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Foreword

When radio was first developed, it was hailed as the miracle
of the age, yet even the early experimenters responsible for its
inception could never have realized the true significance of their
efforts. Early radio (wireless) equipment provided communica-
tion by such means as the Morse, Continental, and Navy codes.
This was a major achievement at that time, making possible the
rescue of many victims of ship disasters and greatly facilitating
commercial transactions. From the beginning, wireless communica-
tion captured the imagination of the amateur fraternity, with the
result that radio “hams” were instrumental in the development of
short-wave technology. In turn, round-the-world radio communica-
tion became possible at any time of the day or night, using low-
power transmitters.

Today, the uses of radio are practically unlimited in the fields
of industry, broadcasting, two-way communication, navigation,
space exploration, surveillance, and medicine—just to name a few.
To become active in the ever-expanding field of radio requires
that a person first have a considerable knowledge of electronic
theory and principles. There is no better way to acquire this
knowledge than by reading and benefiting from the experience
of others.

Tt is therefore the purpose of this book to provide a sound
understanding of the principles of radio and to stimulate your
interest to the point where further study and research are desired.
The primary objective has been to present the subject as briefly
and clearly as possible by arranging the discussions in a progressive
and logical order. Mathematics has been kept to a minimum, but
where problems were necessary, examples have been worked out
to aid the reader.



It is our sincere hope that you find this book both interesting
and informative, and that you will utilize the information contained
herein to your advantage.

RoBERT G. MIDDLETON
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CHAPTER 1

Elements of Radio

The theory of radio is based on the radiation and reception of
energy transmitted through space. To understand radio one must
first become familiar with the basic principles of this energy and
the circuits associated with it.

RADIO WAVES

It is a well-known fact that a stone thrown into a pond produces
ripples or waves on the surface of the water. These waves travel
outward from the point of disturbance in concentric circles of ever
increasing diameters until they reach the shore (Fig. 1). The num-
ber of waves breaking on the shore in one second is called the fre-
quency of the wave motion, while the distance between the waves
(measured from crest to crest), is termed the wavelength (Fig. 2).
Notice that the waves are the strongest at the point of disturbance
and gradually become weaker as they travel away from this point.
If the distance is sufficiently great the waves will become so weak
they can no longer be detected.

It is recognized that frequency and wavelength are closely re-
lated; in other words, a low frequency corresponds to a long wave-
length, while a high frequency corresponds to a short wavelength.
As a wave becomes weaker, it is said that its amplitude becomes
less. Fig. 3 shows the distinction between amplitude and frequency
(or wavelength).



ELEMENTS OF RADIO

POINT OFf D1STURBANCE WAVES

Fig. 1. Effect of throwing a stone in still water.

Radiocommunication is made possible by a form of wave motion
which acts similar to waves of water. In radio, however, these waves
of energy (known as radio waves) travel from one point to another
through air or vacuum rather than water. Radio waves are a form
of electromagnetic energy; another common form is light. Unlike
the wave motion in the water which occurs at a very slow rate,
electromagnetic energy travels away from its source at a speed of
approximately 186,000 miles or 300,000,000 meters per second.
This is the speed of light. (A meter is equal to 39.37 inches, or
somewhat more than a yard.)

It should also be pointed out that radio waves do not travel at
the same rate of speed in all mediums. The figures given here indi-

POINT OF WAVELENGTH
DISTURBANCE

STRONGEST

Fig. 2. Cross-sectional view of waves produced by throwing a stone in still water.
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il

ORIGINAL FREQUENCY, OR HIGHER FREQUENCY, OR LOWER FREQUENCY, OR
WAVELENGTH SHORTER WAVELENGTH LONGER WAVELENGTH

(A) Sine waveforms with same amplitude.

VAR

UL

ORIGINAL AMPLITUDE GREATER AMPLITUDE LESS AMPLITUDE
(B) Sine waveforms with same frequency (or wavelength).

Fig. 3. Distinction between amplitude and frequency (or wavelength).

cate their speed in air or vacuum. The speed factor in the propa-
gation, or travel, of radio waves is dependent on the dielectric
constant of the medium through which the waves must pass. Air,
which is considered to be a standard reference, has a dielectric
constant of one. Thus radio waves will travel at slightly reduced
speeds through mediums having a dielectric constant higher than
one.

It has been proven that sounds are produced when a disturbance
of the air produces air waves similar to the ripples in the pond.
Radio waves, however, do not depend on the air for their move-
ment from one point to another. In fact, these waves travel equally
well through a vacuum (complete absence of air). At one time it
was theorized that when all air is removed, a medium known as
ether remains. Furthermore, it was thought that this medium per-
mitted the propagation of radio waves. Even today you will often
hear reference made to ether waves.

11
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The late Dr. Albert Einstein denounced the theory of radio’s
ethereal medium as fiction. He called it a makeshift fabrication to
explain something for which scientists have not had the correct
explanation. Einstein believed that radio was made possible by an
electromagnetic phenomenon; so did Charles Proteus Steinmetz.

Steinmetz was a close friend of the wireless pioneers, such as
Marconi, de Forest, and Edison. Unlike his contemporaries, Stein-
metz was a mathematical genius who succeeded in describing sine-
wave circuit action by means of exact equations. Thenceforth,
progress was rapid. His first book, “Alternating Current Phenom-
ena,” was published in 1897 by the W. J. Johnston Co. This re-
markable book is still available in historical libraries.

Shortly before his death, Steinmetz said that he believed radio
and light waves are merely properties of an alternating electro-
magnetic field of force that extends through space. “Scientists,” he
contended, “need not consider the idea of ether. They can think
better in terms of electromagnetic waves.” Steinmetz, like Einstein,
pointed out that the conception of the ether theory is one of those
hypotheses made in an attempt to explain some scientific difficulty.
He contended that the more study is applied to the ether theory,
the more unreasonable and untenable it becomes. Steinmetz called
attention to the fact that belief in an ether is in contradiction to
the relativity theory of Einstein; thus, if science agreed that the
theory of relativity is correct the ether theory must be abandoned.

Dr. Lee de Forest stated that radio is simply a cause and effect.
The cause is the radio transmitter and the effect is the radio waves
resulting from the electromagnetic “splash” produced by this
device. Dr. de Forest started his investigations with a form of in-
candescent lamp invented by Edison. This lamp contained a carbon
filament and a metal plate called a “wing.” It was used to demon-
strate the “Edison Effect,” or the flow of electricity through a
vacuum. Although the Edison Effect was first used in wireless
communication by Fleming and Marconi, de Forest improved the
Fleming Valve by adding a spiral of wire which he called a grid.
Subsequently, the wing was called a plate. Details of de Forest’s
work are explained in a later chapter.

12
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The Modern Concept

The currently accepted electromagnetic theory states that radio
waves are composed of moving fields of electric and magnetic
energy. These waves cannot be seen or felt, but instead are recog-
nized only by their effects. These fields are composed of lines of
force which appear at right angles to each other as shown in Fig. 4.
When the lines of force in the electric field are perpendicular to
the earth, the lines of force in the magnetic field will be horizontal,
and vice versa. An electromagnetic field can be produced by either
an electric or a magnetic field alone. That is, when either an elec-
tric or magnetic field is caused to move through space or to vary
in intensity, it produces the opposite type of field. Furthermore, as
electromagnetic waves travel through space, the lines of force in
the respective fields are constantly changing direction at a predeter-
mined rate, or frequency. .

Wave Characteristics

Radio waves have a number of characteristics, which include
such things as frequency, amplitude, and polarization. These char-
acteristics are important because they determine the behavior and
usefulness of the waves for communications.

Two basic devices are necessary to achieve radiocommunications.
First is the transmitter which generates the radio waves and second
is the receiver which selects these signals and converts them into
sound waves that can be heard and understood. In order to produce
radio waves, it is necessary to have two separated surfaces and
to create between them an electric pressure which changes its
direction (first toward one surface then toward the other) many
times per second. It is common practice to use the ground for one
surface and to provide another surface by erecting a radiating
structure consisting of one or more metal elements insulated from
the earth and suspended a specific distance above it. The latter
structure is known as an antenna. It, together with the radio trans-
mitter, determines many of the characteristics of the radio waves.
Between these surfaces (the ground and the antenna), an electrical
pressure is preduced by means of suitable transmitting equipment,
thus causing electromagnetic energy to be radiated in all directions.

13
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LINES OF
ELECTRIC FORCE

\. MAGNETIC
FIELD

~—
ELECTRIC FIELD

Fig. 4. Electric and magnetic lines of force in a radio wave.

Early forms of aerials, or antennas, are shown in Fig. 5. It was
known at that time that electricity flowed in conductors such as
copper wires. Edison had demonstrated that electricity also flows
in 2 vacuum, as in the space between the filament and wing in his
Edison Effect lamp. He proved that this flow of electricity in a
vacuum was an ordinary direct current (DC), which was similar in
all basic respects to the flow of electricity in a wire connected to
a battery. Heinrich Hertz had demonstrated that high-frequency
alternating current (AC) was radiated from an antenna wire into
surrounding space. Hertz’ discovery of electromagnetic waves was
of the greatest possible significance, as can be well understood.
Today, Heinrich Hertz is honored by having one cycle per second
called one hertz.

It was the genius of Hertz that led to a clear distinction between
free electrical energy and bound electrical energy. That is, he

14



ELEMENTS OF RADIO

demonstrated that low-frequency AC is largely bound to a con-
ducting wire from which it cannot readily escape into surrounding
space. He also demonstrated, by remarkable experiments, that
high-frequency AC is only partially bound to a conducting wire.
and that an antenna radiates a considerable portion of its AC
energy into space as free electromagnetic waves. After AC energy
escapes from a wire into surrounding space, the resulting electro-
magnetic waves are completely independent of conditions in the
wire. However, when these waves “cut” a distant antenna wire,
they induce an AC voltage in the wire.

ya 1 ya 7/ / 1
/ I y \ / 17 10
Y4 T £ AR 7 117 N\

N J
~
TO TRANSMITTER
(A) L type. (B) T type. (C) Double-T type.

~ T
TO TRANSMITTER

(D) Cage. (E) Marconi.

e

TO TRANSMITTER

(F) Massie-Stone. (G) Diamond.

Fig. 5. Early forms of aerials or antennas.

If we compare these waves to the action of hurling a rock into
a pool of water, the amount of electrical pressure producing the
radio waves corresponds to the size of the rock producing the rip-
ples in the pond. In other words, the larger the rock the bigger

15
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the ripples of water, and the larger the electrical pressure between
the ground and the antenna, the stronger will be the radio waves.

I O\/\\/\\/

FREQUENCY PER INTERVAL OF TIME
(USUALLY ONE SECOND)

AMPLITUDE

Fig. 6. Characteristics of a radio wave.

The strength of a radio wave is indicated by its amplitude (Fig.
6). The greater the amplitude, the stronger the wave. Just as a
larger ripple in a pond of water will travel farther than a smaller
one, so will a radio wave of higher amplitude travel farther before
being dissipated. .

Radio waves are capable of traveling thousands and even mil-
lions of miles before they dissipate. The farther radio waves travel
the less their field strength (energy) becomes. Under purely free-
space conditions (no material objects nearby), the field intensity
of radio waves would be inversely proportional to the distance
from the transmitting antenna. However, the inverse-distance rule
does not hold true in actual practice because unequal amounts of
energy are absorbed from the waves over the path of travel. The
amount of energy absorbed is dependent on such factors as the
frequenc' and transmission of these waves. Some of the energy is
absorbed by the earth and atmosphere as well as obstructions such
as trees, buildings, etc.

The polarization of a radio wave is determined by the position
of the lines of force in the electric field with respect to the earth.
If a radio wave is transmitted in such a way that the electric lines
of force are at right angles to the earth the wave is said to be ver-
tically polarized. If, however, the lines of force in the electric field
are parallel to the earth, the radio wave is horizontally polarized.
Radio waves at the lower frequencies retain their polarization fairly
well as they travel along the earth’s surface, while those at the
higher frequencies tend to be broken up more readily into wave-

16




ELEMENTS OF RADIO

forms of varying polarization. Polarization will be discussed more
fully in later chapters.

PROPAGATION

The propagation or movement of radio waves through a medium
is not as simple as one might imagine. In fact, an entire volume
could be devoted to propagation theory alone. For this reason, only
the basic principles will be discussed here.

Basically there are two types of radio waves—ground waves and
sky waves. Ground waves travel along the earth’s surface and even
follow its curvature to some degree. Sky waves, as their name im-
plies, travel upward toward space. There are many factors which
affect the behavior of these waves and hence their usefulness for
communications purposes. After leaving the transmitting antenna,
radio waves may be refracted (bent), reflected, broken up, re-
radiated, or influenced in some other way as they travel through
space.

Ground Waves

Radio waves that are directed along the surface of the earth are
limited as to the distance they will travel before being attenuated
(reduced) to a point where they are no longer useful. Energy is
absorbed from these waves from a number of sources but primarily
intervening objects such as trees, buildings, and terrain. Either high-
or low-frequency radio waves can be utilized for ground-wave com-
munications; however, where greater distances must be covered,
sky-wave propagation is generally employed. Table 1 lists the
various frequency bands.

Another factor in ground-wave propagation is the absorption
effect of the earth itself. A certain amount of wave energy is lost
in the ground. The amount of loss is not always the same, but in-
stead is dependent to a great extent on the frequency of the radio
waves. At times conditions are such that even ground waves of the
same frequency will travel considerably farther than usual, provid-
ing what is known as extended ground-wave propagation.

As the frequency of radio waves is increased, they assume much
different propagation characteristics. Instead of following the curva-

17
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Table 1. Bands of Frequencies

Frequency

Abbreviation Frequency band range

VLF | Very low frequency below 30 kHz

LF Low frequency 30-300 kHz

MF Medium frequency 300-3000 kHz

HF High frequency 3000-30,000 kHz

VHF Very high frequency 30-300 mHz

UHF Ultra high frequency 300-3000 mHz

SHF Super high frequency 3000-30,000 mHz

EHF Extremely high frequency 30,000-300,000 mHz

ture of the earth as in Fig. 7A, the radio waves tend to follow a
straight line as in Fig. 7B. This characteristic is known as linc-of-
sight. Obviously, at the high frequencies where this occurs, the
range of communication is extremely limited. Under these condi-

(A) Extended. (B) Line-of-sight.

Fig. 7. Two types of ground-wave propagation.

tions reliable communication can generally be obtained only when
a line-of-sight path exists between the transmitting and receiving
antennas. At these line-of-sight frequencies, radio waves bend and
reflect very little compared with the lower frequency waves and their
energy is dissipated much more rapidly.

Sky Waves

Sky waves experience much less attenuation than ground waves
because they do not have to give up energy to intervening objects.
They do, however, lose some of their energy due to absorption by
the atmosphere.

18



ELEMENTS OF RADIO

The frequency of sky waves has a considerable effect on their
behavior, just as it does with radio waves traveling along ground-
wave paths. At low frequencies (usually below 30 mHz), radio waves
traveling upward into space are bent back to earth at some point
many miles away. This action may occur once or several times
depending upon atmospheric conditions. It is this phenomenon that
makes worldwide radiocommunications possible.

The Kennelly-Heaviside Layer

The refraction and reflection of radio waves as they travel
through space is due primarily to ionized masses which form a
belt around the upper atmosphere of the earth. This highly ionized
region which is supposed to extend from 50 to 400 miles above
the earth was discovered by an American electrical engineer named
A. E. Kennelly and Oliver Heaviside, an English physicist. This
region is actually broken up into several layers designated as D,
E, F,, and F.. The latter region (F) is actually one layer, but it
divides periodically into two separate layers and hence carries the
subdesignations. The ionization properties of these layers change
from time to time, and their positions in the atmosphere likewise
vary. These changes occur not only with the season of the year, but
also between night and day. While most of these variations follow
established patterns, some are not predictable.

Fig. 8 shows how the ionization properties of these layers affect
the propagation of sky waves. As mentioned previously, radio
waves do not travel at the same speed through all mediums but
instead are affected by the dielectric constant of the medium.
When radio waves travel upward through the ionized layers they
are refracted and eventually may or may not be reflected back to
earth at some remote point hundreds of miles away. The bending
action is the result of an abrupt change in the propagation velocity
(speed) of the radio waves as they pass from one medium into an-
other (the ionized layers) having a greater dielectric constant.

The degree to which the radio waves will bend is determined
primarily by the frequency of the waves and the ionization prop-
erties of the layer at that instant. For example, at frequencies below
30 mHz, conditions are generally such that a radio wave might follow

19
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IONIZED
LAYERS

TRANSMITTING | e % RECEIVING
STATION k b } STATION

Fig. 8. The effect of frequency on sky-wave propagation.

a path similar to C in Fig. 8. As you can see, the wave is refracted
gradually as it passes through the ionized layers until it finally
reaches a point where it is reflected back to earth. This is referred
to as a skip or skip communications. Depending on conditions, the
skip may occur only once or it may occur several times. The degree
of refraction is considerably less as the frequency of the waves is
increased. Under the same ionospheric conditions as above, an-
other radio wave of a much higher frequency will tend to travel
straight through the layers or at best be refracted only slightly
as shown by B in Fig. 8. Obviously, radio waves at this frequency
and under these atmospheric conditions will be dissipated in space
and serve no useful purpose. Therefore, at frequencies above 30
mHz, it is common practice to use antennas that direct the radio
waves along ground-wave paths in order to utilize energy that would
normally be lost as sky waves. Path A in Fig. 8 illustrates the line-
of-sight characteristics of ground waves as compared with sky
waves B and C.

20
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Although the frequency of radio waves has a considerable effect
on their behavior as they pass through the ionized layers of the
atmosphere, there can be no set limits as to what frequencies will
or will not be bent back to earth. The ionization properties of these
layers are also a contributing factor and one that varies consider-
ably. At times these layers exhibit unusual characteristics which
cause radio waves at the very high frequencies to be reflected back
to earth. It has been theorized that one of the contributing factors
to the increase in ionization properties is sun spots, which are be-
lieved to have some connection with magnetic disturbances on
earth, hence radiocommunications.

SUMMARY

The principle of radio is based on the radiation and reception of
energy transmitted through space. The movement of this energy
through space is similar to the action of water waves produced
when a stone is thrown into still water. Radio waves travel very
much faster than water waves, however—approximately 186,000
miles or 300,000,000 meters per second, the same as the speed of
light.

The present theory of radio energy movement through space
states that radio waves are composed of moving fields of electric
and magnetic energy. The characteristics of these radio waves in-
clude their frequency, wavelength, amplitude, and polarization.

Basically, two devices are needed to achieve radiocommunica-
tions—a transmitter to generate the radio waves, and a receiver to
select the signals and convert them into sound waves. After leaving
the transmitter, the radio waves travel in two basic ways. Some of
the energy travels along the ground, and is called a ground wave.
Other portions of the radio energy travel upward toward space,
and is called a sky wave. Radio waves may be refracted (bent),
reflected, broken up (scattered), reradiated, or influenced in other
ways as they travel through space.

An ionized layer of gas forms a belt around the earth in the
upper atmosphere. This belt is called the Kennelly-Heaviside layer
and has a great influence on radio transmission and reception.
Radio energy encountering this belt may be refracted, reflected,
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scattered, or relatively unaffected, depending on the frequency of
the radio waves and the strength and position of the layer. This
phenomenon makes possible long-distance radiocommunication at
certain frequencies.
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REVIEW QUESTIONS

How far can a radio wave travel in one minute?

What is the relation between frequency and wavelength?

How does the strength of a radio wave vary with distance?
Does the reception of local radio programs depend mainly on
ground waves or sky waves?

Give an example of communication that depends entirely on
sky waves.

What is the Kennelly-Heaviside layer?

What importance, if any, does the Kennelly-Heaviside layer
play in modern radio?

Are all radio waves reflected by the Kennelly-Heaviside layer?
Is the effect of the Kennelly-Heaviside layer on radio waves
always constant and predictable?

What is skip distance?



CHAPTER 2

The Physics of Sound

When air is caused to vibrate by any means, sound is produced,
provided the frequency of vibration is such that it is audible. If a
violin string is plucked (Fig. 1), it springs back into position, but
due to its weight and speed, it goes beyond its normal resting posi-
tion, oscillates back and forth through its normal position, and
gradually comes to rest. As the string moves forward, it pushes and
compresses air before it; also air rushes in to fill the space left be-
hind the moving string. In this way the air is set into vibration.
Since air is an elastic medium, the disturbed portion transmits its
motion to the surrounding air so that the disturbance is propagated
in all directions from the source of disturbance. These vibrations
produce sound.

If the violin string were to be connected in some way to a dia-
phragm such as a stretched drum head, the motion is transmitted
to the drum. The drum, having a large area exposed to the air,
sets a greater volume of air in motion and a much louder sound
produce sound. Fig. 2 illustrates sound waves in a speaking tube.

If a light piston several inches in diameter and surrounded by a
suitable baffle board several feet across were caused to oscillate
rapidly by some external means (Fig. 3), sound would be pro-
duced. When we watch and listen to a carpenter at a distance, we
observe that his hammer strikes before we hear the resulting sound.

23



THE PHYSICS OF SOUND

)

Fig. 1. Sound produced by vibration of a violin string.

Therefore, we conclude that sound waves travel slower than light
waves. The speed of sound in air at 0° C is 1,087 feet per second.
In water, the speed is about 4,600 feet per second, and in iron,
16,700 feet per second. The speed of sound in air increases with
temperature. Sound waves can be focused like light waves (or

[T L O TTMAE T T

Fig. 2. Sound waves in a speaking tube.

radio waves). For example, if an ordinary clock is suspended in
front of a large concave reflector, as at W in Fig. 4, a place will
be found at some distance in front, as at E, where the clock can
be heard with great distinctness. But if the large reflector is re-
moved, the ticking is inaudible. This is the principle of a “whisper-
ing gallery,” as exemplified by some auditoriums.

24




THE PHYSICS OF SOUND
CHARACTERISTICS OF SOUND

If the atmospheric pressure could be measured at many points

along a line in which the sound is moving, it would be found that

the pressure along the line at any given instant varied in a manner
similar to that shown by the wavy line in Fig. 3.
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Fig. 3. Generation of sound waves by the oscillation of a piston.

To illustrate, if extremely sensitive pressure gauges could be set
up at several points in the direction in which the sound is moving,
we would find that the pressure varied as indicated in Fig. 5. If a
pressure gauge could be set up at one point and the eye could
follow the rapid vibrations of the pointer, we would find that the
pressure varied at regular intervals and in equal amounts above
and below the average atmospheric pressure. The eye, of course,
cannot see such rapid vibrations; it can see wave motion in

water, however, which is very similar to sound waves with the ex-

Fig. 4. Focusing of sound waves by a large reflector.
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Fig. 5. Diagram illustrating pressure variations due to sound waves.
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Fig. 6. Reflection of waves from a plane surface.

WAVES FROM FOCAL REFLECTED
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Fig. 7. Reflection of waves from a curved surface. The solid lines show the direction
of the original waves, and the dotted lines show the direction and focusing
of the reflected waves.
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THE PHYSICS OF SOUND

ception that water waves travel on a plane surface, whereas sound
waves travel in all directions.

If a pebble is dropped into a still pool, waves will travel outward
in concentric circles, becoming lower and lower as they progress
farther from the starting point, until they are so small they cannot
be seen, or until they strike some obstructing object.

If the pond is small, the waves which strike the shore will be
reflected from it. If the waves strike a shore that is parallel with
the waves, they will be reflected back in expanding circles, as in
Fig. 6. If the waves strike a hollow or concave shore line, as in Fig.
7, the reflected waves will tend to converge (focus) to a point.

Comparing water and air as media for wave propagation, we see
that water waves travel in expanding circles and air waves in ex-
panding spheres. Sound waves are reflected in a manner similar to
water waves, causing echo and reverberation. If the sound waves
focus to a point, loud and dead spots are produced.

Wave motion has certain definite characteristics and these char-
acteristics determine:

Loudness.
Pitch.

Tone.
Wavelength.
Resonance.
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Loudness—By definition, loudness is the relative intensity of
the sound. Loudness (or amplitude) is determined by the amount
of difference in pressure between the maximum compression and
the maximum rarefaction. This corresponds in water waves to the
vertical height of the crest above the trough of the wave. Loudness
is illustrated in Fig. 8.

Pitch or Frequency—Any one of a series of vibrations, starting
at one condition and returning once to the same condition, is called
a cycle. Observe some point on the surface of water in which waves
exist and it will be noticed that at this point the water will rise and
fall at regular intervals. At the time at which the wave is at its
maximum height the water begins to drop, and continues until a
trough is formed, after which it rises again to its maximum height.
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THE PHYSICS OF SOUND

Accordingly, all the variations of height which one point on the
surface of the water goes through in the formation of a wave con-
stitute a cycle of wave motion.
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Fig. 8. Properties of wave motion illustrating the causes of loudness
of tone,

The number of cycles a wave goes through in a definite interval
of time is called the frequency. Therefore the number of times the
water rises or falls at any point in one minute would be called the
frequency of the waves per minute, expressed as the number of
cycles per minute. In sound, the number of waves per minute is
large, and it is more convenient to speak of the frequency of sound
waves as the number of waves per second, or, more commonly, as
the number of cycles per second. Thus, a sound which is produced
by 256 waves a second is called a sound of a frequency of 256
cycles. When speaking of sound, cycles always mean cycles per
second.
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THE PHYSICS OF SOUND

Considered from the standpoint of traveling waves, frequency is
determined by the number of complete waves passing a given point
in one second, and this, of course, is equal to the number of vibra-
tions per second generated at the source. Fig. 9 is a chart showing
pitch frequencies corresponding to the various keys of the piano
and the ranges of the human voice and various instruments. This
chart represents the relation between the musical scale and the
piano keyboard, giving the frequency of each note in terms of
complete vibrations, or cycles, according to the standard used in
scientific work, such as the scientific scale based on middle C at
a frequency of 256 cycles. The piano keyboard covers nearly the
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Fig. 9. Musical pitch chart for piano, voice, and various instruments,
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entire range of musical notes and extends from 26.667 cycles to
4,096 cycles. The piccolo reaches two notes beyond the highest
note of the piano. The extreme organ range, not shown on the chart,
is from 16 cycles to 16,384 cycles, scientific or physical pitch, as
it is usually called. Music seldom utilizes the full keyboard of the
piano, the extremely high notes and extremely low notes being
seldom used. Therefore a reproducing device which reproduces all
frequencies from 50 to 4,000 cycles would be satisfactory in repro-
ducing musical notes. The properties of wave motion versus pitch
are illustrated in Fig. 10.

Tone—By definition, tone is sound in relation to volume, quality,
duration and pitch. By common usage in music, tone generally
means the timbre or quality of sound. A pure note of a given pitch
always sounds the same, and the frequency of this note is termed
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Fig. 10. Properties of wave motion illustrating pitch.
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THE PHYSICS OF SOUND

its fundamental frequency. However, notes of the same pitch from
two different kinds of instruments do not give the same sound im-
pression. This difference is due to the presence of overrones, some-
times called harmonics.

Consider again the case of a taut string which is plucked to set
it in vibration. If the string is plucked at its exact center, it will
vibrate as a whole and will produce, essentially, a pure note; but
if the string is plucked at some other point, say one-third of the
length from one end, it will vibrate as three parts as well as a
whole, and a change of tone will be noticed. If the string is plucked
indiscriminately, various tones will be heard, all of the same funda-
mental pitch.

Hollow cavities built into the bodies of the various musical in-
struments give them their characteristic tones, because the air
chambers, called resonance chambers, strengthen overtones of
certain frequencies and give a very pronounced tone to the instru-
ments. Other instruments have built into them means of suppress-
ing certain overtones, which help to give them their characteristic
sounds. The frequency of an overtone is always some multiple of
the fundamental frequency; that is, the second overtone has twice
the frequency of the fundamental note, and the third overtone,
three times the frequency, etc. Overtones of twenty times the fre-
quency of the fundamental note are present in the sounds of some
musical instruments, but overtones of this order are important only
when the fundamental note is low, because the frequency of the
twentieth overtone of even a moderately high note would be be-
yond the ability of the human ear to detect.

Overtones give character and brilliance to music, and their pres-
ence in reproduced sound is necessary if naturalness is to be at-
tained. The combined result of all overtones is the quality or timbre
of the tone; that is, the characteristic sound of a voice or instru-
ment. A great variety of tone is found in the orchestra as exempli-
fied by the strings, woodwinds, brass and reed choirs.

In singing, the range of notes covered is approximately from 64
to 1,200 cycles, extreme limits, but this range cannot be covered
by one person’s voice. The frequency of 1,200 cycles does not
represent the highest frequency produced in singing, because over-
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tones of several times the frequency of the fundamental note are
always present in the human voice. It is the presence of these over-
tones that gives the pleasing quality to singing. This quality of the
singing voice is called timbre, and it is this characteristic that en-
ables you to distinguish one singer from another just by sound.
The timbre of the voice transmits the emotions of joy, sadness, etc.,
from the performer to the audience, and therefore is very impor-
tant in the enjoyment of vocal music.

Fig. 11 shows the waveform of the sound “or” produced by a
typical voice. This is called a complex wave, and it can be shown
that complex waves are built up from sine waves of various fre-
quencies and amplitudes. If you speak the word “or,” and I
speak the word “or,” these relative frequencies and amplitudes are
slightly different. Therefore, the human ear can distinguish between
the “same” sound produced by different people. However, the
meaning conveyed by the slightly different sounds is the same, and
is called the invariant of the two complex waves.

Fig. 11. Waveform of the sound "or.”

Wavelength—By definition, the wavelength (of a water wave,
for instance) is the distance between the crest of one wave and the
crest of the next wave. This distance remains the same as long as
the wave continues, even though the wave becomes so small as to
be barely perceptible.

Frequency in wave motion is related to wavelength. All waves
produced do not have the same wavelength. A small pebble
dropped into a pond will produce a wave of short length, and a
large stone will produce a wave of correspondingly longer length.
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In sound the wavelength is dependent upon the frequency of the
source. Similarly, the length of a sound wave is the distance be-
tween the point of maximum compression of one wave to the point
of maximum compression of the next wave. Sounds of all fre-
quencies, or pitches, travel at the same speed. The speed at which
sound travels divided by the frequency gives the wavelength of the
sound.

Resonance—When the note C is struck on the piano (Fig. 12),
the sound waves vibrate 256 times per second and either a C tun-
ing fork or another wire tuned to C and in the immediate vicinity
will vibrate 256 times per second also. Thus, the two wires are said
to be in resonance.

The waves radiated by a radio transmitter always have a definite
number of vibrations per second and, in order to hear a station,
the receiving equipment must be put in resonance with the waves
radiated by the transmitter. This operation is known as tuning.
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Fig. 12, Sympathetic vibration of tuning fork with vibrating
piano string when tuned to the same pitch.

THE HUMAN EAR

The actual mechanism of hearing is not very well understood,
but certain facts regarding the ability of the ear to register sounds
of various frequencies have been determined very accurately. The
range of frequencies which the average person can hear is from
about 20 to 17,000 cycles, but a comparatively large amount of
sound energy is required before the ear can detect sound of ex-
tremely low or extremely high frequencies.
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The ear is most sensitive to frequencies between 500 cycles and
7,000 cycles, and is most sensitive to changes of pitch and changes
of intensity of sound in this same band of frequencies.

SUMMARY

Vibration of the air, or certain other materials, produces sound,
providing that the frequency of vibration is within the audible
range. Sound is a wave motion similar to radio waves or water
waves except that the medium in which the wave motion takes
place is different and the frequency and speed is different.

The amplitude of sound determines its loudness. The frequency
determines its pitch. Tone is sound in relation to volume, quality,
duration, and pitch.

The average human can hear sounds having frequencies be-
tween about 20 cycles per second up to about 17,000 cycles per
second. At the higher and lower frequencies, more sound energy
is required before the ear can detect the sound. Therefore, the ear
is most sensitive to sounds between 500 and 7,000 cycles per
second.

REVIEW QUESTIONS

How are radio, water, and sound waves alike?

How are radio, water, and sound waves different?

3. Discuss the reflection of sound waves and give examples of
practical applications.

4, To what characteristic of a sound wave does pitch cor-
respond?

5. Define tone.

6. What causes two different musical instruments, both playing
the same note, to sound differently?

7. What are harmonics?

N

8. What is resonance?

9. Give a practical application of resonance in a musical instru-
ment.

10. What is the range of sound frequencies audible to an average
human?
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CHAPTER 3

Magnetism

Since the ‘“‘dawn of history,” the word “magnet” has been used
to describe certain hard black stones which possess the property
of attracting small pieces of iron, and as discovered later, to have
the still more remarkable property of pointing north and south
when freely suspended on a piece of string. At this time the magnet
received the name of lodestone or “leading stone.”

KINDS OF MAGNETISM

Magnets have two opposite kinds of magnetism called magnetic
poles. The characteristics of these poles are such that when oppo-
site poles of two magnets are brought close to each other, they
attract; similar poles, however, exhibit a repelling force.

In our early school days, we learned that the earth is a huge,
permanent magnet with its north geographic pole somewhere in
the Hudson Bay region and that the compass needle marked
“North” points toward that magnetic pole. Thus, the north geo-
graphic pole is actually a south pole, magnetically speaking (Fig.
1). The present locations of the North and South magnetic poles are
shown in Fig. 2. Tt has been found that the earth’s magnetic poles
tend to drift slowly with the passage of time. In fact, geologists have
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NORTH GEOGRAPH|C POLE

SOUTH GEOGRAPHIC POLE

Fig. 1. The magnetic properties of the earth.

discovered that the earth’s magnetic poles have reversed in past
ages. It is also known that the strength of the earth’s magnetic poles
is slowly decreasing at present.

NORTH MAGNETIC  SOUTH MAGNETIC
POLE POLE

Fig. 2. Present locations of the earth’s magnetic poles.
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One of the two ends of a compass needle points north and the
other south; they are called poles. One is called the north-seeking
pole (N) and the other the south-seeking pole (S). A typical
compass is shown in Fig. 3.

The compass itself consists essentially of a magnetic needle rest-
ing on a pivot and protected by a brass case covered with glass.
A graduated circle marked with the letters N, E, S and W, to indi-
cate the cardinal points, is called the compass card.

It is seen in Fig. 1 that the earth’s magnetic lines of force tend
to “dip” into the earth at points away from the magnetic equator.
Magnetic dip, or inclination, is measured with a dipping needle, as
shown in Fig. 4. A dipping needle is a vertically mounted compass
needle. The angle of dip at a given point on the earth’s surface
tends to slowly change from year to year.

Experiments with Magnets

If the south-seeking or S pole of a magnet is brought near the
S pole of a suspended magnet, as shown in Fig. 5, we find that the
poles repel each other. If we bring two N poles together, they also
repel each other, but if we bring an N pole toward the S pole of
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Fig. 3. A typical compass card.
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It can also be shown by further experiments that these attractive
or repulsive forces between magnetic poles vary inversely as the
the moving magnet, or an S pole toward the N pole, they attract
each other; that is, like poles repel each other and unlike poles
attract each other.

Fig. 4. A dipping needle.

square of the distance between the poles. Also, if a magnetic sub-
stance like iron filings is placed in a glass tube (Fig. 6A), and the
tube is stroked from end to end with a permanent magnet, the
filings themselves become a magnet (Fig. 6B). The acquired mag-
netism of the filings, however, will disappear as soon as the filings
are shaken up.

If a magnetized needle is heated sufficiently, it will be found to
have lost its magnetism completely. Again, if such a needle is
jarred, hammered or twisted, the strength of its poles, as measured
by the ability to pick up tacks or iron filings, will be found to be
greatly reduced. Furthermore, if a magnetized needle is broken,
each part will be found to be a complete magnet, that is, two new
poles will appear at the breakage point, a new N pole on the part
which has the original S pole, and a new S pole on the part which
has the original N pole. This subdivision of the needle may be
continued indefinitely, but always with the same results as indi-
cated in Fig. 7. Thus it will be noted that no single magnetic pole
can exist by itself, but will always appear with a pole of the
opposite type, irrespective of the size involved.
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Fig. 5. Repulsion between fike (
magnetic poles.

The foregoing facts also point to the conclusion that in any un-
magnetized piece of iron, the atoms which comprise it are not lined
up in any particular. order; that is, the electrons circling the nuclei
of the iron atoms produce magnetic effects, but these effects cancel

(B) After magnetization.

Fig. 6. Behavior of iron filings in a glass tube.
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Fig. 7. Effects of breaking a magnet into several pieces.

each other. When the iron is magnetized, however, the iron atoms
are forced into a more definite alignment. Also the more strongly
a piece of iron is magnetized, the more the atoms are brought into
alignment. There is a definite limit to the number of atoms that
can be made to stay in alignment. When a piece of iron cannot be
magnetized beyond a certain limit regardless of the magnetizing
force, the iron is said to be fully magnetized or saturated.

Magnetic Materials

Iron and steel are the only natural substances which exhibit
magnetic properties to any marked degree. Nickel and cobalt are
also attracted appreciably by strong magnets. Bismuth, antimony,
and a number of other substances are actually repelled instead of

(A) Horseshoe. (B) Bar.

Fig. 8. Two types of permanent magnets.

attracted, but the effect is very small. For practical purposes, iron
and steel may be considered the only magnetic materials. Fig. 8
shows two types of permanent magnets.

The Magnetic Field

It can be shown easily that when a straight bar magnet is held
under a piece of cardboard upon which iron filings are sprinkled,
the filings will arrange themselves in curved lines radiating from the
poles. If a horseshoe magnet is held at right angles to the plane of
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the cardboard, the filings will arrange themselves in curved lines
between the poles as shown in Fig. 9. These lines are called mag-
netic lines of force or simply lines of force; they show that the
medium surrounding a magnet is in a state of stress. The space so
affected is called the magnetic field, and the lines of force are col-
lectively referred to as magnetic flux.

The strength of a magnetic field is measured in gauss with an
instrument called a gaussmeter. Note that the strength of the earth’s
magnetic field is approximately 2 gauss. On the other hand, the
strongest magnet that has been constructed at present has a
strength of about 500,000 gausses. One gauss is represented by
one line of force per square centimeter. Thus, the strength of the
earth’s magnetic field is about 3 lines of force per square inch. In
terms of force exerted, a unit magnetic pole will exert a force of
1 dyne on another unit pole at a distance of 1 centimeter. There
are 444,800 dynes in 1 pound, or, a dyne is equal to 1/444,800
pound.

TAP CARDBOARD
GENTLY WITH FINGER

IRON FILINGS

HOR I ZONTAL
CARDBOARD

MAGNET

Fig. 9. Results obtained by placing iron filings on cardboard
above a horseshoe magnet.
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A modern permanent magnet that weighs 1% pounds may have
a strength of 900 gauss and will lift about 50 pounds of iron. An-
other horseshoe magnet that weighs 5 pounds may have a strength
of 2,000 gauss and will lift about 100 pounds of iron. A 16-pound
magnet may have a strength of 4,800 gauss and will lift approxi-
mately 250 pounds of iron. Although steel is the basic substance
for constructing permanent magnets, much stronger fields can be
developed by alloying iron with cobalt, nickel, aluminum, and
copper. Alnico is a trade name for a widely used magnetic alloy.

Characteristics of the Magnetic Field

The foregoing discussion of magnets and iron filings indicates
certain characteristics common to all magnets, in that they produce
lines of force and that these lines arrange themselves in certain
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Fig. 10. Theoretical concept of lines of force surrounding the
poles of a bar magnet.

geometrical patterns stretching from one pole of the magnet to
the other. Fig. 10 shows the theoretical pattern formed by the
lines of force around a permanent bar magnet; Fig. 11 is an actual
pattern formed by iron filings.

It would be incorrect, however, to think of these magnetic lines
of force as actual lines extending through the space surrounding
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the magnet. The lines are only imaginary, and the idea of referring
to magnetism in terms of lines of force has been adopted merely
as an aid in understanding the theory of magnetism.

Permanent and Temporary Magnets

Certain substances like steel retain their magnetism after the
magnetic field used to magnetize them has been removed, and are
therefore referred to as permanent magnets. Other substances, like
soft iron, remain magnetized only as long as the magnetizing force
is present. These are called temporary magnets.
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Fig. 11. The magnetic lines of force as exerted by a bar magnet
on iron filings.

SUMMARY

Magnets are certain objects that have the property of attracting
or repelling other like objects or of attracting certain materials.
Magnets are always composed of two poles—a North and a South.
One of the rules of magnetism is that like poles repel and unlike
poles attract one another.

A compass needle is a magnet freely suspended so that it is able
to line up with the magnetic lines of force of the earth. Since the
magnetic poles of the earth are near the geographic poles, the
compass needle lines up approximately north and south.
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The attractive or repulsive forces between magnets vary in-

versely as the square of the distance separating them. Only iron
and steel are considered as magnetic materials. However, certain
alloys of other metals exhibit magnetic properties.

Magnetic attraction or repulsion is caused by lines of force and

is called flux. These lines are imaginary and cannot be seen or felt
directly. Their effect can be noted, however.
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REVIEW QUESTIONS

Why does a compass needle point North?

Will two like magnetic poles repel or attract each other?

By how much will the attractive or repulsive force between
magnetic poles be diminished if the distance separating them
is doubled?

Will heat make a magnetic material more or less susceptible
to being magnetized?

What are some metals that can be alloyed with others to pro-
duce a magnet?

What are lines of force called?

Do lines of force actually exist?

If a bar magnet is broken into a number of pieces, what
happens to each individual piece from a magnetic standpoint?
Would the needle of a compass be classified as a temporary
or permanent magnet?

If a soft-iron nail were magnetized, would it become a per-
manent magnet?



CHAPTER 4

Fundamentals of Electricity

WHAT IS ELECTRICITY?

The term “electric” was derived from the Greek word “elek-
tron,” meaning amber, An early Greek experimenter named Thales
found that electricity could be produced by briskly rubbing an am-
ber rod. Some time later Benjamin Franklin, an American, proved
lightning to be electricity. It was not until the 1890’s, however,
that the present electron theory came into being. It is this theory
that defines electricity as the movement or accumulation of elec-
trons.

Electricity is now defined as a fundamental entity of nature.
This means that electricity is one of the basic building blocks of
ordinary matter. Two kinds of electricity are observed, which are
called positive and negative electric polarities. Negative electricity
consists of electrons, whereas positive electricity consists of pro-
tons, or possibly positrons. The two basic kinds of electricity are
known by their effects, such as in the attraction or repulsion of
substances that have been electrified by friction. Other common
effects of electricity are exemplified by lightning and the Aurora
Borealis and Aurora Australis. The most basic characteristics of
electricity may be listed as follows:
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1. Electricity is charge.
There are two basic kinds of charge.

3. Electricity is not mass, although electricity may be associated
with mass, as in electrons or in protons.

4, Electricity is not energy, although electricity may be asso-
ciated with energy, as in a lightning stroke or in the Borealis.

5. Electricity is a subatomic entity, which means that an
electron or a proton is the smallest possible subdivision of
an electric charge.

From this it becomes apparent that you will have to have some
knowledge of electrons in order to better understand just what elec-
tricity is.

THE STRUCTURE OF MATTER

It is now a well-known fact that all matter is comprised of sub-
microscopic particles. These particles, which are the smallest into
which matter can be subdivided and still retain the properties of the
original substance, are called molecules.

Molecules of different substances vary greatly in complexity,
ranging from extreme simplicity in some substances to extreme
complexity in others. All molecules, however, may be broken up
into simpler constituents called atoms, of which there are more than
one hundred distinct kinds known, each representing one of the
chemical elements from which all matter is constructed.

Only a few elements, however, appear in the molecules of any
one of even the most complex substances. An element, then, is a
fundamental substance composed of only one kind of atom. In some
elements, the molecules are composed of single atoms; in other
elements, two or more similar atoms are associated to form the
molecule. Some of the more common elements are hydrogen,
oXygen, nitrogen, carbon, iron, COpper, etc.

It we carry the analysis still further, atoms are noted for their
complex structures. The most widely accepted modern physical
analogy of the atom corresponds roughly to a miniature of our
solar system. Corresponding to the sun in the solar system is the
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nucleus of the atom, which, in general, is a very small, compact
structure composed of a combination of extremely minute particles
called protons and neutrons. (See Fig. 1.)
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Fig. 1. Breakdown of visible matter to electrical particles.

The proton, whose mass may be taken as the unit of atomic
weight, has a positive charge equal in magnitude, but opposite in
sign, to that of the electron. Its mass is very large compared with
that of the electron.

The neutron has very nearly the same mass as the proton, but is
uncharged (neutral). Practically all the mass of the atom is asso-
ciated with the small, dense nucleus. Revolving about the nucleus,
in orbits at relatively large distances from it, are one or more
electrons.

The simplest of all atoms is that of hydrogen, whose nucleus
consists of a single proton with a single electron revolving about
it (Fig. 2). In other words, atoms have a subatomic structure.
When we speak of subatomic structure, we denote the action of
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Fig. 2. Structure and electron orbit of a hydrogen atom.

particles inside atoms. That is, we are describing the relations of
particles that are smaller than atoms. An electron is a subatomic
particle; it is known that an electron is a charge of negative
electricity and that it consists of 1.6 X 10-*° coulomb. (Remember
that a current of 1 ampere consists of a flow of 1 coulomb past a
point per second.) An electron has a mass or weight of 9.1 X 102
gram. One gram is equal to 3.5 X 102 ounce.

A proton is also a subatomic particle; it is known that a proton
is a charge of positive electricity, and that it also consists of 1.6 X
10-® coulomb. In other words, the charge of a proton is equal
and opposite to that of an electron. A proton has a mass or weight
of 1.67 X 10-2* gram, which makes it 1,836 times heavier than an
electron. A neutron is another subatomic particle; it has no external
charge and therefore consists of mass only. The mass or weight of
a neutron is approximately the same as that of a proton.

A positron is yet another subatomic particle, and is sometimes
called a positive electron. A positron has the same mass as an
electron, with an equal but opposite charge. At the present time,
positrons are not as well understood as protons. However, sub-
atomic physicists have produced experimental evidence that the
most fundamental unit of positive electricity is the positron. We
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may note that the photon is the most fundamental unit of energy
—that is, energy does occur in subatomic units. Subatomic phy-
sicists have shown that a photon can change into an electron and
a positron. This transformation of subatomic particles is called
pair production.

Another simple atom is that of helium, whose nucleus consists
of two protons and two neutrons bound together in a compact
central core of great electrical stability. Revolving about this com-
pact nucleus are two electrons (Fig. 3).

Atoms of other elements become increasingly more complex by
the successive addition of one electron to those revolving about the
nuclei, and with the progressive addition of protons and neutrons
to the nuclei. In every instance the normal atom has an exactly
equal number of positive and negative elementary charges, so that
the atom as a whole is neutral; that is, it has no electrical charge.

Note in passing that a very simplified form of atomic and sub-
atomic structure has been discussed. In other words, many re-
finements must be added to explain the characteristics of atoms
and molecules precisely. As a matter of fact, the simplified structure
that has been considered can account satisfactorily only for the
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Fig. 3. Structure and electron orbit of a neutral
helium atom.
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characteristics of the hydrogen atom. To describe the characteristics
of copper atoms precisely, for example, many refinements must be
taken into account. However, the elementary principles that have
been discussed serve as an adequate basis for the understanding
of ordinary electric circuit action as well as the action of vacuum-
tube and semiconductor circuits.

Positively and Negatively Charged Substances

With reference to the picture of the neutral atom, it will be easy
to understand what takes place when a substance is electrically
charged.

Assume that by some means one of the external electrons of the
neutral helium atom is removed as shown in Fig. 4. The result will
be an unsatisfied atom insofar as the balance between the positive
and the negative charges is concerned. The excess of one proton
in the nucleus gives the atom a positive charge, and if the previ-
ously removed electron is permitted to return to the atom, it will
again become neutral.

A positively charged body is, therefore, one which has been
deprived of some of its electrons, whereas a negatively charged
body is one which has a surplus (more than its normal number)
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Fig. 4. Structure and electron orbit of a positively
charged helium atom.
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of electrons, In its unbalanced positive state, the atom will tend to
attract any free electrons that may be in the vicinity. This is exactly
what takes place when a stick of sealing wax or amber is rubbed
with a piece of flannel. The wax becomes negatively charged and
the flannel positively charged (Fig. SA).

During the rubbing process, the friction rubs off some of the
electrons from the atoms composing the flannel and leaves them
on the surface of the wax. If the wax and the flannel are left to-
gether after being rubbed, there will be a readjustment of electrons,
the excess on the wax returning to the deficient atoms of the flannel,
as shown in Fig. 5B.

Most of the electrons in the universe exist as component parts
of atoms as described, but it is possible for an electron to exist
in the free state apart from the atom, temporarily at least. Free
electrons exist to some extent in gases, in liquids and in solids,
but are much more plentiful in some substances than in others.

ELECTRONS

0000000000000000000000000 00000000000 0000000 OOOO000
FLANNEL WAX

(A) After rubbing.

NEUTRAL NEUTRAL

FLANNEL WAX
(B) After contact.

Fig. 5. Distribution of electrons in flannel and wax.

Conductors and Insulators

In metals, enormous quantities of free electrons exist, while such
substances as glass and rubber contain only small amounts. It is
the presence of free electrons in some substances that enables us
to account for the conduction of electricity. The more free elec-
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trons a substance contains, the better conductor of electricity it is.
Because of their great numbers of free electrons, metals are very
good electrical conductors. Again, substances such as glass, rubber,
mica, etc., with their comparatively few free electrons, are poor
conductors of electricity but instead are good insulators or non-
conductors.

Actually, there is no sharp dividing line between conductors
and insulators because free electrons exist to some extent in all
matter. We simply use the best conductors as wires to carry cur-
rent, and use the poorest conductors as insulators to prevent the
escape of electricity into undesired conducting paths. Listed below
are some of the best conductors and some of the best insulators,
arranged in their order of respective abilities to conduct or to resist
the flow of electrons.

Conductors Insulators
Silver Dry air
Copper Glass
Aluminum Mica
Zinc Rubber
Brass Asbestos
Iron Bakelite

TYPES OF ELECTRICITY

Basically there are two types of electricity, namely static and
dynamic. Static electricity is the storage of positive or negative
charges on a body. For example, rubbing a rubber rod with a piece
of fur will cause electrons from the fur to be deposited on the rod,
giving it a negative charge which can be transferred to another
object by touch. This charge was produced by friction.

Most of us have, at some time or another, received an electric
shock as we slid across the plastic seat covers in an automobile
to reach the door handle, or walked across a wool rug to a drinking
fountain. These are examples of static electricity. Here a static
charge which has built up on us or our clothing is of sufficient
magnitude to discharge to the metal object we are about to touch.
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This discharge is evident from the electrical shock and the spark
produced by the discharge.

Another form of static electricity is lightning, although it cannot
be attributed entirely to friction. Lightning and the thunder which
accompanies it are caused when static charges which have built up
on clouds discharge between clouds or between the clouds and
earth. Thunder is produced by this discharge but we hear it some
time after the lightning flash due to the fact that light waves travel
faster than sound waves.

Dynamic electricity is a type produced by a continuous source
such as a battery or a generator. This type of electricity can be
controlled and is, therefore, the most useful for practical purposes
where energy must be exerted.

ELECTRIC CURRENT

As mentioned previously, some substances such as copper, silver,
etc., have an abundance of free electrons. These free electrons are
in a state of continual rapid motion, or thermal agitation. The situ-
ation is analogous to that in a gas where it is known that the mole-
cules, according to the kinetic theory, are in a state of rapid motion
with a random distribution of velocity. If it were possible at a
given instant to examine the individual molecules or electrons, it
would be found that their velocities vary enormously, and the
average velocity is a function of the temperature. The higher the
temperature of a substance the higher the velocity of the atoms and
electrons.

Now if by some means the random motion of the molecules or
electrons in a conductor can be controlled and made to flow in a
specific manner, there results what is called a flow of electric cur-
rent. This current may be one of two types—direct or alternating—
depending on the device used to produce it. An alternating current
(AC) is one in which the electron flow changes direction and am-
plitude at a specified rate, or frequency. With direct current (DC),
however, electrons flow in one direction only. The rate of current
flow may be steady or it may vary at a specific or random rate,
but as long as it moves only in one direction, it is classified as
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direct current. Such a means of controlling or directing the electron
motion is provided by such devices as an electric battery or a DC
generator (a mechanical device that converts mechanical energy
into direct-current electrical energy). The battery, of course, is
simply a “storehouse” of energy that permits electrons to flow
whenever a conductive path is provided between its terminals
(Fig. 6). Alternating current is produced by either mechanical or
electronic means.

DIRECTION OF
. ELECTRONS

CONDUCTOR

Fig. 6. The movement of electrons from
the positive to the negative terminal
of a battery.

In practical work, we are usually concerned with mixtures of
AC and DC. That is, we are concerned with voltage relations
such as shown in Fig. 7. When an AC voltage is mixed with a DC
voltage, the combination is described as having an AC and a DC
component. If the combination has a DC component sufficiently
great that the AC component does not cross the zero axis, the
waveform is described as pulsating DC. This means that the wave-
form has one polarity only. On the other hand, if the DC com-
ponent is comparatively small so that the AC component does
cross the zero axis, the waveform is described as AC with a DC
component. This means that the waveform has two polarities.
These basic facts will be explained in greater detail when electric
circuit action is discussed.
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Fig. 7. Three basic combinations of AC and DC values.

Resistance to the Movement of Electrons

The progressive motion of electrons in a conductor is retarded
by collisions with the atoms of the substance, and it is this hind-
rance to their movement that constitutes the electrical resistance
in a conductor.

This resistance varies in different conductors, and also with the
temperature of the conductor. When the temperature increases, the
velocity (speed) of the atoms and electrons increases, which in
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turn causes more frequent collisions and, as a result, a greater
hindrance to their progress. The frequency of collisions between
the atoms and electrons is also increased when a greater number
of electrons are present. Because of this the heating in a current-
carrying conductor increases with the amount of current that is
flowing.

ELECTRICAL PRESSURE (VOLTAGE)

As previously mentioned, the directed motion of free electrons
in a conductor constitutes an electric current. To understand how
a flow of current may be established, it is well to consider the anal-
ogy of a water pump in a hydraulic system (Fig. 8).

In this case, by virtue of the pump impeller the water enters
the pump at the intake end at low pressure and leaves the discharge
end at high pressure. The difference in pressure at the two ends
of the pump causes water to flow through the pipe as indicated
by the arrows.

REGULATOR OF
WATER FLOW

WATER
— METER
TO PRIME
PRI
MOVER CONDUCTOR
(Water Pipe)

Fig. 8. Water system analogy to an electrical circuit.

The action of the electrical system is similar. In any electrical
circuit, a generator or battery may be used to supply an electro-
motive force, or voltage, in a manner similar to the pump in the
hydraulic system. Here the positive and the negative terminals of
the generator correspond to the intake and the discharge of the
pump, respectively (Fig. 9).

Similarly, in the case of the generator, it is said that the pressure
is higher at the negative end and lower at the positive end, corre-
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REGULATOR OF
CURRENT fLOW

d)

ELECTRIC
DC GENERATOR C) PRy
10 PRIME

MOVER +

CONDUCTOR
Wire

Fig. 9. Equivalent electrical circuit of the water system in Fig. 8.

sponding to difference in pressure at the discharge and intake
ends of the pump in the hydraulic system. It is this difference in
pressure between the generator terminals which causes an electric
current to flow in the circuit, in much the same way as the water
is forced through a pipe in the hydraulic system.

Electrical pressure, also referred to as potential difference and
electromotive force, is measured in terms of a unit known as the
volt.

