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PREFACE

This is one lesson of a complete Motorola
Home-Study Course which presents to the
Service Technician both the principles of
operation and the maintenance of two-way FM
radio systems. The program covers mobile,
portable and base station equipment, including

the latest transistorized units.

Copyright 1960 by
Motorola Communications and Electronics, Inc.

All rights reserved. This book or parts thereof may not be reproduced
in any form without the written permission of the copyright owner,
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Fire departments were among the first to make use of "Handie
Talkie" portable radiophones. Units provide co-ordination of
all fire fighting groups at the scene of large fires.



SEMICONDUCTOR MATERIALS

Lesson SA-1

Introduction

The transistor is a small, light-
weight, efficient and highly-relia-
ble device which canperform many
of the functions previously assigned
to the vacuum tube. The name
TRANSISTOR is coined from its
operating characteristic--that of
a TRANSfer-resISTOR. The ma-
terial from which the transistor
is made is inherently neither a
good conductor nor a good insu-
lator--it is semiconductor ma-
terial. Before proceeding with
our study of the transistor, it is
well that we first inspect the char-
acteristics of conductors, insula-
tors and semiconductors.

Conduction

Semiconductors do not conduct
as well as metals, but they are
better conductors than insulators.
They are solid materials, and
germanium and silicon are the ele-
ments most commonly used for
transistor construction. (In our
discussions of transistors we will
speak directly of germanium types,
but the same principles apply
equally well to silicon devices.)
In order to understand the nature
of conduction, we must inspect

closely the atom and determine
why certain materials are better
conductors than others.

Figure 1 represents the internal
structure and electrical system of
a hydrogen atom, the simplest of
all atoms. It is generally agreed
by physicists that the hydrogen
atom has one proton, a positively
charged particle, andone electron,
which has a negative charge. The
atomic number of an element cor-
responds to the number of protons
or electrons in each of its atoms.
Thus, hydrogen has an atomic
number of one--it is element num-
ber one.

In figure 1, the proton (which is
always in the nucleus) is shown by
a plus sign; the electron is rep-
resented by a negative sign. This
electron moves around the nucleus
in an orbital manner. The term
"shell" is commonly used to de-
scribe the paths or the areas oc-
cupied by electrons. The negative
charge of eachelectron is equal to
the positive charge of each nuclear
proton, with the result that the
atom is in electrical balance--its
net electric charge is zero.
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The Elements are Often Classified as Conductors, Semi-Conductors and
Insulators, According to their Electrical Resistance.

Figure 2 depicts the probable
construction of the helium atom.
Here there are two protons in the
nucleus and two electrons in the
first shell--helium is element
number two. This atom is also in
electrical balance, for there are
the same number of electrons as
there are protons. In fact, in
every atom there isthe same num-
ber of electrons and protons, so
all atoms are normally electrically
neutral .

Carbon atoms, illustrated in
figure 3, have six protons and six
electrons--the atomic number is
six. As always the protons are in
the centeror nucleus, and they are
represented by the '"plus 6." Again
the electrons are orbital about the
nucleus, but we find that there are
two separate shells. Each shell
has a certain number of electrons
required in order to fill that shell.

For example, the first shell ac-
cepts only two electrons. Eight
electrons fill the second shell,
while the third shell needs eighteen.
For the carbon atom, then, two
electrons completely fill the first
shell and the remaining four elec-
trons are found in a second shell.
The electrons in the outer shell of
any atom are called 'valence"
electrons. Thus, the carbon atom
has 4 valence electrons.

We are now ready to determine
the condition within the atom which
allows it to be conductive or non-
conductive. Simply, it depends
upon the electrons in the outer
ring or shell of the atom. In some
atoms, theseelectrons are loosely
tied to the atom and may be readily
displaced from atom to atom by an
electric field. This is the nature
of conduction and electricity. Thus,
atoms whose outer-shell electrons
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are easily moved from atom to
atom are good conductors.

Conversely, other atoms have
outer-shell electrons which are
tightly bound, with the result that
these electrons are not readily
moved from atom to atom. These
materials are insulators.

Figure 4 is a representation of
an aluminum atom. There are a
total of 13 protons and 13 elec-
trons, making aluminum element
number thirteen. The first two
electron shells are filled with 2
and 8 electrons respectively, and
the remaining three electrons are
found in the third shell. These
outer-shell electrons are readily
moved from atom to atom, so the
material is a good conductor.

We now have a relatively good
picture of the nature of conduc-
tivity. If electrons are loosely
held and hence capable of being
easily moved from atom to atom,
the material is a good conductor.
When electrons are tightly bound
to the atoms, however, the ma-
terial ‘is an insulator. We are
ready tolook at the atoms of semi-
conductors. !

@)
~0

Semiconductors

Germanium and silicon, the ma-
terials from which most semicon-
ductor devices are made, are te-
travalent. This means that there
are four (valence) electrons in
their outer-most shells. For ger-
manium, these 4 electrons are in
the fourth shell; in silicon atoms
the 4 electrons are in the third
shell. Figure 5shows the electron
arrangement of the silicon atom.

In addition to the fact that there
are four electrons in the outer
shells and being "in between'' the
conductors and the insulators, in-
trinsic (pure) germanium and sili-
con material is in a crystalline or
lattice form which further re-
stricts the movement of the elec-
trons. The effect of this upon the
ability of the material to conduct
can be seen from figure 6, the
representation of the crystalline
structure of germanium (or sili-
con). The small circles represent
the nuclei of the atom. The "+4"
in each nucleus indicates the 4 pro-
tons which counteract (electrically)
the 4 valence electrons.

N
/'Z./

Conduction or Non-Conduction of an Element Depends Primarily Upon
the Number of Free or "Valence" Electrons in the Outer Electron Shell.

1. See Basic Theory and Application of Transistors (TM11-690) pages 5-18.
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Certain Elements Form Crystalline
Structures in Which the Valence
Electrons are Held in Place by
"Covalent Bonds. "

Each of the atoms is equidistant
from four other atoms, and is held
fast in its position by covalent
bonds, a ''sharing'" of valence
electrons by adjacent atoms. These
covalent bonds are represented by
lines between the atoms. Each
electron forms a bond with one of
the valence electrons of a neigh-
boring atom so that all of the va-
lence electrons are captured in
covalent bonds. These bonds are
very stable and strongly bind the
electrons to the individual atoms.
As a result, there arebut few free
electrons which may be utilized
for current. It seems, then, that
this crystal would be a good insu-
lator--and it is, in this intrinsic
form. We will now determine what
happens when electrons periodical-
ly escape from their bonds as
shown in figure 7.

Due mainly to thermal agitation,
an electron will occasionally gain
sufficient energy to escape from

its covalent bond. This electron
then '"wanders' through the ma-
terial in a haphazard way; there
is no scheme to this motion. The
path may eventually end near the
point where it started, in which
case the electron recombines with
the atom from which it originated.

When an electron escapes from
its covalent bond, it leaves behind
it an atom which is nolonger elec-
trically neutral, for there are now
fewer negative electrons than there
are positive protons; that atom be-
comes a positive ion. See figure 8.

The positive ion has the same
amount of electrical charge as the
electron, but it is positive in na-
ture. In addition, the ion is fixed
in its position in the crystal lat-
tice structure and cannot move
about as does the electron. This
positive ion represents a''hole'" in
the structure, a hole that can be
satisfied only by the capture of an
electron. There is a great attrac-
tion for an electron, and any which
might wander into the vicinity will
be pulled into the hole, once more
bringing about a balance.

It is not unusual that a hole will
attract an electron from a nearby
covalent bond, leaving a similar
hole where the electron was pulled
from. In this manner the hole
may be thought of as moving about
in the crystal; the ion doesn't move
but, by interchanging electrons,
the location of the positive hole
changes. This action is often re-
ferred to as '"hole conduction."
This hole movement by an inter-
change of electrons is a source of
electric current.

-
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From the above discussion, we
see that in the pure semiconduc-
tor material (germanium or sili-
con) the electrons are tightly bound
by covalent bonds which prevent
any great amount of current through
the crystal. Some electrons do
break their bonds, however, and
2 they are available for a limited

amount of conduction. In the ab-
sence of any external force, their
motion is haphazard throughout the
crystal. They eventually recom-
bine with a positive ion.

An electron breaking from its
bond leaves a "hole' which effec-
tively moves about in the material
to provide a second source of con-
duction. As the temperature of the
material is increased, the elec-
trons have additional energy; more
of them break free from their

atoms and are available for con-
duction. More holes are also
present. Higher temperatures
thus increase the conductivity of
semiconductor materials. 2

Transistors and other semicon-
ductor devices are not made of the
intrinsic material we have been
discussing. Instead, a small num-
ber of "impurity' atoms are added
in order to change the conduction
characteristics, as we will now
see.

N-Type Semiconductors

A small number of certain im-
purity atoms substituted for ger-
manium atoms in the otherwise
intrinsic germanium crystal great-
ly changes the conduction ability
of the crystal. We will consider
first the addition of a pentavalent

wm m ||[ ‘H

e N
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Germanium and Silicon are the Materials Most Commonly Use
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Making Semiconductors.

2. Sec TM11-690, pages 19-21.
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SILICON GERMANIUM

ARSENIC ANTIMONY

5

"N-Type" Semiconductor Material is Made by Adding a Small Amount
of Arsenic or Antimony--Materials Which Have 5 Valence Electrons--to
Germanium or Silicon.

material such as arsenic or anti-
mony. (These are called penta-
valent because they have five
valence electrons in their outer
shells.) When a very small num-
ber of these atoms are introduced
into the germanium crystal (the
actual number is usually in the
order of 1 in 10 million or less),
the crystal takes the form shown
in figure 9.

The impurity atom becomes part
of the crystal, being located in the
position which otherwise would be-
long to a germanium atom. Four
of the electrons in the outer shell
of the impurity atom form covalent
bonds with electrons of the sur-
rounding germanium atoms, but

there is no atomto form a covalent
bond with the fifth electron. This
leaves the electron free to move
about in the crystal. Further-
more, there is no corresponding
hole (due to an incomplete covalent
bond) created inthe crystal by this
electron moving about, sothat each
impurity atom of the crystal pro-
vides a free electron.

The conductive properties of the
crystal may be controlled by the
number of impurity atoms intro-
duced. When the electron leaves
the vicinity of the impurity atom,
the electrical system of the atom
is no longer balanced, for there
are more protons than electrons.
The atom is a fixed positive ion,

>
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for it is not free to move about in
the crystal as is the released elec-
tron.

The number of free electrons in
the crystal doped with pentavalent
material is much greater than for
the intrinsic material. Because
pentavalent doping produces free
electrons within the crystal struc-
ture, the material has a negative
characteristic--the current estab-
lished in the crystal will be due to
the motion of these electrons. For
this reason, it is common to re-
fer to this material as an N-type
semiconductor. Because they
""donate" electrons to the crystal
structure, pentavalent atoms are
often called "'donors. "

P-Type Semiconductors

We will consider now the effect
on introducing into the germanium
crystal a small number of triva-
lent atoms, such as indium, alumi-
num or gallium. These materials
are called trivalent because their
atoms have three valence electrons
in their outer shell. Again the
number of impurity atoms within
the germanium crystal is very
small. The crystal formation
shown in figure 10 results.

Each impurity atom (we will a.
sume indium for convenience) is
surrounded by four germanium
atoms. Threeelectrons are avail-
able in the outer shell (of the in-
dium atom) to enter into valence
bonds with neighboring atoms, but

3. See TM11-690, pages 21-30,

there is no electron to complete
the fourth covalent bond. Because
there is no electron to complete
the crystal covalent bond struc-
ture, we have a "hole."

This hole exhibits a great at-
traction for an electron, so in ef-
fect we have apositive hole--there
is need for another electron. In
fact, it is not uncommon for an
electron associated with a nearby
atom to be pulled into this hole,
leaving a hole at the atom from
which the electron was removed.
Thus, the hole effectively moves
about in the crystal. One such
hole is created for each impurity
atom added to the crystal.

