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Revised and up-dated for the reader
who wants to be informed of the
latest changes in semiconductor-de-
vice technology and data. Features
over 200 additions to RCA’s exten-
sive line of semiconductor products.
The popular Circuits Section has
also been revised to include several
new interesting and practical circuit
applications.

NEW FEATURES

B Complete chapter on silicon con-
trolled rectifiers discussing basic
operation and applications.

B Revised application guide speci-
fying recommended usage for
RCA transistors.

B Additions to the expanded Tech-
nical Data Section include va-
ractor diodes, silicon controlled
rectifiers, high-voltage rectifiers,
tunnel diodes, and many new
types of transistors.

B AND, for the experimenter and
. hobbyist, several new circuits
including two portable radio re-
ceivers, a variety of hi-fi and
sterec components, a five-watt
citizens-band transmitter, ignition
systems, electronic control cir-
cuits, and many other popular
applications.
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This manual, like its preceding edition,
has been prepared to assist those who work
or experiment with semiconductor devices
and circuits. It will be useful to engineers,
educators, students, radio amateurs, hobby-

- ists, and others technically interested in tran-
sistors, silicon rectifiers, silicon controlled
rectifiers, varactor diodes, and tunnel diodes,

This edition has been thoroughly re-
vised to cover the latest changes in semi-
conductor-device technology and applications.
The TECHNICAL DATA Section, as well as
the text material, has been greatly expanded
and brought up to date. Of particular interest
to the hobbyist and experimenter are the
many practical and timely additions to the
CIRCUITS Section.
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Materials, Junctions,

and Devices

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
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
because it can be used at much higher
temperatures. A relatively new ma-
terial which combines the principal
desirable features of both germa-
nium and silicon is gallium arsenide.
When further experience with this
material has been obtained, it is ex-
pected 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 frez 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,
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
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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 erystal 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

ELECTRON-PAIR BONDS

Figure 2. Crystal lattice structure.

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,
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
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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 val-
ence 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-
conductor atom, however, this extra
electron cannot form an electron-
pair bond beecause no adjacent val-
ence electron is available. The excess
electron is then held very loosely by
the atom, as shown in Fig. 3, and
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.

ELECTRON ~PAIR SEMICONDUCTOR
BONDS,. ATOMS

PURIT EXCESS
IMI\TOMY ELECTRON
Lattice structure of n-type

Figure 3.
material.
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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
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 erystal
structure is considered to have a

ELECTRON—PAIR SEMICONDUCTOR
BONDS ATOMS

IMPURITY/

A VACANCY
ATOM (HOLE)
Figure 4. Lattice structure of p-type
material.
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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, gallivm, 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 surface

P—N JUNCTION

P-TYPE MATERIAL N-TYPE MATERIAL
é ;I

SPACE - CHARGE REGION

J

o]

Q0000

ﬂ;oo
Yoooo
00000

HOLES

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 fill holes in the lattice
structure of the p-type material.
This interaction or diffusion occurs
for a short time in the immediate
vicinity of the junction, and produces
a small space-charge region (some-
times called the transition region or
depletion layer). The p-type material
in this region acquires a slight nega-
tive charge as a result of the addi-



tion of electrons from the n-type
material. Conversely, the n-type ma-
terial in the junction region acquires
a slight positive charge as a result
of the loss of excess electrons.

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.

battery symbol is shown only to
represent the internal effects; the
potential is not measurable.) In the
absence of external circuits or volt-
ages, 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. In effect,
therefore, 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

ELECTRON FLOW
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amount of current flow is determined
by the polarity of the applied voltage
and its effect on the space-charge
region. In Fig. Ta, 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, electrons from the
negative terminal of the battery en-
ter the p-type material and diffuse
toward the junction, filling holes in
the lattice structure as they ap-
proach 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 ex-
ternal battery. Current flow is then
extremcly small because no voltage
difference (electric field) exists across
either the p-type or the n-type re-
gion. Under these conditions, 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-
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-
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Figure 7. Electron current fiow in biased p-n junctions.
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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

l CURRENT (xA)

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
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-
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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
O

ELECTRON ¥ §
FLOW

I+ it
i 11}

Figure 9. N-P-N structure 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
MATERIAL\ /MATERIAL
\\“‘3

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

CATHODE O

O ANODE

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.

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

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.

RCA Transistor Manual

Parallel and series arrangements of
silicon rectifiers permit even further
extension of current and voltage

INPUT

SIGNAL LOAD -

Figure 11. Simple diode rectifying circuit.

limits. Characteristics and applica-
tions of these devices are discussed
in detail in the Silicon Rectifiers
Section.

Several variations of the basic
junction diode structure have been
developed for use in special applica-
tions. The most important of these
devclopments are the tunnel diode,
which is used for amplification, oscil-
lation, switching, and pulse genera-
tion, and the varactor or parametric
diode, which amplifies at very high
frequencies. These special diodes are
described in the Tunnel, Varactor,
and Other Diodes Section.

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.
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13a, electrons flow from the emitter
to the collector. In the p-n-p tran-
sistor shown in Fig. 13b, electrons

EMITTER /7 \ COLLECTOR

BASE
{a) N—P—N TRANSISTOR

EMITTER /~ \ COLLECTOR

BASE
{b) P—N—P TRANSISTOR

Figure 13. Schematic symbols for
transistors.

flow from the collector to the emit-
ter. In other words, the direction of
de electron current is always oppo-
site to that of the arrow on the
emitter lead. (As in the case of semi-

g

conductor diodes, the arrow indicates
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 operation. 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
ba%e.

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.



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 shown in
Fig. 14. In this type of structure,
two pointed wires were placed next

EMITTER C;LLECTOR
N-TYPE
MATERIAL P-TYPE
— REGIONS
——— = — Fr

BASE
CONNECTION

Figure 14. Structure of point-contact
transistor.
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to each other on an n-type block of
semiconductor material. The p-n
junctions were formed by electrical
pulsing of the wires. This type has
been superseded by junction tran-
sistors, which are fabricated by the
various alloy, diffusion, and crystal-
growth techniques described below.

In grown-junction transistors, the
impurity content of the semiconduec-
tor material is changed during the
growth of the original crystal 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, as shown
in Fig. 15. The finished transistor
is encased in plastic or a hermet-
ically sealed enclosure.

COLLECTOR CONTACT

I
)

\EMITTER CONTACT

Figure 15. Structure of grown-junction
transistor.

[«—BASE

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. 16.
After proper heating, the impurity
“dots” alloy with the semiconductor
material to form the regions for the
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emitter and collector junctions. The
base connection in this structure is
made to the original semiconductor
wafer.

COLLECTOR
BASE—>¢
CONTACT
EMITTER
Figure 16. Structure of alloy-junction

transistor.

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. 17. 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
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 17. 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 struec-
ture is inherently rugged, has large
power-dissipation capability, and can
operate at very high frequencies.

Figs. 18, 19, and 20 show some of
the mesa and planar structures in
production today. The grading of the
impurity concentration in the base
region results 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
relatively light impurity concentra-
tion in the collector region results in
high collector-breakdown voltages
and low collector-junction capaci-
tance.

EMITTER  BASE CONTACT
- \ ,'/

_—DIFFUSED BASE

COLLECTOR
{ORIGINAL
WAFER)

BASE CONTACT

DIFFUSED BASE

e EPITAXIAL
LAYER

; B
COLLECTOR
{ORIGINAL.
W WAFER)

(b
Figure 18. Structure of (2) mesa transistor
and (b) epitaxial transistor.

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. 21, 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-
put and output circuits.) Because the

EMITTER
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EMITTER CONTACT
DIFFUSED BASE CONTACT
EMITT\ER DIFFUSED BASE

EPITAXIAL
LAYER

COLLECTOR
(ORIGINAL,
WAFER)

/.

,/

(a)
EMITTER CONTACT

BASE CONTACT
DIFFUSED
EMITTER

e~
COLLECTOR
(ORIGINAL
WAFER)

(b)

Figure 19. Structure of (a) double-diffused
-epitaxial mesa transistor and (b) double-
diffused planar transistor.

EMITTER CONTACT

SFCIEES BASE CONTACT

DIFFUSED BASE
EPITAXIAL
LAYER
COLLECTOR

\

(ORIGINAl.
WAFER)

EMITTER CONTACT

DIFFUSED
EMlTTER\

BASE CONTACT
DIFFUSED BASE
,-L—r

EPITAXIAL
LAYER
—
e —
COLLECTOR

(ORIGINAL
WAFER)

ZDIFFUSED COLLECTOR CONTACT
(b)

Figure 20. Structure of (a) double-diffused
epltamal planar transistor and (b) triple-
‘diffused epitaxial planar transistor,
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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.

The direction of the arrows in Fig.
21 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, 21 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 eleec-
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
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. 22, 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
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Figure 21. Common-base circuit
configuration.
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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 currcnt 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.

The input signal voltage under-
goes a phase reversal of 180 degrees
in a common-emitter amplifier, as
shown by the waveforms in Fig. 22.

Figure 22. Common-emitter circuit
configuration.

When the input voltage is positive,
as shown at AB, it increases the
forward bias across the base-emitter

current flow through the transistor.
The increased electron flow through
Ry then causes the output voltage
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. 23, is the common-collector
(or grounded-collector) circuit. In

0.98T—
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2R ' B
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Figure 23. Common-collector circuit
configuration.

this configuration, the signal is intro-
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. 21
through 23 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

junction, and thus increases the total same.
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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 de¢ 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 at a specified or con-
stant collector voltage, and measur-
ing collector current for different
base currents. A collector-character-
istic family of curves is shown in Fig.
24. Fig. 25 shows the transfer-
characteristic family of curves for
the same transistor.

TYPICAL COLLECTOR CHARACTERISTICS
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Figure 24. Collector-characteristic curves.
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Figure 25. Transtercharacteristic curves.
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One of the most important char-
acteristics of a transistor is its
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 B8).

In the common-base circuit shown
in Fig. 21, the emitter is the input
electrode and the collector is the
output electrode. The de alpha, there-
fore, is the ratio of the de collector
current Io to the de emitter current
Iu:

In the common-emitter circuit
shown in Fig. 22, the base is the
input electrode and the collector is
the output electrode. The dec beta,
therefore, is the ratio of the de col-
lector current I¢ to the de base cur-
rent Is:

B=:S=2"C 49

Because the ratios given above are
based on de currents, they are prop-
erly called de alpha and de 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. 26
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.
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Figure 26. Electrode currents under no-
signal and signal conditions.

The frequency cutoff of a transis-
tor is defined as the frequency at
which the value of alpha (for a
common-base circuit) or beta (for a
common-emitter ecircuit) 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. 27 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
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Figure 27. Forward current-transfer ratio

as a function of frequency.

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 transconduect-
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
“ohm” backward.) For convenience,
a millionth of a mho, or a micro-
mho (xmho), is used to express trans-
conductance. Thus, in the example,
0.03 mho is 30,000 micromhos.

Cutoff currents are small de 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 ecircuit 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 eonstant over
a wide range of electrode currents.
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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. 28 shows a series of
collector-characteristic curves for
different base-bias econditions. It can
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 (BVceo), with external base-to-
emitter resistance (BVces), with the
base shorted to the emitter (BVcss),
and with a reverse base-to-emitter
voltage (BVeux).

As the resistance in the base-to-
emitter circuit decreases, the col-
lector characteristic develops two
breakdown points, as shown in Fig.
28. 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 destructive 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.)

The curves at the left of Fig. 28
show typical collector characteristics
under normal forward-bias condi-
tions. For a given base input current,
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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-

COLLECTOR CURRENT
[
(-4

k
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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
the transistor dissipation to safe
values,

. -Rbe=102

Vpe® O

Vpe=0.5,
Rp=108

COLLECTOR~TO-EMITTER VOLTAGE

Figure 28. Typical collector-characteristic Ic:urves showing locations of various breakdown
voitages.

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

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 Transistor Appli-
cations Section.)
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HE diversified applications of

transistors are treated in this sec-
tion under the three major classifi-
cations of Amplification, Oscillation,
and Switching. Because various bias-
ing and coupling methods are used
in transistor circuits, bias and cou-
pling arrangements are discussed
separately before specific applica-
tions are considered. Also discussed
are stability requirements for tran-
sistor eircuits.

BIASING

The operating point for a par-
ticular transistor is established by
the quiescent (de, 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. 21, 22, and 23, two
batteries were used to establish bias
of the correct polarity for an n-p-n
transistor in the common-base, com-
mon-emitter, and common-collector
circuits, respectively. Many varia-
tions of these basic circuits can also
be used. (In these simplified circuits,
inductors and transformers are rep-
resented only by their series re-
sistances.)

A simplified biasing arrangement
for the common-base circuit is shown
in Fig. 29. Bias for both the collector-
base junction and the emitter-base
junction is obtained from the single
battery through the voltage-divider
network consisting of resistors Re
and Ri.. (For the n-p-n transistor
shown in Fig. 29a, the emitter-base
junction is forward-biased because
the emitter is negative with respect
to the base, and the collector-base

Figure 29. Biasing network for common-base circuit for (a) n-p-n and (b) p-n-p transistors.
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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. 29b, 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
emitter with respect to the base.
This resistor is bypassed with capac-
itor C, so that the base is effectively
grounded for ac signals.

The common-emitter circuit also
can be biased by means of a single
battery. The simplified arrangement
shown in Fig. 30 is commonly called
“fixed bias”. In this case, both the
base and the collector are made
positive with respect to the emitter
by means of the battery. The base
resistance Ry is then selected to pro-
vide the desired base current for
the transistor (which, in turn, estab-
lishes the desired emitter current), by
means of the following expression:

___ Battery volts Eyy
Desired base amperes Ig

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

200000 SR8
OHMS

"'—l—Ebb
—T 6V
O ¢ O
Figure 30. ‘Fixed-bias' arrangement for
common-emitter circuit.

value of Rp was selected to provide
a base current of 30 microamperes,
as follows:

Eus 6
Rg=2bb 0
P Is T 30x10°

The fixed-bias arrangement shown
in Fig. 30, 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

= 200,000 ohms
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of variations between transistors
and the sensitivity of these devices
to temperature changes. This prob-
lem is partially overcome in the “self-
bias” arrangement shown in Fig. 31.

Figure 31. “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 increase or
decrease in base bias. The value of
Rs is then determined as described
above, except that the collector volt-
age Eo is used in place of the sup-
ply voltage Ens:
_E¢ _ 3 _

Rs T, = 30X 107 100,000 ohms
The arrangement shown in Fig, 31
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.
32, the voltage-divider network com-
posed of R, and R. provides the
required forward bias across the
base-emitter junction. The value of
the base bias is determined by the
current through the voltage divider.
Any change in collector current

Figure 32. Bias network using voltage.
divider arrangement for increased stability.
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caused by a change in emitter
current, therefore, automatically
changes the base bias. This type of
circuit provides less gain than the
circuit of Fig. 31, but is commonly
used because of its inherent stability.

The common-emitter circuits shown
in Figs. 33 and 34 may be used to
provide stability and yet minimize
loss of gain. In Fig. 33, a resistor
R;; is added to the emitter circuit,
and the base resistor R, is returned

Figure 33. Bias network using emitter

stabilizing resistor.

to the positive terminal of the bat-
tery instead of to the collector. The
emitter resistor Ry provides addi-
tional stability; it is bypassed with
capacitor Cu. The value of Cp is
usually about 50 microfarads, but
may be much higher depending,
among other things, on the lowest
frequency to be amplified.

In Fig. 34, the R.R: voltage-divider
network is split, and all ac feedback
currents through R. are shunted to
ground (bypassed) by capacitor Ci.
'The value of R, is usually larger
than the value of R.. The total re-
sistance of R. and Rs should equal
the resistance of R, in Fig. 32,

‘Figure 34. Bias network using split voltage-
divider network.

In practical circuit applications,
any combination of the arrange-
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ments shown in Figs. 31, 32, 33, and
34 may be used. However, the sta-
bility of Figs. 31, 32, and 34 may be
poor unless the voltage drop across
the load resistor Ry 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 circuit stability.
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. 35a is used to
compensate for the rapid increase
of collector current with increasing
temperature. Because the thermistor
resistance decreases as the tempera-
ture increases, the bias voltage is
reduced and the collector current
tends to remain constant. The addi-
tion of the shunt and series resist-
ances provides most effective com-

SUPPLY SUPPLY
VOLTAGE VOLTAGE
p:
BIAS 0. BIAS
VOLTAGE VOLTAGE
& DpiodE
THERMISTOR

(a) (b)

Figure 35. Bias networks including (a) a
thermistor and (b) a temperature- and
voltage-compensating diode.
pensation over a desired temperature

range,

The diode biasing network shown
in Fig. 35b stabilizes collector cur-
rent for variations in both tempera-
ture and supply voltage. The diode
current determines a Dbias voltage
which establishes the transistor
idling current (collector current un-
der no-signal conditions). As the tem-
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perature increases, this bias voltage
decreases. Because the transistor
characteristic also shifts in the same
direction and magnitude, however,
the idling current remains essen-
tially independent of temperature.
Temperature stabilization with a
diode network is substantially better
than that provided by most therm-
istor bias networks.

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.

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
the input and output impedance of
the transistor to be matched for
maximum power gain. The trans-
former-coupled common-emitter
n-p-n stage shown in Fig. 86 em-
ploys both fixed and self bias, and
includes an emitter resistor Ry for

Ti
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herent in this transformer is not
significant in transistor circuits be-
cause, as mentioned previously, the
transistor is a current-operated
device. Althougyh the voltage is
stepped down, the available current
is stepped up. The change in base
current resulting from the presence
of the signal causes an ac collector
current to flow in the primary wind-
ing of transformer T. and a power
gain can be measured between T,
and Tz.

This use of a voltage step-down
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 purpose of the
transformer in both cases is to
transfer power from one impedance
level to another.

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 Ry
is bypassed by capacitor C.. The
voltage supply Ew is also bypassed,
by capacitor Ci, to prevent feedback

c
T2

g QUTPUT

-

Ry _

N

+_L_
RE Epp—= Cs

Figure 36. Transformer-coupled common-emitter stage.

stabilization. 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 voltage loss in-

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-
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ter and the bottom of the secondary
winding of transformer T, with little
change in performance.

Because there is no resistor in the
collector circuit to dissipate power,
the efficiency of a transformer-
coupled stage approaches the theo-
retical maximum of 50 per cent. In
addition, the very low impedance in
the base circuit may simplify the
problem of temperature stabilization.
When a large stabilizing resistor is
used in series with the emitter, the
circuit stability factor may be very
high,

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
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that of a transformer-coupled stage.
Fig. 837a 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 Ry, and Ria
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
[

—Q
c S
\F B
C I R
(o] § L2
o— 2 RLy 2Rez &
Rp £
RI% RE|§ ==C2
(a)
Q
Lc
o+t
E Rz
AN

ki

(b)

Figure 37. (a) Two-stage resistance-capacitance-coupled circuit and (b} two-stage direct-
coupled circuit.
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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
network.) In the direct-coupled am-
plifier shown in Fig. 37b, 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. 32
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 is
amplified by all the stages, and
severe temperature instability may
result,

CIRCUIT STABILITY

Because transistor currents tend
to increase with temperature, it is
necessary in the design of transistor
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circuits to include a “stability fac-
tor” to limit dissipation to safe
values under the expected high-tem-
perature operating conditions. The
circuit stability factor SF is ex-
pressed as the ratio between a change
in de collector current Io and the cor-
responding change in dc collector-
cutoff current with the emitter open
ICBO-

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

ICm:x - IC[

~ Icoe — Icnoy

SF

where Io: and Icson are measured at
25 degrees centigrade, Iose: is meas-
ured at the maximum expected am-
bient (or junction) temperature, and
Iomax 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. 38 shows
equations for SF in terms of resist-

R
3 R4 Rz
+T +T
“'I RI Rs Ry
R+ Rp") Ri+Re P+
5F=M_ SF=M 5;::‘6_(_0_)
R2' +B Ry Req +8 Ry a+fp
Rp'=Rp+ rp R4 Rs Q=R2'(R3+R4+Rs5) +R4Rs
= | —r
Req=R2'+ Ra +Rs P=R| (R3+R4+Rs5)+R3Rs
Yo
R2'=R2+rb R2'=R2 +rp

Figure 38. Circuit-stabitity-factor equations for three typical circuit configurations.
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ance values for three typical circuit
configurations. The maximum value
which SF can assume is the value
of beta.