THE COULOMB AND AMPERE

Again using the water system as an analogy, the rate at which
water is flowing through the pipe may be measured in gallons per
second. Similarly, the amount of current in the electric circuit is
measured in a unit called the coulomb.

When the current in a circuit flows at the rate of one coulomb
per second the term ampere is used. This term facilitates the ex-
pression of current flow in that it makes it unnecessary to say “per
second” each time, as second is already a part of the ampere unit.
Thus, one coulomb per second is one ampere.

The relationship between coulombs and amperes may be ex-
pressed as follows:

I=

% or Q=Ixt
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where,

[ is the current in amperes,
Q is the quantity of electricity in coulombs,
t is the time of flow in seconds.

Thus, if a battery sends a current of 5 amperes through a circuit
for one hour, the number of coulombs of electricity that will flow
through the circuit will be 5 X 60 x 60 = 18,000 coulombs.

ELECTRICAL RESISTANCE IN DC CIRCUITS

All conductors of electricity oppose the flow of current through
them, i.e., they have electrical resistance. The unit of resistance is
called the ohm. A conductor may be said to have one ohm of re-
sistance if the ratio of the electrical pressure (in volts) to the cur-
rent flowing through it is unity. For example, if 10 amperes of
current is flowing through a circuit, with an electrical pressure of
10 volts producing this flow, the resistance of the circuit will be

10 _
0= 1 ohm.

ALTERNATING CURRENT

An alternating current may be defined as a current which con-
tinually changes in magnitude and periodically reverses in direction.
The action of an alternating current can be plotted as a sine wave
as shown in Fig. 10. The upper half of the curve represents the
forward, or positive, movement of the current and the lower half
represents the reverse, or negative, movement. The completion of
one forward and reverse movement of the current constitutes a
complete cycle. The number of cycles that occur in one second of
time is given as the frequency of the current.

At this point the reader may wonder why the sine wave was
chosen to discuss AC circuit action. For example, the square wave
shown in Fig. 11 seems to be simpler than a sine wave. However,
it will be found that it is very difficult to discuss AC circuit action
if the square wave is chosen as a fundamental AC waveform. On
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i ONE CYCLE
]

POSITIVE
™ HALF CYCLE
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]

NEGATIVE
HALF CYCLE

Fig. 10. A sine wave.

the other hand, it is comparatively easy to discuss AC circuit
action if the sine wave is chosen. This fact is based on mathematical
relations which can be ignored at this time. Merely note that Ohm’s
law is comparatively simple when applied to sine-wave voltages
and currents, but becomes extremely complicated when applied to
square-wave voltages and currents.

-t

Fig. 11. A square wave.

Average Values of Voltage and Current

In the sine curve, or sine wave, it will be noted that the voltage
and current in an alternating-current circuit are always changing
during a complete cycle from a positive peak or maximum value
to a negative peak of the exact opposite value. Therefore, when
considering a complete cycle, the true average value is zero. When
we consider the average values of current and voltage in AC cir-
cuits, we do not refer to the averages of the full cycle, but instead,
to the average of each half cycle only.
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To obtain the average value of each half cycle, it is, therefore,
necessary to add the instantaneous values of one half cycle as
plotted on a curve and divide by the number of such values used.

Fig. 12. Relationship between average, effective (rms), maximum
(peak), and peak-to-peak voltages and current.

If this is done, the results show that the average value of voltage
or current is 0.636 times the maximum or peak value (Fig. 12).
This is usually written:
average voltage = 0.636 X maximum voltage
and average current = 0.636 X maximum current
or E,. = 0.636 E, .«
and I, = 0.636 I«

In practical work, we are often concerned with sine waveforms
in which both half cycles have the same polarity, as shown in Fig.
13. It will be found that the average and effective values of these
waveforms are the same. Note that only the peak-to-peak values

+ +\/ +

Fig. 13. The average and effective values of these waveforms are the same.
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are different. That is, the waveform with positive and negative
half cycles has twice the peak-to-peak voltage compared to the
waveform that has positive half cycles only.

Effective Values of Voltage and Current

In practical calculations, however, the instantaneous or average
values of voltage and current are seldom used, but the effective
values are. Because voltages and currents in an AC system are
actually of different instantaneous values throughout the time pe-
riods of an alternating cycle, and since the cycles follow one an-
other in rapid sequence per second of time, the actual effective volt-
age or current can only be determined by comparing the heating
effect of an alternating current with that of a direct current. This is
known as the effective or root-mean-square (abbreviated as rms)
value of an alternating current or voltage (Fig. 12). If the instan-
taneous values of current during a cycle are taken, the results
squared, an average value obtained, and the square root of this
value derived, the heating effect will be the same as in a direct-
current circuit; that is, the heating effect is proportional to the
square of the current.

It follows then that the amplitude or peak factor of an alter-
nating voltage must be the ratio of its maximum value to its effec-

tive or rms value, or \/2, but since this value is approximately
1.414 and its reciprocal value is 0.707, we may write:

E —_ E = = Enmx
eff rnis Emax X 0.707 = 1414
Similarly,
= — Eeff
| S Eetr X 1.414 = 0707

When an alternating current is considered, we may similarly
write:

_ Imax
Ieff - Irms - Imax X 0707 - 1414

== — Ieff
or Imax - Ieff X 1414 == W
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It should be noted that whenever an alternating current or volt-
age is mentioned without specific reference as to instantaneous,
maximum or average values, the effective value is always assumed,
because it is this current or voltage that is measured by the respec-
tive instruments. If a maximum or peak value of the current or
voltage is desired, it may readily be obtained by multiplying the
instrument or meter reading by 1.414.

The Sine Curve

Since the generation of an alternating current or potential is
always represented by means of a sine curve, certain factors con-
cerning its construction will be considered; and although the sine
of an angle is a trigonometric figure, it may be represented by the
aid of one or more right-angle triangles as shown in Fig. 14.

By definition, the sine of an angle, such as (A) in Fig. 14, is
equal to the opposite side of the triangle divided by the hypotenuse.
This may be written:

opposite side
hypotenuse

sine A =

ADJACENT
l‘_ aie. e L I

Fig. 14. Diagram illustrating the sine of an angle.

It may easily be proved with the aid of simple mathematical
relations that the sine values for angles such as 30°, 45° and 60°
are ¥4, ¥2\/2, and 14/3, respectively. Approximate sine values
for various angles may easily be obtained from triangles inscribed
in a circle of unity length radius as illustrated in Fig. 14. Thus, if
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Fig. 15. Relationship between angles in 30° steps and the
respective sines. The complete curve, covering angles from 0°
to 360°, repr ts one lete cycle of an alternating current.

the radius of the circle is one inch, for example, the hypotenuse
will also be one inch in length. Similarly, we have the sine for an
angle of 30° = a,/1 or a,, which may be found by direct measure-
ment to be 0.5. The sine for a 60-degree angle will likewise be
found to be approximately 0.87, or 0.8660, from a table of sine
values.

A further study of our sine function will show that the sines for
angles of 120° and 150° are equal to the sines for 60° and 30°,
respectively. By using the foregoing values on a coordinate-axis
system as illustrated in Fig. 15, with the sines plotted on the ver-
tical axis (ordinate) and the number of degrees from 0° to 360°
on the horizontal axis (abscissa), it will be found that the project-
ing intersections when properly joined together represent a true
sine curve.

Vector Represéntation of Voltage and Current

The periodic change which occurs in the value of an alternating
voltage or current during a cycle need not be represented by a
curve plotted as illustrated in Fig. 15, but may be more easily
represented by vectors, as shown in Fig. 17B.
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In order to show how vectors may be applied to the study of an
alternating current, refer to Fig. 16. Here, two sine curves, R and
S, are drawn on the same base, with a time difference of ¢°. The
curves indicate the various instantaneous values throughout the
complete cycle. At 6 degrees from the starting point, for example,
the value of R is O’A’, while that of S is O'B’. In Fig. 16, two
circles are drawn, their radii being equal to the maximum value
of the two sine curves. The lines OR and OS are assumed to rotate
about O as a center and in a counterclockwise direction. At an
angle 6° from the start, OR and OS have reached the position
shown. The vertical projections of these two lines are OA and OB
respectively, and these lines represent the instantaneous values
under consideration.

Now since both OR and OS are assumed to rotate at the same
speed, corresponding to the same frequency, it follows that the
angle ROS = ¢ remains constant throughout the cycle. The projec-
tions OA and OB on the vertical axis vary according to a sine law
since the points A and B perform a simple rotating motion about
the point O.

Fig. 16. Vectorial representation of two alternating-current sine waves.

Diagrams of this type are often made to represent alternating
current or voltage values since they lend themselves more readily
to exact mathematical treatment.

Addition of Alternating-Current Voltages

In the study of alternating currents, vector representation is al-
ways used since this method greatly facilitates representation of all
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the factors involved. Assume, for example, that it is desired to add
two voltages E, and E, as illustrated in Fig. 17A, with effective
values of 75 and 50 volts, respectively. Assume further that E. is
lagging behind E, by an angle of 60°. These voltages will have
maximum values of 75\/2 = 106 and 50\/2 = 70.7 volts, re-
spectively.

SINE-WAVE DIAGRAM VECTOR D

23,50-»

2T

(A) By plotting. (B) By vectorial representation.

Fig. 17. Addition of two sine waves.

The addition may be performed by plotting the two sine curves
as shown, and adding, at equally spaced distances, their instan-
taneous values to give a new sine curve, E. This new sine curve
will be found to have a maximum value of 154 volts, an effective
value of 109 volts, and will lag E, by 23.5°. Thus, the sum of the
two voltages with effective voltages of 75 and 50 volts and differing
in phase by an angle of 60° is 109 volts.

A considerable saving of time will be obtained if the three sine
curves are added vectorially as previously considered instead of
being plotted. You will notice in the vector diagram of Fig. 17B
that two vectors (E; and E;) are geometrically added by complet-
ing the parallelogram and drawing the diagonal. This diagonal rep-
resents the resultant vector E. It should be pointed out, however,
that since effective values are 0.707 times the maximum values,
if maximum values are used in laying out the vectors, the
resultant vector should be divided by 1.414 to obtain the effective
value,
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The geometric addition of vectors E; and E» may be performed
mathematically as follows:

E = /(75 + 50 X cos 60°)* + (0 + 50 X sin 60°)*

=/100% + 43.3* = 109 volts

and Epax = 109+/2 = 154 volts

The angle can readily be verified, since

tan ¢ = % = 0.433 and ¢ = 23.5°
OHM’'S LAW

When considering the flow of electrons in a conductor, it is
evident that the greater the electromotive force (emf), or voltage,
the more electrons will flow in the circuit; and also the greater the
resistance of a conductor, the less the number of electrons that will
flow through.

It has been found that there is a definite mathematical relation-
ship between the emf (voltage) applied to a circuit having a defi-
nite resistance and the flow of current in the circuit. This relation-
ship is expressed in a formula known as Ohm’s law. Here voltage,
current, and resistance are represented by the letters E, I, and R,
respectively. The value of any one of these electrical units can be
computed if the other two are known. Ohm’s law states that the
current flowing through a resistance under a given emf is inversely
proportional to the resistance and directly proportional to the volt-
age. Thus, I = g, in which I is the current in amperes; E is the emf
in volts and R is the resistance in ohms.

This formula can be manipulated mathematically into two other
forms that are often used.

E

Izi,

R =

—~|

and E=IxXR

A convenient memory aid for Ohm’s law is shown in Fig. 18.
This diagram shows graphically that if you cover I with a finger,
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Fig. 18. Memory aid for Ohm’s law.

the result is E/R. If you cover R, the result is E/I. If you cover E,
the result is I X R.

Series Circuits
If several resistances are placed in series, as in Fig. 19:

- E
~ R;+Ro+R;
or E=IXR;+IXRa+1IXRy

Ry R2 R3
’ ——

- AN~ ; A ’
LEI"’RI—] LEz'l‘Rz* |—E3-IXR3—I
E e

N j.—8
ORE

E-Ey+Ex+Eg
Aifi]ajoe=
BATTERY
Fig. 19. Simple circuit with three resistances connected in series.

I or E=1(R,+R:+R3)

The sum of the differences of potential across the various parts
of the circuit is equal to the total voltage impressed on the circuit.
Thus, E = E, + E, + E;. In the circuit of Fig. 19, the current I
is the same in each part of the circuit, but the voltage across each
resistance depends directly upon the value of that resistance being
considered.

Example: What voltage must be furnished by the battery in
Fig. 19, in order to force 0.25 ampere through the circuit, if R,
R. and R; are 5, 15 and 20 ohms, respectively?
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The total resistance R = 5+15+20 = 40 ohms. The total volt-
age is 40x0.25 = 10 volts.

The voltage required for each part may be conveniently used as
a check. Thus:

E, = 0.25%5 = 1.25 volts
E, = 0.25 X 15 = 3.75 volts
E; = 0.25 X 20 = 5 volts.

Hence, 1.25 + 3.75 + 5 = 10 volts, as before.

In practical work, a constant-voltage source may be used, as has
been exemplified in the foregoing discussion. It will be found, for
example, that many vacuum tubes and transistors are basically con-
stant-current sources. Ohm’s law applies to both constant-voltage
and constant-current sources. Fig. 20 shows the relation between
current and voltage when the resistance is held constant. Many
practical circuits are constant-resistance circuits. Note that there
is a linear relation between voltage and current in Fig. 20. Next,
Fig. 21 shows the relation between current and resistance when

6 — T

1 OKM

CURRENT-AMPERES
w

0 1 2 3 4 5 6
VOLTAGE -VOLTS

Fig. 20. Current vs voltage, with resistance constant.
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Fig. 21. Relation between current and resi , with voltag tant.

the applied voltage is held constant. As the resistance is increased,
the current decreases rapidly at first, and then decreases more
slowly for larger increases in resistance.

VOLTAGE-VOLTS
W

o
o)
~

1= 1AMP

0 1 2 3

4 5 6

RES1STANCE - OHMS

Fig. 22. Relation between voltage and resistance, with current constant.
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Note in Fig. 21 that each time 1 ohm of resistance is added to
the circuit, its effect becomes less, because its effect on the total
resistance value is less. In other words, if there is originally 1 ohm
of circuit resistance, and then 1 ohm is added, the total circuit
resistance is doubled. But if there is originally 10 ohms of circuit
resistance, and then 1 ohm is added, the total circuit resistance is
increased by only one-tenth. Therefore, a nonlinear relation exists
between the resistance and current in Fig. 21.

Next, consider the constant-current source I shown in Fig. 22.
The symbol for a constant-current source is a circle with an in-
scribed angle. In this example, the constant-current source supplies
1 ampere, regardless of the value of the load resistance. It follows
from Ohm’s law that voltage plotted against resistance is linear
(Fig. 22) when current is held constant. If Fig. 20 is compared
with Fig. 22, it can be seen that the graphical forms are similar
when voltage is substituted for current and resistance substituted
for voltage. The relations shown in Figs. 20, 21, and 22 are basic
examples of variational analysis in electrical work. As we pro-
ceed with the study of circuit action, we will find many other useful
examples of variational analysis.

Parallel Circuits
In a parallel circuit (Fig. 23), the voltage across the various re-
sistances is the same and the current flowing through each resist-

E— Fig. 23. Simple circuit with three resist-
ances connected in parallel.

AMMETER

E
(\) I=h+1+l3 -R_l*%*%

E
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ance varies inversely with the value of the resistance. The sum of
all the currents, however, is equal to the main current leaving the
battery. Thus:

Ezlllezlszzzlng;;
and,

I= Il + Iz + I3

When Ohm’s law is applied to the individual resistances, the fol-
lowing is obtained:

and I;= RE
3

f
| m
i
Z|m

Hence:

E E (11
R1+R—;+R_3 or I_E(E+§—;+R_3)

and since = = R, the equivalent resistance of the several resist-

I
ances connected in parallel is . + 1 + 1
® P R R, R, Ry
A simple and convenient method of finding the equivalent resist-

ance of two resistances in parallel is to use the formula:
_RiXR:

R; +R;
If more than two resistances must be considered, this formula can

be applied to the first two, then the value of the answer and the
value of the second resistor can be used, etc.

R

Example: If the resistances in the circuit of Fig. 19 were con-
nected in parallel, as in Fig. 23, what will be the total current
and the current flowing through each resistance if the voltage re-
mains unchanged or 10 volts?

The total resistance (R) for the combination will be found as
follows:
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Then:

60

R:ﬁ

= 3.16 ohm.

The total current = 3—119_6_: 3.16 amperes.

. . .1
The current in the 5-ohm resistance 1s _SQ = 2 amperes.

10

The current in the 15-ohm resistance is 5= 0.66 amperes.

The current in the 20-ohm resistance is ;—8— = (.5 amperes.

12

TT 1]
' /10

’ |
I / '

., "
~ / -
E
5 \ / 5
P
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3 N 3
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2 2
/

1A \\ 1

0 0

Fig. 24. Graphical solution for two resistors connected in parallel.
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The currents through the resistances may conveniently be added
as a check of the answer. Thus 2 + 0.66 + 0.5 = 3.16 amperes
as before.

I l Lb
Q
1 Ry T 1
——A—1¢
101 10 Ry / 10
——A—
9 d Ry A 9
L—AAA——
8 & | 8
, l
7 7
= // g
=
5 e G 63
o~
o / o
5 ™N 5 / 5
4
4 4
P
3 2 AN 3
y N
2 2 2 g
/ ) 3
| §
—A 1 A\NSWER 1o
/
0 0 0

Fig. 25. Graphical solution for three resistors connected in parallel.

Fig. 24 shows how the resistance of two resistors connected in
parallel may be found graphically. In this example, R, = 6 ohms,
and R, = 12 ohms. The lines intersect at point P, from which we
project over to the vertical axis to find the total resistance, which is
4 ohms. Note that the length of the horizontal interval between the
vertical axes is arbitrary. If we are working with higher values of
resistance, both of the values on the vertical axes may be multiplied
by any power of 10. For example, suppose that 60 ohms are con-
nected in parallel with 120 ohms; then the total resistance is 40
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ohms. Again, if 60K (60,000) ohms are connected in parallel with
120K (120,000) ohms, the total resistance is 40K (40,000) ohms.

Suppose now that we have three resistors connected in parallel,
as shown in Fig. 25, with R, = 6 ohms, R, = 12 ohms, and R;
= 2 ohms. We first determine that the total resistance of the 6-ohm
and 12-ohm resistors is 4 ohms, as seen at point P. A line is now
drawn for the 2-ohm resistor, as shown, and the point of intersec-
tion Q is obtained. Thus, we find that the total resistance of the
three resistors connected in parallel is 1.33 ohms. The same method
may be extended to any desired number of resistors connected in
parallel.

Power in Electrical Circuits

As previously stated, the electrons in their movement through a
circuit do not have a clear path, but are in constant collision with
atoms of the metal, causing the metal to heat. The heat so devel-
oped varies with the number of collisions and increases with the
increase in current flow. It has been found that the developed heat
or power loss varies directly as the resistance and as the square
of the current. This relationship can be expressed by three
formulas:

. EZ
W=I*XR= r= E x1

where,

W is the power in watts, )
E, I and R are the voltage, current, and resistance of the circuit.

Example: If a particular heating element requires 25 amperes
at a potential of 110 volts, what is the power consumption?

The power is W = 25 X 110 = 2,750 watts = 23 kw (kilo-
watts).

Since the watt is a small unit of electrical power, the kilowatt,
which is a unit 1,000 times larger, is more convenient when it is
desired to express large amounts of power.

Therefore to change watts to kilowatts divide by 1,000, and to
change kilowatts to watts multiply by 1,000.
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One horsepower (HP) = 746 watts.
000

Thus, one kilowatt = I:ITG or 1.34 horsepower.

To obtain the horsepower consumption in the above heating
element:

2,750
746

We have learned that the basic unit of power is the watt. Power
is a rate unit, just as current is a rate unit. Current denotes the
rate of charge flow, while power denotes the rate of energy flow.
In other words, power is the rate at which work is being ac-
complished. Energy is measured in joules. One joule is equal to
one watt per second. Thus, 1,000 joules are equal to one kilowatt
per second. Or, as another example, 3,600 joules are equal to one
kilowatt-hour. Both power and energy (watts and joules) are
commonly represented by the symbol W. To aveid confusion,

HP = = 3.7 horsepower

P (WATTS)
64— -T i =
|
i
{ VARIES WITHE
|E (VARIABLE) R (FIXED)
| | 0-8vorTs 10
I PeEXI
q | |
‘ PeEXI
16 .
4+ ,/
1 _3742 : k. 2 ! I (AMPERES)
( 1 3 4 5 7 £ VOLTS)

Fig. 26. Graph of power related to changing voltage and current.
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P (WATTS}
100
| VARIES INVERSELY WITH R
VARIABLE
E (FIXED) 10 VOLTS RZ 1100
50
PR

2
12,5
10

ollo__5 3.33 2.5 2 1.66 142 1.25 111 1| I{AMPERES)

2 3 4 5 6 7 8 9 10 R {OHMS)

Fig. 27. Graph of power related to changing resistance and current.

however, it is preferable to write P for power and W for energy (or
work). Thus:

P EI watts

W = Elt joules

where,

E is in volts,

I is in amperes,

t is in seconds.

The horsepower is also a unit that denotes the rate of energy
flow, or the rate of work being accomplished. Thus, HP can be
equated to watts. However, horsepower-hours must be equated to
joules, or to watt-hours. This is perhaps the most common source
of error made by beginners—the confusion of power with energy
(or work). Note that power is numerically equal to work. The
amount of power in a circuit changes when either voltage or cur-
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P
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Fig. 28. Graph of power related to changing voltage and resistance.

rent, or both, are changed. This variational relation is shown in
Fig. 26. Next, if the voltage is constant and the resistance is varied,
the power varies with the resistance (or current) as shown in Fig.

13

i

Fig. 29. Summary of basic formulas.
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27. Finally, if the current is constant, the relation of power to re-
sistance (or voltage) is as shown in Fig. 28.

A graphical summary of voltage, current, resistance, and power
relations is shown in Fig. 29. There are twelve basic formulas that
you should know. The four quantities E, I, R, and P are at the
center of the diagram. Adjacent to each quantity are three seg-
ments. In each segment, the basic quantity is expressed in terms of
two other basic quantities. Note that no two segments are alike.

Series-Parallel Circuits

Finding the total resistance value of circuit (A) in Fig. 30 can
be very simple if you keep in mind that any number of resistances
connected in series may be replaced by a single resistor with a
value equal to the arithmetical sum of the individual resistors, or
that any number of resistors in parallel can be replaced by an
equivalent whose value is equal to the reciprocal of the sum of
the reciprocals of the individual units.

Circuit (A) in Fig. 30 consists of resistors R, and R, in series,
and the two also in parallel with R,. This group is connected in
series with R. and the whole combination is again connected in
parallel with R,. The simplest way to solve a resistance combina-
tion of this type is to go through the problem step by step, com-
bining each series and each parallel group of resistances and re-
placing them with their equivalent resistance.

Hence, to solve this circuit, first replace R, and R, with their
equivalent, R, (Fig. 30B). The next step is to combine R; and R,
replacing them with their equivalent, R, (Fig. 30C). By replacing
R. and R, with their equivalent, R;, the original circuit now as-
sumes the form shown in Fig. 30D.

In a similar manner, R; and R, in parallel are replaced by re-
sistance Ry, obtaining the result shown in Fig. 30E. Finally, as a
result of these calculations, a resistance is obtained having the same
current-limiting effect as all of the resistors shown in Fig. 30A.

Example: Assume the resistance values in Fig. 30A to be as
follows, and compute the total resistance:
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Ra Ry
Re Rg
[og VA VAA —0
Ry
AMA
{A)
Rq
2 —
Re Rg
o— AN VWA —o
Ry
(8) A
Fig. 30. A method by which a series-
parallel combination of resistances may
be reduced to an equivalent resistance. R Rh
AAA —AAA °
Ry
AAA
(&3]
R
o— A\ ]
Ry
AN~
D
Ry
[- A *]

(2]

R, = 160 ohms
Ry, = 200 ohms
R. = 120 ohms
R4 = 360 ohms
R = 200 ohms

First replace R, and R, with R,.
R, =R, + R, =360
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Replace R, and Ry with Ry,.

_ R, X R,_ 360 x 360 _
R, + R, 360+ 360

Replace R, and R, with R;.
R; =R, + R. =300

Rh ]80

Replace R; and R, with Ry, the total resistance.

_ R;XR,_ 300 x 200 _

Ry = R.+ R, 300+ 200

120

A later discussion will explain how Ohm’s law applies to AC
circuits using resistors, capacitors, and inductors. Here a different
type of opposition to current flow exists.

ANALOGY BETWEEN ELECTRIC AND MAGNETIC CIRCUITS

There is a great similarity between electric and magnetic circuits.
For example, the total number of magnetic lines of force, or mag-
netic flux, produced in any circuit will depend upon the magneto-
motive force (mmf) acting on the circuit and the opposition to
magnetism in the circuit, just as the current depends upon the
electromotive force and the resistance in the circuit. This similarity
between the electric and the magnetic circuits becomes even more
obvious when you consider Ohm’s law in connection with both.
Thus, according to Ohm’s law:

. electromotive force
electric current =

resistance
expressed in units, amperes = polis
P g Gy ohms

The resistance depends upon the materials of which the circuit
is composed, and the geometrical shape and size of the circuit.
Similarly, in the magnetic circuit, the total number of magnetic
lines produced by a given magnetizing force depends upon the
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magnetomotive force, the material comprising the circuit, and its
shape and size. That is,

magnetomotive force
reluctance
gilberts
reluctance

magnetic flux =

expressed in units, maxwells =

This is called Rowland’s law. At the present time, there is no
unit for the measurement of reluctance.

CURRENT
CARRYING
CONDUCTOR
NO CURRENT FLOW o B — A
) @ e Y| e —)
S ~
s N
COMPASS
NEEDLE 4 4

Fig. 31. Deflection of a compass needle when held near a current-
carrying conductor.

It should be noted that in the electric circuit, resistance causes
heat to be generated, resulting in wasted energy; but in the mag-
netic circuit, reluctance does not involve any similar waste of
energy.

Electromagnetism

In the early part of the eighteenth century, a Danish physicist
named Hans Christian Oersted discovered the effects of an electric
current on the magnetic needle. While experimenting with the vol-
taic battery, Oersted found that joining the wires from a battery
above a suspended magnetic needle caused the compass needle to
turn on its axis and set itself at right angles to the wire. When the
current was reversed, the compass needle turned in the opposite
direction. This action is illustrated in Fig. 31.

The magnetic effect of an electric current was further demon-
strated by sending electric current through a vertical wire which
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passes through a piece of cardboard covered with iron filings as
shown in Fig. 32. A piece of copper wire is pierced through the
center of a sheet of cardboard and carried vertically for two or
three feet before being bent around to the terminals of a battery

HOLE IN
CARDBOARD

NeE
MAGNETIC
LINES OF FORCE

DRY CELLS HOR1ZONTAL PIECE
OF CARDBOARD

SWITCH

Fig. 32. Experiment showing direction of lines of force in the
magnetic field of a conductor carrying an electrical current.

or other source of current. If iron filings are sprinkled over the
card while the current is flowing, they will arrange themselves in
circles around the wire, indicating the form of the magnetic field
surrounding the conductor. It may be necessary to gently tap the
cardboard to assist the iron filings in forming the pattern. An ex-
amination of the filings will show that each magnetic line forms a
complete circle by itself. By placing small compasses at various
positions on the cardboard, it will be observed that the needles
always point in a direction parallel to the circular magnetic lines.
When current flows through the wire in the direction indicated,
the needles will point in a clockwise direction, and if the current
is reversed, the needles will also reverse themselves—that is, they
will swing around in a counterclockwise direction.

Fig. 33 shows a method of tracing the direction of the magnetic
lines of force around a permanent magnet. If a small magnetic
needle is suspended by a thread and held near the magnet it will
point in some fixed direction, depending on the proximity of the
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poles of the magnet. The direction taken by the magnet is called
the direction of force at that point, and if the suspended needle is
moved forward in the direction of the pole, it will trace a curved
line starting at one pole and ending at the other.

.
NEEDLI
\_\NEQF__Fo‘R.EE —————— ~—
A= -~
rd \\
/, N
\ \
N /4
w, s
“~=f=s N—---"~

Fig. 33. Method of tracing the direction of magnetic lines of
force by means of a magnetic needle.

Experiments such as these have proven conclusively that electric
current possesses magnetic properties, in that it can move a mag-
net, and that a relationship exists between electricity and mag-
netism. It is perhaps true to say that these observations more than
any other started a chain of events that has helped to shape our
industrial civilization.

From the foregoing it is also clearly evident that a wire carrying
an electric current behaves like a temporary magnet and that
magnetic lines of force in the form of concentric circles surround
the wire and lie in planes perpendicular to the wire. When several
turns of wire are formed into a coil and current is passed through
it, each turn adds its magnetic field to the others, resulting in an
increased magnetic strength. It is this principle that makes the
electromagnet possible. Electromagnets are essential elements in
much of today’s electrical and electronic equipment and in many
machines.

Ampere Turns

In the construction of electromagnets, it is customary to wind
the coil on a soft-iron core. When the coil is wound around the
core several times, its magnetizing power is proportional both to
the strength of the current and the number of turns in the coil.
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The product of the current passing through the coil multiplied by
the number of turns composing the coil is called the ampere turns.
It has been established that the magnetomotive force of such a
coil is:
mmf = 0.47IN = 1.257 IN
where,

mmf is the magnetomotive force in gilberts,
I is the current in amperes,
N is the number of turns in the coil.

It follows, then, that the strength of an electromagnet depends
upon the product (IN) or ampere turns. Thus, for example, an
electromagnet of fifty turns with one ampere flowing through it
has the same strength as an electromagnet of only ten turns with
five amperes flowing through it. (See Fig. 34.)

The ampere-turn unit of magnetomotive force (MMF) is a very
useful unit because it permits applying Rowland’s law to a magnetic
circuit. In practice, most magnetic circuits are simply continuous
iron cores having a rectangular form. Note that one ampere-turn
sets up one line of magnetic flux in a magnetic circuit having a
reluctance of one rel. Thus:

Ampere-turns

Number of flux li = ,
umber of flux lines Rels

For example, suppose that an iron core has an average length of
6 inches, a cross-sectional area of 1 square inch, and is energized by
120 ampere-turns. Since a typical iron core has 1/2000 the re-
luctance of air, the reluctance of the iron core is therefore about
0.00096 rel. Thus:

. 120 .
Number of flux lines = 000096 — 125,000 lines of force

Note in this example that there are 125,000 lines of force per
square inch. This is called the flux density; that is, flux density is
defined as the number of flux lines per unit cross-sectional area.
Also note that, since there are 125,000 lines of force in a core
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length of 6 inches, the magnetizing force is equal to 120/6, or 20
ampere-turns per inch of core. It is very important to avoid con-
fusion between units of magnetomotive force and units of magnetiz-
ing force.

It is interesting to consider the magnetic force that is exerted by
a magnetic circuit, as in the foregoing example. It can be shown
that about 48 pounds of force will be required to separate and
make an air gap in the core. As soon as an air gap is established,
the attracting force between the ends of the core is greatly reduced,
because air has a much greater reluctance than iron.

Determination of Polarity

There are several methods used to determine polarity of electro-
magnets. The simplest method, of course, is to employ a permanent
magnet such as a compass needle or any other magnet of known
polarity. Thus, if the north pole of a compass needle is brought

|

— 5 AMPERES X 10 TURNS -,
50 AMPERE TURNS

———

5 AMPERES

Fig. 34. Method of determining ampere-

turns of a coil.

= |\ =\

10 TURNS

into close proximity to one of the poles of an electromagnet of
unknown polarity, the action of the compass needle will immedi-
ately classify the pole as north or south depending upon whether
the needle is repelled or attracted.

The Left-Hand Rule

Another method for determining the polarity of an electromagnet
is by means of the so-called left-hand rule. This simple rule consists
of grasping the coil in the left hand with the fingers pointing in the
direction of the electron flow (from negative to positive); then the
thumb points toward the North pole of the coil (Fig. 35). The
grasping can be done mentally as well as physically.
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Fig. 35. Method of finding the polarity of a coil by means of the left-
hand rule.

ELECTROMAGNETIC INDUCTION

Early experiments with electricity revealed that when a closed-
circuit conductor such as a coil was moved in the vicinity of a
magnet, a current would flow in the circuit. It was also found that
a varying current in one conductor would cause similar current to
flow in a second conductor, provided the second conductor was
brought close enough to the first one. Such currents are said to be
generated by induction and are termed induced currents. The com-
bined action of induction and current flow is called electromagnetic
induction.

SWITCH

RESISTANCE
GALVANOMETER

= BATTERY
[

\\/
¢ —

~~-="coiL

Fig. 36. Circuit showing how the effect of mutual induction
may be measured by a galvanometer.
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It is the ability of an electromagnet to produce a current in a
conductor that makes possible the operation of motors and gener-
ators. Electromagnetic induction is also employed in transformers
for the transfer of electrical energy from one circuit to another.
Fig. 36 shows how electromagnetic induction couples two circuits
and how the effect of this mutual induction can be measured by a
galvanometer. If coils L1 and L2 are placed in axial relationship
to one another as illustrated, and the current through coil L1 is
varied by means of switch S, the induced current through coil L2
will also be varied as indicated by the deflection of the galva-
nometer.

Laws of Induction

Various experiments have been made resulting in several rules
or laws for determining the value and direction of an induced cur-
rent flow. These simple rules state:

1. When an emf is induced in a closed circuit by a conductor
cutting a field, or vice versa, the amount of current flow is
proportional to the rate of cutting and the number of lines
of force being cut.

2. The induced emf sets up a current, the direction of which tends
to oppose the cutting of the lines of force.

3. An induced current has a direction such that its magnetic action
tends to resist the motion by which it is produced. This is known
as Lenz’s law.

It has been proved experimentally that if a conductor cuts 108
lines of force per second, a voltage of 1 volt is induced in the con-
ductor. Thus, if a conductor cuts 10¢ lines of force in 1/100
second, a voltage of 1 volt is induced. Or, if 1,000 turns are wound
in a coil, and is cut by 10 lines of force in 1/100 second, a
voltage of 1 volt is induced in the coil.

Measurement of Magnetism

As previously noted, the magnetic lines of force are characterized
by closed loops, in which the lines run from the North to the South
pole outside the magnet and complete their circuit in the magnet
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itself. The space through which the lines of force act is called the
magnetic field.

There are several terms used in connection with magnetism that
must be clearly understood because of their importance and rela-
tionship to each other. These terms are magnetic flux, flux density,
magnetomotive force, reluctance, permeance, and permeability.

Magnetic flux is equal to the total number of lines of force in a
magnetic circuit and corresponds to the current in an electrical
circuit. The unit of flux is one line of force and is called the max-
well.

Flux density is a measure of flux intensity. The unit of flux
density is the gauss which is equal to one line of force per square
centimeter.

Magnetomotive force (mmf) tends to drive the flux through the
magnetic circuit and is similar to the electromotive force (emf) in
an electrical circuit. The unit of magnetomotive force is the gilbert.

Reluctance is the resistance offered by a substance to the passage
of magnetic flux and corresponds to resistance in an electrical cir-
cuit.

Permeance is the opposite of reluctance and may be defined as
that property of a substance permitting the passage of magnetic
flux. It is the reciprocal of reluctance and corresponds to conduct-
ance of an electrical circuit.

Permeability may be defined as the ratio of the flux existing in a
certain substance to the flux which would exist if that material were
replaced by air with the magnetomotive force acting upon this por-
tion of the magnetic circuit remaining unchanged. The permeability
of air is therefore taken as unity or 1 (one). The permeability of
certain types of iron is often more than 5,000 times that of air,
varying with the quality of the iron. It should also be noted that
the permeability of any substance increases with the increase of
its cross-section and decreases with an increase in its length.

Magnetization Curves

Curves are frequently used to determine the number of ampere
turns required in an electromagnetic circuit when the magnetic
material composing the circuit and other factors are known. Thus,
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to determine the ampere turns required per inch of a magnetic
circuit it is only necessary to know the flux density and permea-
bility. If a curve or curves are plotted, giving the direct relationship
between flux density and ampere turns required per inch of various
magnetic materials, they will appear as in Fig. 37.

Hysteresis

The term hysteresis has been given to the action of lag of mag-
netic effect behind the source. Hysteresis thus means to “lag be-
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Fig. 37, Typical magnetization curves for cast iron, cast steel, and an-
nealed sheet steel.

hind,” hence its application to denote the lagging of magnetism in
a magnetic material behind the magnetic flux which produces it.
Hysteresis is caused by the friction between the molecules in a
magnetic material, which require an expenditure of energy to be
aligned in position. This change of position or alignment takes
place in both the magnetization and demagnetization processes.
The amount of energy expended and manifested by heat may be
found by the use of a mathematical formula and is called the
hysteresis loss.

This may best be understood by referring to the hysteresis loop
or magnetic cycle shown in Fig. 38, which shows how B (flux
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density) changes when H (field intensity) is varied. In the figure,
H equals the number of lines of force per sq. cm., and B equals the
number of lines of induction per sq. cm. If H is gradually dimin-
ished to zero, it will be found that the value of B, for any given
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Fig. 38. A typical hysteresis loop.

value of H, is considerably greater when that value of H is reached
by decreasing H from a higher value than when the same value is
reached by increasing H from a lower value. In other words, curve
AC when H is decreased is very different from curve OA or GA
when it is increased.

Consider the value of B = 20. When this is reached by increas-
ing B from O to 20, the corresponding value of H is 4,000, but
when it is reached by decreasing B from 94 to 20, the value of H
is 12,200. You will also notice that when B is reduced to zero, H
still has a value OC of 10,300, which is nearly three-quarters the
value it had when B was 94. This induction is known as residual
magnetism.

In soft iron, the residual magnetism will nearly all disappear
when the iron is tapped or hit, or it can be removed by reversing
the current in the magnetizing coil, so as to demagnetize the iron.
The curve in Fig. 38 shows that a demagnetizing force of B = 23 is
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required to make H zero at point D. This force is called the coer-
cive force of the iron and is a measurement of the tenacity with
which the iron holds the residual magnetism.

As the magnetizing force is further increased in the reverse di-
rection, the curve passes from D to E, where the iron becomes
saturated negatively. On gradually returning B to zero, the curve
passes from E to F because of the residual magnetism. The mag-
netizing force has now completed the cycle from zero to a positive
value and to a negative value; and if this cycle is repeated several
times, the B-H curve becomes a loop, FGACDE, which is sym-
metrical about the center O.

SUMMARY

Electricity is defined as a fundamental entity of nature. There
are two basic kinds of electricity—positive and negative—which
are known by their effect on certain substances.

All matter is composed of submicroscopic particles. The particles
are the smallest into which any substance can be subdivided and
still retain its properties. These particles are called molecules. In
turn, molecules can be broken up into parts called atoms, each
representing one of the chemical elements from which all matter
is constructed.

Atoms are composed of electrons rotating around a central mass,
called a nucleus, made up of protons and neutrons. The electrons
carry a negative charge while the nucleus carries a positive charge.

It is the movement of one or more electrons from one atom to
another that constitutes a flow of electric current. In order for the
clectrons to move from one atom to another, they must be rela-
tively free. Atoms of some substances hold all their electrons very
tightly while the atoms of other substances hold them loosely.
Thus, some substances permit electron flow more readily than
others. This determines whether the substance is a good conductor
or a good insulator.

There are two main types of electricity—static and dynamic.
Lightning is a good example of static electricity, while electricity
produced by a battery or generator is an example of the dynamic
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variety. Dynamic electricity is further divided into two types—
direct and alternating. A battery produces direct current, which
causes electrons to flow along a conductor in only one direction.
An alternator (AC generator) produces alternating current which
causes electrons to flow first in one direction through a conductor
and then in the opposite direction.

The opposition offered to the flow of electrons by a substance is
known as resistance. Different substances offer different amounts of
resistance. Temperature of the substance also has a bearing on its
resistance. In most substances, an increase in temperature causes
an increase in resistance. The unit measurement of resistance is
the ohm.

Voltage is an electrical pressure that is necessary to cause elec-
trons to flow. This pressure can be produced by chemical means
(battery), by heat (thermocouple), by mechanical action (genera-
tor), or by light (photocell). The two most common methods are
chemical and mechanical. The unit of electrical pressure is called
the volt.

The amount of electron flow is measured by a unit called a
coulomb. A much more common unit is the measurement of
quantity of flow in a given time, called the ampere.

An alternating current is an electron flow which continuously
changes in magnitude and periodically reverses direction. The out-
put of an AC generator can be plotted as a sine wave in which the
forward, or positive, current movement is represented by the upper
portion of the wave, and the reverse, or negative, movement is
represented by the lower portion. One forward and one reverse
movement constitutes a cycle. The number of cycles occuring in
one second is called the frequency.

The effective or root-mean-square (rms) value of an alternating
current produces the same amount of heat in a resistance as an
equal value of direct current. The effective value of a sine wave
can be found by multiplying the peak value of the wave by 0.707.

A definite relationship exists between the voltage, current, and
resistance in a given circuit. This relation is called Ohm’s law. If
any two of the unit values are known, the third can be determined.

Resistances can be connected in series, parallel, or series-parallel.
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The total value of resistances connected in series is merely the
sum of the individual resistances. When paralleled, the total value
is always less than the smallest resistance and can be found by
adding the reciprocals of all the resistances. Series-parallel com-
binations can be solved for total resistance by reducing the various
combinations in a series of steps.

Current flowing through a conductor produces a magnetic field
around the conductor. This field can be strengthened by winding
the conductor into a coil. The strength of the field produced by a
coil is determined by the amount of current in amperes multiplied
by the number of turns in the coil. This is known as ampere-turns.
The magnetic polarity of a coil can be determined by using the
left-hand rule.

Two coils placed adjacent to each other, or wound on the same
core, constitute a transformer. Current flowing in one coil induces
a current in the other coil (if part of a closed circuit) by means
of electromagnetic induction.

REVIEW QUESTIONS

What is a molecule?
What is an atom?
What charge does an electron possess?
What makes a substance a good or poor conductor of elec-
tricity?
What is the difference between direct and alternating current?
What is the opposition to electron flow called and what is the
unit of measurement?
7. What is the relation between voltage, current, and resistance
in an electrical circuit?
8. What is the unit of measurement for the rate of current flow?
9. How is the total resistance of parallel resistances found?
10. How is the magnetic polarity of a coil determined?

5= 59 [ =
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CHAPTER 5

Resistors

A resistor is a device that opposes or impedes the flow of elec-
trons. Resistance itself is a common property exhibited by every
electrical component. Even a short length of wire has a certain
amount of resistance. As mentioned previously, some materials con-
duct electrons better than others. A resistor is composed of a ma-
terial designed to provide a specific amount of resistance to electron
flow and to maintain this value constantly.

RATINGS

Resistors have two basic ratings—the electrical value expressed
in ohms (the unit of electrical resistance) and the power rating
which is given in watts. The electrical opposition a resistor offers
reduces the amount of current flow in a circuit. Thus, a resistor can
be made to limit current. It can also be used to reduce voltages at
various points in a circuit because of its resistive effect; when cur-
rent flows through a resistor a voltage drop is developed across it.
In other words, the voltage measured at one end of a current carry-
ing resistor will be less than the voltage at the opposite end. This
voltage drop, which is computed by Ohm’s law, is referred to as
the IR drop and is the product of the current and resistance.

Thus,
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E=1IXxR
where, -

E is the voltage in volts,
I is the current in amperes,
R is the resistance in ohms.

The second resistor rating is in terms of wattage. This is a meas-
ure of the amount of power the resistor is capable of handling
without being damaged by heat. The larger a resistor is physically,
the greater is its heat-dissipating capability, hence wattage rating.
It should also be pointed out that the wattage rating has no bearing
on the resistance value. For example, a 1,000-ohm resistor with a
1-watt rating could be replaced with a 1,000-ohm, 2-watt unit.
Although the 2-watt resistor is physically larger, it offers the same
amount of opposition to current flow. Replacing a resistor with one
of the same value but with a lower wattage rating, however, can
result in the resistor changing value or even burning up.

Next, suppose that a 1,000-ohm resistor is replaced by a pair
of 500-ohm resistors connected in series. If the 1,000-ohm resistor
has a power rating of 1 watt, then each 500-ohm resistor need
have a power rating of only Y2 watt. As another example, suppose
that the 1,000-ohm, 1-watt resistor is replaced by a pair of 2,000-
ohm resistors connected in parallel. In this case, each 2,000-ohm
resistor need have a rating of only %2 watt. In other words, when
resistors of equal value are “doubled up” in either a series or
parallel arrangement, each unit is called upon to dissipate only
half of the total power.

PHYSICAL AND ELECTRICAL CHARACTERISTICS

There are many kinds of resistors and they appear in any num-
ber of shapes and sizes. However, all resistors fall into one of two
categories—fixed or variable. Two of the most common types are
carbon and wirewound. Fig. 1 shows several examples of fixed car-
bon resistors. As its name implies, the carbon resistor is made of a
carbon composition designed to provide a specific opposition, or
resistance, to the flow of electrons. Carbon in its natural form is a
conductor of electricity. By varying the amount of carbon in the
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composition, the resistance of the unit can be controlled. There are
other resistance compositions used in the manufacture of resistors,
but carbon is the most common. Out of necessity, a carbon resistor
must be quite large physically to handle fairly heavy power loads.
Because of this, such resistors are generally used where the power
requirements total five watts or less. Where greater power-handling
capabilities are required, wirewound resistors are normally em-
ployed. Several examples are shown in Fig. 2.

—((@—
— (@

Courtesy Ohmite Manufacturing Co.

Fig. 1. Several examples of fixed carbon resistors.

Power ratings of resistors are usually based on installations that
operate at normal room temperatures, and with reasonable ventila-
tion in the space around the resistor. When a resistor is operated
in spaces having higher than normal temperatures, or in a space
with little or no ventilation, the power rating of the resistor must
be derated accordingly. Manufacturers can provide derating in-
formation for their resistors if advised of the abnormal operating
condition. It should also be noted that resistance values and power
ratings of resistors are usually based on DC or low-frequency AC
operation. For example, the peak power of a narrow pulse is far
greater than its average power. For this reason, a resistor is
“worked harder” in pulse circuit, and must be .suitably derated.

In high-frequency AC applications, a wirewound resistor has
appreciable inductance, with the result that its impedance may be
much greater than its rated resistance value. On the other hand, a
composition resistor has significant residual capacitance at high
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frequencies, causing it to have an impedance much less than its
rated resistance value. These considerations will be explained in
greater detail in a later chapter. The important point is that a
graphical symbol is a form of technical shorthand that implies facts
which must be understood if the component is to be operated
properly in various types of circuits and under different environ-
ments.

Most wirewound resistors consist of a fine high-resistance wire
cut to a specific length (one that will provide the proper value of
resistance). The wire is wound around an insulated form and cov-
ered with some type of vitreous or ceramic material (see Fig. 3).
This type of resistor can be made to handle power in the hundreds
of watts. Here again, as the wattage rating increases, so does the
physical size of the resistor body.

Variable resistors are used in circuits where values must be
changed from time to time. For example, the volume control on

Courtesy Ohmite Manufacturing Co.
Fig. 2. Examples of fixed wirewound resistors.
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5 WA

CTETCTERLELRE

Courtesy Ohmite Manufacturing Co.

Fig. 3. Construction details of a wirewound resistor.

your radio receiver is nothing more than a circular resistance ele-
ment with a rotating contact that permits its effective resistance
value to be varied. This in turn controls the loudness of the sound
issuing from the speaker. This type of continuously variable con-
trol is known as a potentiometer and is illustrated in Fig. 4. The
resistance element in this device will be either carbon or wire de-
pending on the power requirements. Potentiometers rated above
three watts are generally of wirewound construction.

~ .

'

8y,

Courtesy Clarostat Manufacturing Co., Inc.

_ndily

Fig. 4. A potentiometer.
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Another type of variable resistance uses one or more taps along
its resistance element as shown in Fig. SA, while still another type
has a single adjustable tap (Fig. 5B). The schematic symbols for
the various types of resistors are illustrated in Fig. 6.

Unlike capacitors and inductors (to be discussed shortly), a re-
sistor does not cause a phase shift between the current passing
through it and the voltage developed across it.

(A) Fixed taps. (B) Adijustable tap.

Fig. 5. Two types of variable wirewound resistors.

The power rating of a potentiometer is often misunderstood.
For example, consider a potentiometer which has a power rating
of 1 watt. With reference to Fig. 7, the potentiometer dissipates 1
watt if the 1K load is disconnected. However, when the 1K load is
connected, and the potentiometer operated at its midpoint, the
battery supplies approximately 1.7 watts to the circuit. The current

—AM—

FIXED
RESISTOR TAPPED
RESISTOR

Fig. 6. Schematic symbols for various
types of resistors.

—AbAT— —VYW—
ADJUSTABLE

RESISTOR POTENT|OMETER

flow is about 17 ma., which means that the top half of the poten-
tiometer must dissipate about 4.5 watts. This will cause the unit to
overheat badly and be damaged. This example shows that a
potentiometer must be derated accordingly when it is required to
supply current to a load.

.
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RESISTOR IDENTIFICATION

There are several methods of identifying the value of resistors.
If the body of the unit is large enough, the ohmic value may be
printed on it, while wirewound resistors built in metal enclosures
generally have the value stamped on the enclosure. The most widely
used method of resistor identification, however, is a color code.
The color code used almost exclusively with low-wattage carbon
resistors consists of three or more colored bands near one end of
the resistor. Each color corresponds to a number and the combi-
nation, when read from left to right, indicates the value.

Another method of identifying resistor values with the color code
involves making the body of the unit one color and the left end an-
other color, and the third identifying color appears in the form of
a dot located somewhere near the center of the resistor. A variation

Fig. 7. Analysis of potentiometer
power rating.

100V =

of this method uses a body color to indicate the first digit, a band
at the right end to indicates the second number, and an adjacent
color band to indicate the multiplier. The opposite end may or
may not have a colored band to designate the tolerance. Fig. 8
illustrates the standard resistor color code, and various methods
used to indicate values. ‘

In cases where the ohmic value is marked on the resistor it may
also appear in several different ways. A 1,000-ohm resistor, for
example, may simply have the number 1,000 marked on it or may
be marked 1,000Q. The latter symbol (Q) is the Greek letter omega
used to indicate the word ohm. You will also find the letter K
(short for kilo) used to designate 1,000 and the word meg (short
for mega) meaning million. Thus, a 1,000-ohm resistor may be
marked 1K or a 1,000,000-ohm unit may be marked 1 meg.
Wattage ratings are generally indicated with a W, i.e., IW, 5W, etc.
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Let us see how tolerances are affected by connecting resistors in
series and in parallel. The general rule is that if the tolerances on
individual resistors are the same, the tolerance on a series or
parallel combination remains the same. For example, if we connect
a pair of 1,000-ohm resistors in series, and the tolerance on each
resistor is 20%, the tolerance on the series combination will remain
20%. This is easily shown by taking worst-case values. In other
words, a 1,000-ohm resistor with a tolerance of 20% will have an
actual value that falls in the range from 800 to 1,200 ohms. These
are worst-case values. If we connect a pair of 800-ohm resistors
in series, their total resistance will be 1,600 ohms, and this is a
tolerance of 20% on their nominal total resistance of 2,000 ohms.
Again, if we connect a pair of 1,200-ohm resistors in series, their
total resistance will be 2,400 ohms, and this is a tolerance of 20%
on their nominal total resistance of 2,000 ohms.

The same principle holds if the resistors are connected in parallel.
That is, if we connect a pair of 800-ohm resistors in parallel,
their total resistance will be 400 ohms, and this is a 20% toler-
ance on their nominal total resistance of 500 ohms. Or, if we con-
nect a pair of 1,200-ohm resistors in parallel, their total resistance
will be 600 ohms, and this is a 20% tolerance on their nominal
total resistance of 500 ohms. Next, if we connect a 1,000-ohm,
20% resistor in series with a 1,000-ohm, 10% resistor, our worst-
case values are 800 ohms, 1,200 ohms, 900 ohms, and 1,100
ohms. When an 800-ohm resistor is connected in series with a
900-ohm resistor, the total resistance becomes 1,700 ohms, and this
is a 15% tolerance on the nominal total resistance of 2,000 ohms.
Or, if we connect a 1,200-ohm resistor in series with an 1,100-ohm
resistor, the total resistance will be 2,300 ohms, and this is a 15%
tolerance on the nominal total resistance value of 2,000 ohms. In
other words, the tolerance on the combination becomes the average
of the tolerances of the individual resistors.

RESISTORS IN COMBINATION

A single resistor offers a certain amount of opposition to current
flow, depending on its value. As mentioned previously, connecting
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two resistors of equal value in series doubles the effective resist-
ance of the combination; whereas when two resistors of equal value
are connected in parallel, the overall resistance becomes half the
value of one of the resistors.

The results obtained by connecting resistors in various combina-
tions of equal and unequal values were discussed previously in
Chapter 4 under Ohm’s law. Also included were some practical
problems that help in understandmg how resistors react in elec-
trical circuits. Following the discussions on inductors and capaci-
tors, you will see how resistors function in combination with these
elements.

SUMMARY

A resistor is a device that opposes or impedes the flow of elec-
trons through it. All resistors have two basic ratings—their elec-
trical value, expressed in ohms, and their power rating, expressed
in watts. Besides limiting the current flow in a circuit, a resistor also
reduces the voltage. This reduction is called a voltage drop or IR
drop, and can be computed by Ohm’s law.

The wattage rating of a resistor is a measure of how much power
it can handle without being damaged by heat. Wattage rating has no
bearing on the resistance value.

All resistors are one or the other of two types—fixed or variable.
Resistors are made in a wide variety of shapes and sizes, and from
a number of different materials. Small-wattage resistors are com-
monly made of a carbon composition, while large-wattage units are
usually of the wirewound type.

Variable resistors are often called rheostats or potentiometers,
depending on how they are used in a circuit. Such units are widely
used for applications like volume and tone controls, and many of
the adjustable controls on radios, televisions, tape recorders, and
other electronic equipment.

Resistor value identification is made possible by a number of
methods. The value may be stamped or printed on the unit, but
the most common method is designating the value by means of a
color code.
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Resistors are often used in combination. To increase the effective

resistance, resistors are connected in series—to reduce the effective
resistance, they are connected in parallel.
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REVIEW QUESTIONS

Voltage is reduced by current flowing through a resistance.
What is the reduction called?

How can this voltage reduction be calculated?

Does the physical size of a resistor have any effect on its
resistance value? On its wattage rating?

Into what two main categories are resistors classified?

Is carbon a good or poor conductor of electricity?

Draw the schematic symbol for a tapped resistor.

Draw the schematic symbol for a potentiometer.

What is the most common method employed to designate re-
sistor values and ratings?

What is the resistance value of a resistor having a red, red,
orange color-band combination?

What resistance value is indicated where the body of a resistor
is blue, one end is gray, and a dot in the center is red?




CHAPTER 6

Inductors

ELECTRICAL INDUCTANCE

The inductance of a circuit or component is the property that
opposes any change in the existing current, and there must be a
changing current before an inductance can exist. A straight piece
of wire has a certain amount of inductance to an alternating or
pulsating current. The amount of inductance can be increased by
coiling the wire and increased still further by compressing the coils.
Thus, a coil is commonly referred to as an inductor. Other factors
which affect inductance are the number of turns in the coil, whether
or not the coil is wound around a core, and the type of core. The
electrical unit of inductance is the henry.

