz

Phase Compensation not shown. It is 62 pF in series with 820 ) between terminals 1 and 14 and between terminals 9 and 10.

Fig. 26—Circuit diagram and response of an inverting type operational amplifier used as
a narrow-band 100-kc/s tuned amplifier.

COMPARATOR CIRCUITS

The CA3008 and CA3010 Operational Amplifiers have
excellent transfer characteristics for comparator applica-
tions. As shown in Fig. 8, 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 feedback
be provided. This feedback is necessary so that an offset
(error) voltage cannot continuously charge the feedback ca-
pacitor until the amplifier limits. The required dc feedback
is normally provided by shunting the integrating capacitor
with a resistor so that the resulting time constant is con-
siderably longer than the periods for the frequencies of
interest. Fig. 27 shows the circuit configuration for the
use of the CA3008 or CA3010 Operational Amplifier as an
integrator and the responses of the circuit for 1-kHz square-
wave inputs. The dc gain of the circuit is limited to 20 dB
by the 39,000-ohm feedback resistor. The effect of this
resistor on the gain, however, becomes negligible for ac
signals at frequencies above 13 Hz because of the 0.03-
microfarad capacitor in parallel with it. The weighting

fantar Af intasratinn far a siranit o nha millicanan.
factor of integration for the circuit is about 1 millisecond

(R = 39,000 ohms; C = 0.03 microfarad).

Phase compensation must also be provided in an integrat-
ing amplifier circuit to assure ac stability. In general, the
amount of compensation required is the maximum value
given by Fig. 18, 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.
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DIFFERENTIATORS

The main problem in the design of differentiating am-
plifiers 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 decreased. Actually, the addition of
the resistor results in a more realistic model of a dif-
ferentiator because a resistance is always added in series
with the input capacitor by the source impedance. The
schematic diagram of a CA3008 or CA3010 Operational
Amplifier used as a differentiating circuit and the response
of the circuit for 1-kHz square waves are shown in Fig.
28. 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 differentiator applications.
This 51-ohm resistor limits the high-frequency numerical
gain factor of the amplifier to 433.

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 re-
quired. In order to assure that the intersection of the
closed-loop characteristic with the open-loop response oc-
curs at a slope less than two, the RC time constant of the
phase-compensating network must be adjusted so that
the open-ioop respons¢ does noi roii off in ibe region
of the intersection.

SCALING ADDERS
The inverting feedback configuration of the CA3008

and CA3010 Operational Amplifiers lends itself not -only
to summing several different signals, but also to weighting
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= 1Ke/s

QUTPUT-0.2V/DIV.

CA3008

Vout £= 10Ke/s

OUTPUT = S0mV/DIV.

Fig. 27—Circuit diagram and the input and output waveforms for an operational amplifier used as an integrator.

£= 1Ke/s

INPUT-2mV/DIV.

cA3008
Vout

QUTPUT-1V/DIV.

Fe—————

L0.03
~ uF

>
51

TN, -6V

Vin

Fig. 28—Circuit diagram and the input and output waveforms for an operational amplifier used as a differentiator.
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each signal to be summed. The weighting operation is
possible because the virtual ground that exists at the junc-
tion 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
enters 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. 29 illustrates the use of the CA3008 or CA3010
Operational Amplifier as a scaling adder (weighting am-
plifier). This figure also shows a photograph of the output
waveform. The minimum phase compensation needed for
this circuit is that required for the gain obtained when a
single signal drives all the input channels in parallel.

CA3008

Vout

VERTICAL = 0.5V/DIY.

Fig. 29—Circuit diagram and output waveform obtained
when an operational amplifier is used as a scaling adder.

EXTERNAL MODIFICATIONS OF THE
OPERATIONAL AMPLIFIERS

Although the CA3008 and CA3010 units meet all the

requirements of an operational amplifier, there are special
applications for which certain modifications are desirable.
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The two most common examples are applications in which
the operational amplifier is required to supply high levels
of output power and those for which the amplifier is oper-
ated with low dc input bias current.

ADDITION OF A POWER-OUTPUT STAGE

The output-power capability of the operational ampli-
fiers can be increased by the addition of an external
emitter-follower output stage or a class B push-pull output
stage. The emitter-follower approach is highly inefficient
from a dissipation standpoint. A class B push-pull output
stage, added as shown in Fig. 30, works well in a closed-
loop circuit, but is subject to thermal runaway under open-

DRIVING SOURCE

(NON-INVERTING CONFIGURATION) +Vee
OR GROUND

(INVERTING CONFIGURATION)

CA3008

=Vee

Z¢

ANV

PHASE COMPENSATION NOT
Ze SHOWN

Re = Z; (w=0)

ORIVING SOURCE Zsource << Zr
(INVERTING CONFIGURATION)
OR GROUND

(NON-INVERTING CONFIGURATION)

Fig. 30—Sch diagram showing the addition of an
external push-pull output stage to increase the output
capability of an operational amplifier.

loop conditions. The thermal-runaway effect may be con-
irolied by ihe introduciion of a smali amouni of emiiier
degeneration in each of the push-pull transistors. The load
requirements, however, arc sometimes severe cnough to
preclude the use of emitter degeneration. Moreover, de-
pending on the choice of complementary transistors, the
addition of the push-pull amplifier may limit the over-all
bandwidth.
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ADDITION OF INPUT EMITTER FOLLOWERS

The dc input bias current of the operational amplifiers
is required to be low when the amplifiers are driven either
from a high-impedance source, such as a vidicon tube, or
from a drive source that cannot accommodate high levels
of dc current. The input bias current required is substan-
tially decreased when emitter followers are added to the
input terminals of the operational amplifiers. An emitter-

Cca3o08

Fig. 31—Sch ic di

follower modification to the operational amplifiers is illus-
trated in Fig. 31. The use of the emitter followers reduces
the input-bias-current requirements from 5 microamperes
per input to 0.14 microampere per input. This modifica-
tion, however, also results in a decrease in the bandwidth,
as indicated by the response curve for the modified circuit
(see Fig. 31). The bandwidth is decreased because the
emitter followers operate at very low levels of collector
current and are driven from a high-impedance source
(1 megohm for the circuit shown in Fig. 31).

y o4

/J
/4

VOLTAGE GAIN—~dB
y i

00! [} [
FREQUENCY~MHz

1 Aditi

&3

ing the of input

emitter followers to reduce the input-bias-current requirements
of an operational amplifier.
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Application of the
RCA CA3004, CA3005, and CA3006
Integrated-Circuit RF Amplifiers

M. E. MALCHOW AND G. E. THERIAULT

The RCA CA3004, CA3005, and CA3006 rf amplifiers
are silicon-epitaxial monolithic integrated circuits, supplied
in I2-terminal TO-5 packages. These circuits are designed
to operate from low or medium levels of dc supply voltage,
over a range of ambient temperatures from —55°C to
+125°C, at frequencies from dc to 100 MHz. They 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

o s W -

The CA3004 has linear transfer characteristics, excellent
circuit stability, and a wide dynamic range. These features
indicate that the CA3004 is particularly useful for applica-
tions in which the ability to handle large input signals is an
important consideration.

The CA3005 and CA3006 feature high gain, sharp limit-
ing characteristics, and exceptional versatility. The versa-

tility in the operation of the CA3005 and CA3006 is made
possible by the availability of internal circuit points to which
external circuit el ts may be cc d to alter the basic
circuit configuration. As a result of such external modifica-
tions, 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 ex-
cept for their input offset voltages. The offset voltage for the
CA3006 is typically less than 1 millivolt, while the offset
voltage for the CA3005 is normally in the order of 3 milli-
volts. 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.

CIRCUIT DESCRIPTIONS AND
OPERATING MODES

Fig. 1 shows the schematic diagrams, together with the ter-
minal arrangement on the TO-5 packages, for the CA3004,
CA3005, and CA3006 integrated-circuit rf amplifiers. Each
circuit consists of a balanced differential amplifier that is
driven from a controlled, constant-current source.
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SEE NOTE 1

(a)

® ©

92CS-12959R1

0-5 PACKAGE
w)

T
(BOTTOM VIE

R

SEE NOTE 2
(@)

8 5 6 2 9
92C5-13343

(b)

NOTE 1: Connect terminal 10 to most positive dc supply voltage used for circuit.
NOTE 2: Connect terminal 9 to most positive dc supply voltage used for circuit.

Fig. 1—Schematic diagrams of the integrated-circuit rf amplifiers: (a) CA3004; (b) CA3005 or CA3006. The terminal arrange-
ment on the TO-5 package, which is the same for each type, is also shown.

In the CA3004 circuit, resistors (R; and R;) are included
in the emitter leads of the differential pair of transistors, Q,
and Q.. The degeneration introduced by these unbypassed
emitter resistors improves the linearity of the transfer char-
acteristics and increases the signal-handling capabilities of
the circuit. Fig. 2 shows the dynamic transfer and limiting

o
°

rICC = TOTAL DC CURRENT DRAWN FROM POSITIVE POWER SUPPLY
(CURRENTS SET BY ADJUSTING Q3 BIAS)
2.5|- FREQUENCY (f) = IMH2

N
o
T

°

)
o
T

PEAK-TO-PEAK COLLECTOR CURRENT—mA
I}
T

L L L n )

0.5

o

0. 02 03 0.4
PEAK-TO-PEAK DIFFERENTIAL INPUT VOLTAGE — VOLTS

Fig. 2—Dynamic transfer and limiting characteristics
of the CA3004 integrated-circuit rf

characteristics of the CA3004. The characteristics show that
linear operation is possible over a wide range of differential
input voltage and, thus, indicate that relatively large input
signals can be handled by the circuit without limiting.

In the CA3005 and CA3006 circuits, no emitter resistors
are provided for the differential pair of transistors. As a
result, these circuits have a smaller dynamic range and pro-
vide higher gain than the CA3004 circuit. The dynamic
transfer and limiting characteristics of the CA3005 and
CA3006, given in Fig. 3, show that these circuits are very
good limiting ‘amplifiers. A comparison of the curves in
Fig. 3 with those given for the CA3004 in Fig. 2 empha-
sizes the excellent limiting characteristics of the CA3005
and CA3006.

SUPPLY-VOLTAGE CONNECTIONS

‘The CA3004, CA3005, and CA3006 circuits may be
operated, at various levels of supply voltage, from single or
dual dc power supplies. For dual-supply operation, either
symmetrical or nonsymmetrical power supplies may be used.

3.5+
I * TOTAL DC CUKHENT FROM POSITIVE POWER SUPPLY
(CURRENTS SET BY ADJUSTING Q3 BIAS)
FREQUENCY (1) IMHz

1cc =30 mA

w
°

n
o
T

~
o
T

o
T

5
R

PEAK-TO-PEAK COLLECTOR CURRENT—mA

0.5 mA

03]
0.25 mA
T 1 L L LOd5mA
o 0,05 ol 015 02 025 03 035 04

PEAK-TO-PEAK DIFFERENTIAL INPUT VOLTAGE — VOLTS

Fig. 3—Dynamic fer and limiting ch istics of the
CA3005 or CA3006 integrated-circuit rf amplifier operated
in the differential-amplifier configuration.

Fig. 4 shows the supply-voltage connections for differ-
ential- and cascode-amplifier operation of the CA3005 or
CA3006 from single and dual supplies. When two supplics,
one for positive voltage and one for negative voltage, are
used, as shown in Figs. 4(a) and 4(c), fewer external com-
ponents are required. When only one supply is used, an
external resistive voltage divider and bypass capacitor must
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F

Fig. 4—Sch ic diagrams ('

OUTPUT

OUTPUT

OUTPUT

+Vee

(d)

ng supply-voltage cannecnons 1o the CA3005 or CA3006 for opgmnon from euher :mgle or

dual power suppli

-ation operated from dual supp 7 on-

figuration operated from a :mgle supply; (r.') Cascode configuration operated from dual supplies; (d) Cascode conﬁgurauon

operated from a single supply.

be added to the circuit, as shown in Figs. 4(b) and 4(d).
Tuned amplifiers that operate from dual supplies, such as
that shown in Fig. 4(a), require the least number of external
components.

For either single- or dual-supply operation, the operating
current of transistor Q, is determined by the bias voltage,
Ve, applied 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. 1). 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 systems, terminal 2 of the
CA3004 and terminal 12 of the CA3005 and CA3006 are
usually returned to dc ground.

OPERATING MODES

For any given bias voltage Vez, there are four possibie
operating modes for the integrated-circuit rf amplifiers. In
general, each mode is characterized by (1) a distinct level
of operating current and corresponding transconductance,
(2) the degree of dependence of the operating current on
temperature, and (3) the way in which the transconductance
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is affected by temperature. The operating points for the var-
ious modes are established by:

1. The emi T
rent-source transistor, Qg;

2. Whether the base-bias network includes the diodes
shown in Fig. 1.

3. The magnitude of the bias voltage, V==, applied to the
circuit.

ted for the const ur-

Table I lists the required conditions for the four operating
modes, designated A, B, C, and D. The following paragraphs
describe the characteristics 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. 5 shows the operating current for the various modes
as a funciion of temperature. The current-temperature data
show that, in addition to the obvious shift in the level of
operating current, 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
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TABLE I

Required Conditions for Each Operating Mode of the CA3004, CA3005, and CA3006
Integrated-Circuit RF Amplifiers

CA300+4 CA3005 or CA3006 Diodes
Terminals Shorted Terminals Shorted In or Out Q-3
Operating 0 0 of Emitter

Mode* Terminal 3 Terminal 8 Bias Circuit Resistor(s)
A — — In R+ Rs
B 5 4 Out Ri+Rs

C 4 5 In Rs

D 4,5 4,5 Out Rs

*For all modes, terminals 2, 6, and 12 of the CA3004 and terminals, 1, 7, and 12 of CA3005
and CA3006 are grounded.
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(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 tem-
perature at a rate that is relatively independent of the bias
supply voltage Viz. When the diodes are not used, however,
the shape of the current-temperature curves is dependent on
the magnitude of the supply voltage V:e. The operating cur-
rent then may remain constant or rise as the temperature is
increased, depending upon the value of Ve The positive
supply voltages, shown in Fig. 5, have no effect on the oper-
ating current, and the current-temperature curves are not
changed by increases or decreases in this voltage. Some de-
viation in the current-temperature curves is to be expected
because of normal variations in the absolute resistor values.