AMPLIFICATION

The amplifying action of a tran-
sistor can be used in various ways
in electronic eircuits, 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 specific transistor flows
continuously during the complete
electrical 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 specific transistor flows
for appreciably more than half but
less than the entire electrical eycle.

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

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

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

One of the most important char-
acteristics of a low-level amplifier
circuit is its signal-to-noise ratio,
or noise figure. The input circuit of
an amplifier inherently contains some
thermal noise contributed by the re-
sistive elements in the input device.
All 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 kiloeycles.

When an input signal is amplified,
therefore, the thermal noise gener-
ated in the input ecircuit 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 ecircuit, 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
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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;
So/N,

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. A value of
NF below 6 db is generally con-
sidered excellent.

In audio amplifiers, it is desirable
that the noise figure be kept low. In
general, the lowest value of NF is
obtained by use of an emitter cur-
rent of less than one milliampere, a
collector voltage of less than two
volts, and a signal-source resistance
between 300 and 3000 ohms.

In the simple low-level amplifier
stage shown in Fig. 39, the resistors
R, and R. determine the base-emitter
bias for the p-n-p transistor. Resis-
tor Rs is the emitter stabilizing re-
sistor; capacitor C, bypasses the ac
signal around R.. The output signal
is developed across the collector load
resistor R.. The collector voltage and
the emitter current are kept rela-
tively low to reduce the noise figure.

In many cases, low-level amplifier
stages used as preamplifiers include
some type of frequency-compensa-
tion network to improve either the
low-frequency or the high-frequency
components of the input signal. The
simplest type of equalization net-
work is shown in Fig. 40. Because

NF =

AMPLIFIER
STAGE
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Figure 39. Simple low-level class A

amplifier.

the capacitor C is effectively an open
circuit at low frequencies, the low
frequencies must be passed through
the resistor R and are attenuated.
The capacitor has a lower reactance
at high frequencies, however, and
bypasses high-frequency components
around R so that they receive negli-
gible attenuation. Thus the network
effectively “boosts” the high frequen-
cies,

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

AMPLIFIER
STAGE

==

Figure 40. Simple RC frequency-compensation network.
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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. 41.

Ry
AAA-

AMPLIFIER
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Such circuits should be designed to
minimize the flow of de currents
through these controls so that little
or no noise will be developed by the
movable contact during the life of

STAGE

C%“W‘l
7

AMPLIFIER
STAGE

Figure 41. Negative-feedback frequency-compensation network.

This network provides equalization
comparable to that obtained with Fig.
40, but is more suitable for low-level
amplifier stages because it does not
require 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 an audio amplifier
because of the high noise figure in-
volved. High source resistance can-
not be avoided, however, if an input
device such as a ecrystal 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 circuit. Volume controls and their
associated circuits should permit var-
iation 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.

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
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. 42. The transformer T, provides

T
0T0 Q
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Figure 42. Driver stage for push-pull output circuit.

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.

the required out-of-phase input sig-
nals for the two transistors Q, and
Q: in the push-pull output stage.
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
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single-ended power amplifier is
shown in Fig. 43. Component values
which will provide the desired power
output can be calculated from the
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

Class A

Figure 43.

system). If losses are assumed to be
negligible, the power output (PO)
is equal to the peak collector volt-
age (e.) times the peak collector
current (i), both divided by the
square root of two to obtain rms
values. The peak collector current
can then be determined as follows:

L NV 3

V2 V2
i = PO(2) x Y2
€

PO

ok 2
=42 X V2
S 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 Ry in Fig. 43 usually ranges
from 0.3 to 1 volt; a typical value of
0.6 volt can be assumed. Because
the emitter current is very nearly
equal to the collector current (0.6
ampere), the value of Rr must equal
the 0.6-volt drop divided by the
0.6-ampere current, or one ohm.
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The current through resistor R,
is about 10 to 20 per cent of the col-
lector current; a typical value is 15
per cent of 0.6, or 90 milliamperes.

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 an
emitter current of 600 milliamperes)

T2
TO
SPEAKER

power-amplifier circuit.

plus the emitter-to-ground voltage
(0.6 volt as described above), or one
volt. The voltage across R., there-
fore, is 14.5 minus 1, or 13.5 volts.
The value of R. must equal 13.5 di-
vided by 90, or about 150 ohms.

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-
rent through R. (90 milliamperes)
minus the base current. If the dc
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 de cur-
rent of 600 milliamperes. Therefore,
the collector load impedance should
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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 3.2-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. 43 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, or 7 milliam-
peres rms). The peak ac signal volt-
age is the sum of the base-to-emitter
voltage across the transistor (0.4

volt as determined above), plus
the voltage across Ru: (0.6 volt),
plus the peak ac signal voltage

across R: (1.0 milliampere times 12
ohms, or 0.12 volt). The input volt-
age, therefore, is about one volt
peak, or 0.7 volt rms. Thus, the total
ac input power required to produce
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.

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
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signal inputs, however, the resulting
signal would be distorted, as shown
in Fig. 44, because of the low for-
ward current-transfer ratio of the
transistor at very low currents. This
type cf distortion, called cross-over

CROSS—OVER
DISTORTION

| INPUT
BASE
CURRENT

Figure 44. Waveforms showing cause of
cross-over distortion.

distortion, can be suppressed by the
use of a bias which permits a small
collector current flow at zero signal
level. Any residual distortion can be
further reduced by the use of nega-
tive feedback.

A typical class B push-pull audio
amplifier is shown in Fig. 45. Re-
sistors Rr and Ri. 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
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-compcensating diode may be
used in the biasing network to mini-
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Figure 45, Class B push-pull audio-amplifier circuit,

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. 46. In this cir-
cuit, the secondary windings of the
driver transformer T, are phased so
that a positive signal from base to
emitter of one transistor is accom-
panied by a negative signal from
base to emitter of the other tran-
sistor. When a positive signal is ap-
plied to the base of transistor Q.
for example, Q: draws current. This
current must flow through the
speaker because the accompanying
negative signal on the base of tran-
sistor Q: cuts Q. off. When the sig-
nal polarity reverses, transistor Q,

g@

is cut off, while Q. conducts current.
The resistive dividers R.R: and R,R,
provide a de bias which keeps the
transistors slightly above cutoff un-
der no-signal conditions and thus
minimizes cross-over distortion. The
emitter resistors Ru and Ri. help to
compensate for differences between
transistors and for the effects of
ambient-temperature variations.
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

R
l 1

Figure 46.

Single-ended class B circuit.
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types, they can be used in comple-
mentary-symmetry circuits to obtain
all the advantages of conventional
push-pull amplifiers plus direct cou-
pling. The arrows in Fig. 47 indicate
the direction of electron current flow

pn-p T —IC  nop-n fe
Ig— Ip«—
¥ (i
Figure 47. Electron-current flow in p-n-p

and n-p-n transistors.

in the terminal leads of p-n-p and
n-p-n transistors. When these two
transistors are connected in a single
stage, as shown in Fig. 48, the de
electron current path in the output
circuit is completed through the col-
lector-emitter circuits of the tran-
sistors. In the circuits of Figs. 45

«——

=

L:.hl
+ <l

Figure 48. Basic complementary-symmetry
circuit.

and 48, essentially no dec current
flows through the load resistor Ru.
Therefore, the voice coil of a loud-
speaker can be connected directly in
place of Ry, without excessive speaker
cone distortion.

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. 49, 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
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side of resistor R: to become more
negative with respect to ground.
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 throughout the entire signal
swing. It is not suitable, therefore,
as a driver stage for a class B out-
put stage.

Figure 49.

Split-load phase-inverter stage,

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. 50. 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 Xi. The resonant fre-
quency fr is then given by

S
= 210

< e
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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.

fo) I—>»
I
I
Ic
Z—» (=S l
R
O

Figure 50. Simple parallel resonant circuit.

The Q (selectivity) of a parallel
resonant circuit alone is the ratio of
the current in the tank (I. or Io) to
the current in the line (I). This un-
loaded Q, or Q., may be expressed
in various ways, for example:

ol _Xu_2Z
° I R X¢
where X, is the inductive reactance
(= 2=fL), X. is the capacitive re-
actance (= 1/[27fC]), and Z is the
total impedance of the parallel reso-
nant circuit (tank). The Q varies
inversely with the resistance of the
inductor. The lower the resistance,
the higher the Q and the greater the
difference between the tank imped-
ance at frequencies off resonance
compared to the tank impedance 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-
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allel with a capacitance C,, as shown
in Fig. b1. Similarly, the input im-
pedance can be considered as consist-
ing of a resistance R, in parallel
with a capacitance C.. Because the
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:

Q = Z (total loading on coil)
XL or Xc

The capacitances C, and C; in Fig.
b1 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 Ci
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. 52, the ef-
feet 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:

QUTPUT OF INPUT OF
PRECEDING COUPLING FOLLOWING
TRANSISTOR NETWORK TRANSISTOR

O

1
%‘o ==Co
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Ci= Rié
4
O

Figure 51.

Equivalent output and input circuits of transistors

connected by a coupling network.
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Figure 52. Equivalent circult for transformer-
coupling network having tuned primary
winding.

ri = Ry (Nl/Nz)2

where Ni/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,p, and is given by

Cap = Cp + (Nl/N2)2

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

Fig. 63 shows a coupling network
which consists of a single-tuned cir-
cuit using magnetic or mutual in-
ductive coupling. The capacitance C;
includes the effects of both the out-
put capacitance of the preceding
transistor and the input capacitance
of the following transistor (referred
to the primary of transformer T,).

=
1 s

OUTPUT OF INPUT OF

PRECEDING ES FOLLOWING

TRANSISTOR | Ct TRANSISTOR
2 4

Figure 53. Single-tuned coupling network
using inductive coupling.

The bandwidth, or effective frequency
range, of a single-tuned transformer
is determined by the half-power
points on the resonance curve (—3
db or 0.707 down from the maxi-
mum). 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:
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Af = fr/QL

The inherent internal feedback in’
transistors can cause instability and
oscillation as the gain of an amplifier
stage is increased (i.e., as the load
and source impedances are increased
from zero to matched conditions).
At low frequencies, therefore, where
the potential gain of transistors 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. 54, At

OUTPUT OF INPUT OF

PRECEDING == | FOLLOWING

TRANSISTOR TRANSISTOR
Figure 54. Transformer coupling network

using tap on primary winding.

higher frequencies, the gain poten-
tial of the transistor decreases, and
impedance matching is permissible.

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.

A typical tuned amplifier using
neutralization is shown in Fig. 55.
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. Resistor R, provides for-
ward bias to the transistor. Capaci-
tor C. provides a low-impedance path
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Figure 55. Neutralized if-amplifier and second-detector circuit.

for the 455-kilocycle signal from the
input tuned circuit to the emitter.
Resistor R., which is bypassed for
455 kilocycles by capacitor Ci, is
the emitter dec stabilizing resistor.
The amplified signal from the tran-
sistor is developed across the par-
allel 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.

Voltage at the intermediate fre-
quency is taken from the secondary
winding of the single-tuned output
circuit and applied to the base of
the transistor through the feedback
(neutralizing) capacitor C.. Because
of the phase reversal in the common-
emitter configuration, this external
feedback is out of phase with the
input from the if amplifier, and can-
cels the in-phase reactive feedback
in the transistor due to the internal
capacitance between the collector
and the base.

The rectified output of the crystal
diode CR is filtered by capacitor C;
and resistor Ry 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. 55) that
is directly proportional to the am-
plitude of the if ecarrier. This dc

voltage is fed back to the emitter of
the transistor through the resistor
R. to provide automatic gain control.
Resistor R, and capacitor C; form
an audio decoupling nctwork to pre-
vent audio feedback to the base of
the transistor.

Automatic gain control (age) is
often used in rf and if amplifiers in
AM radio and television receivers to
provide lower gain for strong sig-
nals and higher gain for weak sig-
nals. The dec component of the
second-detector output, which is di-
rectly proportional to the strength
of the signal carrier received, can
be used to vary either the de emitter
current or the collector voltage of a
transistor to provide agce. Fig. 56
shows typical curves of power gain
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Figure 56. Power gain as a function of

emitter current.
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as a function of emitter current for
a 455-kilocycle amplifier using either
common-base or common-emitter
configuration.

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
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. 67, This ar-
rangement, which is also ecalled
capacitive division, is similar to
tapping down on a coil near reso-
nance. 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 Xg, is normally much larger

QUTPUT OF
PRECEDING
TRANSISTOR
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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-
works, the two resonant circuits are
tuned to slightly different resonant
frequencies to provide a more rec-
tangular band pass. Double-tuned or
stagger-tuned networks may use ca-
pacitive, inductive, or mutual induct-
ance coupling, or any combination of
the three.

Cross-modulation is an important
consideration in the evaluation of
transistorized tuner circuits. This
phenomenon, which occurs primarily
in nonlinear systems, can be defined
as the transfer of modulation from
an interfering carrier to the desired
carrier. In general, the value of
eross-modulation is independent of
both the semiconductor material and

=€y INPUT OF
[ FOLLOWING
~-Cc2 TRANSISTOR

Figure 57.

than X.. Provided the input resist-
ance of the following transistor is
much greater than X, 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
Cp = v
‘T Ci+C,

The resonant frequency f. is then
given by

A N
T 27:‘\/1.410;

Double-tuned interstage coupling
networks are often used in prefer-
ence to single-tuned networks to
provide flatter frequency response
within the desired pass band and a
sharper drop in response imme-
diately adjacent to the ends of the
pass band. In double-tuned networks,

Single-tuned coupling network using capacitive division.

the construction of the transistor.
At low frequencies, cross-modulation
is also independent of the amplitude
of the desired carrier, but varies as
the square of the amplitude of the
interfering signal.

In most rf ecircuits, 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
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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, where
Jow source impedances are difficult
to obtain because of lead inductance
or the impracticality of putting a
tap on a coil having one or two turns,
an unbypassed emitter resistor hav-
ing 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 low-
sensitivity 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 reverse age is
applied to the rf stage, the rf tran-
sistor eventually becomes passive
and provides improved cross-modula-
tion. If the interfering signal is
close to the desired signal, it is the
rf gain at the undesired signal fre-
quency which determines whether
the rf stage or mixer stage is the
prime contribution of cross-modula-
tion. For example, at low-signal
levels, it is possible that the rf stage
gain (including attenuation) at the
undesired 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.

Direct-Coupled Amplifiers

Direct-coupled 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,
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chopper-type circuits, differential
amplifiers, and pulse amplifiers.

In series regulator circuits such as
that shown in Fig. 68, direct-coupled
amplifiers are used to amplify an

O

Figure 58. 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 Vg is placed in the
emitter circuit of the amplifier tran-
sistor Q, so that the error or differ-
ence signal between Vp 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. 59, 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.



Figure 59. Typical shunt regulator circuit.
Direct-coupled amplifiers are also
used in chopper-type circuits to am-
plify low-level dec signals, as illu-
strated by the block diagram in Fig.
60. 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.
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. 61 include an output stage
which supplies current to the load
resistor R, and the necessary num-
ber of direct-coupled cascaded stages
to provide the required amount of
gain for a given condition of line-
voltage or load-current regulation.
The reference-voltage source Vr is
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

CHOPPER
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is usually included to insure stabil-
ity of the direct-coupled amplifier.

OSCILLATION

Transistor oscillator circuits are
similar in many respects to the tuned
amplifiers 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-
back) to sustain oscillation.

DC bias-voltage requirements for
oscillators are similar to those dis-
cussed for amplifiers. Stabilization
of the operating point is important
because this point affects both the
output amplitude and waveform and
the frequency stability. Operation is
normally maintained within the lin-
ear portion of the transistor char-
acteristic by use of a constant supply
voltage. Because the collector-to-
emitter capacitance of the transistor
affects frequency stability more than
other parameters, a relatively large
stabilizing capacitor is often used
between the collector and emitter
terminals to reduce the ‘sensitivity
of the circuit to voltage variations
and to capacitance variations be-
tween transistors.

The maximum operating frequency
of an oscillator circuit is limited by
the frequency capability of the tran-
sistor used. The maximum frequency
of a transistor is defined as the fre-
quency at which the power gain is
unity (i.e., an input signal appears
in the output circuit at the same
level, with no loss or gain). Because
some power gain is required in an

INTEGRATOR

Figure 60.

O

Block diagram showing action of “‘chopper” circuit.
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VRI

Figure 61. Typical differential amplifier
circuits.

oscillator circuit to overcome losses
in the feedback network, the oper-
ating frequency must be some value
below the transistor maximum fre-
quency.

The transistor configuration se-
lected for an oscillator circuit de-
pends on the oscillator requirements.
With the common-base and common-
collector configurations, the feedback
network must include compensation
for the difference between the input
and output impedances. Phase inver-
sion is not required, however, be-
cause no phase reversal occurs
between input and output in these
circuits. Voltage and power gains
are greater than unity with the
common-base circuit, but current
gain is less than unity. Current and
power gains are greater than unity
with the common-collector -circuit,
but voltage gain is less than unity.

With the common-emitter configu-
ration, current, voltage, and power
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gains are all greater than unity.
This configuration is generally desir-
able for use in transistor oscillators
because it provides highest power
gains. The input and output im-
pedances are more closely matched
than in the other configurations, but
phase inversion is necessary to com-
pensate for the 180-degree phase
reversal between input and output
circuits. (The phase inversion re-
quired in a common-cmitter oscillator
may be less than 180 degrees, depend-
ing on the operating frequency of the
circuit. The transistor develops a cer-
tain amount of phase shift as the
frequency increases, usually in the
order of 45 degrees at the beta-
cutoff frequency and about 90 de-
grees at the gain-bandwidth product.
The feedback network is required to
supply only enough phase inversion
to produce a net phase shift of 360
degrees around the entire loop.)

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. 62. The
feedback power must be equal to the
input power plus the losses in the
feedback network to sustain oscilla-
tion. For example, if the power gain
of the transistor amplifier is 50 and
the input power is 2 milliwatts, the
total output power is 100 milliwatts.
If the losses in the feedback net-
work equal 20 milliwatts, the feed-
back power must be 2 plus 20, or 22
milliwatts. The power delivered to
the load is then 100 minus 22, or 78
milliwatts.

LC Resonant Feedback Oscillators

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



38

E

FEEDBACK
NETWORK

RCA Transistor Manual

-—
FEEDBACK
POWER

LOAD
C — POWER

INPUT POWER —»

l INPUT
NETWORK B

OUTPUT POWER —

QUTPUT
NETWORK

Figure 62.

(LC) network, a crystal, or a resist-
ance-capacitance (RC) network. Fig.
63a shows a simplified diagram for a
transistor oscillator which uses a
“tickler” coil L, for inductive feed-
back. (DC bias circuits are omitted
for simplicity; as in the case of am-
plifiers, the emitter-base junction is
forward-biased and the collector-
base junction is reverse-biased.)
The waveforms of ac (instantan-
eous) emitter current i. and collector
current i. are shown in Fig. 63b.
When the bias conditions of the
transistor are normal and input
power is applied, current flow in the
circuit increases (between points X
and Y in Fig. 63b) as a result of the
regenerative feedback coupled from
the collector circuit to the emitter
circuit by the transformer windings

(a)
Figure 63.

o)

Block diagram of transistor oscillator showing division of output power.

(3-4 to 1-2). A point (Y) is reached,
however, at which the collector-base
junction of the transistor becomes
forward-biased (the transistor is
saturated), and collector current can
no longer increase. The feedback
current then reverses, and emitter
and collector current decrease (be-
tween points Y and Z) until the
emitter-base junction becomes re-
verse-biased (the transistor is cut
off). The bias conditions then revert
to their original state, and the proc-
ess is repeated. The time for change
from saturation to cutoff is deter-
mined primarily by the tuned circuit
(tank), which, in turn, determines
the frequency of oscillation.

When the common-emitter con-
figuration is used, the tuned circuit
may be placed in either the base

Y
ie
X z
Y
ic
X z
TIME —>

(b}

(a) Simplified transistor LC oscillator and (b) corresponding current waveforms.



Transistor Applications

circuit or the collector circuit. In the
tuned-base oscillator shown in Fig.
64, one battery is used to provide all
the dc operating voltages for the
transistor. Resistors R;, Rs, and R.
provide the necessary bias condi-
tions. Resistor R: is the emitter
stabilizing resistor. The components
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emitter stabilizing resistor. Capaci-
tors C; and C: bypass ac around
resistors R, and R, respectively. Al-
though a series-feed arrangement is
shown, a shunt-feed arrangement is
also possible with slight eircuit
modifications. The shunt-feed ecircuit
would be almost identical with the

Figure 64.

within the dotted lines comprise the
transistor amplifier. The collector
shunt-feed arrangement prevents de
current flow through the tickler
(primary) winding of transformer
T. Feedback is accomplished by the
mutual inductance between the trans-
former windings.

