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PREFACE

In its relation to Basic Electricity and Basic Electronics, the
subject of transistors and FM fundamentals marks the most im-
portant addition to the Common-Core program since its inception.
Beginning in 1953, when it was first adopted, and persisting until
the present time at U.S. Navy specialty schools, the Common-Core
program in Electricity and Electronics has been the means for in-
struction of over 100,000 Naval technicians. Results have been so
outstanding as to attract the attention of the world.

Consequences are not limited to Naval technician training. Since
release to civilians in 1954, thousands of industrial and commercial
personnel, high school, college, and “after-hours” students have en-
joyed like benefits and, as an implementing medium for the National
Defense Education Act of 1958, these training tools will continue
to improve this country’s technical education and accelerate its
growth.

Overflowing the boundaries of the United States and Canada,
the Common-Core program has also taken solid root overseas. Many
military, as well as industrial and commercial, organizations and
civilian educational school systems have seen its advantages and
adopted this program in various translated forms as a ready-made
stepping stone for raising the level of technical education in for-
eign countries.

The Common-Core program has been described as pointing the
way to the future and constitutes a distinct departure from the
“classical” methods of technical education and textbook production.
Its primary objective is to prepare a person to apply technology in
a real job situation, and it concentrates on making technical educa-
tion interesting and comprehensible, without the usual prerequisites
of higher mathematics, physics, and the like.

The free world must foster technical education among its peo-
ple, and this simple volume on transistors, solid state physics, and
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FM techniques is an efficient medium for the extension of workirg
knowledge on these subjects in those countries where the Common-
Core program has been introduced.

A number of the processes, devices, and circuit arrangements
described in this book are proprietary. The fact that they have been
included does not imply that information is available, without per-
mission, for use in design, manufacture, or sale. It is presented here
solely for educational purposes. No one having part in the prepara-
tion or publication of this volume will be responsible for any liability
resulting from the unlicensed use of this material.

For authorization to reproduce their designs, special apprecia-
tion is extended to the Radio Corporation of America and to the
Heath Company, subsidiary of Daystrom Incorporated.

When Common-Core materials were released by the U.S. Navy
in 1954, it was the intent that fundamental technical knowledge be
placed within the grasp of men and women who would employ it for
their own benefit and that of their country. In 1959, it is hoped that
the addition of this volume on transistors and FM fundamentals will
further the Navy’s original objective.

Van Valkenburgh, Nooger & Neville, Inc.

New York, N. Y.
September, 1959
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SOLID STATE ELECTRONICS

Brief History of Transistors and Semiconductor Diodes
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The vast new field of solid-state electronics is represented by the
transistor and the semiconductor diode—the first commercially available
devices. These new devices are undoubtedly the most important develop-
ments in present-day electronics.

The semiconductor diode is a highly perfected development of the
crystal detector used in the early radio receivers of 1906. This new de-
vice can detect, mix and rectify alternating current signals with excellent
efficiency and has a wide variety of important new applications. The tran-
sistor was discovered in 1948 as the result of extensive studies of the
operation of semiconductor diodes. Its name was derived from the words
“transfer resistor” which describes the phenomenon which enables a com-
pletely solid device to amplify electrical signals.

Within the next few years these two devices will extensively replace
vacuum tubes in many types of existing equipment, and they will be em-
ployed in a wide variety of domestic, transportation, industrial, scientific
and military equipments which do not employ electronics at present. This
is not the only significance of transistors and semiconductor diodes. As
perfected representatives of the field of solid-state electronic devices
they give a preview of new solid-state devices which are now in various
stages of development. These devices will result in great advances in do-
mestic and industrial illumination, electric power generation, conversion
of electric power to mechanical motion, computer memory storage, ultra-
high speed data transmission, detection and measurement of physical and
chemical changes, electronic ignition and a vast variety of other aspects
affecting our domestic and industrial life.
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SOLID STATE ELECTRONICS

Brief History of Transistors and Semiconductor Diodes (continued)

I
% OF THE EARLY NVESTIGATORS
s

woR

THE ATOMIC
THEORY

Much investigation and experimentation was necessary before there
could be any concept of the possibility of semiconductor diodes and tran-
sistors. The work of Volta, Ampere, Gauss, Faraday, and Hertz had to be
accomplished and understood.

The discoveries that had been made in electricity raised many prob-
lems concerning the nature of matter. Astronomical investigations by
Galileo, Tycho, Kepler and Newton also led to a great curiosity concerning
the nature of matter. Investigations into matter itself by Romford, Davy,
Carnot, Young, Fresnel, Maxwell, Hertz, Zeeman and Lorentz led to more
questions than answers.

The first real breakthrough to the modern concept of matter came in
1897 when Sir J.J. Thompson discovered the electron while studying elec-
tric discharges through rarified gasses. Thompson’s discovery was rapialy
verified by other investigators. In 1913 Bohr evolved the basic theory of
atomic structure, and that theory has been developed to our present-day
concept of the nature cf matter.

According to this theory all materials consist of various combinations
of some one hundred different types of atoms. The atom is defined as the
smallest unit into which an element may be divided before it loses its phy-
sical and chemical identity. Regardless of its specific element identification
any atom consists of a positively charged nucleus around which one or more
negatively charged electrons rotate. The electrons rotate in orbits which
make up rings or shells located at various distances from the nucleus. The
number of electrons in the various rings or shells are characteristic of the
specific element to which the atom belongs. The electrons in the inner
rings or shells have nothing to do with the ability of an atom to enter into
chemical combinations with other atoms or to exhibit its various electrical
characteristics; that is determined only by the electrons in the outer ring.

The electrical characteristics of an atom are determined by how tightly
the nucleus holds onto its outer electrons. If the outer electrons are easily
stripped off the atom by a low voltage electric field, the material will con-
duct a large amount of current; and the material is known as a “conductor?”
If a very large electric field is required to strip the electrons off the atom,
the material is known as an “insulator.”

6-2



SOLID STATE ELECTRONICS

Brief History of Transistors and Semiconductor Diodes (continued)

The material which is used in transistors and semiconductor diodes,
and in most solid-state physics applications, is known as “semiconductor”
material. This term is a general one and applies to all materials having
an electrical resistance falling in the range between conductors and in-
sulators. The materials which are of greatest use in present-day transis-
tor applications are germanium and silicon, the characteristics of which
will be considered shortly.

Interest in semiconductors began back in 1873 when it was discovered
that rods and wires of selenium exhibited a decrease in electrical resis-
tance when struck by sunlight. It was demonstrated that this was due to
the presence of light and not due to heating, which normally result in an
increase in electrical resistance. Later investigators found similar ef-
fects in other materials, but the change in resistance was so small that
no practical applications could be found.

The next significant development concerning semiconductors was in
1906. At that time a variety of crystalline semiconductors were used as
detectors of radio signals. Materials used for this purpose included
galena (lead sulfide), silicon, iron pyrites and carborundum. The most
common detector arrangement consisted of a piece of crystalline galena
in contact with a short length of flexible wire, known as a “cat whisker.”
This device known as the “crystal detector” was used in the circuit ar-
rangement shown in the diagram. This setup permitted the reception of
radio signals, since the crystal acted as a rectifier which permitted easy
current flow in only one direction.

THE FIRST SEMICONDUCTOR DETECTOR RADIO

The CRYSTAL SET
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SOLID STATE ELECTRONICS

Brief History of Transistors and Semiconductor Diodes (continued)

The success of the crystal detector was short lived. The thermionic
valve, rhore popularly known as the “vacuum tube” in the United States,
was developed, and it served as a much more reliable detector than the
crystal arrangement. In addition, vacuum tubes could amplify the detector
output signal to an amplitude and power level sufficiently high to drive a
loudspeaker.

During World War II radar was in a continuous state of development.
One of the most important problems in radar was the detection of its ex-
tremely high frequency radio signals. Improvement in locating small
targets required an increase in radar frequency, and each increase in
frequency caused new problems in the vacuum-tube first detector (mixer)
stage. New types of vacuum tubes were developed for the purpose, but
eventually a frequency limit was reached beyond which vacuum-tube mixers
would not operate. Crystal mixers were tried, and the silicon semi-
conductor type was found to be the most successful. Improved types of
this mixer are widely used today in microwave radars.

While crystal mixers were being developed, a variety of semicon-
ductor materials were investigated. Of these silicon and germanium were
found to have very interesting properties, and these were investigated
very extensively and systematically as soon as the war was over.

THE
VACUUM-TUBE
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SOLID STATE ELECTRONICS

Brief History of Transistors and Semiconductor Diodes (continued)

One of the first developments was a diode detector made of german-
ium. This detector was used in radio, television and miscellaneous elec-
tronics applications, but there was only a very limited need for a detector
of this type.

During the development of germanium detectors a very important
discovery was made. It was found that when two very close electrical con-
tacts were made with a piece of germanium, the current flow through one
t

E",.-o-

of the contacts affected the amount of current flow through the other con-

-+

act. This effect was found to be similar to the signal amplification occur-
in a vacuum tube, except that no heated cathode and no vacuum was
required.

An enormous amount of experimentation was conducted with this
arrangement at the Bell Telephone Laboratories. The result was that in
1948 there was announced the development of the first solid-state ampli-
fying device, the transistor. This discovery led to a new interest in semi-
conductor diodes, and their perfection led to the development of a wide
variety of important new uses.
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SOLID STATE ELECTRONICS

Introduction to Solid-State Electronics

10 YEAR OF PROGRESS

Electrical Contacts to Germanium

i[Hea

Variable
Hesistor

esulted In a large )
© A0 this curremt |

FROM THIS... Saih

Learning about transistors and semiconductor diodes is the first step
in preparing for future important work in the field of solid-state electron-
ics. Extremely conservative predictions indicate that within the next ten
years this field will encompass a broader and larger volume of applications
than is contained today in the entire area of vacuum-tube electronics.

To give some idea of the progress that can be expected in the field of
solid-state electronics, make a survey of the impact that transistors alone
have had upon our industry and technology.

The first successful transistor was produced in 1948 at the Bell Tele-
phone Laboratories. Ten years later transistors were successfully used to
relay to earth information collected by the missle-launched satellites and
space vehicles. Transistor sales amounted to about 70 million dollars, and
in the next year the sales rose to just under 100 million doliars. Conserva-
tive estimates indicate that by 1968 the total sales of transistors will ex-
ceed 500 million dollars, with a total production quantity of over 500 million
transistors. Note that these figures do not include the cost of the equip-
ment into which these transistors will be installed. Semiconductor diodes
which are closely related to transistors, are expected to have a sales level
exceeding that of transistors.
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SOLID STATE ELECTRONICS

Introduction to Solid-State Electronics (continued)

B Transistors will be used in. . .

MILITARY
APPLICATIONS

FUTURE OF

TRANSISTORS $

COMPLETE
AUTOMATION
SYSTEMS

It should be completely obvious to those who are interested in trans-
istors that their efforts in learning about these new devices will be greatly
rewarded. Today there are enormous opportunities for interesting and
important work in the fields of transistor and semiconductor diode appli-
cations. These opportunities will be multiplied vastly in the field of solid-
state electronics that is just beginning to be developed.

It may be asked why transistors are so important today, since most of
the major developments are yet to come. At the present time the most im-
portant aspect of transistors is their replacement of vacuum tubes in a
wide variety of applications. About 65 percent of present day transistors
are used in the field of entertainment and domestic applications, about 25
percent of the transistors are used in the industrial and commercial fields,
and about 10 percent of transistor production goes to military applications.

In a few years transistors will become well established in fields
where vacuum tubes have only a tentative foothold today. These fields in-
clude industrial controls, complete automation systems, computers, and
automatic data transmission systems. It is expected that there soon will
be an enormous expansion of the use of transistors in military applications.
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SOLID STATE ELECTRONICS

Advantages of Transistors

There may be some question as to why transistors are being accepted

so widely as replacements for vacuum tubes. There are six basic advantages

that transistors have over vacuum tubes. These advantages are outlined

briefly in the paragraphs that follow.
First, transistors are extremely

small in size, ranging from the dimen-

sions of subminiature vacuum tubes down

to less than a quarter of that size. This

! Subminiature
small size permits the miniaturization Tube
of equipment, which is of great conven-
ience in the entertainment and indus- %
trial fields and of vital importance in
military applications. Transistor

el
Old Style
Vacuum Tube

Second, transistors are
inherently capable of perform-
ing their function for an in-
definite period of time without
deterioration of operating
characteristics, as is the case
with vacuum tubes.

Third, transistors have a much lower
power consumption than vacuum tubes.
The reason for this is that transistors
operate without the need for the heated
cathode that is required by vacuum
tubes. Heating the cathodes of vacuum
tubes accounts for a large proportion
of the power requirements of vacuum-
tube equipment. These large power re-

Battery for

Radio

quirements make it difficult to produce m
portable battery-powered vacuum-tube Battery for
equipment that has a reasonably long Transistor Radio

operating time. With transistors the
same equipment can be made not only A :
lighter and smaller, but the operating LOW POWER
time can be in the order of five times CONSUMPTION
longer.

6-8
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SOLID STATE ELECTRONICS

Advantages of Transistors (continued)

. . LOW VOLTAGE
Fourth, transistors require lower REQUIREMENTS

B+ power supply voltages: from 10 to

75 volts as compared to 75 to 350 volts
generally required by vacuum tubes.
Use of these lower voltages reduces the
filtering, hum shielding and voltage
rating requirements of the power supply.
The lower insulation requirements per-
mit the use of R, L and C components
significantly smaller in size than those
used in conventional vacuum-tube
equipment, permitting the miniaturiza- Requires 75 to
tion of transistorized equipment. 350 Volts B+

Fifth, when transistors reach the
mass production level presently held
by vacuum tubes, it is expected that
their prices will be lower than the e-
quivalent tube. At the present time the
average transistor retail price is be-
tween $2.50 and $3.00. By 1964 it is ex-
pected that this average price will be
from $.50 to $1.00. When this stage is
reached, there will be no longer any

1964 considerations of higher transistor
$.50-31.00 costs to retard their use in equipment.

Sixth, a transistor circuit is gen-
erally simpler and requires fewer com-
ponents than an equivalent vacuum-tube
circuit. When this feature is combined
with the small size and low power re-
quirements of transistor circuit com-
ponents, it permits the construction of
subminiature equipment and subminia-
ture modules for larger equipment sys-
tems. Since mass production can be
used to provide such modules at low
cost, they can be made available to
simplify the task of keeping equipment
in operation. They provide means for
the speedy and economical replacement
of complete sections of the equipment,
rather than going through the slow and
henceforth costly process of trouble lo-
calization and component replacement.

1959
$2.50 - $3.00
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SOLID STATE ELECTRONICS

Semiconductor Materials

NUCLEUS AND
INNER ELECTRON

To understand how transistors and semiconductor diodes operate it is
first necessary to become familiar with the characteristics of the basic and
modified materials that are in use.

The basic materials in commercial use are purified germanium and
silicon which have been processed specially to the crystal state. These
materials are excellent insulators because the crystalline structure very
effectively bonds in place all of the outer electrons which would normally
be free to enter into current flow.

The diagram shows a simplified picture of a pure crystalline semi-
conductor material such a germanium or silicon. Each atom has four outer
electrons, which are shown as small minus signs. The inner electrons
which are bound to the nucleus, and the nucleus itself, are shown as a
single solid black dot. Because of the crystalline structure the nuclei are
aligned in a symmetrical arrangement, and each outer electron shares an
orbit with one outer electron from a neighboring atom. It is this orbit-
sharing arrangement which effectively locks each electron in place, and
not any unusually strong bond between the electron and its nucleus.

For an applied voltage to cause electron current flow, it would have to
be sufficiently high to break the electron bonds before those electrons would
be free to flow towards the positive voltage terminal. In breaking these bonds
the voltage would also destroy the crystalline structure.
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SOLID STATE ELECTRONICS

Semiconductor Materials (continued)

Since no electric current will flow through the pure crystalline ma-
terial described, that material must be modified to obtain a controllable
amount of electric current flow.

One method of obtaining current flow is to add a small number of
atoms which have five outer electrons. Atoms which are suitable for this
purpose include phosphorous, antimony, and most frequently arsenic.
These atoms are distributed through the pure basic material as it is being
processed into the crystal state, and the resulting structure is shown in
the diagram. The proportion of impurity atoms added is in the order of one
part per hundred million. A larger proportion produces a current flow that
is not precisely controllable.

The impurity atom enters into the structure in the same manner as
the atoms of the basic material. The one important difference is that the
extra outer electron of each impurity atom remains unbonded to the crystal
structure. If a DC voltage is connected across the ends of a piece of such
material, those unbonded electrons are free to flow through the crystal
structure towards the positive terminal. The total number of unbonded
electrons in the crystal always remains the same — each electron that
leaves the crystal at the positive terminal is replaced by one that enters
at the negative terminal. As a result there is a continuous flow of current.

Since the current flow in this material consists of excess negative
particles (electrons), the material is known as an “excess” or “N-type”
semiconductor.

N-TYPE

{Arrows show direction of
Electron Current Flow)\)

a2l |

" ;

!

® & & o o o 0 0 i
R EEEEE
CURRENT FLOW IN *e 00 0 00
N-TYPE SEMICONDUCTOR 9 980 08 06

- = Electron
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SOLID STATE ELECTRONICS

Semiconductor Materials (continued)

There is another method of modifying the pure basic crystalline ma-
terial in order to obtain a controllable amount of electric current flow.
During the processing of the basic material, impurity atoms such as alu-
minum, boron or indium are added in small amounts. These impurity
atoms have only three outer electrons, and they enter into the crystalline
structure as shown in the diagram.

Comparison of the diagram with that of the pure basic material shows

that the modified structure has a missing electron for each impurity atom.

The space in the structure caused by the missing electron is known as a
“hole.” Note that the hole is not necessarily located in the immediate vi-
cinity of the impurity atom. During processing the impurity atom attracts
a nearby outer electron to fill the gap in the surrounding crystal structure
and the hole “moves” elsewhere. A succession of outer electrons may
leave their nuclei to fill the gap, and the hole may move a considerable
distance before it reaches a state of equilibrium.

If a DC voltage is connected across the ends of a piece of such ma-
terial, the hole has the characteristics of a positive charge and flows
towards the negative terminal of the voltage source. The total number of
holes in the crystal always remains the same. Each hole that reaches the
negative end of the crystal is neutralized by an electron which leaves the
negative terminal and enters the crystal. This gives the crystal an excess
negative charge. A neutral charge is regained by the crystal when it dis-
charges an electron to the positive voltage terminal and creates another
hole. The new hole flows towards the negative terminal, and the result is
the continuous flow of holes through the crystal and a continuous flow of
electrons through the connecting wires.

Since the current flow in this material is caused by defects (holes)
in the crystal structure and these defects simulate positive charges, the
material is known as a “defect” or “P-type” semiconductor.

P-TYPE_SEMICONDUCTOR

Direction of Electron Floiv:."_ SIMPLIFIED DIAGRAM OF

- P‘

I I + - TYPE SEMICONDUCTOR

" " manium Impurit Missi
) Atom.l7 ‘ Atom Y i\(H:JSlsel)ng Electron
' e o0 0 00 00 ~0— _g- _‘_ _e_ V! ' |
o+. ote o oo o ! U U ] 7— —,.— —T‘
| |
- e 000 0 0 00 -o- & _/ ! )
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SEMICONDUCTOR DIODES

’ - Pulling and
Rotating Force

Sealed
Container

Basic Construction

Cut Germanium Bar
Grown N-Type Germanium Rod Molten
Grown P-Type Germanium Rod Germanium

Induction
Heating
Coil

Case

SSS3SY

SAMNNNY

Wire Lead
N-Type P-Type Crucible

SIMPLIFIED DIAGRAM OF
GROWN JUNCTION DIODE

A semiconductor diode consists essentially of P- and N-type semi-
conductor materials in close contact with each other.

There are two basic types of semiconductor diodes in use today-—the
junction and point-contact types. There are several fundamental variations
of each basic type which should also be considered at this time.

Two different types of junction constructions are in common use. In
one type the junction is “grown” into the diode, and in the second type the
junction is formed by diffusion.

A simplified diagram is shown of the arrangement for making a grown
junction. A crucible containing pure germanium is suspended inside a
sealed container which can be evacuated or filled with inert gas. An induc-
tion heating coil is used to heat the germanium to the melting point. To be-
gin the formation of the diode an N-type impurity is added, and it diffuses
throughout the melt. A small bar cut from single-crystal germanium is
dipped down to touch the surface of the melted germanium and then it is
slowly withdrawn and rotated. The melted germanium solidifies at the
point of contact with the solid bar, and the withdrawing process causes the
growth of a rod of N-type germanium. This rod is actually a single perfect
crystal with a diameter in the order of one inch.

The junction is formed after the rod is grown to the length of about a
half inch. Sufficient P-type impurity is added to neutralize the N-type im-
purity and to convert the germanium to the P-type. The withdrawing pro-~
cess is continued, and the remainder of the rod is of P-type germanium.

The entire rod is a single crystal of germanium, and the only differ-
ence is the type of impurity .in the two halves. The P-N junction region is
cut out of the rod and is diced up into as many as a hundred or more small
junctions. Each piece has wire leads fused or soldered to it, and the as-
sembly is mounted in a container which gives mechanical protection and
isolation from contaminating atmospheres.

s 6-13
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SEMICONDUCTOR DIODES

Basic Construction (continued)

making an

N-Type
Germanium Plate A L L 0 Y
N

BEFORE -
HEATING (S
B DURING
HEATING

Solidified Alloy

Indium disk -

Recrystallized - 2
LA oL P-Type Germanium =

There are several methods of making junction diodes by diffusion. The
“alloy -junction” method of construction has been widely accepted because
it lends itself to product uniformity and quantity production techniques.

In this method a small disk of P-type material (indium) is placed on a
somewhat larger flat plate of N-type germanium. The materials are placed
in a graphite holder and heated to a temperature of about 500° Centigrade.
The indium disk melts at about 155° Centigrade, and upon reaching the
higher temperature it dissolves away some of the germanium beneath it.
A germanium-indium alloy is formed.

In the molten region the indium neutralizes the N-type impurities in
the germanium, and leaves an excess of P-type impurities. After being
subjected to heat for several minutes, an equilibrium condition is reached;
and no more dissolving action takes place. The amount of P-type german-
ium that is formed is determined by the temperature and the size of the
original indium disk, and the time is unimportant. This fact is important
in achieving product uniformity.

Once the equilibrium condition has been established, the assembly is
allowed to cool very slowly. The dissolved P-type germanium begins to
recrystallize out of the alloy onto the N-type germanium base. The re-
crystallization follows the same atomic arrangement as that in the N-type
germanium base, and a uniform P-N junction is formed.

After the assembly has cooled, electrical connections are bonded to
the germanium base and to the indium disk. The assembly is mounted in a
small container, and the alloy-junction semiconductor diode is complete.
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SEMICONDUCTOR DIODES

Basic Construction (continued)

The point-contact type of construction resembles that of the crystal
detector used in early radio receivers. It consists of a pointed wire
pressed into contact with a small plate of semiconductor material. The
assembly is sealed in a small container in much the same. manner as the
junction types.

Platinum alloy, tungsten, phosphor-bronze, and other types of wire
are used to make the contact. Several bends are made in the wire to give
it a spring-like shape which presses the point against the semiconductor
surface. It is the flexible nature of this wire that is the reason for it
being called a “cat whisker.” The pressure applied must be sufficient to
hold the point in place without motion. The semiconductor plate usually
consists of either P-type silicon or N-type germanium.

It was stated previously that a semiconductor diode consists basically
of a junction between P- and N-type semiconductors. On first examination
there appears to be no P-N junction in the point-contact construction. To
be completely objective about the matter the operation of the point-contact
diode is not very well understood. There are a number of fairly involved
theories on the subject which are too complex to be reviewed here. In one
way or another, regardless of the various special assumptions that are
made, these theories boil down to the fact that there is something in the
point-contact region that operates in a manner similar to a P-N junction.

One verification of this theory is the fact that N-type germanium
diodes using this construction generally operate better after “forming.”
Forming consists of passing a large pulse or current through the diode.
After forming, the point of the cat whisker is found to be bonded to the
semiconductor plate. The heavy current apparently melts the semiconduc-
tor material in the region of the point. This rapid melting and cooling ap-
parently causes a localized conversion of N-type material to P-type ma-
terial and a P-N junction is formed. The reasons for this conversion are
difficult to explain, but exacting tests demonstrate that the conversion
does take place.

Thus, for the purposes of this book it is sufficient to explain the op-
eration of all semiconductor diodes on the basis of a P-N junction. The
manner in which such a junction operates will be described in the pages
that follow.
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SEMICONDUCTOR DIODES

Operation of a P-N Junction
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Forward Bias Arrangement
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Semiconductor diodes consist basically of junctions between N and P
semiconductors. The net effects which take place at a junction of this type
are equivalent to the results produced by a diode vacuum tube. This equiv-
alence can be demonstrated by comparing the results of connecting a DC
voltage across a P-N junction and across a diode tube.

First consider the results when the positive and negative terminals of
the voltage source are connected respectively to the plate and cathode of
the tube and to the P and N semiconductors. In the tube, electrons flow from
the negative voltage terminal to the cathode, through the vacuum to the
plate, and on to the positive voltage terminal.

In the diagram of the junction, electrons are shown as minus signs,
and holes are shown as + signs. Holes in the P-type material flow away from
the positive voltage terminal towards the negative terminal, and electrons
in the N-type material flow away from the negative voltage terminal towards
the positive voltage terminal. At the junction there arrives a continuous
flow of holes from one direction and a continuous flow of electrons from the
other direction. When the electrons meet the holes at the junction, they
neutralize the charge on each other. This neutralization of charge permits
the formation of more holes at the positive end of the P-type material and
the entry of more electrons at the negative end of the N-type material. All
the requirements of a continuous current flow are met and such a continuous
current flow does take place.