Fig. 6 shows the effects of different operating modes and
variations in temperature on the single-ended transconduct-
ance* of the CA3004. In general, when diodes are used in

*The singl ded tr s the i 1 output current
for one colleclor of the dnﬂ'erenual pan- of transistors divided by the
incremental input voltage. The curves shown of th‘s parameter are
obtained at an operating frequency of 1 MHz.
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the base-bias network, the transconductance decreases with
increases in temperature. If the diodes are not used, the
transconductance may decrease, increase, or remain con-
stant as the temperature increases, depending on the value
of the negative supply voltage Vze. 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. 7 shows transconductance-temperature curves for
each operating mode of the CA3005 or CA3006, operated in
a differential-amplifier configuration. These transconduct-
ance curves differ from those for the CA3004 shown in
Fig. 6 primarily because of the emitter resistors used in the
CA3004. For each operating mode, the operating points for
the differential-amplifier configuration of the CA3005 or
CA3006, as well as for the CA3004, provide a current in
each collector of the differential pair of transistors that is
equal to one-half that shown in Fig. 5.

In a cascode configuration of the CA3005 or CA3006, the
current through each part of the common emitter-common

'OPERATING MODE C
FREQUENCY (f)=1MHz
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of the CA3004 as a function of temperature for each operating mode.
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base cascode is equal to the total current shown in Fig. 5 in
each mode. Fig. 8 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 II shows power dissipation and the single-ended trans-
conductance of the circuits for each operating mode. These
data may be used to determine the operating point that pro-
vides the highest value of transconductance per milliwatt of
circuit dissipation for given design conditions.

CHARACTERISTICS OF THE RF
AMPLIFIER CIRCUITS
Y PARAMETERS
In the design of rt and if circuits, the four-terminal black-
box short-circuit admittance parameters have become a

{ of the CA3005 or CA3006 in a differential-amplifi fig
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ation as 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 connec-
tions 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 measurements. These curves are a valuable aid in the
design of systems that use integrated circuits. The admit-
tance curves are all generated for a quiescent operating cur-
rent 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 the
operating mode D, as defined in the preceding section, with
supply voltages of 6 volts.

The “y” parameters and their symbols are listed below:

1. Input admittance with the output voltage constant
yi =g + jbu
where y: is the complex input admittance, g: is the input
conductance and bs is the input susceptance.
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TABLE II

Ralatinmchin R, 1

and the Power Dissipation of the

the T
Integrated-Circuit RF Amplifiers in Each Operating Mode*

DC Supply Single-Ended Power
Operating Type of Voltages T d: Dissipati
Mode Circuit (voits) (millimhos) (milliwatis)

A CA3004 +3 5.5 6.6
CA3005 or CA3006 8.5 6.6

CA3004 - +4.5 6.7 15.0

CA3005 or CA3006 12.8 15.0

CA3004 +6 7.3 25.0

CA3005 or CA3006 15.0 25.0

B CA3004 +3 1.6 23
CA3005 or CA3006 1.9 23

CA3004 +4.5 4.0 7.2

CA3005 or CA3006 49 7.2

CA3004 +6 5.3 15.0

CA3005 or CA3006 7.2 15.0

(o} CA3004 +3 7.5 17.5
CA3005 or CA3006 220 17.5

CA3004 +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 3.3 4.2
CA3005 or CA3006 5.0 4.2

CA3004 +4.5 6.0 17.4

CA3005 or CA3006 13.0 17.4

CA3004 +6 7.2 35.9

CA3005 or CA3006 200 35.9

‘Clrcmu are operated in d:ﬂerenual-amphﬁer ‘The d and power

shown are d values for

2. Output admittance with the input voltage constant
Yo = go + jbo
where y. is the complex output admittance, g. is the output
conductance, and b. is the output susceptance.

3. Forward-transfer admittance with the output voltage
constant
¥r = ge + jbe
where y: is the complex forward-transfer admittance, gt is
the forward-transfer conductance, and b is the forward-
transfer susceptance.

4. Reverse-transfer admittance with the input voltage
constant
yr = g + jbr
where y: is the complex reverse-transfer admittance, g is
the reverse-transfer conductance, and b: is the reverse-
transfer susceptance.

A parison of the par of the various possible
circuit configurations with those of the more familiar com-
mon-emitter p requires a d subscript to indi-
cate the type of configuration being considered. Examples of
the use of the second-subscript notation are given below:

The common-emitter reverse-transfer admittance is writ-
ten as
Yre = gre + jbre

108

The differential-amplifier reverse-transfer admittance is

expressed as
Yroa = groa +jbena
The cascode-amplifier r ansfer ad is given
as

yrcas = grcas + jbreas
These cumbersome second subscripts will not be used

when the type of circuit for which the parameter is given
is clearly indicated by an illustration or a descriptive phrase
in the text.

In general it is valuable to understand the essential dif-
ferences between the “y” parameters of a regular common-
emitter stage and those of the compound stages, such as
differential and cascode amplifiers.

The dlﬁerenual amplifier, when used at radio frequencies,

lly of a cc llector stage that drives
a common-base stage. In parison to the lar, com-
mon-emitter “y” parameters, the input admittance y: the
output admittance y., and the forward transfer admittance
y1, are decreased, almost exactly, by a factor of two when
the differential-amplifier configuration is used.

The reverse-transier admitiance yr is aiso iess for ihe
differential amphﬁer than for the single transistor in the

ation. 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. 9 shows the ratios of imaginary parts
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mittances as a function of frequency.

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 com-
mon-emitter stage times alpha. Because of the high-imped-
ance drive source on the common-base stage, the output

admittance yo is very low (0.06 x 10-° mhos) at low fre-
quencies 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
Your + Yioas is positive.

The reverse-transfer admittance yr for the cascode cir-
cuit is less than that for the single-stage common-emitter
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circuit. The ratio of the imaginary terms of these admit-
tances 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. 10.
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« IOOO\
S o0 \
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Y
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ol \
8o
is \
£ 2 a00 \
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82 200 \
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-200i L " I L | L PR |
ol £ 4 t6ig ¢ e 6i0 2 ¢ 100 671600
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Fig. 10—Ratio of the real (cond ) and the i

(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 cas-
code configurations, instability can occur in high-gain ampli-
fiers. A further consideration in high-gain circuits is that the
layout can contribute more feedback than the integrated
circuit. Shielding and layout therefore are of prime im-
portance if proper advantage is to be taken of the low feed-
back of these circuits.

The computed y parameters for the CA3004 differential
amplifier are shown in Fig. 11. The admittance parameters
for differential-amplifier operation of the CA3005 or
CA3006 are given in Fig. 12 and those for cascode-amplifier
operation of either circuit are given in Fig. 13.

VIDEO-AMPLIFIER CAPABILITIES

The CA3004, CA3005, and CA3006 integrated circuits
may be used as video amplifiers, as shown in Figs. 14(a)
and 14(b). A relatively.large number of external compo-
nents 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. 14(a), R, should be equal to R, to
preserve the circuit balance, and C, should be an adequate
bypass so that the noise factor and gain are not degraded.
For the cascode configuration shown in Fig. 14(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
configurations, the feedback is low. Each configuration pro-
vides good isolation from output to input; the high fre-
quency 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 between stages for an iterative
connection. The mid-frequency voltage gain can be com-
puted from the familiar guRu product. As an aid to such
calculations, Table III gives the input and output parallel
R and C and the absolute values of gm for the various cir-
cuits and configurations for operation at 1, 10, and 40 MHz.
For more precise, but more elaborate calculations, the v
parameters may ‘be used for video-amplifier design.

NOISE PERFORMANCE

The noise-figure of the CA3004, CA3005 and CA3006
integrated-circuit rf amplifiers is a function of the dc oper-
ating current and frequency, for both differential and cas-
code-amplifier configurations. The noise figure increases
both with an increase in current and with an increase in fre-

TABLE III

Input and Output Parallel RC Network, Transconductance, and Performance Data
for the CA3004, CA3005, and CA3006 Integrated-Circuit RF Amplifiers

VIDEO PERFORMANCE
(Simulated Iterative C ti
Transconduct- High-Freq. Mid-Band
Freq. Input Parallel RC Qutput Parallel RC ance, gm Interstage 3-dB Point Voltage
(MHz)  Rin (ohms)  Cin (pF)  Row (ohms)  Cour (pF) (millimhos) Rr (ohms) (MHz) Gain (dB)
CASCODE OPERATION (CA3005 OR CA3006)
1 500 42 —1.67X 106 3.0 78 23 19.3  Measured
10 500 42 —1.67 X 100 3.0 77 150
40 180 22 —6 X 108 3.0 58 20 20.6  Calculated
DIFFERENTIAL-AMPLIFIER OPERATION (CA3005 OR CA3006)
1 2500 16 105 4.0 20 18 19.5 Measured
10 1800 13 4 X 10¢ 4.0 20 500
40 670 10.5 2800 7.6 18.6 16 20.0 Calculated
DIFFERENTIAL-AMPLIFIER OPERATION (CA3004)
1 6650 8 1.7 X 103 6.5 7.8 18.4 17.2 Measured
10 6650 6.2 108 6.1 7.8 1000
40 2000 5.0 2 X104 6.8 7.6 15 18.0  Calculated

Data obtained for circuits operated from = 6-volt dc supplies in operating mode D.
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quency. For convenience, noise data were taken in a fixed
configuration as the negative supply voltage was varied. On
the data plots, the operating currents that correspond to the
various supply voltages are included as a separate abscissa
to show that the noise figure is a direct function of operat-
ing current. Figs. 15 and 16 show representative noise-figure
data for tuned amplifiers in the differential and cascode
configuration, respectively. In each case, the input and out-

put 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 Vecc.
The curves in Figs. 15 and 16 show that, for optimum
single-stage noise performance, the operating current should
be low, which results in a low gain. Thus, in system appli-
cations of the tuned amplifiers, the operating current in each
stage should be adjusted to obtain the optimum overall noise
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figure by considering the gain and noise figure of the first
stage and the noise figure of the second stage. The operating-
current adj can be accomplished by a ch in the
negative-supply voltage (Vez) or by means of the bias con-
nections that are available.

Fig. 17 shows the noise figure as a function of the source
resistance for a CA3005 or CA3006 used as a differential
amplifier at an operating frequency of 12 MHz. The equa-

112

utput admittance, y.; (c) Forward transfer admittance, y;; (d) Reverse transfer conductance, g.;

tion given in the figure can be used to predict noise perform-
ance as a function of source resistance for dc operating
conditions. The load resistor R of the circuit is 2200 ohms
and R~ = 800 ohms. (R~ is the equivalent noise resistance).

COMMON-MODE REJECTION RATIO

The common-mode rejection ratio of a differential ampli-
fier, defined as the ratio between the full differential gain
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Fig. 15—Rep noise perf of the CA3004,

CA3005, or CA3006 operated in a differential-amplifier
configuration (operating mode D).
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Fig. 16—Representative noise performance of the CA3005
or CA3006 operated in a cascode-amplifier
configuration (operating mode D).

and the common-mode gain, is a useful performance char-
acteristic. The common-mode rejection is a function of the
ratio of the impedance of the constant-current transistor Q,
to the load resistor. The common-mode rejection decreases
if the signal applied is large enough to saturate the constant-
current transistor. The maximum peak-to-peak input volt-
age, therefore, is a function of the supply voltages and the
bias connections of the constant-current transistor. The
common-mode rejection for a 1-kHz signal is shown in
Table IV.
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TABLE IV

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 ke/s.
Load resistance, RL = 1000 ohms in each collector.

FREQUENCY (f)=12 MHz
aeRs Ry, Rsp2
“ NF: I‘RL + RL“'RL)
R *22000
Ry=8000
2p \™N
o
<
| 1o}
Iy
z
w8l
3
E
e
&gl
w OPERATING MODE D
o
z
o}
2F
S P 1 4
o 200 1800

" " " " 1
00 1000 1400
SOURCE RESISTANCE (Rs)—ONMS

Fig. 17—Noise figure of the CA3005 or CA3006 in a
differential-amplifier configuration as a functi
of the source resistance (operating mode D).

Fig. 18 shows the single-ended common-mode gain'for the
CA3004, CA3005, and CA3006 as a function of frequency.
(Fig. 19 shows the method used to determine the single-
ended common-mode gain.) The common-mode rejection
decreases with increasing frequency when the CA3004,
CA3005, and CA3006 are operated with a single-ended
output.

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 adjusted
to vary the current in transistor Q; 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 0
volts. The first method provides greater gain-control range
but also requires more control voltage than the second

moel o3 TMoo A show the i 3
method. Figs. 20 and 21 show the typical gain control as a

*Single-ended common-mode gain: The ratio of the change in the
single-ended output voltage, measured from either output terminal
with respect to groand, to the change in the input voltage applied si-
multaneously to both inputs of the circuit, i.e., single-ended common-
mode gain =AV,,/AV,,,, as shown in Fig. 19.
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POSITIVE DC SUPPLY VOLTS = +6V
NEGATIVE DC SUPPLY VOLTS = =6V

30 RL* 10000
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Fig. 18—Single-ended de and differential-mode
gains of the CA3004, CA3005, or CA3006

as a function of frequency.
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Vee
+6v
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SINGLE-ENDED COMMON-MODE GAIN = Avgyy/8viy

Fig. 19—Schematic of the circuit used to determine
the single-ended common-mode gain.

function of voltage for the CA3005 or CA3006 for the two
methods. Fig. 20 gives the gain-control characteristic for
the CA3005 or CA3006 when the gain-control voltage is
applied to the base-bias network of transistor Q. Since the

DC GAIN-CONTROL VOLTAGE
TO BIAS NETWORK OF Q3 —VOLTS
- -5 -4 -3 -2 ~! 0

T
FREQUENCY (1)*12 MHz !