The tank 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 de. 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.

A tuned-collector transistor oscil-
lator is shown in Fig, 65. In this
circuit, resistors R, and R, establish
the base bias. Resistor R. is the

Tuned-base oscillator.

one shown in the tuned-base oscil-
lator in Fig. 64, except for the loca-
tion of the tank circuit. The tuned
circuit consists of the primary wind-
ing of transformer T and the var-
iable capacitor Ci;. Regeneration is
accomplished by coupling the feed-
back signal from transformer wind-
ing 3-4 to the tickler coil winding

L
\
o
=2
T
)

Figure 65. Tuned-collector oscillator.
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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
version of the familiar Colpitts os-
cillator, shown in Fig. 66. Regenera-

N

O
N =

Rg 7!03

Figure 66.

Transistor Colpitts oscillator.

tive feedback is obtained from the
tuned circuit consisting of capacitors
C, and C. in parallel with the pri-
mary winding of the transformer,
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 Ci
form a voltage divider; the voltage
developed across C, 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
Cs 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. 66 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
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of the transformer primary and the
added capacitor.

The Hartley oscillator shown in
Fig. 67 is similar to the Colpitts
oscillator, except that a split induct-
ance is used instead of a split ca-
pacitance to obtain feedback. The
circuit in Fig. 67 is modified for push-
pull operation to provide greater
output. The regenerative signal is
applied between base and emitter of
each transistor by means of the in-
duced voltages in the transformer
windings 1-3 and 4-6. After the
feedback signal is applied to trans-
former winding 1-3, circuit opera-
tion is similar to that of a push-pull
amplifier. Capacitor C; places ter-
minal 2 of the transformer at ac
ground potential through ecapacitor

C..

Q

Figure 67. Hartley-type transistor push-pull

oscillator.

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.
68, the electrical equivalent of the
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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. 68 represents the electro-
static capacitance between the erystal
electrodes. At frequencies above the

L

Cs

Figure 68. Equivalent 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
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 erystal 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. 69. (If the crystal
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Figure 69. Pierce-type transistor crystal

oscillator.

were replaced by its equivalent cir-
cuit, the functioning of the oscillator
would be analogous to that of the
Colpitts oscillator shown in Fig. 67.)
The resistances shown in Fig. 69 pro-
vide the proper bias and stabilizing
conditions for the common-emitter
circuit. Capacitor C, is the emitter
bypass capacitor. The required 180-
degree phase inversion of the feed-
back signal is accomplished through
the arrangement of the voltage-
divider network C: and Ci. The con-
nection between the capacitors is
grounded so that the voltage de-
veloped across C; is applied between
base and ground and 180-degrece
phase reversal is obtained. The oscil-
lating frequency of the circuit is de-
termined by the crystal and the
capacitors connected in parallel with
it.

RC Resonant 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. 70, the
RC network consists of three seec-
tions (CiR:, 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-
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Figure 70. Transistor RC phase-shift
oscillator.

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. More than three sec-
tions may be used in the phase-
shifting networks to reduce feedback
losses.

An RC network is also used in the
Wien-bridge oscillator shown in Fig.
71 to provide a sinusoidal output. In
this circuit, transistor Q. functions
as an amplifier and phase inverter.
The feedback voltage developed be-
tween the collector of Q. and ground
is impressed across the entire bridge
network. The voltage developed
across capacitor C; is regenerative
(positive), and is applied to the in-
put circuit of transistor Q.. Because
this voltage is in phase with the
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input signal only at the resonant
frequency, the magnitude of the pos-
itive feedback is reduced at other
frequencies.

Negative feedback (degeneration)
is applied to the emitter of Q.
through resistor R. to improve fre-
quency stability and to minimize dis-
tortion. R: normally provides greater
negative feedback at frequencies
other than the resonant frequency.
Therefore, at other frequencies the
negative feedback exceeds the posi-
tive feedback and a highly stable os-
cillator results.

The resonant frequency f. of the
oscillator is determined by capacitors
C: and G; and resistors R, and R., as
follows:

1

f{ =————F/———
22V RIC(R:C,

If resistor R, is made equal to R,
and capacitor C; to capacitor C,, this
expression reduces to

f=_ 1

" 2xR,C,
Either capacitors C, and C; or resis-
tors R. and R. may be made variable
to provide a variable-frequency os-
cillator.

Nonsinusoidal Oscillators

Oscillator circuits which produce
nonsinusoidal output waveforms are

C3
\
i
, cs
Ry 0z _—t+1—©O
R
3 Cq 5
C Qq c §R!°
c2 4 B Rg Rg 3
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R2 Rq M I"
L Ry Rg t-__——Vcc
JE—

Figure 71.

Wien-bridge-type transistor oscillator.



Transistor Applications

generally classified as relaxation
oscillators. This type of oscillator
uses a regenerative circuit in con-
junction with resistance-capacitance
(RC) or resistance-inductance (RL)
components to produce a switching
action. 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. 72, the output
of transistor Q. is coupled to the in-
put of transistor Q. through the
feedback network R:C;, and the out-
put of Q, is coupled to the input of
Q: through the feedback network
R.C:. Because the feedback in each
case is in phase with the signal on
the base electrode, oscillations can be
sustained.

In the multivibrator circuit, an in-
crease in the collector current of
transistor Q, causes a decrease in
the collector voltage, and a corre-
sponding reduction in the regenera-
tive feedback through capacitor C, to
the base of transistor Q.. As a result,
the current through Q; decreases
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steadily as the current through Q
increases, until a point is reached
where Q: is cut off. Capacitor C; then
discharges through resistor R. until
forward bias is reestablished across
the base-emitter junction of Q.. Cur-
rent through Q: then increases, while
current through Q. decreases until
Q. is cut off. The oscillating fre-
quency of the multivibrator is deter-
mined by the values of resistance
and capacitance in the circuit.

The output signal is coupled
through capacitor Cs to the load. The
output waveform, which is essentially
square, may be obtained from either
collector. A sawtooth output can be
obtained by connection of a capacitor
from collector to ground. A sinusoi-
dal output wave can be obtained by
connection of a parallel tuned circuit
between the base electrodes of the
two transistors.

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
period. A basic circuit for this type
of oscillator is shown in Fig. 73.
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

U

Figure 72.

RC-coupled common-emitter muktivibrator,



44

of which is primarily determined by
winding 1-2. The time between pulses
(resting or blocking time) is deter-
mined by the time constant of capac-
itor C and resistor R.

Tl
-§
C-Ll-
3 § o
4 6

<+
R§ Vee =

Figure 73. Basic circuit of blocking
oscillator.
SWITCHING
Transistors are often used in

pulse and switching circuits in
radar, television, telemetering, pulse-
code communication, and computing
equipment. These circuits act as gen-
erators, amplifiers, inverters, fre-
quency dividers, and wave-shapers
to provide limiting, triggering, gat-
ing, and signal-routing functions.
These applications are normally char-
acterized by large-signal or nonlinear
operation of the transistor.

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. 74, the collector-base junc-
tion is reverse-biased by battery Vco
through resistor R.. Switch S; con-
trols the polarity and amount of base
current from battery Vm or Vi
When 8, is in the OFF position, the
emitter-base junction of the transis-
tor is reverse-biased by battery Ve
through the current-limiting resistor
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.)
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When the switch is in the ON posi-
tion, forward bias is applied to the
emitter-base junction by battery Vo,
through the current-limiting resistor
R.. The base current and collector
current then increase rapidly until
the transistor reaches saturation.
The active linear region is called the
transition region in switching opera-
tion 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

R

VBITi

Figure 74.

Simple switching circuit.

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)
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. 74 is
operated in sequence from OFF to



Transistor Apblications

ON and then back to OFF, the cur-
rent pulses shown in Fig. 75 are ob-
tained. The rectangular input current
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Figure 75. Current waveforms obtained in

switching circuit.

pulse Iz drives the transistor from
cutoff to saturation and back to cut-
off. The output current pulse Io is
distorted because the transistor can-
not respond instantaneously to a
change in signal level. The response
of the transistor during the rise time
tr 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 tu: is the length of
time that the transistor remains cut
off after the input pulse is applied.
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
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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 Iy 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
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 two stable states in the
two stable regions. The transistor
is triggered from one stable state
to the other by an external pulse,
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and a second trigger pulse is re-
quired to switch the circuit back to
its original stable state.

The multivibrator circuit shown in
Fig. 76 is an example of a mono-
stable circuit. The bias network holds

C

Figure 76. Monostable muHlivibrator.

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.
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(coupled to the base of Q: through
capacitor C;) causes the base current
and collector current of Q. to de-
crease. The increasing collector volt-
age of Q. (coupled to the base of Q
through resistor Ri) 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 G,
and resistor R. during discharge.
The Eccles-Jordan-type multivi-
brator circuit shown in Fig. 77 is an
example of a bistable circuit. The re-
sistive and bias values of this circuit

C
INPUT AOH

INPUT BOH{

C2

Figure 77.

Eccles-Jordan-type bistable multivibrator.
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are chosen so that the initial appli-
cation of dc power causes one tran-
sistor to be cut off and the other to
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. 717, two separate inputs are
shown. A trigger pulse at input A
will change the state of the circuit.
An input of the same polarity at in-
put B or an input of opposite polar-
ity at input A will then return the
cireuit to its original state. (Collector
triggering can be accomplished in a
similar manner.) The time constants
of C:;R. and of C.R; essentially deter-
mine the fall time (from conduction
to cutoff) of transistors Q: and Q.,
respectively. The output of the ecir-
cuit is a unit step voltage when one
trigger is applied, or a square wave
when continuous pulsing of the input
is used.

Gating Circuits

A transistor switching circuit in
which the transistor operates as an
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-

Ry
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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. In the simple OR gate
shown in Fig. 78, the high resistance
of R: and R isolates one input source
from the other. When a negative in-
put pulse is applied at either input
resistor, a negative output pulse is
obtained. Application of negative
pulses to both inputs results only in
a widening of the output pulse, If a
common-emitter configuration is used
instead of the common-base config-
uration, phase inversion of the sig-
nal results, and the OR gate becomes
a NOT-OR (NOR) gate.

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 common-emitter
configuration provides phase inver-
sion and provides a NOT-AND
(NAND) gate. In the simple NAND
gate shown in Fig. 79, forward (sat-
uration) bias is provided by battery
Vis. The bias value is chosen so that
saturating current continues to flow
when only one input pulse is applied,
and both input pulses are required to
turn the transistor off.

The AND-OR gate shown in Fig.
80 illustrates the use of a direct-
coupled transistor logic circuit to

oO—

—Tv

cc
—0

Figure 78.

Simple OR-type logic circuit.
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Figure 79. Simple NAND circuit.

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 Qi, Q:, and Q:. Transistor Q.
is part of the bistable multivibrator.

Transistors Q. and Q. are series-
connected and form a NAND gate.

Provided all transistors are cut off
(quiescent condition), triggering of
the bistable multivibrator is accom-
plished when the prescribed 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.

MULTIVIBRATOR

INPUT
A s IC
8
Qz C I > —>
B,
INPUT £ L
+—
B Q3 =
| 1
INPUT
C
b '

i |
' |
' |
| |
| |
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| I
| |
| |
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Figure 80. AND-OR gate or trigger circuit.

Similarly, transistors Q. and Q. are
series-connected and form a NAND
gate. Transistors Q. and Q. are par-
allel-connected and form a NOR gate.
Reverse collector bias for all tran-
sistors is provided by battery Ve..

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

conductor diodes, are essentially
cells containing a simple p-n junc-
tion. As a result, they have low
resistance to current flow in one
(forward) direction, but high resist-
ance to current flow in the opposite
(reverse) direction. They can be
operated at ambient temperatures up
to 200 degrees centigrade and at cur-
rent levels as high as 40 amperes,
with voltage levels as high as 1000
volts. In addition, they can be used
in parallel or series arrangements to
provide higher current or voltage
capabilities.

Because of their high forward-to-
reverse current ratios, silicon recti-
fiers can achieve rectification efficien-
cies in the order of 99 per cent. When
properly used, they have excellent
life characteristics which are not
affected by aging, moisture, or tem-
perature. They are very small and
light-weight, and can be made im-
pervious to shock and other severe
environmental conditions.

THERMAL CONSIDERATIONS

Although rectifiers can operate at
high temperatures, they are sensitive
to sudden temperature changes be-
cause of the extremely small crystals
used in their structure. The thermal
capacity of a silicon rectifier is quite
low, and the junction temperature
rises rapidly during high-current
operation. Sudden rises in junction
temperature caused by either high
currents or excessive ambient-tem-
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perature conditions can cause failure.
(A silicon rectifier is considered to
have failed when either the forward
voltage drop or the reverse current
has increased to a point where the
crystal structure or surrounding ma-
terial breaks down.) Consequently,
temperature effects are very impor-
tant in the consideration of silicon
rectifier characteristics.

REVERSE CHARACTERISTICS

When a reverse-bias voltage is ap-
plied to a silicon rectifier, a limited
amount of reverse current (usually
measured in microamperes, as com-
pared to milliamperes or amperes of"
forward current) begins to flow. As
shown in Fig. 81, this reverse cur-.
rent flow increases slightly as the
bias voltage increases, but then tends.

VOLTAGE o}

25°C

TEMPERATURE =
150° C

- ~lua AT 25° C
I —l00Opa AT I150° C:

Figure 81. Typical reverse characteristics:

to remain constant even though the
voltage continues to increase signifi--
cantly. However, an increase in oper-
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ating temperature multiplies the
reverse current considerably for a
given reverse bias.

At a specific reverse voltage (which
varies for different types of diodes),
a very sharp increase in reverse cur-
rent occurs. This voltage is called
the breakdown or avalanche (or
zener) voltage. In many applications,
rectifiers can operate safely at the
avalanche point. If the reverse volt-
age is increased beyond this point,
however, or if the ambient tempera-
ture is raised sufficiently (for ex-
ample, a rise from 25 to 150 degrees
centigrade increases the current by
a factor of several hundred), “ther-
mal runaway” results and the diode
may be destroyed.

FORWARD CHARACTERISTICS

A silicon rectifier usually requires
a forward voltage of 0.4 to 0.7 volt
(depending upon the temperature
and the impurity concentration in
the p-type and n-type materials) to
overcome the potential barrier at the
p-n junction. As shown in Fig. 82, a
slight rise in voltage beyond this
point increases the forward current

200
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Figure 82. Typical forward characteristics.

sharply. Because of the small mass
of the silicon rectifier, the forward
voltage drop must be carefully con-
trolled so that the specified maxi-
mum value for the device is not
exceeded. Otherwise, the diode may
be seriously damaged or destroyed.
Fig. 82 shows the effects of an in-
crease in temperature on the forward-
current characteristic of a silicon
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rectifier. In certain applications, close
control of ambient temperature is re-
quired for satisfactory operation.
Close control is not usually required,
however, in power circuits.

RATINGS

Ratings for silicon rectifiers are
determined by the manufacturer on
the basis of extensive reliability test-
ing. One of the most important rat-
ings is the maximum peak reverse
voltage (PRV), i.e.,, the highest
amount of reverse voltage which can
be applied to a specific rectifier be-
fore the avalanche breakdown point
is reached. PRV ratings range from
about 50 volts to as high as 1000
volts for some single-junction diodes.
As will be discussed later, several
junction diodes can be connected in
series to obtain the PRV values re-
quired for very-high-voltage power-
supply applications.

Three current ratings are usually
given for silicon rectifiers: the maxi-
mum average forward current, the
peak recurrent forward current, and
the maximum surge current. As
shown in Fig. 83, the first of these
currents refers to the maximum aver-
age value of current which is allowed
to flow in the forward direction for
a specified ambient or case tempera-
ture. Typical average current out-
puts range from 0.5 ampere to as
high as 40 amperes for single silicon

diodes.
— ==~ SURGE OR FAULT CURRENT
o= =~ PEAK REPETITIVE
—F—‘\- = —ﬂ— AVERAGE FORWARD

Figure 83. Representation of rectifier
currents.

The peak recurrent forward current
is the maximum repetitive instan-
taneous forward current permitted
under stated conditions. The maxi-
mum surge current is the maximum
non-repetitive peak current of a
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single forward cycle. The surge, or
fault, current is permitted for only a
very short time interval (about eight
milliseconds). Surge currents gen-
erally occur when the equipment is
first turned on, or when unusual volt-
age transients are introduced in the
ac supply line. Protection against ex-
cessive currents of this type can be
provided in various ways, as will be
discussed later.

Because these maximum current
ratings are all affected by thermal
variations, ambient-temperature con-
ditions must be considered in the
application of silicon rectifiers. Tem-
perature-rating charts are usually
provided to show the percentage by
which maximum currents must be
decreased for operation at tempera-
tures higher than normal room tem-
perature (25 degrees centigrade).

HEAT SINKS

Silicon rectifiers are often mounted
on devices called “heat sinks”. A
heat sink generally consists of a rel-
atively large metal plate attached to
the heat-conducting side of the recti-
fier. Because of its large surface, a
heat sink can readily dissipate heat
and thereby safeguard the rectifier
against damage.

The size of a heat sink for a given
rectifier application depends upon the
ambient temperature and the maxi-
mum average forward current of the
rectifier. As a result, the actual size
must be calculated for each applica-
tion which involves an ambient tem-
perature or forward current other
than that recommended by the man-
ufacturer. For this calculation, two
charts are used: the current-multi-
plying-factor chart shown in Fig. 84,
and the heat-sink cooling chart shown
in Fig. 85. Fig. 84 applies to all rec-
tifier types for both polyphase and de
operation; Fig. 85 differs for differ-
ent rectifier types.

The calculation requires four steps:

1. From Fig. 84, the current-multi-
plying factor is determined for the
applicable conduction angle (i.e., the
fraction of the ac input cycle during
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Figure 84. Current-multiplying-factor chart.

which forward current is expected to
flow in the particular application).
For dc operation of a silicon recti-
fier, a multiplying factor of 0.8 is
generally specified.
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2. The desired output current (ex-
pressed in amperes) is divided by
the number of current paths. The ac-
tual number of paths depends on the
type of operation intended, and can
be determined from the table below.

Type of Number of
Operation Current Paths
Single-Phase, Full-Wave:

Center-Tapped

Bridge
Three-Phase:

Y

Double Y

Bridge

Six-Phase Star

2
2

o Wow

The resulting figure is the average
forward current of the rectifier.

3. The average current is then
multiplied by the current-multiply-
ing factor obtained in Step 1. The
resulting figure represents the ad-
justed average forward current of
the rectifier.

4. This adjusted current is applied
to Fig. 85 to determine either the
maximum allowable ambient tem-
perature for a given heat-sink size
or the minimum heat-sink size for a
given ambient temperature. (Pub-
lished data may also include a chart
similar to Fig. 85 for forced-air-cool-
ing applications.)

The following example illustrates
the calculation of minimum heat-sink
size for a three-phase, half-wave (Y)
circuit. The conduction angle is 120
degrees, the desired output current
is 90 amperes, and the ambient tem-
perature is 90 degrees centigrade.

1. From Fig. 84, the current-multi-
plying factor for a conduction angle
of 120 degrees is 1.18.

2. For three-phase half-wave oper-
ation, the number of current paths is
3. The average forward current
through the rectifier, therefore, is 90
divided by 3, or 30 amperes.

3. This average forward current is
then multiplied by the current-multi-
plying factor (1.18) obtained in Step
1 to provide an adjusted forward
current of 35.4 amperes.
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4. From Fig. 85, the minimum heat-
sink size for the above conditions is
found to be 6 by 6 inches.

SERIES AND PARALLEL
ARRANGEMENTS

Series arrangements of silicon rec-
tifiers are used when the applied re-
verse voltage is expected to be
greater than the maximum peak re-
verse voltage rating of a single sili-
con rectifier (or cell). For example,
four rectifiers having a maximum
reverse voltage rating of 200 volts
each could be connected in series to
handle an applied reverse voltage of
800 volts.