The direction of current flow in the connecting leads of the semicon-
ductor diode is the same as for those of the vacuum tube. The polarity used
for connecting the applied voltage is known as “forward bias,” and is also
known as the “direction of easy current flow.”
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SEMICONDUCTOR DIODES

Operation of a P-N Junction (continued)

When the positive and negative terminals of the voltage source are re-
versed with respect to those of the previous arrangement, a.completely
different set of conditions takes place. E

In the vacuum-tube circuit the plate is negative with respect to the
cathode. Since the electrons emitted by the cathode are negatively charged,
they are repelled by the negatively charged plate. No current flow takes
place in the connecting wires.

In the P-N construction holes in the P-type material are attracted
towards the negative voltage terminal, and electrons in the N-type mater-
ial are attracted towards the positive voltage terminal. This biasing ar-
rangement has no provisions for the flow of current carrying holes or elec-
trons to the junction, and no current flow can take place in the connecting
wires.

Actually a very small amount of current does flow through the connect-
ing wires. The reason for this is that N-type material does contain a small
number of holes, and P-type material does contain a small number of
electrons. These charges are able to flow in the direction required to
maintain a steady current flow, as described for the forward bias condition.
The reason for the existence of these stray charges is not due to a defect
in the manufacuring process, but due to the breakdown of a few bonds in the
crystal structure due to thermal agitation. As the temperature increases
the number of these stray charges increases and the current increases.

Since the polarity used for connecting the applied voltage is the oppos-
ite of that used in the forward bias condition, this method of connection
is known as “reverse bias,” and it is also known as “reverse current”
connection.

Reverse Bias Arrangement
For Reverse Current Flow

—_ +=F_,
| | OW IN DIODE TUB

I - T e N
[ ) ) A s
‘ ‘I o> ;_‘ N ~ %% A
! q
Stationary \, i ad Stationary —> = electron © = hole flow
Electrons — [- L Holes flow
Stray Hole Flow Stray Electron Flow
- = electron + = hole

N-Type Semiconductor P-Type Semiconductor
B i )
VERY SMALL CURRENT FLOW IN P-N JUNCTION
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SEMICONDUCTOR DIODES

Characteristics of Semiconductor Diodes

CURRENT FLOW CHARACTERISTICS
OF VACUUM-TUBE DIODE

Saturation Level

Plate
Current

Plate Voltage

It has been shown that the amount of current flow through a semicon-
ductor diode varies in an outstanding manner when there is a reversal in
the polarity of the biasing voltage. It is now necessary to find out the de-
tails of the relationship between current flow and biasing voltage. A com-
parison with the corresponding vacuum-tube characteristics will help to
clarify the unusual current flow characteristics of a semiconductor diode.

In your study of diode vacuum-tubes there was a review of an arrange-
ment used to learn about the plate voltage - plate current characteristics
of a diode vacuum tube. In essence, the plate-to-cathode voltage is varied
while a current meter is used to measure plate current. The corresponding
plate currents and plate voltages are plotted on graph paper, and the result
is a curve such as that shown in the diagram.

The heated cathode emits electrons which collect in a space charge
around the cathode. When the plate is made negative with respect to the
cathode, no current flows from the cathode to the plate because the nega-
tive plate repels the electrons. Current cannot flow from the plate to the
cathode since the plate does not emit electrons. When the plate and cathode
are at the same potential, the plate neither attracts nor repels electrons;
the current remains at zero. When the plate is made slightly positive with
respect to the cathode, a small portion of the electrons are attracted out
of the space charge and flow to the plate and through the outside circuit. As
the plate is made increasingly positive, the current flow becomes larger.

Eventually the current flow is so large that electrons are attracted to
the plate as fast as the cathode can emit them. Further increase in plate
voltage causes no further flow of plate current, and a state of saturation is
reached.
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SEMICONDUCTOR DIODES

Characteristics of Semiconductor Diodes (continued)

When the same procedure is used to study the voltage and current
characteristics of a semiconductor diode, somewhat different results are
obtained. Shown here is a typical voltage-current curve for a junction di-
ode. Examination shows that it is quite different from the curve of a typi-
cal diode vacuum tube, but the same general type of rectifying action is
obtained.

First review the characteristic curve of the junction diode. When volt-
age is applied in the forward direction, the current varies as shown by the
solid-line curve. Note that only a few tenths of a volt are required to cause
a current flow in the order of 100 milliamperes. Further increase in for-
ward voltage causes a current rise that is almost linear in relationship to
the applied voltage, and the maximum rated current is reached before one
volt is applied.

When voltage is applied in the reverse direction, the current varies
as shown by the dashed-line curve. Large increases in voltage cause only
very small rises in current. In fact, the current is so low that a different
set of graph scales is required to show the change. The extremely small
current flow is due to the fact that there are very few current carriers
under reverse bias conditions; and once all of these current carriers are
flowing, a state of saturation takes place.

This state of saturation does not continue indefinitely. As higher re-
verse voltages are applied, more current begins to flow. Eventually a con-
dition is reached where the diode resistance drops very rapidly, and a very
large reverse current increase takes place with no further increase in
reverse voltage. Damage to the diode can be prevented by conducting away
the heat generated and by decreasing the reverse voltage. The reverse volt-
age at which this effect takes place is called the “Zener” voltage, named
after the man who predicted this effect. This effect is useful only in cer-
tain special applications.
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; ; } t i
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SEMICONDUCTOR DIODES

Characteristics of Semiconductor Diodes (continued)

Shown here is a voltage-current curve of a typical point-contact di-
ode. The curve has many similarities to that of the junction diode con-
sidered previously, but there are several significant differences to be
considered.

First, the rated current flow in the forward direction is only a small
fraction of that obtainable from the junction diode. The reason for this is
that the active junction area in the point contact construction is much
smaller than that in a junction diode.

Second, the reverse current flow is several times larger than that of
the junction diode. In addition, the reverse current does increase steadily
with reverse voltage, and there is no sharp saturation effect as in the case
of the junction diode.

Third, a different effect is obtained as the reverse voltage is increased.
Instead of the Zener effect described for the junction diode there is a
“turnover” effect. At the turnover voltage the internal resistance of the
junction appears to become negative, rather than dropping to zero. There-
fore, the current increases very rapidly, and continues to rise even
though the reverse voltage is lowered. There is no satisfactory explana-
tion for this effect; and it is not useful in practical applications, since the
diode is destroyed when the effect occurs.

TYPICAL CURRENT

FLOW CHARACTERISTICS
OF POINT-CONTACT DIODE
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SEMICONDUCTOR DIODES

Commercial Semiconductor Diodes

TYPICAL CONSTRUCTIONS

COMMERC)AL
SEMICONDUCTOR DIODES

SCHEMATIC
SYMBOL

Shown on this page are pictorial diagrams of the various types of semi-
conductor diodes that are available from commercial sources. It can be
seen that there are a wide variety of physical constructions available. In-
cluded among these are ceramic jackets with metal ends, glass tubes with
metal ends, all-glass jacket, plastic cases, plastic-coated metal cases,
and metal jackets with a screw mounting. Some of these outward variations
are due mainly to the preferences of the individual manufacturer. Other
features have a specific function, such as the screw-mounting which may
be employed to dissipate the heat generated by power rectifiers.

Although not always obvious without close examination, many of the
semiconductor diode cases are marked with an arrow. The arrow shows
the direction of easy current flow as indicated by a DC ammeter. The
reason for this method of marking is that it permits technicians and
repairmen a positively reliable method of checking the connections re-
quired. This eliminates the necessity for deducing this information from
a schematic diagram, which may be confusing in some special cases. Many
schematic diagrams indicate semiconductor diodes marked to correspond
with this arrangement.
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SEMICONDUCTOR DIODES

Applications of Semiconductor Diodes
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Semiconductor diodes have great flexibility of application. They can be
used in all those applications where dry-metal rectifiers or diode vacuum-
tubes are presently employed, and they have some unusual applications of
their own. The advantage of using a semiconductor diode as a replacement
is that it generally is smaller, more efficient and operates at significantly
higher frequencies than the tube or dry-metal rectifier; and no filament
power is required as in the case of the tube.

The most elementary semiconductor diode circuit is one you learned
about in your study of AC meters in Volume 3 of Basic Electricity. This
circuit makes it possible for a basic DC voltmeter circuit to be used to
measure AC voltage.

The simplest arrangement contains a resistor, rectifier and DC
meter movement. Electron flow indicated by the black arrows passes
through the meter movement and causes the pointer to move up-scale.
This electron flow results from one half-cycle of the line voltage. The
electron flow resulting from the alternate half-cycle of the line voltage is
shown by the white arrows. Although only pulses of current flow through
the movement, the pointer cannot move rapidly enough to follow the rise
and fall; and the average value of the current pulses is indicated. The
resistor is often made adjustable so that the pointer reading can be made
to correspond with that of a precision meter. If a semiconductor diode is
used as the rectifier, the meter can be calibrated at power line frequencies
and will give accurate voltage readings, without a correction factor, at
all frequencies up to thousands of megacycles.

The AC voltmeter circuit considered above presents a low resistance
to one half-cycle of the applied voltage and a high resistance to the al-
ternate half-cycle. This is of no consequence in measuring voltages in
power circuits. In AF and RF circuits, however, this lack of uniform load-
ing may cause inaccurate readings and disturb the operation of the circuit.
By adding a second rectifier to the circuit, the half-cycle that is not used
is presented a low resistance path around the meter, and fairly uniform
loading is achieved. A bridge circuit of four rectifiers can be used, as
shown in the diagram, so that both half-cycles of the AC current flow
through the meter in the same direction. This results in a balanced load
to both half-cycles of current.
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SEMICONDUCTOR DIODES

Applications of Semiconductor Diodes (continued)

Other applications of semiconductor diodes include their use in power
supply circuits. In such applications semiconductor diodes have the ad-
vantage of being rugged, long lived, small in size and capable of large cur-
rent output. Only recently semiconductor diodes were more expensive than
equivalent dry-metal rectifiers, and there was a limited selection of types
available for large power output. At present, semiconductor diodes are
often used in preference to the dry-metal types because of the savings in
size and efficiency, and because there is little difference in cost.

If semiconductor diodes are to be used in power supply circuits the
half-wave rectifier and bridge rectifier circuits are the most common.
These types are equivalent to the meter circuits described previously. The
purpose of the resistors in series with the rectifiers is to prevent exces-
sive current flow from damaging the rectifier, as would occur in the event
of a short circuit or overload in the equipment to which the rectifier is
connected. Either an RC or LC filter may be placed between the rectifier
and the load.

Also available for use is the voltage doubler circuit shown in the dia-
gram. This circuit was explained in detail in Volume I of Basic Electron-
ics, and only a brief review will be included here. The voltage doubler con-
sists of two half wave rectifier circuits. During one half-cycle of the line
voltage the upper diode conducts and charges the upper capacitor to peak
line voltage. During the alternate half-cycle the lower diode conducts and
charges the lower capacitor to peak line voltage. Since the two capacitors
are charged in series with the DC output terminals, the DC output voltage
is equal to twice the peak of the line voltage. For a 115-volt line the DC
output voltage is approximately 320 volts.

117V, AC :
(160V. Peak)

—) clectron flow for

one half-cycle of line voltage

@ electron flow for

alternate half-cycle of line voltage

117V. AC rolsov |

(160V. Peak) - DC output
0 (approx. 320V.)
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SEMICONDUCTOR DIODES

Applications of Semiconductor Diodes (continued)

\

In receiver circuits the semiconductor diode can be used as an efficient ‘
mixer or detector. Examples of both of these circuits will be considered now,

Shown in the diagram is a very simple type of semiconductor diode
mixer. This mixer operates well through the broadcast, television, and
microwave bands. It is not used frequently in the broadcast or television
bands, since its gain is less than one; and significant gain can be obtained
by means of vacuum-tube or transistor mixers. At microwave frequencies,
however, the semiconductor diode mixer operates efficiently where
other circuits fail.

When the circuit is in operation, the local oscillator applies a con-
stant voltage to the rectifier. The result is a constant flow of current
through the semiconductor mixer, a current flow consisting of unidirec-
tional pulses at the frequency of the local oscillator. Also applied to the
mixer is the incoming RF signal from the antenna. Heterodyning action
takes place in a manner similar to that of a standard mixer circuit, and
the output of the mixer consists of four different frequencies: the frequency
of the RF signal from the antenna, the local oscillator frequency, the sum
of these incoming signals, and the difference between these incoming sig-
nals. As in the case of a standard mixer, the IF transformer is tuned to
only the difference signal; and amplification of the modulated signal takes
place at the lower frequency. .

In detector applications the semiconductor diode circuit is essentially
the same as in the vacuum-tube circuit and in the meter circuit considered
earlier. When the amplitude-modulated IF signal is rectified, the result is
a pulsating unidirectional current which carries an IF signal component
and an audio signal component. The IF signal component is bypassed to
ground by a capacitor which is too small to bypass the audio signal com-
ponent. The result is that the audio signal component is applied to the in-
put of the audio amplifier, and detection has taken place.

RF Signal Input Amplifier

Local Oscillator
Input
Modulated IF
Carrier Signal

Rectifiéd
IF Signal IF Component

IF

Amplifier I T
L
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SEMICONDUCTOR DIODES

Experiment—Semiconductor Diode Operation

100 ma with junction diode
10 ma with point-contact diode

CIRCUIT FOR

+ CHECKING

~ DIODE FORWARD
CHARACTERISTICS

The purpose of this experiment is to show you the outstanding char-
acteristics and basic application of semiconductor diodes. A number of
components and items of equipment are required, and these are clearly
marked in the diagrams referred to on this page.

The first part of the experiment is designed to demonstrate the for-
ward and reverse current characteristics of semiconductor diodes of the
junction and point-contact type.

To begin, make the connections shown in the “ Forward Characteris-
tics” diagram shown here, but do not connect the diode into the circuit. Set
the potentiometer to make the voltmenter reading equal to zero. Connect
a junction diode into the circuit, as shown in the diagram. By turning the
potentiometer slowly, increase the forward voltage in steps of 0.1 volt
and plot the corresponding current readings on a sheet of graph paper.

Do not exceed the maximum current rating indicated on the data sheet
accompanying the diode. The completed graph will show that less than1 volt
is required to cause maximum rated current flow in the forward direction.

Reset the potentiometer for a zero voltage reading and repeat the ex-
periment with a point-contact diode. As the results are plotted on a second
sheet of graph paper, it will be seen that the results are similar to those
obtained with the junction type, except that slightly higher voltages are
required.
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SEMICONDUCTOR DIODES

Experiment--Semiconductor Diode Operation (continued)

To complete the first part of the 1to 3 ma
experiment make the connections shown
in the “Reverse Characteristics® dia-
gram at right. Set the potentiometer
to make the voltage reading equal to
zero and connect the junction diode into
the circuit. By turning the potentio-
meter slowly, increase the reverse volt-
age in steps of 10 volts. Plot the cor-
responding current readings on the sheet
of graph paper previously used for the
junction diode. Do not exceed the max- |CIRCUIT FOR CHECKING DIODE
imum current rating indicated on the REVERSE CHARACTERISTICS

data sheet accompanying the diode.
|

If the Zener voltage described on page 6-19 is reached, immediately re-
set the voltage to zero. The completed graph will show that reverse current
increases very slowly with the applied voltage. Depending upon the maxi-
mum current rating of the particular junction diode that has been selected,
the Zener characteristics may or may not be visible.

Reset the potentiometer for a zero voltage reading and repeat the ex-
periment with a point-contact diode. Plot the results on the sheet of graph
paper previously used for this diode. Be careful not to approach the turnover
voltage too slowly because this will destroy the diode. The completed curve
will show that reverse current increases very slowly with the applied volt-
age, although somewhat more rapidly than in the case of the junction diode.

The second part of the experiment demonstrates the rectifying capabil-
ity of the semiconductor diode. It is this property which is fundamental to
all the applications of this diode. Connect a junction diode in series with a
100,000-ohm resistor across source of 6-volts AC, With an oscilloscope
examine the voltage waveform present at points A and B, Before the diode,
at point A, the full sine wave of the AC voltage is visible. After the diode,
at Point B, a half wave rectified waveform is visible. This denionstrates
that the diode conducts current in one direction only, and is equivalent in
function to a dry-metal or vacuum-tube rectifier. Substitute a point-contact
semiconductor in the circuit and the same results will be obtained.

100k
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SEMICONDUCTOR DIODES

Review of Semiconductor Diodes

SEMICONDUCTOR MATERIALS-—
Purified crystalline german-

ium and silicon are the basic
materials commonly used in
semiconductor diodes and
transistors. These materials

are excellent insulators be-
cause the crystalline structure
bonds all the outer electrons

in place.

N-TYPE SEMICONDUCTOR—
Semiconductor material can be
made to conduct by adding im-
purity atoms which enter the
crystalline structure but which
have excess outer electrons
which are not bonded to the
structure. Current flow is con-
ducted by the excess negative-
ly charged electrons which flow e ——
through the crystal to the posi- RV Pl SEMICOROE
tively charged terminal.

P-TYPE SEMICONDUCTOR-

Conduction can also be obtained PTYPE SEM'CUNUUCTUR
by adding impurity atoms which

do not have sufficient outer
electrons to fill all the crystal
bonds. The unfilled spaces, or
“defects” are known as “holes”
and have the characteristics of
positive charges. An applied
voltage causes the holes to flow
through the crystal to the nega-
tively charged terminal.

N-TYPE
SEMICONDUCTOR

IMIPLIFIE) DIAGRAM O
'~ FY PE SEMICONDUC rog

JUNCTION DIODE- A junction Subaities Aoy~ h
diode consists of P~ and N-type e

semiconductor materials in TN - Pulling and
close contact. The junction can ROCEEL >t crmann | _ﬂ t_”“;'f“;:’::'
be formed during the crystal Cut Germantum Bar. [ Container
growing process (grown junc- Rea S Germanam

tion) or formed by a dissolving
and recrystallization process
(alloy-junction).

D*-Induction
Heatinyg
Coul

QQ90aa

D
D
D
o
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SEMICONDUCTOR DIODES

Review of Semiconductor Diodes (continued)

POINT-CONTACT DIODE—

A mint-contact lede COnsistS SIMPLIFIED CONSTRUCTION OF POINT-CONTACT DIODE
of a plate of N- or P-type semi- case —ofT" — ‘ o
. . [ 4 wire
conductor material in contact 7 = ) ;
Wlth a po"nted meta‘l wire. The vire - cat whisker —/ Plate of N-Type Germanium

contact region can be regarded or P-Type Silicon

as a P-N junction.

FORWARD BIAS—The P-N
junction biasing arrangement l

<4 “Jl'*‘ <4==
||

1

shown is known as “forward

bias.” Only several volts are — 1= | O

required to cause all holes and - | =

excess electrons to flow to the Y e nd e [ 3

junction and result in maximum f_

rated current flow. N-Type P-Type
Semiconductor Semiconductor

REVERSE BIAS--When the

junction biasing connections are — + II - —

the reverse of forward bias, ll

all holes and excess electrons '

flow away from the junction 1

and do not enter into a contin- ] R

uous current flow. Only stray —v‘: L b

holes and electrons can enter Stationary ¥, L f 4 Stationary

into a continuous current flow. Electrons — L L Holes

High voltages are required, Stray Hole Flow- Stray Electron Flow

and the maximum current is N-Type SemiconductorJ = P-Type Semiconductor

only a small fraction of that
obtained with forward bias.

SEMICONDUCTOR DIODE
APPLICATIONS—Semiconduc-
tor diodes can be used in all
applications suitable for vacuum
tubes or dry-metal rectifiers.
The circuits with which you
are familiar include meter
rectifiers, power supply cir-
cuits, mixers and detectors.

SINGLE RECTIFIER
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TRANSISTOR CONSTRUCTION

Basic Construction — Point-Contact Type

SIMPLIFIED CONSTRUCTION DIAGRAM
OF POINT-CONTACT TRANSISTOR

\
3
N
Ny
N
N
N

- CAT WHISKER

- BASE

AN NN

N

%

M\l

NN

-—
Emitter — Collector
%
i : <—Base

Emitter Base Collector

w ELECTRICAL SYMBOL

There are two basic types of transistor construction in use today.
These include the "point-contact” and "junction" types. Both of these have
a number of variations. Only the basic construction of the most common
variations are shown here, and the details are sufficiently fundamental to
apply to the production differences introduced by the various manufacturers.

The point-contact construction is the earliest, and is no longer in wide-
spread use. The arrangement is similar to that of a point-contact diode
with a second "cat whisker" in contact with the germanium block. It is nec-
essary that the two point contacts be separated in the order of a few thou-
sandths of an inch apart, otherwise the desired operation cannot be ob-
tained. As in the case of the point-contact diode, a simple explanation of
the principles of operation requires the quite valid assumption that there
is a P-N junction in the region of each cat whisker point,

The germanium block is known as the "base' since it is the foundation
to which all the electrical contacts are made. All dimensions of the base
are in the order of a few hundredths of an inch. The base material is al-
most always of the N-type; using P-type base material is theoretically pos-
sible but no great success has been achieved in making such anarrangement,

One of the contact wires is known as the "emitter" and the other is
known as the "collector."” These names are derived from the functions of
the two wires at their points of contact with the base. When proper voltages
are applied, the emitter causes the generation of current-carrying charges
at its contact point. The collector accumulates current-carrying charges
at its contact point and provides a terminal for conducting electric current
through the outside circuit. Also shown in the diagram is the transistor
electrical symbol.
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TRANSISTOR CONSTRUCTION

Basic Construction — Junction Types

SIMPLIFIED

q q . CONSTRUCTION DIAGRAMS
The junction-type transistor also consists : =

of a base, emitter and collector. Two basic
types in general use are made in a manner
similar to the "grown-junction" and "alloy-
junction" methods of construction previously
described in connection with junction semi-
conductor diodes. In both cases the result of
the manufacturing process is essentially the Emitter  Base Collector
same — two P-N junctions are formed and
they are located several thousandths of an
inch apart. Other features of construction
are similar to those of the corresponding
junction diode. The diagrams on this page L
show the major features of both types. Note
that in the grown-junction type the semicon-
ductor materials may be arranged in a P-N-
P or N-P-N sequence.

Transistor manufacturers are continu-
ously conducting research in order to achieve
greater product uniformity plus speed and
economy of production. Present efforts are
concerned with methods of producing P-N
junctions of easily controlled size and spac-
ing. The alloy junction method shows great GROWN-JUNCTION
promise, and automatic machinery is being TRANSISTORS
developed to control precisely and speed up
all stages of the manufacturing process.

Another method in development is to
electrolytically etch away two spots on op-
posite sides of an N-type germanium plate
until the etched surfaces are several ten-
thousandths of an inch apart. Then the elec-
trolytic action is used to plate an indium spot
on each etched surface. The result is a "'sur-
face-barrier” transistor in which an indium
collector and an indium emitter are separated
by several ten thousandths of an inch of N-type ®mmmemnmmm m mm mm =
germanium. Although a complex "surface- )
barrier'theory is used to explain the oper- Plated Indium Plated
ation of this type, the contact area between Emitter Clo"l‘l‘:‘;':‘o .
the indium and germanium has characteristics
almost identical to that of a P-N junction; and
the operation of this transistor validly can SURFACE-
be explained on that basis. BARNIER

OF JUNCTION TRANSISTORS

P N P
I\ %;‘

4 D S5 TN BN 6N G5 TN G5 = 0 6 8
N P N

Emitter Base Collector

ALLOY -
JUNCTION
I'RANSISTOR

TRANSISTOR

==

Emitter Base * Collector
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HOW A TRANSISTOR OPERATES

Operating Principles — N-P-N Transistor

In the previous review of
basic types it was shown that
there are two fundamental ar-
rangements of semiconductor
materials used in transistor
construction. There can be a
sequence in which P-material
is located between surfaces of
N-material, in an N-P-N ar-
rangement; or there can be N-
material located between sur- Direction of Electron Flow e
faces of P-material, in a P-N-
P arrangement. In either case
the transistor is made up of

two closely situated junctions of TRIODE TUBE CIRCU|T

N- and P-type semiconductors.

To be considered now is how either
f th t b dt
amplify an electrical signal. The oper- MmUY (1]}
ation of an N-P-N transistor will be de- CIRCUIT
scribed first, since its operation most
closely resembles that of the triode

vacuum tube you learned about in Vol-
ume 2 of "Basic Electronics." In the /AN
explanations that follow it is important T\
to note that the triode operation is under
the control of the signal voltage applied
to its input, and there is no grid current /—Collector
flow under ordinary conditions of oper-
ation. Transistor operation, however, /Base
depends upon signal current flow through P ] @
its input circuit, and the transistor is
essentially a current control device. N )
The circuit arrangements used to <—Emitter
compare vacuum-tube and transistor
operation are both shown on this page. -
Both arrangements are quite similar. V1
Two voltage sources, V. and V,, are J
connected across the elements 0f the (A
tube and the transistor, and appropri-
ate voltage and current meters are
connected into the circuit to measure CIRCUIT FOR ANALY ZING
the results. TRANSISTOR OPERATION
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HOW A TRANSISTOR OPERATES

Operating Principles — N-P-N Transistor (continued)

In the triode circuit electrons flow in the direction shown. They flow
from the negative cathode, through the retarding negative electric field of
the grid, to the positive plate, and through the outside circuit back to the
cathode. The flow of electrons through the outside circuit can be increased
by making the grid less negative; thus reducing the effectiveness of the
grid in retarding the flow of electrons from cathode to plate. Similarly the
flow of electrons through the outside circuit can be decreased by making
the grid more negative; thus increasing the effectiveness of the grid in re-
tarding the cathode-to-plate electron flow.

