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Linear Integrated Circuits
and MOSFETs—AppIications

RCA offers a broad line of linear integrated circuits and discrete small-signal MOS
field-effect transistors (MOSFETs) for a broad variety of diverse applications in
industrial, military, and consumer applications. This book contains a selection of
application notes that provide helpful user information on many popular types
currently available from RCA Solid State Division as standard products. The
products covered include operational amplifiers, power-control circuits, arrays,
differential amplifiers, circuits for television, AM and FM radio, and audio system,
data-conversion and special-function circuits, and MOSFETs.

The application notes are included in this book in the alpha-numeric sequence of the
RCA identification number. A classification chart providesa complete listing of these
notes in two ways for easy reference. The first listing groups the notes into specific
categories according to product and circuit function. The second listing is by device
type and, in essence, is a cross reference of specific devices to relevant application
notes.

Detailed ratings and characteristics data on the devices covered in the application
notes are provided in the RCA Linear Integrated Circuits and MOSFETs
DATABOOK, SSD-240B, and in the technical data bulletin on each specific device.
Other technical publications on these devices, such as product selection guides and
special-emphasis catalogs and brochures, are listed at the end of this book.
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Operating Considerations for
RCA Solid State Devices

This Note summarizes important
operating recommendations and precau-
tions which should be followed in the in-
terest of maintaining the high standards
of performance of solid state devices.

The ratings included in RCA Solid
State Devices data bulletins 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 operating

and environmental conditions ap-

plicable to any electron device of

a specified type as defined by its

published data, and should not

be exceeded under the worst pro-

bable conditions.

The device manufacturer chooses these
values to provide acceptable serviceability
of the device, taking no responsibility 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 in-
tended service is exceeded with any device
under the worst probable operating condi-
tions with respect to supply voltage varia-
tion, equipment component variation,
equipment control adjustment, load
variation, signal variation, environmental
conditions, and variations in device
characteristics.

It is recommended that equipment
manufacturers consult RCA whenever
device applications involve unusual elec-
trical, 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 occur-
rence.

The small size of most solid state pro-
ducts provides obvious advantages to the
designers of electronic equipment.
However, it should be recognized that
these compact devices usually provide on-
ly 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 in-
formation on voltage creepage, the user
should consult references such as the
JEDEC Standard No. 7 ‘‘Suggested Stan-
dard on Thyristors,”” and JEDEC Stan-
dard RS282 “‘Standards for Silicon Rec-
tifier 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. Similarly, the TO-5§
style package often used for integrated
circuits usually has the substrate or most
negative supply voltage connected to the
case. Therefore, consideration should be
given to the possibility of shock hazard if
the shells are to operate at voltages ap-
preciably above or below ground poten-
tial. 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 com-
ponents, solid-state devices should be
operated and tested in circuits which have
reasonable values of current limiting
resistance, or other forms of effective cur-
rent overload protection. Failure to
observe these precautions can cause ex-
cessive internal heating of the device
resulting in destruction and/or possible
shattering of the enclosure.

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 opera-
tion 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 be-
tween 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 moun-
ting 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 solder-
ing 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 operating 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
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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 con-
nected 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
conductivity 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 in-
terface between device and heat sink may
increase as a result of decreasing pressure.

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 for-
ming of leads to meet specific mounting
requirements, and describe various moun-
ting arrangements, thermal considera-
tions, and cleaning methods. This infor-
mation is intended to augment the data on
electrical characteristics, - 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
and VERSATAB in-line plastic packages
can be formed to a custom shape, provid-
ed they are not indiscriminately twisted or
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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 re-
quirements of a specific application, the
desired lead configuration should be
determined, and a lead-bending fixture
should be designed and constructed.
When the use of a properly designed fix-
ture is not practical, a pair of long-nosed
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.

5. Avoid repeated bending of leads.

The leads of the TO-220AB VER-
SAWATT and TO-202 VERSATAB in-
line packages are not designed to with-
stand excessive axidl pull. Force in this
direction greater than 4 pounds may result
in permanent damage to the device. If the
mounting arrangement tends to impose
axial stress on the leads, some method of
strain relief should be devised.

Wire wrapping of the leads is permissi-
ble, 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
235°C and must be applied for not more

than 10 seconds at a distance not less than .
1/8 inch from the plastic case. When-

wires are used for connections, care
should be exercised to assure that move-
ment of the wire does not cause move-
ment of the lead at the lead-to-plastic
junctions.

The leads of RCA molded-plastic
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 con-
figuration, 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 hardware for the VER-
SAWATT package are given in the data
bulletins for specific devices and in RCA
Application Note AN-4124. When the
package is fastened to a heat sink, a rec-
tangular 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 im-
portant 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 ex-
cessive 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 diallphthalate, fiberglass-
filled nylon, or fiberglass-filled polycar-
bonate. 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 ex-
cessively high.

The TO-220AA plastic package can be
mounted in commercially available TO-66
sockets, such as UID Electronics Corp.
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Socket No. PTD4 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.

4. 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 ap-

plied to the leads.

7. Use insulating bushings to prevent
hotcreep problems. Such bushings
should be made of diallphthalate,
fiberglass-filled nylon, or fiberglass-
filled polycarbonate.

Bl

The maximum allowable power dissipa-
tion in a solid state device is limited by the
junction temperature. An important fac-
tor 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 con-
sidered.

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.
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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 us-
ed. (Thickness of factory-suppied
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 pre-
vent degradation of heat sink effi-
ciency during life.

Cleaning After Mounting

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 specific time. From
a reliability standpoint, however, it is ex-

tremely important that the solvent,.

together with other chemicals in the
solder-cleaning system (such as flux and
solder covers), not adversely affect the life
of the component. This consideration ap-
plies to all non-hermetic and molded-
plastic components.

It is, of course, impractical to evaluate
the effect on long-term transistor life of
all cleaning solvents, which are marketed
under a variety of brand names with
numerous additives. These solvents can,
however, be classified with 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 at-
mosphere unreliable. Gasoline and other
hydrocarbons cause the inner encapsulant
to swell and damage the package.
Alcohols are acceptable solvents and are
recommended for flux removal whenever
possible. Examples of suitable alcohols
are methanol, isopropanol, and special
denatured ethyl alcohols, such as SDAI,
SDA30, SDA34, and SDA44.

When considerations such as solvent
flammability are of concern, selected
freon-alcohol blends are usable when ex-
posure is limited. Solvent such as the
following should be safe for normal flux-
removal operations, but care should be
taken to assure their suitability in the
cleaning procedure:

Freon TE
Freon TE-35
Freon TP-35 (Freon PC)

The solvents may be used for a maximum
of 4 hours at 25 °C or for a maximum of 1
hour at 50 °C.
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Care must also be used in the selection
of fluxes in the soldering of leads. Rosin
or activated rosin fluxes are recommended,
while organic or acid fluxes are not. Ex-
amples 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 assembly is to be encap-
sulated, the effect on the molded-plastic
transistor must be studied from both a
chemical and physical standpoint.

Note:

Silicon-oil fluids that come into direct
physical contact with the molded-plastic
packages may react chemically with and
cause damage to the packages. Such
fluids, therefore, are unacceptable as
baths for degreasing and flux removal.
Silicone oils contained in thermal com-
pounds or other materials used in moun-
ting the molded-plastic packages,
however, do not cause damage to the
packages provided the bleed rate of such
materials is not excessive. For example, in
mounting arrangements that employ an
insulating washer, a thermal-grease heat-
sink compound, such as Dow Corning
No. 340 or equivalent, for which the bleed
rate does not exceed 0.5 per cent after 24
hours or 200°C is recommended for use
on both sides of the insulating washer.

RECTIFIERS AND THYRISTORS

A surge-limiting impedance should
always be used in series with silicon rec-
tifiers 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 be-
tween 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
epoxy adhesive, or by soldering, the most
efficient method.

The use of a ‘‘self-jigging’’ arrange-
ment and a solder preform is recommend-
ed. If each unit is soldered individually,
*Trade Name: Emerson and Cumming, Inc.

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 considera-
tions, 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 insula-
tion damage by the electrostatic discharge
of energy through the devices. Elec-
trostatic 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 capacitance, is
discharged through the device. With pro-
per handling and applications procedures,
however, MOS transistors are currently
being extensively used in production by
numerous equipment manufacturers in
military, industrial, and consumer ap-
plications, with virtually no problems of
damage due to electrostatic discharge.

In some MOS/FETs, diodes are elec-
trically 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 con-
ductive material such as ‘‘EC-
COSORB* LD26’’ or equivalent.
(NOTE: Polystyrene insulating
“SNOW?”’ is not sufficiently conduc-
tive and should not be used.)

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

3. Tips of soldering irons should be
grounded.

4. Devices should never be inserted into
or removed from circuits with power
on.

RF POWER TRANSISTORS

Mounting and Handling

Stripline rf devices should be mounted
so that the leads are not bent or pulled
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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 wrap-
pings 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 ingre-
dient. These portions of the transistors
should not be crushed, ground, or abrad-
ed in any way because the dust created
could be hazardous if inhaled.

Operating

Forward-Biased Operation. For Class
A or AB operation, the allowable quies-
cent bias point is determined by reference
to the infrared safe-area curve in the ap-
propiate data bulletin. This curve depicts
the safe current/voltage combinations for
extended continuous operation.

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

See RCA RF Power Transistor Manual,
Technical Series RFM-430, pp 3941, for
additional information concerning the
handling and mounting of rf power tran-
sistors.

INTEGRATED CIRCUITS.
Mounting

Integrated circuits are normally sup-
plied 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 protec-
tion against lead corrosion in the presence
of high humidity and mechanical stress.
The aluminum-foil-lined cardboard

1CE-402

‘‘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 on-
to printed circuit boards or equipment,
the presence of moisture between the
closely spaced terminals can result in con-
ductive paths that may impair device per-
formance in high-impedance applications.
It is therefore recommended that confor-
mal 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 form-
ing of the device leads, it is extremely im-
portant 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-ead 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.

COS/MOS INTEGRATED CIRCUITS

Handling

All COS/MOS gate inputs have a
resistor/diode gate protection network.
All transmission gate inputs and all out-
puts 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 en-
vironments, improper handling may
result in device damage. See ICAN-6525,
‘‘Handling and Operating Considerations
for MOS Integrated Circuits’’, for proper
handling procedures.

Operating

Unused Inputs

All unused input leads must be con-
nected to either V§§ or Vpp, whichever
is appropriate for the logic circuit involv-
ed. A floating input on a high-current

®Trade Name: Westinghouse Corp.
*Mil-M-38510A, paragraph 3.5.6.1(a), lead material
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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 exceed-
ed and may result in damage to the device.
Inputs to these types, which are mounted
on printed-circuit boards that may tem-
porarily become unterminated, should
have a pull-up resistor to VsSs or VDD. A
useful range of values for such resistors is
from 10 kilohms to 1 megohm.

Input Signals

Signals shall not be applied to the in-
puts 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 im-

-paired as a result of current flow through

structural diode junctions.
Output Short Circuits

Shorting of outputs to VSS or VDD 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 re-
quirements for a safe operation below 200
milliwatts.

For detailed COS/MOS IC operating
and handing considerations, refer to Ap-
plication Note ICAN-6525 <‘Handling
and Operating Considerations for MOS
Integrated circuits’’.

LINEAR INTEGRATED CIRCUITS

In linear integrated circuits that employ
diode isolation techniques, there are
numerous parasitic devices associated
with the primary circuit components.
These devices may be activated or turned
on by driving inputs and/or outputs
beyond the supply-voltage range of the in-
tegrated circuit. For example, externally
driving the collector terminal of a tran-
sistor array below the isolation potential
or substrate will forward bias the parasitic
isolation diode shown in Fig. 1. Since the

p* ISOLATION p- SILICON SUBSTRATE

PARASITIC
DIODE

92CS-31447
SUBSTRATE

Fig. 1—Sectional view of conventional “vertical”
n-p-n transistor commonly used on IC chip. Also
shown is the equivalent circuit and associated
parasitic diode.

collector region and substrate form a
comparatively large-area diode, high cur-
rents will be sustained, often at levels suf-
ficiently high to melt the metalization to
these devices.

Operational amplifiers like the 741 and
other similar structures can be damaged
by driving a positive-going signal into the
input device with power off. The signal
will forward bias the collector-to-base
junction of the input transistor and, if the
positive supply impedance is low enough,
drive curent back into the supply. Current
above the maximum rating may result in
damage to the amplifier.

Supply transients are another possible
source of damage. They can activate or
trigger parasitic SCR devices which can
cause an integrated circuit to draw ex-
tremely high current. If the supply im-
pedance is sufficiently high, the SCR gate
drive in the latched condition is removed
by the limiting action of the supply. If the
supply impedance is too low, the device
will continue to demand high currents-un-
til the metalization of either the device or
the pc board fuses open.

Although device manufactuers take
precautions to keep the number of these
parasitic devices at a minimum, normal
device process variations occasionally
make the formation of parasitic devices
inevitable. It is essential, therefore, that
the user take precautions to insure that an
integrated circuit is never operated
beyond its maximum ratings, even under
momentary transient conditions.
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SOLID STATE CHIPS

Solid state chips, unlike packaged

devices, are non-hermetic devices, nor-
mally 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 con-
taminated 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

B. Relative humidity, 50% max.

C. Clean, dust-free environment.
The user must exercise proper care
when handling chips to prevent even
the slightest physical damage to the
chip.

1CE-402

3. During mounting and lead bonding

of chips the user must use proper
assembly techniques to obtain proper
electrical, thermal, and mechanical
performance. .
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 realtively small in-
sulating 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.
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AN-3193
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 areexplained. The cross-
modulation and intermodulation distortion characteris-
tics of the 3N 128 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

* The basic theory of MOS transistors and equivalent circuits
for these devices are discussed in RCA Application Note
AN-201, ‘*‘Application Con%xdemtlons for RCA 3N98 and
3N99 Sillcon MOS Transistors,”” by D. M. Griswold.

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 GROUNDE
AMBIENT TEMPERATURE (Ta)*25 'C

)=0f

&

_ SOURCE VOLTS,
B2 e

/ .

5 10
DRAIN-TO-SOURCE VOLTS (Vpg)

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

DRAIN CURRENT (Ip)—ma
Q

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

T The electron-tube analogy does not apply to p-channel MOS
transistors or to enhancement types.

16



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.

Fig.2 - Bias methods for common-source 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,
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Fig.3 - 200-MHz common-source amplifier.

Fig.4 illustrates the effect of the leakage resis-
tances Rrj and Rp, when the insulated gate is float-
ing. When these resistances (21014 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.

gﬂu 1sVoD

R+ Rip = 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 a common-
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 Q2 may require a positive voltage of 5 to 10 volts,
the net gate-to-source voltage for this transistor should
be approximately O to -1 volt.
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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 Vps 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
Vpsg rating for the transistor. Greater long-term relia-
bility is achieved, therefore, by operation of the 3N128
at a Vg of 12 to 15 volts rather than at 20 volts.

For a Vg 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 battery-powered equipment,
does not seriously affect system performance. For
example, when the transistor is operated at a Vps 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

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.
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Fig.6 - Power gain and noise figure of the RCA 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
drain voltage Vp of 15 volts 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
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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 agc 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, agc 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-
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. 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(y11) = 0.15mmho
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
3N 128, 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.l
In cascode stages, the effect of reverse agc on cross-
modulationdistortion 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.
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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
of the attenuation produced when agc is accom-
plished by areduction 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 voitages 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 f1 and fg (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 fi 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 f1 and
fa were measured by an rf vacuum-tube voltmeter; the
f1 generator was turned down for measurement of fg,
and vice versa.

Table I

INTERMODULATION DISTORTION DATA
FOR THE 3N128 MOS TRANSISTOR

Interfering Voltages Required to Produce
2.4 microvolts at 150 MHz
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l RECEIVER| [ VTVM
! ta)
0005 4F
A i
INPUT 0005 uF J
LAY -
RFC =
510 RFC
= 002 uF 002 uF
75K =
V6 o
(b)
-7
|#05-3 pF 09-7pF
7 At
Ao L
INPUT 000! uF \ L
( LAl
33 pF
RFC
= sia oom uF RFC
—¢ L) =10 nH
= 9K Q=300
ooou uF 000!
it
I = l*VD
)
00l uF
N T
LAY
9K
hy : RFC =
G2 o0l = =
= uF
Vg, 100K
00068 uF
“ 002 uF
TINpUT 0005 uF
= 2sia t +Vp

(d)

Fig.9 - Test circuits used to measure cross-modulation
(a) block diagram;
(b) unneutralized-stage test circuit;
(c) neutralized-stage test circuit;
(d) cascode-stage test circuit.

distortion in MOS transistors:

Designing YHF MOS Amplifier Circuits

A2} ip £1 (175 MHz) £2 (200 MHz)
volts mA mV mVY
16.5 10 18 18
18.5 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.

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 parameters 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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QUTPUT TO
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0.82 uH

002 uf
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+Vp

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

¥o, (forward transfer admittance with output short-
circuited) = 7.0 - j1.9 mmhos

¥1g (reverse transfer admittance with input short-
circuited) = 0 - j0.16 mmhos

If yo is assumed tobe 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:

lyg:l? [7.0-j1.912

MAG = =
4Re(y, DRely,y) 4(0.45)0.28)

=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.3:4 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 | 1 |:

[Y21¥12]

- (2)
2Re(y;)Relyyy)-Relyy 1y, ,)

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

~ [(7.0-j1.9)(0-;0.16)| ~
" 2(0.45)(0.28)- Re(7.0-j1.9)(-j0.16)

2.08

Stern has derived a similar expression for stability
Cg that includes the effect of the generator and load
conductances, Yg and y; , respectively, as follows:

|y21y1z|
T2 Re(y,,* yg)Re(y22+ yp.)-Relyy ¥,9)

Cs <Nl ®

If a conjugate match is assumed at both the input and
the output, then Re(yg) = Re(y;), and Re(yL) = Rely,,).

For this condition, the stability factor is calculated
as follows:

[(7.0-j1.9)-j0.16)] L.

Cg= =—=0.
$ " %0.45+0.45)0.28+0.28)>-Re(7.0-11.9)(-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 symmetrica: 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-

yICN
l

Fig.11 - Capacitance-bridge neuvtralization circuit:
(a) actual circuit configuration; (b) circuit redrawn
to emphasize capacitance-bridge network.
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ization is that iy = i,. This condition implies the
following relationship:

vd -Vn
— ==—, or Crvy = -C, v 4
Xy iXp e non

The voltage v, is defined by the following equation:

vd . Vd 1 vd
Va =L: X Jxl = . = 5
iXp +iX 2LC1+1} jwCy -w2LCi+l
jwCy
If this relationship for v, is substituted in Eq.(4), the
following result is obtained:

vd
_ e = iCl=w?
Cfvd —-Cn<- 3 1+1>,()1'Cn = Ch-wLC1+1)  (6)

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

-1 :
Cn = -Cf{(@)w(h + 1] = Cr(%;-- l) 7)

If C1>>Cg, Eq.(7) may be rewritten as follows:

o
Cn ~ Cr (é-) @)

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

Vd -Vn
X¢ . Xn

, or Cgvy=-Cuvn t2]

Fig.12 - Transformer-coupled neutralization circvit,

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

V4
__E.f_

Vn

(10)

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

the generator admittance yg 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(y11) 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:
— =,/44 =6.6
Ni J—

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 dc 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, yp, = 20 millimhos, is apparently equal
to the real part of the transistor output admittance,
Relyg2) = 0.28 millimhos. Fig.13(b) shows the equiva-
lent circuit of the load-circuit network for this condition.

____495

028 mmho 0.28 mmho

—eZy R *500 —Yy RCr ¥ 0.28mmho
(o) (b}

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
ZiN for the network shown in Fig.13:

1
jwCs

Zixn = Rg + amn

The input admittance y;y., therefore, may be expressed
as follows:
1

1 1
Yiy =— TjeCp = — = ————— (12)
N "Ry PN R+ L
s

j«Cs
The terms in Eq.(12) are rearranged to obtain the fol-
lowing resuit:

1 LieGy_

R
R—S +jwCpRs + 1 (3

p jeCgRp j=Cs
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The real and imaginary terms in Eq.(13) are equated to
obtain the following relationships:

Rs . Co_ (14)
R, Cs
1
“CpRe - ——m =0 (15)
P
1
(16)

P~ (@CsRyNwRg)

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

el ’ 1
®” & V(Rp-Re)Rs

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

1 1
= = 1.9
S = 2 m(2x109) V(3600-50)50 pF

Experimentally, a 3-picofarad capacitor was found to
perform very satisfactorily in the amplifier. If Rp >>
Rs, then Cp & Cg. 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 C; is arbitrarily selected as 33
picofarads, the neutralization is determined from Eq.(8),

an
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as follows:

Cl) (33)
Ch x —1=02{—) =10
n O\, 6.4 PF

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

(Crss = 0.13 pF) and then fixed. The required input |

inductance was found to be 0.06 microhenry. The com-
pleted amplifier is s$hown schematically in Fig.3. The
bandwidth of the amplifier is typically8 MHz and shows
negligible skew.

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 sourcey-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.
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Chopper Circuits

Using RCA MOS Field-Effect Transistors

. by
F. M. Carlson

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 amptifier. This
procedure is gererally 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 in telemetry or other systems in which
a signal source such as a transducer is to be connected
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

T O

SIGNAL SIGNAL
SOURCE S LOAD SOURCE LOAD
(AC ORDC) (AC ORDC)

1 1. Il

{b)—SERIES CHOPPER

{a)— SHUNT CHOPPER

Fig.1 - Basic chopper circuits.

Available Chopper Devices
Ideal Chopp.er Compared to ldeal
Characteristics

MOS Bipolar Electromechanical

Relay

Infinite Life Good Good Poor

lnéx: sltpinir: quency Good Good Poor
Infinite OFF .

Resistance Good Fair Good

Zero ON-Resistance  Poor Fair Good

Zero Driving-Power Good Fair Fair

Consumption
Zero Offset Voltage Good Poor Good

Zero Feedthrough
between the driving

signal and signal Fair Fair Good
being chopped
Small Size Good Good Poor

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




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
TO SOURCE

(b) SUBSTRATE
FLOATING

DRAIN CURRENT (1p)— 2mA/DIV,

(c)} SUBSTRATE CONNECTED
TO DRAIN

DRAIN-TO-SOURCE VOLTAGE (Vpg)— 2V/DIV.
(a,b,c'—1 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 Vgs 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 tor-
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 rdg(ON). This ON condition corre-
sponds to the closed-switch condition in the circuits
of Fig.1.

SUBSTRATE CONNECTED TO SOURCE
AMBIENT TEMP = 25°C

-1,~2,
250 ’7 y
<
€
Lis /
o /
s} -4
[ "
z
W 50
x Vgs-5
3 o——d
z -5
q-50 /
a
<L} /
150 4
-250 %;// +10
-120 ~-80 -40 [+] 40 80 20

DRAIN - TO- SOURCE VOLTAGE {vpg)~mV

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 Ip(OFF), is typically 0.1
nanoampere for the 40460. Because Ip(OFF) is mea-
sured at a drain-to-sowrce 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 110 volts. The substrate
(and thus the case) of the 40460 transistor is usually
comnected 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

QuTPUT

GATING -
SIGNAL

U R RL

{0) SHUNT CHOPPER

QUTPUT

[ SIGNAL
SOURCE
(AC OR DC)

U GATING SIGNAL

(b} SERIES CHOPPER

Nl OUTPUT
A\

[ siona R ™ RL
SOURCE -
{AC OR DC) R2 7
- v 4 -

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 RL
rgs * R
r4s R
Rg + ds "L
rds + R

()

InEq.(1), itis assumed that the gate leakage resistance
R is much larger than the drain-to-source resistance
r4s- If the load resistance Ry, is also much larger than
rds: Eq.(1) canbe simplified as follows:

Ids
E, = Eg| ————
o S[Rsnds]
+~OE,

Vas Re
[N R,

(2

||}——i|||——'\7’:/\/——\

NOTE: ALTHOUGH RESISTANCE Rg 1S 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 RS be much greater than rqg. The value of
EQ is then given by

Eg = Eg (rge/Rg) @)

A typical value for Rg and R, in an MOS shunt chopper
is 0.1 megohm. A typical value of rdg(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:

Eg = 10-3 (90/10%) = 0.9 microvolt

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

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

(4)

s R ras RL
rgs + Ry, rgs + R
Eg = Eg |[————| +V
o s rgs R, GS rgs R
RS p—_— = G t———
rge * Ry rgs * Ry
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. In most MOS transistors, both r4s(OFF) and Rg are much
greater than Ry,. Therefore, Eq.(4) may be simplified
as follows:

Rp RL

E.=E —_— + V —
0 S GS
Rg + Ry, Rg

(5)

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

10° 105 7]
-10
x 105 ]012_|

The secqnd 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 only 0.002 per cent. The output error remains
small for any value of signal voltage ES that does not
approach the error voltage in magnitude.

Because the error voltage is inversely proportional

to the gate leakage resistance RG, most junction gate
field-effect transistors produce larger error voltages
than MOS transistors (the minimum R 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 < rqg(ON).

2. Ingeneral, R[, should be high. (R[, >> rqg(ON)

The load resistance should be higher than the
source resistance. (R, 2 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 combination
of Rg and Ry,

Approximate Output Voltage Eo- 1LV
(Max. Output = 1 mV)

Source Loed Shunt Series Series-Shunt
Resistance Resistonce Chopper Chopper Chopper
Rs Ry

(ohms) (ohms) (ON) (OFF) (ON) (OFF) (ON) (OFF)
1M 1M 0.1 500 500 1 500 0.0001
100 K M 1 900 900 1 900  0.0001
100 M 500 1000 1000 1 1000 0.0001
0 1M 1000 1000 1000 1 1000 0.0001
1M 100 K 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 I - Steady-state chopper output voltage for
veorious 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

QouTPUT

4

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
MOS transistor is driven from a low-impedance generator
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
becanse XCqg is essentially in parallel with Ry, and
rds(OFF).

27



AN-3452

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. Cgq
and R[, form a differentiating network which allows the
leading edge of the gate drive signal to pass through.
The output capacitance Cdg 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 Cgq (some RCA MOS transistors
have typical Cgd values as low as 0.13 picofarad),

SUBSTRATE CONNECTED TO SOURCE
Vps=0i Vo= 0: 1= IkHz
(2]
3
T
(=]
|
—
3 400
»
> -
[l \
o 300
T
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2 |
o i
» 200 ~
& - '
- / J
w
Z 100 '
<
x
o

)
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SUBSTRATE CONNECTED TO SOURCE
Vgs= *10y: Vps=0

NG

/

4
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GATE LEAKAGE cunnsm[:n,,]—p:«
N
[ S
|
|

120 140

(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) use of 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 rdg, gate leakage current

100 . /

FF)| — nA

00 /

o
N

ORAIN-TO-SOURCE LEAKAGE CURRENT [Io(o

0.4

(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 ry ;

(b) gate leakage current ’gss;

(¢) 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, [gss and Ip(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

it ’ OUTPUT

100 30K 30K

(b) SERIES CHOPPER

' OUTPUT
10K
100K
f21MHz JY 100
2w

{c) RF CHOPPER

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

3Ni2s

SHUNT CIRCUIT

SCALE _
VERTICAL

S -4
UPPER TRACE * 10V/DIV.
| LOWER TRACE = IOmV/DIv.
HORIZONTAL | 1004S/DIV. B

B ———— GATE DRIVE
OUTPUT (Oto-8V)
40460
—_— =
QUTPUT (O to-8V)
3NiI28

SERIES CIRCUIT

SCALE

VERTICAL UPPER TRACE = |0V/DIV.
LOWER TRACE =ZQmY/DIV.

HORIZONTAL | 100 #S/DIV.

Fig.9 - Actual spike feedthrough in shunt and series
chopper circuits employing the 40460 and
3N 128 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 xS/DIV.

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:
25 kHz

CHOPPING FREQUENCY:
100Hz

VERTICAL SCALE:
UPPER TRACE = SV/DIV.
LOWER TRACE= IV/DIV.

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

Z;y2100K
7557 AC BALLANTINE

™ vIVM | NO.300H OR
100K CAL|BRATE EQUIV.
f=ikHz
100%1% = SPOT
PUSH BUTTON
NORMALLY IN
L L = "CALIBRATE
POSITION
Fig.A-1 - Channel resistance (rds(ON)) measurement
circuit.
2.4mH
——O +vpg
¢ =< 0.474F
BOONTON s
MODEL 75A niGH
CAPACITANCE == 0.47,F
BRIDGE OR r
EQUIV. LOW
Guarp O-
(GROUND)

Fig.A-3 - Input capacitance (C;s¢) measurement
circuit.

PICOAMMETER

Fig.A-2 - Cutoff current (Ip(OFF )} measurement

circuit.
0.47,F 2.4mH
Low O—) —O +Vpg
R HO pF
(OSCILLA‘NON)
| \SUPPRESSION
HIGH =K 0.47,F
GUARD O
(GROUND)

Fig.A-4 - Reverse transfer (Feedback) capacitance
(C,s5) measurement circuit.
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An FM Tuner Using

AN-3535

Single-Gate MOS Field-Effect Transistors

as RF Amplifier and Mixer

by
C.H. Lee and S. Reich

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:

2 3

o m
where iy is the instantaneous value of output current of
the device; I, is the dc component of output current; eg
is the rf signal voltage present at the input terminal of

ig =1yt aeg + 3e

+ £
o o ves

the transistor; and «, 3, and & 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.
It can be shown?:3 that mixing action within the device
is attributable to the second-order term (,Gesz), 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 ad 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.1l 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

Ly

O2uF
O»FZ:L »

1

b L e 0scC
he 0054F Q15 247

-0 K K

All resistors in ohms,
unless specified otherwise

822402441 ¢

12.7 dB. The mixer transistor RCA-40559 also operates
in the common-source configuration, with both the tf 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 T1. 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'clb' Clc-s-gang tuning capacitor, TRW 5-plate Model

oF V2133 with trimmers stripped off.

}IZOO oF

Cy,C3,Cyq - Aico 402 trimmer, maximum value 10 pF

Ly - No.18 bare cupper wire, 5 turns on 19/64" form, coil length
1/2", with IRN .250" x .250" Arnold slug. Qo =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. Qo =104.

L3 - 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. Secundary has a tums ratio of 26.2 to 1.0,
Primary, No.32 enamel wire, 15 turns, space wound at 60
TPI, 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

RCA-
40245
10.7 MHz
IN

stages.

>t

-
13301
L pF
i

I

1330,
oF

430

< I
+15 v_i_

All resistors in ohms,
unless specified otherwise

AUDIO OUT

Fig.2 - Three-stage if amplifier using bipolar transistors.
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Table ! 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 oo oo vt 100 MHz
Modulation Frequency .. ......... 400 Hz
Deviation (except IHFM) ........ . 22.5 kHz
Sensitivity:

THEM « o s et et e it i e aan e 1.75 uv

20-dB Quieting. . . . ... .0t 1.5 uV

30-dB Quieting. . . . . v oo ... .. 1.75 [AY

3-dB Limiting .. ... ..00c... 2.5 uv
Image Rejection . . ... e .. 62 dB
IF Rejection . . .. oo v v v i v v ienen 96 dB
Half-IF Rejection . . . . ... ... .. . 92 dB
Spurious Response across

VHF band with egep, =0.35 volt . . NONE

Table | - 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,!.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
teceiver 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 very large undesired incoming signal
located on the skirt of the selectivity curve from driv-
ing the mixer beyond its dynamic range. Good FM tuner
performance is achieved by selection of the proper rf-
stage gain and step-down to the mixer input.

The f 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 L2 is de-
termined from stage-gain and bandwidth requirements.
Table Il shows the device parameters used forthe design
of the rf 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 .. minimizes
oscillator radiation feedback through the device, and
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also makes it unnecessary to add neutralization com-
ponents to the rf stage to achieve adequate gain.

Mixer-Circuit Considerations

The mixer circuit shown in Fig.l 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 ithe
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
mixer. A l.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
Eyg for the RCA-40559 mixer transistor..

Edgci5V
18

N

2
D

DRAIN CURRENT (Ip)—mA
Ll

[
-3 -2 =] 0
GATE VOLTAGE {Egl—V

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

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
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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
vg*lomv

 Egs=ISV

\
\

TRANSCONDUCTANCE (g,) — mmho

-3 -2 -l [+}
GATE VOLTAGE (Eg)—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.

Egg*I5V

o
{‘l,’ /R Eg=-IV

-2
2
z NN
L} \
2z mfl o
S -a— A §
& —~ ~
g 5 i
: | /2
3 -¢ 2
w &
g
3 T
[ 3

-0

0z o4 06 08 24 6 18

OSCILL.ATOR INJECTION LEVEI;—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-

tance for gate voltages ranging from zero to -2.1 volts.
Details of these measurements aregiven in the Appendix.

RF Amplifier Mixer

Parameter Units RCA-40468 RCA-40559
Crss 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 pF 1.4 1.5
y21 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
current 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 the 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.
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Fig.6 - Signal level for 20- and 30-dB quieting

as a function of signal frequency.
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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.

/ SIGNAL +NOISE

RELATIVE GAIN —d8
. :
8 3
/
o
w
m

.

-60 1] 1 L1t 1 L 11 | L1 |
025

100
SIGNAL LEVEL AT ANTENNA TERMINAL —uV

Fig.8 - Relative gain of signal and noise as a
function of the signal voltage level.
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Fig.9 - Signal rejection as a function of input
frequency, measured with a generator
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

Calculation of Conversion Transconductance from the
Operating Characteristic

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 Em
is given by the following general relation:

€m = £ (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:

g = 12.5 - 2.14¢0-937F¢ 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 ¢,% + 0.75 eg> t. .. (4)

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

eg = -1 + egsinwg t (5)

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

g = 6.82 + 5.13 e, sin wo t - 2.39 e sin® wy t +
(6)
0.75 e03 sin3 wq 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 €g Sinagt N

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

ifp = (2.57 eg + 0.28 egleg (8)

By definition, the conversion transconductance g¢
is equal to the if current divided by the signal voltage,
as follows:

gc = iJp/eg 6
Therefore, g, can be expressed in terms of the oscillator
injection voltage e, as follows:

go = (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

by L. A. Jacobus and S. Reich

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 (¢) 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. Rj is the leakage resistance associated with
the substrate-to-channel equivalent diode D;. Leakage
resistance across (&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., %NI?B), CIN is less than 5 picofarads. The
channel resistance R; + Ry, which is a function of the
applied bias, can range from 102 to 1010 ohms. Rjis
also subject to variations determined by operating con-
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 CIN-

In a dual-gate MOS field-effect transistor, the oxide
thickness of the CyN dielectric is about 600 angstroms.
The dielectric material is SiO,, which has a breakdown
constant of 5 x 100 volts per ‘centimeter. The gate volt-
age-handling capability is therefore 30 volts. A cross-
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SOURCE GATE DORAIN ORAIN
Siop
( _
L R W GATE
‘ SOURCE
SILICON
(o) SUBSTRATE (b}
GATE

(c)

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(e).

GATE | GATE 2 DRAIN
DRAN
7i 02 GATE 2
WA A oaTEL ]
P
SOURCE
L TV siwicon
SUBSTRATE
(al )

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.

Fig. 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

€0

+—

e _T_CD_,_’

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 Cy\ 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 Cyn, 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
rf 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-

ey

o “AV“

HANDLE THIS
ta)

Tl e

ONE POSSIBILITY RCA's METHOD
(c} (d}

LIMIT THIS
(b)

Cin

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

plishing this effective open circuit is the bapk—tp-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 3iodes. The ideal
signal-limiting diodes, with an infinite transfer slope
(Rq =0), would then limit the voltage presented to the
ga?es to its knee value, ej. The difference voltage
E-eq =eg (where E is the static potential in the static
generator, eq is the diode voltage drop, and eg is the
voltage drop across the generator internal resistance)
appears as an IR 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.

+10

(a}

.
{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

-~ ~

/ _}»« \
\
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AN /
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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-
perienced primarily in handling but also when the
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

GATE |

TO GATE | SOURCE

1

GATE 2

DRAIN

AN-4018

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
1s 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,

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

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

GATE |
GATE 2

;02
SOURCE

=

TO GATE 2

] ]

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
necessa{hy 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-Hondling 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 4x 10-3duty 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
let:mage than the bipolar transistor by a factor greater

an two.

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.
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Fig.10-Inputresistance 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 |- 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

7 170 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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Cy: 100 picofarads, ceramic disc
Cg C7 Cg Cg Cyp: 1000 picofarads, feed-through type
Cs: 1 to 10 picofarads, variable air (piston);
JFD VAM-010, Johnson Co. No. 4335 or equivalent
C4: 1.8 to 8.7 picofarads, variable air;
Johnson Co. No. 160-104 or equivalent
Cg: 3 picofarads, tubular ceramic
Cg: 22 picofarads, ceramic disc
C11: 1.5 to 5 picofarads, variable air;

acc i

Ferrite 4beads on No. 24 wire between L) and socket; beeds

beads: gre pyroferrio Co. **Carbonyl J*' or equivalent:

0.093-inch OD, 0.03-inch ID, 0.063 inch thick

L1: 4 turns 0.020-inch copper ribbon, silver-plated, 0.075 to

0.085 inch wide, 0.25-inch inside diameter, coil
approximately 0.80 inch long

Lg: 4.5 turns 0.020-inch copper ribbon, silver-plated, 0.085to

0,095 inch wide, 0.3125-inch inside diameter, coil approxi-
mately 0.90 inch lon
Y 8 Rg: 36,000 ohms

Johnson Co. No. 160-102 or equivalent
Cj9: 100 picofarads, ceramic disc
Ci3: 1.5 picofarads, tubular ceramic
CM: 0.8 to 4.5 picofarads, variable air (piston);
Erie 560-013 or equivalent

Qy: MOS transistor under test
C: Ohmite part No. Z235 Ry4: 1800 ohms
R e ipalent Rg: 275 ohms, % watt, 1%

or equivalent
Rg: 120,000 ohms

Rl: 27,000 ohms
Rg: 47,000 ohms Ry: 1000 ohms

Fig. 11 - RF testcircuit for dual-gate MOS transistors.
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AN-4125
MOSFET 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
capacitance, high tr tnsconductance 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, 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,. Insulated-gate or

MOS devices may be either depletion or enhance-
ment types; depletion types exhibit reasonable
I,sx 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.

| +vop -_al__-*"oo

Mk

@ )
Fig. 1. Iy 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 trangistor 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 Fig.
2(b). The substrate in this type of device is in-
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ternally connected to the source.

Bilasing 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-channel, depletion device) with
a drain-to-source V,; voltage of 16 V and a

0 0
62
62
6
Gy !
S S
(@ v)

Fig. 2. Dual-gate MOS transistors.
(a) conventional symbol, (b) modi-
fied symbol to show gate-protected
device.
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Fig. 3. Biasing circuits for single-gate transistors:
(a) self-biasing; (b) external biasing; (c) a combina-
tion of self-biasing and external biasing.

small-signal transconductance g,, of 7.4 mmhos,
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 V., re-
quired for the desired value of I,. The circuit
parameters can then be calculated using V,; —
15V,I,=5mA, Vogg— —1.1 Vand V, = 0.

Ve=Vg — Vgg= 11V ¢}
Ry = Vy/I, = 1.1/6 = 220 0 (2)
Voo = Vog + Vg=15 + 1.1 = 16.1 V (3)

In a circuit designed for applied bias only, the
problem becomes 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-
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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.
3(c) makes use of a larger value of Ry to narrow
the range of drain current to plus or minus a
few milliamperes. Figure 6 shows curves of I
as a function of I, for various values of R, The
normal range of I,., for the 3N128 is from 5 to
25 mA, or a spread of 20 mA. The use of the
220-0 source resistor R; calculated in the previ-
ous example reduces this spread to about 6 mA,
for a 4-to-1 improvement. Higher values of R,
achieve tighter control of the spread of drain-
current values.

As an example, the circuit of Fig. 3(¢) 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 R, 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(¢) are
then calculated using V,, = 15 V, I,, = 5 mA,

Ves = —1.1 V, and Ry = 1000 Q.
Ve =1, Ry = (0.005) (1000) = 5V (4)
Vo=V + Vi= —11 4+ 5 =39V (5)

Voo =V + Ve=156 + 5 =20V (6)

Voo _R, + B, 20

Vo ~ R, — 3.9

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 Q, R,
and R, are calculated as follows:

= 5.12 (7

R, R,
—_— — 50,000 8
e (8)
R, + R, — 512 (9)

R,
R, = 256,000 @, and R, = 62,000 ©.