In a series arrangement, the most
important consideration is that the
applied voltage be divided equally
across the individual rectifiers. If the
instantaneous voltage is not uni-
formly divided, one of the rectifiers
may be subjected to a voltage greater
than its specified maximum reverse
voltage, and, as a result, may be de-
stroyed. Uniform voltage division
can usually be assured by connection
of either resistors or capacitors in
parallel with individual cells. Shunt
resistors are used in steady-state
applications, and shunt capacitors in
applications in which transient volt-
ages are expected. Both resistors and
capacitors should be used if the cir-
cuit is to be exposed to both dc and
ac components.

A parallel arrangement of rectifiers
can be used when the maximum aver-
age forward current required is
larger than the maximum current
rating of an individual rectifier cell.
To avoid differences in voltage across
the parallel rectifiers, it is desirable
to add either a resistor or an inductor
in series with each cell. Balanced
transformers or separate transformer
windings can be used for this pur-
pose. Although resistors are con-
sidered the simplest method of
current division, individual inductors
in series with each cell are more effi-
cient because they do not consume as
much power as the resistor arrange-
ment.
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Parallel rectifier arrangements are
not in general use. Designers nor-
mally use a polyphase arrangement
to provide higher currents, or sim-
ply substitute the readily available
higher-current rectifier types.

OVERLOAD PROTECTION

In the application of silicon recti-
fiers, it is necessary to guard against
both over-voltage and over-current
(surge) conditions. A voltage surge
in a rectifier arrangement can be
caused by dc switching, reverse recov-
ery transients, transformer switch-
ing, inductive-load switching, and
various other causes. The effects of
such surges can be reduced by the
use of a capacitor connected across
the input or the output of the recti-
fier. In addition, the magnitude of
the voltage surge can be reduced by
changes in the switching elements or
the sequence of switching, or by a
reduction in the speed of current in-
terruption by the switching elements.

In all applications, a rectifier hav-
ing a more-than-adequate peak re-
verse voltage rating should be used.
The safety margin for reverse volt-
age usually depends on the applica-
tion. For a single-phase half-wave
application using switching of the
transformer primary and having no
transient suppression, a rectifier hav-
ing a peak reverse voltage three or
four times the expected working volt-
age should be used. For a full-wave
bridge using load switching and
having adequate suppression of tran-
sients, a margin of 1.5 to 1 is gen-
erally acceptable.

Because of the small size of the
silicon rectifier, excessive surge cur-
rents are particularly harmful to rec-
tifier operation. Current surges may
be caused by short circuits, capacitor
inrush, de overload, or failure of a
single cell in a multiple arrange-
ment. In the case of low-power cells,
fuses or circuit breakers are often
placed in the ac input circuit to the
rectifier to interrupt the fault cur-
rent before it damages the rectifier.
When circuit requirements are such

53

that service must be continued in
case of failure of an individual diode,
a number of cells can be used in
parallel, each with its own fuse. Ad-
ditional fuses should be used in the
ac line and in series with the load for
protection against dec lead faults. In
high-power cells, an arrangement of
circuit breakers, fuses, and series re-
sistances is often used to reduce the
amplitude of the surge current.

APPLICATIONS

Silicon rectifiers are used in a con-
tinually broadening range of applica-
tions. Originally developed for use in
such equipment as dec-to-de convert-
ers, battery chargers, mobile power
supplies, transmitters, and electro-
plating devices, silicon rectifiers are
also used in power supplies for radio
and television receivers and phono-
graph amplifiers, as well as in such
applications as in-line-type modula-
tors, hold-off and charging diodes,
pulse-forming networks, and brush-
less alternators. They are also being
used in many aircraft applications
because of their small size, light
weight, and high efficiency.

The most suitable type of rectifier
circuit for a particular application
depends on the dc voltage and cur-
rent requirements, the amount of
rectifier “ripple” (undesired fluctua-
tion in the de output caused by an
ac component) that can be tolerated
in the circuit, and the type of ac
power available. Figs. 86 through 92
show seven basic rectifier configura-
tions. (Filters used to smooth the
rectifier output are not shown for
each circuit, but are discussed later.)
Figs. 86 through 92 also include the
output-voltage waveforms for the
various circuits and the current wave-
forms for each individual rectifier
cell in the circuits. Ideally, the volt-
age waveform should be as flat as
possible (i.e., approaching almost
pure de). A flat curve indicates a
peak-to-average voltage ratio of one.
In the case of the current wave-
form, the smaller the current flowing
through the individual rectifier, the
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Figure 86. Single-phase hatf-wave circuit.

less chance there is for malfunction
or burnout of the cell.

The half-wave single-phase circuit
shown in Fig. 86 delivers only one
pulse of current for each cycle of ac
input voltage. As shown by the cur-
rent waveform, the single rectifier
cell is exposed to the entire current
flow. This type of circuit, which con-
tains a very high percentage of out-
put ripple, is used principally in
low-voltage high-current applications
and in low-current high-voltage ap-
plications,

Fig. 87 shows a single-phase full-
wave circuit with a center-tapped
high-voltage winding. This circuit

transformer voltage. In addition, it
exposes the individual rectifier cell to
only half as much peak reverse volt-
age, and allows only 60 per cent of
the total current to flow through
each cell. This type of circuit is pop-
ular in amateur transmitter use.
The three-phase circuits shown in
Figs. 89 through 92 are usually found
in heavy industrial equipment such
as high-power transmitters. The
three-phase (Y) half-wave circuit
shown in Fig. 89 uses three rectifier
cells. This circuit has considerably
less ripple than the circuits discussed
above. In addition, it allows only
one-third of the total current to flow
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Figure 87. Single-phase full-wave circuit with center-tap.

has a higher peak-to-average volt-
age ratio than the circuit of Fig. 86,
and about 50 per cent less ripple.
This type of circuit is widely used
in television receivers and large au-
dio amplifiers.

The single-phase full-wave bridge
circuit shown in Fig. 88 uses four rec-
tifiers, and does not require the use
of a transformer center-tap. It sup-
plies twice as much output voltage
as the circuit of Fig. 87 for the same

through each rectifier cell. This type
of circuit is used in alternator recti-
fiers in automobiles.

Fig. 90 shows a three-phase (Y)
full-wave bridge circuit which uses a
total of six rectifier cells. In this
arrangement, two half-wave recti-
fiers are connected in series across
each leg of a high-voltage trans-
former. This circuit delivers twice as
much voltage output as the circuit of
Fig. 89 for the same voltage condi-
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Figure 90. Three-phase (Y) full-wave bridge circuit.
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tions. In addition, this circuit, as
well as those shown in Figs. 91 and
92, has an extremely small percent-
age of ripple and a very low ratio
of peak-to-average voltage.

The six-phase “star” circuit shown
in Fig. 91, which also uses six recti-
fier cells, allows the least amount of
the total current (one-sixth) to flow
through each cell. The three-phase
double-Y and interphase transformer
circuit shown in Fig. 92 uses six
half-wave rectifiers in parallel. This
arrangement delivers six current
pulses per cycle and twice as much
output current as the circuit shown
in Fig. 89.

Table I lists voltage and current
ratios for the circuits shown in Figs.
86 through 92 for an inductive load.
These ratios apply for sinusoidal ac
input voltages. It is generally rec-
ommended that inductive loads rather
than resistive loads be used for fil-
tering of rectifier current, except
for the circuit of Fig. 86. Current
ratios given for inductive loads apply
only when a filter choke is used be-
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tween the output of the rectifier and
any capacitor in the filter circuit.
Values shown do not take into con-
sideration voltage drops which occur
in the power transformer, the silicon
rectifiers, or the filter components
under load conditions. When a par-
ticular rectifier type has been selected
for use in a specific circuit, Table I
can be used to determine the param-
eters and characteristics of the
circuit.

In Table I, all ratios are shown as
functions of either the average out-
put voltage E.. or the average dc
output current I.,, both of which are
expressed as unity for each circuit.
In practical applications, the magni-
tudes of these average values will,
of course, vary for the different cir-
cuit configurations.

Filter circuits are generally used
to smooth out the ac ripple in the
output of a rectifier circuit. A smooth-
ing filter usually consists of capaci-
tors and iron-core chokes. In any
filter-design problem, the load im-
pedance must be considered as an
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Figure 91.

Six-phase *star” circuit.
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Figure 92. Three-phase double-Y
integral part of the filter because
the load is an important factor in
filter performance. Smoothing effect
is obtained from the chokes because
they are in series with the load and
offer a high impedance to the ripple

CIRCUIT RATIOS:

P! CURRENT

N

and interphase transformer circuit.

voltage. Smoothing effect is obtained
from the capacitors because they are
in parallel with the load and store
energy on the voltage peaks; this
energy is released on the voltage

Output Voltage Fig.86 Fig.87 Fig.88 Fig.89 Fig.90 Fig.91 Fig.92
Average............. Eav Eav Eav Eav Eav Kav Eav
Peak (x Eav)........ 3.14 1.57 1.57 1.21 1.05 1.05 1.05
Ripple (%).......... 121 48 48 18.3 4.3 4.3 4.3

Input Voltage (RMS
Phase (x Eav)... ... .. 2.22 1.11* 1.11 0.855® 0.428® (.74® 0.855¢
Line-to-Line (x Eav).. 222 222 1.11 148 0.74 1.48f 1.71%

Average Output
(Load) Current....... Tav Tav Tav Tav Tav Tav Tav

RECTIFIER CELL RATIOS

Forward Current
Average (x Iav)...... 1.00 0.5 0.5 0.333 0.333 0.167 0.167
RMS (xIav)........ 1.57 0.785 0.785 0.587 0.579 0.409 0.293
Peak (x Iav)......... 3.14 1.57 1.57 1.21 1.05 1.05 0.525

Peak Reverse Voltage
xEav............... 3.14 3.14 1.57 2.09 1.056 2.09 2.42
xEms.............. 141 2.82 141 245 245 2.83 2.83

* to center tap
® to neutral

t maximum value

} maximum value, no load

Table 1—Voltage and current ratios for rectifier circuits shown in Figs. 86 through 92.
Fig. 86 uses a resistive load, and Figs. 87 through 92 an inductive load.
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dips and serves to maintain the volt-
age at the load substantially con-
stant. Smoothing filters are classified
as choke-input or capacitor-input ac-
cording to whether a choke or capaci-
tor is placed next to the rectifier.
Typical filter circuits are shown in
Fig. 98.
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measured by an ac voltmeter. Filter
capacitors, therefore, especially the
input capacitor, should have a rating
high enough to withstand the in-
stantaneous peak value if breakdown
is to be avoided. When the input-choke
method is used, the available dc out-

CHOKE—-INPUT CAPACITOR-INPUT CAPACITOR
TYPE FILTER TYPE FILTER FILTER
0—’0?55‘ ’6!{.6‘ O o JUEU‘ 'o] o—+—0
INPUT INPUT INPUT
FROM = = OUTPUT FROM == == OUTPUT _ FROM ==.OUTPUT
RECTIFIER ¢ c RECTIFIER c c RECTIFIER | C
[o; O O O O—e—0

L=FILTER CHOKE

C=FILTER CAPACITOR

Figure 93. Typical filter circuits.

If an input capacitor is used, con-
sideration must be given to the in-
stantaneous peak value of the ac
input voltage. This peak value is
about 1.4 times the rms value as

put voltage will be somewhat lower
than with the input-capacitor method
for a given ac voltage. However, im-
proved regulation together with lower
peak current will be obtained.
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HE silicon controlled rectifier
(SCR) is basically a four-layer
n-p-n-p semiconductor device having
three electrodes: a cathode, an
anode, and a control electrode called
the gate. Like all rectifiers, it con-
ducts current primarily in one di-
rection. However, it differs from
conventional rectifiers in that it will
not conduct a substantial amount of
current in the forward direction un-
til the anode voltage exceeds a cer-
tain minimum voltage called the
forward breakover voltage. The value
of this voltage can be varied, or
controlled, by the introduction of an
external signal at the third elec-
trode, or gate, of the silicon con-
trolled rectifier. This unique control
characteristic makes the silicon con-
trolled rectifier a particularly useful
switching or power-control-device,
especially in high-power circuits.
(The generic term thyristor has
recently been adopted as an inter-
national standard for semiconductor
devices having control character-
istics similar to those of thyratron
tubes. The silicon controlled rectifier
belongs in this class, and is, more
specifically, a reverse-blocking triode
type of thyristor. This name will
probably replace the name silicon
controlled rectifier on a gradual ba-
sis.)

CONSTRUCTION

Fig. 94 shows the basic construec-
tion details of the silicon controlled
rectifier. The alternate layers of dif-
fused silicon material serve as the
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cathode, gate, base, and anode. These
layers are enclosed in a special
metal container which is then her-
metically sealed to maintain an ultra-
dry atmosphere. This entire unit is

CATHODE TERMINAL

N (CATHODE)
P (GATE)

N (BASE)

P (ANODE)

Figure 94. Construction details of typical
silicon controlled rectifier.

mounted in a rugged case which
provides protection against severe
thermal environmental stresses. The
pedestal below the semiconductor
layers acts as a heat sink to help
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dissipate the heat developed inter-
nally during operation.

CURRENT-VOLTAGE
CHARACTERISTICS

The voltage-current characteristic
and circuit symbol of the silicon
controlled rectifier are shown in Fi«.
95. Under reverse-bias conditions, the
device operates in a manner similar
to that of conventional rectifiers,
and exhibits a slight reverse leak-
age current which is called the re-
verse blocking current (Ixnow). This
current has a small value until the
peak reverse voltage (PRV) is ex-
ceeded, at which point the reverse
current increases by several orders
of magnitude. The value of the peak
reverse voltage differs for each in-
dividual type.
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this phenomenon occurs, the rectifier
is considered to be triggered, or in
the “on” condition. The forward cur-
rent then continues to increase rap-
idly with slight increases in forward
bias, and the device enters a state of
high forward conduction.

It can be scen that when the for-
ward breakover voltage of a silicon
controlled rectifier is exceeded, the
high internal resistance of the device
changes to a very low value. The
lower resistance then permits a high
current to flow through the device
at very low voltage values (V).

This change in internal resistance
makes the silicon controlled rectifier
an ideal device for switching appli-
cations. When the operating voltage
is below the breakover point, rec-
tifier current is extremely small and
the switch is effectively open. When

GBJM
!

(b)

(a) Typical voltage and current characteristic and (b) circuit symbol for silicon

controlled rectifier.

Tr
1, Vg
r RBO H VBOO
________ L 00 RSN /il
'VR T 1 :
T Licg i
1-1-VRm(non-rep) vegomirep)
| Ir
vemirep!
(a)
Figure 95.
Under forward-bias conditions,

there is a similar small leakage cur-
rent called the forward blocking cur-
rent (Irwow). Also, as the forward
bias is increased, a voltage point is
reached at which a forward break-
over condition occurs and forward
current increases rapidly. This point
is called the forward voltage break-
over point (Vioo).

However, when the forward cur-
rent exceeds a critical value of Voo,
the voltage across the device sud-
denly reverts back to a very low
value (Vr) with very little decrease
in current. (It is assumed that the
rectifier is connected to a load resist-
ance of sufficient value to permit
this “cut-back” in voltage.) When

the voltage increases to a value ex-
ceeding the breakover point, the rec-
tifier switches to its high-conduction
state and the switch is closed. The
silicon controlled rectifier remains in
the high-conduction state until the
current drops below a value which
can maintain the breakover condi-
tion. This value is called the holding
current (inoo). When the anode-to-
cathode voltage drops to a low value
and reverses the current flow, the
device then reverts back to the for-
ward blocking region, and the rec-
tifier switches to the “off” mode.
The voltage breakover point of a
silicon controlled rectifier can be
varied, or controlled, by injection of
a signal at the gate, as indicated by
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the family of curves shown in Fig. 96.
When the gate current is zero, the
forward voltage must reach the Vioo
value of the device before breakover
occurs. As the gate current is in-
creased, however, the value of break-
over voltage becomes less until the
curve closely resembles that of a
conventional rectifier. In normal op-
eration, silicon controlled rectifiers
are operated well below the forward
voltage breakover point, and a gate
signal of sufficient amplitude is used
to assure triggering of the rectifier
to the “on” mode.

I

Figure 96. Family of curves with gate cur-

rent at different values.

After the silicon controlled rec-
tifier is triggered by the gate signal,
the current flow through the device
is independent of gate voltage or
gate current. It remains in the high-
conduction state until the primary
or anode current is reduced to a level
below that required to sustain con-
duction. Turnoff of the device can
be achieved in minimum time by
application of a reverse bias.

MAXIMUM RATINGS

Like other semiconductor devices,
silicon controlled rectifiers must be
operated within the maximum rat-
ings specified by the manufacturer.
Several voltage ratings are generally
given for silicon controlled rectifiers.
The maximum peak reverse voltage
(Vex (rep)) is the highest value of
negative voltage which may be ap-
plied repetitively to the anode when
the gate is open. The transient peak
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reverse voltage (Vux (non-rep)) is
the maximum value of negative volt-
age which may be applied to the
anode for not more than five milli-
seconds when the gate is open. The
maximum peak forward blocking
voltage (Vrnou) is the highest value
of positive voltage which can be ap-
plied to the anode when the gate is
open. The maximum peak gate volt-
age (forward Vaky or reverse Viax)
is the highest value of voltage which
may be applied between the gate and
the cathode when the anode is open.

One of the more critical current
ratings for silicon controlled ree-
tifiers is the maximum peak surge
current (irx(surge) ), which is the
highest permissible non-repetitive
peak current of a forward ecyecle.
This peak current may be repeated
after sufficient time has elapsed for
the device to return to pre-surge
thermal conditions.

Also important is the maximum
average forward current of the de-
vice, Silicon controlled rectifiers pres-
ently available have forward-current
ratings ranging from less than one
to more than 100 amperes. Pub-
lished data for these devices usually
include temperature-rating charts
which indicate the percentage of cur-
rent permitted as a function of tem-
perature,

TRIGGERING
CHARACTERISTICS

Fig. 97 shows the gate trigger-
voltage characteristics for silicon
controlled rectifier type 2N681. The
GATE TRIGGER~VOLTAGE CHARACTERISTICS

TYPE 2N68I
FORWARD CURRENT =0

MINIMUM GATE VOLTAGE REQUIRED
TO TRIGGER UNIT

ol

n

GATE-TRIGGER VOLTAGE ~—~ VOLTS

! MAXIMup
W GATE v
L NOT TRiGRRASE, THAT
0
~75 -50 -25 O 25 50 75 100 125
CASE TEMPERATURE —°C
92Cs-ng2av2

Figure 97, Triggering characteristics for
2N681.
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trigger signal applied to the gate
of the device must not exceed the
maximum ratings of the gate, but
must be sufficiently large to assure
reliable triggering under all con-
ditions.

The gate voltage of silicon con-
trolled rectifiers during “off”” periods
must be below the values shown by
the lower curve of Fig. 97 to prevent
random triggering. Because the max-
imum gate voltage for “off” periods
varies with temperature, a suffi-
ciently low value must be used to
prevent undesired triggering at all
temperature values encountered in
a particular application.

When a negative voltage is applied
to the anode of a silicon controlled
rectifier, the positive voltage at the
gate significantly increases the re-
verse leakage current and, as a
result, the power which must be
dissipated by the device. This dis-
sipation may be reduced by means
of a “clamping” circuit in which a
diode and a resistor are connected
between the gate and the anode. This
arrangement attenuates positive gate
signals when the anode is negative.
An alternative arrangement is to
place a conventional rectifier having
a low reverse leakage current in
series with the silicon controlled rec-
tifier. A large percentage of the
negative voltage is then assumed by
the diode, and reverse dissipation
in the controlled rectifier is greatly
reduced.

OVERLOAD PROTECTION

In any silicon-controlled-rectifier
circuit, precautions should be taken
to protect the device from over-
current and over-voltage surge con-
ditions. Protection against over-
current surges can be achieved by
either preventing or interrupting the
current surge, or by limiting the
magnitude of the current flow by
means of the circuit impedance. For
the first approach, circuit fuses or
breakers can be used effectively to
disconnect the entire circuit from
the power supply or to isolate the
faulted silicon controlled rectifiers.
In addition, de fuses can be used to
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protect the devices from dec feedback
originating in the load or parallel
conduction ecircuits. The magnitude
of the over-current flow can be lim-
ited by proper selection of source
and transformer impedances, as well
ag the inductance and reactance, of
the de ecircuit.

Because of the fast switching ac-
tion and high commutating duty of
silicon controlled rectifiers, voltage
transients are more troublesome than
in conventional rectifiers. In many
critical applications, effective pro-
tection against voltage transients re-
quires the use of silicon controlled
rectifiers having extremely high
voltage ratings or the use of two
or more rectifiers in series (as
deseribed below). In less eritical
applications, more economical tech-
niques are available. For example,
a conventional rectifier can be used
in series with the silicon controlled
rectifier for protection against high
voltage surges.