Whenever current is passed through a conductor, such as a wire,
magnetic lines of force surround the conductor. The same is true
when the conductor is in the form of a coil. When an alternating
current flows in one direction through a coil it builds up a mag-
netic field around the coil. When the current changes direction, this
field produces a self-induced electromotive force that opposes such
change. The same action occurs each time the current changes.
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One henry is defined as an inductance that permits a change of
1 ampere per second when 1 volt is applied, as shown in Fig. 1.
That is, when switch SW is closed, 1 volt is impressed across the
inductance. In turn, the current increases steadily by an amount of
1 ampere per second. Note that this example assumes that the
circuit resistance is negligible; in other words, the circuit action is
that of a pure inductance.
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Fig. 1. Current increase in a pure inductance of 1 henry.

INDUCTIVE REACTANCE

The opposition that an inductance offers to the flow of an alter-
nating or pulsating current is known as inductive reactance. It is
similar to resistance except that the amount of opposition varies
with the frequency of the current. A plain resistance offers the same
opposition to current regardless of frequency. Inductive reactance,
however, increases with frequency. Like resistance, inductive re-
actance is measured in ohms, and it is represented by the symbol
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X... Mathematically it is equal to the inductance of a coil in henrys
times 6.28 times the frequency in hertz. Or,

X, = 2+fL
where,
XL is the inductive reactance in ohms,
f is the frequency in hertz,
L 1s the inductance in henries.

Another major difference between resistance and inductive re-
actance is that a phase difference exists between the current through
a coil and the voltage across it. In a coil the voltage leads the current
by 90° whereas the voltage and current through a resistor are al-
ways in phase.

The electrical unit of inductance is the henry. Except for the
larger iron-core choke coils, most inductors, or coils, are rated in
smaller units such as the millihenry (mh) or microhenry (xh).
One millihenry is equal to one one-thousandth of a henry whereas
one mcirohenry is equal to one one-millionth of a henry or one
one-thousandth of a millihenry.

TYPES OF COILS

Coils are generally classified according to either their usage or
the type of construction. Some coils are wound around iron cores;
others are made of rather heavy wire and are self-supporting, using
air itself as the core. There are coils with fixed-inductance values
and others that are variable. There are also coils with taps and
those that have means for continuous adjustment of the inductance.

Coils used at radio frequencies (referred to as RF coils) generally
require little inductance and are normally of the air-core type. Fig.
2 shows two types of air-core coils. Both of these have fixed values.
We might also point out that a coil is considered to have an air-
core even though it is wound on an insulated form.

In circuits operating at audio and power-line frequencies, the
coils must have considerably more inductance than at radio fre-
quencies. This increase in inductance is obtained by using more
turns of wire and winding them around an iron core. This core pro-
vides a much better path for magnetic flux than does air, hence the
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Courtesy Merit Coil and Transformer Corp.

Fig. 2. Two types of air-core coils.

inductance of the coil is increased. Fig. 3 shows an iron-core choke
coil of the type used in some power supplies. Another type of iron-
core coil is illustrated in Fig. 4. This one has a powdered-iron core,

" Fig. 3. Example of an iron-core coil.

Courtesy Merit Coil and Transformer Corp.
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a
Fig. 4. Examples of coils using an ad- ¥
justable powdered-iron core to vary ~U/

inductance.
£
|

Courtesy Triad Distributor Division, Litton Industries.

the position of which is adjustable to vary the effective inductance.
As mentioned previously there are also coils equipped with adjust-
able or fixed taps which provide a selection of values from a coil of
fixed value. Fig. 5 shows some of the more common schematic
symbols for the various coils.

FIXED VARIABLE TAPPED
— T — LT — — T

Fig. 5. Schematic symbols for various
i IRON ADJUSTABLE SLIDING
DaseiEsi CORE IRON SLUG TAP

—rcm\——rm\‘iJWTm\_

Although circuit analysis is based on the characteristics of pure
(ideal) inductance, it should be noted that the resistance of prac-
tical coils is seldom negligible. Coils are usually used that have
the equivalent circuit shown in Fig. 6. Thus, we are concerned
with inductance in combination with resistance, or reactance in
combination with resistance. This combination is called impedance,
which is measured in ohms just as reactance and resistance is
measured in ohms.

Fig. 6. Equivalent circuit for a practical (TN

inductor. L R
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INDUCTANCE COMBINATIONS

When one or more coils are interconnected, their combined in-
ductance value is different from that of either unit by itself. The
effect on the combined value will depend on the manner in which
they are connected.

The following formula can be used to calculate the total induct-
ance when two coils are connected in series (with no mutual in-

ductance) as shown in Fig. 7:
L'p = L] + L-_» + L;{ +

where,

L. is the total inductance of the circuit,
L., L., and L, are the inductance values of the individual coils.

= LT — —
Fig. 7. Coils in series.
Y L Y
— T ——— T —

When two or more coils are connected in parallel, as in Fig. 8,
their combined inductance can be found by using the following
formula:

A useful graphical solution for finding reciprocals is shown in
Fig. 9. In this example, the reciprocal of 8 henrys is sought. A line
is drawn from O to 8; this line intersects the unit level at P. Next,
project down and find the value of the reciprocal, which is 0.125.
Of course the graphical method “works backward” also. Thus, the
reciprocal of 0.125 is 8. Note that all values on the vertical axis
may be multiplied by 10 if all values on the horizontal axis are
divided by 10. For example, the reciprocal of 80 henrys is 0.0125.
Or, all values on the vertical axis can be divided by 10 if all values
on the horizontal axis are multiplied by 10. As an example, the
reciprocal of 0.8 henry is 1.25. Similarly, all values on the vertical
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Fig. 8. Coils in parallel.

—_ly—

axis can be multiplied or divided by 100 if all values on the hori-
zontal axis are divided or multiplied by 100.

Note that no name has been given to reciprocal inductance. In
other words, reciprocal inductance is merely a means of calcula-
tion and does not denote a corresponding circuit component. After
reciprocal inductances are added to find the total reciprocal in-
ductance value, this value is then converted to total inductance.

10

Y

T
1

ANS

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 9. Graphical method for finding a reciprocal.
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The combined inductance of two coils connected in parallel is
expressed as:

Ly xL,
T L+ L.

L.

Just as the total resistance of two resistors connected in parallel
can be found by a graphical method, the total inductance of two
inductors connected in parallel can be found by the graphical
mnethod shown in Fig. 10. In this example, L, = 8 henrys and
L., = 4 henrys. The lines intersect at P, and the projection to the
vertical axis shows that the total inductance value is 224 henrys.
The process may be repeated for three inductors connected in
parallel, as was the case of three resistors connected in parallel.
All values on both vertical axes may be multiplied by the same
power of 10 or divided by the same power of 10.

It follows from Ohm’s law for AC that the graphical method
shown in Fig. 10 can also be used to find the total reactance of two
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Fig. 10. Graphical method for finding total inductance of inductors in parallel.
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inductive reactances in parallel. For example, if the inductive
reactance of L, is 8 ohms and the inductive reactance of L, is 4
ohms, then the total reactance of the parallel combination is equal
to 224 ohms. In the foregoing examples, it is assumed that there
is no magnetic coupling between L, and L.. If magnetic coupling
should be present, another method must be used to find the total
inductance or the total inductive reactance. Details are reserved
for later discussion.

SUMMARY

The inductance of a circuit or component is the property that
opposes any change in the existing current. Any conductor through
which current is flowing has a certain amount of inductance. This
inductance can be increased by forming the conductor into a coil,
further increased by compressing the coil into a smaller space,
and still further increased by providing an iron or steel core for
the coil. The electrical unit of inductance is the henry.

Inductive reactance is the opposition offered by an inductance
to the flow of alternating or pulsating current. Inductive reactance
is similar to resistance and is measured in ohms, but unlike resist-
ance the opposition it offers varies with the frequency of the current.

Inductance in a circuit can be increased or decreased by con-
necting individual inductors in series or in parallel. The total in-
ductance can be calculated in a manner similar to that used to
calculate total resistance.

REVIEW QUESTIONS

1. How can the inductance of a coil be increased?

2. Is the inductive reactance of a coil constant?

3. State the formula for finding the inductive reactance of an in-
ductor in a given circuit.

4. Does the current lead or lag the voltage across a coil?

5. What is the electrical unit of inductance?

6. What is the unit of measurement of inductive reactance?

7. Give a practical application for an air-core coil.
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8. Give a practical application for a coil with a powdered-iron
core.
9. Give the formula for calculating the total inductance of three
inductors connected in series.
10. Give the formula for calculating the total inductance of three
inductors connected in parallel.
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CHAPTER 7

Capacitors

A capacitor is one of the major components used in electronic
equipment. There are many different types of capacitors, and their
uses are varied. A basic capacitor is nothing more than two con-
ductors separated by a dielectric, or insulator (Fig. 1). There must
be at least two conductors and often there are many more; regard-
less of the number of conductors or plates, the unit is terminated
with two connections. The conductors can be practically any size
and shape, and the dielectric may be any one of several materials
including such things as paper, mica, chemicals, and even air.

METAL PLATES

Fig. 1. Basic capacitor construction.

DIELECTRIC
ELECTRICAL CHARACTERISTICS

If a battery were connected to two metal plates placed in close
proximity as in Fig. 2, electrons woudl flow for an instant (when
the switch is closed) from the negative terminal to the metal plate
connected to it. Since the negative terminal of a battery has an
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excess of electrons and the positive terminal a deficiency, the plate
marked minus, or negative, will acquire more than its normal
amount of electrons. At the same time the proximity of the two
metal plates and the potential applied across them produces an
electrostatic force (a fixed electric field) which repels electrons

METAL PLATES

l Fig. 2. Direct current applied across a
6
VII

capacitor.
VOLTS SWITCH

from the other plate, causing them to move toward the positive
terminal of the battery. After a brief instant electron motion ceases,
and the end result is an electrical charge between the metal plates.
The amount of charge is determined by the capacitance value of
the unit (to be discussed shortly). If the switch in Fig. 2 is then
opened, the metal plates will retain the charge. A capacitor will
not conduct direct current.

DISPLACEMENT CURRENT

Displacement current is defined by the American Institute of
Electrical Engineers as the curreat through a dielectric, such as
the dielectric between the plates of a capacitor. The displacement
current through a given surface of the dielectric increases as the
rate of change of the electrostatic flux increases. If the rate of
change is zero (as for DC), the displacement current is zero. On
the other hand, if the rate of change is rapid (as for high-frequency
AC), the displacement current is large. Note that if the dielectric
is a vacuum, displacement current still flows between the plates
of a vacuum capacitor energized by AC voltage. The only current
that actually flows “through” a capacitor is displacement current.

To clearly understand displacement current, we must return to
the basic idea of electric charge. A charge is basically a field (elec-
trostatic), and electric current consists of charge (electrostatic
field) in motion. Since there is an electrostatic field between the
plates of a capacitor, an electric current (displacement current)
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is set up whenever this field is placed in motion by varying the
value of the voltage applied to the capacitor. The term “displace-
ment current” is somewhat of a misnomer. This misleading termi-
nology was introduced by early electrical workers who supposed
that capacitor action was due to reorientation (displacement) of
molecules in the dielectric as the voltage changed. Later, it was
recognized that displacement is merely an incidental action, and
that the basic fact underlying displacement current is that any
motion of an electrostatic field establishes an electric current.
Now let us consider what happens when an AC voltage is applied
across a capacitor as in Fig. 3. As the voltage swings in a negative

Fig. 3. Alternating current applied

AC )
SWITCH

across a capacitor. gNERATOR

direction, current will flow from one side of the AC generator to
one of the plates, causing it to assume more than its normal amount
of electrons. At the same instant, the repelling action resulting from
the electrostatic force drives electrons from the other plate toward
the opposite terminal of the AC generator. At this particular in-
stant, then, one plate is positive and the other is negative. On the
positive half cycle, this action is reversed and the plates are charged
in the opposite polarity, causing current to flow through the circuit
in the opposite direction. Thus, a capacitor permits alternating cur-
rent to flow through it while, at the same time, it blocks direct
current. It should be pointed out here that the alternating current
itself does not pass through the capacitor. Instead it is the electro-
static charge of alternating polarity which causes this movement to
be transferred across the gap, thereby essentially completing the
circuit.

Because of this action, capacitors can be used at points in elec-
tronic circuits where it is desirable to pass AC voltages and, at the
same time, to block DC. As you will see shortly, capacitors can be
used in combination with other components to filter, couple, by-
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pass, provide frequency-selective tuned circuits, and change wave-
shapes.

CAPACITIVE REACTANCE

Like the components discussed previously, capacitors also pre-
sent an opposition to the flow of alternating current. You will recall
that the opposition offered by a resistor is the same regardless of
the frequency of the current and that a coil, or inductor, exhibits
an inductive reactance which increases with frequency. The capaci-
tor likewise tends to oppose the flow of alternating current,
and this opposition is in the form of a capacitive reactance desig-
nated as X.
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Fig. 4. Inductive reactance versus frequency.
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The action of a capacitor in an AC circuit is opposite that of an
inductor. The current flowing through any inductor lags the voltage
by 90°, whereas the current in a capacitor leads the voltage by 90°.
Furthermore, inductive reactance increases with frequency while
capacitive reactance decreases.

10 \
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~ 20 uf

&
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Fig. 5. Capacitive reactance versus frequency.

It is evident that inductive reactance increases linearly with an
increase in frequency, as shown in Fig. 4. On the other hand, it will
be found that capacitive reactance decreases nonlinearly with a
frequency increase, as shown in Fig. 5. As we proceed to study AC
circuit action, we will recognize that these characteristics, combined
with the frequency-independent characteristic of resistance, are the
foundation of AC circuit analysis.

119



CAPACITORS

CAPACITY VALUES

The ability of a capacitor to store electrons is a measure of its
capacitive value. The electrical unit of capacity is the farad. A ca-
pacitor is said to have a value of 1 farad when a charge of 1 cou-
lomb produces a change of 1 volt in the potential difference between
its terminals. More common in radio work are the smaller values,
microfarad (abbreviated mfd or uf), which is equal to one one-
millionth of a farad, and micromicrofarad (abbreviated mmf or
uuf), which is equal to one one-millionth of a microfarad.

Factors Which Determine Capacity Value

The value of a capacitor is determined by four factors, namely
the number of plates used in its construction, the area of the plates,
the spacing between the plates, and finally the type of dielectric
employed. The larger the capacitive value, the greater the number
of electrons the unit is capable of storing. Several of these factors
are utilized in the construction of capacitors to make their values
variable.

CONSTRUCTION

Capacitors fall into two major classes—fixed and variable.
Within these classes there are many variations, differing not only
in size and shape but also in the type of construction. There are
a number of different materials used as dielectrics, the methods of
arranging the elements vary, and the methods of varying the ca-
pacitive value vary. One of the most popular types is the paper
capacitor. This is a fixed-value, tubular unit constructed of several
layers of metal foil separated with paper (Fig. 6). Like so many
other capacitors, its name is derived from the material used as the
dielectric. The conductors consist of metal foil strips which are
rolled into a spool of sufficient size to provide the desired capaci-
tance. The value here is determined by both the spacing of the
plates (thickness of the paper dielectric) and the area of the plates
(number of rolls).

Another popular type of fixed capacitor uses mica as the dielec-
tric and hence is termed a mica capacitor. Several examples are
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METAL
FOIL

PAPER

Fig. 6. Basic construction of a paper capacitor.

shown in Fig. 7. There are also ceramic capacitors which appear
in both tubular and disc form, as shown in Fig. 8. When capacity
values above 2 mfd are required, an electrolytic capacitor is gen-
erally employed. This capacitor generally consists of a set of elec-
trodes embedded in an electrolytic mixture. Chemical action forms
a very thin dielectric film on one of the plates, insulating it from
the electrolyte. The electrolyte then acts as the other electrode of
the capacitor and connection is made through the uninsulated elec-

Fig. 7. Examples of fixed-value mica capacitors.

trode. Electrolytic capacitors are polarized, hence they are used
only in circuits carrying DC or pulsating DC. Furthermore, they
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must be connected with respect to polarity; otherwise the dielectric
film will break down and the unit will be ruined.

Two of the most common forms of variable capacitors are the
trimmer and tuning capacitors. Actually, trimmers could be instru-
mental in tuning a circuit; however, the variable tuning capacitor
is designed to permit large variations in capacity, whereas the trim-
mer generally provides only slight variations in value. Fig. 9 shows
a typical example of a variable tuning capacitor of the type used
in standard broadcast receivers. As you can see, the capacitance
value is varied by changing the area of the plates. The dielectric in
this instance is air.

This type of capacitor generally consists of two parallel sets of
plates of which one is stationary and the other is movable. The
movable (rotor) plates are made to intermesh (without touching)

v\
\_‘_.'——".‘
Mo \\‘
900.' o)
.\:_\k@’;,

e ——

Courtesy Sprague Electric Co.

(A) Tubular type. (B) Disc type.
Fig. 8. Ceramic capacitors.
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Fig. 9. A variable two-gang tuning
capacitor.

with those of the stationary (stator) plates, and the maximum ca-
pacity is obtained when the full areas of the two sets of plates are
exposed to each other. For various other positions, some inter-
mediate value of capacitance exists (see Fig. 10). The shape of the
movable plates determines the amount of capacitance variation
with rotation.

Straight-Line-Capacity Tuning Capacitor—The plates of
this type of capacitor are semicircular in shape (Fig. 11A), and the
change in capacity is accomplished by rotation as previously dis-
cussed. However, due to the geometrical form of the plates, the
capacity will vary in direct proportion to the angle of rotation; i.e.,
if a change in capacity of 0.0001 mfd is made by changing the rotor
setting from 15 to 20 degrees, a similar change in capacity will be
made by changing the setting from 35 to 40 degrees.

Straight-Line-Frequency Capacitors—For convenience in
tuning, however, some capacitors employ logarithmic plates (Fig.
11B), i.e., the shape of the plates is such that a linear relationship

MINIMUM INTERMEDIATE MAXIMUM
CAPACITY CAPACITY CAPACITY
STATOR
PLATE
\
° -
ROTOR PLATE

Fig. 10. Relationship between capacitor rotation and capacitor value.
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A
I\
N M\ "M\
(A) Straight-line capacity. (B) Straight-line (C) Straight-line
frequency. wavelength.

Fig. 11. Shape of rotor plates in various types of air capacitors.

exists between the rotor setting in degrees and the frequency in the
circuit. The advantage of this arrangement is obvious since the
primary reason for using the ganged capacitor in circuits is for
adjustment of frequencies.

Fig. 12. Typical trimmer capacitor,

The frequency of such a circuit varies inversely as the square
root of the capacity, and the wavelength varies directly as the
square root of the capacity; hence in order to obtain a direct
relationship between the rotor setting in degrees and the fre-
quency in the circuit, the rotor plates must possess an exponential
characteristic. Fig. 11C shows the shape of the capacitor plates in
a straight-line-wavelength arrangement.

Another type of variable capacitor is the trimmer shown in Fig.
12. These are employed where only small variations in capacitive
value are desired. The value of this unit is varied by changing the
spacing between two plates.

Because of the wide variety of capacitor types it would be im-
practical to show them all. However, there is one other type that
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should be mentioned because of its construction, and that is the
feed-through capacitor. As you can see from Fig. 13, this type of
capacitor has a DC path through the center by means of the feed-
through conductor. The capacity exists between this element and
the outer conductor which forms a portion of the capacitor body.
Feed-through capacitors are especially desirable at the higher fre-
quencies because they do not exhibit the inductive properties pres-
ent in capacitors using spiral-wound construction. Feed-through ca-

OUTER CENTER CONDUCTOR
CONDUCTOR\J— '1 (FE;D THROUGH)
Fig. 13. Basic construction of a feed- b3 - ! 3
through capacitor. .LI

pacitors are generally employed to bring connections through a
chassis. The metal portion of the capacitor body is usually soldered
to the chassis or fastened with lock nuts to provide good contact.

|

Sy = '

Courtesy Aerovox Corp.
Fig. 14. Examples of feed-through capacitors.
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The capacity then is between the center conductor, or feed-through
clement, and the chassis itself. Several examples of feed-through
capacitors are shown in Fig. 14, while Fig. 15 shows some of the
more common schematic symbols for capacitors.

CAPACITOR RATINGS

Capacitors have other ratings besides capacitance value. One of
the most important is the voltage rating. The dielectric in any ca-
pacitor can withstand only so much voltage. Practically all capaci-
tors have this rating marked on them somewhere. This rating
(known as the DC working voltage) should not be exceeded. In fact,
if a capacitor is to be connected in a circuit with 400 volts applied,
it should have a rating of approximately 600 volts. This provides a
200-volt safety factor. It should also be taken into consideration
that a 400-volt capacitor used in such a circuit could be ruined by
voltage surges.

l FIXED l
T™T

_LVARIABLE Fig. 15. Common schematic symbols for
T capacitors.
iLECTROLYTIC
S 1=
POLARIZED] “nonpouarize

There is also the breakdown voltage rating although it is seldom
indicated on the capacitor. This value is somewhat above the DC
working voltage and is that value at which the dielectric material
will actually break down and begin conducting. This will ruin some
capacitors; others it will not. As an example, exceeding the break-
down voltage of a paper capacitor will cause the paper dielectric
to carbonize and thus become conductive. Such a condition ruins
the capacitor permanently. On the other hand, exceeding the break-
down voltage of a variable tuning capacitor will result in an arc
between the plates (the air dielectric breaks down) but will cause
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‘o permanent damage. There are also some oil-type filter capaci-
tors which will withstand overloads for short periods of time and
then “heal” themselves.

Another capacitor rating is tolerance. This is not always indi-
cated on a capacitor, especially the larger ones. Some of the smaller-
value capacitors used in applications where values must be held
within relatively close limits are marked with their value and a +
percentage.

There are also what are known as temperature-compensated ca-
pacitors. These are capacitors designed to offset the change in value
normally encountered with temperature changes. Like resistors, ca-
pacitors often change value when heated. In some electronic cir-
cuits, capacitance values are critical and must remain stable despite
variations in temperature. Some capacitors are manufactured in
such a way that their value will not vary, or at least the change
is negligible for all practical purposes. Others are designed to either
increase or decrease in value by predetermined amounts as the
temperature changes.

The temperature coefficient of a capacitor (or resistor) desig-
nates the amount of change in parts-per-million-per-degree centi-
grade. When a capacitor is marked with an N or minus sign it
means that the capacity will decrease with an increase in tempera-

]

Fig. 16. Capacitors in parallel. | HC‘Z '

C.

ture. Conversely, a capacitor marked with a P or a plus sign indi-
cates that it will increase in value as the temperature increases.

Capacitive values will either be indicated directly or by means
of the standard color code shown in Table I.

CAPACITORS IN COMBINATION

When capacitors are connected in series or parallel, the effect is
opposite to that of connecting resistances and inductances in a simi-
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Table 1. Capacitor Color Codes

[— R MOLDED PAPER TUBULAR MOLDED FLAT PAPER CAPACITORS "7 MOLDED FLAT PAPER CAPACITORS |
| MOLDED PAPER CAPACITOR CODES (COMMERCIAL CODDY (MILITARY CODE) |
{CAPACITANCE G IVEN IN PR 1st Sknificant Figure 20 Signiticant Figure | 1st Significant Figure 2n6 Signiticant Fiqure
T WULTL- W TOUR- | 206 Swnificant y Multiplier r— -Y
coLoR '} DI | prigr | ance Figure J Q P >
BN RN Shi i Wit y
BLACK o |1 m 1
BROWN | 1 10 Ist Shnlﬂcu:! \ / Tolerance . % 4 ?__ 3
|reD 2 |0 l Figure / / -~
ORANGE | ) 1000 ' o e 5 4 3
‘Vl Low 4 | 10000 Black Or Brown Body Multiplier Voltage | Siiver  Characteristic  Tolerance Multiplier
GREEN 5 100000 EY CURRENT £1A AND MILITARY COLOR CODE FOR MOLDED MICA CAPACITORS
| St 6 | loooo Igentitier 15t Sign ficant Figure DC Working Voltage Operating
| {viout ! l { White (EIA) - A ~ Temperature
l GRAY 8 / Blaceliall 206 Significant Figure Range
WHITE 0 l 10% | jngicates Outer Foil, 206 Significant -
GOLo 5% | May Be On Elther £nd. VoRtage Figure &>
SILVER 10% | may Atso Be Indicated By Other
[NO CoLor 2% | methads Such As Typographical 1t Significant
Marking Or Black Strips. Voltage Figure
Charctes Bk MuRipller White (EIA 1dentitien \
Add Two Zeros To Significant Voltage Figures. Capachance Tolerance indkcator Style Ogtional  Vibration Grade (Milk Indlcator Optional
One Band Indicates Volage Ratings Under 1000 VoRs. A (FRONTY B{REAR)
— — NOTES:
MICA CAPAC ITOR COLOR CODE :
The mutl the 1 N the t ticant 1
=D CHARAC- CAPACITANCE CAPACITANCE |DC WORKING OPERATING IBRATION [ | & e e e s e LRI TIEAD
TERISTIC® [ISTAND 24D | MULTIPLIER | TOLERANCE | VOLTAGE TEMPERATURE GRADE
S IGN IFLCANT RANGE miv 2 * Nustrates standard six-dct system usad for "N" temparature
| L | FIGuRES range capachors manufactured according to EIA Standard RS-153-A.
I Black AEIAY ] 1 220 (EIA} - 55%10 + 70PC MIL 10-5$ Hr 3. Drawings "A™ and 8" combined illustrate standard nine-det system
Brown 8 1 10 1% 100 (E1A) usad for "0 temparature range capecitors manufactured according
Red ¢ ? 100 o - 5510 + 85°C 10 E1A Standard RS -153-A, and for all units manufactured according
Orange ) 3 1000 0 to MitRary S pecification MIL-C-5C.
Yellow € 4 10000 (€ 1A} <5210+ 15°C 10-2000 K
Green f 5 o 0 SILVERED MICA BUTTON CAPACITORS
Blue 3 - 55%t0 + 150°C (MID
Purple iviolet) 1 Skpificant Figures
Gray ] Characterkstic 151 (When Appiicable)
white 9 —
Gold 0.1 ars ] 100 €A lokssnce —HEIE]
Sitver D.01(EIA) +108 Multipller 3rd lor 2d)
« Denotes specifications ot design involving Q factors, temperature coefficients, and production test reqoirements.
u Or 20,5 pf, whichever is grester. All athers are specified lolerance or +1. 0 pf, whichever Is greater.

SAOLIOVdAVO
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Table 1. Capacitor Color Codes—(Cont’d)

DISC CERAMICS {5-DOT SYSTEM)

CERAMIC CAPACITOR CODES { CAPAC ITANCE G IVEN IN PF)

Ist Sgnificant _2ndsiniticant || COLR W_ DIGIT | MULTIPLIER |  TOLERANCE | TEMPERATURE | EXTENDED RANGE
Figure Figure 10 PF OR | OVER °°§"_"'A°,,'c"" TEMP.  COEFF,
LESS | IDPF [SIGNI- | MULTI- |
~ FICANT | PLIER
—_ FIGURE
BLACK [ 1 L2.00 | 208 [) 0.0 | -1
BROWN 1 1 solpt | e1% 33 -
RED 2 10 .3 - 10 | 1w
Temperature Coefficient Tolerance ORANGE 3 1000 +0. 2594 | 22,54 150 Ls 1000
YELLOW 4 10000 220 22 | -loow
DISC CERAMICS (3-DOT SYSTEM) RN 5 cose | esa 50 35 | a
Ist Significant 2nd Signiticant BLUE 6 -n 41 | e
Figure Figure VIOt 7 -1% 1s | e
GRAY s 01 | 2025 B +1000
WHITE 9 U | £ vou |+ 108 | General Purpose +10000
SILVER 8ypass & Coupling
cow 10
ML

HIGH-CAPACITANCE TUBULAR CERAMICS
INSULATED OR NONINS ULATED

1st Significant Figure 2nd Swqnificant Figure

\

Voltage {Ogtlonal)

/

Multiplier Tolerance

*EtA only. Ceramic Capacltor capacitor voltage ratings are standard 500 volts, for some manufacturers,
1000 volts for other manufacturers, uniess otherwise specified.

TEMPERATURE COMPENSATING
TUBULAR CERAMICS

Ist Signiticant Figure 2nd Synificant Figure

el

Temperature Coefficient Multiplier “Tolerance

MOLDED-INS ULATED AX IAL LEAD CERAMICS

TYPOGRAPHICALLY MARKED CERAMICS

wiL TOLERANCE EXTENDED RANGE T. C. TUBULAR CERAMICS
. . i " LETTER
Ist Significant Figure 2nd Skynificant Figure | Temperature Coefficient Capacltance 10PF OR LESS OVER 10PF 1st Significant Figure 2nd Significant Figure
C 20.2500
'N730
9 '] 2050 ~Tolerance
5 ¢ tLow s e
G 22,000 2%
\ ; 3 T.C. T Coeft, Multiplle
K +10% L C. emp. . uRtiplier
Temperature Coefticient Multipller  Tolerance Tolerance M prois Significant Figure Multiplier
MOLDED CERAMICS BUTTON CERAMICS STAND-OFF CERAMICS FEED-THRU CERAMICS
Using Standarg Reststor Color Cose 1st Signlificant 2nd Significant 1st Significant Fig: 2nd Signiticant Fig st Significant 2nd Significant
N H ni . Ll N S| nHicant ure inificant ure nificant nificant
1st Signiticant Figure _— 2nd Significant Figure Figure Figure \ Figure —  Figure
/ 1 N \
 / Multiplier  Tolerance Multiplier Temperature Coefticient  Multiplier Tolerance | Temperature Coefficient  Tolerance  Mutipller
White Band Distinguishes Capacator From Resistor Viewes From Soldered Surtace
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lar arrangement. A simple method, therefore, and one which is easy
to remember is as follows: Capacities connected in series should be
added in a manner similar to that of resistances connected in par-
allel, and capacities connected in parallel should be added in a
manner similar to that of resistances connected in series.

The formula for calculating the total capacitance when two or
more capacitors are connected in parallel as in Fig. 16 is expressed
as follows:

CT:C1+C2+C3+...

where Cy is the total capacitance, and C,, C., and C; are the values
of the individual capacitors.
For calculating capacitors in series (Fig. 17):

]
] 1 ]
C_1+_C_:+C_3+' 5 o

C'r=

Since the calculation of the total capacitance of two or more
capacitors connected in series involves finding the reciprocals of
numbers, the same graphical method explained previously for
resistors or inductors in parallel can be used.

Cr !
4 ) Gy Fig. 17. Capacitors in series.

—AHHH—

Example: A capacitor of 0.0002 mfd is connected in series with
one of 0.002 mfd. What is the resultant value of capacitance, and
what would the capacity be if they had been connected in parallel?

Solution: If Cr denotes the resultant capacity of the two capaci-
ties in series, then:

1

CT -
T 1
0.0002 + 0.002
or
11 1
G, ~ 0.0002 T 0.002
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or

C_ = 5,000 + 500 = 5,500, from which it follows that
T

Cr= or 0.00018 mfd (approximately)

5, 500

If connected in parallel, the total capacitance is simply the sum
of the individual capacities or 0.002 + 0.0002 which totals 0.0022
mfd.

SUMMARY

Capacitors are major components in nearly all electronic equip-
ment and are manufactured in a great variety of sizes, shapes, and
capacitance values. Capacitors effectively block the flow of DC but
appear to permit the flow of AC. Actually, electrons do not pass
through a capacitor, but the effect is the same as if they did.

Capacitors offer an opposition to the flow of alternating current.
This opposition is called capacitive reactance and is measured in
ohms. Capacitive reactance decreases as frequency increases, which
is exactly opposite to inductive reactance. Current leads the voltage
in a capacitor.

The value of a capacitor depends on the area of the plates, and
the thickness and type of dielectric. Another important rating of
a capacitor is the amount of voltage it can stand without being
damaged. A tolerance rating is also given many capacitors. These
various ratings are either stamped or printed on the capacitor
body, or represented by means of a system of color coding.

Capacitors can be connected in series or in parallel to change
the amount of capacity in a circuit. Total capacity increases when
capacitors are paralleled and decreases when they are connected
in series.

REVIEW QUESTIONS

1. What is the material called that is placed between the plates
of a capacitor?
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2.

3.

132

Does capacity increase or decrease when the area of the ca-
pacitor plates is increased?

What is the opposition to the flow of AC in a capacitive cir-
cuit called?

Does this opposition increase, decrease, or remain the same
as the AC frequency increases?

Does the voltage lead or lag the current in a capacitive circuit?
Give a practical application for a variable capacitor.

State the formula used to find the total capacity of three series-
connected capacitors.

State the formula used to find the total capacity of three
parallel-connected capacitors.

What is the formula for finding capacitive reactance?

Does the capacitive reactance of a circuit change if more
resistance is added?




CHAPTER 8

Reactance in AC Circuits

In direct-current circuits, the current is exactly defined by the
mathematical relationship between voltage and resistance, whereas
in alternating-current circuits, this exact relationship no longer ex-
ists. For example, in the case of direct current, the current through
a piece of wire will be the same regardless of whether the wire is
coiled or straight. In the case of alternating current, the current
will be less when the wire is coiled than when it is straight. This
is due to the inductive reactance (X) of the wire (Xp = 2xfL).

If a direct-current source is connected across a capacitor, there
will be a momentary current flow; but if the capacitor is connected
across an alternating-current source of high frequency, the current
will flow. This is due to the capacitive reactance (X¢) of the ca-
pacitor.

1
Xe = 7.1C
The opposition offered to the flow of alternating current in a
circuit containing inductance and/or capacitance will vary with the
frequency of the current. This is due to inductive and capacitive re-
actance. The combined total opposition (resistance, inductive reac-
tance, and capacitive reactance) is known as the impedance (Z).
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RESISTANCE AND INDUCTANCE IN SERIES

When a circuit contains both resistance and inductance, as in the
case of a ccil, it is convenient to consider it as a resistance (R)
connected in series with a pure inductive reactance (X.). (See
Fig. 1.)

ER& I | l R

Fig. 1. Combination of resistance (R) and inductive reactance (Xvr).

In this case it is necessary to know not only how to calculate
inductive reactance but also how to combine R and X;. (See the
impedance triangle shown in Fig. 2.) To obtain the impedance:
Resistance R (in ohms) is laid off horizontally; the inductive re-
actance X, (also in ohms) is laid off to form the perpendicular.
The hypotenuse is measured (in the same scale) to give the imped-
ance of the circuit in ohms. This triangle is variously referred to as
the impedance triangle, vector diagram or impedance calculator.

The mathematical relationship between the impedance, the induc-
tive reactance and the resistance is written:

Z2=X:+R* or Z=X/ +R?
and since
X. = 2«fL

the equation may also be written

Z =\/(2xfL)* + R?
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X| = INDUCTIVE REACTANCE

R = RESISTANCE

Fig. 2. Vector relationship between inductive react
and resistance.

Example: A coil connected as shown in Fig. 1 contains a 5-
ohm resistance and a 0.04-henry inductance. The voltage and fre-
quency of the source are 100 and 60 respectively. To find (a) the
impedance of the coil; (b) the current through the coil; (c) the volt-
age drop across the inductance; and (d) the voltage drop across
the resistance:

(a) X, =2+fL =2 x3.14 X 60 X 0.04 = 15 ohms
Z=\/5"4+ 15 =+/250 = 15.8 ohms

E _ 100
Z 158

(c) EL=1IxX;.=6.3X15=094.5volts
(d) Ex=1XR=6.3X5=231.5volts

(b) I= = 6.3 amperes

A visualization of the frequency response of an RL series
circuit is shown in Fig. 3. At any given frequency, the output
voltage E,,, is a certain fraction of the input voltage E;,. The
vertical axis is calibrated in percent of the maximum possible
output voltage. Of course the maximum possible output voltage
is equal to E,,, and is approached at very low frequencies. The
horizontal axis is calibrated basically in frequency; that is, it is
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Fig. 3. Universal frequency-response curve for RL series circuits.

calibrated in oL/R units, where oL/R is equal to 2afL/R, L is
in henrys, R is in ohms, and f is in hertz.

In a practical circuit situation, L and R are constant. Therefore,
2zL/R is also a constant. Thus, if we go from 1 to 10 along the
horizontal axis, we see the effect of increasing the frequency 10
times. This corresponds to a decrease of output voltage from
70.7% to 10% of its maximum value (E;,). Note that when
oL/R is equal to 100, that E,,, is very small. Universal frequency-
response charts are helpful in practical work because they minimize
the labor of calculation. They also provide a useful perspective of
circuit action.

RESISTANCE AND CAPACITANCE IN SERIES

If a capacitance is connected in series with a resistance, as
shown in Fig. 4, the impedance may be written Z = \/ R? + X%,
and since:
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o 1. Xe

A

LA
>

(2]

Ec

E
|
|
| |
!
!

Fig. 4. Combination of resistance (R) and capacitive reactance (X.).

it follows that:
e LV
Z= VR + (2wa>

Example: An alternating-current circuit, connected as shown
in Fig. 4, contains a 10-ohm resistance in series with a capacitance
of 40 microfarads. The voltage and frequency of the source are 120
and 60 respectively.

To find (a) the current in the circuit; (b) the voltage drop across
the resistance; (c) the voltage drop across the capacitance:

1 1
= 246C 2 X 3.14 X 60 x 0.00004

Z =~/10% + 66.3%2 = 67 ohms

Xe¢ = 66.3 ohms

(b) Ex=1XR=1.8x10=18volts
(¢) Ec=1XX:=18X663=119.3volts

A visualization of the frequency response of an RC series
circuit is shown in Fig. 5. Note that this curve can be described
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as the “opposite” of the curve in Fig. 3, at least in the first
analysis. The horizontal axis is calibrated in «RC units, where
oRC is equal to 2#fRC, C is in farads, R is in ohms, and f is in
hertz.
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wRC UNITS

Fig. 5. Universal frequency-response curve for RC series circuits.

RESISTANCE, INDUCTANCE, AND CAPACITANCE IN SERIES

In a circuit which contains resistance (R), inductance (X ), and
capacitance (X.), the reactance (X) is equal to the arithmetical
difference between the inductive reactance (X, ) and the capacitive
reactance (X.), which may be written thus:

X=X —X¢

but as previously shown:

Z=VRI+ X2=VRZ+ (XL — X¢)?

and since:

1

XL = 2xfL and X(‘ = z—ff
™
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it follows that:

Z= \A(z + <27rfL = ﬁ)- ohms
Also, the current flowing in this circuit is:
=B
VR? + < 24fL — Zrlf—c)
The equations just derived are of the utmost importance in all

alternating-current calculations and are generally referred to as
Ohm’s law for alternating current.

ALTERNATING-CURRENT PARALLEL CIRCUITS

In the previous analysis of direct-current parallel circuits, it was
found that the voltage was equal across each branch of the parallel
circuit, and that the current in each branch varied inversely as the
resistance of that branch. The arithmetical sum of the currents in
all branch circuits was also equal to the main current.

When considering a parallel circuit, such as that shown in Fig. 6,
through which an alternating current flows, the voltage across each
branch is equal, as in the case of the DC circuit.

The total current, however, cannot be obtained by arithmetical
addition of the branch-circuit currents, but instead the branch-
circuit currents must be added vectorially. This can best be shown
by the following example.

I E ——> ) .
f ' |
) [ |
| Iy
I
| R
I E B
@ | !
I
|
Fig. 6 Paralle! tion of resist (R) and inductive reactance (Xi).
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A parallel connection consists of two branches A and B (Fig. 6).
Branch A has a resistance of 40 ohms, and branch B has an in-
ductive reactance of 30 ohms. If the impressed voltage is 120, you
can determine: (a) the current through branch A, (b) the current
through branch B, and (c) the line current.

(a) Ix= % = 3 amperes

120
(b) I.= 30 = 4 amperes

(¢) I=+/3%44%=~/25 =5 amperes

Fig. 7. Graphical solution of an RL parallel circuit.

The easiest way to solve a parallel circuit is to use the graphical
method shown in Fig. 7. First, draw a line (X.) proportional to
the inductive reactance, and then a line (R) proportional to the
resistance. Note that X, and R are drawn at right angles to each
other. Then, draw the hypotenuse of the right-angled triangle.

0

Fig. 8. Graphical solution of an RC parallel circuit.
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Xp o— N N—
R
pe- — Rp tp z—
'
' o— T
| Lg
X5 z :'
]
'
b
— Rp

S

Fig. 9. Graphical solution for finding equivalent series and parallel circuits.

Finally, draw a line (Z) from O, perpendicular to the hypotenuse.
The length of Z is then proportional to the impedance of the
parallel RL circuit. This method not only saves time, but also
shows the relative magnitudes of X;, R, and Z at a glance.

It follows that the same type of graphical solution can be used
to find the impedance of a parallel RC circuit, as shown in Fig.
8. First, draw a line (X¢) proportional to the capacitive reactance,
and then a line (R) proportional to the resistance. Note that
Xc and R are drawn at right angles to each other. Then, draw the
hypotenuse of the right-angled triangle. Finally, draw a line (Z)
from O, perpendicular to the hypotenuse. The length of Z is then
proportional to the impedance of the parallel RC circuit.

At a given frequency of operation, any parallel RL or RC
circuit has an equivalent series RL or RC circuit. The equivalent
circuit is easily found by a slight extension of the graphical
method, as shown in Fig. 9. An equivalent circuit has the same
impedance as the original circuit. Therefore, Z has the same
length for both the series and parallel circuit. Project from the
tip of Z to the vertical and horizontal sides of the triangle to find
the reactance of the series inductance and the resistance of the
series resistor. Note that larger values of inductance and resistance
must be paralleled to have the same impedance as smaller values
of inductance and resistance connected in series.

RESONANCE

When the inductive reactance becomes equal to the capacitive
reactance, the circuit is said to be in resonance. The only opposi-
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tion to the current flow is resistance R (Fig. 10). A curve illus-
trating the current of a circuit approaching, at, and beyond the
point of resonance is shown in Fig. 11.

This resonant condition may be written X;, = X, but since:

X, = 2«fL
and:
1
X, = ——
C T 24fC
it follows that:
2l =
i 24fC
. INDUCTIVE
R XL " REACTANCE
,\> AT RESONANCE X, - X¢
-—t 7
X anz-2/R2-
: Vie-r X - CAPACITIVE
REACTANCE
‘[ )

Fig. 10, A series-resonant circuit.

If it is desired to find the resonant frequency (f) for the circuit.
the equation may be written:

L1
F= e

or
f —_— ;
2m/LC

This equation is of importance in all kinds of radio calculations
such as those for wavemeters, filters, circuit tuning, etc. If C is
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expressed in microfarads and L in microhenrys, the equation may
be written:

159,000 -
/C VvC (mlcrofarads) x L (mlcrohenrys)

[ /\ POINT OF
[RESONANCE
[ \ |

T

CURRENT IN AMPERES

// \

FREQUENCY IN KHZ

Fig. 11. Current versus frequency variations in a resonant circuit.

Fig. 12 provides a visualization of the filter action of individual
series capacitors and inductors. The characteristic frequency dis-
crimination of large and small capacitors, and of large and small
inductors, is shown for four different types of input signals—audio-
frequency, radio-frequency, AF and RF, and AF and RF with a
DC component. Note how an inductance attenuates radio fre-
quencies more than it attenuates audio frequencies. Also note that
a capacitance attenuates audio frequencies more than it attenuates
radio frequencies. A resistance provides no filter action in itself,

143



REACTANCE IN AC CIRCUITS

because it has no frequency discrimination. An inductor passes,
but a capacitor blocks, a DC component.

APPLIED
VOLTAGE

CURRENT

SMALL
CAPACITANCE

LARGE
CAPACITANCE

SMALL
INDUCTANCE

LARGE
INDUCTANCE

AF

Py

PO =

RF

A

AF+RF

AF+RF
+DC

Mty

: 3 2/

=

Fig. 12. Filter action of individual series capacitors and inductors.

In the closed loop, where the same current flows throughout, the
component voltages produced by the current through the inductive
and capacitive reactances are in opposition—when one is positive,
the other is negative.
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Thus, the voltage produced by the two reactances in series is
the difference of the individual voltages. From this it follows that
the inductive and capacitive reactances tend to neutralize each
other’s effects and the resultant reactance of the circuit is given by

24fL = ﬁohms

It is evident from the above that the inductive reactance increases
as the frequency is increased, whereas the capacitive reactance de-
creases. Therefore, there must be one particular frequency at which
the two become equal and neutralize each other completely as far
as their influence on the current is concerned. When this happens
the circuit is tuned to resonance with the applied frequency
(Fig. 13).

EL

Ec

Fig. 13. Voltage and current in a series-resonant circuit.

At the resonant frequency, the resultant reactance of the circuit
is zero, so that only the resistance remains to oppose the flow of
current and, hence, Ohm’s law may be applied.

At any frequency different from that of the resonant value, the
inductive and capacitive reactances become unequal and their re-
sultant is no longer zero. When this condition occurs, the current
experiences an additional opposition which increases as the fre-
quency departs in either direction from the resonant value. As a
result, the current is reduced sharply on either side of the resonant
frequency.

Obviously, then, the current is greatest at the resonant frequency,

its value being gamperes.
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The formula for a current at any frequency is:

1= amperes
o

R +(20 — )’
.

VOLTAGE AMPLIFICATION
The voltage across a capacitor is:

IX = 1

2+£C
and, since at resonance:

b

2+£C

it follows that the voltage developed across the tuned circuit is:

= 2#fL 9

1 (2#fL) volts .

From Ohm’s law, the applied voltage is IR and so the ratio of the
developed voltage and the applied voltage is:

2xfL
R

This very important number is known as the voltage amplification
of the tuned circuit.
At resonance:

27f = —1—

vLC

and so the previous expression for voltage amplification may be

rewritten in the form:
1 L
Eu - E \/é

It now remains to be shown that the selectivity of the tuned
circuit is directly proportional to the voltage amplification. This
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may best be accomplished with a graphic illustration.

Consider a circuit of fixed inductance and capacity and assume
that a number of resonance curves are plotted, each for a different
resistance value.

125 + VOLTS
— DESIR NAL
0 b DESIRED SIG
=
=4
< 10 OHMS
8 9p =
= 20 OHMS
=
<
50 + /40 OHMS
wl
()
=
1
5 +2

Fig. 14. Typical voltage characteristics indicating the effect of varying
the effective resistance of a circuit at resonance.

With reference to Fig. 14, you will notice that the peak of each
curve appears at the same frequency but their amplitudes are in-
versely proportional to their respective resistances.

It is important to note that all the resonance curves have approxi-
mately the same width near the base, so that by decreasing the re-
sistance the strength of the desired signal can be increased at the
resonant frequency without appreciably strengthening any signals
whose frequencies differ moderately from the resonant value.

Fig. 15. Capacitance in parallel with L
a coil that has winding resistance. ==
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CURRENT AMPLIFICATION

When a capacitor is connected across a coil (and its winding
resistance), as shown in Fig. 15, a so-called parallel-resonant
circuit is formed which resonates at a frequency given by the
familiar resonant-frequency formula:

A series-resonant circuit has minimum impedance at resonance,
but a parallel-resonant circuit has maximum impedance. Similarly,
a series-resonant circuit exhibits voltage amplification, but a
parallel-resonant circuit exhibits current amplification. The current
amplification is given by the formula:

2+fL
R

Note carefully that the amplified current is a circulating current
between the coil and capacitor. The impedance of the parallel
circuit at resonance is given by the approximate formula:

L

Z=Rc

Therefore, the line current that is drawn from the source is
given by Ohm’s law:

ERC
IL: T

However, the connecting wires between the coil and capacitor
must carry an amplified current given by the formula:

Icc=21rEfC

Since the circulating current loc is much greater than the line
current I, in most practical situations, the conclusion is that heavy
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wire must be used to connect the capacitor to the coil in order to
minimize the I?R loss and obtain efficient operation.

SUMMARY

The current in an AC circuit is affected by factors other than
applied voltage and resistance in the circuit. Inductive and/or
capacitive reactance must be considered when calculating the
amount of current that will flow. Therefore, the combined op-
position to current flow is made up of resistance, inductive re-
actance, and/or capacitive reactance, and is known as impedance
(2).

Resistance causes no phase shift to take place between voltage
and current. However, an inductance causes the current to lag
the voltage by 90° while a capacitance causes the current to lead
the voltage by 90°. Thus, inductance and capacitance each cause
an exact opposite effect. This fact permits calculating impedance
by means of a relatively simple graphical method or by means
of an established formula, both methods based on the relationship
of the angles, sides, and hypotenuse of a right-angle triangle.

A circuit containing both inductance and capacitance will have
an impedance at some particular frequency that is equal only to
the resistance in the circuit. This condition is known as resonance,
which makes it possible for the circuit to select one frequency to
the exclusion of all others. In practical circuits, excluding all but
one particular frequency is not feasible. Instead, some frequencies
on each side of the resonant frequency are also selected, but at
a reduced amplitude.

REVIEW QUESTIONS

What determines the amount of current flow in a DC circuit?
What determines the amount of current flow in an AC circuit?
What is impedance?

State the mathematical relationship between impedance, in-
ductive reactance, and resistance.

5. State the mathematical relationship between impedance, ca-
pacitive reactance, and resistance.

SN
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6.

joe]

10.

150

State the mathematical relationship between impedance, in-
ductive reactance, capacitive reactance, and resistance.
Define resonance in terms of inductive and capacitive re-
actance.

Define resonance in terms of impedance and resistance.
State the formula for determining the resonant frequency of
a circuit.

What is voltage amplification in a tuned circuit?



CHAPTER 9

Transformers

Basically, a transformer consists of two or more coils which
couple energy from one circuit to another by means of electro-
magnetic induction. This transfer of energy occurs at the same fre-
quency but usually at different voltage and current values. Some
transformers, such as those used for interstage coupling, are de-
signed primarily to provide the proper impedance match between
the output of one circuit and the input of another.

MUTUAL INDUCTANCE AND SELF-INDUCTION

Without a knowledge of the fundamental principles of mutual
induction, it is difficult to comprehend the theory of coil coupling.
By definition, mutual induction is the electromagnetic property of
two circuits or two parts of a single circuit, by virtue of which a
changing current in"one causes an electromotive force to be induced
in the other.

Similarly it can be said that mutual induction is an electromag-
netic property of two circuits so situated with respect to each other
that a current in one sets up a magnetic field which is linked with
the other—that is to say, a property of two circuits which are mag-
netically coupled together (see Fig. 1).
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It is a fundamental principle that when a magnetic flux linked'
with a conductor is changing, an electromotive force is induced in

fi—

- GALVANOMETER

= BATTERY ,
RESISTANCE | |\
SWITCH
‘ } \

Fig. 1. Diagram showing the action of mutval induction between two coils. One
circuit includes a source of electrical energy and a switch; the other includes an

instrument to measure current but has no energy source. During an increase or

decrease in current, as when the switch is closed, current is induced in the sec-

ondary. This current in the secondary flows in a direction opposite to that of
the current in the primary.

the conductor with a magnitude proportional to the rate of change
of flux. When the magnetic flux linked with a conductor is pro-
duced by a current in the conductor itself, then the flux will vary
as the current is varied, and an emf proportional to the change
in current is induced in the circuit.

Let us consider the equivalent circuit for a basic transformer,
as shown in Fig. 2. The basic transformer has the same number
of turns in both coils. Insofar as AC relations are concerned,
the equivalent circuit depicted in Fig. 2 acts the same as the
basic transformer with magnetically coupled coils. This equivalent
circuit is very useful, because it provides a clear understanding
of transformer action. For example, observe that there must be
a voltage drop across the leakage inductance, and that there
must be at least a small flow of reactive current through the
mutual inductance.

This property in a single circuit is called self-induction. If, how-
ever, there are two circuits magnetically coupled as explained
above, a variation of the current in the one will cause a variation
of the magnetic flux through the other. Then, an emf or a current
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NO MAGNETIC COUPLING

> {00 {000 o
PRIMARY SECONDARY
LEAKAGE LEAKAGE
INDUCTANCE INDUCTANCE
INPUT MUTUAL OUTPUT
INDUCTANCE
© 0

Fig. 2. Equivalent circuit for a basic transformer.

in the first circuit will cause an emf to be generated in the other
circuit. This property is referred to as mutual induction.

The first circuit, in which the current is varied, is called the
primary, and the second, in which the induced emf is considered, is
called the secondary circuit. The practical unit in which mutual
induction and self-induction are expressed numerically is the henry.
The mutual inductance or coefficient of mutual inductance between
two circuits is said to be one henry if one volt is induced in the
secondary circuit when the current in the primary is changing at
the rate of one ampere per second.

The mutual inductance in henrys is usually denoted by the sym-
bol M, and the induced emf in volts in one circuit is equal to the
product of M and the rate of change of current in amperes per
second in the other. The mutual inductance (M) is the same which-
ever of the two circuits is taken as the primary. This is just
another way of saying that the mutual inductance is common to
the primary and the secondary. This fact is shown to good ad-
vantage by the equivalent circuit depicted in Fig. 3. In this
diagram, L, denotes the inductance of the primary coil when it
is removed from the vicinity of the secondary coil. Similarly,
L, denotes the inductance of the secondary coil when it is re-
moved from the vicinity of the primary coil. In the basic trans-
former that we are considering, L,—=L,. Next, when the primary
and secondary coils are brought near each other, and thereby
magnetically coupled, a mutual inductance M is set up which
is common to the primary and the secondary coils.

If the magnetic coupling were complete, there would be no
leakage inductance left over. In turn, both L,~M and L,~M
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o— {000 3
Lp - M - M
INPUT M OUTPUT
o— —0

Fig. 3. Relation of primary and secondary inductances to the mutual inductance.

would equal zero. All of the transformer inductance would be
mutual inductance in this case, and the equivalent circuit would
be drawn as depicted in Fig. 4. On the other hand, if the magnetic
coupling were zero, there would be no mutual inductance, and all

O— -0
INPUT M QUTPUT
o -0
Fig. 4. Equivalent circuit for a basic transformer when magnetic ling is lete.

oINS ¥

of the transformer inductance would appear as a pair of leakage
inductances (see Fig. 5). In practice, the leakage inductance
might be very small, but it is impossible to obtain complete mag-
netic coupling. Therefore, the equivalent circuit of Fig. 3 rep-
resents the practical situation.

NO MAGNETIC COUPLING

INPUT
QUTPUT
Lp LS °
LEAKAGE LEAKAGE
INDUCTANCE INDUCTANCE

Fig. 5. Representation of a basic transformer with zero magnetic coupling.
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Degree of Coupling
As an example, consider two coils (L, and L.) placed in close
proximity as shown in Fig. 6. When a current is passed through L,,
a magnetic field is established and some of the magnetic loops are
linked with the second coil L.. Let M represent the mutual induct-
ance in henrys between the coils. Now if the current in L, is varied
by changing the rheostat setting, the flux linked with L. will be
varied in proportion and an emf will be induced in L.. The degree
of magnetic coupling obviously depends upon the proximity and
relative positions of the two coils and is expressed numerically as
the ratio of the mutual inductance to the square root of the product
of the individual self-inductances. This is called the coefficient of
coupling and is given by
K= ,L—
VL X La

This number cannot exceed unity, and, in practice, never reaches
unity.

Coils are said to be tightly coupled when they are brought close
enough together to give a relatively high value of M and K and vice
versa. The tightest coupling is obtained when two coils are wound
on the same form (as for example in a transformer) or with the
wires wound side by side, but even in this case the coefficient is
less than unity.

BATTERIES

Fig. 6. lllustrating the degree of coupling between two coils,
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Example: The mutual inductance of two coils is 160 micro-
henrys. If their self-inductances are 150 and 275 microhenrys, what
is the coefficient of coupling?