Without an applied external field,
the movement of the holes within
the crystal is haphazard. With an
applied field, however, the drift of
these holes is consistently toward
the negative point, and current (by
hole conduction) is established.
These holes are then considered
to be the carriers, the means of
establishing current in this P-type
semiconductor. The indium atoms
ars commonly referred to as "ac-
ceptors,' for they capture any
electron in the vicinity.

By pulling an electron into the
crystal structure, an acceptor
atom becomes negatively charged,
for there are now more electrons
associated with the atom than there
are protons in the nucleus. Such
negative ions are fixed by their
ccvalent bonds and cannot move
through the crystal structure. 3
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Majority and Minority Carriers

Regardless of whether a semi-
conductor material is of the N or
P type, both electrons and holes
are available to be used as car-
riers. This is caused by the elec-
trons breaking away from their
covalent bonds. In most cases,
these electrons and holes recom-
bine so that the main conduction is
due to electrons or holes created
by the impurity atoms. For N-
type material, then, we consider
the electrons as being the majority
carrier or means of conduction,
and for P-type material the holes
are considered as the majority
carriers. In N-type material there
are always a few holes, so they
are the minority carriers, and
electrons are considered as mi-
naritv earriers of P-type materi-

Conduction Within N-Type Materials

Before leaving the subject of
conduction, let us see the effects
of applying voltages to both N and
P semiconductors. We will start
with the N type--see figure 11.

In figure 11A, the voltage source
makes the right side of the material
negative and the left side positive.
The free electrons (the majority
carriers in N material) are at-
tracted to the left or positive side.
There will be current in the com-
plete circuit as shown; this cur-
rent is measured by the meter.
The amount of current is deter-
mined by Ohm's Law (I=E + R),
in which case the R is the effective
resistance of the semiconductor

-

"P-Type" Semiconductor Material is Made by Adding Small Amounts of
Indium, Gallium or Aluminum--Materials Which Have But 3 Valence
Electrons--To Germanium or Silicon.
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PREFACE

This is one lesson of a complete Motorola
Home-Study Course which presents to the
Service Technician both the principles of
operation and the maintenance of two-way FM
radio systems. The program covers mobile,
portable and base station equipment, including

the latest transistorized units.
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Construction foremen can communicate throughout project
area when equipped with portable radiophones. Through ex-
tensive use of transistors such instruments are lightweight and
low in power drain.



SEMICONDUCTOR DIODES

Lesson SA-2

Introduction

In the preceding lesson, we
studied the nature of semiconduc-
tor materials which have been
"doped' by P and N impurity atoms.
We found that in the N-type semi-
conductor the impurity atoms pro-
vide a supply of free electrons,
which become the current car-
riers; in P-type semiconductors,
the added impurity atoms create a
deficiency of electrons, leaving
"holes" in the structure, which
become the carriers.

In this lesson we shall study the
nature and operation of semicon-
ductor diodes. Two such diodes
are possible, the junction diode
and the point-contact diode. We
will start with the junction diode.

The Junction Diode

When a junction is made of P-
type and N-type semiconductor ma-
terials, we have a device possess-
ing rectifying characteristics sim-
ilar to those found in vacuum tube
diodes. This device is called a
"junction'" diode. For the main
part these diodes are used where
high current levels are involved,
as in power supplies.

As a start, we will assume that a
block of P-type material is brought
into contact with a block of N-type
material. See figure 1. (In prac-
tice, junctions are not formed in
this manner, but it well illustrates
the action which takes place.) When
the two materials are first brought
into contact an interaction occurs
between the carriers. Before we
can understand how this junction
rectifies, it is necessary to deter-
mine the exact nature of this initial
action and the condition of the car-
riers after the junction has been
formed. See figure 2.

At the left infigure 2 we find the
P material with its '"holes.' The
N material with its excess elec-
trons is at the right. When the
junction is formed, the holes and
electrons at the surfaces of the
materials combine. That is, elec-
trons move across the junction
and into the P material, and the
holes cross the junction to reach
the N material. When this occurs,
fixed ions are ''uncovered' on the
right side of the junction, for there
are now too few electrons to pro-
duce a balanced electrical condi-
tion. On the left side of the junc-
tion, the negative fixed ions of the
crystal structure are evidenced.
These ions are fixed within the lat-
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Adjoining Layers of P and N
Semiconductor Materials Produce

a P-N Junction: thisisa
Semiconductor Diode.

tice structure of the crystalline
materials; they areunable to move
about.

The fixed negative ions at the
left of the junction repel the free
electrons at the right. At the same
time, the positive ions at the right
side have a repelling effect upon
the positive carriers in the P ma-
terial at the left.

In addition, the fixed positive
ions on one side of the junction and
the fixed negative ions on the other
side of the junction produce an
electric field across the junction,
the same as a charged capacitor
sets up an electric field in its di-
electric material. This electric
field, called the "barrier field, "
means that a voltage exists across
the junction. This field discour-

. be accomplished

ages any further exchange of car-
riers across the junction and the
area occupied by the uncovered
ions is known as the '"depletion
area.'

Before any further action can
take place, it will be necessary
either for the electrons on the
right to have sufficient energy or
force to overcome the field set up
in the depletion area, or for the
holes on the left to be "helped”
across the junction by some ex-
ternal energy source. This can
by applying a
voltage to the junction, and this
voltage must have the proper po-
larity, as illustrated in figures 3
and 4.1

Reverse Bias

In figure 3, the positive side of
the battery is connected tothe neg-
ative or N material, and the nega-
tive side to the positive or P ma-
terial. As soon as the voltage is
applied, we again have an initial
action taking place. FElectrons
within the N material are pulled
away from the junction, toward
the positive terminal of the bat-
tery. This uncovers more fixed
positive ions near the junction.

Holes within the positive P ma-
terial are attracted to the negative
battery terminal, uncovering addi-
tional fixed negative ions at the left
side of the junction. Due to the
greater number of fixed ions at
each side of the junction, we have
a stronger barrier fieldexisting at
the junction, andthe depletion layer

1. See Basic Theory and Application of Transistors (TM11-690). pages 30-33.



Semiconductor Diodes

Page 3

is also wider. It is now more dif-
ficult for carriers to cross the
junction.

Thus, when a voltage of the po-
larity shown in figure 3 is applied
to a P-N junction, it is more diffi-
cult toestablish current across the
junction than it is without the ap-
pliedvoltage. This voltage is com-
monly referred to as a ''reverse
bias.'" The polarity is easy to re-
member when we recall that the
positive side of the battery goes to
the N material and the negative
side of the battery to the P ma-
terial--the polarities are ''re-
versed. "

While there is usually some cur-
rent across the junction even when
it is reverse biased, this current
is very small and may be disre-
garded for our present discussion.
(As we shall soon see, too much
reverse bias can break down the
junction structure and cause a high
reverse current.)2

Forward Bias

Forward bias has the exact oppo-
site effect upon the current across
the P-N semiconductor junction.
Instead of opposing any movement
of carriers across the junction,
forward bias encourages junction
current. Figure 4 shows forward
bias.

The components of figure 4 are
the same as those of figure 3. The
only difference is that the battery
connections have been reversed,
and the ammeter will show con-
siderable current. In order to

2. See TM11-690, pages 33-34.
3. See TM11-690, pages 34-35.

provide forward bias, the positive
side of the battery goes to the P
material and the negative side of
the battery tothe N material. Let's
see what is happening at the junc-
tion.

The battery tends to produce a
field at the junction which opposes
the barrier field created by the
fixed ions. The external voltage
actually only reduces the internal
field so that the electrons on the
right side of the junction readily
move across the junction into the
P material and continue on to the
positive side of the battery. The
holes at the left side also have suf-
ficient energy to cross the junc-
tion.

The depletion layer is greatly
reduced and represents but a min-
imum amount of resistance. The
current is thus high, being limited
by the number of carriers in the
N and P material, the size of the
junction, and the applied voltage.3

3
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At the P-N Junction, the Fixed
Charges Produce a "Barrier Field"
Within the Depleted Area.
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Diode Current Characteristics

We have already seen that for-
ward bias produces current across
the Ssemiconductor diode, but re-
verse bias produces little or no
current. The curve in figure 5 il-
lustrates the magnitudes of these
currents in relationship to the
bias voltage.

With forward bias, the current
increases according to the amount
of applied voltage. The only point
that is appreciably curved is at the
very low values of forward bias.
The amount of current produced
is determined to a very large de-
gree by the size of the junction and
the intensity of the impurity atoms
in the N and P sections. Larger
junctions and a higher percentage
of impurity atoms increase the
current capability of the diode.

While there is little or no cur-
rent through the diode with reverse
bias, it is well to see the charac-
teristics of this current. In figure
5 we see that a small value of cur-
rent is present with reverse bias,
and this current does not change
as the bhias is increased. That is,
there is nonoticeable increase un-
til the point of junction ''break-
down'' occurs. The reverse cur-
rent in the junction then suddenly
increases to a high value. This is
due to the breakdown of the covalent
bonds within the crystal structure
at the junction, releasing a large
number of free electrons and holes
for current conduction.

As soon as the excessive re-
verse bias is removed, the junc-
tion returns to its original condi-

4. See TM11-690, page 35.
5. See TM11-690, page 42.

tion (provided that the junction has
not been damaged by heat). If the
crystal structure has been dam-
aged, the unit will no longer be
efficient as a rectifier.

Symbols

The accepted symbols for semi-
conductor diodes are shown in
figure 6. The P material is rep-
resented by the arrow and the N
material by the line. As shown,
the arrow may or may not touch
the N line, but this has no signifi-
cance as far as the symbol is con-
cerned.

The arrow indicates the conven-
tional direction of current, from
positive to negative. Electron
movement through the diode is in
the opposite direction. Figure 7
points out these two ''directions of
current' in a circuit. It matters
not which direction is assumed,
for the circuit currents and volt-
age drops are unchanged.

For example, look at the resis-
tor in figure 7. Following the con-
ventional positive to negative di-
rection, the current enters the
resistor from the bottom and leaves
at the top. Using this direction of
current the bottom is positive and
the top is negative. If electron
flow is assumed, the current is
from the top down through the re-
sistor, but here the side the elec-
trons enter is negative so again the
top isnegative and the bottom pos-
itive. Thus, the difference is only
in the viewpoint taken and does not
change what takesplace in the cir-
cuit.
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Reverse Bias Applied to the
Semiconductor Diode Does Not
Produce Current at the Junction.

Half-Wave Rectifier

One common use for the semi-
conductor diode is as a half-wave
rectifier, shown in figure 8. Here
we find an AC source, a rectifier,
and a load. The arrows show the
direction of conventional current,
from positive to negative. During
the positive alternation of applied
current, the upper terminal of the
generator is positive with respect
to the lower terminal, the voltage
applied to the diode is a forward
bias, with the result that the diode
is conductive.

The amount of current is deter-
mined mainly by the value of the
load resistance and the applied
voltage. The resistance of the
diode is relatively small compared
to that of the load, so the internal
voltage drop of the diode is very
small and for all practical pur-
poses the full source voltage ap-
pears across the load.

During the next alternation, the
upper terminal of the generator is
negative with respect to the lower
terminal; this voltage applied to
the diode is a reverse bias and
there is no circuit current. Thus,
there is no voltage across the
load, and all of the voltage ap-
pears across the diode.

The action taking place infigure
8 is no different from that in a
vacuum tube diode rectifier cir-
cuit. The internal voltage drop of
the semiconductor diode is usually
less than that of the vacuum tube,
however, with the result that the
output voltage (load voltage) is
greater. Other advantages are
found in the efficiency, ruggedness,
reliability and size of the semi-
conductor diode. Silicon diodes
are perhaps the most popular type
of semicaenductor rectifier used
today.

Full-Wave Rectifier

A full-wave rectifier is normally
preferred to a half-wave rectifier.
Figure 9 is a typical example. A
transformer secondary winding is
center-tapped and diodes connected
in series with the load rectify the
AC voltage to DC.