The effects of voltage transients
in silicon-controlled-rectifier circuits
can be minimized by reducing the
rate at which the energy is dissipated
in the devices. This “slowdown” of
energy release can be achieved by
relocation of the switching elements
in the circuit or by a change in the
sequence of switching. Other pre-
ventive methods include the change
of speed of current interruption by
the switching elements, or the use
of an additional energy source or
dissipation means in the circuit.

SERIES ARRANGEMENT

Two or more silicon controlled rec-
tifiers can be used in a series ar-
rangement when the total forward
(or reverse) voltage is higher than
the maximum voltage rating for a
single device. In series arrange-
ments, precautions must be taken
to assure equal division of the ap-
plied voltage among the devices. If
one rectifier carries a larger share
of voltage because of leakage differ-
ences or other variations between
units, it may inadvertently fire when
the peak voltage across the string
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is large, and thus disrupt the entire
series string. Under steady-state
blocking conditions, this problem
can be minimized by shunting in-
dividual rectifiers with resistors of
the same value to equalize the volt-
age drop.

Transient effects also present a
problem in series arrangements. Un-
der high-frequency voltage-transient
conditions, voltage division across
the silicon controlled rectifiers be-
comes inversely proportional to the
junction capacitance of the individual
units. In this case, proper voltage
division can be achieved by placing
a small capacitor in parallel with
each voltage-equalizing resistor, as
shown in Fig. 98a. For most appli-
cations, a 0.01- to 0.05-microfarad
capacitor should be sufficient.

In extremely critical applications,
voltage division for a series ar-
rangement can best be attained by
replacing each voltage-equalizing re-
sistor with a silicon voltage-refer-
ence diode, as shown in Fig. 98b.

Pv;i“““"
O L O
Nt

»l &
A
)

(a

VOLTAGE-REFERENCE ‘s
DIODES .

e

o S
O/ | I
/40

. ()
N NG

(o)

Figure 98. Various methods of proper
voltage division in series arrangements.

Double-ended diodes should be used
if the series string is required to
block appreciable voltage in the
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reverse direction as well as in the
forward direction.

In series operation, the gate signal
for each silicon controlled rectifier
must be electrically isolated from
the gate signals for all other units.
Small transformers having multiple
secondary windings can effectively
provide such isolation for ac and
pulse-type triggering circuits. In ad-
dition, a small resistor or capacitor
may be placed in series with each
gate to prevent controlled rectifiers
having low-impedance gate charac-
teristics from shunting the trigger-
ing signal away from units having
higher gate impedance.

Although silicon controlled rec-
tifiers can also be used in parallel
arrangements, the circuit require-
ments in such applications are quite
complicated, and require a discus-
sion which is too detailed for the
purposes of this manual.

POWER CONTROL

As mentioned previously, silicon
controlled rectifiers are used in a
large number of commercial and in-
dustrial power-control applications.
Fig. 99a shows a simple power-con-
trol circuit using a controlled recti-
fier; Fig. 99b shows the waveforms
for applied voltage and load current.
In this circuit, the rectifier is con-
nected in series with the load, and
the gate circuit receives its trigger-
ing signal from the pulse generator.
The rectifier selected has a voltage
breakover point which is higher than
the value of applied peak ac anode
voltage. As a result, when the gate
circuit is open (i.e., no signal ap-
plied by the pulse generator), the
rectifier is in the “off” condition, and
no current flows through the load
except a slight leakage current.

When a gate signal of sufficient
amplitude is applied at the beginning
of the positive anode voltage, the
rectifier is triggered and current
flows through the circuit for the re-
mainder of the positive cycle, even
when the triggering signal is re-
moved. The load current ceases only
when the applied ac signal becomes
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(o)
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YOLTAGE
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P vl
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(b)
Figure 99. (a) Basic power-control circuit

and (b) waveforms for supply voltage, ioad
current, and gate current.

negative and the rectifier current
falls below the value required to
maintain conduction,

A silicon controlled rectifier can
be used to conduct during any de-
sired portion of the positive cycle
of anode voltage by applying the
gate signal at the proper value of
the anode voltage. For example, if
the triggering signal is applied at
the positive peak of the anode volt-
age waveform, the rectifier conducts
only a quarter of the cycle. This flex-
ibility of control distinguishes the
silicon controlled rectifier from all
other types of semiconductor devices.

CURRENT RATIOS

In the design of circuits using
silicon controlled rectifiers, it is
often necessary to determine the spe-
cific values of peak, average, and
rms current flowing through the de-
vice. In the case of conventional rec-
tifiers, these values are readily
determined by the use of the current

CURRENT RATIO
o
>
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ratios shown in Table I of the sec-
tion on Silicon Rectifiers. For sili-
con controlled rectifiers, however,
the calculations are more difficult
because the current ratios become
functions of both the conduction
angle and the firing angle of the
device.

The charts in Figs. 100, 101, and
102 show several current ratios as
functions of conduction and firing
angles for three basic silicon-con-
trolled-rectifier circuits. These charts
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Figure 100. Ratio of device current as a

function of conduction and firing angles for
single-phase half-wave conduction into a
resistive load.
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Figure 101. Ratio of device current as a

function of conduction and firing angles for
single-phase full-wave conduction into a
resistive load.
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can be used in a number of ways to
caleulate desired current values. For
example, they can be used to de-
termine the peak or rms current in
a silicon controlled rectifier when a
certain average current is to be de-
livered to a load during a specific
part of the conduction period. It is
also possible to work backwards and
determine the necessary period of
conduction if, for example, a specified
peak-to-average current ratio must
be maintained in a particular appli-
cation. Another use is the calculation
of the rms current at various conduc-
tion angles when it is necessary to
determine the power delivered to a
load, or power losses in transform-
ers, motors, leads, or bus bars. Al-
though the charts are presented in
terms of device current, they are
equally useful for the calculation of
load current and voltage ratios.
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Figure 102. Ratio of device current as a

function of conduction and firing angles for
three-phase half-wave circuit having a
resistive load.

The charts provide ratios relating
average current I,.,, rms current
I ms, peak current Ik, and a param-
eter 1. called the reference current.
This last value represents a con-
stant of the circuit, and is equal to
the peak source voltage V,. divided
by the load resistance R,. The term
I refers to the peak current which
appears at the controlled rectifier
during its period of forward con-
duction. I, is the maximum value
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that the current can obtain and corre-
sponds to the peak of the sine wave.
For conduction angles greater than
90 degrees, I« is equal to I.; for
conduction angles smaller than 90
degrees, I, is smaller than I..

The general procedure for the use
of the charts is as follows:

(1) Identify the unknown or de-
sired parameter.

(2) Determine the values of the
parameters fixed by the cir-
cuit specifications.

(3) Use the appropriate curve to

find the unknown quantity as
a function of two of the fixed
parameters.

Example No. 1: In the single-
phase half-wave ecircuit shown in
Fig. 103, a 2N685 silicon controlled
rectifier is used to control power
from a sinusoidal ac source of 120
volts rms (170 volts peak) into a
2.8-ohm load. This application re-
quires a load current which can be
varied from 2 to 25 amperes rms. It
is necessary to determine the range
of conduction angles required to ob-
tain this range of load current.

TYPE
N

120 VOLTS rms
170 VOLTS PEAK

RL=2.8
OHMS

I=0(0°< 8<8¢)
X=T,sin 8 (85<8<180°)

180°
Tovg=l2m /g, Ld6 va
180°_2
Irms{/zf/e; I de]
TIpk=TIo (0262 90°)
Tpk*To sin B (90°< §¢<180%
Figure 103. Single-phase half-wave circuit

using resistive load, and respective equa-
tions for device current.

First, the reference current I, is
calculated, as follows:

_ 170
=38 = 61 amperes
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The ratios of I:m./I. for the maxi-
mum and minimum load-current
values are then calculated, as fol-
lows:

) — 2
T, min ~ T¢1

Irml —_ 25 —_

[r max = g = 4
These current-ratio values are then
applied to curve 3 of Fig. 100, and
the corresponding conduction angles
are determined to be

(6.) min = 15 degrees
(0.) max = 106 degrees

Example No. 2: In the single-
phase full-wave bridge circuit (two
legs controlled) shown in Fig. 104, a
constant average load current of
seven amperes is to be maintained
while the load resistance varies from
0.2 to 4 ohms. In this case, it is
necessary to determine the variation

0.033

TYPE
INISSA
32 VOLTS

rms
®

45 VOLTS
PEAK

TYPE
2NIB43A

T=0(0°<6<8p)
I=I, sin § (8¢<8=I80°)

kaéIo (0°<8¢<90°}
Ipk=Tosin G (90°<6¢<180°)
Figure 104. Single-phase full-wave bridge

circuit using resistive load, and respective
equations for device current.

required in the conduction angle. The
average silicon controlled rectifier
current is half the load current, or
3.5 amperes. The applicable current
ratios for this circuit are shown in
Fig. 100 (the individual device cur-
rents are half-wave although the
load current is full-wave).
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Again, the first quantity to be cal-
culated is the reference current. Be-
cause the reference current varies
with the load resistance, the maxi-
mum and minimum values are de-
termined as follows:

(I,) max = Vo .
(R.) min
=35 _ 225
=0z = amperes
. Vo
L) min = .
(&) (RL) max
45
=4 = 11.2 amperes

The corresponding ratios of I..g/Le
are then calculated, as follows:

IIV‘ _ 3.5 _
[Io ] min 225 0.015

Ilv; —_ 3.5 _
[Io ] max 112 0.312
Finally, these ratios are applied to
curve 2 of Fig. 100 to determine the

desired conduction values, as fol-
lows:

(6:) min = 25 degrees
(6.) max = 165 degrees

Example No. 3: In the three-phase
half-wave circuit shown in Fig. 105,
the firing angle is varied continu-
ously from 30 to 155 degrees. In this
case, it is necessary to determine
the resultant variation in the at-
tainable load power. Reference cur-
rent for this circuit is determined
as follows:

_ Vo _ 85

I, = Re — 30— 28 amperes

Rectifier current ratios are de-
termined from Fig. 102 for the
extremes of the firing range, as

follows:
) .
Or = 30°;—I—— = 0.49
o) Irml
or = 155 ;—I—— = 0.06
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2N1845A

.
N

(A
Ry =3 OHMSv

A A
LOAD VOLTAGE=85 VOLTS PEAK
DEVICE VOLTAGE=85 VOLTS PEAK FORWARD
DEVICE VOLTAGE=149 VOLTS PEAK REVERSE

67

T=T, sin 8 (30°<9<180°)

8¢+120
Iuvg="2”/gf_ Td8 (30°<8¢=<60°)

180°
Tavg=l/2m
avg=1/2 o

‘ ., W2
:r,ms=E/z15/9' fpH I2d9] (30°<8;<60°)
: J

Idf (60°<8,<i80°)

180°_2 e
Irms'l-l/zyef I d9:| (60°<85<I180°)

Tpx=To (30°58¢<90°)
Tpk=To sin 8¢ (90°< 8¢ <I180°)

Figure 105. Three-phase half-wave circuit using resistive load, and respective equations
for device current.

These ratios, together with the ref-
erence current, are then used to de-
termine the range of rms current in
the rectifiers, as follows:
(Itms) max = 049 X 28
= 13.7 amperes
(Irms) min = 0.06 X 28
= 1.7 amperes

In this circuit, the rms current in

the load is equal to the rms recti-
fier current multiplied by the square
root of three; as a result, the de-
sired power range of the load is as
follows:

P = (Itmse V3)* R
Pmax = 1700 watts
Pmin = 26 watts



Tunnel, Varactor,

and Other Diodes

TUNNEL DIODES

ATUNNEL diode is a small p-n
junction device having a very
high concentration of impurities in
the p-type and n-type semiconductor
materials. This high impurity den-
sity makes the junction depletion
region (or space-charge region) so
narrow that electrical charges can
transfer across the junction by a
quantum-mechanical action called
“tunneling”. This tunneling effect
provides a negative-resistance region
on the characteristic curve of the de-
vice that makes it possible to achieve
amplification, pulse generation, and
rf-energy generation.

Construction

The structure of a tunnel diode is
extremely simple, as shown in Fig.
106. A small “dot” of highly con-
ductive n-type (or p-type) material
is alloyed to a pellet of highly con-
ductive p-type (or n-type) material
to form the semiconductor junction.

\\

inductance, low-capacitance case. A
very fine mesh screen is added to
make the connection to the “dot”.
The device is then encapsulated, and
a lid is welded over the cavity.

At the present time, most commer-
cially available tunnel diodes are
fabricated from either germanium or
gallium arsenide. Germanium devices
offer high speed, low noise, and low
rise times (as low as 40 picoseconds).
Gallium arsenide diodes have a volt-
age swing almost twice that of ger-
manium devices, and, as a result, can
provide power outputs almost four
times as high. Because of their
power-handling capability, gallium
arsenide tunnel diodes are being used
in an increasing number of applica-
tions, and appear to be particularly
useful as microwave oscillators.

Characteristics
Typical current-voltage character-

istics for a tunnel diode are shown
in Fig. 107. Conventional diodes do

CASE
N

5

t«—ENCAPSULATING
MATERIAL

 — S VA o

Figure 106. Structure of a tunnel diode.

The pellet (approximately 0.025 inch
square) is then soldered into a low-

not conduct current under conditions
of reverse bias until the breakdown



Tunnel, Varactor, and Other Diodes

Ip—-——- OO DO D o
0 1
w
o |
f¥ |
a
= i
= 1
.}
ot ]
: |

) S ———

o] Vp Vy
BIAS—MILLIVOLTS
Figure 107. Typical current-voiltage characteristic of a tunnel diode.

voltage is reached; under forward
bias they begin to conduct at ap-
proximately 300 millivolts. In tunnel
diodes, however, a small reverse bias
causes the valence electrons of semi-
conductor atoms near the junction to
“tunnel” across the junction from
the p-type region into the n-type
region; as a result, the tunnel diode
is highly conductive for all reverse
biases. Similarly, under conditions of
small forward bias, the electrons in
the n-type region “tunnel” across
the junction to the p-type region and
the tunnel-diode current rises rapidly
to a sharp maximum peak I,. At in-
termediate values of forward bias,
the tunnel diode exhibits a negative-
resistance characteristic and the cur-
rent drops to a deep minimum valley
point I,. At higher values of forward
bias, the tunnel diode exhibits the
diode characteristic associated with
conventional semiconductor current
flow. The decreasing current with in-
creasing forward bias in the negative-
resistance region of the characteristic
provides the tunnel diode with its
ability to amplify, oscillate, and
switch,

Equivalent Circuit

In the equivalent circuit for a tun-
nel diode shown in Fig. 108, the n-

type and p-type regions are shown as
pure resistances r, and r.. The tran-
sition region is rcpresented as a
voltage-sensitive resistance R(v) in
parallel with a voltage-sensitive ca-
pacitance C(v) because tunneling is

i T
TRANSITION
LN ! REGION L2 1
n R{v) 2
O—rx AANA—O
Clv)

Figure 108. Equivalent circuit for a tunnel
diode.

a function of both voltage and junc-
tion capacitance. This capacitance is
similar to that of a parallel-plate
capacitor having plates separated by
the transition region.

The dashed portion L in Fig. 108
represents an inductance which re-
sults from the case and mounting of
the tunnel diode. This inductance is
unimportant for low-frequency di-
odes, but becomes increasingly im-
portant at high frequencies (above
100 megacycles).

Fig. 109 shows the form of the
equivalent circuit when the diode is
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biased so that its operating point is
in the negative-resistance region;
dynamic characteristics of tunnel di-
odes are defined with respect to this
circuit. Ly represents the total series

Ls
-Rp ==Cp
Rg
O AN
Figure 109. Equivalent circuit for a tunnel

diode biased in the negative-resistance
region.

inductance, and Rs the total series
resistance. Cp is the capacitance and
—Rp is the negative resistance of
the diode. For small signal varia-
tions, both the resistance Ry and the
capacitance Cp are constant.

The figure of merit F of a tunnel
diode is equal to the reciprocal of
27RC, where R and C are the equiva-
lent values —R, and Cp, respectively,
shown in Fig. 109. This expression
has two very useful interpretations:
(1) it is the diode gain-bandwidth
product for circuits operating in the
linear negative-resistance region of
the characteristic, and (2) its recip-
rocal is the diode switching time
when the device is used as a logic
element.

Applications

When the tunnel diode is used in
circuits such as amplifiers and oscil-
lators, the operating point must be
established in the negative-resistance
region. The dc load line, shown as
a solid line in Fig. 110, must be very
steep so that it intersects the static
characteristic curve at only one point
A. The ac load line can be either
steep with only one intersection B,
as in the case of an amplifier, or
relatively flat with three intersec-
tions C, D, and E, as in the case of
an oscillator. The location of the op-
erating point is determined by the
anticipated signal swing, the required
signal-to-noise ratio, and the operat-
ing temperature of the device. Bias-
ing at the center of the linear portion

RCA Transistor Manual

of the negative-resistance slope per-
mits the greatest signal swing. For
high-temperature operation, a higher
operating current is chosen; for low
noise, the device is operated at the
lowest possible bias current.

DC LOAD LINE
=== AC LOAD LINE

Figure 110. T)g:ical load lines for tunnel-

iode circuits.

Because tunnel diodes can operate
effectively at frequencies above 300
megacycles, they are particularly
suitable for use in microwave am-
plifiers and oscillators. In microwave
amplifier circuits, tunnel diodes offer
low noise, as well as small size and
weight, low cost, and low power
drain. In addition, bandwidths in
excess of an octave can readily be
obtained because of the wideband
negative-resistance characteristic of
tunnel diodes. However, this wide-
band negative resistance makes sta-
bilization an important problem in
the design of microwave tunnel-
diode amplifiers.

In microwave oscillator circuits,
tunnel diodes can provide useful
power outputs at frequencies as high
as 5000 megacycles. Compared to
vacuum-tube microwave oscillators,
tunnel-diode oscillators are inexpen-
sive, require only a fraction of a
volt de bias, and are rugged and
reliable in severe environments.
Compared to transistor-driven var-
actor frequency-multiplier circuits,
they are simple and compact, and
afford higher dec-to-rf conversion
efficiencies. (More detailed infor-
mation on microwave tunnel-diode
circuits, as well as on other tunnel-
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diode applications, is given in the
RCA TUNNEL-DIODE MANUAL
TD-30.)

As a two-terminal switch, the tun-
nel diode is particularly suited to
computer applications because of its
high speed, small size, and low power
consumption. Switching operation is
obtained by the use of a load line
which intersects the diode charac-
teristic in three points, as shown in
Fig. 110; however, only points C and
E are stable operating points. If the
circuit is operated at point C and a
positive current step of sufficient am-
plitude is applied, the operating point
switches to point E. Correspondingly,
a negative input signal switches the
operating point back to point C.

An advantage of the switching
mode is its nonsensitivity to the exact
linearity of the negative-resistance
region of the tunnel-diode character-
istics. Slight irregularities in the neg-
ative characteristic have negligible
effect on the switching action.

In the basic monostable circuit or
“gate” shown in Fig. 111a, the static
load line is determined by the resist-

F
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Figure 111. Basic tunnei-diode logic circuit.

ance R, and the voltage V.. If R, is
less than the minimum dynamic neg-
ative resistance of the diode, only a
single operating point exists. The
gate is stable in its low state if V,
is adjusted so that the operating
point is at E. The dynamic load line
is determined by the inductive time
constant L/R,. When the inductive
time constant is long compared to
the switching time t., the current in
the circuit is effectively constant.

If a small step of current I, is ap-
plied to the diode, the operating point
switches to the high-voltage point
F along the constant-current path
shown by the dashed line in Fig.
111b. Removal of the input causes
the operating point to move to F'.
At this point, the energy stored in
the inductor L must be dissipated
before the circuit can return to its
original operating point. As the en-
ergy in the inductor decreases, the
operating point moves along the di-
ode characteristic to the point of
minimum current at G. When this
point is reached, switching again
occurs along a constant-current path
to point H. The cycle of operation is
completed by a recovery region in
which the energy in the inductor
builds up to its original level; during
this period the operating point moves
up the diode characteristic to the
starting point.