7]607 = _ 160 or approximately 79%

\/150 X 275 203

It should be observed that in problems of this kind only a ratio
between the mutual inductance and self-inductance is required,
and the values may be expressed in henrys, millihenrys or micro-
henrys.

BASIC TRANSFORMER

The alternating-current transformer represents an example of
the practical ultilization of mutual inductance. A transformer is a
form of stationary induction apparatus in which the primary and
secondary coils, or windings, are ordinarily insulated from one an-
other, their relative position being fixed. In the case of low-fre-
quency and power transformers, the primary and secondary wind-

LAMINATED CORE

% SECONDARY
b WINDING

P TERMINALS
i N

PRIMARY
WINDING ¢
TERMINALS ¢

Fig. 7. A transformer, in its simplest form, ists of two
separate and distinct coils of insulated wire wound around

a common, laminated iron core.

ings are wound on a common iron core as shown in Fig. 3. In this
case, the coefficient of coupling approaches 100%, but for radio-
frequency transformers, the coils are generally wound around a
nonmagnetic coil form (tubular) and have an air core.
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Transformer Function

A transformer does not generate power; its purpose is merely to
change the power from one value to another or from one circuit
to another. When used in connection with transformation of large
amounts of power from one voltage to another, a transformer uti-
lized.to raise the received voltage is called a step-up transformer,
and when used to lower the voltage, a step-down transformer.

In radio service, a power transformer (Fig. 8) is used to supply
a high voltage to the rectifier tube for rectification of the alternating
current and also to supply the filaments or heaters with the required

CENTER )

TAP aSECONDARIES

PRIMARY
B |
)
e |
)
Courtesy Stancor Electronics, Inc.
(A) Schematic symbol. (B) Transformer.

Fig. 8. A typical power transformer used in radio equipment.

voltage and current. For this purpose, the transformer is usually
equipped with one primary and several secondary windings.

TRANSFORMER THEORY

A transformer is said to be loaded when a current is flowing
in the secondary coil. When the secondary circuit is open and an
alternating current from the power line flows through the primary
coil, an alternating magnetic flux flows in the core. This magnetic
flux, rapidly rising, falling and changing direction with the im-
pressed frequency, cuts both primary and secondary coils and in-
duces a voltage in each.
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The voltage produced in the primary coil is opposite in direction
and nearly equal to the voltage of the power line. The voltage ap-
pearing across the secondary coil is proportional (assuming there
are no power losses in the transformer) to the number of turns of
wire in the primary and secondary coils.

The choking effect produced within the highly inductive primary
coil allows only a small current to flow through it. The small cur-
rent, proportional to the difference between the power-line voltage
and the counter electromotive force of the primary coil, keeps the
core magnetized and maintains the voltages in the coils.

When the secondary circuit is closed, a current flows through it.
This secondary current is 180° out of phase with the primary cur-
rent, and its magnetizing action in the core opposes and neutralizes,
to a certain extent, the primary flux. In doing so it reduces the
choking effect or counter electromotive force. When this happens
more current from the power line rushes into the primary coil and
balances the demagnetizing action of the secondary circuit.

In this way the transformer automatically maintains its core flux
practically constant regardless of the load on the secondary. Vari-
ations in the load on the secondary are reflected as similar varia-
tions in the primary circuit.

Relationship Between Primary and Secondary Voltage

The induced electromotive force in a transformer coil is due to
three factors: flux, frequency and the number of turns.

Assuming a sine-wave current, the fundamental equation used
in transformer design is as follows:

_ 4.44foN

E=2200 (1)

where,
f is the frequency in hertz,
& is the maximum flux of the sine wave,
N is the number of turns in the coils being considered.

The voltages in the secondary and primary coils are proportional
to their respective turns, since both have the same frequency and
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are cut by the same flux. It has also been found that:

=B XA )
where,

B is the maximum flux density in lines per square inch,
A is the cross-sectional area in square inches.

If B X A is substituted for & in equation (1), then:

E= RERIBI volts (3)
10%
Another formula for small power transformers is obtained by
solving equation (3) with respect to turns per volt.

N 1ot
E = 4.44BiA (4)

A useful transformer design chart based on this equation is
shown in Fig. 9. The left column represents the flux density (B),
the center column is the core area (A), and the right column is
the turns per volt.

Since the core flux of any transformer tends to remain constant
regardless of load, the primary and secondary induced voltages
remain practically constant; hence:

E, _N,

E. N. (&)

where,

E, is the voltage of primary coil,

E. is the voltage of secondary coil,

N, is the number of turns in primary coil,
N. is the number of turns in secondary coil.

It follows from the above that if N, and N. are the number of
turns in the primary and secondary coils respectively, and if a
voltage E, is impressed on the primary coil, the secondary voltage
is given by the following relationship.

_EiXN»
E.= =3— (6)
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Fig. 9. Turns-per-volt chart.

Example: What will be the ratio of the primary and secondary
turns in a power transformer having 110 volts impressed on the
primary coil when an output of 660 volts is required from the
secondary?
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{ APPROX. 37 VOLTS
) 18 AMPS
SECONDARY

110 VOLTS AC SECONDARY

) 110 VOLTS Ac%
330 VOLTS AC
‘ Sk 6 AMPS

6 AMPS OUTPUT
i ST
(A) A 1:3 voltage step-up ratio. (B) A 3:1 voltage step-down ratio.
Fig. 10. Diagram illustrating turns, voltage, and current ratios.
Solution:

El_N] ]]0_N1_1

E. N, % 660 N, 6

From this it is determined that the secondary coil should have
six times as many turns as the primary coil. By examining
Fig. 10, it can be seen that a direct relationship also exists between
the number of turns in the primary and secondary coils and the
current flowing in the secondary. For example, Fig. 10A shows a
step-up transformer with a 1: 3 turns ratio. This means that, for all
practical purposes, the voltage across the secondary coil will be
three times as high as the voltage across the primary since there
are three times as many turns in the secondary. However, the
current flowing in the secondary is inversely proportional to the
turns ratio. In other words, there are 6 amperes flowing in the
primary coil, but only one-third as much (2 amperes) in the
secondary.

Conversely, in the step-down transformer of 10B, there are
6 amperes of current flowing in the primary and 18 amperes in the
secondary.

Of course no practical transformer is perfect. Because of
this, when substantial current is drawn from the secondary, the
secondary voltage decreases. This is shown in the equivalent
circuit for the basic transformer in Fig. 11. Load resistor R
places a current demand I, on the secondary. In turn, a current
demand I, is placed on the primary. Because of the leakage
inductances L,—M and L.—M, there is an IX,, drop across each
of the leakage reactances. These IX, drops obviously subtract
from the secondary voltage that would be obtained under no-load
conditions.
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@E M §R

Fig. 11. Hlustrating voltage decrease under load.

Leakage inductance, and its associated leakage reactance, re-
sults from primary flux lines that fail to cut the secondary turns.
To minimize the amount of leakage reactance, the secondary
may be wound over the primary in some transformers. In another
design, the primary and secondary wires are wound side by side.
Still other winding arrangements are used in high-efficiency trans-
formers in order to minimize the leakage reactance.

Ampere Turns
When a load impedance (Z) of some form is connected across

the secondary coil of a transformer as shown in Fig. 12, a current
flows in the secondary winding and this in turn reacts on the pri-

z
~
— m—
~

|

I

Fig. 12. Simple schematic of a typical transformer.

mary winding through the medium of the mutual induction. There-
fore, the current taken by the primary winding will depend not only
on the impedance of the primary winding itself, but also on the
amount of current flowing in the secondary, although there is no
direct electrical connection between the windings.
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The extra current taken by the primary winding of a transformer
is exactly proportional to the secondary current. Furthermore, these
two currents have equal and opposite magnetic effects on the core.
Thus, the extra primary ampere turns oppose the secondary ampere
turns so that apart from the initial magnetizing current

lelelng-_) (7)

Example: If in a certain step-up transformer, the number of
turns in the primary and secondary windings are 40 and 400 re-
spectively, what will the current ratio be?

Solution: Inserting the values in equation (7), the following is
obtained:

:—& = :—; , or the current ratio = %
Therefore, the current in the primary winding is ten times larger
than the current in the secondary winding, or I, = 10I,.

This is just the reverse compared with the relationship for the
electromotive force. Therefore, a transformer which steps the volt-
age up will step the current down in the same ratio and vice versa.

Consequently the product of primary volts and amperes is ap-
proximately equal to the product of the secondary volts and am-
peres for iron-core transformers, but these conditions do not hold
true for RF transformers where the coupling coefficient is consid-
crably less than unity.

TRANSFORMER TYPES

The two types of power transformers usually found in radio re-
ceivers are:

1. Core type.
2. Shell type.

The core types may have either a closed or open magnetic circuit,
and are thus referred to as the closed-core and the open-core type.

The open-core type consists primarily of two windings, wound
on a straight piece of laminated iron. This type of construction is
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very economical, but because of very large leakage losses (the mag-
netic path is completed mainly through the surrounding air) it is
used very sparingly in the radio field.

In the closed-core type, the windings are generally placed oppo-
site each other as shown in Fig. 13A. The sides supporting the
windings are referred to as the “core legs.”

The coils generally consist of closely wound insulated copper
wire of sufficient diameter so as not to cause excessive heating, i.e.,
the wire should be of sufficient size to carry the load of the trans-
former without overheating.

In transformers of higher voltage, each layer of the winding is
usually separated from the next by a thin insulating paper to pre-
vent the effective voltage between layers from short circuiting.

The best possible economy is secured when the winding encloses
a maximum of core area with a minimum of wire and when the
magnetic path is the shortest possible. A method widely adopted in
small transformer design involves the use of a single winding form
with all secondaries and the primary being placed on one leg of
the core.

‘PRIMARY .
TERMINALS P

LAMINATED
PRIMARY SECONDARY
WINDING IRON CORE >4/ INDING

PRIMARY fi o I seconpary

TERMINALS TERMINALS LAMINATED S A
| , IRON CORE N 5=
“_SECONDARY >
TERMINALS
(A) Closed-core. (B) Open-core.

Fig. 13. Two core-type transformers.

The shell-type transformer in Fig. 14A has a completely closed
core with a center and two outside legs forming-two outside par-
allel paths for the magnetic lines of force.

Because of the above-mentioned feature, this type of transformer
has very low magnetic leakage, and is most commonly used for
power and audio applications in the radio field. As you can see from
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PRIMARY ~ SECONDARY SECONDARY
TERMINALS  TERMINALS b TED TERMINALS
Q o P

SECONDARY
WINDING
PRIMARY >
WINDING PRIMARY .~
WINDING N
~ SECONDARY
PRIMARY WINDING
TERMINALS
(A) Shell-core type. (B) Open-core type.

Fig. 14. Two types of transformers having the primary and secondary windings
placed directly on top of each other.

the figure, the windings are placed directly over each other on the
center leg, thereby providing an economical and compact design.

The transformer in Fig. 14B has coils wound in a similar manner
except on an open core.

TRANSFORMER LOSSES

Not all of the energy drawn from the power line by a trans-
former serves a useful purpose. There are various losses incurred
in the transformation process, some of which are known as hys-
teresis loss, eddy-current loss, copper loss, magnetic-leakage loss,
etc.

INPUT M OUTPUT

o— —0

Fig. 15. A more complete equivalent circuit of a basic transformer.

We have seen that leakage inductance can be considered as
an inductance in series with either the primary or secondary
lead. Other losses, such as hysteresis, eddy-current, and copper
losses can be considered as a resistance in series with the primary
or secondary lead. Therefore, a more precise equivalent circuit
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can be drawn for the basic transformer, as shown in Fig. 15.
Note that there is an IR drop across R, and R, when a current
demand is placed on the secondary. In other words, the resistive
loss causes a reduction in output voltage in addition to the re-
duction caused by the IX;, drop across the leakage reactance.

Hysteresis Loss

Theoretically, hysteresis loss is energy spent in overcoming the
friction between the molecules of iron as they move backward and
forward with the change of direction of flux. Some believe that it

£)

LAMINATED CORE

|
Il

Fig. 16. Typical autotransformer arrangement. E, is the primary
voltage and E: is the secondary voltage for a step-down
voltage ratio.

is the natural resistance of the metal to the flow of flux and that
the molecules of iron do not move backward or forward.

Eddy-Current Loss

This type of loss is the energy spent in the heating action of the
induced currents in the iron core by the varying flux. Voltages are
induced in the core by the alternating flux and these voltages pro-
duce eddy currents that represent energy subtracted from the
input energy.
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Fig. 17. Transformer designed for use at intermediate radio
frequencies.

Copper Loss

This varies directly with the square of the current due to the
load of the transformer. The total copper loss in the transformer
is (1,2 X R;) of the primary plus (I.> X R.) of the secondary.

Magnetic-Leakage Loss

When the magnetic lines of force flow through the core, some of
them do not interlink both coils, thus causing an inductive resist-
ance or counter electromotive force in the primary coil, which is
not transmitted to the secondary coil. This then causes a loss of
voltage analogous to the resistance loss in the primary winding.
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TRANSFORMER EFFICIENCY

Because of the relatively small power involved in radio trans-
formers, there is no urgent need for high efficiency. Generally a
transformer that is 80% efficient is satisfactory.

The efficiency of a transformer may be written in the form of an
equation as follows:

output of secondary
output of secondary + transformer losses

Efficiency =

When the core loss is small, the transformer has a high efficiency
on light loads. When the core loss is equal to the copper loss, the
transformer has a high efficiency on full load or overload.

Courtesy Stancor Electronics, Inc.
(A) Shielded type. (B) Unshielded type.
Fig. 18. Two types of permeability-tuned transformers.
The efficiency of a transformer may also be written:

output in watts of secondary
input in watts of primary

Efficiency =

AUTOTRANSFORMERS

The autotransformer is sometimes used in audio-frequency am-
plifier couplings, and in connection with battery chargers, bell-ring-
ing transformers, etc.
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* =3

INTERSTAGE STEP-DOWN STEP-UP TAPPED
SECONDARY

IRON CORE
(FIXED VALUE}

POWDERED-IRON CORE

3 3

FIXED VARIABLE

1

AUTOTRANS-
AIR CORE FORMER
VARIABLE

|

POWER

Fig. 19. Schematic symbols for transformers.

Principally the autotransformer consists of one coil tapped at one
or more points (Fig. 16), dividing it into parts. Any given part can
be used as the primary or secondary. The ratio depends upon the
number of turns in each part and can be a step-up or step-down
ratio.

Because of its simplicity, this form of transformer is economical
to build, but is hazardous on high voltage and should be used only
for small ratios of transformation. The transformation at low ratios
is accomplished partly by transformer action; however, at higher
transformation ratios, more and more of the power is transferred
by regular transformer action and less by direct conduction.

RADIO-FREQUENCY TRANSFORMERS

In addition to the fixed-inductance, iron-core transformers dis-
cussed so far, there are air-core types and those which employ ad-
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justable iron cores. Fig. 17 shows an example of a transformer
designed for use at the intermediate radio frequencies. This type
of transformer is generally used in conjunction with trimmer ca-
pacitors across the primary and secondary windings to form a tuned
transformer that will couple signals of a predetermined frequency
to another stage while discriminating against all other signals.

Fig. 18 shows two examples of transformers which use ad-
justable powdered-iron cores to vary their inductive characteristics.
The transformer shown in Fig. 18A is enclosed in a can which
acts as a shield; the transformer in Fig. 18B is unshielded. Trans-
formers of this type are referred to as permeability-tuned trans-
formers and may or may not be employed in resonant, or tuned,
circuits. Some of the schematic symbols representing the various
types of transformers are shown in Fig. 19.

SUMMARY

A transformer consists of two or more coils which couple
energy from one circuit to another by means of electromagnetic in-
duction. Two types of induction are present in any transformer—
mutual induction and self-induction. Mutual induction is the prop-
erty of two circuits, situated in such a manner with respect to each
other that a current in one circuit sets up a magnetic field which
is linked with the other circuit. Self-induction is the property of a
single circuit whereby a current flowing sets up a magnetic field
which links with the circuit, inducing an emf.

When the magnetic field of one circuit is linked to another cir-
cuit, the two are said to be coupled. The amount of coupling be-
tween circuits depends on their proximity, their relative positions,
and the medium through which the magnetic flux must travel.

A transformer does not generate power; it merely transfers it
from one circuit to another, usually with a change in voltage. A
step-up transformer is one in which the output voltage from the
secondary is higher than the input voltage to the primary. Trans-
formers for use in low-frequency circuits normally have a laminated
iron core to provide maximum coupling between the primary and
secondary. Transformers for use in the radio-frequency range often
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have a core of a nonmagnetic material in order to minimize losses
and thus improve efficiency. Powdered-iron cores are also used
in some high-frequency circuits to provide maximum coupling with
improved efficiency.

Losses in transformers are from several sources. The major
sources of loss are hysteresis, eddy currents, I?R, and magnetic
leakage. Careful design and quality materials can reduce these
losses to a minimum.

An autotransformer consists essentially of only one winding,
tapped at one or more points to give either a step-up or step-down
ratio. This type of transformer is economical to build, but should
only bz used for small ratios of transformation,

REVIEW QUESTIONS

1. What is the primary purpose of a transformer?

2. What is mutual induction?

3. What is self-induction?

4. Define coupling.

5. What type of core is usually used in a transformer for low-
frequency application?

6. Why is an air-core often used in transformers for RF ap-
plication?

7. What are eddy currents and how can they be reduced?

8. What is copper loss?

9. Draw the schematic symbol of an iron-core transformer that

has two secondary windings.
10. How does an autotransformer differ from a conventional trans-
former?
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Chapter 10

Vacuum Tubes

A vacuum tube in its simplest form is usually a glass or metal
envelope containing a number of elements designed to perform
specific functions in connection with the transmission and reception
of radio signals. There are many types of vacuum tubes, and they
vary not only physically but also in electrical characteristics. Fig. 1
illustrates some of the different types of vacuum tubes. One of the
more recent designs is an extremely compact version known as a
nuvistor. The internal construction of one such device is shown in
Fig. 2.

The general purpose of a vacuum tube is to detect and amplify
radio waves, to change alternating current into direct current, to
produce oscillations or rapid electrical pulsations, to change an
electric current of one ‘degree of pulsation to that of another, and
for innumerable other purposes.

The materials used for housing the elements of a vacuum tube
may be glass, metal, ceramic, or sometimes a combination of these
materials.

VACUUM-TUBE OPERATING PRINCIPLES

In any electronic tube, minute electrical charges called electrons
jump from a metallic surface (usually heated), in a vacuum, to an-
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" 2l

e \ Lty

Fig. 1. Various types of vacuum tubes.

other metallic surface and cause current to flow between the two
when connected together as shown in Fig. 3. This current flow is
always in one dircction only—never in the reversc.

To produce such a flow of clectrons, which constitutes an electric
current, the following fundamental requirements must be obtained:

1. There must be a continuous source of supply voltage for the
cathode which produces the current flow.

2. The cathode must be maintained at the high temperature nec-
essary for the dissipation of electrons from it.

3. To produce this continuous flow of electrons, a force must be
supplied to transfer them through the vacuum.

Now, since the clectrons consist of infinitcly small negative
charges of clectricity, it is evident that they will be attracted to a
body that is positively charged and repelled by a body that is
negatively charged.
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Courtesy Radio Corporation of America.
Fig. 2. Internal construction of a typical nuvistor vacuum tube.

Hence, if a second element (anode) is added within the vacuum
enclosure and is maintained at a positive potential with respect to
the cathode, it will attract the negatively charged electrons.

In its simplest form, therefore, a vacuum tube consists of two
electrodes—a cathode and an anode (sometimes referred to as fila-
ment and plate—the former emitting or discharging the electrons
and the latter acting as a collector of electrons. A vacuum tube hav-

PLATE
OR ANODE

ELECTRON
-FLOW

GLASS .~

ENVELOPE

Fig. 3. The flow of electrons in a

FILAMENT vacuum tube.
OR CATHODE

e—
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ing only these two elements is called a diode or two-electrode vac-
uum tube.

Electron Emission

The phenomenon whereby electrons can be driven out of a con-
ductor by heating it, as in the case of a radio vacuum tube, is called
thermionic electron emisison, or simply electron emission.

Electron emission, also known as the Edison effect, was dis-
covered by the famous inventor in his early experiments with the in-
candescent lamp sometime prior to 1890. Edison observed that
when a metal plate was sealed inside a lamp bulb so that it was be-
tween the two sides of the carbon filament, but electrically insu-
lated from the filament, an electric current would flow through a
galvanometer connected between the outside terminal of the metal
plate and the positive terminal of the filament. When the galva-
nometer was connected between the negative terminal of the fila-
ment and the outside terminal of the plate the current flow stopped.

Although the phenomenon was known at this early date, its avail-
ability could not be utilized, due to the absence of the vacuum tube.
It was only after the discovery of the vacuum tube by Professor
J. A. Fleming and Dr. Lee de Forest that this great invention could
be made serviceable.

The emission of electrons from a conductor may be accelerated
by increasing the temperature of the conductor. Once free, most of
the emitted electrons make their way to the plate, but others return
to the cathode, repelled by the cloud of negative electrons immedi-
ately surrounding the cathode. This cloud of electrons surrounding
the emitting cathode is known as the space charge.

In tubes in which the electron velocity is high, some of the elec-
trons that reach the plate may strike it with sufficient force to dis-
lodge electrons already on the plate. The dislodging of electrons
from the plate by other fast-moving electrons is called secondary
emission.

A vacuum tube consists of a cathode, which supplies electrons,
and one or more additional electrodes, whose function it is to con-
trol and collect these electrons, all mounted in an evacuated enve-
lope. This envelope may consist of a glass bulb or it may be the
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more compact and efficient metal shell. In recent years, ceramic
envelopes have even been employed.

The outstanding properties of the vacuum tube lie in its ability to
control almost instantly the motion of millions of electrons supplied
by the cathode. Because of its almost instantaneous action, the
vacuum tube can operate very efficiently and accurately at electrical
frequencies far above those obtainable by mechanical means.

Function of the Cathode

When a metal becomes hot enough to glow, the agitation of
the electrons becomes sufficiently great to enable a certain num-
ber of them to break away from the metal. It is this action that
is utilized in the radio tube to produce the necessary electron
supply. A cathode is that part of a vacuum tube which sup-
plies the electrons that are essential for its operation. All heated
cathodes in vacuum tubes are universally heated by electricity. The
method of heating the cathode may be used to distinguish between
the different forms.

HEATER
INSULATOR

CATHODE ____
SLEEVING

/ |——— FILAMENT WIRE
|

,’ OX|DE |
/ COATING——|
|

CATHODE
SHEATH

WIRE—__

WIRE
SUPPORT
(A) Directly heated. (B) Directly heated. (C) Indirectly heated.
Fig. 4. Various types of cathodes.

The simplest form of a cathode is a wire or ribbon (Figs. 4A and
B) heated directly by the passage of current through it. Radio
tubes having such filaments for cathodes are sometimes referred to
as filamentary tubes to distinguish them from tubes having indi-
rectly heated cathodes.
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A common arrangement of an indirectly heated cathode is shown
in Fig. 4C. Here the cathode consists of a cylindrical metallic
slecve, usually of nickel, coated with a mixture of barium and
strontium oxides. This oxide coating is used because of its ability to
greatly increase the electron emission at normally used tempera-
tures,

A lead wire from the cathode sheath is carried out to an external
terminal on the tube in order that the cathode may be maintained
at any desired potential.

The heater wire usually consists of tungsten or a similar metal
and may be in the form of a spiral or, as in Fig. 4C, in the form of
a hairpin threaded through holes in a ceramic insulator. Tubes hav-
ing cathodes of this type are referred to as heater-type tubes.

The heater may be operated from either direct or alternating
current. The one disadvantage of using alternating current for the
filaments of tubes used in audio-frequency circuits is that it may
introduce objectionable hum in the output. This hum can usually
be reduced somewhat by connecting the plate and the grid circuits
to the midpoint of the secondary of the transformer (Fig. 5). Gen-
erally, however, it is not recommended to use AC in the filament
of tubes used in the early stages of high-gain amplifiers.

CLASSIFICATION OF TUBES

Tubes are usually classified according to the number of elec-
trodes present. For example, a two-element tube is called a diode,
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a three-element tube is a triode, and so on to tetrodes and pentodes.
A pentode therefore is a tube having five elements (see Fig. 6).
Tubes may also be classified according to whether there is high
vacuum, gas, or an element that vaporizes within the envelope of
the tube.

Diodes

From the foregoing it is evident that electrons are of no value in
a tube unless they can be controlled or made to work according to

PLATE

AL SCREEN N scRen
CONTROL GRID SUPPRESSOR RID
ori0 *-_’-':3_3’,_ GRID _3;5/
R — -~ CONTROL —X /==
FILAMENT L TRIDT
"CATHODE
FILAMENT
(A) Diode. (B) Triode. (C) Tetrode. (D) Pentode.

Fig. 6. Vacuum tube schematic representation.

a predetermined schedule. The very simplest form of tube consists
of two electrodes—a cathode and a plate—and is most often re-
ferred to as a diode, which is the family name for two-electrode
tubes.

In common with all tubes, the electrodes are enclosed in an
evacuated envelope with the necessary connections projecting
through airtight seals. The air is removed from the envelope to al-
low free movement of the electrons, to prevent injury to the emit-
ting surface of the cathode, and to prevent rapid burnout of the
tube filament. If the cathode is heated, electrons leave the cathode
surface and form a cloud in the space around it. Any positive elec-
tric potential within the evacuated envelope will offer a strong at-
traction to the electrons.

In a diode, the positive potential is applied to the second elec-
trode, known as the anode, or plate. The potential is supplied by a
suitable electrical source connected between the plate terminal and
the cathode terminal, as seen in Fig. 7. Under the influence of the
positive plate potential, electrons flow from the cathode to the plate
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Fig. 7. Diode connections,
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and return through the external plate-supply circuit to the cathode,
thus completing the circuit. This flow of electrons is known as the
plate current and may be measured by a sensitive current indicator
such as a galvanometer.

The Diode as a Rectifier—It is obvious that under no condi-
tions can the current flow from the plate to the cathode. As far as
the current is concerned the tube is a one-way path. That is, current
will flow only from cathode to anode. Increasing the positive po-
tential on the plate will increase the flow of electrons from the cath-
ode to the plate and consequently increase the current flow in the
plate circuit, but if the plate is made negative instead of positive it
will repel the electrons and no current will flow. Therefore, the di-

TRANSFORMER

PLATE l
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ouTPUT
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Fig. 8. A half-wave rectifier circuit.
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ode acts as an electrical valve that will permit current to flow in
one direction but not in the other. It is this characteristic of the
diode that has been utilized as a means of converting or rectifying
alternating current into direct current.

The diode is commonly used as a signal rectifier or detector in a
radio receiver and as a power rectifier to convert alternating current
into direct current. Diode rectifiers may have one plate and one
cathode or one or more cathodes and two plates. When only one
plate is employed, the tube is referred to as a half-wave rectifier
(see Fig. 8). In this circuit, current can flow only during one-half of
the alternating-current cycle and that half is the one that makes the
plate positive with respect to the cathode.

Full-Wave Rectifier—If two plates and one or more cathodes
are used in the same tube, current may be obtained during both

|

QUTPUT
CURRENT

:

AC SOURCE

Fig. 9. A full-wave rectifier circuit.

halves of the alternating-current cycle as shown in Fig. 9. The tube
is then called a full-wave rectifier. In this circuit, the voltage at the
center tap of the high-voltage secondary winding is zero with re-
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spect to terminals 1 and 2. During the period when terminal 1 is
positive, terminal 2 will be negative.

Plate P, will draw current while plate P. is idle and vice versa.
In this manner both the positive and the negative halves of the al-
ternating-current cycle are utilized, and the resulting output current
consists of a series of unidirectional pulses with no spacing between
them as shown in the lower part of Fig. 9. These unidirectional
pulses may be further smoothed out by insertion of filters consisting
of inductive and capacitive reactances connected to the output ter-
minals of the rectifying system.

Space-Charge Effect—Not all of the electrons emitted by the
cathode reach the plate. Some return to the cathode while others re-
main for a brief period in the space between the cathode and plate
thereby forming a space charge. This charge has a repelling action
on other electrons which leave the cathode and impedes their pas-
sage to the plate. The extent of this action and the amount of space
charge depend on the cathode temperature and the plate potential.

Plate-Voltage Versus Plate-Current Relationship of a Diode
—The higher the plate potential, the less is the tendency for
electrons to remain in the space-charge region and repel others.
This effect may be noted by applying increasingly higher plate volt-
ages to a tube operating at a fixed heater or filament voltage. Under
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Fig. 10. Characteristic curve of a diode.
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these conditions, the absolute maximum number of available elec-
trons is fixed; but below this limit, increasingly higher plate volt-
ages will, as previously stated, succeed in attracting a greater pro-
portion of the free electrons.

Beyond a certain plate voltage, however, additional plate voltage
has little effect in increasing the plate current. The reason is that
all of the electrons emitted by the cathode are already being at-
tracted to the plate. This maximum current is called saturation cur-
rent, and because it is an indication of the total number of electrons
emitted, it is also known as the emission current (see Fig. 10).

Tubes are sometimes tested by measurement of their emission
current. In this test, however, it is generally not feasible to measure
the full value of emission because this value would be sufficiently
large to cause a change in the tube’s characteristics or to damage
the tube. For this reason, the test value of current in an emission
test is less than the full emission current. However, this test value
is larger than the maximum value which will be required from the
cathode during normal tube operation. The emission test, therefore,
indicates whether the cathode of the tube can supply a sufficiently
large number of electrons for satisfactory operation of the tube.

Triodes

The triode or three-electrode tube is principally a two-electrode
tube in which a third electrode, called the grid, is placed between
the plate and the cathode (Fig. 11).

The grid usually consists of a fine wire mesh extending the full
length of the cathode. The spaces between the turns of the wire
constituting the grid are comparatively large so as not to impair the
passage of electrons from the cathode to the plate.

Grid Function—The function of the grid is to control the plate
current. By maintaining the grid at a negative potential, it will repel
electrons and will, to some degree, neutralize the positive or attrac-
tive force exerted upon them by the positive plate. Hence, a stream
of electrons will flow from the cathode to the plate, although
smaller than it would be if the negative grid had not been present.
Now if the grid is made less negative, it follows that its repelling
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effect will be reduced and more current will be permitted to flow
to the plate.

Similarly, if the grid is again made more negative, its repelling
force will increase and the current to the plate will correspondingly
decrease (see Fig. 12). If the grid is made sufficiently negative, the
plate current can be cut off completely.
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Fig. 11. Triode connected to batteries. 1!
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From the above, it follows that when the potential of the grid is
varied in accordance with some desired signal, the plate current will
vary in a corresponding manner. Because the grid is assumed at all
times to be at a negative potential with respect to the cathode, it
cannot collect electrons and so a very small amount of energy will
be sufficient to vary its potential exactly in accordance with the
input signal.
Capacitance Effect—In a triode, the grid, plate, and cathode
form what is called an electrostatic system—that is, each electrode
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(A) Grid negative. (B) Grid positive.
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Fig. 12. Effect of grid polarity on plate current.

acts as the plate of a small capacitor. The capacitive values exist
between the grid and plate, plate and cathode, and grid and cathode
(see Fig. 13).

These capacitances are usually referred to as “interelectrode
capacitances.” It might also be pointed out that the capacitance be-
tween the grid and plate is of the utmost importance, because in
high-gain, radio-frequency amplifier circuits, this capacitance may
act to produce undesired coupling between the input circuit (the
circuit between the grid and cathode) and the output circuit (the
circuit between the plate and the cathode). The effect of this cou-
pling can cause instability and oscillation.

CAPACITANCE BETWEEN GRID CAPACITANCE BETWEEN
GRID AND CATHODE \ GRID AND PLATE
A ——
I WA

CATHODE

CAPACITANCE BETWEEN
PLATE AND CATHODE

Fig. 13. Interelectriode capacities in a triode.

Tetrodes
The undesirable capacitance between the grid and the plate in
the triode can be decreased by inserting an additional electrode.
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known as a screen grid, between the grid and the plate, as shown in
Fig. 14. With the addition of this fourth electrode, the tube is ac-
cordingly referred to as a tetrode.

The Screen Function—The position of the screen between the
grid and the plate gives it the function of an electrostatic shield be-
tween them, thus reducing the capacitance between the two.

The effectiveness of this shielding action is further increased by
inserting a bypass capacitor between the screen and the cathode.
Therefore, by means of this screen and bypass capacitor, the grid-
to-plate capacitance is very small.

The screen has another desirable effect in that it makes plate cur-
rent almost independent of plate voltage over a certain range. The
screen is operated at a positive voltage (although somewhat less
than the plate) and, therefore, attracts electrons from the cathode.

LOAD
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Fig. 14. Connection of electrodes in a tetrode.

However, because of the comparatively large spaces between wires
of the screen, most of the electrons drawn to the screen pass
through it and go on to the plate. Hence, the screen supplies an
electrostatic force that aids in pulling electrons from the cathode to
the plate.

At the same time, the screen shields the electrons between the
cathode and screen from the plate so that the plate exerts very little
electrostatic force on electrons near the cathode. Therefore, the
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plate current in a screen-grid tube depends to a great degree on the
screen voltage and very little on the plate voltage. This holds true
only as long as the plate voltage is higher than the screen voltage.

The fact that plate current in a screen-grid tube is largely inde-
pendent of plate voltage makes it possible to obtain much higher
amplification with a tetrode than with a triode. The low grid-to-
plate capacitance makes it possible to obtain this high amplifica-
tion without plate-to-grid feedback and resultant instability.

Pentodes

It has previously been mentioned that when high-velocity elec-
trons strike the plate they may dislodge other electrons. In diode
and triode tubes this is generally no problem since there is no posi-
tive electrode other than the plate to attract them. These vagrant
electrons, therefore, are eventually drawn back to the plate.

Emission from the plate caused by bombardment of the plate by
electrons from the cathode is referred to as secondary emission
since its effect is secondary to the original cathode emission.

In the case of the previously discussed screen-grid or tetrode tube,
the proximity of the positive screen to the plate offers a strong at-
traction to these secondary electrons, and more markedly so if the
plate voltage is lower than the screen voltage. This results in lower-
ing of the plate current and limits the permissible plate-voltage
swing for tetrodes.

To overcome the effects of secondary emission, a third grid,
called the suppressor grid, is inserted between the screen and plate.
This grid, usually connected directly to the cathode, repels the rela-
tively low-velocity secondary electrons back to the plate without
obstructing to any appreciable extent the regular plate-current
flow. Larger undistorted outputs therefore can be secured from the
pentode than from the tetrode.

Pentode-type screen-grid tubes are used as high-gain RF and
AF voltage amplifiers since the pentode resembles the tetrode in
having a high amplification factor. Pentode tubes also are suitable
as AF power amplifiers, having greater plate efficiency than triodes
and requiring less grid-voltage drive to obtain maximum output. In
audio power pentodes, the function of the screen grid is chiefly that
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of accelerating the electron flow rather than shielding. In radio-
frequency (RF) voltage amplifiers, the suppressor grid, in eliminat-
ing the secondary emission, makes it possible to operate the tube
with the plate voltage as low as the screen voltage. This cannot be
done with tetrodes.

Pentodes used as audio-frequency power amplifiers have inher-
ently greater distortion (principally odd-harmonic distortion) than
triodes. The output rating usually is based on a total distortion of
10%.

The Beam-Power Tube

In this tube a different method is used for suppressing secondary
emission. The tube (Figs. 15 and 16) contains four electrodes, a
cathode, grid, screen and plate respectively. The spacing between
the electrodes is such that secondary emission from the plate is sup-
pressed without the suppressor found in the pentode.

Because of this method of spacing the electrodes, electrons trav-
eling to the plate slow down when the plate voltage is low, the ve-
locity being almost zero in a certain region between the screen and
the plate. In this region the electrons form a stationary cloud—a
space charge. The effect of this space charge is to repel secondary
electrons emitted from the plate, and thus cause them to return to
the plate.

An added advantage of the beam-power tube is the low current
drawn by the screen. The screen and the grid consist of wires
wound in a spiral in such a way that each wire of the screen is
shaded from the cathode by a grid wire. Because of this alignment

PLATE

BEAM-FORMING

Fig. 15. Schematic representation of a

beam«power tube.
SCREEN
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of the screen and the grid, the electrons travel in sheets between the
wires of the screen so that very few of them flow to the screen. Be-
cause of the effective suppressor action provided by the space
charge and because of the low current drawn by the screen, the
beam-power tube has the advantage of high power output, high
sensitivity and efficiency.

Multipurpose Tubes

During the early stages of tube development and application,
tubes were essentially of the so-called general-purpose type; that is,
a triode was used as a radio-frequency amplifier, an intermediate-
frequency amplifier, an audio-frequency amplifier, an oscillator or
a detector. It is obvious that with such a diversity of applica-
tions, one type did not meet all requirements to the best advantage.

BEAM-
CONFINING
ELECTRODE

CATHODE

GRID

SCREEN

g

PLATE

p—

Courtesy Radio Corporation of America.
Fig. 16. Internal structure of a beam-power tube.
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At present a myriad of tube types have been designed for almost
every conceivable electronic application. Among the simplest and
most important in radio receiver circuits are the full-wave rectifier,
containing two separate diodes of the power type in one envelope,
and the twin triode, consisting of two triodes in one envelope. There
are many more with complex combinations of three and even four
equivalent tubes within a single envelope (pentode and two diodes,
triple diode, etc.).

To add the functions of diode detection and automatic volume
control to that of amplification, a number of types are made in
which two small diode plates are placed near the cathode, but not
in the amplifier portion of the structure. These types are known as
duplex-diode triodes or duplex-diode pentodes, depending upon the
type of amplifier section incorporated.

PLATE PLATE

SUPPRESSOR

SCREEN GRID
DIODE PLATE DIODE PLATE
D1ODE PLATE DIODE PLATE
CATHODE CATHODE
(A) Duo-diode triode. (B) Duo-diode pentode.
PLATE
CONTROL GRID /~ S2-=\ SCREEN
OSCILLATOR GRID{ =S=5= ANODE GR1D
(C) Pentagrid converter. T

CATHODE

Fig. 17. Schematic representation of multipurpose tubes.

HEATER

Another type is the pentagrid converter, a special tube designed
to serve as both oscillator and first detector in superheterodyne re-
ceivers. There are five grids between the cathode and plate in the
pentagrid converter; the two inner grids serve as control grid and
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plate of a small oscillator triode, while the fourth grid is the de-
tector control grid. The third and fifth grids are connected together
to form a screen grid which shields the detector control grid from
all other tube elements. The pentagrid converter eliminates the
need for special coupling between the oscillator and detector cir-
cuits.

The conventional schematic representation of these tubes is
shown in Fig. 17. Another type of tube consists of a triode and
pentode in one envelope, for use in cases where the oscillator and
first detector are preferably separately coupled. Still another type
consists of a pentode with a separate grid for connection to an ex-
ternal oscillator circuit. This “injection” grid provides a means for
introducing the oscillator voltage into the detector circuit by elec-
tronic means.

Tetrodes and pentodes used as RF voltage amplifiers are made in
two types known as sharp cutoff and variable-mu, or super-control,
types. In the sharp-cutoff type, the amplification factor is practi-
cally constant regardless of grid bias up to the point of plate-current
cutoff; while in the variable-mu type, the amplification factor de-
creases gradually as the negative bias is increased. The purpose of
this design is to permit the tube to handle large signal voltages with-
out distortion in circuits that employ grid-bias control to vary the
amplification. The variable-mu type is employed to reduce interfer-
ence from stations on frequencies near that of the desired station
by preventing cross-modulation. Cross-modulation is modulation of
the desired signal by an undesired one, and is practically the same
thing as detection. The variable-mu type of tube is a poor detector
in RF circuits, hence cross-modulation is reduced by its use.

SUMMARY

The general purpose of a vacuum tube is to detect and amplify
radio waves, to change AC to DC, to produce oscillations or
pulsations, and for many other purposes in electronic circuits.

The principle of operation of a vacuum tube depends on a
continuous supply of voltage to the cathode in order for it to pro-
duce a current flow, the cathode must be maintained at a tempera-
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ture high enough to release electrons from its surface, and a force
supplied to transfer the electrons through the vacuum.

A cathode heated by a supply voltage furnishes electrons which
are attracted to a second element called the anode. Thus, an
electron flow is established. This flow is always in one direction
—from the cathode to the anode (plate). This type of tube is
known as a diode. A third element positioned between the cathode
and anode can be used to control the electron flow. A small varia-
tion of voltage on this third element, called a grid, can cause a
large variation in the electron flow. Thus, amplification can take
place.

Other elements can be added to provide other functions in
regard to the electron flow, making possible greater amplification,
specialized control, or other desired results. Tubes with multiele-
ment construction are called tetrodes, pentodes, duo-diodes, diode-
triodes, etc.

REVIEW QUESTIONS

Name three basic functions of a vacuum tube.

What is the direction of electron flow in a vacuum tube?
What is space charge?

What is secondary emission?

What are the main functions of a diode?

What is the purpose of the grid in a triode vacuum tube?
What is the purpose of a screen grid in a vacuum tube?
What is the purpose of a suppressor grid in a vacuum tube?
Give an example of a multipurpose vacuum tube.

What method is used to vary the amplification in certain types
of vacuum tubes?
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CHAPTER 11

Semiconductor Diodes

A semiconductor diode is a solid-state device that is used to
control the flow of electrical current. However, unlike the compo-
nents discussed so far, the semiconductor possesses somewhat dif-
ferent characteristics. Its closest relative is the vacuum-tube diode.
Semiconductor diodes can be employed in almost any application
in which a vacuum-tube diode is used and, in fact, in some instances
where a tube cannot be used.

ADVANTAGES OF SOLID-STATE COMPONENTS

Solid-state semiconductors have several distinct advantages over
vacuum tubes. First of all they do not require a filament for oper-
ation; therefore, they consume less operating power, and subse-
quently less heat is generated. Heat can be damaging to other com-
ponents, so it is desirable that it be kept to a minimum. Solid-state
components are also much smaller as a general rule and operate
more efficiently than vacuum tubes. Because of these advantages,
the use of semiconductor components in electronic equipment has
been on the upswing in recent years.
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PHYSICAL AND ELECTRICAL CHARACTERISTICS

All semiconductor diodes are constructed of a material such as
selenium, silicon, or germanium which, when properly treated, has
the ability to permit electron flow in one direction but essentially
none in the other. Thus, a semiconductor acts as a conductor to
electrons flowing in one direction, but as an insulator to electron
flow in the opposite direction. From this it becomes apparent that
a semiconductor diode performs the same function as a diode vac-
uum tube, the only difference being that the semiconductor device
is composed of solid materials rather than individual elements en-
closed in a vacuum. Some semiconductors are composed of a single
material, whereas others use two different materials to form a junc-
tion. These materials, which have been specially treated (usually
impurities are added), are known as P- and N-type semiconductors.

There are two basic classes of semiconductor diodes. One is re-
ferred to as a signal diode and is used in circuits where the power
requirements are low; these devices are not designed to withstand
heavy current. Some of the more common uses of signal diodes are
in detectors, discriminators, AFC (automatic frequency control)
circuits, etc. The second class of semiconductors is a more rugged
version designed to handle higher currents and is referred to as a
power diode. These are used primarily as rectifiers in power-supply
circuits.

Both classes of semiconductors operate on the same principle;
however, it is the type of semiconductive material and the physical
construction that affect the electrical characteristics of the device.
Signal diodes (often referred to as crystal diodes) generally employ
a material such as germanium, whereas the higher-current devices
generally employ silicon as the semiconductor. Fig. 1 shows several
types of crystal diodes.

The simplest and oldest form of semiconductor is the metallic
rectifier. A metallic rectifier presents a high resistance to the flow
of current through it in one direction and a comparatively low re-
sistance to the flow of current through it in the opposite direction.
Thus, if an alternating voltage is applied to the terminals of a single
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Fig. 1. Typical examples of crystal diodes.

rectifier, current will flow easily in one direction, but practically not
at all in the other direction. The current flow is actually a pulsating
DC current since it flows for a half cycle only, during each cycle
of the applied AC voltage (Fig. 2).
The unidirectional conductivity possessed by the junction of
various combinations of different solids is the basis of metallic
AVERAGE DC

Fig. 2. The result of passing alternating
\ [ current through a metallic rectifier.

ONE CYCLE

rectifiers. Selenium and silicon are generally used as the semicon-
ductor, although other materials such as copper oxide and mag-
nesium may be used instead.

In the selenium type of rectifier (Fig. 3) the basic materials are
selenium, aluminum, and a low-melting-point alloy. In the manu-
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facturing process, aluminum base plates are prepared by chemical
etching and are electroplated with a thin layer of nickel. The under-
cut etch serves as a mechanical means of bonding the selenium
layer to the base plate during the subsequent pressing operation.

Fig. 3. A selenium rectifler.

The nickel plating governs crystal growth and orientation in the
selenium layer.

High-purity selenium is then sprinkled over the nickel-plated
base plate in fine powder form and is then subjected to high tem-
perature and pressure in hydraulic presses with electrically heated
platens. After the power-press operation, the selenium rectifiers are
placed in ovens for heat treatment which completes the crystalliza-
tion process. Here the selenium is completely converted to a me-
tallic form and the crystals are arranged to cause rectification.

During the heating process, the temperature is exceedingly criti-
cal, since a one-percent deviation could cause poor crystallization
and consequently a poor rectifier cell. This heat treatment also
forms a very thin “barrier layer” on the selenium and it is believed
that current rectification is accomplished in this layer.

Selenium rectifiers are used alternately with copper-oxide recti-
fiers for alternating-current rectification. Typical applications in-
clude radio and television receivers, business machines, communi-
cations equipment, battery chargers, electroplating equipment, etc.
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Since selenium rectifiers are thermally as well as electrically
rated devices, it is important that the rectifier stack be located away
from all heat sources such as resistors, tubes, transformers, ballasts
or any other heat-radiating components.

In larger installations, forced-air cooling is quite often used as
a means of dissipating heat. Thus, for example, a rectifier that is
rated at 10 amperes with normal convection cooling can be oper-
ated at 25 amperes if sufficient cool air is passed across the cells.
Also, to decrease the effects of very high ambient temperatures,
forced air is often used to allow higher percentages of normal rating.
In all cases, however, manufacturers’ recommendations should be
adhered to.

The efficiency of conversion in selenium rectifiers is relatively
high, or on the order of 90% in three-phase, full-wave circuits and
70% in single-phase, full-wave circuits (to be discussed later). The
nonlinear characteristics of selenium rectifiers contribute to high
efficiency even at large overload factors.

By the very nature of their construction (two metals separated
by a semiconductor), selenium rectifiers have a considerable
amount of inherent capacity. This capacity, 0.1 to 0.15 microfarad
per square inch of rectifying area, limits the frequency at which
rectifiers can be used. The practical limit varies between 1,000 and
15,000 hertz, depending on cell size and electrical requirements.
In general, for applications that require small values of direct cur-
rent, the maximum practicle frequency is 15,000 hertz. The limit
is 1,000 hertz when relatively large DC loads are involved.

Operation of selenium rectifiers at frequencies above the prac-
tical limit results in a sharp reduction of the rectification ratio and
efficiency due to increased reverse current. Selenium rectifiers can
be overloaded with respect to their current output under momentary
or cyclic condition without serious damage. A prolonged overload,
however, such as that produced by a short circuit, will damage or
destroy the rectifier. Thus, it is important that proper circuit pro-
tection in the form of fuses or other devices is used, and that proper
precautions are observed to locate and .correct the trouble before
power is applied to the rectifier.
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Exceeding the voltage rating is more serious than current over-
loads. A potential in excess of the rectifier rating may cause a
breakdown across the selenium layer, and while a selenium rectifier
is “self-healing” to a certain extent, prolonged over-voltage condi-
tions can cause rectifier failure.

The copper-oxide and magnesium type rectifiers will not be dis-
cussed here for two reasons. First of all, except for the semicon-
ductive material employed, their construction and electrical char-
acteristics are similar to those of the selenium rectifier.

Fig. 4. A silicon diode with flexible wire leads.

Secondly, except in special applications, the copper-oxide and
magnesium type rectifiers are seldom used in modern radio equip-
ment. In fact, selenium rectifiers which were once used quite ex-
tensively in radio receivers and in some television sets are rapidly
approaching obsolescence.

Silicon rectifiers are now replacing the once popular selenium
type in much of today’s electronic equipment. These silicon devices
have considerable power handling capacities and are much smaller
physically than selenium rectifiers with equivalent electrical ratings.

[ WE————mv]
< M-500 |4 | M-150
=TS

Courtesy Sarkes Tarzian, Inc.

Fig. S. Silicon rectifiers designed to fit in a clip-type holder.
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Like other components discussed previously, silicon diodes ap-
pear in a variety of forms. Some, like the one in Fig. 4, have flexi-
ble wire leads and must be soldered into the circuit. Others are
made in the form of a cartridge (Fig. 5) and fit into a clip-type
holder somewhat like a fuse holder. There are even some silicon
diodes that are constructed in a cylinderical container with pins
similar to those of a vacuum tube (see Fig. 6). Units of this type

Courtesy Sarkes Tarzian, Inc.

Fig. 6. Silicon rectifiers designed to fit into tube sockets.

need only to be plugged into a tube socket which is wired to pro-
vide the proper circuit connections.

SPECIAL-ACTION DIODES

In addition to those devices which provide the normal semi-
conductor action, there are several others that have electrical char-
acteristics that are quite different.

Zener Diode

This type of diode is known as the zener, avalanche, or break-
down diode. In this type of diode the current is switched through
it quite rapidly whenever the applied voltage is increased. This
action is refered to as avalanche breakdown and is a nondestructive
breakdown caused by the cumulative multiplication of carriers
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which produces a regenerative effect. The transit time of electrons
in the zener diode is on the order of a trillionth of a second.

Silicon Controlled Rectifier

Another type of semiconductor is the silicon controlled rectifier.
This device is constructed of alternate layers of P- and N-type
material as shown in Fig. 7. As you can see, it has three connect-
ing terminals rather than the normal two. This three-junction

GATE TERMINAL

Fig. 7. Basic construction of a silicon

controlled rectifier.

semiconductor acts as an open circuit to electron flow until an
appropriate gate signal is applied to the third terminal. When this
occurs the device is triggered into conduction and from then on
operates as a conventional semiconductor diode. The action of this
rectifier is similar to that of a thyratron tube.

Tunnel Diode

This semiconductor device is composed of a junction of P- and
N-type material to which a large amount of impurity has been
added. As the voltage across this diode is increased, the current
through it first increases, then decreases, and finally increases
again. The region where the current is reduced as the voltage
across it rises is called the negative-resistance region. The tunnel
diode can be used as an amplifier and oscillator.

POLARITY IDENTIFICATION

Polarity must be observed when semiconductor diodes are con-
nected into a circuit. Connecting a diode backwards can damage
or ruin the unit. In signal circuits where crystal diodes are gen-
erally employed, it is more likely that improper connection of the
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diode will cause the circuit to be inoperative rather than ruining
the rectifier. However, connecting a solid-state rectifier with re-
versed polarity can cause a breakdown in the properties of the
semiconductor material. When this occurs the material will have
reduced resistance to the flow of current in the reverse direction.
The ratio of forward to reverse resistance will, of course, then be
dependent on the degree of damage to the semiconductor.

o 1+ F

kK F

Fig. 8. Various methods of indicating the polarity of semicon-
ductor devices.

Fig. 8 shows several methods of indicating the polarity of a
semiconductor diode. A black stripe around one end designates
that end as the cathode or negative terminal. If the arrow-bar
symbol is painted on the diode, remember that the arrow points
in the direction opposite that of the electron flow. In other words,

DIODE OR METALLIC P_EN
RECTIFIER

. e

ZENER OR BREAKDOWN

Fig. 9. Common schematic symbols for
semiconductors.

—— K

TUNNEL DIODE

SILICON CONTROLLED RECTIFIER
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the arrow points toward the negative end. Some diodes will have
the abbreviation “Cath” printed on the cathode end or it may be
marked with the letter K or C. Other diodes use either a plus or
minus sign to indicate polarity. Fig. 9 shows some of the most
common schematic symbols used to represent the various diode
semiconductor devices. Notice that in each instance a bar repre-
senting the cathode is used to indicate polarity.

SUMMARY

Semiconductor diodes are solid-state devices used to control the
flow of electrical current. Their purpose is no different than vacuum
tubes, but the methed by which they accomplish their purpose is
different. Solid-state diodes have no filament so require less oper-
ating power with less heat generated, are smaller than a compar-
able vacuum tube, and operate more efficiently.

Semiconductor diodes are constructed of materials such as
selenium, silicon, or germanium, and have the property of allowing
current to flow quite freely through them in one direction, but per-
mitting practically none to flow in the opposite direction.

The two basic classes of semiconductor diodes are signal diodes
and power diodes. The power diodes are designed to handle
higher currents than the signal diodes. Selenium rectifiers are of
the power type of diodes, but have been largely made obsolete by
silicon diodes which are more efficient and much smaller than
selenium units with equivalent ratings.

Solid-state diodes having characteristics considerably different
than normal semiconductor action include the zener diode, silicon
controlled rectifier, and tunnel diode. Each has special characteris-
tics that makes it valuable for certain specific applications.

Polarity of solid-state devices must be observed to prevent
permanent damage to them. Thus, all semiconductor devices are
marked in some way to indicate their polarity.

REVIEW QUESTIONS

1. Can a semiconductor diode usually be used for the same ap-
plication as a vacuum tube?
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2.

2
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Name two advantages of a semiconductor diode as compared
to a vacuum tube.

What are the two basic classes of semiconductor diodes?

What is another name often given a signal diode, and list two
applications for this type of device?

What is a metallic rectifier? Give an example.

Is a copper-oxide rectifier classified as a solid-state device?
What causes the frequency-limiting characteristic of selenium
rectifiers?

Which is the most damaging to a selenium rectifier, exceeding
the voltage rating or current rating?

What is the major disadvantage of a copper-oxide rectifier?
How many terminals does a silicon controlled rectifier have?



CHAPTER 12

Transistors

The transistor, sometimes termed the “mighty midget” because
of its minute size, is primarily a three-electrode crystal device
which, when properly connected in a circuit, will provide many
of the services formerly delegated to the familiar vacuum tube.

ADVANTAGES OVER TUBES

The development of the transistor has made possible many new
types of electronic equipment, some of which use both transistors
and vacuum tubes and others that use transistors exclusively.

Transistors offer several advantages over vacuum tubes. First
of all they are much smaller than tubes and, therefore, make pos-
sible more compact radio equipment. Moreover, transistors do not
require filaments or heaters for thermonic emission as tubes do,
hence they draw far less current and produce very little heat. This
is a most desirable feature especially in regard to portable radio
equipment where current drain must be kept to a minimum for
maximum battery life. The battery-powered transistor pocket radio
has become as common in recent years as the television receiver.

THEORY OF OPERATION

The semiconductor material in most transistors employed in
radio and audio equipment is either germanium or silicon. Semi-
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conductors, as the term implies, fall in a category between good
conductors and good insulators. The semiconductor material is
not used in its pure state. Controlled amounts of certain impurities
are added which, by imparting certain conduction properties to the
material, produce what is known as a doped semiconductor.

The doping material (impurity) may be one of two general

types:

1. Donor impurity—donates electrons to the semiconductor.
Donor impurities produce N-type semiconductors.

2. Acceptor impurity—accepts electrons from the semiconductor
material. Acceptor impurities produce P-type semiconductors.