Amplification is obtained since a very small change in grid voltage
causes a large change in plate current. Since the plate current can be
passed through a large plate resistor, the change in plate current causes a
large change in the voltage drop across the plate resistor. Thus, a small
change in grid voltage produces a much larger change in plate voltage, and
the result is signal voltage amplification. Amplification also can be obtained
by passing the plate current through a step-up transformer. In this case
the large change in plate current can be used to generate a large signal
voltage at the output terminals of the transformer secondary winding.

In a vacuum tube power amplifier the grid bias is such that the input
signal can drive the grid positive for part of the signal cycle. Since a pos-
itive grid attracts electrons, there is a flow of current in the grid circuit;
and power is consumed from the source supplying the signal. The circuit
is known as a power amplifier because a small amount of input power can
be used to control a large amount of output power. This type of vacuum-
tube operation more closely resembles that of a transistor.

Highly Negative Grid
= Small Electron Flow
= High Plate Voltage

Slightly Negative Grid
= Large Electron Flow Direction of Electron Flow
- Low Plate Voltage
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HOW A TRANSISTOR OPERATES

Operating principles — N-P-N Transistor (continued)

<= = small electron flow
&3 = small hole flow

<= - large electron flow
C:] = large hole flow
RN

To begin an analysis of N-P-N transistor operation examine what hap-
pens when the emitter-to-base variable resistor is set to its off position.
Now only the collector-to-base voltage is applied across the transistor. A
look at the polarity of the voltage across the P-N junction between the base
and collector shows a familiar set of conditions.

These conditions are identical to those of a semiconductor diode biased
in the reverse direction. The positive terminal of the voltage source attracts
the negatively charged electrons in the N-type collector, and the negative
terminal of the voltage source attracts the positively charged holes in the
P-type base. None of these current carriers can combine at the junction,
as they do in the case of the forward biased semiconductor diode. The re-
sult is that the only current flow is that due to the stray holes in the col-
lector and the stray electrons in the base, as in the case of the reverse
biased semiconductor diode. Under these conditions the current indicated
by current meters A and A3 will be very low, 0.01 milliampere for example.

To continue the analysis examine what happens when V2 is disconnect-
ed, and the variable resistor is set to the position of highest resistance.
Under these conditions the emitter and base are connected as a semicon-
ductor diode biased in the forward direction. The electrons in the emitter
and the holes in the base are attracted towards the junction where they
combine to maintain an appreciable current flow. For example 0.1 milli- 7
ampere of current may be indicated on both Aj and Ag with the variable
resistor set to maximum resistance. When the variable resistor is set
towards minimum resistance the current flow through Aj and Ap may in-
crease to 1.0 milliampere.
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Operating Principles — N-P-N Transistor (continued)
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< <= = small electron flow
&3 = small hole flow

— - <@ - large electron flow
C: = large hole flow

The conditions change significantly when both voltage sources are con-
nected simultaneously. If the variable resistor is set so that A} indicates
1.0 milliampere, A will indicate approximately 0.98 milliampere, and A
will indicate approximately 0.02 milliampere.

There has been no increase in the voltage applied across the base and
collector. With no current flow in the emitter-to-base circuit Ag indicated
0.01 milliampere. However, with current flowing in the emitter-to-base

circuit, the current through A3 is almost identical to that flowing through Ay~

The reason for this new condition can be seen by examining the elec-
trical conditions in the region of the base. Because of the forward bias con-
ditions between the emitter and base there are a large number of free elec-
trons in that region. Because the base is so thin, several thousandths of an
inch thick, electrons penetrate through the base structure and come under
the influence of the positively charged collector before they can combine
with the holes in the base. Once the electrons are in the collector they
rapidly flow through the positive terminal of V3 and on through the outside
circuit. .

Since a small portion of the electrons from the emitter do combine
with the holes in the base, there is a small base-to-emitter current. If the
base were thicker, nearly all of the emitter electrons would combine with
the base holes; and the result would be a large base-to-emitter current and
a small base-to-collector current. The general rule is that the emitter ——
electrons are divided into the two current flows shown, and the proportions
of the division are determined essentially by the base thickness and the -
base-to-collector voltage.
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Operating Principles—-N-P-N Transistor (continued)

Upon preliminary examination there may seem to be no advantage to
the transistor operation as described, since 1.0 milliampere of current
change in the input circuit (emitter to base) is required to produce 0.97 .
milliampere of current change (0.98 - 0.01) in the output circuit (collector
to base). There is, in fact, a term “current gain” or “alpha” («) applied to
this condition. Current gain is defined as the output current change divided
by the input current change. In this case the current gain is 0.97, and for
junction transistors in general alpha falls in the range of 0.95 to 0.99; the
current gain is always less than 1.

Although no useful current amplification is produced by this method of
connecting a transistor, significant voltage and power gain is produced. To
see why this is it is only necessary to compare the current and resistance
conditions in the input and output circuits. It was seen that the current in
the input and output circuits were almost identical. However, the resistance
in the input and output circuits are enormously different. The bias across
the emitter and base is in the forward direction, giving the junction be-
tween them a low resistance — such resistances generally range from 40
to 800 ohms.

On the other hand the bias across the base and collector is in the re-
verse direction, giving the junction between them a high resistance — such
resistances generally range from 100,000 ohms to 1 megohm,

In Basic Electricity you learned that the voltage developed across a
resistance is equal to the current multiplied by the resistance (E = RI),
and you also learned that the power developed in that arrangement is equal
to the square of the current multiplied by the resistance. Since almost
identical currents flow in the input and output circuits and since the output
circuit resistance is in the order of a thousand times higher than the input
circuit resistance, it can be seen that voltage and power gains in the region
of a thousand times have been produced.

Ag

0.98 ma
t =
i!th ="
!IQN 0.02 ma
tt

3
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HOW A TRANSISTOR OPERATES

N-P-N Transistor—Voltage and Power Gains

A very simple mathematical demonstration clearly indicates how volt-
age and power gain are produced, and it also reveals some very useful
relationships and fundamental terms.

MM%’[M%ﬁflf,’%f%//{%ﬁlf%ﬁfléw’//7/// //////7///’%:

The voltage gain in any amplifying device is:

//” LT

Output Voltage

VOLTAGE GAIN
Input Voltage

W
|

Iin xR in

Since I out/I in (current gain) has already been defined as alpha («a)

R out
R in

VOLTAGEGAIN= & x

s

/// /
/ / VOLTAGE GAIN = 0.08 x ——0:200
/ 0.98 x 2000

,/,,, % 1960 Times

Thus for a typical transistor connected in the manner shown previously
a voltage gain of about 2000 times can be achieved. This gain is not due to
any current amplification. Instead, it is entirely due to the high resistance
in the output circuit as compared with the low resistance in the input cir-
cuit. Amplification is achieved because the semiconductor arrangement
has transferred a current, with almost no loss, from a low resistance cir-
cuit to a high resistance circuit. This transfer through resistance is the
reason that the unit is know as a transfer resistor or transistor.
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N-P-N Transistor—Voltage and Power Gains (continued)

A similar mathematical demonstration shows how power gain is achieved
by the transistor. The power gain in any amplifying device is:

?’7 POWER GAIN = _Qutput Power

Input Power

I2 out x R out

Iin xR in

pA R
- G,XL
R in

// For atypicansistol‘
7 7 POWER GAIN = (0_98)2 . %

= .9604 x 2000

- 1920.8 Times

Since the ratio between output and input resistance (R out/R in) is so
frequently used in voltage and power calculations, this ratio has become
known as the “resistance gain” (Rg). For junction transistors resistance
gain falls within the range of from 500 to 5000 times.

Additional useful relationships can be obtained through the direct use of
the current and resistance gains:

/
, Z//%// %//é //// VOLTAGE GAIN = o e

1 POWER GAIN = o’ Rrg
/1

7
f
/

: ,

/
Vi

i i

6-37
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Operating Principles of P-N-P Transistor

All the previous information pre-
sented for the N-P-N transistor also
applies to the P-N-P transistor. The
magnitudes of the emitter, base and
collector currents are the same, and
‘ 0.98 ma the same relationships exist for the

current, voltage, resistance and power
gains.

The major difference to be noted is
that in the case of the N-P-N transis-
tor the major part of the current flow
through the unit is due to the movement
of electrons. However, in the case of
the P-N-P transistor the major part of
the current flow is due to the move-
ment of positively charged holes. Be-
v cause of this feature of the P-N-P tran-

CURRENT FLOW IN COMPLETE
P-N-P TRANSISTOR CIRCUIT

<= = small electron flow The diagram shows a P-N-P transis-
¢ = small hole flow tor connected in an arrangement equiv-
«@mm - large electron flow alent to that_ considered previously.
C:‘ = large hole flow At the junction between the emitter and
base the bias is in the direction of easy

hole current flow, and holes flow into the base with very little resistance.
At the junction between the base and collector the junction is biased in the
reverse direction, and there is a very high resistance against the flow of
the free current carriers that are normally present in the base and collector.

However, since the thickness of the base is several thousandths of an
inch or less the holes from the emitter can penetrate deeply through the
base before they can combine with the free electrons in the base. Once
these free holes come under the influence of the collector, they are at-
tracted towards the negative terminal of the collector voltage source. Con-
sequently, about 98 percent of the holes from the emitter flow into the
collector, and only about 2 percent of the holes flow into the base. Ex~
cept for the reversal of the voltage sources and current flows, the same
relationships exist as for the N-P-N transistor considered prev10usly

Note that all commercially available point-contact transistors operate
according to the same principles as those described for the P-N-P
transistor. An unusual feature of these point-contact transistors is that
current gains (@) of up to 3 times or higher are commonly achieved. No
satisfactory explanation for this has been found, and the various theories
are too complex to be included here. In any event, although the current
gain is of some minor assistance, the resistance gain remains the major
factor in determining the voltage and power gains.

In a typical point-contact transistor the resistance gain is between 65
and 70, and typical voltage and power gains are approximately 175 and
400 respectively.
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HOW A TRANSISTOR OPERATES

Transistor Current Amplification

The circuit arrangements described previously indicated how voltage
and power amplification could be achieved by means of a transistor. Cur-
rent amplification also can be obtained and the general method used to
accomplish this will be described here.

It is characteristic of transistor operation that the emitter, base and
collector can be compared respectively to the cathode, grid and plate of
a vacuum tube. The circuit considered previously was one in which the
current change through the collector was induced by changing the current
flow through the emitter. In a vacuum tube this corresponds to changing
plate current by changing cathode current. This arrangement was con-
sidered first because it is the only circuit that is generally satisfactory
for use with point-contact transistors and was the only arrangement used
before junction transistors became available,

With a junction transistor itbecomes possible to change emitter current
by changing the current flow in the base circuit. This corresponds to a
vacuum-tube arrangement in which plate current is varied by adjustments
in grid current.

In the review of the previous circuit arrangement, it was seen that the
base current generally amounts to less than 5 percent of the total current
through the emitter and collector circuits. By increasing or decreasing
the current through the base circuit alone, through A, as shown in the
P-N-P transistor diagram, it becomes possible to obtain much larger
current changes in the collector circuit. The reason for this is that the
flow of holes through the base-emitter junction depends upon the existence
of a forward bias in that region. If there is no current flow in the base
circuit (through meter A) there can be no forward bias at the base-emit-
ter junction, and there will be no current flow in the emitter circuit. When
the current flow through Ay increases, this indicates the presence of an
increasingly strong forward bias at the base-emitter junction; and both
the base and emitter currents will increase greatly. Except for the change
in the direction of the bias, the same conditions apply to the N-P-N
transistor.

The type of current gain produced in this manner is known as “beta”
(B) current gain. B is equal to the change in collector current divided by
the change in base current, Typical

values for beta fall in the region be- r 43\

tween 25 through 300, and high beta V| A4 '
values are associated with high alpha Q

values.

. . causes a large
current change in
emitter-collector
circuit

A small change in
emitter-base current . .

<= = small electron flow
&3 = small hole flow

< - large electron flow
C: = large hole flow




COMMERCIAL TRANSISTORS

Commercial Transistors— Appearance

The illustrations on this page show the outstanding external character-
istics of a wide variety of commercial transistors. The internal construc
tion and basic operating characteristics have been described previously
Each transistor drawing has one dimension indicated in inches to give some
indication of the relative sizes. Examination of these drawings show that
there are a wide variety of shapes, sizes and arrangements of terminals
or leads. Except for the fact that those intended for power amplification
are larger and sometimes have flanged bases for conducting heat away, the
variations in outside characteristics are largely due to the preferences of
the different manufacturers. In all cases the manufacturer’s data sheets
should be the only guide concerning the recommended operating conditions
and lead or terminal indentification.
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COMMERCIAL TRANSISTORS

Commercial Transistors—Care and Handling

'(‘J Mechanical
Voltage Shock

Application

Incorrect

Since demonstrations and experiments to be presented shortly require
the use of commercial transistors, there will be included here the most im-
portant rules concerning their care and handling. Failure to follow these
rules may make a transistor fail in operation or may change considerably
its characteristics.

1. Unless a transistor is of the hermetically-sealed type it should not be
used (or stored) in a damp place.

2. Do not drop transistors or subject them to unnecessary mechanical
shocks. Although transistors will withstand considerable vibration and
shock when mounted in equipment, rough handling can often apply even
greater mechanical strain.

3. Some semiconductor constructions are sensitive to light. The fact that
some transistors may be encased in a transparent structure does not
imply that they will not be damaged if examined under a strong light.

If such units must be used in brilliant light, they should be shielded by

a covering of black tape or other suitable material.

4. Before installing a transistor in any circuit check the manufacturer’s
data sheet. Be sure to identify the emitter, base and collector termin-
als. Check the bias and other operating requirements and make sure
that the maximum limits will not be exceeded in the circuit.

5. Always switch off the power before making or breaking transistor cir-
cuit connections. This precaution is not only for your personal safety
but for that of the transistor. Applying voltage to one or two terminals
before the others may damage the transistor.

6. Always check the voltage and polarity of the circuit bias supplies before
connecting a transistor into the circuit. Previous changes in the circuit
may apply excess or incorrectly polarized bias to the transistor.

7. Sudden application of voltage, in previously unchecked circuits, may
damage a transistor. When the circuit contains controls for increasing
or decreasing bias, set these controls to zero bias before connecting
the transistor. After the connection is made, raise the biases slowly to
the required operating point.

8. Remember that a transistor is sensitive to heat. Do not place a transis-
tor in hot places or next to hot circuit components. When soldering the
transistor into a circuit, use duck-bill or other pliers with a wide
grasping area to conduct heat out of the lead before it reaches the
transistor body.
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Experiment—Transistor Operating Characteristics

The purpose of this experiment is to make it possible for you to see for
yourself the outstanding characteristics of transistor operation. Instead
of restricting the experiment to the information presented on the previous
pages, the equipment can be used to become familiar with the characteris-
tic curves of transistors. The equipment required includes a junction
transistor and point-contact transistor together with the manufacturer’s
data sheets. Also required are at least three sheets of graph paper, two
0-25 milliampere current meters, a 0~100 microampere current meter,
and a vacuum-tube voltmeter with a polarity reversing switch. Two bias
supplies, as described in a later paragraph are also required. In perform-
ing the experiment observe the precautions, previously described, for the
care and handling of transistors. In addition, when plotting the character-
istic curves do not exceed the current values indicated on the manufactur-
er’s curves. To present the curves in their most useful form it is advis-
able to use the manufacturer’s curves as a guide and to work to reproduce
these curves during the course of the experiment.

In your study of amplifier tubes in Volume 2 of Basic Electronics you
saw how plate current versus grid voltage curves could be used to study
the characteristics of the tube. In addition, load lines can be drawn upon
those curves to learn about the characteristics of an amplifier stage based
upon the use of that tube. Equivalent curves can be made for transistors,
and they can be used for similar purposes. Since transistors can be connect-
ed in a variety of methods, as will be seen later, the characteristic curves
are identified by the type of circuit arrangement that is used.

Transistor curves are also marked with + and - signs to indicate the
polarity of the voltages developed and the direction of current flow. In
marking the direction of current flow the accepted standard is that indicated
by a DC current meter; it is the same as conventional current flow and
opposite to electron flow.

PENTODE TUBE CHARACTERISTIC CURVES

oV GRID VOLTAGE
.25V
.50V
15V
1.0V

1.25V
1.50V

PLATE CURRENT ma

P 300 400
PLATE VOLTAGE
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Experiment— Transistor Operating Characteristics (continued)

Approximate Constant CIRCUIT FOR PLOTTING
Current Supply COLLECTOR VOLTAGE
Versus

COLLECTOR CURRENT CURVES —
COMMON-BASE CIRCUIT

An arrangement similar to that first used to learn about the relation-
ship between emitter and collector current can be used to draw up a series
of characteristic curves. One addition to this arrangement is the vacuum-
tube voltmeter, which can be reversed in polarity, to measure collector
voltage.

Another variation is that “constant-current” supplies are almost an ab-
solute necessity for both bias supplies, particularly for the input circuit
bias. The reason for this is that the input and output circuits of a transis-
tor are not isolated from each other, and a current change in any one of the
elements will affect the current in the other two. Such current changes are
undesirable in making characteristic curve measurements, since one of
the currents usually must be maintained constant while the other is varied.
Any changes in the current that is expected to remain constant requires a
readjustment of that current, which makes the measuring process tedious
and inaccurate.

If no constant current supply is available, an approximation can be ob-
tained by using a high voltage DC supply with the output connected in
series with a large value of fixed resistance. The resistance should be at
least 100 times higher than that of the transistor circuit being supplied.
Thus the current in the circuit is determined by the series resistor rather
than by the transistor resistance as shown in detail by the diagram. While
a 45-volt battery with a 10,000 ohm series resistor is adequate for most
input circuit applications, this arrangement is not practical for use in
collector circuits.
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Experiment— Transistor Operating Characteristics (continued)

COLLECTOR VOLTAGE Versus COLLECTOR
CURRENT CURVES FOR TYPICAL P-N-P
JUNCTION TRANSISTOR

COMMON-BASE CIRCUIT

Collector

current emitter
ma current

45ma

35ma

15ma

-10 -20

collector voltage

In making a plot of the col-
lector current characteristic
curves, the emitter current is
maintained constant while the
the collector current is varied.
For each value of collector
current the collector voltage
is measured and plotted on a
graph. Once a condition of col-
lector current saturation begins
for one particular value of e-
mitter current, the process is
repeated with another value of
emitter current, until a complete
set of curves is obtained. Note
that the procedure is different
from that used with vacuum
tubes, where the current is
measured while the voltage is
varied.

When this procedure is followed with a P-N-P junction transistor, a set
of curves such as those shown in the diagram is obtained. Note the resem-
blance between these curves and those of a pentode vacuum tube shown
earlier. It is easy to see that only a small amount of collector bias is re-
quired to get all of the available current carriers to the collector and to
bring about a condition of saturation. Examination of the curves shows that
a change in emitter current produces a slightly smaller change in collector
current—indicating a current gain (alpha) of less than one.

COLLECTOR VOLTAGE
Versus
COLLECTOR CURRENT

Collector emitter CURVES
current  current FOR TYPICAL
i Ama POINT-CONTACT
-8 + TRANSISTOR
14 3ma COMMON-BASE CIRCUIT

-10 -20 -30

collector voltage
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Further examination of the
curves shows that the collec-
tor current does not have to
be reduced to zero for the col-
lector voltage to become zero.
In fact when the collector cur-
rent is reduced to zero, the
collector voltage is slightly
positive. This means that holes
flow from the emitter through
the base and into the collector
even though there may be a
small opposing bias across the
base and collector, due to the
high concentration of holes in
the base and the thinness of
the base.
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Experiment — Transistor Operating Characteristics (continued)

The diagramon 6-44 bottom CIRCUIT FOR PLOTTING
indicates similar curves for a COLLECTOR VOLTAGE
point-contact transistor. The Versus

major difference is that it can COLLECTOR CURRENT CURVES —
COMMON-EMITTER CIRCUIT

be seen that a change in emitt-
er current produces a collec-
tor current change three times
as large, indicating an alpha
(current gain) of about three
times. Also note the lack of
reversal in collector voltage.
The next diagram shows the
characteristic curves of col-
lector current versus collector
| voltage for different values of
base current. The circuit used
to plot such curves is shown to
the side and can be recognized
as similar to that used to ex-
plain the beta (B8) gain char-
acteristics of a transistor.

To plot curves of this type
maintain a fixed value of base
current and vary the collector

FOR TYPICAL .
current over a predetermined
P-N-P JUNCTION TRANSISTOR range. For each value of col-

COMMON-~-EMITTER CIRCUIT lector current record the col-
lector voltage. When the col-
collector lector current begins to show
current signs of saturation, select an-
ma -125 other base current and repeat

the process.
-100 Examination of the complete

-75 family of curves shows that
very small changes in base
current produce large changes
in collector current. It is not
unusual for a 25 microampere
change in base current to pro-
duce a 1 milliampere change
in collector current, indica-

collector voltage ting a beta (B) gain of 40 times.

COLLECTOR VOLTAGE Versus
COLLECTOR CURRENT CURVES

base current
microamps
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Introduction to Transistor Circuits

YOUR KNOWLEDGE OF
VACUUM-TUBE CIRCUITS

IS THE FOUNDATION FOR
LEARNING ABOUT TRANSISTORS

Now that you are familiar with the basic operating characteristics of
transistors, you are ready to learn how transistors can be used in practi-
cal equipment. To accomplish this you will learn about transistor circuits
in a sequence similar to that used in learning about vacuum tubes. The
process will begin by examining how single transistor stages can be com-
pared to the equivalent single-stage vacuum-tube audio amplifier. Once
that is accomplished there will be a review of the methods of coupling
transistor stages together to make up several types of complete audio
amplifiers. Following this will be a review of transistor RF circuits, and
this phase of learning about transistors will end with an analysis of a
completely transistorized superheterodyne broadcast receiver.

In learning about transistor operating characteristics there were sever-
al instances where a comparison was made between transistor and vacuum
tube circuits. In these comparisons it was indicated that the emitter, base
and collector of a transistor could be thought of as corresponding to the
cathode, grid and plate of a vacuum tube. Further comparisons of this type
are helpful in bridging the gap between transistor and vacuum tube cir-
cuitry. It should be noted, however, that a point will be reached where this
comparison ceases to be useful. Better progress can be made at that time
by basing the explanation of more advanced transistor circuits upon the
knowledge gained about the more basic transistor circuits.
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Basic Single-Stage Amplifiers

In learning about transistor operating characteristics two methods were
found for obtaining the effects of amplification from a transistor. The cir-
cuits that were learned about can be converted easily into practical audio
amplifier stages. Actually there are three methods of obtaining signal gain
from a transistor, and these will be presented in a sequence which is based
upon your knowledge of vacuum-tube audio amplifier stages.

The vacuum-tube amplifier circuit with which you are most familiar is
the one shown in the diagram. In this arrangement the input signal is ap-
plied across grid and ground, and the output signal appears across the
plate and ground. Actually, because of the cathode bypass capacitor, the
input is across grid and cathode; and the output appears across plate and
cathode. Because of the circuit arrangement this amplifier is popularly
known as the “grounded-cathode” circuit. More correctly it should be called
the “common-cathode” circuit, since both plate current and grid current
(when present) flow through the cathode circuit, and since any one of the
tube elements may be grounded without changing this characteristic.

A very brief review of this circuit will clarify the explanation of its
transistor equivalent. When the input signal makes the grid more positive
(or less negative), the plate current increases. The result is an increase
in the voltage drop across the load resistor, and the plate voltage de-
creases. When the input signal makes the grid less positive (or more
negative), the plate current decreases. The result is a decrease in the
voltage drop across the load resistor and the plate voltage increases.
Since the change in plate voltage is always in a direction opposite to that
of the grid voltage, there is a 180-degree phase reversal between the input
and output signal.

BASIC VACUUM-TUBE
COMMON-CATHODE
AMPLIFIER CIRCUIT




TRANSISTOR CIRCUITS

Basic Single-Stage Amplifiers (continued) ‘
|

The equivalent transistor stage resembles the circuit used to learn
about beta current amplification. It can be seen that the emitter, base and
collector of the transistor correspond respectively to the cathode, grid
and plate of the vacuum-tube circuit. Because of the circuit arrangement
this circuit is popularly known as the “grounded-emitter” circuit, although
it is more correct to call it the “common-emitter” circuit. The operation
is the same whether a P-N-P or N-P-N transistor is used, although the
polarities of the bias voltages would be reversed as shown in the diagram.

First consider the operation with an N-P-N transistor. When a posi-
tive-going input signal drives the base more positive, the forward bias
across the base-emitter junction is increased. More electrons flow from
the emitter into the base, and, as described earlier, there is an increase
in collector current. This increase in current results in an increased volt-
age drop across the load resistor and the collector voltage decreases
(becomes less positive). When the input signal becomes negative, some of
the positive bias on the base is cancelled; and the forward bias across the
base-emitter junction is decreased. Fewer electrons flow from the emitter
into the base, and there is a decrease in collector current. This decrease
in current results in a decreased voltage drop across the load resistor, and
the collector voltage increases (becomes more positive).

Since the change in collector voltage is always in a direction opposite to
that of the base voltage, there is a 180-degree phase reversal between the
input and output signal.

The same overall results take place when a P-N-P transistor is used,
although all of the bias changes are reversed. When a positive-going signal
makes the base less negative, fewer holes flow from the emitter into the
base, the collector current decreases, and the collector voltage increases
(becomes more negative). A negative-going signal makes the base more
negative, more holes flow from the emitter into the base, the collector cur-
rent increases, and the collector voltage decreases (becomes less negative).

The outstanding advantage of this circuit is that it produces higher
power amplification than the other types to be considered. Disadvantages
are that this circuit has the greatest tendency to oscillate, and has im-
pedance-matching problems that will be considered later.