Fig. 112a shows a simple tunnel-
diode logic circuit. If the static op-
erating bias is adjusted so that only
one input is required to trigger the
diode, an OR function is performed.
If all inputs are required to trigger
the diode, an AND function is per-
formed. Because the coupling imped-
ance is high compared to the diode
impedance, the inputs can be con-
sidered as current sources during
the triggering period. Fig. 112b
shows the biasing for a three-input
AND gate. If the operating-point
bias is increased slightly, the circuit
can be made to trigger on two of its
inputs; the logical function per-
formed would then be that of a
“majority gate”.
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Figure 112. Tunnel-diode “AND" gate.

Radiation and Thermal
Considerations

One of the most important features
of the tunnel diode is its resistance
to nuclear radiation. Experimental
results have shown tunnel diodes to
be at least ten times more resistant
to radiation than transistors. Because
the resistivity of tunnel diodes is so
low initially, it is not critically af-
fected by radiation until large doses
have been applied. In addition, tun-
nel diodes are less affected by ioniz-
ing radiation because they are rela-
tively insensitive to surface changes
produced by such radiation.

In general, the tunnel-diode volt-
age-current characteristic is rela-
tively independent of temperature.
Specific tunnel-diode applications
may be affected, however, by the rel-
ative temperature dependence of the
various circuit components. In such
applications, negative feedback or
direct (circuit) compensation may be
required.
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HIGH-CURRENT
TUNNEL DIODES

High-current tunnel diodes are
basically the same as conventional
tunnel diodes, except that they have
a larger junction area to permit the
flow of higher currents. In addition,
they use a different package (RCA
high-current devices generally use a
rectifier package such as the DO-4
or DO-8), and have a much smaller
value of series resistance (generally
in the order of 0.010 ohm or less).

High-current tunnel diodes are
used as low-voltage inverters in cir-
cuits having low-impedance de power
sources. They can also be used for
efficient inversion of the output of
solar cells, thermoelectric generators,
or thermionic converters, and as
overload detectors in de and ac
power supplies, pulse generators,
high-speed switches, and oscillators.

Fig. 113 shows a simple overload-
sensor circuit using a high-current
tunnel diode. This circuit is a fast-
acting sensitive overcurrent detector
which can be used to protect sensi-
tive loads from current surges or
overloads. Other circuit arrange-
ments can be used to protect the
power supply rather than the load.

HIGH-CURRENT.
TUNNEL DIODE

POWER
TRANSISTOR

LOAD TO BE
PROTECTED

Figure 113. Overload sensor circuit using
tunnel diode.

TUNNEL RECTIFIERS
In addition to its negative-resist-
ance properties, the tunnel diode has
an efficient rectification character-
istic which can be used in many
rectifier applications. When a tunnel
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diode is used in a circuit in such a
way that this rectification property
is emphasized rather than its nega-
tive-resistance characteristic, it is
called a tunnel rectifier. In general,
the peak current for a tunnel rec-
tifier is less than one milliampere.

The major differences in the cur-
rent-voltage characteristics of tunnel
rectifiers and conventional rectifiers
are shown in Fig. 114. In conven-
tional rectifiers, current flow is sub-
stantial in the forward direction, but
extremely small in the reverse direc-
tion (for signal voltages less than
the breakdown voltage for the de-
vice). In tunnel rectifiers, however,
substantial reverse current flows at
very low voltages, while forward
current is relatively small. Conse-
quently, tunnel rectifiers can provide
rectification at smaller signal volt-
ages than conventional rectifiers,
although their polarity requirements
are opposite. (For this reason, tun-
nel rectifiers are sometimes called
“back diodes.”)
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Figure 114. Current-voltage characteristics
of tunnel rectifier and conventional rectifier.

Because of their high-speed capa-
bility and superior rectification char-
acteristics, tunnel rectifiers can be
used to provide coupling in one di-
rection and isolation in the opposite
direction. Fig. 115 shows the use of
tunnel rectifiers to provide direc-
tional coupling in a tunnel-diode
logic circuit.

3

SET
RESET
TUNNEL RECTIFIERS
Figure 115. Logic circuit using a tunnel

diode and three tunne! rectifiers.

VARACTOR DIODES

A varactor or variable-reactance
diode is a microwave-frequency p-n
junction semiconductor device in
which the depletion-layer capacitance
bears a nonlinear relation to the junc-
tion voltage, as shown in Fig. 116a.
When biased in the reverse direction,
a varactor diode can be represented
by a voltage-sensitive capacitance
C(v) in series with a resistance R.,
as shown in Fig. 116b. This nonlinear
capacitance and low series resistance,
which permit the device to perform
frequency-multiplication, oscillation,
and switching functions, result from
a very high impurity concentration

/
VOLTAGE
(a) (b
Figure 116. (a) Capacitance-voltage rela-

tionship and (b) equivalent circuits for a
varactor diode.

outside the depletion-layer region
and a relatively low concentration at
the junction. Very low noise levels
are possible in circuits using varactor
diodes because the dominant current
across the junction is reactive and
shot-noise components are absent.
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Reactive nonlinearity, without an
appreciable series resistance com-
ponent, enables varactor diodes to
generate harmonics with very high ef-
ficiency in circuits such as the shunt-
type frequency multiplier shown in
Fig. 117. The circuit is driven by a
sinusoidal voltage source V, having

Figure 117.

Varactor-diode frequency
multiplier.

a fundamental frequency f and an
internal impedance Z,. Because the
ideal input filter is an open circuit
for all frequencies except the funda-
mental frequency, only the funda-
mental component of current ir can
flow in the input loop. A second-
harmonic current i is generated by
the varactor diode and flows toward
the load Z.; another ideal filter is
used in the output loop to block the
fundamental-frequency component of
the input current.

Varactor diodes can amplify sig-
nals when their voltage-dependent
capacitance is modulated by an alter-
nating voltage at a different fre-
quency. This alternating voltage
supply, which is often referred to as
the “pump”, adds energy to the sig-
nal by changing the diode capaci-
tance in a specific phase relation with
the stored signal charge so that po-
tential energy is added to this charge.
An “idler” circuit is generally used
to provide the proper phase relation-
ship between the signal and the
upumpn.

VOLTAGE-REFERENCE DIODES

Voltage-reference or zener diodes
are silicon rectifiers in which the re-
verse current remains small until
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the breakdown voltage is reached
and then increases rapidly with little
further increase in voltage. The
breakdown voltage is a function of
the diode material and construction,
and can be varied from one volt to
several hundred volts for various
current and power ratings, depending
on the junction area and the method
of cooling. A stabilized supply can
deliver a constant output (voltage or
current) unaffected by temperature,
output load, or input voltage, within
given limits. The stability provided
by voltage-reference diodes makes
them useful as stabilizing devices and
as reference sources capable of sup-
plying extremely constant current
loads.

COMPENSATING DIODES

Excellent stabilization of collector
current for variations in both supply
voltage and temperature can be ob-
tained by the use of a compensating
diode operating in the forward di-
rection in the bias network of ampli-
fier or oscillator circuits. Fig. 118
shows the transfer characteristics of
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118. Transfer characteristics of

Figure
transistor.

a transistor; Fig. 119 shows the for-
ward characteristics of a compensat-
ing diode. In a typical circuit, the
diode is biased in the forward direc-
tion; the operating point is repre-
sented on the diode characteristics
by the dashed horizontal line. The
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Figure 119. Forward characteristics of
compensating diode.

diode current at this point deter-
mines a bias voltage which estab-

lishes the transistor idling current.
This bias voltage shifts with varying
temperature in the same direction
and magnitude as the transistor char-
acteristie, and thus provides an idling
current that is essentially independ-
ent of temperature.

The use of a compensating diode
also reduces the variation in tran-
sistor idling current as a result of
supply-voltage variations. Because
the diode current changes in propor-
tion with the supply voltage, the bias
voltage to the transistor changes in
the same proportion and idling-cur-
rent changes are minimized. (The
use of diode compensation is dis-
cussed in more detail under “Biasing”
in the Transistor Applications Sec-
tion.)



Transistor Installation

HIS section covers installation

suggestions and precautions
which are generally applicable to all
types of transistors. Careful observ-
ance of these suggestions will help
experimenters and technicians to ob-
tain the best results from semi-
conductor devices and circuits.

ELECTRICAL CONNECTIONS

The collector, base, and emitter
terminals of transistors can be con-
nected to associated circuit elements
by means of sockets, clips, or solder
connections to the leads or pins. If
connections are soldered close to the
lead or pin seals, care must be taken
to conduct excessive heat away from
the seals, otherwise the heat of the
soldering operation may crack the
glass seals and damage the tran-
sistor. When dip soldering is em-
ployed in the assembly of printed
circuits using transistors, the tem-
perature of the solder should be
limited to about 225 to 250 degrees
centigrade for a maximum immersion
period of 10 seconds. Furthermore,
the leads should not be dip-soldered
too close to the transistor case. Under
no circumstances should the mount-
ing flange of a transistor be soldered
to a heat sink because the heat of
the soldering operation may perma-
nently damage the transistor.

When the metal case of a transis-
tor is connected internally to the
collector, the case operates at the col-
lector voltage. If the case is to oper-
ate at a voltage appreciably above
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or below ground potential, considera-
tion must be given to the possibility
of shock hazard and suitable precau-
tionary measures taken.

TESTING

A quick check can be made of tran-
sistors prior to their installation in
a circuit by resistance measurements
with an electronic voltmeter (such as
a VoltOhmyst*). Resistance between
any two electrodes should be very
high (more than 10,000 ohms) in
one direction, and considerably lower
in the other direction (100 ohms or
less between emitter and base or col-
lector and base; about 1000 ohms
between emitter and collector). It is
very important to limit the amount
of voltage used in such tests (par-
ticularly between emitter and base)
so that the breakdown voltages of
the transistor will not be exceeded;
otherwise the transistor may be dam-
aged by excessive currents.

TEMPERATURE EFFECTS

Many transistor characteristics are
sensitive to variations in tempera-
ture, and may change enough at high
operating temperatures to affect cir-
cuit performance. Fig. 120 illustrates
the effect of increasing temperature
on the common-emitter forward cur-
rent-transfer ratio (beta), the dec
collector-cutoff current, and the in-
put and output impedances. To avoid
undesired changes in circuit opera-
tion, it is recommended that tran-

*Trade Mark Reg. U.S. Pat. Off.
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sistors be located away from heat
sources in equipment, and also that
provisions be made for adequate heat
dissipation and, if necessary, for
temperature compensation.

FORWARD CURRENT-~
TRANSFER RATIO

OUTPYT IMPEDANCE

COLLEC £
INPUT \MPE"“ 5

' ' 3 I : ' }
20 40 €0 80 100
TEMPERATURE—*C

Figure 120. Variation of transistor char-
acteristics with temperature.

HEAT SINKS

In some transistors, the collector
electrode is connected internally to
the metal case to improve heat-dis-
sipation capabilities. More efficient
cooling of the collector junction in
these transistors can be accomplished
by connection of the case to a heat
sink. It is recommended that a 0.002-
inch mica insulator or an anodized
aluminum insulator having high
thermal conductivity be used between
the transistor base and the heat sink,
usually the chassis. The insulator
should extend beyond the mounting
clamp, as shown in Fig. 121. It
should be drilled or punched to pro-
vide both the two mounting holes
and the clearance holes for the col-
lector, emitter, and base pins. Burrs
should be removed from both the in-
sulator and the holes in the chassis
so that the insulating layer will not
be destroyed during mounting. It is
also recommended that a fiber washer
be used between the mounting bolt
and the chassis, as shown in Fig.
121, to prevent a short circuit be-
tween them,

The use of an external resistance
in the emitter or collector circuit of
a transistor is an effective deterrent
to damage which might be caused

n

by thermal runaway. The minimum
value of this resistance for low-level
stages may be obtained from the
following equation:

SRS )

where E is the dc collector supply
voltage in volts, Po is the product of
the collector-to-emitter voltage and
the collector current at the desired
operating point in watts, and K is
the thermal resistance of the tran-
sistor and heat sink in degrees cen-
tigrade per watt.

MICA INSULATOR
002" -.003" THICK

CHASSIS _ o
(HEAT SINK

CHASSIS HOLE
0.200” DIA.

B
INSULATING J

BUSHING
MICA INSULATOR—/@

METAL WASHER‘/

TERMINAL LUG—— '\

Figure 121. Suggested mounting arrange-
ment for transistor on heat sink.
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SHIELDING

In high-frequency stages having
high gain, undesired feedback may
occur and produce harmful effects on
circuit performance unless shielding
is used. The output circuit of each
stage is usually shielded from the
input of the stage, and each high-
frequency stage is usually shielded
from other high-frequency stages. It
is also desirable to shield separately
each unit of the high-frequency
stages. For example, each if and rf
coil in a superheterodyne receiver
may be mounted in a separate shield
can. Baflle plates may be mounted
on the ganged tuning capacitor to
shield each section of the capacitor
from the other section.
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=+ The shielding precautions required
in a circuit depend on the design of
. the.circuit and the layout of the
parts. When the metal case of a
transistor is grounded at the socket
terminal, the grounding connection
should be as short as possible to min-
imize lead inductance. Many transis-
tors have a separate lead connected
to the case and used as a ground
lead; where present, these leads are
indicated in the terminal diagrams.

DRESS OF CIRCUIT LEADS

At high frequencies such as are
encountered in FM and television re-
ceivers, lead dress (i.e., the location
and arrangement of the leads used
for connections in the receiver) is
very important. Because even a short
lead provides a large impedance at
high frequencies, it is necessary to
keep all high-frequency leads as short
as possible. This precaution is espe-
cially important for ground connec-
tions and for all connections to
bypass capacitors and high-frequency
filter capacitors. It is recommended
that a common ground return be
used for each stage, and that short,
direct connections be made to the
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common ground point. The emitter
lead especially should be kept as
short as possible.

Particular care should be taken
with the lead dress of the input and
output circuits of high-frequency
stages so that the possibility of stray
coupling is minimized. Unshielded
leads connected to shielded compo-
nents should be dressed close to the
chassis.

In high-gain audio amplifiers, these
same precautions should be taken to
minimize the possibility of self-
oscillation.

FILTERS

Feedback effects may occur in ra-
dio or television receivers as a result
of coupling between stages through
common voltage-supply circuits. Fil-
ters find an important use in mini-
mizing such effects. They should be
placed in voltage-supply leads to
each transistor to provide isolation
between stages.

Capacitors used in transistor rf
circuits, particularly at high frequen-
cies, should be mica or ceramic. For
audio bypassing, electrolytic capaci-
tors are required.



Interpretation of Data

HE technical! data for RCA tran-

sistors given in the following sec-
tion include ratings, characteristics,
typical operation values, and char-
acteristic curves, Unless otherwise
specified, all voltages and currents
are de values, and all values are ob-
tained at an ambient temperature of
25 degrees centigrade.

Ratings are established for semi-
conductor devices to help equipment
designers utilize the performance
and service capabilities of each type
to the best advantage. These ratings
are based on careful study and ex-
tensive testing, and indicate limits
within which the specified character-
istics must be maintained to ensure
satisfactory performance. The maxi-
mum ratings given for the semi-
conductor devices included in this
Manual are based on the Absolute
Maximum system. This system has
been defined by the Joint Electron De-
vice Engineering Council (JEDEC)
and standardized by the National
Electrical Manufacturers Association
(NEMA) and the Electronic Indus-
tries Association (EIA).

Absolute-maximum ratings are
limiting values of operating and en-
vironmental conditions which should
not be exceeded by any device of a
specified type under any condition of
operation. Effective use of these
ratings requires close control of
supply-voltage variations, component
variations, equipment-control adjust-
ment, load variations, signal varia-
tions, and environmental conditions.
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Electrode voltage and current rat-
ings for transistors are in general
self-explanatory, but a brief explana-
tion of some ratings will aid in the
understanding and interpretation of
transistor data.

Voltage ratings are established
with reference to a specified elec-
trode (e.g., collector-to-emitter volt-
age), and indicate the maximum
potential which can be placed across
the two given electrodes before crys-
tal breakdown occurs. These ratings
may be specified with the third elec-
trode open, or with specific bias volt-
ages or external resistances.

Transistor dissipation is the power
dissipated in the form of heat by the
collector. It is the difference between
the power supplied to the collector
and the power delivered by the tran-
sistor to the load. Because of the
sensitivity of semiconductor mate-
rials to variations in thermal condi-
tions, maximum dissipation ratings
are usually given for specific tem-
perature conditions.

For many types, the maximum
value of transistor dissipation is spec-
ified for ambient, case, or mounting-
flange temperatures up to 25 degrees
centigrade, and must be reduced
linearly for higher temperatures. For
such types, Fig. 122 can be used to
determine maximum permissible dis-
sipation values at particular tem-
perature conditions above 25 degrees
centigrade. (This figure cannot be
assumed to apply to types other than
those for which it is specified in the
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Figure 122. Chart showing maximum permissible percentage of maximum rated
dissipation as a function of temperature.

data section.) The curves show the
permissible percentage of the maxi-
mum dissipation ratings as a func-
tion of ambient or case temperature.
Individual curves are plotted for
maximum operating temperatures of
50, 71, 85, 100, 175, and 200 degrees
centigrade. If the maximum operat-
ing temperature of a desired tran-
sistor type is some other value, a
new curve can be drawn from point
A in the figure to the desired maxi-
mum temperature value on the
abscissa.

To use the chart, it is necessary to
know the maximum dissipation rat-
ing and the maximum operating tem-
perature for a given transistor. The
calculation then involves only two
steps:

1. A vertical line is drawn at the
desired operating temperature value
on the abscissa to intersect the curve
representing the maximum operating
temperature specified for the tran-
sistor.

2. A horizontal line drawn from
this intersection point to the ordi-
nate establishes the permissible per-
centage of the maximum dissipation

for the transistor at the given tem-
perature.

The following example illustrates
the calculation of the maximum per-
missible dissipation for transistor
type 2N1490 at a case temperature
of 100 degrees centigrade. This type
has a maximum dissipation rating of
75 watts at a case temperature of 25
degrees centigrade, and a maximum
permissible case-temperature rating
of 200 degrees centigrade.

1. A perpendicular line is drawn
from the 100-degree point on the
abscissa to the 200-degree curve.

2. The projection of this point to
the ordinate indicates a percentage
of 57.5.

Therefore, the maximum permis-
sible dissipation for the 2N1490 at
a case temperature of 100 degrees
centigrade is 0.575 times 75, or ap-
proximately 43 watts.

Semiconductor devices require
close control of thermal variations
not only during operation, but also
during storage. For this reason, the
maximum ratings for transistors
usually include a maximum permis-
sible storage temperature, as well as
a maximum operating temperature.



Interpretation Of Data

Characteristics are covered in the
Transistor Characteristics Section,
and such data should be interpreted
in accordance with the definitions
given in that section. Characteristic
curves represent the characteristics
of an average transistor. Individual
transistors, like any manufactured
product, may have characteristics
that range above or below the values
given in the characteristic curves.
Although some curves are extended
beyond the maximum ratings of the
transistor, this extension has been
made only for convenience in caleula-
tions; no transistor should be oper-
ated outside of its maximum ratings.

Although transistor symbols have
not yet been standardized for the
industry, many symbols have become
fairly well established by common
usage. Some of the more familiar
transistor symbols are listed and
defined below. Unless otherwise spec-
ified, the symbols represent param-
eters measured under de or static
conditions.

BVcso collector-to-base breakdown
voltage with emitter open
collector-to-emitter break-
down voltage with base open
collector-to-emitter break-
down voltage with specified
resistance between base and
emitter
collector-to-emitter break-
down voltage with specified
resistance between base and
emitter and with a specified
load resistance in the collec-
tor circuit.
collector-to-emitter break-
down voltage with base
short-circuited to emitter
collector-to-emitter break-
down voltage with base
biased in the reverse direc-
tion with respect to emitter
collector-to-emitter break-
down voltage with base
biased in the reverse direc-
tion with respect to emitter
through a specified circuit
or under specified conditions
emitter-to-base breakdown
voltage with collector open

BVcro
BVUER

BVUERL

BVexs

BVzv

BVCIX

BVeso

fhfi

fure

fr

hes

hya
hto

hBB
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common-base input capaci--
tance (emitter to base)
common-emitter input capa--
citance (base to emitter)
common-base output capaci-
tance (collector to base)
common-emitter output ca-
pacitance (collector to emit-
ter)

small-signal common-base
forward - current - transfer -
ratio cutoff frequency
small-signal common-emit-
ter forward-current-trans-
fer-ratio cutoff frequency
gain-bandwidth product.
(measured in the common-
emitter circuit)
common-base forward cur-
rent-transfer ratio
small-signal common-base
forward current-transfer
ratio

common-emitter forward
current-transfer ratio
small-signal common-emit-
ter forward current-transfer
ratio

common-base open-circuit
reverse voltage-transfer
ratio

common-emitter open-cir-
cuit reverse voltage-transfer
ratio

base current

collector current
collector-cutoff current with
emitter open
collector-cutoff current with
base open

emitter current
emitter-cutoff current with
collector open

collector dissipation

total transistor dissipation
stored base charge
base-to-collector voltage
base-to-emitter voltage
collector-to-base voltage
collector-to-emitter voltage
emitter-to-base voltage
emitter-to-collector voltage
reach-through (or punch-
through) voltage



Selection Charts

HE accompanying charts classify

RCA semiconductor devices by
function and by performance level.
These charts are particularly useful
for an initial selection of suitable
transistors or rectifiers for a specific
application. More complete data on

these devices, given in the Technical
Data Section, should then be con-
sulted to determine the most suitable
type. For information on tunnel
diodes and varactor diodes, refer to
the charts on pages 324 and 328, re-
spectively.