In practice, the effects of input-circuit loading
can frequently be eliminated by the use of the
circuit arrangement shown in Fig. 5.
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Fig. 5. Zero-bias drain current Iy, as a function of
drain current |, for various values of source resist-
ance Ry in a 3N128 single-gate MOS transistor.

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,s 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, at the expected
operating temperature, as determined from the
published data for the transistor used.

Because /., 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,.. is generally
much higher than that which could be expected
under typical circuit conditions. As a result, the
values of R, and R, determined in this manner
are conservative.
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Fig. 6. Circuit used to eliminate
input-circuit loading.

Substrate 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 V 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

Fig. 7. Substrate biasing circuits.




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

Ry
Ry + R,

Ay, = (10)

where R,, the device channel resistance, is a
function of bias voltage and can be varied from
approximately 100 © to 105 M. 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-
tained.

Blasing a junction-gate transistor

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 .

The 2N4065 transistor has a typical threshold
voltage of —5.3 V and requires a gate voltage
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 Vo5 (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:

AN-4125

Vs = Ig Rg = (—0.001)(1000) = —1V (11)
Vos=Vpp — Vo= —19 + 1 == —18 V (12)
Veg=Vgs + Vg=—92—-1=-102V (13)

R, + R, _ vy _ 1
= .vm_o = oz = 1.86 (14)

R, R,
T = 10,001
R, + R, ,000 @ (15)
R, = 18,600 0 (16)
R, = 21,500 17
Vpp ¢ 19V
R IID'IMA
Rz Rg*1,0008

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

Blasing the dval-gate MOS transistor

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 element voltages associated with each of
the individual transistors can be analyzed as
follows :

Vos = Vos: + Vo (18)
Voes = Vosr + Vase (19)
Veis = Voas (20)
vos,
W S2
Vos
—v;is vGis ' ) V’S|
vGsy
4

(a) é

(o)
Fig. 9. Circuits showing element voltage associated
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 V,,q of zero, a supply voltage
Voo of +15 V and a gate-No. 2-to-source volt-
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age Vg,e of + 3 V ,the actual drain voltage 12['TYPE 3NI40 “COMMON - SOURCE CIRCUIT |
across the grounded-source unit is approximate- "m‘,’f’d,‘g‘"*"“"‘
:z 4276 V and gate No. 2 is 0.25 V positive o— 11— 7 A FREQUENCY (f)s 1 kis

(APPLIED TO GATE No.D=lnW
DRAIN-TO~ SOURCE V!

(Vpg)#i5
X

Al

ith 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.

2

@»
S

2

| |
ON THIS SINE OF Vps,, Vg,s LINE
GATE No. 2 IS NEGATIVE WITH RESPECT
10—+— TO ITS OWN SOURCE.

8 L

3 / //’”, N

2 ©
| \
= !
. 7z 3 % [
Vos) % ~ -2 -5 -t -08 0 05 ]
4 -TO- '
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LINE GATE No. 2 IS POSITIVE (@

2
/ WITH RESPECT TO ITS OWN T
Veis / // AMBIENT TEMPERATURE (Tg)s25°C TYPE 3NI40

S s
g

FORWARD TRANSFER CONDUCTANCE lgg,)-MLLIMHOS
3 o0
0~
QURe,
VoL,
‘)

COMMON - SOURCE DRAIN VOLTAGE (Vos‘)—VOLTS

VOLTS) SOURCE. DRAIN-TO-SOURCE VOLTS (Vpg)*I5
1 » IS +
o A £ '/”/"’
B0/ 1/74; g I |
l 3 L
" / // I E §‘ / /
-l,u,/ T N Vpp=+I5V | O — pb— —|—
= W
-0.8 / | \F 051 = Ye2s V6250 12 Vos, K
0.0 , VgisO— 2
2 = z
+._°7 ] & /,_.2-
[
420 | 25 [
o1 l z
. - :
-2 o +2 e +6 +8 R GATE No. 210 SOR
GATE No. 2-TO-SOURCE VOLTAGE (Vg,5)— VOLTS VoL
o

Fig. 10. Voltage distributions for the 3N140 dual-

gate MOS transistor. 2 -! ° ! 2

GATE No.I-TO-SOURCE VOLTAGE (Vg,g)— VOLTS
Operating curves for the 3N140 are shown in ()

Fig. '11- These curves can be used to establish Fig. 11. Characteristics curves for the 3N140.
a quiescent operating condition for the transis-
tor. For example, a typical application may The values of the resistance voltage dividers
require the 3N140 to be operated at a drain-to- required to _provifie the appropriate gate voltages
source voltage Vs of 15 V and a transconduct- are determined in the same manner as shown
ance g;, of 10.5 mmhos. As shown in Fig. 11(a), previously for single-gate transistors. For the

the desired value of g,, can be obtained with a circuit of Fig. 12(a), R, is 197,000 @, R, is
gate-No. 2-to-source voltage Vs of +4 V and a 28,600 0, and R, R, = 11/6.7. .
gate-No. 1-to-source voltage Vs of —0.45 V. The circuit of Fig. 12(a) is normally used in
From Fig. 11(b), the drain current compatible rf-r.mxer applications and in rf-amplifier circuits
with these gate voltages is 10 mA. YVhl(.'h do not use age. The circuit of Fig. 12(b)
Two biasing arrangements which can be used is recommended for the application of age volt-
to provide these operating conditions for the FIXED SUPPLY
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 Ry — 270 Q:

Ve=I,Rs= +27V (21D
Vor = Vgig + Vg = +225 V (22)
Voe = Vaes + Vg = +67V (23)
Vop = Vps + Vg = +177V (24) Fig. 12. Typical biasing circuits for the 3N140.
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Fig. 13. Drain-current curves for various values of
R, for the 3N140.

age to rf-amplifier stages. In this circuit, the rf
signal is applied to gate No. 1, and the agc volt-
age to gate No. 2.

The dual-gate MOS transistor is useful in
agc-supplied rf amplifiers because almost no age
power is required by the device as a result of
the high de input resistance indigenous to the
MOS transistor. Another advantage provided by
the MOS transistor is revealed by the ease with
which it obtains delayed agc action and good
cross-modulation characteristics as a function
of age. The application of age bias to gate No. 2
while the bias on gate No, 1 is changed improves
the cross-modulation characteristics of the tran-
sistor as a function of agc applied.

Slasing to compensate for temperature variations

Unlike bipolar transistors, MOS transistors
exhibit a negative temperature coefficient for
typical values of drain current. That is, drain
current and dissipation decrease as temperature
increases, and there is no possibility of I,
runaway with elevated temperature. Unfortun-
ately, transconductance and rf power gain also
decrease as temperature increases. Figure 14
shows curves of drain current and transconduct-

g § Ao Vpg© + 1SV
o b— A 7 Vops®+ 4

g ; l ¥°1005 §§ :glul:xonus
§§ 1 » ~g

K] s
FENEL KRR N
1= ~~
£ nooa T2 N~
P! =
4 g [ [~

-0 -40 -20 O +20 +40 +60 +00
TEMPERATURE — °C

Fig. 14. Drain current and transconductance as a
function of temperature for the 3N140.

+100 +i20

DRAIN
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ance as a function of temperature. These curves
also show the compensating effects produced by
the use of source resistance R;; variations in
drain current are reduced significantly by use
of an R, value of 1000 Q.

Variations in transconductance can be virtu-
ally eliminated by application of a gain-control
voltage from a temperature-dependent voltage-
divider network to gate No. 2. For example, the
values of the resistance voltage dividers in the
circuit of Fig. 12(a) were determined to provide
a transconductance of 9.5 mmhos at ambient
temperature, and the device temperature was
then varied through the range of —46 to
+100°C. The values of gate-No. 2-to-source
voltage Vg, required to maintain a constant
transconductance over the entire temperature
range, for Rg values of zero and 1000 Q are
shown in Fig. 15.

S T
Vpg* +1SV
g 9gg* 9.5mmhos /
5 4 tenm
g 0%
- Rg IN OHMS )‘
Sg 3 e
S L— V

F - —"
LS e
g s>
w /
1 |
o

0

<

| Qlo2
Y i
53, T Rs:1000
£z, i R —
a0 -20 0O 420 +40 +60 +80

TEMPERATURE —°C

Fig. 15. Drain current and gate-No. 2-to-source volt-
age for constant 1, as a function of temperature for
the circuit of Fig. 14 (b).

In a practical circuit, the required voltages
can be applied to gate No. 2 if R,, or the combi-
nation of R, and R,, is a temperature-sensitive
resistor that is thermally linked to the MOS
transistor package. This thermistor network can
be designed to provide a desired voltage charac-
teristic at gate No. 2 either to keep the trans-
conductance constant or to permit some vari-
ation with temperature to compensate for
changes in other stages. The effects of tempera-
ture given in percentages on these other stages
may be summarized as follows: R;,—one ‘per-
cent; C;,—one percent; Cpecqpack—oONe percent;
R,..—plus 45 percent; C,,,—one percent.

The data was measured on a 3N140 MOS tran-
sistor in the circuit of Fig. 12(a). Drain cur-
rent was 8 mA, frequency was 200 MHz, and the
temperature varied from 0 to 100°C.
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Semmery

All field-effect transistors 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 [, range, the
value of the source resistance inversely affects
the in-circuit 7, 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-controiled stages; dual-gate transis-
tor biasing can provide various types of agc
action including temperature compensation to
assure constant output. EEE
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RF Applications of the

AN-4431

Dual-Gate MOS FET up to 500 MHz

by L. S. Baar

The RCA dualigate 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 neutralization.

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 110 volts, gengrated 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. !

LEAD 1 - 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 curmrent. 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 (Ips). 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 (Rg). A good approximation of Rg
(where IDQ 2 Ip§/2) can be calculated by the use of the
following formula*, assuming that VGis vs. Ips is linear
over the current range under consideration:

1 Alps

-1 Eq.1

Rg =
gfs(min) AlpQ

*See Appendix
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where:
Alps is the current range given in the 3N200 technical
bulletin
AlIpQ is the desired range of operating current
gfg(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 VG1§ is estimated by:
VGis ~ Eq.3
grs(avg.)
where:

ggs(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-leve

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:

Yrs ¥fs
Ce .4
285 8os =~ Re (vps ¥y =

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 Sis 025 08 2.0 3.6 6.2 mmho
Input Susceptance bis, ’ 34 5.8 8.5 11.2 15.56 mmho
Magnitude of Forward Transadmittance | Yis | 153 153 164 1565 163 | mmho
Angle of Forward Transadmittance afs -150 -25.0 -36.0 -47.0 -60.0 degrees
Output Conductance dos 0.15 03 0.5 0.8 11 mmho
Output Susceptance bos 1.5 2.7 3.6 4,25 5.4 mmho
Magnitude of Reverse Transadmittance |ves| | 0012 0025 006 014 026 | mmho
Angle of Reverse Transadmittance a,.s 600 -25.0 0 14.0 20.0 degrees
Maximum Available Gain MAG | 320 24.0 17.5 ) 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:

2K l ¥fs l
MUG = Eq.5
|yzs | 1+ cos )
where:
0 =Lyg + Ly

K = skew factor
Ly.s = angle of reverse transadmittance
Lygs = 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 (yrs) 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 yg 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 liboratory methods, then additional

source lead inductance can be expected. Also, some -

additjonal capacitive coupling may result if the input and
output circuits 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

AN-4431

device. The clamp is soldered to a feedthrough capacitor to
provide an effective, verylow 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 C3

FEED THROUGH
CAPACITOR C.
SHIELD

e

Ly

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 sourcelead 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
isreduced 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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CHARAGCTEBISTICS SYMBOL i 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 138 19.4 dB
Linvill Stability Factor, C Cc 0.615 0.335 mmho
"y"’ Parameters
Input Conductande is 3.6 25 mmho
Input Susceptance bjs 11.2 1.7 mmho
Magnitude of Forward Transadmittance I Yis l 156.5 165 mmho
Angle of Forward Transadmittance [lfs -47.0 -40.0 degrees
Output Conductance dos 0.8 0.65 mmho
| Output Susceptance bos | 4.25 4.25 mmho
| Magnitude of Reyerse Fransadmittance | Vs | 0.14 0.07 mmho
Angle of Reverse Transadmittance ﬁrs 140 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 plgt 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

+I5V

500 pF
c2 }-:" =
‘1.3-5.4 pF =
Rs
2700
he

Fig. 3 — 400-MHz amplifier circuit

a relatively poor noise figure. As shown in Table 2, the input
conductance (gis) 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 ()= 400 MHz
AMBIENT TEMPERATURE(Ta)=25°C

i | NOISE FACTOR

/
o N
)

/

/
24

PEm AN
NN ((¢))
NN

— "

GENERATOR SOURCE CONDUCTANCE {gjs)—mmho

ny
2.5¢ ~]
T
5dB
° .
-225 -20 -i75 ~-I5 -125 -10 -75 -5 -25 O

GENERATOR SOURCE SUSCEPTANCE {bj4) — mmho

Fig. 4 — Noise factor vs. ginerator source (input) admittance
lyis)
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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
antenna, delay in transmit-receive switching, or connection
of an antenna 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 - VGgg 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 slgnal divided by the
percent modulation of the undesired s1gnal

Inspection of the Ip - VG1§ 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 VG2 =
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 {Tx)=25°C
DRAIN - TO~SOURCE VOLTS (Vpg)=1$
/-]

' 2
: —
< o, 7
125 &
' 3/
2 K
2 0 SHf
[~ W |
: F —
8 75 é —
z 2 /
P ;
£
25 &
&
e °
i
- 0 04 ]

GATE No.l-TO-SOURCE VOLTAGE (Vg g)—V

Fig. 5 — Drain current (Ip) vs. gate No. 1-to-source voltage
vGisl
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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’
térms and poorer crossmodulation performance can bé
expected at lower gain conditions. If in Fig. 6, Citcuit A, we
assume a fixed bias (VG 1S) 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

7 ? b

! GATE
NO.I
<
AGC

AGC AGC
VOLTS VOLTS . ] VOLTS J
GATE GATE GATE
NO. 2 NO.2
j %

CIRCUIT C

CIRCUIT A CIRCUIT B

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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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 = gf5 VGis * Ips

where:
Ips = drain current

at:
VG1s=0, VG2s = +4 volts.

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

VGi1s=VG1-IpRs
then

ID=g;(VG1-ID Re)+Ips or

5 VG1 Ips
lD = +

1+g R I+gRs

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 cutves afe 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 gf is a constant. '

The required range of drain current is ID2 - ID1

where:

gfs Vg1 Ips (max)
Ip2= +—

1+gg R 1+gf Rg

_&sVG1 | Ipg(min)
1+3stS_ 1+g¢Rg
Ipg (max.) - Ipg (min.) _  Alpg

Alp=Ipz-Ip; = =

1+ggRg 1+geRg

Solving the above equation for Rg gives
_(Alpg/Alp) -1
Rg=—>——
8fs

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 av.ilable for many
years,| its usage has been comparatively limited. Designers
have been reluctant to employ MOS FET devices in their
circuits because the gate oxide in a discrete device is
vulnerable to damage by static electricity discharges en-
countered during handling and/or electrical transients found
in circuit applications. RCA engineers have now successfully
combined MOS FET and integrated-circuit (IC) fabrication
techniques to produce a simple monolithic MOS FET IC in
which back-to-back diodes are connected in shunt with the
gate oxide to restrict the gate potential appearing across the
gate oxide. The simple gate-protected IC's are of major
significance because their immunity to damage by static
electricity 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
characteristics. viz.. high input impedance, square-law
transfer characteristic. wide dynamic range, dual-gate
configuration. etc. For example. the square-law transfer
characteristic is especially desirable in the maintenance of

Jow cross-modulation characteristics in rf amplifiers.2.3 This

paper contains a brief review of the device theory, followed
by a survey of some linear circuit applications for the MOS
FETIC.
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
applicaiions.

Fig. 1 is a sketch, for zero gate-to-source voltage, of Ip as
a function of Vps for an n<hannel 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 Vps (drain-to-source voltage). Its slope is
governed by VGs (gate-to-source voltage). The Vps/ID
characteristic i.e., its resistance value, is controlled by the
gate voltage.
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Fig. 1-Regions of operation — n-channel depletion MOS
FET.

As Vpg is increased, it produces an electrostatic stress in
the channel that modifies the channel conductivity as shown.
The channel is completely pinched off beyond Vp,
(pinch-off voltage). Increasing VDS serves only to maintain
Ip at a constant level.

Ampliﬁer“ — 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., Gm
=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.
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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 1s a profile drawing and schematic
symbol for an n-channel dualgate-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, typically 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
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Fig. 2—Protected dual-gate MOS FET IC: (a) schematic
diagram, (b) profile sketch.
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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 Protection

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<ircuit 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 eg to the gate
input of an MOS transistor. The static potential Eg stored in

———

Rs

Js '[ co
“’ - —

Fig. 4—Equivalent circuit for source of static electricity.

€o
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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 greater during handling than
when the device is installed in a typical circuit. In an f
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.

HANOLE THiS

LIMIT THIS
{a) o} ()

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 Rg, i.e., eg = 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 staticelectricity 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

-10 +10 £
__-—--1——:
|
te)
PR N =N

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

voltage of 20 volts. The transfercharacteristic 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),
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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.c., an infinite transfer slope
and fast turn-on time) to all high-level 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.

1400
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H ]
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— "”-
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O~ TUNPROTECTED MOS FET 30
—
—
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o 2 4 6 8 0 12 W e
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Fig. 8—Input resistance and capacitance as functions of drain
current for the MOS FET with and without diodes.

Table t - Power Gain and Noise Factor at 200 MHz

POWER GAIN NOISE FACTOR
uNIT (d8) (d8)
DIODES | DIODES DIODES DIODES
IN REMOVED IN REMOVED
1 16.3 16.4 37 34
2 188 185 24 22
3 16.5 16.2 33 3.0
4 16.3 15.7 39 34
5 17.7 178 2.6 24
6 17.2 175 28 25
7 171 17.0 33 3.2
8 179 180 | 29 26
9 185 185 24 23
10 173 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
triode-connected 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 triode-connected 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-connected-device characteristics are
provided in Table Il in the form of comparisons with
dual-gate and singlegate devices. It should be noted that the
difference in Ipg level between the 3N187 and the 3N200
carries over to their triodeconnected versions. A curve
showing IpSs for triode connection versus Ipg for the
dual-gate configuration (i.e., VG2s = 4 volts) is shown in Fig.
1.

A plot of the triodeconnected dual-gate transfer char-
acteristics (Ip vs. VGg) is shown in Fig. 12; similarly, gfg
curves are given in Fig. 13 as functions of Ip. Curves for
typical dual-gate operadion 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.
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Fig. 10-Drain families: (a) for triode-connected protected
dual-gate device; (b) for triode.
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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 N128
'DS VDS. 1Sv 6.0 20 15 5 15 mA
DS =15v
Oy 0" 10 mA 7.0 85 12 15 9 mmho
1 =1 kHz
DS =15v
VG1§{OFF) -20 1.0 2.0 1.0 15 v
= 60 UA
IG1SS sz -6y 20 20 10 10 104 nA
DS =1Sv
Ciss =10 mA 10.0 100 6.0 6.0 55 pF
f=1kHz
DS =15v
Crss 0 =10mA 05 05 0.02 0.02 0.2 pF
f=1kHz
DS =15v
Coss ' 10 mA 20 20 20 20 1.4 pF
f=1kHz
RDS(ON) { 160 250 100 150 300 ohm
v

1t 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 triodeconnected configurations.

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

G2s = 4V except for | ;o measurement, where Voo = 0.

configurations shown in Figs. 15(a) and 15(b), the MOS
device is normally conductive, ie., eg is low. A negative
gating-pulse turns off the MOS device so that approximately
50 percent of eg 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 (Rpg). Alternatively, circuitry can be arranged so
that the second gate can function as a ‘‘coincidence-gate™,
i.e., to reduce eg 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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Fig. 11-Correlation of zero-bias drain current for the pro-
tected dual-gate device in tetrode (Ipg) and triode flpss/
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 eg.

Circuits shown in Figs. 15(c) and 15(d) function in a
manner opposite to those described above, ie.. output
voltage appears at e, in the absence of a gating signal.
Consequently, a negative gating signal reduces the level of e,.
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 ey,

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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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 “tnode-
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 V(). 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 Ips 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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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—"ON" 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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{b) shunt-type using triode connection; (c) series-type
using tetrode connection; (d) series-type using triode
connection.

O1uF
1c
w ?
v,
l2s p.
>
oox i 00K 1o Siox
0tpf -
—J N\ 1
V= ) )
: L
L/
0 00 \\ / “ 0o
0,905
A
pres| 1=
TEXT) = TEXT)
fo)
&
100 \
[ 7
900052 100
»F
= = =
te (o
INPUT
/
co’;dl;‘ﬁm_ “COARSE " CONTROL

(a0}

Fig. 16-Attenuator circuits using the protected dual-gate
MOS FET IC: (a] variable series-type attenuator with coarse
and fine controls; (b) variable series-type attenuator using
triode-connected configuration.

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 are biased from a
single source (the junction of R1 and R2). This arrangement
is possible because the IN187 has a typical gate current
(1GSS) 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.

Fig. 15—Typical chopper circuits using protected dual-gate
MOS FET IC's. (a) shunt-type using tetrode connection;
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Fig. 17—Constant-current supply using protected dual-gate
MOS FET IC in triode configuration: (a) basic circuit,
(b) typical I, vs. V,, for RCA-3N200 in the basic circuit;
fc) typical |, 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 e, 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
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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 C5, 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 HI 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-

v+

50 K VOLYAGE

REFERENCE
SOURCE

xc Ionpr

Fig. 20— Typical amplifier using bypassed source resistor as a
voltage source.




DUAL GATE

Fig. 21— Three basic single-stage amplifier configurations that
use protected dual-gate MOS FET IC’s as triodes and tetrodes:
(a) common source, (b) common drain, (c) common gate.
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Fig. 22—Shunt-type attenuator controlling input level to
source-follower.

Fig. 23—Protected dual-gate MOS FET IC preamplifier.
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Fig. 24—Triode-connected MOS FET IC’s in a simple differ-
ential amplifier circuit.
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Fig. 25—Protected dual-gate MOS FET IC’s in typical differ-
ential amplifier circuit using gate 2 for balance control.
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Fig. 26-Selective audio-frequency amplifier.

Table 111 ~ Capacitor values for Fig. 26

FREQUENCY C5, C6 c7
(Hz2) (pF) (pF)
150 6,600 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 (OUTPUT COIL
3nie?
28 M MAX 3Nt 25 TURNS)
(INPUT COIL * Pl oy
S TURNS) T\
.36
L. | L]/ T
INPUT 820pF
10 MMz ° ~-1
—AAA—
o— 100 K
560K
0=
[
001 _L
1.5 MMz s 270
N KF
L1
sne7 = °
P
-
jaASY )
]
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00k ®
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0005
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Fig. 27—10 MHz-to-1.5 MHz converter for WAV 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 RL. 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




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 milliamperes. 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-chm source
resistances.”

ALL RESISTANCE VALUES ARE N ONMS

Fig. 31-TV IF amplifier stage utilizing RCA-40820 MOS
FET IC.
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REVERSE
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C1, C9, £15 = 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 = 0.0t uF, 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 LH. unloaded Q, 120; tapped approximately 1 1/4 turns
from ground end. antenna link approximately 1 turn from
ground end

L2 < rfinterstage coil. same as L1 antenna link

L3 rfchoke, 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 uH, 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 = 66000 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 MH2) transformer. doubie-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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#Ferrite bead (4); Pyroterric Co. “Carbonl J”* Q = 3N187

0.09in. 0D; 0.03in. 1D; 0.063 in. thickness. ¥ Disc ceramic

Al 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.

€3 = 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,

6/16 in. ID. Coil = 90 in. long.

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

Because the voltage on gate 1 is fixed. the effect of
applying AGC is to make the gate-to-source voltage drift in a
positive direction as a negative gate 2 (AGC) voltage is
applied. In these cases, as in the earlier IF system shown in

Fig. 31, this circuit arrangement optimizes tuner perfor-
mance for crossmodulation.2

The rf stage in Fig.34(a) can work into any of the mixer
circuits shown in Figs. 34(b). (c). and (d).
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Fig. 34(b) is a mixer circuit arrangement with oséillator
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
of signal and oscillator. Fig. 34(d) shows the f 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 component values used in the
laboratory for measuring conversion power gain from 200 to
44 MHz is shown in Fig. 35.8

V¥ 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.
€3 = 1-10 pF piston-type variable air capacitor: JFD Type VAM-010,
Johanson Type 4335, or equivalent.
C4=09-7pF i i
equivaient
L1 =5 turns silver-plated 0.02" thick, 0.07°°-0.08"* wide copper
ribbon. Internal diameter of winding = 0.25"'; winding length
approx. 0.65"". Tapped at 1-1/2 turns from C1 end of winding.
L2 = Ohmite Z-235 RF choke or equivalent.
L3 = J.W. Miller Co. #4580 0.1 uH RF choke or equivalent.
NOTE:  1f 5052 meter is used in place of sweep detector, a low pass
filter must be provided to eliminate local oscillator voltage
from load.

: ARCO 400 or

P ype cap:

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 operating 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.
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All resistances in ohms

All capacitances in pF

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

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

C4 = Approx. 300 pF - capaci formeéd b socket cover &
chassis

C5 = 0.8-4.5 pF piston type variable air capacitor: Erie 560-013 or
equivaient

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 includ

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, remotecontrol gain circuits, coincidence gate
circuits, etc. The device can also function as a trjode-
equivalent when the two gates are connected to a single
terminal.

5. An exceptionally high transconductance.

6. Negative temperature coefficient for drain cumnt. so that
thermal runaway is virtually impossible.

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

8. 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.

9. In addition to the above features, the new MOS FET IC
provides protection against static electricity discharges
encountered durin. handling and/or in circuit applications.
This protection was achieved with insignificant com-
promises in overall device performance. )
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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 (A
through A4) 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 Qpg and Qp1 are the

differential-pair transistors. The load resistor Rog for
the differential input stage is located in the collector
lead of transistor Qpg. Transistors Q13+ Q14 and Qq5
are used in the output stage. Transistor Q7 is the ac-
tual output transistor; transistors Q13 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 [(R31 + R38)/R50l 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, R4, Ryg, and D7) is
connected between the output terminal and the base of
transistor Qpq. The resistor values are chosen so that
the output transistor is biased at approximately 5 mil-
liamperes for maximum dynamic range. Diode Ds com-
pensates for variations in the base-to-emitter voltage
of Qg1 with changes in temperature. Because the other
transistor (Qpg) 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 Qp in amplifier A, (similarly
diodes Dg and Dg are shared by amplifiers A; and Ay).
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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 Ryg). The input to amplifier A3 is normally
applied to the base of the Darlington tramsistor Qig.
The 100-kilohm resistor R3y supplies bias current to
this transistor. The voltage drop across resistor R3y
is small because of the very small base current of tran-
sistor Qqg-

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 (Ry3, Rys5: Ry, or R3g). 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

7
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5K 12.5K
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Darlington input pairs. When the amplifier is oper-
ated under .open-loo'p 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.

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

3. 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 (10'3mho), is typically 0.8 mho
at midband.

4

10 5 GND (1)

Fig.

O2 6ND(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:

- %o gmo (l)

. wo + S k
where S is the complex frequency, Emo is the mid-band
transconductance, and w, = 27 x 300 x 103.

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, Ay, A3, or A4, respectively, Gy
is equal to I/RIS, I/R13' 1/R37, or I/R29, and G3 is

20

equal to 1/(Ryg + Rp9), 1/(R14 + Ryg), 1/(R3; + R3g),
or 1/(R36 + R40) The capacitance C4 and the conduc-
tance G4 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:

AL+ AgS + Ags? + A3 + Agst =0 @
After much tedious algebra, the coefficients are deter-

mined as follows:
Al = “’oGlG3G4

Ay = wyGy[G3(Cy + Cp) + Gy(Cy +C3) - gmocz}
+ GIG3(C3(0° + G4)

A3 = @y {CyC3(Gy + G3 + Gy - & ) + C1[C3(G3
*+ Gyg) + CxG4l} + G4[G3(Cy + Cy)
+Gy(Cy +C3)] + G1G3C3

A4 =G4 [Cy(Cy +C3) +CyC3] +C3(Cy(wCy
+G3) +Cx(Gy +Gg)]

AS = C1C2C3 (3)

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 C2 before oscillation occurs. With careful printed-
circuit-board layout, the feedback capacitance C, is
small, and the system is usually stable. If a socket is
used the feedback capacitance is greatly increased, and

9m AT FREQUENCIES LESS

0| THAN 100 kH2 » 0.8 MHO

[~~~

N

, NORMALIZED 9m-—dB

- sor
-70

4 6 4 € 8
100

FREQUENCY — MH2

Fig. 3 - Typical gain-frequency response for a CA3048
amplifier.
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stabilization of the circuit is generally required. 128

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 /
032

negative feedback into the circuit [which is simulated
in Eq. (2) by a decrease in the value assigned to the
transconductance g and an increase in the cutoff fre-

. L . 016 A
quency ] also improves circuit stability.

/
/

Another stability method, which is effective for any
source impedance or gain value, is the addition of a
damping network such as that formed by capacitance C
and conductance G4 in Fig. 2. In this method, the value
of C4 is chosen so that its reactance is equal to the 004 A
parallel combination of Ry and Ry, at the highest fre- /
quency of desired amplification. The value of Ry is

PERMISSIBLE FEEBACK CAPACITANCE — pF

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 combination of Ry and Ry . ool
) 6 12 8 24 30 3

The series of cutves in Fig. 4 show the results of
the computation for the roots of Eq. (2). It should be (b)
noted that the maximum value shown for capacitance C,
is that obtained just before oscillation occurs. Severe
peaking of the response (or ringing) may result before
the listed value of Cy is reached. It is advisable, there- 128

GAIN REDUCTION AND BANDWIDTH INCREASE —d8

fore, to maintain the capacitance of C2 well below the
indicated value.
2 064
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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 represent the performance 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

0y

8y
\\

Vecr 6y

AN

TOTAL HARMONIC DISTORTION
~N

/
o

A

[+] 05

~ /Vcc sV
Rf 150 OHMS|
25 30

.

20

1.0 L5
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Fig. 5 - Total harmonic distortion of a CA3048 amplifier
as a function of output voltage for different valve 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 noise lnoise
(Hz) (volts) (amperes)
10 30.5 x 10°? 7.5x 10" 12
100 17 x 10°? 4.3x 1012
1000 8 x 109 1.2x 1012
10000 6 x 107 0.5 x 10-12
100000 4 x 107 0.3x 1012

voltage (Ep ;..) 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:

Eequiv = V(Enoise)2 + (lnoise Rsource)2 @

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.

800

§

400

NOISE QUTPUT — uV

/

n
Q
[]

100 1000 10000

SOURCE RESISTANCE —— OHMS

100,000

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 Vee
voltage to amplifiers Aj and A3, and terminal No. 15
supplies the Vi voltage to amplifiers Aj and A4. The
ground return for amplifiers Ay and Ay 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 A3 be the input units, and amplifiers
A; and Ay be the output units. This arrangement per-
mits separation of both the Ve and ground lines for low-
and high-level signals.

If resistive decoupling is used, amplifiers Ay and

Az can be operated atlower Ve 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 C3 tunes with
inductor L (w, = 1/NL1Cj3). When the circuit is oper-

Ca=

A IS 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 0.306
volt. If an unclipped sine wave is desired, it is avail-
able across the coil Li. A sine wave can be obtained
in the single-ended connection if the value of C, is
made large with respect to C3 so that it effectively by-
passes the sawtooth to ground; the voltage across Ly
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 Cy are dc blocking capacitors; the
series combination of capacitors C3 and C4 resonates
with coil L. The ratio of C3 to C4 determines the .ela-
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 decreases 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 oscillator.
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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
Q21, Q13 Ql4' and Q17 cut off. Meanwhile, capacitor
C charges through the internal bias resistors R4; and
R49- When the voltage on capacitor C reaches the level
at which transistor Qy begins to become forward-bias-
ed, some current is diverted from Qpq to Qy; and Qq3,
Qy4, and Q17 begin to turn ON. The action is regen-
erative because the negative-going voltage from the
collector of Qq; feeds a negative-going signal back to
the base of Qg to enhance the switching action. When
C discharges to the point at which Q7 tums OFF, Q20
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-+o-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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Fig. 10 - Linear mixer.

amplifier through the gain.control potentiometers Ry
R2, R3, and R4. Capacitors Cy, C2, C3, and C4 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 Rg, Rg, Ry,
and Rg program the gain of the system, and may be
varied to provide more or less gain, depending on the
requirements of the application. The curve in Fig. 11
illustrates the effect of variation in the resistance in
the feedback circuit of the CA3048. The difference in
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:, Ry

A resistor-capacitor combination (R9, C9, RIO' ClO'
Ry1, C115 Rpp, Cpo) connected to the output of each
amplifier stabilizes the amplifiers when source and load
conductances aretoo small to provide adequate damping.

7o TTTT 1

Ve (TERM. 15) = 12 v

60

-1."\‘
™~

40 ™

GAIN — dB
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4q 2 4q 8
[X] 10 102

6 4 4 6
103 104 105

FEEDBACK RESISTANCE — OHMS

Fig. 11 - Gain of a CA3048 amplifier as a function of
feedback resistance.

600-0HM
BALANCED
LINE

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 ms, 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 A 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 Al 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 A3 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 Qy, 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.

ICAN-4072
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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, AR, tRp) &)
E

Rp t Ry(A + 1)

S

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 résistance.

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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Integrated Circuits For
FM Broadcast Receivers

by R.L. Sanquini

Silicon monolithic integrated
circuits have certain design features
which make them more attractive than
discrete-component circuits for con-
sumer electronic applications. These
features include small size, light
weight, high reliability, and more po-
tential circuit functions perdollar of
cost. Until recently, the major limi-
tation to the extensive use of inte-
grated circuits in commercial FM (88-
to-108-MHz) broadcast receivers has
been the relatively high cost of such
circuits when they were designed to
perform the same functions as their
discrete-circuit counterparts. This
limitation has now been removed by the
introduction of high-reliability, low-
cost, multifunctionintegrated circuits
such as the RCA CA3005, CA3011, CA3012,
CA3013, and CA3014. With these cir-
cuits, high-performance inexpensive M
receivers can be designed to meet the
rigorous standards set by high-quality
commercial FM receivers using vacuum
tubes and transistors.

This note describes several ap-
proaches to FM receiver design using
silicon monolithic integratedcircuits.
The tuner section is described first,
and then the if-amplifier and detector
sections. Performance characteristics
are described where applicable. The
FM receivers discussed aredesigned for
use from a +9-volt supply. The key to
design simplicity isthe use of the RCA
multifunction integrated circuits

CA3005, CA3012, andCA3014. The CA3005
may be used as a cascode rf amplifier,
a differential rf amplifier, a mixer-
oscillator, and an if amplifier; the
CA3012 and CA3014 perform if amplifi-
cation, limiting, detection, and
preamplification.

FM Tuner

The CA3005 is the basic building
block for the three front-end approaches
discussed below. A schematic diagram
of the CA3005 is shown in Fig.1l. Fig.2
shows a single-chip front end that uses
one CA3005 and a two-gang capacitor
tuning system. The CA3005 performs the
functions of rf amplifier, oscillator,
and mixer in a unique manner.

The circuit operation may best be
explained by reference to Figs.1l and 2.
The first function of the current-sink
transistor Q3 in Fig.l is to supply the
emitter currents for the differential-
amplifier transistors Q; andQy. Posi-
tive feedback from the collector of Qg
(terminal 10) tothe base of Q1 (termi-
nal 1) through the5-picofarad capacitor
shown in Fig.2 establishes the oscil-
lator function; the frequency of oscil-
lation is determined by the tuned
circuit Lo and Cy. Because the output
impedance at the collector of Q3 is
high compared to the input impedance at
the emitter of Q; and Qg, Q3 isisolated
from Q1 and Q2 and receives very little
oscillator signal. Therf input signal
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SEE NOTE
O

9
92CS-13343

Note: connect terminal 9 to most positive dc
supply voltage.

Fig.1 - Schematic diagram of RCA CA3005

integrated-circuit rf amplifier.
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Fig.2 - Single-chip front end using the CA3005. Curves show
oscillator stability with time and supply voltage.
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is applied to the base of Q3 (terminal
3), amplified, and injected into the
emitter of Q; and Qg to mix with the
oscillator signal. The 10.7-MHz inter-
mediate frequency is obtained from the
collector of Q; (terminal 11).

The CA3005 draws a total current of
4.5 milliamperes from the +9-volt
supply. The front end shown in Fig.2
has a power gain of 15 dB and a sensi-
tivity of 10 microvolts for 30 dB of
quieting; it can handle a maximum input
signal of 7 millivolts. Automatic
frequency control can be applied to the
oscillator in a conventional manner by
connection of a voltage-dependent ca-
pacitor (diode) tothe oscillator tuned
circuit Ly and C3. Curves of oscil-

+9V

lator stability as a function of time and
supply voltage are also shown in Fig.2.

The approach to the front end shown
in Fig.2, although economical, results
in only adequate performance. Improved
performance can be obtained by ad-
dition of anrf amplifier to the mixer-
oscillator circuit, as shown in Fig.3.
In this figure, a CA3005 used as an rf
amplifier and a three-gang capacitor
tuning system are added to the basic
single-chip circuit to provide higher
power gain, lower noise figure, and
improved selectivity. The CA3005 is
connected as a cascode amplifier in
Fig.3(a) and in an emitter-coupled
configuration in Fig.3(b). Both con-
figurations require no neutralization.
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uF L |omr:z Lq®10kb i0 4§ oos =
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10pF 7 caagos il » ;ronomuz
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% = Lo 3 / 0 [ e o p IF
(%1 _{ +9v -~ 0.05
0 =0

z ¢ (';;ors // G +9V =+ uF
Vs i /005

JO= WLk P L @

L Lo _/

L1 —U turns No.22 wire; center— tapped; 1/4-inch outer-diameter

Ly —3ame as Ly without center tap

L3—6 turns No.32 wire on toroid core; Radio Industries,

Mixer Transformer — TRW No.21629, or equiw.

coil form; "E" material slug

1/u4-inch outer diameter; No.8 material

Inc.;

Ly -4 turns of No.22 wire; center-tapped; 1/i4-inch outer-diameter coil form; "E" material slug

L2 —Same as L1 without center tap
L3 -6 turns of No.22 wire on toroid core;
Mixer Transformer — TRW NO.21629, or equiv.

Radio Industries,

Inc.; 1/U~inch outer diameter; No.8 material

Fig.3 - Two-chip front ends using CA3005 rf amplifier connected (a) in cascode, and
(b) in emitter-coupled configuration.
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The cascode front end has a higher
power gain (28 dB, as compared to 24 dB
for the emitter-coupled configuration),
but the emitter-coupled front end has
better cross-modulation characteristics.
The emitter-coupled amplifier can
handle interfering signals up to about
15 millivolts with 10 per cent cross-
modulation at maximum gain, while the
capability of the cascode amplifier is

O O, 3”
TO MIXER
ouTPUT L J
f.’#IE :
L
s
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limited to that of a single transistor.! The
cascode front endhas a sensitivity of 2 micro-
volts for 30 dB of quieting, whilethe emitter-
coupled front end has a sensitivity of 3 micro-
volts. Reverse agc can be applied to both con-
figurations by variations of the voltage at
terminal 12 from 9 volts (maximum gain) to 3
volts (full cutoff) froma 0.5-milliampere agc
source. Both amplifiers have a dynamic agc
range of 60 dB.

AUDIO OUTPUT

T2 = TRW No. 22468 or
equiv.

T3 = TRW No. 21590 or
equiv,

10.7-MHz [F SELECTIVITY CURVE

(Markers are 100 kHz apart with center
at 10.7 MHz)

e ae 4

e

:
!