OPERATING
OPERATING
MODE A MODE D

GAIN REDUCTION —dB

-70

Fig. 20—Gain-control characteristics of the CA3005 or CA3006
asaf of the dc gai trol voltage applied
to the bias network of transistor Q,.

Q; bias networks are the same, the gain characteristics for
the CA3004 are nearly the same as those for the CA3005
and CA3006. Fig. 21 shows that in the offset method of gain
control the gain range is dependent on the polarity of drive.
For maximum gain-control range on a single-ended ampli-
fier, the common-collector transistor should be cut off
(negative voltage applied to its base). Because of the emitter
resistors, R, and R;, 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.

GAIN-CONTROL VOLTAGE (Vaa)—VOLTS
o 0.1 0.2 0.3 04 0.5

OQE'RATING M’C;DE 0
FREQUENCY (f)=12 MHz

POSITIVE VOLTAGE

Vecrev)

-or APPLIED TO TERMINAL No.t ouT
[}
T
1-20 ’- I
g =
5 N
2
£l
z 4
z =
o =
_aol ¥ Vag Vggl-6v)
NEGATIVE VOLTAGE
APPLIED TO TERMINAL No.1
_sof-
-60

Fig. 21—Gain-control characteristics of the CA3005 or CA3006
as a function of the dc offset voltage, Vs, applied to the
differential pair of transistors Q. and Q..
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The maximum gain-control range that can be provided
by a reduction in the current of transistor Q, varies with
frequency as shown in Fig. 22. The maximum gain-control
range that can be obtained is dependent on the full gain
used, the circuit loading, and the external-circuit layout.

OPERATING MODE D

MAXIMUM GAIN REDUCTION
(BELOW USABLE GAIN)—dB

40
FREQUENCY — MHz

Fig. 22—Maximum gain control provided by variations
in the current through Q; as a function of frequency.

A large part of the variation in the maximum gain con-
trol for the different circuits results from differences in the
initial gain of the various circuits. Capacitive feed through
appears less for the cascode than for the differential-ampli-
fier configuration.

The following discussion of cross modulation describes
variations of the two gain-control techniques.

CROSS-MODULATION AND MODULATION
DISTORTION

Cross-modulation and modulation distortion are impor-
tant 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 amplifier. Modulation
distortion is a change in the modulation on the desired car-
ried caused by the same amplifier nonlinearities that produce
cross modulation. The two forms of distortion are related
by the following equation:

2. K 2.

\A X
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 ampli-
tude 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 modula-
tion distortion can be predicted from these data, however,
on ihe basis of ihe refaiionship of V, io V,. For exainipie, iii
Fig. 23, 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. 23 through 27 show the cross-modulation distortion
of the CA3004, CA3005, and CA3006 integrated circuits as
a function of their gain-control characteristics in both dif-
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ferential-amplifier and cascode-amplifier configurations. 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 carrier. The amplitude of
the undesired-carrier input voltage is that necessary to pro-
duce 10 per cent cross-modulation distortion for each
manually determined gain-control setting.

Differential-Amplifier Configurations — The availability
of internal connection points make 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 con-
stant-current transistor, Q;, and (2) the use of an offset
voltage to produce an unbalance in the differential pair of
transistors, Q, and Q..

Fig. 23 shows the cross-modulation distortion character-
istics of the CA3004, CA3005, and CA3006 with the dif-
ferential pair of transistors balanced and with agc applied
to the constant-current transistor. Because of the increased
linearity that results from the emitter resistors Ry and R;,
the CA3004 has improved cross-modulation characteristics
at high current. The interfering signal voltage required to
produce 10 per cent of cross modulation distortion is prac-
tically a constant over the entire agc range for the CA3005
and CA3006. The value of the interfering signal voltage
(approximately 15 mv) for the CA3005 and CA3006 is
twice that calculated from the logarithmic transconductance
characteristic of a single transistor.

UNDESIRED CARRIERINPUT VOLTAGE —~MILLIVOLTS RMS
1.0 3 6 10 30 60 100 300
T A T
—

600
o 1

T T T
OPERATING MODE D
FREQUEN%Y OF DESIRED

10} . CARRIER=12 MHz
FREQUENCY OF UNDESIRED
CARRIER=I6MHz
NEGATIVE AGC BIAS APPLIED
TO TERMINAL No.l2 OF THE

~20 - CA3005 OR CA3006 AND TO
TERMINAL No.2 OF THE

|- ——~——CA3004

CA3005 OR
CA3006

z';

GAIN REDUCTION—vdB
8
T

[l

o

o
T

\\

————

-70L

Fig. 23—Gain control as a function of the input voltage from an
undesired carrier that w:ll produr:e Cross- -modulation distortion
of 10 per cent for b lifier operation
of the CA3004, CA3005 and CA3006 The gam-comrol volt-
age is applied to bias network of the constant-current transistor.

Fig. 24 shows the cross-modulation distortion character-
istic of the CA3005 and CA3006 when an offsct .cl:agc is
applied to control the gain. The improved cross modulation
performance at —5 dB gain is coincident with an inflection
point on the curve of tranconductance as a function of input
offset voltage. This point occurs at an offset voltage of ap-

proximately 50 millivolts.



ICAN-5022

1 %)

UNDESIRED INPUT VOLTAGE —MILLIVOLTS RMS
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Fig. 24—Gain control as a function of the undesired-carrier
voltage that will produce 10 percent cross-modulation
distortion for differential-amplifier operation of the
CA3005 or CA3006 when gain control is provided
by the application of an offset voltage to the
differential pair of transistors.

The cross-modulation performance is improved by the
offset of the differential pair of transistors. Fig. 25 shows
the cross-modulation data when an initial offset of 50 milli-

UNDESIRED CARRIER INPUT VOLTAGE — MILLIVOLTS RMS
3 6 10 30 60 100

0
T T T T T T

OPERATING MODE D
FnEgt&Ech OF DESIRED CARRIER
2

=12 MH:
FREQUENCY OF UNDESIRED CARRIER
=16 MH.

L
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~20} GAIN-CONTROL VOLTAGE APPLIED TO
TERMINAL No.12

!

o

<]
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GAIN REDUCTION — dB

8
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-eol

Fig. 25—Gain control as a function of the input voltage
Jrom an undesired carrier that will produce cross
modulation distortion of 10 per cent, for u
differential-umplifier configuration of the
CA3005 or CA3006 havmg a 50-millivolt
offset and with the gain conrol voltage
applied to the bias network of the
constant-current transistor.

volts is employed and agc is applied to the constant-current
transistor. The introduction 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 de-
crease in gain of approximately 5 dB.

Cascode Configurations — Cross-modulation data for
cascode configurations of the integrated-circuit rf ampli-
fiers are given for only the CA3005 and CA3006 circuits.
because the CA3004 circuit 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 voltage may be applied
to the base of transistor Q, 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 Q,, the gain of the circuit is decreased. The cross-
modulation distortion characteristics for this type of gain
control are shown in Fig. 26. The cross-modulation char-
acteristics 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. 27.
No improvement in cross-modulation characteristics over
those obtained for the first gain-control method are observed,
although the agc range is greater.

MIXER CAPABILITIES

The CA3004, CA3005, and CA3006 integrated circuits
may be used as mixers, modulators, and product detectors.
The schematic diagrams in Figs. 28(a) and 28(b) illustrate
the use of these circuits in mixer applications. The oscillator
input is injected at the base of transistor Q; (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 com-
mon-mode signal of the oscillator to be balanced out so that
the oscillator will not overload subsequent stages, and pro-
vides carrier suppression for modulators.

The gain performance and generation of harmonics in
the CA3004, CA3005, and CA3006 mixer circuits are de-
pendent on the amplitude of the oscillator drive signal and
the dc bias. The expression for product detection or fre-
quency multiplication in the CA3005 or CA3006 (consult
Fig. 29) are determined as follows:

€ = e gm ZL (63]
where e, is the output voltage, e: is the differential input
voltage, g is the transconductance of the differential pair of
transistors (Q, and Q,), and Z. is the load impedance (total
between collectors). For a balanced circuit, the transcon-
ductance is given by

- e
& = 3Rt @
The term I, is used to represent the collector current of

117



ICAN-5022

UNDESIRED INPUT VOLTAGE —MILLIVOLTS RMS
3 6 10 30 60 100

300
ol T T T T T I
FREQUENCY OF DESIRED
CARRIER = 12 MHz
~I0[— FREQUENCY OF UNDESIRED
(GAIN-CONTROL CARRIER = 16 MHz -
VOLTAGE) OPERATING MODE D

-Vgg -20—
@
S
z

OUTPUT S -30—
2
5
3
3

“E? =T
z
<
= el

50—

&y ~so}—

~rol-

Fig. 26—Gain control of the CA3005 or CA3006, in a cascode conﬁguranon as a function of the undesired-carrier voltage that
will produce 10 per cent cross- modulation distortion when the gain is controlled by a negative bias voltage applied to
the base of transistor Q, The schematic diagram illustrates the circuit configuration.
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Fig. 27—Gain control of the CA3005 or CA3006, in a d figuration, as a fi ion of the undesired-carrier voltage that
will produce 10 per cent cross-modulation distortion when the gain_is controlled by a negative bias voltage applied
to the base of transistor Q.. The schematic diagram illustrates the circuit configuration.

osc. +vee

RF

Fig. 28——Cirg:;’g gggzmms for the use of the integrated-circuit rf amplifiers as mixers (operating mode D): (a) CA3004; (b) CA3005
or .
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RF |

“VEE

Fig 29—Circuit diagram of a CA3005 or CA3006
balanced mixer (operating mode D). The equation.
derived for product detection or multiplication
are based on this circuit.

transistor Q, and may be expressed as

I = gmy €, 3
where gm, is the transconductance of transistor Q; and e, is
input voltage applied to transistor Q. The output voltage,
e., therefore is given by the following equation:

en = e e, gmy Zt )

2K’I‘

Eq. (4) is a general expression for the output voltage of
the mixer having input signals e, and e,. With emitter de-
generation in the constant-current transistor (Q;), gm, is
essentially constant for a sufficiently large emitter current
(> 1 ma); the current I., therefore, follows the applied volt-
agee,.

When e, and e, are sinusoidal and g is a constant, the
input signal voltages are given as follows:

. * N

e = Byt 4 E, et ®
. * .

e, = E, et 4 E, e iv (6)

(E, is the conjugate of E,, and Eg is the congugate of E,)
With the substitution of these relationships, the equation
for the output voltage the CA3005 or CA3006 now becomes

€ = gmg Zy, [E Epelr + et 4 ELF e it +omt

ZKT

+ — ZKT gm. Z1,[E\E ,ne'(“"_""" + F E e-x(u-—m)e] %)

Eq. 7 gives the output voltage for a CA3005 or CA3006
used as a product detector or multiplier. (Note that only the
two sideband freq ies are included in the output). The
requirements for product detectors or multipliers are that
the circuit should be biased in a linear region with a small
signal voltage applied. Because oq gm,/2KT is essentially
constant, the gain of the mixer is determined from Z. and

CONVERSION TRANSCONDUCTANCE — MILLIMHOS

the e,e, product. The linearity of the CA3006 is illustrated
by the curve of the conversion transconductance as a func-
tion of the oscillator voltage, shown in Fig. 30. (Although the
curve is plotted on logarithmic paper because of the wide
range, the relationship is linear.) The gain reaches a max-
imum value at approximately 2.5 volts rms. Because meas-
urement inaccuracies prevent the use of this curve to
determine harmonic generation, spurious-signal measure-
ments were taken on CA3005 and CA3006 mixer circuits.
For these measurements, the rf 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 re-
sponses was recorded. The results are shown in Table V.
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. 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.

FREQUENCY (f) = 20 MHz
CONSTANT RF SIGNAL
CONSTANT LOAD (80004)

o

-

>
T

~
T

@
T

>
T

~
T

ol ) ! L1 1 ! 1
001 2 4 6 8 o, 2 4 6

OSCILLATOR VOLTAGE — VOLTS RMS

o
- L

Fig. 30—Conversion gain of a CA3005 or CA3006 mixer circuit
as a function of the oscillator voltage.

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 trans-
istor offset voltage. The contribution of the offset is illus-
trated in Figs. 31 and 32 which show the output signal as
a function of the offset voltage for the CA3004 and for
CA3005 and CA3006 respectively. These data were ob-
tained on circuits operated with a balanced output tuned
to the oscillator frequency.
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TABLE V
Response of a CA3005 or CA3006 Mixer to Spurious Harmonics

Diff -Freq. Diff.-Freq. Diff.-Freq. Diff.-Freq.