BASIC TRANSISTOR
COMMON-EMITTER
AMPLIFIER CIRCUITS

Output
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Basic Single-Stage Amplifiers (continued)

/\/\/ i Basic N-P-N

Input Common -Base
Output Amplifier Circuit

e

Output

EQUIVALENT
TRIODE CIRCUIT

EQUIVALENT P-N-P CIRCUIT

The second basic amplifier arrangement is known as the “grounded-
grid” or “common-grid” circuit in its vacuum-tube form. In its transistor
equivalent the arrangement is known as the “grounded-base” or “common-
base” circuit. This arrangement resembles the circuit used to learn about
alpha current amplification.

Because of previous coverage of this material a description of the N-P-N
transistor form of this circuit is sufficient, and the operation of the vacuum-
tube and P-N-P transistor variations are quite easily understood.

When the input signal becomes positive, part of the forward bias across
the emitter-base junction is cancelled. The result is a decrease in emitter
current and a decrease in collector current. The voltage drop across the
load resistor decreases, and the collector voltage becomes more positive.

When the input signal becomes negative, there is an increase in the for-
ward bias across the emitter-base junction. The result is an increase in
both emitter and collector current. The voltage drop across the load re-
sistor increases, and the collector voltage becomes less positive.

Since the collector voltage rises and falls with the input signal, there
is no phase reversal between the input and output signals. The outstanding
advantages of this circuit are that it produces the least noise and has the
least tendency to oscillate. The amplification produced is not as high as
for the common-emitter circuit.
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Basic Single-Stage Amplifiers (continued)

AVAVES

Input

Basic N-P-N
Common -Collector

Amplifier Circuit

EQUIVALENT
P-N-P
CIRCUIT

EQUIVALENT TRIODE CIRCUIT

The third basic amplifier arrangement is known as the “grounded-
plate” or “common-plate” circuit in its vacuum-tube form. In its transis-
tor equivalent the arrangement is known as the “grounded-collector” or
“common-collector” circuit. This arrangement is essentially identical to
the single-tube phase inverter learned about in your study of audio
amplifiers, except that only the cathode signal circuit is used.

Again, because of your familiarity with this circuit and because of pre-
vious comparisons, a description of the N-P-N transistor form is suffi-
cient explanation for all forms of this circuit,.

When the input signal becomes positive, the forward bias across the
emitter-base junction is increased. The result is an increase in emitter
current and an increase in collector current. The voltage drop across the
load resistor (emitter to ground) increases, and the emitter voltage
becomes more positive.

When the input signal becomes negative, part of the forward bias across
the emitter-base junction is cancelled. The result is a decrease in emit-
ter current and a decrease in collector current. The voltage drop across
the load resistor (emitter to ground) decreases and the emitter voltage
becomes less positive (more negative).

Since the emitter voltage rises and falls with the input signal, there is
no phase reversal between the input and output signals. The outstanding
characteristic of this circuit is that, as in the case of the phase inverter,
the voltage gain is always less than one, although power gains of over ten
times may be produced. The circuit has input impedances in the order of

| 250,000 ohms and the output impedance is often below 1,000 ohms. This
‘ makes the circuit useful for matching high impedance sources to low
| impedance outputs.
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Amplifier Circuit Variations

As you learned from your previous study of vacuum-tube circuitry,
there are many common variations of any simple circuit. Not only are
these variations due to different methods of drawing the circuit, they are
also due to actual differences in the number of components used, in the
types of components used, and in the wiring of the various components.
The fact that there are variations should not lead to confusion, because the
basic circuit operation is fundamentally the same, and the basic circuit can
be recognized in spite of the changes. Learn to recognize the basic circuit
in spite of the variations.

To see how this affects the transistor circuits you have learned so far,
examine the diagrams on this and the next page. Detail 1 on this page
shows three types of circuit arrangements (common emitter, common
base and common collector). Detail 2 shows one variation for each type,
and the difference is only in the manner the various circuit components
are arranged in the circuit. To prove that the difference is only one of
drawing layout you can check the connections of each component with those
in Detail 1,

DRAWING LAYOUT VARIATIONS

[ DRAWING LAYOUT VARIATIONS |
. -

-
-

COMMON-EMITTER

COMMON-
COLLECTOR
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Amplifier Circuit Variations (continued)

The drawings on this page show five more variations for the common-
emitter circuit shown in Detail 1 on the previous page. Similar variations
exist for the common-base and common-collector circuits.

Detail 3 shows a second variation of the common-emitter circuit. Al-
though there are drawing layout differences, the main difference is that
transformer coupling, rather than RC coupling, is used at the input and
output.

Detail 4 includes drawing layout differences, but the major change is
that one bias battery is used instead of two. In transistor applications one
battery is often used instead of two. The two different biases that are re-
quired can be obtained from a single battery, either by means of a voltage
divider arrangement (as in Detail 4) or by means of individual series re-
sistors from the battery to the collector and base (as in Detail 5).

A variation (Detail 6) shows how the primary winding of an output trans-
former can be substituted for the battery-to-collector resistor. Also shown
in that detail is a bypassed resistor in the emitter-to-ground circuit.

This resistor is known as a “stabilizing” resistor; it generates a self-
bias voltage, similar to cathode bias, which maintains the desired operat-
ing characteristics in spite of current variations in the other circuit
elements. Detail 7 shows how self-bias can be generated by a resistor be-
tween base and collector. The base bias resistor increases and decreases
the base current as required to maintain stable operation.

ADDITIONAL VARIATIONS OF COMMON-EMITTER CIRCUIT

|
]
QTRANSFORMER 1 OSINGLE BIAS
INPUT AND ] BATTERY WITH
OUTPUT i VOLTAGE ""| I"
DIVIDER _L__
] —_
. -
1

b femee

@ SINGLE BIAS BATTERY
WITH TRANSFORMER

-----------4 o SINGLE BIAS
BATTERY WITH

QSINGLE BIAS BATTERY] i‘é‘a"};%’l‘f

]
WITH SERIES RESISTORS | - : OUTPUT AND
v STABILIZING RESISTOR

L------------J

1
1
T

._|
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Multiple-Stage Transistor Amplifiers

E COUPLING METHODS
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Capacitance Counli
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.
.

Although large amounts of power, voltage and current amplification can
be produced by a single transistor stage, the requirements of practical
equipment generally demand even higher amounts of amplification between
the input and output. In your study of vacuum-tube circuits you gained ex-
perience with the amplification requirements of audio amplifiers, video
amplifiers and radio receivers. During that study you learned about the
various metnhods of achieving the needed amplification by coupling together
or “cascading” a number of amplifier stages. The same general methods
are used in multiple-stage transistor amplifiers.

As in vacuum-tube amplifiers, the input stage must be impedance-
matched to the signal input source—the microphone, antenna or signal gen-
erator; and the output stage must be impedance-matched to the output load
—the loudspeaker, earphones, transmission line or meter. The methods
that can be used for coupling the amplifier stages to the input source and
output load, or for coupling amplifier stages to each other, include trans-
former coupling and resistance-capacitance coupling. To refresh your
memory the diagrams shown here illustrate these two methods of coupling
vacuum tubes.

Another coupling method, direct coupling, makes use of a direct connec-
tion between the plate of one stage and the grid of the next stage. Since the
plate and grid have vastly different bias requirements, complex supple-
mentary biasing must be used to cancel the excess plate voltage from the
grid. Because of these complications, direct coupling is rarely used with
vacuum tubes; but in transistor circuits it becomes simple enough for
practical use, as will be seen shortly.
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Multiple-Stage Transistor Amplifiers (continued)

Input resistance =
1,000 ohms or less

Output resistance =
up to 50,000 ohms

It is true that multiple-stage transistor amplifiers are based upon the
same general principles as vacuum-tube amplifiers and employ the same
general interstage coupling techniques. It is not true that such a transistor
amplifier can be understood clearly from the facts you have learned about
vacuum tube amplifiers.

In multiple-stage transistor amplifiers the problem of assembling the
various stages together is complicated by the peculiar characteristics of
the different types of individual amplifier stages. Both the grounded-base
and grounded-emitter types have input resistances of 1000 ohms or lower,
and the grounded-base type input resistance may be as low as 25 ohms.
On the other hand, the output resistances of these stages may be as high
as 50,000 ohms for the grounded-emitter type and 500,000 ohms for the
grounded-base type. If resistance-capacitance coupling is used in cascad-
ing amplifier stages of these types, there is a very large difference be-
tween the output resistance of one stage and the input resistance of the
next stage. Your knowledge of impedance-matching shows you that there
is a very large power loss in the coupling network between the stages; and
such losses result in significantly reduced gain through the overall ampli-
fier. To make up for these losses it is sometimes necessary to add one or
more stages to the amplifier.
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Multiple-Stage Transistor Amplifiers (continued)

Although the use of resistance-capacitance coupling results in a large
loss in amplification, it is simpler and less expensive than the other
methods available. Because of these desirable characteristics several
methods have been devised for retaining this type of coupling while partial-
ly overcoming the important problem of mismatch.

Matching the first amplifier stage to the signal source can be accom-
plished by selecting a type of amplifier circuit that has an input resistance
essentially equal to the source. When the input signal source has a resist-
ance between 25 and 300 ohms (as is the case with many transmission
lines, low impedance microphones or phonograph pickups) a common-base
type of input stage is used. If the characteristic resistance of the signal
source is in the range between 300 and 1000 ohms, as is the case with some
transmission lines and special transducers, either a common-base or
common-~emitter type of input stage may be used. In the event that the sig-
nal source has a resistance in the order of several hundred thousand ohms,
a common-collector type of input stage is used.

A similar technique is used to match the final amplifier stage to the
output load. For load resistances below 5000 ohms or below 100,000 ohms
the common-collector and common-emitter types of output amplifier
stages are used respectively. For load resistances above 100,000 ohms the
common-base type of output amplifier stage is used. Unfortunately, there
is no very efficient direct method of transmitting high levels of signal
power to a load of less than 500 ohms; a transformer is generally required
in such cases.

In power amplifiers a common-~collector stage with its high input re-
sistance (100,000 to 350,000 ohms) and low output impedance (700 to 25,000
ohms) can be used to present a fairly good impedance match between
stages of the other types. Although the voltage gain is less than one, there
is good power gain (about 10 times), and the mismatch losses are elimi-
nated effectively.

Impedance Matching in Transistor Amplifiers

25-300 COMMON- COMMON- 100K ohm
BASE BASE or higher load

ohm input CIRCUIT CIRCUIT

COMMON-BASE ' COMMON-
300-1000 OR COMMON-

100K ohm
ohm input EMITTER EMITTER or lower lload
B CIRCUIT CIRCUIT

. COMMON- COMMON-
100K-500K COLLECTOR COLLECTOR |—2000 ohm
ohm lnput CIRCUIT CIRCUIT or lower load
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Multiple-Stage Transistor Amplifiers (continued)

Transformers offer the most efficient method of matching transistor
stages to their inputs and outputs. Not only is this method efficient but it
is fairly simple, as can be seen by the diagram. Notice that the diagram
shows a capacitor placed between the base and the transformer secondary.
The purpose of this capacitor is to prevent the bias on the base from being
shorted to ground. The reasonfor the efficiency of transformers is that
they can be manufactured to have almost any desired combination of input
and output impedances, and almost perfect matches can be achieved. The
advantage of the use of transformers is evidenced by the fact that one or
two less transformer-coupled amplifier stages are required than in a re-
sistance-capacitance amplifier of equivalent gain. Using transformers has
the disadvantage of added cost, space and weight. Even though mass pro-
duction techniques are used in manufacturing such transformers, and
miniaturized models are widely available, it is a rare transistor ampli-
fier that employs transformer-coupling exclusively.

Direct-coupling techniques, as shown in the diagrams, are used in spe-
cial amplifiers where the phase shift introduced by other coupling methods
cannot be tolerated. Direct coupling is also used in the amplification of
signals at frequencies too low to be coupled efficiently by the previously
described methods. Output devices such as meters, relays, earphones and
other units can be direct-coupled by connecting them in series with the
output element of the final amplifier stage. If the device has a high imped-
ance, it can be used in conjunction with the common-base and common-
emitter types; and if it has an impedance below 10,000 ohims it can be
connected in series with the output of a common-collector stage. Note that
in adirect-coupled amplifier P-N-P and N-P-N transistors may be used
in conjunction with each other, resulting in a simplified biasing arrange-
ment without impedance-matching problems. This method is known as the
“complementary symmetry” circuit arrangement, and further examples
will be seen in the review of push-pull amplifier arrangements.

I| OUTPUT

~MAA

OUTPUT INPUT

DIRECT- iy
COUPLED =

AMPLIFIERS
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Push-Pull Audio Amplifiers
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In your study of vacuum-tube amplifiers you learned that the power out-
put requirements are sometimes more than can be produced by a single
output stage. Under such conditions the power output can be increased by
using two tubes in the output stage, and the push-pull arrangement pro-
duces the highest power output with the least distortion. Shown in the dia-
gram is a push-pull power amplifier with which you are very familiar.

In this circuit the output signal of the previous stage is applied to the
primary of a transformer. The secondary of the transformer is center-
tapped and applies equal and opposite voltages to the grids of the push-pull
tubes. Because opposite ends of the transformer secondary are applied
to the two grids, the signal voltage on one grid is becoming more positive
while the voltage on the other grid is becoming more negative. Thus the
plate current in one tube increases while that in the other tube is decreas-
ing. Because the DC plate currents in the output transformer primary flow
in opposite directions, the transformer core is not easily saturated; and
high operating efficiency can be obtained from the transformer.

In audio amplifiers the power output that can be obtained from a single
output stage employing ordinary transistors is usually limited to well
below 150 milliwatts. An output at such a low level is quite adequate for
driving earphones but is normally considered insufficient for use with a
loudspeaker. By using a push-pull power transistor arrangement in the
final amplifier stage, outputs of from 250 milliwatts up to 10 watts can be
obtained readily with Class B operation. This is quite adequate for driving
the loudspeaker of a portable radio.

The transistorized equivalent of the vacuum-tube circuit is also shown
in the diagram. It can be seen that the two circuits are almost perfect
duplicates, and the explanation given previously applies equally well to
both circuits. It should be noted that the operating characteristics of the
two transistors must be carefully matched to obtain efficient operation
and low distortion.
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Push-Pull Audio Amplifiers (continued)

A unique and useful method of obtaining push-pull operation is by means
of complementary symmetry. Circuits making use of this arrangement do
not contain many of the coupling components usually required. These cir-
cuits operate on the basis that P-N-P and N-P-N transistors can be made ‘
with equivalent operating characteristics while demanding oppositely po-
larized bias sources. The arrangement shown here operates in a satisfac-
tory manner without either input or output transformers. ‘
Both transistor bases are driven without phase reversal by the output
signal of the previous stage. The push-pull input effect is obtained be-
cause the emitters of both stages are connected to the load. Because of the
balanced voltage divider arrangement shown at the left of the circuit, the
two bases are equally and oppositely biased with respect to each other.
The center resistors are low in value, so that there is little loss in signal
amplitude; and equal signals appear on both bases.
The transistor circuits can be recognized to be of the common-collector |
type. Since one circuit is of the P-N-P type while the other circuit is of
the N-P-N type, push-pull operation is obtained even though the bases are
driven in phase with each other. When there is no signal applied, the cur-
rents through the load resistor are equal and opposite; and they cancel
each other. The biasing selected usually cuts off the collector current when
zero-signal is applied, giving Class B operation for maximum power output.
When the input signal becomes positive, the upper transistor does not
conduct. However, the lower transistor conducts and current flows from
the emitter, through the load resistor and into the battery center tap.
When the input-signal becomes negative, only the upper transistor con-
ducts; and current flows from the battery center tap, through the load re-
sistor to the emitter. Thus push-pull operation is achieved.
Since a common-collector circuit is employed, a low impedance output
is achieved without an output transformer. The negative feedback obtained
through the common load resistor balances out small differences in
transistor operating characteristics, and precise matching of the two
transistors is not required.

PNP

PUSH-PULL AMPLIFIER USING
OUTPUT COMPLEMENTARY SYMMETRY
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Introduction
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Now that you are acquainted with some of the outstanding features of
transistor audio amplifiers, you are ready to learn about transistor super-
heterodyne receiver circuits. Because you are already very familiar with
the vacuum-tube version of these circuits, only a brief review of their
purposes will be necessary.

The superheterodyne receiver antenna picks up a small portion of the
transmitted signal and delivers it to the input transformer of the RF Ampli-
fier. The RF Amplifier steps up the amplitude of the signal to which it is
tuned and does not amplify signals at other frequencies. Thus the purpose
of the RF Amplifier isto add selectivity and sensitivity to the receiver.
The RF Amplifier is often eliminated in table-top and portable receivers
and the antenna signal is led directly to the converter.

In the converter, often known as the Mixer or first detector, the incoming
signal in the CW output of a Local Oscillator are mixed together. The
plate current of the converter is varied according to both of these signals
which are at different frequencies. A beat, or difference signal appears at
the output; and this signal is fed to the IF Amplifier, which is tuned to this
difference frequency.

The IF signal has the same modulation as the RF carrier, and the only
change is a lowering of the frequency of the carrier signal. When the RF
Amplifier and converter, or the converter alone, are tuned to the incoming
signal, the oscillator is also tuned. The tuning is arranged so that the
difference signal is always at the same frequency, and the IF Amplifier can
be fixed-tuned.

The IF Amplifier is permanently tuned to the fixed-frequency signal
coming from the Mixer stage. Since no variable tuning is required, the IF
Amplifier is designed for maximum amplification and high selectivity.
From one to three IF Amplifiers are normally included in a superhetero-
dyne receiver, and the intermediate frequency normally used in broadcast
receivers is 456 kilocycles.

The Detector stage, sometimes known as the second detector, receives
the output of the IF Amplifier. Acting as a rectifier, the detector removes
the IF carrier signal and leaves only the audio signal. This audio signal
is stepped up in amplitude by the Audio Amplifier, the output of which
drives the earphones or loudspeaker.
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IF and RF Amplifier Stages

s VACUUM-TUBE
IF XFMR IF AMPLIFIER

Vles

IF XFMR

TRANSISTOR
IF AMPLIFIER
(COMMON-BASE

CIRCUIT)
»ij. (COMMON-EMITTER CIRCUIT)

As is the case with their vacuum-tube counterparts, transistor IF and
RF Amplifiers have basically the same design. Also as in the case of their
vacuum-tube counterparts, the major design problem in these stages is
achieving adequate gain at high frequencies. In both cases adequate gain is
normally accomplished by the use of tuned circuits.

The first diagram shows a vacuum-tube IF Amplifier with its transistor
equivalent. The transistor circuit is based upon the common-base arrange-
ment, Only two significant differences can be seen in the transistor ampli-
fier. First are the differences due to the change in bias requirements.
Second is the fact that the emitter circuit is connected to a tap on the
secondary winding, rather than to the end of that winding. The purpose of
this is to provide a good impedance match between the two stages; the
high output impedance of the collector circuit is effectively matched to the
low input impedance of the emitter which follows, while maintaining the
normal tuning requirements of an IF Transformer.

Also shown is a variation of the transistor IF Amplifier. In this two-
stage circuit a common-emitter arrangement is used. The major difference
here is that the impedance match is accomplished in the transformer pri-
mary. Instead of being connected to the end of the primary winding, the
collector is connected to a tap on the primary. In addition the secondary
winding is untuned, as is sometimes done in vacuum tube circuits.

Except for the fact that their frequency range is higher and wider,
transistor RF Amplifiers resemble the transistor IF Amplifiers shown in
the diagram, To make a variable-tuned RF Amplifier the variable capaci-
tors in the diagram should be mechanically ganged and connected to a
tuning knob and dial. Because of the complexities of ganging the tuning
capacitors of variable-tuned amplifiers, there is usually only one tuned cir-
cuit in such an arrangement.
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Oscillator and Mixer Stages

As in the case of vacuum-tube oscilla-
tors, transistor oscillators operate by
means of a positive feedback network. This
arrangement takes a portion of the output
signal and feeds it back to the input circuit.
The phase relationship is such that the in-
put signal is reinforced, and oscillation
takes place at a frequency determined by
the tuned circuit. The basic principles in-
volved are identical to those described in
Volume 3 of Basic Electronics.

Just as there is a wide variety of vacu-
um-tube oscillators, there are many kinds
of transistor oscillators. There are tran-
sistorized versions of the tickler and
Hartley oscillators, which are shown in the
diagrams. The operating principles are
the same in both cases, and the only sig-
nificant differences are those required for
maintaining the proper bias on the various
elements. In addition, there are a number
of oscillator circuits peculiar to transis-
tors. These can always be recognized in
a schematic diagram by the fact that each
contains a series- or parallel-tuned cir-
cuit with some form of coupling between
the input and output circuit.

Also shown on this page is the schematic

diagram of a typical mixer circuit. The
emitter is frequently biased by means of

a bypassed resistor to ground, and the
local oscillator signal is injected into it
by means of transformer coupling. The
modulated RF signal from the antenna or
RF Amplifier is coupled to the base.
Operation is explained in the same manner
as for the vacuum-~tube mixer in Volume 5

circuit could be combined to make a con-
verter stage which combines the functions
of both. The transistor version of this
stage is shown in the last diagram.
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TRANSISTORIZED SUPERHETERODYNE RECEIVER

Experiment—Transistor Receiver Operation

The purpose of this experiment is to examine a typical battery-powered
superheterodyne receiver and to observe its operation. The equipment re-
quired is the receiver shown in the schematic diagram on this page, an
RF signal generator equipped with amplitude modulation, an audio signal
generator, plus an oscilloscope or audio signal output meter,
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B =9 volts, VS300 or VS301 C8 =10 uf, electrolytic, 15 v.
C1 =Trimmer capacitor, C9 =0.05 uf, paper, 150 v,

0-20 upuf C10 =0.05 uf, paper, 150 v.
C2 =Variable capacitor, C11 =75 uuf, mica, 150 v.
12-230 uu C12 =0.05 uf, paper, 150 v.

C3 =0.05 uf, paper, 150 v.
C4 =0.04 uf, mica, 150 v.

C5 =220 uuf, mica, 150 v.
C6 =Variable capacitor,

C13 =220 uuf, mica, 150 v.
C14 =0.05 uf, paper, 150 v.
C15 =0.05 uf, paper, 150 v.
C16 =33 uuf, mica, 150 v.

10-105 uuf C17 =220 upuf, mica, 150 v.
C7 =Trimmer capacitor, C18 =0.05 uf, paper, 150 v.
0-20 puf C19 =2 uf, electrolytic, 15 v.

T1 = Antenna transformer wound on the largest feasible ferrite
core to provide the following characteristics:
Primary Inductance (With secondary open) 353 uh
Primary Q at 1 Mec, mounted on chassis with
secondary open 200
Equivalent output resistance across secondary
terminals, at 1 Mc with primary tuned 600 ohms
The primary should be wound on one end of the ferrite rod with
spacing between turns equal to the thickness of the wire.
The secondary should be wound on the opposite end of the
ferrite rod with no spacing between turns (close wound).
The end of the primary winding nearest the secondary is the
ground end. Use #7/41 Litz wire. A ferrite rod about 8” long
and 34” in diameter will provide excelient results.
T2 = Oscillator transformer. Wind as follows:
Using a threaded resinite coil form about 1” long with in-
ternal threads to match a !{”-diameter ferrite core about
34” in length, wind 4 turns near the center of the coil form.
This winding is located between the terminals marked Al
and A2 on the circuit diagram. The winding between termi-
nals Bl and B2 consists of a 10-turn winding and is wound
on top of the 4-turn winding. The winding between terminals
C1 and C2 is wound on top of the other two windings and is a
multilayer 115-turn winding. This winding should extend over
a lensth of about 34”. All the windings are universally
wound with #5/44 Litz wire. A resinite collar with 6-termi-
nals may be fitted over one end of the coil form to provide
secure anchorage for the ends of the windings and convenient
terminals for making connnections to the windings. When the
transformer is completed, connect a 120-uuf capacitor across
the 116-turn winding and tune the ferrite core to obtain
resonance at 1.455 Mc with the other two windings open cir-
cuited. The Q of this winding under the same conditions
should be 100 or greater.

C20 =50 uf, electrolytic, 15 v.
C21 =50 uf, electrolytic, 15 v.
C22 =100 uf, electrolytic, 15 v.
R1 =33,000 ohms, !4 watt
R2 =24,000 ohms, !4 watt
R3 =820 ohms, !4 watt

R4 =120,000 ohms, 4 watt
R5 =18,000 ohms, 14§ watt
R6 =1200 ohms, 1§ watt

R7 =75,000 ohms, 14 watt
R8 =560 ohms, }{ watt

R9 =560 ohms, }{ watt

R10 =150,000 ohms, }4 watt

R11 =1200 ohms, !4 watt

R12 =2000 ohms, l4 watt

R13 =100 ohms, !4 watt

R14 =10,000 ohms, !¢ watt

R15 =Volume control, 2500
ohms, 14 watt

R16 =5600 ohms, !4 watt

R17 =220 ohms, 4§ watt

SP =Speaker

T3, T4, T5 = Intermediate-frequency transformers. Using ma-
terials like those described for the oscillator transformer T2,
wind T3, T4, and T5 to meet the following requirements:

Tuned resistance at
primary tap

Primary (terminals 3 and 5):
Reflected resistance with
secondary terminated

1 an
Reflected resistance with
primary terminated

Seconda:'{y (terminals
2):

Turns Ratios:
Terminals 4 and 3 to
terminals 5 and 3
Terminals 5 and 3 to
terminals 2 and 1

Core (Ferrite):

Unloaded Q (mounted
in chassis)

Loaded Q (mounted
in chassis)

T3 T4 T5
118,000 15,300 17,200 ohms
206,000 29,000 10,900 ochms

1,000 500 1,000 ohms

1.17 2.48 3.16
14.35 7.62 3.3

110 61 110
35 35 35

T6 = Class A output transformer, primary impedance = 500
ohms, secondary impedance = 12 ohma.
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Experiment—Transistor Receiver Operation (continued)

Two basic procedures will be used in this =) CR Y
experiment. First, each stage will be iden- P o
tified to determine its purpose, and then s :;1218
the operation of that circuit will be checked 3 RACLIE FIER
by using the signal injection techniques oF ZLNews o | rwe g
described in Volume 5 of Basic Electronics, 1 3 305 s
To begin the experiment, examine the ot s gm
diagram to identify the audio output ampli- =
fier. The output amplifier can be identified . o1
at the right of the diagram by the fact that E cax E0
it is connected to the loudspeaker. This 1 I'
stage can be identified as a common-emit- M7 i i( F

ter circuit by the fact that the input signal
is connected to the base, and the output
transformer is connected to the collector.
Voltage is supplied to the collector by con-
necting it through the output transformer primary winding to the negative
terminal of the battery. Bias is supplied to the emitter circuit by passing
its current through a capacitor bypassed resistor coming from ground. A
voltage divider formed by R14 and R16 provides negative bias to the base.
This bias is obtained from the negative terminal of the battery through the
RC filter formed by C20, R13 and C21.