DETECTOR "S" CURVE

(Markers are 100 kHz apart with center
at 10.7 MHZS

Fig.4 - Two-chip 10.7-MHz if amplifier, limiter, and discriminator using CA3005, CA3014, and

Interstage transformer. Photographs show selectivity curve, detector “S” curve.
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FM IF Amplifier, Limiter, and Detector

Fig.4 shows a 10.7-MHz FM if strip
and detector that uses a CA3005 and a
CA3014 to provide 95 dB of gain. The
schematic diagram of the CA3005 was
shown in Fig.1; the CA3014 schematic is
shown inFig.5. The heart of both these
integrated circuits is the differential
amplifier, which is probably the best
simple configuration on themarket today
for symmetrical limiting over a wide
input-voltage range. Thedifferential-
amplifier configuration is also ideal
for integration because the parameters
that are most important in integrated-
circuit design (matched Vgg, matched
beta, and resistor ratios) are the
easiest to control on a single silicon chip.
In the FM if strip, therefore, three ad-
vantages are obtained: high performance, low
cost, and fewer individual components.

The input limiting knee for the if strip
shown inFig.4 1530 microvolts. The recovered
audio obtained fromterminal 9 of the CA3014 is
220 millivolts rms. The if selectivity curve
and the detector ”"S” curve are also shown in
Fig.4. The AMrejectionreferenced toa 30-per-
cent modulated (FM and AM) signal with the AM
signal at 30 millivolts is 50 dB.

The 10.7-MHz if-amplifier circuit
of Fig.4 operates as follows: The
10.7-MHz FM signal from the mixer is
applied to terminal 7 of the CA3005.
The gain from this point to the input
of the CA3014 is 25 dB. The interstage
transformer T2 is designed so that the
collector output of the CA3005 at termi-
nal 1 does not saturate. As a result,
bandpass spreading is kept to a minimum
over large swings in input voltage. The
10.7-MHz FM signal receives additional gain
of 70 dB and limiting from terminal 1 to
terminal 5 in the CA3014. The FM output at
terminal 5 is applied to the primary winding
of the phase-shift (discriminator) transformer
T3. The secondary winding, which is connected
to terminals 6 and 7, is in quadrature with
the primary voltage at the center frequency,
10.7 MHz. As the FM signal varies, the phase
shift of the secondary voltage follows
the modulation. The detected output
at the base of Q11 in the CA3014
(terminals 6 and 7) is thus amplified
and buffered. The recovered audio
is taken from the low-impedance termi-
nal 9.

If more selectivity in the if strip
is desired, an additional double-tuned
transformer can be added to the circuit.

GROUND

Lle,

20—

&

92CM-13779

Os

Fig.5 - Schematic diagram of RCA CA3014 wide-band amplifier-discriminator.
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Fig.6 shows an approach in which the
two transformers areplaced immediately
after the mixer stage. Fig.7 shows the
details of the input filter and Fig.8
shows the schematic of the CA3012 used
in the if stages of this circuit. When
the transformers (10.7-MHz filter) are
placed immediately after the mixer,
better adjacent-channel rejection is
obtained.
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Application Of The RCA-CA3018
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Integrated-Circuit Transistor Array

by G.E. Theriault, A.J. Leidich, and T.H. Campbell

The CA3018 integrated circuit consists of four silicon
epitaxial transistors produced by a monolithic process on
" a single chip mounted in a 12-lead TO-5 package. The
four active devices, two isolated transistors plus two tran-
sistors with an emitter-base common connection, are
especially suitable for applications in which closely
matched device characteristics are required, or in which
a number of active devices must be interconnected with
non-integrable components such as tuned circuits, large-
value resistors, variable resistors, and microfarad bypass
capacitors. Such areas of application include if, rf (through
100 MHz), video, agc, audio, and dc amplifiers. Because
the CA3018 has the feature of device balance, it is use-
ful in special applications of the differential amplifier, and
can be used to advantage in circuits which require tem-
perature compensation of base-to-emitter voltage.

CIRCUIT DESCRIPTION AND OPERATING
CHARACTERISTICS

The circuit configuration for the CA3018 is shown in
Fig. 1. In a 12-lead TO-5 package, because it is necessary
to provide a terminal for connection to the substrate,
two transistor terminals must be connected to a common

lead. The particular configuration chosen is useful in’

emitter-follower and Darlington circuit connections. In
addition, the four transistors can be used almost inde-
pendently if terminal 2 is grounded or ac grounded so
that Q3 can be used as a common-emitter amplifier and
Q4 as a common-base amplifier. In pulse video ampli-
fiers and line-driver circuits, Q4 can be used as a forward-

biased diode in series with the emitter of Q3. Q3 may be

S=SUBSTRATE

4

92CS-14244

Fig. 1—Schematic diqgram and TO-5 terminal connections for
the CA3018 integrated-circuit transistor array.
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used as a diode connected to the base of Q4; in a reverse-
biased connection, Q3 can serve as a protective diode
in rf circuits connected to operational antennas. The pres-
ence of Q3 does not inhibit the use of Q4 in a large
number of circuits.

In transistors Q1, Q2, and Q4, the emitter lead is inter-
posed between the base and collector leads to minimize
package and lead capacitances. In Q3, the substrate lead
serves as the shield between base and collector. This lead
arrangement reduces feedback capacitance in common-
emitter amplifiers, and thus extends video bandwidth and
increases tuned-circuit amplifier gain stability.

Operating characteristics for the CA3018 are given in
the technical bulletin.

CIRCUIT APPLICATIONS

The applications for the CA3018 are many and varied.
The typical applications discussed in this Note have been
selected to demonstrate the advantages of four matched
devices available on a single chip. These few examples
should stimulate the generation of a great many more
applications.

Video Amplifiers

A common approach to video-amplifier design is to
use two transistors in a configuration designed to reduce
the feedback capacitance (appearing as a Miller capaci-
tance) inherent in a single triode device. Three configura-
tions which utilize two devices are (1) the cascode cir-
cuit, (2) the single-ended differential-amplifier, and (3) the
common-collector, common-emitter circuit. In all three
circuits, the output-to-input feedback capacitance is mini-
mized by isolation inherent in the configuration. The avail-
ability of four identical transistors in a common package
provides a convenient vehicle for these circuit configura-
tions for video-amplifier design. Two of the many possible
circuit variations are discussed below.

Broadband Video Amplifier. A broadband video-
amplifier design using the CA3018 is shown in Fig. 2.
This amplifier may be considered as two dc-coupled stages,
each consisting of a common-emitter, common-collector
configuration. The common-collector transistor provides
a low-impedance source to the input of the common-
emitter transistor and a high-impedance, low-capacitance
load at the common-emitter output. Iterative operation of
the video amplifier can be achieved by capacitive cou-
pling of stages.

Two feedback loops provide dc stability of the broad-
band video amplifier and exchange gain for bandwidth.
The feedback loop from the emitter of Q3 to the base of
Q, provides dc and low-frequency feedback; the loop
from the collector of Q4 to the collector of Q, provides
both dc feedback and ac feedback at all frequencies.

The frequency response of the broadband video ampli-
fier is shown in Fig. 3. The upper 3-dB break occurs at
a frequency of 32 MHz. The low-frequency 3-dB char-
acteristics are determined primarily by the values of
capacitors C,, C,, and C;. The low-frequency 3-dB break

—AAA—]
82Ka
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CA30/8

Fig. 2——Schematic diagram for a CA3018 broadband
video amplifier.

occurs at 800 Hz. The mid-frequency gain of 49 dB is con-
stant to within 1 dB over the temperature range from
—55° to +125°C. The upper 3-dB break is constant at
32 MHz from —55°C to +25°C, and drops to 21 MHz
at +125°C.

The total power dissipation over the entire temperature
range is 22.8 milliwatts. The dc output voltage varies from
2.33 volts at —55°C to 3 volts at +125°C. The tangen-
tial sensitivity occurs at 20 microvolts peak-to-peak. The
dynamic range is from 20 microvolts peak-to-peak to 4
millivolts rms at the input.

The circuit of Fig. 2 demonstrates a typical approach
that can be altered, especially with regard to gain and
bandwidth, to meet specific performance requirements.

\
J

VOLTAGE GAIN—dB

03 04 2 “
FREQUENCY —HMz

Fig. 3—Voltage gain as a function of frequency for the
broadband video amplifier of Fig. 2.

Cascode Video Amplifier. The cascode configuration
offers the advantages of common-emitter gain with re-
duced feedback capacitance and thus greater bandwidth.
Fig. 4 shows a typical circuit diagram of a cascode video
amplifier using the CA3018. Transistors Q, and Q, com-
prise the common-emitter and common-base portions of




the cascode, respectively. The common-base unit is fol-
lowed by cascaded emitter followers (Q; and Q,) which
provide a low output impedance to maintain bandwidth
for iterative operation.

+6V

+—O
1

Fig. 4—Schematic diagram for a CA3018 cascode
video amplifier.

The frequency response of the cascode video amplifier
is shown in Fig. 5. The lower and upper 3-dB points
occur at frequencies of 6 KHz and 11 MHz, respectively.
The lower 3-dB point is primarily a function of capacitors
C1, C2, and C3. The upper 3-dB point is a function of
the devices and of the load resistor R;, and is 10.5 MHz
at —55°C and 5 MHz at +125°C.
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Fig. 5—Voltage gain as a function of frequency for the
cascode amplifier of Fig. 4.

‘The mid-frequency voltage gain of the amplifier is 37
dB =+ 1 dB over the temperature range from —55°C to
+125°C. The power dissipation varies from 16.8 milli-
watts at —55°C to 17.6 milliwatts at + 125°C. The am-
plifier has a tangential sensitivity of 40 microvolts peak-to-
peak and a useful dynamic input range from 40 microvolts
to 16.6 millivolts peak-to-peak.
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15-MHz RF Amplifier

Fig. 6 shows a typical design approach for a tuned am-
plifier for use in the frequency range of 2 to 30 MHz in
military receivers. This circuit was designed for a mid-
band frequency of 15 MHz to demonstrate its capability.
Gain is obtained in a common-emitter stage (Q,). Tran-
sistor Q, is used as a variable resistor in the emitter of
Q, to provide improved signal-handling capability with
agc. Transistor Q, is used as a bias diode to stabilize
Q, with temperature, and the reverse breakdown of Q3
as a diode is used to protect the common-emitter stage
from signal overdrive of adjacent transmitters.

L

our
3”0
=

L=0.8xH L=08uH
Qo = 200 Qo = 200
T1.3 = 6T T3-5 = 6T
T2 = 1T Tio = 4T
Tg5= 2T T3.4 = 1T
#22 wire on Q-2 material, CF107 Torroid from Indiana

General.
C1, C2 = Arco 425 or equiv.

Fig. 6—Schematic diagram for a CA3018 15-MHz rf amplifier.

The tuned-circuit design of Fig. 6 utilizes mismatching
to obtain stability. Although the usable stable gain for
a common-emitter amplifier using this type of transistor
is 26 dB at 15 mHz, the tuned rf amplifier was designed
for a total gain of 20 dB to obtain greater stability and
more uniform performance with device variations. The
general performance characteristics of the circuit are as
follows:

Power Gain ................... ..., 20 dB
Power-Gain Variation from — 55 to
+125°C . e e e =+1 dB
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Bandwidth .................. veessees 315 kHz
Noise Figure at Full Gam ............. 7.4 dB
AGC Range . J N vee.s. 45 dB
Power Dissipation ..... e ceiee. 1.8 mW

Fig. 7 shows the cross-modulation characteristics of the
circuit for in-band signals. For out-of-band undesired sig-
nals, the cross-modulation performance is improved by the
amount of attenuation provided by the input tuned cir-
cuit. Cross-modulation performance also improves (i.e.
more interfering signal voltage is required for cross-
modulation distortion of 10 per cent) with increased agc
as a result of the degeneration in the emitter of Q,.
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UNDESIRED SIGNAL VOLTAGE —
(FOR 10% CROSS—MODULATION DISTORTION)

F(g 7—In-band cross-modulation characteristic of 15-MHz
amplifier of Fig. 6 (data taken with untuned input).

Final If Amplifier Stage and Second Detector

Fig. 8 illustrates the use of the CA3018 as a last if
amplifier and second detector (0.1 volt emitter voltage on
terminal 1). The bias on transistor Q4 is maintained at
approximately cutoff to permit the cascaded emitter-fol-
lower configuration (Q; and Q) to be used as a second
detector. Because this stage is driven by a common col-
lector configuration, the input impedance to the detector
“can be kept high. A low output load impedance can be
used as a result of the output current capability of the
cascaded emitter-follower configuration. The input im-
pedance (terminal 9) of approximately 9000 ohms is largely
determined by the bias network. A minimum if input power
of 0.4 microwatt must be delivered to terminal 9 for linear
operation. The audio output power for 60 per cent modu-
lation for this drive condition is 0.8 microwatt. Linear de-
tection is obtained through an input range of 20 dB for 60
per cent modulation. This detector arrangement requires
less power-output capability from the last if amplifier
than a conventional diode detector yet allows a low dc
load resistor to achieve a good ac-to-dc ratio for the first
audio amplifier.

0

uF

@msmrs

IF
INPUT

Fig. 8—Schematic diagram for a CA3018 final if amplifier
and second detector.

The if amplifier of Fig. 8 has a voltage gain of 30 dB at
1 MHz. Transistor Q, is used in the base-bias loop of the
common-emitter amplifier Q, to stabilize the output oper-
ating poict against temperature variations. This arrange-
ment also eliminates the need for an emitter resistor and
bypass capacitor, and thus provides a larger voltage-swing
capability for Q,. If Q, is biased conventionally with
base-bias resistors, Q, can be made available for the first
audio or agc amplifier.

Class B Amplifier

Characteristics were obtained on a low-level class B
amplifier to establish the idling-current performance of
nearly identical devices on a single chip with respect to
temperature variations. The transistors in the CA3018
can be used only for low-power class B operation (maxi-
mum output of 40 milliwatts) because of the hgy roll-off
and moderately high saturation resistance at high currents.
A typical circuit is shown in Fig. 9. Idling-current bias is
provided to Q, and Q, by use of transistor Qg as a diode
(with collector and base shorted) and connection of a
series resistor to the supply. The idling current for each
transistor in the class B output is equal to the current
established in the resistance-diode loop. Because the re-
sistor R, is the predominant factor in controlling the
current in the bias loop, the bias current is relatively inde-
pendent of temperature. In addition, because the devices
have nearly equal characteristics and are at the same
temperature, the idling current is nearly independent
through the full military temperature range. The total
idling current for transistors Q; and Q, in Fig. 9 varies
from 0.5 to 0.6 milliampere from —55 to -+ 125°C. Excel-
lent balance between output devices is achieved through-
out the range. ‘ '

AC feedback as well as dc feedback can be obtained by
substitution of two resistors R, and R; in place of R,,
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as shown by the dotted lines in Fig. 9. These two resis-
tors, which have a parallel combination equal to R,, are
connected between collector and base of transistors Q,
and Q,. The added feedback reduces the power gain by
approximately 6 dB (30 to 24 dB), but improves the
linearity of the circuit. Although the output-power capa-
bility for the circuit shown in Fig. 9 is approximately 18
milliwatts, output levels up to 40 milliwatts can be ob-
tained in similar configurations with optimized components.

R2
—==AAA-—=
M saka |

T

150

AAAAAAAA

VYYYVYYYY

T3 — ADC Products No. 55X1322 or equiv.
T2 — Chicago Standard Trans. Corp. No. TA-10 or equiv.
Note: Ry is removed when Rz and R3 are added.

Fig. 9—Schematic diagram for a CA3018 class B amplifier.
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L1 =0.1110017 xH
l2=05 1008 xH

Fig. 10—Schematic diagram for a CA3018 100-MHz
cascode amplifier.
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100-MHz Tuned RF Amplifier

Fig. 10 illustrates the use of the CA3018 in a 100-MHz
cascode circuit with an agc amplifier. Transistors Q, and
Q. are used in a cascode configuration, and transistors
Qs and Q are used to provide an agc capability and
amplification. With a positive-going agc signal, current in
the cascode amplifier is transferred to the Darlington con-
figuration by differential-amplifier action. This agc ampli-
fier has the advantage of low-power drive (high input
impedance). In addition, the emitter of Q, can be back-
biased with respect to the base to provide larger input-
signal-handling capability under full agc conditions.

The operating characteristics of the amplifier shown
in Fig. 10 are as follows:

Power Gain — 26 dB
Agc Range — 70 dB
3-dB Bandwidth — 4.5 MHz
Noise Figure — 6.8 dB

Power Dissipation — 7.7 mW

The response characteristic is shown in Fig. 11

o

TT/IN
LN
I \

] 90 95 100 105 1] s
FREQUENCY—MHz

VOLTAGE GAIN-dB RELATIVE TO MAX. GAIN

Fig. 11-—Response characteristic of 100-MHz amplifier
of Fig. 10.
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Application Of The RCA-CA3019

Integrated-Circuit Diode Array

by G.E. Theriault and R.G. Tipping

The RCA-CA3019 integrated circuit diode array pro-
vides four diodes internally connected in a diode-quad
arrangement plus two individual diodes. Its applications
include gating, mixing, modulating, and detecting circuits.

The CA3019 features all-monolithic-silicon epitaxial
construction designed for operation at ambient tempera-
tures from —S55°C to 125°C. It is supplied in a lO—terml-
nal TO-5 low silhouette package.

Because all the diodes are fabricated simultaneously on
a single silicon chip, they have nearly identical character-
istics, and their parameters track each other with tempera-
ture variations as a result of their close proximity and the
good thermal conductivity of silicon. Consequently, the
CA3019 is particularly useful in circuit conﬁgumnons
which require either a balanced diode bridge or ndenucal
diodes.

CIRCUIT CONFIGURATION AND OPERATING
CHARACTERISTICS

Fig. 1 shows the circuit diagram and terminal connec-
tions for the CA3019. Diodes D, through D, are inter-

SUBSTRATE,
CASE

nally interconnected to form a diode quad, while diodes
D; and Dg are available as independent diodes. Each
diode is formed from a transistor by connection of the
collector and the base to form the diode anode and use
of the emitter for the diode cathode (this technique is one
of five methods by which the transistor structure can be
utilized as a diode). This diode configuration, in which the
collector-base junction is shorted, is the most useful con-.
nection for a high-speed diode because it has the lowest
storage time. The only charge stored is that in the base.
This configuration also exhibits the lowest forward voltage
drop, and is the only one which has no p-n-p transistor
action to the substrate. The diode has the emitter-to-base
reverse breakdown voltage characteristic (typically 6 volts).

The monolithic process produces a substrate diode be-
tween the collector of a transistor and its supporting sub-
strate, as shown in Fig. 2. Connected at each diode anode,
therefore, is the cathode of a substrate diode for which
the anode is the substrate (terminal 7). In some applica-
tions, the substrate can be left floating because a forward
bias on any substrate diode creates a self reverse-bias on

Fig. I—Schematic diagram and terminal connections for the
CA3019 integrated-circuit diode array. f

92



the other substrate diodes. However, the uncertainty of this
bias and the capacitive feedthrough paths provided by the
substrate make it advisable to apply a reverse bias to all
_substrate diodes by returning the substrate through termi-
nal 7 to a dc voltage which is more negative than the
most negative voltage on a diode anode. Such reverse bias
is most important when ac circuit balance is essential be-
cause the capacitance of the substrate diodes is a non-
linear function of the voltage across them. In such circuits,
. the changing capacitance of these parasitic elements can
make good balance over a wide dynamic range impossible.

METAL TO

METAL TO
TERMINAL TERMINAL

m’my/?//l ’L . ®

SUBSTRATE!

(b) Diode equivalent circuit

{o) Cross section of monolithic diode structure

Fig. 2—Diagram and equivalent circuit of the monolithic array.

Reverse bias of the substrate diodes is always indicated,
therefore, and should be omitted only if the inclusion of
such bias is not possible or practical. Terminal 7 may be
returned to a negative power supply as long as the com-
bined value of that supply voltage and the maximum
positive voltage on any diode anode does not exceed the
maximum rating of 25 volts. In systems that use single
power supplies, the active circuit may be raised above

_ground potential and the signals coupled into the diodes
by capacitive or inductive means.

The operating characteristics of the CA3019 integrated
diode array are determined primarily by the individual
diode characteristics, which are given in the technical
bulletin.

APPLICATIONS

Although there are many possible applications for the
CA3019, this note describes a few practical circuits to
stimulate the thinking of the potential user. Besides the
obvious uses as separate diodes and possible quad combi-
nations, some of which are covered in the following dis-
cusssion, it should be noted that shorting of terminals 2
and 6 in the quad effectively provides two diodes in series.
This diode connection can be used as the elements of
special balanced mixers, as ring modulators, and as com-
pensating networks that provide two diode drops. Fig. 3
shows an example of a typical synthesizer mixer circuit.

ICAN-5299
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Fig. 3—Typical synthesizer mixer circuit.

Shorting of terminals 5 and 8 provides two independent
sets of back-to-back diodes useful for limiting and clip-
ping, as shown in Fig. 4.

\
L
AV
U

()
S
()
J

O a0,

Fig. 4—Limiters using the CA3019.

Balanced Modulator

Fig. 5 shows the use of the CA3019 as a balanced mod-
ulator which minimizes the carrier frequency from the
output by means of a symmetrical bridge network. A car-
rier of one polarity causes all the diodes to conduct, and
thus effectively short-circuits the signal source. A carrier
of the opposite polarity cuts off all the diodes and allows
signal current to flow to the load. If the four diodes are
identical, the bridge is perfectly balanced and no carrier
current flows in the output load. Table I lists the char-
acteristics of the balanced modulator.

High-Speed Gates

In high-speed gates, the gating signal often appears at
the output and causes the output signal to ride a “pedes-
tal.” A diode-quad bridge circuit can be used to balance
out the undesired gating signal at the output and reduce
the pedestal to the extent that the bridge is balanced.
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TABLE |. CHARACTERISTICS OF BALANCED MODULATOR OF FIG.5

Carrier Voltage
VRMS at 0.75 0.75 0.75 0.50 1.0
30 KHz
Signal Voltage
mVRMS at 77 245 770 245 245
2 KHz
Output Qutput Qutput Output Output Output
Frequency V(;'l't;z/gc Below V?’lltgge Below Vcﬁlt?/ge Below V?Ltgge Below Vz:”h;z,ge Below
KHZ rms VS rms VS rms Vs rms VS rms Vs
28 and 32* 34 6.5 115 7 440 5 51 14 170 3
;30 0.7 41 0.82 49 2.6 50 0.1 68 3.6 37
26 and 34 0.02 72 0.05 72+ 048 64 0.04 72+ 0.07 71
24 and 36 0.03 69 0.49 54 60 22 0.58 525 0.6 53
22 and 38 0.001 72+ 0.01 724+ 14 55 .015 72+ 0.02 72+

* Double-Sideband, Suppressed-Carrier Output.

All other outputs are spurious signals.

a pedestal-free output. With a proper gating voltage (1 to
3 volts rms, 1 to 500 kHz), diodes D5 and Dg conduct
during one half of each gating cycle and do not conduct
during the other half of the cycle. When diodes Dj and
D, are conducting, the diode bridge (D, through D,) is
not conducting and the high diode back resistance pre-
vents the input signal V, from appearing across the load
resistance R;; when diodes Dy and Dy are not conducting,
the diode bridge conducts and the low diode forward re-
sistance allows the input signal to appear across the load
resistance. Resistor R; may be adjusted to minimize the

T1 — Technitrol No. 8511660 or equiv.
Fig. 5—Bal d modul, using the CA3019.

A diode-quad gate functions as a variable impedance
between a source and a load, and can be connected either
in series or in shunt with the load. The circuit configura-
tion used depends on the input and output impedances
of the circuits to be gated. A series gate is used if the
source and load impedances are low compared to the diode
back resistance, and a shunt gate is used if the source and
load impedances are high compared to the diode forward
resistance.

Series Gate. Fig. 6 shows the use of the CA3019 as

a series gate in which the diode bridge, in series with the
load resistance, balances out the gating signal to provide

71 — Technitrol No. 8511666 or equiv.

Fig. 6—Series gate using the CA3019.
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gating voltage present at the output. The substrate (ter-
minal 7) is connected to the — 6-volt supply. Fig. 7 shows
the on-to-off ratio of the series gate as a function of fre-
quency.
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Fig.7—On-to-off ratio for the series gate of Fig.6 as
a function of frequency.

Shunt Gate. Fig. 8 shows the use of the CA3019 as a

shunt gate in which the diode bridge, in shunt with the load
resistance, balances out the gating signal to provide a
pedestal-free output. When the gating voltage V, is of
sufficient amplitude, the diode bridge (D, through D,)
conducts during one half of each gating cycle and does not
conduct during the other half of the cycle. When the diode
bridge is conducting, its low diode forward resistance
shunts the load resistance R, and prevents the input signal
V, from appearing at the output; when the diode bridge
is not conducting, its high diode back resistance allows the
input signal to appear at the output. Diode Dy and resis-
tor R, keep the transformer load nearly constant during
both halves of the gating cycle. The substrate (terminal 7)
can either be left floating or returned to a negative volt-
age, but it cannot be returned to ground. The character-
istics of the shunt gate are as follows:

Gating frequency (f,) — 1 to 100 kHz

Gating voltage (V,) — 0.8 to 1.2 Vrms

Signal frequency (f,) — dc to 500 kHz (2 dB down)
Signal voltage (V,) — O0to 1 Vrms

The frequency range of this circuit can be extended by
application of a reverse bias to the substrate. The amount
of gating voltage V, present at the output as a function
of the amplitude and frequency of V, is shown in
Table II.

3
ok
Dq

T1 — Technitrol No. 8511666 or equiv.
Fig.8 —Shunt gate using the CA3019.

TABLE ll. GATING CHARACTERISTICS OF
SHUNT GATE SHOWN IN FIG.8

Present at the

Frequency Amplitude Amount of Vg
4 Yolts s
1 0.8 0.2
1 1.0 0.5
1 1.2 1.3
10 0.8 20
10 1.0 4.7
10 1.2 8.7
50 0.8 11.0
50 1.0 24.0
50 1.2 40.0

Series-Shunt Gate

A series-shunt gate which utilizes all six diodes of the
CA3019 is shown in Fig. 9 This configuration combines
the good on-to-off impedance ratio of the shunt gate with
the low-output pedestal of the series gate.

On the gating half-cycle during which the voltage at A
is positive with respect to the voltage at B, there is no
output because the shunt diodes are forward-biased and

ICAN-5299
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the series diodes are reverse-biased. Any signal passing
through the input diodes (D, and D;) encounters a low
shunt impedance to ground (Ds and Dg) and a high
impedance in series with the signal path to the load (Dg
and D,). This arrangement assures a good on-to-off im-
pedance ratio. When the voltages at A and B reverse, the
conduction states of the shunt and series diodes reverse,
and the signal passes through the gate to the load resistor
Ry. Any pedestal at the output is a function of the resistor,
transformer, and diode balance.

Fig.9 —Series-shunt gate using the CA3019.

The gate continues to operate successfully with resistors
R, and R, shorted if the transformer center tap is removed
from ground. In either case, no dc supply is required to
bias the gate diodes.

Balanced Mixer

Fig.10 illustrates the use of the CA3019 as a conven-
tional balanced mixer. The load resistor across the output
tuned circuit is selected to provide maximum power out-
put. The conversion gain of the mixer for a 45-MHz input

Ds
119 ¢o
7 uH RL
K
7-45-
pF 7]
= = = =

Fig.10 —Balanced mixer using the CA3019.

signal and a 55-MHz oscillator signal is shown in Fig. 11.
The input impedance at point A is approximately 600-ohms
for a 0.6-volt-rms oscillator drive.

OSCULLATOR AMPLITUDE—Vrme
0.4 0.8 0.8

] 02 10
14245 MHz
Toac 55 MHz
';.-cb MHz
g-5
Z-10 o/ ~
@
.3
¥ /
§-|s 7
-20

Liensrd,
Lol

Fig.11 —Conversion gain as a function of oscillat
for the balanced mixer of Fig.10.

The CA3019 mixer shown in Fig. 12 is essentially a
balanced mixer with two additional diodes (D; and D)
added to form a half-wave carrier switch. The additional
diodes permit both legs of the circuit (D; — D, and
D, — D,) to function throughout the ac cycle. As com-
pared with a conventional balanced mixer, shown in Fig10,
this circuit effectively doubles the desired output voltage

Fig.12—Balanced mixer with half-wave carrier switch
using the CA3019.

and reduces the output voltage at the oscillator frequency
by half. However, the capacitances associated with the
integrated diodes prevent this circuit configuration from
realizing the improvement in conversion gain at frequen-
cies above 20 MHz.

Ring Modulator

The use of the CA3019 as a ring modulator is shown in
Fig. 13. If a perfectly balanced arrangement were used,
carrier current of equal magnitude and opposite direction
would flow in each half of the center-tapped transformer
T,. Thus, the effect of the carrier current in transformer
T, would be cancelled, and the carrier frequency would
not appear in the output. However, the ring modulator
of Fig. 13 is not exactly balanced because diodes
(D, + D) and (D3 + D,) are actually two diodes in




paraliel, while diodes (D) 2ad (D) are individual diodes.
Nevertheless, this circuit attessates the carvier in the out-
pot 2s well a5 an arrangesncnt that wses both individeal
diodes in two CAI019 circmits.

As the camier passes throngh hallf of its cycle, diodes
®; + D,) aad (Dg) conduct, and diodes (D; + D,) aad
(D5) do mot conduct. When the carvier passes through the
other half of iis cycle, the previously aosconducting diodes
condact, and vice versa. As a result, the owipst amplitade,
is altermadely switched from ples 80 mimms 2t the casvier
freqmency. The signal-frequency componcst of the output
waveform is s symmctrical abowt the 2270 axis and
mot preseat in Ghe ouiput. Therefore, the ring modulator
suppresses both the carvier frequeacy and the sigmal fre-
quency 30 that the owiput theoretically contains culy the
wpper and lower sidcbands. For singlosidcband Sramemis-
sion, one of these sidcbands can be climinated by sclective
filicring. The porformance of the CAI019 as a ring modn-
Tator is shown in Table HL Fig. B —Ring modedator weing the CAIWIS.

TABLE Ni. PERFORMANCE CHARACTERISTICS OF
RING MODULATION OF FIG.13

For a givea V; + V_, ¢, in millivolss

V, mvs 300 350 450 500
Frog Kl y s 600 500 350 300
Upper ar
28 or 32 Lower 86 97 3 91
Sadebands
Sig. .
2 R 0042 1Y+ 0015 0020
3 Casrier . . . .
Froq. 13 (37a0) 0SS(—41db) 067 (42db) 062 (—43db)
26 or 34 Higher 0018 0016 0036 0043
Order
24 or 36 Sidebands 0021 0054 0.0¢7 50

* &b below the desirod wpper and lower sidcbands
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Application Of The RCA-CA3028A and CA30288
Integrated-Circuit RF Amplifiers In The

HF and VHF Ranges

by. H.M. Kleinman

The CA3028A and CA3028B monolithic-silicon inte-
grated circuits are single-stage differential amplifiers.
Each circuit also contains a constant-current transistor
and suitable biasingresistors. The circuits are primarily
intended for service in communications systems operating
at frequencies upto 100 MHz with single power supplies.
This Note provides technical data and recommended
circuits for use of the CA3028A and CA3028B in the
following applications:

o RF Amplifier

o Autodyne Converter

e IF Amplifier

e Limiter

In addition to the applications listed above, the

CA3028A and CA3028B are suitable for use in a wide
range of applications in dc, audio, and pulse ampli-
fier service; they have been used as sense amplifiers,
preamplifiers for low-level transducers, and dc differ-
ential amplifiers. The CA3028B, which features tight
cont;-pl of operating current, input offset voltage, and
input bias and offset current, is recommended for those
applications in which balance and operating conditions
are important.

Useful information concerning operation of the
CA3028A and CA3028B in mixers, oscillators, balanced
modulators, and similar circuits may be found in ICAN-
5022, ‘‘Application of the RCA CA3004, CA3005, and
CA3006 Integrated-Circuit RF Amplifiers.”” Biasing
considerations for the CA3028A and CA3028B differ
from the types discussed in ICAN-5022; however, dy-

namic performance is quite similar to that of the CA3005
and CA3006. ICAN-5022 contains circuits that illus-
trate operation from dual supplies which, when available,
can simplify the biasing of the CA3028A or CA3028B.

Both the CA3028A and CA3028B are supplied in an
8-terminal TO-5 package which assures minimum inter-
lead capacitance and consequently excellent,stability
in high-frequency circuits. The spacing of the leads on
the hermetically sealed package permits installation of
the integrated circuits on printed circuit boards by wave-
soldering techniques.

Circuit Description

The circuit diagram and terminal connections for
the CA3028A and CA3028B are shown in Fig.l. The
circuit is basically a single-stage differential amplifier
composed of transistors Q; and Qg driven from a con-
stant-current source Q3. A single-ended input may be
connected to terminal 1 or terminal 5, or push-pull in-
puts to terminals 1 and 5. Each of these terminals must
be provided with a biasing network. Care must be taken
to insure that the bias voltages on terminals 1 and 5
are nearly equal when balanced operation is desired.
This can only be achieved in practice by using a single
voltage divider as shown in Fig.2(a). Bias is first
established on the base of one transistor, in this case
Q. through terminal 1. The base of the second tran-
sistor, Qo in Fig.2(a), is then connected to the first
through a%ow-valued dc impedance. In Fig.2(a), the in-
ductive winding of the input transformer provides the
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\Fig.1 - Schematic diagram and terminal connections for
|

the CA3028A and CA3028B integrated circuits.
(\
| | e 1F out
CcA30264
oR
ca30268 osc.
FREQ.
‘ cA3028A
A :
cA30288 RF
IN
n
(o) = (d)
+vee R 28
+Vee g :
F @ +V
L 'cc
CA3028A L 3
Erato—()—— +vgeoA(D———— casozes T Jeor
ot ca3028a cc
+veco~7)—— casoze8
N ;E %

CA3028A
OR
CA30288B

CA3028A
+Vee OR

CA30288

{e)

= it
Fig.2 - Connections for the CA3028A and CA3028B for use as (a) a balanced differenti
constant-current-source drive and agc capability; (b) a cascode amplifier with a constant-impedance agc capability;

al amplifier with a controlled ‘
(c) a cascode amplifier with conventional agc capability; (d) a converter; (e) a mixer; (f) an oscillator.
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low-resistance path. An rf choke or low-valued resistor
may be used in place of transformer coupling, but
caution must be exercised because even as little as 100
ohms may cause serious unbalance in some applications.
A single-ended output may be taken from terminal 6 or
terminal 8, or push-pull outputs from terminals 6 and 8.
In systems with a single power supply of up to 12 volts,
. terminal 7 is connected to the highest positive potential
for maximum gain. Other operating points can be select-
ed by application of a varying bias voltage (age) to Q3-

The circuit diagrams in Fig.2 illustrate the flexi-
bility of the CA3028A and CA3028B. Terminal connec-
tions are shown for a differential amplifier driven from
a controlled constant-current source that has agc capa-
bility; a cascode amplifier with constant-impedance or
conventional agc capability; a converter; a mixer; and
an oscillator. The cascode mode of operation is recom-
mended for applications that require higher gain. The

differential mode is preferred when good limiting is
required.

Operating Modes

The CA3028A and CA3028B integrated-circuit rf
amplifiers can be operated in either the differential mode
or the cascode mode. Applications using the differential
mode are distinguished by high input impedance, good
gain-control characteristics, large input-signal-handling
capability, and good limiting.

For ease of design, of systems using the CA3028A
and CA3028B, admittance or ‘‘y” parameters are shown
in Fig.3 for the differential mode and in Fig.4 for the
cascode mode. It should be noted that the y parameters
of the more complex differential and ctascode amplifier
stages differ from those of simple common-emitter tran-
sistor stages.
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Fig.3 - Y parameters of the CA3028A and CA3028B in

the differential-amplifier connection.
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Fig.4 - Y parameters of the CA3028A and CA3028B in

the cascode connection.

For quick reference, values for input and output parallel
RC networks and transconductance values are listed in
Table I for the differential amplifier and in Table II for
the cascode amplifier.

Although the reverse transfer admittance y;g of the
CA3028A or CA3028B is low for either cascode or dif-

ferential operation, circuit-layout-induced instability can
occur in high-gain amplifiers. Circuit layout is of
paramount importance in both modes because undesirable
coupling admittances can be much greater than the
CA3028A or CA3028B admittances. Attention to layout
and shielding is imperative if proper advantage is to be
taken of the low feedback of the CA3028A and CA3028B.
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Table | input and Qutput Parallel RC Network Component Values, 3
Transconductance Values, and Performance Data for the gt L—T1
CA3028A and CA3028B Integrated Circuits in the Dif- 2, ‘qc,‘"}&
ferential Amplifier. %
Frequenc Input Paratlel Output Parallel Transcon- 32— J;"é 149
QUeNCY R Network RC Network ductance 0 y //
Rin Cin Rout Cout &m g A
(MHz) (ohms)  (pF) (ohms) (pF)  (millimhos) 5 /
5 /
0.7 1800 8 22x 100 4 3% et 4 DIFFERENTIAL~AMPLIFIER CONFIGURATION
100 500 45  1.8x103 4 15 AMBIENT TEMPERATURE (Ta)*25°C
o5 A FREQUENCY (f)=10.7 MHz
Table It Input and Output Parallel RC Network Component Values, /
Transconductance Values, and Performance Data for the . 505600060080 oo
CA3028A and CA3028B Integrated Circuit Cascode INPUT VOLTS (viy)
Amplifier.
Input Parallel Output Parallel Transcon- 40
Frequency RC Network RC Network ductance Vee™ 9V l
Rin Cin Rout Cout _ &m 30 N
(MHz) (ohms)  (pF)  (ohms) (pF)  (millimhos) %,
20
10.7 900 22 -1.67 x 10 3.1 100 @ "‘E"Ufﬂw\
100 170 63 5x105 35 14 1 0 N
g
: A\
$ o
4
Ditferential Amplifier
The differential amplifier shown in Fig.2(a) is "
designed for operation at 10.7 MHz and 100 MHz. Be-
cause the amplifier consists essentially of a common- -20
collector stage driving a common-base stage, the input
admittance yj1, the output admittance y99, and the -30
forward transfer admittance ygj are decreased by a € ‘ 2 °
factor of two. The reverse transfer admittance y12 is DC BIAS VOLTAGE ON TERMINAL 7—V
typically 140 times lower than that of a single common-
emitter transistor at 10.7 MHz, and 10 times lower at
100 MHz. As a result, the CA3028A and CA3028B can 2 FREQUENCY 100 WHz
!)e tz'a.ligned easily in if strips without need for neutral- . T T—tROMER gy, Veer+9v
1zaton. By

L N

N/

The transfer characteristic in Fig.5(a) shows the
excellent limiting capabilities of the CA3028A and
CA3028B differential amplifiers. This limiting per-
formance is achieved because the constant-current

NOISE FIGURE OR POWER GAIN—dB

— NOISE F

transistor Qg limits the circuit operating curment so e —_

that the collectors of the differential-pair transistors 4

Q and Q2 do not saturate. Table Il shows the maxi- \
mum permissible load resistances for non-saturating o5 : : s : . 5 5
operation when single supply voltages of 9 and 12 POSITIVE DC BIAS VOLTAGE ON TERMINAL 7—V

volts are used.
Fig.5 - Characteristics of the CA3028A and CA30288B in

When linear operation over a wide input-voltage the differential-amplifier connection: (a) 10.7-MHz
range is imperative, agc voltage may be applied to the transfer characteristics; (b) agc capabilities;
constant-current source Q3 at terminal 7. Gain-control (c) power gain as a function of noise figure.
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Table Il Maximum Load Resistance Permissible for Non-Saturating
Operation with +9 and +12 voit Single-Supply Voltages

Maximum " Maximum
Vee le1+ ez TwedLoad Resistive Load
(volts) (milliamperes) (ohms) (ohms)
9 50 3.6K 18K
+12 6.8 35K 17K

Ry =vee/lcy + g2 Resistive Load
RL =2Vgc/ict + Ig2  Tuned Load

capabilities are 60 dB at 10.7 MHz and -46 dB at
100 MHz, as shown in Fig.5(b). Fig.5(c) shows curves
of power gain and noise figure as a function of agc
voltage. The combination of an optimum noise figure
of 5.5 dB and a power gain of 15 dB at 100 MHz makes
this circuit suitable for use as an rf amplifier in the
commercial FM band.

