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Materials, Junctions,

EMICONDUCTOR devices are

small but versatile units that can
perform an amazing variety of con-
trol functions in electronic equipment.
Like other electron devices, they have
the ability to control almost instantly
the movement of charges of elec-
tricity. They are used as rectifiers,
detectors, amplifiers, oscillators,
electronic switches, mixers, and
modulators.

In addition, semiconductor devices
have many important advantages
over other types of electron devices.
They are very small and light in
weight (some are less than an inch
long and weigh just a fraction of an
ounce). They have no filaments or
heaters, and therefore require no
heating power or warm-up time.
They consume very little power. They
are solid in construction, extremely
rugged, free from microphonics, and
can be made impervious to many se-
vere environmental conditions. The
circuits required for their operation
are usually simple.

SEMICONDUCTOR MATERIALS

Unlike other electron devices, which
depend for their functioning on the
flow of electric charges through a
vacuum or a gas, semiconductor de-
vices make use of the flow of current
in a solid. In general, all materials
may be classified in three major
categories—conductors, semiconduc-
tors, and insulators—depending upon
their ability to conduct an electric

and Devices

current. As the name indicates, a
semiconductor material has poorer
conductivity than a conductor, but
better conductivity than an insulator.

The materials most often used in
semiconductor devices are germa-
nium and silicon. Germanium has
higher electrical conductivity (less
resistance to current flow) than
silicon, and is used in most low- and
medium-power diodes and transis-
tors. Silicon is more suitable for
high-power devices than germanium.
One reason is that it can be used at
much higher temperatures. A rela-
tively new material which combines
the principal desirable features of
both germanium and silicon is gal-
lium arsenide. When further experi-
ence with this material has been
obtained, it is expected to find much
wider use in semiconductor devices.

Resistivity

The ability of a material to con-
duct current (conductivity) is di-
rectly proportional to the number of
free (loosely held) electrons in the
material. Good conductors, such as
silver, copper, and aluminum, have
large numbers of free electrons; their
resistivities are of the order of a
few millionths of an ohm-centimeter.
Insulators such as glass, rubber, and
mica, which have very few loosely
held electrons, have resistivities as
high as several million ohm-centi-
meters.

Semiconductor materials lie in the
range between these two extremes,
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as shown in Fig. 1. Pure germanium
has a resistivity of 60 ohm-centi-
meters. Pure silicon has a consider-
ably higher resistivity, in the order
of 60,000 ohm-centimeters. As used
in semiconductor devices, however,
these materials contain carefully con-
trolled amounts of certain impurities

INCREASING RESISTIVITY ———>
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Figure 1. Resistivity of typical conductor,
semiconductors, and insulator.
which reduce their resistivity to
about 2 ohm-centimeters at room
temperature (this resistivity de-
creases rapidly as the temperature

rises).

Impurities

Carefully prepared semiconductor
materials have a crystal structure.
In this type of structure, which is
called a lattice, the outer or valence
electrons of individual atoms are
tightly bound to the electrons of ad-
jacent atoms in electron-pair bonds,
as shown in Fig. 2. Because such a
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Figure 2. Crystal lattice structure.
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structure has no loosely held elec-
trons, semiconductor materials are
poor conductors under normal condi-
tions. In order to separate the elec-
tron-pair bonds and provide free
electrons for electrical conduction,
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it would be necessary to apply high
temperatures or strong electric fields.

Another way to alter the lattice
structure and thereby obtain free
electrons, however, is to add small
amounts of other elements having a
different atomic structure. By the ad-
dition of almost infinitesimal amounts
of such other elements, called “im-
purities”, the basic electrical proper-
ties of pure semiconductor materials
can be modified and controlled. The
ratio of impurity to the semicon-
ductor material is usually extremely
small, in the order of one part in
ten million.

‘When the impurity elements are
added to the semiconductor material,
impurity atoms take the place of
semiconductor atoms in the lattice
structure. If the impurity atoms
added have the same number of va-
lence electrons as the atoms of the
original semiconductor material, they
fit neatly into the lattice, forming
the required number of electron-pair
bonds with semiconductor atoms. In
this case, the electrical properties
of the material are essentially un-
changed.

‘When the impurity atom has one
more valence electron than the semi-
ccnductor atom, however, this extra
electron cannot form an electron-
pair bond because no adjacent va-
lence electron is available. The excess
clectron is then held very loosely by
the atom, as shown in Fig. 3, and
ELECTRON-

BONDS

AlR SEMICONDUCTOR
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IMPURITY EXCESS

ATOM ELECTRON
Figure 3. Lattice structure of n-type
material.
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requires only slight excitation to
break away. Consequently, the pres-
ence of such excess electrons makes
the material a better conductor, i.e.,
its resistance to current flow is
reduced.

Impurity elements which are added
to germanium and silicon crystals to
provide excess electrons include ar-
senic and antimony. When these ele-
ments are introduced, the resulting
material is called n-type because the
excess free electrons have a negative
charge. (It should be noted, however,
that the negative charge of the elec-
trons is balanced by an equivalent
positive charge in the center of the
impurity atoms. Therefore, the net
electrical charge of the semiconduc-
tor material is not changed.)

A different effect is produced when
an impurity atom having one less
valence electron than the semicon-
ductor atom is substituted in the
lattice structure. Although all the
valence electrons of the impurity
atom form electron-pair bonds with
electrons of neighboring semiconduc-
tor atoms, one of the bonds in the
lattice structure cannot be completed
because the impurity atom lacks the
final valence electron. As a result, a
vacancy or “hole” exists in the lat-
tice, as shown in Fig. 4. An electron
from an adjacent electron-pair bond
may then absorb enough energy to
break its bond and move through the
lattice to fill the hole. As in the

ELECTRON—PAIR SEMICONDUCTOR
BONDS ATOMS

IMPURITY/ VACANCY
ATOM (HOLE)

Figure 4. Lattice structure of p-type
material.
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case of excess electrons, the presence
of “holes” encourages the flow of
electrons in the semiconductor ma-
terial; consequently, the conductivity
is increased and the resistivity is
reduced.

The vacancy or hole in the crystal
structure is considered to have a
positive electrical charge because it
represents the absence of an electron.
(Again, however, the net charge of
the crystal is unchanged.) Semi-
conductor material which contains
these “holes” or positive charges is
called p-type material. P-type mate-
rials are formed by the addition of
aluminum, gallium, or indium.

Although the difference in the
chemical composition of n-type and
p-type materials is slight, the differ-
ences in the electrical characteristics
of the two types are substantial, and
are very important in the operation
of semiconductor devices.

P-N JUNCTIONS

When n-type and p-type materials
are joined together, as shown in Fig.
5, an unusual but very important
phenomenon occurs at the interface

P—N JUNCTION
P-TYPE MATERIAL N~-TYPE MATERIAL
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Figure 5. Interaction of holes and electrons
at p-n junction.

where the two materials meet (called
the p-n junction). An interaction
takes place between the two types
of material at the junction as a re-
sult of the holes in one material-and
the excess electrons in the other.
When a p-n junction is formed,
some of the free electrons from the
n-type material diffuse across the
junction and recombine with holes in



the lattice structure of the p-type
material; similarly, some of the holes
in the p-type material diffuse across
the junction and recombine with free
electrons in the lattice structure of
the n-type material. This interaction
or diffusion is brought into equilib-
rium by a small space-charge region
(sometimes called the transition re-
gion or depletion layer). The p-type
material thus acquires a slight nega-
tive charge and the n-type material
acquires a slight positive charge.
The potential gradient established
across the space-charge region by the
diffusion process is represented in
Fig. 6 by an imaginary battery
connected across the junction. (The

JUNCTION

IMAGINARY
SPACE—-CHARGE
EQUIVALENT
BATTERY

Figure 6. Potential gradient across space-
charge region.
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battery symbol is shown only to
represent the internal effects; the
potential is not directly measurable.)
In the absence of external circuits or
voltages, this potential gradient dis-
courages further diffusion across the
p-n junction because electrons from
the n-type material are repelled by
the slight negative charge induced
in the p-type material and holes from
the p-type material are repelled by
the slight positive charge induced in
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the n-type material. In effect, there-
fore, the potential gradient (or
energy barrier, as it is sometimes
called) prevents total interaction be-
tween the two types of material, and
thus preserves the differences in their
characteristics.

CURRENT FLOW

When an external battery is con
nected across a p-n junction, the
amount of current flow is determined
by the polarity of the applied voltage
and its effect on the space-charge
region. In Fig. 7a, the positive ter-
minal of the battery is connected to
the n-type material and the negative
terminal to the p-type material. In
this arrangement, the free electrons
in the n-type material are attracted
toward the positive terminal of the
battery and away from the junction.
At the same time, holes from the
p-type material are attracted toward
the negative terminal of the battery
and away from the junction. As a
result, the space-charge region at the
junction becomes effectively wider,
and the potential gradient increases
until it approaches the potential of
the external battery. Current flow
is then extremely small because no
voltage difference (electric field) ex-
ists across either the p-type or the
n-type region. Under these condi-
tions, the p-n junction is said to be
reverse-biased.

In Fig. 7b, the positive terminal of
the external battery is connected to
the p-type material and the negative
terminal to the n-type material. In
this arrangement, electrons in the
p-type material near the positive ter-

ELECTRON FLOW
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Figure 7. Electron current flow in biased p-n junctions.
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minal of the battery break their
electron-pair bonds and enter the
battery, creating new holes. At the
same time, electrons from the nega-
tive terminal of the battery enter the
n-type material and diffuse toward
the junction. As a result, the space-
charge region becomes effectively
narrower, and the energy barrier de-
creases to an insignificant value. Ex-
cess electrons from the n-type mate-
rial can then penetrate the space-
charge region, flow across the junc-
tion, and move by way of the holes
in the p-type material toward the
positive terminal of the battery. This
electron flow continues as long as
the external voltage is applied. Un-
der these conditions, the junction is
said to be forward-biased.

The generalized voltage-current
characteristic for a p-n junction in
Fig. 8 shows both the reverse-bias
and forward-bias regions. In the
forward-bias region, current rises

CURRENT(mA)T
FORWARD

CURRENT
«+—REVERSE BIAS

FORWARD BIAS—

REVERSE
CURRENT

lCURRENT(pA)

Figure 8. Voltage-current characteristic for
a p-n junction.

rapidly as the voltage is increased
and is quite high. Current in the
reverse-bias region is usually much
lower. Excessive voltage (bias) in
either direction should be avoided in
normal applications because exces-
sive currents and the resulting high
temperatures may permanently dam-
age the semiconductor device.

N-P-N AND P-N-P STRUCTURES

Fig. 7 shows that a p-n junction
biased in the reverse direction is

7

equivalent to a high-resistance ele-
ment (low current for a given ap-
plied voltage), while a junction
biased in the forward direction is
equivalent to a low-resistance ele-
ment (high current for a given ap-
plied voltage). Because the power
developed by a given current is
greater in a high-resistance element
than in a low-resistance element
(P=I’R), power gain can be ob-
tained in a structure containing two
such resistance elements if the cur-
rent.flow is not materially reduced.
A device containing two p-n junc-
tions biased in opposite directions
can operate in this fashion.

Such a two-junction device is
shown in Fig. 9. The thick end layers

OUTPUT
= NP[ N O
e
ELECTRON ¥ §
FLOW
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Figure 9. N-P-N struc:ure biased for power
gain.

are made of the same type of mate-
rial (n-type in this case), and are
separated by a very thin layer of the
opposite type of material (p-type in
the device shown). By means of the
external batteries, the left-hand (n-p)
junction is biased in the forward
direction to provide a low-resistance
input circuit, and the right-hand
(p-n) junction is biased in the re-
verse direction to provide a high-
resistance output circuit.

Electrons flow easily from the left-
hand n-type region to the center p-
type region as a result of the forward
biasing. Most of these electrons dif-
fuse through the thin p-type region,
however, and are attracted by the
positive potential of the external bat-
tery across the right-hand junction.
In practical devices, approximately
95 to 99.5 per cent of the electron
current reaches the right-hand n-
type region. This high percentage of



current penetration provides power
gain in the high-resistance output
circuit and is the basis for transistor
amplification capability.

The operation of p-n-p devices is
similar to that shown for the n-p-n
device, except that the bias-voltage
polarities are reversed, and electron-
current flow is in the opposite direc-
tion. (Many discussions of semicon-
ductor theory assume that the “holes”
in semiconductor material constitute
the charge carriers in p-n-p devices,
and discuss “hole currents” for these
devices and ‘“‘electron currents” for
n-p-n devices. Other texts discuss
neither hole current nor electron cur-
rent, but rather “conventional current
flow”, which is assumed to travel
through a circuit in a direction from
the positive terminal of the external
battery back to its negative terminal.
For the sake of simplicity, this dis-
cussion will be restricted to the con-
cept of electron current flow, which
travels from a negative to a positive
terminal.)

TYPES OF DEVICES

The simplest type of semiconduc-
tor device is the diode, which is rep-
resented by the symbol shown in Fig.
10. Structurally, the diode is basically
a p-n junction similar to those shown
in Fig. 7. The n-type material which

N-TYPE P-TYPE
MATER!AL\ /MATERIAL

CATHODE ANODE

Figure 10. Schematic symbol for a semi-
conductor diode.

serves as the negative electrode is
referred to as the cathode, and the
p-type material which serves as the
positive electrode is referred to as
the anode. The arrow symbol used
for the anode represents the direc-
tion of “conventional current flow”
mentioned above; electron current
flows in a direction opposite to the
arrow.
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Because the junction diode con-
ducts current more easily in one
direction than in the other, it is an
effective rectifying device. If an ac
signal is applied, as shown in Fig.
11, electron current flows freely dur-
ing the positive half cycle, but little

INPUT

SIGNAL LOAD

Figure 11. Simple diode rectifying circuit.

or no current flows during the nega-
tive half cycle.

One of the most widely used types
of semiconductor diode is the sili-
con rectifier. These devices are avail-
able in a wide range of current
capabilities, ranging from tenths of
an ampere to 40 amperes or more,
and are capable of operation at volt-
ages as high as 800 volts or more.
Parallel and series arrangements of
silicon rectifiers permit even further
extension of current and voltage
limits. Characteristics and applica-
tions of these devices are discussed
in detail in the section on Silicon
Rectifiers.

If two p-type and n-type semi-
conductor materials are arranged
alternately in series, a device is pro-
duced which behaves as a conven-
tional rectifier in the reverse direction
and as a series combination of an
electronic switch and a rectifier in
the forward direction. Conduction in
the forward direction can then be
controlled or “gated” by operation of
the electronic switch. Such devices
are discussed in the section on Sili-
con Controlled Rectifiers,

Several variations of the basic
junction diode structure have been
developed for use in special applica-
tions. One of the most important of
these developments is the tunnel
diode, which is used for amplifica-
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tion, switching, and pulse generation.
This special diode is described in the
section on Tunnel Diodes and Other
Semiconductor Diodes.

~ When a second junction is added
to a semiconductor diode to provide
power or voltage amplification (as
shown in Fig. 9), the resulting de-
vice is called a transistor. The three
regions of the device are called the
emitter, the base, and the collector,
as shown in Fig. 12. In normal oper-
ation, the emitter-to-base junction is

EMITTER BASE COLLECTOR

Figure 12. Functional diagram of transistor
structure.

biased in the forward direction, and
the collector-to-base junction in the
reverse direction.

Different symbols are used for
n-p-n and p-n-p transistors to show
the difference in the direction of cur-
rent flow in the two types of devices.
In the n-p-n transistor shown in Fig.
13a, electrons flow from the emitter
to the collector. In the p-n-p tran-
sistor shown in Fig. 13b, electrons
flow from the collector to the emit-
ter. In other words, the direction of
dc electron current is always oppo-
site to that of the arrow on the
emitter lead. (As in the case of semi-
conductor diodes, the arrow indicates

EMITTER COLLECTOR

(o) N—P—N TRANSISTOR

the direction of “conventional cur-
rent flow” in the circuit.)

The first two letters of the n-p-n
and p-n-p designations indicate the
respective polarities of the voltages
applied to the emitter and the
collector in normal opecration. In
an n-p-n transistor, the emitter is
made negative with respect to both
the collector and the base, and the
collector is made positive with re-
spect to both the emitter and the
base. In a p-n-p transistor, the emit-
ter is made positive with respect to
both the collector and the base, and
the collector is made negative with
respect to both the emitter and the
base.

The transistor, which is a three-
element device, can be used for a
wide variety of control functions, in-
cluding amplification, oscillation, and
frequency conversion. Transistor
characteristics and applications are
discussed in detail in the following
sections.

A relatively new type of transis-
tor, the MOS field-effect transistor,
utilizes a metal control electrode to
modulate the conductivity of the
semiconductor material. Because of
their very high input impedance and
square-law transfer characteristics,
MOS transistors are especially suit-
able for use as voltage amplifiers.
Characteristics and applications of
these devices are described in the
section on MOS Field-Effect Tran-
sistors.

EMITTER /7 ™\ COLLECTOR

BASE
(b) P—N—P TRANSISTOR

Figure 13. Schematic symbols for transistors.
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Transistor Designs and
Circuit Configurations

HE performance of transistors

in electronic equipment depends
on many factors besides the basic
characteristics of the semiconductor
material. The two most important
factors are the design and fabrica-
tion of the transistor structure and
the general circuit configuration
used.

DESIGN AND FABRICATION

The ultimate aim of all tran-
sistor fabrication techniques is the
construction of two parallel p-n junc-
tions with controlled spacing between
the junctions and controlled impurity
levels on both sides of each junction.
A variety of structures has been
developed in the course of transistor
evolution.

The earliest transistors made were
of the point-contact type. In this
type of structure, two pointed wires
were placed next to each other on an
n-type block of semiconductor ma-
terial. The p-n junctions were formed
by electrical pulsing of the wires.
This type has been superseded by
junction transistors, which are fab-
ricated by the various alloy, diffusion,
and crystal-growth techniques de-
scribed below.

In grown-junction transistors, the
impurity content of the semiconduc-
tor material is changed during the
growth of the original erystal ingot
to provide the p-n-p or n-p-n regions.
The grown crystal is then sliced
into a large number of small-area
devices, and contacts are made to

each region of the devices. The fin-
ished transistor is encased in plastic
or a hermetically sealed enclosure.

In alloy-junction transistors, two
small “dots” of a p-type or n-type
impurity element are placed on op-
posite sides of a thin wafer of n-type
or p-type semiconductor material,
respectively, as shown in Fig. 14.

COLLECTOR
BASE —4
CONTACT
EMITTER
Figure 14. Structure of alloy-junction
transistor.

After proper heating, the impurity
“dots” alloy with the semiconductor
material to form the regions for the
emitter and collector junctions. The
base connection in this structure is
made to the original semiconductor
wafer.

The drift-field transistor is a mod-
ified alloy-junction device in which
the impurity concentration in the
base wafer is diffused or graded, as
shown in Fig. 15. Two advantages
are derived from this structure:
(a) the resultant built-in voltage or
“drift field” speeds current flow, and
(b) the ability to use a heavy im-
purity concentration in the vicinity
of the emitter and a light concen-
tration in the vicinity of the col-
lector makes it possible to minimize
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capacitive charging times. Both
these advantages lead to a substan-
tial extension of the frequency per-
formance over the alloy-junction
device.

COLLECTOR

DIFFUSED
BASE
BASE

CONTACT

EMITTER

Figure 15. Structure of drift-field transistor.

Mesa and planar transistors use
newer construction techniques which
are better suited to many applica-
tions than the grown-junction or
alloy methods. These transistors in-
volve two basic processes: (1) the
use of diffusion masking materials
and photolithographic techniques to
obtain a planar structure in which
all the p-n junctions are buried un-
der a protective passivating layer,
and (2) the use of a separate collec-
tor-contact diffusion or an epitaxial
growth to reduce the electrical series
resistance in the collector. In these
types, the original semiconductor
wafer serves as the collector. The
base region is diffused into the
wafer, and the emitter “dot” or re-
gion is then alloyed or diffused into
the base region. A “mesa” or flat-
topped peak may then be etched to
reduce the collector area at the base-
collector junction. The mesa struc-
ture is inherently rugged, has large

EMITTER CONTACT
DIFFUSED BASE CONTACT
EMITTER _

DIFFUSED BASE

COLLECTOR
/ (ORIGINAL
7] WAFER)
(a)

power-dissipation capability, and can
operate at very high frequencies.

Fig. 16 shows the structure of
double-diffused epitaxial mesa and
planar structures in production
today. The grading of the impurity
concentration in the base region re-
sults in a drift field and in reduced
base-lead resistance. The use of a
diffused emitter region permits tight
geometry control. The use of a rela-
tively light impurity concentration
in the collector region results in high
collector-breakdown voltages and low
collector-junction capacitance.

A new emitter electrode structure
called an “overlay” is used in some
power transistors to improve high-
frequency capability. In this overlay
structure (shown in the frontispiece
on page 2), a large number of sepa-
rate emitters are tied together by
diffused and metalized regions. This
approach increases the emitter edge-
to-area ratio and reduces the input
time constant of the transistor. The
desired overlay structure is fabri-
cated by carefully controlled diffusion
and precise photographic processes.

BASIC CIRCUITS

There are three basic ways of con-
necting transistors in a circuit:
common-base, common-emitter, and
common-collector. In the common-
base (or grounded-base) connection
shown in Fig. 17, the signal is intro-
duced into the emitter-base circuit
and extracted from the collector-base
circuit. (Thus the base element of the
transistor is common to both the in-

EMITTER CONTACT

DIFFUSED
EMITTER

BASE CONTACT
DIFFUSED BASE

EPITAXIAL

LA!SR

[ ~—
COLLECTOR

(ORIGINAL
WAFER)

Figure 16. Structure of (a) double-diffused epitaxia!l mesa transistor and {b) double-
diffused epitaxial planar transistor.
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put and output circuits.) Because the
input or emitter-base circuit has a low
impedance (resistance plus react-
ance) in the order of 0.5 to 50 ohms,
and the output or collector-base cir-
cuit has a high impedance in the
order of 1000 ohms to one megohm,
the voltage or power gain in this
type of configuration may be in the
order of 1500.

O

Figure'17. Common-base circuit
configuration.

The direction of the arrows in Fig.
17 indicates electron current flow.
As stated previously, most of the cur-
rent from the emitter flows to the col-
lector; the remainder flows through
the base. In practical transistors,
from 95 to 99.5 per cent of the emit-
ter current reaches the collector. The
current gain of this configuration,
therefore, is always less than unity,
usually in the order of 0.95 to 0.995.

The waveforms in Fig. 17 repre-
sent the input voltage produced by
the signal generator e, and the out-
put voltage developed across the
load resistor R.. When the input
voltage is positive, as shown at AB,
it opposes the forward bias produced
by the base-emitter battery, and thus
reduces current flow through the
n-p-n transistor. The reduced elec-
tron current flow through R. then
causes the top point of the resistor
to become less negative (or more
positive) with respect to the lower
point, as shown at A’'B’ on the out-
put waveform. Conversely, when the
input signal is negative, as at CD,
the output signal is also negative,
as at C'D’. Thus, the phase of the
signal remains unchanged in this
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circuit, i.e., there is no voltage phase
reversal between the input and the
output of a common-base amplifier.

In the common-emitter (or
grounded-emitter) connection shown
in Fig. 18, the signal is introduced
into the base-emitter circuit and ex-
tracted from the collector-emitter
circuit. This configuration has more
moderate input and output imped-
ances than the common-base circuit.
The input (base-emitter) impedance
is in the range of 20 to 5000 ohms,
and the output (collector-emittter)
impedance is about 50 to 50,000
ohms. Power gains in the order of
10,000 (or approximately 40 dB) can
be realized with this circuit because
it provides both current gain and
voltage gain.

Current gain in the common-
emitter configuration is measured be-
tween the base and the collector,
rather than between the emitter and
the collector as in the common-base
circuit. Because a very small change
in base current produces a relatively
large change in collector current, the
current gain is always greater than
unity in a common-emitter circuit;
a typical value is about 50.

0.98I —

Figure 18. Common-emitter circuit
configuration.

The input signal voltage under-
goes a phase reversal of 180 degrees
in a common-emitter amplifier, as
shown by the waveforms in Fig. 18.
When the input voltage is positive,
as shown at AB, it increases the
forward bias across the base-emitter
junction, and thus increases the total
current flow through the transistor.
The increased electron flow through
R. then causes the output voltage
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to become negative, as shown at
A'B’. During the second half-cycle
of the waveform, the process is re-
versed, i.e., when the input signal is
negative, the output signal is posi-
tive (as shown at CD and C'D’.)
The third type of connection, shown
in Fig. 19, is the common-collector
(or grounded-collector) ecircuit. In
this configuration, the signal is intro-

0.98I—
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Figure 19. Common-collector circuit
configuration.

duced into the base-collector circuit
and extracted from the emitter-
collector circuit. Because the input
impedance of the transistor is high
and the output impedance low in
this connection, the voltage gain is
less than unity and the power gain
is usually lower than that obtained
in either a common-base or a com-
mon-emitter circuit. The common-
collector circuit is used primarily as
an impedance-matching device. As in
the case of the common-base circuit,
there is no phase reversal of the sig-
nal between the input and the output.

The circuits shown in Figs. 17
through 19 are biased for n-p-n tran-
sistors. When p-n-p transistors are
used, the polarities of the batteries
must be reversed. The voltage phase
relationships, however, remain the
same.
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Transistor Characteristics

HE term “characteristic” is used

to identify the distinguishing elec-
trical features and values of a tran-
sistor. These values may be shown
in curve form or they may be tabu-
lated. When the characteristics values
are given in curve form, the curves
may be used for the determination
of transistor performance and the
calculation of additional transistor
parameters.

Characteristics values are obtained
from electrical measurements of tran-
sistors in various circuits under cer-
tain definite conditions of current and
voltage. Static characteristics are ob-
tained with dc potentials applied to
the transistor electrodes. Dynamic
characteristics are obtained with an
ac voltage on one electrode under
various conditions of dc¢ potentials
on all the electrodes. The dynamic
characteristics, therefore, are indica-
tive of the performance capabilities
of the transistor under actual work-
ing conditions.

Published data for transistors in-
clude both electrode characteristic
curves and transfer characteristic
curves. These curves present the
same information, but in two differ-
ent forms to provide more useful
data. Because transistors are used
most often in the common-emitter
configuration, characteristic curves
are usually shown for the collector
or output electrode. The collector-
characteristic curve is obtained by
varying collector-to-emitter voltage
and measuring collector current for
different values of base current. The
transfer-characteristic curve is ob-
tained by varying the base-to-emitter
(bias) voltage or current at a speci-
fied or constant collector voltage,
and measuring collector current. A
collector-characteristic family of
curves is shown in Fig. 20. Fig. 21
shows transfer-characteristic curves
for the same transistor.

One of the most important char-
acteristics of a transistor is its
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Figure 20. Collector-characteristic curves.
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forward current-transfer ratio, i.e.,
the ratio of the current in the output
electrode to the current in the input
electrode. Because of the different
ways in which transistors may be
connected in circuits, the forward
current-transfer ratio is specified for
a particular circuit configuration.
The common-base forward current-
transfer ratio is often called alpha
(or «), and the common-emitter for-
ward current-transfer ratio is often
called beta (or B).

In the common-base circuit shown
in Fig. 17, the emitter is the input
electrode and the collector is the
output electrode. The dec alpha, there-
fore, is the ratio of the dec collector
current Is to the dc¢ emitter current
Ip:

In the common-emitter circuit
shown in Fig. 18, the base is the
input electrode and the collector is
the output electrode. The dc beta,
therefore, is the ratio of the de¢ col-
lector current Io to the dc base cur-
rent Ip:

Because the ratios given above are
based on dc¢ currents, they are prop-
erly called d¢ alpha and dec beta. It
is more common, however, for the
current-transfer ratio to be given in
terms of the ratio of signal currents
in the input and output electrodes, or
the ratio of a change in the output
current to the input signal current
which causes the change. Fig. 22
shows typical electrode currents in
a common-emitter circuit under no-
signal conditions and with a one-
microampere signal applied to the
base. The signal current of one
microampere in the base causes a
change of 49 microamperes (147-98)
in the collector current. Thus the ac
beta for the transistor is 49.

The frequency cutoff of a transis-
tor is defined as the frequency at
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Figure 22. Electrode currents under no-
signal and signal conditions.

which the value of alpha (for a
common-base circuit) or beta (for a
common-emitter circuit) drops to
0.707 times its one-kilocycle value.
The gain-bandwidth product is the
frequency at which the common-
emitter forward current-transfer
ratio (beta) is equal to unity. These
characteristics provide an approxi-
mate indication of the useful fre-
quency range of the device, and
help to determine the most suitable
circuit configuration for a particular
application. Fig. 23 shows typical
curves of alpha and beta as functions
of frequency.