Check the operation of the output stage by signal injection techniques.
Connect the oscilloscope or output meter across the output transformer
secondary winding terminals3 and 4. Connect the audio signal generator
across R16. Turn on the receiver by closing power switch S, Turn on the
audio signal generator and vary its frequency; the audio signal will be
heard coming from the loudspeaker and will cause an indication on the
oscilloscope or output meter.

The detector stage can be seen in the diagram to the left of the audio
output amplifier. The detector stage consists of a single semiconductor
diode arranged in a half-wave rectifier output circuit identical to that
described previously. The input signal is provided by the IF output trans-
former to the left, and the audio output signal appears across the volume
control, R15,

Note the lead that connects the junction between the diode and C18 to the
second stage through R5. From your knowledge of the vacuum-tube super-
het receiver this circuit can be recognized as one which supplies auto-
matic volume control (AVC) voltage to the IF Amplifier.

To check the operation of the detector stage connect the RF signal gen-
erator across the secondary winding of IF Transformer TS, across ter-
minals 1 and 2. Turn on the signal generator and set it to 455 kilocycles.
When the signal generator amplitude modulation is turned on, an audio sig-
nal will be heard coming from the loudspeaker and will indicate on the
oscilloscope or output meter.
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TRANSISTORIZED SUPERHETERODYNE RECEIVER

Experiment—Transistor Receiver Operation (continued)

Further examination of the schematic diagram shows that there are two
almost identical stages to the left of the detector stage. Closer examina-
tion shows that these stages contain fixed-tuned transformers, and that is
the basis for identifying them as IF Transformers. Both of these stages
can now be recognized as being equivalent to the IF stages described pre-
viously. The two stages are of the common-emitter type, and obtain sta-
bilizing emitter bias by means of their emitter-to~ground resistors R6
and R11, The first stage achieves maximum gain by employing bypass
capacitor C10 to conduct the signal from ground to the emitter around R6.
The second stage does not contain such a capacitor across Rll, thereby
resulting in negative feedback which achieves stability in that stage. Both
collectors obtain their bias from the filtered B- line, and a decoupling
network formed by R8 and C12 prevents interstage feedback which might
result in oscillation,

Note that both IF Amplifiers include neutralizing circuits (C11 and RS9,
also C16 and R12). These circuits provide negative feedback between the
output and input, in order to prevent oscillation,

To test the operation of the If Amplifiers turn on the RF signal gener-
ator and allow its setting to remain at 455 kilocycles with the amplitude
modulation on, Connect the generator across base and ground in each IF
Amplifier, and the audio signal will be heard coming from the loud-
speaker. Vary the signal generator frequency about its initial setting,
and the loudness of the sound coming from the loudspeaker will be heard
to vary. In addition, the amplitude of the oscilloscope or output meter in-
dication will be seen to vary. It will be noticed that there is a maximum
audio output when the signal generator is set to 455 kilocycles, the fre-
quency to which the IF Transformer are tuned. The audio output de-
creases rapidly as the signal generator frequency is tuned away from 455
kilocycles, showing that the IF Amplifiers have a narrow bandpass.

", Ci2 =
T Cu
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[
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TRANSISTORIZED SUPERHETERODYNE RECEIVER

Experiment—Transistor Receiver Operation (continued)

The last stage to be considered is the one shown to the extreme left of
the diagram. This stage can be immediately recognized as the converter
stage considered previously onpage 6-61. The oscillator function can be
recognized by the fact that transformer T2 couples the output and input
circuits. The mixer function can be recognized by the fact that the os-
cillator signal is injected into the emitter circuit, while the incoming RF
signal is injected into the base circuit. Collector voltage is supplied from
the filtered B- line through windings of T2 and T3, Emitter bias is supplied
by means of the capacitor-bypassed resistor R3.

Operation of the converter stage, and of the complete receiver can be
observed by using the RF signal generator to inject a broadcast-band sig-
nal into the primary winding of T1, across terminals 1 and 2. Set the RF
signal generator to a frequency of 1 megacycle, with amplitude modulation
on, and tune the receiver until the audio signal is heard from the loud-
speaker and seen on the oscilloscope or output meter. Since the primary
winding of Tl acts as an efficient loop antenna, radio signals will be heard
if the receiver is tuned with the signal generator disconnected.
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Review of Transistors

JUNCTION TRANSISTOR~—

A junction transistor con-
sists of semiconductor ma-
terials in an N-P-Nor
P-N-P sequence. The junc-
tions may be formed during
the crystal growing process
(grown junctions), by a dis-
solving and recrystalliza-
tion process (alloy junctions),
or by an etching and plating
process.

POINT-CONTACT TRAN-

SISTOR—A point-contact

transistor consists of a
block of N-type semiconduc-
tor in contact with two
closely spaced pointed metal
wires. The construction can
be considered the equivalent
of a P-N-P junction arrange-
ment

TRANSISTOR AMPLIFICA-

TION-Amplification is a-
chieved because the tran-
sistor transfers current
from a low resistance cir~
cuit to a high resistance cir-
cuit. This function is the
reason that the unit is known
as a transfer resistor or
transistor.

COMMON-EMITTER AM-

PLIFIER—This type of cir-
cuit operates in the same
general manner as the com-
mon-cathode vacuum-tube
arrangement. This circuit
has the highest power am-
plification and the greatest
tendency to oscillate. Input
resistance is 1000 ohms or
lower; output resistance is
as high as 50,000 ohms.

TRANSISTORS

Emitter Base

L CcAT WHISKER
)L BASE
|

“=Collector

j Emitter~*
<~ Base
Emitter Base Collector

ELECTRICAL SYMBOL
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Review of Transistors (continued)

COMMON-BASE AMPLI-
FIER—This circuit operates
in the same general manner
as the grounded-grid vac-
uum-tube amplifier. It pro-
duces lower power amplifi-
cation than the common-
emitter arrangement and has
the least tendency to oscil-
late. Input resistance may be
as low as 25 ohms; output
resistance is as high as
500,000 ohms.

COMMON-COLLECTOR AM-
PLIFIER—This circuit oper-
ates in the same general man-
ner as the cathode-follower
vacuum-tube arrangement.
The voltage gain is less than
one; power gains of over ten
times can be produced. Input
resistance is in the order of
25,000 ohms; output resistance
is as low as 1000 ohms.

MULTIPLE-STAGE AMPLI-
FIERS—Coupling transistor

Output

anlplifier stages tOgeu’leI‘ Impedance Matching in Transistor Amplitiers
involves important im- 25-300 common- COMMON- | 100K ohm
pedance-matching problems om Tnput cIRCurT clrcurr [o7 mieher load®
which are solved by trans- —— —
former-coupling or by care- Frarras i TR BT
ful selection of the types of

stages used in sequence. The sook-sook | COMHON, cSommon- | 5000 onm
same coupling methods are onm input CIRCUIT CIRCUIT | oF lower load
used as in vacuum-tube am-

plifiers.

TRANSISTOR APPLICA-
TIONS—The basic transis-
tor circuits can be modified
to duplicate the functions of
all the vacuum-tube circuits
learned previously. Your
knowledge of vacuum-tube
circuits is of great assistance
in identifying the function of
the various transistor stages
used in complex equipment.
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PART 2
FUNDAMENTALS OF FREQUENCY MODULATION

What Frequency Modulation Is
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There are four basic methods by which a message can be superimposed
upon the RF carrier signal of a radio transmitter. You will review these
methods in the paragraphs which follow.

In continuous wave (CW) transmission, the carrier signal is interrupted,
or turned on and off, with a hand key. The result is the familiar dot-dash,
or “dit-dah”, signal. This method is used primarily for long distance com-
munication. The signals can be picked up by communications receivers or
by home-type receivers to which a special oscillator stage has been added.

In modulated continuous wave (MCW) transmission an audio frequency
signal of constant amplitude is superimposed upon the carrier. A key is
used to turn the carrier on and off, as in CW transmission. MCW is used
mainly for emergency transmission, and the signals can be picked up by

home-type receivers.
Interrupted (Keyed) M c w
Modulated RF Signal TRANSM'SSION

g b
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FUNDAMENTALS OF FREQUENCY MODULATION

What Frequency Modulation Is (continued)
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In amplitude modulated (AM) transmission the amplitude of the carrier
is varied up and down to correspond with the audio signal generated by
means of a microphone. This is the type of transmission picked up by a
standard home-type receiver.

Frequency modulation (FM) is another method of transmission used to
send voice and other sound signals. The frequency of the RF carrier signal
is shifted or deviated to a higher and lower number of cycles per second,
and the rate of deviation is equal to the frequency of the sound signal.

The techniques of CW, MCW and AM transmission and reception were
reviewed in Volumes 4 and 5. The remainder of this volume is devoted to
the methods of FM transmission and reception.
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FUNDAMENTALS OF FREQUENCY MODULATION

Applicéttions of Frequency Modulation

_z/ Most applications of FM are based upon one or both of its two outstand-

// ing advantages. FM permits the transmission of an extremely wide range

" of audio frequencies. In addition, it provides almost complete freedom from
the annoying sounds produced by natural and man-made interference that

are frequently heard Coming from AM receivers. These Characteristics
\\
\

]

provide the basic requirements for important military, commercial and

home applications. — 4
\\ : —
N\,

N\,
~.

~—

The exchange of messages under tactical military conditions requires
clear message reception without danger of the content being obscured by
noise. This is important in communication between moving vehicles, par-
ticularly tanks, where there are very high interference levels produced by
a variety of electrical equipments.
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FUNDAMENTALS OF FREQUENCY MODULATION

Applications of Frequency Modulation (continued)

In commercial applications there are a number of instances in which
instrument outputs and other electrical signals must be transmitted with
perfect reception and freedom from interfering noise. One instance is in
high speed, high quality facsimile transmission of detailed maps, photo-
graphs and printed information. In such applications FM provides faithful
reproduction of the required wide band of video frequencies and prevents
noise from blotting out the fine details.

Perhaps the best known application of FM is its use in “high-fidelity”
radio receivers which provide excellent, noise-free reception of voice and
music. The high quality sound reception that is obtained with television
receivers is due to the fact that the sound portion of television programs
is transmitted and received by FM techniques.

‘mf\mp Being
| Transmitted

| TRANSMITTING
) STATION

Map Being Received

FACSIMILE

TRANSMISSION

RECEIVING STATION'
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FUNDAMENTALS OF FREQUENCY MODULATION

Advantages and Disadvantages of FM

15,000 C¥Cigg ) .y
7 1 = =
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It was mentioned earlier that the two outstanding advantages of FM are
first that it permits the transmission and reproduction of an extremely wide
range of audio frequencies and second that it permits reception that is free
from man-made and natural interference. It is entirely a practical matter
for an FM receiver to reproduce audio signals at 15,000 cycles or higher
without distortion and without noise during a violent electrical storm. Under
present broadcasting conditions an AM receiver cannot reproduce audio
signals higher than 5,000 cycles; and during a violent electrical storm, the
“static” completely drowns out the signal. The audio frequency limitation
of AM reception is not inherent in AM transmission, but due to broadcast-
ing regulations intended to restrict the transmitter bandwidth and thereby
prevent interference between AM stations.

FM has its disadvantages. For FM to perform its function the trans-
mitter carrier frequency must deviate over a wide band of frequencies.
Although good quality FM broadcasting does not require that the transmitter
deviate the maximum allowable limit of 75,000 cycles above and below the
assigned center frequency, this limit is closely approached by those stations
featuring high-fidelity FM broadcasting. Frequency ranges of such width
are not available in the commercial radio broadcasting band, and commer-
cial FM transmission has been assigned to the region between 88 and 108
megacycles. In this frequency band FM faces the same limitations that are
well known to all television viewers: FM reception is essentially limited
to locations that are in “line-of-sight” of the transmitting antenna, and
“fringe area” reception quality varies widely at different times of the day.

Another disadvantage of FM is that each transmitter requires a wide
frequency band, and in the case of closely overlapping bands only the
strongest transmitter will be heard. This requires careful assignment of
transmitter operating frequencies over the entire country in order to pre-
vent any possible overlap. In the case of fixed stations the problem need be
sclved only once. In the case of mobile transmitters, especially in military
operations involving large numbers of mobile transmitters, very careful
frequency assignment is necessary; and such assignments must be under
constant review to prevent interference.

DISADVANTAGES OF FM

B [

Transmitting Good Reception .
Stations .

Unreliable Reception ‘
Problems In No Reception (Fringe Area) ..
Frequency
Assignment

Obstructing
Objects
Interfere

Reception Limited To “Line Of Sight” No Reception
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FM TRANSMITTERS

Simplest Form of an FM Transmitter

A rapid understanding of the nature of frequency modulation may be
achieved through a review of the operation of the simplest form of an FM
transmitter. Consider an RF oscillator, such as a Hartley oscillator,
coupled to an antenna. The buffer amplifiers, frequency doublers and power
amplifiers usually placed between the oscillator and antenna are omitted
for purposes of simplicity.

It should be remembered from your previous study of transmitters,
that the signal sent out by this arrangement is an RF sine wave carrier
signal of constant amplitude. The frequency of this transmitted signal is
determined by the setting of the variable capacitor. The frequency increases
as the capacitor is set towards its minimum capacitance, and the frequency
decreases as the capacitor is set towards its maximum capacitance.

Output
Signal

OUTPUT
CAPACITOR SIGNAL

=TT
2 mmu |

Plates Frequency

£l TRANSMITTER
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FM TRANSMITTERS

Simplest Form of an FM Transmitter (continued)

Assume, for example, that when the variable capacitor is set to the
center of its range, the frequency generated is 1,000,000 cycles (1 mega-
cycle). To obtain the effect of frequency modulation the hand, or a suitable
vibrator mechanism, may be used to turn the variable capacitor shaft
rapidly back and forth about its center position.
If the shaft is mechanically oscillated about its center position at a rate
of 40 cycles per second, an FM receiver tuned to the center frequency will
put out a 40-cycle tone from its loudspeaker. If the shaft is turned at a rate |

- of 400 or 4,000 cycles per second, the receiver loudspeaker will put out

tones of 400 or 4,000 cycles respectively. The tone from the FM receiver
loudspeaker is always a duplicate of the rate of carrier frequency shift.

|

|

OSCILLATOR |
Output

Signal to
Receiver

Motor Speed
Control
4 40

Cycles\\\b\

Per \%5\
~¥0o
o Second
S D 7%
-— 400 Cycles Per Second//,ee/f/ FM RECEIVER

Capacitor Drive (: » - ; ;

Mechanism /"C’(:E EE =

/;_" /

TONE DEPENDS UPON RATE OF DEVIATION

6-76



FM TRANSMITTERS

Simplest Form of an FM Transmitter (continued)

As shown on the previous page, the tone coming from the FM receiver
loudspeaker depends upon the rate of the carrier frequency deviation. This
is true regardless of the magnitude of the deviation. The transmitter capac-
itor shaft may be turned by only a small amount to each side of its center
position — varying the frequency 1,000 cycles above and below the 1,000,000-
cycle center frequency. On the other hand, the capacitor shaft may be turned
at the same rate but by a larger amount — varying the frequency 10,000
cycles above and below the 1,000,000-cycle center frequency.

In both cases the same tone comes out of the FM receiver loudspeaker.
However, the loudness of the loudspeaker tone increases with the amplitude
of the frequency deviation. The tone produced by the * 1,000-cycle shift will
be quite low in volume, while the same tone produced by the *10,000-cycle
shift will be much louder.

Thus the frequency and loudness of the sound coming from the FM
loudspeaker are determined respectively by the rate and amplitude of the
transmitter frequency shift.
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FM TRANSMITTERS

Simple Reactance Tube FM Transmitter

The FM transmitter just described can be used to transmit tones of
any desired frequency and loudness. Since mechanical methods are used
to produce frequency shifting, the arrangement is known as a “mechanical
modulator”. While such a system can be used for test purposes, what is
required is an arrangement that can be used to transmit voice and other
sound signals. To accomplish this a microphone used in conjunction with
an audio amplifier must be able to cause deviations in the transmitter
carrier frequency. The rate of the frequency shift must be equal to the
frequency of the sound going into the microphone, and the amplitude of the
frequency shift must be in proportion to the loudness of the sound.

One fundamental and very widely used method of accomplishing these
desired results is based upon the use of a reactance tube. The basic ar-
rangement of a reactance tube FM transmitter is shown in the block dia-
gram. Note that the frequency multipliers and power amplifier normally
following the oscillator are omitted, for the present, in order to achieve
simplicity. In the circuit arrangement shown a microphone drives an audio
amplifier which, by means of a reactance tube, shifts the frequency of the
oscillator.

The operation of this system is very much the same as that of the
mechanical modulator. In one case the oscillator frequency is shifted at a
rate and amplitude determined by a mechanical arrangement. In the other
case the oscillator frequency is shifted at a rate and amplitude determined
by a reactance tube under the control of an audio signal.

Oscillator

Amplifier
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FM TRANSMITTERS

Basic Reactance Tube Circuit

The diagram on this page shows a basic reactance tube circuit. This
circuit injects the effect of a varying capacitance into the oscillator circuit.
The rate and amplitude of the capacitance change are determined by the
frequency and amplitude of the amplified audio signal from the microphone.

The circuit operates by changing the capacitive reactance in the oscil-
lator circuit and thereby achieves the effect of varying the capacitance of
the tuning capacitor. From your study of capacitive reactance in Basic
Electricity, you know that the outstanding characteristic of this quantity is
that the voltage and current are 90 degrees out of phase with each other.
The circuit arrangement of the reactance tube causes a condition wherein
the AC plate voltage and plate current are 90 degrees out of phase and the
magnitude of this effect is determined by the audio signal voltage on the
reactance tube grid.

The AC plate voltage is supplied by the oscillator tank circuit. The DC
plate voltage is obtained from the B+line through RF choke L;, and the B+
voltage is isolated from the reactance circuit by capacitor C,. In order to
make the AC plate current 90 degrees out of phase with the AC plate vol-
tage, it is necessary to make the AC grid voltage have the same phase re-
lationship. This is accomplished by connecting a capacitor (Cy ) and resistor
(R,) in series from the plate to ground and by connecting the grid to the
junction between the two. In such an arrangement, when low values of re-
sistance and capacitance are used, the AC voltage across the resistor is
90 degrees out of phase with the AC voltage across the network. Since plate
current is in phase with grid voltage, the AC plate current leads the AC
plate voltage by 90 degrees. The effective result is that capacitance has
been connected across the oscillator tank circuit.
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FM TRANSMITTERS

Basic Reactance Tube Circuit (continued)

Connecting capacitance across the oscillator tank circuit lowers the
oscillator frequency in proportion to the amount of capacitance that is in-
troduced. The quantity of capacitance that is injected into the oscillator ‘
tank circuit is equal to the transconductance (gm) of the reactance tube
multiplied by the product of the special network resistance and capacitance
(C injected = gm x R, x C, ).

It will be remembered from your introduction to vacuum tubes that
transconductance is equal to the change in plate current divided by the
change in the grid voltage which produced the plate current change. With
the plate voltage remaining constant, changes in grid voltage produce
changes in plate current. Thus the transconductance of the tube varies by
significant amounts in accordance with the frequency and amplitude of the
audio signal. As the transconductance changes, the injected capacitance
varies according to the above equation; and the frequency of the oscillator
is deviated as described previously.

Reactance tube circuits generally employ pentode tubes such as the
6ACT or 6SJ7. The value of C is generally between 20mmf and 30mmf{, and
the value of R is usually between 500 ohms and 1000 ohms. With such an
arrangement an audio signal of from 1 to 2 volts peak-to-peak on the grid
will cause the capacitance injected into the oscillator tank circuit to shift
from approximately 100mmf to 300mmf. Thus the frequency of the oscillator
will shift in accordance with the frequency and amplitude of the audio signal.

The reactance tube arrangement that has been considered is only one
of four basic types that can be used. If R, and C, are interchanged in the
circuit, a variable inductance will be injected into the oscillator tank cir-
cuit; and this causes the desired frequency changes as effectively as the
variable capacitance. If a coil, L,, is substituted for C; in the original
arrangement, the circuit will inject a variable inductance into the oscillator
tank; and interchanging L, and R, will inject variable capacitance. Any of
these arrangements can be used in an FM transmitter.

—t—C,
TO INJECT Ry TO INJECT
CAPACITANCE INDUCTANCE

TO INJECT o Btiwra
CAPACITANCE INDUCTANCE
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FM TRANSMITTERS

Demonstration—Basic Reactance Tube Circuit

The purpose of this demonstration is to indicate the outstanding char-
acteristics of the basic reactance tube circuit. In accomplishing this the
outstanding features of FM also will be indicated. The equipment required
is a reactance tube connected to an oscillator, an audio signal generator, a
pair of 6-volt batteries with a potentiometer connected across them, plus
an FM receiver and a CW receiver which can be tuned to the frequency of
the oscillator.

The first phase of the demonstration is begun by connecting the batter-
ies and potentiometer to the reactance tube input. By adjusting the potentio-
meter the reactance tube input voltage can be varied over the range of
from +6 to -6 volts. With the input voltage set to zero, the CW receiver
can be tuned to the oscillator frequency. When the signal is heard, the re-
ceiver dial indicates the oscillator center frequency. When the input vol-
tage is varied the receiver is retuned until the oscillator signal is heard.
A record is kept of the CW receiver dial settings corresponding to the in-
dividual reactance tube input voltages. An examination of this record
clearly indicates that the amount and direction of oscillator frequency de-
viation is closely proportional to the amplitude and polarity of the reac-
tance tube input voltage.

In the next phase of the demonstration the audio signal generator is
connected to the reactance tube input. With the audio input voltage equal to
about 0.5 volts at 1000 cycles, the FM receiver is tuned for the loudest
signal. Afterthisinitial adjustment the amplitude and frequency of the
audio signal input is varied. It is clearly observed that the signal heard
from the receiver corresponds to the frequency of the audio signal gen-
erator and that the loudness of this signal corresponds to the amplitude
of the audio signal.

' Audio Signal =
Generator

Reactance RF Oscillator
Tube
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FM TRANSMITTERS

Frequency Characteristics of FM Transmitters

Now that there has been a review of the basic features of a simple FM
transmitter, it is time to consider the operating characteristics of commer-
ciai FM transmitters. After this the circuit arrangement of FM trans-
mitters will be analyzed in greater detail.

Commercial broadcast stations which transmit program material by
means of frequency modulation operate within the frequency band of from
88 to 108 megacycles. In order to prevent interference between stations in
the same section of the country, the Government has specified that the
carrier frequency separation between stations in the same region can be no 1
less than 200,000 cycles. This means that if a station is assigned to a center
frequency of 100 megacycles, other regional stations cannot be assigned
center frequencies closer than 99.8 megacycles on the low side or 100.2
megacycles on the high side.
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FM TRANSMITTERS

Frequency Characteristics of FM Transmitters (continued)

It is important to prevent any possible overlap between the frequency
shifts of stations with adjacent center frequencies. If this should happen, a
receiver tuned to one station might also pick up interfering signals from
the adjacent stations on each side. To guard against such a possibility the
maximum freguency shift that is permitted is 75,000 cycles on each side of
the center frequency. No signal must be transmitted in the frequency band
between 75,000 and 100,000 cycles on each side of the center frequency.
Thus each station has a 25,000 cycle “guard” band on each side of its cen-
ter frequency to prevent interference between stations, even though the
center frequency of one or both of them may drift slightly.

Under actual conditions the 200,000 cycle separation between center
frequencies is reserved for stations completely out of range with each
other. Since there may be eight or more stations operating in densely pop-
ulated areas, such stations have their center frequencies separated by
400,000 cycles. This places an unused frequency band of 100,000 cycles
between adjacent guard bands. Including the guard bands there is an unused
frequency band of 150,000 cycles between the actively used channels. Thus
there is good assurance against interference, even though adjacent stations
may stray considerably from their assigned operating ranges.
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FM TRANSMITTERS

Complete Basic FM Transmitter
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Once the operation of the reactance tube is understood, there is little
difference between a basic FM transmitter and the AM transmitters that
were reviewed in Volume 4. The block diagram on this page shows a basic
FM transmitter; and if the-reactance tube is eliminated, it is the same
arrangement used in an AM transmitter with modulation introduced into the
oscillator.

To review the operation of the system, consider the function of each
stage, beginning with the microphone. The microphone converts sound
waves into a low voltage electrical signal having the same frequency and
amplitude characteristics as the sound wave. This low voltage audio signal
is fed to the audio amplifier, which steps up the signal voltage to a level
suitable for driving the reactance tube. Without the reactance tube the
oscillator generates an RF signal of constant frequency and amplitude. Due
to the operation of the reactance tube the oscillator frequency is shifted at
a rate equal to the frequency of the audio signal; and the magnitude of the
frequency shift is in proportion to the amplitude of the audio signal.
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FM TRANSMITTERS

Complete Basic FM Transmitter (continued)

The purpose of the intermediate power amplifier (IPA) is to isolate the
oscillator for improved frequency stability and to amplify the RF signal in
order to drive the power amplifier efficiently. The IPA also frequently
serves as a frequency multiplier. This permits the transmitter to send out
the desired frequency while the oscillator operates at a much lower fre-
quency, where it can maintain stable operation more easily.