Coscode Amplifier

When the CA3028A or CA3028B is used in the
cascode configuration for rf-amplifier circuits, a common-
emitter stage drives a common-base stage. The input
admittance yq; is essentially that of a common-emitter
stage, and the forward transfer admittance yg, is that of
a common-emitter stage times the common-base alpha.
Because of the high-impedance drive source for the com-
mon-base stage, the output admittance Yoo is quite low
at low frequencies (0.6 umho). The reverse transfer
admittance y)9 for the cascode circuit is 900 times less
than that for a single-stage common-emitter at 10,7
MHz, and 35 times less at 100 MHz. As in the differen-
tial amplifier, ease in tuning is obtained without need
for neutralization.

. The transfer characteristic in Fig.6 shows the
suitability of the cascode configuration for age take-off
for FM front-end controls.

Applications

The typical applications described below illustrate
the use of the CA3028A and CA3028B integrated-circuit
rf amplifiers in both the differential and the cascode
modes. .

10.7-MHz Cascode IF Amplifier. Fig.7 shows an
FM if strip in which the CA3028A or CA3028B is used
in a high-gain, high-performance cascode configuration
in conjunction with a CA3012 integrated-circuit wide-
band amplifier. The CA3012 is used in the last stage
because of the high gain of 74 dB input to the 400-ohm-
load ratio-detector transformer T4. An input of approx-
imately 400 microvolts is required at the base of the

ICAN-5337

CASCODE CONFIGURATION
AMBIENT TEMPERATURE (Tp)=25°C|

FREQUENCY (1)=10.7 MHz
|

]

R SUPPLY VOLTS(VCC)s+12 |

OL\_\_;cxo

»

y/ +9

/L

OUTPUT VOLTS (vo)

0 002 004 006 008 Ol 012 ol4
NPUT VOLTS (vjy)

Fig.6 - 10.7-MHz transfer characteristics of the CA3028A
and CA3028B in the cascode connection.

CA3012 for -3 dB below full limiting. An impedance-
transfer device and filter must be connected between the
CA3012 base (terminal 1) and the output of the CA3028A
or CA3028B (terminal 6). The insertion loss of this
filter should be kept near 6 dB (1:2 ratio of loaded to
unloaded Q) so that all possible gain can be realized up
to the CA3012 base. In addition to this insertion loss,
a voltage step-down loss of 5.8 dB in the interstage
filter is unavoidable. Therefore, the total voltage loss
is approximately 9 to 14 dB, and an output of 1500 to
2000 microvolts must be available from the CA3028A or
CA3028B to provide the required 400-microvolt input
to the CA3012.

The voltage gain of the CA3028A or CA3028B into
a 3000-ohm load is determined as follows:

-y21 _ 100x10°8
yo2 + yI, 0.33 x 103

VG = =300 =49 dB

This calculation indicated a sensitivity of 6.6 microvolts
at the CA3028A or CA3028B base (terminal 2). This
value cannot be realized, however, because the CA3012
limits on noise peaks so that the gain figure is reduced.

A sensitivity of 7.5 microvolts was realized in the
design shown in Fig.7. The filter approach with high-
gain integrated-circuit chips differs from that for single,
cascaded transistor stages in that lumped selectivity
is required rather than distributed selectivity.

Special care must be exercised when second-chan-

nel attenuation in the order of 45 dB is required.
Selectivity is then proportioned as follows:

Interstage filter: double-tuned 220 kHz at -3 dB;
coefficient of critical coupling, 0.7; voltage
loss, 8 dB
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Comvester filter: triple-tuned, 220 iz at -3 dB;
coefficient of critical coupling, 0.8; voltage
loss, about 28 dB
Becamse of input limiting in the CA3012, the interstage
filter exhibits a somewhat wider bandwidth than the
290 kHz imdicated. Therefore, a coefficient of critical
cowpling near 0.8 is realized, which is optimsm for
minimen deviation from comstant time delay. The
triple-tamed converter filter alome movides secomd-
chanmel aitenwation of 30 to 33 dB, while the interstage

10.7-MMz IF Strip Using Twe CAI28A o CAISB
Gircwits. The 10.7-MHz if strip shown in Fig.8 wses
two CAZBA ar CAIZEB istegrated circuils to provide
less over-all gain than the circuit of Fig.7. The first
integrated circuit is commected as a cascode amplifier
and yields voltage gain of 50 dB; the second integrated
circmit is conmected as a differeatial amplifier and
yields voltage gain of 42 dB.

When a practical isterstage transformer haviag a
voltage msertion loss of 9 dB is used, over-all gain is
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T3: Interstage transformer TRW 822486 or equiv.

T4: Ratio detector TRW #22516 or equiv.

Awdio Output- 155 =V ms for 7.5 uV 1 75 kiiz input 3 dB
transfer characteristic.

below knee of

Fig.7 - 10.7-MHz if amplifier using « CA3028A or CA3028B in the cescode made.

filter contributes 8 to 10 dB. The filters described meet
reguivements of both performance and ecomomy.

The large collector swing that can be obtaised in
cascade operation of the CAJ028A or CAI28B makes
it desirsble to take the age voltage from the collector or
“hot” end of the if transformer for front-end gain control
The cascode stage them operates primarily in its limear
segion, aad excellent selectivity (40 dB) is maintained
even for lasge sigmal inputs of approximately 0.4 volt.
Proat-end gain reduction is between 40 aad 50 dB.

83 dB and the sessilivity at the base of the first inte-
grated circuit is 140 microvoits. A less sophisticated
caonverter filter (double-tamed) could be employed at the
expense of about 26 dB of second-chasnel] atiesustion.
If the woltage imsertiom loss of the comverter filler is
assumed to be 18 dB and the front-end voliage gain
(antesma to mixer collector) is 50 dB, this receiver
would have am [HFM* sessitivity of approximately
8 microvolts.

* Institute of High-Fidelity Meawfactwrers.
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T3: Interstage tramsformer TRW #22486 or eguiv.
T4- Ratio detector TRW #22516 or equiv.

Avudio Output: 155 mV mms for 140 uV ¢ 75 kliz input 3 dB
below knee of tramsfer characteristic.

Fig.8 - 10.7-MHz if strip wsing two CA3028A or CA3028B integrated circwits.

10.7-Miiz Differential-Amgplifier IF Swip. Fig9
shows a 10.7-Mi1z medium-gain if strip consisting of a
CAID28A or CA3028B commected as a differential ampli-
fier and a CA3012 wide-band amplifier. As i the cir-
cuit shown in Fig.7, an input of approximately 1500
microvolts is required to the interstage filter. The
differential-mode volitage gain of the CA02BA or
CAJ028B mto a 3000-chm load is determined as follows:

21 3Hx1073
Typty 038x10°

VG =925-39.3dB

This voltage gain requires that an input of approxi-
mately 15 microvolts be available at the base of the
CA02Z8A or CA2BB differentinl amplifier.

Even if a triple-tuned filter having a voltage in-
sextion loss of 28 dB is used in a low-gain front end, a
receiver having an THFM semsitivity of 5 microvolts
results. If 26 dB second-chamel attenustion is per-

missible, a 3-microvolt-sensitivity IHFM receiver caa
be realized.

$8-Miiz-10-108-M: FM Front End. Fig.10illustrales
the use of the CA3028A ar CA3028B as an rf amplifier
and a converter in an 88-t0-108-Miiz FM frost end. For
best moise perfamance, the differential mode is usedand
the base of the comstant-curent source Q3 is biased for
a power gain of 15 dB. The of amplificr imput circwit
is adjusted for an insertion loss of 2 dB to keep the
noise figwre of the front end low. Because the mser-
tion loss of the input transformer adds divectly to the
integrated-circuit noise figwe of 5.5 dB, the noise
figare for the fromt end alome is 7.5 dB, as compared
to noise figures of about 6 dB for commercial FM twmers.

Althoogh a single-tmmed circuit is shown between
the collector of the rf-amplifier stage and the base of
the converter stage, a double-tuned circuit is prefesved
to reduce spurious response of the comverter. If the
double-tumed circuit is critically coupled for the same
3-dB bamdwidth as the single-tumed circuit, the in-
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Tg3: Interstage transformer TRW #22486 or equiv.
T4: Ratio detector TRW #22516 or equiv.

Audio output: 155 mV rms for 15 uV + 75 kHz input 3 dB
below knee of transfer characteristic.

Fig.9 - 10.7-MHz if strip using @ CA3028A or CA3028B in the differential mode.

The collector of the rf stage is tapped down on
the interstage coil at approximately 1500 ohms, and
the base of the converter stage at 150 ohms. RF volt-
age gain is computed as follows:

Antenna tobase . ........ 0 dB
Base to collector. . . ... ... 22 dB
Voltage insertion loss of

interstage coil ........ -13 dB
Net rf voltage gain. . ...... 9 dB

If an if converter transformer having an impedance
of 10,000 ohms is used, the calculated voltage con-
version gain is

-y21

VG =—
Yog * YL

=112 =41.3dB

Measured gain into the collector of the converter is
.42 dB. The measured voltage gain of the rf amplifier

and converter into a 10,000-ohm load is 52 dB; calcu~
lated gain is 50 dB. When the converter is tuned for
the commercial FM band (88 to 108 MHz), the following
parameters apply:

Input resistance Rjp . . ... .. .. 170 ohms
Input capacitance Cijp . ... .... 6.3 pF
Output resistance Rout. . .+ ... . 80K ohms
Output capacitance Coyt. . - . . . . 3.5 pF

Conversion transconductance. . .. 13 mmhos

The f amplifier and converter shown in Fig.10
were combined with the if amplifier shown in Fig.7,
and the following performance data were measured at
100 MHz:

30-dB (S + N)/N IHFM Sensitivity . . . 3 uV
Image Rejection. .. ........... 46 dB

Receiver noise figure is the limiting factor that permits
a sensitivity of only 3 microvolts to be realized.
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Ly: 3-3/4 T #18 tinned copper wire; winding length 5/16" on 9/32" form; tapped
at 1-3/4 T, primary — 2 turns #30 SE.

Lg: 3-3/4 T #18 tinned copper wire; winding length 5/16" on 9/32" form; tapped
atg 2-174 T, A 3/4T.

Cvy.g: variable AN CR15pF

T1: Mixer transformer TRW #22484 or equiv.

Tg: Input transformer TRW #22485 or equiv.

Lg: 3-172 T #18 tinned copper wire; winding length 5/16" on 9/32" form.
CVI-S: variable, A C & 15 pF.

Fig.10 - 88-MHz-10-108-MHz FM front end.
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Integrated-Circuit Frequency-Modulation

IF Amplifiers

by H.C. Kiehn and R.L. Sanquini

Silicon monolithic integrated circuits that use a
differential-amplifier configuration have certain design
features which make them more attractive than discrete-
component circuits for FM if-amplifier applications.
These features include better performance, small size,
light weight, and more potential circuit functions per
dollar of cost.

The Differential Amplifier

The heart of integrated-circuit FM if amplifiers is
the differential amplifier, which is probably the best

4
|
I

simple configuration available today for symmetrical
limiting over a wide input-voltage range. Each half of
the differential amplifier is alternately cut off on posi-
tive and negative half-cycles of the input signal.

As shown in Fig.1, the total current through the
circuit I is relatively constant. A current equal to
IT/2 flows through each transistor at balance (quies-
cent condition). When the base voltage VB is made

!
|
[

Fig.1 . Basic differential-amplifier configuration.

This material was presented at the IEEE Second Annual Semi conductor-Device Clinic on Linear Integrated Circuits in New

York City, March 24, 1967,
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more bositive than VB9, however, the collector current
Icy increases and ICp decreases. The value of ICq
becomes equal to the total current IT when the follow-
ing condition exists:

VB - VB2 - VBE] > VBE2 (threshold)

The transistor Q1 is then full on, and Q2 is then cut off.
Similarly, when VB is made more negative than Vpo,
the value of ICg becomes equal to IT; Q1 is then cut off
and Q2 is full on. When the worst-case value of IT is
known, the maximum load impedance for symmetrical
limiting is selected so that collector saturation does
not occur, as follows:

Resistive Load: Ry, =Vgoc/Ip

Tuned Load: RL =2 VCC/IT

Under these conditions, symmetrical limiting is

obtained without spurious phase modulation.

 The transfer characteristics for a typical differen-
tial amplifier shown in Fig.2 illustrate the excellent
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COLLECTOR CURRENT (I¢)—aIy UNITS

o]

-0 - -6 -4 -2 o] 2 4 6 € 10
DIFFERENTIAL INPUT VOLTAGE (th'vbz) -
KT/q UNITS

Fig.2 - Transfer characteristics of basic differential.
amplifier circuit.

limiting characteristics. Further increases in input
voltage (VB] - VBo) produce no change in collector
current above 4KT/q units of input signal.

There are two basic approaches to the design of
integrated-circuit FM if-amplifier stages using differen-
tial amplifiers: (1) lumped-filter FM if amplifiers using
high-gain multi-stage integrated-circuit packages, or
(2) individually tuned FM if amplifiers using single-
stage integrated-circuit packages. This paper discusses
the performance obtained with these approaches and
outlines their merits and limitations.

Evolution of High-Gain Selective Building Blocks

The tuned rf amplifiers used in early broadcast
receivers soon exhibited a point of diminishing returns
with regard to gain and selectivity improvements. -With
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the advent of the superheterodyne principle, the inter-
mediate-frequency amplifier became the first building
block that had fixed-frequency tuning, relatively high
gain, and good selectivity as a result of its operation
at a frequency lower than the signal frequency.

Because of its demands for high gain, phase linear
amplification, and good symmetrical amplitude limiting,
and because of the numerous FCC station allocations,
FM broadcasting is now facing the dilemma of providing
selectivity with good phase response. That is, receiver
selectivity must be maintained for large signal inputs
without deterioration of phase response. (A discussion
of the practical solution of this problem is beyond the
scope of this paper.) Successive limiting from the last
stage back to the first stage can no longer be tolerated.

High-Gain-Per-Package Differential Integrated-Circuit
IF Strips

Fig.3 shows the schematic diagram of a high-gain
integrated circuit, the CA3012, which can be used in an
if-amplifier strip to drive a ratio detector. The CA3012
wideband amplifier, designed for use in FM broadcast
or communications receivers, is basically an if ampli-
fier-limiter intended for use with external FM detectors.
It consists of three direct-coupled cascaded differential-
amplifier stages and a built-in regulated power supply.
Each of the first two stages consists of an emitter-
coupled amplifier and an emitter-follower. The operating
conditions are selected so that the dc voltage at the

®

__{o.o

Fig.3 - Schematic*diagram of CA3012 integrated-circuit
wideband amplifier.

output of each stage is identical to that at the input of
the stage. This condition is achieved by operation of
the bases of the emitter-coupled differential pair of
transistors at one-half the supply voltage and selection
of the value of the common-emitter load resistor to be
one-half that of the collector load resistor. As a result,
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the voltage drops across the emitter and collector load
resistors are equal, and the collector of the emitter-
coupled stage operates at a voltage equal to the base-to-
emitter voltage VBE plus the common base potential.
The potential at the output of the emitter-follower,
therefore, is the same as the common base potential.

At an operating point 3 dB down from the knee of
the transfer curve, therefore, the CA3012 requires an
input between 400 and 600 microvolts, depending on
the ratio-detector design. Fig.4 shows the use of two
CA3012 units in a 10.7-MHz if-amplifier strip. A double-

35V 6250 uV

+65dB

practical and does not impose too much burden on align-
ment. Because IHFM selectivity includes other factors
than passband, a combined filter design that provides
second-channel attenuation between 52 and 60 dB be-
comes imperative.

Investigation of various types of inductance-capaci-
tance filters indicates the use of a triple-tuned type to
form the major lumped selectivity of the FM receiver.
Fig.6 shows the response curve and two configurations
for such a filter. Economy and ease of alignment are
the major features in this approach.

2470 v 175V

+572
+74 dB

Seov

Fig.4 - 10.7-MHz if-amplifier strip using CA3012 integrated circuit.

tuned filter that has a voltage insertion loss of 8 dB is
located between the two CA3012 units to provide a
filter input of approximately 1000 microvolts (at terminal
5 of the first CA3012). For an if-strip sensitivity of
4 microvolts, a gain of 48 dB is required. However, if
the CA3012 used has a load impedance of 1200 ohms,
the available gain is 65 dB, or approximately 17 dB
more than required. The extra gain is not wasted, but
drives the second CA3012 harder, causing it to limit
so that its gain is reduced by approximately 17 dB.

Fig.5 shows the selectivity of the double-tuned
interstage filter. The 3-dB bandwidth is 200 kHz at
an input of 10 microvolts and 240 kHz at inputs from
500 microvolts to 0.5 volt. The coefficient of critical
coupling is approximately 0.5 at 10 microvolts and in-
creases to 1.0 but still maintains good phase response.
The double-tuned filter should be coupled capacitance-
aiding to avoid a nearly in-phase over-all relationship.
Otherwise, bypassing of terminal 10 and the ratio-
detector primary becomes critical and over-all stability
is impaired.

The connection of the FM front end to the integrat-
ed-circuit if strip must provide good selectivity and
good phase response. A double-tuned filter is not
suitable from the standpoint of selectivity. An actual
IHFM* receiver selectivity between 35 and 40 dB is

* Institute of High-Fidelity Manufacturers.

ATTENUATION — dB
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Fig.5 - Selectivity curve for double-tuned interstage

filter.

The triple-tuned filter, which is located between
the mixer and the first integrated circuit, may have a
voltage insertion loss of 33 dB, depending on the desired
gain distribution. The power insertion loss of the
filter, which is between 12 and 17 dB, is the loss that
contributes to if noise. If the primary impedance is
reduced to provide a lower voltage insertion loss, the
front-end gain is decreased by a corresponding amount.
Stability criteria must be the deciding factor in im-
pedance and gain distribution.
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Fig.6 - Configurations and response curve for triple-
tuned interstage filter.

~ Most FM front ends come equipped with a double-
tuned 10.7-MHz if transformer in which a secondary
high-impedance winding is brought out capacitively
unterminated and non-polarized with respect to ground.
This configuration does not lend itself readily to optimum
skirt selectivity (form factor) when connected with an
additional single-tuned transformer to form a triple-
tuned filter. Most effective use of the existing front-end
filter is accomplished by the addition of another double-
tuned filter, such as those shown in Fig.7. Either

]
. LS
1

Fig.7 - Configurations of two quadruple-tuned interstage
filters.
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bottom inductance or capacitance coupling can be used.
Voltage insertion losses from 18 dB to 26 dB can be
expected. Fig.8 shows the response curve obtained
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Fig.8 - Response curve obtained with quadruple-tuned

filter,

with a quadruple-tuned interstage filter. The per-cent
coupling between filters and the coupling mode must be
determined on the basis of over-all stability and per-
formance.

It may be appropriate to consider briefly the noise
associated with high-insertion-loss filters. Over-all
receiver noise F is calculated as follows:

_ F3-1
F=Fp+—+——

Gl GyGg
where F1, F9, and F3 are the noise figures of the first
(rf), second (mixer), and third (if) stages, respectively;
and Gi and G2 are the power gains of the first and
second stages. If a value of 27 dB is assumed for the
if noise figure Fg (filter plus integrated circuit), 10 dB
for the mixer noise figure, and 30 dB for mixer power
gain, the effect of if noise on mixer noise is determined
as follows:

' F3-1 _ 27-1 _
Fo *sz"TZ =10 + =0 10.87 dB
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If the if stage is assumed 10 have a power gain of 15 dB

aad a moise figwre of 5 dB, total receiver moise is them
determined as follows:

e, F2r1_
F=F;+ =5+
Gy

These calculations show that the power gaim of
the rf-amplifier stage overrides both if noise and mixer
moise. A minimum power gaiz of 10 dB is advisable.

The use of a tuning capacitance of 82 picofarads
im the collector circuit of the mixer stage provides a
loaded primary impedance of approximately 10,000 ohms
and elimimales the need for a tap. The 27-picofarad
tuming capacitances that comprise the other poles of this
filter could be reduced to obtain more favarable loaded-
to-maloaded-Q ratios without use of additional resistor
loading. The choice of 27 picofarads was based prima-
rily om circuit stability comsiderations.

Fig.9 shows one type of complete integrated-cirenit
if strip, and Fig.10 shows the accompanying voliage
gains and impedances. Values are given for two levels
of mixer ostpat impedance. All other impedance levels
shown have exhibited good stability. Over-all perfor-
mance of the circuit is illustrated in Fig.11.

Caplwre ratio, which was measwed at variows levels,
varies from 5 dB at 2 microwlis to 1.2 dB sbhove 500
microvolts. With careful adjustment, values as low as
integrated circuit if strip is shown in Fig.12. Overall
selectivity for a given natio detector and the if strip is
shown in Fig.13. Some distribuled-selectivily receivers
have very little second-chammel selectivily ai an antesma
imput of 2000 microvolts. The points marked in Fig. 13

Fig.14 shows an if strip that combimes kigh gam
per package and the single-stage-per-package approach.
CA3012 and CA3028 integrated circwits are wsed in a
differential- mode commection. Am if semsitivily of 15
microvolis can be obiained with this if strip.

If discrete circuits are directly replaced by single
differential integrated-circuit amplifiers, a minimmm of
if transformer and printed-circuit-boand redesiga is re-
quired. Values of voltage gain and impedance aze indi-
cated on the block diagram in Fig.15. All three double-
tmed transformers are made symmetrical with respect
to primary and secondary windings and taps.

Becamse the single- or dosble-tumed circuit used
between the mixer and the if strip has inmhevently less

Fig.9 - Complete 10.7-MHz if-amplifier strip wsing two CA3012 integroted circuits.

3N 3
R - S el Bhan
i o) i
T_ — T 333 { 19 ;'>_‘.m"2c"'u
‘ | ;
s - o x sm
s | k t
v 200.¥ kL S25a 250 KTV - - 348

Fig.10 - Volioge guin and impedonce volves for if-ompli-
fier strip of Fig.7.

insertion loss than a triple-tumed input filter, the imput
required is 20 instead of 3.5 mictovolis. All thwee
double-tumed if transformers have am insertion loss of
6 dB and a 3-dB bandwidth of 280 to 300 kiiz. The ratio-
36 dB for the last integrated circuit. Each of the re-
maining three stages has a gain of 21.5 dB, for the total
required gain of 100 dB. The impedance required for
the desired stage gain was calculated to be 660 olms
for both the primary and secondary windings of the if
transformers.
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Fig.11 - Pesfarmance cwrves for if-amplifies strip of Fig.7.
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Fig.12 - Selectivity corve fos il-amplifier strip of Fig.7.
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Fig.13 - Measwred over-all selectivity carve for if-empli-
fies strip of Fig.7 end e given retio defector.

Fig.14 - IF-amplifier strip wsing CA3028 end CA3I012 integroted circuits.
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Fig.15 - Voltage gain and impedance values for if-ampli-
fier strip of Fig.12.

With inputs from 20 to 200 microvolts, second-
channel selectivity as high as 52 to 59 dB can be at-
tained for three double-tuned and four double-tuned
filters, respectively, for a 3-dB bandwidth of 196 kHz.
For higher inputs, the same deterioration of selectivity
occurs as that experienced with discrete circuits, as
shown in Fig.16.
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0.4 -oz 04 06
FREQUENCY oevmnou-mm

INPUT  ACA 2ACA

L) @B a8
X 25 10 426
0 1000 8.6 32
O 5000 5 22
A 20K 3 1S5
Ist STAGE AGC.

i
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O

ATTENUATION —dB

Fig.16 . Selectivity curves for discrete-component if
strip using six double-tuned filters.

Several receivers incorporating the if strips shown
have been field-tested in areas of 200-kHz station
separation, where a weak station was sandwiched be-
tween two strong stations. The weak station was
received without interference, as compared to the per-
formance of other high-quality FM receivers fabricated

with discrete-component if circuits, where lack of
selectivity marred reception.

Conclusions

The preceding discussion has shown that the
simplest approach to the use of integrated circuits in
FM if-amplifier strips is to replace each stage in pre-
sent discrete-transistor if strips with a differential
amplifier. This integrated-circuit approach requires a
minimum of re-engineering because a cascade of in-
dividually tuned if stages is used. From a performance
point of view, this approach results in better AM re-
jection than that obtained with discrete circuits be-
cause of the inherent limiting achieved with the differ-
ential-amplifier configuration.

This approach, however, is not the best for cost
performance in the long run. The single stage of gain
is most difficult to justify economically when a single
transistor stage is replaced with a single integrated-
circuit package. The boundary condition for such an
approach is that ultimately the cost of fabricating a
package containing three transistors and three resistors
(a typical complement for a differential-amplifier stage)
must be the same as that of the one transistor the stage
replaces.

Approaches to FM if stages which use the high-
gain-per-package concept achieve the excellent AM
rejection of differential amplifiers, as well as superior
adjacent-channel attenuation, because more gain is
inserted between the selectivity elements. From a per-
formance point of view, this approach is superior to
both discrete-stage and individually tuned integrated-
circuit if strips.

From the point of view of cost, this approach has
better possibilities because two packages are cquivalent
to four single stages of gain (four integrated-circuit
packages). This approach results in maximum utiliza-
tion of present-day monolithic integrated-circuit tech-
nology, and is closer to the optimum FM if amplifier
shown in Fig.17.

FMIF IF :Troa‘fu AND™S,
f#{;ﬁ?L"’ SELECTIVITY DETECTOR Auoo

Fig.17 - Optimum FM if-amplifier configuration.
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Application Of The RCA CA3020 and CA3020A
Integrated-Circuit Multi-Purpose Wide-Band

Power Amplifiers

by W.M. Austin and H.M. Kleinman

The discussions in this Note are applicable to both inte-

grated-circuit types. The CA3020A can operate in all
circuits shown for the CA3020. The CA3020, on the other
hand, has a lower voltage rating and must not be used in
applications which require voltages on the output tran-
sistors greater than 18 volts. The integrated circuit protects
the output transistor by limiting the drive to the output
stages. The drive-limited current capability of the CA3020
is less than that of the CA3020A, but peak currents in
excess of 150 milliamperes are an assured characteristic of
the CA3020.

The RCA CA3020 and CA3020A integrated circuits are
- multi-purpose, muiti-function power amplifiers designed
for use as power-output amplifiers and driver stages in
portable and fixed communications equipment and in ac
servo control systems. The flexibility of these circuits and
the high-frequency capabilities of the circuit components
make these types suitable for a wide variety of applications
such as broadband amplifiers, video amplifiers, and video
line drivers. Voltage gains of 60 dB or more are available
with a 3-dB bandwidth of 8 MHz.

The discussions in this Note are applicable to both inte-
grated-circuit types. The CA3020A can dperate in all

circuits shown for the CA3020. The CA3020, on the other
hand, has more limited voltage- and current-handling
capability and must not be used in applications which
require voltage swings on the output transistors greater
than 18 volts or peak currents in excess of 150 milli-

amperes.

The CA3020 and CA3020A are designed to operate
from a single supply voltage which may be as low as +3
volts. The maximum supply voltage is dictated by the type
of circuit operation. For transformer-loaded class B ampli-
fier service, the maximum supply voltages are +9 and
+12 volts for the CA3020 and the CA3020A, respectively.
When operated as a class B amplifier, either circuit can
deliver a typical output of 150 milliwatts from a +3-volt
supply or 400 milliwatts from a -+ 6-volt supply. At +9
volts, the idling dissipation can be as low as 190 milliwatts,
and either circuit can deliver an output of 550 milliwatts.

An output of slightly more than 1 watt is available from

the CA3020A when a -+ 12-volt supply is used.
CIRCUIT DESCRIPTION AND OPERATION

Fig. 1 shows the schematic diagram of the CA3020 and .

CA3020A, and indicates the five functional blocks into
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VOLTAGE
REGULATOR
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Fig. 1—Schematic diagram of CA3020 and CA3020A
integrated-circuit amplifiers.

which the circuit can be divided for understanding of its
operation. Fig. 2 shows the relationship of these blocks in
block-diagram form.

A key to the operation of the circuit is.the voltage
regulator consisting of diodes D,, D, and D; and resistors
R, and R;;. The three diodes are designed to provide
accurately controlled voltages to the differential amplifier
so that the proper idling current for class B operation is
established in the output stage. The characteristics of these
monolithic diodes closely match those of the driver and
output stages so that proper bias voltages are applied over
the entire military temperature range of —55 to +125°C.
The close thermal coupling of the circuit assures against
thermal runaway within the prescribed temperature and
dissipation ratings of the devices.

The differential amplifier operates in a class A mode to
supply the power gain and phase inversion required for
the push-pull class B driver and output stages. In normal
operation, an ac signal is capacitively coupled to terminal

O+

T0
TERMINAL:

No.l0 |BUFFER
AMP.

ALTERNATE
AC
INPUT
TO
TERMINAL
No.3

Fig. 2—Functional block diagram of the CA3020 and
CA3020A.

3, and terminal 2 is grounded through a suitable capacitor.
When the signal becomes positive, transistor Q, is turned
on and its collector voltage changes in a negative direction.
The same current flows out of the emitter of Q, and tends
to flow to ground through resistor R,. However, the im-
pedance of R, is high compared to the input impedance
of the emitter of Qg, and an alternate path is available
to ground through the emitter-to-base junction of transistor
Q3 and then through the bypass capacitor from terminal 2
to ground. Because this path has a much lower impedance
than Ry, most of the current takes this alternate route.
The signal current flowing into the emitter of Q; reduces
the magnitude of that current and, because the collector
current is nearly equal to the emitter current, the collector
current in Q; drops and the collector voltage rises. Thus,
a positive signal on terminal 3 causes a negative ac voltage
on the collector of transistor Q, and a positive ac voltage
on transistor Q,, and provides the out-of-phase signals
required to drive the succeeding stages. It should be noted
that the differential amplifier is not balanced; resistor Ry
is ten per cent greater than R,. This unbalance is delib-
erately introduced to compensate for the fact that all of
the current in the emitter of Q, does not flow into Q.
Use of a larger load resistor for transistor Q; compensates
for the lower current so that the voltage swings on the
two collectors have nearly the same magnitude.

The driver stages (transistors Qg and Qg) are emitter-
follower amplifiers which shift the voltage level between
the collectors of the differential-amplifier transistors and
the bases of the output transistors and provide the drive
current required by the output transistors.

The power transistors (Q; and Q) are large, high-
current devices capable of delivering peak currents greater
than 0.25 ampere. The emitters are made available to
facilitate various modes of operation or to permit the
inclusion of emitter resistors for more complete stabiliza-
tion of the idling current of the amplifier. Inclusion of
such resistors also reduces distortion by introducing nega-
tive feedback, but reduces the power-output capability by
limiting the available drive.

Inclusion of emitter resistors between terminals 5 and 6
and ground also enhances the effectiveness of the internal
dc feedback supplied to the bases of transistors Q, and Qg
through resistors R; and R;. Any increase in the idling
current in either output transistor is reflected as an in-
creased voltage at its base. This change is coupled to the
input through the appropriate resistor to correct for the
increased current.

A later section of this Note describes how stable class A
operation of the output stages may be obtained.

OPERATING CHARACTERISTICS

Supply Voltages and Derating,. The CA3020 operates
with any supply voltage between +3 and +9 volts. The
CA3020A can also be operated with supply voltages up
to +12 volts with inductive loads or +25 volts with
resistive loads. Fig. 3 shows the permissible dissipation
rating of the CA3020 and CA3020A as a function of case
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Fig. 3—Dissipation rating of the CA3020 and CA3020A
as a function of case and ambient temperatures.

and ambient temperatures. At supply voltages from +6 to
+12 volts, a heat sink may be required for maximum
power-output capability. The worst-case dissipation Py
as a function of power output can be calculated as follows:

= (Vccl IC('l + vcc2 lccz) + (VCC22/ (Ree)

where V¢, and Vg, are the supply voltages to the differ-
ential-amplifier and output-amplifier stages, respectively;
Ioc, and Igo, are the corresponding idling currents; and
R is the collector-to-collector load resistance of the out-

P"‘max
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Basic Class B Amplifier. Fig. 4 shows a typical audio-
amplifier circuit in which the CA3020 or CA3020A can
provide a power output of 0.5 or 1 watt, respectively.
Table I shows performance data for both types in this
amplifier. The circuit can be used at all voltage and power-
output levels applicable to the CA3020 and CA3020A.

—e Veer

——— Vcc2

QUTPUT
LOAD

* Better Coil and Transformer DF108A,
Thordarson TR-192, or equivalent.
e see text and tables.

Fig. 4—Basic class B audio amplifier circuit using the
CA3020 or CA3020A.

put transformer. This equation is preferred to the conven-
tional formula for the dissipation of a class B output tran-
sistor (i.e., 0.84 times the maximum power output) because
the P, equation accounts for the device standby power
and device variability.

 The emitter-follower stage at the input of the amplifier
in Fig. 4 is used as a buffer amplifier to provide a high
input impedance. Although many variations of biasing may

Table 1 — Typical Performance of CA3020 and CA3020A in Circvit of Fig. 4*

Characteristic CA3020 CA3020A
Power Supply — Vg, «vvvvrvererniiiiiiiinianenans 9 9 v
Vogg +erverereenenns e 9 12 v
Zero-Signal Idling Current —Igg, «.vvnnen. Ceereeaaees 15 15 mA
(R Creeerenes eee. 24 24 mA
Maximum-Signal Current — Igg, v vvvvverieveinnnnns 16 16.6 mA
Iog, +eecnemenenrerenensans 125 140 mA
Maximum Power Output at 10% THD ..... PN 550 1000 mwW
Sensitivity . .......cieiiiiiiiiinnnn 35 45 mV
Power Gain .......vvvieoneninnrnnnennneanns vieeees 15 75 dB
Input Resistance ..........covvenivennnnn B - £ 55 ko
Efficiency .......... P > 55 %
Signal-to-Noise Ratio ......... DY L) 66 dB
% Total Harmonic Distortion at 150 mW R B | 33 %
Test Signal ............ e eaaeaa N 1000 Hz/600Q generator -
Equivalent Collector-to-Collector Load .............. .. 130 200 Q
Idling-Current Adjust Resistor (Ry¢) ..ot 1000 1000 Q

* Integrated circuit mounted on a heat sink, Wakefield 209 Alum. or equiv.
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be applied to this stage, the method shown is efficient and
economical. The output of the buffer stage is applied to
terminal 3 of the differential amplifier for proper balance
of the push-pull drive to the output stages. Terminals 2
and 3 must be bypassed for approximately 1000 ohms at
the desired low-frequency roll-off point.

At low power levels, the cross-over distortion of the
class B amplifier can be high if the idling current is low.

. For low cross-over distortion, the idling current should

be approximately 12 to 24 milliamperes, depending on
the efficiency, idling dissipation, and distortion require-
ments of the particular application. The idling current may
be increased by connection of a jumper between terminals
8 and 9. If higher levels of operating idling current are
desired, a resistor (R;;) may be used to increase the regu-
lated voltage at terminal 11 by a slight amount with addi-
tional current injection from the power supply Vcc,.

In some applications, it may be desirable to use the
input transistor Q; of the CA3020 or CA3020A for other
purposes than the basic buffer amplifier shown in Fig. 4.
In such cases, the input ac signal can be applied directly
to terminal 3.

The extended frequency range of the CA3020 and
CA3020A requires that a high-frequency ac bypass ca-
pacitor be used at the input terminal 3. Otherwise, oscil-
lation could occur at the stray resonant frequencies of
the external components, particularly those of the trans-
formers. Lead inductance may be sufficient to cause
oscillation if long power-supply leads are not properly
ac bypassed at the CA3020 or CA3020A common ground
point. Even the bypassing shown may be insufficient unless
good high-frequency construction practices are followed.
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CURVE IDLING CURRENT | POWER-SUPPLY | Ry
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Fig. 5—Power output of the CA3020 and CA3020A as
" a function of collector-to-collector load resis-
tance Rgc.

Fig. 5 shows typical power output of the CA3020A at
supply voltages of +3, +6, +9, and +12 volts, and of
the CA3020 at +6 and +9 volts, as measured in the
basic class B amplifier circuit of Fig. 4. The CA3020A
has higher power output for all voltage-supply conditions
because of its higher peak-output-current capability.

Fig. 6 shows total harmonic distortion (THD) as a func-
tion of power output for each of the voltage conditions
shown in Fig. 5. The values of the collector-to-collector
load resistance (Rqc) and the idling-current adjust resistor
(Ryy) shown in the figure are given merely as a fixed
reference; they are not necessarily optimum values. Higher
idling-current drain may be desired for low cross-over
distortion, or a higher value of Ry may be used for better
sensitivity with less power-output capability. Because the
maximum power output occurs at the same conditions of
peak-current limitations, the sensitivities at maximum
power output for the curves of Figs. 5 and 6 are approxi-
mately the same. Increasing the idling-current drain by
reducing the value of the resistor Ry, also improves the
sensitivity.
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POWER OUTPUT —MILLIWATTS

CURVE IDLING CURRENT | POWER-SUPPLY Rce Ry
CA3020 CA3020A (mA) VOLTAGE (V) | (OHMS) | (OHMS)

- A 15 24 9 12 200 1000

8' B 15 24 9 9 150 1000

[ C 12 14 6 6 100 1000

- D 9 9 3 3 50 220

Fig. 6—Total harmonic distortion of the CA3020 or
CA3020A as a function of power output.

Fig. 7 illustrates the improvement in cross-over distor-
tion at low power levels. Distortion at 100 milliwatts is
shown as a function of idling current Igc, (output stages
only). There is a small improvement in total harmonic
distortion for a large increase in idling current as the
current level exceeds 15 milliamperes.

APPLICATIONS

Audio Amplifiers. The circuit shown in Fig. 4 may be
used as a highly efficient class B audio power-output circuit
in such applications as communications systems, AM or
FM radios, tape recorders, phonographs, intercom sets,
and linear mixers. Fig. 8 shows a modification of this

118



circuit which may be used as a transformerless audio
amplifier in any of these applications or in other portable
instruments. The features of this circuit are a power-output
capability of 310 milliwatts for an input of 45 millivolts,
and a high input impedance of 50,000 ohms. The idling-
current drain of the circuit is 24 milliamperes. The curves
of Fig. 5 may be used to determine the value of the
center-tapped resistive load required for a specified power-
output level (the indicated load resistance is divided by
two).

VGE1*6V, Voca "6V, RL+ 100 OHMS (R) = VARIABLE)
Ta*23°C

5

&

TOTAL HARMONIC DISTORTION AT THE 100-mW
LEVEL—PER CENT
o o

1

(-]

3 ] 0 12 W 16 18
IBLING CURRENT (Icc,)—mA

Fig. 7—Total harmonic distortion as a function of idling
current for a supply voltage of & volts and an
output of 100 milliwatts.

The CA3020 or CA3020A provides several advantages
when used as a sound output stage or as a preamplifier-
driver in communications equipment because each type is
a compact-and low-power-drain circuit. The squelching
requirement in such applications is simple and economical.

===

|
|
|
!
|
!
|
|
J

| I
RCA-1IHI3

130-OHM SPEAKER
OR EQUIV,

"1 1

Fig. 8—310-milliwatt audio amplifier without
transformers.

Fig. 9 shows a practical method of providing squeich to
the CA3020 or CA3020A. When the squelch switching
transistor Q, is in the “on” state, the CA3020 or CA3020A
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Qg COLLECTOR
LOAD LINE R0
OR

~ Rjo+ Ry OF CA3020
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OIFF. AMP. TERMINAL It
OPERATING VOLTAGE

{b)

Fig. 9—Method of applying squelch to the CA3020 or
CA3020A to save idling dissipation.

is “off” and draws only fractional jdling dissipation. The
only current that flows is that of the buffer-amplifier tran-
sistor Q; in the integrated circuit and the saturating cur-
rent drain of Q,. For a circuit similar to that of Fig. 8,
the squelched condition requires an idling current of ap-
proximately 7 milliamperes, as compared to a normal
idling-current drain of 24 milliamperes.

In applications requiring high gain and impedance
matching, the CA3020 or CA3020A can be adapted for
use without complex circuit modifications. Detectors having
low signal outputs or high impedances can be easily
matched to the input of the CA3020 or CA3020A buffer
amplifier. The typical integrated-circuit input impedance
of 55,000 ohms may be too low for crystal output devices
such as phonograph pickups, but the sensitivity may be
sacrificed to impedance-match at the input while still pro-
viding adequate drive to the CA3020 or CA3020A. Both
types may be used in tape recorders as high-gain amplifiers,
bias oscillators, or record and playback amplifiers. The
availability of two input terminals permits the use of the
CA3020 or CA3020A as a linear mixer, and thus adds to
its flexibility in systems that require adaptation to multiple
functions, such as communications equipment and tape
recorders.