Extrinsic transconductance may
be defined as the quotient of a small
change in collector current divided
by the small change in emitter-to-
base voltage producing it, under the
condition that other voltages remain
unchanged. Thus, if an emitter-to-
base voltage change of 0.1 volt causes
a collector-current change of 3 milli-
amperes (0.003 ampere) with other
voltages constant, the transconduct-
ance is 0.003 divided by 0.1, or 0.03
mho. (A “mho” is the unit of con-
ductance, and was named by spelling
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Figure 23. Forward current-transfer ratio
as a function of frequency.
“ohm” backward.) For convenience,
a millionth of a mho, or a micro-
mho (umho), is used to express trans-
conductance. Thus, in the example,
0.03 mho is 30,000 micromhos.

Cutoff currents are small dc reverse
currents which flow when a transistor
is biased into non-conduction. They
consist of leakage currents, which
are related to the surface character-
istics of the semiconductor material,
and saturation currents, which are
related to the impurity concentration
in the material and which increase
with increasing temperatures. Col-
lector-cutoff current is the de current
which flows in the reverse-biased
collector-to-base circuit when the
emitter-to-base circuit is open.
Emitter-cutoff current is the cur-
rent which flows in the reverse-
biased emitter-to-base circuit when
the collector-to-base circuit is open.

Transistor breakdown voltages de-
fine the voltage values between two
specified electrodes at which the crys-
tal structure changes and current
begins to rise rapidly. The voltage
then remains relatively constant over
a wide range of electrode currents.
Breakdown voltages may be meas-
ured with the third electrode open,
shorted, or biased in either the for-
ward or the reverse direction. For
example, Fig. 24 shows a series of
collector-characteristic curves for
different base-bias conditions. It can
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be seen that the collector-to-emitter
breakdown voltage increases as the
base-to-emitter bias decreases from
the normal forward values through
zero to reverse values. The symbols
shown on the abscissa are sometimes
used to designate collector-to-emitter
breakdown voltages with the base
open (BVcrn), with external base-to-
emitter resistance (BVcge), with the
base shorted to the emitter (BVces),
and with a reverse base-to-emitter
voltage (BVcev).

As the resistance in the base-to-
emitter circuit decreases, the col-
lector characteristic develops two
breakdown points, as shown in Fig.
24. After the initial breakdown, the
collector-to-emitter voltage decreases
with increasing collector current
until another breakdown occurs at a
lower voltage. This minimum collec-
tor-to-emitter breakdown voltage is
called the sustaining voltage,

In large-area power transistors,
there is a limiting mechanism
referred to as ‘“second breakdown”.
This condition is not a voltage break-
down, but rather an electrically and
thermally regenerative process in
which current is focused in a very
small area of the order of the diam-
eter of a human hair. The very
high current, together with the volt-
age across the transistor, causes a
localized heating that may melt a
minute hole from the collector to the
emitter of the transistor and thus
cause a short circuit. This regenera-
tive process is not initiated unless
certain high voltages and currents
are coincident for certain finite
lengths of time.

In conventional transistor struc-
tures, the limiting effects of second
breakdown vary directly with the am-
plitude of the applied voltage and
inversely with the width of the base
region. These effects are most severe
in power transistors in which nar-
row base structures are used to
achieve good high-frequency re-
sponse. In RCA “overlay” power
transistors, a special emitter con-
figuration is used to provide greater
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current-handling capability and mini-
mize the possibility of “hot spots”
occurring at the emitter-base junc-
tion. This new design extends the
range of power and frequency over
which transistors can be operated
before second breakdown begins to
limit performance.

The curves at the left of Fig. 24
show typical collector characteristics
under normal forward-bias condi-
tions. For a given base input current,
the collector-to-emitter saturation
voltage is the minimum voltage re-
quired to maintain the transistor in
full conduction (i.e., in the satura-
tion region). Under saturation con-
ditions, a further increase in forward
bias produces no corresponding in-
crease in collector current. Saturation
voltages are very important in switch-
ing applications, and are usually
specified for several conditions of
electrode currents and ambient tem-
peratures.

Reach-through (or punch-through)
voltage defines the voltage value at
which the depletion region in the

collector region passes completely
through the base region and makes
contact at some point with the emit-
ter region. This “reach-through”
phenomenon results in a relatively
low-resistance path between the
emitter and the collector, and causes
a sharp increase in current. Punch-
through voltage does not result in
permanent damage to a transistor,
provided there is sufficient impedance
in the power-supply source to limit
transistor dissipation to safe values.

Stored base charge is a measure
of the amount of charge which exists
in the base region of the transistor
at the time that forward bias is re-
moved. This stored charge supports
an undiminished collector current in
the saturation region for some finite
time before complete switching is
effected. This delay interval, called
the “storage time”, depends on the
degree of saturation into which the
transistor is driven. (This effect is
discussed in more detail under
“Switching” in the section on Tran-
sistor Applications.
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Transistor Applications

The diversified applications of tran-
sistors are treated in this section
under the major functional classifi-
cations of Detection, Amplification,
TV Sync and Deflection, Oscillation,
Frequency Conversion, and Switch-
ing. The following general descrip-
tions of basic radio, television,
communications, and computer sys-
tems indicate the types of circuits
used to perform the various special-
ized functions in these systems, and
serve as a guide to the specific appli-
cations material in this section. Be-
cause various coupling and biasing
methods are used in transistor cir-
cuits, bias and coupling arrange-
ments are discussed separately before
specific applications are considered.
Bias stability requirements for tran-
sistor circuits are also described.

GENERAL SYSTEM FUNCTIONS

When speech, music, or video in-
formation is transmitted from a radio
or television station, the station
radiates a modulated radio-frequency
(rf) carrier. The function of a radio
or television receiver is simply to re-

produce the modulating wave from
the modulated carrier.

As shown in Fig. 25, a superhetero-
dyne radio receiver picks up the
transmitted modulated rf signal, am-
plifies it and converts it to a modu-
lated intermediate-frequency (if)
signal, amplifies the modulated if
signal, separates the modulating sig-
nal from the basic carrier wave, and
amplifies the resulting audio signal
to a level sufficient to produce the
desired volume in a speaker. In ad-
dition, the receiver usually includes
some means of producing automatic
gain control (agce) of the modulated
signal before the audio information
is separated from the carrier.

The transmitted rf signal picked
up by the radio receiver may contain
either amplitude modulation (AM)
or frequency modulation (FM).
(These modulation techniques are
described later in the section on De-
tection.) In either case, amplifica-
tion prior to the detector stage is
performed by tuned amplifier circuits
designed for the proper frequency
and bandwidth. Frequency conversion
is performed by mixer and oscillator
circuits or by a single converter stage

RF IF
ANTENN, CONVERTER |—»
A AMPLIFIER AMPLIFIER RELECIOR
L AGC J

AUDIO
AMPLIFIER | |

AUDIO POWER | |

AMPLIFIER HALLL

Figure 25. Simplified block diagram for a broadcast-band receiver.
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which performs both mixer and os-
cillator functions. Separation of the
modulating signal is normally ac-
complished by one or more diodes in
a detector or discriminator circuit.
Amplification of the audio signal is
then performed by one or more audio
amplifier stages.

Audio-amplifier systems for phono-
graph or tape recordings are similar
to the stages after detection in a
radio receiver. The input to the am-
plifier is a low-power-level audio
signal from the phonograph or mag-
netic-tape pickup head. This signal
is usually amplified through a pre-
amplifier stage, one or more low-level
(pre-driver or driver) audio stages,
and an audio power amplifier. The
system may also include frequency-
selective circuits which act as equal-
ization networks and/or tone con-
trols.

The operation of a television re-
ceiver is more complex than that of
a radio receiver, as shown by the
simplified block diagram in Fig. 26.
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radio, these functions are accom-
plished in rf-amplifier, mixer, and
local-oscillator stages. The if signal
is then amplified in if-amplifier
stages which provide the additional
gain required to bring the signal level
to an amplitude suitable for detec-
tion.

After if amplification, the detected
signal is separated into sound and
picture information. The sound sig-
nal is amplified and processed to pro-
vide an audio signal which is fed to
an audio amplifier system similar to
those described above. The picture
(video) signal is passed through a
video amplifier stage which conveys
beam-intensity information to the
television picture tube and thus con-
trols instantaneous “spot” bright-
ness. At the same time, deflection
circuits cause the electron beam of
the picture tube to move the “spot”
across the faceplate horizontally and
vertically. Special “sync” signals de-
rived from the video signal assure
that the horizontal and vertical

OSCILLATOR
RF IF VIDEO
ANTENNA =5 uPLIFIER MIXER AMPLIFIER DETECTOR
GATED
AGC
SOUND IF AMPLIFIER AUDIO POVER
AND DISCRIMINATOR AMPLIFIER SPEAKER
VIDEO PICTURE
AMPLIFIER TUSE
SYNC DEFLECTION
CIRCUITS CIRCUITS
Figure 26. Simplified block diagram for a television receiver.

The tuner section of the receiver se-
lects the proper rf signals for the de-
sired channel frequency, amplifies
them, and converts them to a lower
intermediate frequency. As in a

scanning are timed so that the pic-
ture produced on the receiver exactly
duplicates -the picture being viewed
by the camera or pickup tube.

A communications transceiver con-
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tains transmitting circuits, as well as
receiving circuits similar to those of
a radio receiver. The transmitter
portion of such a system consists of
two sections. In one section, the de-
sired intelligence (voice, code, or the
like) is picked up and amplified
through one or more amplifier
stages (which are usually common to
the receiver portion) to a high-level
stage called a modulator. In the other
section, an rf signal of the desired
frequency is developed in an oscilla-
tor stage and amplified in one or more
rf-amplifier stages. The audio-fre-
quency (af) modulating signal is im-
pressed on the rf carrier in the final
rf-power-amplifier stage (high-level
modulation), in the rf low-level stage
(low-level modulation), or in both.
Fig. 27 shows a simplified block dia-
gram of the transmitter portion of
a citizens-band transceiver that op-
erates at a frequency of 27 mega-
cycles per second. The transmitting
section of a communications system
may also include frequency-multi-
plier circuits which raise the fre-
quency of the developed rf signal
as required.
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cated analytical functions at very
high speed.

BIASING

For most non-switching applica-
tions, the operating point for a par-
ticular transistor is established by
the quiescent (dc, no-signal) values
of collector voltage and emitter cur-
rent. In general, a transistor may be
considered as a current-operated de-
vice, i.e., the current flowing in the
emitter-base circuit controls the
current flowing in the collector cir-
cuit. The voltage and current values
selected, as well as the particular
biasing arrangement used, depend
upon both the transistor character-
istics and the specific requirements
of the application.

As mentioned previously, biasing
of a transistor for most applications
consists of forward bias across the
emitter-base junction and reverse
bias across the collector-base junc-
tion. In Figs. 17, 18, and 19, two
batteries were used to establish bias
of the correct polarity for an n-p-n
transistor in the common-base, com-

MICROP| AUOIO AUDIO POWER
HOKE 1= \MPLIFIER(S) AMPLIFIER
27/ -Me/s 2 -Mc/s ANTENNA
CRYSTAL-CONTROLLED ORIVER POWER AMPLIFIER i
OSCILLATOR

Figure 27. Simplified block diagram for the transmitter portion
of a 27-Mc/s communications transceiver.

Basically, a computer system is de-
signed to evaluate information sup-
plied to it in such a way that a
predetermined output is obtained for
prescribed input conditions. This
evaluation is performed by switching
circuits (also called logic circuits or
“gates”) which provide a binary out-
put (“1” or “0”). Various types of
logic circuits can be combinéd in
large quantity to perform compli-

mon-emitter, and common-collector
circuits, respectively. Many varia-
tions of these basic circuits can also
be used. (In these simplified dc cir-
cuits, inductors and transformers are
represented only by their series re-
sistance.)

A simplified biasing arrangement
for the common-base circuit is shown
in Fig. 28. Bias for both the collector-
base junction and the emitter-base
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Figure 28,

junction is obtained from the single
battery through the voltage-divider
network consisting of resistors R.
and R.. (For the n-p-n transistor
shown in Fig. 28a, the emitter-base
junction is forward-biased because
the emitter is negative with respect
to the base, and the collector-base
junction is reverse-biased because
the collector is positive with respect
to the base, as shown. For the p-n-p
transistor shown in Fig. 28b, the
polarity of the battery and of the
electrolytic bypass capacitor C, is
reversed.) The electron current I
from the battery and through the
voltage divider causes a voltage drop
across resistor R. which biases the
base. The proper amount of current
then flows through R, so that the cor-
rect emitter potential is established
to provide forward bias relative to
the base. This emitter current estab-
lishes the amount of collector current
which, in turn, causes a voltage drop
across R.. Simply stated, the voltage
divider consisting of R. and Rs es-
tablishes the base potential; the base
potential essentially establishes the
emitter potential; the emitter poten-
tial and resistor R. establish the
emitter current; the emitter current
establishes the collector current; and
the collector current and R, establish
the collector potential. R. is bypassed
with capacitor C, so that the base is
effectively grounded for ac signals.

A single battery can also be used
to bias the common-emitter circuit.
The simplified arrangement shown
in Fig. 29 is commonly called “fixed
bias”. In this case, both the base and
the collector are made positive with
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Biasing network for common-base circuit for (a) n-p-n and (b) p-n-p transistors.

respect to the emitter by means of
the battery. The base resistance Rs
is then selected to provide the desired
base current Is for the transistor
(which, in turn, establishes the de-
sired emitter current Is), by means
of the following expression:
_ Va® Vi
= I
where Vgs is the battery supply volt-
age and Vge is the base-to-emitter
voltage of the transistor.

In the circuit shown, for example,
the battery voltage is six volts. The

Rs

[ +—_1.- Vas

=3 6v
I

Figure 29. “Fixed-bias" arrangement for
common-emitter circuit.

value of R, was selected to provide
a base current of 27 microamperes,
as follows:

6 — 0.6

Rs = o7 x 10°

= 200,000 ohms

The fixed-bias arrangement shown
in Fig. 29, however, is not a satis-
factory method of biasing the base
in a common-emitter circuit. The
critical base current in this type of
circuit is very difficult to maintain
under fixed-bias conditions because
of variations between transistors
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and the sensitivity of these devices
to temperature changes. This prob-
lem is partially overcome in the “self-
bias” arrangement shown in Fig. 30.

Rg

O 4 t O

Figure 30. “Self-bias’ arrangement for
common-emitter circuit.

In this circuit, the base resistor is
tied directly to the collector. This
connection helps to stabilize the oper-
ating point because an increase or
decrease in collector current pro-
duces a corresponding decrease or
increase in base bias. The value of
Rr is then determined as described
above, except that the collector volt-
age Vce is used in place of the sup-
ply voltage Vgs:

_ VCE - VBE
— —IB

_ 3-08
= 2T x10°

Re

= 90,000 ohms

The arrangement shown in Fig. 30
overcomes many of the disadvan-
tages of fixed bias, although it re-
duces the effective gain of the circuit.

In the bias method shown in Fig.
31, the voltage-divider network com-
posed of R, and R. provides the

Figure 31. Bias network using voltage-
divider arrangement for increased stability.
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required forward bias across the
base-emitter junction. The value of
the base bias voltage is determined
by the current through the voltage
divider. This type of circuit provides
less gain than the circuit of Fig. 30,
but is commonly used because of its
inherent stability.

The common-emitter circuits shown
in Figs. 32 and 33 may be used to
provide stability and yet minimize
loss of gain. In Fig. 32, a resistor

Figure 32. Bias network using emitter

stabilizing resistor.

R is added to the emitter circuit,
and the base resistor R. is returned
to the positive terminal of the bat-
tery instead of to the collector. The
emitter resistor R, provides addi-
tional stability. It is bypassed with
capacitor Cg. The value of Cg de-
pends on the lowest frequency to be
amplified.

In Fig. 33, the R:R; voltage-divider
network is split, and all ac feedback
currents through R: are shunted to
ground (bypassed) by capacitor C,.

Figure 33. Bias network using split voltage-

divider network.
The value of R, is usually larger
than the value of R.. The total re-
sistance of R. and R: should equal
the resistance of R, in Fig. 31.
In practical circuit applications,
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any combination of the arrange-
ments shown in Figs. 30, 31, 32, and
33 may be used. However, the sta-
bility of Figs. 30, 31, and 33 may be
poor unless Lhe voltage drop across
the load resistor R is at least one-
third the value of the supply volt-
age. The determining factors in the
selection of the biasing circuit are
usually gain and bias stability (which
is discussed later).

In many cases, the bias network
may include special elements to com-
pensate for the effects of variations
in ambient temperature or in sup-
ply voltage. For example, the therm-
istor (temperature-sensitive resis-
tor) shown in Fig. 34a is used to
compensate for the rapid increase
of collector current with increasing

SUPPLY SUPPLY
VOLTAGE VOLTAGE
8- 8-
BIAS BIAS
VOLTAGE O voLTAGE
% pioDE
THERMISTOR

(a) (b)

Figure 34. Bias networks including (a) a
thermistor and (b) a temperature- and
voltage-compensating diode.

temperature. Because the thermistor
resistance decreases as the tempera-
ture increases, the emitter-to-base
bias voltage is reduced and the col-
lector current tends to remain con-
stant. The addition of the shunt and
series resistances provides most ef-
fective compensation over a desired
temperature range.

The diode biasing network shown
in Fig. 34b stabilizes collector cur-

23

rent for variations in both tempera-
ture and supply voltage. The for-
ward-biased diode current determines
a bias voltage which establishes the
transistor idling current (collector
current under no-signal conditions).
As the temperature increases, this
bias voltage decreases. Because the
transistor characteristic also shifts
in the same direction and magnitude,
however, the idling current remains
essentially independent of tempera-
ture. Temperature stabilization with
a properly designed diode network is
substantially better than that pro-
vided by most thermistor bias net-
works. Any temperature-stabilizing
element should be thermally close to
the transistor being stabilized.

In addition, the diode bias current
varies in direct proportion with
changes in supply voltage. The re-
sultant change in bias voltage is
small, however, so that the idling
current also changes in direct pro-
portion to the supply voltage. Sup-
ply-voltage stabilization with a diode
biasing network reduces current
variation to about one-fifth that ob-
tained when resistor or thermistor
bias is used for a germanium tran-
sistor and one-fifteenth for a silicon
transistor.

The bias networks of Figs. 29
through 33 are generally used in
class A circuits. Class B circuits
normally employ the bias networks
shown in Fig. 34. The bias resistor
values for class B circuits are gen-
erally much lower than those for
class A circuits.

BIAS STABILITY

Because transistor currents tend
to increase with temperature, it is
necessary in the design of transistor
circuits to include a ‘stability fac-
tor” to keep the collector-current
variation within tolerable values un-
der the expected high-temperature
operating conditions. The bias sta-
bility factor SF is expressed as the
ratio between a change in dc collector
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current and the corresponding change
in de collector-cutoff current.

For a given set of operating volt-
ages, the stability factor can be cal-
culated for a maximum permissible
rise in de collector current from the
room-temperature value, as follows:

ICmnx -— ICl

SF

Icpo: — Icsa

where I¢; and Icsor are measured at
25 degrees centigrade, Icno: is meas-
ured at the maximum expected am-
bient (or junction) temperature, and
Icma: is the maximum permissible
collector current for the specified
collector-to-emitter voltage at the
maximum expected ambient (or junc-
tion) temperature (to keep transis-
tor dissipation within ratings).
The calculated values of SF can
then be used, together with the ap-
propriate values of beta and r. base-
connection resistance), to determine
suitable resistance values for the
transistor circuit. Fig. 35 shows
equations for SF in terms of resist-
ance values for three typical circuit
configurations. The maximum value
which SF can assume is the value of
beta. Although this analysis was
originally made for germanium tran-
sistors, in which the collector satura-
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tion current Ic, is relatively large,
the same type of analysis may be ap-
plied to interchangeability with beta
for silicon transistors.

COUPLING

Three basic methods are used to
couple transistor stages: trans-
former, resistance-capacitance, and
direct coupling.

The major advantage of trans-
former coupling is that it permits
power to be transferred from one
impedance level to another. A
transformer-coupled common-emitter
n-p-n stage is shown in Fig. 36. The
voltage step-down transformer T,
couples the signal from the collector
of the preceding stage to the base of
the common-emitter stage. The volt-
age loss inherent in this transformer
is not significant in transistor cir-
cuits because, as mentioned pre-
viously, the transistor is a current-
operated device. Although the voltage
is stepped down, the available cur-
rent is stepped up. The change in
base current resulting from the
presence of the signal causes an ac
collector current to flow in the pri-
mary winding of transformer T., and
a power gain is obtained between T,
and T..

This use of a voltage step-down

R
3 ™
R2 R2
+—'.‘—
‘I--T- Ry Rs

R3

R)+R2") +R
sp-BRI+R2) oF - BRI*+Rea) sr. BP+Q)
R2'+8R| Req +8 R Q+BP
R2'=Ra+rp! Ra Rs Q=R2'(R3+Rq+Rs) +RaRs
Reg=R2' + Ra +Rs P=R| (R3+R4 +Rs) +R3R5
R2'=Ra + rp’ R2'=Rz+ry

Figure 35. Bias-stability-factor equations for three typical circuit configurations.
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Figure 36. Transformer-coupled common-emitter stage.

transformer is similar to that in the
output stage of an audio amplifier,
where a step-down transformer is
normally used to drive the loud-
speaker, which is also a current-
operated device.

The voltage-divider network con-
sisting of resistors R, and R: in Fig.
36 provides bias for the transistor.
The voltage divider is bypassed by
capacitor C; to avoid signal attenua-
tion. The stabilizing emitter resistor
Re permits normal variations of the
transistor and circuit elements to be
compensated for automatically with-
out adverse effects. This resistor Re
is bypassed by capacitor C.. The
voltage supply Ves is also bypassed,
by capacitor Cs, to prevent feedback
in the event that ac signal voltages
are developed across the power sup-
ply. Capacitor C, and C. may nor-
mally be replaced by a single
capacitor connected between the emit-
ter and the bottom of the secondary
winding of transformer T, with little
change in performance.

The use of resistance-capacitance
coupling usually permits some econ-
omy of circuit costs and reduction
of size, with some accompanying
sacrifice of gain. This method of
coupling is particularly desirable in
low-level, low-noise audio amplifier
stages to minimize hum pickup from
stray magnetic fields. Use of resist-
ance-capacitance (RC) coupling in
battery-operated equipment is usu-
ally limited to low-power operation.
The frequency response of an RC-

coupled stage is normally better than
that of a transformer-coupled stage.

Fig. 37a shows a two-stage RC-
coupled circuit using n-p-n transis-
tors in the common-emitter config-
uration. The method of bias is similar
to that used in the transformer-
coupled circuit of Fig. 36. The major
additional components are the col-
lector load resistances Ri, and Ri.
and the coupling capacitor C.. The
value of C. must be made fairly
large, in the order of 2 to 10 micro-
farads, because of the small input
and load resistances involved. (It
should be noted that electrolytic ca-
pacitors are normally used for cou-
pling in transistor audio -circuits.
Polarity must be observed, therefore,
to obtain proper circuit operation.
Occasionally, excessive leakage cur-
rent through an electrolytic coupling
capacitor may adversely affect tran-
sistor operating currents.)

Impedance coupling is a modified
form of resistance-capacitance cou-
pling in which inductances are used
to replace the load resistors. This
type of coupling is rarely used ex-
cept in special applications where
supply voltages are low and cost is
not a significant factor.

Direct coupling is used primarily
when cost is an important factor.
(It should be noted that direct-
coupled amplifiers are not inherently
dc amplifiers, i.e.,, that they cannot
always amplify dc signals. Low-
frequency response is usually limited
by other factors than the coupling
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Figure 37.

network.) In the direct-coupled am-
plifier shown in Fig. 87b, resistor R,
serves as both the collector load re-
sistor for the first stage and the
bias resistor for the second stage.
Resistors R, and R. provide circuit
stability similar to that of Fig. 31
because the emitter voltage of tran-
sistor Q, and the collector voltage of
transistor Q: are within a few tenths
of a volt of each other.

Because so few circuit parts are
required in the direct-coupled ampli-
fier, maximum economy can be
achieved. However, the number of
stages which can be directly coupled
is limited. Temperature variation of
the bias current in one stage may be
amplified by all the stages, and
severe temperature instability may
result.

DETECTION

The circuit of a radio, television, or
communications receiver in which the
modulation is separated from the car-
rier is called the demodulator or

(a) Two-stage resistance-capacitance-coupled circuit and (b) two-stage direct-
coupled circuit.

detector stage. Transmitted rf sig-
nals may be modulated in either of
two ways. If the frequency of the
carrier remains constant and its am-
plitude is varied, the carrier is called
an amplitude-modulated (AM) sig-
nal. If the amplitude remains essen-
tially constant and the frequency is
varied, the carrier is called a fre-
quency-modulated (FM) signal.
The effect of amplitude modula-
tion (AM) on the waveform of an rf
signal is shown in Fig. 38. The audio-

UNMODULATED
RF CARRIER

AMPLITUDE—MODULATED
RF WAVE
AF MODULATING
WAVE

Figure 38. Waveforms showing effect of
amplitude modulation on an rf wave.
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frequency (af) modulation can be
extracted from the amplitude-modu-
lated carrier by means of a simple
diode detector circuit such as that
shown in Fig. 89. This circuit elimi-
nates alternate half-cycles of the

D
IF_ | AF
INPUT == C< R OUTPUT
o— —0
Figure 39. Basic diode detector circuit.

waveform, and detects the peaks of
the remaining half-cycles to produce
the output voltage shown in Fig. 40.
In this figure, the rf voltage applied
to the circuit is shown in light line;
the output voltage across the capaci-
tor C is shown in heavy line.

d
YT
b

c

AMPLITUDE—MODULATED
RF WAVE

Figure 40. Waveform showing modulated
rf input (light line) and output voltage
({heavy line) of diode-detector circuit
of Figure 39.

Between points (a) and (b) of
Fig. 40, capacitor C charges up to the
peak value of the rf voltage. Then,
as the applied rf voltage falls away
from its peak value, the capacitor
holds the cathode of the diode at a
potential more positive than the volt-
age applied to the anode. The capaci-
tor thus temporarily cuts off current
through the diode. While the diode
current is cut off, the capacitor dis-
charges from (b) to (c¢) through the
diode load resistor R.

When the rf voltage on the anode
rises high enough to exceed the po-
tential at which the capacitor holds
the cathode, current flows again and
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the capacitor charges up to the peak
value of the second positive half-
cycle at (d). In this way, the voltage
across the capacitor follows the peak
value of the applied rf voltage and
reproduces the af modulating signal.
The jaggedness of the curve in Fig.
40, which represents an rf component
in the voltage across the capacitor,
is exaggerated in the drawing. In an
actual circuit, the rf component of
the voltage across the capacitor is
small. When the voltage across the
capacitor is amplified, the output of
the amplifier reproduces the speech
or music that originated at the trans-
mitting station.

Another way to describe the action
of a diode detector is to consider the
circuit as a half-wave rectifier. When
the signal on the anode swings posi-
tive, the diode conducts and the rec-
tified current flows. The dc voltage
across the capacitor C varies in ac-
cordance with the rectified ampli-
tude of the carrier and thus repro-
duces the af signal. Capacitor C
should be large enough to smooth
out rf or if variations, but should
not be so large as to affect the audio
variations. (Although two diodes
can be connected in a circuit similar
to a full-wave rectifier to produce
full-wave detection, in practice the
advantages of this'connection gen-
erally do not justify the extra cir-
cuit cost and complication.)

In the circuit shown in Fig. 39, it
is often desirable to forward-bias the
diode almost to the point of conduc-
tion to improve performance for weak
signal levels. It is also desirable that
the resistance of the ac load which
follows the detector be considerably
larger than the diode load resistor
to avoid severe distortion of the audio
waveform at high modulation levels.

The effect of frequency modulation
(FM) on the waveform of an rf sig-
nal is shown in Fig. 41. In this type
of transmission, the frequency of the
rf carrier deviates from the mean
value at a rate proportional to the
audio-frequency modulation and by
an amount (determined in the trans-
mitter) proportional to the ampli-
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UNMODULATED RF CARRIER

AF MODULATING WAVE

FREQUENCY-MODULATED RF WAVE

Figure 41. Waveforms showing effect of
requency modulation on an rf wave.

tude of the af modulating signal.
That is, the number of times the
carrier frequency deviates above and
below the center frequency is a
measure of the frequency of the
modulating signal; the amount of
frequency deviation from the center
frequency is a measure of the loud-
ness of the modulating signal. For
this type of modulation, a detector
is required to discriminate between
deviations above and below the center
frequency and to translate these de-
viations into a voltage having an
amplitude that varies at audio fre-
quencies.

The FM detector shown in Fig. 42
is called a balanced phase-shift dis-
criminator. In this detector, the mu-
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tually coupled tuned circuits in the
primary and secondary windings of
the transformer T are tuned to the
center frequency. A characteristic of
a double-tuned transformer is that
the voltages in the primary and sec-
ondary windings are 90 degrees out
of phase at resonance, and that the
phase shift changes as the frequency
changes from resonance. Therefore,
the signal applied to the diodes and
the RC combinations for peak de-
tection also changes with frequency.