It should be recognized that in addition to multiplying the oscillator
signal frequency, the IPA also multiplies the oscillator signal frequency
deviation. Thus, if the oscillator resting frequency is 30 megacycles with
a frequency deviation of+ 25,000 cycles, and the IPA is operated as a fre-
quency tripler, the IPA output resting frequency will be 90 megacycles
with a frequency deviation of *75,000 cycles. Consequently, the use of fre-
quency multipliers permits the required frequency deviation to be obtained
while the oscillator operates at a lower, more stable frequency and with a
smaller, more easily obtainable frequency deviation,

The purpose of the power amplifier is to increase the power level of
the IPA output signal. This achieves adequate power radiation by the an-
tenna to assure good reception within the area being serviced. The power
amplifier usually has its input and output signals at the same frequency in
order to obtain maximum operating efficiency.

The antenna converts the signal delivered by the power amplifier to
the form of an electromagnetic wave that can be radiated through space.
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The FM transmitter just reviewed is subject to oscillator frequency
drift. The most important reasons for this drift are the dimensional
changes that take place in the oscillator coil and capacitor due to tem-
perature variations within the transmitter itself. In AM transmitters the
most reliable method of preventing this drift is to use a crystal oscillator.
However, this method cannot be employed in an FM transmitter, since the
frequency of a crystal oscillator cannot be shifted.

To obtain the required frequency deviation while maintaining the neces-
sary frequency stability it is necessary to make use of a crystal oscillator
in an indirect manner, The method is shown in the block diagram. The FM
transmitter previously described is used as the major part of the system.
To this arrangement are added a crystal oscillator, a frequency converter
(mixer), and a discriminator.

The frequency converter receives signals from both the power ampli-
fier and the crystal oscillator. The frequency of the mixer output is equal
to the difference bet ween the two input signals. Thus, the mixer output fre-
quency increases and decreases asthe power amplifier frequency deviates
higher or lower. The discriminator output is a “frequency stabilizing vol-
tage” which rises and falls in accordance with the drift of the power ampli-
fier signal. The operation of the discriminator will be analyzed in detail in
the section on FM receivers. The frequency stabilizing voltage is injected
into the reactance tube, and causes the reactance tube to bring the oscilla-
tor back to the predetermined center frequency. Consequently, the overall
arrangement detects any drift in the oscillator frequency and corrects that
drift.
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Pre-Emphasis

It has been mentioned that an important advantage of FM is that it can
be used to transmit audio signals at frequencies up to 15,000 cycles or
higher. The frequencies above 5000 cycles contain mainly the upper harmon-
ics of the fundamental frequencies in voice or music. These upper harmon-
ics are low in signal amplitude; but if they can be reproduced at the receiv-
er, they add the unusually fine quality that is characteristic of FM recep-
tion,

Since the upper harmonics are low in amplitude, their signal-to-noise
ratio is much lower than that of the signals below 5000 cycles. In addition,
much of the noise is at the higher frequencies, which would tend to make
the high frequency signals unbearably noisy.

Pre-emphasis is a method of improving the signal-to-noise ratio of
the high frequency signals, so that they can be received without noise. The
method of increasing the signal-to-noise ratio is simply to increase the
high frequency gain of the transmitter audio amplifier as shown by the
curve. Since the audio signal amplitude decreases rapidly with frequency,
the amplifier gain must be increased as the frequency rises.

The simplest method of obtaining the desired gain characteristic in the
audio amplifier is to use a high-pass filter in one of the amplifier stages.
The most basic circuit which can accomplish this is the RC network shown
in the diagram. Circuit operation is based upon the fact that the voltage
divider has different characteristics at various frequencies. At low frequen-
cies C has such a high impedance that the voltage division is determined
only by R, and R,. As the frequency increases the impedance of C decreases
rapidly. Eventually the impedance of C is much lower than R,, and the
voltage division is determined only by C and R,. The result of the filter
voltage dividing action is that the high frequency signals are attenuated much
less than the low frequency signals, and the desired frequency response
characteristics have been introduced into the amplifier.

Audio
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Phase-Modulated FM Transmitter

All the FM transmitter arrangements that have been considered up to
this point are known as the “direct” type. In these transmitters the RF
carrier signal is frequency modulated in the oscillator — the original source
of the carrier signal. The oscillator frequency is deviated in accordance
with the frequency and amplitude of the audio signal; and equivalent, but
multiplied, frequency swinging takes place in the stages which follow.

Another basic type of FM transmitter is in widespread use. It is known
as the “indirect” type because the frequency deviation is not introduced at
the source of the RF carrier signal (the oscillator). Instead, the oscillator
frequency remains constant, and the frequency swinging is introduced in
one of the stages following the oscillator. The basic advantage of this
method is that the oscillator can be the crystal-controlled type, which will
maintain a stable center frequency without the need for separate stabilizing
circuits. Frequency swinging is not introduced in the same manner as in
“direct” FM transmitters; a method known as “phase modulation” is used
instead. It should be clearly understood that the final output signal of an
“indirect” FM transmitter is the same as that produced by a “direct” FM
transmitter. The differences involved are confined to the methods used to
obtain the final output signal, and not in the characteristics of the output
signal itself.

The phase-modulated transmitter consists of a crystal oscillator, fre-
quency multipliers (IPA), power amplifiers (PA) and antenna; plus a micro-
phone, audio amplifier, audio correction network and phase modulator. The
RF carrier signal from the crystal oscillator is stepped up in frequency by
the frequency multipliers, and the power amplifiers increase the signal
power to a level suitable for adequate reception by all receivers within the
area being served. The audio signal from the microphone goes into the
audio amplifier, and the signal is amplified to a level suitable to operate
the audio correction network and phase modulator. All but these last two
circuits are understood on the basis of information reviewed earlier in
this and previous volumes.

MODULATED

eM TRANSMITTER

Modulator

Power
Amplifier
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Phase-Modulated FM Transmitter (continued)

Advanced textbooks on the
subject of frequency modulation
go to great lengths to prove that
phase modulation is the equivalent
of frequency modulation. Mathe-
matical analysis indicates that
when the frequency of an oscillator
is deviated, phase modulation also
takes place; and, in addition, when
the phase of the oscillator signal
is shifted, frequency modulation
takes place. It is beyond the scope
of this book to repeat such a proof,
and only a very simple graphic
presentation of the similarity will
be included here.

Leads solid curve by 45°

\

Lags solid curve by 45°
L)
\

, , PHASE LAG SIMULATES
_ The first diagram shows a INCREASING WAVE LENGTH
sine wave drawn in a solid line.

The dotted curve shows a sine wave original
which lags 45 degrees behind the |‘Vwa\'c leng‘lh‘l
solid curve, and the dash-dot
curve shows a sine wave which
leads the solid curve by 45 degrees.
These curves show that the peaks
of a sine wave can be advanced or
retarded in time by means of phase
shjftjng. Increased
Wave Length

increasing lag
behind solid line
’.\

The second diagram shows the
result of using a variable phase
shifting network to smoothly shift
the phase of the sine wave while it PHASE LEAD SIMULATES

is being generated. When the phase DECREASING WAVE LENGTH
is smoothly shifted so that it lags

the original wave, the peaks occur
later; this is equivalent to increas-
ing the wave length or lowering the
frequency. If the phase is smoothly
shifted so that it leads the original
wave, (see third diagram) the peaks
occur sooner; this is equivalent to
shortening the wavelength or in-
creasing the frequency. Thus
smoothly shifting the phase of a
signal is equivalent to smoothly
shifting its frequency.

original
wave length increasing lead

P ahead of
solid line
NN AV
\‘ /
N\
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L‘\ \/ﬂ \-/
W
Decreased
Wave
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Basic Phase Modulator
Constant
A simple form of phase shifting Frequency
network was analyzed in detail in Input
Volume 4 of Basic Electricity. This
circuit consists of a capacitive or
inductive reactance connected in
series with a resistor. When a sig-
nal of constant frequency is connected

across the series combination, the Fhage
signal output across the resistor is Shifted
shifted in phase with respect to the Output

input signal. If the resistance is
varied, the phase shift also varies.
Under conditions where the resistance
is more than 10 times larger than the
reactance, the phase shift is essen-
tially equal to 0 degrees. As the re-
sistance approaches one tenth the

Basic

Phase
value of the reactance, the phase Shlftel'
shift approaches 90 degrees. The ‘
constant-frequency RF signal from a
crystal oscillator can be applied to the network, and its phase can be
shifted by varying the resistance.

By replacing the resistor with a vacuum tube, the resistance in the
phase shift network can be varied in accordance with the amplitude changes
in an audio signal of constant frequency. As the audio signal voltage in-
creases and decreases in amplitude, the tube plate current rises and falls.
Rises in the plate current are equivalent to lowering the plate resistance
of the tube, and this causes a maxi-
mum shift in the phase of the input RF
signal. Decreases in the plate current
are equivalent to raising the plate re-
sistance of the tube, and this causes
a minimum shift in the phase of the
input RF signal.

Thus an RF signal of constant
frequency, such as that coming from

Constant
Frequency
RF Input

a crystal modulator, can be phase pymse’
shifted in accordance with the am- Shifted

plitude of an audio signal of constant FON RF Output
frequency. There are many variations Audio

of this arrangement, but they all in- Signal ]

volve changing either the reactance or inpig vacuum.

resistance in a circuit of this type.

In actual practice a single circuit of Tuhe

this type cannot produce a sufficient Phase
Shifter

amount of phase shift, and four or
more similar arrangements are con-
nected in cascade to produce the re-
quired equivalent frequency deviation.
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Audio Correction Network

It was shown that with the phase modulator the amount of carrier sig-
nal phase shift is in proportion to the amplitude of the audio signal. This is
equivalent to saying that the extent of the equivalent frequency deviation is
in proportion to the amplitude of the audio signal.

Because of the sensitivity of the circuit to phase changes, a change in
the frequency of the audio signal causes additional phase shift in the RF
carrier signal. In the circuit shown the rate of phase change, and the equiv-

‘ alent frequency deviation, rises as the audio frequency rises. Assume for
instance that a 100-cycle audio signal of 1 volt amplitude causes an equiv-
alent 1000 cycle frequency deviation in the RF carrier. If the audio fre-
quency rises to 1,000 cycles and the amplitude remains at 1 volt, there will
be an equivalent frequency deviation of 10,000 cycles in the RF carrier.

| Such an effect is completely contrary to the working principles of FM
transmission. According to the requirements of FM, the RF carrier fre-
quency deviation must be proportional only to the amplitude of the audio

' signal, and only the rate of carrier frequency swing is in proportion to the

frequency of the audio signal.
The basic method of eliminating the effect of increasing equivalent

| frequency deviation with increasing audio frequency is to decrease the am-
plitude of the audio signal in proportion to the frequency rise. The funda-
mental circuit for achieving this effect is the RC divider network shown
in the diagram. The reactance of a capacitor decreases as the applied
frequency increases, but the effect of the resistor remains constant at all
frequencies. Consequently, the amplitude of the audio output signal de-
creases with increasing frequency. The values of R and C are selected to
make the audio signal amplitude decrease exactly counteract the undesired
frequency deviation increase.

AUDIO
CORRECTION
NETWORK

—_—h Corrected Audio Signal

To Phase Modulator
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Review of FM Transmitters

M Unmodulated
Voice modulated RF RF Carrier
e ———— i ———

FREQUENCY MODULATION—
In frequency modulation the fre-
quency of the RF carrier signal
is deviated at a rate and ampli-
tude determined by the frequency
and loudness of the audio signal
being transmitted.

TRANSMISSION |

TRANSMITTER FREQUENCY
CHARACTERISTICS—Commer- AT,
cial FM transmitters operate
within the frequency band of from
88 to 108 megacycles. To prevent
interference, the carrier fre-
quency separation between sta-
tions in the same region can be
no less than 200,000 cycles. The
maximum permitted frequency
shift is +75,000 cycles.
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REACTANCE TUBE-—The react-
ance tube achieves frequency
modulation by injecting the effects
of varying capacitance or induc-
tanceinto the transmitter oscil-
lator circuit. This is known as e

“direct” frequency modulation, - {

The reactance injected into the — [

oscillator varies at a rate and g -
amplitude determined by the fre- E L ¥

AT ATON
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plified audio signal from the mi- e
crophone.

BASIC FM TRANSMITTER—Ex- -
cept for the addition of a react- - V<

ance tube circuit, a basic FM M pReavERCY T
transmitter is essentially the
same as an AM transmitter with
modulation introduced into the
oscillator. Increasing the high
frequency gain of the audio am- LOW FREQUENCY TM —am.
plifier by a high-pass filter a- P I Poreen I PR
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of the high frequency audio signals. e
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Review of FM Transmitters (continued)

INDIRECT FREQUENCY MODU-
LATION—FM transmission can
be achieved “indirectly”. The
oscillator frequency remains
constant, and the required fre-
quency deviation is introduced
in one of the stages following the
oscillator. The advantage of this

method is that a crystal-con- o T
trolled oscillator can be used, : ))) Amplifier] et
and a stable center frequency

can be achieved without the use
of stabilizing circuits.

Power
Amplifier|

PHASE MODULATION—Indirect
frequency modulation can be
achieved by the use of a phase
modulator which shifts the phase
of the RF signal in accordance
with the variations of the audio
signal. The amplified audio sig-
nal from the microphone is used
to drive a phase shifting network
in one of the stages following
the oscillator. The transmitted
signal is exactly equivalent to
an FM transmitted signal.

AUDIO CORRECTION NET-
WORK~When a phase modulator Audio

is used, the equivalent carrier oy

frequency deviation is in pro- et

portion to the amplitude of the

audio signal. Increases in the

audio signal frequency cause Corrected Audio Signal
]

additiona! undesired phase shift To Phase M°d"m°r}
of the RF carrier signal. The
undesired increase in phase shift
is eliminated by using an RC net-
work to decrease the amplitude
of the audio signal in proportion
to the frequency rise.

>
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FM Antennas

Horizontal Dipole Antenna
TRANSMITTING ANTENNAS 1 1 .
—= 1~

o A

D

TURNSTILE ANTENNA

Crossed Folded Section of Circular Square Loop
Half-wave Dipole Half-wave Dipole Pylon Antenna Antenna Antenna

The subject of antennas and wave propagation was considered in detail
in Volume 4 of Basic Electronics. The information reviewed there also
applies to FM radio signals, with the understanding the radio waves used in
commercial FM transmission fall in the frequency range between 88 and
108 megacycles.

The types of transmitting antennas in common use are all variations
of the horizontal dipole antenna considered in Volume 4. The turnstile type
consists of multiple bays of crossed half-wave dipoles or folded half-wave
dipoles. Another type, known as the circular antenna, consists of multiple
bays of dipoles which are folded to the shape of an almost complete circle.
The square loop antenna consists of multiple bays of square elements which
effectively operate as dipoles and folded dipoles. Still another type, the
pylon antenna operates like a very large number of circular elements
stacked one above the other and in contact with each other.

Receiving antennas may be directional in those cases where there are
only a few transmitting stations of interest, and they are all in the same gen-
eral direction. In such an event the wide variety of television-type dipole
antennas are quite suitable for use. When there are a number of stations in
a region and they are located in different directions from the receiver, an
omnidirectional antenna is used. This type is equally sensitive in all direc-
tions and consists of one or more bays of crossed dipoles or bent dipoles.

RECEIVING ANTENNAS

DIRECTIONAL TYPE OMNIDIRECTIONAL
TYPE
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Wave Propagation

The function of the transmitter antenna is to radiate the transmitter
signal into space. The radiated signal is electromagnetic energy, and it
travels through space in a manner that is determined by its frequency. When
a radiated wave leaves the antenna, part of the energy travels through the
surface of the earth and is known as the “ground wave”. The remainder of
the energy is radiated into space in a pattern that is determined by the an-
tenna design. Those waves which strike the ground between the transmitter
and the horizon are known as the “space waves”. Those waves which travel
at an angle sufficiently high to pass over the horizon are known as “sky
waves”. At certain frequencies the upper layers of the atmosphere reflect
and refract a portion of the sky wave back towards earth so that extremely
long range reception is possible. At different frequencies some of these
waves are more effective than others in transmitting signals.

At the frequencies used for FM transmission and television the ground
waves are rapidly attenuated. In addition, the sky waves are not reflected
or refracted back towards the ground so that they can be picked up by the
receiver antenna. Because of this, reception is limited to the region within
which the space waves can travel in a direct line of sight from the trans-
mitting antenna to the receiving antenna. Thus reception is limited by the
curvature of the earth., This range can be extended slightly when the trans-
mitter is sufficiently powerful to cause some appreciable amount of sky
wave to be bent back towards earth,

If both the transmitting and receiving antennas are at altitudes of 100
feet above sea level, FM transmission can take place at ranges in the order
of 30 miles. If both antennas are raised to 1000 feet above sea level, FM
reception can take place at ranges in the order of 80 miles. In mountain
areas antenna elevations may be sufficiently high to permit reception at
ranges over 150 miles. In cases where hills and buildings obstruct the line

of sight this situation may cause severe decrease in the quality and range
of reception.

.\\\\\‘
SPACE WAVES
N\ RN

Obstructing
Objects
Interfere

Transmitting
Station

. Unreliable Reception
Problems [n No Reception (Fringe Area)

Frequency
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Reception Limited To “Line Of Sight” No Reception
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FM Receivers

Antenna

RF

Amplifier Detector

SIMPLIFIED BLOCK DIAGRAM

Oscillator

AM or FM Receiver

The most direct method for you to learn about FM receivers is to ex-
amine the block diagram of the most basic type and to compare it with that
of the AM superheterodyne that was analyzed in detail in Volume 5 of Bas-
ic Electronics.

A preliminary look at these diagrams shows that both receivers have
a number of common stages. Both have antennas to pick up the RF signal
from the transmitter, and this signal is delivered to the main body of the
receiver by means of a suitable lead-in line. Both receivers have an RF
amplifier stage to step up the voltage of the signal from the antenna, al-
though this stage is sometimes omitted in low-cost AM equipment.

The receivers both have an oscillator and mixer (converter) — some-
times as separate stages, sometimes in a single, dual-purpose stage. The
purpose of these stages is to mix the amplified RF signal with the constant-
frequency, constant-amplitude signal available from an oscillator. This re-
sults in a lower (intermediate) frequency signal which carries the same
intelligence as that modulated upon the RF signal picked up by the antenna.
The purpose of lowering the signal frequency is to permit high-gain ampli-
fication to be obtained more easily.

In both receivers the purpose of the stage following the IF amplifier is
to remove the audio modulation from the intermediate frequency signal and
to pass the‘resulting signal on to the audio amplifier. The general name for
the stage following the IF amplifier is the “detector”.

Following the detector is an audio amplifier, usually consisting of two
or more stages. The purpose of this amplifier is to step up the audio signal
to a level sufficient to drive the loudspeaker at satisfactory sound volume.

From this review it would seem that there are few differences between
AM and FM receivers. Actually there are differences in all stages, with
the most important differences being in the IF amplifier and detector.
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FM Receivers {continued)

The antenna, RF amplifier and oscillator in an FM receiver must oper-
ate with incoming signals in the frequency range of 88 to 108 megacycles.
This requires special consideration in the design and construction of these
stages in order to achieve stable and reliable operation.

At the other end of the system, the audio amplifier and speaker in an
FM receiver must be capable of a much wider frequency range than in an
AM receiver. Because of the restrictions in the transmission of AM signals,
5000 cycles is the highest frequency that can be transmitted and received.
To reproduce a 5000 cycle signal places no great requirements upon the
audio amplifier and loudspeaker, and these components are capable of pro-
ducing good results even though they are designed for economy rather than
quality. In FM transmission, on the other hand, there is practically no lim-
itation upon the range of audio signals that can be transmitted. Under the
usual commercial FM broadcasting conditions, frequencies of up to 15,000
cycles are transmitted. Special consideration must be given to the design
of the audio amplifier and loudspeaker in order to reproduce these signals
in a satisfactory manner.

The various special considerations that have been mentioned up to this
point have solutions that have been reviewed in the previous volumes. It is
in the IF amplifier and detector sections that there are major differences
between FM and AM receivers. These differences are so significant that
they will be reviewed in detail in the pages that follow.
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FM IF Amplifiers

Normal AM Receiver IF Bandwidth Ideal FM Receiver IF Bandwidth

Output Signal Amplitude
Output Signal Amplitude

e e e - - —

451 456 46} 10.6 10.7 10.8

llnput signal Frequency (kilocycles) ] Input signal Frequency (Megacycles)

In an AM receiver the IF amplifiers are tuned to a fairly sharp peak.
This permits high gain and good selectivity to be obtained with only two, and
rarely more than three, simply-designed stages. Since the audio signal
modulated upon the RF signal does not exceed 5000 cycles, mixing the RF
and local oscillator signals results in an IF signal (usually 456,000 cycles)
with a bandwidth of 10,000 cycles. The bandwidth is 10,000 cycles because
amplitude modulating an RF signal with an audio signal of 5000 cycles re-
sults in sidebands both 5000 cycles above and 5000 cycles below the RF
carrier frequency. Thus an IF amplifier can have a bandwidth as narrow as
10,000 cycles without significantly attenuating modulating signals with fre-
quencies up to 5000 cycles.

The situation in FM receivers is quite different. In the discussion of
FM transmitting characteristics earlier in this volume it was indicated
that a commercial FM transmitter is permitted a frequency deviation of
75,000 cycles above and below its rest frequency. When the received FM
signal is mixed with the fixed-frequency oscillator signal, the resulting [F
signal deviates 75,000 cycles above and below its center frequency. This
means that 150,000 cycles is the minimum bandwidth that can be used in
the IF amplifier. Furthermore, to pass the sidebands necessary to give a
150,000 cycle deviation it is desirable to design an FM receiver IF ampli-
fier with a bandpass that is essentially flat for 100,000 cycles above and
below the center frequency. The most common methods of obtaining this
unusually wide frequency response will be considered next.

The usual FM receiver IF amplifier has a center frequency of 10.7
megacycles. It would be ideal for the amplifier to have a frequency response
which is perfectly flat between 10.6 to 10.8 megacycles with a perfectly
vertical dropoff outside of this frequency range. The reason for such a
highly idealized response is that any deviation from it will produce different
amounts of amplification for different signal frequencies. This introduces
the effect of amplitude modulation in the signal and causes problems in the
detector stage. This ideal frequency response is never achieved in practice,
but three methods of obtaining a reasonable approximation are in general use.
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FM IF Amplifiers (continued)

The first method, known as “stagger tuning”, gives an excellent fre-
quency response curve. Three IF amplifier stages are used and they are
tuned to 10.6, 10.7 and 10.8 megacycles respectively. The overall frequency
response of this combination adds to produce the close to ideal response
curve shown in the diagram. Note that at the intersection of the individual
response curves of two adjacent amplifiers, the gain of the two amplifiers
adds to produce a total that is about equal to the maximum gain of a single
stage.

Although this method produces a very good frequency response curve,
the overall gain produced by the three stages is no higher than that of a
single stage. One way of counteracting this effect is to take special care to
design the individual stages to have very high gain. Another way is to add
a second group of three similarly tuned IF amplifiers — giving six stages
in all. Neither of these solutions is economical to produce. In addition, spe-
cial alignment techniques are required in either case. As a result, this
method is not used as frequently as the two which will be described next.
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M IF Amplifiers (continued)

First IF

Second IF

Third I'F

/
/

OUTPUT SIGNAL AMPLITUDE =

=

[
]
]
|
: Overall IF

10.6 10.7 10.8

SUCCESSIVE SINGLE-PEAKED STAGES

The second method of approximating the desired broad frequency re-
sponse is to use three IF amplifiers all tuned to the same center frequency.
Ordinarily this would give a very sharply tuned frequency response curve.
However, a broad response is obtained in each stage by using less than
critical coupling in the transformers and by using transformer coils with
low Q. Because of the broad frequency response of each amplifier the gain
of each stage is low, but the overall gain of the three stages is sufficient to
give the required signal amplification. Although this method produces only
an approximation of the desired response curve and the overall gain is no
more than adequate, the design and alignment involve very few problems.
This method is frequently used in low-cost FM receivers. In the past few
years vacuum tubes have been manufactured which are capable of producing
unusually high gain at the IF signal frequencies in question. When these
tubes are used in conjunction with careful circuit and component design,
good gain and frequency response characteristics can be obtained with only
two broadly tuned IF stages of the type described.
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FM IF Amplifiers (continued)

The third method also makes use of three IF amplifier stages tuned to
the same center frequency. The first and third stages are designed and
tuned as in the second method. However, the transformer of the second
stage is overcoupled, resulting in the familiar double-peaked frequency re-
sponse curve. When the individual response curves of the three stages are
combined, the double peaks of the second stage have a significant effect in
broadening the frequency response and producing a good approximation of
the desired response curve. Although the overall gain is only adequate and
the alignment is slightly more difficult than in the second method, the good
response characteristics make this method a popular one. By using the new
high-gain vacuum tubes, good gain and response characteristics can be
achieved.

There are other methods of obtaining the approximate required re-
sponse with adequate overall gain. These methods are usually combinations
of the three methods that have been mentioned. When quality, rather than
cost, is the prime consideration, one or more IF stages may be added to
any of the combinations considered; and the result is a better response
characteristic with higher gain.
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Limiter and Discriminator

e
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THE LIMITER-

The review of FM receiver [F amplifiers indicated to you that a vari-
ation was necessary from the arrangement used in AM receivers. The re-
view of FM receiver detectors will indicate that the switchover from AM
to FM is not a matter requiring variation, but a matter requiring completely
new circuits. Two types of detector arrangements are in common use in
FM receivers, and these will be analyzed in detail.