TRANSISTORS
AUDIO-FREQUENCY APPLICATIONS 2N1480 2N1701 2N2869/
i 2N1481 2N1768 2N301
Small Signal—Class A 2N1482 2N1769 2N 2870/
2N104 2N220 2N2614 2N1483 2N2102 2N301A
2N175 2N1010 2N3118 2N1484 2N2147 2N 3054
2N215 2N2613 2N1485 2N2148 40022
2N1486 2N 2270
Driver 2N1700 2N2339
2N405 2N591 2N30§4 Dissipations of 50 W or More
2N406 2N2953 2N3055 aN173 2N1100 aN1514
Large Signal—Class A and Class B gg;;é gg}i?g ggggg
2N109 2N649 2N 2870/ IN278 IN1487 2N1903
2N217 2N 2147 2N301A IN441 IN1488 IN1906
2N270 2N2148 40022 2N442 2N1489  2N2015
2N407 2N 2869/ 40050 IN443 IN1490 aN2016
2N408 2N301 40051 2N1069  2N1511  2N2338
2N647 2N1070 2N1512 2N3055
. 2N1099 2N1513
Power Amplifier
Dissipations up to 4.9 W POWER-CONVERTER APPLICATIONS
2N699 2N1492 2N1613 DC-to-DC
2N1099 2N1493 2N1711 2N2869/2N301 2N2870/2N301A
2N1‘_191' . DC-to-AC
Dissipations from 5 to 49.9 W 2N2869/2N301  2N2870/2N301A
2N176 2N1068 2N1184
oIN351 9N1183 IN1184A RADIO-FREQUENCY APPLICATIONS
2N376 2N1183A 2N1184B UHF Converter
2N1067 2N1183B 2N1479 2N2857
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VHF or HF Converter

2N140
2N219
2N274
2N384
2N411
2N412

IF Amplifier
2N139
2N218
2N274
2N 384
2N409
2N 410

Mixer
2N274
2N372
2N384
2N1023
2N1066

Dscillator

2N 2857

2N274
2N371
2N384
2N1023
2N1066

Amplifier

2N2857

2N384
2N699
2N914
2N1023
2N1066
2N1177

2N274
2N370
2N384
2N708
2N1023
2N1066
2N1224

2N1023 2N1396
2N1066 2N1397
2N1224 2N1526
2N1225 2N1527
2N1226 2N1639
2N1395

2N1023 2N1395
2N1066 2N1396
2N1180 2N1397
2N1224 2N1524
2N1225 2N1525
2N1226 2N1638

2N1179 2N1396
2N1224 2N1397
2N1225 2N2708
2N1226
2N1395

UHF

VHF or HF

2N1178 2N1396
2N1224 2N1397
2N1225 2N2708
2N1226
2N1395

UHF

VHF

2N1225 2N2482
2N1396 2N2631
2N1397 2N2708
2N1491 2N 2876
2N1492 2N3118
2N1493

HF

2N1225 2N1493
2N1226 2N1631
2N1395 2N1632
2N1396 2N1637
2N1397 2N2273
2N1491 2N3118
2N1492
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COMPUTER SWITCHING APPLICATIONS

Low-Speed Switching

(Stage Delays Greater than
3800 Nanoseconds*)

2N398 2N398B
2N398A 2N586

Medium-Speed Switching
(Stage Delays of 100 to 300

Nanoseconds*)

2N388 2N582 2N1305
2N3S8A 2N585 2N1306

2N 395 2N1090 2N1307

2N 396 2N1091 2N1308
2N396A 2N1169f 2N1309
2N397 2N1170 ¥+ 2N1319 %
2N404 2N1302 2N1605
2N104A 2N1303 2N1605A
2N 114 2N1304 3907/2N404

2N581

High-Speed Switching
(Stage Delays of 80 to 100
Nanoseconds*)
2N697 2N1384 2N1854
2N1300 2N1683 2N2476
2N1301 2N1853 2N 2477

Very-High-Speed Switching

(Stage Delays of 10 to 30

Nanoseconds*)

2N705 2N834 2N965
2N706 2N914 2N966
2N706A 2N960 2N967
2N708 2N961 2N1708
2N710 2N962 2N2205
2N711 2N963 2N2206
2N828 2N964

Ultra-High-Speed Switching
(Stage Delays of 5 to 10

Nanoseconds*)
2N709 2N955A 2N 2938
2N955 2N2475

Hizh-Speed Saturated Switching

2N960 2N963 2N966
2N961 2N964 2N967
2N962 2N965 2N2938

* Measured in resistor-capacitor-transistor
logic circuit. Nanoseconds = 10-*- sec-
onds.

1 Bidirectional type.
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POWER SWITCHING APPLICATIONS
Digsipations up to 4.9 W

2N697 2N1092 2N2895
2N699 2N1613 2N2896
2N706 2N1708 2N2897
2N706A 2N1711 2N2898
2N708 2N1893 2N2899
2NT718A 2N2205 2N2900
2NT720A 2N2206 2N3119
2N834 2N2476 40084
2N914 2N2477

Dissipations from 5 W to 49.9 W

RCA Transistor Manual

Dissipations of 50 W or More

2N173 2N1358 2N1703
2N174 2N1412 2N1905
2N277 2N1487 2N1906
2N278 2N1488 2N2015
2N441 2N1489 2N2016
2N442 2N1490 2N2338
2N443 2N1511 2N3055
2N1069 2N1512 2N 3263
2N1070 2N1513 2N3264
2N1099 2N1514 2N 3265
2N1100 2N1702 2N3266
High-Voitage Saturated Switching
2N3119

2N1067 2N1480 2N1768 High-Voltage, High-Frequency Pulse-Amplifier
2N1068 2N1481 2N1769 2N3119
2N1183 2N1482 2N2102
2N1183A 2N1483 2N 2270 VIDEO AMPLIFIER APPLICATIONS
2N1183B 2N1484 2N2339 2N274 2N1224 2N1397
2N1184 2N1485 2N2405 2N384 2N1225 2N 1491
2N1184A 2N1486 2N3053/ 2N699 2N1226 2N1492
2N1184B 2N1700 40053 2N1023 2N1395 2N1493
2N1479 2N1701 2N3054 2N1066 2N1396
RECTIFIERS
MAX. PEAK MAX. AMBIENT MAX. PEAK MAX. AMBIENT
REVERSE TEMPERATURE REVERSE TEMPERATURE
TYPE VOLTS {Operating — °C}) TYPE VOLTS (Operating — *C)
Average Forward Current = 1N538 200 165
0.125 A (Note 1) 1N539 300 165
1N540 400 165
1N3754 100 100 1N547 600 165
1N3755 200 100 1N1095 500 165
1N3756 400 100 1N 2859 100 125
2 200 125
Average Forward Current = 0.4 A igﬁg? 300 125
1N3563 1000 100 1N2862 400 125
1N2863 500 125
Average Forward Current = 0.5 A 1N 2864 600 125
1N1763 400 100 1N3193 200 100
1IN1764 500 100 1N3194 400 100
IN3196 800 100 1N3195 600 100
1N3256 800 100 1N3253 200 100
1N3254 400 100
Average Forward Current = 0.75 A 1N3255 600 100
}giigg ;gg ig; Average Forward Current = § A
1N442B 300 165 (Note 2)
1N443B 400 165 1N1612 50 175
1N444B 500 150 1N1613 100 175
1N445B 600 150 1N1614 200 175
1N536 50 165 1N1615 400 175
1N537 100 165 1N1616 600 175
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RECTIFIERS (cont'd)

X. PEAK MAX. AMBIENT MAX. PEAK MAX. AMBIENT
me N GREWE L, R Dy
perating—° =
Average Forward Current = 10 A High-Voltage, Ii%;(-)-Current nges
(Note 2) CR101
40108 50 175 CR102 2000 125
40109 100 175 CR103 3000 125
40110 200 175 CR104 4000 125
40111 300 175 CR105 5000 125
40112 400 175 CR106 6000 125
40113 500 175 CR107 7000 125
40114 600 175 (C:RIOB ngg igé
40115 800 175 R109 9 b
40116 1000 175 CR110 10038 igﬁ
CR201 15 )
Average Fo*rq?grr(i szjrrent =12 A CR203 3000 125
oLe CR204 4500 125
IN1199A 50 200 CR206 6000 125
1N1200A 100 200 CR208 8000 125
IN1202A 200 200 CR210 10000 125
IN1203A 300 200 CR212 12000 125
1N1204A 400 200 CR301 2400 125
IN1205A 500 200 CR302 3600 125
1IN1206A 600 200 CR303 4800 125
Average Forward Current — 18 A CR304 6000 125
(Note 2) CR305 7200 125
.
I3 CR306 8400 125
40208 50 175
" CR307 9600 125
40209 100 175
4 CR311 2400 125
40210 200 175
CR312 3600 125
40211 300 175
40212 100 175 CR313 4800 125
CR314 6000 125
40213 500 175 125
40214 600 175 (1B 208
CR316 8400 125
Average Forward Current = 20 A g{:gg gggg igg
Note 2 :
1N248C ( 55 ! 175 CR322 3600 125
1N249C 110 175 CR323 4800 125
1N250C 220 175 CR324 6000 125
IN1195A 300 175 CR325 7200 125
IN1196A 400 175 CR331 2400 125
1IN1197A 500 175 CR332 3600 125
LR
Average Forward Current — 40 A CR335 7200 125
(Note 2) CR341 2400 125
1IN1183A 50 200 CR342 3600 125
IN1184A 100 200 CR343 4800 125
IN1186A 200 200 CR344 6000 125
IN1187A 300 175 CR351 2400 125
1IN1188A 400 175 CR352 3600 125
IN1189A 500 175 CR353 4800 125
IN1190A 600 175 CR354 6000 125
NOTE 1: With capacitive load. All other current values are for resistive or induc-
tive load.

NOTE 2: Types in these %roups are available in reverse-polarity versions. Maxi-
mum operating temperatures are case temperatures.
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SILICON CONTROLLED RECTIFIERS

MAX. PEAK  MAX. AMBIENT
REVERSE TEMPERATURE
TYPE VOLTS (Operating—°C)

Average Forward Current — 8.2 A

2N3228 200 100
Average Forward Current = 10 A
2N1842A 25 125
2N1843A 50 125
2N1844A 100 125
2N1845A 150 125
2N1846A 200 125
2N1847A 250 125
2N1848A 300 125
2N1849%A 400 125
2N1850A 500 125

MAX. PEAK 'MAX. AMBIENT

REVERSE- TEMPERATURE
~TYPE voLTS i(Operating—°C})
Average Forward Current — 16 A
2N681 25 125
2N682 50 125
2N683 100 125
2N684 150 125
2N685 200 125
2N686 250 125
2N687 300 125
2N688 400 125
2N689 500 125
Other
40216 600 125

TUNNEL AND VARACTOR DIODES

See charts at end of Technical
Data Section for complete data.



Technical Data

This section contains technical descriptions of current RCA transistors,
diodes, silicon controlled rectifiers, and other semiconductor devices. These
types are listed according to the numerical-alphabetical-numerical sequence
of their type designations. It also contains tabular data on RCA discontinued
transistors (see page 323). In addition, this section has been expanded to in-
clude the following important semiconductor devices:

For data, see pages

o Fin-mounted silicon rectifiers 320
e Tunnel diodes and tunnel rectifiers 324
® YVaractor diodes 328

For Key to Terminal Diagrams, see inside back cover.

SILICON RECTIFIER

oA Hermetically sealed 20-ampere
types used in generator-type power TN248A
supplies in mobile equipment; de-to- 1N248B
de converters and battery chargers;
power supplies for aircraft, marine, ]N248C
K and missile equipment; transmitters,
rf generators, and de-motor power supplies; machine-tool controls; welding and
electroplating equipment; de-blocking service; magnetic amplifiers; and a wide
variety of other heavy-duty applications. These types are designed to meet
stringent environmental and mechanical specifications. The special copper-alloy
mounting stud can withstand an installing torque up to 50 inch-pounds. JEDEC
No. DO-5 package; outline 3, Qutlines Section. Types 1N248A and 1N248B are
discontinued types listed for reference only; they are similar to type 1N248C
except for some slightly lower ratings, and can be directly replaced by type
1N248C. Type 1N248C is identical with type 1N1198A except for the following
items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

Peak Reverse Voltage
RMS Supply Voltage
DC Blocking Voltage

CHARACTERISTICS

Maximum Reverse Current:
DY NAIC® .. it e aea., 3.8 ma

55 max volts
39 max voits
50 max volts

* Average value for one complete cycle at maximum geak reverse voltage, maximum
average forward current, and case temperature = 150°C.

87
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SILICON RECTIFIER

These types are reverse-polarity TIK
1N248RA versions of types 1N248A, 1N248B,

1N248RB and 1N248C, respectively. Types
1N248RA and 1N248RB are discon-

] N248RC tinued types listed for reference only.

JEDEC No. DO-5 package; outline A
3, Outlines Section.

SILICON RECTIFIER

1N249A Hermetically sealed 20-ampere
types used in generator-type power
1N249B supplies in mobile equipment; de-to-

dc converters and battery chargers;
'I N249C power supplies for aircraft, marine,
and missile equipment; transmitters,
rf generators, and dc-motor supplies; machine-tool controls; welding and elec-
troplating equipment; dc-blocking service; magnetic amplifiers; and a wide
variety of other heavy-duty applications. These types are designed to meet
stringent environmental and mechanical specifications. The special copper-alloy
mounting stud can withstand an installing torque up to 50 inch-pounds. JEDEC
No. DO-5 package; outline 3, Outlines Section. Types 1N249A and 1N249B are
discontinued types listed for reference only; they are similar to type 1N249C
except for some slightly lower ratings, and can be directly replaced by type
1N249C. Type 1N249C is identical with type 1N1198A except for the following
items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

110 max volts
77 max volts
100 max  volts

Peak Reverse Voltage
RMS Supply Voltage ..
DC Blocking Voltage

CHARACTERISTICS

Maxium Reverse Current:
DYDNAIMC®  «vvvveenoenoenasrorsseosaessesesessnenerascosesssrnns 3.6 ma

* Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and case temperature = 150°C.

SILICON RECTIFIER

These types are reverse-polarity K
]N249RA versions of types 1N249A, 1N249B,

1N249RB and 1N249C, respectively. Types
1IN249RA and 1N249RB are discon-

] N249 RC tinued types listed for reference only. .

JEDEC No. DO-5 package; outline
3, Outlines Section.

SILICON RECTIFIER

Hermetically sealed 20-ampere A
1N250A supplies in mobile equipment; dc-to-
'|N2SOB types used in generator-type power

dc converters and battery chargers;

1N250c power supplies for aircraft, marine, :

and missile equipment; transmitters,
rf generators, and dc-motor power supplies; machine-tool controls; welding an
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electroplating equipment; dc-blocking service; magnetic amplifiers; and a wide
variety of other heavy-duty applications. These types are designed to meet
stringent environmental and mechanical specifications. The special copper-alloy
mounting stud can withstand an installing torque up to 50 inch-pounds. JEDEC
No. DO-5 package; outline 3, Outlines Section. Types 1N250A and 1N250B are
discontinued types listed for reference only; they are similar to type 1N250C
except for some slightly lower ratings, and can be directly replaced by type
1N250C. Type 1N250C is identical with type 1N1198A except for the following
items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

220 max volts
154 max volts
200 max volts

Peak Reverse Voltage
RMS Supply Voltage
DC Blocking Voltage

CHARACTERISTICS

Maximum Reverse Current:
I TEe8Y  56000000000000000000000000060009060000000600002000000 3.4 ma

¢ Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and case temperature — 150°C.

SILICON RECTIFIER

K These types are reverse-polarity
versions of types 1N250A, 1N250B, 1N250RA
and 1N250C, respectively. Types 1N250RB
1N250RA and 1N250RB are discon-
tinued types listed for reference only. ] N250 RC
A JEDEC No. DO-5 package; outline
3, Outlines Section.

A SILICON RECTIFIER

Hermetically sealed 750-milli-
ampere type for use at peak reverse
voltages up to 100 volts. It is used in
magnetic amplifiers, dc-blocking cir- ] N44OB
cuits, power supplies, and other rec-
tifying applications. This type is
designed to meet stringent environmental and mechanical tests. JEDEC No.

DO-1 package; outline 1, Outlines Scction. This type is identical with type
1N443B except for the following items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive {vad

K

Peak Reverse Voltage
RMS_Supply Voltage
DC Blocking Voltage

CHARACTERISTICS
M;Ia)ximurq ‘Reverse Current:
YOANC® L. i e i iie e i c ittt ittt e aee e
Statiet L e e 1(?(3) ﬁ:

100 max volts
70 max volts
100 max volts

* Average value for one complete cycle at maximum peak reverse voltage, maxi
average forward current, and ambient temperature = 150°C. ge. imum

1 DC value at maximum peak reverse voltage, average forward = i
iveran s DAk T g g ward current 0, and ambient
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SILICON RECTIFIER

Hermetically sealed 750-milli-
ampere type for use at peak reverse
] N 4 4] B voltages up to 200 volts. It is used in
magnetic amplifiers, de-blocking cir-
cuits, power supplies, and other rec-
tifying applications. This type is K
designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section. This type is identical with type
1N443B except for the following items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

Peak Reverse Voltage

200 max volts
RMS Sui)(ply Voltage

140 max volts

DC Blocking Voltage 200 max volts
CHARACTERISTICS
Maximum Reverse Current:
DynamiC® ... ... ... iiiieeceaitetecettasttieiieiteaieeaans 100 na
X357 canooabnapoaoannonooaabono00000a0a00000000000300a00000D0 0.75 pa

¢ Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and ambient temperature = 150°C.

4 DC value at maximum peak reverse voltage, average forward current = 0, and ambient
temperature = 25°C.

SILICON RECTIFIER A

Hermetically sealed 750-milli-

ampere type for use at peak reverse

] N 4 42B voltages up to 300 volts. It is used in
magnetic amplifiers, dc-blocking cir-

cuits, power supplies, and other rec-

tifying applications. This type is

designed to meet stringent environmental and mechanical tests. JEDEC No.

DO-1 package; outline 1, Outlines Section. This type is identical with type
1N443B except for the following items:

K

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

Peak Reverse Voltage ...
RMS Supply Voltage
DC Blocking Voltage .

300 max volts
210 max volts
300 max volts

CHARACTERISTICS

Maximum Reverse Current:
Dynamic® L e e lels e oo e b elalale alololake slalalal ol s alo Lo 200 ua
BE{EE7 5000000060000000060050060060600060600000000000000000000000 1 na

* Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and ambient temperature = 150°C.

+ DC value at maximum peak reverse voltage, average forward current = 0, and ambient
temperature = 25°C.
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A SILICON RECTIFIER

Hermetically sealed 750-milli-
ampere type for use at peak reverse
voltages up to 400 volts. It is used in
magnetic amplifiers, de-blocking cir- ] N443B
cuits, power supplies, and other rec-
tifying applications. This type is
designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section.