Because the secondary winding of
the transformer T is center-tapped,
the applied primary voltage E, is
added to one-half the secondary volt-
age E, through the capacitor C,. The
addition of these voltages at reso-
nance can be represented by the dia-
gram in Fig. 43; the resultant volt-
age E, is the signal applied to one
peak-detector network consisting of

Figure 43, Diagram illustrating phase shift
in double-tuned transformer at resonance.

one diode and its RC load. When
the signal frequency decreases
(from resonance), the phase shift of
E./2 becomes greater than 90 de-
grees, as shown at (a) in Fig. 44,
and E, becomes smaller. When the
signal frequency increases (above
resonance), the phase shift of E,/2
is less than 90 degrees, as shown at
(b), and E, becomes larger. The curve

AUDIO

ouTPUT

Figure 42. Balanced phase-shift discriminator circuit.
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(a) (b)

Figure 44. Diagrams iIIustratin% ghase
shift in double-tuned transformer (a) below
resonance and (b) above resonance.

of E, as a function of frequency in
Fig. 45 is readily identified as the re-
sponse curve of an FM detector.
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Figure Diagram showing resuitant
voltage El in angure 43 as a function of
requency.

Because the discriminator circuit
shown in Fig. 42 uses a push-pull
configuration, the diodes conduct on
alternate half-cycles of the signal
frequency and produce a plus-and-
minus output with respect to zero
rather than with respect to E,. The
primary advantage of this arrange-
ment is that there is no output at
resonance. When an FM signal is
applied to the input, the audio out-
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put voltage varies above and below
zero as the instantaneous frequency
varies above and below resonance.
The frequency of this audio voltage is
determined by the modulation fre-
quency of the FM signal, and the am-
plitude of the voltage is proportional
to the frequency excursion from reso-
nance. {The resistor R: in the circuit
provides a dc return for the diodes,
and also maintains a load impedance
across the primary winding of the
transformer.)

One disadvantage of the balanced
phase-shift discriminator shown in
Fig. 42 is that it detects audio modu-
lation (AM) as well as frequency
modulation (FM) in the if signal be-
cause the circuit is balanced only at
the center frequency. At frequencies
off resonance, any variation in am-
plitude of the if signal is reproduced
to some extent in the audio output.

The ratio-detector circuit shown in
Fig. 46 is a discriminator circuit
which has the advantage of being
relatively insensitive to amplitude
variations in the FM signal. In this
circuit, E, is added to E./2 through
the mutual coupling M. (this volt-
age addition may be made by either
mutual or capacitive coupling). Be-
cause of the phase-shift relationship
of these voltages, the resultant de-
tected signals vary with frequency
variations in the same manner as de-
scribed for the phase-shift discrimi-
nator circuit shown in Fig. 42.
However, the diodes in the ratio de-
tector are placed “back-to-back” (in
series, rather than in push-pull) so

M
r +
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T:: T =S - ;:c3}5|+52
Ep Es =R2 EzI;:CZ

L e
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Figure 46. Ratio-detector circuit.
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that both halves of the circuit oper-
ate simultaneously during one-half
of the signal frequency cycle (and
are cut off on the other half-cycle).
As a result, the detected voltages E,
and E. are in series, as shown for
the instantaneous polarities that oc-
cur during the conduction half-cycle.
When the audio output is taken be-
tween the equal capacitors C; and
C., therefore, the output voltage is
equal to (E.—E;)/2 (for equal re-
sistors R: and R.).

The de circuit of the ratio detector
consists of a path through the sec-
ondary winding of the transformer,
both diodes (which are in series), and
resistors R, and R.. The value of the
electrolytic capacitor C: is selected
so that the time constant of R, R.,
and C; is very long compared to the
detected audio signal. As a result,
the sum of the detected voltages
(E: + E.) is a constant and the AM
components on the signal frequency
are suppressed. This feature of the
ratio detector provides improved AM
rejection as compared to the phase-
shift discriminator circuit shown in
Fig. 42.

AMPLIFICATION

The amplifying action of a tran-
sistor can be used in various ways
in electronic circuits, depending on
the results desired. The four recog-
nized classes of amplifier service can
be defined for transistor circuits as
follows:

A class A amplifier is an amplifier
in which the base bias and alter-
nating signal are such that collector
current in a transistor flows con-
tinuously during the complete elec-
trical cycle of the signal, and even
when no signal is present.

A class AB amplifier is an ampli-
fier in which the base bias and alter-
nating signal are such that collector
current in a transistor flows for ap-
preciably more than half but less
than the entire electrical cycle.

A class B amplifier is an amplifier
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in which the base is biased to ap-
proximately collector-current cutoff,
so that collector current is approxi-
mately zero when no signal 1s ap-
plied, and so that collector current
in a transistor flows for approxi-
mately one-half of each cycle when
an alternating signal is applied.

A class C amplifier is an amplifier
in which the base is biased to such
a degree that the collector current
in a transistor is zero when no
signal is applied, and so that col-
lector current in a transistor flows
for appreciably less than one-half of
each cycle when an alternating sig-
nal is applied.

For radio-frequency (rf) ampli-
fiers which operate into selective
tuned circuits, or for other ampli-
fiers in which distortion is not a
prime factor, any of the above classes
of amplification may be used with
either a single transistor or a push-
pull stage. For audio-frequency (af)
amplifiers in which distortion is an
important factor, single transistors
can be used only in class A ampli-
fiers. For class AB or class B audio-
amplifier service, a balanced amplifier
stage using two transistors is re-
quired. A push-pull stage can also
be used in class A audio amplifiers
to obtain reduced distortion and
greater power output. Class C ampli-
fiers cannot be used for audio or AM
applications.

Audio Amplifiers

Audio amplifier circuits are used
in radio and television receivers,
public address systems, sound re-
corders and reproducers, and similar
applications to amplify signals in the
frequency range from 20 to 20,000
cycles per second. Each transistor in
an audio amplifier can be considered
as either a current amplifier or a
power amplifier.

Simple class A amplifier circuits
are normally used in low-level audio
stages such as preamplifiers and
drivers. Preamplifiers usually follow
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low-level output transducers such as
microphones, hearing-aid and phono-
graph pickup devices, and recorder-
reproducer heads.

One of the important character-
istics of a low-level amplifier circuit
is its signal-to-noise ratio, or noise
figure. The input circuit of an am-
plifier inherently contains some
thermal noise contributed by the re-
sistive elements in the input device.
Al] resistors generate a predictable
quantity of noise power as a result
of thermal activity. This power is
about 160 dB below one watt for a
bandwidth of 10 kilocycles per
second.

When an input signal is amplified,
therefore, the thermal noise gener-
ated in the input circuit is also
amplified. If the ratio of signal
power to noise power (S/N) is the
same in the output circuit as in the
input circuit, the amplifier is con-
sidered to be “noiseless” and is said
to have a noise figure of unity, or
zero dB.

In practical circuits, however, the
ratio of signal power to noise power
is inevitably impaired during ampli-
fication as a result of the generation
of additional noise in the circuit ele-
ments. A measure of the degree of
impairment is called the noise figure
(NF) of the amplifier, and is ex-
pressed as the ratio of signal power
to noise power at the input (S:/Ni)
divided by the ratio of signal power
to noise power at the output (S./No),
as follows:

Si/N;
F =
N So/No

The noise figure in dB is equal to
ten times the logarithm of this
power ratio. For example, an ampli-
fier with a one-dB noise figure de-
creases the signal-to-noise ratio by
a factor of 1.26, a 3-dB noise figure
by a factor of 2, a 10-dB noise figure
by a factor of 10, and a 20-dB noise
figure by a factor of 100.

In audio amplifiers, it is desirable
that the noise figure be kept low. In
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general, the lowest value of NF is
obtained by use of an emitter cur-
rent of less than one milliampere and
a collector voltage of less than two
volts for a signal-source resistance
between 300 and 3000 ohms. If the
input impedance of the transistor is
matched to the impedance of the sig-
nal source, the lowest value of NF
that can be attained is 3 dB. Gener-
ally, the best noise figure is obtained
by use of a transistor input imped-
ance approximately 1.5 times the
source impedance. However, this con-
dition is often not realizable in prac-
tice because many transducers are
reactive rather than resistive. In ad-
dition, other requirements such as
circuit gain, signal-handling capa-
bility, and reliability may not permit
optimization for noise.

In the simple low-level amplifier
stage shown in Fig. 47, resistor R,
determines the base bias for the tran-
sistor. The output signal is devel-
oped across the load resistor R.. The
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Figure 47. Simple low-level class A

amplifier.

collector voltage and the emitter cur-
rent are kept relatively low to reduce
the noise figure. If the load imped-
ance across the capacitor Cs; is low
compared to R., very little voltage
swing results on the collector. There-
fore, ac feedback through R, does not
cause much reducton of gain.

In many cases, low-level amplifier
stages used as preamplifiers include
some type of frequency-compensa-
tion network to enhance either the
low-frequency or the high-frequency
components of the input signal. The
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frequency range and dynamic range*
which can be recorded on a phono-
graph record or on magnetic tape
depend on several factors, including
the composition, mechanical charac-
teristics, and speed of the record or
tape, and the electrical and mechani-
cal characteristics of the recording
equipment. To achieve wide fre-
quency and dynamic range, manu-
facturers of commercial recordings
use equipment which introduces a
nonuniform relationship between am-
plitude and frequency. This rela-
tionship is known as a “recording
characteristic”. To assure proper
reproduction of a high-fidelity re-
cording, therefore, some part of the
reproducing system must have a fre-
quency-response characteristic which
is the inverse of the recording char-
acteristic. Most manufacturers of
high-fidelity recordings use the RCA
“New Orthophonic” (RIAA) char-
acteristic for discs and the NARTB
characteristic for magnetic tape.
The simplest type of equalization
network is shown in Fig. 48. Because
the capacitor C is effectively an open
circuit at low frequencies, the low
frequencies must be passed through
the resistor' R and are attenuated.

AMPLIFIER
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the types of recordings which are to
be reproduced and on the pickup de-
vices used. All commercial pickup
devices provide very low power levels
to a transistor preamplifier stage
(transistors amplify current, not
voltage).

A ceramic high-fidelity phono-
graph pickup is usually designed to
provide proper compensation for the
RIAA recording characteristic when
the pickup is operated into the load
resistance specified by its manufac-
turer. Usually, a “matching” resis-
tor is inserted in series with the input
of the preamplifier transistor. How-
ever, this arrangement produces a
fairly small signal current which
must then be amplified. If the match-
ing resistor is not used, equalization
is required, but some improvement
can be obtained in dynamic range and
gain.

A magnetic high-fidelity phono-
graph pickup, on the other hand,
usually has an essentially flat fre-
quency-response characteristic. Be-
cause a pickup of this type merely
reproduces the recording charac-
teristic, it must be followed by an
equalizer network, as well as by a
preamplifier having sufficient gain to

AMPLIFIER
STAGE

A
Figure 48, Simple RC frequency-compensation network.

The capacitor has a lower reactance
at high frequencies, however, and by-
passes high-frequency components
around R so that they receive neg-
ligible attenuation. Thus the network
effectively “boosts” the high frequen-
cies. This type of equalization is
called “attenuative”.

Some typical preamplifier stages
are shown in the Circuits section.
The location of the frequency-com-
pensation network or ‘“equalizer” in
the reproducing system depends on

satisfy the input requirements of the
tone-control amplifier and/or power
amplifier. Many designs include both
the equalizing and amplifying cir-
cuits in a single unit.

A high-fidelity magnetic-tape pick-
up head, like a magnetic phonograph
pickup, reproduces the recording
characteristic. This type of pickup
device, therefore, must also be fol-
lowed by an equalizing network and
preamplifier to provide equalization
for the NARTB characteristic.

* The dynamic range of an amplifier is a measure of its signal-handling capability. The
dynamic range expresses in dB the ratio of the maximum usable output signal (generally
for a distortion of about 10 per cent) to the minimum usable output signal (generally for
a signal-to-noise ratio of about 20 dB). A dynamic range of 40 dB is usually acceptable;
a value of 70 dB is exceptional for any audio system.
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Feedback networks may also be
used for frequency compensation and
for reduction of distortion. Basically,
a feedback network returns a por-
tion of the output signal to the input
circuit of an amplifier. The feedback
signal may be returned in phase with
the input signal (positive or re-
generative feedback) or 180 degrees
out of phase with the input signal
(negative, inverse, or degenerative
feedback). In either case, the feed-
back can be made proportional to
either the output voltage or the out-
put current, and can be applied to
either the input voltage or the input
current. A negative feedback signal
proportional to the output current
raises the output impedance of the
amplifier; negative feedback propor-
tional to the output voltage reduces
the output impedance. A negative
feedback signal applied to the input
current decreases the input imped-
ance; negative feedback applied to
the input voltage increases the input
impedance. Opposite effects are pro-
duced by positive feedback.

A-simple negative or inverse feed-
back network which provides high-
frequency boost is shown in Fig. 49.
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input device such as a ceramic pickup
is used. In such cases, the use of nega-
tive feedback to raise the input im-
pedance of the amplifier circuit (to
avoid mismatch loss) is no solution
because feedback cannot improve the
signal-to-noise ratio of the amplifier.
A more practical method is to in-
crease the input impedance some-
what by operating the transistor at
the lowest practical current level and
by using a transistor which has a
high forward current-transfer ratio.

Some preamplifier or low-level
audio amplifier circuits include vari-
able resistors or potentiometers which
function as volume or tone controls.
Such circuits should be designed to
minimize the flow of dec currents
through these controls so that little
or no noise will be developed by the
movable contact during the life of
the circuit. Volume controls and their
associated circuits should permit
variation of gain from zero to maxi-
mum, and should attenuate all
frequencies equally for all positions
of the variable arm of the control.
Several examples of volume controls
and tone controls are shown in the
Circuits section.

Ry
c
l_ AMPLIFIER T AMPLIFIER
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Figure 49. Negative-feedback frequency-compensation network.

This network provides equalization
comparable to that obtained with Fig.
48, but is more suitable for low-level
amplifier stages because it does not
require the first amplifier stage to
provide high-level low frequencies.
In addition, the inverse feedback im-
proves the distortion characteristics
of the amplifier.

As mentioned previously, it is
undesirable to use a high-resistance
signal source for a transistor audio
amplifier because the extreme im-
pedance mismatch results in high
noise figure. High source resistance
cannot be avoided, however, if an

A tone control is a variable filter
(or one in which at least one element
is adjustable) by means of which the
user may vary the frequency re-
sponse of an amplifier to suit his own
taste. In radio receivers and home
amplifiers, the tone control usually
consists of a resistance-capacitance
network in which the resistance is the
variable element.

The simplest form of tone control
is a fixed tone-compensating or
“equalizing” network such as that
shown in Fig. 50. At high frequencies,
the capacitor C: serves as a bypass
for the resistor R;, and the combined
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impedance of the resistor-capacitor
network is reduced. Thus, the output
of the network is greater at high fre-
quencies than at low frequencies, and
the frequency response is reasonably
flat over a wide frequency range. The
response curve can be “flattened”
still more by use of a lower value for
resistor Ra.

B+

R,
C 2

o—

c2

Ry

Figure 50. Simple tone-control network for
fixed tone compensation or equalization.

The tone-control network shown in
Fig. 51 has two stages with com-
pletely separate bass and treble con-
trols. Fig. 52 shows simplified
representations of the bass control
when the potentiometer is turned to
its extreme variations (labeled
BOOST and CUT). At very high fre-
quencies, C, and C. are effectively
short circuits and the network be-
comes the simple voltage divider R,
and R.. In the bass-boost position,
R.: is inserted in series with Ra so
that there is less attenuation to very
low frequencies than to very high
frequencies. Therefore, the bass is
said to be “boosted”. In the bass-cut
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position, R; is inserted in series with
R: so that there is more attenuation
to very low frequencies.

A BASS BOOST B8 A BASS CUT B8

—AA+—O
R R; R3
Rag e !
<
Ra2
o- 0 O

R2
4
Figure 52. Simplified representations of
bass-control circuit at extreme ends of
potentiometer.

Fig. 53 shows extreme positions of
the treble control. R. is generally
much larger than R. or Rs and may
be treated as an open circuit in the
extreme positions. In both the boost
and cut positions, very low frequen-
cies are controlled by the voltage di-
vider R and Rs. In the boost position,

TREBLE BOOST TREBLE CUT
Ra Ra
c D C I “ D
Ca cq Re
Re, R 4 1
Co== SRy
Cs
o T o © 4o

Figure 53. Simplified representations of
treble-control circuit at extreme ends of
potentiometer.

R, is bypassed by the high frequen-
cies and the voltage-divider point D
is placed closer to C. In the cut posi-

TREBLE
—$
cca
RLy l°4 R4
BOOST
Q Q2 0
—_——
B > g+ 16
cuT
Rs
C5—[
Figure 51. Two-stage tone-control circuit incorporating separate bass

and treble controls.
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tion, Rs is bypassed and there is
greater attenuation of the high fre-
quencies.

The frequencies at which boost and
cut occur in the circuit of Fig. 51 are
controlled by the values of C,, C;, C,,
and Cs. Both the output impedance of
the driving stage (generally R.:) and
the loading of the driven stage af-
fect the response curves and must be
considered. This tone-control circuit,
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audio driver must provide two output
signals, each 180 degrees out of
phase with the other. This phase re-
quirement can be met by use of a
tapped-secondary transformer be-
tween a single-ended driver stage
and the output stage, as shown in
Fig. 54. The transformer T, provides
the required out-of-phase input sig-
nals for the two transistors Q, and
Q. in the push-pull output stage.

T

r

TOQ

M
Ll

T0 Q2

e

Vee = Ca>
{ CC+ 3T

Figure 54.

like the one in Fig. 50, is attenuative.
Feedback tone controls may also be
employed.

The location of a tone-control net-
work is of considerable importance.
In a typical preamplifier, it may be
in the collector circuit of the final
low-level stage or in the input circuit
of the first stage. If the amplifier in-
corporates negative feedback, the
tone control must be inserted in a
part of the amplifier which is external
to the feedback loop, or must be made
a part of the feedback network. The
over-all gain of a well designed tone-
control network should be approxi-
mately unity. The system dynamic
range should be adequate for all fre-
quencies anticipated with the tone
controls in any position. The high-
frequency gain should not be ma-
terially affected as the bass control
is varied, nor should the low-fre-
quency gain be sensitive to the
treble control.

Driver stages in audio amplifiers
are located immediately before the
power-output stage. When a single-
ended class A output stage is used,
the driver stage is similar to a pre-
amplifier stage. When a push-pull
output stage is used, however, the

ﬂk**ﬂlL

Driver stage for push-pull output circuit.

Transistor audio power amplifiers
may be class A single-ended stages,
or class A, class AB, or class B
push-pull stages. A simple class A
single-ended power amplifier is
shown in Fig. 55. Component values
which will provide the desired power
output can be calculated from the

C T2

T0
ol |lo SPEAKER

Figure 55. Class A power-amplifier circuit.

transistor characteristics and the
supply voltage. For example, an out-
put of four watts may be desired
from a circuit operating with a sup-
ply voltage of 14.5 volts (this volt-
age is normally available in auto-
mobiles which have a 12-volt ignition
system). If losses are assumed to be
negligible, the power output (PO)
is equal to the peak collector volt-
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age (e.) times the peak collector
current (i.), each divided by the
square root of two to obtain rms
values. The peak collector current
can then be determined as follows:

e % ie
NI
PO(v/2) X \g Z

¢

PO =

i,,-

= 2
4vE x Y2
EEIRE 14.5
0.55, or approximately
0.6 ampere.

In class A service, the dc collector
current and the peak collector swing
are about the same. Thus, the col-
lector voltage and current are 14.5
volts and 0.6 ampere, respectively.

The voltage drop across the re-
sistor Rz in Fig. 55 usually ranges
from 0.3 to 1 volt; a typical value of
0.6 volt can be assumed. The value
of Rgx must equal the 0.6-volt drop
divided by the 0.6-ampere emitter
current, or one ohm. (The emitter
current is assumed to be nearly equal
to the 0.6-ampere collector current.)

The current through resistor R.
should be about 10 to 20 per cent of
the collector current; a typical value
is 15 per cent of 0.6, or 90 milli-
amperes.

The voltage from base to ground
is equal to the base-to-emitter volt-
age (determined from the transistor
transfer-characteristics curves for
the desired collector or emitter cur-
rent; normally about 0.4 volt for a
germanium power transistor operat-
ing at an emitter current of 600 milli-
amperes) plus the emitter-to-ground
voltage (0.6 volt as described above),
or one volt, The voltage across R.,
therefore, is 14.5 minus 1, or 13.5
volts. The value of R: must equal
13.5 divided by 90, or about 150 ochms.

Because the voltage drop across
the secondary winding of the driver
transformer T, is negligible, the volt-
age drop across R, is one volt. The
current through R. equals the cur-
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rent through R. (90 milliamperes)
minus the base current. If the dec
forward current-transfer ratio (beta)
of the transistor selected has a typi-
cal value of 60, the base current
equals the collector current of 600
milliamperes divided by 60, or 10
milliamperes. The current through
R, is then 90 minus 10, or 80 milli-
amperes, and the value of R, is 1
divided by 80, or about 12 ohms.

The transformer requirements are
determined from the ac voltages and
currents in the circuit. The peak
collector voltage swing that can be
used before distortion occurs as a
result of clipping of the output volt-
age is about 13 volts. The peak col-
lector current swing available before
current cutoff occurs is the dc cur-
rent of 600 milliamperes. Therefore,
the collector load impedance should
be 13 volts divided by 600 milli-
amperes, or about 20 ohms, and the
output transformer T. should be de-
signed to match a 20-ohm primary
impedance to the desired speaker im-
pedance. If a 8.2-ohm speaker is
used, for example, the impedance
values for T:. should be 20 ohms to
3.2 ohms.

The total input power to the circuit
of Fig. 55 is equal to the voltage
required across the secondary wind-
ing of the driver transformer T,
times the current. The driver signal
current is equal to the base cur-
rent (10 milliamperes peak, or 7 mil-
liamperes rms). The peak ac signal
voltage is nearly equal to the sum of
the base-to-emitter voltage across
the transistor (0.4 volt as determined
above), plus the voltage across Re
(0.6 volt), plus the peak ac signal
voltage across R: (10 milliamperes
times 12 ohms, or 0.12 volt). The in-
put voltage, therefore, is about one
volt peak, or 0.7 volt rms. Thus, the
total ac input power required to pro-
duce an output of 4 watts is 0.7 volt
times 7 milliamperes, or 5 milliwatts,
and the input impedance is 0.7 volt
divided by 7 milliamperes, or 100
ohms.
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Higher power output can be
achieved with less distortion in class
A service by the use of a push-pull
circuit arrangement. One of the dis-
advantages of a transistor class A
amplifier (single-ended or push-pull),
however, is that collector current
flows at all times. As a result, tran-
sistor dissipation is highest when no
ac signal is present. This dissipation
can be greatly reduced by use of
class B push-pull operation. When
two transistors are connected in
class B push-pull, one transistor
amplifies half of the signal, and the
other transistor amplifies the other
half. These half-signals are then
combined in the output circuit to re-
store the original waveform in an
amplified state.

Ideally, transistors used in class B
service should be biased to collector
cutoff so that no power is dissipated
under zero-signal conditions. At low
signal inputs, however, the resulting
signal would be distorted, as shown
in Fig. 56, because of the low for-
ward current-transfer ratio of the
transistor at very low currents. This
type of distortion, called cross-over
distortion, can be suppressed by the
use of a bias voltage which permits
a small collector current flow at zero
signal level. Any residual distortion
can be further reduced by the use of
negative feedback.

T
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|
i ! CROSS—OVER
| DISTORTION
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| SIGNAL
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Figure 56. Waveforms showing cause of
cross-over distortion.

A typical class B push-pull audio
amplifier is shown in Fig. 57. Re-
sistors R and Re: are the emitter
stabilizing resistors. Resistors R,
and R. form a voltage-divider net-
work which provides the bias for the
transistors. The base-emitter circuit
is biased near collector cutoff so that
very little collector power is dissi-
pated under no-signal conditions.
The characteristics of the bias net-
work must be very carefully chosen
so that the bias voltage will be just
sufficient to minimize cross-over dis-
tortion at low signal levels. Because

T0
SPEAKER

Vee

A AAG

Figure 57.

=i

Class B push-pull audio-amplifier circuit.
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the collector current, collector dissi-
pation, and de¢ operating point of a
transistor vary with ambient tem-
perature, a temperature-sensitive re-
sistor (such as a thermistor) or a
bias-compensating diode may be
used in the biasing network to mini-
mize the effect of temperature
variations.

The advantages of class B opera-
tion can be obtained without the need
for an output transformer by use
of a single-ended class B circuit such
as that shown in Fig. 58. In this cir-
cuit, the secondary windings of the
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The secondary windings of any
class B driver transformer should be
bifilar-wound (i.e., wound together)
to obtain tighter coupling and
thereby minimize leakage induct-
ance. Otherwise, “ringing” may oc-
cur in the cross-over region as a
result of the energy stored in the
leakage inductance.

Because junction transistors can
be made in both p-n-p and n-p-n
types, they can be used in comple-
mentary-symmetry circuits to obtain
all the advantages of conventional
push-pull amplifiers plus direct cou-

Figure 58.

driver transformer T, are phased so
that a negative signal from base to
emitter of one transistor is accom-
panied by a positive signal from
base to emitter of the other tran-
sistor. When a negative signal is ap-
plied to the base of transistor Q,
for example, Q. draws current. This
current must flow through the
load because the accompanying posi-
tive signal on the base of tran-
sistor Q: cuts Q. off. When the sig-
nal polarity reverses, transistor Q,
is cut off, while Q: conducts current.
The resistive dividers R,R: and R:R,
provide a dc bias which keeps the
transistors slightly above cutoff un-
der no-signal conditions and thus
minimizes cross-over distortion. The
emitter resistors Re: and Re: help to
compensate for differences between
transistors and for the effects of
ambient-temperature variations.

Single-ended class B circuit.

pling. The arrows in Fig. 59 indicate
the direction of electron current flow
in the terminal leads of p-n-p and
n-p-n transistors. When these two

g

Figure 59. Electron current flow in p-n-p
and n-p-n transistors.

transistors are connected in a single
stage, as shown in Fig. 60, the dc
electron current path in the output
circuit is completed through the col-
lector-emitter circuits of the tran-
sigstors. In the circuits of Figs. 58
and 60, essentially no de current
flows through the load resistor Rui.
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Therefore, the voice coil of a loud-
speaker can be connected directly in
place of Ry, without excessive speaker
cone distortion.

Figure 60. Basic complementary-symmetry
circuit.

Several high-fidelity amplifiers are
shown in the Circuits section. The
performance capabilities of such am-
plifiers are usually given in terms
of frequency response, total harmonic
distortion, maximum power output,
and noise level. To provide high-
fidelity reproduction of audio pro-
gram material, an amplifier should
have a frequency response which does
not vary more than 1 dB over the en-
tire audio spectrum. General practice
is to design the amplifier so that its
frequency response is flat within 1
dB from a frequency well below the
lowest to be reproduced to one well
above the upper limit of the audible

region.
Harmonic distortion and inter-
modulation distortion produce

changes in program material which
may have adverse effects on the qual-
ity of the reproduced sound. Har-
monic distortion causes a change in
the character of an individual tone
by the introduction of harmonics
which were not originally present in
the program material. For high-
fidelity reproduction, total harmonic
distortion (expressed as a percent-
age of the output power) should not
be greater than about 0.5 per cent at
the desired listening level.
Intermodulation distortion is a
change in the waveform of an indi-
vidual tone as a result of interaction
with another tone present at the
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same time in the program material.
This type of distortion not only alters
the character of the modulated tone,
but may also result in the generation
of spurious signals at frequencies
equal to the sum and difference of the
interacting frequencies. Intermodu-
lation distortion should be less than
2 per cent at the desired listening
level. In general, any amplifier which
has low intermodulation distortion
will have very low harmonic distor-
tion.

The maximum power output which
a high-fidelity amplifier should de-
liver depends upon a complex rela-
tion of several factors, including the
size and acoustical characteristics of
the listening area, the desired listen-
ing level, and the efficiency of the
loudspeaker system. Practically,
however, it is possible to determine
amplifier requirements in #erms of
room size and loudspeaker efficiency.

The acoustic power required to re-
produce the loudest passages of or-
chestral music at concert-hall level
in the average-gsize living room is
about 0.4 watt. Because high-fidelity
loudspeakers of the type generally
available for home use have an effi-
ciency of only about 5 per cent, the
output stage of the amplifier should
therefore be able to deliver a power
output of at least 8 watts. Because
many wide-range loudspeaker sys-
tems, particularly those using cross-
over networks, have efficiencies of
less than § per cent, output stages
used with such systems must have
correspondingly larger power out-
puts.

The noise level of a high-fidelity
amplifier determines the range of
volume the amplifier is able to repro-
duce, i.e., the difference (usually ex-
pressed in dB) between the loudest
and softest sounds in program ma-
terial. Because the greatest volume
range utilized in electrical program
material at the present time is about
60 dB, the noise level of a high-
fidelity amplifier should be at least
60 dB below the signal level at the
desired listening level.