Fig. 10 illustrates the use of the audio amplifier shown
in Fig. 4 in an intercom in which a listen-talk position
switch controls two or more remote positions. Only the
speakers, the switch, and the input transformer are added
to the basic audio amplifier circuit. A suitable power sup-
ply for the intercom could be a 9-volt battery used inter-
mittently rather than continuously.

Wide-Band Amplifiers. A major general-purpose applica-
tion of the CA3020 and CA3020A is to provide high gain
and wide-band amplification. The CA3020 and CA3020A
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-
Ty: Primary 4 ohms, -

25,000 olms;
Stancor AM744 & equiv.
- Betier Coil 2nd Transformes
DF1084, Therdarson TR-192,
o equiv.
Speakers: 4 ohms

Fig. 10—intercom using CA3020 or CA3020A.

have typically flat gain-bandwidth response 10 8 MHz. Al-
though the circuits are normally biased for class B oper-
ation, only the output stages operate in this mode. M
proper de bias conditions are applied, the output stages
may be operated as fncar class A amplifiers.

Fig. 11 shows the recommended method for achicving
an cconomical and stabie class A bias. The differential-
amplificr portion of the CA3020A is placed at a potential

"2y
TTmd

WVERTED

¢
1 4
Ver) | 3848
R i \ Gam PER
4 e
0 WWERTED
©
5 -
a4 WITSE
= SuF
3v
Fig. 11—Wide-bond video illusirating economi-

cal and siable dass A bias of CA3020A.

above ground equal to the base-to-emitter voltage V,, of
the intcgrated-circuit transistors (0.5 w0 0.7 volt). In this
approximately equal to the base-to-emitter voltage divided

by the emitter-t0-ground resistance. The circeit in Fig- 11
is a wideband video amplifier that provides a gaim of 38
dB at cach of the pushpull outputs, or 44 &8 m 3
bakaaced-output commection. The 3-dB bandwidth of the
circuit i 30 Hz w0 8 MHz Higher gain-bandwidth per-
fq—xmba&dihww
drop at sermimal 12 is reduced. The Jower voltage drop
pemits the use of a highes ratio of ouwtput-stage collector-
poxtion of the class A Joad lsc. It s important o0 notc
that the temperatwre cocfficient of the termamal-12-t0-
groumd reference ciemest should be suficiently Jow to
prevent a large change in the coavent of the owtpwt stagrs.

The same method for achicving class A bias s weed in
the laxge-signal swing output amplificr shown i Fig 12.

Either the CA3020 or the CA3020A may be used in this
circuit with power supplics below 118 wvoltss the
CA3020A cam also be used with B+ voltages up 0 25
volts with mon-inductive loads. The crcuit of Fig. 12 pro-
vides a gain of 60 dB and a bandwidth of 3.2 MHz if the
output transistor Q; has a bypassed cmmitter resistor. With
an unbypassed cutput cmiticr resistor, the gain is 40 dB
and the bandwidth s 8 MHz The output stage can deliver
a 5-volt-rms signal whean 2 sapply of 118 volts is wsed.
For better performance im this type of circuit, the inpat
signal is coupled from the buffer amplificr Q, 0 the
imput terminal 3 of the differential amplifics. This arrange-
ment provides higher gain because the collector resistor of
the diffcrential-amplificr transistor Q; is larger than that
of Q,. (This diffcrence results from a requiremsent of
differential drive balance that is not used in this circeit)

"In addition, the terminals of the vnused output transistor

Qg help 1o form an isolating shicld between the mpot at
texminal 3 and the cutput at tcrmimal 7. This cascade of
amplificrs has a single phasc inversion at the output for
much better stabillity than could be achicved i terminal 4
were used as the output and terminal 3 as the input.

Fig. 13 illustrates the use of the CA3020 or CA3020A
as a class A linear amplifier. This circuit features a very
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low owipwt impedaace and may be wsed as a Kae-driver
amplificr for wideband applications wp 80 8 MHz. The
circuit rogmires a 0.12-volk peak-0-peak imput for a single-
ended output of 1 volt or a balanced peak-to-peak output
of 2 wolits from a 3-chm ouwtput impedance at cach comiter.
The input impedance is specificd as 7800 ohms, but is pri-
marily a feaction of the cxicrual 10,000-chm resistor that
provides bias w0 Q, from the regulating ferminal 11.

Fg. 13—Class A kneor amplier wsing CA3020 or
CA3020A.

Fig. 14 lestrates the practical use of the CA3020 or
CA3020A 25 2 sacd amplificr. This circuit wses de biasing
similar 0 that shown previously, and has 2 gain of 70 B
at a froqueacy of 160 kHz The CA3020 or CA3020A
can be wsed as a tumed of amplificy or oscillator at fre-
quencics well beyond the 8-MHz bandwidth of fhe basic
-

Fig. 14—160kiz tened omplifier wsing the CA3020 or
CA3020A.

Dyiver Amplifiess. The high power-gain aad power-out-
put capabilitics of the CA3020 and CA3020A sake these
integrated circmits highly switable for use as drivers for
higher-power stages. In most applications, the full powesr-
ouiput capability of the circwit is sot required, and large
cmitter resistors may be used in the owtput stage 10 reduce

ICAN-5766

dissostion. The CA3020 and CA3I020A can drive any trams-
cxamples of typical applications arc given below. .

Fg 15 Miustrates the wse of the CA3I020 or CAI20A
o diive 2 germmasivm power-cufput tramsistor o a 2.5~
watt level. Becamse Ghe imtcgrated circwit is required
deliver 2 maximmm power owiput of Icss than 50 milliatts,
an usbypassed emitter resistor cam be waed i the owipmt
stage #0 roduce distortion. Seasitivity for an owtput of 2.5
watts is 3 milivolts; this igwe cam be improved 2t a
*m-mbnhu-d&41-h

T,: pimary impedance, 20 q'myiedc-ﬁ, o5
>
4 TR-304,
m ~s; 208

Fig. lS—ZMdasonﬁocqﬂarn-yﬁc

Fig. 16—10-wolt single-ended dass 8 owdio amplifier
using the CA3020 or CA3020A as o dniver
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Because so little of the power-output capability of the
CA3020 or CA3020A is used, higher-power class B stages
can easily be accommodated by selection of suitable out-
put transistors and appropriate transformers.

Fig. 16 shows a medium-power class B audio amplifier
in which the CA3020 or CA3020A is used as a driver.
The output stage uses a pair of TO-3-type germanium

+10 vde AT

output transistors which must be mounted on a heat sink
for reliable operation. Idling current for the entire system
is 70 milliamperes from the 35-volt supply. Sensitivity is
10 millivolts for an output of 10 watts.

Motor Controller and Servo Amplifier. The CA3020 or
CA3020A may be used as a 40-t0-400-Hz motor controller
and servo amplifier, as shown in Fig. 17.

+18 Vde Ar{m"" IDLING
7 A FUL
17mA IDLING 4 L StGNAL

52mA FULL SIGNAL

+47V

120 VRMS
0. 5wl
AT 80-400 Hz

" T0 500
E onM
e LOAD

STANCOR
p-8358

Fig. 17—Maotor controller and servo amplifier using
CA3020 or CA3020A.
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Some Applications of
A Programmable Power
Switch/Amplifier

by L. R. Campbell and H. A. Wittlinger

The RCA-CA3094 unique monolithic programmable power
switch/amplifier IC consists of a high-gain preamplifier driving
a power-output amplifier stage. It can deliver average power of
3 watts or peak power of 10 watts to an external load, and
can be operated from either a single or dual power supply.
This Note briefly describes the characteristics of the CA3094,
and illustrates its use in the following circuit applications:

Class A instrumentations and power amplifiers

Class A driver-amplifier for complementary power tran-

sistors

Wide-frequency-range power multivibrators

Current- or voltage-controlled oscillators

Comparators (threshold detectors)

Voltage regulators

Analog timers (long time delays)

Alarm systems

Motor-speed controllers

Thyristor-firing circuits

Battery-charger regulator circuits

Ground-fault-interrupter circuits
Circuit Description

The CA3094 series of devices offers a unique combination
of circuit flexibility and power-handling capability. Although
these monolithic IC’s dissipate only a few microwatts when
quiescent, they have a high current-output capability (100
milliamperes average, 300 milliamperes peak) in the active
state, and the premium-grade devices can operate at supply
voltages up to 44 volts.

Fig. 1 shows a schematic diagram of the CA3094. The por-
tion of the circuit preceding transistors Q5 and Q)3 is the
preamplifier section and is generically similar to that of
the RCA-CA3080 Operational Transconductance Amplifier
(OTA).1,2 The CA3094 circuits can be gain-programmed by
either digital and/or analog signals applied to a separate
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Amplifier-Bias-Current (Ipgc) terminal (No. § in Fig. 1) to
control circuit sensitivity. Response of the amplifier is es-
sentially linear as a function of the current at terminal §5.
This additional signal input “port” provides added flexibility
in many applications. Thus, the output of the amplifier is a
function of input signals applied differentially at terminals 2
and 3 and/or in a single-ended configuration at terminal 5. The
output portion of the monolithic circuit in the CA3094 con-
sists of a Darlington-connected transistor pair with access pro-
vided to both the collector and emitter terminals to provide
capability to “sink™ and/or “‘source” current.

EXTERNAL FREQUENCY

COMPENSATION OR INHIBIT INPUT () (Dv*
Ds
Q7
Ry
2KQ
Q9
- e
Qg ®
ouTPUT
DIFFERENTIAL I/O'Z
1
VOLTAGE
| INPUTS Qi3
4 Q0
AMPLIFIER
BIAS INPUT Ry
(Iago) Q3 o 47KQ "SOURCE"
(DRIVE)
0 Ds _©
ouTPUT
. -
OUTPUT [ouTPuT] _INPUTS
MODE TERM. [ INV.JNON-INV.
"SOURCE"| 6 2 3 92C$-20294
"SINK" 8 3 2

Fig. 1—CA3094 circuit schematic diagram.

The CA3094 series of circuits consists of six types thét dif-

fer only in voltage-handling capability and package options, as
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shown below; other electrical characteristics are identical.

Package Options Maximum Voltage Rating

CA3094S; CA3094T 24V
CA3094AS; CA3094AT 36V
CA3094BS; CA3094BT 4V

The suffix ““‘S” indicates circuits packaged in TO-5 enclosures
with leads formed to an 8-lead dual-in-line configuration (0.1
pin spacing). The suffix “T” indicates circuits packaged in 8-
lead TO-5 enclosures with straight leads. The generic CA3094
type designation is used throughout this Note.

Class A Instrumentation Amplifiers

One of the more difficult instrumentation problems fre-
quently encountered is the conversion of a differential input
signal to a single-ended output signal. Although this conver-
sion can be accomplished in a straightforward design through
the use of classical op-amps, the stringent matching require-
ments of resistor ratios in feedback networks make the con-
version particularly difficult from a practical standpoint.
Because the gain of the preamplifier section in the CA3094
can be defined as the product of the transconductance
and the load resistance (g, Ry), feedback is not needed to
obtain predictable open-loop gain performance. Fig. 2 shows
the CA3094 in this basic type of circuit.

[ 1 orrerentiar =
THERMOCOUPLE 1008

NOTES:

6~30 v
PRE-AMP. GAIN (Ay)= 9 Ry = (5) (1073) (36) (103) = i80
(OUTPUT AT TERMINAL 1)
FOR LINEAR OPERATION: DIFFERENTIAL INPUT 5| *26 mVl
(WITH APPROX.1%
DEVIATION FROM
LINEARITY)

OUTPUT VOLTAGE (Eqg)=Ay (tegiss) = (180N £26 mV)=+ 47 V
OUTPUT CURRENT, IoniT Vs -8.35 ma
& L9m R (e qift)

E 92CS-20266

Fig.2—Open-loap instrumentation amplifier with differential
input and single-ended output.

Io

The gain of the preamplifier section (to terminal No. 1) is
gm RL = (5 x 1073) (36 x 103) = 180. The transcon-
ductance gy, is a function of the current into terminal No. 5,
IABC; the amplifier-bias-current. In this circuit an Ipgc of
260 microamperes results in a g, of 5 millimhos. The oper-
ating point of the output stage is controlled by the 2-kilohm
potentiometer. With no differential input signal (egigr = 0),
this potentiometer is adjusted to obtain a quiescent output
current I of 12 milliamperes. This output current is estab-
lished by the 560-ohm emitter resistor, Rg, as follows:

(emRD) (eqiff)
o~ —-ﬁE——-

Under the conditions described, an input swing eg;ff of £26
millivolts produces a variation in the output current I of
+8.35 milliamperes. The nominal quiescent output voltage is
12 milliamperes times 560 ohms or 6.7 volts. This output
level drifts approximately —4 millivolts, or —0.0595 per cent,
for each °C change in temperature. Output drift is caused by
temperature-induced variations in the base-emitter voltage of
the two output transistors, Q) and Q3.

Fig. 3 shows the CA3094 used in conjunction with a re-

sistive-bridge input network; and Fig. 4 shows a single-supply

84V

50 KQ/ARM

#SET TO OPTIMIZE CMRR
92¢s-20279
Fig.3—Single-supply differential-bridge amplifier.

amplifier for thermocouple signals. The RC networks™ con-
nected between terminals 1 and 4 in Figs. 3 and 4 provide

compensation to assure stable operation.

-—y—— +i2v

I KQ

Vour
THERMO- I/ | —
COUPLE 240
Ka
0T V_FROM
| THERMOCOUPLE
100KQ RO €
e
ZERO ADJ. %\A‘h OUTPUT CURRENT
100 K
100 8 100 2 Il
% 2 1% § % 1%
<& <
120K 200 2

RCA
44003
L 92¢8-20260

Fig.4—Single-supply amplifier for thermocouple signals.

Class A Power Amplifiers

The CA3094 is attractive for power-amplifier service be-
cause the output transistor can control current up to 100
milliamperes (300 milliamperes peak), the ‘premium devices
*The components of the RC network are chosen so that

1
2-17TC ~ 2 MHz.
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(CA3094B) can operate at supply voltages up to 44 volts, and

the TO-S package can dissipate power up to 1.6 watts when -

equipped with a suitable heat sink that limits the case temper-
ature to 55°C.

Fig. 5 shows a Class A amplifier circuit using the CA3094A
that is capable of delivering 280 milliwatts to a 350-ohm re-
sistive load. This circuit has a voltage gain of 60 dB and a

10K +15v

=I5V
92Cs-2028!

Fig.5—Class-A amplifier — 280-mW capability into a
resistive load .
3-dB bandwidth of about 50 kHz. Uperation is stable without
the use of a phase-compensation network. Potentiometer R is
used to establish the quiescent operating point for class A
operation.

The circuit of Fig. 6 illustrates the use of the CA3094 in a
class A power-amplifier circuit driving a transformer-coupled
load. With dual power supplies of +7.5 volts and —7.5 volts, a

v+

3"{}“

TYPICAL DATA

*

o1SStpkrion | 835 [ 15w
Rg 30K2|40 KQ

"Ad +7.5 [ +i0ov

[ -7.5 [ -1ov

Re 508 | 450

IS 220 [ 600

< 1000uF| Po oW _|

THD [04%]14%

Rp [3100 [1280

680

pF

% GEN. RADIO TYPE 1840-A
OUTPUT POWER METER
OR EQUIVALENT

92Cs-20282
Fig.6--Class-A amplifier with transformer-coupled load.

base resistor Rp of 30 kilohms, and an emitter resistor Rg of
50 ohms, CA3094 dissipation is typically 625 milliwatts. With
supplies of +10 volts and —10 volts, Rp of 40 kilohms, and
RE of 45 ohms, the dissipation is 1.5 watts. Total harmonic
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distortion is 0.4 per cent at a power-output level of 220
milliwatts with a reflected load resistance Rp of 310 ohms,
and is 1.4 per cent for an output of 600 milliwatts with an
Rp of 128 ohms. The setting of potentiometer R establishes
the quiescent operating point for class A operation. The
1-kilohm resistor connected between terminals 6 and 2 pro-
vides dc feedback to stabilize the collector current of the out-
put transistor. The ac gain is established by the ratio of the
I-megohm resistor connected between terminals 8 and 3 and
the I-kilohm resistor connected to terminal 3. Phase compen-
sation is provided by the 680-picofarad capacitor connected
to terminal 1.

Class A Driver-Amplifier for Complementary Power
Transistors

The CA3094 configuration and characteristics are ideal for
driving complementary power-output transistors;3 a typical
circuit is shown in Fig. 7. This circuit can provide 12 watts of
audio power output into an 8-ohm load with intermodulation
distortion (IMD) of 0.2 per cent when 60-Hz and 2-kHz sig-
nals are mixed in a 4:1 ratio. Intermodulation distortion is
shown as a function of power output in Fig. 8.

The large amount of loop gain and the flexibility of feed-
back arrangements with the CA3094 make it possible to incor-
porate the tone controls into a feedback network that is
closed around the entire amplifier system. The tone controls
in the circuit of Fig. 7 are part of the feedback network con-
nected from the amplifier output (junction of the 330- and
47-ohm resistors driven by the emitters of Qy and Q3) to
terminal 3 of the CA3094. Fig. 9 shows voltage gain as a
function of frequency with tone controls adjusted for “flat”
response and for responses at the extremes of tone-control
rotation. The use of tone controls incorporated in the
feedback network results in excellent signal-to-noise ratio.
Hum and noise are typically 700 microvolts (83 dB down) at
the output.

In addition to the savings resulting from reduced parts
count and circuit size, the use of the CA3094 leads to further
savings in the power-supply system. Typical values of power-
supply rejection and common-mode rejection are 90 dB and
100 dB, respectively. An amplifier with 40-dB gain and 90-dB
power-supply rejection would require a 3!-millivolt power-
supply ripple to produce one millivolt of hum at the output.
Therefore, no filtering is required other than that provided by

the energy-storage capacitors at the output of the rectifier sys-
tem shown in Fig. 7.

For applications in which the operating temperature range
is limited (e.g., consumer service) the thermal compensation
network (shaded area) can be replaced by a more economical
configuration consisting of a resistor-diode combination (8.2
ohms and 1N5391) as shown in Fig. 7.

Power Multivibrators (Astable and Monostable)

The CA3094 is suitable for use in power multivibrators
because its high-current output transistor can drive low-imped-
ance circuits while the input circuitry and the frequency-deter-
mining elements are operating at micropower levels. A typical
example of an astable multivibrator using the CA3094 with a
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Tone GONrol RANGE . . . .. ven e n v e See Fig. 9
Fig.7—12-watt smplifier circuit featuring true pl y- 8y y output stage with CA3094 in driver stage.
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Fig.8—Intermodulation distartion vs. powsr output.

dual power éupply is shown in Fig. 10. The output frequency
four is determined as follows:
1

~ four= srcin(RIR2) + 1)
If R2 is equal to 3.08 RI, then foyr is simply the reciprocal
of RC.

Fig.9—Voltage gain vs. frequency.

Fig. 11 is a single-supply astable multivibrator circuit which
illustrates the use of the CA3094 for flashing an incandescent
lamp. With the component values shown, this circuit produces
one flash per second with a 25-percent “on’-time while de-
livering output current in excess of 100 milliamperes. During
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the 75-percent “off”-time it idles with micropower consump-
tion. The flashing rate can be maintained within +2 per cent
of the nominal value over a battery voltage range from 6 to 15
volts and a temperature excursion from 0 to 70°C. The
CA3094 series of circuits can supply peak-power output in
excess of 10 watts when used in this type of circuit. The fre-
quency of oscillation fogc is determined by the resistor
ratios, as follows:

1
f, =
OSC ™ "2RCan [(2 Ry /R + 1]

RAR
where Rl = _AB
Ra+Rp
+15v
1kQ
b———QOO0uTPUT
fout ® 5 KH2

1 |
NOTE: toyy *+ ————gp—— 11t Rpe3.08Ry,foyr===
znc,ln(?l- +1) Re
2 92C5-20290

Fig. 10—Astable multivibrator using dual supply.
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®  25% DUTY CYCLE

@ FREQUENCY INDEPENDENT OF vt
FROM 6-i5 V DC

Fig.11—Astable multivibrator using single supply.

92C5-20293

Provisions can easily be made in the circuit of Fig. 11 to
vary the multivibrator pulse length while maintaining an es-
sentially constant pulse repetition rate. The circuit shown in
Fig. 12 incorporates a potentiometer Rp for varying the
width of pulses generated by the astable multivibrator to drive
a light-emitting diode (LED).

ICAN-6048

+30v

300K 5100

LED

92C5-20408
with provisi for

Fig. 12—Astable power multivib
varying duty cycle.

Fig. 13 shows a circuit incorporating independent controls

(RoN and RQEE) to establish the “on” and “off” periods of

the current supplied to the LED. The network between points

“A” and “B” is analogous in function to that of the 100-
kilohm resistor R in Fig. 12.

+30V

47K 300K8Q

47K8

92CS- 20555
Fig. 13—Astable power multivibrator with provisions for
independent control of LED “on-off” periods.

The CA3094 is also suitable for use in monostable multi-
vibrators, as shown in Fig. 14. In essence, this circuit is a pulse
counter in which the duration of the output puises is inde-
pendent of trigger-pulse duration. The meter reading is a func-
tion of the pulse repetition rate which can be monitored with
the speaker.

+8v
100 uF L
5V I
220K8
B
::ma 0008 uf
00 K
woe Y |inoie 5 L
2+
1l
< "E
33 xag M7 CA3094
b
v 1 DT
I I 100pF Q
o
TRIGGER
INPUT

*FULL - SCALE DEFLECTION w 83 PULSES/SEC

92CS-20269

Fig. 14—Power monostable multivibrator.
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minal). An input voltage that exceeds the negative threshold
value results in a positive voltage output essentially equal to
the positive supply voltage. The circuit in Fig. 18(b), con-
nected for single-supply operation, functions similarly.

Fig. 19 shows a dual-limit threshold detector circuit in
which the high-level limit is established by potentiometer R1

+5V
Rz RI 393 150 1008
15k s5ka ska K85 K@
-5 v
INPUT
ouTPUT
K 2
DEAD
ZONE

= 92Cs-20277
Fig. 19—Dual-limit threshold detector.

and the low-level limit is set by potentiometer R2 to actuate
the CA3080 low-limit detector.1-2 A positive output signal is
delivered by the CA3094 whenever the input signal exceeds
either the high-limit or the low-limit values established by the
appropriate potentiometer settings. This output voltage is ap-
proximately 12 volts with the circuit shown.

The high current-handling capability of the CA3094 makes
it useful in Schmitt power-trigger circuits such as that shown
in Fig. 20. In this circuit, a relay coil is switched whenever the

+30V

INPUT

R3
PPER TRIP POINT —_—
UPPER TRIP POINT =30 Ry*Ry +R

R3
Ry +R3 oxcs-20556
Fig.20—Precision Schmitt power-trigger circuit.
input signal traverses a prescribed upper or lower trip point, as
defined by the following expressions:

LOWER TRIP POINT %(30-0. OZSRI)

Upper Trip Point =30 (ﬁ%)
R3

Lower Trip Point = (30 — 0.026R1) R +R3

ICAN-6048

The circuit is applicable, for example, to automatic ranging.
With the values shown in Fig. 20, the relay coil is energized
when the input exceeds approximately 5.9 volts and remains
energized until the input signal drops below approiimately
5.5 volts.

Power-Supply Regulators

The CA3094 is an ideal companion device to the CA3085
series regulator circuits? in dual-voltage tracking regulators
that handle currents up to 100 milliamperes. In the circuit of
Fig. 21, the magnitude of the regulated positive voltage pro-
vided by the CA3085A is adjusted by potentiometer R. A
sample of this positive regulated voltage supplies the power
for the CA3094A negative regulator and also supplies a refer-

0 T MAX. IoyT = 4100 mA
* VT INPUT CA3085A 560
VOLTAGE REG.

+I5V
3 0 REG,
ouTPUT
xa
G SKagR
REF.
L6V 0K Q
0.01uF
0.00564F
1.5KQ
COMMON
O RETURN
=003 4F
-5V
REG.
ouTPUT
#%VTINPUT >— 4 1%

#VFINPUT RANGE=19 TO 30 V
FOR 15V QUTPUT
#+2VTINPUT RANGE=~16 TO-30 V

FOR-1S T
OR-13V OUTPY REGULATION:

MAX. LINE = & Vour
[vour tmimiac] avin

10KQ
+1%

%100=0.075% /V

MAX.LOAD = & Vout

2IUT 4 100:0075 % Vi
Vout UNITIAL) ouy

~20560
92CM-20! (I FROM I TO 50 mA}

fig.2 1—Dual-voltage tracking regulator.
ence voltage to its terminal 3 to provide tracking. This circuit
provides a maximum line regulation equal t0~0.075 per cent
per volt of input voltage change and a maximum load regula-
of 0.075 per cent of the output voltage.

Fig. 22 shows a regulated high-voltage supply similar to the
type used to supply power for Geiger-Mueller tubes. The
CA3094, used as an oscillator, drives a step-up transformer
which develops suitable high voltages for rectification in the
RCA-44007 diode network. A sample of the regulated output
voltage is fed to the CA3080A operational transconductance
amplifier through the 198-megohm and 910-kilohm divider to
control the pulse repetition rate of the CA3094. Adjustment
of potentiometer R determines the magnitude of the regulated
output voltage. Regulation of the desired output voltage is
maintained within one per cent despite load-current variations
of 5 to 26 microamperes. The dc-to-dc conversion efficiency
is about 48 per cent.

Timers

The programmability feature inherent in the CA3094 (and
operational transconductance amplifiers in general) simplifies
the design of presettable timers such as the one shown in
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92CM-20552

Fig.22—Regulated high-voltage supply.

Fig. 23. Long timing intervals (e.g., up to 4 hours) are achieved
by discharging a timing capacitor Cy into the signal-input ter-
minal (e.g., No. 3) of the CA3094. This discharge current is
controlled precisely by the magnitude of the amplifier bias
current Iopc programmed into terminal S through a resistor
selected by switch S2. Operation of the circuit is initiated by
charging capacitor C; through the momentary closing of
switch Sp. Capacitor Cy starts discharging and continues dis-
charging until voltage E| is less than voltage E5. The differ-
ential input transistors in the CA3094 then change state, and
terminal 2 draws sufficient current to reverse the polarity of

(+)g

Y TIME-RANGE

STA!

RT

Rs swiTch
1
120V 30V
ac  OC
IN9I4
E
1 2uF
MT,
COMMON

40529 TURNS "OFF" AFTER
TIME EXPIRATION OF TIME DELAY
R =05 MA- 3MIN. Rs=27KQ
Ro= 5.)MQ - 30MIN.  Rg=50KQ
Rz*22 MR - 2HRS. R7=27KQ
R4=44MQ - 4HRS. Rg=15KRQ 92Cs -20276

Fig.23—Presettable analog timer.

the output voltage (terminal 6). Thus, the CA3094 not only
has provision for readily presetting the time delay, but also
provides significant output current to drive control devices
such as thyristors. Resistor Rg limits the initial charging cur-
rent for Cj. Resistor Ry establishes a minimum voltage of at
least 1 volt at terminal 2 to insure operation within the
common-mode-input range of the device. The diode limits the
maximum differential input voltage to 5 volts. Gross changes
in time-range selection are made with switch S2, and vernier
trimming adjustments are made with potentiometer Rg.

In some timer applications, such as that shown in Fig. 24,
a meter readout of the elapsed time is desirable. This circuit
uses the CA3094 and the CA3083 transistor array5 to con-
trol the meter and a load-switching triac. The timing cycle
starts with the momentary closing of the start switch to charge
capacitor C to an initial voltage determined by the 50-kilohm
vernier timing adjustment. During the timing cycle, capacitor
C, is discharged by the input bias current at terminal 3,
which is a function of the resistor value Ry chosen by the
time-range selection switch. During the timing cycle the out-
put of the CA3094, which is also the collector voltage of Qy,

is “high”. The base drive for Q is supplied from the positive
supply through a 91-kilohm resistor. The emitter of Qg,
through the 75-ohm resistor, supplies gate-trigger current to
the triac. Diode-connected transistors Q4 and Qs are con-
nected so that transistor Q; acts as a constant-current source
to drive the triac. As capacitor C| discharges, the CA3094.

wr, output voltage at terminal 6 decreases until it becomes less

than the Vpggae of Qp. At this point the flow of drive cur-
rent to the triac ceases and the timing cycle is ended. The
20-kilohm resistor between terminals 2 and 6 of the CA3094
is a feedback resistor. Diode-connected transistors Q7 and Q3
and their associated networks serve to compensate for non-
linearities in the discharge-circuit network by bleeding cor-
rective current into the 20-kilohm feedback resistor. Thus,
current flow in the meter is essentially linear with respect to
the timing period. The time periods as a function of R are
indicated on the Time-Range Selection Switch in Fig. 24.

Alarm Circuit

Fig. 25 shows an alarm circuit utilizing two ‘“‘sensor”
lines. In the ‘“‘no-alarm” state, the potential at terminal 2 is
lower than the potential at terminal 3, and terminal 5 (I1opc)
is driven with sufficient current through resistor Ry to keep
the output voltage “high”. If either “sensor” line is opened,
shorted to ground, or shorted to the other sensor line, the
output goes “low” and activates some type of alarm system.
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Fig.24—Presettable timer with linear readout.
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Fig.25—Alarm system.

Motor-Speed Controller System

Fig. 26 illustrates the use of the CA3094 in a motor-speed
controller system. Circuitry associated with rectifiers Dy and
D7 comprises a full-wave rectifier which develops a train of
half-sinusoid voltage pulses to power the dc motor. The motor
speed depends on the peak value of the half-sinusoids and the
period of time (during each half-cycle) the SCR is conductive.

7O TERMINAL 2 _\ r\ I—\ l_
N N N

* INPUT.
TO TERMINAL 3

o]
MOTOR — TIME
CURRENT
# THIS LEVEL WILL VARY DEPENDING ON MOTOR SPEED.
(SEE TEXT) (b) 92C$-20572

Fig.26—Motor-speed controller system.
The SCR conduction, in turn, is controlled by the time dura-
tion of the positive signal supplied to the SCR by the phase
comparator. The magnitude of the positive dc voltage sup-
plied to terminal 3 of the phase comparator depends on
in Fig. 27. This dc voltage is compared to that of a fixed-am-
plitude ramp wave generated synchronously with the ac-line-
voltage frequency. The comparator output at terminal 6 is
“high” (to trigger the SCR into conduction) during the period
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when the ramp potential is less than that ot the error voltage
on terminal 3. The motor-current conduction period is in-
creased as the error voltage at terminal 3 is increased in the
positive direction. Motor-speed accuracy of %1 per cent is
easily obtained with this system.

Motor-Speed Error Detector. Fig. 27(a) shows a motor-
speed error detector suitable for use with the circuit of Fig. 26.
A CA3080 operational transconductance amplifier is used as a
voltage comparator. The reference for the comparator is es-
tablished by setting the potentiometer R so that the voltage
at terminal 3 is more positive than that at terminal 2 when the
motor speed is too low. An error voltage E is derived trom a
tachometer driven by the motor. When the motor speed is too
low, the voltage at terminal 2 of the voltage comparator is
less positive than that at terminal 3, and the output voltage at
terminal 6 goes “high”. When the motor speed is too high, the
opposite input conditions exist, and the output voltage at ter-
minal 6 goes “low”. Fig. 27(b) also shows these conditions graph-
ically, with a linear transition region between the “high” and
“low” output levels. This linear transition region is known as

- “proportional bandwidth”. The slope of this region is deter-
mined by the proportional bandwidth control to establish the
error-correction response time.

BV

PROPORTIONAL
BANDWIDTH
CONTROL

Eout

TO PHASE
COMPARATOR

(o} VOLTAGE COMPARATOR

RECTIFIED AND FILTERED
SIGNAL DERIVED FROM
TACHOMETER DRIVEN BY
MOTOR BEING CONTROLLED

— *PROPORTIONAL BANDWIDTH"
EQUT("HIGH")
MOTOR SPEED MOTOR SPEED
SLOW FAST
Eout
"Low")

(b)

92Cs- 20276
Fig. 27—Motor speed error detector.

Synchronous Ramp Generator. Fig. 28 shows a schematic
diagram and signal waveforms for a synchronous ramp gener-
ator suitable for use with the motor-controller circuit of
Fig. 26. Terminal 3 is biased at approximately +2.7 volts

" (above the negative supply voltage). The input signal Epy at
terminal 2 is a sample of the half-sinusoids (at line frequency)
used to power the motor in Fig. 26. A synchronous ramp sig-
nal is produced by using the CA3094 to charge and discharge
capacitor Cj in response to the synchronous toggling of EjN.
The charging current for Cy is supplied by terminal 6. When
terminal 2 swings more positive than terminal 3, transistors
Q)2 and Q3 in the CA3094 (Fig. 1) lose their base drive and
become non-conductive. Under these conditions, Cy discharges
linearly through the external diode D3 and the Qq(, Dg path
in the CA3094 to produce the ramp wave. The E,; signal is
supplied to the phase comparator in Fig. 26.
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Ein IN9I4 (2)
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Eout
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© L COMPARATOR

-5V
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BIAS LEVEL AT
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(+)

C, DISCHARGING (RAMP)

C; CHARGING

92CS-20274

Fig.28—Synchronous ramp generator with input and output
waveforms.
Thyristor Firing Circuits

Temperature Controller. In the temperature control system
shown in Fig. 29, the differential input of the CA3094 is con-
nected across a bridge circuit comprised of a PTC (positive-
temperature-coefficient) temperature sensor, two 75-kilohm
resistors, and an arm containing the temperature set control.
When the temperature is “low”, the resistance of the PTC-type
sensor is also low; therefore, terminal 3 is more positive than
terminal 2 and an output current from terminal 6 of the
CA3094 drives the triac into conduction. When the tempera-
ture is “high”, the input conditions are reversed and the triac
is cut off. Feedback from terminal 8 provides hysteresis to the
control point to prevent rapid cycling of the system. The
1.5-kilohm resistor between terminal 8 and the positive supply
limits the triac gate current and develops the voltage for the
hysteresis feedback. The excellent power-supply-rejection and
common-mode-rejection ratios of the CA3094 permit accurate
repeatability of control despite appreciable power-supply rip-
ple. The circuit of Fig. 29 is equally suitable for use with
NTC (negative-temperature-coefficient) sensors provided the
positions of the sensor and the associated resistor R are inter-
changed in the circuit. The diodes connected back-to-back
across the input terminals of the CA3094 protect the device
against excessive differential input signals.

Thyristor Control from AC-Bridge Sensor. Fig. 30 shows a
line-operated thyristor-firing circuit controlled by a CA3094
that operates from an ac-bridge sensor. This circuit is particu-
larly suited to certain classes of sensors that cannot be oper-
ated from dc. The CA3094 is inoperative when the high side of
the ac line is negative because there is no Iogc supply to
terminal 5. When the sensor bridge is unbalanced so that
terminal 2 is more positive than terminal 3, the output stage of
the CA3094 is cut off when the ac line swings positive, and the
output level at terminal 8 of the CA3094 goes “high”. Cur-
rent from the line flows through the IN3193 diode to charge
the 100-microfarad reservoir capacitor, and also provides cur-
rent to drive the triac into conduction. During the succeeding
negative swing of the ac line, there is sufficient remanent en-
ergy in the reservoir capacitor to maintain conduction in the
triac.
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Fig.29—Temperature controller.

. 92CS-20413
Fig.30~Line-operated thyristor-firing circuit controlled by
ac-bridge sensor.

When the bridge is unbalanced in the opposite direction so
that terminal 3 is more positive than terminal 2, the output of
the CA3094 at terminal 8 is driven sufficiently “low” to
“sink™ the current supplied through the 1N3193 diode so
that the triac gate cannot be triggered. Resistor Ry supplies
the hysteresis feedback to prevent rapid cycling between turn-
on and turn-off.

Battery-Charger Regulator Circuit

The circuit for a battery-charger regulator circuit using the
CA3094 is shown in Fig. 31. This circuit accurately limits the
peak output voltage to 14 volts, as established by the zener

MURALITES
LAMP
LI0/20

Os

Eout TO BATTERY
14 V (PEAK)

O

92C$-20953

D - Dg - IN5399

Fig.31—Battery-charger regulator circuit.

92CM 20270

diode connected across terminals 3 and 4. When the output
voltage rises slightly above 14 volts, signal feedback through a
100-kilohm resistor to terminal 2 reduces the current drive
supplied to the 2N3054 pass transistor from terminal 6 of the
CA3094. An incandescent lamp serves as the indicator of
charging-current flow. Adequate limiting provisions protect
the circuit against damage under load-short conditions. The
advantage of this circuit over certain other types of regulator
circuits is that the reference voltage supply doesn’t drain the
battery-when the power supply is disconnected. This feature
is important in portable service applications, such as in a

trailer where a battery is kept “on-charge’ when the trailer is
parked and power is provided from an ac line.

Ground-Fault Interrupters (GFI)

Ground-fault-interrupter systems are used to continuously
monitor the balance of current between the high and neutral
lines of power-distribution networks. Power is interrupted
whenever the unbalance exceeds a preset value (e.g., 5 milliam-
peres). An unbalance of current can occur when, for example,
defective insulation in the high side of the line permits leakage
of current to an earth ground. GFI systems can be used to re-
duce the danger of electrocution from accidental contact with
a “high” line because the unbalance caused by the leakage of

current from the “high” line through a human body to ground
tesults in an interruption of current flow.

The CA3094 is ideally suited for GFI applications because
it can be operated from a single supply, has adequate sensi-
tivity, and can drive a relay or thyristor directly to effect
power interruption. Fig. 32 shows a typical GFI circuit.
Vernier adjustment of the trip point is made by the RTrip
potentiometer. When the differential current sensor supplies a
signal that exceeds the selected trip-point voltage level (e.g.,
60 millivolts), the CA3094 is toggled “on” and terminal 8
goes “low” to energize the circuit-breaker trip coil. Under
quiescent conditions, the entire circuit consumes approximate-
ly 1 milliampere. The resistor R, connected to one leg of the
current sensor, provides current limiting to protect the
CA3094 against voltage spikes as large as 100 volts. Fig. 32
also shows the pertinent waveform for the GFI circuit.
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+36V Because hazards of severe electrical shock are a potential
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An IC Operational-Transconductance-Amplifier

(OTA) With Power Capability

by L. Kaplan and H. Wittlinger

In 1969, RCA introduced the first triple operational-
transconductance-amplifier or OTA. The wide acceptance of
this new circuit concept prompted the development of the
single, highly linear operational-transconductance-amplifier,
the CA3080. Because of its extremely linear transconduct-
ance characteristics with respect to amplifier bias current, the
CA3080 gained wide acceptance as a gain-control block. The
CA3094 improved on the performance of the CA3080
through the addition of a pair of transistors; these transistors
extended the current-carrying capability to 300 milliamperes,
peak. This new device, the CA3094, is useful in an extremely
broad range of circuits in consumer and industrial
applications; this paper describes only a few of the many
consumer applications.

WHAT IS AN OTA?

The OTA, operational-transconductance-amplifier, con-
cept is as basic as the transistor; once understood, it will
broaden the designer’s horizons to new boundaries and make
realizable designs that were previously unobtainable. Fig. 1
shows an equivalent diagram of the OTA. The differential
input circuit is the same as that found on many modern
operational amplifiers. The remainder of the OTA is
composed of current mirrors as shown in Fig. 2. The
geometry of these mirrors is such that the current gain is
unity. Thus, by highly degenerating the current mirrors, the
output current is precisely defined by the differential-input
amplifier. Fig. 3 shows the output-current transfer-character-
istic of the amplifier. The shape of this characteristic remains

~©—e Lout :gm(tein)

Gm= 19.2 - 1 ABC

(mmhos) (mA)
Ro = 75 / 1a8C
(megohms) (mA)
I1aBC +IouT® Iagc
MAX (mA)
(mA)

Fig. 1— Equivalent diagram ef the OTA,

e
NON-INVERTING
INPUT OuTPUT

AMPLIFIER

BIAS
CURRENT

Iasc

v-

Fig. 2— Current mirrors W, X, Y, and Z used in the OTA.

constant and is independent of supply voltage. Only the
maximum current is modified by the bias current.