The primary difference between P and N material is in the
method by which current flows. In N-type material, current flow
is by electrons; in P-type material, current flow is by holes.

Just as vacuum tubes can be classified into low-power and high-
power types, so can transistors. For example, Fig. 1 shows a low-
power transistor, and Fig. 2 shows a power-type transistor. We
will find that transistors are also classified into low-frequency
(audio-frequency) types and high-frequency (radio-frequency)
types. Various other subclasses are also of importance to the
radioman, as explained subsequently.

Electrons and Holes

Electron is a familiar term associated with electronics and cur-
rent flow. Current flow through wires, tubes, and other components
is generally accepted to be by electrons, which are negatively

_ charged particles. The term hole is fairly new to electrons and has
a meaning opposite from the electron. Hole denotes a positive
charge, or the lack of an electron—just as the term vacuum de-
notes the lack of air.

To describe the foregoing more fully, we must touch briefly
on the atomic structure. Atoms are made up of a nucleus sur-
rounded by rings of electrons. Each ring of a particular atom con-
sists of a specific number of electrons. The electrons in the outer
ring lie in a band termed the valence band (Fig. 3). A discrete
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Fig. 1. A low-power transistor. Fig. 2. A power-type transistor.

level of energy in this band provides the force that binds all the
electrons in the valence band of one atom to the electrons in the
valence bands of other atoms and makes up the crystal structure
(Fig. 4).

VALENCE
ELECTRON

Fig. 3. Exaggerated sketch of an atom,

showing the various parts. .l CLD

If we could add atoms with five valence electrons to the struc-
ture shown in Fig. 4, the material would then contain free elec-
trons that would not be held by a valence band. This addition
can be performed in semiconductors by adding a donor impurity,
which produces an N-type semiconductor. The electrons (nega-
tive charges) not bound in the crystal structure can now be used
as current carriers. In N-type material, the electrons are called
majority carriers because the majority of the current flow will be
by electrons. This statement presupposes that current can flow by
holes, and this supposition is correct. The holes are minority car-
riers in N-type semiconductors.
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1 ﬂfgﬂgg Fig. 4. Composition of the crystal struc-

i
ELECTRONS ture from atoms.

Just as we can add a donor impurity that donates electrons to
the semiconductor material, we can add an acceptor impurity
that accepts electrons. Thus, we have produced a P-type semi-
conductor. In the P-type semiconductor, we have atoms that lack
an electron in the valence band. This lack of an electron is termed
a hole, or positive charge. The hole, being the lack of an electron
in the valence band of an atom, does not move out of this band;
therefore, conduction takes place in the valence band. This action
can occur in solids only (such as P-type semiconductors); it does
not apply to vacuum-tube theory. Because the majority of current
flow in P-type semiconductors is by holes, the holes are the
majority carriers and the eclectrons are the minority carriers.

To understand this theory, remember that (1) an electron is
a negatively charged particle which will be attracted by and will
move toward a positive charge, and (2) the hole has a positive
charge which will be attracted by and will move toward a negative
charge.

An electron leaving the valence band will leave a hole in the
valence band, and an electron-hole pair will be formed. The elec-
tron and the hole will have equal charges but opposite polarities.
If an electron fills a hole in the valence band, the charges will be
canceled.

The main points to remember are that electrons are negatively
charged particles and that holes are positive charges. Both can
move and therefore can be current carriers. In N-type semiconduc-
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tors, the electrons are the majority carriers; in P-type semicon-
ductors, the holes are the majority carriers.

Junction of P and N Semiconductors

Transistor operation normally is based upon the action of the
carriers at the junction of P and N materials. A pictorial method
of describing the action of the carriers at a junction will probably
be the easiest to follow. For this purpose, the blocks labeled N
and P in Fig. SA will represent the doped semiconductor materials.
The N material is shown as having electrons as majority carriers,
and the P material is shown as having holes as majority carriers.

In the N material or the P material, a net charge balance is
maintained by the even distribution of majority carriers throughout

N

(A) Two types of semiconductor ma- (B) Action that takes place when a
terials and their associated carriers. junction is produced.

(C) Battery showing polarity of charge
at junction as a result of the union of
N and P materials.

Fig. 5. Action of the carriers at a junction.

the material. It must be recognized that the majority carriers are
bound into the crystal structure of the semiconductor. The ma-
terial itself has no charge, and current will not flow between two
types of material if they are just placed in physical contact. The
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term junction implies that the materials are bound together at the
molecular level by a process such as fusion or melting.

When P and N semiconductors are formed together to produce
a junction, the majority carriers near the function move toward
each other and cancel out (Fig. 5B).

Because of this canceling action at the junction, a charge has
now been created between the semiconductor materials. Since some
of the majority carriers (electrons in the N-type and holes in the
P-type) have been effectively canceled, the material at the junc-
tion assumes a positive charge in the N semiconductor material
and a negative charge in the P semiconductor material. Remem-
ber as previously noted, the majority carriers were bound in the
crystal structure and, before the junction was formed, there was
an even distribution of these carriers in the semiconductor ma-
terials. Therefore, the material by itself has a zero net charge.

The electrons in the N material now are repelled by the nega-
tive charge in the P material, and the holes (positive charges) are
repelled by the positive-charge in the N material. These majority
carriers therefore maintain positions back from the junction. The
charge and its polarity at the junction are represented by the bat-
tery in Fig. SC. This charge, or potential, is extremely small—in
tenths of a volt—but does produce an effective potential hill or
barrier to the passage of the current carriers. To pass from one
side of the junction to the other, the electron or hole must gain
energy equal to this potential hill.

The sources of external energy that can move the carriers across
a junction may be radiation in the form of heat, light, or X rays;
or the source may be a more usual one, like a voltage supply.

Forward and Reverse Bias

The PN junction acts as a one-way valve, or rectifier, to the
flow of current. There is through the junction a forward, or low-
resistance direction, and a reverse, or high-resistance direction.
Current flowing in the low-resistance direction is called forward
bias; current flowing in the high-resistance direction is called re-
verse bias.
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The potential hill at the PN or NP junction, represented by the
battery at the junction in Fig, 5C, must be overcome before cur-
rent can flow. When a battery is connected so that it aids or in-
creases the potential hill at the junction, the carriers are pulled
farther away from the junction (Fig. 6). The minus terminal of
the battery attracts the holes to the right, and the positive terminal
of the battery attracts the electrons to the left. Such a reverse-
biased junction can have a DC resistance reading in the megohm
region.

As the applied voltage is increased, the potential hill increases.
and the resistance of the junction also increases. Unlike a resistor,
the reverse-biased junction increases its resistance as the voltage
increases.

Fig. 6. Result of connecting a battery
to aid, or increase, the potential hill
(reversed biasing).

—h|=

The resistance of a reverse-biased junction depends upon the
applied voltage. The current through a reverse-biased jucntion is
relatively constant. As the voltage across a resistance is changed,
the current changes. With a junction diode, however, the reverse-
bias voltage produces a resistance change, but the current re-
mains nearly the same. This condition can be shown by the Ohm’s
law formula I = E/R. Thus, if E (voltage) increases across a re-
sistor and if the resistance is constant, I (current) will increase.
If E increases and if the resistance increases proportionately (as
it does in the junction diode), then I will remain constant.

The forward biasing of a junction will reduce the potential hill.
When a battery with opposite polarity from that of the potential
hill is applied to the junction, the carriers are moved up to the
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Fig. 7. Result of connecting a battery
to reduce the potential hill (forward
biasing).

junction (Fig. 7). Holes and electrons now flow across the junc-
tion. This action results in a current flow in the external circuit.
Another way of describing this action is by saying that the bat-
tery will inject excess holes in the P material by removing electrons
and will inject electrons into the N material.

The forward bias is different from the reverse bias because the
voltage necessary to overcome the potential hill is rather small;
but once this potential is reached, the current has little opposition.
As current increases, the resistance of the junction decreases. The
applied voltage remains nearly the same. (A small rise in voltage
is necessary to overcome the resistance of the semiconductor.
material.) )

THE JUNCTION TRANSISTOR

The transistor is composed of an emitter E, a base B, and a
collector C. The arrangement in Fig. 8 is for an NPN transistor
with an N-type emitter and collector and a P-type base. Notice

Fig. 8. Arrangement of an NPN-ype
of transistor.

o
o
o
o
B
o
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o
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that the base region of the transistor is drawn thin in comparison
to either the emitter or the collector regions. There is a reason
for this thin base region: it affects both the majority and the
minority carrier action at the junctions.

The proper base-to-emitter bias for an NPN transistor is shown
in Fig. 9A. When the base-to-emitter battery is connected in the
forward direction, the majority carriers are forced up to the junc-
tion, and a current flow is produced between the base and the
emitter. The holes move into the N material, and the electrons
move into the P material. Recombination takes place at the junc-
tion, but the combining of electrons and holes can also take place
after the carriers have passed this barrier. The existence of such

(A) The proper base-to-emitter bias for (B) Action caused by connecting a
an NPN-type of transistor. second battery in the reverse bias
direction of an NPN-type of transistor.

=

B —_—

= = Iils= > -
__illi&——‘lll,;. ’1'lr ‘thr
(C) Effect of a thin base region on (D) A PNP-type of transistor showing

transistor action. reversed action.
Fig. 9. The effect of forward and reverse biasing of a transistor.
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minority carriers (electrons in this example) in the base region is
of prime importance to the operation of a transistor.

When free electrons exist in the emitter region of an NPN
transistor, they are majority carriers; but when these same electrons
cross the barrier into the base region, they are considered minority
carriers. These electrons eventually combine with holes in the
base region unless some field of force intervenes.

In Fig. 9B, a second battery is connected to the transistor. This
battery is connected in the reverse-bias direction and has thus
caused the carriers to move away from the base-to-collector junc-
tion. A wide base region permits all of the electrons from the
emitter to recombine with holes in the base region. In this situa-
tion we actually have two diodes, one forward biased and one
reverse biased; and no transistor action takes place.

In Fig. 9C, the base region has been made thin. The electrons
forced into the base region by the forward bias at the emitter-
to-base junction are now attracted by the positive charge of the
N-type material at the junction of the collector and base. A large
number of electrons now traverse the base region and reach the
collector before recombination takes place. A small number of elec-
trons and holes do recombine in the base region to produce a cur-
rent in the base-to-emitter circuit.

Current Control

The forward bias or the injection of carriers into the base region
controls the amount of current that will flow in the collector cir-
cuit. Increasing or decreasing the electron flow into the base region
of an NPN transistor will increase or decrease the electrons avail-
able to the collector circuit. For a PNP transistor, the availability
of holes to the collector is controlled by the injection of holes into
the base from the emitter.

The forward bias of the emitter-to-base junction provides en-
ergy to the carriers on each side. Because of the energy added to
the carriers, they can pass over the potential hill more easily. In
other words, because the height of the potential hill has been
effectively reduced, the carriers can pass more readily. Incidentally,
the potential hill does not decrease to zero. As the potential hill
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gets smaller, the number of recombinations increases to main-
tain a barrier. If more carriers cross the junction, more minority
carriers will be available in the base region or will be available
to the collector.

The collector current depends upon the number of available
minority carriers in the base region. Increasing the collector voltage
does not increase the number of available carriers. Therefore, the
collector current will remain relatively constant as the collector
voltage changes.

The height of the potential hill between the emitter and the base
is determined by the emitter-to-base bias. The height of the po-
tential hill also determines the collector current. Decreasing this
hill increases the available carriers, and increasing the hill de-
creases the available carriers. Thus, the collector current can be
controlled, although amplification is not necessarily produced.

Amplification and Gain

Amplification and gain, whether they be of power, current, or
voltage, are measures of the difference between the input and
output. The transistor can perform as an amplifier in various cir-
cuit configurations, and in each, the basic operation of the tran-
sistor itself will remain the same.

The input circuit of a transistor is associated with the injection
of carriers into the base region. The output circuit is associated
with the flow of carriers from the emitter to the collector. The
larger portion of the current flow is from emitter to collector, and
only a small current will flow between emitter and base. Circuits
like the one in Fig. 10 can be used to demonstrate this effect.

In this circuit, meter M1 will indicate the bias current or the
current flow between the base and emitter. Meter M2 will indicate
the collector current. When resistance R1 is changed, the current
in M1 will change, but the current change in M2 will be much
larger. A small change in the base current has produced a larger
change in the collector current.

The voltage drop across resistor R; will be small, not greater
than the voltage of battery B;. The voltage across resistor R, will
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be much larger, particularly if the voltage of battery B. is larger.
In this circuit, then, a voltage gain has been realized.

g el €
N P N
=i ——AA

Fig. 10. Circuit illustrating basic operation of the NPN-type of
transistor as an amplifier.

In practice, the circuitry can be arranged to produce either
voltage or current gain, or both; but in either case, the basic opera-
tion of the transistor remains the same.

BASIC TRANSISTOR CIRCUITS

The circuit symbols for the PNP and NPN transistors are shown
in Fig. 11. The symbols in Fig. 11A are generally accepted, and
can be used either with or without the enclosing circle. The other
symbols in Figs. 11B and 11C are less used, but will be encountered
from time to time.

The arrow on the emitter lead is the only difference between
the PNP and the NPN symbols, as shown by Fig. 11. The arrow
also indicates the direction of hole flow and the location of the
negative supply terminal.

On all symbols for solid devices, the direction indicated by the
arrow is the direction of hole flow. This procedure also has been
adopted for solid-state diodes and rectifiers.
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ION TION
PNP POINT OR JUNCTIO NPN PNP JUNC NPN
Y Y Y
B 8
(A) Most widely-used symbols, (B) Lesser-used symbols.

NPN

PNP
C
(C) Seldom-used symbols.

Fig. 11. Commonly accepted transistor symbols.

Polarity of Terminals

The polarity of voltage applied to the PNP transistor is the
opposite of that applied to the NPN. In Fig. 12, the PNP and NPN
symbols are shown with the relative polarity of voltage that exists
between each of the terminals.

The transistor can be operated in three circuit configurations—
common base, common emitter, and common collector. The con-
figurations are also referred to as grounded base, grounded emitter,
and grounded collector. The term “common” or “grounded” re-

+

(A) Common base. (B) Common emitter.

(C) Common collector.

Fig. 12. The polarities of transistor voltages in the three circuit configurations.
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fers to the element that is common to both the input and the output
circuits. In Fig. 12A, the symbols are positioned in common-base
configurations. The input is applied between the emitter and the
base, and the output appears between collector and base.

In Fig. 12B, the emitter is the common terminal. The signal is
applied to the base terminal, and the output is taken from the
collector.

Fig. 12C shows the common-collector configuration, which is also
referred to as an emitter follower. The base is the input terminal,
and the emitter is the output terminal. This configuration is the
least popular of the three configurations. It is used primarily to
match a high impedance to a low impedance.

The polarity of voltages applied to the terminals of the NPN
transistor is the same for each of the three configurations; only
the points of input and output are changed. The polarity of voltages
applied to the NPN transistor is the exact reverse of the polarity
applied to the PNP types.

Two simple rules can be employed to remember the three
transistor configurations:

1. The base must be one terminal of the input circuit.
2. The collector must be one terminal of the output circuit.

TRANSISTOR BIAS

The bias of a diode junction has been described as the flow
of current or the application of voltage in a forward or reverse
direction (forward or reverse bias). The bias of a transistor is
the voltage applied to, or the current flowing between, the
emitter and base. This bias determines the operating character-
istics of the transistor, and can be considered as being either
current bias or voltage bias, or a combination of both. The term
used depends upon which one best describes the circuit being
considered.

The current bias of a transistor will vary from a few micro-
amperes to a few hundred microamperes. The bias voltage will
seldom exceed a maximum of one volt, and part of this voltage
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is made up of the IR drop through the semiconductor material of
the emitter and base. Most transistor specifications will list the
transistor bias in terms of current flow in the base circuit.

The forward current at the emitter-to-base junction controls the
current flow between the emitter and collector. Increasing the base
current increases the current from the emitter to the collector.
Decreasing the base current decreases the current between the
emitter and collector. The arrows in Fig. 13 indicate the direc-
tion of electron flow in NPN and PNP transistors. The emitter
current is equal to the base current plus the collector current.

Common-Emitter Biasing

The circuit most often encountered is the common-emitter con-
figuration. The common-emitter circuit has a distinct bias ad-

‘ﬁ r_’
) _\ /—. . <—J
K C E C
1 g
J S
(A) NPN electron flow. (B) PNP electron flow.

Fig. 13. Direction of electron flow in transistors of opposite conduction types.

vantage in that one battery will supply both bias in the emitter
circuit and power in the collector circuit.

Various biasing arrangements are shown in Fig. 14. The circuit
of Fig. 14A provides a constant-value bias current. Resistance
R, is much larger than the base-to-emitter resistance. The bat-
tery voltage will produce a given current flow through resistor R;,
and any change in base-to-emitter resistance will have almost no
effect upon the current. This is a constant-current method of biasing
a transistor.

If the characteristics of the transistor change or if a new tran-
sistor with different characteristics is substituted, the same amount
of current will not provide the proper operating point. For most
applications, the circuit must be so designed that variations within
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the transistors themselves or variations between the same types
will not have a detrimental effect upon circuit operation.

Figs. 14B, C, and D show biasing arrangements that provide DC
compensation for transistor variations. In Fig. 14B, resistor R,
is connected from collector to base. Increased collector current
will lower the voltage at the collector because of the increased
drop across collector load R.. The reduced voltage at the collector
reduces the bias; and as a result, the collector current decreases.
This action tends to stabilize the circuit and permits wider-tolerance
components to be used.

In Figs. 14C and 14D, a voltage-divider arrangement provides
a proper bias condition. Resistor Ry, in series with the emitter,
provides current feedback. When the load resistance is large, the

PNP
PP
C
8
E
=
BATTERY BATTERY
(A) Constant-current bias. (B) Constant-current bias with DC com-

pensation.

BATTERY

—=if
BATTERY
(C) Voltage-divider biasing with DC (D) Voltage-divider biasing with cue-
compensation. rent feedback.
Fig. 14. Methods of biasi itter circuits.
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current change through R; is small. In Fig. 14D, the load is shown
as an inductor. Because there is little DC voltage drop in this
circuit, Ry now becomes important in maintaining the operating
characteristic of the stage. Current feedback is particularly useful
in stabilizing the RF and IF stages of transistor radios.

Emitter resistor R; in Fig. 14C causes the emitter to follow
changes in the collector current. As the collector current increases,
the emitter voltage level rises, moving closer to the potential on
the base. This decrease in potential difference between base and
emitter reduces the bias current and tends to return the transistor
to its correct operating characteristic.

Common-Collector (Emitter-Follower) Biasing

The common-collector circuits in Figs. 15A and 15B are identi-
cal. In the circuit in Fig. 15A, the emitter, which is the output
terminal, is at the top right. In the circuit in Fig. 15B, the collector
is at the top right in the conventional manner. Resistor R,, the
base-to-emitter junction, and load resistor R, form a series load
across the battery. The collector-to-emitter path and resistor R.
form another series circuit. Because input current and output
current both flow through load resistor R., it is common to both
circuits. Increased current flow in the collector will move the
emitter potential nearer to the base potential. The increased IR

INPUT
= BATTERY
OUTPUT OUTPUT
—= BATTERY
(A) Emitter shown at top. (B) Emitter shown at bottom.
Fig. 15. Method of biasing llector circuits.

drop across R, will reduce the current through resistor R; and
through the base-to-emitter junction. The reduction in bias cur-
rent will prevent large current changes from taking place in the
collector.
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This emitter resistor is the load resistor, and current feedback
is nearly 100%. The emitter-follower circuit is extremely stable.

Common-Base Biasing

The common-base circuit requires two voltage-supply points or
two batteries, one for power and one for biasing. In Fig. 16, re-
sistor R, and battery A give the correct operating bias. The bias

Fig. 16. Biasing common-base circuits.

BATTERY BATTERY
A B

current from battery A flows through resistor R,, the emitter, the
base, and back to the battery. The output current path is from
battery B through battery A, resistor R,, the emitter, the collector,
load R., and back to the battery. In this circuit, the input and out-
put currents differ only by the amount of bias current flowing
in the base.

The emitter and collector circuits are practically independent
from each other, although the same current flows in both. The
input current is moved by battery A, and the output current is
moved by battery B. The collector current through resistor R,
provides a current feedback that tends to stabilize the transistor
stage. Higher temperatures will increase both the collector cur-
rent and the voltage drop across R,; thus the bias current will be
reduced. This action tends to return the transistor to its proper
operating point.

AMPLIFICATION

The meaning of amplification can be extended to cover a great
deal of territory. For instance, a relay that requires only a small
wattage for its operation can control hundreds of watts by simply
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closing or opening contacts. Relay action, even though an on-off
sequence, can be considered as being amplification. Transistors
can be made to perform as on-off switches at low speeds or at
speeds in excess of those obtainable mechanically.

The change generally referred to as amplification is a constant
but smooth change of signal that is reproduced in its entirety. The
term “amplification” includes signals that are increased or de-
creased in voltage, current, or power, or in any combination of
these units. Amplification for any one stage may be as high as
X 1,000 or as low as + 3, and even less than one (< or X 0.85).

Amplification is an expression of the difference between the
input and the output signals of a circuit or of a series of circuits.
Amplification is equal to the output current or voltage level divided
by the input current or voltage level, but is also equal, in the case
of AC, to the change in output level divided by the change in
input level.

Common-Emitter Amplifier

In the common-emitter circuit of Fig. 17A, the input (bias
battery A) and the output voltage source (battery B) are equal
in voltage. This arrangement establishes the levels of current flow-
ing in the input (1) and output (2) circuits. A variable resistor
R;, which sets the bias current at 1 milliampere, is employed.

BATTERY BATTERY BATTERY BATTERY
A B A I
=t|ip- ifr=— =Hijt Al
3 VOLTS 3VOLTS 3 VOLTS ISVOLTS
(A) With a 3-volt collector supply. (B) With a 15-volt collector supply.

Fig. 17. The common-emitter amplifier.
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With a static current gain of ten, the collector current will be
10 ma. This action is termed a static current gain because both
the input and the output have static values. One milliampere of
current in the input controls ten milliamperes in the output. If the
input current is reduced to 0.8 ma and if the output current drops
to 8 ma, the change will be 2 ma in the output divided by 0.2 ma
in the input, or an AC current gain of 10.

In Fig. 17B, supply battery B has been changed to 15 volts, and
the collector current remains at 10 ma. (The current in the col-
lector circuit is relatively independent from the collector voltage.)
A resistance R, can be inserted into the collector circuit to produce
an IR drop. This voltage will vary as the input varies, and a voltage
gain will be produced. Because of the small voltage necessary to
change the base current, the voltage amplification can be quite high.
Voltage gains over 100 are not unusual for a transistor amplifier.

INPUT ouTPUT
PNP

E C
Collector
8 Bias Collector
Current

Bw

i p{ihle

BATTERY BATTERY
A B

(A) Actual currents.

INPUT ouTPUT
PNP

]

,r‘\ \\
{ Bias
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\
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Output
Current
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BATTERY BATTERY

(B) Currents as they might be considered.

Fig. 18. Current paths in a common-base amplifier.
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Common-Base Amplifier

The current gain of the common-base circuit is about 0.98.
This is a gain of less than one because more current flows in the
input circuit than in the output circuit (Fig. 18A).

The current in the input circuit is composed of the output cur-
rent plus the bias current. The output current (in either circuit)
is collector current only. Observe that the base lead theoretically
has two collector currents of opposite polarity; actually, these
currents cancel each other and leave only the bias current flowing
in the base lead.

The current paths of Fig. 18A can thus be described as shown
in Fig. 18B, in which the output current flows in both circuits.
Although the same current flows in both circuits, it must be con-'
sidered as being two currents, the input current and the output
current,

The collector current is controlled by the amount of bias or
signal current impressed across the emitter-to-base junction. The
impedance of the collector circuit will be determined by the col-
lector supply voltage, and an increased supply voltage will increase
the output impedance. A load, such as resistor Ry, inserted into
the output circuit in Fig. 18B, will have an IR drop (collector
current X resistance) across it that will be greater than the voltage
which moves this same amount of current in the input circuit.
A voltage gain is thus realized from input to output.

OUTPUT

(A) Basic amplifier. (8) Amplifier with collector
ungrounded,

Fig. 19. The common-collector amplifier.
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Common-Collector (Emitter-Follower) Amplifier

Fig. 19A shows the basic circuit for a common-collector am-
plifier. The input signal is applied to the base and collector, and
the output is taken from the emitter and collector.

Fig. 19B shows that the output lead is separated from the input
lead by the emitter-to-base junction. The voltage between the
emitter and the base will change only about 1 volt between col-
lector cutoff and full conduction; therefore, the voltage of the out-
put signal will remain almost the same as the voltage of the input
signal, but the current flow in the output circuit will be much
greater than the current flow in the input circuit.

VOLTAGE GAIN: 270 TIMES
CURRENT GAIN: 35 TIMES
POWER GAIN: 40d8B

INPUT RES ISTANCE: 1.3K
OUTPUT RES ISTANCE : 50K
AC INPUT AMPLIEIER ouTPuT (FOR GENERATOR INTERNAL
o VOLTAGE RESISTANCE OF 1K)

T

(A) Common emitter.

VOLTAGE GAIN: 380 TIMES
CURRENT GAIN: 0.98

° POWER GAIN: 26 dB
INPUT RESISTANCE : 35 OHMS
OUTPUT RES ISTANCE : 1 MEGOHM
(FOR GENERATOR INTERNAL

AC INPUT RESISTANCE OF 1K)

—o AMPLIFIER QUTPUT
VOLTAGE

(8) Common base.

e ! ' — VOLTAGE GAIN: 1
/\I 5 CURRENT GA IN: 36 TIMES
POWER GAIN: 15 dB
AC INPUT INPUT RES ISTANCE: 350K

OUTPUT RES ISTANCE: 500 OHMS
OUTPUT VOLTAGE  (FOR GENERATOR INTERNAL
RES ISTANCE OF 1K)

(C) Common collector.

Fig. 20. Transistor circuit parameters.
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The circuit is called an emitter follower because of the action
of the emitter. As the input voltage on the base of the transistor
in Fig. 19B becomes more negative, the current flow in the tran-
sistor increases. This increased current flow produces a larger volt-
age drop across emitter resistor Ry. Thus, the changes in the emitter
voltage tend to follow the changes in the base voltage.

The emitter follower has a current gain close to that of the
common emitter; but, because there is no voltage gain, the power
gain is much less. The main advantages of this circuit are the very
high input and very low output impedances, which make this cir-
cuit useful as an impedance-matching device.

SUMMARY OF TRANSISTOR AMPLIFIER
CHARACTERISTICS

Fig. 20 presents a summary of transistor amplifier characteristics.
Observe that the CB configuration has the highest voltage gain, the
CC configuration has the highest current gain, and the highest
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(B) Forward bias. (C) Reverse bias.

Fig. 21. PN junction characteristics.
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power gain is provided by the CE configuration. The CC configura-
tion is used to obtain maximum input resistance, while the CB
configuration is used to obtain maximum output resistance. Note
that the CE configuration provides phase reversal from input to
output, while the CB and CC configurations do not.

FIELD-EFFECT TRANSISTORS

Field-effect transistors are used in various high-quality receivers.
The FET has certain features that make it superior to conventional
transistors in various applications. An FET has a very high input
impedance, comparable to that of a vacuum tube, which is in sharp
contrast to the low input impedance of conventional transistors. A
field-effect transistor has three electrodes, called the drain, the
gate, and the source; these are comparable respectively to the
plate, grid, and cathode of a vacuum tube. We will find that the
characteristics of the FET are quite similar to those of triode
tubes.

To analyze the operation of the FET, let us start with a simple
junction diode shown in Fig. 21. With no bias applied, electrons
and holes are uniformly distributed throughout the N and P ma-
terial. Forward bias causes charge carriers to flow to the junction,
where they neutralize and permit conduction of forward current.
On the other hand, reverse bias sweeps the charge carriers away
from the junction, and the resulting depletion layer operates
effectively as an insulator to prevent conduction of current.

GATE

SOURCE DRAIN
o— —0

Fig. 22. N-channel junction FET.
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Fig. 22 shows a cross section of an N-channel junction FET. A
positive voltage is applied to the drain, and a negative control volt-
age is applied to the gate. When the gate voltage is zero, current
conduction occurs from the source to the drain, as shown in Fig.
23. However, an increasing negative voltage on the gate reduces
the current because the depletion layer restricts the current as it
becomes larger. In normal operation, the gate is reverse-biased, so
that the operation is quite similar to that of a triode tube. A P-
channel junction FET operates in the same manner, except that
the bias voltages are reversed. This is the same distinction that is
observed in PNP and NPN junction transistors.

Another type of FET, called the MOSFET, is designed so that
at zero gate voltage, drain-current conduction either will or will not
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Fig. 23. Effect of bias on J-FET.
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occur. If a MOSFET permits current flow at zero gate voltage, it
is called a depletion type; on the other hand, if current flow is
stopped at zero gate voltage, it is called an enhancement type. Fig.
24 shows the cross section of a depletion-mode MOSFET (N-chan-
nel version). Note that is has an additional connection called the
substrate, which is usually connected to ground. “Channel” termi-
nology derives from the fact that when the device is conducting, a
channel of N-type material occurs between the N-type drain and
the source. The basis of MOSFET operation is the capacitance
formed by the metal gate, the silicon-dioxide insulator, and the
silicon semiconductor.
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Fig. 24. N-channel depletion MOSFET.
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Since an ideal capacitor conducts no direct current, the gate
electrode has zero leakage current whether a positive or a negative
signal voltage is applied. On the other hand, the grid of a triode
tube draws current when driven positive. When the gate voltage is
zero, as shown in Fig. 24A, the existing N-channel conducts elec-
trons from the source to the drain. If a negative gate voltage is
applied, the MOS capacitor charges. This causes holes to be drawn
toward electrons on the gate, thus forcing electrons out of the N-
channel, as shown in Fig. 24B. Because the channel is now smaller,
less current flows from source to drain. If sufficient negative voltage
is applied to the gate, enough electrons are forced out of the channel
to produce pinch-off, as shown in Fig. 24C. An NPN junction is
formed, but it does not conduct current because the PN junction
is reverse-biased.
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Fig. 25. N-channel enhancement MOSFET.
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The enhancement type of MOSFET (Fig. 25) operates in an
opposite manner. When the gate voltage is zero, there is no current-
conducting channel. On the other hand, when the gate is positive,
electrons are drawn toward the gate, which sets up an N-channel.
Current then flows from source to drain in accordance with the
value of positive gate voltage that is applied. Since the input
impedance to the gate is extremely high, static electricity of strong
stray fields can build up enough voltage to damage an FET when
it is not connected into a circuit. Therefore, the leads are usually
shorted until the FET is ready to be connected.

INTEGRATED CIRCUITS

Integrated circuits represent an important direction in semi-
conductor technology. Integrated and monolithic circuits are inte-
gral solid-state units that contain transistors, resistors, semicon-
ductor diodes, and sometimes capacitors. The components of an

RZZ 3K X1

Fig. 26. An integrated amplifier package.
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integrated circuit are formed simultaneously during manufacture.
This technique tends to introduce factors that are not present when
a circuit is wired with separate components. Fig. 26 shows the
configurationi of an integrated amplifier. The transistors in an
integrated circuit are similar to conventional transistors, but more
capacitance is involved because of the compact construction.
Resistors used in an integrated circuit are basically semicon-
ductor material, which is temperature-dependent to a greater ex-
tent than an ordinary composition resistor. Therefore, it is ad-
vantageous to employ circuits that are based on resistance ratios
rather than on absolute resistance values. In other words, the
tolerance of an integrated resistor is greater than the usual tolerance
of a composition resistor. Dependence on resistance ratios makes
it desirable to use more than one transistor in a stage, as seen in

B L}

P P

N N

Fig. 27. A pair of NPN transistors diffused into a P-type substrate.

Fig. 26. This arrangement provides stable IC operation, although
resistive values tend to drift. Advantage is taken of the fact that the
percentage of drift will be practically the same for each resistor.
An integrated circuit is typically manufactured from a silicon
wafer of P-type substance. If a pair of N-type regions are diffused
into the P-type substance at separate places, a pair of diodes is
formed. The P-type material that is common to these diodes is
called the substrate. This substrate provides electrical isolation be-
tween the two N-type regions. Next, if a P-type region is diffused
into each of the N-type regions, the base of a transistor is formed.
Finally, if another N-type region is diffused into each of the P-type
regions, a pair of transistors is formed, as shown in Fig. 27. Note
that the P-type substance provides electrical isolation between the
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two transistors. Metallized contacts are made to the electrodes of
the transistors.

METALIZED CONTACT METALIZED CONTACT ~ METALIZED PLATE
R R’ c c oy

| I I

SUBSTRATE N SUBSTRATE N
J J
T T
OXIDE INSULATOR OXIDE INSULATOR
(A) An integrated resistor. (B) An integrated capacitor.

Fig. 28. How integrated resistors and capacitors are formed.

In Fig. 27, the upper N-type regions are emitters, the interleaved
P-type material forms bases, and the lower N-type regions are
collectors. To form a resistor, the upper N-type region is not used;
instead, a pair of separate contacts is made to the P-type substance.
The amount of resistance provided by the P-type substance depends
on its length, width, and depth. The lower N-type regions serve to
provide electrical isolation between the P-type resistor and the sub-
strate. When capacitors are to be formed, only the initial N-type
region is used. An oxide layer is employed as the dielectric. Cross
sections of an integrated resistor and of an integrated capacitor
are shown in Fig. 28.

SUMMARY

A transistor is primarily a three-electrode solid-state device
which will provide many of the services that a vacuum tube can
provide. Some of the advantages of transistors over vacuum tubes
are their smaller size, greater reliability, greater efficiency, and
production of much less heat.

Transistors are constructed of one of two major materials—sili-
con or germanium. They are further classified as to one or the other
of two main types—PNP or NPN. The electrodes of a transistor
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are connected to the base, collector, and emitter. These correspond
approximately to the elements in a triode vacuum tube in this way
—base (grid), collector (plate), and emitter (cathode).

The amplification taking place in a transistor is commonly that
of current amplification as opposed to voltage amplification in a
vacuum tube. The transistor can be operated in three circuit con-
figurations—common base, common emitter, and common col-
lector. The term “common” (also called “grounded”) refers to the
element that is common to both the input and output circuits.

REVIEW QUESTIONS

1. Name three advantages that transistors have over vacuum
tubes.
2. What are the two major materials used in producing tran-
sistors?
3. Define a hole as applied to transistor theory.
4. Do electrons and holes travel in the same direction through a
transistor?
5. Define forward bias.
6. Is the emitter positive or negative with respect to the base in
a properly connected NPN transistor?
7. Draw the symbol for a PNP transistor.
8. Electron flow is from collector to emitter in a properly con-
nected transistor. Is the transistor a PNP or an NPN type?
9. What configuration would be most useful to match a high-
impedance circuit to a low-impedance circuit?
10. What is an integrated circuit?
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CHAPTER 13

Speakers and Microphones

A very close relationship exists between speakers and micro-
phones—so close, in fact, that a speaker can be made to perform
the same function as a microphone. The function of both of these
devices is to convert one form of energy into another. A microphone
converts mechanical energy into electrical energy and a speaker
does just the opposite.

SPEAKERS

Speakers convert audio-frequency currents into sound waves.
In order to accomplish this, the speaker must be designed in such
a way that it will cause the varying electric currents to set a
diaphragm into motion.

The vibration of the diaphragm in turn sets the surrounding air
molecules into motion. The vibration of this comparatively large
volume of air produces sound, which the ear receives and the brain
sometimes appreciates.

The efficiency of a speaker is defined as the ratio of the useful
acoustical power radiated to the electrical power supplied.

Speakers generally consist of two main parts, namely, the driv-
ing unit that changes the varying audio-frequency currents into
mechanical vibrations and the diaphragm itself which acts in con-
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junction with the driving unit to produce a corresponding vibration
of the air molecules.

Classification of Speakers

Speakers may be divided into the following general classes, de-
pending upon the principle involved in the operation of the driving
unit, namely:

1. Dynamic (including permanent magnet and electromagnetic

types).
2. Electrostatic (also called capacitor speaker).

Other types of speakers including magnetic, balanced armature,
induction, metal strip, and piezoelectric have been used in past
years. In this discussion, however, we will be concerned only with
those speakers previously mentioned.

Dynamic Speakers — The dynamic, or moving coil, speaker
consists primarily of the following parts:

1. Frame.

2. Either a permanent magnet or an electromagnet.
3. Voice coil.

4. Cone (also referred to as a diaphragm).

Fig. 1 shows a typical permanent-magnet (PM) dynamic speaker
and its internal construction. Fig. 2, on the other hand, illustrates
the physical characteristics of another type of dynamic speaker.
This one uses an electromagnet instead of a permanent magnet
and is commonly referred to as an electrodynamic speaker.

In the dynamic speaker, the magnet produces a strong magnetic
field across the air gap in which the voice coil is inserted. The
signal current from the audio output terminals of the device to
which the speaker is connected flows through the voice coil, caus-
ing an interaction between the fixed magnetic field and the chang-
ing field around the voice coil. It is this interaction between the
fields that causes movement of the voice coil and the speaker cone
to which it is attached. These movements, which correspond to the
audio signal, produce sound. Thus, the speaker translates varia-
tions of the signal current into corresponding sound variations.
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CONE OR
DIAPHRAGM ™~

Courtesy Quam Nichols Co.

(A) Physical appearance. (B) Construction features.

Fig. 1. A typical PM dynamic speaker.

Electrostatic Speakers — Electrostatic speakers (also called
capacitor speakers) consist essentially of two parts: namely, two
plates, one which is stationary and one which is free to vibrate,
and a dielectric separating the plates. These are assembled as
shown in Figs. 3 and 4. The diaphragm consists of a thin layer
of metal sprayed on the rubber dielectric and is the vibrating
plate.

The electrostatic speaker operates on the well-known principle
of electrostatic attraction and repulsion, in that two bodies of
similar charges of electricity repel each other, whereas two opposite
charges attract each other.

When a polarizing voltage is applied to the plates, a steady
electric field is built up; superimposed upon this is the audio-
frequency electrostatic field. This causes an attraction and repul-
sion between the two plates, producing oscillations in the free plate
corresponding to the audio-frequency impulses.

The back or stationary plate in the commercial types of electro-
static speakers usually consists of stiff metal such as copper, iron
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(A) Physical appearance.

VGICE COIL

SPIDER
FIELD COIL o

(B) Construction features, CONE

Fig. 2. An electrodynamic speaker. Notice that this speaker has an electromagnet
instead of a permanent magnet.

or aluminum. The back plate is usually perforated with slots in
order to prevent compression of air between the two plates. Fig. 5
shows the schematic symbols for the various types of speakers.

Speaker Baffles
In a cone-type speaker, the cone is driven backward and forward

in the same manner as a piston by the action of the impressed
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Fig. 3. Electrostatic speaker showing circuit connections.
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audio-frequency signal. This constant movement displaces a cer-
tain amount of air, and it is this displaced air that generates
the sound that is heard.

When the air is pushed forward by the forward motion of the
cone, a partial vacuum is created in back of the cone. The dis-
placed air in the front then encounters very little resistance and

PLATE

Fig. 4. Elements of an electrostatic speaker.

DIAPHGRAM

DIELECTRIC
(SOFT RUBBER)
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FIELD

GENERAL PM EM ELECTROSTATIC
DYNAMIC DYNAMIC

Fig. 5. Schematic symbols for speakers.

hence flows rapidly to fill the vacuum at the rear of the cone
created by the forward thrust.

If these air movements were allowed to cancel each other com-
pletely, there would be no air movements and hence no sound
waves would be created. The method used to delay these rapid
movements is to increase the path of air travel by means of a
baffle board surrounding the cone as shown in Fig. 6.

Fig. 6. A speaker baffle.

~+————SPEAKER CONE

The amplitude of air movement from a speaker, however, is
relatively low, and, at least theoretically, sound waves are produced
only in the air very close to the moving cone. This is true for low,
but not for high frequencies.

Thus, in practice an unbaffled speaker will reproduce high tones,
but will lack almost entirely all low tones, due to the neutralization
already described.
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The purpose of the baffle is to delay the flow of the air creating
the sound waves by an artificial lengthening of the path of its
travel. A baftie can be anything that will lengthen the air path
from the cone center to the rear of the cone.

Calculation of Baffle Length — By recalling that the speed
of sound is 1,130 feet per second in air, it is possible to calculate
the minimum baffle length for a certain frequency.

If B,, denotes the baffle length in feet, and f is the frequency of
the sound wave, then:

B = xll_fﬁzg

or, expressed in a nonmathematical form, the baffle length in feet
is equal to one quarter the wavelength of the note to be reproduced.
Example: Assuming 40 cycles as the lowest tone to be repro-
duced by a speaker, what is the minimum baffle length required?
Solution: Substituting the numerical values in the equation we
obtain:

282.5
B.="710

or 7 feet (approximately)

In a similar manner the baffle lengths for low-frequency cutoffs,
below which a speaker will not reproduce sound, are as follows:

Lowest frequency Baffle length from
to be reproduced cone center in feet
100 2.825
60 4.708
40 7.006
30 9.417
20 14.125

Since the tone corresponding to the lowest frequency of various
instruments is approximately 20 cycles per second, it follows that
for its reproduction, baffles of considerable length must be created.
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MICROPHONES

The function of a microphone is to convert sounds into equiv-
alent electrical impulses. This can be accomplished in a number
of ways and is reflected in the operating principles of various types

of microphones.
MOVABLE COIL CONNECTED
T0 DIAPHGRAM
/

DIAPHGRAM ~ \
Fig. 7. Basic construction of a dynamic \\
microphone.
\_/
PERMANENT
MAGNET

Dynamic Microphones

The dynamic, or moving-coil, type of microphone is widely used
and operates on the same principle as the dynamic speaker. With
the microphone, however, the process is reversed. The basic con-
struction of a dynamic microphone is illustrated in Fig. 7. As you
can see, the diaphragm is attached to a coil. The latter is centered
within the air gap of a permanent magnet, and is movable within
the fixed magnetic field. When sound waves cause the diaphragm
to vibrate, a corresponding movement of the coil is produced. This
movement cuts the lines of force within the magnetic field, thereby
inducing a current in the coil. This current is the equivalent of
the mechanical vibration or sound entering the microphone.

Crystal and Ceramic Microphones

Another common microphone type uses a crystal element as its
voltage-producing device. Some time ago, early experimenters
found that certain crystalline substances, in their natural state, ex-
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hibit an electrical charge when subjected to a physical strain. Later
it was found that the opposite effect also held true. This is known
as the piezoelectric effect, meaning “pressure electricity.” There
are a number of materials having such properties, two of which

CRYSTAL OR CERAMIC ELEMENT

e

D{APHGRAM Fig. 8. Basic construction of a crystal

and ceramic microphone.

are Rochelle salt and quartz. Fig. 8 shows the basic construction
of a crystal microphone. Some types of ceramics can be used in
place of the crystal, and the principle of operation is practically
the same.

From the diagram you will notice that the diaphragm is phys-
ically linked with the crystal or ceramic element. When the dia-
phragm is set in motion by air waves, it places a physical stress on
the element, causing a corresponding AC voltage to be produced.
Crystal elements have a relatively high voltage output but are
adversely affected by excessive heat. Prolonged exposure to tem-
peratures above 120° F. can ruin a crystal. Ceramic, however, is
essentially unaffected by wide ranges of temperature or :humidity.

Carbon Microphones

Unlike the previous microphones which generate their own volt-
age, the carbon microphone requires an external source of power.
Instead of producing its own current, it merely varies an existing
current. The basic construction of a carbon microphone is illus-
trated in Fig. 9A and the equivalent circuit is shown in Fig. 9B.
As you can see, it operates on the variable-resistance principle. The
primary element of this microphone is a small container filled with
carbon granules.
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(A) Basic construction.
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(B) Equivalent circuit.

Fig. 9. Principles of a carbon microphone.

Connections are made to the carbon in such a way that it is
placed in series with the microphone leads. Attached to the dia-
phragm is a small piston-like device which is designed to exert
physical pressure on the carbon granules. Before the microphone
will operate, its external leads must be connected in series with a
DC source and the primary winding of an appropriate transformer
(Fig. 9B).

Solid carbon is a relatively good conductor; however, in granular
form it is somewhat resistive. The amount of resistance it offers
depends on how closely associated the individual particles are.
Therefore, by varying the pressure on the carbon granules, the
resistance is likewise varied. With no sounds entering the micro-
phone, the current flowing in the circuit is steady. However,
sounds cause the diaphragm to vibrate, and the piston-like plunger
produces a corresponding change in pressure on the carbon par-
ticles. This, in turn, varies the resistance of the carbon (in series
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with the current) and results in similar variations in the flow of
current through the microphone transformer. These variations are
then coupled to an amplifier circuit where they are handled like
any other microphone signal.

Magnetic Microphones

A magnetic microphone (also called reluctance microphone) is
one whose operation is dependent on variations in the reluctance
of a magnetic circuit. The most popular version of the magnetic
microphone is the variable-reluctance type. It is somewhat similar
in operation to a dynamic microphone except that it uses a sta-
tionary rather than movable coil. This coil is wound around the
center leg of an armature which is attached, at the top, to the frame
of the unit. A drive pin is used to connect the center leg to the
diaphragm as shown in Fig. 10. The outer legs of the armature
are evenly spaced between the poles of the permanent magnet, and
are held in place with nonmagnetic shims.

When no sounds are entering the microphone, the diaphragm is
at rest. Under this condition the center leg of the armature is held

ATTACHED TO
MICROPHONE CIEE #

DRIVE PIN
{ATTACHED TO
DIAPHRAGM)

ARMATURE

Fig. 10. Basic construction of a vari-
able-reluctance microphone.

POLE PIECES |
AND /
MAGNET ATTACHED
10 CASE

midway between the pole pieces. Therefore, in this position the
magnetic lines of force follow a path directly across the gap through
the ends of all the legs.

When the center leg is set into motion by sound waves, it causes
a voltage to be induced in the coil. At the instant a sound wave
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moves the center leg of the armature toward the north pole piece,
it causes a concentrated flow of magnetic lines through the center
leg (following the path of least resistance) and through the outer
legs to the south pole piece. When the center pole is moved closer
to the south pole, the magnetic lines of force follow a path up
through the outer legs and down through the center to the south
pole, thereby reversing the path taken by the lines of force. It is
these changes in reluctance that cause a signal voltage to be induced
in the coil.

SUMMARY

Speakers and microphones are basically similar in many respects.
A speaker can, and in many applications does, perform the same
function as a microphone. The function of both devices is to con-
vert one form of energy into another—a speaker converts elec-
trical energy into mechanical (sound) energy while a microphone
does just the opposite.

Speakers are divided into permanent-magnet, electromagnetic,
and electrostatic types. The most common is the permanent-magnet
type. In order to perform efficiently, a speaker must be baffled in
some way. Baffles take many forms.

Microphones convert sound into corresponding electrical im-
pulses. The common types of microphones are the dynamic, crystal,
ceramic, magnetic, and carbon types. The modern telephone uses a
carbon microphone.

REVIEW QUESTIONS

. What is the function of a speaker?

What is the function of a microphone?

Name an application where a speaker is used as a microphone.

What is the principle difference between a permanent-magnet

type of speaker and an electromagnetic type?

5. Why is a baffle necessary in order for a speaker to reproduce
sound faithfully?

6. What is the most common type of microphone in use today?

S

245

]




SPEAKERS AND MICROPHONES

7. What is the source of electrical generation in a dynamic micro-
phone?
3. What is the source of electrical generation in a crystal micro-
phone?
9. What is one of the disadvantages of a crystal microphone that
can cause damage to the unit?
10. Does a carbon microphone generate electricity?
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CHAPTER 14

Basic Electronic Circuits

Every piece of electronic equipment, regardless of how complex
it appears, is nothing more than an accumulation of basic circuits.
When each circuit is considered separately the complexity no
longer exists. Now that each of the basic electronic components
has been discussed separately in previous chapters, we will con-
sider their functions in actual circuits.

All electronic circuits can be broken down into one of three
basic classes, namely rectifiers, amplifiers, and oscillators. There
are many variations of the basic designs; however, once you under-
stand the principles of operation of the basic circuits, any deviation
from them will not be difficult to comprehend.

RECTIFIERS

The word rectify means to change something and that is just
what a rectifier circuit does—it changes an alternating current flow
into a pulsating form of direct current. Rectifiers were mentioned
only briefly in previous chapters in connection with vacuum tubes
and semiconductor devices. From that discussion, you will recall
that electrons will flow from the cathode to the anode of a diode
vacuum tube when it is connected as shown in Fig. 1. When an AC
voltage is applied to the plate of a diode rectifier (Fig. 2) it pro-
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Fig. 1. Circuit connections for current
flow through a diode vacuum tube.

duces a pulsating DC output. In this circuit the only time the tube
will conduct is when the plate is positive with respect to the cathode
and this only occurs during one-half of each cycle. Thus, the alter-
nating current applied to the tube is rectified (changed) into a form
of direct current. This particular circuit is referred to as a half-wave
rectifier since it deals with only half of the AC cycle.

QUTPUT
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@
I
Z>
o
c©
=
1

Fig. 2. Basic half-wave rectifier circuit.

The circuit in Fig. 3, however, employs a tube with two anodes
and is connected in such a way that conduction occurs during both
halves of the AC cycle. An arrangement such as this is known as a
full-wave rectifier. Notice from the output that although this tube

A'AA'AN
ouTPUT

Fig. 3. Full-wave rectifier circuit.
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conducts during each half of the AC cycle, all conduction is still
from the cathode to the anode and the current flow is only in one
direction. In other words, on one-half of the AC cycle one plate will
be positive and the other will be negative. Conduction will then oc-
cur between the cathode and positive plate. On the next half cycle,
tube conduction is between the cathode and the opposite plate.
Therefore, each plate conducts alternately and produces the pulsat-
ing output shown in Fig. 3. (Rectifier circuits and rectification are
discussed at great length in Chapter 15.)

Detectors

Another form of rectifier employed in radio receivers is known
as a detector. Unlike the power-supply rectifier, detectors handle
only signal currents. The function of the detector is to demodulate,
or separate, the audio component from the radio-frequency carrier.
This action can be accomplished by any one of several types of de-
tector circuits. In all of these circuits, detection is accomplished by
rectifying the modulated signal and filtering or bypassing the RF
component. The type of circuit employed depends on the signal to
be detected, its strength, the gain required, and the amount of dis-
tortion that can be tolerated. Fig. 4 shows the circuit action of a
diode detector.

GANGED TO ROTOR OF MAIN TUNING
CAPACITORS IN RF STAGES

h)
1
]
|
+ [ DETECTOR
o ﬂﬂ ﬂ- ! DIODE
REFERENCE LINE ,1‘“’#;5 Ni&;'_ |
) 5
]
t
AMPLITUDE- |
MODULATED J
d--0 1z TRIMMER J
snan:TL;?orA ‘ CIJ‘F C2 54 CAPACITOR c3/_ .
f DIODE LOAD
AMPLIFIER / / RESISTOR
7 7 (VOLUME
MAIN TUNING RF BYPASS CONTROU)
CAPACITOR CAPACITOR

Fig. 4. Circuit action of a diode detector.
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Some detector circuits not only detect the signal but also serve
the additional function of providing what is known as automatic
volume control (AVC). Fig. 5 shows one of the most popular de-
tector-AVC circuits used in AM radio receivers.

Known as a half-wave diode detector this circuit operates as fol-
lows: The modulated signal is coupled to the detector by means of
T1. This signal is developed between the plate of V1 and ground.
V1 conducts when the input RF signal applied to the plate is posi-
tive. The resultant current flow develops a voltage across load re-
sistors R1 and R2. C3 and C4 have a low reactance at radio fre-

v
T DETECTOR/AVC
FROM .L
IF AMP
AVC
VOLTAGE

OUTPUT

j=.:CS T C4

-||}——o

Fig. 5. A typical detector/ AVC circuit.

quencies and therefore bypass the RF currents to ground. R2 is a
potentiometer whose function is to control the amount of audio
signal fed to the succeeding stage. In a receiver this resistance is
termed the volume control.

The DC voltage developed across R2 is also passed through a
filter network comprised of C4, R3, and C5, which serves to remove
the audio component. The resultant output is a DC control voltage
that varies with the strength of the incoming signal. This voltage is
applied to the grids of one or more receiver stages preceding the
detector and serves to control the bias of these stages to maintain
a constant audio output for signals of varying intensity. In other
words, as you tune a receiver without AVC from a weak station to
a strong one, the increase in signal strength causes the stronger sta-
tion to “blast” through the speaker. With AVC, however, the
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stronger carrier develops more AVC voltage and the tubes are
biased to compensate for this increase. The result is that both sta-
tions will be heard with nearly equal intensity. With AVC the audio
output tends to remain constant despite variations in signal
strength. The signal itself will automatically either increase or de-
crease the bias so that the output voltage of the detector will be
fairly constant.

AMPLIFIERS

The function of an amplifier is to produce as an output an en-
larged reproduction of the essential features of its input. The am-
plifying device may be either a vacuum tube or a transistor. Look-
ing first at the vacuum-tube amplifier, examine the basic amplifier
circuit in Fig. 6. If the grid were not present in this tube, the
amount of current flowing between the cathode and the plate would
be determined primarily by the positive voltage applied to the plate.
With fixed filament and plate voltages, the current flowing through
the vacuum tube will be of constant value. As this current flows
through the plate resistor (R1) it produces a voltage drop across it.
As you learned previously, the amount of voltage developed across
a resistor is determined by the value of the resistance and the

Fig. 6. Basic amplifier circuit.

amount of current passing through it. Under the present condition
let us assume that 15 volts DC appears across R1. At the same time
assume that an increase of 50 volts on the plate results in a voltage
drop of 25 volts across R1, an increase of 10 volts. This is one way
of changing the plate current.

Now consider what occurs when the grid is present in the tube.
There are now two ways in which the plate current can be in-
creased. One way is to increase the plate voltage as just mentioned.
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A more practical way, however, is to hold the plate voltage con-
stant and vary the grid voltage. Since the grid is closer to the cath-
ode it has more control over the amount of electron flow than the
plate. With no voltage applied between the grid and cathode, the
plate current will produce the same voltage drop (15 volts) across
R1 as in the previous example. If, however, the grid is made posi-
tive it will increase the plate current. By the same token electron
flow will be reduced if a negative voltage is applied to the grid. Say

OUTPUT PLATE CURRENT

BIAS (OPERATING POINT)

PLATE CURRENT =——

PLATE - CURRENT
CUTOFF

INPUT GRI D SIGNAL

Fig. 7. Characteristic curve with class-A operation.
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that a potential of plus 1 volt on the grid of the tube produces a
sufficient increase in plate current to develop 25 instead of 15 volts
across R1. This means then that a 1-volt change in voltage at the
grid will produce the same increase in voltage across R1 as would
result from increasing the plate potential 50 volts. This would be an
amplification factor of 10 (1 volt at the grid produces a change of
10 volts in the plate circuit). A visualization of this process is
seen in Fig. 7.