The design of audio equipment for
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direct operation from the ac power
line normally requires the use of
either a power transformer or a large
voltage-dropping resistor to reduce
the 120-volt ac line voltage to a level
that is appropriate for transistors.
Both of these techniques have disad-
vantages. The use of a transformer
adds cost to the system. The use of
a dropping resistor places restric-
tions on the final packaging of the
instrument because the resistor must
dissipate power. In addition, low-
voltage supplies are usually more ex-
pensive to filter than high-voltage
supplies.

The use of high-voltage silicon
transistors eliminates the need for
either a power transformer or a high-
power voltage-dropping resistor, and
permits the use of economical cir-
cuits and components in line-operated
audio equipment. Several ac/dc cir-
cuits using these high-voltage tran-
sistors are shown in the Circuits
section. The basic class A audio out-
put stage shown in Fig. 61 is essen-
tially of the same design as the class
A amplifier discussed previously. Be-
cause the supply voltage is much
higher, however, the currents are
about one-tenth as high and the im-
pedances about 100 times as high.

The use of a voltage-dependent
resistor (VDR) as a damping resis-
tor across the primary winding of the
output transformer in Fig. 61 pro-
tects the output circuit against the
destructive effects of transient volt-
ages that can occur under abnormal
conditions. If the VDR were not used,

TO
DRIVER
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the peak collector voltage under
transient conditions could be as high
as five to ten times the supply volt-
age, or far in excess of the break-
down-voltage rating for the transis-
tor. Because the resistance of the
VDR varies directly with voltage, its
use limits the transient voltage to
safe levels but does not degrade over-
all circuit performance.

Fig. 62 shows another effective
method for protection against tran-
sient voltages. In this arrangement,

TO
DRIVER

120 vV
AC/DC

Figure 62. Alternate method for protection
against transient voltages.

the output transformer is replaced by
a center-tapped transformer and a
silicon rectifier that has a peak-
reverse-voltage rating of 300 to 400
volts. The peak voltage across the
output is thus limited to a value
which does not exceed twice the mag-
nitude of the supply voltage. As the
collector voltage approaches a value
equal to twice the supply voltage, the
voltage at the diode end of the trans-
former becomes sufficiently negative
to forward-bias the diode and thus

It
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Figure 61.

~ll+
c2

Basic audio output stage for line-operated equipment.
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clamp the collector voltage. The re-
quired transformer primary imped-
ance is generally about 10,000 ohms
center-tapped; in addition, it is
recommended that a bifilar winding
be used to minimize leakage in-
ductance. Because the arrangement
shown in Fig. 62 provides more re-
liable protection against transients
‘than that of Fig. 61, a higher supply
voltage and a higher transformer im-
pedance can be used.

It should be noted that special pre-
cautions are required in the con-
struction of circuits for line-voltage
operation. Because these circuits
operate at high ac and dec voltages,
special care must be exercised to as-
sure that no metallic part of the chas-
sis or output transformer is exposed
to touch, accidental or otherwise.
The circuits should be installed in
non-metallic cabinets, or should be
properly insulated from metallic
cabinets. Insulated knobs should be
used for potentiometer shafts and
switches.

A phase inverter is a type of class
A amplifier used when two out-of-
phase outputs are required. In the
split-load phase-inverter stage shown
in Fig. 63, the output current of
transistor Q. flows through both the
collector load resistor R, and the
emitter load resistor R.. When the
input signal is negative, the in-
creased output current causes the
collector side of resistor R, to be-
come more positive and the emitter
side of resistor R:; to become more
negative with respect to ground.

Figure 63. Split-load phase inverter stage.
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When the input signal is positive,
the output current decreases and op-
posite voltage polarities are estab-
lished across resistors R: and R..
Thus, two output signals are pro-
duced which are 180 degrees out of
phase with each other. This circuit
provides the 180-degree phase rela-
tionship only when each load is re-
sistive and constant throughout the
entire signal swing. It is not suitable
as a driver stage for a class B out-
put stage.

Direct-Current Amplifiers

Direct-current amplifiers are nor-
mally used in transistor circuits to
amplify small de or very-low-fre-
quency ac signals. Typical applica-
tions of such amplifiers include the
output stages of series-type and
shunt-type regulating circuits.
chopper-type circuits, differential
amplifiers, and pulse amplifiers.

In series regulator circuits such as
that shown in Fig. 64, direct-coupled
amplifiers are used to amplify an

o &

Figure 64. Typical series regulator circuit.

error or difference signal obtained
from a comparison between a por-
tion of the output voltage and a
reference source. The reference-
voltage source Vx is placed in the
emitter circuit of the amplifier tran-
sistor Q: so that the error or differ-
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ence signal between Vr and some
portion of the output voltage Vo is
developed and amplified. The ampli-
fied error signal forms the input to
the regulating element consisting of
transistors Q: and Q., and the out-
put from the regulating element de-
velops a controlling voltage across
the resistor R..

Shunt regulator circuits are not as
efficient as series regulator circuits
for most applications, but they have
the advantage of greater simplicity.
In the shunt voltage regulator cir-
cuit shown in Fig. 65, the current
through the shunt element consisting
of transistors Q. and Q. varies with
changes in the load current or the
input voltage. This current variation
is reflected across the resistance R,
in series with the load so that the
output voltage Vo is maintained
nearly constant.

Ry

Figure 65. Typical shunt regulator circuit.

Direct-coupled amplifiers are also
used in chopper-type circuits to am-
plify low-level dc¢ signals, as illu-
strated by the block diagram in Fig.
66. The dc signal modulates an ac
carrier wave, usually a square wave,
and the modulated wave is then am-
plified to a convenient level. The
series of amplified pulses can then
be detected and integrated into the
desired de output signal.

CHOPPER
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Differential amplifiers can be used
to provide voltage regulation, as
described above, or to compensate
for fluctuations in current due to
signal, component, or temperature
variations. Typical differential am-
plifier elements such as those shown
in Fig. 67 include an output stage
which supplies current to the load
resistor R, and the necessary num-
ber of direct-coupled cascaded stages

B )
R
>
Vo
VR g»
Vi
R R2 <€
Vo
VRy % é
Figure 67. Typical differentia!l amplifier
circuits.

to provide the required amount of
gain for a given condition of line-
voltage or load-current regulation.
The reference-voltage source Vg is

INTEGRATOR t :

®

Figure 66. Block diagram showing action of ‘‘chopper’” circuit.
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placed in one of the cascaded stages
in such a manner that an error or
difference signal between Vi and
some portion of the output voltage
Vo is developed and amplified. Some
form of temperature compensation
is usually included to insure stabil-
ity of the direct-coupled amplifier.

Tuned Amplifiers

In transistor radio-frequency (rf)
and intermediate-frequency (if) am-
plifiers, the bandwidth of frequencies
to be amplified is usually only a
small percentage of the center fre-
quency. Tuned amplifiers are used
in these applications to select the
desired bandwidth of frequencies and
to suppress unwanted frequencies.
The selectivity of the amplifier is
obtained by means of tuned inter-
stage coupling networks.

The properties of tuned amplifiers
depend upon the characteristics of
resonant circuits. A simple parallel
resonant circuit (sometimes called a
“tank” because it stores energy) is
shown in Fig. 68. For practical pur-
poses, the resonant frequency of such
a circuit may be considered inde-
pendent of the resistance R, provided
R is small compared to the inductive
reactance X.. The resonant fre-
quency f, is then given by

1

- = 2e/IC

For any given resonant frequency,
the product of L and C is a constant;
at low frequencies LC is large; at
high frequencies it is small.

The Q (selectivity) of a parallel
resonant circuit alone is the ratio of
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Figure 68. Simple parallel resonant circuit.

the current in the tank (I. or I¢) to
the current in the line (I). This un-
loaded Q, or Q.,, may be expressed
in various ways, for example:

=7 =R "X

where X, is the inductive reactance
(= 2#fL), X. is the capacitive re-
actance ( = 1/[2»£fC]), and R; is the
total impedance of the parallel reso-
nant circuit (tank) at resonance. The
Q varies inversely with the resistance
of the inductor. The lower the re-
sistance, the higher the Q and the
greater the difference between the
tank impedance at frequencies off
resonance compared to the tank im-
pedance at the resonant frequency.
The Q of a tuned interstage cou-
pling network also depends upon the
impedances of the preceding and fol-
lowing stages. The output impedance
of a transistor can be considered as
consisting of a resistance R, in par-
allel with a capacitance C,, as shown
in Fig. 69. Similarly, the input im-
pedance can be considered as consist-
ing of a resistance R, in parallel
with a capacitance C.. Because the

OUTPUT OF INPUT OF
PRECEDING COUPLING FOLLOWING
TRANSISTOR NETWORK TRANSISTOR
O O
| 3
Ro ==c, G=< Ri
2 4
O O—
Figurg 69. Equivalent output and input circuits of transistors

connected by a coupling network.
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tuned circuit is shunted by both the
output impedance of the preceding
transistor and the input impedance
of the following transistor, the ef-
fective selectivity of the circuit is
the loaded Q (or Q.) based upon
the total impedance of the coupled
network, as follows:

{ total loading on |
Qu = coil at resonance
L= XL or Xc

The capacitances C, and C, in Fig.
69 are usually considered as part of
the coupling network. For example,
if the required capacitance between
terminals 1 and 2 of the coupling
network is calculated to be 500 pico-
farads and the value of C, is 10
picofarads, a capacitor of 490 pico-
farads is used between terminals 1
and 2 so that the total capacitance is
500 picofarads. The same method is
used to allow for the capacitance C:
at terminals 3 and 4.

When a tuned resonant circuit in
the primary winding of a trans-
former is coupled to the nonresonant
secondary winding of the trans-
former, as shown in Fig. 70a, the ef-
fect of the input impedance of the
following stage on the Q of the tuned
circuit can be determined by con-

. sidering the values reflected (or re-
ferred) to the primary circuit by
transformer action. The reflected re-
sistance r; is equal to the resistance
R: in the secondary circuit times the
square of the effective turns ratio
between the primary and secondary
windings of the transformer T:

r; = R (N,;/N,)?

where N,/N. represents the electrical
turns ratio between the primary
winding and the secondary winding
of T. If there is capacitance in the
secondary circuit (C,), it is reflected
to the primary circuit as a capaci-
tance C.;, and is given by

Cip = Cp + (Ny/Ny)?
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The loaded Q, or Qu, is then calcu-
lated on the basis of the inductance
L,, the total shunt resistance (R,
pedance Z: = Q.X. = Q.X.), and
plus r, plus the tuned-circuit im-
the total capacitance (C, + C.;) in
the tuned circuit.

Fig. 70b shows a coupling network
which consists of a single-tuned cir-
cuit using mutual inductive coupling.
The capacitance C. includes the ef-
fects of both the output capacitance
of the preceding transistor and the

. T
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PRECEDING =z | FOLLOWING
TRANSISTOR TRANSISTOR
i
'3
OUTPUT OF INPUT OF
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Figure 70. Equivaient circuits for trans-
former-coupling networks: (a) having tuned
primary winding; (b) using inductive
coupling; (c) using tap on primary winding.

input capacitance of the following
transistor (referred to the primary
of transformer T.). The bandwidth
of a single-tuned transformer is de-
termined by the half-power points on
the resonance curve (—3 dB or 0.707
down from the maximum). Under
these conditions, the band pass Af
is equal to the ratio of the center or
resonant frequency f. divided by the
loaded (effective) Q of the circuit, as
follows:

Af = £:/Qu

The inherent internal feedback in
transistors can cause instability and
oscillation as the gain of an amplifier
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stage is increased (i.e., as the load
and source impedances are increased
from zero to matched conditions).
At low radio frequencies, therefore,
where the potential gain of transis-
tors is high, it is often desirable to
keep the transistor load impedance
low. Relatively high capacitance
values in the tuned collector circuit
can then be avoided by use of a tap
on the primary winding of the
coupling transformer, as shown in
Fig. 70c. At higher frequencies, the
gain potential of the transistor de-
creases, and impedance matching is
permissible. However, lead induct-
ance becomes significant at higher
frequencies, particularly in the emit-
ter circuit. All lead lengths should be
kept short, therefore, and especially
the emitter lead, which not only de-
grades performance but is also a
mutual coupling to the output circuit.

External feedback circuits are
often used in tuned coupling net-
works to counteract the effects of
the internal transistor feedback and
thus provide more gain or more
stable performance. If the external
feedback circuit cancels the effects
of both the resistive and the reac-
tive internal feedback, the amplifier
is considered to be unilateralized. If
the external circuit cancels the effect
of only the reactive internal feed-
back, the amplifier is considered to
be neutralized.

In the design of low-level tuned
rf amplifiers, carcful consideration
must be given to the transistor and
circuit parameters which control cir-
cuit stability, as well as those which
maintain adequate power gain. In
addition, if the signals to be ampli-
fied are relatively weak, it is im-
portant that the transistor and its
associated circuit provide low noise
figure at the operating frequency.

The relative power-gain capabili-
ties of transistors at high frequencies
are indicated by their theoretical
maximum frequency of oscillation
fmax. At this frequency, the unilateral-
ized matched power gain, or maxi-
mum available gain MAG, is zero dB.
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As shown in Fig. 71, the curve of
MAG as a function of frequency for
a typical rf transistor rises approxi-
mately 6 dB per octave above fmas.

Because most practical rf ampli-
fiers are not individually unilateral-
ized, the power gain that can be
obtained is somewhat less than the
MAG because of internal feedback in
the circuit. This feedback is greater
in unneutralized circuits than in neu-
tralized circuits, and therefore gain
is lower when neutralization is not
used. From a practical considera-
tion, the feedback capacitance which
must be considered is the total feed-
back capacitance between collector
and base, including both stray and
socket capacitances. In neutralized
circuits, stray capacitances, socket
capacitance, and the typical value of
device capacitance can generally be
neutralized. At a given frequency,
therefore, the maximum usable
power gain MUG of a neutralized cir-
cuit depends on the transconductance
gw and the amount of internal feed-

SLOPE = 6dB/OCTAVE
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Figure 71. Maximum available gain MAG,
maximum usable gain MUG, and noise
figure NF as functions of frequency.
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back capacitance C:. In unneutralized
circuits, however, both socket and
stray capacitances are involved in
the determination of gain and must
be included in the value of C:. The
ratio of gm to C: should be high to
provide high power gain. Fig. 71
shows typical curves of MAG and
MUG (for both the neutralized and
the unneutralized case) for a low-
level rf transistor used in a common-
emitter circuit.

The transistor requirements for
high power gain and low noise figure
are essentially the same. Published
data for transistors intended for low-
level rf applications generally indi-
cate a minimum power gain and a
maximum noise figure in a circuit
typical of the intended use. A curve
of noise figure NF as a function of
frequency is also shown in Fig. 71.
Circuit design factors for lowest
noise figure include use of a low-
noise transistor, choice of optimum
bias current and source resistance,
and use of low-loss input circuits.
Optimum low-noise bias current for
most low-level rf transistors is
about 1 milliampere, or slightly
higher in the uhf range. Optimum
source resistance is a function of
operating frequency and bias current
for a given transistor.
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The input circuit to the first stage
of the amplifier should have as little
loss as possible because such loss
adds directly to the otherwise attain-
able noise figure. In other words, if
the loss at the input to the first stage
is 2 dB, the amplifier noise figure will
be 2 dB higher than could be achieved
with no loss at the input. To mini-
mize such loss, it is generally desir-
able that the ratio of unloaded Q
(Q.) to loaded Q (Q.) of the input
circuit be high and that the bias re-
sistors be isolated from the input by
chokes or tuned circuits.

A typical tuned amplifier using
neutralization is shown in Fig. 72.
The input signal to the transistor
is an if carrier (e.g., 455 kilocycles)
amplitude-modulated by an audio
signal. Capacitor C, and the primary
winding of transformer T, form a
parallel-tuned circuit resonant at
455 kilocycles. Transformer T,
couples the signal power from the
previous stage to the base of the
transistor. Resistors R, and Rs pro-
vide forward bias to the transistor.
Capacitor C; provides a low-imped-
ance path for the 455-kilocycle signal
from the input tuned circuit to the
emitter. Resistor R,, which is by-
passed for 455 kilocycles by capacitor
C,, is the emitter dc stabilizing resis-

T

A

C2:=+

Figure 72. Neutralized if-amplifier and second-detector circuit.
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tor. The amplified signal from the
transistor is developed across the
parallel resonant circuit (tuned to
455 kilocycles) formed by capacitor
Cs and the primary winding of trans-
former T, and is coupled by T: to
the crystal-diode second detector CR.

QUTPUT OF
PRECEDING
TRANSISTOR
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secondary winding. It is extremely
difficult in practice to construct a
fractional part of a turn. In such
cases, capacitance coupling may be
used, as shown in Fig. 78. This ar-
rangement, which is also called
capacitive division, is similar to

INPUT OF
FOLLOWING
TRANSISTOR

Figure 73. Single-tuned coupling network using capacitive division.

Because of the phase reversal in-
herent in the common-emitter con-
figuration, reactive feedback in the
transistor due to the internal capaci-
tance between the collector and the
base is 180 degrees out of phase with
the input. In the external feedback
loop, therefore, current at the inter-
mediate frequency is taken from the
secondary winding of the single-
tuned output transformer and ap-
plied to the base of the transistor
through the feedback (neutralizing)
capacitor Cs. Because this current is
180 degrees out of phase with the col-
lector current, it cancels the reactive
feedback in the transistor and thus
improves the gain of the circuit.

The rectified output of the crystal
diode CR, is filtered by capacitor C;
and resistor R, so that the voltage
across capacitor C; consists of an
audio signal and a dc voltage (posi-
tive with respect to ground for the
arrangement shown in Fig. 72) that
is directly proportional to the am-
plitude of the if carrier. This de
voltage is fed back to the base of
the transistor through the resistor
R, to provide automatic gain control.
Resistor R, and capacitor C; form
an audio decoupling network to pre-
vent audio feedback to the base of
the transistor.

In high-frequency tuned ampli-
fiers, where the input impedance is
typically low, mutual inductive coup-
ling may be impracticable because
of the small number of turns in the

tapping down on a coil at or near
resonance. Impedance transformation
in this network is determined by the
ratio between capacitors C, and C..
Capacitor C, is normally much
smaller than C:; thus the capacitive
reactance Xc: is normally much larger
than Xc.. Provided the input resist-
ance of the following transistor is
much greater than Xc, the effective
turns ratio from the top of the coil
to the input of the following tran-
sistor is (C, + C:)/C.. The total ca-
pacitance C. across the inductance L
is given by .

C,C
C, = 12
NP S

The resonant frequency f. is then
given by

1
2'K V L]Ct

Double-tuned interstage coupling
networks are often used in prefer-
ence to single-tuned networks to
provide flatter frequency response
within the pass band, a sharper drop
in response immediately adjacent to
the ends of the pass band, or more
attenuation at frequencies far re-
moved from resonance. In syn-
chronous double-tuned networks,
both the resonant circuit in the in-
put of the coupling network and the
resonant circuit in the output are
tuned to the same resonant fre-
quency. In ‘stagger-tuned” net-

f, =
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works, the two resonant circuits are
tuned to slightly different resonant
frequencies to provide a more rec-
tangular band pass with sharper se-
lectivity at the ends of the pass band.
Double-tuned or stagger-tuned net-
works may use capacitive, inductive,
or mutual inductance coupling, or any
combination of the three.

Automatic gain comntrol (age) is
often used in rf and if amplifiers in
AM radio and television receivers to
provide lower gain for strong signals
and higher gain for weak signals.
(In radio receivers, this gain-com-
pensation network may also be called
automatic volume control or avce.)
When the signal strength at the an-
tenna changes, the age circuit modi-
fies the receiver gain so that the out-
put of the last if-amplifier stage
remains nearly constant and conse-
quently maintains a nearly constant
speaker volume or picture contrast.

The age circuit usually reduces the
rf and if gain for a strong signal by
varying the bias on the rf-amplifier
and if-amplifier stages when the sig-
nal increases. A simple reverse agc
circuit is shown in Fig. 74. On each
positive half-cycle of the signal volt-
age, when the diode anode is positive
with respect to the cathode, the diode
passes current. Because of the flow
of diode current through R,, there is
a voltage drop across R: which makes
the upper end of the resistor nega-
tive with respect to ground. This
voltage drop across R: is applied,
through the filter R. and C, as reverse
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bias on the preceding stages. When
the signal strength at the antenna in-
creases, therefore, the signal applied
to the age diode increases, the volt-
age drop across R, increases, the re-
verse bias applied to the rf and if
stages increases, and the gain of the
rf and if stages is decreased. As a
result, the increase in signal strength
at the antenna does not produce as
much increase in the output of the
last if-amplifier stage as it would
without age.

When the signal strength at the
antenna decreases from a previous
steady value, the agc circuit acts in
the opposite direction, applying less
reverse bias and thus permitting the
rf and if gain to increase.

The filter C and R. prevents the
age voltage from varying at audio
frequency. This filter is necessary be-
cause the voltage drop across R,
varies with the modulation of the car-
rier being received. If age voltage
were taken directly from R, without
filtering, the audio variations in age
voltage would vary the receiver gain
so as to smooth out the modulation
of the carrier. To avoid this effect,
the age voltage is taken from the
capacitor C. Because of the resistance
R: in series with C, the capacitor can
charge and discharge at only a com-
paratively slow rate. The agc voltage
therefore cannot vary at frequencies
as high as the audio range, but can
vary rapidly at frequencies high
enough to compensate for most
changes in signal strength.

voﬁ?ﬁss !
cl
—1: Rz
AUDIO
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OQUTPUT
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Figure 74. Simple reverse agc circuit.
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In a television receiver, the video
signal contains a de component, and
therefore the average carrier level
varies with signal information. As a
result, the agc circuit is designed to
provide a control voltage propor-
tional to the peak modulated carrier
level rather than the average modu-
lated carrier level. The time constant
of the agc detector circuit is made
large enough so that the picture con-
tent of the composite video signal
does not influence the magnitude of
the age voltage. In addition, an elec-
tronic switch is often included in the
circuit so that it can be operated only
during the retrace portion of the
scanning cycle. This “gated agc”
technique prevents noise peaks from
affecting age operation.

There are two ways in which auto-
matic gain control can be applied
to a transistor. In the reverse agc
method shown in Fig. 74, age action
is obtained by decreasing the collec-
tor or emitter current of the tran-
sistor, and thus its transconductance
and gain. The use of forward agc
provides improved cross-modulation
characteristics and better signal-
handling capability than reverse agec.
For forward agc operation, however,
the transistor used must be specially
designed so that transconductance
decreases with increasing emitter
current. In such transistors, the
current-cutoff characteristics are de-
signed to be more remote than the
typical sharp-cutoff characteristics of
conventional transistors. (All tran-
gistors can be used with reverse age,
but only specially designed types
with forward age.)

Reverse age is simpler to use, and
provides less bandpass shift and tilt
with signal-strength variations. The
input and output resistances of a
transistor increase when reverse agc
is applied, but the input and output
capacitances are not appreciably
changed. The change in the loading
of tuned circuits is minimal, how-
ever, because considerable mismatch
already exists and the additional mis-
match caused by age has little effect.

In forward age, however, the input
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and output resistances of the tran-
sistor are reduced when the collector
or emitter current is increased, and
thus the tuned circuits are damped.
In addition, the input and output
capacitances change drastically, and
alter the resonant frequency of the
tuned circuits. In a practical circuit,
the bandpass shift and tilt caused by
forward age can be compensated to
a large extent by the use of passive
coupling circuits.

Cross-modulation is an important
consideration in the evaluation of
transistorized tuner circuits. This
phenomenon, which occurs in non-
linear systems, can be defined as
the transfer of modulation from
an interfering carrier to the desired
carrier. In general, the severity of
cross-modulation is independent of
both the semiconductor material and
the construction of the transistor
(provided gain and noise factor are
not sacrificed). At low frequencies,
cross-modulation is also independent
of the amplitude of the desired car-
rier, but varies as the square of the
amplitude of the interfering signal.

In most rf circuits, the undesir-
able effects of cross-modulation can
be minimized by good selectivity in
the antenna and rf interstage coils.
Minimum cross-modulation can best
be achieved by use of the optimum
circuit Q with respect to bandwidth
and tracking considerations, which
implies minimum loading of the tank
circuits.

In rf circuits where selectivity is
limited by the low unloaded Q’s of
the coils being used, improved cross-
modulation can be obtained by mis-
matching the antenna circuit (that
is, selecting the antenna primary-
to-secondary turns ratio such that
the reflected antenna impedance at
the base of the rf amplifier is very
low compared to the input imped-
ance). This technique is commonly
used in automobile receivers, and
causes a slight degradation in noise
figure. At high frequencies, such
as in television, where low source im-
pedances are difficult to obtain be-
cause of lead inductance or the



impracticality of putting a tap on
a coil having one or two turns, an
unbypassed emitter resistor having
a low value of resistance (e.g., 22
ohms) may be used to obtain the
same effect.

Cross-modulation may occur in
the mixer or rf amplifier, or both.
Accordingly, it is important to ana-
lyze the entire tuner as well as the
individual stages. Cross-modulation
is also a function of age. At sen-
gitivity conditions where the rf
stage is operating at maximum gain
and the interfering signal is far
removed from the desired signal,
cross-modulation occurs primarily in
the rf stage. As the desired signal
level increases and age is applied
to the rf stage, the rf transistor gain
decreases and provides improved
cross-modulation. If the interfering
signal is close to the desired signal, it
is the rf gain at the undesired signal
frequency which determines whether
the rf stage or mixer stage is the
prime contribution of cross-modula-
tion. For example, it is possible that
the rf stage gain (including selec-
tivity of tuned circuits) at the un-
desired frequency is greater than
unity. In this case, the undesired
signal at the mixer input is larger
than that at the rf input; thus the
contribution of the mixer is appre-
ciable. Intermediate and high signal
conditions may be analyzed similarly
by considering rf age.

If adequate limiting is employed,
cross-modulation does not occur in
an FM signal.

Limiters

A limiter circuit is essentially an
if-amplifier stage designed to pro-
vide clipping at a desired signal level.
Such circuits are used in FM receiv-
ers to remove AM components from
the if signal prior to FM detection.
The limiter stage is normally the last
stage prior to detection, and is simi-
lar to preceding if stages. At low
input rf signal levels, it amplifies the
if signal in the same manner as pre-
ceding stages. As the signal level in-
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creases, however, a point is reached
at which the limiter stage is driven
into saturation (i.e., the peak currents
and voltages are limited by the sup-
ply voltage and load impedances and
increases in signal produce very little
increase in collector current). At
this point, the if signal is “clipped”
(or flattened) and further increases
in rf signal level produce no further
output in if signal to the detector.

Limiter stages may be designed to
provide clipping at various input-
signal levels. A high-gain FM tuner
is usually designed to limit at very
low rf input signal levels, and pos-
sibly even on noise signals. Addi-
tional AM rejection may be obtained
by use of a ratio detector for the
frequency discriminator.

Wideband (Video) Amplifiers

In some applications, it is neces-
sary for a transistor circuit to am-
plify signals ranging from very low
frequencies (several cycles per sec-
ond) to high frequencies (tens of
megacycles per second) with a mini-
mum of frequency and time-delay
distortion. For example, very exact-
ing requirements are demanded for
such applications as television camera
chains, ac voltmeters, and vertical
amplifiers for oscilloscopes. In re-
sponse to these demands, circuit com-
pensation techniques have been de-
veloped to minimize the amplitude
and time-delay variation as the
upper or lower frequency limits of
the amplifier are approached.

The need for such compensation is
evident when many identical stages
of amplification are employed. If ten
cascaded stages are used, a variation
of 0.3 dB per stage results in a total
variation of 3 dB. In an uncompen-
sated amplifier, this total variation
occurs two octaves (a frequency ratio
of four) prior to the half-power
point. Because two octaves are lost
from both the high and low frequen-
cies, the bandwidth of ten cascaded
uncompensated amplifier stages is
only one-sixteenth that of a single
amplifier stage. Fig. 76 shows the
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Figure 75. Amplitude response characteristics of various numbers (N) of identical
uncompensated amplifiers.

amplitude response characteristics
of various numbers of identical un-
compensated amplifiers.

In general, the output of an ampli-
fier may be represented by a current
generator i... and a load resistance
Ri, as shown in Fig. 76a. Because
the signal current is shunted by vari-
ous capacitances at high frequencies,
as shown in Fig. 76b, there is a loss
in gain at these frequencies. If an
inductor L is placed in series with
the load resistor R., as shown in

Fig. 76c, a low-Q circuit is formed
which somewhat suppresses the ca-
pacitive loading. This method of gain
compensation, called shunt peaking,
can be very effective for improving
high-frequency response. Fig. 76
shows the frequency response for the
circuits shown in Fig. 76a, b, and c.
If the inductor L shown in Fig. T6c
is made self-resonant approximately
one octave above the 3-dB frequency
of the circuit of Fig. 76b, the ampli-
fier response is extended by about

4 Bl
/\
() / \
2T gt
. /1
‘l’ (a) / %
oo | ||| AT wstrenr| \c
o } } KL n | )
g 0| I\ \B
7] <,
o foutr 2RL ==CsTRAY %
@ 7((
g -2r I
-
-
o
* \
-4 =CSTRAY "-o\
= T T
o5 2 4 S8, 2T 4 6 87 8 808
FREQUENCY—c/s
Figure 76. Equivalent circuits and frequency response of uncompensated and

shunt-peaked amplifiers.
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another 30 per cent.