The major controlling factor in the OTA is the input
amplifier bias current IABC; as explained in Fig. 1, the total
output current and gm are controlled by this current. In
addition, the input bias current, input resistance, total supply
current, and output resistance are all proportional to this

08—+ 1

; ’ \ "DIFFERENTIAL-AMPLIFIER TRANSFER
! \\ CHARACTERISTIC
| :

oal— -

2 02 . \,_ N

- : .
= 0 t
& D 1
g 02 —
[ N H
: NN
-04 - \

o8 \
N

N

-150 ~100 %0 ° 50 . 100 50
AVgg — MILLIVOLTS

NORMALIZED OUTPUT CURRENT AND DEVIATION FROM

\
N

Fig. 3— The output-current transfer-characteristic of the
OTA is the same as that of an idealized differential
amplifier.

135



ICAN-6077

amplifier bias current. These factors provide the key to the
performance of this most flexible device, an idealized
differential amplifier, i.e., a circuit in which differential input
to single-ended output conversion can be realized. With this
knowledge of the basics of the OTA, it is possible to explore
some of the applications of the device.

DC Gain Control

The methods of providing dc gain-control functions are
numerous. Each has its advantage — simplicity, low cost, high
level control, low distortion. Many manufacturers who have
nothing better to offer propose the use of a four-quadrant
multiplier. This is analogous to using an elephant to carry a
twig. It may be elegant but it takes a lot to keep it going!
When operated in the gain-control mode, one input of the
standard transconductance multiplier is offset so that only
one half of the differential input is used; thus, one-half of the
multiplier is being thrown away.

The OTA, while providing excellent linear amplifier
characteristics, does provide a simple means of gain control.
For this application the OTA may be considered the
realization of the ideal differential amplifier in which the full
differential amplifier gm is converted to a single-ended
output. Because the differential amplifier is ideal, its gm is
directly proportional to the operating current of the
differential-amplifier; in the OTA the maximum output
current is equal to the amplifier bias current Ipogc. Thus, by
varying the amplifier bias current, the amplifier gain may be
varied: A = Gm R[, where R[, is the output load resistance.
Fig. 4 shows the basic configuration of the OTA dc
gain-control circuit. !

As long as the differential input signal to the OTA
remains under 50-millivoits peak-to-peak, the deviation from
a linear transfer will remain under S percent. Of course, the
total harmonic distortion will be considerably less than this
value. Signal excursions beyond this point only result in an
undesired ‘““compressed” output. The reason for this
compression can be seen in the transfer characteristic of the
differential amplifier in Fig. 3. Also shown in Fig. 3 is a curve
depicting the departure from a linear line of this transfer
characteristic.

" SIGNAL &
INPUT ¢/ Io=gmVy
AMPLITUDE -
MODULATED

OUTPUT

GAIN
CONTROL %

Fig. 4— Basic configuration of the OTA dc gain-control
circuit.

The actual performance of the circuit shown in Fig. 4 is
plotted in Fig. 5. Both signal-to-noise ratio and total
harmonic distortion are shown as a function of signal input.
Figs. 5(b) and (c) show how the signal-handling capability of
the circuit is extended through the connection of diodes on
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Fig. 5— Performance curves for the circuits of Figs. 4 and 6.

136



ICAN-6077

the input as shown in Fig. 6.2 Fig. 7 shows total system gain
as a function of amplifier bias current for several values of
diode current. Fig.8 shows an oscilloscope photograph of
the CA3080 transfer characteristic as applied to the circuit of
Fig. 4. The oscilloscope photograph of Fig. 9 was obtained
with the circuit shown in Fig. 6. Note the improvement in

EiN 2K

25 mv / DIV.-HORIZONTAL
50 uA/DIV.-VERTICAL
Iagc=!00 kA

Fig. 8— Oscilloscope photograph of the CA3080 transfer
characteristic as applied to the circuit of Fig. 4.

TRANSISTORS
FROM CA3046
ARRAY

AGC SYSTEM

WITH EXTENDED
INPUT RANGE

Fig. 6— A circuit showing how the signal-handling
capability of the circuit of Fig. 4 can be extended
through the connection of diodes on the input.

0.5 V/DIV. HORIZONTAL

50 uA/DIV.VERTICAL
Iapc=100puA
100 DIODE CURRENT =1 mA
DIODE CURRENT , )
8 /// =0mA Fig. 9— Oscilloscope photograph of the CA3080 transfer
¢ A characteristic as applied to the circuit of Fig. 6.
4 10sA ©

DIODE
CURRENT

linearity of the transfer characteristic. Reduced input
impedance does result from this shunt connection. Similar
techniques could be used on the OTA output, but then the
output signal would be reduced and the correction circuitry
further removed from the source of non-linearity. It must be
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T
- |

1 0.5 mA

// = [ 100ma
VilVea
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2{?,{’.§m emphasized that the input circuitry is differential.

NN.
N
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]
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7 / - ] Simplified Differential-Input to Single-Ended
Output Conversion
T/ // 7 One of the more exacting configurations for operational
amplifiers is the differential-to-single-ended conversion
ML circuit. Fig. 10 shows some of the basic circuits that are
/ / usually employed. The ratios of the resistors must be
2 T precisely matched to assure the desired common-mode
/ / rejection. Fig. 11 shows another system using the CA3080 to
m’ 1 . obtain this conversion without the use of precision resistors.
o] Differential input signals must be kept under +26-millivolts
R J for better than S-percent non-linearity. The common-mode
range is that of the CA3080 differential amplifier. In
2 addition, the gain characteristic follows the standard
differential-amplifier ~Gm-temperature coefficient of
o0l —0.3%/°C. Although the system of Fig. 11 does not provide
° had 20 300 400 300 the precise gain control obtained with the standard
Iagc (nA) operational-amplifier approach, it does provide a good simple
Fig. 7— Total system gain as a function of amplifier bias compromise suitable for many differential transducer-
current for several values of diode current. amplifier applications.

GAIN

--
-
N

N

137



ICAN-6077

R2

DIFFERENTIAL

INPUT
R3

DIFFERENTIAL ouTPUT
INPUT >
Rl = R3
R6
. RS
R?

DIFFERENTIAL
INPUT

%m
OUTPUT

Fig. 10— Some typical differential-to-single-ended con version
circuits.

THE CA3094

The RCA CA3094 offers a unique combination of
characteristics that suit it ideally to use as a programmable
gain block for audio power amplifiers. It is a transconduct-
ance amplifier in which gain and open-loop bandwidth can be
controlled between wide limits. The device has a large reserve
of output-current capability and breakdown and power-
dissipation ratings sufficiently high to allow it to drive a
complementary pair of transistors. For example, a 12-watt
power-amplifier stage (8-ohm load) can be driven with peak
currents of 35 milliamperes (assuming a minimum output-
transistor beta of 50) and supply voltages of +18 volts. In
this application, the RCA CA3094A is operated substantially
below its supply-voltage rating of 44-volts max. and its
dissipation rating of 1.6-watts max. Also in this application, a
high value of open-loop gain suggests the possibility of

DIFFERENTIAL
INPUT

Az Gm R

€ 500 puA, Iabc

Gm wiCmmhos

. A = I0mmhosx 10 K
= 100

Fig. 11— A differential-to-single-ended conversion circuit
without precision resistors.

precise adjustment of frequency-response characteristics by
adjustment of impedances in the feedback networks.

Implicit Tone Controls

In addition to low distortion, the large amount of loop
gain and flexibility of feedback arrangements available when
using the CA3094 make it possible to incorporate the tone
controls into the feedback network that surrounds the entire
amplifier system. Consider the gain requirements of a
phonograph playback system that uses a typical high-quality
magnetic cartridge.3 A desirable system gain would result in
from 2 to 5 watts of output at a recorded velocity of 1 cm/s.
Magnetic pickups have outputs typically ranging from 4 to
10 millivolts at 5 cm/s. To get the desired output, the total
system needs about 72 dB of voltage gain at the reference
frequency.

Fig. 12 is a block diagram of a system that uses a passive
or “losser”-type of tone-control circuit that is inserted ahead
of the gain control. Fig. 13 shows a system in which the tone
controls are implicit in the feedback circuits of the power
amplifier. Both systems assume the same noise input voltage
at the equalizer and main-amplifier inputs. The feedback
system shows a small improvement (3.8 dB) in signal-to-noise
ratio at maximum gain but a dramatic improvement (20 dB)
at the zero gain position. For purposes of comparison, the
assumption is made that the tone controls are set “flat” in
both cases.

Cost Advantages.

In addition to the savings resulting from reduced parts
count and circuit size, the use of the CA3094 leads to further
savings in the power-supply system. Typical values of
power-supply rejection and common-mode rejection are 90
and 100 dB, respectively. An amplifier with 40 dB of gain
and 90 dB of power-supply rejection would require 316
millivolts of power-supply ripple to produce one millivolt of
hum at the output. Thus, no further filtering is required
other than that given by the energy-storage capacitor at the
output of the rectifier system.
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E SIG.> 40mv E SIG.=4mv E SiIG.=4mV Eo*4 VOLTS
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Fig. 12— Block diagram of a system using a “losser’’-type tone-control circuit.
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En 403 1073
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Fig. 13— A system in which tone controls are implicit in the feedback circuit of the

power amplifier.

POWER AMPLIFIER USING THE CA3094

A complete power amplifier using the CA3094 and three
additional transistors is shown schematically in Fig. 14. The
amplifier is shown in a single-channel configuration, but
power-supply values are designed to support a minimum of
two channels. The output section comprises Q1 and Q2,
complementary epitaxial units connected in the familiar
“bootstrap” arrangement. Capacitor C3 provides added base
drive for Q1 during positive excursions of the output. The
circuit can be operated from a single power supply as well as
from a split supply as shown in Fig. 15. The changes required
for 14.4-volt operation with a 3.2-ohm speaker are also
indicated in the diagram.

The amplifier may also be modified to accept input from
ceramic phonograph cartridges. For standard inputs
(equalizer preamplifiers, tuners, etc.) C1 is 0.047, R1 is 250
kilohms, and R2 and C2 are omitted. For ceramic-cartridge
inputs, C1 is 0.0047, R1 is 2.5 megohms, and the jumper
across C2 is removed.

Output Biasing
Instead of the usual two-diode arrangement for establish-
ing idling currents in Q1 and Q2, a “Vpe Multiplier”,

transistor Q3, is used. This method of biasing establishes the
voltage between the base of Q1 and the base of Q2 at a
constant multiple of the base-to-emitter voltage of a single
transistor while maintaining a low variational impedance
between its collector and emitter (see Appendix A). If
transistor Q3 is mounted in intimate thermal contact with
the output units, the operating temperature of the heat sink
forces the Vpe of Q3 up and down inversely with heat-sink - _
temperature. The voltage bias between the bases of Q1 and
Q2 varies inversely with heat-sink temperature and tends to
keep the idling current in Q1 and Q2 constant.

A bias arrangement that can be accomplished at lower
cost than those already described replaces the Vpe multiplier
with a 1N5391 diode in series with an 8.2-ohm resistor. This
arrangement does not provide the degree of bias stability of
the Vpe multiplier, but is adequate for many applications.

Tone-Controls

The tone controls, the essential elements of the feedback
system, are located in two sets of parallel paths. The bass
network includes R3, R4, RS, C4, and C5. C6 blocks the dc
from the feedback network so that the dc gain from input to
the feedback takeoff point is unity. The residual dc-output-
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Fig. 14— A complete power amplifier using the CA3094 and three additional transistors.
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Fig. 15— A power amplifier operated from a single supply.
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Rll + Rl 2 1.0

R12
where Rj is the source resistance. The input bias current is 0.9
IABC _ (Vec — Vbe)
then =—

28 28R6

R7, R8, R9, R10, C7, C8, C9, and C10. Resistors R7 and R9
limit the maximum available cut and boost, respectively. The
boost limit is useful in curtailing heating due to finite
turn-off time in the output units. The limit is also desirable
when there are tape recorders nearby. The cut limit aids the
stability of the amplifier by cutting the loop gain at higher
frequencies where phase shifts become significant.

In cases in which absolute stability under all load
conditions is required, it may be necessary to insert a small
inductor in the output lead to isolate the circuit from
capacitive loads. A 3-microhenry inductor (1 ampere) in
parallel with a 22-ohm resistor is adequate. The derivation of
circuit consiants is shown in Appendix B. Curves of control
action versus electrical rotation are also given.

“voltage at the speaker terminals is then IABC R1
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Fig. 16 is a plot of the measured response of the
complete amplifier at the extremes of tone-control rotation. |
A comparison of Fig. 16 with the computed curves of 0.1 26 47 - ;
Fig. B4 (Appendix B) shows good agreement. The total %ﬁ LKHZ — ”/1
harmonic distortion of the amplifier with an unregulated A
power supply is shown in Fig. 17; IM distortion is plotted in 2 4 0] s 10 2
Fig. 18. Hum and noise are typically 700 microvolts at the POWER OUTPUT — WATTS
output, or 83-dB down.

o
™

TOTAL HARMONIC DISTORTION — PERCENT
o
>

Fig. 17— Total harmonic distortion of the amplifier with an
COMPANION RIAA PREAMPLIFIER unregulated power supply.

Many available preamplifiers are capable of providing the
drive for the power amplifier of Fig. 14. Yet the unique
characteristics of the amplifier — its power supply, input
impedance, and gain — make possible the design of an RIAA
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Fig. 16— The measured response of the amplifier at extremes of tone-control rotation.
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preamplifier that can exploit these qualities. Since the input
impedance of the amplifier is essentially equal to the value of
the volume-control resistance (250 kilohms), the preamplifier
need not have high output-current capability. Because the
gain of the power amplifier is high (40 dB) the preamplifier
gain only has to be approximately 30 dB at the reference
frequency (1 kHz) to provide optimum system gain.

Fig. 19 shows the schematic diagram of a CA3080
preamplifier. The CA3080, a low-cost OTA, provides
sufficient open-loop gain for all the bass boost necessary in
RIAA compensation. For example, a gm of 10,000
micromhos with a load resistance of 250 kilohms provides an

open-loop gain of 68 dB, thus allowing at least 18 dB of loop
gain at the lowest frequency. The CA3080 can be operated
from the same power supply as the main amplifier with only
minimal decoupling because of the high power-supply
rejection inherent in the device circuitry. In addition, the
high voltage-swing capability at the output enables the
CA3080 preamplifier to handle badly over-modulated (over-
cut) recordings without overloading. The accuracy of
equalization is within *1dB of the RIAA curve, and
distortion is virtually unmeasurable by classical methods.
Overload occurs at an output of 7.5 volts, which allows for
undistorted inputs of up to 186 millivolts (260 millivolts
peak).
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Fig. 18— IM distortion of the amplifier with an unregulated

supply.

Fig. 19— A CA3080 preamplifier.
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APPENDIX A — Vg MULTIPLIER

The equivalent circuit for the Vpe multiplier is shown
in Fig. Al. The voltage E1 is given by:

E =%+1{+Vbe[l + = (RﬁL ])] (A1)

The value of Vpe is itself dependent on the emitter
current of the transistor, which is, in turn, dependent on
the input current I since:

e=1- == (A2)

The derivative of Eq. Al with respect to I yields the
incremental impedance of the Vpe multiplier:

dE; _ Rl Br1 [ K3R2
TR ﬁ+l+[l+(ﬁ+l)R2]£{21e+K3] (a3)

where K3 is a constant of the transistor Q1 and can be
found from:

Vpe = K3lnle — K2 (A4)

—OE,

Fig. A1— Equivalent circuit for the Vpe multiplier.

Eq. A4 is but another form of the diode equation:4
qVbe
le=Is (e KT — 1) (AS)

Using the values shown in Fig. 14 plus data on the
2N5494 (a typical transistor that could be used in the
circuit), the dynamic impedance of the circuit at a total
current of 40 milliamperes is found to be 4.6 ohms. In
the actual design of the Vpe multiplier, the value of IR2
must be greater than Vpe or the transistor will never
become forward biased.

APPENDIX B — TONE CONTROLS

Fig. Bl shows four operational-amplifier circuit con-
figurations and the gain expressions for each. The asymp-
totic low-frequency gain is obtained by letting S approach
zero in each case:

Bass Boost: ALow = 511!1%&
Bass Cut: ALow = %%R}
Treble Boost: ALow = Cl%fi
Treble Cut: ALow = Clc#‘

The asymptotic high-frequency gain is obtained by letting
S increase without limit in each expression:

Bass boost; AHigh = ngzk 2
R1+R2
Bass cut: AHigh="R3

Treble boost: AHigh =1+Cl (Cg;g:)

, Cica
=““" C1+Ca
Cl+C2

Treble cut: AHigh

Note that the expressions for high-frequency gain are
identical for both bass circuits, while the expressions for
low-frequency gain are identical for the treble circuits.

Fig. B2 shows cut and boost bass and treble controls
that have the characteristics of the circuits of Fig. BI.
The value REFF in the treble controls of Fig. Bl is
derived from the parallel combination of R1 and R2 of
Fig. B2 when the control is rotated to its maximum
counterclockwise position. When the control is rotated to
its maximum clockwise position, the value is equal to
R1.

To compute the circuit constants, it is necessary to
decide in advance the amounts of boost and cut desired.
The gain expressions of Fig. Bl indicate that the slope of
the amplitude versus frequency curve in each case will be
6 dB per octave (20 dB per decade). If the ratios of
boosted and cut gain are set at 10, i.e.:

Bass circuit: ALow(Boost) = 10 AMid

_AMid
ALow (Cut) ==~
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Fig. B1— Four operational-amplifier circuit configurations and the gain expressions for

each.

Treble Circuit: AHigh (Boost) = 10 AMid

10 Ade

AHigh(Cut) =

then the following relationships result:

Bass circuit: R1=10R2
R3 =99 R2
Treble circuit: Cl1=10C4
_10C4

C2= 99

To make the controls work symmetrically, the low-
and high-frequency break points must be equal for both

boost and cut.
Thus:

C1 R3 (R1+R2) _ C2 R2R3

The unaffected portion of the gain (A high for the bass
control and A low for the treble control) is 11 in each
case.

Bass Control: RIR2IR3 - RIAR3
C2 R3 (R1+R2)
and CIR3 =R T+R2+R3
since R3=R2+R3, C2=10C1
Treble Control: (CICM:PC“C 1C3)
= RIR2
“RI+R2 (C1+C2)
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_(R1R2 \(CiCa+cacHtCIC2)
and R2C3 <R1+R2) (C1+C4)
since C1=100C2,C2=C3 and Cl

=10C4,R1 =9R2

To make the controls work in the circuit of Fig. 14,
breaks were set at 1000 Hz:
1
for the base control  0.1C1R3 = 3221000
1

and for the treble control  R1C3 = 37x1000
Response and Control Rotation

In a practical design, it is desirable to make “flat”
response correspond to the S5O-percent rotation position
of the control, and to have an aural sensation of smooth
variation of response on either side of the mechanical
center. It is easy to show that the “flat” position of the
bass control occurs when the wiper arm is advanced to
91-percent of its total resistance. The amplitude response
of the treble control is, however, never completely “flat”;
a computer was used to generate response curves as
controls were varied.

Fig. B3 is a plot of the response with bass and treble
tone controls combined at various settings of both con-
trols. The values shown are the practical ones used in the
actual design. Fig. B4 shows the information of Fig. B3
replotted as a function of electrical rotation. The ideal
taper for each control would be the complement of the
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Fig. B2— Cut and boost bass and treble controls that have the

characteristics of the circuits of Fig. B1.

100-Hz plot for the bass control and the 10-kHz response

for the treble control. The mechanical center should
occur at the crossover point in each case.
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Fig. B3— A plot of the response of the circuit of Fig. 14 with bass and treble tone
controls combined at various settings of both controls.
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Fig. B4— The information of Fig. B3 plotted as a function of electrical rotation.
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Applications of the CA3085-Series
Monolithic IC Voltage Regulators

by A.C.N. Sheng and L.R. Avery

The RCA-CA3085, CA3085A, and CA3085B monolithic IC's
are positive-voltage regulators capable of providing output
currents up to 100 milliamperes over the temperature range
from -55°C to +125°C. They are supplied in 8-lead TO-5
type packages; their characteristics and ratings are given in
RCA Data File No. 491. The following tabulation shows
some key characteristics and salient differences between
devices in the CA3085 Series.

Vin(Vi)  Vour(Vo) Max. Max. Load
Type Range Range loutr(lo) Regulation
v v mA % Vo
CA3085 7.5-30 1.8-26 12* 0.1
CA3085A 7.5-40 1.7-36 100 0.15
CA30858B 7.5-50 1.7-46 100 0.15

*This value may be extended to 100 mA; however, regulation is not
specified beyond 12 mA.

In addition to these differences, the range of some specified
performance parameters is more tightly controlled in the
CA30858 than in the CA3085A, and more in the CA3085A
than in the CA3085.

This Note describes the basic circuit of the CA3085-series
devices and some typical applications that include a high-
current regulator, constant-current regulators, a switching
regulator, a negative-voltage regulator, a dual-tracking
regulator, high-voltage regulators, and various methods of
providing current limiting, A circuit in which the CA3085 is
used as a general-purpose amplifier is also shown.

Circuit Description

Theblock diagram of the CA3085-series circuits isshownin
Fig. 1. Fundamentally, the circuit consists of a frequency-
compensated error-amplifier which compares an internally
generated reference voltage with a sample of the output
voltage and controls a series-pass amplifier to regulate the
output. The starting circuit assures stable latch-in of the
voltage-reference circuitry. The current-limiting portion of
the circuit is an optional feature that protects the IC in the
event of overload.

Terminal 5§ provides a source of stable reference voltage for
auxiliary use; a current of about 250 microamperes can be
supplied to an external circuit without significantly dis-
turbing reference-voltage stability. If necessary, filtering of
the inherent noise of the reference-voltage circuit can be
accomplished by connecting a suitable bypass capacitor
between terminals 5 and 4.

Terminal 6 (the “inverting input” in accordance with
operational-amplifier terminology) is the input through
which a sample of the regulated output voltage is applied.

COMPENSATION AND
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I STARTING| |VOLT. |
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| SOURCE e Pass )
—| AMPL REGULATED

| ouTPUT
l CURRENT I

LIMITING I

L

SUBSTRATE
v- (4 VREF

-]

INV CURRENT
8 } NPUT 8) LIMITING

92Cs-18091
Fig. 1 - Block diagram of CA3085 series.

The collector of the series-pass output transistor is brought
out separately at terminal 2 (“current booster”) to provide
base drive for an externat p-n-p transistor; this approach is
one method of regulating currents greater than 100
milliamperes.

Because the voltage regulator is essentially an operational
amplifier having considerable feedback, frequency com-
pensation is necessary in some circuits to prevent oscil-
lations. Terminal 7 is provided for external frequency
compensation; it can also be used to “inhibit” (strobe,
squelch, pulse, key) the operation of the series-pass
amplifier.

Brief Description of CA3085 Schematic Diagram

The schematic diagram of the CA3085-series circuits is
shown in Fig. 2. The left-hand section includes the starting
circuit, the voltage-reference circuit, and the constant-
current circuit. The center section is basicaily an elementary
operational amplifier which serves as the voltage-error
amplifier. It controls the series-pass Darlington pair (Q13,
Q14) shown in the right-hand section. When controlled by
an appropriate external sensing network, transistor Q15
serves to provide protective current-limiting characteristics
by diverting base drive from the series-pass circuit. For
operation at the highest current levels, terminals2and 3 are
tied together to eliminate the voltage drop which would
otherwise be developed across resistor RS.

Voltage-Reference Circuits

The basic voltage-reference element used in the CA3085 is
zener diode D3. It provides a nominal reference voltage of
5.5 volts and exhibits a positive temperature coefficient of
approximately 2.5 millivoits/°C. If this reference voltage |
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Fig. 2 - Schematic diagram of CA3085 series.

were used directly in conjunction with the error-amplifier
(Q5, Q8, etc.), the IC would exhibit two major undesirable
characteristics: (1) its performance with temperature vari-
ations would be poor, and (2) its use as a regulator would be
restricted to circuits in which the minimum regulated
output voltages are in excess of 5.5 volts. Consequently, itis
necessary to provide means of compensating for the
positive temperature coefficient of D3 and at the same time
provide for obtaining a stable source of lower reference
voltage. Both temperature compensation and the reduction
of the reference voltage are accomplished by means of the
series divider network consisting of the base-emitter
junction of Q3, diode D4, resistors R2 and R3, and diode 5.

The voltage developed across D3 drives the divider network
and avoltage of approximately 4 volts is developed between
the cathode of D4 and the cathode of D5 (terminal 4). The
current through this divider network is held nearly constant
with temperature because of the combined temperature
coefficients of the zener diode (D3), Q3 base-emitter
junction, D4, D5, and the resistors R2 and R3. This constant
current through the diode D5 and the resistor R3 produces a
voltage drop between terminals 4 and 5§ that results in the
reference voltage (= 1.6 volts) having an effective tempera-
ture coefficient of about 0.0035 per cent/°C.

The reference diode D3 receives a current of approximately
620 microamperes from a constant-currentcircuit consisting
of Q3 and the current-mirror* D6, Q1, and Q2. Current to
start-up the constant-current source initially is provided by
auxiliary zener diode D1 and R1. Diode D2 blocks current
from the R1-D1 source after latch-in of the constant-current
source establishes a stable reference potential, and thereby
prevents modulation of the reference voltage by ripple
voltage on the unregulated input voltage.

Voltage-Error Amplifier

Transistors Q5 and Q6 comprise the basic differential
amplifier thatis used as a voltage-error amplifier to compare
the stable reference voltage applied at the base of Q5 with a
sample of the regulator output voltage applied at terminal 6.
The D5-Q4 combination is a current-mirror which maintains
essentially constant-current flow to Q5 and Q6 despite
variations in the unregulated input voltage. The Q8, Q9, and
D7 network provides a “mirrored” active collector load for
Q5 and Q6 and also provides a variable single-ended drive

*The fundamentals of current-mirror theory are reviewed in

the Appendix of Application Note ICAN-6668.
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to the Q13 and Q14 series-pass transistors in accordance
with the difference signal developed between the bases of
Q5 and Q6. The open-loop gain of the error-amplifier is
greater than 1000.

Series-Pass and Current-Limiting Circuits

In the normal mode of operation, or in the current-boost
mode when terminals 2 and 3 are tied together, the
Darlington pair Q13-Q14 performs the basic series-pass
regulating function between the unregulated input voltage
and the regulated output voltage at terminal 1. In the
current-limiting mode transistor Q15 provides current-
limiting to protect the CA3085 and/or limit the load current.
To provide current-limiting protection, a resistor (e.g., 5
ohms) is connected between terminals 1 and 8; terminal 8
becomes the source of regulated output voltage. As the
voltage drop across this resistor increases, base drive is .
supplied to transistor Q15 so that it becomes increasingly
conductive and diverts base drive from the Q13-Q14 pass
transistor to reduce output current accordingly. Resistor R4
is provided to protect Q15 against overdrive by limiting its
base current under transient and load-short conditions.

Because the CA3085 regulator is essentially an op-amp
having considerable feedback, frequency compensation
may be required to prevent oscillations. Stability must also
be maintained despite line and load transients, even during
operation into reactive loads (e.g., filter capacitors). Pro-
visions are included in the CA3085 so that a small-value
capacitor may be connected between terminals 6 and 7 to
compensate the regulator, when necessary, by “rolling-oft”
the amplifier frequency-response. Terminal 7 is also used to
externally “inhibit” operation of the CA3085 by diverting
base current supplied to Q13-Q14, thereby permitting the
use of keying, strobing, programming, and/or auxiliary
overload-protection circuits.

APPLICATIONS

A Simple Voitage Regulator

Fig. 3 shows the schematic diagram of a simple regulated
power supply using the CA3085. The ac supply voltage is
stepped down by T1, full-wave rectified by the diode bridge
circuit, and smoothed by the large electrolytic capacitor C1
to provide unregulated dc to the CA3085 regulator circuit.
Frequency compensation of the error-amplifier is provided
by capacitor C2. Capacitor C3 bypasses residual noise in
the reference-voltage source, and thus decreases the
incremental noise-voltage in the regulator circuit output.

TI
STANCORE
TP3
BLACK
GREEN

WHITE
vp=2sv

92CS -21824

Fig. 3 - Basic power supply.
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Because the open-loop gain of the error-amplifier is very
high (greater than 1000), the output voltage may be directly
calculated from the following expression:

R2 +R1
_(R2:RY
R1

In the circuit shown in Fig. 3, the output voltage can be
adjusted from 1.8 volts to 20 volts by varying R2. The
maximum output current is determined by Rsg; load-
regulation characteristics for various values of Rsc are
shown in Fig. 4. B

o rot (1
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Fig. 4 - Load regulation characteristics for circuit of Fig. 3.

When this circuit is used to provide high output currents at
low output voltages, care must be exercised to avoid
excessive IC dissipation. In the circuit of Fig. 3, this
dissipation control can be accomplished by increasing the
primary-to-secondary transformer ratio (a reduction in V)
or by using a dropping resistor between the rectifier and the
CAB308S regulator. Fig. 5 gives data on dissipation limitation
(Vi-Vo vs. lo) for CA3085-series circuits.
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Fig. & - Dissipation limitation (Vi-Vo vs. lo) for CA3085 series
circuits.
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The short-circuit current is determined as follows:

Vee 0.7 @
™~ —— amperes

Rsc Rsc P .
The line- and load-regulation characteristics for the circuit
shown in Fig. 3 are approximately 0.05 per cent of the
output voltage.

Isc

High-Current Volitage Regulator

When regulated voltages at currents greater than 100
milliamperes are required, the CA3085 can be used in
conjunction with an external n-p-n pass-transistor as shown
in the circuits of Fig. 6. in these circuits the output current
available from the regulator is increased in accordance with
the hee of the external n-p-n pass-transistor. Output currents
up to 8 amperes can be regulated with these circuits. A
Darlington power transistor can be substituted for the
2N5497 transistor when currents greater than 8 amperes are
to be regulated.

(b) 92Cs-21825
(b) with auxiliary short-circuit protection

Fig. 6 - High-currentvoltage regulator using n-p-n pass transistor.

A simplified method of short-circuit protection is used in
connection with the circuit of Fig. 6(a). The variable resistor
Rsce serves two purposes: (1) it can be adjusted to optimize
the base drive requirements (hge) of the particular 2N5497
transistor being used, and (2) in the event of a short-circuit
in the regulated output voitage the base drive currentin the
2N5497 will increase, thereby increasing the voltage drop
across Rsce. As this voltage-drop increases the short-circuit
protection system within the CA3085 correspondingly
reduces the output current available at terminal 8, as
described previously. It should be noted that the degree of
short-circuit protection depends on the value of Rsce, i.€.,
design compromise is required in choosing the value of
Rsce to provide the desired base drive for the 2N5497 while
maintaining the desired short-circuit protection. Fig. 6(b)
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shows an alternate circuit in which an additional transistor
(2N2102) and two resistors have been added as an auxiliary
short-circuit protection feature. Resistor R3 is used to
establish the desired base drive for the 2N5497, as described
above. Resistor Rimit Now controls the short-circuit output
current because, in the event of a short-circuit, the voitage
drop developed across its terminals increases sufficiently
to increase the base drive to the 2N2102 transistor. This
increase in base drive results in reduced output from the
CA3085 because collector current flow in the 2N2102
diverts base drive from the Darlington output stage of the
CA3085 (see Fig. 2) through terminal 7. The load regulation
of this circuit is typically 0.025 per cent with 0 to 3-ampere
load-current variation; line regulation is typically 0.025 per
cent/volt change in input voltage.

Voltage Regulator with Low V-V, Difference

In the voltage regulators described in the previous section,
it is necessary to maintain a minimum difference of about 4
volts between the input and output voltages. in some
applications this requirement is prohibitive. The circuit
shown in Fig. 7 can deliver an output current in the order of
2 amperes with a V-V, difference of only one volt.
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92Cs ~21826

Fig. 7 - Voltage regulator for low V\-Vo difference.

It employs a single external p-n-p transistor having its base
and emitter connected to terminals 2 and 3, respectively, of
the CA3085. In this circuit, the emitter of the output
transistor (Q14 in Fig. 2) in the CA3085 is returned to the
negative supply rail through an external resistor (Rsce) and
two series-connected diodes (D1, D2). These forward-
biased diodes maintain Q6 in the CA3085 within linear-
mode operation. The choice of resistors R1 and R2 is made
in accordance with Eq. (1). Adequate frequency com-
pensation for this circuit is provided by the 0.01-microfarad
capacitor connected between terminal 7 of the CA3085 and
the negative supply rail.

Fig. 8, which shows the output impedance of the circuit of
Fig. 7 as a function of frequency, illustrates the excellent
ripple-rejection characteristics of this circuit at frequencies
below 1 kHz. Lower output impedances at the higher
frequencies can be provided by connecting an appropriate
capacitoracross the output voltage terminals. The addition
of a capacitor will, however, degrade the ability of the
system to react to transient-load conditions.
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Fig. 8 - Output resistance vs. frequency for circuit of Fig. 7.

High-Voltage Regulator

Fig. 9 shows a circuit that uses the CA3085 as a voltage-
reference and regulator control device for high-voltage
power supplies in which the voltages to be regulated are
well above the input-voltage ratings of the CA3085-series
circuits. The external transistors Q1 and Q2 require voltage
ratings in excess of the maximum input voltage to be
regulated. Series-pass transistor Q2 is controlled by the
collector current of Q1, which in turn is controlled by the
normally regulated current output supplied by the CA3085.
The input voltage for the CA3085 regulator at terminal 3 is
supplied through dropping resistor R3 and the clamping
zener diode D1. The values for resistor R1 and R2 are
determined in accordance with Eq. (1).

UNREG
Vi

(e 9. 120V)

0

92Cs-21828

Fig. 9 - High-voltage regulator.
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Negative-Voitage Regulator

The CA3085 is used as a negative-supply voltage regulator
in the circuit shown in Fig. 10. Transistor Q3 is the series-
pass transistor. It should be noted that the CA3085 is
effectively connected across the load-side of the regulated
system. Diode D1 is used initially in a “circuit-starter”
function; transistor Q2 “latches” D1 out of its starter-circuit
function so that the CA3085 can assume its role in
controlling the pass-transistor Q3 by means of Q1.
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Fig. 10 - Negative-voltage regulator.

Operation of the circuit is as follows: current through R3
and D1 provides base drive for Q1, which in turn provides
base drive for the pass-transistor Q3. By this means
operating potential for the CA3085 is developed between
the collector of Q3 (terminal 4 of the CA3085) and the
positive supply-rail (terminal 3 of the CA3085). When the
output voltage has risen sufficiently to maintain operation
of the CA3085 (approx. 7.5 volts), transistor Q2 is driven
into conduction by the base drive supplied from the 1
kilohm-12 kilohm voltage divider. As Q2 becomes con-
ductive, it diverts the base drive being supplied to Q1
through the R3-D1 path, and diode D1 ceases to conduct.
Under these conditions, base-current drive to Q1 through
terminal 2 of the CA3085 regulates the base drive to Q3.
Values of R1 and R2 are determined in accordance with Eq.
(1).

The circuit shown in Fig. 11 is similar to that of Fig. 10,
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Fig. 11 - Negative-voitage regulator with constant-current limiting

circuit.
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except for the addition of a constant-current limiting circuit’
consisting of transistor Q4, a 1-kilohm resistor, and resistor
Rsce. When the load current increases above a particuiar
design value, the corresponding increase in the voltage
drop across resistor Rsce provides additional base drive to
transistor Q4. Thus, as transistor Q4 becomes increasingly
conductive, its collector current diverts sufficient base drive
from Q3 to limit the current in the pass transistor feeding the
regulated load. With the types of transistors shown in Figs.
10and 11, maximum currents in the order of 5 amperes can
be regulated.

High-Output-Current Voltage Regulator With “Foldback”
Current-Limiting (Also known as “Switch-Back” Current-
Limiting)

In high-current voltage regulators empioying constant-
current limiting (e.g., Figs.6and 7), itis possible to develop
excessive dissipation in the series-pass transistor when a
short-circuit develops across the output terminals. This
situation can be avoided by the use of the “foldback”
current-limiting circuitry as shown in Fig. 12. In this circuit,
terminal 8 of the CA3085 senses the output voltage, and
terminal 1 is tied to a tap on a voltage-divider network
connected between the emitter of the pass-transistor (Q3)
and ground. The current-foldback trip-point is established
by the value of resistor Rsc.

Vo
0.00tuF
‘F“r a
- —0

Fig. 12 - High-output-current voltage regulator with “foldback”
current limiting.

92Cs-21831

10

The protective tripping action is accomplished by forward-
biasing Q15 in the CA3085 (see Fig. 2). Conditions for
tripping-circuit operation are defined by the following
expressions:

Veea1si = (voltage at terminal 1) - (output voltage)

= [(Vo+lLR A1 V 3
—{(OLSC)R1+R2]'O 3)

= K, then

I

R1+R2
Veea1s = (VotllRsc) K - Vo = KVo + KllRsc - Vo
and therefore
Vo + Veeais - KVo

Re¢ = m— oo % 4
sc i 4)
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Under load short-circuit conditions, terminal 8 is forced to
ground potential and current flows from the emitter of Q14
in the CA3085, establishing terminal 1 at one Vge-drop [==
0.7 V] above ground and Q15in a partially conducting state.
The current through Q14 necessary to establish this one-
Vee condition is the sum of currents flowing to ground
through R1 and [R2 + Rsc}. Normally Rsc is much smaller
than R2 and can be ignored; therefore, the equivalent
resistance Req to ground is the parallel combination of R1
and R2.

The Q14 current is then given by:
. 0.7[1.3+0.46]
1.3 x 0.46

Veears _ Veeais
Req R1R2
R1+R2

This current provides a voitage between terminals 2 and 3
as follows:

Va-z = la1ax2500hms = 2.06x107x 250 = 0.515volt

laa =

2.06 milli-

‘amperes

The effective resistance between terminals 2 and 3 is 250
ohms because the external 500-ohm resistor R3 is in
parallel with the internal 500-ohm resistor R5. It should be
understood that the V»-3 potential of 0.515 voltis insufficient
to maintain the external p-n-p transistor Q2 in conduction,
and, therefore, Q3 has no base drive. Thus the output
currentisreduced to zero by the protective circuitry. Fig. 13
shows the foldback characteristic typical of the circuit of
Fig. 12.
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g. 13 - Typical “foldback” current-limiting characteristic for
circuit of Fig. 12.

An alternative method of providing “foldback” current-
limiting is shown in Fig. 14. The operation of this circuit is
similar to that of Fig. 12 except that the foldback-control
transistor Q2 is external to the CA3085 to permit added
flexibility in protection-circuit design.

Under low load conditions Q2 is effectively reverse-biased
by asmall amount, depending upon the values of R3 and R4.
As the load current increases the volitage drop across Ruip
increases, thereby raising the voltage at the base of Q1, and
Q2 starts to conduct. As Q2 becomes increasingly con-
ductive it diverts base current from transistors Q13 and Q14
in the CA3085, and thus reduces base drive to the external
pass-transistor Q1 with a consequent reduction in the
output voltage. The point at which current-limiting occurs,
lwip, is calculated as follows:

Veeian = voltage at terminal 8 - Vo (assuming a low value
for Ruip)

+
(o
Ql
2N5497
PASS TRANSISTOR
UNREG
Vi

92Cs -21833

Fig. 14 - High-output-current voltage regulator using auxiliary
transistor to provide “foldback” current limiting.

R4
T
R3+R4

R4

= E/oﬂn Rm;»*VsE«mEl [ ] -Vo
R3+R4
R4

, then the trip current is given by:

Vsewa = voltage at terminal 8

ifK =

R3+R4
_ Veewoa ~ K[Vo+Veean] + Vo
" KRup

In the circuit in Fig. 12 the load current goes to zero when a
shortcircuit occurs. In the circuit of Fig. 14 the load current
is significantly reduced but does not go to zero. The value
for Isc is computed as follows:

(]

Veea2)
Veea2 + o +lgaa| R1 = Vaeau+lscRup

Vaea2)
Veea21+ +lgaa | R1 - Veea)
R2
lsc= Ao (8)
Fig. 15 shows that the transfer characteristic of the load

currentis essentially linear between the “trip-point” and the
“short-circuit” point.
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Fig. 15 - Typical foldback current-limiting characteristic for circuit
of Fig. 14.
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High-Volitage Regulator Employing Current “Snap-Back”
Protection

In high-voltage regulators (e.g., see Fig. 9), “foldback”
current-limiting cannot be used safely because the high
voltage across the pass transistor can cause second
breakdown despite the reduction in current flow. To
adequately protect the pass transistor in this type of high-
voltage regulator, the so-called “snap-back” method of
current limiting can be empioyed to reduce the current to
zero in a few microseconds, and thus prevent second-
breakdown destruction of the device.