At A, we see the action when the
applied AC makes the upper termi-
nal of the secondary positive with
respect tothe bottom. Considering
each half of the secondary, the up-
per terminal is positive (with re-
spect to the center tap) while the
bottom terminal is negative.
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The upper diode is now forward
biased and conducts through the
load resistor, producing a voltage
with the right side being positive.
During this time the lower diode
is reverse biased and nonconduc-
tive. Thus, during the first alter-
nation the upper diode rectifies
the voltage of the upper half of the
secondary and this voltage appears
across the load.

Forward Bias at the Semiconductor
Diode Causes Current Through the
Junction.

At B. we see the action during
the second half-cycle. The lower
secondary terminal is positive and
the upper terminal is negative.
The lower diode is now forward
biased and conducts through the
load, once more making the right
terminal positive. During this
second alternation, the upper di-
ode is reverse bhiased and noncon-
ductive.

From the above, we see that each
alternation of the applied voltage
causes' one of the diodes to be con-
ductive. The waveforms show that
each alternation appears across
the load.

Full-Wave Bridge Rectifier

Another semiconductor rectifier
circuit commonly found in two-
way communications equipment is
shown in figure 10. Here the trans-
former secondary has no center
tap. The rectifiers operate from
the full secondary voltage and the
full secondary voltage appears
across the output.

During the half-cycle when the
applied voltage is positive at the
top of the winding, rectifiers CR1
and CR4 are forward biased and
allow current as shown by the solid
arrows. The current through the
load makes the right side positive.
During this time, rectifiers CR2
and CR3 are reverse biased and
nonconductive.

During the second half-cycle,
when the bottom of the transformer
is positive, rectifiers CR2 and CR3
are forward biased and become
conductive--the direction is shown
by the broken arrows. The cur-
rent is throughthe load in the same
direction as before, making the
right side positive.

Types of Junction Diodes

Two main types of construction
are used for junction diodes, the
grown junction and the fused junc-
tion. See figure 11.

The grown junction is repre-
sented at figure 11A, and here we
see what appears to be a block of
N material and a block of P ma-
terial placed together. This is not
the a¢tual method of manufacture,
however. Instead, we start with
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one type of material, usually "N."
When the crystal is partly grown,
the characteristic is changed by
adding some P impurities to the
mixture. The rest of the crystal,
then, is made of P-type material.
Large contacts are made to each
end of the crystal to complete the
diode.

The fused junction diode is made
in a different manner. A small
bead of P impurity material (us-
ually indium) is placed on an N-
type wafer. See 11B. This as-
sembly is placed in an oven for a
specific period of time and heated
to a temperature at which the P
atoms fuse into the N wafer, pro-
ducing P-type germanium at the
surface of the wafer. This pro-
duces a P-N junction between the
indium and the N wafer.

Point-Contact Diodes

A second type of semiconductor
diode is called '"point-contact."
These diodes are restricted to low
current applications, but their
characteristics are such that they
become very useful at higher fre-
quencies, particularly the very
high frequencies where vacuum
diodes are no longer practical.

Figure 12 illustrates the inter-
nal construction of a point-contact
diode. The active elements are
the crystal wafer and the 'cat
whisker.'" The metal base makes
good contact with the crystal and
the cat whisker has a direct con-
nection to the secondexternal lead.
The parts are enclosed in insu-
lating material to protect them
from moisture and the assembly
is then encapsulated.

The symbol for the point-contact
diode is the same as for the junc-

tion diode (figure 6). The long line
or bar indicates the crystal ele-
ment (which is the cathode) and the
arrow is the cat whisker (which is
the anode). If we analyze current
through this unit, the conventional
direction will be represented by
the arrow, from anode to the cath-
ode. Electron flow is opposite to
the direction of the arrow, from
cathode to anode.

The point—contact diode is usually
made from a thin wafer of N ma-
terial and a beryllium-bronze wire.
In the manufacturing process, cur-
rent is pulsed through the contact
and supposedly produces a P re-
gion in the wafer, directly under
the metal point (the exact action is
not completely known). An ex-
tremely small P-N junction is thus
formed. Due to the very small di-
mensions of this junction, the unit
has very little effective capaci-
tance and provides efficient oper-
ation at high frequencies. In addi-
tion, the junction transit time is
short, for improved high-frequency
operation.

Point-contact diodes are made
of both germanium and silicon.
Originally the silicon type were
more satisfactory for high-fre-
quency application, but recent im-
provements have made the ger-
manium diodes useful in appli-
cations such as high-frequency
mixers or detectors. The point-
contact diode is used extensively
where low forward resistance and
a small reverse current are de-
sirable. Typical applications are
as second detectors, discrimi-
nators, limiters, and -clippers.
Figure 13 shows two typical cir-
cuits for point-contact diodes. 6

6. See TM11-690, page 5, also see "Understanding Semiconductor Diodes, " reference S-2.
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Silicon Diode Applications

In addition to their use as power
rectifiers, silicon diodes provide
certain services not possible with
vacuum tubes or germanium de-
vices. These are due to the in-
herent forward current and re-
verse currentproperties of silicon
junction diodes. In the forward
direction, the current does not in-
crease beyond a fraction of a
microampere until the voltage
reaches as much as .3 or .4 volt.
In the reverse direction, the cur-
rent is again very low until a cer-
tain breakdown voltage is reached,
at which time the reverse current
increases rapidly to a maximum
value.

Both of these pecularities are
also evidenced in the germanium
diode, but the action is more grad-
ual with the amount of applied volt-
age. In addition, the stability and
reliability do not approach that
achieved with the silicon diode.

An Increase in Diode Temperature
Causes an Increase in Diode
Current.

We shall now look at these two
characteristics more closely and
see how they become useful. Let
us start with forward current.

In figure 14, we see a typical
forward-current curve for a sili-
con diode. As the forward voltage
increases from zero, the current
remains at a fraction of a micro-
ampere until the voltage reaches
0.3 volt. With greater voltages,
the current rises to a relatively
high value, the amount depending
upon the voltage.

We are not interested in the
value of current which is produced
by these higher voltages, but in
the fact that the current is very
low up to the point of about 0.3
volt and then suddenly rises to a
high value with greater voltages.

Figure 15 is a practical circuit
for protecting a sensitive meter
from excessive overloads by con-
necting a silicon junction diode in
parallel withthe meter movement.
(Assume that this diode has a
forward current characteristic
similar tothat shown in figurel4.)

The meter sensitivity is 50 mi-
croamperes, and the internal re-
sistance is 2000 ohms. Applying
Ohm's Law (E =1X R), the volt-
age across the meter at full-scale
deflection is 0.1 volt. This means
that when the meter is at full-
scale deflection, the voltage across
the diode is also 0.1 volt.

Looking at the curve of figure
14 for this diode. With 0.1 volt
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applied, the current will be afrac-
tion of 1 microampere and the me-
ter sensitivity will be virtually un-
affected by the current through the
diode. If the diode were to con-
duct any appreciable amount of
current, the meter reading would
not be accurate, for much of the
current would be bypassed around
the meter.

Meter protection is provided
when we consider an overload of
the meter, in this case a three-to-
one overload. When the current
is 150 ua, the voltage across the
meter is 0.3 volt, and the diode is
at the point where it is about to
conduct. Any further increase of
current will place the diode at a
point of high conduction; any further
increase of current will thus be
through the diode rather than
through the meter. Once the meter
current has reacheda certain max-
imum amount, additional current
will be through the diode with very
little additional increase through
the meter.

Meter movements are built to
withstand a certain amount of over-
load current, and a diode is se-
lected which will conduct or bypass
the current around the meter be-
fore reaching the value of current
which will damage the meter.

Improved protection of the meter
(the maximum allowed meter cur-
rent is closerto its rating) is pos-
sible by adding a resistor in series
with the meter movement as shown
in figure 16. Here the added re-
sistor is 2000 ohms, doubling the
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Here We See the Protective Diode
Meter Circuit of the Motorola
Test Set.

resistance of the meter branch.
Now 50 ua through the meter will
cause a total drop of 0.2 volt
across the diode. For an overload
of 2 to 1, the voltage across the
diode will be 0.4 volt and the diode
will be in full conduction. For this
arrangement the meter current
will never be greater than 100 ua,
which is only a 2-to-1 overload.

Higher values of resistance will
bring the diode closer to conduc-
tion for full meter deflection and
given even closer protection, but
the diode current under adverse
conditions is likely to shunt appre-
ciable current around the meter
before full-scale current is re-
alized. Among the most adverse
of these conditions are high tem-
peratures.

Where it is desirable to protect
the meter from overload current
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in both directions, it is practical
to connect two diodes in parallel
with the meter, one in each direc-
tion (figure 17). When the circuit
current makes the upper terminal
positive with respect to the lower
terminal, diode D1 will protect the
meter (as already explained for
figures 15 and 16).

Diode D2 affords protectionfrom
excessive currents through the
meter in the opposite direction.
The leakage current through the
reverse connected diode is negli-
gible. The arrangement of figure
17 is the same as that of the
Motorola Model TU 546 test set,
discussed in Lesson MA-3 (figure
9).

Zener Silicon Diodes

If we refer back to figure 5, we
recall that reverse bias on a diode
produces little current--so very
little as to be forgotten in most
applications. In addition, we saw
that if the reverse bias is in-
creased to a certain point, the
unit suddenly becomes very con-
ductive and a large current is es-
tablished. This current, we found
was due to a breaking down of the
crystal structure within the bound-
aries of the junction.

This is commonly called the
Zener effect: diodes designed to
make use of this action are called
Zener diodes. At present, silicon
diodes areused almost exclusively
for this purpose. (Zener is pro-
nounced ZEE'ner.)

When the Reverse Voltage at the
Diode is Increased to the "Zener"
Voltage, a Large Current Suddenly

Occurs.

In general, we can think of a
Zener diode as having the same
purpose as the gas filled tube--
that of maintaining a constant volt-
age across its terminals. While
the method by which the diode
achieves this goal is somewhat dif-
ferent from that of the gas-filled
regulator tube, the overall action
is the same. Look at figure 18.
Here a Zener diode is used as a
DC voltage regulator.

In figure 18, the diode is placed
in parallel with the circuit to be
regulated, but in reversed po-
larity. In series with the diode
(and load) we find a resistor. The
unregulated supply must have suf-
ficient voltage to be equal to the
desired value of regulated voltage
and the drop across the resistor;
in most applications the unregu-
lated supply is several times larger
than the load voltage. The supply
voltage causes the Zener diode to
be conductive, under which condi-
tion it maintains aconstantvoltage
equal to its breakdown value.

- -
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Zener diodes are available with
breakdown ratings ranging from a
few volts to as much as 300 volts.
Where higher voltages are re-
quired, several units may be placed
in series, in which case the break-
down value will be the sum of the
separate ratings. (For this appli-
cation it is advisable to use units
of similar ratings.) While the
Zener diode serves the same pur-
pose as voltage regulator types of
tubes, they have the advantage that
smaller voltage ratings are possi-
ble. "VR'tubes are practical only
at values between 75 and 150 volts.

The Zener characteristic curve
of the silicon diode shows that ad-
ditional current through the diode
does not appreciably change the
voltage across the diode. Besides
serving as a convenient means of
providing voltage regulation, the
constant voltage across the diode
becomes a source of reference
voltage. Regardless of changes of
input voltage, the voltage across
the diode remains relatively con-
stant and serves as a source of
known, fixed voltage. The circuit
for this service is similar to that
of figure 18 and is given in figure
19.

The voltage across the diode be-
comes a ''reference' and remains
steady over arelatively wide range
of conditions. A known voltage is
convenient for calibration of in-
struments, etc. The variable re-
sistor allows adjustment for the
correct current through the diode,
assuring stable operation. The
current must be limited to a safe
value--below the dissipation rating
of the diode.

The Zener diode may also be
used as a means of providing an
AC reference voltage of constant
amplitude. Figure 20 gives a sim-
ple arrangement. The circuit is
basically that of a limiter. The
diodes are connected back-to-back
so that one diode limits in one di-
rection and the second diode in the
opposite direction.