Signal Voee Output (dB Voee Output (dB Vose Output (B Voue Output (dB

Freq., fx atterm.3  relativeto atlerm.3 relativelo atterm.3 relativeto atterm.3  relative to

Frequency (MHz) (rmsvolts)  f, — fz)  (rmsvolts)  f, — fz)  (rmsvolts) fo —f:z) (rmsvolts) fo — fz)
cfo—fx 1.0 1 0 0.7 0 0.3 0 0.1 0
fie 0.659 1 7.5 0.7 10 0.3 18 0.1 27
26y —f, 1.159 1 —53.1 0.7 —-53.1 0.3 —54.9 0.1 -52.3
2, — 2fx 1.329 1 —76.1 0.7 - 0.3 —_ 0.1 —
2y — 2f, 1.988 1 -175.5 0.7 —_ 0.3 - 0.1 -
fx —fo 2.318 1 0 0.7 0 0.3 0 0.1 (1]
26, — fx 2.659 1 =317 0.7 -35 0.3 -39.7 0.1 —47.8
2y — 3f, 2.813 1 —179.6 0.7 — 0.3 — 0.1 —
fx — 2f, 3.977 1 -=31.7 0.7 - 35 0.3 -39.7 0.1 —47.8
3o — fx 4.309 1 ~35.8 0.7 —-59.3 0.3 —74.7 0.1 —_
fx — 3f, 5.627 1 ~38.5 0.7 -57 0.3 -4 0.1 —
4fo — fx '5.977 1 —389 0.7 —63 0.3 — 0.1 —

fo = 1.659 Mc/s; Vo, = oscillator injection voltage.
All blank spaces indicate difference-frequency output more than 70 dB below the f, - f, output.
POSITIVE DC SUPPLY VOLTS (Vgc)=+6 T FREQUENCY (f)s1.6 MHz Y

NEGATIVE DC SUPPLY VOLTS (Vgg)=-6
FREQUENCY (f)= 1.6 MHz 2
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Fig. 31—Cancellation of the oscillgtor signal at the output of a
CA3004 mixer as a function of the dc offset voltage.

LIMITER CHARACTERISTICS

et ae 8 A The diffaca

WITT = A1uC ullivl
amplifier, driven by a cc Tent tr. tor, is p
the optimum circuit configuration for bipolar transistor lim-
iters. 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

£ At
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i S T S—]
[ 20 30 40 50 €60 70
Dc OFFSET—MILLIVOLTS

7T <6 -5 -4
Fig. 32—Cancellation of the oscillator signal at the output of a
CA3005 or CA3006 mixer as a function of the dc offset voltage.

transistor Q. Figs. 2 and 3 show typical limiting character-
istics for the CA3004 and for the CA3005 and CA30(6

respectively. For the CA2005 and CA3006 (no e

generation), “hard” limiting is achieved for a peak-to-peak
input of 300 millivolts for all values of total dc current (Icc).
For the CA3004, the input voltage required for “hard” lim-
iting is a function of Icc because of the linearizing effect of
the degenerative emitter resistors, R; and R,. As saturation
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TABLE VI
Limiter Performance of a Differential Amplifier
Voltage Gain Voltage Gain
With Emitter Without Emitter
Degeneration Degeneration
Maximum  Maximum
Resistive Tuned
V Supply Ic, + Ic, Load Load Resistive Tuned Resistive Tuned
(volts) (mA) (ohms) (ohms) Load Load Load Load
6 0.5 12000 24000 31 37 35 41
6 1.0 6000 12000 28 34 35 41
6 2.0 3000 6000 25 31 35 41
6 3.0 2000 4000 22 28 35 41
RL = Vaunply Resistive Load
Ic1 + Ic2
2 Vsupply
= -———=— Tuned Load
Re Ict + Ic2 "

gmRL = voltage gain

must be prevented for good limiting, a maximum load re-
sistor and low-level voltage gain exists for a given Icc and
positive supply voltage. Table VI shows the maximum re-
sistor values and voltage gains usable for Vee = 6 volts, for
the three circuit types. The low-level transconductance can
be obtained from the slope near the origin for the curves
shown in Figs. 2 and 3. The maximum voltage gain is inde-
pendent of I« in the CA3005 and CA3006 and is dependent
on Icc in the CA3004. Figs 5 through 8 show the Ivc currents
and transconductance for optional operating conditions.
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 in-
cluding 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. 33 (this allows a maximum usa-
ble voltage gain consistent with good limiting and stability).

Fig. 33—Circuit diagram of a CA3005 or CA3006 differential-
amplifier limiter that uses a diode to provide
input overload protection.

Cascode Amplifier — The limiting characteristics of the
CA3005 or CA3006, when used as a cascode amplifier are
dependent on the current limiting in transistor Q, or the
voltage limiting of transistor Q, (high-impedance output

load). Limiting characteristics for both cases are shown in
Figs. 34 and 35. The data in Fig. 34 are obtained with
a collector load of 500 ohms. This limiting characteristic
is “soft” and is acceptable over only a 20-dB range. The
peak-to-peak voltage at the collector is never large enough
to cause saturation. The limiting characteristic shown in
Fig. 35 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.

OPERATING MODE D
COLLECTOR LOAD*5000
FREQUENCY (f)*|.7MHz.

OUTPUT MEASURED ACROSS 500
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882

OUTPUT VOLTAGE — VOLTS RMS
&

o
8

o
-]
3

1 1 L1 |
20 40 60 100 200 400 600 1000 2000 4000
INPUT VOLTAGE-MILLIVOLTS RMS

Fig. 34—Limiting characteristics and circuit diagram
of a CA3005 or CA3006 cascode limiter having
a 500-ohm collector load impedance.

APPLICATIONS OF THE RF AMPLIFIER
CIRCUITS
RF AMPLIFIER

Figs. 36, 37, and 38 illustrate the use of the CA3004, the
CA3005 or CA3006 differential-amplifier configurations,
and the CA3005 or CA3006 cascode configurations, re-
spectively, as single-ended rf amplifiers. Adjustable matching
networks, derived from the y parameters, are included in
each circuit. The values of the adjustable components as

121



ICAN-5022

OPERATING MODE D
COLLECTOR LOAD * 5000 &
2|~ FREQUENCY (f) = L7 MHz
OUTPUT MEASURED ACROSS 50 8

ouTPUT

i

OUTPUT VOLTAGE —V RMS
S

INPUT

o 20 30 60 100 200 400 600 1000 2000 40006000 10000
INPUT VOLTAGE—MILLIVOLTS RMS

Fig. 35—Limiting characteristics and circuit diagram of a CA3005 or CA3006 cascode limiter having a 5000-0hm collector load
impedance.

CIRCUIT ELEMENTS

FREQUENCY L G L. C,
(MHz) :H) (pF) (pH) (pF)
30 1.8-2.7 2-10  1.8-2.7 2-10

100 0.15-0.3  0.9-7 0.1-02  0.9-7

POWER GAIN PERFORMANCE

DC POWER GAIN
SUPPLIES (dB)
(volts) 30 MHz 100 MH=z
+6 24 12

“Vee

Fig. 36—Circuit used to determine the rf performance capabilities of a CA3004 integrated-circuit rf amplifier.

CIRCUIT ELEMENTS

FREQUENCY = L G L. Ci
(MHz) (uH) (pF) (uH) (pF)
30 1.2-2 5-40  1.2-2 1.5-20
100 0.4-0.7 112 02505 1-12

POWER GAIN PERFORMANCE

DC POWER GAIN
SUPPLIES (dB)
(volts) 30 MHz 100 MH=z
S .00i5 +6 20 18
i f 1 +4.5 27.8 16
! +3 23.0 11.5

“Vee

Fig. 37—Circuit used to determine the rf performance capabilities of a CA3005 or CA3006 integrated-circuit rf amplifier in a
differential-amplifier configuration.
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Fig. 38—Circuit used to determine the rf performance capabilities of a CA3005 or CA3006 integ d

cascode configuration.

well as typical power gains are also shown in the figures. A
conjugate match at the input is provided for all configura-
tions. A conjugate match at the output is impossible for the
cascode configuration (as pointed out in the discussion of
y parameters). At 30 MHz, the CA3005 differential amplifier
output was mismatched. At high gains, the circuit feedback
(y-) is low, but the external-circuit layout adds feedback.

Tuned IF Amplifier — Two or more CA3004, CA3005
or CA3006 integrated circuits can be connected in cascade
for use as a tuned if amplifier for either AM or FM applica-
tions. The schematic diagrams of two three-stage 12-MHz
amplifiers are shown in Figs. 39 and 40, for FM and AM
use, respectively. Both if amplifiers are housed in metal
boxes, and adequate shielding and supply decoupling are
provided.

The amplifier shown in Fig. 39 (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 circuit input is matched, and the required gain
fixes the unloaded Q of the tuned circuit and the collector
load. Good noise performance for the first stage is obtained
by the use of a high Q (200) toroid inductor for input trans-
former 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 transformer.
Little or no skew is detectable in the response characteristic
for this circuit, shown in Fig. 41. The limiting characteristic
of the circuit is shown in Fig. 42. Other typical over-all per-
formance characteristics are:

Total power drain = 48 milliwatts
Overall power gain = 77 dB

3-dB bandwidth = 300 kHz

Input limiting level = 30 microvolts
Noise figure = 4 dB

ICAN-5022

CIRCUIT VALUES

FREQUENCY Ly C L, C:
(MHz) (uIl) (pF) (uH) (pF)
30 0.3-0.6 14-150 0.8-1.4 5-40
100 0.07-0.12 5-40 0.15-.3 5-40

POWER GAIN PERFORMANCE

DC POWER GAIN
SUPPLIES (dB)
(volts) 30 MHz 100 MHz
+6 36 20
+4.5 33 18.5
+3 215 15.0

ircuit rf amplifier in a

The AM circuit (Fig. 40) uses three CA3004 circuits and
is designed to provide a stage gain of 25 dB. The source re-
sistance to the input circuit was chosen as 800 ohms as a
satisfactory compromise for gain, noise figure, and modula-
tion-distortion performance. 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 T, 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 (1ststage) = 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. 43, and the frequency-response char-
acteristic is shown in Fig. 44.

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. 45. Because the input impedance of
the two circuits differ by a factor of approximately 2:1,
typically 4000 ohms for the CA3004 and 2200 ohms for the
CA3005 or CA3006, different input transformers (T,) are
required; the other tuned circuits, however, are the same.
The output load impedance between collectors is approxi-
mately 8000 ohms. The conversion power gain and noise
figure as a function of the oscillator drive are shown in
Fig. 46 and 47. Power gain increases and noise figure de-
creases with increases in the oscillator drive.

Suppressed-Carrier Modulator and Product Detector—
The CA3005 and CA3006 were used in a suppressed-carrier
double-sideband modulator and product detector. The
double-sideband modulator is a convenient vehicle to evalu-
ate carrier suppression and product detection. With the two
circuits coupled together, the relation between modulation
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T T8 T T :
T ! 0T 0TO—2 0231 T Y 3T
1.5uH 3.9uH 09 uH

NOTES: 1. Transformer T is a Ferramic Q-2 Toroid Type (unloaded Q = 200).
2. Transformers T, Ts, and T, are slug-tuned with Carbonyl IT-75 material (unloaded Q = 75).

Fig. 39—Schematic diagram of a three-stage, 12-MHz limiting if amplifier that uses CA3005 circuits in operating mode D.

NOTES: 1. Transformers T and T, are Ferramic Q-2 Toroid Types (unloaded Q =200).
2. Transformers T: and T; are slug-tuned with Carbonyl IT-71 material (unloaded Q = 70).

Fig. 40—ch§mgl‘c diagram of a three-stage, 12-MHz gain-controlled AM amplifier that uses CA3004 circuits in operating
mode D.
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Fig. 41—Frequency-response characteristics of the
12-MHz: limiting amplifier shown in Fig. 39.
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Fig. 42—Limiting characteristics of the 12-MHz
limiting amplifier shown in Fig. 39.
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Fig. 43—Output signal-to-noise ratio as
a function of the input signal for the
12-MHz gain-controlled amplifier shown in Fig.40
when gain control is used in only the first stage.
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Fig. 44—Frequency-response characteristics of the 12-MHz
gain-controlled amplifier shown in Fig. 40.

distortion and drive levels is readily established.

Feedback may cause oscillation or unbalance; care must,
therefore, be taken in the external-circuit layout design.
Shiclding 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. 48. 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 trans-
former, T,. The carrier suppression is a function of bilateral
symmetry (offset, output-transformer balance, and modula-
tion drive circuits) and the modulation-to-carrier drive ratio.
With the external-circuit bilateral symmetry carefully pre-
served, the carrier output is approximately 25 dB below the
double-sideband output for CA3006 units (offset = 1 milli-
volt) operated with a drive v; = 10 millivolts rms and v, =
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
requirements from those necessary on more commonly used
single-sideband 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 func-
tion of the product of v, and v,.

The circuit diagram for a product detector is shown in
Fig. 49. The product detector which provides the advantage
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+6 V
+6V T3
T 1301
130

175 MHz
1.75 MHz

50
aQ

50
aQ

-6V

GEN
2175 MHz GEN
21.75 MHz

(a) (b)

Fig. 45—Circuit diagrams for the use of CA3004, CA3005, and CA3006 integrated circuits as balanced mixers to convert an
input frequency of 20 MH z to an output lrequem.‘y of 1.75 MH=z.

36

OSCILLATOR FREQUENCY (foyc)*21.75 MH2
INPUT-SIGNAL FREQUENCY (frf)=20.00 MHz
INTERMEDIATE FREQUENCY (f;¢)*1.75MHz

'?'B
» 5 5 8 8 8 K

POWER GAIN OR NOISE FIGURE

Iy

05 1.0 15 20 25
OSCILLATOR DRIVE VOLTAGE AT TERMINAL No.3-VOLTS RMS

Fig. 46—Power gain and noise figure as a function of the oscillator drive voltage for the CA3005 or CA3006 balanced mixer.

36~ +6V T2
OSCILLATOR FREQUENCY (fosc)* 21.75 MHz BIFILAR
INPUT SIGNAL FREQUENCY (frf)s 20MHZ 9:3:1
32|~ INTERMEDIATE FREQUENCY (fig)*1.75MHz y V3
2ol ] /—:"90 -400 ouTPuT
POWER GAIN

NOISE FIGURE
-ev T

i |§
o o611

ok —"-"-"v’— CARRIER
s60-870 poy g OSCILLATOR
. o ) \ , 7] 175 MHz

o 10 20 30 40 50
OSCILLATOR DRIVE VOLTAGE AT TERMINAL No.2-VOLTS RMS

POWER GAIN OR NOISE FACTOR — dB

Fig. 47—Power gain and noise figure as a function of the Fig. 48—Circuit diagram for the use of the CA3005 or CA3006
oscillator drive voltage for the CA3004 balanced mixer. as a double-sideband, suppressed-carrier modulator.
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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 v,, v,, v,, and v, are altered to
establish the relationship between the harmonic distortion
and drive levels as well as gain values for typical operation.