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inducfive load

K

Peak Reverse Voltage .
RMS Supply Voltage
DC Blocking Voltage
Average Forward Curren
At ambient temperature "of 50°C o
At other ambient temperatures
Peak Recurrent Current
Sur e Current (One Cycle)

400 max volts
280 max volts
400 max volts

750 max ma
See Rating Chart
3.5 max amperes
15 max amperes

Ambient-Temperature ge
R34 19 1 oV —65 to 165 °C
&rage —65 to 175 °C
RATING CHART
TYPE IN443 8
m75°
we
©u 625
£3
E 3 500
ég 375
=13
xo
; g 250
“ 125 \
(4] 50 100 150 200
-°C
AMBIENT TEMPERATURE: ST 0080T,
CHARACTERISTICS
Maximum Forward Voltage Drop* ..................... coo 00 1.5 volts
Maximum Reverse current:
Dynamicf ..................... 0 200 ua
Statict ......... ... el 000 15 =

* DC value at full-load average current and ambient temperature = 25°C.

1 Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and ambient temperature — 150°C

+ DC value at maxunum peak reverse voltage, average forward current = 0, ambient
temperature = 25°C.

A SILICON RECTIFIER

Hermetically sealed 750-milli-
ampere type for use at peak reverse
voltages up to 500 volts. It is used in
magnetic amplifiers, de-blocking cir- ] N444B
cuits, power supplies, and other rec-
tifying applications. This type is

designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section.

K
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MAXIMUM RATINGS

For power-supply frequency of 60 s, single-
phase operation, with resistive or indcfc ive l%ad

Peak Reverse Voltage .....................................
RMS Supply Voltage IR ggg?;:i 38{3
DC Blocking Voltage ........, ... . ... . . ittt 500 max volts
A\g:trage onr\thzltrd urrent: v
ambient temperature of 35°C ..................... 0
At other ambient temperatures .................. 0 S'Ieio}'rir:gfng Chr:xi
Peak Recurrent Current ........... . 3.5 max amperes

Surge Current (One Cycle)
Am

tent-Temperature nge: 15 max amperes

Operating ... ... ... .. .. i . —65 to 150 °C
SIOTAER .. ...t e ciee... —685t0175 °C
RATING CHART
TYPE IN444B [
« 150 : —1 —
b |
ol 625 N A
-l
g2
2; 500 \ —_ -4
==
375 - %— — s
52
X
gg 250 |——1— .\
B ojesf—— —
0o 50 100 150 200
AMBIENT TEMPERATURE —°C
92CS-10061T
CHARACTERISTICS
Maximum Forward Voltage Drop® ...............cccoveveaiann. 1.5 volts
Maximum Reverse Current:
Dynamict ... ... e e 200 pa
B8 060000000000000000000000000006000006600000006000000000060a 1.75 pa

* DC value at full-load average current and ambient temperature = 25°C.

1 Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and ambient temperature = 150°C.

1+ DC value at maximum peak reverse voltage, average forward current = 0, and ambient
temperature = 25°C.

SILICON RECTIFIER A

Hermetically sealed 750-milli-

ampere type for use at peak reverse

'I N 4 4 SB voltages up to 600 volts. It is used in

magnetic amplifiers, dec-blocking cir-

cuits, power supplies, and other rec-

tifying applications. This type is

designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section.

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or induclive load

Peak Reverse Voltage ............... ... ..ciiiiiiiiiiiaanias 600 max volts
RMS_Supply Voltage 420 max volts
DC Blocking Voltage 600 max volts
Average Forward Current:
At ambient temperature of 35°C ............ ... iveiieieninn 750 max ma
At other ambient temperatures .................c.cciiiviiinnas See Rating Chart
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Peak Recurrent Current 3.5 max amperes

Surge Current (One Cycle) . 15 max amperes
Ambient-Temperature oc
Operating ........... 150 °
Storage 175 C

RATING CHART
T T

TYPE IN4458 I
o 750 4 1 ———1
ot N
2&625_ B B— - —1— -l——
=
¥<s00|— || —t
23 , ,
== I U N i
E@ 275 T .
X
S ]
(=]
“|25~—l—4-{ —
| I
[¢] 50 100 150 200
AMBIENT TEMPERATURE — °C
92CS-10062T
CHARACTERISTICS
Maximum Forward Voltage Drop® ................oouviuivnnnnn.. 15 volts
Maximum Reverse Current:
Dynamict ... 200 ua
Statict ... 2 una

* DC value at full-load average current and ambient temperature = 25°C,
I Average value for one complete cycle at maximum peak cgeverse voltage, maximum

average forward current, and ambient temperature = 150°

t DC value at maximum peak reverse voltage, average forward current = 0, and ambient
temperature = 25°C.

A SILICON RECTIFIER

Hermetically sealed 750-milli-

ampere type for use at peak reverse
voltages up to 50 volts. It is used in
magnetic amplifiers, de-blocking cir- ] N536
cuits, power supplies, and other rec-

tifying applications. This type is

designed to meet stringent environmental and mechanical tests. JEDEC No.
=DO-1 package; outline 1, Outlines Section. This type is identical with type
-IN547 except for the following items:

=\AXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inducfive load

K

2eak Reverse Voltage
IMS_Supply Voltage
JC Blocking Voltage

50 max volts
35 max volts
50 max volts

—HARACTERISTICS

Jdaximum Forward Voltage Drop* ... 0 11 volts
“vlaximum Reverse Current:

Dynamict ... ... e 0.4 ma

DC value at average forward ma — 500 and ambient temperature = 25°C.

Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and ambient temperature — 150°C.
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SILICON RECTIFIER A

Hermetically sealed 750-milli-

ampere type for use at peak reverse

-I N 537 voltages up to 100 volts, It is used in
magnetic amplifiers, de-blocking cir-

cuits, power supplies, and other rec-

tifying applications. This type is K

designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section. This type is identical with type

1N547 except for the following items:
MAXIMUM RATINGS

For power-supply frequency of 60 cps, single~
phase operation, with resistive or inductive load

Peak Reverse Voltage 100 max
RMS Supply Voltage 70 max
DC Blocking Voltage 100 max
CHARACTERISTICS
Maximum Forward Voltage Drop* ........c.cceiieieeenieeenn. 11
Maximum Reverse Current:

DynNamiCt . .....ceiniiiieeaietaietantesiaciitosrntaanteaiitins 0.4

* DC value at average forward ma = 500 and ambient temperature = 25°C.

volts
volts
volts

volts

ma

t Average value for one complete cycle at maximum peaka é‘everse voltage, maximum

average forward current, and ambient temperature = 150

SILICON RECTIFIER A

Hermetically sealed 750-milli-

ampere type for use at peak reverse

-I N 538 voltages up to 200 volts. It is used in
magnetic amplifiers, de-blocking cir-

cuits, power supplies, and other rec-

tifying applications. This type is K

designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section. This type is identical with type

1N547 except for the following items:

MAXIMUM RATINGS
For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

Peak Reverse Voltage 200 max
RMS Supply Voltage .. 140 max
DC Blocking Voltage .. 200 max
CHARACTERISTICS
Maximum Forward Volta%e DIOD® .viivevecesncoccnorsssssnses 11
Maximum Reverse Current:

DyNamiCE .. .evecueeruiiuinroonreanrsosssosiosasaiarasassssasns 0.3

* DC value at average forward ma = 500 and ambient temperature = 25°C.

volts_
volts_
volts™

volts
My

t Average value for one complete cycle at maximum fggt}:: reverse voltage, maximumr

average forward current, .and ambient temperature =

SILICON RECTIFIER A

Hermetically sealed 750-milli-

ampere type for use at peak reverse

-I N 539 voltages up to 300 volts. It is used in
magnetic amplifiers, de-blocking cir-

cuits, power supplies, and other rec-

tifying applications. This type is K

designed to meet stringent environmental and mechanical tests. JEDEC No
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DO-1 package; outline 1, Outlines Section. This type is identical with type
1N547 except for the following items:

MAXIMUM RATINGS
For power-supply frequency of 60 cps, single-
phase operation, with resistive or induclive load

Peak Reverse Voltage 300 max volts
RMS Supply Voltage 210 max volts
DC Blocking Voltage 300 max volts

CHARACTERISTICS

Maximum Forward Volta%e Drop® .. i.iiiiiiiiiitiiitaiaaaaas 11 volts
Maximum Reverse Current:
Dynamict ... .uhiiiiit i i e et et et e 0.3 ma

¢ DC value at average forward ma = 500 and ambient temperature = 25°C.

1 Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and ambient temperature = 150°C.

A SILICON RECTIFIER

Hermetically sealed 750-milli-
ampere type for use at peak reverse
voltages up to 400 volts. It is used in
magnetic amplifiers, dc-blocking cir- ] N540
cuits, power supplies, and other rec-
S tifying applications. This type is
designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section. This type is identical with type
1IN547 except for the following items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, wfgz resist%e or induclive load

Peak Reverse Voltage ..
RMS Sui)‘;l)éy Voltage .
DC Blocking Voltage .

CHARACTERISTICS

400 max volts
280 max volts
400 max volts

Maximum Forward Voltage Drop®* 11 volts
Maximum Reverse Current:
Dynamicl .........i i i e e e e 0.3 ma

* DC value at average forward ma = 500 and ambient temperature = 25°C.

1 Average value for one complete cycle at maximum ;feak reverse voltage, maximum
average forward current, and ambient temperature = 150°C.

A SILICON RECTIFIER

Hermetically sealed 750-milli-
ampere type for use at peak reverse
voltages up to 600 volts. It is used in
magnetic amplifiers, dc-blocking cir- ] N547
cuits, power supplies, and other rec-
tifying applications. This type is
designed to meet stringent environmental and mechanical tests. JEDEC No.
DO-1 package; outline 1, Outlines Section.

MAXIMUM RATINGS

For power-supply _frequenc_y of 60 cps, single-
phase operation, with resistive or inductive load

K

Peak Reverse Voltage

.......................................... 600 max volts
RMS Supply Voltage

.......................................... 420 max volts
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DC Blocking Voltage ....... ... .. ... ..ccviiiiiiirininreninnins 600 max volts
Average Forward Current:
At ambient temperature of 50°C
At other ambient temperatures
Surge Current (One Cycle)
Operating Frequency ...............c....oiiiuniiiaiinin,
Ambient-Temperature Range:

.............................. 750 max ma
.............................. See Rating Chart
.................................... 15 max amperes
100 max ke

Operating .......... .. . . —65 to 165 *C
03 o V- —65 to 175 °C
RATING CHART
T T T — — T
TYPE IN547 :
750 + + _l i - i
w {
§'§ 625 —|
x 3
wg
ig 500 -
=
375 —
3¢
xd
;% 250 |
e
125 _—
) 50 100 150 200
AMBIENT TEMPERATURE-°C
92¢5-10082T
CHARACTERISTICS
Maximum Forward Voltage Drop* ...............cccviiiioons o 1.2 volts
Maximum Reverse Current:
Dynamict . 0.35 ma
Statict S upa

* DC value at average forward ma = 500 and ambient temperature = 25°C.

3 Average value for one coiaplete cycle at maximum peak reverse voltage, maximum
average forward current. and ambient temperature = 150°C.

+ DC value at maximum peak reverse voltage, average forward current = 0, and ambient
temperature = 25°C.

SILICON RECTIFIER

Hermetically sealed 750-milli-
ampere type for use at peak reverse
-I N-I 095 voltages up to 500 volts. It is used in
magnetic amplifiers, de-blocking cir-
cuits, power supplies, and other rec- C)K
tifying applications. This type is
designed to meet stringent environmental and mechanical tests. JEDEC No.

DO-1 package; outline 1, Qutlines Section. This type is identical with type
1N547 except for the following items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with Tesistive or inductive load

Peak Reverse Voltage ........... ... ... .. .. ... i 500 max volts
RMS_Supply Voltage ... 350 max volis
DC Blocking Voltage ........c..iiiiiimiriireinsraanonrnnnaans 500 max volts
CHARACTERISTICS
Maximum Reverse Current:

Dynamic® ... et e 0.3 ma

* Average value for one complete cycle at maximum peak reverse voltage, maximum
average forward current, and ambient temperature = 150°C.
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SILICON RECTIFIER

LA Hermetically sealed 40-ampere
type for use at peak reverse voltages
up to 50 volts. It is used in genera-

) tor-type power supplies in mobile ]Nl ] 83A

equipment; dc-to-dc converters and

battery chargers; power supplies for

aircraft, marine and missile equipment; transmitters, rf generators_, and qc-
motor power supplies; machine-tool controls; welding and electrop}atmg equip-
ment; de-blocking service; magnetic amplifiers; and a wide varlety of other
heavy-duty equipment. This type is designed to meet stringent environmental
and mechanical specifications. The special copper-alloy mounting stud can
withstand an installing torque up to 50 inch-pounds. JEDEC No. DO-5 pack-
age; outline 3, Outlines Section. This type is identical with type 1N1186A ex-
cept for the following items:

MAXIMUM RATINGS

For power-supply frequency of 50 eps, single-
phase operation, with resistive or inductfive load

SIK

Peak Reverse Voltage ........................... .............. 50 max volts
RMS Supply Voltage ........................cco ... ... 35 max volts
DC Blocking Voltage ....................... ... ... ... ........ 50 max volis
Il SILICON RECTIFIER
* This type is a reverse-polarity
version of type 1N1183A. JEDEC No. L |
7 DO-5 package; outline 3, Outlines ]N] l83RA
S5 Section.
SILICON RECTIFIER
A Hermetically sealed 40-ampere

ﬁ\ type for use at peak reverse voltages
up to 100 volts. It is used in genera- ]
<¥ ] tor-type power supplies in mobile ]N] ]84A
/ equipment; de-to-de converters and
battery chargers; power supplies for
aircraft, marine, and missile equipment; transmitters, rf generators, and dec-
motor power supplies; machine-tool controls; welding and electroplating equip-
ment; dec-blocking service; magnetic amplificrs; and a wide variety of other
heavy-duty equipment. This type is designed to meet stringent environmental
and mechanical specifications. The special copper-alloy mounting stud can
withstand an installing torque up to 50 inch-pounds. JEDEC No. DO-5 pack-
age; outline 3, Outlines Section. This type is identical with type 1N1186A ex-
cept for the following items:

MAXIMUM RATINGS

For power-supply .freque.ncy of 60 cps, single-
phase operation, with resistive or inductive load

Peak Reverse Voltage
RMS Supply Voltage
DC Blocking Voltage

LK SILICON RECTIFIER

This type is a reverse-polarity
version of type 1N1184A. JEDEC No.
DO-5 package; outline 3. Outlines ] N] ]84RA
Section.

100 max volts
70 max volts
i00 max voits
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SILICON RECTIFIER

Hermetically sealed 40-ampere TA
type for use at peak reverse voltages
'l N'l 'l 86A up to 200 volts. It is used in genera-
tor-type power supplies in mobile
equipment; dc-to-de converters and
battery chargers; power supplies for Bk
aircraft, marine, and missile equipment; transmitters, rf generators, and dec-
motor power supplies; machine-tool controls; welding and electroplating equip-
ment; de-blocking service; magnetic amplifiers; and a wide variety of other
heavy-duty applications. This type is designed to meet stringent environmental
and mechanical specifications. The special copper-alloy mounting stud can
withstand an installing torque up to 50 inch-pounds. JEDEC No. DO-5 pack-
age; outline 3, Outlines Section.

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

Peak Reverse Voltage ....
RMS Supply Voltage
DC Blocking Voltage
Average Forward Current:

200 max volts
140 max volts
200 max volts

At case temperature of 150°C ...t 40 max amperes
At other case temperatures See Rating Chart I
Peak Recurrent Current ............ccivveeenniieeneecennanronns 195 max amperes
Surge Current:*
For one-half cycle, sine wave ...........ciiiiiiiinnivnnnennn, 800 max amperes
For one or more cycles .......coiiiirnerrrerernrecrrneeioiens See Rating Chart II
Case-Temperature Range:
Operating and storage .............c.ccivetiiiiiiinnnnrnoerens —65 to 200 °C
RATING CHART I
HEAT-SINK 'COOLING CHAI[?T TYPE IN IIBGA"— ‘I—V_—[_
LOAD: RESISTIVE OR INDUCTIVE

|
40— 1

CURVE | TYPE OF OPERATION
DIRECT CURRENT
SINGLE PHASE

THREE PHASE
SIX PHASE l

LN+

35._;_—_.N SR S S —
!

oo P

s
|
1
1
MAXIMUM AVERAGE FORWARD AMPERES
s &
| J/
Vev4
£
Ti—-
BB
|

0 —y
: % -
g NN 20— PN
< \\ \ | U/; o | |
Qosi—— FA\AH- — e
: \ | |
@ | — o % 0 N
2 x Vo 0 160 170 180 190 200
2 Z -0
§20 - ot CASE TEMPERATURE-°C
& | TYPE INIBBA RATING CHART I
4 L NATURAL COOLING. —T T .ﬂ
2@ [ SINGLE-PHASE OPERATION [
= _| RECTIFIER TYPE IS STUD- ———TypElN”aGA
ERde HERT S meCTLEY el SUPPLY FREQUENCY= 60 CPS SINE WAVE |
= H — =
% LOAO: RESISTIVE OR INDUCTIVE
H 1 B ACK SURFACE 800/ —— RMS SUPPLY VOLTAGE = MAXIMUM=
| E
ANO THERMAL EMISSIVITY OF RATEO VALU
10 ~ T AVERAGE FORWARD CURRENT: MAXI-
]

| |

600

RATED VALUE At
S A I . CASE TEMPERATURE =150°C ,

IV fel
) 50 100 150 200 OL_‘ — T B

AMBIENT TEMPERATURE—°C
92CM-11348T 4 6 810 2 4 6 8100

SURGE CURRENT DURATION-CYCLES
92CS-1350T

400

MAXIMUM SURGE AMPERES PER CYCLE
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CHARACTERISTICS
Maximum Forward Voltage Dropf .........ccceveeevnnennnceas 0.65 volt
Maximum Reverse Current:
IDATETE? 560000000000a00008606000000000060000060000000000000300 2.5 ma
Statict ... ...l 0.015 ma
Maximum Thermal Resistance: o
Junetion-to-case ... ... i e e 1 C/watt

® Superimposed on device operating within maximum_voltage, current, and temperature
ratings; may be repeated after sufficient time has elapsed for the device to return to
the presurge thermal-equilibrium conditions.

1 Average value over one complete cycle at maximum peak reverse voltage, maximum
average forward amperes, and case temperature = 150°C.

+ DC value at maximum peak reverse voltage, average forward current — 0, and case
temperature = 25°C.

0k ‘SILICON RECTIFIER

ThlS type is a reverse-polarity
version of type 1N1185A. JEDEC No.
DO-5 package; outline 3, Outlines ] N] ]86RA

A Section.
SILICON RECTIFIER
A Hermetically sealed types for

use at peak reverse voltages up

to 300 volts. They are used in IN1187

generator-type power supplies in

mobile equipment; de-to-de convert- ] N] ] 87A

K ers and battery chargers; power sup-

plies for aircraft, marine, and missile equipment; transmitters, rf generators,
and de-motor power supplies; machine-tool controls; welding and electroplat-
ing equipment; de-blocking service; magnetic amplifiers; and a wide variety
of other heavy-duty applications. These types are designed to meet stringent
environmental and mechanical specifications, The special copper-alloy mount-
ing stud can withstand an installing torque up to 50 inch-pounds. JEDEC No.
DO-5 package; outline 3, Outlines Section. Type 1N1187 is a discontinued type
listed for reference only. These.types are identical with types 1N1190 and
1N1190A, respectively, except for the following items:

MAXIMUM RATINGS

For power-supply frequency of 60 cps, single-
phase operation, with resistive or inductive load

1N1187 1N1187A
30

Peak Reverse VOMage ...........coveervniennenennenenns 300 max  volts

(=]

RMS Supply Voltage 212 212 max volts
DC Blocking Voltage 240 300 max  volts
CHARACTERISTICS
Maximum Reverse Current:

B 0T o 0L —_ 25 ma
* Average value for one complete cycle at maximum peak reverse voltage, maximum

forward amperes, and case temperature = 150°C.

SILICON RECTIFIER
[Tk These types are reverse-polarity
versions of types 1IN1187 and N
_al\— IN1187A. Type IN1ISTR is a discon- 11N 1187R

i tinued type listed for reference only. 'l i\u'i 'i ’37‘!)
JEDEC No. DO-5 package; outline "' ALY
3, Outlines Section.
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SILICON RECTIFIER

Hermetically sealed types for use A
) at peak reverse voltages up to 400
IN1188 volts. They are used in generator-
'IN'I ]88A type power supplies in mobile
equipment; dc-to-dc converters and
battery chargers; power supplies for =K
aircraft, marine, and missile equipment; transmitters, rf generators, and dc-
motor power supplies; machine-tool controls; welding and electroplatin