Operated from an AC source,
duringthe first half cycle diode D1
conducts, the voltage rising until
the Zener voltage rating of Diode
D2 is reached. Both diodes are
now conductive and the voltage
cannot increase further. When the
next alternation is applied, diode
D2 is conductive but diode D1 does
not conduct until its breakdown
voltage is reached.

If the diodes have the same value
of breakdown voltage, the positive
and negative portions of the output
waveform will have the same am-
plitude; the total or peak-to-peak
voltage will be twice the break-
down value of one unit. Where the
applied voltage is considerably
greater than the breakdown volt-
age, the output waveform will be a
square wave. Input voltages not
reaching the Zener operation of
the diodes will not produce full
output voltage.

Identifying Diode Elements

One problem often encountered
in service work is the identifica-
tion of the anode and cathode ter-
minals of semiconductor diodes
from their markings or construc-
tion. While absolute identification
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is not always possible, due to in-
consistencies from one unit to the
next, the following generalities
should help identify most of them.

Let us compare first the sym-
bols for the vacuum tube diode and
the semiconductor diode, shown as
A and B of figure 21. The arrow
of the semiconductor corresponds
to the plate of the tube and the bar
corresponds to the tube cathode.
Thus, on some diodes we can
logically expect to find a K, indi-
cating the cathode. See E in figure.

Other diodes have a'+'" and this
also identifies the cathode termi-
nal. This marking is justified
when we remember that the cathode
terminal of a diode used as a rec-
tifier connects to the positive side
of the resulting DC load voltage.
(See C in the figure.)

Some diodes have neither "K"
nor "+'" markings, but there may
be a dot or one or more color
bands near one end. (See D, F. and
I of figure 21.) Again this end is
the cathode. Often a diode with
color bands will also have a letter
at the anode end, which identifies
the manufacturer.

A final group of semiconductor
diodes have no marking of any kind
to identify the terminals, but they
are built with an irregular shape
at one end in order to indicate the
cathode. Examples are found at G
and H of figure 21.

We can summarize this discus-
sion by saying that any identifica-
tion on the semiconductor diode,
be it "k,'" "+," a dot, color bands
or an irregular shape, usually in-
dicates the cathode.
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Communications on oil refining apparatus is best accomplishea
by transistorized "Handie Talkie" portable radiophones. Main-
tenance and refining engineers are able to communicate with
both refinery headquarters and with personnel working on the
structure.



TRANSISTOR CONSTRUCTION AND OPERATION

Lesson SA-3

Introduction

In the two preceding lessons we
discussed the conductivity of ele-
ments (particularly semiconduc-
tors), the doping of germanium and
silicon to produce P- and N-type
material, the semiconductor di-
ode, and the nature of forward and
reverse bias.

In this lesson we shall discuss
the transistor, concentratingon its
basic construction and operation.
We shall be interested mainly in
answering the basic questions,
"What is a transistor ?'" and ""How
does it work?'" Let us start with
the construction of the transistor.

What Makes A Transistor?

The basic transistor is a three-
element semiconductor device
consisting of two junctions such
as those found in the diodes we
have been discussing. This does
not mean, however, that a tran-
sistor could be made by connecting
two such diodes together. Instead,
there must be a certain physical
relationship between the various
elements and junctions. Figure 1
illustrates the construction.

At A, we find a very thin slice
of N material sandwiched hetween
two pieces of P material. We have
two separate junctions. Starting
at the left, we find first a P-N
junction and then an N-P junction.
The N material is common to hoth
junctions. This middle section is
very thin, in the transistor, so
that the outer materials (P ma-
terial) are very close to each
other. As we shall see, this is
essential if we are to have tran-
sistor action.

At figure 1B, we find a second
possible transistor combination--
a thin slice of P material between
two pieces of N Material. Again
there are two junctions and the
outer materials are physically
close to each other. Transistors
which resemble the arrangements
of figure 1 are called junction
transistors; they are constructed
in the same general manner as
junction diodes.

Figure 1A is commonly called a
PNP transistor, and 1B an NPN
transistor. The reason for these
designations is obvious if we con-
sider the arrangement of the P and
N materials.
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In the PNP transistor of figure
2A, the P material at the left is
considered tohe the source of cur-
rent carriers. That is, in P-type
material the holes are the main
carriers, so the holes become
the source of current in the same
manner as the electrons at the
cathode of the vacuum tube be-
come the source of tube current.
In operation, the holes of the P
material at the left move across
both junctions and into the P ma-
terial at the right. This action
occurs only when the correct bias
voltages are established at the
junctions.

N .
P P

Basically, a PNP Transistor
Consists of a Thin Portion of N
Material Between Two Pieces of

P Material.

In the NPN transistor of figure
2B, the electrons within the N
material at the left are the ma-
jority carriers; they are the source
of current. With proper bias at
the junctions, these carriers
traverse both junctions, estab-
lishing current between the outer
elements.

One particular type of transis-
tor is said to be fabricated by the
"grown' method, the characteris-
tic of the materials being changed

from P-type to N-type (or vice
versa) as the crystal is grown.
Another type of transistor, known
as the '"alloy junction,' is shown
in figure 3.

Here we find a thin wafer of N
material. Two beads of indium
(P impurity material) have been
alloyed into opposite sides of the
N wafer, by placing the assem-
bly in an oven and heating it. The
indium atoms alloy into the sur-
face of the N wafer, producing two
junctions within the N material.

When terminal connections are
made to the three elements (the
two indium beads and the N wafer),
we have a practical PNP transis-
tor. (An NPN transistor may be
made in the same manner, using
a P wafer and two beads of N im-
purity material.) Most of the PNP
transistors found in equipment to-
day are of the alloy junction type.

The principle of operation is es-
sentially the same for the alloy
transistor as for the grown junc-
tion type.

The Three Transistor Elements

Inspect figure 4A for the names
of the three transistor elements.
We said that the one at the left is
the source of the carriers within
the transistor. Thus, we can
readily see why this element is
called the "emitter."

We also said that the carriers
within the transistor cross both
junctions to enter the right-hand
section of the unit--hence, the
term 'collector'" is appropriate
for this portion of the transistor.
The third element, the center, is
call the "bhase."
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These terms apply equally well
to the PNP transistor at figure 4B.
The source is the emitter, the
middle element is the base, and
the thirdpart is the collector. The
emitter of the NPN transistor 4A
is N material, the base is P ma-
terial, and the collector is N ma-
terial. In this transistor, current
is considered to be the result of
electron conduction. In PNP units
the emitter, base and collector
are P, N and P material, respec-
tively, and the conduction is due to
the movement of holes.

Junction Bias

Figure 5 shows the two junctions
within the transistor. These are
the emitter-base and the collector-
base junctions. We often refer to
them as just "emitter junction' or
"collector junction, ' respectively.

If the emitter is to become the
source of '"carriers' it is neces-
sary to bias the emitter junction
in the forward direction. (The ac-
tion is similarto that already dis-
cussed in the preceding lesson
dealing with diode junction bias.)
Forward emitter junction bias is
shown in figure 6.

At figure 6A, the holes--the
carriers of the emitter--readily
move across the emitter-base
junction and enter the base region,
for the base is negative with re-
spect to the emitter and the re-
sulting field causes the carriers
(holes) to cross the junction and
enter the base region. Once in-
side the base, however, the move-

Basically, an NPN Transistor is
Made by Sandwiching a Thin Slice
of P Material Between Two N
Areas.

ment of these carriers is some-
what haphazard and they "diffuse"”
throughout the entire base region.

With no additional voltages ap-
plied to the transistor, the holes
eventuaily reach the external base
circuit, becoming emitter-base
current. As we shall soon see,
however, this is not what happens
when the proper bias is estab-
lished at the collector-base junc-
tion.

Before we proceed with collector
junction bias. however, let us
look at figure 6B, which shows
forward bias at the emitter-base
junction of an NPN transistor.
Here the battery voltage makes the
N emitter negative with respect to
the P base, releasing the free
electrons (the carriers) of the
emitter into the base. The only
difference here is that current is
due mainly to electron conduction
while hole conduction is the nature
of the current in the PNP tran-
sistor (at figure 6A).

1. See Basic Theory and Application of Transistors (TM11-690) pages 36-39.
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Here We See a Comparison of the Transistor Elements With Those of the
Vacuum Tube.

Figure 7 shows the normal bias
for the collector-base junction--
in the reverse direction. The
collector-base current is thus ex-
tremely small--practically zero.
This is desirable. (The ability of
reverse bias to discourage junc-
tion current has already been
analyzed in our discussion of di-
odes.)

Now that we have given separate
consideration to the forward bias
of the emitter-bhase junction and to
the reverse hias of the collector-
base junction, we are ready to
determine what really happens
when these two hiases are applied
simultaneously to the transistor.

Transistor Currents

Figure 8 shows a PNP transis-
tor with the emitter forward biased
and the collector reverse bhiased.
The forward bias of the emitter
drives the holes (the carriers in
a P-type emitter) across the junc-

tion and they diffuse throughout
the base. Instead of reaching the
base to establish an emitter-base
current, however, most of the
holes are captured by the collec-
tor and constitute a current from
emitter to collector.

There are several reasons why
the holes (the carriers from the
emitter) are captured by the col-
lector instead of the base. In the
first place, the collector junction
area is larger than that of the
emitter--it more or less 'sur-
rounds' the emitter. (See figure
8.) In the second place, the bhase
material is very thin between the
emitter andcollector, with the re-
sult that the holes entering the
base do not travel very far from
the junction before they encounter
the electric field established at
the collector-base junction by the
collector-base hias.

Another reason for the
emitter-to-collector

large
current is

pw
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that the emitter material is heavily
doped with impurity atoms; the N-
type base material is not. This
means that there are many more
holes crossing the emitter junc-
tion into the base than there are
free electrons in the base which
can combine with the holes. As a
result, most of the holes continue
to wander through the base until
they encounter the electric field at
the collector junction.

Thus, because most of the car-
riers from the emitter are cap-
tured by the collector and only a
small number of them reach the
base terminal, the collector cur-
rent will be almost as large as the
emitter current and the base cur-
rent will be very small.

At first consideration of figure
8 it may appear that the reverse
bias at the collector would prevent
collector current. In fact, this is
true so far as collector-to-base
current is concerned. Insofar as
the holes originating at the emit-
ter but now drifting through the
base are concerned, however, the
collector junction bias actually en-
courages these holes to cross the
collector junction.

Thus it is that the polarity of the
collector bias (the direction of the
field established by this bias) en-
courages holes to move from the
base region to the collector. We
must remember that these holes
in the base are not always present
in the N material: on the contrary,
they start at the emitter (with the
emitter junction forward biased),
cross the emitter junction, and

diffuse throughout the base area.
The holes from the emitter (now
in the base) are next pulled across
the collector junction, establish-
ing emitter-collector current.

In the absence of any emitter
current, however, there are no
holes (carriers) released into the
base from the emitter, so there
can be no collector current; col-
lector current is dependent upon
and controlled by emitter current.

Brief Review

Let us summarize briefly the
main points which we have already
learned about the transistor. With
biases as shown in figure 8, a
large number of holes leave the
emitter, cross the junction and
enter the base material. Also,
there are many more positive
holes available in the emitter than
there zre electrons in the base.
As a result, very few of the holes
are captured within the base as
base current. Instead, most holes
encounter the field produced by the
collectorbias and are swept across
the collector junction.

EMITTER \BASE\COLLECTER

[/

v

Current Through the Transistor--
From the Emitter to the Collector--
is Dependent Upon and Controlled
by a Smaller Emitter-Base Current.
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The collector current is almost
as great as the emitter current;
the base current is very small
compared to the collector cur-
rent. Collector current, since it
depends upon emitter current, is
readily controlled by the emitter
current; emitter current, in turn,
may be regulated by the emitter-
base bias.