The results are shown in Table VII. Overdrive by the mod-
ulation (v,) or the modulated signal (v,) results in third-
harmonic distortion of the detected signal. Note that gain is
a function of either the product of v, and v., or the product
of v, and v;.

+6Vv

1K
O2uF  .02uF

TPUT |
37-250 |
ot /]
v
(]
soa © b outPuT 2
— @eE
WA= Ty = ® ‘
4
va o015 =
50 S -ev
REGENERATED
MODULATED_| CARRIER
SIGNAL = {1.75MHz)

Fig. 49—Circuit diagram for the use of a CA3005 or CA3006 as a product detector.

TABLE VII

Gain and Distortion as a Function of Different Drive Levels for a Double-Sideband Modulator and
Product Detector Using the CA3006

Terminal 3 Harmonic Distortion
U v, Voltage Vee V3 A Up1n2 vs Vs (dB below fundamental)
(my (my (Volts (volts {mv (mv (mv (my (my

Condition  rms) rms) rms) rms) rms) rms) rms) rms) rms) 2nd 3rd  4th  5th
5 31.5 0.296 0.046 4.95 1 4 0.5 36 54
Vaned 10 . 315 0.206 0.080 8.9 1 4 0.5 36 54
30 31.5 0.296 0.25 26.6 1 4 0.5 36 375
10 31.5 0.296 0.083 8.9 1 4 0.5 36 54
Vared 10 100 0.96 0.262 28 1 4 05 36 51
10 315 2.96 0.83 89 1 4 0.5 36 50
10 31.5 0.296 0.083 8.9 0.5 2 0.5 17.5 54
Ve 10 31.5 0.296 0.083 8.9 1 4 0.5 36 52
Varied 10 315 0.296 0.083 8.9 3 12 0.5 110 415

10 31.5 0.296 0.083 8.9 5 20 0.5 188 51 37 59
10 31.5 0.296 0.083 8.9 1 4 0.315 23 56 54
Vaded _ 10 315 0.296 0.083 8.9 1 4 05 36 54
10 31.5 0.296 0.083 8.9 1 4 1.0 86 50

Notes: 1. Consult Figs. 48 and 49 for explanation of voltage designations.
2. Blank spaces indicate harmonic distortion is more than 60 dB below the fundamental.
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Application of the RCA-CA3000
Integrated-Circuit DC Amplifier

A. J. LEIDICH and M. E. MALCHOW

The RCA-CA3000 dc amplifier is a monolithic silicon
integrated circuit supplied in a 10-terminal TO-5 package.
This stabilized and compensated differential amplifier has
push-pull outputs, high-impedance (0.1-megohm) inputs,
and gain of approximately 30 dB at frequencies up to one
MHz. Its useful frequency response can be increased to
several tens of megahertz by the use of external resistors
or coils.

Because full gain-control capability is inherent in the
CA3000, it can be used as a signal switch (with pedestal),
a squelchable audio amplifier (with suppressed switching
transient), a modulator, a mixer, or a product detector.
When suitable external components are added, it can also
be used as an oscillator, a one-shot multivibrator, or a
trigger with controllable hysteresis. Within its specified
frequency range, it is an excellent limiter, and can handle
input signals up to about 80 millivolts rms before signifi-
cant cross-modulation or intermodulation products are
generated.

CIRCUIT DESCRIPTION

The circuit diagram and terminal connections for the
CA3000 dc amplifier are shown in Fig. 1. The circuit is
basically a single-stage differential amplifier (Q, and Q,)
with input emitter-followers (Q, and Q.) and a constant-
current sink (Q,) in the emitter-coupled leg. Push-pull input
and output capabilities are inherent in the differential con-
figuration.

The use of degenerative resistors R, and R; in the emitter-
coupled pair increases the linearity of the circuit and de-
creases its gain. The low-frequency output impedance be-
tween each output (terminals 8 and 10) and ground is
essentially the value of the collector resistors R, and R, in
the differential stage.

OPERATION OF THE CIRCUIT

The CA3000 is designed for operation from a wide range
of supply voltages. Operation from either one or two power
supplies is feasible, as illustrated by the typical biasing tech-
niques shown in Fig. 2. However, operation from two sup-
plies is recommended 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 V. plus negative supply
voltage V) is 16 volts. The maximum voltage capability
(V) of the differential 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
are determined by the base-bias circuit and emitter resist-
ance 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 characteristics with differing temperature
characteristics, (2) a particular value of gain having its own
temperature dependence, and (3) a particular dynamic
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Ve output-voltage capability. For each value of voltage between
terminals 2 and 3 (V;;; when terminal 2 is grounded), there
are four possible operating modes, as described in Table 1.

Table I—Operating Modes for CA3000 DC Amplifier

R R2
INPUT OUTPUT OUTPUT

INPUT Shorted Condition Qs Emitter

Mode Terminals of Diodes Resistor
A none in Rv + Ru
B 53 out Ro 4+ Ruo
C 4-3 in Re
D 5-4-3 out Re

The operating characteristics for these modes of operation
are summarized in Table 11 for various two-supply con-
figurations with terminal 2 grounded anc with V,, values
of —3 and —6 volts dc. .

Table I shows that the positive supply voltage can be
adjusted 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
Vi of —6 volts dc is in excess of the maximum rating,
operation within ratings can be achieved with slightly nega-
tive values of output voltage.) The use of these adjusted
values of positive supply provides two advantages: (1) di-
rect 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 V. of —3 volts dc and a positive supply voltage
Ve 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 II can be modified for single-
Fig.1 - Schematic diagram and terminal connections supply designs by simple addition and/or subtraction of
for the CA3000 integrated-circuit dc amplifier. dc values. For example, the correct information for a single

Table II—Design Characteristics of CA3000 Operating Modes

Single-ended DC output volts  Positive Negative
DC Supply Volts Operating  midband voltage (Terminal 8 or voltage voltage Total power
Positive Negative - mode gain — dB 10 to ground) swing swing dissipation
Vee —Vir Gvg Veso Vomas* Vomin* — mW
6 —6 A 312 +23 +3.7 —3.8 40
6 —6 B 273 +4.3 +1.7 —5.7 36
—15
6 —6 C 34.6 (saturated) +17.5 0 61
[3 —6 D 324 +1.0 +5.0 —2.4 47
3.7 —6 A 31.2 0 +3.7 —1.4 33
1.7 —6 B 271.3 0 +1.7 —14 25
10.6
(over rating) —6 C 346 0 +10.6 —1.5 83
5.0 —6 D 324 0 +5.0 —15 43
3 -3 A 27.5 +1.2 +1.8 —2.6 8.8
3 -3 B 16.6 +2.6 +0.4 —4.1 7.4
—15

3 -3 C 326 (saturated) +4.5 0 14
3 -3 D 244 +1. +1.1 —-33 8.5
1.8 -3 A 27.5 0 +1.8 —15 7.2
0.4 -3 B 16.6 0 +0.4 —15 8.4
53 -3 C 32.6 0 +5.3 —i.Z 19
1.1 -3 D 24.4 0 +1.1 —2.6 6.2

* Vouux and Vo, are the ac swing extremities above and below Vo,.
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¥ Connection of terminals 4 and 5 depends on mode of operation.

Fig.2 - Typical biasing arrangements for the CA3000 for operation from (a) two separate voltage supplies,
or (b) a single voltage supply.

supply of 12 volts dc for operating mode A can be obtained
from the conditions shown in the table for mode A for
Vee = 6 Vdc and Ve = —6 Vdc by the addition of 6 volts
to the values shown for Ve, Vee, VOuac, VOmas, aRd VOrin.
(It should be noted that the required voltage levels at the

SINGLE— ENDED DC OUTPUT VOLTS

-0
-60 -40 -20 ) 20 40 €0
TEMPERATURE — *C

Fig.3 - Theoretical curves of dc output voltage as a function of temperature for negative-supply voltages
of -3 and -6 volts dc (calculated for p = 35 at 20°C).

80 100 120 140

130

input terminals 1 and 6 and at terminal 2 are also 6
volts higher.

As mentioned previously, the four operating modes ex-
hibit different temperature characteristics. Fig. 3 shows
theoretical curves of dc output voltage as a function of

0.6[\O OUTPUT OPERATING POINT = Ve =V
Vg *-6Vdc
o4} CURVE [ Vx
|3.70vdc|

157V
10.6%v dc
5.05véc]

#EXCEEDS ABSOLUTE
MAXIMUM RATING

SINGLE— ENDED OC OUTPUT VOLTS
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TEMPERATURE — °C
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B Vec * 6V, Vgg* -6V

QUIESCENT OPERATING VOLTS
{TERMINAL No. 8 OR No.10 TO GROUND)
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Fig.4 - Measured curves of dc output voltage as a function of temperature for
negative-supply voltages of -3 and -6 volts dec.
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Fig.5 - Theoretical curves of gain as a function of
temperature for negative-supply voltages of -3 and
-6 volts dc (calculated for p = 35 at 20°C).
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Vg 6V, Vg = -6V
FREQUENCY (1)+100 Hz

»
o

temperature for each operating mode for negative supply
voltages V. of —3 and —6 volts dc. The experimental
curves shown in Fig. 4 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 supplies
(Vee = Vi) for the experimental data. The discrepancy
could be corrected by use of somewhat higher values of
positive supply voltage.

Fig. 5 shows theoretical curves of gain as a function of
temperature for the four operating modes with Vgg values
of —3 and —6 volts dc. With the diodes in (modes A and
C), the gain decreases for both values of Vg; 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 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. 6 shows meas-
ured values of single-ended and push-pull gain for mode A
with symmetrical power supplles of +6 volls dc. (This con-

figuration is used in the r n b it
provndes the maximum sinusoidal output capability, as
shown in Table II, and b of the conveni of *6-

volt dc supplies.)

The typical single-ended voltage-gain/ frequency-response
curve of the CA3000 for dc supplies of %6 volts in operat-
ing mode A is shown in Fig. 7, together with the test circuit
used for voltage-gain measurements. The Bode responses
of the CA3000 are virtually independent of source im-
pedance up to 10,000 ohms because of the emitter-follower
inputs. The curves in Fig. 8 show that gain and bandwidth
are virtually independent of temperature for operation in
mode A with ==6-volt dc supplies.

PUSH—PULL

SINGLE —ENDED

DIFFERENTIAL VOLTAGE
GAIN-dB
o
k-3

'8
3

-40 =20 [ 20
TEMPERATURE — °C

40 60 80 100 120 140

Fig.6 - Measured values of single-ended and push-pull gain for mode A operation
with symmetrical power supplies of 16 volts dc.
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Fig.7 - Single-ended volfagé gain of CA3000 as a function of frequency in test circuit shown.
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Fig.8 - Normalized gain-frequency curves for CA3000
' at three different temperatures.

Fig. 9 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. 10 shows the test circuit used to measure common-
mode rejection, together with curves of common-mode re-
jection as a function of frequency and temperature. Typical

132

rejection is 97 dB at a frequency of 1 kHz. Fig. 11 shows
the test circuit used to e the dc unbal 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. 12 shows
curves of input bias current, input impedance, and dynamic
output voltage as functions of temperature.
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APPLICATIONS
Crystal Oscillator—The CA3000 can be used as a crystal

Modulated Oscillator—If a low-frequency signal is con-
nected to terminal 2, as shown in Fig. 14, the CA3000 can

£

function as an oscillator and produce an amplitude-modu-

oscillator at frequencies up to 1 MHz by ion of a
crystal between terminals 8 and 1 and use of two external
resistors, as shown in Fig. 13(a). The output is taken
from the collector that is not connected to the crystal
(in this case, terminal 10). If a variable-feedback ratio
network is used, as shown in Fig. 13(b), the feedback may
be adjusted to provide a sinusoidal oscillation. Output
waveforms for both circuits are also shown. The frequency
in each circuit is 455 kHz, as determined by the crystal.
The range of these crystal oscillators can be extended
to frequencies of 10 MHz or more by use of collector
tuning.
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lating signal. The waveform in Fig. 14 shows the modulated
signal output produced by the modulated oscillator circuit
when a 1-kHz signal is introduced at terminal 2 and a
high-pass filter is used as the output.

Low-Freq 'y Mixer—In a configuration similar to that
used in modulated-oscillator applications, the CA3000 am-
plifier 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 ion of a modulating signal to
terminal 2 or 5.
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Fig.13 - Schematic diagrams and output waveforms of (a) crystal oscillator and
(b) crystal oscillator with variable feedback.

Fig.14 - Schematic diagram and output waveform of CA3000 modulated oscillator.

Vout
OHMS
Vs : MODULATING SIGNAL
L 1 (600-OHM SOURCE)
C: ded RC-Coupled Feedback Amplifier—The two-

stage feedback cascade amplifier shown in Fig. 15 produces
a typical open-loop midband gain of 63 dB. This circuit
uses a 100-picofarad capacitor C, to shunt the differential
outputs of the first stage. This capacitor staggers the high-
frequency roll-offs of the amplifier and thus improves
stability.

The gain-frequency characteristic of the feedback am-
plifier is shown in Fig. 16(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. 15 may be
used in high-gain video-agc applications under open-loop
conditions. If feedback is used to control the gain, agc may
still be applied successfuily.