The first type of detector arrangement makes use of two stages with
different functions: a limiter and a discriminator. The limiter serves the
function of eliminating all amplitude variations in the received signal, so
that the detector receives a signal that is a close duplicate of that sent out
by the transmitter. The discriminator converts the FM signal output of the
limiter to an audio signal, the frequency of which is equal to the frequency
of the carrier signal swing and the amplitude of which is in proportion to
the amplitude of the frequency variation.
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Limiter and Discriminator (continued)
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The purpose of the limiter is to eliminate all amplitude variations in
FM signal. This is necessary since the discriminator is sensitive to ampli-
tude variations and will reproduce them as signal distortion and noise in its
audio output signal. Amplitude variations do exist in the FM signal for two
basic reasons.

First, the RF and IF stages do not have a frequency response which is
perfectly flat across the top and with perfectly vertical drop-offs. Any var-
iations from this response causes different amounts of amplification for
different signal frequencies and this adversely affects the operation of the
discriminator, as will be seen later.

Another reason for amplitude variations are the interference signals
caused by electrical equipment, lightning flashes, atmospheric disturbances,
neon signs and a wide variety of other causes. In vehicles there is signal
fading as hills, transmission lines, steel bridges and other large objects
temporarily obstruct the signal path between the transmitter and receiver.
If these variations reach the discriminator, they will produce noise or fad-
ing in the audio signal output. It is the action of the limiter to eliminate
these variations that give FM receivers their well known freedom from noise.
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Limiter and Discriminator (continued)

The schematic diagram of a limiter circuit shows a close resemblance
to both an IF amplifier and the grid-leak detector described in Volume 5.
The circuit operates so as to limit the peak-to-peak voltage of the output
signal to a fixed and pre-determined value. This operation takes place for
all normal input signal levels, low or high, out of the IF amplifier.

Examination of a typical limiter eircuit shows that the tube develops
its grid bias by means of a grid resistor and a fixed capacitor in the grid
circuit. The tube is of the sharp cutoff type and is operated with low plate
voltage. The circuit diagram shows a triode tube for purposes of simplicity,
although a pentode tube is generally used.

Note that the grid circuit arrangement is basically the circuit of a di-
ode detector. The control grid operates as the diode plate, and the grid-
leak resistor, R,, replaces the diode load. The grid capacitor, C,, serves
both to couple signal to the grid and to take part in developing the grid bias.

When a positive signal peak from the IF amplifier reaches the grid, the
grid becomes positive and attracts electrons from the cathode. The flow of
electrons through the grid-leak resistor to ground produces a voltage drop
across that resistor, and the flow is in such a direction as to make the grid
negative with respect to the cathode. During the first few positive signal
peaks from the IF amplifier, electrons also accumulate upon the capacitor
plate next to the grid. Sufficient electrons accumulate upon that plate to
maintain a stable current flow through the resistor during all parts of the
cycle. Thus the magnitude of the grid bias is determined by the magnitude
of the positive signal peak from the IF amplifier. The greater the amplitude
of the input signal, the greater is the negative grid bias.

'---------------------------------.
= ——————— LIMITER =
l | !
: €1
‘ A Discrim-
IF inator
Amplifier % % é % Ry v
H = ] = B+ !
1 |
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| electron current flow ]
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Limiter and Discriminator (continued)

To see the effect of this grid bias examine the grid voltage versus plate
current curves shown in the illustration. An input signal of low amplitude
develops the low negative bias illustrated by line X. This bias voltage is
less than the voltage of the positive signal peak. Consequently, the upper-
most portion of the positive signal peak will drive the grid positive, and the
grid will draw current. This current flow overloads the IF amplifier output
transformer, and the current flow through the transformer internal imped-
ance causes a drop in the output signal voltage. Thus the positive peak of
the signal is clipped at the limiter grid, so that the peak can rise only a
slight amount above zero volts. The negative peak of the grid signal drives
the limiter plate current almost to the point of cutoff, just up to the point
where clipping of the negative peaks begins to take place.

- <«— Plate Current Curve
LIMITER OPERATION

Low Amplitude
Input Signal

Output Signal

4

i VARV,

} Low Grid 0 Grid Bias +
Bias —~
Line Of
Grid C Positive Peaks
Signal Clipped At Grid
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<¢— Line Of Grid Current Flow

Small Grid Signal
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Limiter and Discriminator (continued)

When the input signal is at a higher amplitude, a large negative bias is
developed, as illustrated by line Y. As large as this bias is, it is less than
the voltage of the positive signal peak. Again the upper section of the signal
peak drives the grid positive, causes grid current flow, and results in the
clipping of the positive peak. Now the negative peak of the grid signal is of
sufficient amplitude to drive the plate to cutoff, and the negative peak is
clipped as shown in the diagram.

Thus any signal input which has an amplitude greater than the weak sig-
nal shown will have both its positive and negative peaks clipped. The limiter
output will be the same for all such signals. Weaker signals will not have
their negative peaks clipped, and there will be a small amount of amplitude
variation. While the clipping action does distort the shape of the output sig-
nal, the discriminator is not sensitive to such distortion, and the desired
frequency variations are preserved.

Plate Current

LIMITER OPERATION

High Amplitude
Input Signal
O

o4 e GRE

Line Of Grid Low
Signal Cutoff Grid Bias

Positive Peaks
Clipped At Grid
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Limiter and Discriminator (continued)
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Discriminator Circuit

Although there are a number of discriminator circuits in use today,
they are mostly variations of the basic circuit to be considered here.

In this circuit the final IF transformer has a center-tapped secondary
winding, and each half of this secondary winding has its own tuning capaci-
tor. In order for you to understand the operation of the circuit it is impor-
tant to consider exactly how the various windings are tuned.

The transformer primary is tuned to the resting frequency of the IF
signal. Secondary winding Ly is tuned to a frequency 75,000 cycles higher
than the resting frequency, and secondary winding Ly is tuned to a frequency
75,000 cycles lower than the resting frequency. Thus, these two windings
are tuned to the extreme ends of the maximum frequency deviation of the
IF signal. Low-voltage signals are developed across the ends of each trans-
former secondary winding when the incoming signal is at the resting fre-
quency. As the incoming signal swings towards the resonant frequency of
either tuned secondary winding, an increasingly large signal is developed
across that winding.

The signal appearing across each transformer is rectified by a sepa-
rate diode rectifier. Thus, DC voltages are generated across resistors Rx
and Ry, and each voltage is proportional to the amplitude of the signal ap-
pearing across the associated transformer secondary winding. Electron
flow through each resistor is in the direction shown by the arrows, and the
voltages developed across the two resistors are in opposition. The resultant
of these two voltages is the signal applied to the audio amplifier.
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Limiter and Discriminator (continued)

The resonance curves shown here indicate how an audio signal results
from the FM signal coming out of the IF amplifier. It must be remembered
that the frequency of the [F amplifier swings at a rate equal to the trans-
mitted audio signal, and the deviation of the frequency is in proportion to
the loudness of the audio signal.

Assume that the transmitted signal is a 1000-cycle note at low volume.
In this event the IF signal will deviate approximately 15,000 cycles to each
side of its resting frequency, and the frequency swing will be at a rate of
1000 times per second.

When the IF signal swings to 15,000 cycles higher than its center fre-
quency, a moderate DC voltage is developed across Rx and a very low signal
voltage is developed across Ry. These two voltages are opposed to each
other; but since the voltage across Rx is the larger, a positive signal is
applied to the audio amplifier input.

As the IF signal swings back towards its resting frequency, the voltage
across Rx becomes lower; and the voltage across Ry becomes larger. At
the resting frequency the two voltages are equal and opposite, and the volt-
age applied to the audio amplifier is equal to zero. As the IF signal swings
towards 15,000 cycles lower than its resting frequency, the voltage across
Ry becomes larger, while that across Rx becomes lower. The result is that
the voltage applied to the audio amplifier input becomes increasingly nega-
tive. Since the IF frequency swings back and forth at a rate of 1000 cycles
per second, a 1000-cycle signal of low amplitude is connected to the audio
amplifier input.

If the frequency deviation increases, as it would with a louder trans-
mitted audio signal, larger voltages are developed across Rx and Ry at the
extremes of the frequency swing. The result is that an audio signal of high
amplitude is connected to the audio amplifier input.
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Foster-Seeley Discriminator

!
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Although the discriminator described on the previous pages is the basis
of a number of variations, it itself is seldom used. One reason for this is
that the circuit is difficult to align, due to the two separated tuning frequen-
cies of the transformer secondary winding. In addition, the transformer is
more costly than the average IF transformer because of the difficulties of
designing and manufacturing the unusual secondary arrangements.

The Foster-Seeley discriminator to be described here is a basic vari-
ation which is very widely used in modern FM receivers which make use of
a limiter-discriminator. The major physical difference between it and the
previous circuit is that the transformer secondary is center-tapped, rather
than split; and a single tuning capacitor is used in the transformer second-
ary circuit. The diodes operate in the same manner as in the basic discrim-
inator circuit, and the output signal is identical to that produced by the basic
circuit. The main difference is that associated with the voltages across the
secondary winding.

Both the primary and secondary windings are tuned to resonate at the
resting frequency of the IF signal. Regardless of the frequency swing of
the IF signal, the signal voltage across the upper half of the transformer
secondary, Lx, is always equal to the signal voltage across the lower half
of the secondary Ly. The signal voltage developed across the transformer
primary is applied across the RF choke Lz. The voltage across Lz adds to
both the voltages across Lx and Ly, as will be shown,
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Foster-Seeley Discriminator (continued)

This arrangement results in an unusual phase relationship in the signal
voltages applied across Lx, Ly and Lz. This phase relationship varies as
the IF frequency deviates, and an audio signal voltage is developed across
the discriminator output.

The various phase relationships in tuned circuits were analyzed in de-
tail in Volume 4 of Basic Electricity. The statements which follow below
describe only the results of the IF frequency deviation; and the reasons for
these effects can be found by reference to that earlier volume. At present
it is important to note that the vectorial addition of the voltages across Ly
and Lz produce the voltage across diode Y and Ry, and the vectorial addi-
tion of the voltages across Lx and Lz produce the voltage across diode X
and Rx.

When the I F signal is at its resting frequency, the signal voltages
across Lx and Ly are equal and 180° out of phase with each other. In addi-
tion, they are 90° out of phase with the signal voltage across Lz. As a re-
sult the voltages across diode X and diode Y are equal, and the output to the
audio amplifier is equal to zero.

When the I'F signal rises, the reactance in the secondary winding be-
comes increasingly inductive. Although the signal voltages across Lx and
Ly remain equal and 180° out of phase with each other, they are no longer
90° out of phase with the voltage across Lz. The resultant voltage across
diode Y is higher than that across diode X. Because of this, a negative volt-
age is applied to the audio amplifier.

When the IF signal falls below that of the resting frequency, the react-
ance in the secondary winding becomes increasingly capacitive. The volt-
ages add as shown in the diagram, and that across diode X is higher than
that across diode Y. Thus a negative voltage is delivered to the audio am-
plifier.

As the IF frequency swings back and forth, an audio signal is developed
to correspond to the frequency and amplitude of the IF frequency deviation.

The end resultis identicalto that of the discriminator considered previously.

Voltages across components

with IF signal at resting
frequency

NO AUDIO SIGNAL OuUTPUT
E
E;
y

IF signal below resting frequency
Negative Voltage to Audio Amplifier Positive Vpltage to Audio Amplifier
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Ratio Detector
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Since the discriminator circuits considered previously are sensitive to
amplitude variations in the IF signal, it is necessary that they be used in
combination with a limiter which eliminates such amplitude changes. The
ratio detector has been developed to provide FM detection without the need
for a limiter stage. Because the ratio detector permits the elimination of
one stage in the FM receiver, it is in widespread use today.

It can be seen from the diagram that the ratio detector has a close re-
semblance to the discriminator circuits considered previously. The major
difference is that in this circuit the two diodes are connected together in a
plate-to-cathode arrangement. In addition, the ratio detector has two re-
sistors (R1 and R,) across which the audio output signal of each diode is
developed. An arrangement which has not been seen in the discriminators
reviewed previously is the resistor and capacitor network (R,, R,, C,)
shown in the right of the diagram. Itis this arrangement which provides the
limiting actionwhich required an additional stage in the previous circuits.

Because of the way in which the diodes are connected, the incoming IF
signal is rectified in such a manner that the upper part of the RC network
is charged positively, while the lower part of that network is negatively
charged. The voltage developed across the RC network is determined by
the average IF signal voltage. The time constant of the network is generally
selected to be in the order of 0.1 seconds. With such a time constant normal
audio reproduction can be obtained; and short-term amplitude variations,
such as produced by noise, will have no effect in changing the voltage across
this network. Long-term increases and decreases in IF signal level cause
corresponding increases and decreases across the RC network.
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Ratio Detector (continued)

Establishing a stable voltage across the RC network is very important
in the operation of this circuit. As the IF signal deviates about its resting
frequency, the voltages across both Cx and Cy vary widely. However, the
voltage across the RC network remains constant and the sum of the voltages
across Cx and Cy is always equal to that across the RC combination.

The tuned circuits in the ratio detector operate in exactly the same
manner as that described for the Foster-Seeley discriminator. The phase
shift diagrams described in the discussion for that discriminator are also
true for the ratio detector.

When the IF signal is at its resting frequency, the transformer second-
ary is at resonance. As a result the voltages across Cx and Cy are equal,
but opposite in polarity. The voltage across output resistor R; is equal to
zero, and there is zero volts applied to the audio amplifier.

When the IF signal rises in frequency, the phase shift diagram for the
Foster-Seeley circuit holds true; and the resultant voltage across diode Y
is higher than that across diode X. Similarly, when the IF signal frequency
decreases, the resultant voltage across diode X is higher than that across
diode Y. In both of these cases the voltage across Cx and Cy are unequal,
although their sum always equals the voltage across R;. The shifting in-
equality in the voltage across Cx and Cy causes the development of an audio
frequency voltage across R,, and this output signal is applied to the audio
amplifier.

Voltages across components

with IF signal at resting
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Evaluation of Detectors

Both the limiter-discriminator and ratio detector arrangements have
advantages and disadvantages when compared with each other. Because of
the nature of the relative advantages and disadvantages there can be no
clear-cut statement as to which is the better. Each type is preferred by
some designers, and it is essentially a matter of personal preference as to
which is used.

The important advantage of the limiter-discriminator arrangement is
that it is relatively a simple matter to balance the two sides of the discrim-
inator and obtain excellent reproduction of the audio-frequency signal. One
disadvantage of this arrangement is that the limiter does not operate unless
the incoming signal has sufficient amplitude to cause the limiting action to
take place. When limiting action does not take place, the amplitude varia-
tions in the signal result in interfering noise and signal distortion. This
means that high-gain RF and I F stages must be used to boost the signal
amplitude into the limiter. In a number of FM receivers two limiters are
used in a cascade arrangement to assure that adequate limiting action will
take place. Even under these conditions signals of very low amplitude will
result in amplitude modulation into the discriminator.

The important advantage of the ratio detector is that it is not sensitive
to amplitude variations in the incoming signal, as was shown in the descrip-
tion of that circuit. In addition, the ratio detector circuit eliminates the
need for the limiter stage, or stages, and does not depend upon the use of
RF and IF stages of unusually high gain. The noise level rises with weak
signals, but distortion does not take place until the signal amplitude is too
low for reception. One disadvantage of the ratio detector is that special
care must be taken to balance the two sides of the detector; otherwise some
of the insensitivity to amplitude modulation wili be lost, and noise will
accompany weak signals. In addition, the ratio detector will produce more
distortion in the audio signal output when the IF amplifier has an insuffi-
ciently broad frequency response range.

Detector Comparison

ADVANTAGES DISADVANTAGES
LIMITER Simple balancing Weak signals subject to
DISCRIMINATOR AM interference
RATIO Weak signals not Distortion and noise rise
DETECTOR subject to AM with detector unbalance and
interference decreasing IF bandwidth
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Demonstration—OQOperation of Basic Detector Circuits

TEST
CHASSIS

AM SIGNAL GENERATOR

The purpose of this demonstration is to indicate to you the outstanding
characteristics of the basic types of FM receiver detector circuits. The
equipment required is a chassis upon which are constructed a limiter and
discriminator circuit, a limiter and Foster-Seeley discriminator, and a
ratio detector. Test equipment required is an FM signal generator and a
standard AM (RF) signal generator, with a built-in audio amplitude modu-
lator, both of which are tunable to the 10.7 megacycle region. Also required
is an oscilloscope and a vacuum-tube voltmeter.

The demonstration is begun by connecting both signal generators to the
input of the limiter-discriminator circuit. Both the voltmeter and oscillo-
scope are connected to the output of the circuit.

To begin the demonstration all the equipment except the FM signal
generator and the oscilloscope is turned on. The standard signal generator
is set to 10.7 megacycles with the audio modulator off. The output on the
voltmeter is equal to zero. As the frequency of the signal generator is
slowly raised the voltmeter indicates an increasingly higher positive DC
voltage. At various frequencies the amplitude of the signal generator out-
put is raised and lowered. No essential chrange takes place in the voltmeter
reading, showing that the circuit is insensitive to large changes in the
amplitude of the input signal. Comparison of the results obtained will
verify the conclusions indicated in the “Evaluation of Detectors.” The volt-
age becomes a maximum when the frequency is slightly over 10.75 mega-
cycles. As the frequency of the signal generator is slowly lowered, the
voltmeter indicates an increasingly lower positive voltage which reaches
zero at a frequency of 10.7 megacycles. Further decrease in frequency
results in an increasingly negative voltage which reaches a maximum
slightly below 10.625 megacycles. Returning the signal frequency to 10.7
megacycles returns the output voltage to zero. ;
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Demonstration—Operation of Basic Detector Circuits (continued)

This first part of the demonstration indicates that the limiter-discrim-
inator circuit increases and decreases its instantaneous DC output voltage
in proportion to the deviation of the input signal from the center frequency.
Also indicated is the fact that the circuit is insensitive to changes in the
amplitude of the input signal.

The second part of the demonstration shows that an audio signal is gen-
erated at the limiter-discriminator output when the frequency of the input
signal deviates at an audio rate. To demonstrate this the standard signal
generator is turned off and the FM signal generator and the oscilloscope
are turned on, The tuning of the sweep signal generator is set to 10.7 mega-
cycles.

With the frequency deviation limits of the signal generator set to about
15,000 cycles, the frequency of the audio modulating signal is varied over
the entire range of adjustment. Under these conditions the oscilloscope
display will show audio signals of constant amplitude which correspond in
frequency to the frequency modulating audio signal. This indicates that the
frequency of the limiter-discriminator output signal is determined by the
rate of frequency deviation. Increasing and decreasing the extent of the
frequency deviation raises and lowers the amplitude of the audio signal.
Because of the limiting circuit raising and lowering the amplitude of the
sweep generator output signal has little effect.

In part 3 of the demonstration the insensitivity of the limiter-discrim-
inator to amplitude modulated signals is demonstrated by turning on the
standard RF signal generator, tuning it to 10.7 megacycles, and turning on
the audio modulator. When the oscilloscope screen is examined, only very
small amounts of interfering audio signal will be visible. These interfering
signals become most visible when the amplitude of the sweep generator
output signal is reduced to below the level where limiting action takes
place.

Now that the outstanding characteristics of the limiter-discriminator
circuit have been indicated, the same procedure is repeated on the Foster-
Seeley circuit and the ratio detector. Similar results are obtained, and the
conclusions reviewed in the “Evaluation of Detectors” are verified.
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FM Receiver Special Circuits—AGC

One of the few types of FM re-
ceiver special circuits that are im-
portant and frequently used are
those designed to develop automatic
gain control (AGC) voltage. Because
of the transmission characteristics
of the radio waves upon which the =AGC Voltage
signal is modulated, FM signals X AGC FROM
from distant stations are subject to LIMITER
significant variations in signal
strength. In addition there may be
considerable difference in the sig-
nal level received from distant and nearby stations. Although FM receiv-
ers are largely immune to differences in signal amplitude, the signal
level at the detector section should always be suitable for propet oper-
ation of the limiter-discriminator or the ratio detector stages.

As in AM superheterodyne receivers, the negative AGC voltage
varies the gain of the IF stages in accordance with the amplitude of the
received signal. The gain is reduced by the highly negative AGC voltage
when there are strong incoming signals and the gain is reduced to a
lesser degree in the case of weak incoming signals. This results in a
stable signal amplitude at the detector, regardless of the incoming signal
level.

When a limiter-discriminator combination is used, AGC voltage can
be obtained from the resistor in the limiter grid to cathode circuit. Re-
member that the capacitor plate next to the grid retains a negative charge.
If two resistors, rather than one, are placed in the grid-to-cathode cir-
cuit, a voltage divider arrangement is formed; and AGC voltage is
available at the junction of the two resistors. Since the negative voltage
on the grid increases with increasing IF signal level, the requirements
for AGC voltage are met.

In the ratio detector circuit it was seen that the voltage across the
Rj, Rg, C9 network increases and decreases with corresponding changes
in the IF signal level. Since a negative voltage is available this is a con-
venient source of AGC voltage.

[F
| | Amplifier | ¥

Ly
To Audio
Ly |Ampiifier g,

- AGC
VOLTAGE

AGC FROM

RATIO DETECTOR
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FM Receiver Special Circuits—De-emphasis

The purpose of pre-emphasis was explained earlier in the section con-
cerning FM transmitters. It was indicated that pre-emphasis is a method of
improving the signal-to-noise ratio of high frequency audio signals; and the
method involves increasing the high frequency gain of the transmitter audio
amplifier according to the frequency response curve shown here.

In the FM receiver arrangement described previously the high frequen-
cy audio signals would sound extremely unnatural, since, due to the trans-
mitter pre-emphasis, these audio signals are amplified many times their
normal amplitude. To bring the amplitude of the entire range of audio fre-
quencies back to the distributuion normally found in voice and music, it is
necessary to use “de-emphasis” to counteract the added high frequency
gain introduced in the transmitter.

The method of accomplishing de-emphasis isto use an RC network
which reduces the high frequency audio signal gain by exactly the same
amount that it was increased in the transmitter. The basic arrangement for
accomplishing this is to use the RC network shown in the diagram some-
where in the receiver audio amplifier — usually at the output of the detector.

The circuit is a low-pass filter which operates on the principle of a
voltage divider. The capacitor is a small one, in the order of .001 micro-
farads. At low frequencies the capacitor has a very high impedance, and
most of the audio signal voltage is applied to the grid. As the audio fre-
quency rises, the impedance of the capacitor decreases; and increasingly
l=ss signal voltage is applied to the grid. The result is that the de-emphasis
network reduces the high frequency gain of the amplifier and precisely
counterbalances the effects of pre-emphasis.

Audio Signal Input

Audio
Amplifier
Grid

- = Pre-emphasis
Curve
Resultant

Frequency
Response

De-emphasis
Curve

FREQUENCY 15,000 CPS
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Complete FM Tuner

The equipment to be described now is a complete FM tuner, and its
circuits are typical of those in widespread use today. An FM tuner is an
FM receiver that is complete except for the audio amplifier. Many people,
especially those interested in high-fidelity sound reproduction, have record
players, tape recorders or AM superheterodyne receivers equipped with
high quality audio amplifiers and loudspeakers. Such audio systems repre-
sent an investment of approximately $100 or more. Since an FM receiver
requires an audio system of at least that quality to make full use of its
capabilities, such a receiver would cost in the order of $175 - $200. By
eliminating an audio amplifier of that quality, the cost of the receiver is
reduced significantly, and the purchaser can make use of the audio ampli-
fier equipment that he already has. If the FM tuner is bought in kit form
(all components supplied but not assembled) the purchaser can do the con-
struction and wiring and effect an additional savings.

The FM tuner to be described here contains 7 tubes, three of them
dual-purpose tubes, making a total of 10 stages. The circuit consists of a
cascade RF amplifier, oscillator, mixer, two-stage IF amplifier, ratio de-
tector, audio voltage amplifier, and full-wave rectifier. Tuning range is
from 88 to 108 megacycles, and the IF frequency is 10.7 megacycles. Max-
imum audio signal output is 15 volts, with a frequency response that is
essentially flat over a range of from 15 cps to 17,000 cps. The purpose of
the audio voltage amplifier is to make sure that there will be sufficient
audio signal output to drive any type of audio power amplifier system.
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Complete FM Tuner (continued)

Examination of the complete schematic diagram shows that there is
very little in it that has not been considered previously. The paragraphs
which follow review the major features of each section of the tuner, begin-
ning with the RF stages and ending with the output to the audio amplifier.

The RF amplifier is a cascade amplifier. Incoming signals from the
antenna are coupled to the 6BQ7A RF amplifier by means of the input
transformer. Note that this transformer is not sharply tuned by means of a
variable capacitor. Instead the transformer secondary is fixed-tuned by
means of a fixed 10 mmf capacitor. To broaden the tuning of this coil and
capacitor arrangement a 6,800 -ohm resistor is connected to the coil. Auto-
matic gain control voltage is coupled from the detector stage, through the
100,000-ohm resistor to the input grid. Instead of using transformer cou-
pling between the RF amplifier and the input of the mixer stage a 10,000~
ohm load resistor and a coupling capacitor are used. This arrangement
avoids the use of a sharply tuned circuit in the RF amplifier output and
contributes to the broad-band amplification of that stage. Although gain is
lost by these broad-band tuning techniques, this is compensated for by the
high gain of the cascade amplifier and the stages which follow, The elimina-
tion of two variable tuning circuits has lowered cost without overall sacri-
fice of gain, has simplified the mechanical tuning arrangement, and has
simplified the alignment procedure.