Grid Bias

Grid bias is a constant DC potential which is applied between
the grid and cathode of a vacuum tube to establish an operating
point. The operating characteristics of a vacuum tube can be

plotted as a curve like that shown in Fig. 8. This is commonly re-
ferred to as the grid-voltage-plate current (E.-I,,) characteristic

SATURATION

PLATE CURRENT
OPERATING POINT

CUTOFF

Fig. 8. Characteristic curve of a vacuum tube.
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curve. As you can see, the bias level establishes the operating point
in such a way that variations in grid voltage produce larger but
identical variations in plate current. This is accomplished by bias-
ing the tube to operate over the linear portion of its Eg-I, curve.
The upper roll-off of the curve indicates the point of saturation.
This is a condition whereby further increases in plate voltage no
longer produce an increase in plate current. This roll-off point is
also referred to as the knee of the curve. The lower bend in the
curve represents plate-current cutoff.

To illustrate how grid bias affects tube operation consider the
curve in Fig. 9. Here the tube is biased near cutoff. As you can

PLATE CURRENT

CUTOFF

|
{
|
!

Fig. 9. The effect of biasing a tube near the cutoff point.

see, the tube no longer operates over the linear portion of the curve
and the result is distortion of the amplified signal.
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Amplifier Classes

The point at which the grid bias is fixed (the bias potential) on
the Eg-1, curve of an amplifier determines the class of operation. If
the tube is biased for operation over the linear portion of the curve,
the stage is termed a class-A amplifier. In class-A operation, the
waveshape of the output voltage is the same as that of the input
voltage applied to the grid.

OUTPUT PLATE CURRENT

PLATE CURRENT et

(B1AS)
PLATE - CURRENT
CUTOFF

-0 +
GRID
VOLTAGE

INPUT GRID SIGNAL

Fig. 10. Characteristic curve with class-B operation.
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T

INPUT %

Fig. 11. A basic class-B push-pull amplifier circuit.

T2

=hh
Il ” OUTPUT

A class-B amplifier is one that is biased at the cutoff point (Fig.
10). Here plate current flows only when the signal makes the grid
positive with respect to the cathode. This class of operation is often

OUTPUT PLATE CURRENT

BIAS N i
A 5
a
GRID
VOLTAGE L
0 _________
l GRID

VOLTAGE

~+—— PLATE CURRENT

INPUT GRID SIGNAL

(A) Class-AB, operation. (B) Class-AB; operation.
Fig. 12. Dynamic characteristic of two tubes in class:B push-pull operation.
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employed in push-pull amplifier circuits designed to deliver rela-
tively high power output. A basic circuit of this type is shown in
Fig. 11. With this arrangement, the grids and plates of the tubes are
connected to opposite ends of a balanced circuit. Therefore, when
an AC voltage is applied to transformer T1, it causes the grid of
one tube to swing in a positive direction while the grid of the
other swings negative. On the next half cycle, the opposite action
occurs. This means that the voltages and currents of one tube are
180° out of phase with those of the other. The driving voltage
(measured between the two grids) required for operation of this
circuit is twice that of a single-tube amplifier. (See Fig. 12.) If the
push-pull stage is employed as a power amplifier, twice the driving
power will be consumed. The push-pull circuit is referred to as a
double-ended stage while a circuit using one tube is termed single-
ended.

When a push-pull amplifier is biased at a potential higher than
normal for class-A operation but less than the cutoff value re-
quired for class-B, it is said to be operating in class AB. There are
further variations of this class, designated AB; and AB.. In a class

OUTPUT PLATE

)/ outpuT PLATE /  CURRENT
CURRENT n
il
=
&
1| e
o
H3
E Lyt
_5 LI
l !
R S0+ TIME—

I

by <—GR|D——>
I | VOLTAGE Lo VOLTAGE
I

INPUT GR1D SIGNAL

Fig. 13. Dynamic characteristic with class-AB operation.
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AB, amplifier, the grids are never driven positive with respect to the
cathode. In class AB. operation, however, the grids are driven pos-
itive for a brief portion of the input cycle if the signal is large. A
visualization of this process is seen in Fig. 13,

ip mA

22mA\

PLATE CURRENT

[

+2 e‘J

BIAS
-20 VOLTS

- \
|
| —

SIGNAL VOLTAGE

AN

\NOTE POSITIVE GRID VOLTAGE

|

TN

-2 ! — 422 -

_|

Fig. 14, Class-C operation.

In class-C operation the tube is biased appreciably beyond the
cutoff point, so that the plate current is zero when no signal is ap-
plied to the grid. When a signal is present, plate current flows dur-
ing considerably less than one-half of the input cycle. At no time,
however, does grid current flow (the grid never goes positive). Fig.
14 depicts class-C operation.

Reactance Considerations in Interstage Coupling

In a low-frequency amplifier where resistance, capacitance, or
choke-capacitance coupling is employed between stages, it is neces-
sary to guard against an excessive voltage drop across the coupling
capacitor at the lowest frequency the capacitor will be handling.
The total available voltage passed on to the second stage is a matter
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which is easily analyzed by the aid of vectors, which also give the
phase angle of this voltage.

Fig. 15 depicts ordinary resistance-capacitance (RC) coupling.
Assuming that the alternating component of the voltage developed
across the plate resistance is E volts, this potential difference is set

INPUT

Fig. 15. Interstage coupling with vector diagram.

up between the ends of coupling circuit CR as shown. Suppose that
the grid leak (R) has a resistance of 0.5 megohm, and that the ca-
pacity of the coupling capacitor is 0.01 microfarad. Assuming that
50 hertz represents the lowest frequency to be amplified, the re-
actance of the capacitor at this frequency is:

1 10
2afc 27 50 X 0.01

= 318,000 ohms or 0.318 megohm

Now, since R and C are in series, there is only one current and so
the current vector of Fig. 15 is drawn in position first, this being
denoted by O-I of an arbitary length.

In the circuit diagram of Fig. 15 the voltage required to drive the
current through the capacitor is denoted by E. and that through
the grid leak by E,. What is required is the mathematical ratio of
E, to E.

By Ohm’s law, E, = IR volts in phase with I. Its numerical value
cannot be found yet because I is not known, but the vector O-E,
can be drawn parallel to O-1 and its length made proportional to
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resistance R. Since R is 0.5 megohm, O-E; could conveniently be
made 5 inches long.

The current passed by the capacitor leads the voltage across it
by a quarter of a cycle, and the voltage E. will therefore lag the cur-
rent by this amount. Hence the vector O-E, is drawn at right angles
to O-I in the position shown in Fig. 15, and its length is made pro-
portional to the reactance of the capacitor to the same scale as
O-E,.

Since the capacitor reactance at SO hertz is 0.318 megohm,
O-E. will have to be 3.18 inches, using the same scale as before.
Now the total voltage (E) across the coupling circuit must be equal
to the vector sum of E. and E,. If the rectangle O-E.-E-E; is com-
pleted as shown, O-E will represent the total available voltage to
the same scale.

The length of OE will clearly be:

VO-E;2? + O-E.2 = /52 + 3.18% = 5.92 inches.

Thus, the ratio of E; to E is 5—597 = 0.844, so that 84.4% of the
available signal voltage is passed to the succeeding tube at 50
hertz, which represents a fairly high efficiency. Incidentally, the ac-
tual value of voltage E would be 0.592 I X 10—¢ volts so that the
impedance of the coupling circuit is 0.592 X 10—% ohm or 0.592
megohm. It can be shown that the efficiency of the coupling is equal
to its power factor. A pictorial summary of stage operation is seen
in Fig. 16.

OSCILLATORS

The third type of circuit in electronic equipment is the oscillator.
This is a circuit which electronically generates an alternating cur-
rent, the frequency of which is determined by the values of certain
components employed. Basically it is nothing more than an ampli-
fier circuit with a portion of the output signal fed back to the input
with the proper amplitude and phase relationship. Oscillators pro-
duce the RF carrier signals for the transmission of intelligence
through space, make possible the heterodyne principles of radio re-
ception, and have countless other applications. The oscillator is
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Fig. 16. Waveforms in a triode amplifler circuit.
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self-sustaining in its operation due to the fact that it requires no ex-
ternal signal source, merely the normal supply voltages.

Fig. 17 shows one type of oscillator using what is known as a
“tickler coil.” In this circuit L1 and C1 determine the frequency of
oscillation. The resonant frequency can be varied by adjusting Cl,
which is variable.

Mutual coupling between coils L3 and L1 is utilized to permit
feedback from the plate to the grid circuit. The values of the LC
combination (L1-C1) in the grid circuit determine the frequency of
oscillation and C2 couples the signal to the grid. The resonant fre-
quency, the frequency at which the circuit oscillates, can be
changed by varying the value of C1, which is adjustable.

The correct bias for this stage is provided by the voltage drop
across R1, while C3 serves to bypass the alternating current around
the plate power supply. The AC output of the circuit is taken from
L2, which is mutually coupled to L1.

FEEDBACK
WINDING R

L3

:
t
Ll E —L Cl % Rl
T
L2 % QUTPUT

Fig. 17. “Tickler coil” oscillator circuit.

c3

.|[|_| ‘_-

Circuit operation is as follows: When the circuit is excited (by
applying operating voltages), an increasing plate current flows
through L3 causing a voltage to be induced in L1. This voltage
drives the grid of the tube more positive by charging capacitor C2.
When the grid becomes sufficiently positive with respect to the cath-
ode, any further increase in grid voltage will no longer cause the
plate current to increase. At this instant one-half of the AC cycle
has been completed. The constant plate-current flow through L3 re-
sults in a constant magnetic field, and since there is no variation in
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the magnetic lines of force at this time, no voltage is induced in L1.
Therefore, capacitor C2 starts to discharge through R1. When this
happens, the grid-to-cathode voltage begins to decrease from its
high positive value and subsequently the plate current decreases.
This decrease in plate current causes the magnetic field around L3
to collapse, inducing a voltage once more into L1. This time, how-
ever, its polarity is reversed. Now capacitor C2 is charged to a high
negative value and plate current ceases. By this time there is no
longer a magnetic field around L3 and therefore no voltage is in-
duced in L1. Capacitor C2 begins to discharge, the grid becomes
less negative, and once again the tube begins to.conduct with in-
creasing value, causing the entire cycle of operation to be repeated.

(_

—
Fig. 18. Basic Hartley oscillator circuit. J_

.||,_

All oscillator circuits operate on the principle just described;
however, there is a considerable variation in methods of feedback,
etc. Another basic oscillator known as the Hartley is shown sche-
matically in Fig. 18. This is one of the simplest self-excited oscilla-
tors. Its distinguishing feature is the tapped coil used to obtain the
feedback necessary for oscillation. As you can see the coil is con-
nected between the grid and the plate. The tap, generally located
nearer the plate end of the coil, is connected either directly or
through a capacitor to the cathode of the tube. There are many var-
iations even in the basic oscillator types.

Another popular circuit is the Colpitts oscillator shown in
Fig. 19. In this circuit the feedback required for oscillation is ob-
tained by dividing the tuned circuit into two parts. This division is
accomplished by means of a capacitive voltage divider comprised
of C, and C, connected in series across L;. You will notice that this
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Fig. 19. Colpitts oscillator circuit.

oscillator circuit operates on the same principle as the Hartley ex-
cept that the capacitance is tapped rather than the inductance.

Another interesting oscillator is the ultra-audion shown in Fig. 20.
This oscillator works on the same capacitive-divider principle as the
Colpitts; however, the capacitors do not exist as separate compo-
nents. Here, the grid-to-cathode and grid-to-plate interelectrode ca-
pacitances of the tube itself form the voltage divider. This makes
the feedback ratio entirely dependent on the characteristics of the
tube, and the frequency stability is subject to all the heating effects
of the tube elements. Adjustment of the feedback in this circuit is
only possible by adding a variable capacitor of the proper value be-
tween the grid and cathode, grid and plate, or both.

[
| —

Fig. 20. Ultra-audion oscillator circuit.

— 5

BASIC TRANSISTOR CIRCUITS

Transistor amplifier circuits differ considerably from the familiar
vacuum-tube circuits. At the same time there is a reasonable
amount of similarity between the two. There are three possible cir-
cuits in which a tube can be connected. The transistor also has
three circuit configurations which conform to the three vacuum-
tube configurations. The comparisons are shown in Fig. 21. For
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VACUUM - TUBE
PNP CONFIGURATIONS NPN CONFIGURATIONS CONFIGURATIONS

pESL +BATT B+
(A) Common emitter—Common cathode.

+BATT.  —BATT -BATT +BATT = B+

(B) Common base—Common grid.

B+

"l " + BAT ._{

(C) Common collector—Common plate.
Fig. 21. Transistor circuits and their vacuum-tube counterparts.

each vacuum-tube configuration there are two transistor configura-
tions, one for the PNP type and one for the NPN type.

The transistor circuit in Fig. 21A is a common-emitter circuit,
which is used almost exclusively for most amplification purposes,
just as the common- or grounded-cathode vacuum-tube circuit is
also used extensively. The remaining circuit forms in Fig. 21 are
used for more special applications, such as impedance matching to
and from transmission lines or in place of matching transformers
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between amplifier stages. A visualization of normal class-A opera-
tion in the CE configuration is seen in Fig. 22. If the transistor is
overdriven, the peaks of the output waveform become flattened, as
shown in Fig. 23. An incorrect bias voltage causes compression of
one-half cycle of the output waveform, as depicted in Fig. 24.

AMPLIFIER CIRCUIT RECOGNITION

A familiar tube circuit can be redrawn into another form that
will be almost unrecognizable. The circuits used with the transistor
can be even more unfamiliar. First, the circuits are new; and sec-
ond, they can be arranged in two ways, with a PNP transistor and
with an NPN transistor.

If the common-emitter circuit is drawn as in Fig. 25A, and if an
NPN transistor is used, the circuit will closely conform to what we
are accustomed. The positive battery terminal is connected to the
collector. Bias is obtained from the tapped bleeder made up of re-
sistors R; and R,. The bias current must be obtained from the posi-
tive battery terminal through R;.

This same circuit can be rearranged to look like Fig. 25B. The
grounding of the battery terminal is the only difference between
this circuit and the one in the previous paragraph. The same circuit
is reproduced in Fig. 25C without a ground reference. Point A is
grounded in Fig. 25A, and point B is grounded in Fig. 25B. The
operation is the same in either case.

If a PNP transistor is used in this circuit, two drawings can again
be made, one with the positive terminal grounded, as in Fig. 26A,
and one with the negative terminal grounded, as in Fig. 26B.

Compare the PNP circuit with the NPN circuit and notice that
the current is reversed in all of the components. Therefore, all of
the electrolytic capacitors must be reversed when the transistors are
changed from PNP to NPN.

With the vacuum tube, the interchange of current and voltage
polarities between PNP and NPN transistors did not exist. Because
of this interchange in the transistor, circuits that have no parallel
in vacuum-tube circuitry can be produced. Nevertheless, the cir-
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(A) Circuit with negative battery lead (B) Circuit in (A) with positive battery
grounded. lead grounded.

NPN

‘@" (C) Circuit of (A) and (B) showing al-
—VWW\— BATT. ternate points of grounding.
M-—’thlhll}’—m‘l

@ gr_—“"l
_®

Fig. 25. A common-emitter amplifier circuit showing different grounding points.

cuits of transistor equipment are quite similar in many respects to
the circuits in vacuum-tube equipment.
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x

(A) Positive battery terminal grounded. (B) Negative battery terminal grounded.

Fig. 26. A comman-emitter amplifier using a PNP transistor.

Input and Bias

A signal can be coupled to a transistor stage in a number of
ways. Each stage is designed for a particular purpose; and the effi-
ciency of the coupling, the biasing of the stage, the amount of gain
desired, and the component cost are all considered.

The most efficient system of coupling a signal to a transistor is
with a transformer that will provide a correct impedance match be-

PNP

A

BATT ch

(A) A circuit which accomplishes bias- (B) A frequency selective network
ing and feedback simultaneously. which replaces R, in (A).

il

Fig. 27. Bias stabilization and signal feedback.
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tween the signal source and the transistor. Although the trans-
former may be the most efficient, it has certain drawbacks, such as
cost, weight, and frequency response. Because of the high gain of
the transistor, a less efficient coupling system can be used and there
is a wide variety of these from which to choose.

Signal Feedback

An arrangement for providing feedback in a single transistor
stage is shown in Fig. 27A. Resistor R, biases the transistor and, at
the same time, becomes part of a feedback system for the signal.
The signal at the collector is impressed across resistors R; and R.
and part of the output signal is applied to the transistor base.

The signal at the collector is 180° out of phase with the signal on
the base, and the feedback now is degenerative. Resistor R, can be
replaced by a network like the one shown in Fig. 27B. If the values
of the capacitor and the resistors are varied, the feedback can be
made frequency selective. If capacitor C; is made large, the signal
can be bypassed to ground and no signal feedback will take place.
However, the DC bias stabilization will still be maintained.

Fig. 28. A very common RC-coupled
amplifler circuit.

BATT.

The collector-to-base feedback of the signal is used principally in
amplifiers designed to produce a particular frequency response,
such as phonograph preamplifiers and high-fidelity sound systems.
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Coupled Amplifiers

The input circuit in Fig. 28 is used more in audio amplifiers than
probably any other circuit. This is an RC coupled input with an
electrolytic capacitor to block the DC voltage from the previous
stage. The capacitances of the electrolytics in such transistor stages
range from | mfd to 100 mfd. Such high capacitance is needed to
pass audio frequencies in a low-impedance circuit.

Coupling capacitor C, in Fig. 28 may be connected in either
polarity, depending on whether the DC voltage at the take-off point
of the preceding stage is positive or negative with respect to the
voltage on the base of the transistor.

PNP

JUNCTION
RESISTANCE

@) %
") ®I %amr

(A) Volume contro! used as a current
divider.

Tt

(C) Volume control used as a voltage
divider.

Fig. 29. Different types of volume-control circuits.
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Fig. 29A is an RC-coupled stage in which R, is part of the
bias network and acts as the volume control. The resistance of R,
becomes a current divider for the incoming signal. The signal
current is divided into two paths, as shown in Fig. 29B.

The volume control in Fig. 29C is a voltage-divider type. The
signal is developed as a voltage across resistor R,. Moving the slider
changes the signal voltage at the transistor base and, at the same
time, also changes the bias of the transistor. The signal level and the
bias change simultaneously (less signal and less bias) and cause less
battery power to be consumed on low volume than on high volume.
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Fig. 30. Schematic diagram of the RCA CA3007 audio driver.

Fig. 30 shows the circuit for a typical integrated audio driver.
This is a balanced differential circuit arrangement, which provides
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Fig. 31. The RCA CA3007 used as an audio driver for a 30-milliwatt audio amplifier.

for a single-ended input (or differential input) and push-pull
output. Single-ended input is used in conventional receiver ap-
plications. The input stage of the IC comprises the differential
pair of transistors X, and X,; these transistors operate as a phase
splitter, and provide some gain. In turn, the push-pull output
signals from X, and X, are fed to the emitter followers X, and X.
This is also a differential pair. Transistor X, operates as a constant-
current unit. Transistor X, is part of a DC feedback loop which
stabilizes the operating point of the amplifier.

Fig. 31 shows how the IC is used as a single-supply audio driver
in an amplifier. This amplifier is rated for an audio power output
of 30 milliwatts, with an input of 6.5 millivolts rms. Fig. 32 shows
how the IC is used as an audio driver in a DC-coupled 300-mw
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Eig. 32. The RCA CA3007 used as an audio driver for a direct-coupled 300-milliwatt
audio amplifier.

amplifier. This arrangement lends itself to operation with a squelch
(muting) function, if desired. The distortion of the amplifier is
quite low, and varies from 0.95% to 1.27% from low-level to
high-level output.

Transformer-Coupled Amplifiers

The transformer is used for coupling when high efficiency and
proper impedance matching are important. However, the trans-
former is more expensive than the resistors and capacitors neces-
sary to couple two amplifier stages. Often, special transformers are
required to obtain the desired frequency response.

Many functions, such as accurately matching the output imped-
ance of one transistor stage to the input of the next, are fullfilled
extremely well by the transformer. With good matching, the maxi-
mum gain of the transistors can be approached.
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A good example of transformer impedance matching between
amplifier stages is the audio-amplificr and power-output stages of a
hybrid auto radio. The diagram of such a circuit is shown in
Fig. 33. The audio amplifier is a vacuum tube with a rather high
output impedance, and the output stage is a power transistor with a
very low input impedance. The difference between the two imped-
ances is so great that, without the transformer T, (or some form of
impedance-changing device), the tube cannot provide adequate
drive signal to the base of the transistor. Transformer T. in the col-
lector circuit of the transistor is used to match the collector imped-
ance to the speaker impedance.

Direct-Coupled (DC) Amplifiers

The main advantage of DC-coupled amplifiers is that they climi-
nate transformers and coupling capacitors. These latter two devices
tend to limit the frequency response of an amplifier. The DC ampli-
fier will amplify signals from zero frequency to the high limit im-
posed by the amplifying device (transistor or tube) and by the
associated wiring. In other words, direct coupling is quite a desir-
able feature in an amplifier.

Because high-voltage DC supplies are needed, direct coupling
has never been very popular in vacuum-tube circuitry. Each stage

o

1120V8
’ ®

AF AMP

+12 VOLTS

Fig. 33. An example of a vacuum-tube stage driving a transistor stage.
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must have a higher supply voltage than that of the preceding stage;
thus, the final signal must have an extremely high DC component.

The ideal system would be to have a small DC change above and
below a given reference level, amplify this changing voltage, and
end up with an amplified change that still swings above and below
the original reference point.

A transistor can operate as a DC amplifier. A simplified version
of a DC amplifier using PNP and NPN transistors is shown in
Fig. 34. The arrows indicate the direction of electron flow.

The single battery supplies the power to all of the DC-coupled
transistors in Fig. 34. Transistor X, is biased from the bleeder cir-
cuit of R, and R .. The bias of transistor X. is controlled by the
current flow through the collector of X,. Similarly, X, is biased by
the current through Xo.

Any current change at the first transistor is amplified greatly at
the last stage. This high amplification is a property of the transistor
DC amplifier. However, high amplification is also a detriment be-
cause transistors are temperature sensitive; therefore, any change in
conduction due to a change in temperature will also be greatly am-
plified. A high-gain DC amplifier must have some system of com-
pensating for temperature changes.

The circuit in Fig. 35 is the audio portion of a transistor portable
receiver. Audio amplifier X, is direct-coupled to output transistor
X,. Transistor X, is biased near cutoff to permit only a small cur-

NPN PNP NPN

Fig. 34. A simplified DC amplifier.
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rent to flow in the collector of X, and in the base of the following
stage. This current provides the bias for output transistor X;.

The volume control not only controls the signal level, but acts as
a divider for the bias current. The signal and bias are increased or
decreased simultaneously; and at zero signal setting, the output
transistor is cut off. This system provides a saving in battery cur-
rent because the amount of current used depends upon the volume
setting.

Transistor X, operates as the detector and first audio amplifier.
The transistor is biased near cutoff; therefore, practically no current
flows between the base and emitter. The base-to-emitter junction

FROM IF
AMPLIFIER

Fig. 35. A DC-coupled amplifier employed in a receiver.

acts as a diode and blocks the current flow on the negative swing of
the IF signal, but conducts on the positive swing. These current
pulses are amplified in the collector circuit. The RF is bypassed to
ground by the .05-mfd capacitor C,3, leaving an audio signal with
an amplitude great enough to drive the output stage and speaker
of the receiver.

Remember that a transistor, unlike a vacuum tube, may be
biased by a part or by all of the output current of another transis-
tor. This is particularly true of the DC-coupled amplifier.

This method of biasing is used particularly where both PNP and
NPN transistor types are contained in the same piece of equipment.
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Fig. 36. An IF amplifier with single-tuned transformers.

RF and IF Amplifiers
The RF or IF amplifier employs transformer coupling between
stages. The impedance match from one stage to the next is of prime

FROM
CONVERTER

n

Fig. 37. An IF amplifier with double-tuned transformers.
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importance; for this reason the IF transformers of a transistor radio
are quite different from those in vacuum-tube receivers.

The IF amplifier circuit shown in Fig. 36 incorporates a tapped-
primary IF transformer, single-slug tuning, low-impedance untuned
secondary, and feedback to the base.

The impedances of tuned circuits are high compared to the col-
lector and base impedances. The former are matched by using a
tapped-primary IF transformer. Only a portion of the total imped-
ance of the tuned circuit exists from collector to ground. A second-
ary winding must have even lower impedance, since it must drive
the base of a common-emitter circuit. Untuned secondary windings
are normal in transistor receivers, although some double-tuned (pri-
mary and secondary) IF transformers will be encountered.
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Fig. 38. Schematic diagram of the RCA CA3021 integrated circuit.
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Fig. 39. Connections of the RCA CA3021 IC in a 455-kHz amplifier.
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Table 1. Db Expressed as Power and Voltage (or Current)

Ratios
Power Voltage . db + Voltage Power
Ratio Ratio «— — Ratio Ratio
1.000 1.0000 0 1.000 1.000
9772 .9886 R 1.012 1.023
.9550 9772 2 1.023 1.047
.9333 9661 3 1.035 1.072
9120 9550 4 1.047 1.096
8913 9441 5 1.059 1122
8710 .9333 6 1.072 1.148
8511 9226 7 1.084 1175
8318 9120 8 1.096 1.202
8128 .9016 9 1.109 1.230
.7943 .8913 1.0 1.122 1.259
6310 .7943 20 1.259 1.585
.5012 .7079 3.0 1.413 1.995
.3981 6310 4.0 1.585 2.512
3162 .5623 5.0 1.778 3.162
.2512 .5012 6.0 1.995 3.981
1995 4467 7.0 2.239 5.012
.1585 .3981 8.0 2.512 6.310
1259 .3548 9.0 2.818 7.943
.10000 3162 10.0 3.162 10.00
07943 2818 11.0 3.548 12.59
06310 2512 12.0 3.981 15.85
05012 .2293 13.0 4.467 19.95
03981 1995 14.0 5.012 2512
03162 1778 15.0 5.623 31.62
02512 1585 16.0 6.310 39.81
01995 413 17.0 7.079 50.12
01585 1259 18.0 7.943 63.10
01259 2122 19.0 8.913 79.43
01000 1000 20.0 10.000 100.00
107? 3.162 X 1072 30.0 3.162X10 10°
1074 102 40.0 10? 104
1075 3.162X107° 50.0 3.162 X 10? 10°
107 1072 60.0 10° 10°
1077 3.162X 1074 70.0 3.162 X 10° 107
1078 1074 80.0 104 10°
107° 3.162 X 1073 90.0 3.162 X 10* 10°
107'° 1075 100.0 10° 10'°
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sized portable receivers because of the added weight and size. One
double-tuned transformer may be used in a receiver, between the
mixer and the first IF amplifier, to provide a greater degree of iso-
Jation between the oscillator and the first IF stage than a single-
tuned transformer will provide.

A double-tuned IF transformer is shown in Fig. 37. Both the
primary and the secondary are tapped at impedance points that will
match the collector of the converter to the base of the first IF stage.
Double-tuned transformers are not generally used in the personal-

An IC unit used in a 455-kHz IF amplifier is shown in Fig. 38.
Transistors X,, Xi, X,, and X, are connected as a pair of DC-
coupled CE/CC amplifiers, and provide a voltage gain of approxi-
mately 60 db. A db chart is given in Table 1. Fig. 39 shows how
the IC units are connected for two stages of 455-kHz IF ampli-
fication. The RF feedback choke is self-resonant at 455-kHz. For
precise bandwidth control (such as 10 kHz), a tuned IF transformer
may be used to couple the signal source to the first IC unit.

SUMMARY

All electronic equipment, regardless of its complexity, is made
up of basic circuits. Considering each circuit separately, the com-
plexity disappears. Also, all electronic circuits are one of three
basic types—a rectifier, an amplifier, or an oscillator.

Rectifiers are used to change AC into some form of pulsating DC.,
Detection is a form of rectification in which AC signal voltages are
changed to variable DC. Automatic volume control (AVC) is one
of the functions performed by a detector circuit.

Amplifiers produce an output which is larger than their input.
Thus, weak signals can be built up to a useful level. There are
three main classes of amplifier operation—class-A, class-B, and
class-C. Each finds a useful application in modern circuits.

Oscillators electronically generate an alternating current at a
frequency determined by certain components in the circuit. An
oscillator is basically an amplifier with a portion of its output fed
back to the input at the proper amplitude and phase relationship.
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BASIC ELECTRONIC CIRCUITS
REVIEW QUESTIONS

Name the three basic classes of electronic circuits.

Define a rectifier.

Give two applications of rectifier circuits in an AM radio.
What is the primary function of an amplifier circuit?

What is grid bias?

Define a class-B amplifier.

Define an oscillator.

Give an application of an oscillator circuit in an AM radio.
What is one feature of a Colpitts oscillator that makes a
schematic of this type of circuit easy to recognize?

What is the main advantage of a direct-coupled transistor
amplifier?
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CHAPTER 15

Power-Supply Circuits

The function of a power supply is to deliver all of the operating
voltages necessary to power one or more pieces of electronic equip-
ment. It may be relatively simple, consisting of one or more DC
batteries; or it may be complex, having a number of diode vacuum
tubes or semiconductor diodes and various transformers, choke
coils, capacitors, and resistors. A power supply may deliver a single
voltage of a higher or lower value than the primary power source
or it may be required to provide a number of different voltage and
current values. Most AC power supplies using a power transformer
are designed to deliver at least one value of high-voltage DC plus
one or more values of low-voltage AC much lower than that sup-
plied to the transformer primary.

The high-voltage DC is used to supply the plates of the vacuum
tubes with the proper positive potential, and the low-voltage AC
powers the tube filaments (in the case of cathode-type tubes). When
tubes using the filament as the cathode are employed (except as a
rectifier in power-supply circuits), the filaments must also be sup-
plied with DC; otherwise, undesirable hum voltages will be passed
along to other circuits.

RECTIFIER TUBES

Rectifier tubes are generally divided into two classes—the half
wave and the full wave. In modern AC systems, however, the latter
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is most commonly employed. In the half-wave rectifier circuit
(Fig. 1), only one-half of the current wave is utilized, whereas in
the full-wave rectifier (Fig. 2), both halves of the wave are utilized.

It is also possible to connect two half-wave rectifier tubes in such
a way as to obtain full-wave rectification.

HALF-WAVE QUTPUT

AC INPUT % /\ /\ /\ .
! v L
\ / \\ 1 \\ !

TOFILTER s _ 0

POWER TRANSFORME

Fig. 1. A half-wave rectifier circuit.

Since the full-wave rectifier produces twice as many impulses, its
output is considerably easier to filter into the desired smooth direct
current.

There have been two general types of rectifier tubes used:
(1) The high-vacuum type, in which the conduction is purely by
means of the electron stream from the cathode to the plate, and
(2) those in which a small quantity of mercury has been introduced
after the tube has been evacuated. In the latter type, part of the
mercury vaporizes when the cathode reaches its operating tempera-
ture, and during the part of the cycle in which the rectifier is passing
current, the mercury vapor is broken down into positive and nega-
tive ions. The ions decrease the normal resistance of the plate-
cathode circuit and the voltage drop in this type is less than in the
high-vacuum types.

As a result of this lower voltage drop, the power loss (I°R) is
lower, and the efficiency of the mercury-vapor rectifier is higher
than the high vacuum type. Despite its advantages, the mercury-
vapor tube is no longer used in radio receivers. It is, however, used
quite frequently in high-voltage power supplies for radio trans-
mitters.
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FULL-WAVE QUTPUT

TO FILTER /VW\/-\

AC INPUT

POWER TRANSFORMER
Fig. 2. A full-wave rectifier circuit.

SOLID-STATE RECTIFIERS

As mentioned previously, the present trend is toward the use of
solid-state rectifiers, such as germanium or silicon. Because of this
the following examples of rectifier circuits will include these de-
vices. These same circuits apply to vacuum-tube rectifiers except
that a source of filament power must be provided.

Rectifiers may be connected in various ways depending upon the
direct-current power requirements for a certain application. When
rectifiers are connected in single- and three-phase circuits, they are
termed:

1. Half wave.
2. Bridge.
3. Center tap.

Half-wave rectification is generally used in applications that re-
quire small amounts of power. The ripple frequency is the same as
the supply frequency, and the ripple component is large since the

!
AC
AVERAGE DC /

/ =i

| I :

SINGLE E. y S

. _{Wﬂ\‘_- PHASE AC

AC

Fonz CYCLE = l
TRANSFORMER
- +

DC LOAD

Fig. 3. A full-wave-bridge rectifler circuit.
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rectifier conducts only during one-half of the input cycle as noted
previously in Fig. 1.

Equipment using this form of rectification usually requires a spe-
cial transformer design because of the unidirectional flow of DC
current through the secondary.

The bridge single-phase rectifier (Fig. 3) is popular because it
offers flexibility of design, full-wave rectification, and a ripple fre-
quency that is twice the power-line frequency. It also offers high
efficiency and utilization of an economical transformer design. Its
field of application covers every phase of electronic and electrical
design.

The center-tap, single-phase rectifier (Fig. 4), in common with
the single-phase, bridge type, has a high ripple frequency and is

AVERAGE DC )
/ SINGLE

PHASE
AC
A ] »nl
ONE CYCLE TRANSFORMER A
Fig. 4. Rectifier ti in a center-tapped, single-phase circuit.

highly efficient. The transformer design, however, is more compli-
cated.

The three-phase, half-wave rectifier circuit shown in Fig. 5 is
used primarily in low-voltage, high-current applications. The out-
put ripple frequency is three times the source frequency, and the

TRANSFORMER'S
(e,
I
Eac
o \ »i -
AVERAGE DC T
THREE
YY) pHAst Eac bC
A el W LOAD
(ﬁ\‘ I"\ ¢ o1
Il \ l’ \
’:--onz cvcu-:‘ % £ AC
—t i »nl
WA o
Ac

Fig. 5. A three-phase, half-wave rectifier circuit.
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load ripple component is approximately 20 percent. The three-
phase, half-wave rectifier is commonly used in commercial electro-
plating applications that may require thousands of amperes of cur-
rent.

TRANSFORMERS 7' Y

-1 f
E Ac
AVERAGE DC

y
LYY YT Y L B bC
PHASE m EAC _J—‘ LOAD

y

2

2

Ll |

AC

’: — ONE CYCLE—— —l __E”l

Fig. 6. A three-phase-bridge rectifier circuit.

Ll |

The three-phase bridge rectifier shown in Fig. 6 supplies one of
the most economical and useful circuits where DC power require-
ments are high and efficiency is an important factor. Here the ripple
frequency is six times the source frequency and the load ripple
component is only 4.5%. In most applications filtering is not re-
quired. Popular applications include aircraft motor starters, elec-
trolysis equipment, large power supplies, and arc-welding equip-
ment.
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Fig. 7. A center-tapped, three-phase rectifier circuit.
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The three-phase, center-tap circuit (Fig. 7) is generally used
where the DC voltage requirements are low and load current re-
quirements are high. Special transformer design is required to pro-
vide a six-phase secondary.

FILTER SYSTEMS

The primary function of the filter system is to smooth out the
remaining ripples or pulsations in the voltage received from the
rectifier.

Smoothing filters are comprised of capacitors and filter chokes;
however, in some instances resistors are used in place of the choke
coils. Filters are generally classified as choke input or capacitor in-

7500 -

!

J

INPUT FROM

RECTIFIER DC OuTPUT

I—F—
.."_l

Fig. 8. A choke-input filter.

put depending on whether a choke or a capacitor follows the recti-
fier output. Figs. 8 and 9 show a choke-input and capacitor-input
filter, respectively.

If a capacitor-input type is used, consideration must be given to
the instantaneous peak value of the AC input voltage. This peak
voltage is two times the root mean square (rms) value as obtained
by an AC voltmeter. Hence, filter capacitors, especially the input
capacitor, should be of a rating high enough to withstand the in-
stantaneous peak voltage if breakdown is to be avoided.

—500 -

l

o

INPUT FROM
RECTIFIER

1

DC OuTPUT

1]}—'[[’——4
i—F—
..»___l

Fig. 9. A capacitor-input filter.
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SLIGHT RIPPLE ESSENTIALLY PURE DC

RECTIFIER OUTPUT NNV
WITH NO FILTER

INPUT FROM \ = /
N\f\ RECTIFIER lJ 000\ l o OUTPUT

b

Fig. 10. Smoothing action of a power-supply filter.

When the choke-input type is used, the available DC output
voltage will be somewhat less than with the capacitor-input type for
a given AC plate voltage; however, in the later type improved reg-
ulation together with lower peak current will be obtained.

The basic action of the filter is shown in Fig. 10. The input ca-
pacitor charges up to the peak value of the pulse from the rectifier.
Following the pulse is a drop in voltage; however, the filter capaci-
tor remains charged at the peak voltage value. By the time this
charge begins to diminish (due to current being drawn by the load
connected to the supply) the next pulse arrives and recharges the
capacitor. The result of this action is that the ripple voltage is
greatly reduced. The choke coil provides further smoothing action
and the output filter capacitor, which performs in the same manner
as the input capacitor, delivers an essentially pure DC voltage (the
ripple can never be reduced to absolute zero). The filter shown in
Fig. 10 is referred to as a single-pi filter. When additional filtering
is required, a two-pi filter (which merely consists of a duplicate cir-
cuit connected in series) is employed.

VOLTAGE DIVIDERS AND BLEEDERS

The function of a voltage divider is to provide several different
voltage values from a single output. The principal method in each
system is to lower the voltage by means of one'or more resistors
inserted in the circuit. When one resistor is utilized, it is generally
tapped at suitable intervals, as shown in Fig. 11. The voltage di-
vider shown here also serves as a bleeder resistor. The bleeder has
two major functions: (1) It bleeds off the charge on the filter ca-

290



POWER-SUPPLY CIRCUITS

uw 15MA
AC IV
10 FILAMENTS 0MA
20V

Fig. 11. A voltage divider network.

pacitors when the set is turned off, and (2) it improves the voltage
regulation by providing a minimum load of constant value.

Before discussing bleeder resistors, however, let us see how to
calculate the values of resistance necessary to drop a desired
amount of voltage.

Example: Assume that the power supply shown in Fig. 11 has
450 volts across its output terminals and that the required voltages
and currents are as follows:

375 volts at 15 ma.
320 volts at 30 ma.
200 volts at 70 ma.
Minus 60 volts at zero current.

= PN

Solution: To compute the resistance values in a voltage divider,
a bleeder current must be known or assumed. A current of .01 am-
pere is common.

The first step in computing resistance values is to find the value
of R,. To produce 375 volts at circuit A, R; must have an IR drop
of 75 volts. Flowing through R, are the currents in all of the cir-
cuits plus the bleeder current; this totals 0.125 ampere. Using
Ohm’s law:
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BL I 600 ohms

R, T,  0.125

Resistor R, must drop 65 volts and has a current of .01 + .03 +
.07 = .110 ampere.
Again, by Ohm’s law:

E. 65

2 X —m=590 ohms

Resistor R; must drop 120 volts and has a current of .08 ampere.

Again by Ohm’s law:
_E; 120 _
Rz ==/ =08 = 1,500 ohms
Resistor R, must drop 200 volts and has only the bleeder current
flowing through it.

Using Ohm’s law:

R, = E = @ = 20,000 ohms
I, .01
Resistor R; must drop 60 volts and has the sum of all the currents,
or .125 ampere, flowing through it. By Ohm’s law:
E;: 60

Bleeder Resistors and Their Uses

It is common practice to connect a bleeder resistor across a
power supply to obtain a more stable output—that is, to improve
the voltage regulation. However, this is often accomplished without
any fundamental knowledge of how a bleeder resistor actually
works and how its exact size may be calculated.

Voltage regulation may generally be defined as the change in
potential with a change in the load or current consumed. Voltage
reguiation is an important consideration in power supplies for radio
receiving circuits because the current may change with signal in-
tensity, line-voltage fluctuation, etc., and it is highly desirable and
often imperative that the voltage remain constant.

292



POWER-SUPPLY CIRCUITS

A problem of this kind may best be studied by considering the
arbitrary condition existing in the simple filter system of a power
supply, shown in Fig. 12.

In this crrcuit, E is a source of constant voltage. Choke C has a
DC resistance of 1,000 ohms. E; is the potential supplied to load
R,, which may be the palte circuit of a receiver. Switch S applies
or removes the load.

It is assumed that the load is such that it requires 100 ma at
1,000 volts for the most efficient operation, which according to
Ohm’s law gives R, a resistance of 10,000 ohms. R, is a 10,000-
ohm bleeder resistor which at first is not connected.

R * 1000 OHS
Oy T
E -]- SRy E f
‘l‘ 4 j S < 10,000 OHMS
o : . : L

Fig. 12. Application of a bleeder resistor across a power supply.

If R;, draws a current of 100 ma, the drop through choke C will
be 100 volts, and E, therefore, must be 1,100 volts in order that
load voltage E;, shall provide the 1,000-volt potential.

However, with the switch open, the no-load voltage (E,.) will be
the same as E, or 1,100 volts. When switch S is closed, this 1,100-
volt potential will momentarily be applied to the load but will drop
almost immediately to the required potential of 1,000 volts. In
other words, the change in voltage with the change in load has been
a drop from 1,100 volts to 1,000 volts or a voltage regulation of
100 volts. l’

Assuming R, is also connected in the circuit, it is evident
that as R, also draws current, the drop through R. will be in-
creased. Hence if E,, is to be maintained at 1,000 volts, the source
voltage will also have to be increased. With E,, at 1,000 volts and
R, and R, at 10,000 ohms each, the current drain through the
circuit will be 200 ma and the drop across C will be 200 volts.
Therefore, the voltage at E will have to be raised to 1,200 volts.
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It is evident that the no-load voltage (switch S being open) will
no longer be the total voltage at E, but instead the voltage drop
across R,,. This may be easily calculated by using Ohm’s law.

The bleeder current through R, will be RWE R, °F 0.109 am-
pere; the voltage drop across R,, (or the no-load voltage) will be
I X R, =0.109 X 10,000 or 1,090 volts. Since the no-load voltage
is 1,000 volts, the change due to regulation will be 90 volts, or an
improvement of 10 volts over conditions when the bleeder is not
employed.

It will be observed that the improvement in regulation obtained
by using a bleeder resistor is not as much as might be expected.
While the conditions in the above problem have been arbitrarily
assumed, similar arithmetical treatment will apply to actual cases
encountered in equipment.

It is evident that the lower the value of the bleeder resistor, the
greater the regulating effect, but at the same time the lower will be
the available voltage. The bleeder is essentially a wasteful proposi-
tion and particularly so when its value is made sufficiently low to
secure any real degree of regulatory effect. However, a bleeder of
even say 100,000 ohms will be effective in preventing excessively
high potentials which could damage tubes and other components
under no-load conditions.

POWER-SUPPLY TYPES

Radio power supplies generally fall into one of three categories:

1. The AC supply, which operates from alternating current only.

2. The DC supply, which operates from direct current only.

3. The AC/DC supply, which will operate from either AC or
DC power.

AC Power Supplies

This is the type of power supply that has been discussed in pre-
vious examples. It generally consists of a power transformer, a
tube or solid-state rectifier, and a filter, such as those shown in
Figs. 8 and 9.
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The purpose of the power transformer is to supply a high voltage
to the rectifier for rectification of the alternating current and to sup-
ply the heaters or filaments with the required voltage and current.
After the high-voltage AC from the transformer secondary is recti-
fied, it is fed to the filter network where it is smoothed out to almost
pure DC as described previously.

Voltage-Doubler Circuit—Another type of AC circuit is the
voltage doubler. As its name implies this circuit makes it possible
to obtain twice the AC input voltage without the need for a power
transformer. The circuit shown in Fig. 13 represents a typical volt-

\;Jrucl LOAD

RSRESISTOR
DC OUTPUT

nsvacineur V2

i
|
o

~

A

Fig. 13. A voltage-doubler circuit using vacuum tubes.

age doubler without a power transformer, although a power trans-
former may be employed if the voltage requirements demand it.
The action that takes place within this circuit is briefly as fol-
lows: During the half cycle when terminal B is positive with respect
to A, rectifier V; is conducting and capacitor C; is being charged.
The two capacitors are connected in series with respect to load re-
sistor R, which results in the doubling of the voltage appearing
across this resistor. This is because the charges across the indi-

° -Er )
115VAC J oL
INPUT 'y ST bcoutpyt

[ S

Fig. 14. A voltage-doubler circuit using ductor diod
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vidual capacitors are added. Fig. 14 shows a similar voltage-
doubler circuit using semiconductor diodes.

DC Power Supplies

Practically all modern radio equipment (except battery operated)
is designed to operate from an AC power source. However, there
are certain localities in which direct current is furnished and hence
the radio equipment used in those localities must be designed for
operation with a DC power supply.

Obviously, since DC is practically pure, no rectifier is required.
All that is necessary is a filter system which serves to smooth out
any slight remaining ripples. Filament power in these supplies is
generally dropped to the desired value by means of resistors, or else
the tube filaments are connected in series so that the full value of
DC voltage may be divided among them.

DROPP ING RES1STOR
AV

FILAMENT POWER

I
o— 7500 > o
DCLINE SUPPLY | l FILTERED DC OUTPUT

a
.,,,_1

Fig. 15. One type of filter arrangement for a DC power supply.

The filaments may be arranged either in series or parallel. How-
ever, if they are connected in series, all tubes must have the same
current rating. The disadvantage in both cases is a considerable
amount of power dissipation in the form of heat. Fig. 15 shows a
conventional filter for a DC power supply.

There are several other types of DC power supplies that are very
common. The simplest DC supply, of course, is the common dry-
cell, mercury, and nickel-cadmium batteries used in practically all
portable radios. Some of the portable models still employ vacuum
tubes, but the majority use transistors, since they permit more com-
pact construction and require less operating power.
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Another common type of power supply, known as the DC-to-DC
converter, has been used extensively in automobile radio receivers.
This circuit (Fig. 16) converts the relatively low-voltage DC of the
car battery into the higher-voltage DC required for operation of the
radio receiver. In order to do this, however, the DC must first be
converted into a form of AC so that the transformer can provide the
proper step-up action. The high-voltage output of the transformer
secondary is then rectified and filtered in the conventional manner.

HV DC OUTPUT

TO FILAMENTS

12v Vi, | i
DC INPUT = @
C ]i L

rr

..|H !

Fig. 16. A DC-to-DC converter using a vibrator.

From the diagram you will notice that the filaments are supplied
directly from the primary DC source. This same voltage is applied
to the vibrator which produces a mechanical switching action that
alternately reverses the flow of current through the primary wind-
ing. This, in turn, produces the stepped-up AC voltage in the sec-
ondary.

Rapidly replacing the vibrator power supply is one using tran-
sistors (Fig. 17). In this circuit the DC current is switched back and
forth electronically rather than mechanically as in the case of the
vibrator supply. This switching action is produced by the two tran-
sistors which cause the DC to alternately reverse its direction. This
alternating current is stepped up by the transformer and, in turn, is
filtered in the usual manner. The transistor power supply requires
less power for operation and is much more efficient than the vibra-
tor type.
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Fig. 17. A transistorized power-supply circuit.

AC-DC Power Supplies

The third type of power supply is known as the AC/DC, or uni-
versal, power supply. Used primarily in the less expensive table-
model radios, phono amplifiers, and similar devices, this supply will
operate equally well from either a 117-volt AC or DC power
source. This type of circuit is both practical and economical be-
cause of its versatility and because it requires fewer electronic com-
ponents and less physical space than the average AC power supply.

Fig. 18 shows a typical AC/DC power supply of the type em-
ployed in a small table-model radio. As you can see, no power
transformer is required. The AC line voltage is rectified in the usual
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35W4
J_ 110VAC 120V SOURCE
> 1000
W
N 100V SOURCE
Cl RY C2
117VAC e \I s
I </ o - s il
SW ON 117VAC =
= VOLUME .
) CONTROL 12BA6 12BE6 12AV6

v2

86VAC  36VAC 24VAC 12vAC

Fig. 18. A typical AC-DC power-supply circuit.
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manner by V; and is subsequently filtered by the combination of
C,-R;-C.. It is a common practice in power supplies of this type to
use a resistance, such as R;, in the filter in place of a choke coil.
B+ voltage for the receiver circuits is taken off at the points indi-
cated, and all tube filaments are connected in series. The line volt-
age is divided among the tubes in proportion to their specific volt-
age rating.

There are a number of variations in AC/DC power supplies;
some are more elaborate than others, etc., but basically their theory
of operation is the same.

SUMMARY

The function of a power supply is to deliver all of the operating
voltages necessary to power one or more pieces of electronic equip-
ment. A power supply may be relatively simple, consisting of one
or more batteries, or it may be much more complex, with a num-
ber of diodes, transformers, chokes, capacitors, and possibly
vacuum tubes or solid-state devices.

AC power supplies are either the half-wave or full-wave variety.
The type depends on the requirements of the equipment to be
powered and on the cost factor. Rectifier tubes used in power
supplies are normally of the vacuum type, but for units where the
current demand is greater, mercury-vapor or other types of gaseous
tubes may be used.

The modern trend in power supplies is toward the use of solid-
state rectifiers such as germanium, silicon, or selenium. The ad-
vantage of solid-state devices over tubes is their smaller size and
a source of filament power is unnecessary.

The rectified AC in a power supply must be filtered to reduce
or remove the ripple frequency that is present. This is accomplished
by means of chokes (inductors), capacitors, and resistors. These
components may be used individually or in combination to achieve
the desired reduction in the ripple.

Many power supplies are designed to furnish two or more output
voltages. When this is the case, a network of resistors (or a single
tapped resistor) is used to provide different voltages. This part of
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a power supply is called a voltage divider or bleeder. It serves also
to discharge the filter capacitors in the power supply when the
equipment is turned off. In addition, the bleeder also improves the
voltage regulation of the unit.

[y
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REVIEW QUESTIONS

What are the two general types of AC power supplies?

What is the ripple frequency of a full-wave bridge rectifier
operating from a 60-Hz source?

What advantage do solid-state rectifiers have over tube recti-
fiers?

What is the ripple frequency of a three-phase, half-wave,
rectifier circuit?

Is the output voltage of a choke-input filter higher or lower
than that of a capacitor-input filter?

Draw the schematic diagram of a single-pi filter.

What are the two major functions of a bleeder resistor?
What are the principle components in an AC power supply?
What is a common application for an AC/DC power supply?
What is the purpose of a vibrator-type power supply?




CHAPTER 16

Radio Transmitting
and Receiving Principles

Radiocommunications is made possible by the radiation and re-
ception of electromagnetic energy. This energy is produced by a
radio transmitter, delivered to the antenna system where it is radi-
ated into space, and finally is picked up by the receiver, which con-
verts it into a form of energy that can be heard and understood.

SIMPLEX AND DUPLEX OPERATION

There are two basic methods or radiocommunications—one-way
and two-way. One-way communications is generally referred to as
broadcasting and may involve the transmission of either audio sig-
nals as in the case of radio broadcasting or both audio and video
signals as i telecasting. In two-way radiocommunications, both
stations are designed to transmit as well as receive. Fig. 1 shows
two methods of communicating by means of two-way radio. One
method is known as simplex operation and the other, duplex. With
simplex (Fig. 1A) station 1 transmits while station 2 listens. At the
completion of the transmission, station 2 can transmit back to sta-
tion 1. However, at no time can the transmitting station hear the
other station. In short, simplex operation permits communications
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JRE— S SE——
-
STATION STATION
1 2
(A) Simplex.
- -— >
STATION STATION
1 2
(B) Duplex.

Fig. 1. Methods of two-way radio operation.

between two stations in only one direction at a time and is generally
associated with push-to-talk switches, voice-operated relays, or
some other automatic or manual method of switching from the
receive to the transmit mode. With duplex operation (Fig. 1B),
communications are permitted in both directions at the same time.
Here, the transmitting station can be interrupted by the receiving
station. This type of operation is similar to that employed in a
regular telephone system such as that in the home.

MODULATION CHARACTERISTICS

The two basic types of modulation currently employed in radio-
communications are amplitude modulation (AM) and frequency
modulation (FM). With AM, the frequency of the carrier wave re-
mains constant, but the amplitude is varied in accordance with the
modulating signal (audio signal originating at the microphone).
This action is illustrated in Fig. 2A. With the second method of
modulation (FM), the audio signal causes the frequency to vary in
accordance, but here the amplitude remains constant (Fig. 2B).
Actually there are slight variations in the amplitude of an FM sig-
nal due to noise pulses, etc.; however, these variations are reduced
by one or more limiter stages before the signal is detected. One of
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AMPLITUDE-

MODULATED
CARRIER
/W

(A) Amplitude modulation (AM).

FREQUENCY—
MODULATED
CARRIER

vy l\/\M/\W\/\/V\,//

(B) Frequency modulation (FM).

Fig. 2. Two types of modulation presently employed in radiocommunications.

the chief advantages of FM over AM is the freedom from noise in-
terference. Pulse-type noise generally affects the amplitude rather
than the frequency of radio signals.

It is important for us to understand the modulation process. The
development of amplitude modulation is depicted in Fig. 3.
Observe that when a low-frequency sine wave is mixed with a
high-frequency sine wave, no new frequencies are generated. On
the other hand, when a low-frequency sine wave amplitude-modu-
lates a high-frequency sine wave, the low-frequency sine wave dis-
appears and two new frequencies, called sideband frequencies, ap-
pear. In this example, the lower sideband frequency is 999 kHz,
and the upper sideband frequency is 1001 kHz. Frequency modula-
tion also results in the generation of new (sideband) frequencies.
However, details of the FM process are reserved for later dis-
cussion,

RADIO SYSTEMS

As stated, there are two types of radio systems, namely two-way
and broadcasting. The operating principles of the radio equipment
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are the same in both cases; however, the broadcasting system is
generally more complex.

REPEATER STATION

BASE
STATION ~
— MOBILE

Fig. 4. Two-way radio system using repeater station to extend coverage.

Two-Way Systems

Two-way radio systems generally consist of a single base station
and one or more mobile units. The system is designed to permit di-
rect radiocommunications between these units within a specified
area. The area of coverage is dependent on a number of factors in-
cluding such things as transmitter power, surrounding terrain, type
of antenna, etc. When communications are desired over a greater
distance than the radio equipment is designed to provide or when
intervening terrain may block the radio signals, one or more re-
peater stations may be employed (Fig. 4). The function of the re-
peater (as its name implies) is to receive the signals from the base
station, amplify them, and then retransmit these signals to the mo-
bile units, another repeater, or another base station. The retrans-
mitting of the original radio signal from the repeater may be either
instantaneous or delayed, depending on the desired type of opera-
tion. With a repeater station the area of coverage can be increased
and reliable communications can be obtained between two points
despite obstructions.

Broadcast Systems

In a regular broadcasting setup the transmitter itself is usually
some distance from the studio. It may be several hundred feet from
the control room or miles away. In most cases the main studios are
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situated within the city while the transmitter is located either on the
outskirts of town or in a rural area. Fig. 5 shows the arrangement
used in a typical broadcasting station. Here the program is originat-
ing “live” at the studio. The audio signal is fed from the mlcrophone
through the control console where it is amplified. It is then fed via
telephone lines to the transmitter location where it receives addi-
tional amplification before it is superimposed on the transmitter

>~

=

TRANMITTING — ¢ |
AUDIO SIGNALFED  ANTENNA / N

TO TRANMITTER VIA
TELEPHONE LINES

CONTROL CONSOLE /

TRANSMITTER AND
ASSOCIATED EQUIPMENT / \

STUDIO CONTROL ROOM

2\
)

ANTENNA TUNING SHED

RADIO STATION

Fig. 5. Hookup of a typical radio broadcasting station.

carrier signal. The transmitter output is then routed through appro-
priate RF cables to a small building located near the base of the
antenna structure. This building houses the antenna tuning equip-
ment and other devices associated with the radiation of RF energy.
This is the last control point before the RF signal is fed to the an-
tenna and radiated into space.