If the stray capacitance C shown
in Fig. 76b is broken into two parts
C’ and C” and an inductor L, is placed
between them, a heavily damped
form of series resonance may be em-
ployed for further improvement.
This form of compensation, called
series peaking, is shown in Fig. 77a.

Ly |
R ' c"
¢’ ca

T L2 Tc
(a) (b)
Figure 77. Circuits using (a) series peak-

ing, and (b) both self-resonant shunt
peaking and series peaking.

-
L

If C' and C” are within a factor of
two of each other, series peaking
produces an appreciable improvement
in frequency response as compared
to shunt peaking. A more complex
form of compensation embodying
both self-resonant shunt peaking and
series peaking is shown in Fig. 77b.

The effects of various high-fre-
quency compensation systems can be
demonstrated by consideration of an
amplifier consisting of three identi-
cal stages. If each of the three stages
is down 3 dB at one megacycle per
second, and if a total gain variation
of plus 1 dB and minus 3 dB is al-
lowed, the bandwidth of the ampli-
fier is 0.5 megacycle per second
without compensation. Shunt peak-
ing raises the bandwidth to 1.3 mega-
cycles per second. Self-resonant
shunt peaking raises it to 1.5 mega-
cycles per second. An infinitely com-
plicated network of shunt-peaking
techniques could raise it to 2 mega-
cycles per second. If the distribution
of capacitance permits it, series
peaking alone can provide a band-
width of about 2 megacycles per
second, while a combination of shunt
and series peaking can provide a
bandwidth of approximately 2.8
megacycles per second. If the ca-
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pacitance is perfectly distributed,
and if an infinitely complex network
of shunt and series peaking is em-
ployed, the ultimate capability is
about 4 megacycles per second.

The frequency response of a wide-
band amplifier is influenced greatly
by variations in component values
due to temperature effects, variation
of transistor parameters with volt-_
age and current (normal large-signal
excursions), changes of stray capaci-
tance due to relocated lead wires, or
other variations. A change of 20 per
cent in any of the critical parameters
can cause a change of 0.7 dB in gain
per stage over the last half-octave
of the response for the most simple
case of shunt peaking. As the band-
width is extended by more complex
peaking, a circuit becomes substan-
tially more critical. (Measurement
probes generally alter circuit per-
formance because of their capaci-
tance; this effect should be considered
during frequency-response measure-
ments.)

In the design of wideband ampli-
fiers using many stages of amplifica-
tion, it is necessary to consider time-
delay variations as well as amplitude
variation. When feedback capaci-
tance is a major contributor to re-
sponse limitation, the more complex
compensating networks may produce
severe ringing or even sustained os-
cillation. If feedback capacitance is
treated as input capacitance pro-
duced by the Miller effect, the added
input capacitance C. caused by the
feedback capacitor C: is given by

Cr =Ce (1 —VG)

where VG is the input-to-output
voltage gain. The gain VG, however,
has a phase angle that varies with
frequency. The phase angle is 180
degrees at low frequencies, but may
lead or lag this value at high fre-
quencies; the magnitude of VG then
also varies. In the design of very
wideband amplifiers (20 megacycles
per second or more), the phase of
the transconductance g. must be
considered.
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Fig. 78a shows three stages of a
multi-stage wideband amplifier. The
resistors Rs merely provide a high-
impedance bias path for the collec-
tors of the transistors. The ac col-
lector current of each transistor
normally flows almost exclusively
into the relatively low impedance
offered by the base of the next stage
through the coupling capacitor C..
The resistive network R, and R, pro-
vides a stable de bias for the tran-
sistor base.

The mid-frequency gain of each
stage is approximately equal to
the common-emitter current-transfer
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ratio (beta) of the transistor if
the component values are properly
chosen. The high-frequency response
is limited primarily by the transis-
tor gain-bandwidth product fr, the
transistor feedback capacitance, and
sometimes the stray capacitance. The
low-frequency response is limited
primarily by the value of the
coupling capacitor C..

Fig. 78b illustrates the use of
high-frequency shunt peaking and
low-frequency peaking at the ex-
pense of stage gain in the three
stages of the wideband amplifier to
extend the high- and low-frequency

R3 R3 3
€ Ry € R2 G R2 i
Ok F— H— o
§R| Ry Ry
(a)
R3 R3 R3
S S G DY NS S S, W
O—9—1—wW\ ) —AAA ) A O
(" ch Rg Ly j—Cz Rg L r]_CZ Rg
R5 = R5 3 =
C3 Rg C3 Rq Ca=R Rg
(b)

Figure 78.

(a) Uncompensated and (b) compensated versions of three stages of a

multistage wideband amplifier.
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response. The emitter resistors Re
are made as small as possible, yet
large enough to mask the variation
of transconductance, and thus volt-
age gain, as a function of signal-
current variation. For very small
ratios of peak ac collector current to
de collector current, this variation is
not substantial. The resistors Re also
partially mask the effect of the in-
trinsic base-lead resistance rv'.

The base-bias resistors R, of Fig.
78a are split into two resistors R.
and Rs in Fig. 78b, with R: well by-
passed. The mid-frequency gain is
then reduced to a value approximat-
ing R; divided by Re. At this point,
however, the high-frequency response
is increased by the same factor.
Shunt peaking is provided by L, and
C. for additional high-frequency
improvement.

When the reactance of the bypass
capacitor C, is large compared to R,
the low-frequency gain is increased
because the resistor no longer heavily
shunts the transistor input. Selec-
tion of the proper value for C; ex-
actly offsets the loss of low-frequency
gain caused by C,. When the re-
actance of C, approaches R, how-
ever, the low-frequency peaking is
no longer effective.

High-Frequency Power Amplifiers

Within their frequency capabili-
ties, power transistors can be used to
develop the power output required for
communications transmitters operat-
ing in the vhf and uhf ranges. In most
cases, power-amplifier circuits are
designed to provide desired values of
power output and power gain when
operated at a specified supply volt-
age and frequency. The de¢ supply
voltage is usually fixed at 12 volts for
ground mobile equipment and 28 volts
for aircraft transmitting equipment.
The operating frequency varies for
different types of transmitters; the
upper frequency is often limited by
the power-frequency capability of
commercially available transistors.
The desired rf power output, which
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is usually dictated by the trans-
mitting system requirements, de-
termines whether a single device or
a suitable parallel arrangement of
devices should be used.

The ability of a transistor to oper-
ate satisfactorily as a vhf or uhf
power amplifier depends on its ability
to handle large amounts of peak cur-
rents at high frequencies. One of the
most important considerations in rf
power-amplifier design is the power-
dissipation capability of the transis-
tor. The maximum power that can be
dissipated before “thermal runaway”
occurs depends on how well the heat
generated within the transistor is re-
moved. When heat is removed by
conduction, the heat transfer is an
inverse function of the thermal re-
sistance. The maximum dc power-
dissipation capability Pm.x(de) can
be expressed as follows:

T; — Ta

Pmu(de) = 5

where T; and T. are the maximum
allowable junction temperature and
the ambient temperature, respec-
tively, in degrees centigrade, and ¢
is the total thermal resistance of the
transistor and the heat sink. For
most silicon power transistors, T; is
200°C.

The maximum dc voltage which can
safely be applied to the collector
junction is limited by the voltage
breakdown ratings for the particular
transistor used. The Vcgr rating de-
fines the maximum value that can be
applied under forward-biased condi-
tions. If the transistor is required
to be forward-biased, as in the case
of a class A power stage, the maxi-
mum de¢ voltage should be no more
than one-half this rating. The Vcgv
rating defines the maximum value
that can be applied under reverse-
biased conditions. For class C oper-
ation of the transistor, the supply
voltage must be limited to one-half
this value for safe operation. The
maximum de or peak collector current
rating for a transistor is usually es-
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tablished at some practical value of
current gain.

In a high-frequency power ampli-
fier, it is usually desirable to obtain
as much power output as possible
with good efficiency and a minimum
amount of harmonic distortion. Both
common-emitter and common-base
circuits are used in rf power ampli-
fiers. The choice of circuit configu-
ration is influenced primarily by
operating frequency, power gain,
bandwidth, and rf stability require-
ments. At extremely high frequen-
cies, the power-gain capability of the
common-emitter circuit is restricted
somewhat by the emitter-lead induct-
ance. Provided some sacrifice in
power gain is acceptable, however,
this circuit is generally used because
it has better rf stability and can more
easily be designed with controlled
bandwidths. Because the power gain
of the common-base circuit is not
limited by the degenerative effects of
the emitter-lead inductance, the ap-
parent power gain of this configura-
tion is somewhat greater at very
high frequencies than that of the
common-emitter circuit. However,
the common-base circuit is only con-
ditionally stable at high frequencies
and controlled bandwidths may be
more difficult to obtain.

Because rf transistor amplifiers
are designed to handle a selected fre-
quency or band of frequencies, tuned
circuits are usually employed for the
input and output coupling networks.
The collector current in an rf power-
amplifier stage contains an appre-
ciable amount of harmonics as a
result of the large dynamic swing of
voltages and currents. The tuned
coupling networks are designed to
isolate the unwanted harmonic cur-
rents and permit only the fundamen-
tal component of current to flow in
the load circuit. A high ratio of un-
loaded Q (Q.) to loaded Q (Qr) must
be maintained to obtain good tuned-
circuit efficiency.

Transistor rf power amplifiers can
be operated in class A, B, or C service.
The choice of the mode of operation
depends upon several factors, includ-

ing the amount of power output,
power gain, and power efficiency de-
sired. Class A power amplifiers are
normally used when extremely good
linearity is required. Class A ampli-
fiers provide more power gain than
either class B or class C amplifiers,
but their maximum theoretical col-
lector efficiency is limited to 50 per
cent. Because the zero-signal collec-
tor power dissipation is high in class
A operation, the bias network must
be selected to provide good thermal
stability.

The input coupling network of a
class A power amplifier must be de-
signed to transform the input re-
sistance to the appropriate value to
provide the proper load on the driv-
ing source. The reactive portion of
the input network must resonate with
the transistor input reactance. When
the input circuit is driven from a
signal generator that has a known
internal impedance, the input cou-
pling network is usually designed to
provide maximum power transfer.

Maximum power transfer occurs
when the load resistance is matched
to the dynamic output resistance of
the transistor. However, matching
for maximum power transfer may be
impractical in a particular power-
amplifier design because of the collec-
tor-supply-voltage (Vcc) and power-
output (P,) requirements. The
collector load resistance Ri is de-
termined by these requirements as
follows:

Ru = Ved?/2P,

The reactive portion of the output
impedance is also important and must
be considered in the design of a class
A power amplifier. The output cou-
pling network must be designed to
resonate out this reactance and pro-
vide the required collector-circuit
loading.

When the circuit-design require-
ments for a power amplifier demand
several watts of rf power output, one
of the cutoff modes of operation is
used. The class B and class C modes
are characterized by good collector-
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circuit efficiency and relatively high
power output in proportion to the
average dissipation in the transistor.
During periods of zero input signal,
the power-supply drain and collec-
tor dissipation are low. The choice
between class B and class C opera-
tion is usually determined by the
power-gain or collector-efficiency re-
quirements. Class B amplifiers gen-
erally have higher power gain, while
class C amplifiers have higher collec-
tor efficiency. The following discus-
sion of design considerations for a
class C rf power amplifier is also ap-
plicable in most respects to class B
circuits.

As in the case of a class A power
amplifier, the collector load resistor
for a class C circuit is determined by
the supply-voltage and power-output
requirements. The output tuned cir-
cuit must be designed to obtain the
proper load matching and also main-
tain good tuned-circuit efficiency.

Because class C amplifiers are re-
verse-biased beyond collector-current
cutoff, the harmonic currents gener-
ated in the collector are comparable
in amplitude with the fundamental
component. The tuned coupling net-
works must provide a relatively high
impedance to these harmonic currents
and a low impedance to the funda-
mental current. If the impedance of
the tuned circuit is sufficiently high
at the harmonic frequencies, how-
ever, the amplitude of the harmonic
currents is reduced and their contri-
bution to the average current flowing
in the collector is minimized. As a
result, the collector power dissipa-
tion is reduced and the collector-cir-
cuit output efficiency is increased.

Fig. 79 shows an output-coupling
network in which a parallel tuned
circuit is used for coupling the load
to the collector circuit. The collector
electrode of the transistor is tapped
down on the coil L, in this network.
The capacitor C, provides tuning for
the fundamental frequency, and ca-
pacitor C.; provides load matching of
Ry to the tuned circuit. The trans-
formed R. across the entire tuned
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circuit is stepped down to the collec-
tor by proper selection of the turns
ratio for the coil Li. If the value of
L: is chosen properly and the portion
of the coil inductance between the
collector and ground is sufficiently
high, the harmonic portion of the col-
lector current is low in the tuned cir-
cuit and its contribution to the de
component flowing in the collector
circuit is minimized. Tapping the
collector down on the coil maintains

Figure 79. Output-coupling network using
parallel tuned circuit.

the loaded Q.. of the circuit and mini-
mizes the variation of bandwidth of
the output circuit with changes in
the output capacitance of the tran-
sistor.

The circuit shown in Fig. 79 has
one serious limitation at very high
frequencies. Because of the poor co-
efficient of coupling in coils at such
frequencies, the tap position is usu-
ally establshed empirically to obtain
the proper collector loading. Fig. 80
shows suitable output-coupling net-
works which provide the required
collector loading and also suppress
the circulation of collector harmonie
currents. These networks, which in-
clude the collector output capacitance,
are not dependent upon coupling co-
efficient for load-impedance trans-
formation.

The input network for a class C
rf power amplifier must provide cou-
pling of the base-emitter circuit to
the driving source. Because the driv-
ing stage is usually another power
transistor, the load required by the
collector of the driver stage is gen-
erally higher than the base-to-emitter
impedance of the amplifier transis-
tor. Therefore, the base-to-emitter
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Figure 80. Output-coupling networks in-
cluding collector output capacitance Co.

impedance of the output stage must
be transformed up to the appropriate
value of load for the collector circuit
of the driver stage. The input circuit
of the transistor can be represented
as a resistor rv’ in series with a ca-
pacitor C;. The input network must
tune out the capacitance C: and pro-
vide a purely resistive load to the
collector of the driver stage.

Fig. 81 shows several input-cou-
pling networks which can be used to
couple the base to the output of the
driver stage and to tune out the in-
put capacitance C;. In Fig. 81a, the
input circuit is formed by the T net-
work consisting of Ci, Ce, and L. If
the value of the inductance L. is
chosen so that its reactance is much
greater than that of C,, series tun-
ing of the base-to-emitter circuit is
obtained by L: and the parallel com-
bination of C. and (C: 4+ C.). Capaci-
tors C; and C. provide the impedance
matching to the collector of the
driver stage.

Fig. 81b shows a T network with
the location of L; and C. inter-
changed. If the value of the capaci-
tor C; is chosen so that its reactance
is much greater than that of C,, then
C; can be used to step up ©’ to an
appropriate value across L.. The re-
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sultant parallel resistance across L,
is transformed to the required col-
lector load value by capacitors C; and
C.. Parallel resonance of the circuit
is obtained by means of L, and the
parallel combination of (C. + C.)
and C..

The circuits shown in Figs. 8la
and 81b require the collector of the
driving transistor to be shunt fed by
a high-impedance rf choke. Fig. 81c
shows a coupling network which
eliminates the need for a choke. In
this circuit, the collector of the driv-
ing transistor is parallel tuned and
the base-to-emitter junction of the
output transistor is series tuned.

As mentioned previously, the base-
to-emitter junction of a transistor is
reverse-biased for class C operation.

vee

(c)

Figure 81. Input-coupling networks for
high-frequency power amplifiers.
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Fig. 82 shows several ways of obtain-
ing this reverse bias. In Fig. 82a, the
base lead is returned to ground
through an rf choke. When the tran-
sistor is driven, the de¢ base current
causes a voltage drop across the
ohmic base lead resistance r.’ in the
right direction to provide a slight
reverse bias for the base-to-emitter
junction. However, this bias is usu-
ally small in magnitude and is diffi-
cult to control because the value of
r,’ varies for different transistors.
The separate battery supply in-
cluded in the base circuit in Fig. 82b
is a good way of obtaining reverse
bias for the transistor, but a particu-
lar circuit design may not permit an
additional supply to be used. In Fig.
82c¢, the resistor Rg included in the
base circuit constitutes a form of
“self-bias”. However, a disadvantage
of this circuit is that too high a value
of Rg restricts the usable collector-to-
emitter breakdown voltage to a value
close to the Vego rating.

The arrangement shown in Fig.
82d represents the best way of ob-
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Figure 82. Biasing networks for high-frequency power amplifiers.

taining reverse bias for class C oper-
ation. This method does not affect the
breakdown characteristic of the tran-
sistor, and provides both thermal
stability and high efficiency. The ca-
pacitor Cg must provide an effective
bypass at the operating frequency to
reduce the degenerative effects of
Rz. For transistors in which the
emitter is internally connected to the
case, such as the 40341, the case
should be electrically isolated from
the chassis, and the biasing resistor
and bypass capacitor should then be
connected from case to ground. An
alternate method is to connect the
negative end of the power supply to
the chassis through a biasing resis-
tor, bolt the transistor directly to the
chassis, and then return the base of
the transistor through an rf choke
to the negative end of the supply.
When more power is required from
an rf-power-amplifier circuit than
can be obtained from a single tran-
sistor, several transistors can be ar-
ranged in either parallel or push-pull.
In a push-pull arrangement, trans-
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formers must be used for proper
input-signal phase. Because it is dif-
ficult to build transformers which
provide the required impedance trans-
fer at very high frequencies, this
type of operation can be inefficient
for transistors.

Power transistors have been oper-
ated successfully in parallel arrange-
ments in many practical -circuit
designs at frequencies up to 500
megacycles per second. The major
design problem in the parallel oper-
ation of transistors is equal load
sharing, i.e., all transistors in the
parallel setup should deliver equal
power to the load. In general, load
sharing depends on the degree of
match of the separate units. Tran-
sistors used in an ideal, perfectly bal-
anced circuit should have identical
power gain, input and output imped-
ances, and thermal resistance. In
practice, experiments have shown
that a circuit can generally be con-
sidered as balanced if the static cur-
rents match within 10 per cent. If
a closer degree of balance is re-
quired, it is necessary to pre-select

Pjs8W C
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transistors in a single-stage circuit.

Fig. 83 shows two 2N3733 overlay
transistors operated in a parallel ar-
rangement. This circuit includes pro-
visions for monitoring the collector
currents to assure equal load shar-
ing. The effects of the emitter-lead
inductance are tuned out by capaci-
tor Cg. Total direct current for each
transistor can also be determined by
measuring the de voltage across the
emitter resistor Rg and dividing by
the value of the emitter resistor used.
The emitter circuit represents the
best place for monitoring current
sharing in a parallel arrangement to
establish that both input and output
currents are equal.

Paralleling of transistors for low-
voltage operation is somewhat more
complex. Because collector load im-
pedances are very low and currents
very high, it is mechanically difficult
to locate the paralleled transistors in
such a manner that the same load im-
pedance is presented to both collec-
tors. For example, the collector load
impedance Ry for the 18-watt ampli-
fier of Fig. 83 operating at 28 volts

Figure 83. High-frequency power amplifier using two 2N3733 overlay transistors in
a parallel arrangement.



is approximately equal to Vec*/2P. =
784/36 = 21.8 ohms. For a similar
18-watt amplifier operated at 12
volts, the value of R. is equal to
144/36, or only 4 ohms. At low volt-
ages, therefore, it is necessary to
step up the impedance for the indi-
vidual collectors by means of rf
chokes inserted in the collector leads
before the outputs of the individual
transistors are tied together.

One of the most common problems
encountered in the design of vhf
power amplifiers is low-frequency
parasitic oscillations. Such oscilla-
tions are caused both by stray low-
frequency resonances formed be-
tween external circuits and internal
transistor capacitances and by the
very large power gains of which vhf
transistors are capable at low fre-
quencies. The following methods can
be used to minimize these low-fre-
quency oscillations:

1. A low-Q ferrite choke should be

used for the base return to
ground; the value should be the
smallest possible that does not
impair the amplifier gain at
operating frequencies.
The emitter should be bypassed
at the operating frequency with
a capacitor of relatively low
value to make the stage degen-
erative at lower frequencies.

3. Wherever possible, the output
circuit should utilize a dc feed
coil as an integral part of the
network.

4. The power leads should be
effectively bypassed with a
feedthrough capacitor at the
operating frequency and a dise
ceramic capacitor that makes
an effective short at low fre-
quencies.

In many military and amateur
radio applications, rf power transis-
tors are often used in single-side-
band circuits. Single-sideband (SSB)
modulation is a special form of am-
plitude modulation (AM) in which
only one sideband is transmitted and
the carrier is suppressed to the point
of extinction. A brief review of AM

]
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characteristics helps to explain the
principles of SSB operation.

When a carrier frequency is modu-
lated by an audio modulating fre-
quency, three components are pro-
duced: the carrier, which has an am-
plitude independent of modulation,
and two other components which have
equal amplitude but have frequencies
above and below the carrier fre-
quency by the amount of the modu-
lating frequency. The two latter
components, which carry identical
intelligence, are called sideband fre-
quencies. Their amplitude depends on
the degree of modulation. Because
only these sidebands transmit intelli-
gence and each sideband is a mirror
image of the other, the carrier and
one sideband can be eliminated and
only the remaining sideband used for
transmission of intelligence. This
technique results in single-sideband
transmission.

One advantage of single-sideband
transmisison is a reduction in aver-
age power. A comparison of total
average power radiated by AM and
SSB transmitters for equal signal-
to-noise ratios shows that the carrier
power is twice the total sideband
power in a 100-per-cent modulated
AM wave. If the carrier power is
unity, the total radiated power is 1.5
units (1 4+ 0.256 4+ 0.25 = 1.5). An
SSB transmitter under similar con-
ditions has 0.5 unit of radiated power
(peak envelope power = 2 X 0.25).
Thus, the total average power for
AM is three times the average power
for SSB. If a conservative 10-to-1
peak-to-average power ratio is as-
sumed for a voice signal, the average
power output is 1.05 units for AM
and 0.05 unit for SSB.

Another advantage of SSB is that
it requires a narrower frequency
spectrum, one-half that required by
AM. The use of minimum bandwidth
in the transmitter permits a greater
number of channel allocations within
a given frequency range. To ensure
that a minimum band is occupied by
the transmission, it is important to
make use of low-distortion linear am-
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plifiers. As a result, class B, AB, and
A amplifiers are generally used in
preference to class C amplifiers and
frequency multipliers.

TV SCANNING,
SYNC, AND DEFLECTION

For reproduction of a transmitted
picture in a television receiver, the
face of a cathode-ray tube is scanned
with an electron beam while the in-
tensity of the beam is varied to con-
trol the emitted light at the phosphor
screen. The scanning is synchronized
with a scanned image at the TV trans-
mitter, and the black-through-white
picture areas of the scanned image
are converted into an electrical sig-
nal that controls the intensity of the
electron beam in the picture tube at
the receiver.

Scanning Fundamentals

The scanning procedure used in
the United States employs hori-
zontal linear scanning in an odd-
line interlaced pattern. The standard
scanning pattern for television sys-
tems includes a total of 525 horizon-
tal scanning lines in a rectangular
frame having an aspect ratio of 4 to
3. The frames are repeated at a rate
of 30 per second, with two fields inter-
laced in each frame. The first field in
each frame consists of all odd-number
scanning lines, and the second field
in each frame consists of all even-
number scanning lines. The field repe-
tition rate is thus 60 per second, and
the vertical scanning rate is 60 cycles
per second.

The geometry of the standard odd-
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line interlaced scanning pattern is
illustrated in Fig. 84. The scanning
beam starts at the upper left corner
of the frame at point A, and sweeps
across the frame with uniform ve-
locity to cover all the picture ele-
ments in one horizontal line. At the
end of each trace, the beam is rapidly
returned to the left side of the frame,
as shown by the dashed line, to begin
the next horizontal line. The horizon-
tal lines slope downward in the di-
rection of scanning because the
vertical deflecting signal simultane-
ously produces a vertical scanning
motion, which is very slow compared
with the horizontal scanning speed.
The slope of the horizontal line trace
from left to right is greater than the
slope of the retrace from right to left
because the shorter time of the re-
trace does not allow as much time
for vertical deflection of the beam.
Thus, the beam is continuously and
slowly deflected downward as it scans
the horizontal lines, and its position
is successively lower as the horizon-
tal scanning proceeds.

At the bottom of the field, the ver-
tical retrace begins, and the beam is
brought back to the top of the frame
to begin the second or even-number
field. The vertical “fiyback” time is
very fast compared to the trace, but
is slow compared to the horizontal
scanning speed; therefore, some hori-
zontal lines are produced during the
vertical flyback.

All odd-number fields begin at
point A in Fig. 84 and are the same.
All even-number fields begin at point
C and are the same. Because the be-
ginning of the even-field scanning at
C is on the same horizontal level as
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Figure 84. The odd-line interlaced scanning procedure.
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A, with a separation of one-half line,
and the slope of all lines is the same,
the even-number lines in the even
fields fall exactly between the odd-
number lines in the odd field.

Sync

In addition to picture information,
the composite video signal from the
video detector of a television receiver
contains timing pulses to assure that
the picture is produced on the face-
plate of the picture tube at the right
instant and in the right location.
These pulses, which are called sync
pulses, control the horizontal and
vertical scanning generators of the
receiver.

Fig. 85 shows a portion of the de-
tected video signal. When the picture
is bright, the amplitude of the signal
is low. Successively deeper grays are
represented by higher amplitudes
until, at the “blanking level” shown
in the diagram, the amplitude repre-
sents a complete absence of light.
This “black level” is held constant at
a value equal to 75 per cent of the
maximum amplitude of the signal
during transmission. The remaining
25 per cent of the signal amplitude
is used for synchronization informa-
tion. Portions of the signal in this
region (above the black level) can-
not produce light.

In the transmission of a television
picture, the camera becomes inactive
at the conclusion of each horizontal
line and no picture information is
transmitted while the scanning beam
is retracing to the beginning of the
next line. The scanning beam of the
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receiver is maintained at the black
level during this retrace interval by
means of the blanking pulse shown
in Fig. 85. Immediately after the be-
ginning of the blanking period, the
signal amplitude rises further above
the black level to provide a horizon-
tal-synchronization pulse that ini-
tiates the action of the horizontal
scanning generator. When the bot-
tom line of the picture is reached, a
similar vertical-synchronization pulse
initiates the action of the vertical
scanning generator to move the
scanning spot back to the top of the
pattern.

The sync pulses in the composite
video signal are separated from the
picture information in a sync-sepa-
rator stage, as shown in Fig. 86. This
stage is biased sufficiently beyond
cutoff so that current flows and an
output signal is produced only at the
peak positive swing of the input sig-
nal. In the diode circuit of Fig. 86a,
negative bias for the diode is de-
veloped by R and C as a result of the
flow of diode current on the positive
extreme of signal input. The bias au-
tomatically adjusts itself so that the
peak positive swing of the input sig-
nal drives the anode of the diode posi-
tive and allows the flow of current
only for the sync pulse. In the cir-
cuit shown in Fig. 86b, the base-
emitter junction of the transistor
functions in the same manner as the
diode in Fig. 86a, but in addition
the pulses are amplified.

After the synchronizing signals
are separated from the composite
video signal, it is necessary to filter
out the horizontal and vertical sync

— — — MAXIMUM LEVEL

— — BLACK LEVEL OR
BLANKING LEVEL

PICTURE
INFORMATION

— —— MAXIMUM WHITE
LEVEL

Figure 85. Detected video signal.
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signals so that each can be applied
to its respective deflection generator.
This filtering is accomplished by RC
circuits designed to filter out all but
the desired synchronizing signals.
Although the horizontal, vertical, and
equalizing pulses are all rectangular
pulses of the same amplitude, they
differ in frequency and pulse width,
as shown in Fig. 87. The horizontal
sync pulses have a repetition rate
of 15,750 per second (one for each
horizontal line) and a pulse width
of 5.1 microseconds. The equalizing
pulses have a width approximately
half the horizontal pulse width, and
a repetition rate of 31,500 per sec-
ond; they occur at half-line inter-
vals, with six pulses immediately
preceding and six following the ver-
tical synchronizing pulse. The ver-
tical pulse is repeated at a rate of
60 per second (one for each field),
and has a width of approximately
190 microseconds. The serrations in
the vertical pulse occur at half-line
intervals, dividing the complete pulse
into six individual pulses that pro-
vide horizontal synchronization dur-
ing the vertical retrace. (Although
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Figure 86. Sync-separator circuits using (a) a diode, and (b) a transistor.

the picture is blanked out during the
vertical retrace time, it is necessary
to keep the horizontal scanning
generator synchronized.)

All the pulses described above are
produced at the transmitter by the
synchronizing-pulse generator; their
waveshapes and spacings are held
within very close tolerances to pro-
vide the required synchronization of
receiver and transmitter scanning.