Transistor Symbols

Figure 9 shows various semi-
conductor symbols which have been
standardized by the IRE and adopted
by the EIA. Figure 9A shows the
base symbol. The horizontal line
is the base proper and the perpen-
dicular line is the base connection.
From this symbol it is impossible
to know whether this is N material
or P material. This can be deter-
mined only after the emitter sym-
bol has been added, as shown in
9B and 9C.

At B we find a slanted line (rep-
resenting the emitter) meeting the
base line. This slanted line also
carries an arrow and the arrow
points toward the base, indicating
the emitter is P material. The
slant signifies that the base must
be composed of the opposite type
material, so if we have a P emit-
ter, we have an N base. At C the
emitter arrow points away from
the base, so we have an N emitter
(and a P base).

The slanted line at D (with no
arrow) represents a collector--
again the slant signifies that the
collector material is dissimilar
to that of the base. Thus, if the

base is P, the collector is N, and
vice versa.

Figure 10 shows the complete
symbols for both PNP and NPN
transistors. At 10A the emitter
arrow points toward the base line,
so this is a PNP unit. At 10B the
emitter arrow points away from
the base line; this is an NPN unit.

Transistor Action

We have already seen that the
collector current in the transistor
depends upon the release of car-
riers from the emitter into the
base. This, in turn, is deter-
mined by the emitter junction bias.
While the bias for the emitter
junction is often stated in terms of
the voltage applied from an exter-
nal source, it is well that we also
think of this bias in terms of the
current established at the junction.

The emitter current divides into
two separate currents--the col-
lector current and the base cur-
rent. It is normal for at least
95% of the emitter current to be—
come collector current, resulting
in a relatively small base current.
Thus, the collector current is
many times greater than the base
current, and their ratio is often
used to express the current "'gain"
of a transistor.

Let us assume that a transistor
is being used as an amplifier--
also, that normal forward bias
has been established for the emit-
ter junction, and that the collector
junction is reverse biased. An
external signal is applied, and this
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EMITTER

// coLLECTOR/

BASE

For PNP Transistors, Current is Due
Mainly to the Movement of Positive
Carriers (Holes) From the Emitter
to the Collector.

signal causes small changes in
base current. As a result, larger
changes occur in the collector cur-
rent. (We shall see the specific
circuits later.)

The ability of the transistor to
produce large changes in collector
current as a result of small changes
in emitter-base current is one of
the factors contributing to the
ability of the transistor to ampli-
fy. Another important factor which
enables a transistor to provide
gain is its high collector (output)
impedance compared to its low
emitter-base (input) impedance.
More will be said about this in
later lessons.

Transistor Circuits

When analyzing the various con-
figurations associated with the
transistor, it is permissible to
make certain comparisons with
vacuum tube circuits. While the
emitter, base and collector are
by no means identical to the cath-
ode, grid and plate (respectively)
of the vacuum tube, they exercise
somewhat similar functions. The
units are compared in figure 11.

At A we find the triode tube
symbol, at B we see the pictorial
representation of the transistor
we have been using, and at C we
have the transistor symbol. (This,
of course, could be an NPN as well
as the PNPunit shown.) The emit-
ter serves the same purpose as the
cathode--it becomes the source of
current carriers for the device.
The collector is similar in func-
tion to the plate, and the base is
somewhat similar to the grid.

A basic comparison may be made
of the action of the transistor and
that of the vacuum tube. In the
vacuum tube, the grid-cathode
voltage (bias) is used to control
the plate current (cathode-plate
current). In the transistor, the
emitter-base bias becomes the
factor which controls the collec-
tor current (emitter-collector
current). We must always remem-
ber that emitter-base bias refers
more specifically to the emitter-
base current than it does to the
applied external voltage.

—

Small variations of the grid-
cathode biasvoltage in the vacuum
tube causes comparatively large
changes of the plate current. In a
similar manner, small changes of
the emitter-base current means
large changes of collector current.
For this reason, we often refer to
the vacuum tube as a voltage con-
trolling device, but to the tran-
sistor as acurrent controlling de-
vice.

Figure 12 shows a popular vac-
uum tube circuit, the grounded
cathode; the signal is applied be-
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tween grid and ground, and the
output is taken from the plate cir-
cuit. The corresponding transis-
tor circuit shows the emitter
grounded, with the signal applied
between base and ground and with
the output secured at the collector.
The biasing circuits have been
eliminated from both the tube and
transistor circuits for simplicity.

EMITTER

// COLLECTOR/

BASE

For NPN Transistors, Current is the
Result of Electrons Leaving the
Emitter and Crossing the Base Into
The Collector

We usually refer to the arrange-
ment of figure 12 as a ''common
emitter' circuit rather than a
grounded emitter. A resistor and
capacitor are often included be-
tween emitter and ground--then,
although the emitter is no longer
""grounded, ' it is still common to
the input and output circuits.

Figure 13 shows another tube
circuit, this time a grounded-grid
amplifier. The corresponding
transistor circuit, which is also
shown, istermeda '"common base'
circuit, for the base is common
to the input and output. In the
vacuum-tube arrangement, the
signal is applied to the cathode and
the output is taken from the plate
circuit. In thetransistor arrange-

ment, the input is to the emitter
and the output is taken from the
collector.

A third familiar vacuum-tube
circuit is the 'cathode follower"
or "grounded plate' circuit of fig-
ure 14. The signal is applied to
the grid and the output taken from
the cathode. The corresponding
transistor circuit is the '""common
collector'" arrangement in which
the input is applied tothe base and
the output is taken from the emit-
ter. In this circuit, the collector
is common to both the input and
the output.

The Common-Emitter Circuit

The circuit of figure 15 shows a
common-emitter transistor am-
plifier. A 6-volt battery is used
both for the forward bias of the
emitter junction and for the re-
verse bias of the collector. This
is accomplished by grounding the
positive side of the battery, so
that the grounded emitter is the
most positive point of the circuit.
The collector connects to the neg-
ative side of the battery through a
resistor, RC, and for convenience
we have assumed that collector
current causes a drop of 4 volts
across this resistor. This means
that the voltage between the col-
lector and ground is two volts, the
collector side being negative.

Forward bias of the emitter
junction is obtained by means of a
voltage divider (R1 and R2) across
the battery, the base being con-
nected to the tap on the divider.
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(The drop across R2 is 0.2 volt.)
With the emitter grounded and with
the base at -0.2 volt with respect
to ground, a forward bias of 0.2
volt is obtained--a typical value
for many transistors.

The collector junction is re-
verse biased by virtue of the col-
lector being more negative than
the base. The collector is -2 volts
with respect togroundand the base
is -0. 2 volt with respect to ground,
resulting in a net reverse bias of
1.8 volts between collector and
base. We are now ready to see
what happens when a signal is ap-
plied.

Common-Emitter Phase Relationships

Figure 16 shows the phase rela-
tionship between the input and out-
put waveforms for the positive
half-cycle of the input signal. The
initial voltages applied to the vari-
ous transistor elements are the
same as in figure 15.

During the first alternation, the
input signal varies from zero to a
positive 0.1 volt and then back to
zero. When this signal is super-
imposedupon the base-ground cir-
cuit of the transistor, it causes the
base-emitter voltage to change
from its normal value of -0.2 volt
to -0.1 volt. This decreases the
forward bias and, as a result, the
collector current as well as the
voltage drop across the collector
resistor must decrease.

We previously assumed that the
voltage across RC was 4 volts.
We shall now assume further that
the voltage drop across the resis-
tor decreases to 3 volts. As a re-
sult, the collector voltage (with
respect to ground) changes from
-2 volts to -3 volts. At the output
(on the other side of the coupling
capacitor), the DC component is
removed by the capacitor and all
that remains is the 1-volt change
in the negative direction.

Thus, for an input signal which
swings in the positive direction,
the output voltage swings in a neg-
ative direction. This indicates
that there is a phase reversal of
180° in the common-emitter cir-
cuit. Let's see if this reversal
also holds true for a negative
swing of the input signal.

Figure 17 indicates the action of
the same common-emitter ampli-
fier during the negative alterna-
tion of the input signal. The input

&

COLLECTOR

EMITTER

(T T

In a Transistor the Base Region

Between the Two Junctions is

Normally Less Than . 001 Inch
Thick.
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P NP

EMITTER COLLECTOR /
BASE
+ -
1.
+ | 3 =
9V

Normal Bias of a PNP Transistor

Demands a Positive Emitter and

a Negative Collector, Both With
Respect to the Base.

swings 0.1volt negative and causes
a change of base voltage from -0. 2
volt to -0.3 volt. This is an in-
crease of the forward bias, and
the transistor currents increase.
The increase of collector current
through the collector resistor
causes a greatervoltage drop, and
we have assumed the increase is
from 4 to 5 volts. The voltage at
the collector with respect to ground
has then changed from -2 volts to
-1volt. At the output, the coupling
capacitor has removed the DC
component and the output has swung
1 volt in the positive direction.

Fromthis action we see that the
output voltage of the common-
emitter circuit is 180° out of phase
during the negative swing of the
input signal as well as for the posi-
tive swing. We may thus general-
ize, saying that the common-
emitter circuit produces a 180°
phase shift in the output signal.

We have assumed that the input
gignal of 0. 1volt in figures 16 and
17 causes changes of 1 volt at the
output. Thus, the voltage ampli-
fication of 10 has been realized.
In practical circuits, gains even
greater than 10 are possible, par-
ticularly at low frequencies and
for limited bandwidth circuits.

The term 'gain,' as we use it
here, applies strictly to the ratio
between the output and input volt-
ages. In many discussions on
transistors, gain is a term re-
served for the power relationship
of the output to the input, and ""am-
plification" is used for either the
voltage or the current ratios. We
shall have more to say on this sub-
ject in a later lesson.

Figures 16 and 17 make use of
a PNP transistor. For a compa-
rable NPN circuit, the only notice-
able differences in the circuit is
that the polarity of the battery and
circuit voltages are reversed. A
positive swing at the input will still
cause a swing in the negative di-
rection at the output, and vice
versa.

The Common-Base Circuit

Figure 18 is a simplified ar-
rangement of acommon-base tran-
gsistor amplifier stage. We are
interested mainly in the operating
voltages and the phase relationship
of the input and output signals.

Two separate batteries supply
the proper bias at the junctions of
the PNP-type transistor in figure
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18. The grounded base is common
to the input and output circuits,
which is the reason for the desig-
nation '"common base."

The emitter is forward biased
by the 1.5 volt battery, the cur-
rent at the emitter junction being
limited to the correct value by
emitter resistor RE. The emitter
is 0.2 volt positive with respect to
the base, and for a PNP transis-
tor this constitutes a typical for-
ward bias.

The collector junction is biased
in the expected reverse direction
by the 6-volt battery. As a result
of emitter-collector current
through the collector resistor (RC),
there is a 4-volt drop across the
resistor and the collector is two
volts negative with respect to the
base. These are the established
DC values for the transistor be-
fore a signal is applied. Let's see
what happens when a signal reaches
the emitter.

A positive input signal to the
emitter makes the emitter more
positive with respect to the base
and increases (1) the forward bias,
(2) the collector current, and (3)
the drop across the collector re-
gistor. As a result of this in-
creased drop, the collector be-
comes less negative with respect
to ground. This is effectively the
same as going positive and, at the
output, the swing is from zero to
some positive voltage. From this
action we see that the output volt-
age swings in the same direction
as the input signal; there is no

phase change between input and
output.

During the negative half-cycle
of the input voltage at figure 18,
the opposite action takes place.
The emitter becomes less posi-
tive, decreasing the forward bias.
The collector current decreases
and so does the voltage across the
collector resistor. This means
that the collector is now more
negative with respect to ground
and the output swings in the nega-
tive direction. Thus, on both the
positive and the negative alterna-
tion, the output has the same phase
as the input.

The fact that the common-base
circuit of figure 18 causes no phase
change in the output and input sig-
nals is not afunction of the type of
transistor used; instead, it is a
function of the nature of the cir-
cuit itself. An NPN transistor
used as an amplifier in acommon-
base circuit will also produce sig-
nals at the output which are in
phase with those of the input.