Fig. 16(b) shows the agc characteristics for the two-stage
amplifier under open-loop and two closed-loop conditions
at a frequency of 1 kHz. As shown in Fig. 16(a), the open-
loop bandpass is 18 Hz to 135 kHz; under closed-loop
conditions, the bandpass 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 suffi-
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the input is adequately shielded from the output by a
ground plane. '

ATk “ The CA3000 has an output capacitance of approxi ly
Ly Vour .
r 9 picofarads at a frequency of 10 MHz. This capacitance
= 100pf
I ‘ I
v
04TuF o,
8000 ; N~ 00,
< 60 ~ P
Rt - so \
VWA
FOR Vagg *0 CLOSED-LOOP|
Ry Gy 40 .
@ €3 db (OPEN LOOP) (Ry = 0. MEGOHM)
100000 OHMS 40 db Py
9000 OHMS 20 db o
1l %
Fig.15 - Cascaded RC-coupled feedback amplifier g
using two CA3000 circuits. ¥ CLOSED-LOOP ®)
2 (R¢ = 9000 OHMS) ‘\
o
ciently so that the use of small coupling capacitors C: 5 o
and G involves little sacrifice in low-frequency response. g
If three or more CA3000 amplifiers are cascaded, the E
low-frequency roll-offs must be staggered as well as ;z,' [
those at the high end to prevent oscillation. A three-stage @
cascade has a midband gain of approximately 94 dB. o
Narrow-Band Tuned Amplifier—Because of its high in-
put and output impedances, the CA3000 is suitable for use
in parallel tuned-input and tuned-output applications. There -20
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 =30
collector of the driven transistor is returned to ac ground
and the output is taken from the non-driven side, and (2) -40
[ -1 -2 -3 -4 -5 -6
AGC DC VOLTS
bt —

L/ )
AR A\

(a)

SINGLE-ENDED VOLTAGE GAIN—dB
5
\‘

' Vi ) Ty
o / \
102 jo-! ' 10! 102 103 104 108 108 07 108

FREQUENCY —Hz

Fig.16 - (a) Gain-frequency and (b) agc characteristics of feedback amplifier shown in Fig.15.
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will resonate a 28 microhenry coil at this frequency and
give a minimum Q of 4.55 when the collector load resistor
is the only significant load. With this low Q, stagger
tuning may be unnecessary for many broad-band applica-
tions.

Fig. 17 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 amplifier 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.

~6¢c

MODE A

CA3000

O
~6vdc
32r Vo6V, Veg* -6V
Ryy *Royr *6000 OHMS
OVER- ALLEFFECTIVE
28 Q370
24}
20k
@
L]
]
z 1o
<
o
ek
ok
o
[+ I 1 I 1
88 oz 6104 108 N2

56
FREQUENCY — MHz
Fig.17 - Schematic diagram and response curve

for 10-MHz tuned-input, tuned-output,
narrow-band amplifier using CA3000.

Schmitt Trigger—The CA3000 can be operated as an
accurate, predictable Schmitt trigger provided saturation of
either side of the differential amplifier is prevented (hys-
teresis is less predictable if saturation occurs). Non-saturat-
ing operation is accomplished by operation in mode B

ICAN-5030

Yout
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Fig.18 - Schematic diagram for Schmitt trigger
using CA3000.

(terminals 3 and 5 shorted together) in the configuration
shown in Fig. 18. Large values are required for external
resistors R, and R. because they receive the total collector
current from terminal 10. Because of the high impedances,
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 de-
sign 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 Q, is the
constant-current sink.

STATE I: Q, off, Q, conducting (not saturated)
Vee (R;) — Ve (R, + 8000)

Vo= R, + R, -+ 8000
where 8000 ohms is the output impedance of
Q. (ob d from the published data). For R, =
27000 ohms and Ve = Vg = 6 Vdc,
_ 6V (R,) — 6V (35000)
Vo= R, + 35000 @
Re= (R, + 8000) V==t Vor
cc — Vg
R, = (35000) SV + Vur ®
vV —_V,
Vi = Veo — I (8000)
where Iz = coll current of transi Q.

~=0.48 milliampere in operating mode B with
Vie = —6 volts dc.
V=214V ©)
Vi, = Firing voltage for transition from state I to state II
Vg = Vg — 0.053 — 100 I at 25°C

Vi = Vig — 0.101 V at 25°C D)
STATE I1:Q, conducting (not saturated), Q, off

V-" = Vee

Vi =6V (A)

Ve = (Vee — Ix 8000) R, — Vi (R, + 8000)

R, + R, + 8000
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© _ 2.14V (R, — 6 V (35000) _ 38V(R)_ o
Vo = R, + 35000 (B) = R 335000 0.202 Vat 25°C
Ve, = Firing voltage for transition from state II back to
state I ) From the calculations for state 1, it is evident that either
Vi = Ve + 0.053 + 100 I at 25°C V., or R. must be a known design value. Because R, is a
Vi = Ve + 0.101 Vat 25°C ©) composite value, V,, is the more reasonable choice. The
ability of these equations to predict the Schmitt-trigger per-
HYSTERESIS VOLTAGE formance is evidenced by the parison of calculated and
Vi = Vo — Vi experimental data in Table III.
Table HI— Comparison of Calculated and Experi I Data for Schmitt Trigger
Condition Parameter Calculated Experimental
1) Vy=-2V Vr, —-2.1vV —22V
Ve —3.19v —32v
A\ +1.09V +1.0V
2) V= —1V Vi, —L10V —1.0V
Ve —2.51V —245V
Vs +1.41V +1.4V
3) Vo =0 Vi, —0.101V 0
Vru —1.83V —18Vv
Vars +1.73V +1.8V
4) Vo= +1V Ve +0.9V +1.0V
Vg —1.15V —1.0V
\ +2.1V +2.0V
5) V=42V = +19v +2.0V
Vi, —0.472V —0.5V
Vars +2.43V +2.4V
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Application of the RCA-CA3002
Integrated-Circuit IF Amplifier

BY

G. E. THERIAULT AND R. G. TIPPING

The RCA-CA3002 integrated-circuit if amplifier is a
balanced differential amplifier that can be used with either
a single-ended or a push-pull input and can provide either
a direct-coupled or a capacitance-coupled single-ended out-
put. Its applications include RC-coupled if amplifiers that
use the internal silicon output-coupling capacitor, video
amplifiers that use an external coupling capacitor, envelope
detectors, product detectors, and various trigger circuits.

The CA3002 features all-monolithic silicon epitaxial con-
struction designed for operation at ambient temperatures
from —55 to 125°C, and contains a built-in temperature-
compensating network for stabilization of gain and dc
operating point over this operating-temperature range. It
is supplied in a 10-terminal TO-5 low-silhouette package.

Because the CA3002 is a balanced differential amplifier
fed from a constant-current source, it makes an excellent
controlled-gain amplifier. The gain-control function may
be extended to include video gating, squelching, and blank-
ing applications. Envelope detection can be achieved by
suitable biasing of the emitter-base diode of the output
emitter-follower transistor. Product detection can be ob-
tained by re-insertion of the carrier at the base of the
constant-current-source transistor. Various trigger and wave-
form-generating circuits can also be achieved by the addi-
tion of suitable external components,

CIRCUIT DESCRIPTION AND
OPERATING MODES

Fig. 1 shows the circuit diagram and terminal connec-
tions for the CA3002 integrated circuit. The circuit is
basically a single-stage differential amplifier (Q, and Q,)
with input emitter-followers (Q, and Q;), a constant-current
sink (Q,) in the emitter-coupled leg, and an output emitter-
follower (Q;). 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 (R, and R,) to the transistor
current source (Q;). The use of these resistors improves the
linearity of the transfer characteristic and increases the
signal-handling capability.

Transistor Q, provides a high input impedance for the if
amplifier. Transistor Q, preserves the circuit symmetry, and
also partially bypasses the base of Q,. Additional bypassing
can be obtained by connection of an external capacitor
between terminal 5 and ground. The emitter-follower tran-
sistor Q;; provides a direct-coupled output impedance of less
than 100 ohms.

974
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Fig. I—Schematic diagram and terminal connections for the
CA3002 integrated-circuit if amplifier.

When voltage supplies are connected to the CA3002, the
most positive voltage must be cc d to terminal 9
and the most negative voltage to terminal 2 (internally con-
nected to the substrate and case). The CA3002 may be
operated from various supplies and at various levels. Opera-
tion from either single or dual power supplies is feasible.
When two supplies are used, they may be either symmetrical
or non-symmetrical. When both positive and negative volt-
age supplies are used, external components can be mini-
mized, as shown in Fig. 2(a). For single-supply applications,
a resistor divider and a bypass capacitor must be added
externally, as shown in Fig. 2(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 Q, is determined by the bias voltage between
terminals 1 and 2. The more negative point of this bias volt-
age must be connected to terminal 2. For dual-supply sys-
tems, terminal 1 is usually referenced to ground.

For any given bias voltage (Vz= when terminal 1 is
grounded), four operating modes are possible, as described
in Table I. In general, each mode is characterized by (1)
a distinct dc operating point with a characteristic tempera-
ture dependence, and (2) a particular value of gain that
has a distinct temperature dependence.

When the diodes are utilized in the bias circuit (modes A
and C), the current is essentially dependent on the tempera-
ture coefficient of the diffused emitter resistors R, and R,,,
and has a tendency to decrease with increasing temperature
at a rate independent of the negative supply voltage. The
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Table I—Identification of CA3002 Operating Modes

Operating Shorted Condition Qs Emitter
Mode Terminals of Diodes Resistor
A none in Rs + Ru
B 42 out Rs + Ru
C 32 in Ro
D 4-3-2 out R,

temperature coefficient 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 Q,. However, the operating point at output termi-
nal 8 is modified by the base-emitter voltage drop of tran-
sistor Q, and its temperature dependence. Typical variation
of the output operating point with temperature is shown
in Fig. 3 for the four operating modes for Vi 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 (Vss).

When the diodes are out of the bias circuit, the current- -
temperature curves become dependent on the negative sup-
ply voltage. Therefore, the value of Vr: can be adjusted
30 that the transconductance decreases, increases, or re-
mains constant with temperature. As shown in Fig. 4, the
gain increases with temperature for a —3-volt V= supply,
but decreases with increasing temperature for a —6-volt
Ve supply. At some intermediate value of Vrr (approxi-
mately —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,.

Vel
O

O]
weut] gy

Vee) = ()

Fig. 2—Circuit configurations for the CA3002 with
(a) dual voltage supplies, and (b) a single supply.
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Table II lists typical design performance characteristics

for the four operating modes of the CA3002. By use of the
data in this table and in Figs. 3 and 4, it is possible to select
the proper operating mode to provide the most transcon-
ductance per milliwatt of dissipation, the specified output-
swing capability, and the desired temperature performance

for a particular design requirement.

In operating mode C, a valid non-saturated operating

point may be obtained by use of non-symmetrical voltage
supplies. For example, when V= 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 by Fig. 3). Re-
sistor R; may then be returned to the negative supply in-

stead of to ground to ensure the desired negative swings.

Table II—Typical Design Performance Characteristics for the Four Operating Modes of the CA3002 (Terminals 7 and 1 are
grounded; temperature = 25°C)

g
L)

Towy» TUOw» UOw»

Output Operating Voltage + Supply — Supply Power
=+ Supply Point (Volts) at Gain (dB) Current Current Dissipation
Volts Terminal 8 to Ground at 1 MHz (mA) (mA) (mW)

6 2.6 26.4 5.0 42 55.2

6 3.8 22.5 4.7 37 50.4

6 0 (transistor Q. saturated, transistor Q. cutoff)

6 1.8 254 5.1 4.9 60
4.5 2.0 240 3.6 3.0 29.7
4.5 3.0 19.8 34 26 27.0
4.5 0 (Qu saturated, Qs cutoff)

4.5 1.8 24.5 3.7 33 315

3 1.1 22 2.3 2.0 129

3 20 14.5 2.1 1.5 10.8

3 0 (Qu saturated, Q. cutoff)

3 1.5 20 22 1.9 123
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CHARACTERISTICS

Input Unbalance Current. The input unbalance current of
the CA3002 is defined as the difference between the cur-
rents flowing into the base input terminals 10 and 5. Fig.
5 shows a curve of input unbalance current as a function
of temperature. This unbalance current determines the
maximum value of total effective external resistance that
may be used in each base circuit (resistors R, in Fig. 2). A
maximum value of 10,000 ohms is recommended for each
base circuit. However, larger resistances may be accom-

OPTIONAL
SHIELD

=

K A . o .75~ MH
modated if the resistors can be adjusted to maintain low v SIGNAL sountcr:. Vour
input offset voltages, or if the operating points of Q, and ™ oxgtngg%us‘z- = =
Q; are not in the linear region (as in trigger circuits). Zo = 50 OHMs
6V
35 © Loo
- Ve 6V Lw
VEg=-6V
130 %_A' Fig. 6—Voltage-gain test circuit.
3' h shows a test circuit used to measure the response character-
Z25 . istics of an iterative-coupled amplifier that uses an input-
s \\ coupling capacitor of 15 picofarads.
—— -
3 20 The response curves for several values of positive and
5 negative supply voltage are shown in Fig. 7. The gain of the
s
Veg (4
0 lcc

T.15 50 -25 [) 25 5 75 100 125 150
TEMPERATURE —— °C

Fig. 5—Input unbalance current of the CA3002 as a function of
temperature.

Input Impedance. The input impedance is essentially a
characteristic of the input emitter-followers, Q, and Q;.
Because these transistors are lightly loaded, they have paral-
lel input impedances that are approximately 0.1 megohm at
low frequencies and rise to infinity and become negative at
a few megahertz. In most cases, these impedances are
negligible in comparison with the impedances of external
base resistors or inductors. The input capacitance is 3 to
S picofarads.