The horizontal sync signals are
separated from the total sync in a
differentiating circuit that has a
short time constant compared to the
width of the horizontal pulses. When
the total sync signal is applied to
the differentiating circuit shown in
Fig. 88, the capacitor charges com-
pletely very soon after the leading
edge of each pulse, and remains
charged for a period of time equal
to practically the entire pulse width.
When the applied voltage is removed
at the time corresponding to the
trailing edge of each pulse, the capa-
citor discharges completely within
a very short time. As a result, a
positive peak of voltage is obtained
for each leading edge and a negative

VERTICAL PULSE LEADING
|9§.5 ps EDGE
—"3H

S

Lo.43H

Figure 87. Waveform of TV synchronizing pulses (H = horizontal line period of
1/15,750 seconds, or 63.5 us).
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Figure 88. Separation of the horizontal sync signals from the total sync by a

differentiating circuit.

peak for the trailing edge of every
pulse. One polarity is produced by
the charging current for the leading
edge of the applied pulse, and the
opposite polarity is obtained from
the discharge current corresponding
to the trailing edge of the pulse.

As mentioned above, the serrations
in the vertical pulse are inserted
to provide the differentiated output
needed to synchronize the horizontal
scanning generator during the time
of vertical synchronization. During
the vertical blanking period, many
more voltage peaks are available
than are necessary for horizontal
synchronization (only one pulse is
used for each horizontal line period).
The check marks above the differen-
tiated output in Fig. 88 indicate the
voltage peaks used to synchronize
the horizontal deflection generator
for one field. Because the sync sys-
tem is made sensitive only to positive
pulses occurring at approximately
the right horizontal timing, the nega-
tive sync pulses and alternate dif-
ferentiated positive pulses produced
by the equalizing pulses and the ser-
rated vertical information have no
effect on horizontal timing. It can be
seen that although the total sync
signal (including vertical synchro-
nizing information) is applied to the

circuit of Fig. 88, only horizontal
synchronization information appears
at the output.

The vertical sync signal is sepa-
rated from the total sync in an inte-
grating circuit which has a time
constant that is long compared with
the duration of the 5-microsecond
horizontal pulses, but short compared
with the 190-microsecond vertical
pulse width. Fig. 89 shows the gen-
eral circuit configuration used, to-
gether with the input and output
signals for both odd and even fields.

INPUT I OUTPUT

Figure 89. Separation of vertical sync
signals from the total sync for odd and
even fields with no equalizing pulses.
(Dashed line indicates triggering level for
vertical scanning generator.)
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The period between horizontal pulses,
when no voltage is applied to the RC
circuit, is so much longer than the
horizontal pulse width that the capa-
citor has time to discharge almost
down to zero. When the vertical pulse
is applied, however, the integrated
voltage across the capacitor builds
up to the value required for trigger-
ing the vertical scanning generator.
This integrated voltage across the
capacitor reaches its maximum am-
plitude at the end of the vertical
pulse, and then declines practically
to zero, producing a pulse of the tri-
angular wave shape shown for
the complete vertical synchronizing
pulse. Although the total sync sig-
nal (including horizontal informa-
tion) is applied to the circuit of Fig.
89, therefore, only vertical synchro-
nization information appears at the
output.

The vertical synchronizing pulses
are repeated in the total sync signal
at the field frequency of 60 per sec-
ond. Therefore, the integrated out-
put voltage across the capacitor of
the RC circuit of Fig. 89 can be
coupled to the vertical scanning
generator to provide vertical syn-
chronization. The six equalizing
pulses immediately preceding and
following the vertical pulse improve
the accuracy of the vertical synchro-
nization for better interlacing. The
equalizing pulses that precede the
vertical pulses make the average
value of applied voltage more nearly
the same for even and odd fields, so
that the integrated voltage across
the capacitor adjusts to practically
equal values for the two fields before
the vertical pulse begins. The equal-
izing pulses that follow the vertical
pulse minimize any difference in the
trailing edge of the vertical synchro-
nizing signal for even and odd fields.

Horizontal Deflection

In the horizontal-deflection stages
of a television receiver, a current that
varies linearly with time and has a
sufficient peak-to-peak amplitude

must be passed through the horizon-
tal-deflection-yoke winding to develop
a magnetic field adequate to deflect
the electron beam of the television
picture tube. (This type of deflection
is different from that used in a
cathode-ray oscilloscope, where the
beam is deflected electrostatically.)
After the beam is deflected com-
pletely across the face of the picture
tube, it must be returned very
quickly to its starting point. (As ex-
plained previously, the beam is ex-
tinguished during this retrace by the
blanking pulse incorporated in the
composite video signal, or in some
cases by additional external blank-
ing derived from the horizontal-de-
flection system.)

The simplest form of a deflection
circuit is shown in Fig. 90. In this
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Figure 90. Simplest form of deflection
circuit.

circuit, the yoke impedance L is as-
sumed to be a perfect inductor. When
the switch is closed, the yoke current
starts from zero and increases line-
arly. At any time t, the current i is
equal to Et/L, where E is the ap-
plied voltage. When the switch is
opened at a later time t., the current
instantly drops from a value of Et,/L
to zero.

Although the basic circuit of Fig.
90 crudely approaches the require-
ments for deflection, it presents some
obvious problems and limitations. The
voltage across the switch becomes
extremely high, theoretically ap-
proaching infinity. In addition, if
very little of the total time is spent
at zero current, the circuit would
require a tremendous amount of dec
power. Furthermore, the operation
of the switch would be rather criti-
cal with regard to both its opening
and its closing. Finally, because the
deflection field would be phased in



only one direction, the beam would
have to be centered at the extreme
left of the screen for zero yoke
current.

If a capacitor is placed across the
switch, as shown in Fig. 91, the yoke
current still increases linearly when
the switch is closed at time t = 0.
However, when the switch is opened
at time t = t,, a tuned circuit is
formed by the parallel combination
of L and C. The resulting yoke cur-
rents and switch voltages are then
as shown in Fig. 91. The current is
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Figure 91, Addition of capacitor to permit
flyback ringing, and yoke-current (upper)
and switch-voltage (lower) waveforms.
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at a maximum when the voltage
equals zero, and the voltage is at a
maximum when the current equals
zero. If it is assumed that there are
no losses, the ringing frequency fo..
is equal to 1/(2m/LC).

If the switch is closed again al any
time the capacitor voltage is not equal
to zero, an infinite switch current
flows as a result of the capacitive dis-
charge. However, if the switch is
closed at the precise moment t. that
the capacitor voltage equals zero, the
capacitor current effortlessly trans-
fers to the switch, and a new transient
condition results. Fig. 92 shows
the yoke-current and switch-voltage
waveforms for this new condition.
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Figure 92. Yoke-current (upper) and
switch-voitage (lower) waveforms
when switch is closed at t..
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If the switch is again opened at
ti, closed at ts, and so on, the desired
sweep results, the peak switch volt-
age is finite, and the average supply
current is zero. The deflection system
is then lossless and efficient and, be-
cause the average yoke current is
zero, beam decentering is avoided.
The only fault of the circuit of Fig.
91 is the critical timing of the switch,
particularly at time t = t.. However,
if the switch is shunted by a damper
diode, as shown in Fig. 93, the diode
acts as a closed switch as soon as the
capacitor voltage reverses slightly.

Ll

S [}

-l- Vee

Figure 93. Incorporation of damper

diode

The switch may then be closed at any
time between t. and t..

In typical horizontal-deflection cir-
cuits, the switch is a transistor, as
shown in Fig. 94. Although the tran-
sistor is forward-biased prior to ta,
it is not an effective switch for the
reverse collector current; therefore,
the damper diode carries most of this
current. High voltage is generated
by use of the step-up transformer
T, in parallel with the yoke. This
step-up transformer is designed so
that its leakage inductance, dis-
tributed capacitance, and output
stray capacitance complement the
yoke inductance and retrace tuning
capacitance in such a manner that the
peak voltage across the primary
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Figure 94. Simple transistor horizontal-deflection circuit.

winding is reduced and the peak volt-
age across the secondary winding is
increased, as compared to the values
that would be obtained in a perfect
transformer. This technique, which is
referred to as “third-harmonie tun-
ing”, yields a voltage ratio of second-
ary-to-primary peak voltage of ap-
proximately 1.7 times the value
expected in a perfect transformer.

To provide linearity correction for
wide-angle television picture tubes,
it is necessary to retard the sweep
rate at the beginning and end of scan.
Therefore, a suitable capacitor C. is
placed in series with the yoke, as
shown in Fig. 94, so that the direct
current required to supply ecircuit
losses is fed through the flyback-
transformer primary. A parabolic
waveform is then developed across
C. (called the S-shaping capacitor)
so that the trace voltage across the
yoke is less at the ends of the sweep
than in the middle of the sweep. (This
capacitor actually provides a series
resonant circuit tuned to approxi-
mately & kilocycles per second so
that an S-shaped current portion of
a sine wave results.) It is desirable
to place the S-shaping capacitor and
the yoke between the collector and
the emitter of the transistor so
that the yoke current does not have
to flow through the power supply.

The highest anticipated peak volt-
age across the transistor in Fig. 94
is a function of the de voltage ob-
tained at high ac line voltage and at
the lowest horizontal-oscillator fre-
quency. (At these conditions, of
course, the receiver is out of sync.)
The tolerance on the inductors and
capacitors alters the trace time only
slightly and usually may be ignored
if a 10-per-cent tolerance is used for
the tuning capacitor.

Vertical Deflection

The vertical-deflection circuit in a
television receiver is essentially a
class A audio amplifier with a com-
plex load line, severe low-frequency
requirements (much lower than 60
cycles per second), and a need for
controlled linearity. The equivalent
low-frequency response for a 10-per-
cent deviation from linearity is one
cycle per second. The basic circuit
configuration is shown in Fig. 95.

The required performance can be
obtained in a vertical-deflection cir-
cuit in any of three ways. The am-
plifier may be designed to provide a
flat response down to one cycle per
second. This design, however, re-
quires an extremely large output
transformer and immense capacitors.
Another arrangement is to design the
amplifier for fairly good low-fre-



quency response and predistort the
generated signal.

The third method is to provide ex-
tra gain so that feedback techniques
can be used to provide linearity. If
loop feedback of 20 or 30 dB is used,
transistor gain variations and non-
linearities become fairly insignifi-
cant. The feedback automatically
provides the necessary ‘predistor-
tion” to correct low-frequency limi-

8-
YOKE
INPUT
Figure 95. Simple vertical-deflection

circuit.

tations. In addition, the coupling of
miscellaneous signals (such as power-
supply hum or horizontal-deflection
signals) in the amplifying loop is
suppressed.

OSCILLATION

Transistor oscillator circuits are
similar in many respects to the am-
plifiers discussed previously, ex-
cept that a portion of the output
power is returned to the input net-
work in phase with the starting
power (regenerative or positive feed-
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back) to sustain oscillation. DC bias-
voltage requirements for oscillators
are similar to those discussed for
amplifiers.

The maximum operating frequency
of an oscillator circuit is limited by
the frequency capability of the tran-
sistor used. The maximum frequency
of oscillation of a transistor is de-
fined as the frequency at which the
power gain is unity. Because some
power gain is required in an oscilla-
tor circuit to overcome losses in the
feedback network, the operating
frequency must be some value below
the transistor maximum frequency
of oscillation.

For sustained oscillation in a tran-
sistor oscillator, the power gain of
the amplifier network must be equal
to or greater than unity. When the
amplifier power gain becomes less
than unity, oscillations become
smaller with time (are “damped”)
until they cease to exist. In practi-
cal oscillator circuits, power gains
greater than unity are required be-
cause the power output is divided
between the load and the feedback
network, as shown in Fig. 96. The
feedback power must be equal to the
input power plus the losses in the
feedback network to sustain oscilla-
tion.

LC Resonant Feedback Oscillators

The frequency-determining ele-
ments of an oscillator circuit may
consist of an inductance-capacitance

FEEDBACK
NETWORK -—
FEEDBACK
POWER
LOAD
E/7 N\C — > POWER
INPUT POWER —» OUTPUT POWER —
INPUT OUTPUT
NETWORK 8 NETWORK
40

Figure. 96 Block diagram of transistor oscillator showing division of output power.
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(LC) network, a crystal, or a resist-
ance-capacitance (RC) network. An
LC tuned circuit may be placed in
either the base circuit or the collec-
tor circuit of a common-emitter tran-
sistor oscillator. In the tuned-base
oscillator shown in Fig. 97, one
battery is used to provide all the
de operating voltages for the tran-
sistor. Resistors R;, Rs, and R. pro-
vide the necessary bias conditions.

A tuned-collector transistor oscil-
lator is shown in Fig. 98. In this
circuit, resistors R, and R, establish
the base bias. Resistor R. is the
emitter stabilizing resistor. Capaci-
tors C, and C, bypass ac around
resistors R, and R., respectively. The
tuned circuit consists of the primary
winding of transformer T and the
variable capacitor C.. Regeneration
is accomplished by coupling the feed-

7_

Figure 97.

Resistor R. is the emitter stabiliz-
ing resistor. The components within
the dotted lines comprise the transis-
tor amplifier. The collector shunt-
feed arrangement prevents dc cur-
rent flow through the tickler
(primary) winding of transformer
T. Feedback is accomplished by the
mutual inductance between the trans-
former windings.

The tuned circuit consisting of the
secondary winding of transformer T
and variable capacitor C, is the fre-
quency-determining element of the
oscillator. Variable capacitor C, per-
mits tuning through a range of fre-
quencies. Capacitor C: couples the
oscillation signal to the base of the
transistor, and also blocks dc. Ca-
pacitor C. bypasses the ac signal
around the emitter resistor R; and
prevents degeneration. The output
signal is coupled from the collector
through coupling capacitor Cs to the
load.

Tuned-|

base oscillator.

back signal from transformer wind-
ing 8-4 to the tickler coil winding
1-2. The secondary winding of the
transformer couples the signal out-
put to the load.

Another form of LC resonant
feedback oscillator is the transistor
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Figure 98. Tuned-collector oscillator.
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version of the Colpitts oscillator,
shown in Fig. 99. Regenerative
feedback is obtained from the tuned
circuit consisting of capacitors C.
and C; in parallel with the pri-
mary winding of the transformer,

Rgq 7gC2
U
! 3 OuTPUT
3 z 2 4
Ry =
4 —-——v 7 C3
=VcC
= +
Ry ‘[
+

Figure 99. Transistor Colpitts oscillator.

and is applied to the emitter of the
transistor. Base bias is provided by
resistors R, and R.. Resistor R, is
the collector load resistor. Resistor
R, develops the emitter input signal
and also acts as the emitter stabiliz-
ing resistor. Capacitors C. and GCs
form a voltage divider; the voltage
developed across Cs is the feedback
voltage. The frequency and the
amount of feedback voltage can be
controlled by adjustment of either
or both capacitors. For minimum
feedback loss, the ratio of the ca-
pacitive reactance between C, and
C; should be approximately equal to
the ratio between the output imped-
ance and the input impedance of the
transistor.

A Clapp oscillator is a modifica-
tion of the Colpitts circuit shown in
Fig. 99 in which a capacitor is added
in series with the primary winding
of the transformer to improve fre-
quency stability. When the added
capacitance is small compared to
the series capacitance of C, and C,,
the oscillator frequency is deter-
mined by the series LC combination
of the transformer primary and the
added capacitor. A Hartley oscil-
lator is similar to the Colpitts
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oscillator, except that a split induct-
ance is used instead of a split ca-
pacitance to obtain feedback.

Crystal Oscillators

A quartz crystal is often used
as the frequency-determining ele-
ment in a transistor oscillator circuit
because of its extremely high Q (nar-
row bandwidth) and good frequency
stability over a given temperature
range. A quartz crystal may be
operated as either a series or paral-
lel resonant circuit. As shown in Fig.
100, the electrical equivalent of the
mechanical vibrating characteristic
of the crystal can be represented by
a resistance R, an inductance L,
and a capacitance C. in series. The
lowest impedance of the crystal oc-
curs at the series resonant frequency
of C, and L; the resonant frequency
of the circuit is then determined
only by the mechanical vibrating
characteristics of the crystal.

The parallel capacitance C, shown
in Fig. 100 represents the electro-
static capacitance between the crystal
electrodes. At frequencies above the

O

o T

Figure 100. Equivatent circuit of quartz
crystal.

series resonant frequency, the com-
bination of L and C, has the effect
of a net inductance because the in-
ductive reactance of L is greater
than the capacitive reactance of C..
This net inductance forms a parallel
resonant circuit with C, and any cir-
cuit capacitance across the crystal.
The impedance of the crystal is
highest at the parallel resonant fre-
quency; the resonant frequency of
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the circuit is then determined by
both the crystal and externally con-
nected circuit elements.

Increased frequency stability can
be obtained in the tuned-collector
and tuned-base oscillators discussed
previously if a crystal is used in the
feedback path. The oscillation fre-
quency is then fixed by the crystal.
At frequencies above and below the
series resonant frequency of the crys-
tal, the impedance of the crystal in-
creases and the feedback is reduced.
Thus, oscillation is prevented at fre-
quencies other than the series reso-
nant frequency.

The parallel mode of crystal reso-
nance is used in the Pierce oscillator
shown in Fig. 101. (If the crystal
were replaced by its equivalent cir-
cuit, the functioning of the oscillator
would be analogous to that of the
Colpitts oscillator shown in Fig. 99.)
The resistances shown in Fig. 101
provide the proper bias and stabiliz-
ing conditions for the common-emit-
ter circuit. Capacitor C, is the

Cq
o

Figure 101. Pierce-type transistor crystal

oscillator.

emitter bypass capacitor. The re-
quired 180-degree phase inversion of
the feedback signal is accomplished
through the arrangement of the volt-
age-divider network C: and C,. The
connection between the capacitors is
grounded so that the voltage de-
veloped across C; is applied between
base and ground and 180-degree
phase reversal is obtained. The oscil-
lating frequency of the circuit is de-

n

termined by the crystal and the
capacitors connected in parallel with
it.

RC Feedback Oscillators

A resistance-capacitance (RC) net-
work is sometimes used in place of
an inductance-capacitance network
when phase shift is required in a
transistor oscillator. In the phase-
shift oscillator shown in Fig. 102, the

o2

Figure 102.

Transistor RC phase-shift
oscillator.

RC network consists of three sec-
tions (C:R,, C:R;, and C:R:), each of
which contributes a phase shift of 60
degrees at the frequency of oscilla-
tion. Because the capacitive react-
ance of the network increases or
decreases at other frequencies, the
180-degree phase shift required for
the common-emitter oscillator occurs
only at one frequency; thus, the out-
put frequency of the oscillator is
fixed. Phase-shift oscillators may be
made variable over particular fre-
quency ranges by the use of ganged
variable capacitors or resistors in the
RC networks. Three or more sec-
tions must be used in the phase-
shifting networks to reduce feedback
losses. The use of more sections con-
tributes to increased stability.

Nonsinusoidal Oscillators

Oscillator circuits which produce
nonsinusoidal output waveforms use
a regenerative circuit in conjunction
with resistance-capacitance (RC) or
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resistance-inductance (RL) com-
ponents to produce a switching ac-
tion. The charge and discharge
times of the reactive elements (R x
C or L/R) are used to produce saw-
tooth, square, or pulse output wave-
forms.

A multivibrator is essentially a
nonsinusoidal two-stage oscillator in
which one stage conducts while the
other is cut off until a point is
reached at which the conditions of
the stages are reversed. This type of
oscillator is normally used to pro-
duce a square-wave output. In the
RC-coupled common-emitter multi-
vibrator shown in Fig. 103, the out-
put of transistor Q. is coupled to the
input of transistor Q. through the
feedback capacitor C, and the out-
put of Q; is coupled to the input of
Q: through the feedback capacitor

C..
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Q. into cutoff. Q. is maintained in a
cutoff condition by C. (which was
previously charged to the supply
voltage through resistor R:) until
C: discharges through R: toward the
collector-supply potential. When the
junction of C. and Rs reaches a slight
positive voltage, however, transistor
Q: begins to start into conduction and
the regenerative process reverses.
Q, then reaches a saturation condi-
tion, Q. is cut off by the reverse bias
applied to its base through C., and
the C.R. junction starts charging
toward the collector supply voltage.
The oscillating frequency of the
multivibrator is determined by the
values of resistance and capacitance
in the circuit.

A blocking oscillator is a form of
nonsinusoidal oscillator which con-
ducts for a short period of time and
is cut off (blocked) for a much longer

C3
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Figure 103. RC-coupled common-emitter

In the multivibrator circuit, an in-
crease in the collector current of
transistor Q. causes a decrease in
the collector voltage which, when
coupled through capacitor C: to the
base of transistor Q., causes a de-
crease in the collector current of Q:.
The resultant rising voltage at the
collector of Q., when coupled through
capacitor C. to the base of Q,, drives
Q. further into conduction. This re-
generative process occurs rapidly,
driving Q: into heavy saturation and

multivibrator.

period. A basic circuit for this type
of oscillator is shown in Fig. 104.
Regenerative feedback through the
tickler-coil winding 1-2 of trans-
former T, and capacitor C causes
current through the transistor to rise
rapidly until saturation is reached.
The transistor is then cut off until C
discharges through resistor R. The
output waveform is a pulse, the width
of which is primarily determined by
winding 1-2. The time between pulses
(resting or blocking time) is deter-



Transistor Applications

L
:%
C-L
3 5 o
4 6 O
R
+
Vee =
<
Figure 104. Basic circuit of blocking
oscillator.

mined by the time constant of capac-
itor C and resistor R.

FREQUENCY CONVERSION

Transistors can be used in various
types of circuits to change the fre-
quency of an incoming signal. In
radio and television receivers, fre-
quency conversion is used to change
the frequency of the rf signal to an
intermediate frequency. In communi-
cations transmitters, frequency mul-
tiplication is often used to raise the
frequency of the developed rf signal.

In a radio or television receiver,
the oscillating and mixing functions
are performed by a nonlinear device
such as a diode or a transistor. As
shown in the diagram of Fig. 105,
two voltages of different frequencies,
the rf signal voltage and the voltage
generated by the oscillator, are ap-
plied to the input of the mixer. These
voltages “beat,” or heterodyne,
within the mixer transistor to pro-
duce a current having, in addition

RADIO~- INTERMEDIATE-
FREQUENCY FREQUENCY
FREQUENCY o—r————
INPUT MIXER OUTPUT
OSCILLATOR
Figure 105. Block diagram of simple

frequency-converter circuit.
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to the frequencies of the input volt-
ages, numerous sum and difference
frequencies.

The output circuit of the mixer
stage is provided with a tuned cir-
cuit which is adjusted to select only
one beat frequency, i.e., the fre-
quency equal to the difference be-
tween the signal frequency and the
oscillator frequency. The selected
vutput frequency is known as the
intermediate frequency, or if. The
output frequency of the mixer tran-
gistor is kept constant for all values
of signal frequency by tuning of the
oscillator transistor.

In AM broadcast-band receivers,
the oscillator and mixer functions
are often accomplished by use of a
single transistor called an ‘“auto-
dyne converter”. In FM and tele-
vision receivers, stable oscillator
operation is more readily obtained
when a separate transistor is used
for the oscillator function. In such
a circuit, the oscillator voltage is
coupled to the mixer by inductive
coupling, capacitive coupling, or a
combination of the two.

An automatic frequency control
(afe) circuit is often used to provide
automatic correction of the oscilla-
tor frequency of a superheterodyne
receiver when, for any reason, it
drifts from the frequency which pro-
duces the proper if center frequency.
This correction is made by adjust-
ment of the frequency of the oscilla-
tor. Such a circuit automatically
compensates for slight changes in
rf carrier or oscillator frequency, as
well as for inaccurate manual or
push-button tuning.

An afc system requires two sec-
tions: a frequency detector and a
variable reactance. The detector sec-
tion may be essentially the same as
the FM detector illustrated in Fig.
42, In the afc system, however, the
output is a dc control voltage, the
magnitude of which is proportional
to the amount of frequency shift.
This de¢ control voltage is used to
control the bias on a transistor or
diode which comprises the variable
reactance.
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Automatic frequency control is
also used in television receivers to
keep the horizontal oscillator in step
with the horizontal-scanning fre-
quency at the transmitter. A widely
used horizontal afe circuit is shown
in Fig. 106. This circuit, which is
often referred to as a balanced-
phase-detector or phase-discrimina-
tor circuit, is usually employed to
control the frequency of the horizon-
tal-oscillator circuit. The detector
diodes supply a dc control voltage
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times, therefore, because momen-
tary changes in oscillator frequency
are instantaneously corrected by the
action of this control voltage. The
network between the diodes and the
horizontal-oscillator circuit is essen-
tially a low-pass filter which pre-
vents the horizontal sync pulses
from affecting the horizontal-oscilla-
tor performance.

Frequency multipliers are another
type of frequency-conversion circuits.
Because the output-current wave-

to the horizontal-oscillator circuit form of power transistors can be
o ST
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Figure 106. Balanced-phase-detector or phase-discriminator circuit for horizontal afc.

which counteracts changes in its
operating frequency. The magnitude
and polarity of the control voltages
are determined by phase relation-
ships in the afc circuit.

The horizontal sync pulses ob-
tained from the syne-separator cir-
cuit are fed through a phase-inverter
or phase-splitter circuit to the two
diode detectors. Because of the ac-
tion of the phase-inverter -circuit,
the signals applied to the two diode
units are equal in amplitude but 180
degrees out of phase. A reference
sawtooth voltage obtained from the
horizontal output circuit is also ap-
plied simultaneously to both units.
The diodes are biased so that con-
duction takes place only during the
tips of the sync pulses. Any change
in the oscillator frequency alters
the phase relationship betwen the
reference sawtooth and the incoming
horizontal sync pulses, and thus
causes one of the diodes to conduct
more heavily than the other so that
a correction signal is produced. The
system remains balanced at all

made to contain both fundamental
and harmonic frequency components,
power output can be obtained at
a desired harmonic frequency by use
of a special type of output circuit
coupled to the collector of the tran-
sistor. Transistors can be connected
in either the common-base or the
common-emitter configuration for
frequency multiplication.

The design of transistor fre-
quency-multiplier circuits consists of
selection of a suitable transistor and
design of filtering and matching net-
works for optimum circuit perform-
ance. The transistor must be capable
of power and gain at the fundamen-
tal frequency and capable of con-
verting power from the fundamental
to a harmonic frequency. At a given
input power level, the output power
at a desired harmonic frequency is
equal to the product of the power
gain of the transistor at the drive
frequency and the conversion effi-
ciency of the frequency-multiplier
circuit. Conversion gain can be ob-
tained only when the power gain of
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the transistor at the fundamental
frequency is larger than the con-
version loss of the circuit.

Various types of instabilities
can occur in transistor frequency-
multiplier circuits, including low-
frequency resonances, parametric
oscillations, hysteresis, and high-fre-
quency resonances. Low-frequency
resonances occur because the gain
of the transistor is very high at low
frequency compared to that at the
operating frequency. “Hysteresis”
refers to discontinuous mode jumps
in output power when the input
power or frequency is increased or
decreased. A tuned circuit used in
the output coupling network has a
different resonant frequency under
strong drive than under weaker driv-
ing conditions. It has been found ex-
perimentally that hysteresis effect
can be minimized, and sometimes
eliminated, by use of the common-
emitter configuration.

Perhaps the most troublesome in-
stability in transistor frequency-
multiplier circuits is high-frequency
resonance. Such instability shows up
in the form of oscillations at a fre-
quency very close to the output fre-
quency when the input drive power
is removed. This effect suggests that
the transistor under this condition
behaves as a locked oscillator at the
fundamental frequency. Common-
emitter circuits have been found to
be less critical for high-frequency
oscillatons than common-base cir-
cuits. High-frequency resonance is
also strongly related to the input
drive frequency, and can be elimi-
nated if the input frequency is kept
below a certan value. The input fre-
quency at which stable operation
can be obtained depends on the
method used to ground the emitter
of the transistor, and can be in-
creased by use of the shortest pos-
sible path from the emitter to
ground.

SWITCHING

Transistors are often used in
pulse and switching circuits in
radar, television, telemetering, pulse-
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code communication, and computing
equipment. The basic concept in any
switching circuit is a discrete change
of state, usually a voltage change or
a current change or both. This
change of state may be used to per-
form logical functions, as in a com-
puter, or to transfer energy, as in
relay drivers and switching regula-
tors.

A switch presents a high resist-
ance when it is open and a low re-
sistance when it is closed. When
transistors are used as switches,
they offer the dual advantages of hav-
ing no moving or wearing parts and
of being easily actuated from various
electrical inputs. Transistor switch-
ing circuits act as generators, am-
plifiers, inverters, frequency dividers,
and waveshapers to provide limit-
ing, triggering, gating, and signal-
routing functions. These applications
are normally characterized by large-
signal or nonlinear operation of the
transistor.