[N]

COLLECTOR /

| EMITTER
BASE”

For an NPN Transistor, the Emitter
Should be Made Negative to the
Base and the Collector Should be

Positive.
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The values chosen for the analy-
gsis of figure 18 are the same as
those of figures 16 and 17. This
was done for convenience and does
not necessarily imply that the
gain of this circuit will be the
same as that of the common-emit-
ter circuit. Comparative gains of
transistor circuits will be dis-
cussed later.

The Common-Collector Circuit

The common-collector circuit
of figure 19 is electrically the
same as that of figure 14, but the
circuit has been redrawn in order
to allow the collector to appear at
the lower portion of the figure.
To facilitate grounding the collec-
tor, the negative side of the bat-
tery is grounded and the positive
gside connected to the emitter
through load resistor RE. For-
ward bias is provided by using a

In Actual Transistor Construction,
Wells are Made in the Sides of the
Base. Emitter and Collector
Materials are Next Placed in the
Wells. The Entire Assembly is
Then Heated to a Specific
Temperature for a Precﬁetermined
Length of Time.

2. See TM11-690, pages 42-51.

voltage divider (R1 and R2) across
the battery and connecting the base
at the midpoint. The resistance
values are chosen sothat the emit-
ter is 0.2 volt positive with re-
spect to the base.

The positive half-cycle of the
input signal swings the base more
positive, loweringthe forward bias
and causing the emitter current to
decrease. With less current
through the emitter resistor, the
voltage drop is also less and the
emitter becomes more positive
with respect to ground--this is a
positive swing of the output volt-
age.

During the negative portion of
the input voltage swing, the base
is driven negative (less positive),
increasing (1) the forward bias of
the base-emitter junction, (2) the
emitter current through the emit-
ter resistor, and (3) the voltage
drop across the resistor. The
emitter is now less positive with
respect to ground and the output
swings negative.

During each alternation of the
input signal, the output voltage
changes in the same direction.
This means that the input and out-
put are in2phase; there is no phase
reversal.

Summary

In this lesson we have learned
about the general construction of
the grown junction and alloy type
transistors. Transistors may be
constructed either '"PNP'" or
""NPN, " the letters indicating the
material used for the emitter,
base, and collector, respectively.
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Transistors usually have their
emitter-base junction biased in
the forward direction and their
collector-base junction reverse
biased. Forward emitter bias
produces a certain amount of
emitter current, most of which
appears as emitter-collector cur-
rent and very little of which be-
comes emitter-bhase current. The
reverse bias of the collector junc-
tion prevents any appreciable
amount of collector-base current.

The ability of the transistor to
amplify depends to a considerable
extent upon the ability of a small
variation in the base current to
cause a larger change in the col-

lector current. (More will be said
about this in the next lesson.)

In this lesson we also discussed
the standard symbols used for
transistors, and we learned how
the transistor resembles the triode
vacuum tube in some respects.
We found that there are three main
transistor circuits, namely, the
common emitter, the common col-
lector, and the common base. The
latter two, common base and com-
mon collector, provide an output
waveform which has the same
phase as the input. The common-
emitter arrangement, however,
causes a phase reversal (180°) be-
tween the output and the input.
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Industrial "Dispatcher" radiophone is designed specifically for
use on materials handling vehicles such as this fork truck.
Radio control of such trucks greatly increases storage and
warehousing efficiency.
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Lesson SA-4

Introduction

In this lesson we shall discuss
the transistor amplifier, being es-
pecially concerned with the ratio
of the collector current to the
emitter current or to the base
current. In addition to the current
gain of the transistor, we are in-
terested in the output resistance
or impedance compared with that
of the input, for in many circuits
this ratio accounts for the stage
gain. We shall also see various
methods of inter-stage coupling
for transistor amplifiers.

One means of classifying tran-
sistors is according totheir power
capabilities, and in this lesson we
shall deal only with low-power de-
vices. (Higher power units, such
as those which drive speakers,
will be discussed in a later assign-
ment.) These are the things which
we are about to study in this as-
signment. We shall start with the
currents in the transistor.

Transistor Currents
Unlike the vacuum tube--which

operates on the principle that a
small variation of voltage at its

input causes aconsiderable change
in plate current--the transistor is
not basically concerned with the
input voltage. Instead, transistor
operation depends upon a changing
current at its input junction, for
the current at this junction con-
trols the collector current.

When we speak of the transistor
input, then, we refer to current
variations at the emitter-base
junction; although the input may be
expressed in terms of the exter-
nally applied voltage, we should
think of the change of current tak-
ing place across the junction.

For the average low-power
transistor, 98 per cent or more of
the emitter current becomes col-
lector current. This means that
only 1 or 2 per cent of the emitter
current is left for base current.
Figure 1 shows these currents.
Here we find a PNP transistor in
acommon-base configuration, with

separate batteries biasing the
emitter and collector. The emit-
ter supply is typically low, 1.5

volts. The emitter resistor and
the emitter-base section of the
transistor are in series and con-
nected across the 1.5 volt battery.
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EMITTER BASE COLLECTOR

In Transistor Operation, the Current Changes are More Important than the
Input Voltages: These Current Changes Control the Output Signal.

Most of this battery voltage ap-
pears across the resistor and the
balance is the voltage drop across
the emitter-base transistor ter-
minals--the 0.2 volt is repre-
sentative of many low-power units.

The amount of current estab-
lished at the emitter junction is
much more important than the 0.2
voltage drop across the emitter
and base terminals. The emitter
resistor is chosen to allow the de-
sired amount of current, and in
figure 1 this is 1 ma. With nor-
mal collector bias, the emitter
current divides into 0.98 ma of
collector current and 0.02 ma of
base current.

One important factor in the op-
eration of the transistor and the
amount of collector current should
be recognized at this time. Once
the collector bias is sufficient
that the emitter carriers released
into the base are captured by the

collector, the value of collector
voltage has little effect on the
amount of collector current; in-
creasing the collector voltage does
not noticeably increase the collec-
tor current. Collector current
depends primarily upon and is
controlled by the emitter current.

Alpho (l’IFB and h‘b)

For the common-base circuit of
figure 1, the current gain--which
we call '"alpha" and refer to as
"« ", the Greek symbol for alpha
--is the ratio of the collector cur-
rent to the emitter current. (This
applies only to the condition where
the collector load impedance is
zero.) For the values of figure 1,
then, alpha is equal to0. 98 divided
by 1, or 0.98. In the common-
base circuit, the input (emitter)
current is always greater than the
output (collector) current, which
means that the value of alpha will
always be less than unity (1).
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The term alpha was originally
established to express the current
relationships of the common-base
circuit, and there may be some
confusion as to whether this ap-
plies to DC currents or to AC cur-
rents. Thus, in order to differ-
entiate between them, we now use
the expressions '""hgR' and "hfp, "
respectively, the '"B'' indicating a
common base circuit and the cap-
ital or small letters referring
either to DC or to AC.

The DC current gain hgp also
indicates the approximate current
gain (of the common-base circuit)
for large signal inputs. While the
values assumed above are for the
DC considerations of figure I, the
same results are evidenced if we
consider an input signal of suffi-
cient amplitude to swing the emit-
ter current between zero and 1 ma.
The corresponding change of col-
lector currentwill be from zero to
0.98 ma. Here we have a change
of 1 ma at the input causing a
change of 0.98 ma in the output;
the ratio of the change in output
current tothe change of input cur-
rent is . 98.

The current gain (hg)) for small
signal inputs will be nearly the
same as the DC current ratio so
long as the stage operates on the
linear or straight portion of its
characteristic curve. If the small
signal operates over some other
portion of the curve, however, the
gain will vary with the steepness
or '"'slope' of the curve.

From our discussion this far it
may seem impossible to secure
any amplification or gain from the
transistor, for the output current
does not vary as much as the input
current. As we shall soon see,
however, the input resistance (or
impedance) is low while that of the
output is considerably higher. This
provides voltage amplification and
power gain in the stage. Before
discussing this further, however,
it is well that we first look at the
current relationships of other
transistor circuits.

Beta (hFE and hf.)

Figure 2 shows the circuit of a
common-emitter amplifier, and
we have assumed the same values
used in figure 1: the emitter cur-
rent is 1 ma, the base current is
0.02 ma, and the collector current
is 0. 98 ma. Before we discuss the
current gain of this circuit, how-
ever, we shall study the biasing
arrangement, for only one battery
is used toprovide both the forward
emitter bias and the reverse col-
lector bias.

Disregarding the meter in the
emitter circuit, the emitter is
connected to the positive side of
the battery and is the most posi-
tive point in the circuit--all other
points will be negative (less posi-
tive) by comparison. Forward
emitter bias is secured by con-
necting the base return tothe mid-
point of R1 and R2. The bias volt-
age is then the voltage across R1
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minus the voltage drop across
base resistor RB. We will as-
sume that the net voltage between
the base and emitter is 0.2 volt,
the same as for figure 1.

Reverse collector bias is pro-
vided by returning the collector
load resistor (RC) to the negative
gide of the battery, which is
"ground" in figure 2. Although
both the base and the collector are
negative with respect to the emit-
ter, the collector is negative (less
positive) compared to the base and
hence is reverse biased.

For the common-emitter cir-
cuit, the input current includes
just the base current--not the en-
tire emitter current. Thus, the
input current is very small com-
pared to the output or collector
current, and the current gain is
the ratio of the collector current
to the base current. For the com-
mon-emitter circuit of figure 2,
the current gain, which was orig-
inally called Beta (g), is 0.98 di-
vided by 0.02, or 49. This is the
DC current gain, so we use the
designation hgg, the capital "FE"
indicating DC currents and the "E"
indicating a common-emitter cir-
cuit. In addition, this rating is
for the condition of a short-circuit
load at the output.

From the values of figure 2,
then, we may deduce that a change
of but .02 ma at the input (from 0
to 0.02 ma) can cause a change of
0.98 ma at the output, a gainof 49.
This is the current gain of the
common-emitter circuit for large

signal inputs. The current gain
for small signals is designated

hfe.-

Current gains for this circuit
range from low values of around
20 to values in excess of 200.

Alpha-Beta Conversions

There are definite relationships
between the alpha (a) and beta (8)
current ratings of a transistor
which allow a direct conversion
from one to the other. The con-
version formulas are as follows:

(1) B (Fp) =72

-

2) «a (hFB):TI:T‘

Let's take the values of figures
1 and 2 and see if these conver-
sion formulas apply. From figure
1 we have an alpha of 0.98. Ap-
plying this value in formula (1) we
have:

g« _ .98 _ .98
T-a 1-.98 .02

= 49

Using this value of beta (49), we
convert to alpha by using formula

(2):

B 49 49

“TTv B "1+49 50

= .08

From the above, we see that
these formulas may be used to
convert from a given value of
alpha or beta to the other with
relative ease.
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COLLECTOR CURRENT (Applies to common-base circuit
EMITTER CURRENT  "ith the collector load shorted)

THIS CURRENT RATIO IS ALSO DESIGNATED hFB OR hfb

ALPHA=

h = DC CURRENT RATIO
FB

f

h AN AC CURRENT RATIO

"8" indicates a common-base circui

—= =
e —

Alpha and "hFg" or "hfp" Ratings Refer to the Common-Base Circuit With
the Collector Load Shorted.

Common-Collector Currents

The preceding discussions about
transistor currents (including al-
pha and beta ratings) are concerned
with common-emitter and common-
base circuits. Nothing has been
said so far about the currents of
the common-collector circuit.
This arrangement is seen infigure
3.

In the common-collector circuit,
although the collector is common
to both the input and the output, as
far as the current gain is con-
cerned we are interested in the
base and emitter currents; they
are the input and output currents,
respectively. Thus, the current
gain is the ratio of the emitter
current to the base current. Us-
ing the values of figures 1 and 2
for figure 3, we have a ratio of 1
ma to 0.02 ma, a current gain of
50.