The input impedance decreases with decreasing operating
temperature. A typical low-frequency value of parallel input
resistance is 55,000 ohms at —55°C. If a'resonant line or 24} *o.on’;#&‘_cgmcwon AT
tuned circuit that has appreciable impedance in the vhf
range is connected to either input terminal, a series para-
sitic resistor of 50 to 100 ohms should be placed in series
with the input lead to prevent vhf oscillation.

Output Impedance. The output impedance is essentially
that of the output emitter-follower Q,, and is a function of
the current in Q,.. The current, in turn, is determined by the 8 N
operating mode, the supply voltages, and the connection of 4
resistor R, to ground or to terminal 2. In operating mode D 4
urned to ground and *6-volt supplie
resistance is approximately 80 ohms over most of the useful L] 10 00
frequency range and rises to about 110 ohms (its highest FREQUENCY — MHz
value) at —55°C. Fig. 7—Effective single-stage response characteristics of

Frequency Response. The mid-frequency voltage gain of iterative-coupled if amplifier. Curve D represents
the CA3002 if amplifier is essentially independent of abso- operation with 0.01- microfarad capacitor
lute resistor values, but depends on the resistor ratios. Fig. 6 connected at terminal 5 (not shown).

20 A — ™
Vv

DT

VOLTAGE GAIN—dB

NN
/|
A

1
L

with R 1 the output
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amplifier is reduced at low frequencies by the 15-picofarad
input-coupling capacitor and at high frequencies by the RC
roll-off within the circuit. The addition of a 0.01-microfarad
bypass capacitor at terminal 5 improves both the high-
frequency response and the mid-frequency gain by eliminat-
ing ac feedback from terminal 8 to terminal 5.

If a wideband video response is desired, the 15-picofarad
internal silicon output-coupling capacitor of the CA3002

Vee* 6V

T
\ MODE A
Y \ \<

-10 Y = 175 M ™ \

VOLTAGE GAIN —dB
] '
> o
(=} o
|1

U \

-6

o -2 -3 -4
DC VOLTS APPLIED TO TERMINAL 1

Fig. 9—Voltage gain of the CA3002 as a function of negative dc
supply voltage applied at terminal 1 (normalized to a gain
of 26 dB).

of the dc voltage. When the gain is controlled in this

the 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 similar range. The circuit function
depends only on the manner in which the dc voltage applied
to terminal | is controlled. The agc range is dependent on
frequency, and decreases from 75 dB at 1 MHz to 60 dB

Third-Order Intermodulation Distortion. Fig. 10 shows
the peak-to-peak input signal required to produce third-order
intermodulation distortion of 3 per cent as a function of gain

must be replaced with a larger external coupling capacitor
connected to terminal 6. The response curves for an itera-
tive-coupled amplifier that uses 0.01-microfarad input-
coupling and output-coupling capacitors are shown in Fig. 8.
Veel+)
4
EXTERNAL
00 wF COUPLING
CAPACITOR
00! uF
S ouTPUT
Veel-)
28
-
2 NN o
N/
N
@ 2
- N
z CURVE| Voo | Vee N N
g 15— N
o A v [ -3v PN
w [ 8 |asv |-a5v VA
g R c 6v | -6V —1—1 \
g | o*| ev [-ev ™\ L
I i aj 3
8 #0,01-uF CAPACITOR t 25 MHz
I— H
) ! !
o1 ] 10 100

FREQUENCY— MHz
Fig. 8—Effective single-stage response characteristics for if
amplifier using 0.01-microfarad coupling capacitors. Curve
D represents operation with 0.01-microfarad capacitor
connected at terminal 5 (not shown).

The response of the amplifier is substantially extended at the
low frequencies. If 1-microfarad coupling capacitors are
used, the low-frequncy response can be extended below
100 Hz. Again, the addition of a 0.01-microfarad capacitor
at terminal 5 improves the high-frequency performance.
A shield separating the external leads at terminals 5 and 6
also reduces the feedback and extends the response.

AGC. The voltage gain of the CA3002 can be controlled
over a wide range by adjustment of a negative dc voltage
applied at terminal 1. Fig. 9 shows the voltage gain at 1.75
MHz (measured in the test circuit of Fig. 6) as a function

control for the CA3002 integrated circuit. The maximum
tolerable signal input for 3-per-cent intermodulation dis-

-80

MODE A

Vg6V, Vgg—6V

6o} 11*1:8 MHz, 1,%1.80I5 MHz A

INTERMODULATION
DISTORTION = 3%

40|

GAIN CONTROL—dB

20

ool o1 |
TWO-SIGNAL INPUT—PEAK-TO-PEAK VOLTS

Fig. 10—Third-order intermodulation-distortion characteristic as
a function of agc.
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tortion is relatively constant over the entire agc range, but
increases dramatically as cutoff is attained. When the
CA3002 is operated in mode A with supplies of =6 volts
and an agc of —30 dB, a peak-to-peak input signal in ex-
cess of 100 millivolts is typically required for 3-per-cent
distortion.

Noise Figure. Because noise figure is an important design
parameter for both video and if-amplifier applications, it
was evaluated for the CA3002 over the frequency range of
1 kHz to 10 MHz. Fig. 11 shows noise performance as a
function of frequency when a 1000-ohm source is used.
The noise figure is 4 dB over a large portion of the usable

20 T T TTTTT T T T
Vg6V, Vggt—6V
Q16 SOURCE E=1000 OHMS
T MODE D
e N
I N
w 8
3
o
z W1
(]
0.001 00t ol ] 10

FREQUENCY —MHz

Fig. 11—Noise figure of the CA3002 as a function of frequency.

practical receiver, bypassing may be avoided if the input
at terminal 10 is transformer driven (from a filter) and ter-
minal 5 is grounded. In the later if stages, noise figure can
usually be ignored.

14

Ve 6V, VEg® —6V
) \ =175 MHz
'« \ MODE D

o

S
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w

€ o\

Qo

L \

8 e AN

2 N
4
[+] 500 1000 1500 2000 2500

SOURCE RESISTANCE —OHMS

Fig. 12—Noise figure of the CA3002 as a function of source
resistance.
APPLICATIONS

Four-Stage 1.75 MHz IF Amplifier. Effective if design
for AM circuits requires consideration of both the signal
level at the input stage (as a function of agc range) and

range. The I/f noise corner occurs at approxi )
15 kHz, and the high-frequency noise rise begins at ap-
proximately 4 MHz. Fig. 12 shows noise figure as a func-
tion of source resistance at 1.75 MHz. The typical noise
figure 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. '
When external base-bias resistors are used, terminal 5
should be bypassed by an external capacitor for any stage
which low noise figure is required. If the base-bias re-
sistors are not bypassed, the noise figure increases. In a

390 39

L

= 005uF

the ptable signal-to-noise ratio at the output. The
agc action must be initiated ‘at the first stage at the proper
voltage level to prevent excessive modulation distortion
throughout the entire agc range. This input-signal volt-
age level is lated to be approxi ly 25 millivolts rms
for 100-per-cent modulation at an allowable distortion of
10 per cent. Before the applied signal reaches 25 millivolts,
the first stage must be gain controlled and completely cut
off before gain control is applied to subsequent stages.

Fig. 13 shows a four-stage 1.75-MHz amplifier used to
evaluate the performance of the CA3002 amplifier for AM

6V = 003 uF =

VWV\— VW

i
‘5::

—"I'lﬁr o oS _"‘——,;, l_ igo

Fig.13—Four-stage 1.75-MHz if amplifier.
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applications. A tuned circuit and a diode detector are
connected to terminal 8 of the output stage to evaluate
detected output and signal-to-noise ratio. The audio band-
width of the detector output filter is 3 dB down at 4.2 kHz.
The tuned circuit at the input is driven by a 50-ohm gener-
ator and provides a 1000-ohm source to the circuit. The
first stage is operated at reduced supply voltages (about
+3 volts) to reduce the required agc control voltage. This
lower supply-voltage level ensures that a sufficient control
voltage can be developed by a separate CA3002 unit used
as an agc amplifier without introducing a separate supply
voltage. An additional advantage of lower-voltage operation
in the first stage is a reduction in noise figure.

If desired, the first-stage tuned circuit in Fig. 13 can be
replaced by a crystal filter and a transformer. Because the
CA3002 input impedance is high and does not vary appre-
ciably with agc, no impedance variations are presented to
the crystal filter.

The voltage gain realized from terminal 10 of the first
stage to terminal 8 of the fourth stage is 85 dB, or approxi-
mately 21 dB per stage. From the 50-ohm input, the typical
voltage gain is 98 dB. Because the maximum signal-handling
capability of the output stage is slightly greater than 0.7
volt rms, gain control should begin when this value is meas-
ured at terminal 8. The modulation distortion is acceptable
over the entire 60-dB agc range. For input signals greater
than 8 millivolts, modulation distortion begins to increase
because of fourth-stage overload. Overloading can be pre-
vented by application of a delayed gain control to the second
stage. The signal-to-noise performance as a function of in-
put signal is shown in Fig. 14.

5 [INPUT SIGNAL=1:75 MHz, 50 PER CENT MODULATED |
S [DETECTOR QUTPUT FILTER 3-0B BANDWIDTH= 42 KHz
5 30 =TT 1
3 'DETECTED OUTPUT SIGNAL
] GAIN CONTROL STARTED
<<
[}
,I, 2
5
a
=3
2
o |
o
@ N
o
AN
o 0
0 100 000 10000

INPUT SIGNAL—MICROVOLTS

Fig. 14—Output signal and noise of the amplifier shown in Fig. 13.

Envelope Detector. The CA3002 integrated circuit can
be operated as an envelope detector in either of two ways,
as shown in Fig. 15: (1) the emitter of the output transistor
Q, can be operated at zero voltage by connection of an ex-
ternal resistor in the bias loop of the constant-current tran-
sistor Q,, or (2) the current in transistor Q; can be reduced
by connection of a large resistor (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 Q, in Fig. 1) is increased to the point at which

the common-collector output transistor Q; is biased almost
to cutoff. For this current increase, the constant-current
transistor Q, is operated with terminal 4 open, and the
emitter resistor R, is shunt loaded by the external resistor
at terminal 3. Envelope detection 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.

METHOD | eV
MODE A

1.75 MHz
50% MODULATED
AT | KHz

0.0l uF

1.75 MHz
50%
= MODULATED =
AT | KHz

Fig. 15—Envelope detectors using CA3002 integrated circuits.

For small ac signals, therefore, the circuit provides linear
operation except for Q;, which is turned on only by a posi-
tive signal. The maximum acceptable input signal depends
on the linear range of the differential 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. 15, a
fixed value of resistance (15,000 ohms) is used to reduce the
emitter current in the output transistor (Q;) to approximately
100 microamperes. This operating point provides the non-
linearity for detection in transistor Q,. 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 terminal 8 and ground to remove the rf
signal from the detected audio output.
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Fig. 16 shows the input-output characteristics of the
envelope-detector circuits shown in Fig. 15. The usable
range of input signals for distortion below 3 per cent is 10
to 100 millivolts (20-dB range) for method 1 and 12 to 60
millivolts (14-dB range) for method 2. Automatic gain con-
trol of the if amplifier must maintain the input signals to the
detector within this range.

500
= INPUT SIGNAL MODULATED 50 PERCENT |~
T AT 1 KHz
* 400 e
-
g
@ /\usrn D (1)
§ 300) METHOD (2) —f5—
3
2
£ 500! /]
-
2
g /7
3 10 /
0
2 7
@
4 20 40 60 80 100 120 140

RMS INPUT MILLIVOLTS (AT I.75 MHz)

Fig. 16—Input-output characteristics of the envelope detectors
shown in Fig. 15.

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 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 cur-
rent from the constant-current transistor 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. 17. A
double-sideband suppressed-carrier signal is applied at ter-
minal 10, and the 1.7-MHz carrier is applied to terminal 1.

50 +6V

DOUBLE —SIDEBAND
SUPPRESSED CARRIER

1701 +1.609 MHz = -6V

Fig. 17—Product detector circuit.

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
characteristics shown in Table III are obtained. The con-
version 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 in-
creases 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).

Schmitt Trigger. Fig. 18 shows the use of the CA3002 as
a Schmitt trigger. In this application, the input is applied to
terminal 5 and both the output and the feedback are taken
from the output emitter-follower at terminal 8. The emitter-
follower output isolates the feedback loop from the differ-

Table III—Performance Data for CA3002 as Product Detector

Ve

\Z] Oscillator Vs
Double- Voltage Output at Conversion
Sideband at Terminal 8 Voltage
Voltage Terminal 1 at 1 ke/s Gain
(mV) V) (mV) (dB)
1 1.7 12.5 21.9
4 1.7 50 219
8 1.7 100 21.9
16 1.7 200 21.9
32 1.7 310 19.8
4 0.25 22 - 15.6
4 0.5 42 203
4 1.6 60 23.5
4 13 60 23.5
4 1.7 50 219
4 2.0 48 21.6
4 2.5 31 17.8
4 30 15 114
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dB down from Fundamental of Harmonics *
Harmonic

2nd 3rd 4th Sth
60

51 61

46 56

37 46

32 30 51 64
15 42 44

32 52

45 60

49 61

51 61

52 62

49 60

42 60

*Harmonic Distortion Greater than 65 dB Down If Omitted
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ential pair and makes it possible for the circuit to drive feedback loop is varied. Fig. 18 also shows the output swing
low-impedance loads. An additional advantage is that neither and associated hysteresis of the Schmitt trigger as a function
half of the differential pair saturates as the resistance of the  of resistor R and the dc input voltage level at terminal 5.