When a transistor switching cir-
cuit is ON, the resistance should be
as low as possible across the tran-
sistor to avoid loss of power across
the switch. To achieve this low re-
sistance, it is necessary that the
transistor be in the saturation re-
gion. Enough base current must be
supplied to assure that saturation is
maintained under ‘“worst-case” “op-
erating conditions. (“Worst-case”
design is essential to guarantee re-
liable operation of a circuit under the
most adverse conditions. Resistor,
capacitor, and voltage tolerances,
variations in transistor parameters,
temperature effects, and end-of-life
degradation are the primary factors
considered in “worst-case” design of
circuits.) In the OFF condition, the
impedance across the transistor
should be as high as possible.

In large-signal operation, the tran-
sistor acts as an overdriven amplifier
which is driven from the cutoff region
to the saturation region. In the sim-
ple transistor-switching circuit shown
in Fig. 107, the collector-base junc-
tion is reverse-biased by battery Vec
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through resistor R.. Switch S; con-
trols the polarity and amount of base
current from battery Vm or Vp.
When S, is in the OFF position, the
emitter-base junction of the transis-
tor is reverse-biased by battery Vg
through the current-limiting resistor

Vee

+ —
Figure 107. Simple switching circuit.

R:. The transistor is then in the OFF
{cutoff) state. (Normal quiescent
conditions for a transistor switch in
the cutoff region require that both
junctions be reverse-biased.)

When the switch is in the ON posi-
tion, forward bias is applied to the
emitter-base junction by battery Vg,
through the current-limiting resistor
R:.. The base current and collector
current then increase rapidly until
the transistor reaches saturation.
(The transistor is saturated when
the collector current reaches a value
at which it is limited by Rs and Vec.
Collector current is then approxi-
mately equal to Vcc/Rs, and further
increases in base drive produce no
further increase in collector cur-
rent.) The active linear region is
called the transition region in switch-
ing operation because the signal
passes through this region rapidly.

In the saturation region, the col-
lector current is usually at a maxi-
mum and collector voltage at a
minimum. This value of collector
voltage is referred to as the satura-
tion voltage, and is an important
characteristic of the transistor. A
transistor operating in the satura-
tion region is in the ON (conducting)
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state. (Both junctions are forward-
biased.)

Regions of operation are similar
for all transistor configurations used
as switches. When both junctions of
the transistor are reverse-biased
(cutoff condition), the output current
is very small and the output voltage
is high. When both junctions are
forward-biased (saturation condi-
tion), the output current is high and
the output voltage is small. For most
practical purposes, the small output
current in the cutoff condition and
the small output voltage in the sat-
urated condition may be neglected.

Switching Times

When switch S; in Fig. 107 is
operated in sequence from OFF to
ON and then back to OFF, the cur-
rent pulses shown in Fig. 108 are ob-
tained. The rectangular input current
pulse Iy drives the transistor from
cutoff to saturation and back to cut-
off. The output current pulse I. is
distorted because the transistor can-
not respond instantaneously to a
change in signal level. The response
of the transistor during the rise time
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Figure 108. Current waveforms obtained in

switching circuit.

t. and the fall time t. is called the
transient response, and is essentially
determined by the transistor char-
acteristics in the active linear region.

The delay time t; is the length of
time that the transistor remains cut
off -after the input pulse is applied.
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This finite time is required before
the applied forward bias overcomes
the emitter depletion capacitance of
the transistor and collector current
begins to flow.

The rise time t. (which is also re-
ferred to as build-up time) is the
time required for the leading edge of
the pulse to increase in amplitude
from 10 to 90 per cent of its maxi-
mum value. Rise time can be reduced
by overdriving the transistor, but
only small amounts of overdrive are
normally used because turn-off time
(storage time plus fall time) is also
affected.

The pulse time t, (or pulse dura-
tion) is the length of time that the
pulse remains at, or very near, its
maximum value. Pulse-time duration
is measured between the points on
the leading edge and on the trailing
edge where the amplitude is 90 per
cent of the maximum value.

The storage time t. is the length
of time that the output current I¢ re-
mains at its maximum value after
the input current Is is reversed. The
length of storage time is essentially
governed by the degree of saturation
into which the transistor is driven
and by the amount of reverse (or
turn-off) base current supplied.

The fall time t, (or decay time) of
the pulse is the time required for the
trailing edge to decrease in ampli-
tude from 90 to 10 per cent of its
maximum value. Fall time may be
reduced by the application of a re-
verse current at the end of the input
pulse.

The total turn-on time of a tran-
sistor switch is the sum of the delay
time and the rise time. The total
turn-off time is the sum of the stor-
age time and the fall time. A reduc-
tion in either storage time or fall
time decreases turn-off time and in-
creases the usable pulse repetition
rate of the circuit.

Triggered Circuits

When an externally applied signal
is used to cause an instantaneous

n

change in the operating state of a
transistor circuit, the circuit is said
to be triggered. Such circuits may
be astable, monostable, or bistable.
Astable triggered circuits have no
stable state; they operate in the
active linear region, and produce
relaxation-type oscillations. A mono-
stable circuit has one stable state
in either of the stable regions (cut-
off or saturation); an external pulse
“triggers” the transistor to the other
stable region, but the circuit then
switches back to its original stable
state after a period of time deter-
mined by the time constants of the
circuit elements. A bistable (flip-flop)
circuit has a stable state in each of
the two stable regions. The transis-
tor is triggered from one stable state
to the other by an external pulse,
and a second trigger pulse is re-
quired to switch the circuit back to
its original stable state.

The multivibrator circuit shown in
Fig. 109 is an example of a mono-
stable circuit. The bias network holds

C
Figure 109. Monostable multivibrator.

transistor Q. in saturation and tran-
sistor Q: at cutoff during the quies-
cent or steady-state period. When an
input signal is applied through the
coupling capacitor C,, however, tran-
sistor Q. begins to conduct. The de-
creasing collector voltage of Q.
(coupled to the base of Q. through
capacitor C.) causes the base current
and collector current of Q: to de-



18

crease. The increasing collector volt-
age of Q: (coupled to the base of Q.
through resistor R,) then increases
the forward base current of Q.. This
regeneration rapidly drives transis-
tor Q. into saturation and transistor
Q: into cutoff. The base of transistor
Q: at this point is at a negative po-
tential almost equal to the magni-
tude of the battery voltage V...
Capacitor C. then discharges
through resistor R. and the low sat-
uration resistance of transistor Q.
As the base potential of Q: becomes
slightly positive, transistor Q. again
conducts. The decreasing collector
potential of Q. is coupled to the base
of Q. and transistor Q: is driven into
cutoff, while transistor Q. becomes
saturated. This stable condition is
maintained until another pulse trig-
gers the circuit. The duration of the
output pulse is primarily determined
by the time constant of capacitor C.
and resistor R, during discharge.
The Eccles-Jordan-type multivi-
brator circuit shown in Fig. 110 is an
example of a bistable circuit. The re-
sistive and bias values of this circuit
are chosen so that the initial appli-
cation of de power causes one tran-
sistor to be cut off and the other to
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be driven into saturation. Because of
the feedback arrangement, each tran-
sistor is held in its original state by
the condition of the other. The appli-
cation of a positive trigger pulse to
the base of the OFF transistor or a
negative pulse to the base of the ON
transistor switches the conducting
state of the circuit. The new condi-
tion is then maintained until a sec-
ond pulse triggers the circuit back to
the original condition.

In Fig. 110, two separate inputs
are shown. A trigger pulse at input
A will change the state of the cir-
cuit. An input of the same polarity at
input B or an input of opposite polar-
ity at input A will then return the
circuit to its original state. (Collector
triggering can be accomplished in a
similar manner.) The capacitors Cs
and C, are used to speed up the re-
generative switching action. The out-
put of the circuit is a unit step volt-
age when one trigger is applied, or
a square wave when continuous puls-
ing of the input is used.

Gating Circuits

A transistor switching circuit in
which the transistor operates as an

Ci
INPUT AOH

INPUT BO-f
c2

Figure 110.

Eccles-Jordan-type bistable multivibrator,
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effective open or short circuit is
called a “gate”. These circuits are
used extensively in computer appli-
cations to provide a variety of func-
tions such as circuit triggering at
prescribed intervals and level and
waveshape control. Because these cir-
cuits are designed to evaluate input
conditions to provide a predetermined
output, they are primarily used as
logic circuits. Logic circuits include
OR, AND, NOR (NOT-OR), NAND
(NOT-AND), series (clamping), and
shunt or inhibitor circuits.

An OR gate has more than one in-
put, but only one output. It provides
a prescribed output condition when
one or another prescribed input con-
dition exists. When a pulse of the
proper polarity is applied at one or
more of the inputs to an OR gate,
an output pulse of the same polarity
is obtained. If the circuit provides
phase inversion of the input signal,
the OR gate becomes a NOT-OR
(NOR) gate. Fig. 111 shows a sim-
ple NOR gate that uses diode inputs.

+Vee
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Figure 111.

Simple diode NOR gate.

Fig. 112 shows a transistor NOR
gate in which bias is provided by the
battery Vuw. The bias value is chosen
so that the transistor is cut off
when all inputs are low and is turned
on and saturated when either or both
of the inputs are high.

An AND gate also has more than
one input, but only one output. How-
ever, it provides an output only when
all the inputs are applied simultan-
eously. As in the case of the OR
gate, the use of a configuration which
provides phase inversion provides a
NOT-AND (NAND) gate.
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Figure 112. Simple transistor NOR gate.

The AND-OR gate shown in Fig.
118 illustrates the use of a direct-
coupled transistor logic circuit to
trigger a bistable multivibrator. The
over-all gating function, which con-
sists of a NAND function and a
NOR function, is performed by tran-
sistors Q,, Q:, and Q.. Transistor Q.
is part of the bistable multivibrator.

Transistors Q: and Q. are series-
connected and form a NAND gate.
Similarly, transistors Q: and Q, are
series-connected and form a NAND
gate. Transistors Q: and Qs are par-
allel-connected and form a NOR gate.
Provided all transistors are cut off
(quiescent condition), triggering of
the bistable multivibrator is accom-
plished when the preseribed input
conditions for either of the NAND
gates are met, i.e.,, when either tran-
sistors Q: and Q. or transistors Q.
and Q; are triggered into conduction.

Gating circuits are also used as
amplitude discriminators (limiters),
clippers, and clamping circuits, and
as signal-shunting or transmission
gates.

Propagation delay per stage or
per pair of stages is the most im-
portant consideration in determining
the speed capabilities of a logic sys-
tem for computer applications. This
delay time limits the maximum speed
with which information can be
processed in a computer. Typical
propagation delays ranging from
several microseconds to less than 10
nanoseconds can be obtained, de-
pending upon the type of circuit and
transistor used.

The simplest computer building
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Figure 113. AND-OR gate or trigger circuit.

block is the RTL (resistance-tram-
sistor-logic) circuit shown in Fig.
114. This circuit performs a NOR
function if positive voltage levels
are defined as binary “1” and nega-
tive voltages are defined as binary
“0”, RTL circuits must be designed
so that dc stability is obtained under
“worst-case” conditions. However, if
optimum switching performance is
desired, circuits are designed to pro-
vide maximum reverse base current
for a given fan-in (number of in-

puts) and fan-out (number of out-
puts). This approach decreases
storage and fall times and thus pro-
vides smaller propagation delays per
stage, but decreases the fan-out
capability of the circuit.

The measurement of propagation
delay in RTL circuits is made under
“worst-case” conditions, i.e., alter-
nate stages are subjected in turn to
maximum and then minimum drive
conditions. Maximum drive produces
short delay and rise times but long

-Ves +Vee ~Ves
R R
. c Re )

8 A\~

Re Re
R
Re V
INPUTS =

RE

TO ADDITIONAL OUTPUTS

Figure 114. Simple RTL (resistance-transistor-logic)

NOR circuit.
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Figure 115. Generalized RCTL (resistance-capacitance-transistor-iogic) NOR circuit.

storage and fall times; it occurs
when a given stage is driven by
three unloaded stages. Minimum
drive produces short storage and fall
times but long delay and rise times;
it occurs when a given stage is
driven at only one input by a fully
loaded stage.

A generalized RCTL (resistance-
capacitance-transistor-logic) circuit
is shown in Fig, 115. This type of
logie circuit is characterized by a
large number of transistors and is
capable of extremely fast operation.
The logic function performed by the
RCTL arrangement of Fig. 115 is the
same as that described for the RTL
system shown in Fig. 114,

The high-speed operation of RCTL
systems is a result of the use of the
“speed-up” capacitor Cr. This capa-
citor compensates for stored charge
in the transistor, and also provides
large forward-base-current over-

~Vps

+Vee

Figure 116.

drive on an instantaneous basis.
Therefore, extremely fast transistor
switching times can be obtained.
However, the maximum repetition
rate of the circuit is limited by the
value of Cr. Therefore, Cr must be
selected just large enough to com-
pensate for the transistor stored
charge.

Fig. 116 shows a generalized DTL
(diode-transistor-logic) circuit which
performs either a NAND or a NOR
function depending upon the defini-
tion of voltage levels. The DTL cir-
cuit is characterized by extremely
high speed, a large number of diodes,
and relatively few transistors. Such
circuits may use a collector clamp
voltage, as shown, or may be de-
signed without collector clamping
provided all input diodes are reverse-
biased when a transistor is to be
ON. The latter approach makes pos-
sible larger fan-in and fan-out, but

+Vee +Vg -Ves
Rg
Re Dy CF L
RF

TO ADDITIONAL OQUTPUTS
Generalized DTL (diode-transistor-logic) circuit.
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is somewhat slower in speed than
the design shown. The DTL system
is more economical than the RCTL
system because fewer transistors
are required to perform a given logic
funection.

Figs. 117 and 118 show two ap-
proaches to the design of ultra-high-
speed, non-saturating logic circuits.
The circuit in Fig. 117 is the gen-
eralized circuit for a current-steer-
ing system using reference diodes
and transistors; Fig. 118 shows the
generalized circuit for a complemen-
tary-symmetry current-steering sys-
tem using only transistors.

Current-steering logic (CSL) cir-
cuits are characterized by a large
number of transistors, high power
dissipation, and ultra-high-speed
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operation. The logic function per-
formed by these circuits is somewhat
different from those discussed pre-
viously. Because of the extra tran-
sistors involved, such circuits can
perform both a desired function
and its inverse. For example, both
NAND and AND or NOR and OR
functions are directly obtained, the
combination depending upon the defi-
nition of voltage levels.

The design of current-steering cir-
cuits must be optimized to use the
smallest load resistor R. possible be-
cause the ultimate speed of the cir-
cuit is limited by the time constant
of this load resistance and the load
capacitance. The complementary-
symmetry approach is superior to
diode current steering because it is
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CIRCUITS
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Figure 117.

Re

Generalized current-steering system using reference diodes and transistors.
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Generalized circuit for complementary-symmetry current-steering

system using only transistors.

equivalent in speed, provides the
same transistor dissipation (and is
thus equally reliable), and may be
designed with less critical toler-
ances.

Computer operation requires the
use of many flip-flop circuits for
temporary storage of data. “Set-
reset” flip-flops may be formed read-
ily by use of any of the basic logic
blocks described. A binary-counter-
type flip-flop is shown in Fig. 119.

The design of the flip-flop circuit
is the same as for the RCTL system
except for the trigger gating circuit
and the value of Cr. The trigger gat-
ing circuit is designed so that a
negative pulse at the input turns the
ON transistor off. Therefore, the
size of the input capacitors must be
determined by the maximum stored

charge of the transistor and the size
of the input voltage swing. The two
additional diodes connected from
base to emitter of each transistor
and the two diodes shunting the
gating resistors connected to the
collectors are used to eliminate time-
constant problems at high frequen-
cies. These diodes may be eliminated
if high-frequency operation is not
required.

The problem of noise control in
computer systems increases in im-
portance with the use of ultra-high-
speed transistors and circuits. Noise
immunity is defined as the ability of
a given circuit to be relatively im-
mune to a certain amplitude and
duration of noise voltage. In com-
puter circuits, there are essentially
three sources of noise: (1) capaci-
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Figure 119. Binary-counter-type flip-flop circuit.
tive cross-coupling, (2) inductive amplitude of noise required to ef-
cross-coupling, and (3) coupling fect a change is determined by the

through common impedances. The in-
ductive noise component is generally
the most significant in transistor
circuits because relatively low volt-
ages and high currents are present.

To optimize a switching design for
noise immunity, it is necessary to
determine what noise-voltage ampli-
tude at the input is required to
cause a change at the output. Be-
cause this amplitude is a function
of the transient response of the
switching circuit, the pulse width or
duration of the noise voltage must
also be considered. In the following
discussion, it is assumed that the
noise voltage is of sufficient duration
that effects of the circuit transient
response may be neglected (i.e., that
the noise-voltage duration is no less
than the longest turn-on or turn-off
time of the switching circuit).

The DTL circuit shown in Fig. 116
can be used to illustrate the design
of a logic circuit for noise immunity.
‘When all inputs are high, a negative
noise pulse at any input tends to
turn the ON transistor off; a posi-
tive noise pulse has no effect. The

reverse bias Vi on the input diodes,
the amount of forward bias Vr neces-
sary to cause appreciable conduc-
tion of an input diode, and the
stored charge Qs of the ON transis-
tor. For the ON condition, therefore,
the negative noise-voltage amplitude
required to cause a change in the
output is given by

—Vu=Vr + Ve + (Qs/Cr)

When any one of the inputs is low
and the transistor is OFF, only a
positive noise pulse at a low input
has any effect on the transistor out-
put. The amplitude of the positive
noise voltage required to start the
transistor turning ON is determined
by the amount of reverse bias Va
on the base-to-emitter junction of
the transistor, the forward bias Vas
required across the base-to-emitter
junction to cause appreciable con-
duction of base current, and the
amount of charge necessary to
charge the input capacitance C, at
the base through the voltage Vs +
Vee. For the OFF condition, there-
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fore, the positive noise-voltage am-
plitude required is given by

C,
Vo = (Ve + Vax) (1 +'6‘F)

A per-cent noise-immunity figure
can be defined for a particular cir-
cuit as the ratio of the noise volt-
ages determined above to the normal
voltage swing of a true input, which
is approximately equal to the col-
lector supply voltage. It is desirable
to have equal noise immunity for
both the ON and OFF conditions be-
cause the per-cent noise-immunity
figure for the circuit is no better
than the lower value.

Because the values Vi, Vag, Qs, Cr,
and C, are constants for a specific
transistor and diode, the values of
Vr and Vs may be chosen to obtain
a desired noise immunity for a given
circuit design. However, circuit noise
immunity and fan-out capability are
interdependent; if noise immunity is
made too large; fan-out capability
will suffer. Therefore, a compromise
between the two must be made.

Power Switching

Because of their efficiency and re-
liability, transistor switches are
ideally suited to the control of large
amounts of power. However, the ef-
ficiency of a power switching circuit
is affected by the switching speed of
the transistor. In some applications
a faster transistor that has a low
power rating may be preferred to
a slower transistor that has a higher
power rating.

In a practical switching circuit,
the average power dissipated in the
transistor is much less than the
peak dissipation. The peak dissipa-
tion varies considerably with the
type of load. The average power
dissipation can be reduced, and thus
the efficiency of the circuit can be
increased, by use of a transistor that
has fast switching characteristics
(minimum turn-on time and turn-
off time), low collector-to-emitter
saturation voltage Vce(sat), and low
collector-cutoff current Icao.
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An analysis of the transistor load
line is an important consideration
in achieving reliability in a high-
power switch. In general, the load
i1s a combination of resistive and re-
active elements. It is almost never
purely resistive, and for “worst-
case” analysis can be assumed to
be completely inductive.

Fig. 120 shows a simple test cir-
cuit which can be used for analysis

+ce
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Figure 120. Simple test circuit for analysis
of a load line.

of a load line. The current-sensing
resistor R in the collector circuit
should be non-inductive and have a
resistance much smaller than any
other impedance in series with the
transistor. A typical load line (col-
lector current Ic as a function of
collector-to-emitter voltage Vce) for
this circuit is shown in Fig. 121. Fig.
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Figure 121. Typical load line for circuit
shown in Figure 120.

122 shows typical voltage and cur-
rent curves as a function of time
for this switch. The curves of Figs.
121 and 122 can be used for calcula-
tion of the peak and average power
dissipation, voltage limitations, and
second-breakdown energy. The turn-
off energy of the switch must not
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Figure 122. Typical voltage and current
waveforms for switch shown in Figure 120.

exceed the second-breakdown volt-
age rating for the transistor used.

In many cases, the de voltage re-
quired to operate electronic equip-

]

RCA Transistor Manual

ment is different from the available
de supply. The circuit used to con-
vert direct current from one level
to another is called a converter. Fig.
123 shows two simple converter cir-
cuits which can be used in place of
the conventional vibrator-type con-
verter in automobile radios. The
switching drive to the two transis-
tors is supplied by a separate, small,
saturable transformer in the circuit
of Fig. 123a, and by an additional
center-tapped drive winding on a
single saturable transformer in Fig.
123b. The characteristic hysteresis
loop of the auto-transformer used
in the circuit of Fig. 123b is shown
in Fig. 124. Transformer parameters
such as frequency, number of turns,
and size and type of core material
are determined by the operating re-
quirements for the circuit. Once the
transformer has been established, a
change in supply voltage results in
a change in the operating frequency.

Switching is accomplished as a re-
sult of the saturation of the trans-
former. When the slope of the
hysteresis loop shown in Fig. 124
is small, the magnetizing inductance
is small and the magnetizing current

2 T
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«

# SATURABLE CORE
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#* SATURABLE CORE
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Figure 123. Simple converter circuits that can be used in place of vibrator-type
converters in automobile radios.
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increases rapidly. This situation ex-
ists as the loop is traversed in a
counter-clockwise manner from point
1 to point 2. From point 2 to point
3, the magnetizing current increases

5 4

Figure 124. Characteristic hysteresis loop
of auto-transformer used in circuit of
Figure 123b.

very slowly because the magnetiz-
ing inductance is high. At point 3,
the core is in saturation, and the
magnetizing current again increases
rapidly. As the current continues to
increase (between points 3 and 4),
the ON transistor comes out of satu-
ration. When point 4 has been
reached, the voltages across the pri-
mary windings of the transformer
have dropped to zero, and the bat-
tery voltage is applied across the
collector-to-emitter  terminals of
each transistor. The magnetizing
current then begins to decay, and
voltages of opposite polarity are in-
duced across the transformer. At
point 5, the magnetizing current has
been reduced to zero, the second
transistor is in saturation, and the
first transistor has twice the bat-
tery voltage across its emitter-to-
collector junction. This sequence of
events is repeated during each half-
cycle of the operation of the circuit,
except for a reversal of polarity.
The approximate load line of the
converter circuit of Fig. 123b is
shown in Fig. 125. Many of the im-
portant transistor ratings can be
determined from this curve. For ex-
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ample, the collector-to-emitter sus-
taining voltage under reverse-bias
conditions, Vcev(sus), is given by

Veev(sus) > 2Vee + AVee

where Vec is the collector-supply
voltage and AVec is the magnitude
of the supply variations or “spikes”.
The second-breakdown voltage limit
Es/» for the transistor is given by

Es/s > %(gIs)’Ll

where g is the common-emitter for-
ward transfer-current ratio, Is is the
base current, and Ll is the total
series inductance of the transformer
and the load reflected to the input.
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Figure 125. Approximate load line for

converter circuit shown in Figure 123b.

As mentioned previously, the col-
lector-to-emitter saturation voltage
Vee(sat) of the transistor should be
low.

The change in frequency of opera-
tion of a converter with supply volt-
age is not usually important because
the ac voltage is rectified and fil-
tered. In an inverter circuit, how-
ever, the frequency may be very
important and is generally controlled
by adjustment of the supply volt-
age. Typically, the de supply voltage
is controlled by means of a voltage
regulator inserted ahead of the con-
verter to stabilize the input voltage
and a power amplifier following the
converter to isolate the converter
from the effects of a varying load.

Fig. 126 shows a block diagram
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Figure 126. Block diagram of typical ==
inverter circuit. -

of a typical inverter circuit. The
output frequency is directly depend-
ent on the induced voltage of the
converter transformer. The feedback
shown samples this induced voltage
and adjusts the output of the voltage
regulator to maintain a constant in-
duced voltage in the converter and
thus a constant output frequency.
If a regulated output voltage is not
required, the second voltage regula-
tor is omitted.

In the operation of a regulator
circuit, the difference between a ref-
erence input (e.g., the supply volt-
age) and some portion of the output
voltage (e.g., a feedback signal) is
used to supply an actuating error
signal to the control elements. The
amplified error signal is applied in
a manner that tends to reduce this
difference to zero. Regulators are de-
signed to provide a constant output
voltage very nearly equal to the de-
sired value in the presence of vary-
ing input voltage and output load.

A switching regulator provides at

o 4D\
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least three major advantages over
conventional series-type regulators:
(1) higher efficiency (lower power
dissipation, smaller physical size);
(2) use of fewer, more economical
transistors; (3) higher power-output
capabilities. In the typical switching
regulator shown in Fig. 127, the
series regulator transistor is pulse-
duration modulated by the signal
supplied from the multivibrator. The
ON time of the multivibrator is in
turn controlled by a dc comparison
between a reference voltage de-
veloped across the zener diode D,
and the output. The pulsed output
from the series transistor is inte-
grated by the low-pass filter. When
the transistor is conducting, current
is delivered to the load from the in-
put source. In the OFF condition,
diode D: conducts and the energy
stored in the reactive elements sup-
plies current to the load.

When a step-down regulator is re-
quired (e.g., 100 volts down to 28
voltg), the efficiency of a switching
regulator is considerably higher
than that of a conventional series
regulator. If very precise regulation
is required, the switching regulator
can be used as a pre-regulator fol-
lowed by a conventional regulator
circuit; this configuration optimizes
the advantages of both types of
regulators. Over-all efficiency for
such a combination circuit is typi-
cally about 80 to 85 per cent, as
compared to values of 25 to 30 per
cent for a conventional series-type
step-down regulator. In addition,
total power dissipation is reduced
from several hundreds of watts to
less than 50 watts.

VS (100V)

MULTIVIBRATOR
10 Ke/s

Dy

Vo(32V)

Figure 127.

Typical switching regulator.



Field-eﬂ'ect transistors combine
the inherent advantages of solid-
state devices (small size, low power
consumption, and mechanical rug-
gedness) with a very high input
impedance and a square-law trans-
fer characteristic that is especially
desirable for low cross-modulation
in rf amplifiers. Unlike the other
transistors described in this Manual,
which are bipolar devices (i.e., per-
formance depends on the interaction
of two types of charge -carriers,
holes and electrons), field-effect
transistors are unipolar devices (i.e.,
operation is basically a function of
only one type of charge carrier, holes
in p-channel devices and electrons in
n-channel devices).

Early models of field-effect tran-
sistors used a reverse-biased semi-
conductor junction for the control
electrode. In MOS (metal-oxide-
semiconductor) field-effect transis-
tors, a metal control “gate” is sepa-
rated from the semiconductor “chan-
nel” by an insulating oxide layer.
One of the major features of the
metal-oxide-semiconductor structure
is that the very high input resist-
ance of MOS transistors (unlike
that of junction-gate-type field-effect
transistors) is not affected by the
polarity of the bias on the control
(gate) electrode. In addition, the
leakage currents associated with the
insulated control electrode are rela-
tively unaffected by changes in am-
bient temperature. Because of their
unique properties, MOS field-effect
transistors are particularly well
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suited for use in such applications
as voltage amplifiers, rf amplifiers,
and voltage-controlled attenuators.

THEORY OF OPERATION

The operation of field-effect de-
vices can be explained in terms of a
charge-control concept. The metal
control electrode, which is called a
gate, acts as a charge-storage or
control element. A charge placed on
the gate induces an equal but op-
posite charge in the semiconductor
layer, or channel, located beneath
the gate. The charge induced in the
channel can then be used to control
the conduction between two ohmic
contacts, called the source and the
drain, made to opposite ends of the
channel.

In the junction-gate type of field-
effect transistor, a p-n junction is
used for the gate or control elec-
trode, as shown in Fig. 128. When
this junction is reverse-biased, it
functions as a charge-control elec-
trode. Under steady-state condi-

GATE

T~ SOURCE \ DRAIN

\

Figure 128. Structure of p-n junction
field-effect transistor.



tions, only leakage currents flow in
the gate circuit and thus the device
has a high input resistance. When
the junction gate is forward-biased,
however, the input resistance drops
sharply, there is appreciable input
current, and power gain decreases
significantly.

The MOS type of field-effect tran-
sistor uses a metal gate electrode
separated from the semiconductor
material by an insulator, as shown
in Fig. 129. Like the p-n junction,
this insulated-gate electrode can de-
plete the source-to-drain channel of
active carriers when suitable bias
voltages are applied. However, the
insulated-gate electrode can also in-
crease the conductivity of the chan-
nel without increasing steady-state
input current or reducing power
gain.

TE IN?ULATION

SOURCE DRAIN

“—SUBSTRATE

\CHANNEL

Figure 129, Structure of an MOS
field-effect transistor.