At first consideration, with a
high current gain it appears that
the gain realized in this common-
collector circuit is the highest of
all three circuits. On the con-
trary, there are other considera-
tions which enter into the picture
to cause the lowest power gain and
a voltage loss for the common-
collector arrangement. The cir-
cuit has some characteristics,
however, which makes itvery use-
ful and advantageous in certain
specific applications. We shall
study the circuit in greater detail
later.

In foregoing discussions we have
mentioned the resistances or im-
pedances of the various transistor
circuits and the fact that transis-
tor amplifier gain depends upon a
higher impedance in the output than
present at the input. We are now
ready to look further into this mat-
ter, beginning with the input.
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Input Resistance-Impedance

We often hear the term '"input
resistance''used in connection with
both vacuum-tube and transistor
amplifiers. While resistance nor-
mally refers to the opposition of-
fered to DC current, it is used
more freely here to indicate the
impedance or opposition to AC.
Strictly speaking, however, re-
sistance should bhe reserved for
DC opposition and in the follow-
ing discussion we shall follow this
idea and reserve the term impe-
dance (Z) for the AC opposition.

"Input Impedance,' then, is the
opposition to AC current encoun-
tered by a signal applied to the in-
put of some device. This imped-
ance is not always constant, but
varies with frequency and other
factors. As an example of input
impedance, inspect figure 4.
Here an input signal is applied to
a transistor amplifier, and the
amplifier offers a certain amount
of opposition (Z) to AC current.

The amount of impedance may
be determined if the input signal
voltage (ej,) and the current (i)
are known. This impedance may
then be calculated by applying
Ohm's Law for AC circuits, in
which impedance (Z) is substi-
tuted for "R,'" the DC opposition.
The formula now hecomes: Z - ejn
+iin. The small letters are used
here to indicate signal current and
voltage.

In figure 5 we see a more de-
tailed circuit showing the input im-

pedance of the transistor ampli-
fier. This is a common-base ar-
rangement, and for simplicity the
biasing arrangement has been
omitted.

There are two parallel paths for
the applied signal --through emitter
resistor RE and through the emit-
ter-base section of the transistor.
The resistance (and impedance) of
the emitter resistor is usually con-
siderably greater than the imped-
ance of the transistor, so, being
in parallel, it does not greatly
change the net impedance. The
total impedance in this instance is
determined almost entirely by the
transistor.

The emitter-base impedance for
this particular circuit is usually
in the vicinity of 200 ohms or less,
meaning that the input impedance
for the common-hase circuit is
very small. This low value of in-
put impedance is different from
the high input resistance we have
become accustomed to for the
vacuum tube, where the grid is
biased to prevent grid current.

The above mentioned value of
200 ohms or less is typical for
low-frequency applications where
the reactances (opposition to AC
current) of the wvarious circuit
capacitances are sufficiently high
that they do not affect the imped-
ance. At high frequencies, how-
ever, these reactances must also
be taken into consideration, for
they further decrease the input
impedance. Transistorcircuit he -
havior, such as feedback from the



Transistor Amplifiers--Typical Values

Page 7

EMITTER BASE COLLECTOR

P NP

iiv)

The Average Forward Bias at the
Emitter-Base Terminals of a
Transistor is About 0.2 Volt.

output to the input, also alters the
effective impedance at the input,
and again the effect varies with the
frequency and the circuit arrange-
ment.

Output Impedance

AC currents in the complete out-
put circuit of an amplifier encoun-
ter two separate impedances.
Represented in figure 6, these are:
(1) the impedance internal to the
device (the transistor in this case)
and (2) the external or "load" im-
pedance. If we are to avoid con-
fusion, it is important to differen-
tiate between these two impe-
dances. Thus. we will refer to
the internal impedance as the "out-
put' impedance. and to the exter-
nal impedance as the 'load."

The internal impedance cannot
be isolated to just one separate
factor internal to the transistor.

Instead, it depends upon many
factors such as the ratio of the
collector current to the collector
voltage, the internal feedback of
the unit, and the current gain of
the device.

Similarly, the load impedance
cannot be limited to the resistor,
coil, or tuned circuit which may
be in the collector DC current
path. Instead, anything connected
to the output of the amplifier, such
as the input circuit of the following
stage, becomes part of the output
circuit and alters the load imped-
ance.

In figure 6 the amplifier termi-

nates into a "load.'" For the final
stage of a receiver, this load is
the speaker. In many instances
the load is the input circuit to an-
other amplifier. Regardless of
the nature of this load, its pres-
ence must be taken into consider-
ation in determining the load im-
pedance of the amplifier.

Figure 7 shows a typical output
arrangement of a transistor am-
plifier which terminates into the
input of another amplifier. The
collector or output circuit has three
paths for the signal: (1) collector
resistor RC, (2) emitter resistor
RE, and (3) the emitter-base sec-
tion of the next stage. (The cou-
pling capacitor is chosen to have
negligible opposition to currents
at the signal frequency.)

The net impedance offered by
those three parallel paths is the
load impedance of the amplifier
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T
p————

COLLECTOR CURRENT

FE

BASE CURRENT
THIS IS ALSO DESIGNATED AS h__ oR h,,

h = DG CURRENT RATIO ﬂ

| hfe% AC CURRENT RATIO |

"E" indicates a common-emitter circuit.

(Applies to common-
emitter circuits.)

FE

= —— ———

Beta and "hgp" or "hgp" Ratings are Determined with the Collector Load
Shorted.

stage. For the transistor ampli-
fier, it is usual practice to match
the load impedance to the output
impedance, for this produces max-
imum gain. For the common-base
arrangement we have been consid-
ering, 50,000 to 100,000 ohms is
a typical output impedance.

Impedance Gain

The fact that the transistor
usually presents a low input im-
pedance and a high output imped-
ance accounts for its considera-
tion as a TRANSfer-resISTOR. If
it were not for this impedance
transformation, the transistor
might not be desirable as an am-
plifier.

For the common-base circuit, a
small signal current through a low
impedance is transferred into a
similar signal current at the out-
put, but here the current is estab-
lished in a high impedance. The

"gain" of this circuit is deter-
mined almost entirely by the im-
pedance ratio or gain.

Before discussing voltage am-
plification and power gain in tran-
sistor circuits, however, we shall
look at the typical impedances of
the various circuits. At this point
in our discussion we will consider
only the typical impedances for
low-frequency applications, such
as those used for audio amplifica-
tion.

Common-Base Circuit Impedances

The common-base circuit--see
figure 8--offers the lowest input
impedance and the highest output
impedance of all the various tran-
sistor configurations. We have
already discussed typical values
for the common base circuit in
the preceding paragraphs, finding
that the input impedance is likely
to be below 200 ohms. In fact, it
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would not be unusual for this im-
pedance to be below 50 ohms at
higher frequencies.

The output impedance often may
be as high as 100,000 ohms or
more. but it is not always possi-
ble to match this high output im-
pedance in the load. Merely to in-
sert a high impedance component
in the collector circuit is not
enough. The impedance of the re-
mainder of the output circuit (the
input to the next stage, etc.) must
be taken into consideration. A
further discussion of this involves
coupling methods and devices and
more will be said about these things
a little later in this lesson.

The ratio of the output impedance
to the input impedance is the high-
est for the common-base circuit.
This means that the impedance
gain of the circuit is the highest of
the three transistor arrangements.
Impedance gains as large as 1000
or more are common.

Common-Emitter Circuit Impedances

The input impedance of the
common-emitter circuit is not as
low as that of the common-base
circuit andits output impedance is
not as highas that of the common-
base arrangement. As indicated
in figure 9, a typical input imped-
ance ranges from 1000 to 5000
ohms and the output impedance is
likely to be somewhere between
10K and 50K ohms.

The impedance ratio or gain of
the common-emitter circuit is
usually around 10, which means
that this circuit, which has the
highest gain of all the various cir-
cuits, does not depend upon the
impedance gain alone for its ability
to amplify. We may recall from
our preceding discussion that a
current gain is also realized by
this circuit.

Common-Collector Circuit Impedances

The impedance condition for the
common-collector circuit (figure
10) is different from that of the
common-base and common-emitter
circuits--there is no impedance
gain from the input to the output.
Instead, the input impedance is
higher than the output impedance.

It is not practical to suggest
typical impedance values or ranges
of the common collector circuit,
for the input impedance is deter-
mined to a large extent by the load
impedance. We can, however, ex-
press a relationship between the
input and output impedance: de-
pending upon the current gain of
the transistor, the input impedance
will usually be somewhere between
20 times to 100 times the output
impedance. Thus for an output
impedance of 1000 ohms, the input
impedance will probably be between
20K and 100K ohms. Again, we
are speaking of low-frequency ap-
plications.
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While the common-collector cir-
cuit has an impedance loss from
its input to its output, it has a rel-
atively high value of current gain
which compensates to a large ex-
tent for the impedance loss and
makes the circuit very desirable
and practical for certain applica-
tions, such as impedance trans-
formation.

Amplification and Gain--
Common Base Circuit

We have already spoken of the
current gain within the common-
base circuit--the gain being hgp,
the ratio of the collector current
to the emitter current. In addi-
tion, we found that this circuit
possesses a high impedance gain.
These two factors account for the
voltage amplification and power
gain of the common-base tran-
sistor amplifier.

The amount of voltage amplifi-
cation is determined by the ratio
of the output signal voltage to the
input signal voltage and, by ap-
plying Ohm's Law to both the in-
put and output circuits, we can
readily determine these voltages
fromthe currents and impedances.

Referring to figure 11, with an
input signal current of 0.1 ma and
an input impedance of 50 ohms,
the input voltage is 0.005 volt; the
output voltage is calculated to be
4.9 volts (using the output current
and impedance). The ratio of the
output voltage to the input voltage
is 980. This value corresponds
closely to the impedance gain of
1000.

If the current gain (alpha) were
unity, the voltage amplification
would be equal to the impedance
ratio. The same value of voltage
amplification (980) results if we
use formula (2) in Figure 11, and
multiply the hpp by the impedance
gain.

The power gain of the stage is
the true indication of the worth of
the circuit as an amplifier, and
the power gain is the ratio of the
output signal power to the input
signal power. We can determine
the power gain of the common-base
circuit of figure 11 fromthe values
that are already known--the pro-
cedure is given in figure 12. In
fact, once the three values of volt-
age, current and impedance are
known, any of the formulas for
determining power may be used.

From figure 12 we find that the
power gain is 960, indicating that
the output power is 960 times
greater than the power at the in-
put. This value is also nearly the
same as the impedance gain: as
the value of hpp approaches unity
the power gain approximates the
impedance gain. In addition to
finding the power gain from known
values of output and input power,
we may determine the power gain
from alpha and the impedance
gain--the formula is given in fig-
ure 12. (This assumes the load
impedance is small compared to
the output impedance.)

The gain of the stage as speci-
fied in decibels is conveniently
determined from the power gain.
A power gain of 1000 is a 30-db
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gain, so a gain of 960 is slightly
less than 30 db. The actual cal-
culation (using 'logs'' or a chart)
establishes the gain at 29.8 db.

The db gain of the stage is de-
termined from the power gain
rather than from the voltage ratio
or amplification. The only time it
is permissible todetermine the db
rating from the voltage is when the
input and output voltages appear
across the same value of imped-
ance. This is not true of the
transistor circuits of figures 11
or 12.

Amplification and Gain--
Common Emitter Circuit

Figure 13 shows the basic ar-
rangement of a common-emitter
amplifier, and we have assumed
the same current values as for
figures 11 and 12. The impedance
gain of 10 is typical for this con-
figuration.

The voltage amplification is de-
termined in the same manner as
was done for the common-base
circuit. Two methods of deter-
mining the amplification are given
in figure 13: (1) the ratio of the
output and input voltages, and (2)
the current gain multiplied by the
impedance gain. The results (490)
are the same in both calculations.