5_—l
a—
@ gl Vhys * 10V
I R=27K
z 2f—
3
E by
I T N B B |
:v T » e—
1
.ég
= 5 I
2
g oo
3 Viys 01V
g 3 R=77K
2—
I'—'
I T O |

0 020406 08 10 12 14 16

DC INPUT VOLTS AT
TERMINAL 5

Fig. 18—Schmitt trigger circuit and output swing
and associated hysteresis.
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Application of the RCA-CA3007
Integrated-Circuit Audio Amplifier

R.G. TIPPING

The RCA-CA3007 audio driver is a balanced dif-
ferential configuration with either a single-ended or a
differential input and two push-pull emitter-follower
outputs. The circuit features all-monolithic silicon
epitaxial construction, and is intended for use as a
direct-coupled driver in a class B audio amplifier which
exhibits both gain and operating-point stability over the
temperature range from -55 to 125°C. Because of its
circuit configuration (a balanced differential pair fed by
a constant-current transistor), the CA3007 is an excel-
lent controlled-gain audio driver for systems requiring
audio squelching. This circuit is also usable as a servo
driver. The audio driver circuit is available in a 12-

terminal TO5 low-gilhonette nackase

mal 12 low-slihouelle package.

CIRCUIT DESCRIPTION

Fig.1 shows the schematic diagram and terminal
connections for the CA3007 circuit. The input stage
consists of a differential pair (Q; and Q2) operating as
a phase splitter with gain. The two output signals from
the phase splitter, which are 180 degrees out of phase,

are direct-coupled through two emitter-followers (Q4 and
Qs). The emitters of the differential pair are connected
to the transistor constant-current sink Q3.

The diodes in the bias circuit of the transistor con-
stant-current sink make the emitter current of Q3 essen-
tially dependent on the temperature coefficient of the
diffused emitter resistor R3. Because the diffused
collector resistors Ris and Rig should have identical
temperature coefficients, constant collector-voltage
operating 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 Qs decrease as temperature
increases. This small variation in the output quiescent
operating voltage is sufficient to cause a large variation -
in the standby current of a class B push-pull output
stage when the audio driver and the output stage are
direct~coupled. Resistors R11, R12, R13, and Ry7 and
transistor Qg form a dc feedback loop which stabilizes
the quiescent operating voltage at output terminals 8

148
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TO~S5 PACKAGE
(BOTTOM VIEW)

Fig.1 - Schematic diagram and terminal connections for the CA3007 audio driver.

and 10 for both temperature and power-supply variations
so that variations in the output operating points are
negligible.

Resistors Ry, Ry, Rg, and R4 form the input cir-
cuit; 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

vee (6 V)
O

ViN

SQUELCH
VOLTAGE

’iI—L
o]

Vg (-6 V)
Fig.2 - CA3007 used as an auvdio driver for a direct-coupled 300-milliwatt audio amplifier.

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.2.

T
(STANCOR TA-10)
RL
16
OHMS

[
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Connection of voltage supplies to the CA3007 audio
driver requires that the most positive voltage be con-
nected 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.3) or from dual power
supplies (as shown in Fig.2) is feasible. For dual-
supply operation, symmetrical supplies must be used if
the audio driver is to be direct-coupled to the audio out-
put stage. For single-supply operation, the audio driver
must be ac-coupled to the audio output stage, and the
number of external components required increases.

Veec(ov)

The external resistor R connected between terminals
3 and 4 is used to set the class B output-stage standby
current as required 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 milli-
amperes, R is typically 10,000 ohms.

Terminal 2 must be grounded or, if an audio squelch
is desired, must be connected to a positive voltage
supply of 5 volts minimum. When terminal 2 is near
ground, the audio amplifier functions normally. When

Ry
offus

T
(STANCOR TA-10)

Fig.3 - CA3007 used as an audio driver for a 30-milliwatt audio amplifier.

For operation from either single or dual supplies,
the operating current is transistor Q3 is determined by
the bias voltage between 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.

APPLICATIONS

Dual-Supply Audio Driver in a Direct-Coupled Audio
Amplifier. Fig.2 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 (V.. =6 volts, VEg =
-6 volts, V =30 volts). For a voltage V of 6 volts, the
output power is 10 milliwatts without transformer op-
timization; the use of a lower-impedance transformer
would permit power outputs inthe order of 100 milliwatts.

150

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 current of 1.5 milliamperes in the 5-volt condition, and
0.75 milliampere in the near-ground condition.

For a symmetrical audio driver, there is no ac
signal present at the base of transistor Q. However,
unbalances between the two halves of the circuit may
require that the base of Qgbe bypassed for proper opera-
tion. The base of Qg may be bypassed by connection 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 re-
quired over the complete temperature range of -55 to
125°C.

Table I shows values of harmonic distortion and
intermodulation distortion for the amplifier of Fig.2.
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Table | - Distortion Measurements for Direct-Coupled Amplifier Shown in Fig.2

HARMONIC DISTORTION

Output-Signal Level (mVrms)

Power with 2-kHz Input Signal H‘?”"Of'ic
Output Distortion
(mW) 2 kHz 4 kHz 6 kHz 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 4.2 5.0 1.0 1.5 1.30
330 2300 27 6.0 9.0 3.0 2.0 1.27
INTERMODULATION DISTORTION
Output-Signal Level:
at f, (2 kHz) 1000 mV rms
at f; (3 kHz) 1000 mV rms
at 2f>-fi (4 kHz) 0.7 mV rms
3rd-Order IMD 0.07 %

Single-Supply Audio Driver in a Capacitor-Coupled
Audio Amplifier. Fig.3 shows the CA3007 used as a
single-supply audio driver in a capacitor-coupled audio
amplifier. This amplifier provides a power output of
30 milliwatts for an audio input of 6.5 millivolts rms
(Ve =9 volts) with the transformer shown.

The connection shown in Fig.3 still represents a
differential-pair phase splitter fed from a constant-cur-
rent 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.3. Although the dc feedback loop is
no longer required bacause 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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Application of the RCA-CA3001
Integrated-Circuit Video Amplifier

G. E. THERIAULT

The CA3001 silicon monolithic integrated circuit is de-
signed for use in intermediate-frequency or video amplifiers
at frequencies up to 20MHz and in Schmitt-trigger appli-
cations. This integrated circuit can be gated, and gain
control can be applied. The CA3001 incorporates the
following primary features: (a) all-monolithic silicon epi-
taxial construction designed for operation at ambient
temperatures from —55 to 125°C; (b) balanced differential-
amplifier figuration with low-imp double-ended
input; (c) built-in p ing network for
gain or dc operating-point stablhty over the temperature
range from —55 to 125°C. This integrated-circuit amplifier
is available in a 12-pin TO-5 low-silhouette package.

CIRCUIT DESCRIPTION

Fig. 1 shows the schematic diagram and terminal connec-
tions for the CA3001 amplifier. The circuit consists of a
differential pair Q, and Q;, the current of which is controlled
by a current tr Q.. Tr Q1 Q;, Qo
and Q, are operated in the common-collector configuration
to provide a high-impedance input and low-impedance out-
put. Thus, the CA3001 provides double-ended input and
output, and can be iteratively connected with low-value

li paci The high-fi y resp of the cir-
cult is determmed primarily by the resistance and capaci-
tance in the collectors of the differential pair Q, and Q,.

BIASING

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 substrate and the case). For typical operation, ter-
minals 2 and 10 are returned to g d. If desired, h

ic gain 1 can be d to terminal 2, and
terminal 10 can be connected to the negative supply to per-
mit larger negative-going output swings in the output
transistors.

NaAanna

The CA3001 may be operaied wiili various supplies and
at various levels. Operation from either a single supply or
dual supplies is feasible, as shown in Fig. 2. When dual sup-
plies are used, they may be either symmetrical or non-
symmetrical. The use of separate positive and negative sup-
plies minimizes the need for external components, as shown
in Fig. 2(a). For single-supply applications, a resistor di-
vider and a bypass capacitor must be added, as shown in
Fig. 2(b). '
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SIG,
OJO),

®

92CM-13571RI

Vee

Fig.1 - Schematic diagram and terminal connections for the CA3001 video amplifier.

‘When dual supplies are used, the inputs (terminals 1 and Table I—Four Possible Operating Modes for CA3001 Amplifier

6) are referenced to ground through equal external resistors Operating Shorted Condition 0. Emitter
(the maximum recommended value of R is 3300 ohms for Mode Terminals of Diodes Resistor
linear operation). The current through the resistor divider A none in R +R

R, and R, should be greater than 1.5 milliamperes. For either B 5.3 out R} 4 R::
single or dual supplies, the operating current in transistor o] 4-3 in

Q, is determined by the operating mode. For any given bias D 5-4-3 out R}
voltage, four operating modes are possible, as described in Table II shows typical design performance characteristics

Table 1. Each mode is characterized by a distinct operating  for the four operating modes of the CA3001 at room tem-
current and a corresponding voltage gain, both of which  perature. The output operating point and voltage gain of the
have a particular temperature dependence. circuit are reasonably independent of resistor value, but the
Vee (4)

O

vee

Ovout

Fig.2 - Circuit connections for the CA3001
for (a) separate positive and negative vol-
(b) tage supplies, and (b) a single supply.
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Table II—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- (Terminals Supply Supply Dissi- Gain
ting Supplies 8and 11 Current Current pation at 1 MHz
Mode (£V) To Ground) (mA) (mA) (mW) (dB)
A 6 43 8.4 —4.7 79 15.5
B 6 4.8 7.8 —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 4.5 3.0 6.0 —34 43.6 14.6
B 4.5 34 5.6 —2.7 37.6 10.0
C 4.5 20 72 —58 58.4 17.7
D 4.5 2.9 6.0 —3.7 43.6 15.5
A 3 1.8 37 —3.9 226 13.0
B 3 2.1 33 —14 143 3.8
C 3 1.0 44 —37 25.5 16.4
D 3 2.0 24 —19 13.0 108
current and power dissipation may vary with resistor values.  CHARACTERISTICS

Figs. 3 and 4 show theoretical curves of output operating
point and power gain, respectively, as functions of tempera-
ture for nominal resistor values with supply voltage V== of
—3 and —6 volts dc. The voltage between terminals 8 and
9 or terminals 11 and 9 is denoted by Vx. Because the varia-
tion of voltage gain and operating point with temperature is
small for all operating modes, the choice of mode depends
on application requirements. With a supply voltage Ve= of
—4.5 volts, voltage-gain variation is normally less than 0.5
dB for all operating modes over the temperature range of
—55t0 125°C.

Veg ° -3vee MODE | Vx (25°)
OUTPUT OPERATING
e POINT sV =Vy
L3 0.4
H
H
2302
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s';‘ ok
e
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a5 35 45 5 25 45 65 85 105 125
TEMPERATURE—*C
Vgg®-6Vec
OUTPUT OPERATING .
mm-vcc -Vx
12 oar
£
<
§§ o2}
|§ < ;
5§ o O C
£ p
3z AB
2 .. L L . L 1 L . . )

-35 -35 IS s 28 45 (1] es 105 125
TEMPERATURE—°C

Fig.3 - Output operating point of the CA3001 (normalized
to the 25°C operating point) as a function of tempera-
ture for Ve supplies of -3 and -6 volts dc.
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Frequency Response. When the CA3001 video ‘amplifier
is used in de, its high-frequency resp is determined
primarily by the RC roll-off at the collectors of the differen-
tial pair Q; and Q. The generator source resistance may
affect high-frequency bandwidth; for full bandwidth capa-
bility, the parallel combination of source resistance 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.

Vgg * - 6vdc
0
MODE |25°C GAIN (dB)
. A 15.5
Sa?r B 12.7
2
= c 17.8
<3 D 16.4
Wk D
&
wa of
s \n
3z c
23 ‘ 2
3 ] - L i L 1 1 1 1 l‘
55 38 -1 5 25 45 65 85 105 128
TEMPERATURE—~ °C
VEg *-3vde
EE"-3Vde MODE | 25°C GAIN (4B)
2,
M
°8
-1l
38
w3
ﬂ’
Bz,
g’
s

s s s 25 w5 s a5 15 s
TEMPERATURE—°*C
Fig.4 - Voltage gain of the CA3001 (normalized to the
25°C gain) as a function of temperature for VEE
supplies of -3 and -6 volts dc.




Fig. 5 shows the circuit used for evaluation of frequency
response of the CA3001, together with the response char-
acteristics obtained. The circuit is operated in mode C with
supplies of =6 volts. The 50-ohm generator simulates the
frequency and gain behavior for iterative operation. The
curves of Fig. 5 show the measured response characteristics
with terminal 6 bypassed and unbypassed. When terminal 6
is bypassed, the voltage gain is down 3 dB at 16 MHz,

MODE C

20
€)+0.01sF
?ls- 4
z
<
© o}
w
o
s
H
> s
. N \ —— , T
o4 2 46 o 2 4 6 g 2 4 6 oo

FREQUENCY — MHz

Fig.5 - Frequency response of the CA3001 as a func-
tion of capacitor Cy in the test circuit shown with
terminal 6 bypassed and unbypassed.

and is greater than 10 dB through 30 MHz. When the non-
driven input (terminal 6 in the circuit shown) is not by-
passed, the gain decreases more rapidly as a result of
the feedback capacitance between terminals 7 and 6.
This feedback can be d by use of short leads
and inter-terminal shielding. A shieldi thod is to
ground terminal 7. ’

The high-frequency roll-off of the CA3001 is a function
of the values of resistors R, and R, in Fig. 1 and their varia-
tion with temperature. Fig. 6 shows the effect of temperature
on high-frequency response. The variation in response can
be accounted for by the resistance variation with tempera-
ture; capacitance variations with temperature are a secon-
dary effect.

The internal capacitors provided at the outputs of the
CA3001 (C, and C, in Fig. 1) can be used for coupling
circuits in cascade for narrow-band applications. Because
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Fig.6 - High-frequency 3-dB bandwidth of the
CA30017 as a function of temperature.

the value of these capacitors is small, the external base-bias
resistors shown in Fig. 5 should be increased from 1000 to
3300 ohms to improve low-frequency response. Fig. 7 shows
the response characteristics for a single stage in which the
input is applied to