The circuit diagram of a high-voltage regulator employing
current “snap-back” protection is shown in Fig. 16. The
basic regulator circuit is similar to that shown in Fig. 9. The
additional circuitry in the circuit of Fig. 16 quickly interrupts
base drive to the pass transistor in event of load fault. The
point of current-trip is established as follows:

Veean
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2N4036
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2N4|036 R2
+
O
82ke 2200
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© 8g 7Ka 3310
e 2N2153 REG.
vt 3085 Vo
{e.g120V)
o9 2
,t é 2N2153
o 4700
10-15v @ 9
s
(NC)
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92CS -21835

Fig. 16 - High-voltage regulatorincorporating current “snap-back”
protection.

Thus, when a sufficient voltage drop is developed across
Rsc, transistor Q1 becomes conductive and current flows
into the base of Q2 so that it also becomes conductive.
Transistor Q3, in turn, is driven into conduction, thereby
latching the Q2-Q3 combination (basic SCR action) so that
it diverts (through terminal 7) base drive from the output
stage (Q13, Q14) in the CA3085. By this means, base drive is
diverted from Q4 and the pass transistor Q5. To restore
regulator operation, normally closed switch S1 is momen-
tarily opened and unlatches Q2-Q3.

Switching Regulator

When large input-to-output voltage differences are ne-
cessary, the regulators described above are inefficient
because they dissipate significant power in the series-pass
transistor. Under these conditions, high-efficiency operation
can be achieved by using a switching-type regulator of the
generic type shown in Fig. 17(a). Transistor Q1 acts as a
keyed switch and operates in either a saturated or cut-off
condition to minimize dissipation. When transistor Q1 is
conductive, diode D1 is reverse-biased and current in the
inductance L1 increases in accordance with the following
relationship:

. 1 h
iL=-/ vdt 10
X LJL (10)
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Fig. 17 - Switching regulator and associated waveforms.

Where V is the voltage across the inductance L1. The
current through the inductance charges the capacitor C1
and supplies current to the load. The output voltage rises
until it slightly exceeds the reference voltage V. At this
point the op-amp removes base drive to Q1 and the
unregulated input volitage V, is “switched off”. The energy
stored in the inductor L1 now causes the voltage at V, to
swing in the negative direction and current flows through
diode D1, while continuing to supply current into the load
Re. As the current in the inductor falis below the load
current, the capacitor C1 begins to discharge and Vo
decreases. When Vo falls slightly below the value of Ve, the
op-amp turns on Q1 and the cycle is repeated. It should be
apparent that the output voltage oscillates about V. with an
amplitude determined by R1 and R2. Actually, the value of
Viet varies from being slightly more positive than V.’ when
Q1is conducting, to being slightly more negative than Ve
when D1is conducting. The voltage and current waveforms
are shown in Fig. 17(b), (c), and (d).

Design Example: The following specifications are used in
decomputations for a switching regulator:
Vi=30V,Vo = 5V,lo = 500 mA,
switching frequency = 20 kHz,
output ripple = 100 mV.

Ifitisassumed that transistor Q1 isin steady-state saturated
operation with a low voltage-drop, the current in the
inductor is given by Eq. 10, as follows:

1 4 Vi-Vo )
[ Vdt = ton 1
ik ( 1 n

L
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When transistor Q1 is off, the currentin the inductor is given
by:
(Vo*Vo1) tor
i, = YotVor) ton (12)
L1

From Eq. 11,

Ly = —— =+ — (13)

! iL f Vi

If imax i8 1.3 Iy, then during ton the current in the inductor (iv)
will be 0.5 A x 1.3 = 0.65 A; therefore, Ai. = 0.15 A.

Substitution in Eq. 13 yields
(30 5) 1
T To45  (20x10% 30
Current discharge from the capacitor C1 is given by:

= 1.4 mH (14)

.o . av
ie = C a (15)
Thus, Aie = C iv, orc = Ak At
At Av
Since ic = iL and At = ton, then
_ Aiv ton
B Av

Substitution for the value of i. from Eq. 13 yields

REOROR

(16)
1
The total period T = tost + ton, and T = f—. Therefore,
1
ton = P ton a7

For optimum efficiency ton should be

(S

Substitution for ton in EqQ. 18 yields

t.,..---( )---(-— (19)

Substitution for to in Eq. 16 yields
M -Vo) 1 Vo 1 (1 Vo

L4 f v
C-= £ (20)

Substitution of numerical values in Eq. 20 produces the
following value for C:

30-5 1 5 1 G 5)
C_1.4x10'° 20x10° 30 20x10° 30

o =63 uF

A switching-regulator circuit using the CA3085 is shown in
Fig. 18. The values of L and C (1.5 millihenries and 50
microfarads, respectively) are commercially available com-
ponents having values approximately equal to the computed
values in the previous design example.

0.00! uF
PYY

._or ) LIE)
RUMIT *TaT A% V0 VREF (B
92CS-21837

Fig. 18 - Typical switching regulator circuit.

Current Regulators

The CA3085 series of voltage regulators can be used to
provide a constant source or sink current. A regulated-
current supply capable of delivering up to 100 mimamperes
is shown in Fig. 19(a). The regulated load current is

(a)
CURRENT REGULATOR

REG. Iy

a

UNREG
NEG v, (-}
17 O 5

HIGH®CURRENT REGULATOR

92Cs-~21838

Fig. 19 - Constant current regulators.

controlled by R1 because the current flowing through this
resistor must establish a voltage difference between
terminals 6 and 4 that is equal to the internal reference
voltage developed between terminals 5 and 4. The actual
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regulated current, reg I, is the sum of the quiescent
regulator current and the current through R1, i.e.,
reg I = lquisscent + In1

Fig. 19(b) shows a high-current regulator using the CA3085
in conjunction with an external n-p-n transistor to regulate
currents up to 3 amperes. In this circuit the quiescent
regulator current does not flow through the load and the
output current can be directly programmed by R1, i.e.,

Reg I, = —
Y

With this regulator currents between 1 milliampere and 3
amperes can be programmed directly. At currents below 1
milliampere inaccuracies may occur as a result of leakage
in the external transistor.

A Dual-Tracking Voltage Regulator

A dual-tracking voltage regulator using a CA3085 and a
CA3094A* is shown in Fig. 20. The CA3094A is basically an
op amp capable of supplying 100 milliamperes of output
current.
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MAX. LINE = AV,
T ,100:0075% /v
[vouT(mmAL) aviN
MAX.LOAD = A Vout

T i00=0
VouT (INMIALY " 0070075 % Vour

(I_ FROM | TO 50 ma)
92CM-20560

Fig. 20 - Dual-voltage tracking regulator.

The positive output voltage is regulated by a CA3085
operating in a configuration essentially similar to that
described in connection with Fig. 3. Resistor R is used as a
vernier adjustment of output voltage. The negative output
voltage is regulated by the CA3094A, which is “slaved” to
the regulated positive voltage supplied by the CA3085. It

“Specifications for the CA3094A appear in RCA Data File No. 598
and application information is presented in ICAN-6048.

COMMON
O RETURN
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should be noted that the non-inverting input of the
CAB3094A and the negative supply terminal of the CA3085
are connected to acommon ground reference. The “slaving”
potential for the CA3094A is derived from an accurate 1.1
voitage-divider network comprised of two 10-kilohm re-
sistors connected between the +15-volt and -15-volt output
terminals. The junction of these two resistors is connected
to the inverting input of the CA3094A. The voltage at this
junction is compared with the voltage at the non-inverting
input, and the CA3094A then automatically adjusts the
output current at the negative terminal to maintain a
negative regulated output voltage essentially equal to the
regulated positive output voltage. Typical performance
data for this circuit are shown in Fig. 20.

The basic circuit of Fig. 20 can be modified to regulate
dissimilar positive and negative voltages (e.g., +15V, -5 V)
by appropriate selection of resistor ratios in the voltage-
divider network discussed previously. As an example, to
provide tracking of the +15 V and -5 V regulated volitages
with the circuit of Fig. 20, it is only necessary to replace the
10-kilohm resistor connected between terminals 3 and 8 of
the CA3094A with a 3.3-kilohm resistor.

Regulators With High Ripple Rejection

When the reference-voltage source in the CA3085 is
adequately filtered, the typical ripple rejection provided by
the circuit is 56.dB. It is possible to achieve higher ripple-
rejection performance by cascading two stages of the
CA3085, as shown in Fig. 21. The voltage-regulator circuit
in Fig. 21(a) provides 90 dB of ripple rejection. The output
voltage is adjustable over the range from 1.8 to 30 volts by
appropriate adjustment of resistors R1 and R2. Higher
regulated output currents up to 1 ampere can be obtained
with this circuit by adding an external n-p-n transistor as
shown in Fig. 21(b).

90d8B RIPPLE REJECTION

LINE REG. <0.0001 % /V]

LOAD REG.<0.1%Vo FOR LOAD CURRENTS UP TO 50 mA
Vo RANGE FROM I8V TO 30V

(@) voltage regulator with high ripple rejection

(b) 92CS-21839
(b) high-current voltage regulator with high ripple rejection

Fig. 21 - Regulators with high ripple rejection.
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The CA3085 As A Power Source For Sensors

Certain types of sensor applications require a regulated
power source. Additionally, low-impedance sensors can
consume significant power. An example of a circuit with
these requirements, in which a CA3085 provides regulated
power for a low-impedance sensor and the CA3059" zero-
voltage switch, is shown in Fig. 22. Terminal 12 on the
CA3059 provides the ac trigger-signal which actuates the
zero-voltage switch synchronously with the power line to
control the load-switching triac.

RL

6208 1764

92C5-21840

Fig. 22 - Voltage regulator for sensor and zero-voltage switch.

The CA3085 As A General-Purpose Amplifier
As described above, the CA3085 series regulators containa
high-gain linear amplifier having a current-output capability

*Technical specifications for RCA integrated-circuit zero-voltage
switches CA3058, CA3059, and CA3079 appear in File No. 490;
related application information is given in ICAN-6182.

up to 100 milliamperes. The premium type (CA3085B) can
operate at supply voltages up to 50 voits. When equipped
with an appropriate radiator or heat sink, the TO-6 package
of these devices can dissipate up to 1.6 watts at 55° C. Avery
stable internal voltage-reference source is used to bias the
high-gain amplifier and/or provide an external voltage-
reference despite extreme temperature or supply-voltage
variations. These factors, plus economics, prompt consider-
ation of this circuit for general-purpose uses, such as
amplifiers, relay controls, signal-lamp controls, and thyristor
firing.

As an example, Fig. 23 shows the application of the CA3085
in a general-purpose amplifier. Under the conditions shown,
the circuit has a typical gain of 70 d B with a flat response to
at least 100 kHz without the RC network connected between
terminals 6 and 7. The RC network is useful as atone control
or to “roll-off” the amplifier response for other reasons.
Current limiting is not used in this circuit. The network
connected between terminals 8 and 6 provides both dc and
ac feedback. This circuit is also applicable for directly
driving an external discrete n-p-n power transistor.

R +i2v

- 92CS-2184!

Fig. 23 - General-purpose amplifier using CA3085A.
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Features and Applications of
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RCA Integrated-Circuit Zero-Voltage Switches
(CA3058, CA3059, and CA3079)

by A.C.N. Sheng, G.J. Granieri, J. Yellin, and T. McNulty

RCA-CA3058, CA3059 and CA3079 zero-voltage switches
are monolithic integrated circuits designed primarily for use as
trigger circuits for thyristors in many highly diverse ac
power-control and power-switching applications. These
integrated-circuit switches operate from an ac input voltage of
24, 120, 208 to 230, or 277 volts at 50, 60, or 400 Hz.

The CA3059 and CA3079 are supplied in a 14-terminal
dual-inine plastic package. The CA3058 is supplied in a
14-terminal dual-inline ceramic package. The electrical and
physical characteristics of each type are detailed in RCA Data
Bulletin File No. 490.

RCA zero-voltage switches (ZVS) are particularly well
suited for use as thyristor trigger circuits. These switches
trigger the thyristors at zero-voltage points in the
supply-voltage cycle. Consequently, transient load-current
surges and radio-frequency interference (RFI) are substantially
reduced. In addition, use of the zéro-voltage switches also
reduces the rate of change of on-state current (di/dt) in the
thyristor being triggered, an important consideration in the
operation of thyristors. These switches can be adapted for use
in a variety of control functions by use of an internal
differential comparator to detect the difference between two
externally developed voltages. In additjon, the availability of
numerous terminal connections to internal circuit points
greatly increases circuit flexibility and further expands the
types of ac powercontrol applications to which these
integrated circuits may be adapted. The excellent versatility of
the zero-voltage switches is demonstrated by the fact that
these circuits have been used to provide transient-free
temperature control in self-cleaning ovens, to control
gun-muzzle temperature in low-temperature environments, to
provide sequential switching of heating elements in warm-air
furnaces, to switch traffic signal lights at street intersections,
and to effect other widely different ac power-control
functions.

FUNCTIONAL DESCRIPTION

RCA zero-voltage switches are multistage circuits that
employ a diode limiter, a zero-crossing (threshold) détector, an

on-off sensing amplifier (differential comparator), and a
Darlington output driver (thyristor gating circuit) to provide
the basic switching action. The dc operating voltages for these
stages is provided by an internal power supply that has
sufficient current capability to drive external circuit elements,
such as transistors and other integrated circuits. An important
feature of the zero-voltage switches is that the output trigger
pulses can be applied directly to the gate of a triac or a silicon
controlled rectifier (SCR). The CA3058 and CA3059 also
feature an interlock (protection) circuit that inhibits the
application of these pulses to the thyristor in the event that
the external sensor should be inadvertently opened or shorted.
An external inhibit connection (terminal No. 1) is also
available so that an external signal can be used to inhibit the
output drive. This feature is not included in the CA3079;
otherwise, the three integrated-circuit zero-voltage switches are
electrically identical.

Over-all Circuit Operation

Fig. 1 shows the functional interrelation of the zero-voltage
switch, the external sensor, the thyristor being triggered, and
the load elements in an on-off type of ac power-control
system. As shown, each of the zero-voltage switches
incorporates four functional blocks as follows:

(1) Limiter-Power Supply — Permits operation directly
from an ac line.

(2) Differential On/Off Sensing Amplifier — Tests the
condition of external sensors or command signals. Hysteresis
or proportional-control capability may easily be implemented
in this section.

(3) Zero-Crossing  Detector — Synchronizes the output
pulses of the circuit at the time when the ac cycle is at a
zero-voltage point and thereby eliminates radio-frequency
inteference (RFI) when used with resistive loads.

(4) Triac Gating Circuit — Provides high-current pulses to
the gate of the power-controlling thyristor.

In addition, the CA3058 and CA3059 provide the following
important auxiliary functions (shown in Fig. 1):

(1) A built-in protection circuit that may be actuated to

remove drive from the triac if the sensor opens or shorts.
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Fig. 1 — Functional block diagrams of
CA3058, CA3059, and CA3079.

the zero-voltage switches

(2) Thyristor firing may be inhibited through the action of
an internal diode gate connected to terminal 1.

(3) High-power dc-comparator operation is provided by
overriding the action of the zero-crossing detector. This
override is accomplished by connecting terminal 12 to
terminal 7. Gate current to the thyristor is continuous when
terminal 13 is positive with respect to terminal 9.

Fig. 2 shows the detailed circuit diagram for the
integrated-circuit zero-voltage switches. (The diagrams shown
in Figs. 1 and 2 are representative of all three RCA
zero-voltage switches, i.e., the CA3058, CA3059, and CA3079;
the shaded areas indicate the circuitry that is not included in
the CA3079.)

The limiter stage of the zero-voltage switch clips the
incoming ac line voltage to approximately +8 volts. This signal
is then applied to the zero-voltage-crossing detector, which
generates an output pulse each time the line voltage passes
through zero. The limiter output is also applied to a rectifying
diode and an external capacitor, Cp, that comprise the dc
power supply. The power supply provides approximately
6volts as the Vcoc supply to the other stages of the
zero-voltage switch. The on-off sensing amplifier is basically a
differential comparator. The thyristor gating circuit contains a
driver for direct triac triggering. The gating circuit is enabled
when all the inputs are at a “high” voltage, i.e., the line voltage
must be approximately zero volts, the sensing-amplifier output
must be “high,” the external voltage to terminal 1 must be a
logical “0”, and, for the CA3058 and CA3059, the output of
the fail-safe circuit must be “high.” Under these conditions,
the thyristor (triac or SCR) is triggered when the line voltage is
essentially zero volts.
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Fig. 2 — Schematic diagram of zero-voltage switches CA3058, CA3059, and CA3079.
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Thyristor Triggering Circuits

The diodes Dy and D; in Fig. 2 form a symmetricat clamp
that limits the voltages on the chip to 8 volts; the diodes D7
and Dy3 form a half-wave rectifier that develops a positive
voltage on the external storage capacitor, Cf.

The output pulses used to trigger the power-switching
thyristor are actually developed by the zero-crossing detector
and the thyristor gating circuit. The zero-crossing detector
consists of diodes D3 through Dg, transistor Qy, and the
associated resistors shown in Fig. 2. Transistors Q; and Qg
through Qg and the associated resistors comprise the thyristor
gating circuit and output driver. These circuits generate the
output pulses when the ac input is at a zero-voltage point so
that RFI is virtually eliminated when the zero-voltage switch
and thyristor are used with resistive loads.

The operation of the zero-crossing detector and thyristor
gating circuit can be explained more easily if the on state (i.e.,
the operating state in which current is being delivered to the
thyristor gate through terminal 4) is considered as the
operating condition of the gating circuit. Other circuit
elements in the zero-voltage switch inhibit the gating circuit
unless certain conditions are met, as explained later.

In the on state of the thyristor gating circuit, transistors Qg
and Qg are conducting, transistor Q is off, and transistor Qg
is on. Any action that turns on transistor Q; removes the drive
from transistor Qg and thereby turns off the thyristor.
Transistor Q7 may be turned on directly by application of a
minimum of *1.2volts at 10 microamperes to the
external-inhibit input, terminal 1. (If a voltage of more than
1.5 volts is available, an external resistance must be added in
series with terminal 1 to limit the current to 1 milliampere.)
Diode D g isolates the base of transistor Q7 from other signals
when an external-inhibit signal is applied so that this signal is
the highest priority command for normal operation. (Although
grounding of terminal 6 creates a higher-priority inhibit
function, this level is not compatible with normal DTL or TTL
logic levels.) Transistor Q7 may also be activated by turning
off transistor Qg to allow current flow from the power supply
through resistor Ry and diode Dy into the base of Q7.
Transistor Qg is normally maintained in conduction by current
that flows into its base through resistor R, and diodes Dg and
Dg when transistor Q; is off.

Transistor Q) is a portion of the zero-crossing detector.
When the voltage at terminal $ is greater than +3 volts, current
can flow through resistor R;, diode Dg, the base-to-emitter
junction of transistor Qp, and diode Dy4 to terminal 7 to turn
on Q;. This action inhibits the delivery of a gate-drive output
signal at terminal 4. For negative voltages at terminal 5 that
have magnitudes greater than 3 volts, the current flows
through diode Ds, the emitter-to-base junction of transistor
Qj, diode D3, and resistor Ry, and again turns on transistor
Q. Transistor Q; is off only when the voltage at terminal 5 is
less than the threshold voltage of approximately +2 volts.
When the integrated-circuit zero-voltage switch is connected as

* The latching current is the minimum current required to sustain
conduction immediately after the thyristor is switched from the off
to the on state and the gate signal is removed.
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shown in Fig. 1, therefore, the output is a narrow pulse which
is approximately centered about the zero-voltage time in the
cycle, as shown in Fig.3. In some applications, however,
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Fig. 3 ~ Waveform showing output-pulse di
switch.

of the zero-voftag

particularly those that use either slightly inductive or
low-power loads, the thyristor load current does not reach the
latching-current value* by the end of this pulse. An external
capacitor Cx connected between terminal S and 7, as shown in
Fig. 4, can be used to delay the pulse to accommodate such
loads. The amount of pulse stretching and delay is shown in
Figs. 5(a) and 5(b).

120 VRMS
60 Hz

ALL RESISTANCE
VALUES ARE IN OHMS

|II+

92cs- 22587

Fig. 4 — Use of a capacitor between terminals 5 and‘-7 to delay the
output pulse of the zero-voltage switch.

Continuous gate current can be obtained if terminal 12 is
connected to terminal 7 to disable the zero-crossing detector.
In this mode, transistor Q; is always off. This mode of
operation is useful when comparator operation is desired or
when inductive loads must be switched. (If the capacitance in
the load circuit is low, most RFI is eliminated.) Care must be -
taken to avoid overloading of the internal power supply in this
mode. A sensitive-gate thyristor should be used, and a resistor
should be placed between terminal4 and the gate of the
thyristor to limit the current, as pointed out later under
Special Application Considerations.

Fig. 6 indicates the timing relationship between the line
voltage and the zero-voltage- switch output pulses. At 60 Hz,
the pulse is typically 100 microseconds wide; at 400 Hz, the
pulse width is typically 12 microseconds. In the basic circuit
shown, when the dc logic signal is “high”, the output is
disabled; when it is “low”, the gate pulses are enabled.
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Fig. 5 — Curves showing effect of external capacitance on (al the total
output-pulse duration, and (b) the time from zero crossing to
the end of the pulse.

On-Off Sensing Amplifier

The discussion thus far has considered only cases in which
pulses are present all the time or not at all. The differential
sense .amplifier consisting of transistors Q2, Q3, Q4, and Qs
(shown in Fig.2) makes the zero-voltage switch a flexible
power-control circuit. The transistor pairs Q2-Q4 and Q3-Qs
form a high-beta composite p-n-p transistors in which the
emitters of transistors Q4 and Qs act as the collectors of the
composite devices. These two composite transistors are
connected as a differential amplifier with resistor R3 acting as
a constant-current source. The relative current flow in the two
“collectors” is a function of the difference in voltage between
the bases of transistors Q; and Q3. Therefore, when
terminal 13 is more positive than terminal 9, little or no
current flows in the “collector” of the transistor pair Q2-Q4.
When terminal 13 is negative with respect to terminal 9, most
of the current flows through that path, and none in terminal 8.
When current flows in the transistor pair Q2-Qq4, the path is
from the supply through Rj, through the transistor pair
Q2-Q4, through the base-emitter junction of transistor Qp, and
finally through the diode D4 to terminal 7. Therefore, when
Vi3 is equal to or more negative than Vg, transistor Q; is on,
and the output is inhibited.

In the circuit shown in Fig. 1, the voltage at terminal 9 is
derived from the supply by connection of terminals 10 and 11
to form a precision voltage divider. This divider forms one side
of a transducer bridge, and the potentiometer Rp and the
negative-temperature-coefficient (NTC) sensor form the other
side. At low temperatures, the high resistance of the sensor
causes terminal 13 to be positive with respect to terminal 9 so
that the thyristor fires on every half-cycle, and power is
applied to the load. As the temperature increases, the sensor
resistance decreases until a balance is reached, and Vi3
approaches Vg. At this point, the transistor pair Q2-Q4 turns
on and inhibits any further pulses. The controlled temperature
is adjusted by variation of the value of the potentiometer Rp.
For cooling service, either the positions of Ry and the sensor
may be reversed or terminals 9 and 13 may be interchanged.
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Fig. 6 — Timing rel. hip b the

zero-voltage switch and the ac line voltage.

pulses of the RCA

The low bias current of the sensing amplifier permits
operation with sensor impedances of up to 0.1 megohm at
balance without introduction of substantial error (i.e., greater
than 5 per cent). The error may be reduced if the internal
bridge elements, resistors R4 and Rs, are not used, but are
replaced with resistances which equal the sensor impedance.
The minimum value of sensor impedance is restricied by the
current drain on the internal power supply. Operation of the
zero-voltage switch with low-impedance sensors is discussed
later under Special Application Considerations. The voltage
applied to terminal 13 must be greater than 1.8 volts at all
times to assure proper operation.
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Protection Circuit

A special feature of the CA3058 and CA3059 zero-voltage
switches is the inclusion of an interlock type of circuit. This
circuit removes power from the load by interrupting the
thyristor gate drive if the sensor either shorts or opens.
However, use of this circuit places certain constraints upon the
user. Specifically, effective protection-ircuit operation is
dependent upon the following conditions:

(1) The circuit configuration of Fig.1 is used, with an
internal supply, no external load on the supply, and
terminal 14 connected to terminal 13.

(2) The value of potentiometer R, and of the sensor
resistance must be between 2000 ohms and 0.1 megohm.

(3) The ratio of sensor resistance and Rp must be greater
than 0.33 and less than 3.0 for all normal conditions. (If either
of these ratios is not met with an unmodified sensor, a series
resistor or a shunt resistor must be added to avoid undesired
activation of the circuit.)

The protective feature may be applied to other systems
when operation of the circuit is understood. The protection
circuit consists of diodes Dy and Djs and transistor Q.
Diode Dy activates the protection circuit if the sensor shown
in Fig. 1 shorts or its resistance drops too low in value, as
follows: Transistor Qg is on during an output pulse so that the
junction of diodes Dg and Djj; is 3 diode drops
(approximately 2 volts) above terminal 7. As long as V4 is
more positive or only 0.15 volt negative with respect to that
point, diode Dy, does not conduct, and the circuit operates
normally. If the voltage at terminal 14 drops to 1 volt, the
anode of diode Dg can have a potential of only 1.6 to
1.7 volts, and current does not flow through diodes Dg and Dg
and transistor Qg. The thyristor then turns off.

The actual threshold is approximately 1.2 volts at room
temperature, but decreases 4 millivolts per degree C at higher
temperatures. As the sensor resistance increases, the voltage at
terminal 14 rises toward the supply voltage. At a voltage of
approximately 6 volts, the zener diode D5 breaks down and
turns on transistor Qq, which then turns off transistor Qg
and the thyristor. If the supply voltage is not at least 0.2 volt
more positive than the breakdown voltage of diode D;s,
activation of the protection circuit is not possible. For this
reason, loading the internal supply may cause this circuit to
malfunction, as may selection of the wrong external supply
voltage. Fig. 7 shows a guide for the proper operation of the
protection circuit when an external supply is used with a
typical integrated-circuit zero-voltage switch.

SPECIAL APPLICATION CONSIDERATIONS

As pointed out previously, the RCA integrated-circuit
zero-voltage switches (CA3058, CA3059, and CA3079) are
exceptionally versatile units that can be adapted for use in a
wide-variety of power-control applications. Full advantage of
this versatility can be realized, however, only if the user has a
basic understanding of several fundamental considerations that
apply to certain types of applications of the zero-voltage
switches.
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Fig. 7 — Operating regions for builtin protection circuits of a typical
zero-voltage switch.

Operating-Power Options

Power to the zero-voltage switch may be derived directly
from the ac line, as shown in Fig. 1, or from an external dc
power supply connected between terminals 2 and 7, as shown
in Fig. 8. When the zero-voltage switch is operated directly
from the ac line, a dropping resistor Rg of 5,000 to
10,000 ohms must be connected in series with terminal 5 to
limit the current in the switch circuit. The optimum value for
this resistor is a function of the average current drawn from
the internal dc power supply, either by external circuit
elements or by the thyristor trigger circuits, as shown in Fig. 9.
The chart shown in Fig. 1 indicates the value and dissipation
rating of the resistor Rg for ac line voltages of 24, 120, 208 to
230, and 277 volts.

Rg
10K
120V RMS H——@—10
60 H2 N THYRISTOR
O~ @ GATE

ALL RESISTANCE
VALUES ARE
IN OHMS

92CS-22591

Fig. 8 — Operation of the zero-voltagg switch from an external dc
power supply d between ter Is 2and 7.
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Fig. 9 — DC supply voltage as a function of external load current for
several values of dropping resistance Rg.

Half-Cycling Effect

The method by which the zero-voltage switch senses the
zero crossing of the ac power results in a half-cycling
phenomenon at the control point. Fig. 10 illustrates this
phenomenon. The zero-voltage switch senses the zero-voltage
crossing every half-cycle, and an output, for example pulse
No. 4, is produced to indicate the zero crossing. During the
remaining 8.3 milliseconds, however, the differential amplifier
in the zero-voltage switch may change state and inhibit any
further output pulses. The uncertainity region of the
differential amplifier, therefore, prevents pulse No.5 from
triggering the triac during the negative excursion of the ac line
voltage.
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Fig. 10 — Half<cycling phenomenon in the zero-voltage switch.

When a sensor with low sensitivity is used in the circuit, the
zero-voltage switch is very likely to operate in the linear mode.
In this mode, the output trigger current may be sufficient to
trigger the triac on the positive-going cycle, but insufficient to
trigger the device on the negative-going cycle of the triac
supply voitage. This effect introduces a half-cycling
phenomenon, i.e., the triac is turned on during the positive
half-cycle and turned off during the negative half-cycle.

Several techniques may be used to cope with the
half-cycling phenomenon. If the user can tolerate some
hystersis in the control, then positive feedback can be adQed
around the differential amplifier. Fig. 11 illustrates this
technique. The tabular data in the figure lists the
recommended values of resistors Ry and Ry for different
sensor impedances at the control point.

o
120V AC
60 Hz
I
18
Oo—
HeRMISTOR | NTC | Ry | Ry
S K |iRRXK}I2K
12 K 168K |12 K
100K |200K{ 18 K

92C3-22594

Fig. 11 — CA3058 or CA3059 on-off controller with hysteresis.

If a significant amount (greater than +10%) of controlled
hysteresis is required, then the circuit shown in Fig. 12 may be
employed. In this configuration, external transistor Q1 can be
used to provide an auxiliary timed-delay function.

o

120 VAC
60 Hz

FI004F

NTC
THERMISTOR

INSI4

SET

MaxX § S HYSTERESIS

CWi Sika, 1w DELAYED
ouTPUT

TYPE
2nesTS |
seon
%52‘,}, ' 12 W

92c8- 22398

Fig. 12 — CA3058 or CA3059 on-off controller with controlled
hysteresis.

For applications that require complete elimination of
half-cycling without the addition of hysteresis, the circuit
shown in Fig.13 may be employed. This. circuit uses a
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Fig. 13 — Sensitive temperature control.

CA3098E integrated-circuit programmable comparator with a
zero-voltage switch. A block diagram of CA3098E is shown in
Fig. 14. Because the CA3098E contains an integral flip-flop,
its output will be in either a “0” or “1” state. Consequently
the zero-voltage switch cannot operate in the linear mode, and
spurious half-cycling operation is prevented. When the
signal-input voltage at terminal 8 of the CA3098E is equal to or
less than the “low” reference voltage (LR), current flows from
the power supply through resistor R} and Ry, and a logic “0” is
applied to terminal 13 of the zero-voltage switch. This
condition turns off the triac. The triac remains off until the
signal-input voltage rises to or exceeds the “high” reference
voltage (HR), thereby effecting a change in the state of the
flip-flop so that a logic “1” is applied to terminal 13 of the
zero-voltage switch, and triggers the triac on.

“’Proportional Control”’ Systems

The on-off nature of the control shown in Fig. 1 causes
some overshoot that leads to a definite steady-state error. The
addition of hysteresis adds further to this error factor.
However, the connections shown in Fig. 15(a) can be used to
add proportional control to the system. In this circuit, the
sense amplifier is connected as a free-running multivibrator. At
balance, the voltage at terminal 13 is much less than the
voltage at terminal 9. The output will be inhibited at all times
until the voltage at terminal 13 rises to the design differential
voltage between terminals 13 and 9; then proportional control
resumes. The voltage at terminal 13 is as shown in Fig. 15(b).
When this voltage is more positive than the threshold, power is

o

PROGRAMMABLE
BIAS CURRENT

"NIGH" REFERENCE
- O

SIGNAL INPUT (B~

"LOW" REFERENCE -
(LR 0,

L COMPARATOR

INPUT {Ig)a¢}
l QUTPUT
‘ CURRENT
— e — - — i- CONTROL
| Fdeoe - ®
1
[}
1
Il
FLIP-FLOP ®
(MEMORY)
Ly
ouTPUT

92CM-269I17

Fig. 14 — Block diagram of CA3098 programmable Schmitt trigger.
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Fig. 15 — Use of the CA3058 or CA3059 in a typical heating control
with proportional control: (a) schematic diagram, and
(b) waveform of voltage at terminal 13.

applied to the load so that the duty cycle is approximately 50
per cent. With a 0.1 megohm sensor and values of Ry, =
0.1 megohm, R = 10,000 ohms, and CgxT = 10 microfarads,
a period greater than 3 seconds is achieved. This period should
be much shorter than the thermal time constant of the system.
A change in the value of any of these elements changes the
period, as shown in Fig. 16. As the resistance of the sensor
changes, the voltage on terminal 13 moves relative to Vg. A
cooling sensor moves V3 in a positive direction. The triac is
on for a larger portion of the pulse cycle and increases the
average power to the load.
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“\ Cexr+0nF
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H \ -
| .
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« . \ \_ioox |
g WX\ 130k
2
2
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¢
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FIRING RATE (FLASHES/MINUTE)

92€5-22598

Fig. 16 — Effect of variations in time J 's on period.

As in the case of the hysteresis circuitry described earlier,
some special applications may require more sophisticated
systems to achieve either very precise regions of control or
very long periods.

Zero-voltage switching control can be extended to
applications in which it is desirable to have constant control of
the temperature and a minimization of system hysteresis. A
closed-loop top-burner control in which the temperature of
the cooking utensil is sensed and maintained at a particular
value is a good example of such an application; the circuit for
this control is shown in Fig. 17. In this circuit, a unijunction

O—~<— ~ 10
[ ¢ HEATER
T I( ELEMENT
W

220V
60 Hz

92CS- 22399

Fig. 17 — Schematic diagram of proportional zero-voltage-switching
control,
oscillator is outboarded from the basic control by means of
the internal power supply of the zero-voltage switch. The
output of this ramp generator is applied to terminal 9 of the
zero-voltage switch and establishes a varied reference to the
differential amplifier. Therefore, gate pulses are applied to the
triac whenever the voltage at terminal 13 is greater than the
voltage at terminal 9. A varying duty cycle is established in
which the load is predominantly on with a cold sensor and
predominantly off with a hot sensor. For precise temperature
regulation, the time base of the ramp should be shorter than
the thermal time constant of the system but longer than the
period of the 60-Hz line. Fig. 18, which contains various
waveforms for the system of Fig. 17, indicates that a typical
variance of #0.5°C might be expected at the sensor contact to
the utensil. Overshoot of the set temperature is minimized
with this approach, and scorching of any type is minimized.
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Fig. 18 — Waveforms for the circuit of Fig. 17.
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Effect of Thyristor Load Characteristics

The zero-voltage switch is designed primarily to gate a
thyristor that switches a resistive load. Because the output
pulse supplied by the switch is of short duration, the latching
current of the triac becomes a significant factor in determining
whether other types of loads can be switched. (The
latching-current value determines whether the triac will remain
in conduction after the gate pulse is removed.) Provisions are
included in the zero-voltage switch to accommodate inductive
loads and low-power loads. For example, for loads that are less
than approximately 4 amperes rms or that are slightly
inductive, it is possible to retard the output pulse with respect
to the zero-voltage crossing by insertion of the capacitor Cy
from terminal 5 to terminal 7. The insertion of capacitor Cy
permits switching of triac loads that have a slight inductive
component and that are greater than approximately 200 watts
(for operation from an ac line voltage of 120 volts rms).
However, for loads less than 200 watts (for example,
70 watts), it is recommended that the user employ the
T2300B* sensitive-gate triac with the zero-voltage switch
because of the low latching-current requirement of this triac.

For loads that have a low power factor, such as a solenoid
valve, the user may operate the zero-voltage switch in the dc
mode. In this mode, terminal 12 is connected to terminal 7,
and the zero-crossing detector is inhibited. Whether a “high”
or “low” voltage is produced at terminal 4 is then dependent
only upon the state of the differential comparator within the
integrated-circuit zero-voltage switch, and not upon the zero
crossing of the incoming line voltage. Of course, in this mode
of operation, the zero-voltage switch no longer operates as a
zero-voltage switch. However, for many applications that
involve the switching of low-current inductive loads, the
amount of RFI generated can frequently be tolerated.

For switching of high-current inductive loads, which must
be turned on at zero line current, the triggering technique
employed in the dual-output over-under temperature
controller and the transient-free switch controller described
subsequently in this Note is recommended.

Switehing of Inductive Loads

For proper driving of a thyristor in full<ycle operation,
gate drive must be applied soon after the voltage across the
device reverses. When resistive loads are used, this reversal
occurs as the line voltage reverses. With loads of other power
factors, however, it occurs as the current through: the load
becomes zero and reverses.

There are several methods for switching an inductive load at
the proper time. If the power factor of the load is high (i.¢., if
the load is only slightly inductive), the pulse may be delayed
by addition of a suitable capacitor between terminals S and 7,
as described previously. For highly inductive loads, however,
this method is not suitable, and different techniques must be
used.

If gate current is continuous, the triac automatically
commutates because drive is always present when the voltage
reverses. This mode is established by connection of terminals 7
and 12. The zero-crossing detector is then disabled so that
current is supplied to the triac gate whenever called for by the

* Formerly RCA 40526
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sensing amplifier. Although the RFI-eliminating function of
the zero-voltage switch is inhibited when the zero-crossing
detector is disabled, there is no problem if the load is highly
inductive because the current in the load' cannot change
abruptly.

Circuits that use a sensitive-gate triac to shift the firing
point of the power triac by approximately 90 degrees have
been designed. If the primary load is inductive, this phase shift
corresponds to firing at zero current in the load. However,
changes in the power factor of the load or tolerances of
components will cause errors in this firing time.

The circuit shown in Fig.19 uses a CA3086
integrated-circuit transistor array to detect the absence of load
current by sensing the voltage across the triac. The internal
zero-crossing detector is disabled by connection of terminal 12
to terminal 7, and control of the output is made through the
external inhibit input, terminal 1. The circuit permits an
output only when the voltage at point A exceeds two Vgg
drops, or 1.3 volts. When A is positive, transistors Q3 and Qg
conduct and reduce the voltage at terminal 1 below the inhibit
state. When A is negative, transistors Q; and Q, conduct.
When the voltage at point A is less than £1.3 volts, neither of
the transistor pairs conducts; terminal 1 is then pulled positive
by the current in resistor R3, and the output in inhibited.

]
INDUCTIVE
LOAD
Re
120 VAC
50- 60 Hz
Q

NTC

SENSOR

92C8-34489

Fig. 19 — Use of the CA3058 or CA3059 together with CA3086 for
switching inductive loads.

The circuit shown in Fig. 19 forms a pulse of gate current
and can supply high peak drive to power traics with low
average current drain on the internal supply. The gate pulse
will always last just long enough to latch the thyristor so that
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there is no problem with delaying the pulse to an optimum
time. As in other circuits of this type, RFI results if the load is
not suitably inductive because the zero-crossing detector is
disabled and initial turn-on occurs at random.

The gate pulse forms because the voltage at point A when
the thyristor is on is less than 1.3 volts: therefore, the output
of the zero-voltage switch is inhibited, as described above. The
resistor divider Ry and R; should be selected to assure this
condition. When the triac is on, the voltage at point A is
approximately one-third of the instantaneous on-state voltage
(v1) of the thyristor. For most RCA thyristors, vy (max) is
less than 2 volts, and the divider shown is a conservative one.
When the load current passes through zero, the triac
commutates and turns off. Because the circuit is still being
driven by the line voltage, the current in the load attempts to
reverse, and voltage increases rapidly across the “turned-off”
triac. When this voltage exceeds 4 volts, one portion of the
CA3086 conducts and removes the inhibit signal to permit
application of gate drive. Turning the triac on causes the
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Fig. 20 — Use of the CA3058 or CA3059 to provide negative gate
pulses: (a) schematic diagram; (b) peak gate current (at
tarminal 3) as a function of gate voltage.

voltage across it to drop and thus ends the gate pulse. If the
latching current has not been attained, another gate pulse
forms, but no discontinuity in the load current occurs.