An engineer is generally present at the transmitter site at least
some part of each day. The transmitter may be put on the air at this
location but usually it is operated by remote-control from the
studio. Programs originating in other cities and coming in over the
network are received over telephone lines and are routed through
the control board in the same manner as a live program.
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Special programs such as church services and other forms of re-
mote broadcasts are either linked to the studio by means of tele-
phone lines or radioed directly. Many stations now employ a radio
relay link between mobile units or a remote site.

SHORT-WAVE RECEPTION

Short waves permit reception of radio signals at much greater
distances than can be accomplished with the longer waves regularly
employed by commercial broadcasting stations. Generally a radio
program received at a frequency above 1,605 kHz is classed as short-
wave reception, and the transmitting and receiving of radio waves
above 1,605 kHz is termed short-wave communication.

Short-wave communications are at present carried on at fre-
quencies up to thousands of megahertz (a small fraction of one
meter). Frequencies with wavelengths less than one meter are called
microwaves.

The problems introduced in the design of equipment by the at-
tempt to raise the limitations of high frequencies can best be appre-
ciated by speaking in terms of wavelengths.

The wavelength determines directly, in the same units, the ap-
proximate maximum physical size which the equipment to produce
that frequency may attain. This results from the fact that the great-
est speed at which energy may be sent along an electrical circuit is
the same as that of electromagnetic energy in space—the velocity
of light, or approximately 300,000,000 meters per second.

In practical circuits, however, inductance and capacitance lower
the speed of electrical energy and this speed is never attained. From
this it follows that the circuits then must be smaller in extent than
the wavelengths and the tubes themselves will be very small physi-
cally.

Wavelength and Frequency

Since electromagnetic energy and flux lines move with the ve-
locity of light (approximately 186,300 miles or 300,000,000 meters
per second), the wavelength of this energy at a given frequency can
be found by the formula
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waveengh i mtes) = ol ey
_ 300,000,000
or frequency (in hertz) = wavelength (in meters) @

From the formula it is apparent that the shorter the wavelength,
the higher the frequency.

For example, if the wavelength is one meter, the corresponding
frequency is 300,000,000 hertz, 300,000 kilohertz, or 300 mega-
hertz.

Example: What are the frequencies for wavelengths of 5, 25
and 100 meters?

Solution: Substituting 5 in formula 2)
300,000,000
T e

Frequency = — = 60,000,000 hertz,

= 60,000 kilohertz, or 60 megahertz

Similarly, substituting 25 and 100 in formula (2), 12 and 3
megahertz, respectively, are obtained.

Distance Ranges of Various Wavelengths

All radio-wave transmission occurs by the propagation of either
a ground wave (along the ground) or a sky wave (reflected or re-
fracted from the Kennelly-Heaviside layer), or by both means.

Radio waves are subject to absorption both in the ground and in
the ionized upper atmosphere. Ground-wave absorption generally
increases with the frequency and is reasonably constant with time
over a given path at a given frequencyj; it varies for earth of differ-
ent conductivity and dielectric constant.

Sky-wave absorption, however, is not constant with time, fre-
quency, and path; it appears to be maximum in the broadcast band
550-1,600 kilohertz), decreasing with a change in frequency in
either direction.

During the daytime this absorption of the sky wave is so great
that there is practically no sky-wave reception from frequencies
somewhat below and above the broadcast band; the specific limits,
however, vary with the seasons. Therefore, sky-wave propagation
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in the daytime is only noticeable in the lower- and higher-frequency
ranges. At night, however, sky-wave propagation takes place at all
frequencies except extremely high ones.

Other Factors Affecting Sky-Wave Propagation
Sky-wave propagation is also materially influenced by the condi-
tion and changes in ionization of the Kennelly-Heaviside layer.
Daily variation of daylight and darkness in the path of the waves,
and other factors such as latitude, season of the year, and magnetic
and solar disturbances have been found to influence the ionization
characteristics.

Long-Distance Reception

High-frequency reception at great distances is due entirely to the
sky wave. However, above a certain frequency (which may be as
low as 4,000 kilohertz), no appreciable portion of the sky-wave
radiation is reflected back from the Kennelly-Heaviside layer in a
certain zone surrounding the transmitter.

In the area bounded by the inner edge of this skip zone, the sig-
nals appearing at a receiver may be composed of both the ground
and sky waves, the latter being appreciable on frequencies up to
approximately 6,000 kilohertz in the summer and 12,000 kilo-
hertz in the winter. The sky-wave intensity in this area is ordinar-
ily much less at night than in the day. The outer boundary of the
skip zone is commonly referred to as the skip distance. This dis-
tance increases with the frequency and varies daily and seasonally.
Beyond the skip distance, the sky-wave radlatlon is received with
useful intensity.

Reception on higher frequencies (above 12 megahertz)
generally more satisfactory during the day than at night; on fre-
quencies below 6 megahertz, however, the reverse is true.

Except in rare instances, frequencies above 12 megahertz can
be heard only when daylight exists over the path between the trans-

mitting station and the receiver. It has also been found that fre-
quencies from 6.4 to 15 megahertz are received best when either
(but not both) the transmitter or receiver is located in an area where
night prevails.
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The time of the day must also be taken into consideration in
high-frequency reception. For example, when it is 8:00 P.M. in
New York and 7:00 P.M. in Chicago, it is 9:00 A.M. in Mel-
bourne; 1:00 A.M. the next day in London, and 2:00 A.M. the next
day in most of Europe. During those hours, of course, the Euro-
pean broadcasting stations are seldom operating. Hence on the
American continent, tuning for stations in Europe must be done
during the afternoon or early evening. Australian stations, how-
ever, will be received in the early morning.

In addition, the season of the year also affects reception. Better
reception on the high frequencies may generally be expected during
the summer months and better reception at 6 megahertz and above
during the winter months.

Because reception at the higher frequencies is generally affected
very little by atmospheric noise or static, good results may be
obtained in midsummer even during a thunder storm. The same,
however, is not true of so-called man-made static produced by such
things as electric fans, mixers, etc., which create far more interfer-
ence on high frequencies than they do on the lower broadcast fre-
quencies.

As an example of the effect of time, day, and season of the year
on high-frequency transmission, assume that you are in New York
and that the time is 1:00 P.M. in midsummer and that you tune in
a station in Chicago on approximately 15 megahertz (20 meters
wavelength). Also assume that this station transmits a continuous
program and that your receiver is left tuned in. Several hours later,
the signal will begin to fluctuate excessively and finally will fade out
entirely or become unintelligible. This can be accounted for by the
fact that, in midsummer, the skip distancé is approximately 400
miles at noon and increases to 2,500 miles at midnight. Chicago is
approximately 600 miles from New York and is one hour later in
time; therefore, some few hours after noon, in Chicago, the skip
distance will have so increased that reliable reception on 15 mega-
hertz cannot be obtained in New York.

It is also well to note that in midwinter, the skip distance for 15
megahertz is approximately 900 miles at noon and becomes infin-
ity at midnight—showing that reliable reception could not be ef-
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fected at this frequency between Chicago and New York. There-
fore, if you were located in New York, you could become accus-
tomed to receiving a 15-megahertz program from Chicago at noon
during the summer. As winter approached, the period of time dur-
ing which reliable communication could be effected would decrease
until at no time could a signal be heard. The reverse would be true
the following spring.

SUMMARY

Radiocommunications take place by the radiation (transmis-
sion) and reception of electromagnetic energy. There are two
basic methods involved—one-way and two-way. The broadcast of
radio and television to the general public is an example of the.one-
way method. Police radiocommunications is an example of the
two-way method. The two-way method is further divided into
either simplex or duplex operation. With simplex operation, com-
munication can take place in only one direction at a time between
two stations. Duplex operation permits communications in both
directions at the same time.

Two basic types of modulation are currently employed in radio-
communications—amplitude modulation (AM) and frequency
modulation (FM). In amplitude modulation, the radio carrier
frequency remains constant but the amplitude varies in accordance
with the modulating signal originating at the microphone or TV
camera. In frequency modulation, the amplitude of the radio car-
rier frequency remains constant but the frequency varies in ac-
cordance with the modulating signal.

Short-wave communications take place at frequencies up to
thousands of megahertz. The characteristics at these frequencies
permit much greater distances to be spanned by the radio waves.
Sky-wave radiation is responsible for the increased distance.

REVIEW QUESTIONS

1. Definc simplex operation.
2. Name the two basic types of modulation currently in use.
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Explain the characteristics of a frequency-modulated radio
wave. -

What is the chief advantage of FM over AM?

Above what frequency is generally classed as short-wave?
What are frequencies with wavelengths less than one meter
called?

State the formula for determining frequency if the wavelength
is known.

What is a sky wave?

State two factors affecting long-distance reception of radio
waves.

What is skip distance?



CHAPTER 17

Radio Transmitters

Transmitters are generally much simpler than receivers. In fact,
a single tube connected as an RF oscillator can serve the purpose.

Such a circuit is shown in Fig. 1. This transmitter uses a beam-
power tube and is capable of operating with a power input (plate
voltage times plate current) of 25 watts. There is no provision in
this circuit for modulating the carrier; however, a key jack is pro-
vided in the cathode circuit to permit the sending of CW (continu-
ous waves). This is the term given code transmission when the car-
rier, or continuous wave, is broken up into dots and dashes to form
the International Morse code. No carrier is produced with this cir-
cuit until a ground for the cathode circuit is provided through the
contacts of the key. At the receiving station the interrupted carrier
beats with a local RF signal to produce an audio tone that can be
deciphered. (This oscillator is referred to as a beat-frequency oscil-
lator (BFO). Additional circuitry would be required to modulate
the carrier produced by the transmitter in Fig. 1.

This particular transmitter employs a crystal-controlled circuit
although a variable-frequency oscillator (VFO) could just as easily
be used. The purpose of the crystal, of course, is to maintain good
frequency stability, which is important in a transmitter. The crystal
determines the operating frequency of the transmitter; however,
slight changes in this frequency can be made by adjusting variable
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OSCILLATOR
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Fig. 1. A simple tube-type radio transmitter.

capacitor C, which is connected directly across the crystal. This
makes it possible to compensate for slight variations in crystal fre-
quency and component values which may cause “off-frequency”
operation.

When a circuit such as this is made variable in frequency, several
steps must be taken to assure good frequency stability. First of all,
it is important that the supply-voltage values be constant, and to ac-
complish this, a regulated power supply is generally employed.
With this type of supply the voltage tends to remain constant de-
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Fig. 2. A simple transistor-type radio transmitter.
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spite variations in load current. Another measure to insure fre-
quency stability involves the use of temperature-compensated com-
ponents. Component values normally vary with changes in temper-
ature and such variations cannot be tolerated in oscillators of this
type. Capacitors in particular are troublesome in this respect.

Fig. 2 shows a circuit for a simple transistor radio transmitter.

P1-NETWORK

RF POWER AMPLIFIER

T

ANTENNA
LOADING

Fig. 3. An RF power amplifier stage using a pi-network
to couple the signal to the antenna.

RF POWER AMPLIFIERS

Although an oscillator by itself can serve as a transmitter, it is
generally followed by other stages such as the RF power amplifier
shown in Fig. 3. This circuit uses a pi-network to couple the RF
signal to the antenna. Other methods of coupling (link, for exam-
ple) can also be employed; however, the pi-network is one of the
most common in use because it enables the RF output stage to
match a wide range of impedance values. Furthermore, the pi-net-
work rejects spurious harmonic frequencies which are very undesir-
able, especially in the final RF stage of a transmitter. This is one of
the major objections to using a power-oscillator transmitter. Oscil-
lators generally produce a number of harmonics in addition to the
desired frequency and if these harmonics are not suppressed, they
can interfere with other stations.
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Parasitic Oscillations

Parasitic oscillations within an RF power amplifier (PA) stage
can also produce undesired harmonics unless proper precautions
are taken. One of the most common methods of preventing para-
sitics is by inserting a parasitic choke in the plate and/or grid lead
of the amplifier as shown in Fig. 4. This choke may consist of a
resistor-coil combination as shown, or it may consist of a coil only.

RF Amplifier Adjustments

The plate circuit of a transmitter power amplifier is designed to
tune to the desired operating frequency (carrier frequency). In the
circuit of Fig. 3, plate tuning is accomplished by adjustment of Cs.
At resonance, maximum RF energy is transferred to the antenna

PARASITIC
CHOKE

Fig. 4. A parasitic choke in the plate
lead of an RF power amplifier.

and minimum plate current flows in the RF amplifier. Capacitor Cq
in this circuit is the antenna-loading adjustment, which determines
the amount of signal coupled to the antenna. In adjusting a circuit
of this type, Cg is first adjusted for minimum loading. The plate cir-
cuit is tuned for resonance as indicated by a dip in the plate current.
The jack in the cathode leads is provided so that an ammeter can
be connected for tuning purposes. The plate circuit is tuned for
minimum current as indicated by the meter and then the antenna
loading is increased. Once again the plate-tuning capacitor (Cs) is
adjusted for a minimum current indication. Alternate adjustments
of C; and Cg are made in this manner until the proper degree of
loading is obtained. This occurs when the final adjustment of the
plate-tuning capacitor produces a “dip” at the correct current value
for the tube. “Off-resonance” tuning can cause enough plate current
flow to destroy the tube within a few minutes or even seconds.
Under this condition the tube plate becomes red hot, the amount of
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Fig. 5. One type of audia madulator circuit.

heat being dependent on how far the circuit is tuned off resonance.
Excessive plate current will also flow if the antenna does not reflect
the correct load impedance to the circuit.

MODULATORS

The function of the modulator is to superimpose the desired au-
dio signal on the carrier. Before the microphone signal can perform
this function, however, it must first be amplified. Fig. 5 shows a
simple modulator circuit used in an AM transmutter.

The audio signal produced by the microphone is fed to the grid
of the microphone preamplifier tube. Next it is coupled to another
triode where it receives additional voltage amplification. It is then
fed to the modulator itself where the required amount of power am-
plification is obtained. It should be pointed out that this is the mod-
ulator stage and not the modulated stage. The modulation process
itself occurs in the final RF amplifier of the transmitter.

To understand how the carrier is amplitude modulated, refer to
Fig. 6. Here the modulator and RF power amplifier shown previ-
ously are shown interconnected. As you can see, the carrier pro-
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duced by the transmitter oscillator is applied to the grid of the RF
amplifier tube. With no modulation present, the carrier is merely
given one final boost in amplification by this stage and is then radi-

AM MODULATED CARRIER

N
n“"r,' | | R !!v.
UNMODULATED | LZL WPP ',ﬂ,bhlf V’!! 'ds“}\!w
CARRIER

RF POWER
Wmﬂﬂm AMPLIFIER |
1

Fig. 6. A transmitter PA stage using plate modulation.

ated from the antenna. When modulation is present, however, the
audio signal appearing in the plate circuit of the modulator flows
through transformer T1. It is from this transformer that the screen
and plate of the RF power amplifier receive B+ voltage. Therefore,
the audio variations in the plate circuit of the modulator stage pro-
duce corresponding variations in the plate and screen supply volt-
ages of the RF power amplifier. This, in turn, causes the carrier
wave to vary above and below its normal amplitude in accordance
with the audio signal. The output of the RF amplifier then becomes
an amplitude-modulated carrier. The method just described is
known as plate modulation, although the audio signal is applied to
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Fig. 7. Methods of injecting an amplitude-modulating signal into an oscillator circuit.

the screen as well. This is done to provide more effective control
over plate current.

Plate modulation is by no means the only method in use, although
it is about the most popular. Modulation can also be accomplished
by applying the audio signal to one or more grids of the power am-
plifier tube or to its cathode. It is then generally referred to accord-
ing to the element involved—for example, cathode modulation,
screen-grid modulation, etc.

1 gs
M1 o & J c3 T QUTPUT
2 6
R1 [ — A€ <

1 4
c R4S 7""%[
[ = Tl $

Fig. 8. An amplitude-modulated oscillator with base injection.
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Fig. 9. An amplitude-modulated amplifier with base injection,

Fig. 7 shows three ways of injecting an amplitude-modulating
signal into a transistor oscillator circuit. Thus, a transistor oscillator
can be amplitude-modulated with base injection as shown in Fig.
8. A transistor RF amplifier can also be amplitude-modulated with
base injection as depicted in Fig. 9. The circuit seen in Fig. 10 is
suitable for amplitude-modulation of an RF amplifier with emitter
injection. Or, an RF amplifier can be amplitude-modulated with
collector injection, as shown in Fig. 11.

X1
) °
E AM
CARRIER Q}
SIGNAL g ce== g CARRIER

INPUT OUTPUT
cl
-] b
1
R2
MODULATING T AN
SIGNAL

Cc2
INPUT C3 =
L
R1 R3 j

Fig. 10. An amplitude-modulated amplifier with emitter injection.
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Fig. 11. An amplitude-modulated amplifier with collector injection.

2]

Reactance Modulator

One of the simplest methods of achieving frequency modulation
is through the use of a reactance-modulator circuit like the one
shown in Fig. 12. The operating principle of this circuit is such that
it acts as a variable capacitance or inductance when properly con-
nected to the tuned circuit of an oscillator stage. A reactance mod-
ulator can be used in conjunction with either a crystal-controlled
or a free-running oscillator circuit. From the circuit you will see
that the grid of the modulator is connected across the oscillator
tuned circuit through resistor R, and capacitor C.. The value of R,
is made high in comparison with the reactance of the modulator-

REACTANCE MODULATOR
—

OSCILLATOR
TUNED
CIRCUIT

HH

B+

B+

Fig. 12. Reactance modulator used to produce frequency modulation.
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circuit input capacity (represented by C,), and RF current flowing
through R, and C, is essentially in phase with the RF voltage ap-
pearing across the oscillator tank circuit. The voltage across C,,
however, lags this current by 90°. The RF plate current in the mod-
ulator stage is in phase with the grid voltage and therefore is 90°
behind the current through C, (it lags the voltage across the oscil-
lator tuned circuit). This results in a lagging current being drawn
through the tuned circuit and has the same effect as connecting an
additional inductance across the tuned circuit. The frequency in-
creases in proportion to the lagging current in the plate circuit of
the modulator stage. When an audio signal is applied to the input
terminals, it produces corresponding variations in RF plate current.

FREQUENCY MULTIPLIERS

Frequency multipliers are stages designed to deliver an output
signal whose frequency is a multiple of the input frequency. Multi-
pliers can be made to double, triple, or quadruple the input fre-
quency. Actually, they can be designed to select almost any har-
monic, i.e., seventh, eighth, etc., although in actual practice, they
are seldom made to multiply more than four or five times. When
higher frequencies are required, additional multiplier stages are
generally used. Depending on the operating frequency desired, a
transmitter may employ a single multiplier stage or it may employ
several. As the order of harmonics selected becomes higher, the
output of each stage drops off. Thus, it is more practical to use two
frequency multipliers that triple rather than a single stage that mul-
tiplies six times.

Frequency multipliers are used in both AM and FM radio trans-
mitters and may be thought of as amplifiers having an output circuit
tuned to some multiple of the input signal. Some multipliers have
tuned plate circuits only, while others have both tuned input and
output circuits. The grid, or input, circuit is usually tuned to the
output frequency of the preceding stage.

When used in an AM transmitter, the frequency multiplier serves
two primary functions—to amplify the signal applied at its input
and to deliver at its output an identical signal of higher frequency.
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With FM, however, the frequency multiplier serves an additional
function. It not only multiplies the input signal, but also the amount
of frequency deviation, thereby effectively strengthening the audio
modulation. Obviously this characteristic lessens the requirements
on the modulator stage of an FM transmitter.

Consider the block diagram of the FM transmitter in Fig. 13.
Here the oscillator operates on the fundamental frequency of
1641.406 kHz. Acting as a quadrupler, the first frequency-multiplier
stage selects the fourth harmonic of the oscillator signal
(6565.624 kHz). At the same time this stage multiplies the frequency
deviation by four also. Thus, the frequency variations above and
below the normal unmodulated value are four times greater at the
output of the first quadrupler than at the output of the modulator
stage. A similar action occurs in the second quadrupler. The follow-
ing stage serves as a frequency doubler as well as the driver. The
final RF stage operates as a straight-through amplifier tuned to the
same frequency as the driver, and although it could also act as a
multiplier, this is not generally done. In the example shown here
(Fig. 13), the 1641.406-kHz crystal frequency is multiplied 32 times
by three stages in order to derive the desired output of 52.525 mHz
(this will be the frequency after a slight adjustment of the oscillator
frequency).

1641.406KHZ 6565624 KHZ ~ 26262.49KHZ 52. 524992
1641, 406KHZ / / / / \
0SCILLATOR |-»{ MODULATOR 15T 2ND DOUBLER RE N

QUADRUPLER| ~ |QUADRUPLER DRIVER POWER

AMPLIFIER
MICROPHONE

Fig. 13. Block diagram of an FM transmitter using frequency multipliers.

In general, frequency modulation produces more sideband fre-
quencies, which means that an FM transmission usually requires a
greater bandwidth than an AM transmission. In frequency modula-
tion, the deviation of the carrier denotes the number of cycles that
the carrier is swung above and below its resting frequency. As in-
dicated in Fig. 14, the ratio of the deviation to the modulating
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Fig. 14. Sidebands in frequency-modulated waves.

frequency is called the modulation index. Any modulation index
can be used that might be desired. If the modulation index M is
0.2, narrow-band FM (NFM) results. We observe that the signifi-
cant sidebands in NFM occupy the same bandwidth as in ampli-
tude modulation. On the other hand, if M = §, there are seven times
as many significant sidebands, and the transmission bandwidth is
seven times as great as for an AM transmission. A large modulation
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index is desirable to minimize the signal-to-noise ratio of the
received signal.

Note that, although an infinite number of sidebands are theo-
retically generated in frequency modulation, not all of these side-
bands are significant. Any sideband frequency that has an ampli-
tude less than the prevailing noise level can obviously be ignored.
In commercial FM broadcasting, the sidebands occupy a fre-
quency spread of 75 kHz on either side of the resting carrier fre-
quency. That is, the transmission bandwidth is 150 kHz.

BUFFER AMPLIFIERS

In addition to the circuits already discussed, some transmitters
employ what is known as a buffer or buffer amplifier. Actually this
is nothing more than an intermediate RF amplifier which serves to
isolate the effects of one stage from another. For example, in a
three-stage CW transmitter, the buffer would be situated between
the oscillator and RF power amplifier and would not only isolate
these two stages but also provide amplification of the oscillator
output. In some transmitters the frequency multiplier also serves as
the buffer, in which case it is referred to as a buffer/multiplier.

CLAMPERS

Insufficient driving voltage at the grid of the RF power amplifier
will cause excessive plate current that can ruin the tube. The func-
tion of the clamper circuit is to protect the final amplifier should
the grid drive fail. Usually the RF power amplifier controls the ac-
tion of the clamper and the clamper in turn protects it. In one ar-
rangement, the cathode of the clamper tube is connected to ground
and the plate is connected to the screen grid of the final RF ampli-
fier where it receives its voltage. The grid of the clamper is com-
mon to the grid of the final amplifier; thus, the bias developed at
the RF amplifier grid keeps the clamper cut off. If grid excitation
at the final ceases, however, the absence of grid bias on the clamper
causes this tube to conduct heavily, thereby lowering the screen
voltage on the RF amplifier tube and reducing the plate current to
a safe value. Clamper circuits are not employed in all transmitters.
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SUMMARY

Radio transmitters are generally much simpler than receivers.
A simple oscillator can be used as a transmitter. When such a
transmitter is turned on and off it produces an interrupted CW
signal. By proper timing, this on-off procedure can produce a
code which can convey intelligence. In order to prevent the fre-
quency of the transmitter from changing, a crystal ground to the
correct thickness can be used to stabilize the oscillator.

The output of the oscillator is seldom strong enough for trans-
mission over any appreciable distance, so amplifiers are used to
strengthen the oscillator output. These are called RF power ampli-
fiers.

In order to transmit an audio signal (speech, music, etc.), it is
necessary to modulate the oscillator frequency. Modulation is
merely a process of changing certain characteristics of the oscillator
frequency. If the amplitude is charged at an audible rate, the
transmitter is said to be amplitude modulated. If the frequency is
changed at an audible rate, it is frequency modulated.

Frequency multipliers are often used in a transmitter when it
is desirable to have an output frequency substantially higher than
the oscillator frequency. Multipliers deliver an output whose fre-
quency is some multiple of the input frequency.

REVIEW QUESTIONS

What is the simplest form of a tube-type transmitter?

What is CW?

What is a VFO?

Would it be possible to have a crystal-controlled VFO?

What is parasitic oscillations?

What is the purpose of an RF power amplifier in a transmit-
ter?

What is a buffer amplifier?

What is modulation?

How does FM differ from AM?

Is plate current in an RF power amplifier maximum or
minimum at resonance?

A § g B9 [ =

2L
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CHAPTER 18

Radio Receivers

The function of a receiver is to select and amplify the desired
radio signals, separate from them the intelligence originally trans-
mitted, and to convert this intelligence into sounds that can be
heard and understood. A radio receiver can be very simple or it can
be quite complex. The most basic type of receiver is the crystal set
shown schematically in Fig. 1. Here the desired station is selected
by tuning the L;-C, combination to resonance at that frequency.
The signal is then demodulated by the crystal detector, and the re-
sultant audio component is converted into sound waves by the

CRYSTAL
DETECTOR
l ;=
’ T

Fig. 1. A basic crystal set. HEADPHONES

L1

headphones. Since the days of the crystal set, a number of receiver
circuits have been developed, including such types as the regenera-
tive and superregenerative, tuned radio frequency (TRF) and the
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currently popular superheterodyne receiver circuit. Fig. 2 shows
block diagrams of two regenerative-type receivers.

(A) Regenerative.

SPEAKER

REGENERATIVE —K]
DETECTOR

]

SPEAKER
RF REGENERATIVE AUDIO
r AMPLIFIER DETECTOR AMPLIFIER

(B) Tuned-radio-frequency regenerative.

Fig. 2. Block diagrams of two regenerative-type receivers.

A radio signal intercepted by an antenna might have an ampli-
tude in the order of only millionths of a volt (several microvolts),
and a power of only “one” micromicrowatt. This extremely small
amount of electrical energy must then be amplified without ob-
jectionable distortion to a power level of approximately 1 watt in
order to operate a speaker satisfactorily. Thus, the radio receiver
must provide a power amplification of 10 times in this example.

RECEIVER PERFORMANCE CHARACTERISTICS

Receiver performance characteristics are determined by a num-
ber of factors, several of which are selectivity, sensitivity, fidelity,
and stability.

By definition, the selectivity of a receiver is its ability to discrim-
inate between signals of various frequencies. The sensitivity of a
receiver is the minimum signal voltage input required to produce a
specified output. The fidelity is the response through the audio-
frequency range required for a given type of receiver. The stability
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of a receiver, on the other hand, is its ability to maintain the se-
lected frequency as the receiver warms up.

Selectivity

As mentioned previously, selectivity is that characteristic of a
receiver which determines its ability to tune in a desired signal
while rejecting all others. Receiver selectivity is determined with
the aid of an RF signal generator which makes it possible to im-
press RF potentials of known frequency on the input of a radio
receiver.

There are various methods of carrying out this test, although the
one generally used is to impress a small potential on the input of
the receiver and note the output, and then to vary gradually the fre-
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Fig. 3. Selectivity curve of a typical radio receiver.
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quency of the RF generator, and at the same time adjust the poten-
tial supplied to the receiver input so as to maintain the same output.

In this manner a set of figures will be obtained, indicating how
the output of the receiver falls off at either side of the frequency to
which it is tuned. The more rapidly the output falls off, the better is
the selectivity of the receiver.

However, the receiver’s selectivity is closely allied with its fidel-
ity. Hence, if the selectivity is too great, the sidebands are sup-
pressed and the fidelity is impaired. A typical selectivity curve is
shown in Fig. 3.

Curves such as this may be plotted at various points through the
broadcast band to determine the selectivity characteristics of a re-

ceiver.
The selectivity of a receiver is stated in terms of bandwidth.

With reference to Fig. 4, bandwidth is defined as the number of
cycles between the 70.7% maximum voltage points on the curve.
Conventional AM broadcast receivers have a typical selectivity of
10 kHz.

Fig. 4. Bandwidth is measured between
the 70.7% maximum voltage points.

Sensitivity

The sensitivity of a receiver is expressed as a measure of the
voltage (or power) that must be applied at the input to produce a
specified standard output voltage (or power). For AM broadcast re-
ceivers, the sensitivity is defined as the RF carrier voltage, modu-
lated 30% at 400 hertz, which when applied to the input of the
receiver through a standard artificial antenna will develop .5 watt
output in a resistive load connected in place of the speaker. This
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measure of sensitivity is expressed in microvolts. Fig. 5 shows a
sensitivity curve for a typical radio receiver.

Fidelity
Fidelity is the term used to indicate the accuracy of reproduc-
tion, at the output of a radio receiver, of the modulation impressed

on the RF signal applied to the input of the receiver under test. The
fidelity of a given receiver is generally determined by setting up the
receiver to be tested and impressing on its input an RF signal mod-
ulated at 30%, the input signal having a value such that the normal
output is obtained.

Next the frequency of the modulating signal is varied (the per-
centage of modulation being held constant) over the entire audio-
frequency band, and the output power at each frequency is noted.
From the data so obtained, a curve can be charted showing how the
audio-frequency output power from the set varies with the fre-
quency applied. The fidelity characteristics of a typical radio re-
ceiver are plotted in Fig. 6.

Such curves are conducted at various radio frequencies—for ex-
ample, at 600, 1,000 and 1,500 kilohertz in the broadcast band—
so that the variation of fidelity can be determined.
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Fig. 5. Sensitivity characteristics of a typical radio receiver.
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In this manner it is possible to obtain information regarding the
characteristics of the RF-amplifier system. It is obvious that if the

1
0
L4
/,
. NSE
g N\
(%]
-
g 1400 KHZ
g N\ ™ oo
8 AN
N
» N
1 600 KHZ
0 10 20 0 Lo 3,00 10,000

AUDIO FREQUENCY -HERTZ

Fig. 6. Fidelity characteristics of a typical broadcast receiver.

system tunes too sharply at some point in the broadcast band, the
sidebands will be suppressed partially and this will show up on the
curve as a falling off in response at the higher audio frequencies.

When a test of this type is made, it is essential that the source of
the audio-frequency voltage used to modulate the RF input signal
be quite pure (free from harmonics). Generally the total harmonic
output from the AF oscillator should not exceed 5%.

AMPLIFIER CLASSIFICATION

As mentioned previously in the discussion of basic electronic cir-
cuits, there are four basic classes of amplifier service. This classifi-
cation depends primarily on the fraction of the input cycle during
which the plate current is expected to flow under rated full-load
conditions. The term cutoff bias used in the following definitions is
the value of grid bias at which plate current is a small, insignificant
value or is zero.
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Class-A

A class-A amplifier is one in which the grid bias and alternating
grid voltages are such that plate current flows at all times.

Class-A voltage amplifiers find their application in reproducing
grid-voltage variations across an impedance or resistance in the
plate circuit. These variations are essentially of the same form as
the input-signal voltage impressed on the grid, but of increased am-
plitude. This is accomplished by operating the tube at a suitable
grid bias so that the applied grid-input voltage produces plate-cur-
rent variations proportional to the grid swings. Since the voltage
variation obtained in the plate circuit is much larger than the volt-
age at the grid required to produce it, amplification of the signal is
obtained.

Class-A power amplifiers find their chief application as output
amplifiers in audio systems, radio receivers, and public-address
systems, where relatively large amounts of power are required.

In the above applications, large output power is of more impor-
tance than high-voltage amplification. Therefore, gain possibilities
are sacrificed in the design of power tubes to obtain this greater
power-handling capability.

Class-AB

A class-AB amplifier is one in which the grid bias and alternating
grid voltages are such that plate current in a specific tube flows for
somewhat more than one-half of the cycle but less than the entire
cycle.

Class-B

A class-B amplifier is one in which the grid bias is approximately
equal to the cutoff value so that the plate current is approximately
zero when no input grid voltage is applied. In this class of amplifier,
the plate current flows for approximately one half of each cycle
when the alternating grid voltage is applied.

Class-B power amplifiers employ two tubes connected in push-
pull. These tubes are biased so that the plate current is almost zero
when no signal voltage is applied to the grids. Because of this low
value of no-signal plate current, class-B amplification has the same
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advantage as class-AB, in that a large power output can be ob-
tained without excessive plate dissipation. The difference between
class-B and class-AB is that, in class-B, plate current is cut off for
a larger portion of the negative grid swing.

Class-C

A class-C amplifier is one in which the grid bias is appreciably
greater than the cutoff value. In this class of operation, the plate
current in each tube is zero when no alternating grid voltage is ap-
plied; plate current flows in a tube for appreciably less than one
half of each cycle when the alternating grid voltage is applied.

Push-Pull

A push-pull amplifier arrangement is frequently used in receivers
for supplying more power to the speaker than is ordinarily obtain-
able from one- or two-stage audio amplifiers. Another advantage of
the push-pull amplifier is that it eliminates some of the distortion
existing in ordinary amplifiers due to the nonlinear characteristics
of the tube.

By observing the circuit in Fig. 7, we see that this is a balanced
circuit—that is, the cathode returns are made to the midpoint of
the input and output devices.

INPUT
OUTPUT
TO SPEAKER

b =

GR-ID BIAS !1

B- B+

Fig. 7. A push-pull amplifier circuit. This type of amplification requires twa identical
tubes in the stage.
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An AC current flowing through the primary winding of the input
transformer will cause an AC potential to be induced in the second-
ary. The voltages at the ends of the winding will be opposite in po-
larity with respect to the center connection. Hence, it will be found

Fig. 8 shows the circuit for a typical transistor push-pull ampli-
fier. Two transistors are used as audio drivers, and two more are
used in a push-pull configuration. The included frequency-response
shows that the amplifier has reasonably uniform response from
100 Hz to 10 kHz. Maximum power output is 0.4 watt, and is
accompanied by 10% distortion. If the power output is reduced to
0.1 watt, the distortion is only 5%.
that the grid of one tube goes positive at the same instant that the
grid of the other goes negative. The plate current in one tube is in-
creasing while the plate current of the other tube is decreasing. It is
from this characteristic that the name “push-pull” has been derived.

Although ordinary amplifier tubes can be utilized in this type of
amplifier, it is often desirable to use special power tubes that have a
high amplification factor.

RADIO-FREQUENCY AMPLIFIERS

Radio-frequency (RF) amplification is used to increase the am-
plitude of weak radio signals received from the antenna. There are
three general methods for coupling one stage to another—resist-
ance coupling, impedance coupling, and transformer coupling.

Resistance-Coupled

In this type of amplifier (Fig. 9), a high resistance is utilized
for the interstage coupling. The advantage of using this type of
coupling in an amplifier is its simplicity and the fact that the
amplification can be made very uniform over a rather wide range
of frequencies. It is these characteristics that have made resistance
coupling useful in radio circuitry.

The function of the blocking capacitor is to prevent the plate
potential of one stage from being impressed on the grid of the next
stage.
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BLOCKING
CAPACITORS

DETECTOR

B- B+

Fig. 9. A typical two-stage resistance-coupled RF amplifier.

Resistance-coupled RF amplifiers find their chief usefulness at
comparatively low radio frequencies, such as from 20 kHz to 100
kHz. This type of amplifier is practically useless at high radio
frequencies, such as 1 mHz. The reason for this is that the tubes
have interelectrode capacitances, and the circuit has stray capaci-
tance. Thus, the shunt capacitive reactances become so small at
high radio frequencies that the signal is almost entirely bypassed
to ground, resulting in a loss instead of a gain.

Impedance-Coupled

The method of connection for impedance coupling is shown in
Fig. 10. Impedances L, and L, are in the form of autotransformers;
R, and R. are grid leaks that may range in value from 250,000 to
500,000 ohms.

Fig. 11 shows the circuit for a two-stage transistor RF amplifier.
The amplified RF output is applied to a detector (not shown in
the diagram). This circuit differs basically from the circuit shown
in Fig. 10 in that the impedance L,-R, is tuned, in addition to
tuning of L,-L,. Thereby, full gain is provided at any frequency
within the AM broadcast band.

Transformer-Coupled

In this method of coupling, air-core transformers with a one-to-
one ratio are most commonly used. However, at very low frequen-
cies, it has been found advantageous to use step-up transformers.
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Fig. 10, A transistor “front-end” for a radio receiver.

Fig. 12 shows the coupling arrangement used in a three-stage RF
amplifier.

© c2
2ND RF DETECTOR
_{
L— —o
OUTPUT
— —

B- B+

Fig. 11. A two-stage impedance-coupled RF amplifier.

Effect on Selectivity

As previously explained, the selectivity of a receiver is defined as
its ability to discriminate between signals of various frequencies.
This ability among other factors is affected by the total number of

stages in the receiver as well as the selectivity of each of the indi-
vidual stages.
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ISTRF 2ND RF 3RD RF
TRANSFORMER TRANSFORMER

TRANSFORMER
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DETECTOR

B- B+
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Fig. 12. A three-stage transformer-coupled RF amplifier.

The influence of the number of stages upon the selectivity can
best be understood by referring to Fig. 13, which represents the
selectivity characteristics of several RF stages. Curve 1 represents
the selectivity of a single RF stage. At a point 5,000 hertz off
resonance, the circuit gives 84% of the amplification at resonance;
and at 10,000 hertz off resonance, the amplification has dropped
to 66% of the resonance amplification.
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Fig. 13. How several stages of RF amplification increase the
selectivity of a receiver by reducing undesired signal strength.
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Assume that another stage is added having exactly the same
characteristics as that of the first. Now selectivity curve No. 2 indi-
cates the resultant response. If at a certain point off resonance, the
first stage reduced the amplification factor to 84 %, then the second
stage would reduce the amplification to 84% of what came through
the first stage. With four stages of RF amplification, a point 5,000
hertz off resonance would introduce a final amplification of only
49% of the resonant frequency.

Analyzing the result further, at a point 5,000 hertz off reso-
nance the amplification of the first stage is 84%; that of the
second stage .84 X .84 or 73%; that of the third stage .84 x .84 X
84 or 61%; and finally the amplification of the fourth stage
84 X .84 X .84 X .84 or only a little better than 51%.

Since a radio signal includes modulation frequencies up to 5,000
hertz off center frequency, it is evident that a radio-frequency am-
plifier having four such stages would cause considerable sideband
suppression with consequent signal distortion and unintelligible
speech.

REGENERATIVE CIRCUITS

The term “regenerative” is applied to any detector circuit with
coupling provided between the plate and oscillatory grid circuit. A
tube connected in such a manner performs simultaneously the func-
tions of a detector and an oscillator.

3
o P

- B+

Fig. 14. A regenerative circuit.
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Fig. 15. Two methods of regeneration control.

A typical regenerative circuit is shown in Fig. 14. The various
methods for controlling the amount of feedback, or regeneration,
in receivers utilize such things as potentiometers, ticklers, variable
capacitors, etc. Fig. 15 shows two ways in which regeneration may
be controlled by means of a screen-grid detector. In Fig. 15A, the
regeneration control is a variable capacitor having a maximum ca-
pacity of 100 or 150 mmf. It acts as a variable bypass between the
low-potential end of the tickler coil and the cathode of the tube. If
the bypass capacity is too small the tube will not oscillate, while in-
creasing the capacity will cause oscillations to start at a certain
value of capacity.
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This method of regeneration control is very smooth in operation,
causes relatively little detuning of the received signal and, since the
voltage on the screen grid of the tube is fixed, permits the detector
to operate at its most sensitive point. The sensitivity of a screen-grid
detector depends to a great extent on maintaining the screen-grid
voltage in the vicinity of 30 volts.

In Fig. 15B, regeneration is controlled by changing the mutual
conductance of the detector tube through varying its screen-grid
voltage. The regeneration control is usually a potentiometer with a
total resistance of 50,000 ohms or more. This circuit causes more
detuning of the signal than the one in Fig. 15A. Furthermore, un-
less the variable regencration control is bypassed by a large value
capacitor (approximately 1 mfd), a certain amount of noise is
likely to be produced. In Fig. 15A, capacitor C may be .5 mfd or
larger. In the circuit of Fig. 15B, it is necessary to adjust the num-
ber of turns on the tickler coil to make the tube just start oscillating
with about 30 volts on the screen grid for maximum sensitivity.

Fig. 16. A simple transistor regenerative receiver.
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Both methods shown here may be applied to triode detectors, al-
though these tubes have been largely superseded as detectors by
the more sensitive tetrode and pentode tubes. To use the method
shown in Fig. 15B for a triode, the regeneration control should be
placed in series with the plate of the tube and it need not be used as
a voltage-divider, but simply as a series variable resistor. It can also
be used as a series resistor when controlling a tetrode tube. Another
type of regeneration control, more suitable for lower radio frequen-
cies, employs a variable resistance across the feedback portion of
the RF circuit.

Fig. 16 shows the circuit for a simple transistor regenerative
receiver. In this arrangement, a separate transistor is used to pro-
vide regeneration (or oscillation). This provides better quality
reception and minimizes distortion due to overload on strong
signals. Regeneration is controlled by varying the bias on the feed-
back transistor X,. This circuit is designed for short-wave reception
and is operated from a dipole antenna, as explained in a later
chapter. L,, L., C,, and C, are connected as wave traps to eliminate
or minimize interference from broadcast-frequency signals.

FREQUENCY CONVERSION

Frequency conversion is based on the simple electrical principle
that when two different frequencies are combined in a suitable de-
tector, there is produced a third frequency (termed the beat or in-

BEAT FREQUENCIES

Fig. 17. How beat frequencies are generated. Observe how frequencies A; and A,
are alternately in and out of phase with each other. The frequency with which
these two are in phase is equal to the difference between their frequencies.
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termediate frequency) that is equal to the difference between or the
sum of the two original frequencies.

Thus, if an amplifier is designed for 130 kilohertz, and it is
desired to receive a broadcast signal of 1,500 kilohertz, all that
is needed is to supply a locally generated frequency either 130
kHz higher or 130 kHz lower than the received signal of 1,500
kHz.

The combination of the received broadcast signal and the locally
generated signal produces a beat note, or intermediate frequency,
equal to the difference between them, or 130 kHz. This action is
illustrated in Fig. 17.

DETECTION

RF amplification in a radio occurs before the radio signals reach
the detector circuit. The function of the detector is to demodulate
the RF wave before it reaches the audio stage.

In the receiver it is desired to reproduce the original AF modu-
lating wave from the modulated RF wave. In other words, the ob-
jective is to recover the original audio signal that was superimposed
on the transmitted wave. The stage in the receiver in which this
function is performed is called the demodulator or detector stage.

A number of different detector circuits have been employed over
the years, several of which will be considered here. Fig. 18 shows a
typical diode-detector circuit. The action of this circuit when a
modulated RF wave is applied is illustrated in Fig. 19. The RF
voltage applied to the circuit is shown in a light line; the output

1
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O

Fig. 18. A diode-detector circuit.
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voltage across capacitor C is indicated by the heavy line. Between
points a and b on the first positive half cycle of the applied RF volt-
age, the capacitor C charges to the peak value of RF voltage.

As the applied RF voltage falls away from its peak value, the ca-
pacitor holds the cathode at a potential more positive than the volt-
age applied to the anode. Capacitor C thus temporarily cuts off cur-
rent through the diode. While the diode current is cut off, the ca-
pacitor discharges from b to ¢, through diode load resistor R. When
the RF voltage on the anode again rises high enough to exceed the
potential at which the capacitor holds the cathode, current flows
again and the capacitor charges up to the peak value of the second

l
Fig. 19. Diode-detector characteristics. !
A

positive half cycle at d. In this way, the voltage across the capacitor
follows the peak value of the applied RF voltage and thus repro-
duces the AF modulation.

The curve representing the voltage across capacitor C as shown
in Fig. 19 is somewhat jagged. However, this jaggedness, which
represents an RF component in the voltage across the capacitor, is
exaggerated in the illustration. In an actual circuit the RF compo-
nent of this voltage is negligible. Hence, when the voltage across
capacitor C is amplified, the output of the amplifier reproduces the
speech or music originating at the transmitting station.
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Fig. 20. A one-transistor receiver.

Fig. 20 shows the circuit diagram for a semiconductor diode
detector, followed by a transistor audio amplifier. If desired, a
transistor can be used for detection, as seen in Fig. 21. The
advantage of a transistor detector over a semiconductor diode
detector is the additional gain provided by the transistor.

The diode method of detection has the advantage over other
methods in that it produces less distortion. The reason is that its
dynamic characteristic can be made more linear than that of other
detectors. It also has certain disadvantages in that it does not am-
plify the signal, and it draws current from the input circuit, thereby
reducing the selectivity of the input circuit. However, because the
diode method of detection produces less distortion and because it
permits the use of simple automatic volume control (AVC) cir-

; 2N107

FERRITE
CORE ;- 365pf
ANTENNA

2KQ
PHONES

1 | T1 - PRI 200KQ
= 4y SEC 1KQ ARGONNE
- AR100 OR EQUIVALENT
L~

Fig. 21. A two-transistor receiver.
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cuits without the necessity for an additional voltage supply, the
diode method of detection is most widely used in broadcast re-
ceivers.

Another detector circuit, called a diode-biased circuit, is shown
in Fig. 22. In this circuit, the triode grid is connected directly to a
tap on the diode-load resistor. When an RF signal voltage is ap-
plied to the diode, the DC voltage at the tap supplies bias to the

¢ 10 GRID OF
1 NEXT AUDIO STAGE

c

INTERMENAT:g J_
FREQUENCY 2
INPUT % T

+B

Fig. 22. A diode-biased detector circuit.

triode grid. When the RF signal is modulated, the AF voltage at the
tap is applied to the grid and is amplified by the triode. The advan-
tage of this circuit over the self-biased arrangement shown in
Fig. 23 is that the diode-biased circuit does not employ a capacitor
between the grid and the diode-load resistor, and consequently does
not produce as much distortion of signals having a high percentage
of modulation.

However, there are restrictions on the use of the diode-biased
circuit. Because the bias voltage on the triode depends on the aver-
age amplitude of the RF voltage applied to the diode, the average
amplitude of the voltage applied to the diode should be constant for
all values of signal strength at the antenna. Otherwise there will be
different values of bias on the triode grid for different signal
strengths and the triode will produce distortion.

This restriction means, in practice, that the receiver should have
a separate automatic volume control system. With such an AVC
system, the average amplitude of the signal voltage applied to the
diode can be held within very close limits for all values of signal
strength at the antenna.
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Fig. 23. A typical diode-detector circuit using a duplex-diode tube. Ry is the diode-

load resistor. In a typical circuit, Ry may be tapped so that 80% of the total AF

voltage across it is applied to the volume control. This reduces audio distortion and
improves the RF filtering.

The tube used in a diode-biased circuit should be one that oper-
ates at a fairly large value of bias voltage. The variations in bias
voltage are then a small percentage of the total bias and hence pro-

duce small distortion.
In the grid-bias detector circuit shown in Fig. 24, the grid is

biased almost to cutoffi—that is, operated so that the plate current
is practically zero with no signal applied to the grid. The bias

RF CHOKE

_‘C‘ BYPASS =1
ELAEES AMPLIFIER
STAGE

BYPASS "L

CAPACITORT

-
—=ipfop——
! I B
CATHODE BIAS FILAMENT

RESISTOR [W)lmm SFORMER

Fig. 24. A grid-bias detector circuit.
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voltage can be obtained from a cathode-bias resistor or a bleeder
tap on the B+ power supply. Because of the high negative bias,
only the positive half cycles of the RF signal are amplified by the
tube. The signal is, therefore, detected in the plate circuit.

The advantages of this method of detection are that it amplifies
the signal besides detecting it, and that it does not draw current
from the input circuit.

2N170 2N107

FERRITE

Al CT%RE A 4
NTENN -
232uH 7 %!

=

A\“‘v

Fig. 25. A three-transistor receiver.

Fig. 25 shows the circuit for a base-bias transistor detector with
a two-stage DC coupled audio amplifier. In this arrangement, the
base-emitter bias voltage on the detector transistor is zero volts.
A small improvement in sensitivity can be obtained by using a
very sinall forward bias on the base. The first audio transistor is
forward-biased for class-A operation by the emitter current which
flows through the base to the collector of the detector transistor.
The second audio transistor is forward-biased by the voltage drop
across the 2.5K variable resistor (volume control).

The grid-leak and capacitor method, shown in Fig. 26, is some-
what more sensitive than the grid-bias method and provides its best
results on weak signals. In this circuit, there is no negative DC bias
voltage applied to the grid. Hence, on the positive half cycles of the
RF signal, current flows from grid to cathode. The grid and cath-
ode thus act as a diode detector, with the grid-leak resistor as the
diode-load resistor and the grid capacitor as the RF bypass capaci-
tor.

The voltage across the capacitor then reproduces the AF modu-
lation in the same manner as has been explained for the diode de-
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GRID CAPACITOR RF CHOKE

] ]
l GRID LEAK _‘ll: TO AMPLIFIER STAGE

| Ly "I'IIIIBI'I-)‘—T

= A

Fig. 26. A grid-leak and capacitor detector circuit.

tector. This voltage appears between the grid and cathode and is
amplified in the plate circuit. The output voltage thus reproduces
the original AF signal.

In this detector circuit, the use of a high-resistance grid leak in-
creases selectivity and sensitivity. However, improved AF response
and much better stability are obtained with lower values of grid-leak
resistance.

TUNED-RADIO-FREQUENCY (TRF) CIRCUITS

The word “tuned” in this connection simply means that the cir-
cuit is brought into resonance with the desired signal. A tuned RF
circuit is one in which the radio-frequency-amplifier circuits may be
tuned to the desired wavelength by adjusting the inductance, the
capacity, or both, although the usual method of tuning is by means
of a variable capacitor in parallel with the secondary of the RF
transformer. Fig. 27 illustrates the principle of a tuned-radio-fre-
quency circuit.

Reflex Circuits

The reflex circuit is only one of several circuits developed for the
purpose of reducing the number of tubes required in a multi-stage
receiver. The use of this circuit, however, with the versatility and
relative inexpensiveness of the modern vacuum tube has become
largely obsolete; however, it will be discussed here because of the
electronic principles involved and because many transistor receivers
are using it. A typical reflex circuit is shown in Fig. 28.
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Fig. 27. The principle of a TRF receiver.

In this circuit the vacuum tube is made to perform the dual func-
tions of both radio- and audio-frequency amplification.

The incoming signal is amplified at radio frequency, rectified by
a detector, and then amplified at audio frequency using the same

RADI0 FREQUENCY

TRANSFORMER
CRYSTAL
DETECTOR
»l
Ll |

-t

7

[ =

— TUNING CAPACITOR J J/’

AUDIO
FREQUENCY
TRANSFORMER

B- B+

Fig. 28. A typical reflex circuit.

tube. Or, if so desired, the circuit values can be chosen so that the
stage can function as a radio-frequency and intermediate-frequency
amplifier.
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It can readily be understood that to construct a stage that will
first amplify the signal at the IF and then further amplify it after
it has been rectified and converted into an audio frequency signal
requires a very careful choice of circuit constants, because not only
must the circuit elements present the proper load at both audio and
intermediate frequencies but also filters must be inserted to separate
the frequencies so as to prevent feedback.

o4l

=== ========9

1
(.

ouTPUT

8 PLUS

Fig. 29. A transistor reflex circuit.

A transformer reflex circuit is shown in Fig. 29. The incoming
RF signal is first amplified by TR,, and then detected by X,. The
detected signal is then coupled back to the base of X, thereby
providing audio amplification. The amplified audio signal drops
across R, and the earphones. If the earphones have a suitable value
of DC resistance, R, may be omitted. R; operates as a volume
control.

FREQUENCY CONVERTERS

The function of the frequency converter in a superheterodyne
receiver is to convert the RF signal to an intermediate frequency.
Before the incoming signal is fed to the IF amplifiers, it must be
converted to a lower frequency. To obtain this change in frequency,
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a frequency-converting system consisting of a local oscillator and a
mixer circuit is commonly employed. In the mixer tube, the incom-
ing RF signal and the RF signal produced by the local oscillator are
mixed (heterodyned) to produce in the plate circuit a signal
having, in addition to the original frequencies, the sum and differ-
ence frequencies.

Generally the output circuit of the mixer stage is provided with a
tuned circuit adjusted to select only one beat frequency—that fre-
quency which is equal to the difference between the incoming (re-
ceived) signal frequency and the oscillator frequency. It is this se-
lected output frequency that is known as the intermediate frequency
or, in abbreviated form, IF. The signal output of the mixer is held
constant (at the IF value) regardless of the frequency of the signal
being received. This is accomplished by synchronizing the tuning

of the oscillator and preselector circuits.

PENTAGR 1D CONVERTER

SR KIIm Atk
i
L

TO PLATE SUPPLY

Fig. 30. A pentagrid converter tube employed as an oscillator-mixer in a super-
heterodyne receiver.

The first method of frequency conversion widely employed be-
fore the availability of tubes especially designed for this purpose,
employed as the mixer tube either a triode, a tetrode, or a pentode.
In this method the oscillator and the incoming signal are applied to
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Fig. 31. A transistor superheterodyne receiver.
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the same grid. The coupling between the oscillator and mixer cir-
cuits is obtained by means of inductance or capacitance.

A second method employs a tube which is especially designed
for this type of service known as the pentagrid converter tube. (See
circuit in Fig. 30.)

In this tube the oscillator and frequency mixer are combined,
with coupling between the oscillator and mixer circuit provided by
means of the electron stream within the tube.

A third method of frequency conversion uses a circuit identified
as the pentagrid mixer. It has two independent control grids, and is
used with a separate oscillator tube. In this circuit, the incoming RF
signal is applied to one of the control grids and the oscillator signal
is applied to the other grid of a tube with two control grids.

In the case of transistor radio receivers, a triode transistor is
often employed as an oscillator-mixer, as shown in Fig. 31. Feed-
back is provided by L, from the collector to the emitter of tran-
sistor X,. Thereby an oscillatory signal is generated for mixing
with the incoming RF signal. The RF signal is applied to the base
of transistor X,. In turn, a 455-kHz beat signal is developed at the
collector. This IF signal is picked off by L; and fed to the IF
amplifier section.

AUDIO-FREQUENCY AMPLIFIERS

An audio-frequency amplifier is employed to increase the
strength (amplitude) of the signals after leaving the detector tube,
but before the signal is fed to the speaker.

Vi V2 outpuT

INPUT

Fig. 32. A resistance-coupled AF amplifier.
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There are three general methods of audio-amplifier coupling
whereby one stage of an audio-frequency amplifier may be con-
nected to the following stage, identified as:

1. Resistance coupled.
2. Impedance coupled.
3. Transformer coupled.

Resistance-Coupled

Here, as in the previously discussed RF amplifier coupling, a
resistance is employed in the interstage coupling, as shown in Fig.
32. The function of the blocking capacitor C is that of insulating the
grid of the tube from the high positive potential of the plate supply.
In order to prevent the grid from accumulating a negative charge, a
high-resistance leakage path is introduced through grid resistor R.,
the size of which depends upon the value of the grid-to-cathode re-
sistance of the tube.

When a signal potential is received from the detector, a current
is generated through coupling resistor R in the plate circuit of the
first tube. These variations of plate voltage are reduced by block-
ing capacitor C and are impressed on the input circuit of the
second tube. Finally the grid-voltage variations applied to the
second tube cause corresponding variations of the plate potential
which are, in turn, impressed on the input circuit of the final audio
stage.