The power gain of the common-
emitter circuit is illustrated in
figure 14. Calculations for the
individual powers of the input and
output circuits are impractical in
that they involve very small deci-
mal values. It is much more con-
venient to determine the power
gain from the known current and
impedance ratios, and the answer
will be the same. As shown, the
power gain is approximately 24,000,
and this is considerably greater
than the power gain of the common-
base circuit. This is a 44 db gain,
a value possible to realize in
practical circuitry.

Since the power gainof a circuit
is the true indication of the am-
plifier's worth, the common emit-
ter circuit is the most often used.
Only where their characteristics
are more suitable for the needs of
a particular stage is it advanta-
geous to use other circuits.

Amplification and Gain -
Common Collector Circuit

We have already seen that the
common-collector circuit is sim-
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ilar in its operation and charac-
teristics to the cathode-follower
vacuum-tube circuit. Continuing
with this comparison, the com-
mon collector would be called an
"emitter follower.' There is no
voltage amplification and the
power gain of the circuit is the
lowest of all three transistor ar-
rangements. The current gain of
the circuit is the highest, being
the ratio of the emitter (output)
current to the base (input) current,
The current gain is slightly higher
than beta (hfg).

Referring tothe common-collec-
tor circuit of figure 15, with an
emitter current of 0.1 ma and a
base current of .002 ma, the cur-
rent gain is 50. With this high
value of current gain we might
anticipate a large voltage amplifi-
cation and power gain, but there
is an impedance loss rather than a
gain, with the result that there is

EMITTER BASE

- — COLLECTOR
TERMINAL TERMINAL

TERMINAL

Here We See the Actual
Construction of a Low-Power,
Low-Frequency Transistor. The
Actual Size May be Judged by the
Size of the Needle at the Right.

no voltage amplification and little
power gain--the stage is not very
desirable as an amplifier. Instead,
this circuit is usually employed as
an impedance-matching device.

The output impedance is deter-
mined to a great extent by the
source impedance and the current
gain. In practical circuitry we
find that the input impedance is
between 20 and 100 times the load
impedance.

The voltage ratio of the output
to the input (the amplification) is
found by the now familiar method
of multiplying the current gain by
the impedance gain. Regardless
of how large the current gain may
be, the impedance ratio always
changes accordingly and the am-
plification is always less than 1.

The power gain is also deter-
mined from the current and im-
pedance ratios. In the figure we
find that a power gain of 45 has
been realized, and this is rela-
tively low compared to the power
gains of the common-base and
common-emitter circuits. If tran-
sistors having higher current gains
are used, the power gain will also
be higher. Typical values of power
gain range from 20 to 200 (13 to
23 db). !

Coupling Transistor Stages

Whether we are concerned with
vacuum tube or transistor ampli-
fiers, the coupling between stages
or at the input and output presents
a problem. The procedures and

1. See Basic Theory and Application of Transistors (TM11-690) pages 52-84 and pages 102-

111,
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considerations associated with
vacuum-tube amplifiers also apply
to transistor circuits. Compared
to vacuum tube circuitry, how-
ever, transistor input and output
impedances usually have a greater
variation and hence require closer
attention.

Among the more perplexing
problems encountered in transis-
tor circuitry which are not as
noticeable with vacuum tubes are
the interaction between the input
and output circuits and the effect
of the impedance of one circuit
upon the impedance of the other.
As an example, as the output load
impedance increases the input im-
pedance decreases and vice versa.
This effect is hardly noticeable
with vacuum tubes, for changes of
plate load impedance donot notably
change the effective grid imped-
ance.

The most common methods of
coupling transistor stages are
transformer coupling and RC cou-
pling. We shall discuss each of
these separately, beginning with
transformer coupling.

Transformer Coupling

Maximum gain within one stage
or several stages of amplification
is made possible by the impedance-
matching transformer. By ad-
justing the turns ratio, the output
impedance of one stage is matched
to the input impedance of the next
(or to some other load). Unless a
match is effected, the over-all
gain will be sacrificed.

This Power Transistor is Considerably
Larger Than the Low-Power
Transistors Discussed in this

Lesson.

Transformers, unfortunately,
have several disadvantages. They
are heavy and space consuming,
which is notconducive to their use
in light, compact equipment. In
addition, transformers which are
small enough to be practical for
such equipment are expensive.
Transformers are also subject to
hum pickup and core saturation.

Transformers for transistor
circuits are designed in much the
same manner as those for vacuum-
tube circuits. The turns ratio is
determined by the desired imped-
ances of the primary and second-
ary, and each winding depends
upon the power requirements and
the desired frequency response.

Figure 16 shows a simple cir-
cuit of a common-emitter ampli-
fier stage having transformer cou-
pling at both its input and its output.
The biasing method for this circuit
is interesting--one battery is used
for both emitter and collectorbias.
The positive side of the battery is
grounded and is thus connected di-
rectly to the grounded emitter.
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A voltage divider composed of
R1 and R2 provides the desired
forward emitter bias, with the
voltage across R2 being the volt-
age at the emitter and base. The
collector is connected to the nega-
tive side of the battery through a
transformer winding and, with
negligible DC voltage drop across
the windings, the voltage across
R1 is the reverse collector bias.

The input transformer (figure
16) serves as an impedance-
matching device between a high-
impedance source (connected to
the primary of the transformer)
and a low-impedance load (the
input circuit of the amplifier).
Because of this impedance match,
maximum signal power reaches
the input circuit.

The fact that the primary has a
greater number of turns than the
secondary means that the low-
impedance load of the secondary
actually looks like a high imped-
ance to the primary. (The re-
flected impedance to the primary
is determined by the square of the
turns ratio. A transformer having
a 5 to 1 turns ratio has an imped-
ance ratio of 25 to 1, and a 1000
ohm load at the secondary looks
like a 25000 ohm load in the pri-

mary.)

It may appear that the lower
secondary voltage (due to the step-
down ratio of the transformer) is
less desirable than a higher volt-
age such as that of the primary.
This is not the case. We must re-

This Photo Shows the Typical
Construction of Medium-Low Power
Audio Transistors.

member that the transistor is a
current operated device, and the
fewer turns in the secondary is
capable of delivering higher cur-
rents to the low-impedance input
circuit--assuming that the imped-
ances are matched--than can be
delivered by a higher voltage sec-
ondary. By matching the imped-
ances, then, maximum power is
available at the input circuit of the
amplifier. The signal currents in
the base circuit--through the emit-
ter-base junction--cause appre-
ciable changes in collector current.

At the output of the stage we have
the same problem encountered :-
the input--a high impedance is de-
sirable for the collector circuit,
but the load (the input of the fol-
lowing stage) is a low impedance.
Again the impedance-matching
transformer is the answer. The
primary of the output transformer
has a large number of turns and a
high impedance; the secondary has
fewer turns and a low impedance.
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The turns ratio is controlled so
that the load impedance at the sec-
ondary reflects the desired imped-
ance into the collector circuit.
Thus, the effective load in the
collector circuit depends directly
upon the impedance of the load con-
nected to the secondary.

The circuit of figure 16 is by no
means the final arrangement which
might be found in equipment.
There are other factors such as
feedback and neutralization which
often require additional circuitry,
and, in most transistor circuits,
some provision is made to mini-
mize the effects of temperature
changes within the transistor.
These things will be discussed in
detail as we progress with our
study of transistor circuits and
operation. Right now we are ready
to continue with coupling methods.

RC Coupling

While transformer coupling is
advantageous to use in audio cir-
cuits where large signal currents
and powers are present, or where
tuned circuits are necessary, the
RC coupled amplifier finds many
applications where compactness,
light weight and economy are the
important factors. R-C coupling
is particularly adaptable to low-
level audio stages, where the hum
pickup by transformers is very
detrimental.

Figure 17 gives the basic circuit
components of RC coupling between
stages. The coupling components
are the collector resistor (RC), the

coupling capacitor (CC) and the
base resistor (R2). These com-
ponents correspond to the plate
load resistor, the coupling capaci-
tor and the grid resistor, respec-
tively, in RC-coupled vacuum-tube
stages.

Resistor R1 forms a voltage di-
vider with R2 to provide forward
bias to the emitter junction of
transistor Q2. The output voltage
of the first stage is coupled to the
base of the second stage by the
coupling capacitor. The reactance
(AC resistance) of this unit must
be small compared with the imped-
ance of the associated resistors,
and with a low-impedance input to
the second stage, the reactance of
the capacitor will be extremely
low--much lower than we are ac-
customed to find in vacuum tube-
circuits. In fact, in order to pro-
vide a low reactance for this ca-
pacitor at low audio frequencies,
it is necessary to use an elec-
trolytic or tantalum type. Due to
the low supply voltage, a unit hav-
ing a low voltage rating will suf-
fice.

Another difference between the
coupling capacitor of figure 17 and
that of the vacuum-tube circuit is
in the tolerable leakage current.
The slight leakage of electrolytics
does not normally have any great
effect upon the operation of tran-
sistor stages, although the same
leakage in vacuum-tube circuits
may produce a substantial change
in the operation and damage some
of the circuit components.
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Unlike transformer coupling, RC
coupling does not provide an im-
pedance match between stages.
The input of the second stage de-
termines to a large extent the im-
pedance presented to the output
section of the preceding stage. As
a result, the RC-coupled amplifier
provides less power gain: their
gain varies with the degree of
matching between the desired im-
pedance at the output of one stage
and the input impedance of the
next stage.

Figure 18 compares the gains
that may be realized with two
stages of RC coupling, using dif-
ferent configurations and various
values of input and output imped-
ances. The indicated gains are
for transistors having the char-
acteristics shown at the top of the
figure. The configurations of the
stages are abbreviated CB, CC
and CE, referring to common
base, common collector and com-
mon emitter, respectively.

The two columns at the left show
source and load impedances.
Stages in the upper group have the
same input and output impedances:
those in the middle group have in-
put impedances which are lower
than the output impedances: those
in the last group have output im-
pedances which are lower than the
input impedance.

The importance of matching the
transistor impedances can be seen
by the gains for the two-common
collector stages, (1) where the in-
put is low and the output high, and

(2) where the input is high and the
output is low. With a 100-ohm
source and 100K-ohm load, the
(CC) gain is -24 db, indicating a
considerable loss. A 100K-ohm
source and a 100-ohm load, how-
ever, result in a gain of 33.5 db.
The difference in gain is thus
57.5 db, a power ratio of nearly
1,000,000 to 1.

Although the double common-
emitter arrangement yields max-
imum gain in mostinstances, there
are certain conditions where some
of the other configurations yield
comparable results, often with a
reduction of distortion.

Other Coupling Methods

In addition to transformer and
RC coupling, we occasionally find
impedance-coupled and direct-
coupled stages. let's discuss
briefly each of these.

Impedance coupling isvery sim-
ilar to resistance coupling, the
only difference is that one of the
two resistors used for RC coupling
is replaced by a coil or a tuned
circuit. In figure 19A, we find a
coil (1) in the collector circuit of
Q1. This coil presents an imped-
ance to AC currents at the signal
frequency. The big difference be-
tween this and RC coupling is that
the coil offers a high impedance
to AC but at the same time its DC
voltage drop is very small.

Direct coupling is shown in fig-
ure 20. Only one resistor, com-
mon to both the collector and base,
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Here We See the Comparative Size
of Low and High Power Transistors.

is required. The collector of Q1
is connected directly to the base
of Q2, so these two points are at
the same DC potential. The cir-
cuit has several distinct advan-
tages. First, there are a mini-
mum number of parts in the cou-
pling circuit, resulting in savings
of both space and money. Second,
where the DC components of the
signal must be preserved (or am-
plified) it is still present at the
output of Q2. (One particular ap-
plication is the DC restorer-am-
plifier circuit of TV receivers.)

There is one
tage, however,
greater use of
All transistors

great disadvan-
which prevents
direct coupling.
have a certain
amount of DC instability with
changes of temperature. This
problem is multiplied by succes-
sive stages of direct coupling, with
the result that a large amount of
feedback must be used to bring
about satisfactory stability. This

2. See TM11-690, pages 118-124,

feedback limits the gain which may
be realized in each stage. -

Summary
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