The two basic types of MOS field-
effect transistors are the depletion
type and the enhancement type. In
the depletion type, charge carriers
are present in the channel when no
bias voltage is applied to the gate.
A reverse gate voltage is one which
depletes this charge and thereby re-
duces the channel conductivity. A
forward gate voltage draws more
charge carriers into the channel and
thus increases the channel conduec-
tivity. In the enhancement type, the
gate must be forward-biased to pro-
duce active carriers and permit con-
duction through the channel. No
useful channel conductivity exists at
either zero or reverse gate bias.
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Because MOS transistors can be
made to utilize either electron con-
duction (n-channel) or hole conduc-
tion (p-channel), four distinet types
of MOS field-effect transistors are
possible. As shown in Fig. 130, the

N-CHANNEL N-CHANNEL
DEPLETION TYPE ENHANCEMENT TYPE

o}
2]

noo

P-CHANNEL P -CHANNEL
DEPLETION TYPE ENHANCEMENT TYPE

[} [}
8 8
G S (] S

Figure 130. Schematic symbols for MOS
transistors (G = gate, D = drain,

B = active bulk, S = source).
schematic symbol for an MOS tran-
sistor indicates whether it is n-chan-
nel or p-channel, depletion-type or
enhancement-type. The direction of
the arrowhead in the symbol iden-
tifies the n-channel device (arrow
pointing toward the channel) or the
p-channel device (arrow pointing
away from the channel). The chan-
nel line itself is made solid to iden-
tify the ‘“normally ON” depletion-
type, or is interrupted to identify
the “normally OFF” enhancement
type.

Fig. 131 shows a cross-section
view of an n-channel enhancement-
type MOS transistor (reversal of
n-type and p-type regions would pro-
duce a p-channel enhancement-type
transistor). This type of transistor
is normally non-conducting until a

sufficient voltage of the correct
GATE INSULATION
X (5i0p)
SOURCE DRAIN

Structure of n-channel
enhancement-type MOS transistor.

Figure 131.
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polarity is applied to the gate elec-
trode. When a positive bias voltage
is applied to the gate of an n-channel
enhancement transistor, electrons
are drawn into the channel region
beneath the gate. If sufficient volt-
age is applied, this channel region
changes from p-type to n-type and
provides a conduction path between
the n-type source and the n-type
drain regions. (In a p-channel en-
hancement transistor, the applica-
tion of negative bias voltage draws
holes into the region below the gate
so that this channel region changes
from n-type to p-type and again
provides a source-to-drain conduc-
tion path.) Effectively, the increase
in gate voltage causes the forward
transfer characteristic to shift along
the gate-voltage axis. Because of
this feature, enhancement-type MOS
transistors are particularly suitable
for switching applications.

In a depletion-type MOS transis-
tor, the channel region between the
source and the drain is made of
material of the same conductivity
type as both the source and drain,
as was shown in Fig. 129. This
structure can provide substantial
drain current even when no gate
bias voltage is applied.

In enhancement-type transistors,
the gate electrode must cover the
entire region between the source
and the drain so that the applied
gate voltage can induce a conduc-
tive channel between them. In de-
pletion-type transistors, however,
the gate can be “offset” from the
drain region to achieve a substan-
tial reduction in feedback capaci-
tance and an over-all improvement
in amplifier circuit stability.

FABRICATION

The fabrication techniques used to
produce MOS transistors are similar
to those used for modern high-speed
silicon bipolar transistors. The start-
ing material for an n-channel tran-
sistor is a lightly doped p-type
silicon wafer. (Reversal of p-type
and n-type materials referred to in
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this description produces a p-chan-
nel transistor.) After the wafer is
polished on one side and oxidized in
a furnace, photolithographic tech-
niques are used to etch away the
oxide coating and expose bare sili-
con in the source and drain regions.
The source and drain regions are -
then formed by diffusion in a furnace
containing an n-type impurity (such
as phosphorus). If the transistor is
to be an enhancement-type device,
no channel diffusion is required. If
a depletion-type transistor is de-
sired, an n-type channel is formed
to bridge the space between the dif-
fused source and drain.

The wafer is then oxidized again
to cover the bare silicon regions,
and a second photolithographic and
etching step is performed to remove
the oxide in the contact regions.
After metal is evaporated over the
entire wafer, another photolitho-
graphic and etching step removes all
metal not needed for the ohmic con-
tacts to the source, drain, and gate.
The individual transistor chips are
then mechanically separated and
mounted on individual headers, con-
nector wires are bonded to the metal-
ized regions, and each unit is her-
metically sealed in its case in an
inert atmosphere. After testing, the
external leads of each device are
physically shorted together to pre-
vent electrostatic damage to the
gate insulation during branding and
shipping.

ELECTRICAL
CHARACTERISTICS

The basic current-voltage rela-
tionship for a depletion-type MOS
transistor operating in the common-
source configuration is shown in Fig.
132. At low drain-to-source poten-
tials and with the gate returned to
the source (Ve = 0), the resistance
of the channel is essentially constant
and current varies linearly with
voltage, as illustrated in region
A-B. As the drain current is in-
creased beyond point B, the voltage
(IR) drop in the channel produces
a progressively greater voltage dif-
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ference between the gate and points
in the channel successively closer to
the drain. As this potential differ-
ence between gate and channel in-
creases, the channel is depleted of

carriers (becomes “constricted”)
l- — - s
je——— PINCH-OFF REGION- '
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Figure 132. Basic current-voltage relation-
ship for a depletion-type MOS transistor.

and drain current increases much
more slowly with further increases
in drain-to-source voltage, as shown
in region B-C. Further increases in
drain-to-source voltage beyond point
C produce no change in gate current
until point D is reached. This condi-
tion leads to the description of re-
gion B-D as the “pinch-off” region.
Beyond point D, the transistor en-
ters the “breakdown” region, and
the drain current may increase ex-
cessively. (The upper curve in Fig.
132 also applies to enhancement-
type transistors provided the gate
voltage V¢ is large enough to pro-
duce channel conduction.)

The channel of an MOS transistor
may achieve self pinch-off as a re-
sult of the intrinsic IR drop alone,
or it may be pinched off by a com-
bination of intrinsic IR drop and an
external voltage applied to the gate,
or by an external gate voltage alone
which has the same magnitude as
the self pinch-off IR drop V. In
any case, channel pinch-off occurs
when the sum of the intrinsic IR
drop and the extrinsic gate voltage
reaches Vp. The pinch-off voltage
Ve is usually defined as the gate
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cutoff voltage Vg(off) that reduces
the drain current to one per cent of
its zero-gate-voltage value at a spe-
cified drain-to-source voltage (which
must be the ‘“knee” voltage, point
B in Fig. 1382, of the zero-gate-volt-
age output characteristic).

The pinch-off region between
points B and D in Fig. 182 is the
region in which MOS transistors are
especially useful as high-impedance
voltage amplifiers. In the ohmic re-
gion between points A and B, the
linear variation in channel resist-
ance makes the device useful in
voltage-controlled resistor applica-
tions such as the chopper unit at
the input of some de amplifiers.

Typical output-characteristic
curves for n-channel MOS transis-
tors are shown in Fig. 133. (For p-

ENHANCEMENT TYPE
+9

DRAIN CURRENT (Ip)

DRAIN-TO-SOURCE VOLTAGE (Vpg)

I DEPLETION TYPE

DRAIN CURRENT (Ip)

DRAIN-TO-SOURCE VOLTAGE (Vpg)

Figure 133. Typical output-characteristic
curves for n-channel MOS transistors.



MOS Field-Effect Transistors

DEPLETION TYPE

DRAIN CURRENT (Ip)

ENHANCEMENT TYPE
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L VOLTAGE
V)

DRAIN CURRENT (Ip)

GATE-TO-SOURCE VOLTAGE (Vgg!)

GATE~TO- SOURCE VOLTAGE (VGS)

Figure 134. Typical transfer characteristics for n-channel MOS transistors.

channel transistors, the polarity of
the voltages and currents is re-
versed.) In the pinch-off region, the
dynamic output resistance ro., of the
transistor may be approximated
from the slope of the output-charac-
teristic curve at any given set of
conditions.

Typical transfer characteristics
for n-channel MOS transistors are
shown in Fig. 184. (Again, polarities
would be reversed for p-channel de-
vices.) The threshold voltage shown
in Fig. 134 is an important param-
eter for enhancement-type transis-
tors because it provides a desirable
region of noise immunity for switch-
ing applications.

GENERAL CIRCUIT
CONFIGURATIONS

There are three basic single-stage
amplifier configurations for MOS
transistors: common-source, com-
mon-gate, and common-drain. Each
of these configurations provides cer-
tain advantages in particular appli-
cations.

The common-source arrangement,
shown in Fig. 135, is most frequently
used. This configuration provides a
high input impedance, medium to
high output impedance, and voltage
gain greater than unity. The input
signal is applied between gate and
source, and the output signal is
taken between drain and source. The
voltage gain without feedback, A,

for the common-source circuit may
be determined as follows:

o Ets Tos RL
T ra+ Re

where g, is the gate-to-drain for-
ward transconductance of the tran-
sistor, r., is the common-source
output resistance, and R, is the ef-
fective load resistance. The addition
of an unbypassed source resistor to

A

Vout

I
R
O

Figure 135. Basic common-source circuit
for MOS field-effect transistors.
the circuit of Fig. 135 produces nega-
tive voltage feedback proportional
to the output current. The voltage
gain with feedback, A’, for a com-

mon-source circuit is given by

- £ts Tos RL
Taos + (gl’l Tos + 1) Rs + R.

where Rs is the total unbypassed
source resistance in series with the
source terminal. The common-source
output impedance with feedback, Z.,
is increased by the unbypassed
source resistor as follows:

Zo = Tos + (gh Tos + 1) RS

A =
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The common-drain arrangement,
shown in Fig. 136, is also fre-
quently referred to as a source-fol-
lower. In this configuration, the in-
put impedance is higher than in the
common-source configuration, the
output impedance is low, there is no
polarity reversal between input and
output, the voltage gain is always
less than unity, and distortion is
low. The source-follower is used in
applications which require reduced
input-circuit  capacitance, down-
ward impedance transformation, or
increased input-signal-handling ca-
pability. The input signal is effec-
tively injected between gate and
drain, and the output is taken be-
tween source and drain. The circuit
inherently has 100-per-cent negative

Figure 136.

Basic common-drain (or
source-follower) circuit for MOS transistors.

voltage feedback; its gain A’ is

given by

R
+1 1
u Rs + .

A’ =

T

Because the amplification factor (u)
of an MOS transistor is usually much
greater than unity, the equation for
gain in the source-follower can be
simplified as follows:

_ s Rs
-1+ E1s Rs

For example, if it is assumed that
the gate-to-drain forward transcon-
ductance g¢ is 2000 micromhos
(2 x 10”* mho) and the unbypassed
source resistance Rs is 500 ohms,
the stage gain A’ is 0.5. If the same
source resistance is used with a
transistor having a transconductance

Al
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of 10,000 micromhos (1 x 10~* mho),
the stage gain increases to 0.83.

When the resistor Re is returned
to ground, as shown in Fig. 136, the
input resistance R; of the source-
follower is equal to Re. If Re is re-
turned to the source terminal, how-
ever, the effective input resistance
R/ is given by

_ Re
“1-a

where A’ is the voltage amplifica-
tion of the stage with feedback. For
example, if Re is one megohm and
A’ is 9.5, the effective resistance
Ry is two megohms.

If the load is resistive, the effec-
tive input capacitance C, of the
source-follower is reduced by the in-
herent voltage feedback and is
given by

C/=cea + (1 —A") e

where cg and ¢, are the intrinsic
gate-to-drain and gate-to-source ca-
pacitances, respectively, of the MOS
transistor. For example, if a typical
3N99 transistor having a ces of 0.3
picofarad and a c.. of 5 picofarads
is used, and if A’ is equal to 0.5,
then C/’ is reduced to 2.8 picofarads.

The effective output resistance
R, of the source-follower stage is
given by

Ry

_ folip
(g!l Tos + 1) Rs + Tos

where r., is the transistor common-
source output resistance in ohms.
For example, if a 3N99 having a
gate-to-drain forward transconduc-
tance gr. of 2000 micromhos and a
common-source output resistance
r.. of 7500 ohms is used in a source-
follower stage with an unbypassed
source resistance Rs of 500 ohms, the
effective output resistance R, of the
source-follower stage is 241 ohms.

The source-follower output -ca-
pacitance C.” may be expressed as
follows:

R, =

1A
C.' = Cas + €5 (T)
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where cs. and c;. are the intrinsic
drain-to-source and gate-to-source
capacitances, respectively, of the
MOS transistor. If A’ is equal to
0.5 (as assumed for the sample
input-circuit calculations), C.’ is re~
duced to the sum of cq4 and eg..

The common-gate circuit, shown
in Fig. 137, is used to transform
from a low input impedance to a
high output impedance. The input
impedance of this configuration has
approximately the same value as the
output impedance of the source-fol-
lower circuit. The common-gate cir-
cuit is also a desirable configuration

O— Q

VIN RL2 Vour
o G

O Jij- + l

Figure 137. Basic common-gate circuit

for MOS transistors.

for high-frequency applications be-
cause its relatively low voltage gain
makes neutralization unnecessary in
most cases. The common-gate volt-
age gain, A, is given by

(gr- Tos + 1) RL

S e Ty T dh e, 45 10

where Re is the resistance of the
input-signal source. For a typical
3N99 MOS transistor (grn. = 2000
micromhos, r., = 7500 ohms) and
with R — 2000 ohms and Rec = 500
ohms, the common-gate voltage gain
is 1.8. If the value of Rs is doubled,
the voltage gain is reduced to 1.25.

APPLICATIONS

MOS field-effect transistors have
been used experimentally to perform
every low-power function in broad-
cast-band receivers, including rf am-
plification, conversion, 455-kilocycle
if amplification, and first-stage audio
amplification. In addition, they have
been used in FM receivers as rf and
if amplifiers and limiters. They
have performed as synchronous de-
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tectors, oscillators, frequency multi-
pliers, and phase splitters. They
have been used as choppers, pulse
stretchers, current limiters, voltage-
controlled attenuators, and electro-
meter amplifiers. MOS transistors
have an advantage over bipolar
transistors and vacuum tubes in
some of these applications, but are
less suitable in others. As improve-
ments are made in transconduct-
ance, frequency response, and noise
figure, MOS transistors should be-
come competitive in more applica-
tions.

At their present state of develop-
ment, MOS transistors have an
equivalent input noise resistance
which is typically in the range be-
tween 200,000 ohms and 10 meg-
ohms at a signal frequency of 1000
cycles per second. Although this level
of noise resistance is usually no
problem when MOS transistors are
used with high-impedance trans-
ducers, it can be a definite disad-
vantage during operation from low-
impedance (1000 ohms or less)
voltage generators. In such appli-
cations, low-noise bipolar transis-
tors are still the logical choice.

Direct-Current Amplifiers

A direct-current (dc) amplifier
can amplify signals having a fre-
quency of zero cycles per second.
The upper frequency limit of such
an amplifier may range from a few
hundred cycles per second in gen-
eral-purpose electrometer applica-
tions to several megacycles per
second in other applications. In gen-
eral, dc amplifiers are used to am-
plify the output of transducers
which produce quantitative infor-
mation relative to heat, vibration,
pressure, speed, and distance.

DC amplifiers may take several
different forms, including single-
ended input to single-ended output,
differential input to single-ended
output, and differential input to dif-
ferential output. Normally, dc am-
plifiers require direct coupling of all
stages (no coupling capacitors). In



some versions of de amplifiers, this
requirement is circumvented by
conversion of the low- or zero-fre-
quency input signal into a modulated
ac signal, amplification of this sig-
nal by means of capacitor-coupled
stages, and then demodulation of the
amplified signal to restore it to
the original dc form. The neces-
sary modulation may be accom-
plished by a number of different
techniques, including electrically
actuated mechanical switches, elec-
tronic switches, photo-optical
switches, magnetic modulators, and
diode bridge modulators. Input de-
vices which function as switches are
generally referred to as ‘“choppers”
because they divide the input signal
into segments in the form of square
waves or pulses having an amplitude
proportional to the amplitude of the
input signal.

Single-ended dc¢ amplifiers which
do not employ “choppers” have a
continuous ohmic current path be-
tween the input and the output as
the result of direct coupling of all
stages (i.e., the omission of all ca-
pacitive or inductive forms of cou-
pling). In this configuration, the
steady-state voltage at the output
of one stage appears at the input of
the next stage. In a typical cascade
arrangement using MOS field-effect
transistors, the signal progresses
from the drain of the first unit to
the gate of the next and so on to the
last stage, as shown in Fig. 138.

In general, the ideal MOS tran-
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sistor for use in a single-ended dec
amplifier circuit has an optimum
zero-signal operating point which is
obtained at a gate voltage having
the same magnitude as the optimum
drain voltage and also the same
polarity. Because enhancement-type
MOS transistors automatically meet
the latter requirement and can be
designed to meet the former require-
ment, they are generally the logical
choice for most direct-coupled cir-
cuits. If other device considerations
(such as gain, input impedance,
temperature coefficient, or noise) re-
quire the use of depletion-type tran-
sistors, such transistors can be
direct-coupled by the use of level
shifting, as shown in Fig. 139. In
this circuit configuration, the source
terminal is generally placed at a
potential equal to or greater than
the drain-to-source voltage of the
preceding stage and of an opposite
polarity. In the arrangement of Fig.
139, the gate is at a net zero volt-
age or is reverse-biased relative to
the source.

Although the 3N98 and 3N99 MOS
transistors are not optimized for
direct-coupled applications, they can
be used in such circuits because they
have low gate leakage current (typi-
cally fractions of a picoampere),
total input capacitance of about 5
picofarads, and an appreciable value
of forward transconductance. In ad-
dition, tight production control limits
the spread of drain current between
individual transistors to a variation

~VpD
O

Figure 138. Typical single-ended dc amplifier using n-channel enhancement-type
MOS transistors.
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Figure 139. DC amplifier circuit in which p-channel depletion-type MOS transistors are
direct-coupled by use of level shifting.

of approximately two to one for a
high degree of interchangeability.
For a fixed value of supply volt-
age, there are only three ways to
increase the stage voltage gain A in
a single-ended amplifier: (1) use of
a transistor having a higher ratio of
gate-to-drain forward transconduct-
ance gr. to drain current Ip; (2) use
of a higher value of load resistance
R. (if R is less than the common-
source output resistance r..); and
(3) use of a transistor having a
higher value of r... The load re-
sistance R. can only be increased to
the point where the product of Ip
and R. is equal to approximately
one-half the supply voltage. In gen-
eral, the ratio of transconductance
to drain current increases as drain

current is decreased by negative gate
bias. As a result, the stage voltage
gain may be increased and power
consumption decreased at the same
time,

The increased voltage gain of an
MOS transistor at reduced values of
drain current may be accompanied
by a relatively large drift in the
operating point if there are wide ex-
cursions in ambient temperature.
Many field-effect transistors have a
point on their forward-transfer
characteristic which is relatively in-
sensitive to temperature variations.
If this point does not coincide with
the operating point which provides
the desired voltage gain, a design
compromise is required. As shown
in Fig. 140, the zero-temperature-
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Figure 140. Forward-transfer characteristics of MOS transistor at 25°C and —30°C;
intersection indicates zero-temperature-coefficient operating point.



coefficient point may be identified by
measurement of the forward-trans-
fer characteristic at different am-
bient temperatures.

AC Amplifiers

In most ac amplifiers, coupling be-
tween stages is accomplished by the
use of transformers or capacitors
with chokes or resistors serving as
the load impedances. Because no
ohmic path exists between stages in
such amplifiers, variations in the dec
operating point of one stage are not
transferred to, and amplified by, the
succeeding stage. This property is
a primary advantage of ac amplifiers
for instrumentation work, and is the
basis for the chopper amplifier de-
scribed earlier, in which a de signal
is converted to ac prior to amplifi-
cation.

MOS transistors such as the 3N98
and 3N99 perform very well as ac
voltage amplifiers because of their
inherently low feedback capacitance,
which maintains the total effective
input capacitance at a relatively low
value. The Circuits section at the
back of the Manual includes an ac-
voltmeter circuit that illustrates the
type of ac-amplifier performance
which can be achieved with the 3N99
MOS transistor.
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Voltage-Controlled Attenuators

Because the drain current-voltage
characteristic of MOS transistors
remains linear at low drain-to-source
voltages, these devices can be used
as low-distortion voltage-controlled
attenuators. The principal advan-
tages of MOS transistors in this ap-
plication are negligible gate-power
requirements and large dynamic
range.

Fig. 141 shows drain resistance as
a function of gate-to-source voltage
for a typical n-channel depletion-
type insulated-gate transistor such
as the 3N98 or 3N99. Transistors
having higher pinch-off voltages ac-
cept correspondingly greater peak
signal-voltage swings before wave-
shape distortion occurs. However,
the higher-pinch-off-voltage transis-
tors require higher gate-voltage ex-
cursions to cover the resistance
range from minimum to maximum.
A typical 8N99 MOS transistor pro-
duces total harmonic distortion of
less than two per cent in a 100-milli-
volt 400-cycle-per-second sine wave.
Fig. 142 shows an attenuator circuit
using the 3N99 and the output signal
of the circuit as a function of gate-
to-source voltage.

Figs. 143 to 145 show several pos-
sible attenuator circuit configura-
tions which use MOS transistors as
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Figure 141, Drain resistance as a function of gate voitage for typical n-channel

depletion-type MOS transistor.
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Figure 142. Output signal as a function of gate voltage for 3N99 MOS transistor
in circuit shown.

voltage-variable resistors. The cir-
cuit in Fig. 148 is desirable for use
at high signal levels because at such
levels the thermal noise of the one-
megohm series re8istor does not de-
grade the signal-to-noise ratio of the
system to an objectionable degree.
This circuit is a simple L-pad con-
figuration in which the transistor
serves as the variable-resistive ele-
ment in the low side of the attenua-
tor. The maximum attenuation
obtainable is generally between 60

CONTROL Vg
Figure 143. Attenuator circuit

, iit in  which
MOS transistor serves as variable-resistive
element in low side.

and 70 dB; minimum attenuation is
1 to 2 dB. This circuit must be fol-
lowed by a high-impedance load
such as a common-source amplifier
stage.

The circuit shown in Fig. 144 is
the inverse of that in Fig. 143; i.e.,

the transistor serves as the variable-
resistive element in the high side of
the attenuator. Maximum attenua-
tion in this circuit is also between
60 and 70 dB; minimum attenuation
is between 1 and 6 dB. This circuit is

CONTROL Vg

Figure 144. Attenuator circuit in which
MOS transistor serves as variable-resistive
element in high side.
usually followed by a low-impedance
load such as a common-emitter bi-

polar transistor amplifier stage.
Fig. 145 shows a method which
controls both arms of an L-pad at-
tenuator simultaneously. In this cir-
cuit, a p-channel enhancement-type
MOS transistor is used in the upper
arm and an n-channel depletion-type
MOS transistor is used in the lower
arm. When negative voltage is ap-
plied to the gates, the resistance of
the n-channel unit increases at the
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same time that the resistance of the
p-channel unit decreases. When the
gate control is at zero volts, the
drain resistance of Q. is about 500
ohms and that of Q. is about 10
megohms. Under these conditions, a
maximum attenuation of approxi-
mately 86 dB is obtained. When the
gate control is at —6 volts, the drain
resistance of Q, is about 10 meg-
ohms and that of Q. is about 500
ohms. Under these conditions, the
attenuation is essentially zero. This
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Figure 145. L-pad attenuator circuit using

two MOS transistors.

circuit must work into a high-im-
pedance load.

The following design considera-
tions are important for effective use
of MOS field-effect transistors as
linear attenuators:

(a) The gate(s) must be ade-
quately decoupled to prevent the in-
troduction of unwanted signals.

(b) The transistor attenuator must
be inserted at a point in the system
where the signal level is as high as
the transistor can accept without
excessive distortion.

(¢) In ac systems, the direct-cur-
rent flow through the transistor must
be minimized by the use of suitable
blocking capacitors.

(d) In ac systems, proper layout
must be used to minimize stray
shunt capacitance.

(e) In ac systems, the effects of
the capacitive elements of the tran-
sistor must be considered.

Chopper Amplifiers

Chopper amplifiers consist of three
basic sections. The first section con-
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verts the low-level input signal into
a modulated ac signal, the second
section amplifies this ac signal, and
the third section demodulates the
amplified signal.

The first section of a chopper am-
plifier is fundamentally a continu-
ously operated ON-OFF switch.
Ideally, this switch would have zero
ON resistance, infinite OFF resist-
ance, zero shunt capacitance, and
zero switching time. It would also
require no driving power and have
infinite life. In actual practice, it is
possible to achieve satisfactory per-
formance with a switch that does
not have these ideal characteristics.

The two basic circuit configura-
tions for chopping are the series
chopper and the shunt chopper. The
shunt chopper is the more popular
of the two because it can be capaci-
tively coupled to an ac amplifier
without the need for either a choke
or a transformer. The series chopper
has the disadvantage that it re-
quires a dc return path for the input
current. This path can be provided
by an additional resistor at the ex-
pense of over-all circuit efficiency.

The basic series chopper circuit
using an MOS transistor is shown
in Fig. 146. This circuit has the
characteristics of a simple L-pad
attenuator in which the transistor
is the variable series resistor. In the
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Figure 146. Basic series chopper circuit

using an MOS transistor.

ON condition, the value of the dec
return resistance Rs; must be large
compared to the load resistance R.
to minimize resistive losses; Ri, in
turn, must be large compared to the
intrinsic drain resistance ra(ON) so
that the voltage V. across the load
approaches the value of the dec input
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voltage Va. In the OFF condition,
the dc return resistance Rs must be
small compared to ra(OFF). Because
of these restrictions, the series
chopper is seldom used except when
the fixed resistance Rs can be made
variable by replacing it with a shunt
chopper arranged to be OFF when
the series chopper is ON, and vice
versa.

Fig. 147 shows a shunt chopper
circuit using an MOS transistor. In
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Figure 147. Basic shunt chopper circuit

using an MOS transistor.

this circuit, the intrinsic drain re-
sistance rq of the transistor must be
small compared to the load resist-
ance R. in the ON condition, but
must be large compared to the fixed
series resistance Rop in the OFF con-
dition. The requirement for ra(ON)
to have a very small value is mini-
mized if R. is the high input im-
pedance of an MOS transistor
amplifier stage. Because of their
high ON-to-OFF resistance ratio,
negligible gate-leakage currents, and
low feedthrough capacitance, MOS
transistors such as the 3N98 and
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3N99 considerably improve the level
of solid-state chopper performance.

RF Amplifiers

The important parameters of de-
vices for rf-amplifier applications
include noise figure, power gain, and
cross-modulation, among others.

In communication receivers, the
noise figure of the rf stage de-
termines the absolute selectivity of
the receiver and is, therefore, one
of the most important characteris-
tics of the device used in the rf stage.
In practical rf-amplifier circuits us-
ing MOS transistors, the best pos-
sible noise figures are obtained when
the input impedance of the transistor
is slightly mismatched to that of
the source. With this technique,
noise figures as low as 1.9 dB have
been obtained.

Fig. 148 shows the input noise re-
sistance Rx of typical MOS transis-
tors as a function of frequency. In
the region where the curves differ,
the noise for n-channel MOS units
closely resembles “shot noise”, i.e.,
the equivalent noise current I., in-
creases linearly with direct current,
rather than with the square root of
the direct current as in the case of
thermal noise. Noise figures of 2 to
4 dB appear practical for MOS tran-
sistors operating in the vhf range.

The power gain of an rf transis-
tor must be sufficient to overcome the
noise level of preceding stages. Al-
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Input noise resistance Rn of MOS transistors as a function of frequency.
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though maximum theoretical power
gain cannot be achieved in practical
circuits, the gain of MOS transistors
at high frequencies closely approxi-
mates the theoretical limit except
for some losses in the input and out-
put matching circuits.

Power gain is essentially inde-
pendent of channel width, which is
a determining factor in the size of
MOS transistors. For example, if
the width of the transistor is re-
duced by one half (and the de drain
current is similarly reduced to main-
tain a constant current density in the
device), power gain remains the
same because the transconductance,
the input conductance, and the out-
put conductance are all reduced by
one half. Consequently, the fre-
quency capability of MOS transis-
tors can be increased by a reduction
in their size. Size control can also be
used to facilitate impedance match-
ing at both input and output termi-
nals in practical circuits.

Cross-modulation distortion is pro-
duced when an undesired signal
within the pass band of the receiver
input circuit modulates the carrier
of the desired signal. Such distor-
tion occurs when third- and higher-
odd-order nonlinearities are present
in an rf-amplifier stage. To measure
cross-modulation distortion, it is
necessary to determine the ampli-
tude of the undesired signal which
transfers one per cent of its modu-
lation to the desired signal. In most
cases, a value of 100 millivolts or
more over the complete agc range
is considered good. The cross-modu-
lation characteristics of MOS tran-
sistors are as good as those of
bipolar transistors in the high-
attenuation region, and are as much
as ten times better in the low-
attenuation region (when the in-
coming signal is weak). This low
cross-modulation distortion should
ultimately lead to extensive use of
MOS transistors in the rf stages of
all types of communications re-
ceivers.

Another feature of MOS transis-