Output from the cascade RF amplifier is coupled to a variable tuning
circuit and to grid number 2 of the 6U8 mixer-oscillator tube. The pentode
section of this tube is connected as a mixer, while the triode section is a
minor variation of the Hartley oscillator. Both of these sections contain
tuned circuits which are adjusted by means of variable capacitors. The two
variable capacitors are ganged together and are mechanically coupled to the
tuning dial and its adjusting knob. The tuning is such that the oscillator fre-
quency is always 10.7 megacycles higher than that of the RF amplifier, re-
sulting in a 10.7-megacycle I F signal.
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Complete FM Tuner (continued)

Two 6CB6 tubes are used to form two IF amplifier stages. Extremely
high gain circuits are used, permitting very adequate performance with all
transformers broad-band tuned to the same center frequency.

The output of the IF amplifier section is coupled to a 6AL5 ratio de-
tector. The tube contains two diode sections connected in a manner which
is identical to that considered earlier. Automatic gain control voltage is ob-
tained from the detector and is used to vary the gain of the RF and first IF
amplifier stages. A de-emphasis RC network is included between the ratio
detector output and the variable volume control.

Output from the volume control is connected to the grid of a 6C4 tube
connected as a triode amplifier. An unbypassed cathode resistor is used to
introduce negative feedback, thus reducing distortion in the audio signal and
assuring a broad frequency response.

The power supply of the tuner is completely conventional. A 6X4 vac-
uum tube is connected to a power transformer in a full-wave rectifier cir-
cuit. A two-section RC filter is used to filter the rectifier output, so that
the B+ output voltage is quite free of ripple.

IF AMPLIFIER DETECTOR

gy
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FM RECEIVERS

Demonstration - Operation of an FM Receiver

The purpose of this demonstration is to indicate the outstanding char-
acteristics of an FM receiver and to compare these characteristics with
those of an AM receiver. The equipment required is an FM receiver com-
plete with antenna and suitable loudspeaker, plus an AM receiver similarly
equiped and of comparative quality. Test equipment required is a standard
RF signal generator, with a built-in audio amplitude modulator, which can
be tuned to both the AM and FM broadcast bands.

In the first part of the demonstration the quality of AM and FM recep-
tion is compared. To do this each of the receivers is tuned to a local sta-
tion which is broadcasting music. A better comparison can be obtained by
tuning to a local station which is broadcasting the same program on both AM
and FM. By alternately tuning the volume controls so that first one receiver
and then the other is heard it will quickly become obvious that a much wider
range of audio signals can be heard on the FM receiver.

The second part of the demonstration shows that the FM receiver is
many times more insensitive to interference than is the AM receiver. To
do this the signal generator is connected to the antenna of the AM receiver.
Then the signal generator, with the audio modulation on, is tuned until it is
heard most loudly from the loudspeaker. Then the amplitude of the signal
generator output is increased until the program being broadcast is prac-
tically inaudible because of the interference. Without changing the setting
of the signal generator amplitude control, the generator is connected to the
FM receiver antenna and tuned to the same frequency as the FM station
being received. There will be little or no interfering signal audible from
the FM receiver output. If available, other sources of interference such as
buzzers, spark coils, defective neon tubes or motors, etc., may be tested
to show the relative interference they produce in both receivers. In all cases
the FM receiver will show great superiority in rejecting interference.
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FM RECEIVERS

Review of FM Receivers

FM RECEIVER BLOCK DIA-
GRAM-—There is a close simi-
larity between the block diagrams
of an FM receiver and an AM
superheterodyne receiver. There
are actual differences in all
stages, with the most important
differences in the IF amplifier
and detector.

Normal AM Receiver IF Bandwidth Ideal FM Revciver

IF AMPLIFIER BANDWIDTH—
To effectively amplify the re-
ceived carrier and sideband sig-
nals without attenuation it is
desirable for the IF amplifier

to have a flat bandpass for
100,000 cycles above and below
the center frequency.

FnwavaaxbO

N

451 454 481

uency (ilocycles) |

of IF amplifier contains three i |

stages which are tuned to 10.6, : |

10.7 and 10.8 megacycles, re- IE:'::':"’C
sponse Curve

spectively. Important character-
istics are an excellent frequency
response curve, an overall gain Taira IF Froquene
equal to that of a single stage, | Response Curve
and the requirement for special |
alignment techniques. : |

. ]
Ovllrlll 1F Froquen;:y Response CurIt

|
l
|
STAGGER-TUNED IF—This type ’ ! L icaral
|
t
{

0.8 10.1 10.8
Frequency

CENTER-TUNED BROAD BAND
IF—In this type of IF amplifier
all stages employ less than criti-
cal coupling in the IF trans-
former, have low Q transformer
coils, and are all tuned to the
center frequency. Adequate gain
can be achieved, frequency re-
sponse is acceptable, and the
alignment procedure is simple.

Tinra I+

OUTPUT SIGNAL AMPLITUDE et

Overail IF




FM RECEIVERS

Review of FM Receivers (continued)

DOUBLE-PEAKED IF STAGE— /&\ e
The frequency response curve
obtainable with center-frequency .4? ‘/:kf Second 1F

tuning can be improved by using
an over-coupled IF transformer /
in one stage. The double-peaked
response curve produced broadens
the overall response of the com-
plete IF amplifier. The alignment
procedure becomes only slightly
more complex.

——— Third IF

—e Overall IF

DOURLE-PEAKED

TAGES

LIMITER STAGE-The limiter
clips all the positive and negative
peaks of the IF amplifier output

signal and thus eliminates all oo g Discrim-
amplitude variations. One or AmpllﬂerE r 3| inator
more limiting stages are re- J

= =4 = B

quired if a discriminator-type \
of detector is used. Arrows show electron current flow

LIMITER

DISCRIMINATOR~—The discrim-

inator converts the limiter
output signal to an audio signal.
The frequency of the audio sig-
nal is equal to the frequency of
the carrier signal swing, and
the amplitude is in proportion
to the amplitude of the frequency
variation. The discriminator is
sensgitive to amplitude varia-
tions and must be used with a
limiter before it.

.

RATIO DETECTOR-—The ratio Rs
detector provides FM detection €1 T
without the need for a limiter. = « Zm
Operation is similar to that of e [ Lo e | Is ‘™
the discriminator, except for o L [t { -
the diode connections and the *3 _TC’ ELN
addition of an RC network to pro- _@ AW

vide limiting functions.
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CUMULATIVE INDEX

(Note: The first number in each entry identifies the volume in which
the information is to be found; the second number identifies the page.)

AC-DC half-wave rectifier, in power supplies,
1.94, 1-.95
AF amplifier, tone control circuits, 5-34
volume control, 5-35
AF amplifier circuit, analysis of, 5-36
AF and RF amplifiers, comparison of, 5-37
Alignment, what it is, 5-80
Alignment procedure, 5-81
Alloy junction, making of, 6-14
Amplification examples of, 2-1 to 2.3
Amplifiers, 2-1 to 2-10
amplification in, 3-15
characteristics of audio power type,
2.71 10 2.73
characteristics of transformercoupled type,
2-69, 2.70
characteristics of the two-stage type, 2-60, 2-61
classes of 2-30, 2-31
cireuit variations, 6-51, 6-52
diagram of push-pull type, 2-84
how the push-pull type works, 2-78 to 2-80
how they work, 2-17 to 2.19
push-pull type, 2.78 to 2-86
review of closses of operation, 4-8
single-stage, 2.55 to 2.57
transformer-coupled, 2-67 to 2-70
triode type, 2-24 to 2-41
two-stage RC-coupled type, 2-58 to 2-66
typical stage, 2-55
Amplitude modulation, 4-85 to 4-99
per g dulation, 4-97, 4-98
time base modulation pattern, 4-92
trapezoid figure, 4-93 to 4-96
what it is, 4-85
Antennas, 4-63 to 4-79
basic, 4.66
directivity as a consideration in selecting and
installing, 5-22
fading, 4-73
FM, 6-94
frequency response as a consideration in
selecting and installing, 5-22
ground wave, 4.72
how they work, 4-64, 4-65
impedance, 4-68
noise as a consideration in selecting and
installing, 5-19, 5-20
purpose of, 4-63
radiation patiern, 4.70
radiation resistance, 4-67
receiver, 5-16 to 5-23
receiver, function of, 5-16
receiver, types of, 5-17, 5-18

signal losses as a consideration in selecting
and installing, 5-21
sky wave, 4-72
space wave, 4-73
tuning, 4-69
wave propagation, 4-71
Armstrong oscillators, 3-55 to 3-61
advantages of grid leak bias in, 3-60
advantages of push-pull type, 2-85
frequency instability in, 3-61
grid leak bias in, 3-56
how oscillations are maintained in, 3-57, 3-58
Audio correction network, 6-91
Audio, first stage, analysis of, 5-79
Audio amplifiers, how they work in the
superheterodyne receiver, 5.72
Audio power amplifiers, what they do, 5-33

Band pass, 3-37
8and switching, in TRF receivers, 5-28
Beam power tube, 250, 2-51
construction of a typical tube, 2-51
Bias, B+ power supply, 2-34
battery, 2-32
cathode, 2-35
grid voltage, 2.24 to 2-26
power supply, 2-33
Bohr atom, 6-2
Bridge rectifier circuits, 1-49, 1-50

Capacitors, ganged, 5-29
how they are connected to the RF amplifier
tube, 3-30
trimmer, 5-30
tuning, 3-25
Cathode bypass capacitor, 2-38 to 2-40
Cathode resistor, 2-36, 2.37
Class C amplifiers, 4-8 to 4-15
combination bias, 4-14
fixed bias, 4-11
self-bias, 4-12, 4-13
tuned, 4-9, 4-10
Coils, 5-30
how they are connected to the RF amplifier
tube, 3-30
tuning, 3-26
Colpitts oscillators, 3-64
Communication, history of, 5-1 to 5-4
modern wireless, 5-5
Compensating networks, high-frequency
compensation, 3-5
low-frequency compensation, 3-6
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Coupling, amplifier stages, 2-59
transformer, 2-67, 2-68

Coupling circvits, 4-40
tuned, 4-41

Crystals, as resonators, 3-69

Crystal mixer, 6-4

Crystal oscillators, 3-68 to 3-73
analysis of, 3-72
introduction to, 3-68
tuning in, 3-71

Crystal oscillotor circuits, 3-70

Crystal receivers, 5-11

Crystal set, 6-3

Current flow, in full-wave rectifier circuits, 1-48
in half-wave rectifier circuits, 1-43

CW transmission, 4-80 to 4-84
advantage of, 4-80
blocked-grid keying, 4-83
cathode keying, 4-81, 4-82
keyer tube circuits, 4-84

Decoupling filters, 2-56, 2-57
Degeneration, 3-7 to 3.9
Demonstration, Aligning the IF Section, 5-84
Aligning the Mixer and Oscillator, 5-85, 5-86
Basic Reactance Tube Circuit, 6-81
Current Distribution Along an Antenna, 4-75
Operation of Basic Detector Circuits,
6-114, 6-115
Operation of an FM Receiver, 6-121
Radiation Pattern of an Antenna, 4-76 to 4-78
Transmission Lines, 4-57 to 4-61
Detectors, analysis of the plate detector circuit, 5-56
analysis of the regenerative type circuit, 5-52
characteristics of the crystal type, 5-41
crystal type, 5-39
diade type, 5-42
evaluation of, 6-113
grid-leak type, 5-43, 5-44
how the crystal type works, 5-40
how the plate type works, 5-54, 5-55
how the regenerative type works, 5-46 to 5-48
how they work in the superheterodyne
receiver, 5-71
oscillating, 5-51
regenerative, 5-45
regenerative type as CW receiver, 5-49, 5-50
what they da, 5-38
Detector stage, diode type, analysis of, 5-79
Diodes, characteristics of, 1-109 to 1-112
current flow in, 1-28, 1-29
gas-filled, 1-35
how current is contralled in, 1-112
how they work, 1-25
in transformer type circuits, 1-40, 1-41
vacvum-filled in power supplies, 1-36

6-126

Dynamotors, 1-104

Earphones, 2-93
Electron-coupled oscillators, 3-74 to 3-77
analysis of, 3-77
introduction to, 3-74
Electron-coupled oscillator circvits, 3-75, 3-76
Electronics, meaning of, 1-1
Electronic equipment, 1-2
parts used in, 1-3
Experiment, Transistor Operating
Characteristics, 6-42 to 6-45
Transistor Receiver Operation, 6-62 to 6-66

Fidelity, in the receiver, 5-10
Filters, improving operation of, 1-64, 1-65
power supplies, 1-12
Filter capacitors ( s), 1-60 to 1-63
electrolytic, 1-61 to 1-63
electrolytic dry, 1-63
electrolytic wet, 1-62
paper, construction of, 1-60
paper, high-voltage, 1-60
Filter chokes, 1-69
Filter circuits, 1-52 to 1-80
capacitors in, 1-57. to 1-59
capacitar input, filter circuit, single-section,
1.70, 1-.72
choke input, filter circuit, single-section,
1-70, 1-71
in power supplies, 1-53
parallel resonant, 1-73
RC, foults of, 1-66, 1-67
series-resonant, 1-73
two-section, 1-73
using choke instead of resistor, 1-68
FM antennas, 6-94
FM IF amplifiers, 6-98 to 6-101
FM receivers, 6-96, 6-97
FM receiver special circvits — AGC, 6-116
FM receiver special circvits — de-emphasis, 6-117
FM transmitters,
basic, 6-84, 6-85
drift-stabilized, 6-86
frequency characteristics of, 6-82, 6-83
phase-madulated, 6-88, 6-89
simplest form of, 6-75 to 677
simple reactance tube, 6-78
FM tuner, 6-118 to 6-120
Foster-Seeley discriminator, 6-109, 6-110
Frequency, 4-43
Frequency doubling, 4-36
Frequency , using standing waves,
4-53
Frequency modulation,
advantages of, 6-74




-

CUMULATIVE INDEX

applicatians of, 6-72, 6-73
definition of, 6-70, 6-71
disadvantoges of, 6-74
Frequency multiplicatian, purpose of, 4-34
Frequency multipliers, 4-34 to 4-38
final pawer amplifier, 4-35
tuning indications, 4-38
Frequency response, 2-62 ta 2-64
curve, 2-65
improving, 3-7 to 3-9
Frequency spectrum, 4-74
Frequency tripling, 4-37

Gain, increase aof, 2-58
Germanium crystal, 6-10
Germanium detectar, 6-5, 6-6

Hartley oscillatars, 3-62, 3-63

how oscillations are maintained, 3-63
High frequency oscillators, 3-82

tuned lines in, 3-83

IF amplifier, how it warks in the
superheterodyne receiver, 5-70
stages, 6-60
IF stage, analysis of, 5-78
Impedance matching, 2-76, 2-77
Input filter capacitor, 1-74
Inverters, 1-105

Klystron tubes, 3-85

LC circvits, parallel, 3-21, 3-22

series, 3-20
Limiter and discriminator, 6-102 to 6-108
Laudspeakers, dynamic type, 2-94

Microphanes, 2-88 to 2-92
carbon, 2-89
characteristics of, 2-88
crystol, 2.90
dynamic type, 2-91
ribbon or velocity type, 2-92
Mixer stage, analysis of, 5-78; 6-61
how it warks in the superheterodyne receiver,
5-66 ta 5-69
Modulatian, grid, 4-90
how it is accomplished, 4-87
other methods of, 4-91
plote, 4-89
Modulatars, 4-88
Mator generators, 1-104

N-P-N transistor,
valtage and power gains, 6-36, 6-37
operating principles, 6-31 to 6-35

Oscillatians, frequency of, 3-59
what they are, 3-45 ta 3-47
Oscillatars, 3-41 ta 3-89
beat frequency, how they work, 5-75
different grounding paints in, 3-80
electronic, 3-48 to 3-52
feedback circuits in, 3-53
frequency stability of, 3-54
intraduction to, 3-43 ta 3-54
local, in superheterodyne receivers,
5-63 ta 5-65
lacal stage, analysis of 5-77
ather circuits, 3-81
RF ground potential, 3-79
series feed, 3-78
shunt feed, 3-78
stages, 6-61
what they do, 3-44
why they are studied, 3-43
Output transformers, 2.74 ta 2.77
job of, 2-74, 2-75

Pentodes, 2-47 to 2-49, 2-52, 2-53
canstruction of a typical tube, 2-49
how they wark, 2-48
remate cut-off, 3-32, 3-33
summary of operation of, 2-52, 2-53
why they are used in RF amplifiers, 3-28, 3-29
Phase inverters, 2-81 to 2-83
another type of, 2-83
how they work, 2-82
Phase madulatar, basic, 6-90
P-N junctian,
making of, 6-13
operation of, 6-17
P-N-P transistor, operating principles, 6-38
Power line filter capacitor circuits, 1-43
Pawer supplies, circuits in, 1-52
dry metal rectifier, 1-97
far DC voltage sources, 1-99
general types, 1-93
impartance of, 1-7
need far other types, 1-92
transfarmer type, 1-39
transformerless, 1-94 ta 1-98
transfarmerless and chokeless, 1-98
valtage doubler, 1-96
what they do, 1-8
why there are different types, 1-14 to 1-16
Pre-emphasis, 6-87
Push-pull audio amplifiers, 6-57, 6-58

Ratio detectar, 6-111, 6112
Reactance tube circuit, basic, 6-79, 6-80
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Receivers, introduction to, 5-1 to 5-15
recently developed uses of, 5-14, 5-15
the jobs they perform, 5-6, 5-7
Rectifiers, changing AC to DC in half-wave
dry metal type, 1-17
copper oxide, 1-18
circuits in dry metal half-wave type, 1-21
description of half-wave dry metal type,
1-18 to 1-20
dry metal half-wave, 1-17 to 1-22
full-wave, 1-45 to 1-51
full-wave, how they work, 1-46
gas-filled diodes, 1-35 to 1-37
parallel ction of el ts in dry
metal type, 1-19
power supplies, 1-10, 1-11
selenium, 1-18, 1-20
series stacking of elements in dry metal type,
1-19
transformer type, half-wave, 1-39 to 1-44
vacuum tubes, 1-23
vacuum tube, half-wave type, 1-23 to 1-38
Rectifier circuits, half-wave vacuum tube, 1-33
Rectifier output, AC and DC components in,
1-55, 1-56
characteristics of, 1-54
filtering half- and full-wave, 1-74
Rectifier tubes, 1-30, 1-31
cathode type, 1-31
diodes, 1-30, 1-31
directly heated, 1-32
full-wave, 1-47
indirectly heated, 1-32
rl. ..l.’.L , 1:32
plates connected separately, 1-32
RF amplifier stages, 6-60
Resistors, bleeder, 1-75 to 1-77
Resonators, cavity type at ultra-high frequencies,
3-84
Resonant circuits, how stations are selected, 3-23
Review, A Single-Stage RF Amplifier, 3-34
A Three-Stage Transmitter, 4-33
Amplitude Modulation, 4.99
Antennas, 4.79
Audio Amplifiers, 2-96 to 2-98
Class C Amplifiers, 4.15
Diode Characteristics, 1-111
Filter Circuits, 1-78 to 1-80
FM Receivers, 6-122, 6-123
FM Transmitters, 6-92, 6-93
Full-Wave Rectifier Circuit, 1-51
Half-Wave Rectifiers — Dry Metal Type, 1-22
Half-Wave Rectifiers — Transformer Type, 1-44
Half-Wave Rectifiers — Vacuum Tube Type,
1.38

6-128

Microphones, Earph and Loudspeakers,
2.95
Miscellaneous Oscillators, 3-86, 3-87
Oscillators, 3-88, 3-89
Other Types of Power Supply Circuits,
1.106 to 1-108
Power Supplies, 1-113 to 1-115
Receivers, 5-97 to 5-99
Receiver Antennas, 523
Semiconductor Diodes, 6-27, 6-28
The Armstrong and Hartley Oscillators, 3-63
The Push-Pull Amplifier, 2-86
The Superheterodyne Receiver, 5-87, 5-88
The Tetrode and the Pentode, 2-54
The Triode, 2-23
The Triode Amplifier, 2-41
The Tuned-Plate Tuned-Grid and Crystal
Oscillators, 3-73
The Two-Stage RC Coupled Amplifier, 2-66
The Two-Stage RF Amplifier, 3-39
Transistors, 6-67, 6-68
Transmission Lines, 4-62
Transmitters, 4-100 to 4-102
TRF Receivers — Regenerative Detector, 5-33
Tuned Circvits, 3-27
Video Amplifiers, 3-10, 3-11
Voltage Regulator Circvits, 1-91
RF amplifiers, 3-13 to 3-39
analysis of, 5-32
introduction to, 3-15 to 3-18
two-stage, 3-35 to 3-39
single-stage, 3-28 to 3-34
what they do, 3-16, 3-17
RF amplifier circuit, development of, 3-31
RF amplifier stage, in superheterodyne receivers,
5-61, 5-62
in TRF receivers, 5-25
RF and AF amplifiers, comparison of, 5-37
RF stages, how they are coupled, 3-38
why more than one is used, 3-35, 3-36
RF transformers, in TRF receivers, 5-26, 5-27
Rotary converters, 1-105

Selectivity, 3-37
and “Q", 3-24
in the receiver, 5-9
Semiconductor,
N-type, 6-11
P-type, 612
Semiconductor diode, 6-1 ta 6-6, 6-10, 6-14 t0 6-16
applications, 6-22 to 6-24
characteristics of, 6-18 to 6-20
commercial, 6-21
junction, point-contact type, 6-13
operation, experiment, 6-25, 6-26
Sensitivity, in the receiver, 5-8
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Sensitivity measurements, importance of, 5-83
what they are, 5-82
Sidebands, 4-86
Sovnd, principles of 2-87
Square waves, distortion of, 3-3, 3-4
Superheterodyne receivers, 5-13, 5-57 to 5-96
at high frequencies, 5-58
complete schematic of, 5.76
how they work, 5-59
introduction to, 5-57
selectivity of, 5-60
troubleshooting, 5-89 to 5-96

Tetrodes, 2-42 1o 2-46

eliminating effects of secondary emission, 2.47

normal operation of, 2-46
screen grid, 2-43
secondary emission, 2-44
static characteristics of, 2-45
why they were developed, 2-42
Three-stage transmitters, 4-16 to 4-33
complete diagram of, 4-21
intermediate power amplifier, 4-18
nevtralization, 4.27 to 4-29
nevtralizing procedures, 4-30, 4-31
oscillators, 4-17
parasitic oscitlations, 4-32
power amplifier, 4-19
purpose of tuning, 4-22
three basic circuits, 4-16
transmitting tube filament circuit, 4-20
tuning methods, 4-23 to 4-26
Transformers, power supplies, 1-9
Transformer type circuit, diagram of, 1-42
’ operation of, 1-43
Transistor amplifiers, multiple stage, 6-53 to 6-56
Transistor circuits, introduction to, 6-46
Transistor construction, basic,
point-contact type, 6-29
junction type, 6-30
Transistor current amplification, 6-39
Transistorized superheterodyne receivers,
introduction to, 6-59
Transistors, advantages of, 6-8, 6-9
Transistors, commercial,
appearance of, 6-40
care and handling of, 6-41
Transmission, AM, 4-6
FM, 4-6
keyed, 4-5
voice, 4-6
Transmission lines, 4-39 to 4-62
characteristic impedance of, 4-45
equivalent circuit of, 4-44
input impedance of a line, 4.50
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input impedance of an open-circvited line,
4-52
input impedance of a short-circuited line,
4-51
line termination in characteristic impedance,
4-46
nonresonant and resonant lines, 4-47
open and shorted, 4-49
standing waves on rope, 4-48
transfering electrical energy, 4-42
types of, 4-56
Transmission line principles, 4-54, 4-55
Transmitters, a simple type, 4-2 to 4.4
overall, 4-39
what they are, 4-1 to 4-7
TRF receivers, 5-12, 5-24 to 5-56
audio amplifier stage, 5-33 to 5-37
plate detector, 5-54 to 5-56
regenerative detector, 5-38 to 5-53
RF amplifier stage, 5-24 to 5-32
Triodes, 2-11 to 2.23
control grid in, 2-14, 2-15
construction of typical tube, 2-12
how they work, 2-13
similiarity to the diode, 2-16
Triode amplifiers, why proper bias is necessary,
2-27 to 2-29
Triode tube characteristics, amplification factor,
2-20
plate resistance, 2-21
transconductance, 2-22
Troubleshooting, by signal injection, 5-90, 5-92
by signal tracing, 5-90, 5-91
superheterodyne circvits, 5-93, 5-94
Troubleshooting method, review of, 5-89
Tuned circuits, what they are, 3-19
Tuned-plate tuned-grid oscillators, 3-66, 3-67
feedback in, 3-67
introduction to, 3-66

Vacuum tubes, amplification, 2-11
circuit wiring, 1-34
discovery of diode, 1-24
electron emission, 1.26, 1.27
factors common to all, 1-110
how they were developed, 2-8, 2-9
jobs of, 1-109
methods of representation in diagrams, 1-34
sockets, 1-31
types of, 2-6, 2.7
what they can do, 2-4, 2-5
Vacuum tube testing, 5-95, 5-96
Vibrators, 1-100 to 1-103
synchronous, 1-103
Video amplifiers, 3-1 to 3-11
introduction to, 3-1, 3-2
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Voltoge regulators, 1-81, 1-82
Voltoge regulotion, when lood current vories,
1-87, 1-88
when power supply voltoge vories, 1-89, 1-90
Voltoge regulotors, power supply, 1-13
Voltoge regulotor circuits, 1-81 to 1-91
Voltoge regulotor tube, 1-83, 1-84

Voltoge regulotor tube circuit, 1-85, 1-86
Vol control, out tic, how it works in the
superheterodyne receiver, 5-72 to 5-74
grid bios monvol type, 5-31

Wovelength, 4-43
Wove propogotion, 6-95
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