Provision of Negative Gate Current

Triacs trigger with optimum sensitivity when the polarity of
the gate voltage and the voltage at the main terminal 2 are
similar (I+ and II' modes). Sensitivity is degraded when the
polarities are opposite (I' and I modes). Although RCA
triacs are designed and specified to have the same sensitivity in
both I" and III* modes, some other types have very poor
sensitivity in the III* condition. Because the zero-voltage
switch supplies positive gate pulses, it may not directly drive
some higher-current triacs of these other types.

The circuit shown in Fig. 20(a) uses the negative-going
voltage at terminal 3 of the zero-voltage switch to supply a
negative gate pulse through a capacitor. The curve in
Fig. 20(b) shows the approximate peak gate current as a
function of gate voltage V. Pulse width is approximately
80 microseconds.

Operation with Low-Impedance Sensors

Although the zero-voltage switch can operate satisfactorily
with a wide range of sensors, sensitivity is reduced when
sensors with impedances greater than 20,000 ohms are used.
Typical sensitivity is one per cent for a 5000-ohm sensor and
increases to three per cent for a 0.1-megohm sensor.

Low-impedance sensors present a different problem. The
sensor bridge is connected across the internal power supply
and causes a current drain. A 5000-ohm sensor with its
associated 5000-ohm series resistor draws less than
1 milliampere. On the other hand, a 300-ohm sensor draws a
current of 8 to 10 milliampers from the power supply.

Fig. 21 shows the 600-ohm load line of a 300-ohm sensor
on a redrawn power-supply regulation curve for the
zero-voltage switch. When a 10,000-ohm series resistor is used,
the voltage across the circuit is less than 3 voits and bpth
sensitivity and output current are significantly reduced. When
a 5000-ohm series resistor is used, the supply voltage is nearly
5 volts, and operation is approximately normal. For more
consistent operation, however, a 4000-ohm series resistor is
recommended.

10,

LOAD CURRENT ~~mA

SUPPLY VOLTAGE ~V +205-22603

Fig. 21 — Power-supply regulation of the CA3058 or CA3059 with a
300-0hm sensor (600-ohm load) for two values of series
resistor.
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Although positive-temperature-coefficient (PTC) sensors
rated at 5 kilohms are available, the existing sensors in ovens
are usually of a much lower value. The circuit shown in Fig. 22
is offered to accommodate these inexpensive metal-wound

O

-lmA‘:

VYV~

PTC|

92CS- 22604

Fig. 22 — Schematic diagram of circuit for use with low-esistance
sensor.

sensors. A schematic diagram of the RCA CA3080
integrated-circuit operational transconductance amplifier used
in Fig. 22, is shown in Fig. 23. With an amplifier bias current,
IaBc, of 100 microamperes, a forward transconductance of
2 milliohms is achieved in this configuration. The CA3080
switches when the voltage at terminal 2 exceeds the voltage at
terminal 3. This action allows the sink current, I, to flow
from terminal 13 of the zero-voltage switch (the input
impedance to terminal 13 of the zero-voltage switch is
approximately 50 kilohms); gate pulses are no longer applied
to the triac because Q3 of the zero-voltage switch is on. Hence,
if the PTC sensor is cold, i.e., in the low resistance state, the
load is energized. When the temperature of the PTC sensor
increases to the desired temperature, the sensor enters the high
resistance state, the voltage on terminal 2 becomes greater
than that on terminal 3, and the triac switches the load off.

v#

AMPLIFIER
BIAS INPUT

92CS-17587

Fig. 23 — Schematic diagram of the CA3080.
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Further cycling depends on the voltage across the sensor.
Hence, very low values of sensor and potentiometer resistance
can be used in conjunction with the zero-voltage switch power
supply without causing adverse loading effects and impairing
system performance.

Interfacing Techniques )

Fig. 24 shows a system diagram that illustrates the role of
the zero-voltage switch and thyristor as an interface between
the logic circuitry and the load. There are several basic

LOADS
AND
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g}— @
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SOLENOIDS
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PHOTO-CELLS
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HERuIYSRs

-~ oo
LIMIT SWITCHES

5]

92CS-22608
Fig. 24 — The zero-voltage switch and thyristor as an interface.

interfacing techniques. Fig.25(a) shows the direct input
technique. When the logic output transistor is switched from
the on state (saturated) to the off state, the load will be
turned on at the next zero-voltage crossing by means of the
interfacing zero-voltage switch and the triac. When the logic
output transistor is switched back to the on state,
zero-crossing pulses from the zero-voltage switch to the triac

100 uF |
LOGIC OUTPUT

©

(a) -+

OIRECT INPUY

(b)

92¢S-22606

ISOLATED INPUT

Fig. 26 — Basic interfacing techniques: (a) direct input; (b) isolated
input.
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gate will immediately cease. Therefore, the load will be turned
off when the triac commutates off as the sine-wave load
current goes through zero. In this manner, both the turn-on
and turn-off conditions for the load are controlled.

When electrical isolation between the logic circuit and the
load is necessary, the isolated-input technique shown in
Fig. 25(b) is used. In the technique shown, optical coupling is
used to achieve the necessary isolation. The logic output
transistor switches the light-source portion of the isolator. The
light-sensor portion changes from a high impedance to a low
impedance when the logic cutput transistor is switched from

In temperature monitoring or control applications the sensor
may be a temperature-dependent element such as a resistor,
thermistor, or diode. The load may be a lamp, bell, horn, re-
corder or other appropriate device connected in a feedback re-
lationship to the sensor.

For the purpose of the following explanation, assume that
the sensor is a resistor having a negative temperature coefficient
and that the load is a heater thermally coupled to the sensor,
the object being to maintain the thermal-coupling medium at a
desired reference temperature. Assume initially that the temper-
ature at the coupling medium is low.
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0.47uF
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1svoci (i3 ca3oss ol |
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120 3|lf 25.2
Vi i”%m @ !
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(OR EQUIV) (OR EQUIV.)
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© FORMERLY RCA 40691
92CM-344T70

Fig. 26 — Zero-voltage switch, on-off controller with an isolated sensor.

off to on. The light sensor is connected to the differential
amplifier input of the zero-voltage switch, which senses the
change of impedance at a threshold level and switches the load
on as in Fig. 25(a).

Sensor Isolation

In many applications, electrical isolation of the sensor from
the ac input line is desirable. Several isolation techniques
are shown in Figs. 26, 27, and 28.

Transformer Isolation — In Fig. 26, a pulse transformer
is used to provide electrical isolation of the sensor from
incoming ac power lines. The pulse transformer T isolates the

sensor from terminal No. 1 of the triac Y; , and transformer
T,. isolates the CA3058 or CA3059 from the power lines.
Capacitor C; shifts the phase of the output pulse at terminal
No. 4 in order to retard the gate pulse delivered to triac Y; to
compensate for the small phaseshift introduced by
transformer T,.

Many applications require line isolation but not zero-voltage
switching. A line-isolated temperature controller for use with
inductive or resistive loads that does not include zero-voltage
switching is shown in Fig. 27.

The operating potentials applied to the bridge circuit pro-
duce a common-mode potential, V), at the input terminals
of the CA3094. Assuming the bridge to have been initially
balanced (by adjustment of R4), the potential at point A will
increase when temperature is low since it was assumed that the
sensor has a negative temperature coefficient. The potential at
the noninverting terminal, being greater than that at the in-
verting terminal at the amplifier, causes the multivibrator to
oscillate at approximately 10 kHz. The oscillations are trans-
former-coupled through a current-limiting resistor to the gate
of the thyristor, and trigger it into conduction.

When the thyristor conducts, the load receives ac input
power, which tends to increase the temperature of the sensor.
This temperature increase decreases the potential at point A
to a value below that at point B and the multivibrator
is disabled, which action, in turn, turns off the thyristor.
The temperature is thus controlled in an on-off fashion.

Capacitor Cq is used to provide a low impedance path to
ground for feedback-induced signals at terminal No. 5 while
blocking the direct current bias provided by resistor RI. Re-
sistor R2 provides current limiting. Resistor R3 limits the

168



ICAN-6182

*R2 DETERMIMES ORIVE TO TRIAC

At
A

Fig. 27 — A line-isol:

**SNUBBER FOR LIGHT INDUCTIVE LOADS
92CM-29066RI

e controller for use with inductive or

resistive loads; this controller does not include zero-voltage switching.
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Fig. 28 — Zero-voitage switch, on-off controller with photocoupler.

secondary current of the transformer to prevent excessive
current flow to the control terminal of the CA3094.

Photocoupler Isolation — In Fig. 28, a photocoupler
provides electrical isolation of the sensor logic from the
incoming ac power lines. When a logic “1” is applied at the
input of the photocoupler, the triac controlling the load will
be turned on whenever the line voltage passes through zero.
When a logic *“0” is applied to the photocoupler, the triac will
turn off and remain off until a logic *“1”” appears at the input
of the photocoupler.

TEMPERATURE CONTROLLERS

Fig.29 shows a triac wused in an on-off
temperature-controller configuration. The triac is turned on at
zero voltage whenever the voltage V exceeds the reference

120 VAC
60 Mz

&

Q—

iSvocls

92C$-22608

Fig. 29 — CA3058 or CA3059 on-off temperature controller.
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voltage V. The transfer characteristic of this system, shown in
Fig. 30(a), indicates significant thermal overshoots and
undershoots, a well-known characteristic of such a system. The
differential or hysteresis of this system, however, can be
further increased, if desired, by the addition of positive
feedback.

TEMPERATURE TEMPERATURE
SETTING  _ovep- SETTING
SHOOT
DIFFERENTIAL
{ +2°C DIFFERENTIAL
<$0.5°C
w w
3 3
2 =]
g g
« UNDER- &
& SHOOT ¢
z
= ¥
TIME TIME
(a) (b)
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Fig. 30 — Transfer characteristics of (a) on-off and (b) proportional
control systems.

For precise temperature-control applications, the
proportional-control technique with synchronous switching is
employed. The transfer curve for this type of controller is
shown in Fig. 30(b). In this case, the duty cycle of the power
supplied to the load is varied with the demand for heat
required and the thermal time constant (inertia) of the system.
For example, when the temperature setting is increased in an
on-off type of controller, full power (100 per cent duty cycle)
is supplied to the system. This effect results in significant
temperature excursions because there is no anticipatory circuit
to reduce the power gradually before the actual set
temperature is achieved. However, in a proportional control

technique, less power is supplied to the load (reduced duty
cycle) as the error signal is reduced (sensed temperature
approaches the set temperature).

Before such a system is implemented, a time base is chosen
so that the on-time of the triac is varied within this time base.
The ratio of the on-to-off time of the triac within this time
interval depends on the thermal time constant of the system
and the selected temperature setting. Fig. 31 illustrates the
principle of proportional control. For this operation, power is
supplied to the load until the ramp voltage reaches a value
greater than the dc control signal supplied to the opposite side
of the differential amplifier. The triac then remains off for the
remainder of the time-base period. As a result, power is
“proportioned” to the load in a direct relation to the heat
demanded by the system.

For this application, a simple ramp generator can be
realized with a minimum number of active and passive
components. A ramp having good linearity is not required for
proportional operation because of the nonlinearity of the
thermal system and the closed-loop type of control. In the
circuit shown in Fig. 32, the ramp voltage is generated when
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Fig. 31 — Principles of proportional control.
the capacitor C; charges through resistors Rg and R;. The

time base of the ramp is determined by resistors Ry and R3,
capacitor Cy, and the breakover voltage of the D3202U* diac.
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Fig. 32 — Ramp generator.

When the voltage across Cy reaches approximately 32 volts,
the diac switches and turns on the 2N697S transistor and
IN914 diodes. The capacitor C; then discharges through the
collector-to-emitter junction of the transistor. This discharge
time is the retrace or flyback time of the ramp. The circuit
shown can generate ramp times ranging from 0.3 to
2.0seconds ‘through adjustment of Rj. For precise
temperature regulation, the time base of the ramp should be
shorter than the thermal time constant of the system, but long
with respect to the period of the 60-Hz line voltage. Fig. 33
shows a triac connected for the proportional mode.

Fig. 34(a) shows a dual-output temperature controller that
drives two triacs. When the voltage V; developed across the
temperature-sensing network exceeds the reference voltage
VRr1, motor No.1 turns on. When the voltage across the
network drops below the reference voltage Vg 2, motor No. 2
turns on. Because the motors are inductive, the currents Iy
lag the incoming line voltage. The motors, however, are
switched by the triacs at zero current, as shown in Fig. 34(b).
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Fig. 33 — CA3058 or CA3059 proportional temperature controller.

The problem of driving inductive loads such as these motors
by the narrow pulses generated by the zero-voltage switch is
solved by use of the sensitive-gate RCA-40526 triac. The high
sensitivity of this device (3 milliamperes maximum) and low
latching current (approximately 9 milliamperes) permit
synchronous operation of the temperature-controller circuit.
In Fig. 34(a), it is apparent that, though the gate pulse Vg of
triac Y, has elapsed, triac Y, is switched on by the current
through Ry . The low latching current of the RCA40526
triac results in dissipation of only 2 watts in Ry j, as opposed
to 10 to 20 watts when devices that have high latching
currents are used.
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Electric-Heat Application
For electric-heating applications, the RCA-2N5444

40-ampere triac and the zero-voltage switch constitute an
optimum pair. Such a combination provides synchronous
switching and effectively replaces the heavy-duty contactors
which easily degrade as a result of pitting and wearout from
the switching transients. The salient features of the 2N5444
40-ampere triac are as follows:

(1) 300-ampere single-surge capability (for operation at
60-Hz),

(2) a typical gate sensitivity of 20 milliamperes in the ()
and HI(") modes, ’

(3)low on-state voltage of
40 amperes, and

(4) available Vpg oM equal to 600 volts.

Fig. 35 shows the circuit diagram of a
synchronous-switching heat-staging controller that is used for
electric heating systems. Loads as heavy as 5 kilowatts are
switched sequentially at zero voltage to eliminate RFI and
prevent a dip in line voltage that would occur if the full
25 kilowatts were to be switched simultaneously.

1.5 volts maximum at

VUINE

TpL2™ IGATE (v5)

92cL- 22613

fb)

Fig. 34 — Dual output, over-under temperature controller {a) circuit,
(b} voltage and current waveforms.
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Transistor Q; and Q4 are used as a constant-current source
to charge capacitor C in alinear manner. Transistor Q3 acts as a
buffer stage. When the thermostat is closed, a ramp voltage is
provided at output E,. At approximately 3-second intervals,
each S-kilowatt heating element is switched onto the power
system by its respective triac. When there is no further demand
for heat, the thermostat opens, and capacitor C discharges
through Ry and R; to cause each triac to turn off in the
reverse heating sequence. It should be noted that some
half-cycling occurs before the heating element is switched fully
on. This condition can be attributed to the inherent
dissymmetry of the triac and is further aggravated by the TIME~SECONDS
slow-rising ramp voltage applied to one of the inputs. The
timing diagram in Fig. 36 shows the turn-on and turn-off
sequence of the heating system being controlled.

EQ—VOLTS
OAD No.l ON
LOAD No.2 ON
LOAD No-30N
LOAD No.4 ON
LOAD No.5 ON
LOAD No.5 OFF
D No.4 OFF
D No.3 OFF

- N Ul »

.
L .
Ryt
Loal .
LOAD No.2 OFF
LOAD No.1 OFF

7
[
|

3_1-3-‘»34

92cs- 22618

Fig. 36 — Ramp-voltage waveform for the heat-staging controller.

BROILER

Seemingly, the basic method shown in Fig. 35 could be swi L
modified to provide proportional control in which the number l

of heating elements switched into the system, under any given uo—«rr l << ML o>—

thermal load, would be a function of the BTU’s required by
the system or the temperature differential between an indoor
and outdoor sensor within the total system environment. That
is, the closing of the thermostat would not switch in all the
heating elements within a short time interval, which inevitably
results in undesired temperature excursions, but would switch
in only the number of heating elements required to satisfy the
actual heat load.

Oven/Broiler Control

Zero-voltage switching is demonstrated in the oven control
circuit shown in Fig. 37. In this circuit, a sensor element is
included in the oven to provide a closed-loop system for
accurate control of the oven temperature.

92Cs-22616

Fig. 37 — Schematic disgram of basic oven control.
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Fig. 35 — Synchronous-switching heat-staging controller using a series
of zero-voltage switches.
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As shown in Fig. 37, the temperature of the oven can be
adjusted by means of potentiometer Ry, which acts, together
with the sensor, as a voltage divider at terminal 13. The voltage
at terminal 13 is compared to the fixed bias at terminal 9
which is set by internal resistors R4 and Rs. When the oven is
cold and the resistance of the sensor is high, transistors Q; and
Q4 are off, a pulse of gate current is applied to the triac, and
heat is applied to the oven. Conversely, as the desired
temperature is reached, the bias at terminal 13 turns the triac
off. The closed-loop feature then cycles the oven element on
and off to maintain the desired temperature to approximately
$2°C of the set value. Also, as has been noted, external
resistors between terminals 13 and 8, and 7 and 8, can be used
to vary this temperature and provide hysteresis. In Fig. 11, a
circuit that provides approximately 10-per-cent hysteresis is
demonstrated.

In addition to allowing the selection of a hysteresis value,
the flexibility of the control circuit permits incorporation of
other features. A PTC sensor is readily used by interchanging
terminals 9 and 13 of the circuit shown in Fig. 37 and
substituting the PTC for the NTC sensor. In both cases, the
sensor element is directly returned to the system ground or
common, as is often desired. Terminal 9 can be connected by
external resistors to provide for a variety of biasing, e.g., to
match a lower-resistance sensor for which the switching-point
voltage has been reduced to maintain the same sensor current.

To accommodate the self-cleaning feature, external
switching, which enables both broiler and oven units to be
paralleled, can easily be incorporated in the design. Of course,
the potentiometer must be capable of a setting such that the

ICAN-6182

sensor, which must be characterized for the high, self-clean
temperature, can monitor and establish control of the
high-temperature, self-clean mode. The ease with which this
selfclean mode can be added makes the over-all solid-state
systems cost-competitive with electromechanical systems of
comparable capability. In addition, the system incorporates
solid-state reliability while being neater, more easily calibrated,
and containing less-costly system wiring.

Integral-Cycle Temperature Controller (No half-cycling)

If a temperature controller which is completely devoid of
half-cycling and hysteresis is required, then the circuit shown
in Fig. 38 may be used. This type of circuit is essential for
applications in which half-cycling and the resultant dc
component could cause overheating of a power transformer on
the utility lines.

In the integral-cycle controller, when the temperature being
controlled is low, the resistance of the thermistor is high, and
an output signal at terminal 4 of zero volts is obtained. The -
SCR (Y}), therefore, is turned off. The triac (Y,) is then
triggered directly from the line on positive cycles of the ac
voltage. When Y, is triggered and supplies power to the load
Ry, capacitor C is charged to the peak of the input voltage.
When the ac line swings negative, capacitor C discharges
through the triac gate to trigger the triac on the negative
half-cycle. The diode-resistor-capacitor “slaving network”
triggers the triac on negative half-cycle to provide only integral
cycles of ac power to the load.

When the temperature being controlled reaches the desired
value, as determined by the thermistor, then a positive voltage
level appears at terminal 4 of the zero-voltage switch. The SCR
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Fig. 38 — Integral-cycle temperature controller in which half-cycling effect is eliminated.
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then starts to conduct at the beginning of the positive input
cycle to shunt the trigger current away from the gate of the
triac. The triac is then turned off. The cycle repeats when the
SCR is again turned OFF by the zero-voltage switch.

The circuit shown in Fig. 39 is similar to the configuration
in Fig. 38 except that the protection circuit incorporated in
the zero-voltage switch can be used. In this new circuit, the ,
NTC sensor is connected between terminals 7 and 13, and
transistor Q, inverts the signal output at terminal 4 to nullify

the phase reversal introduced by the SCR (Y1). The internal —~- ¢ -0
- i i i = ALL RESISTORS 1/2 WATT
power §upply of the zero-voltage switch supplies bias current OREESS GTHERWISE SPECIFIED
to transistor Q. 92¢s- 22619
Fig. 40 — Ther. ipl P e control with zero-voltage

Of course, the circuit shown in Fig. 39 can readily be
converted to a true proportional integral-cycle temperature
controller simply by connection of a positive-going ramp
voltage to terminal 9 (with terminals 10 and 11 open), as
previously discussed in this Note.

switching.

Thermocouple Temperature Control

Fig. 40 shows the CA3080A operating as a pre-amplifier for
the zero-voltage switch to form a zero-voltage switching circuit
for use with thermocouple sensors.

Thermocouple Temperature Control with Zero-Voltage Load
Switching

Fig. 41 shows the circuit diagram of a thermocouple temp- !
erature control system using zero-voltage load switching. It >iK 3
should be noted that one terminal of the thermocouple is con- HYSTERES'S * R3/R4X6.4V « (K/5.1 MX6.4V =1.28 mV

AA

i 92CM-29961
nected to one leg of the supply line. Consequently, the thermo- ) o
couple can be “ground-referenced”, provided the appropriate Fig. 41 ’::’W.‘: ch""’i"g“”p” temperature control with zero-voltage
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Fig. 39 — CA3058 or CA3059 integral-cycle temperature controller
that features a protection circuit and no half-cycling effect.
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leg of the ac line is maintained at ground. The comparator, A
(a CA3130), is powered from a 6.4-volt source of potential
provided by the zero-voltage-switch (ZVS) circuit (a CA3079).
The ZVS, in turn, is powered off-line through a series-dropping
resistor R6. Terminal 4 of the ZVS provides trigger-pulses to
the gate of the load-switching triac in response to an appro-
priate control signal at terminal 9.

The CA3130 is an ideal choice for the type of comparator
circuit shown in Fig. 41 because it can “compare” low voltages
(such as those generated by a thermocouple) in the proximity
of the negative supply rail. Adjustment of potentiometer Rl
drives the voltage-divider network R3, R4 so that reference
voltages over the range of O to 20 millivolts can be applied to
noninverting terminal 3 of the comparator. Whenever the
voltage developed by the thermocouple at terminal 2 is more
positive than the reference voltage applied at terminal 3, the
comparator output is toggled so as to sink current from ter-
minal 9 of the ZVS; gate pulses are then no longer applied to
the triac. As shown in Fig. 41, the circuit is provided with a
control-point “hysteresis” of 1.25 millivolts.

Nulling of the comparator is performed by means of the
following procedure: Set Rl at the low end of its range and
short the thermocouple output signal appropriately. If the
triac is in the conductive mode under these conditions, adjust
nulling potentiometer RS to the point at which triac conduc-
tion is interrupted. On the other hand, if the triac is in the non-
conductive mode under the conditions above, adjust RS to the
point at which triac conduction commences. The thermo-
couple output signal should then be unshorted, and R1 can be
set to the voltage threshold desired for control-circuit operation.

MACHINE CONTROL AND AUTOMATION

The earlier section on interfacing techniques indicated
several techniques of controlling ac loads through a logic
system. Many types of automatic equipment are not complex
enough or large enough to justify the cost of a flexible logic
system. A special circuit, designed only to meet the control
requirements of a particular machine, may prove more
economical. For example, consider the simple machine shown
in Fig. 42; for each revolution of the motor, the belt is
advanced a prescribed distance, and the strip is then punched.
The machine also has variable speed capability.

PHOTOCELL
/

DISTANCE

92CS-22620

Fig. 42 — Step-and-punch machine.
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The typical electromechanical control circuit for such a
machine might consist of a mechanical cambank driven by a
separate variable speed motor, a time delay relay, and a few
logic and power relays. Assuming usc of industrial-grade
controls, the control system could get quite costly and large.
Of greater importance is the necessity to eliminate transients
generated each time a relay or switch encrgizes and deenergizes
the solenoid and motor. Fig. 43 shows such transients, which
might not affect the operation of this machine, but could
affect the more sensitive solid-state equipment operating in the
area.

A more desirable system would use triacs and zero-voltage
switching to incorporate the following advantages:

a. Increased reliability and long life inherent in

solid-state devices as opposed to moving parts and
contacts associated with relays.
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Fig. 43 —Ti 9 d by relay b and non-zero
turn-off of inductive load.

b. Minimized generation of EMI/RFI using zero-voltage
switching techniques in conjunction with thyristors.
¢. Elimination of high-voltage transients generated by
relay-contact bounce and contacts breaking inductive
loads, as shown in Fig. 42.
d. Compactness of the control system.
The entire control system could be on one printed-circuit
board, and an over-all cost advantage would be achieved.
Fig. 44 is a timing diagram for the proposed solid-state
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Fig. 44 — Timing disgram for proposed solid-state machine control.
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machine control, and Fig. 45 is the corresponding control
schematic. A variable-speed machine repetition rate pulse is set
up using either a unijunction oscillator or a transistor astable
multivibrator in conjunction with a 10-millisecond one-shot
multivibrator. The first zero-voltage switch in Fig. 45 is used
to synchronize the entire system to zero-voltage crossing. Its
output is inverted to simplify adaptation to the rest of the
circuit. The center zero-voltage switch is used as an interface
for the photo-cell, to control one revolution of the motor. The
gate drive to the motor triac is continuous dc, starting at zero
voltage crossing. The motor is initiated when both the machine
rate pulse and the zero-voltage sync are at low voltage. The
bottom zero-voltage switch acts as a time-delay for pulsing the
solenoid. The inhibit input, terminal 1, is used to assure that
the solenoid will not be operated while the motor is running.
The time delay can be adjusted by varying the reference level
(SOK potentiometer) at terminal 13 relative to the capacitor
charging to that level on terminal 9. The capacitor is reset by
the SCR during the motor operation. The gate drive to the
solenoid triac is direct current. Direct current is used to trigger
both the motor and solenoid triacs because it is the most
desirable means of switching a triac into an inductive load. The
output of the zero-voltage switch will be continuous dc by
connecting terminal 12 to common. The output under dc
operation should be limited to 20 milliamperes. The motor
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Fig. 45 — Schematic of proposed solid-state hine control.

triac is synchronized to zero crossing because it is a
high-crurent inductive load and there is a chance of generating
RFI. The solenoid is a very low current inductive load, so
there would be little chance of generating RFI: therefore, the
initial triac turn-on can be random, which simplifies the
circuitry.

This example shows the versatility and advantages of the
RCA zero-voltage switch used in conjunction with triacs as
interfacing and control elements for machine control.

400-Hz TRIAC APPLICATIONS

The increased complexity of aircraft control systems, and
the need for greater reliability than electromechanical
switching can offer, has led to the use of solid-state power
switching in aircraft. Because 400-Hz power is used almost
universally in aircraft systems, RCA offers a complete line of
triacs rated for 400-Hz applications. Use of the RCA
zero-voltage switch in conjunction with these 400-Hz triacs
results in a minimum of RFI, which is especially important in
aircraft.

Areas of application for 400-Hz triacs in aircraft include:

a. Heater controls for food-warming ovens and for

windshield defrosters.
b. Lighting controls for instrument panels and cabin
illumination

c.  Motor controls

d.  Solenoid controls

e.  Power-supply switches

Lamp dimming is a simple triac application that
demonstrates an advantage of 400-Hz power over 60-Hz
power. Fig. 46 shows the adjustment of lamp intensity by
phase control of the 60-Hz line voltage. RFI is generated by
the step functions of power each half cycle, requiring
extensive filtering. Fig. 47 shows a means of controlling power
to the lamp by the zero-voltage-switching technique. Use of
400-Hz power makes possible the elimination of complete or
half cycles within a period (typically 17.5 milliseconds)
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Fig. 46 — Waveforms for 60-Hz phase-controlled lamp dimmer.

without noticeable flicker. Fourteen different levels of lamp
intensity can be obtained in this manner. A line-synced ramp is
set up with the desired period and applied to terminal No. 9 of
the differential amplifier within the zero-voltage switch, as
shown in Fig. 48. The other side of the differential amplifier
(terminal No. 13) uses a variable reference level, set by the
SOK potentiometer. A change of the potentiometer setting
changes the lamp intensity.
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Fig. 47 — Waveforms for 400-Hz zero-voltage-switched lamp dimmer.
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Fig. 48 — Circuit diagram for 400-Hz zero-voltageswitched lamp
dimmer.

In 400-Hz applications it may be necessary to widen and
shift the zero-voltage switch output pulse (which is typically
12 microseconds wide and centered on zero voltage crossing),
to assure that sufficient latching current is available. The 4K
resistor (terminal No.12 to common) and the
0.015-microfarad capacitor (terminal No. S to common) are
used for this adjustment.
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SOLID-STATE TRAFFIC FLASHER

Another application which illustrates the versatility of the
zero-voltage switch, when used with RCA thyristors, involves
switching traffic-control lamps. In this type of application, it is
essential that a triac withstand a current surge of the lamp load
on a continuous basis. This surge results from the difference
between the cold and hot resistance of the tungsten filament.
If it is assumed that triac turn-on is at 90 degrees from the
zero-voltage crossing, the first current-surge peak is
approximately ten times the peak steady-state value or fifteen
times the steady-state rms value. The second current-surge
peak is approximately four times the steady-state rms value.

When the triac randomly switches the lamp, the rate of
current rise di/dt is limited only by the source inductance. The
triac di/dt rating may be exceeded in some power systems. In
many cases, exceeding the rating results in excessive current
concentrations in a small area of the device which may
produce a hot spot and lead to device failure. Critical
applications of this nature require adequate drive to the triac
gate for fast turn-on. In this case, some inductance may be
required in the load circuit to reduce the initial magnitude of
the load current when the triac is passing through the active
region. Another method may be used which involves the
switching of the triac at zero line voltage. This method
involves the supply of pulses to the triac gate only during the
presence of zero voltage on the ac line.

Fig. 49 shows a circuit in which the lamp loads are switched
at zero line voltage. This approach reduces the initial di/dt,
decreases the required triac surge-current ratings, increases the
operating lamp life, and eliminates RFI problems. This circuit
consists of two triacs, a flip-flop (FF-1), the zero-voltage
switch, and a diac pulse generator. The flashing rate in this.
circuit is controlled by potentiometer R, which provides
between 10 and 120 flashes per minute. The state of FF-1
determines the triggering of triacs Y, or Y, by the output
pulses at terminal 4 generated by the zero<rossing circuit.
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Fig. 49 — Synchranous-switching traffic flasher.
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Transistors Q) and Q; inhibit these pulses to the gates of the
triacs until the triacs turn on by the logical “1” (Vcc high)
state of the flip-flop.

The arrangement described can also be used for a
synchronous, sequential traffic-controller system by addition
of one triac, one gating transistor, a “divide-by-three” logic
circuit, and modification in the design of the diac pulse
generator. Such a system can control the familiar red, amber,
and green traffic signals that are found at many intersections.

SYNCHRONOUS LIGHT FLASHER
Fig.50 shows a simplified version of the
synchronous-switching traffic light flasher shown in Fig. 49.

92CS-22628

Fig. 50 — Synchronous light flasher.

Flash rate is set by use of the curve shown in Fig. 16. If a more
precise flash rate is required, the ramp generator described
previously may be used. In this circuit, ZVS; is the master
control unit and ZVS; is slaved to the output of ZVS;
through its inhibit terminal (terminal 1). When power is
applied to lamp No. 1, the voltage of terminal 6 on ZVS; is
high and ZVS; is inhibited by the current in R,. When lamp
No. 1 is off, ZVS; is not inhibited, and triac Y5 can fire. The
power supplies operate in parallel. The on-off sensing amplifier
in ZVS; is not used.

TRANSIENT-FREE SWITCH CONTROLLERS

The zero-voltage switch can be used as a simple solid-state
switching device that permits ac currents to be turned on or
off with a minimum of electrical transients and circuit noise.

The circuit shown in Fig. 51 is connected so that, after the
control terminal 14 is opened, the electronic logic waits until
the power-line voltage reaches a zero crossing before power is
applied to the load Z;j . Conversely, when the control terminals
are shorted, the load current continues until it reaches a zero
crossing. This circuit can switch a load at zero current whether
it is resistive or inductive.

The circuit shown in Fig. 52 is connected to provide the
opposite control logic to that of the circuit shown in Fig. 51.
That is, when the switch is closed, power is supplied to the
load, and when the switch is opened, power is removed from
the load.

In both configurations, the maximum rms load current that
can be switched depends on the rating of triac Y. If Y5 is an
RCA-2N5444 triac, an rms current of 40 amperes can be
switched.

Q

*R, 10k
S2w ﬂ'

——— AN M
Y . 100 Y2
T230i8B MT2 T23018°

100uF|
15VDC+ ? MT2
120 VAC -
60 Hz MT 2
G 1K
12w $
Odp FJ
OFF vzgg
-]
ON

O-

*F Y2, FOR EXAMPLE, IS A 40-AMPERE TRIAC, THEN R, MUST BE DECREASED TO SUPPLY

SUFFICIENT Igr FOR Yp.
© FORMERLY RCA 40691

$2CM-22629

itch controller in which

Fig. 51 — Zero-voltage switch t

-free

power is supplied to the load when the switch is open.
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DIFFERENTIAL COMPARATOR FOR INDUSTRIAL USE

Differential comparators have found widespread use as limit
detectors which compare two analog input signals and provide
a go/no-go, logic ‘one” or logic “zero” output, depending
upon the relative magnitudes of these signals. Because the
signals are often at very low voltage levels and very accurate
discrimination is normally required between them, differential
comparators in'many cases employ differential amplifiers as a
basic building block. However, in many industrial control
applications, a high-performance differential comparator is not
required. That is, high resolution, fast switching speed, and
similar features are not essential. The zero-voltage switch is
ideally suited for use in such applications. Connection of
terminal 12 to terminal 7 inhibits the zero-voltage threshold
detector of the zero-voltage switch, and the circuit becomes a
differential comparator.

Fig. 53 shows the circuit arrangement for use of the
zero-voltage switch as a differential comparator. In this
application, no external dc supply is required, as is the case
with  most commercially available integrated-circuit
comparators; of course, the output-current capability of the
zero-voltage switch is reduced because the circuit is operating
in the dc mode. The 1000-ohm resistor Rg, connected
between terminal 4 and the gate of the triac, limits the output
current to approximately 3 milliamperes.

When the zero-voltage switch is connected in the dc mode,
the drive current for terminal 4 can be determined from a
curve of the external load current as a function of dc voltage
from terminals 2 and 7. This curve is shown in the technical
bulletin for RCA integrated-circuit zero-voltage switches, File

Q

&

No. 490. Of course, if additional output current is required, an
external dc supply may be connected between terminals 2
and 7, and resistor Ry (shown in Fig. 53) may be removed.

L
ANY POWER <
sw FACTOR T

L
MT2
100uf CA3058
15VDC R
3 CA3059 @
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60 Hz mMT,

o FORMERLY RCA 40691 92CS- 22631

Fig. 53 — Differential comparator using the CA3058 or CA3059
integrated-circuit zero-voltage switch.
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The chart below compares some of the operating ﬁ\f
characteristics of the zero-voltage switch, when used as a ?Vcc ? \:,( 0.039uF
comparator, with a typical high-performance commercially s ¢ -
available integrated-circuit differential comparator. 1+ ;?&‘ . ? @
izovac |- a1 SKQ 3
Zero-Voltage Typical sowe | 27w T i zvs 0

Switch Integrated-Circuit ° E
Parameters (Typical Values) Comparator (710) ! @
Sensitivity 30 mvV 2mV & :I 8 OYRYOIC

i
Switching speed >20 us 90 ns ot
(rise time) o~
0K 172w
Output drive *45Vat<4mA 32Vat<50mA 5 9 10K
capability 6 ° . | 0 210 1
s33to |2 nfeL o .
* Refer to Fig. 20; Rx equals 5000 ohms, 1/3 CD4007A é/zcrmom 1/3 C04007A a1/2 CD4013A
FF-2 FF-1
POWER ONE-SHOT CONTROL 3 LS
Fig. 54 shows a circuit which triggers a triac for one complete e
173 CD4007A

half-cycle of either the positive or negative alternation of the
ac line voltage. In this circuit, triggering is initiated by the
push button PB-1, which produces triggering of the triac near
zero voltage even though the button is randomly depressed
during the ac cycle. The triac does not trigger again until the
button is released and again depressed. This type of logic is
required for the solenoid drive of electrically operated stapling
guns, impulse hammers, and the like, where load-current flow
is required for only one complete half-cycle. Such logic can
also be adapted to keyboard consoles in which contact bounce
produces transmission of erroneous information.

In the circuit of Fig. 54, before the button is depressed,
both flip-flop outputs are in the “zero” state. Transistor Qg is
biased on by the output of flip-flop FF-1. The differential
comparator which is part of the zero-voltage switch is initially

« FORMERLY RCA 40691

Fig. 54 — Block diagram of a power  one-shot control using a

2ero-voltage switch.

biased to inhibit output pulses. When the push button is
depressed, pulses are generated, but the state of Qg
determines the requirement tor their supply to the triac gate.
The first pulse generated serves as a “framing pulse” and does
not trigger the triac but toggles FF-1. Transistor Qg is then
turned off. The second pulse triggers the triac and FF-1 which,
in turn, toggles the second flip-flop FF-2. The output of FF-2
turns on transistor Q7, as shown in Fig. §5, which inhibits all
further output pulses. When the pushbutton is released, the
circuit resets itself until the process is repeated with the
button. Fig. 56 shows the timing diagram for the described
opetating sequence.
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Fig. 55 — Circuit diagram for the power one-shot control.
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Fig. 56 — Timing diagram for the power one-shot control.
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PHASE CONTROL CIRCUIT

Fig. 57 shows a circuit using a CA3058 or CA3059
zero-voltage  switch  together with two CA3086
integrated-circuit transistor arrays to form a phase-control
circuit. This circuit is specifically designed for speed control of
ac induction motors, but may also be used as a light dimmer.
The circuit, which can be operated from a line frequency of
50-Hz to 400-Hz, consists of a zero-voltage detector, a
line-synchronized ramp generator, a zero-current detector, and
a line-derived control circuit (i.e., the zero-voltage switch). The
zero-voltage detector (part of CA3086 No. 1) and the ramp
generator (CA3086 No.2) provide a line-synchronized
ramp-voltage output to terminal 13 of the zero-voltage switch.
The ramp voltage, which has a starting voltage of 1.8 volts,
starts to rise after the line voltage passes the zero point. The
ramp generator has an oscillation frequency of twice the
incoming line frequency. The slope of the ramp voltage can be
adjusted by variation of the resistance of the 1-megohm
ramp-control potentiometer. The output phase can be
controlled easily to provide 180° firing of the triac by
programming the voltage at terminal 9 of the zero-voltage
switch. The basic operation of the zero-voltage switch driving a
thyristor with an inductive load was explained previously in
the discussion on switching of inductive loads.

ON/OFF TOUCH SWITCH

The on/off touch switch shown in Fig. 58 uses the CA3240E
to sense small currents flowing between two contact points on
a touch plate consisting of a PC board metallization “‘grid”.
When the on plate is touched, current flows between the two
halves of the grid, causing a positive shift in the output voltage
(terminal 7) of the CA3240E. These positive transitions are fed
into the CA3059, which is used as a latching circuit and zero-
crossing triac driver. When a positive pulse occurs at terminal
No. 7 of the CA3240E, the triac is turned on and held on by

the CA3059 and associated positive feedback circuitry (51-
kilohm resistor and 36-kilohm/42kilohm voltage divider).
When the pulse occurs at terminal No. 1, the triac is turned off
and held off in a similar manner. Note that power for the
CA3240E is derived from the CA3059 internal power supply.
The advantage of using the CA3240E in this circuit is that it
can sense the small currents associated with skin conduction
while maintaining sufficiently high circuit impedance to pro-
tect against electrical shock.
TRIAC POWER CONTROLS FOR
THREE-PHASE SYSTEMS

This section describes recommended configurations for
power-control circuits intended for use with both inductive
and resistive balanced three-phase loads. The specific design
requirements for each type of loading condition are discussed.

In the powercontrol circuits described, the
integrated-circuit zero-voltage switch is used as the trigger
circuit for the power triacs. The following conditions are also
imposed in the design of the triac control circuits:

1.The load should be connected in a three-wire

configuration with the triacs placed external to the load;
eiter delta or wye arrangements may be used. Four-wire
loads in wye configurations can be handled as three
independent single-phase systems. Delta configurations in
which a triac is connected within each phase rather than
in the incoming lines can also be handled as three
independent single-phase systems.

2.Only one logic command signal is available for the

control circuits. This signal must be electrically isolated
from the three-phase power system.

3. Three separate triac gating signals are required.

4.For operation with resistive loads, the zero-voltage

switching technique should be used to minimize any
radio-frequency interference (RFI) that may be
generated.
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