Resistance coupling of the audio-frequency stages offers the ad-
vantages of good response at low audio frequencies. However, this
increases the possibility of trouble from a common plate-voltage
supply. This is due to the fact that the bypass capacitors are ineffec-
tive at very low audio frequencies and hence the common voltage
supply acts as coupling between the stages. This gives rise to a low-
frequency form of oscillation.

Impedance-Coupled

The impedance-coupled audio amplifier is similar to the resist-
ance-coupled amplifier just described except that, in place of the
resistance, an inductance is employed (see Fig. 33).
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The effect of the blocking capacitor is similar to that described
for the resistance-coupled amplifier.

Transformer-Coupled

In the amplifier stages shown in Fig. 34, the coupling is made by
means of a transformer consisting of two windings—one primary
and one secondary. The voltage gain received with this type of cou-
pling is largely defeated due to the fact that it is not linear for all

BLOCKING CAPACITORS
/ ~—
It =1t
L 1°
RES.

T0 POWER
AMP,
- ==
INPUT ! \ RES.
IMPEDANCE = |MPEDANCE
colL coiw =

Fig. 33. An impedance-coupled AF amplifier.

frequencies. This frequency distortion is caused largely by the dis-
tributed capacity existing between the windings of the transformer,
and an additional form of distortion known as harmonic distortion
is caused by saturation of the iron core in the transformer.

Now that receivers have been discussed from the point where
signals enter the RF stages to the point where the audio is recov-

TRANSFORMER

OuTPUT

&)

Fig. 34. Interconnection of a transformer-coupled AF amplifier.
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ered frum the transmitted wave, refer to Fig. 35 for an overall pic-
ture of the various stages in a superheterodyne receiver and their
progressive effects on radio signals entering at the antenna and
emerging from the speaker.
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Fig. 35. Combination diagram showing arrangement of the different stages of a
typical superheterodyne receiver, with charts indicating how the radio signals are
modified by each unit.
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FM RECEIVER PRINCIPLES

In the AM system of reception, most interfering noises affect the
amplitude of the signals. Therefore, receivers designed to receive
amplitude-modulated signals also receive a considerable amount of
radio interference. ‘

Frequency-modulated signals received on receivers designed ex-
clusively for such reception give greater freedom from interference.

The advantages in reception when using frequency modulation
are:

1. Freedom from static interference.
2. A greatly extended frequency range. (See Fig. 36.)

The main difference between the amplitude- and frequency-mod-
ulated receiver is apparent from the block diagrams in Fig. 37. As
you can see, both types may have an RF amplifier stage, the pri-
mary function of which is to provide adequate selectivity and volt-
age gain.

A converter stage, consisting of a single tube functioning as
mixer and oscillator, or two separate tubes performing these func-
tions, is common to both circuits.

Intermediate-Frequency Amplifiers

Although an intermediate-frequency amplifier of one or more
stages is employed in both AM and FM receivers, the 1F amplifier
in a frequency-modulated receiver differs from that of an ampli-
tude-modulated receiver by reason of its wide-band characteristics.
It must amplify a wide band of frequencies.

In an amplitude-modulated receiver, the IF amplifier is designed
to reject a signal more than 10 to 15 kHz from that to which the am-
plifier is tuned, whereas the IF amplifier in a frequency-modulated
receiver is designed to pass a signal, without appreciable attenua-
tion, as much as 100 kHz or more on either side of the frequency to
which the IF transformers are aligned.

There are various methods employed to obtain this bandwidth.
In some instances, the primary and secondary windings are over-
coupled to broaden the response curve.
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Fig. 36. Comparative tone coverages of average AM and FM receivers.

The great majority of frequency-modulation receivers, however,
employ shunt resistors, to load either or both the primary and sec-
ondary windings to obtain the required 150- to 200-kHz bandwidth.
In some of the early receivers, as well as several frequency-modula-
tion adapters, both the primaries and secondaries of the 1F trans-
formers were shunted by resistors as shown in Fig. 38,

The values of these shunt resistors vary with each receiver
model, and depend upon transformer design and degree of loading
required in each case to secure the bandspread. Resistor values
from 10,000 to 50,000 ohms are most commonly used for this
purpose.
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(B) Frequency modulation.

Fig. 37. Block diagrams showing sequence of stages in AM and FM receivers.

Limiters

Again referring to the block diagram in Fig. 37B, a limiter stage
is shown. This is essentially an intermediate-frequency stage and
consists of one or two amplifier tubes so arranged as to deliver con-
stant-amplitude output regardless of wide variation in input-signal
amplitude.

The tubes employed as limiters are usually of the pentode type,
having sharp cutoff characteristics, and are operated at low plate
and screen voltages, so that plate-current cutoff occurs with rela-
tively small grid bias or signal input.

Normal signal input will swing the grid voltage considerably
above and below the linear portion of the characteristic curve of the
tube.
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Fig. 38. Use of resistive loading to broaden response characteristics.

Positive peaks beyond the range of the limiter tube will be
clipped by grid-bias limiting, whereas negative signal peaks will be
clipped due to plate-current cutoff. In this manner, variations in the
signal which are greater than the operating limits of the tube are
clipped and have no effect on plate current.
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Fig. 39. Action of limiter in clippi dulation peaks beyond linear portion of
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the characteristic curve.
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Since static and noise disturbances primarily produce amplitude
changes in the signal, as do tube noises, the clipping of amplitude
variations removes the disturbing effects but leaves the frequency-
modulated signal unaltered. This action is illustrated in Fig. 39.

50 mmt LIMITER
1 2oas
70 TUNING
INDICATOR
AMPLIFIER
0.01 10, 0000
mtd

Fig. 40. One type of limiter used in FM receivers.

For complete noise elimination, it is essential that the signal volt-
age appearing at the limiter grid be sufficiently strong to swing the
grid bias to plate-current cutoff and saturation points.

Limiter tubes are generally operated at zero bias or with a
small bias voltage. The limiter circuit shown in Fig. 40 is repre-
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Fig. 41. A transistor triode limiter.
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sentative of those used in some FM receivers. Fig. 41 shows a
transistor triode limiter circuit. Another limiter circuit is shown
in Fig. 42, in which the load resistance is connected to the second-
ary return, the tube being supplied with a small initial negative bias.

The limiter circuit in Fig. 43 shows a low-value resistor con-
nected in series with the limiter load resistor so that an indicating

meter may be conveniently connected. The circuit in Fig. 44 shows
how two tubes may be arranged in cascade to operate more effici-
ently as limiters.

FM Detectors

The last significant difference between the amplitude-modulation
and frequency-modulation receivers concerns the second detector,
or demodulator.

LIMITER

T3 T =
ans Lz
eg i_—,‘mml

Fig. 42. Another type of limiter circuit employed in FM receivers.

7

In frequency-modulation receivers one of two types of detector
circuits is generally employed, namely the Foster-Seeley discrimi-
nator or the ratio detector. The Foster-Seeley discriminator
(Fig. 45) consists of a push-pull diode detector in which opposing
voltages developed across load resistors are equal and opposite so
long as the carrier frequency remains at the intermediate frequency.

The resultant voltage across the two load resistors from Point A
to ground is zero and no audio voltage is developed. When the sig-
nal impressed upon the discriminator transformer is frequency
modulated, phase changes as a result of both magnetic and capaci-
tive coupling will unbalance the voltage drops across the load re-
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50 mmt

METE|
CONNECTION
s
\

LIMITER

Fig. 43. A limiter circuit in which an indicating meter may be connected.

sistors as the frequency varies above and below the intermediate
frequency with modulation.

The resultant voltage measured across both diode load resistors
will then be equal to the difference between the voltages developed
across each, and will vary in polarity from point A to ground as the

22 mmf

Fig. 44, A dual limiter circuit.

modulation swings the frequency higher and lower than the resting
or resonant frequency. The degree of modulation, or frequency
swing, determines the magnitude of the voltage. The voltage devel-
oped across the load resistors is the equivalent of the audio signal
impressed on the transmitted carrier wave.
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Fig. 4S5. A Foster-Seeley discriminator.

The ratio-detector circuit (Fig. 46) appears somewhat similar to
the Foster-Seeley discriminator except that the polarity of one of
the diodes is reversed. L, and L. in this circuit comprise an IF
transformer with secondary L. being center tapped. More com-
monly it is referred to as the discriminator transformer. An inher-
ent characteristic of the ratio detector is its ability to cancel ampli-
tude variations appearing in the received signal. Because of this
feature no limiter stage is required ahead of the detector, as is the
case with the discriminator. You will also notice that unlike the dis-
criminator, the ratio detector has a different take-off point for the
audio signal and an additional capacitor (Cs) is employed. The
function of C, (generally referred to as the stabilizing capacitor) is
to keep the total rectified voltage constant despite rapid variations
in the incoming signal.

z L3l AT
i

Fig. 46. A ratio detector.

I( AUDIO
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In operation the RF voltages applied to the diodes are the vecto-
rial sum of the primary voltages at point A and the half of second-
ary L, connected to the diode involved. The phase relation is such
that, as the frequency of the signal increases, the RF voltage at one
diode increases. At the same instant the RF voltage on the other
diode decreases. As the frequency of the signal decreases the oppo-
site condition exists. The rectified DC voltages appearing across re-
sistors R, and R. are equal to the AC voltages across the diodes to
which they are connected. Variations in the phasing of the voltages
due to frequency deviations in the received signal produce varying
DC voltages across C, and C;. These in turn result in a varying cur-
rent through R; and, hence, develop the desired audio signal across
this resistor. The instantaneous sum of the voltages across C, and
C, must at all times equal the fixed voltage across C;. In other
words it is the ratio of the voltages across capacitors C, and C;
that varies and not the sum.

-t T2

"
vg | n

AUDIO
OUTPUT

Fig. 47. A transistor IF amplifier and discriminator stage.

Fig. 47 shows the circuit for a semiconductor discriminator. It
is seen that this configuration is essentially the same as shown in
Fig. 45 for a tube arrangement. We will also find the slope de-
tection process employed occasionally. A typical slope-detector cir-
cuit is depicted in Fig. 48. Note that L, and C, are tuned so that
the center frequency of the incoming FM signal falls on the side
of the frequency-response curve. This side-tuning operates to
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Fig. 48. A transistor slope detector and diode detector.

change the FM signal into an AM signal. In turn, the output from
transistor X, is fed to a conventional diode detector CR;. The
detector output is the AM wave envelope.

AUTOMATIC FREQUENCY CONTROL

Tuning an FM receiver to the desired signal is more critical than
tuning an AM receiver. Since the frequency-modulated signal is
quite wide in comparison with AM signals, it is easy to tune to
some point on either side of the center frequency, and the signal will
sound fine on low-level signals. On stronger signals, however, the
frequency deviation will increase and distortion will occur due to
the fact that the receiver is tuned so that only a portion of the signal
is within the bandpass. The automatic frequency control system
(abbreviated AFC) is designed to correct automatically for slight
misadjustments in tuning. AFC is used primarily with FM re-
ceivers; however, it can be used with AM receivers.

The action of the automatic frequency control circuits in super-
heterodyne receivers is such that any mistuning by the listener or
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any frequency drift in the set after it has been properly tuned is
automatically corrected by the incoming signal itself.

In most instances a DC voltage proportional to the frequency of
the IF signal is taken off at the detector and is applied to the oscil-
lator stage (Fig. 49). This control voltage varies when the IF fre-
quency varies above and below the proper value. Intermediate fre-
quencies which are too low and thoses which are too high produce
a corresponding voltage, the value of which depends upon the di-
rection of frequency departure from a prescribed intermediate fre-
quency. This DC voltage is applied to the reactance stage, which in
turn causes a shift in frequency of the local escillator so as to bring
the IF signal to very nearly the correct frequency. Since the produc-
tion of this DC voltage is due to departure from the resonant or

ANTENNA

RF I3 18T D
AMPLIFIER MIXER AMPLIFIER LIMITER LIMITER

DIS-
CRIMINATOR

REACTANCE AFC
OSCILLATOR STAGE NETWORK

L 18T AUDIO
G —] speaxer

QUTPUT

Fig. 49. Block diagram of a superheterodyne FM receiver with
automatic frequency control.

center frequency of the IF system, the correction cannot be strictly
complete. However, in the system described, a correction ratio of
more than 100 to 1 is feasible. In other words, when the dial of the
receiver is mistuned 100 kHz for the received signal, the automatic
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correction may be made to bring the actual IF signal frequency to
within only 100 hertz of resonance in the IF system.

The use of AFC on the short-wave bands is extremely helpful in
making the tuning operation easier. The tuning control has to be
moved only until the frequency is close enough to resonance to per-
mit the AFC circuit to make the necessary correction. Short-wave
stations are thus spread out on the dial, making them easier to lo-
cate and easier to hold.

COMMUNICATIONS RECEIVERS

A communications receiver is one designed for use in a two-way
radio system or to receive transmissions of this nature. These re-
ceivers, which may be of either the AM or FM type, operate on the
same basic principles as those discussed previously, the only differ-
ence being in the technical requirements.

In two-way radiocommunications, fidelity is not nearly as impor-
tant as selectivity. In fact the audio response of a communications
transmitter is generally limited from 300 to 3,000 hertz to keep
the bandwidth of emission as narrow as possible. This range con-
tains all the frequencies necessary to convey the human voice
intelligibly.

The three major requirements of a communications receiver are
selectivity, sensitivity, and stability. Increased selectivity is gener-
ally obtained by means of additional tuned circuits. A variable con-
trol is often placed on the control panel to select the degree of
selectivity (in the case of AM receivers). Also, selectivity can be
increased by using one or more additional frequency-conversion
stages. A block diagram of a receiver using dual conversion is
shown in Fig. 50. In this receiver, the incoming signal is hetero-
dyned twice, creating two intermediate frequencies. One is referred
to as the high IF and the other as the low IF. Some receivers even
employ triple conversion to obtain the desired results.

Receiver sensitivity is increased by using additional tuned cir-
cuits and stages of amplification. One or more controls are gener-
ally provided for varying the amount of gain. Some receivers have a
potentiometer that varies the RF gain, others have a control that
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permits adjustment of the IF gain; some have both. Frequency sta-
bility in communications receivers is generally maintained by using
regulated supply voltages and temperature-compensated compo-
nents in critical circuits such as the oscillator.

2.1 2.0
RF 18T mHz HIGH IF 2ND mHz LOW IF
AMPLIFIER MIXER AMPLIFIER MIXER AMPLIFIER
18T 2ND
OSCILLATOR OSCILLATOR
LIMITER AM DET, 1ST AUDIO
IN FM R —K]
UNIT FM DISC. Aubio outpuT

Fig. 50. Block diagram of a dual-conversion superheterodyne receiver.

Squelch Circuits

Some AM and practically all FM communications receivers em-
ploy what is known as a squelch circuit. The function of this circuit
is to mute the irritating background noise that is normally present
when no signals are being received.

Basically there are two types of squelch circuits. One is known as
signal operated and the other is noise operated. The former is used
primarily with AM receivers, whereas the latter is employed almost
exclusively with FM receivers. The squelch circuit produces a DC
voltage that is used to bias one of the audio stages to cutoff. Under
this condition no sound will be heard from the speaker. When a sig-
nal of sufficient strength is received, the bias is automatically re-
duced, allowing the signal to pass on to the speaker. With the car-
rier-operated squelch system, it is the presence of the received car-
rier that causes the cutoff bias on the audio stage to be overcome.

In the noise-operated system, it is the reduction of background
noise when a signal is received that “kills” squelch action. Here the
normal background noise (with no signals being received) is ampli-
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fied and then rectified to produce the bias voltage. When a signal is
received, the background noise is reduced (the amount depending
on the strength of the signal), less bias is produced, and the audio
stage is permitted to conduct normally. A squelch control permits
the operator to set the average bias level at a point which will de-
termine how strong the incoming signal must be to overcome
squelch action. Although the operation of the squelch system is
somewhat more complex than described here, the basic action is the
same.

AUTOMOBILE RADIO RECEIVERS

Automobile radio receivers usually employ the superheterodyne
circuit with automatic volume control and differ from the conven-
tional radio receiver only with respect to the extreme compactness,
the tuning controls, and the power supply.

The power supplies for automobile radio receivers are currently
going through a transition from the old to new systems. Most of the
older auto radios employed a vibrator-type power supply. After
1956, when most American automobiles went to the 12-volt DC

SW ON VOLUME .
CONTROL 9
SPARK PLATE —_—
2.6V o AR S o —o i
SOURCE 1
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.]°
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C1 B 2l 400 mid
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Fig. 51. Power supply for automobile receiver using low-voltage tubes.
electrical systems, many changes began to take place in auto-radio
design. Some manufacturers still stood by the conventional vibrator

power supply, while others took advantage of new tube designs that
required no high voltage. Instead these tubes operate directly from
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the 12-volt DC battery of the automobile and provide equal if not
better performance than the older type tubes.

Fig. 51 shows a power supply designed for a receiver using these
low-voltage tubes. As you can see, no vibrator or power trans-
former is required. The various chokes and capacitors serve to filter
out any slight variations or noise that might be present in the DC
source voltage.

Shortly after the low-voltage tubes were introduced, auto-radio
manufacturers began producing hybrid sets. These consist of both
tubes and transistors. At present, nearly all auto receivers use
transistors exclusively.

SUMMARY

The function of a radio receiver is to select and amplify the
desired radio signals, separate the intelligence transmitted from
the unneeded portion of the wave, and convert it into an output
that can be heard by the listener. The simplest receiver consists of
cnly a tunable circuit, an antenna, a crystal detector, and head-
phones. Other, more complicated, receivers include the regenera-
tive and superregenerative, tuned radio frequency (TRF), and
the superheterodyne.

The most important receiver characteristics are selectivity,
sensitivity, fidelity, and stability. Selectivity is the ability of a
receiver to discriininate between signals of different frequencies.
Sensitivity is the ability of a receiver to receive weak signals.
Fidelity is the faithfulness with which a signal is reproduced.
Stability is the ability of a receiver to maintain its selected fre-
quency.

Amplifiers are sometimes used in the RF section of a receiver
and nearly always in the audio section. Amplifiers are divided
into classes according to the manner in which they are operated.
Besides the different classes of amplifiers, various arrangements
are used to couple an amplifier to a stage following or to one
. preceding. The most common of these types are the resistance-
coupled, and transformer-coupled amplifiers.
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Regenerative receivers work on the principle of feedback of a
portion of the signal in such a manner as to bias a tube to the
point where it is capable of detecting a signal. Amplification also
takes place in the detector in a regenerative circuit.

Detection is the process whereby the modulating frequency is
removed from the modulated radio signal. There are many types
of detectors, the simplest and most common being the diode de-
tector. Other types include grid-bias, and grid-leak.

A superheterodyne receiver works on the principle of beating
(mixing) the incoming signal frequency with a frequency gen-
erated within the receiver to produce a third frequency which is
then carried through the receiver. This third frequency, called the
intermediate frequency (IF), is always constant, regardless of the
frequency of the received signal.

Audio amplifiers are used to strengthen the relatively weak
detected signal in order to power speakers so that adequate
volume of sound is present for listening. This type of amplifier
can be one of several different classes and types.

FM receivers detect frequency-modulated signals by changing
the variation in frequency to a variation in voltage. Amplification
of this variable voltage then is used to power speakers. FM
detectors differ from AM detectors. The most common FM de-
tectors are the ratio and discriminator types.

REVIEW QUESTIONS

Define selectivity as it relates to receivers.

What is fidelity?

Define a class-B amplifier?

Name two methods used to control regeneration in a regenera-
tive receiver.

What is detection?

Name two types of AM detectors.

Name two types of FM detectors.

How is the IF frequency of a receiver produced?

What is the purpose of a limiter circuit in an FM receiver?
What are AVC and AFC?

s
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CHAPTER 19

Antenna Fundamentals

All radio transmitters and receivers require some form of an-
tenna in order to operate properly. The function of the antenna is to
transfer RF energy into space when transmitting and to act as a col-
lector of this energy in the receiving mode. An antenna may be
quite simple or it can be complex. Also, an antenna that is capable
of receiving radio signals is equally capable of transmitting them.

PHYSICAL AND ELECTRICAL CHARACTERISTICS

The design of an antenna has a considerable effect on the manner
in which it radiates and/or receives electromagnetic energy. When
radio waves strike the receiving antenna they induce a correspond-
ing RF current in the antenna. Just how much current is induced,
however, depends on such things as the field strength of the signal,
type of antenna, polarization, length and spacing of the antenna ele-
ments, etc.

Polarization

As mentioned previously, a radio wave consists of moving fields
of electric and magnetic energy. The lines of force within these
fields are always at right angles to each other. When the lines of
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force in the electric field are perpendicular to the earth (Fig. 1A),
the wave is said to be vertically polarized. Conversely, when the

MAGNETIC LINES OF FORCE ELECTRIC LINES OF FORCE
3
ELECTRIC MAGNETIC
LINES OF LINES OF
FORCE FORCE

SV R S R W SN N T R S

SRR By

EARTH EARTH

(A) Vertically polarized wave. (B) Horizontally polarized wave.
Fig. 1. Relationship between the electric and magnetic flelds in a radio wave.

electric lines of force are parallel to the earth as in Fig. 1B, the
radio wave is horizontally polarized.

Polarization of a radio wave is determined by the position of the
electric lines of force with respect to the earth. This in turn is gov-
erned by the position of the radiating element of the antenna. The
lines of force in the electric field leave the antenna on the same
plane as the radiating element (Fig. 2). Thus, a vertical antenna ra-
diates vertically polarized radio waves, and a horizontal antenna
radiates horizontally polarized waves. For maximum RF energy to
be transferred from the transmitting to the receiving antenna, it is
necessary that both antennas be of the same polarization. Signals
can be received with an antenna that is cross polarized, but not at
optimum efficiency.

Directional Characteristics

All antennas can be classified as either directional or nondirec-
tional in their ability to radiate and receive electromagnetic energy.
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/ MAGNETIC FIELD

Fig. 2. Electric and magnetic fields of a horizontally polarized wave in relation to
transmitting and receiving antennas having the same polarization.

An antenna consisting of a straight vertical rod has what is referred
to as an omnidirectional pattern. That is, it responds equally well in
all directions. A directional antenna, on the other hand, can re-
spond in one direction or several. A dipole antenna, for example,
will radiate or receive radio signals equally well in two directions
and is referred to as a bidirectional type. All types of radiation pat-
terns can be obtained through proper antenna design. As a general
rule, a horizontal antenna will be directional and a vertical antenna
will be nondirectional, although this does not always hold true;
some vertical antennas have additional elements that make them
more responsive in one direction.

Antenna Gain

Although no antenna is capable of amplifying radio signals, an-
tennas can be designed to concentrate the radiated energy in such a
way that it appears to have been produced by a much stronger
source. For example, an antenna that concentrates most of the radi-
ated energy in one direction will provide an increase in coverage in
that direction over another antenna which is fed the same amount
of power, but radiates energy equally well in all directions.

Something cannot be obtained for nothing, however. Therefore,
the increase in signal strength in one direction is made possible only
by a reduction of field strength elsewhere. This fact is illustrated in
Fig. 3. The first figure represents the radiation pattern of a non-
directional antenna as viewed from directly above. As you can see,
dimensions A and B are equal. As the radiation pattern becomes
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Fig. 3. Radiation patterns showing how increasing the field strength in one direction
decreases the strength in other directions.

progressively more directional in the succeeding figures, you can
see that an increase in field strength in direction A is made possible
at the expense of field strength along dimension B. The same
amount of energy as in the first example is being radiated; the only
difference is that it is now more concentrated.

It is also possible to obtain omnidirectional gain by lowering the
angle of radiation from a vertical antenna. In doing so, that portion
of the radiated RF energy that would normally be lost as sky waves
is concentrated along the earth’s surface as shown in Fig. 4.

Antenna gain is expressed in decibels, which are logarithmic ex-
pressions of power ratios. The amount of gain that can be realized
from any given antenna is determined by comparing the perform-

VERTICAL ANTENNA

// NOR@TI ON PATTERN

LOWERED RADJATION
PATTERN

Fig. 4. Omnidirectional gain plished by lowering the radiation angle of a
vertical antenna.
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ance of the antenna in question with that of a standard antenna,
and expressing this figure as a ratio of the power levels required to
produce equivalent field strengths. The gain, then, in decibels is
equal to ten times the logarithm of this power ratio.

Element Length and Spacing

An antenna of a random length will not respond properly to
radio signals of a given frequency. A certain mathematical relation-
ship must exist between them. For proper antenna design, it is nec-
essary to know the length of the electromagnetic waves involved. In’
order to determine wavelengths, however, it is first necessary to
know the speed at which electromagnetic waves travel through free
space, and the frequency of the waves. In speaking of the frequency
of electromagnetic waves, we merely mean the number of waves
passing a given point in one second, expressed in megahertz (mil-
lions of cycles).

Since electromagnetic waves of all lengths move at the same
speed, the number of waves passing a given point in one second will
be small if the waves are long, and large if the waves are short.
Thus, 500,000 waves of 600 meters in length will pass a given point
in one second at a frequency of 500,000 hertz. Similarly, if the
waves were only one meter in length, 300,000,000 would pass each
second, which is a frequency of 300 mHz. The actual velocity of elec-
tromagnetic waves is for all practical purposes 300,000,000 meters
or 984,300,000 feet per second.

If the speed at which the waves travel is equal to 3 X 10* meters
per second, the distance it will cover in one cycle will be equal to
this velocity divided by the frequency in hertz, or:

3 x10¢
Tf

A

where,

f represents frequency,
A, the Greek letter lambda, stands for wavelength in meters.

Since feet and inches are the measurement used for practical an-
tennas, we obtain:
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A= 8% feet (approx)
f (mHz)
and
11,808 .
= ——2—— inches
f (mHz)
Because the quarter-wave antenna is most often used, the length
of a quarter-wave element in inches is the dimension most fre-
quently required, we obtain:

A4 = 2,952
f (mHz)
Because of certain electrical characteristics of the antenna mate-
rial, it has been found that, in practice, the antenna elements should
be somewhat shorter (about 5 per cent) than the wavelength in the
foregoing formula. The formula than becomes:

A4 = 2,952 x 0.95 _ 2,804
f (mHz) f (mHz)

From this latter formula it is comparatively simple to obtain the
antenna dimension for each frequency, by substituting the proper
value in megahertz (mHz). By using a similar procedure, it is a com-
paratively simple matter to calculate antenna dimension for any de-
sired frequency.

inches

inches

DIPOLE ANTENNAS

The fundamental form of a dipole antenna consists of two single
wires, rods or tubing whose combined lengths are approximately
equal to half the transmitting wavelength (see Fig. 5). It is from this
basic unit that various forms of antennas are constructed. It is also
variously known as a half-wave dipole, half-wave doublet, or Hertz
antenna. Dipole antennas are commonly used for FM receivers.

The dipole elements are generally made of aluminum tubing
which has been surface treated against corrosion. The receiving
dipole is equipped with terminals at its adjacent ends for transmis-
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sion-line connections and must be properly insulated from the mast
or supporting structure (Fig. 6).

FOLDED DIPOLES

The necessity for separating, insulating and fitting the receiving
dipole at its center, however, tends to weaken and complicate the
antenna assembly. Because of this, a considerable simplification

- A >
l«— A e A — e —— VY7 Ag—
DIPOLE
ELEMENTS
—~ N
TRANSMISSION
LINE
- WAVELENGTH £

Fig. 5. Relation between wavelength and physical length of dipole elements.

may be obtained by employing an unbroken member bent and
clamped to the supporting member as shown in Fig. 7. A television
antenna of this type is known as the folded-dipole type and is
widely used.

— )

U-BOLTS
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— T—10p [V —

- METAL TUBING

) INSULATING
BLOCK
TRANSMISSION ANTENNA
LINE SUPPORTING
MAST

Fig. 6. Basic dipole construction.
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The spacing between the folded-dipole elements should vary in-
versely with the frequency—that is, the higher the frequency, the
smaller the spacing.

L y .
C N—

N SPACING
1 TO 2 IN. FOR HIGH BAND
2 T0 3 IN. FOR LOW BAND

1:4/s IN. METAL TUBING

TRANSMISSION
LINE (3000)

Fig. 7. A folded dipole antenna.

T-MATCHED DIPOLES

A further combination of the common half-wave dipole and the
folded dipole has become known as the T-matched dipole type
(Fig. 8). This assembly is obtained by cutting the ends of a folded
dipole and fitting the remaining stub ends to the bottom element,
the T-section having a length of two-thirds the length of the dipole.

There are three principal factors to be considered in the design
of a dipole antenna for reception purposes. These are:

1. The length of the dipole must be suitable for the particular
wavelength in use.

2. The polarization of the transmitted waves must be that for
which the dipole is intended.

3. The directional properties of the dipole must be such as to re-
ceive the desired waves effectively, while being unfavorable
toward local interference.

PARASITIC ELEMENTS

A parasitic element is basically a dipole slightly too long or too
short for exact resonance at the desired frequency. It is mounted at
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Fig. 8. A T-matched dipole antenna.

some fraction of a wavelength in front of or behind the driven ele-
ment. Parasitic elements are not cut at the center and are not con-
nected to the transmission line. The center point of a parasitic ele-
ment is electrically neutral and can be grounded. This is convenient
for lightning protection, as it permits making the entire antenna
structure of conductive tubing, such as aluminum or stainless steel
if desired, and grounding the central supporting mast at the base.

Current induced in a parasitic element by the advancing wave
front produces a local field about it which couples it to the driven
element by reason of their physical closeness. Spacing and tuning of
parasitic elements are adjusted so that the current produced in them
by the received signal produces fields around them which add in
correct phase to reinforce the field of the received signal itself in the
driven element. For signals from the opposite direction, the action
in exactly reversed, and the signal is substantially cancelled in the
driven element.

Directors and Reflectors
A director element is about 4 per cent shorter than the driven
element for average element spacing and is mounted on a horizontal
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support which holds all the elements in proper relationship. The
spacing between director and driven element can vary from about
0.08 to about 0.15 wavelength in practical antennas. Closer spacing
will increase the front-to-back ratio, but makes the array tune more
sharply. Wider spacing helps broaden the tuning of the array, but
lowers the front-to-back ratio. It is possible to use several directors
properly tuned and spaced in a line ahead of the driven element.

A reflector element is about five per cent longer than the driven
element at usual spacings, and is mounted on the supporting bar be-
hind the driven element, the spacing varying from about 0.10 to
0.25 wavelength. Effects of changing the spacing are quite similar
to those produced by similar changes in the director.

The effect of the reflector is critically dependent upon the spac-
ing between reflector and dipole, which, as previously noted, should
be one-quarter wavelength, so that radiation from the reflector will
exactly reinforce that from the dipole in a forward direction. The
effects of the reflector element on the direction of reception are
shown in Fig. 9.
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The explanation of this effect is as follows: Radiation from the
dipole travels both forward and backward. In the latter direction it
reaches the reflector, and induces a current in it. Since the radia-
tion has travelled a quarter wavelength on its way to the reflector,
it will reach it 90 degrees lagging in phase relative to that from the
dipole where it originated. A current of this phase lag is therefore
set up in the reflector, which in turn radiates.

By the time this secondary radiation has returned to the dipole
it is a further 90 degrees late in phase, making a total phase lag of
180 degrees, but the oscillations in the dipole will have progressed
through a half-cycle during this half-wave time interval, and will be
180 degrees ahead of the initial condition when the radiation left on
its way to the reflector. That is to say, the radiation from the dipole
will be a half-cycle ahead of the reference point, while that return-
ing from the reflector will be a half-cycle late, bringing the two to
the same point in the period of an oscillation.

Being in identical phase, the radiations from the dipole and re-
flector reinforce each other in the forward direction, while an exten-
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Fig. 10. The effect on the radiation pattern of adding director and reflector elements
to a dipole.
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sion of the same argument will show that they tend to cancel in the
backward direction.

If the current induced into a reflector were as great as that flow-
ing in the dipole, each would produce the same radiated field
strength. The forward radiation would therefore be doubled, while
that to the rear would be exactly cancelled, giving zero backward
radiation.

Since the problems of radiation and absorption by an antenna
system are strictly reversible in all ordinary conditions, these direc-
tional effects, which are most easily explained when the antenna is
regarded as a transmitter, will be exactly similar when it is used for
reception, provided, of course, that waves arrive in the plane in
which dipole and reflector are situated.

In practice the resistance of a reflector will never be zero, and
while the current in it can be made equal to that of the radiator if
both are connected to a feeder, the current in a parasitic reflector
must always be less than that in the dipole which gave rise to it.
The forward radiation is therefore never exactly doubled nor the
backward radiation fully prevented. Fig. 10 shows the radiation
pattern when a director is added to the dipole and reflector.

ANTENNA DIRECTIVITY PATTERN

The horizontal dipole antenna is inherently directional, being
most effective on signals arriving in the broadside direction and
least effective on those arriving from a direction parallel to it. This
effect is usually represented in the form of a polar diagram, or di-
rectivity pattern, in which the radius of the curve from the center
of the antenna elements represents the relative response in any
given direction.

The function of an antenna pattern is primarily to enable the
service man to evaluate the efficiency of an antenna and to properly
orientate it on the site of installation.

Antenna receiving patterns are usually made by rotating the an-
tenna about its vertical axis and plotting values of voltage gain radi-
ally outward from the center of each change of angle.
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The complexity of an antenna has a direct bearing on its effi-
ciency, as well as its directional effects. Roughly, the voltage devel-
oped in the antenna is proportional to the combined length of the
element multiplied by the field strength of the signal. The field pat-
tern (directional response pattern) of a typical dipole antenna is
shown in Fig. 11.

For the sake of simplicity, the directions are given as North,
South, East and West, in both the schematic antenna and the polar
diagram. From this diagram, it will readily be observed that the
maximum single signal strength will be obtained when the antenna
is broadside to the transmitter. Similarly, the “signal capture” is not
critical over the angle @, which includes the area over which the an-
tenna can be rotated before losing more than half of its effective-
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Fig. 11. Directional response pattern of a dipole antenna.

ness. In the diagram the concentric circles represent the voltage
gain, where unity, or 1.0, is taken as reference for all comparisons.

ANTENNA IMPEDANCE MATCHING

Impedance matching is a very important factor in antenna instal-
lations. When the receiver input matches the impedance of the
transmission line, the transmitted signal is completely absorbed and
as a result there are no reflections or standing waves on the trans-
mission line. In this connection it should be observed that the an-

387



ANTENNA FUNDAMENTALS

tenna impedance is important only from the standpoint of power
transfer. It is only when the antenna impedance matches that of the
transmission line that maximum power transfer takes place.

Fig. 12. A typical built-in loop antenna.

ANTENNA TYPES AND APPLICATIONS

Practically all present-day AM radio receivers employ a built-in
antenna, although there is often provision for connecting an outside
antenna. In the early days of radio it was necessary to string an

Fig. 13. A ferrite-core antenna.
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Courtesy Stancor Electronics, Inc.
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outside antenna perhaps 25 feet or more in length and employ a
ground rod in order to receive radio signals satisfactorily. With the
advanced technology that goes into the design and construction of
today’s equipment, however, the antenna system appears quite dif-
ferent. Most home-type AM broadcast receivers employ either a
loop antenna such as that shown in Fig. 12, or a more efficient and

O\

Fig. 14. A typical beam antenna used for two-way radiocommunications.

compact design known as the loopstick or ferrite-rod antenna
(Fig. 13). Of these two the latter is the most popular in household
and portable radio receivers.

Some ferrite-rod antennas have very high-Q values. These pro-
vide unusually high receiver sensitivity due to the signal-voltage
amplification that they produce. On the other hand, they also cause
sideband cutting, which causes the sound to be more or less
distorted. To reduce the amount of sideband cutting, a resistor of
suitable value may be connected across the terminals of the fer-
rite-rod antenna. In turn, the sensitivity of the antenna is reduced.
Thus, the amount of shunt resistance is a compromise between
high sensitivity and low distortion.
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Most FM broadcast receivers are designed to operate with either
a built-in, indoor or outdoor type antenna. Unlike AM receivers,
however, many manufacturers of FM units recommend the use of
an outside antenna for best reception. This is necessary because of
the higher frequencies involved. When outside antennas are em-
ployed for FM reception, they are generally of the dipole type
shown previously. Some FM receivers use nothing more than a
built-in dipole consisting of two wires strung in opposite directions
and fastened to the inside of the cabinet, and others use a tele-
scopic dipole similar to the so-called “rabbit ears” employed for
television reception.
- For communications purposes, where the same antenna is used
to transmit and receive radio signals, the antenna is somewhat dif-
ferent. The type employed will depend on the frequencies to be

Courtesy Raytheon Mfg. Co.

Fig. 15. A parabolic antenna used at frequencies above 1,000 mHz.
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handled, the coverage desired, and whether communication is to
be point-to-point between two or more stations in the same direc-
tion or between a base station and several mobile units which will
be operating in every direction. A vertical antenna, because of its
omnidirectional characteristics, is used almost exclusively for com-
munication between base and mobile units.

For point-to-point communication a directional antenna (usu-
ally one providing a certain amount of gain) is generally employed.
It may be of the basic dipole design shown previously, or it may
consist of a dipole used in conjunction with a number of parasitic
elements (reflector and one or more directors). An antenna of the
latter design is generally referred to as a beam antenna due to its
RF energy-concentrating characteristics. Most beams provide a
high gain and are highly directional. An example of such an an-
tenna is shown in Fig. 14. As the frequencies become higher, radio
waves travel somewhat like a beam of light and can be focused in a
given direction. At these frequencies (1,000 mHz or above), you can
expect an antenna similar to that shown in Fig. 15.

SUMMARY

The function of an antenna is to transfer RF energy into space
when transmitting and to collect RF energy from space when
receiving. The amount of energy an antenna receives depends on
several factors, chief among them being strength of the signal, type
of antenna, polarization, and length and spacing of the antenna
elements.

There are many types of antennas. The most common are long
wire, dipole, folded dipole, and dipole with parasitic elements.
Parasitic elements are added to an antenna to increase its sensi-
tivity and directivity.

Impedance matching of the antenna to the transmission line
and the line to the receiver (or transmitter) is very important to
obtain maximum transfer of energy. Matching is accomplished by
proper selection of transmission line, proper connection to the
antenna, and proper design of antenna coils in the receiver or
transmitter.
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REVIEW QUESTIONS

Name three factors affecting the efficiency of an antenna.
What is polarization?

Is antenna gain an amplification of the received or transmitted
signal?

Describe a dipole antenna.

Is a dipole antenna directional or nondirectional?

What is a parasitic element?

Is a parasitic element an active or passive component?

Is a director element longer or shorter than the driven an-
tenna element?

What is a parabolic antenna?

Are parabolic antennas practical for AM broadcast frequen-
cies?




CHAPTER 20

Electrical
Measuring Instruments

GALVANOMETERS

Instruments designed for measuring small amounts of electricity
may be called galvanometers, although a galvanometer is generally
employed as an electrodynamic instrument used to indicate current.

There are numerous kinds of galvanometers designed to meet
various requirements. Some examples are the astatic, tangent, dif-
ferential, ballastic and D’Arsonval types, which according to their
design may have either a movable magnet and stationary coil or a
stationary magnet and movable coil. The only type which is widely
used is the D’Arsonval.

D’Arsonval Galvanometer

The principal design of this instrument is shown in Fig. 1. The
indicating needle is attached to a coil of wire inside of which is an
iron core. The coil is free to turn around the core, which is held in
place with a pin, and is suspended between the poles of a horseshoe
magnet. When the current to be measured flows through the coil, a
magnetic field is set up in and around it, causing the coil to turn.
This rotating tendency is prevented by the twisting of the wire
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which suspends the loop. This galvanometer can be used for de-
termining small amounts of current. It is on this principle that many
commercial types of current-measuring devices are based.

The reading of the galvanometer may be facilitated by means of
a mirror which is usually attached to the coil in such a way that a
beam of light, from a light source directed to the coil by a lens
system, will be reflected back to a semicircular graduated scale
placed at a suitable distance from the mirror as shown in Fig. 2.
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Fig. 1. Essential features of a D’Arsonval galvanometer.

In this way a small deflection of the coil and mirror will produce
an enlarged swing of the beam of light on the scale.

DIRECT-CURRENT METERS

Most electrical measuring devices are fundamentally current-
measuring devices such as voltmeters, milliammeters or microam-
meters.
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Fig. 2. Method used to obtain an enlarged view of a meter indication,

Construction

An instrument such as this consists primarily of a horseshoe
magnet, an armature, and a pointer with a spring arrangement to
hold it to its zero position when no current is being passed through
the meter coil. Fig. 3 shows the internal construction of a typical
direct-current meter. A precision type DC milliammeter is illus-
trated in Fig. 4.

How Current Is Measured

When current is passed through the armature coil, it becomes an
electromagnet with poles of opposite polarity. The reaction between
the energized coil and the permanent magnet then causes the coil
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\e—_P Fig. 3. The essential parts of a DC
N meter are: A, spiral spring; C, coil; K,
soft-iron core; M, permanent magnet;
h N and P, pointer. Current passing through

RS the coil causes the moving system to
\ turn against the restraining force of

the spiral spring.

to rotate on its axis due to the attraction of the unlike poles and the
repulsion of the like poles of the two magnetic fields. The amount
of movement is determined by the balance attained between the re-
silience of the spring mechanism and the strength of the magnetic

Courtesy Simpson Electric Co.

Fig. 4. A precision type DC milliameter.
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field set up around the coil. Since the strength of the magnetic field
around the coil is determined by the amount of current flowing
through it, the movement may be calibrated in units of current, or
in any other unit such as volts, ohms, or microfarads, all of which
possess a definite relationship to the unit of current.

Connection of Meters

A meter calibrated for current measurement in terms of amperes
or fractions thereof usually has a comparatively low resistance and
is connected in series with the circuit in which the current is to be
measured. On the other hand, a current-indicating device designed
for use as a voltmeter is of comparatively high resistance and is
connected across the circuit in which a potential is to be measured.

DC Ammeters

The ammeter, as already described, is an instrument of low re-
sistance, and is always connected in series with the current it is de-
sired to measure.

Ammeters are employed for current measurement in all branches
of electrical work and may be designed for measurement of from a
few microamperes or milliamperes up to thousands of amperes. A
microammeter is an ammeter that measures divisions of currents in
1/1,000,000 of an ampere, and a milliameter is one that is cali-
brated to indicate in units of 1/1,000 of an ampere.

Using a Milliameter as a Voltmeter

The only difference between a voltmeter and a milliammeter is
that a voltmeter has a high resistance connected in series with the
moving coil. Hence, by connecting fixed resistors in series with the
milliammeter, it is possible to use it as a voltmeter (see Fig. 5).

Of course, it is evident that the accuracy of such a converted
meter depends solely upon the accuracy of the milliammeter and
the fixed resistance used. A high-accuracy DC voltmeter is illus-
trated in Fig. 6.

Example: If a S-milliampere meter is to be employed to read
voltages up to 50 volts, what value of series resistance should be
used?
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AMMETER VOLTMETER
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Fig. 5. Methods of connecting meters to indicate current and voltage.

Fig. 6. A high-accuracy DC voltmeter,

Courtesy Simpson Electric Co.
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Solution: According to Ohm’s law, E = IR,

E_ 50
orR =1 =55605

from which R = 10,000 ohms.

Likewise, if a 1-milliampere meter is to be used to read voltages
up to 1,000 volts, then a 1-megohm resistance is placed in series
with it.

Assume that the moving-coil milliammeter used in the previous
example is to be utilized for a voltage measurement of 110 volts at
full-scale deflection. If the allowable current drain is 1 milliampere,
what will be the value of the series resistance?

It is evident that the resistance must be of such a value that when
the voltage across the meter terminals is 110 volts, exactly 1 milli-
ampere will flow through the resistance and meter coil at full-scale
deflection of the needle.

Inasmuch as the moving-coil resistance is very small compared
with the series resistance, it may readily be omitted for most prac-
tical purposes.

In order to obtain needle deflection in the proper direction
the terminals of DC meters are generally marked + (plus) and
— (minus). The terminal marked + should always be connected to
the positive potential and the terminal marked — connected to the
negative potential.

Connections for a Multirange Voltmeter

Resistors for multirange voltmeters may be connected in various
ways. Fig. 7 shows two methods. In Fig. 7A, a single tapped resis-
tor is employed, whereas separate resistors are used in the circuit of
Fig. 7B. Each resistor will provide a certain definite voltage drop
and should be of the precision type, unaffected by nominal temper-
ature variations.

Inspecting the resistance arrangement in Fig. 7B, it will be found
that when using the 0-100 volt range, the circuit resistance is
100,000 ohms and when using the 0-250 volt range, the series re-
sistance is 250,000 ohms, and so on for each scale.
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A Combination Volt-Ammeter

Since the construction of a voltmeter and that of an ammeter are
similar except for the connection of the resistances, it is possible to
use a single instrument for measurement of both voltage and cur-
rent. A typical arrangement of this kind is shown in Fig. 8. When
it is desired to employ the meter for current measurement, the cur-
rent-voltage selector switch is closed toward A, after the proper
shunt has been selected. For voltage measurement, the current-
voltage selector switch is closed toward V and the meter is con-
nected across the load after selection of the proper resistor.

VOLTMETER 1-MEGOHM. VOLTMETER
(6-SCALES) (6-SCALES)

g:::::
"¢l s 88888 L°
£ ¥ % % g &

§_§_§§.§_§.§_
issfﬁ&;_

+ + +

+ + + + + +
10V 50V 100V 250v 500V 1000V 10v 50V 100v 250V 500V 1000V

10—

(A) Tapped resistor. (8) Individual resistors.

Fig. 7. Two methods of connecting multipliers to a voltmeter.

Other meters of this type may also have a resistance, or ohm-
meter, scale which makes it convenient to check resistance values.
It should be pointed out that an ohmmeter is simply a low-current,
DC milliammeter, provided with a source of voltage, usually con-
sisting of dry cells which are connected in series with the unknown
resistance.

Before using a multipurpose meter, a precautionary examination
should be taken to make sure that the controls are properly ad-
justed, to prevent the instrument from serious damage. When meas-
uring unknown values of current, it is a good idea to begin with
the highest range, then reset the selector to the desired range. When
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Fig. 8. Switching arrangement used to permit voltage and
current measurements with the same meter.

using the instrument as an ohmmeter the leads should never be con-
nected across a circuit in which current is flowing—that is, the re-
ceiver power should be turned off when resistance measurements
are made.

Shunts and Their Use

All ammeters for use in direct-current measurements may be de-
signed to pass a similar amount of amperes, although the actual
amount of current in the circuit may differ greatly.

The main difference between the various ammeters is in the type
of shunts employed. The function of a shunt is to bypass a specific
amount of the circuit current around the meter. A shunt will carry
a certain ratio of the total current, depending on the ratio of its re-
sistance to the resistance of the ammeter coil; this makes it possible
to use the same sensitive ammeter for different current-carrying
ranges by merely shunting or bypassing a portion of the current.

The resistances of the shunts required are selected from a knowl-
edge of the proportional current to be measured, and of the existing
resistance of the ammeter coil.
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Example: If a milliammeter giving full-scale deflection on 500
milliamperes (—15880 of an ampere) is required to be changed so as
to enable the measurement of currents up to 5 amperes, what size
of shunt should be used?

Solution—The increase in current for full-scale deflection is
then 5/.5 or 10 times; hence, each scale reading would have to be
multiplied by 10 for each actual current indication.

In order to permit 10 times the amount of current to flow, the re-
sistance of the coil and shunt combined would have to be such that
the coil would carry 1/10 of the current and the shunt the remain-
ing 9/10 of the total current. By formula: the shunt resistance is
equal to the meter resistance divided by the multiplication factor
minus one or

where,

R is the resistance of the shunt,

n is the multiplication factor or the number indicating how many
times the meter range is to be extended or multiplied,

r is the internal resistance of the meter.

From the above it follows that the shunt resistance would have to
be 1/10 of the coil resistance. If the meter coil has a resistance of
2/10 of an ohm, the shunt resistance would have to be:

R = WO_2_1 = 526 or approximately 0.022 ohms
- |' Fig. 9. A multirange current meter.
RANGE Rl
SE| §
LECTOR R2
I g B3 l
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Hence, a shunt having a resistance of 0.022 ohms must be con-
nected across the meter. This resistance should be of a size suffi-
cient to carry the current without overheating.

Fig. 9 shows an arrangement in which three shunts (R,, R,, and
R;) are utilized for different current measurements. In case the
meter has only one scale, the current indication on the meter can be
multiplied by the value of the multiplication factor given for each
shunt.

Hot-Wire Instruments

The operation of this type of meter depends on the heating of a
conductor by the current flowing through it. This heating causes an
expansion which in turn sets in motion an index needle or pointer,
the movement of which correspond to the amount of the actuating
current.

One feature of this meter is its ability to measure either direct or
alternating current.

The principal disadvantages of this type, however, are:

1. Scale divisions are not uniformly spaced, since the heating ef-
fect and movement of the pointer depend on the square of the
current (I2R) flowing through it.

2. The meter indications are somewhat erratic near the zero
point.

3. They are sluggish in operation and their readings are affected
by changes in room temperature.

4. The actuating wire has a tendency to expand when not in use,
hence it is necessary to set the pointer back to zero before
making a current measurement.

5. They are inefficient, i.e., the current consumption is consider-
ably in excess of that in other types.

Fig. 10 illustrates the basic construction of the hot-wire instru-
ment. N represents a silk thread connected to spring S, wound
around pulley P, and attached to a bead threaded on wire AB. Wire
AB, made of platinum alloy, is connected in the circuit whose cur-
rent is to be measured. This wire lengthens, due to the heating effect
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Fig. 10. Simplified diagram showing the construction of a hot.
wire instrument.

(I2R), when a current flows through it. The slack is taken up by
spring S, causing P to turn, and the pointer moves over the scale.

Thermocouple Instruments

In thermocouple instruments the direct or alternating current to
be measured is passed through heater H (Fig. 11), which heats the
junction of two dissimilar metals.

When two dissimilar metals are joined together and their junc-
tion is heated, a voltage is generated proportional to the tempera-
ture difference between the heated junction and the open end of the
thermocouple.

A sensitive milliammeter is connected to the open ends and is
generally calibrated to indicate the current through the heater. For
measurements of very small values, the heater and the thermocou-
ple are enclosed in an evacuated glass bulb to prevent oxidation.

An instrument of this type, however, has certain disadvantages.

1. The motion of the pointer along the scale will increase ap-
proximately in proportion to the square of the current sent
through the thermocouple. Hence the instrument scale will
not have equal divisions.

2. The thermocouple is sensitive to overloads and may burn out
if excessive amounts of current are sent through it, in which
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Fig. 11. Ther ple arrang t and connection to a milliameter.

case the thermocouple will have to be replaced and the instru-
ment recalibrated.

Electrodynamometer Instruments

This type of instrument can be employed to measure either alter-
nating or direct current.

Fig. 12 shows a typical instrument consisting of two stationary
coils (A) and (B) and a movable coil (D) to which the indicating
pointer is attached. The three coils are connected in series through
the two spiral springs, which also hold the movable coil in position.

When current is passed through the coils, coil (D) tends to turn in
a clockwise direction because its flux tends to line up with the flux
of coils (A) and (B).
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Fig. 12. Construction of an electrodynamic instrument.

If current is sent through the coils in the reverse direction, the
amount and direction of torque developed remain the same, hence
the instrument can be used on alternating as well as on direct cur-
rent. However, the scale as shown cannot be graded uniformly as
in the moving-coil type, because the torque developed varies as the
square of the current (12).

One of the detrimental factors in this type of instrument is that
the current requirement is approximately 5 times that of a moving-
coil instrument. (See Fig. 13.)

Courtesy Sargent-Welch Co.

Fig. 13. An AC voltmeter that has an accuracy of 2 percent.
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Wattmeters

In direct-current circuits, the product of voltage and current is a
measure of the amount of power dissipated in the circuit in ques-
tion and is measured in watts.

The number of watts dissipated may be obtained by measuring
the voltage across and the current through the circuit. Thus, in a
circuit through which a current of 2 amperes flows at a pressure of
110 volts, the power in watts (W) will equal 2 X 110 or 220 watts,
or W=1IXE=2x 110 =220 watts.

If the power in an alternating-current circuit is to be measured,
this relationship holds true only when the connected load consists of
pure ohmic resistance; when the circuit also contains inductive or
capacitive reactance, the power in watts will be equal to:

EXIXcos@,orW=EXTIXcos @
where,

W is the power in watts,

E is the pressure in volts,

I is the current in amperes,

0 is the angle of lag or lead between the current and voltage.

Fig. 14, An AC volt-watt meter.

Courtesy EICO Electronic Instrument Co., Inc,
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A meter used to measure the power consumption in an electric
circuit is called a wattmeter. The wattmeter may be employed to
record directly either the AC or DC power at any instant. An AC
volt-watt meter is illustrated in Fig. 14.

RESISTANCE MEASUREMENT

The ammeter-voltmeter method is one of the simplest arrange-
ments for measuring resistance and is convenient because the in-
struments used consist of only an ammeter, voltmeter, battery and
switch, connected as shown in Fig. 15A and B. In making the test,
the ammeter and voltmeter readings are taken simultaneously by
either of the methods illustrated, and the unknown resistance is
then calculated from Ohm’s law.

RESISTANCE (R)

& =
E ES
= ST

I SWITCH

:/' o

(A} Across circuit. (B) Across resistor.

Fig. 15. Two different connections to obtain resistance values.

Ohmmeter Method

By using an ohmmeter, the value of an unknown resistance may
be read directly on the instrument scale without calculation. This
type of instrument is shown in Fig. 16.

_4- INTERNAL
ZERO T BATTERY

CALIBRATE Fig. 16. A basic chmmeter circuit.
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Wheatstone-Bridge Method

The Wheatstone bridge (Fig. 17) consists of several resistances
so arranged that an unknown resistance may be calculated in terms
of known resistances.

As shown in Fig. 17, the circuit is made to branch at P into two
parts, which reunite at Q, so that part of the current flows through
point M, the other part through point N. The four conductors,
A,B,C,D, are spoken of as the arms of the balance or bridge.

It is by the proportion existing between the resistances of these
arms that the resistance of one of them can be calculated when the
resistances of the other three are known.

The current in the upper branch generates a voltage drop from P
to M, and another from M to Q. There is a voltage drop in the
lower branch between P and N, and another between N and Q.

Now if N is the same proportionate distance along the resistance
between P and Q as M is along the resistance of the upper line be-
tween P and Q, the voltage will have fallen at N to the same value
as it has fallen at M. In other words, if the ratio of resistance C to

Fig. 17. The basic Wheatstone bridge.

BATTERY Sw2

resistance D is equal to the ratio between resistance A and resist-
ance B, then M and N will be at equal voltages. To determine if this
condition is obtained, a sensitive galvanometer placed in a branch
wire between M and N will show no deflection when M and N are
at equal voltages or when the four resistances of the arms *‘balance”
one another by being in proportion, thus:

A:C=B:D

409



ELECTRICAL MEASURING INSTRUMENTS

If, then, the values of A,B, and C are known, D can be calculated.
The proportion is reduced to the following equation before substi-
tuting.

BC
D=

For instance, if A and C in Fig. 13 are 10 ohms and 100 ohms

respectively, and B is 15 ohms, D will be:

(—lw = s

VOLT-OHM-MILLIAMMETERS

The volt-ohm-milliammeter (VOM), also called a multimeter, is
one of the most widely used instruments in a radio shop. A typical
VOM is illustrated in Fig. 18. It measures DC voltage, DC current,
AC voltage, and resistance. A decibel scale is also provided. The

 caOn ON WON VAT Fig. 18. A high-quality VOM.
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Courtesy Triplett Electrical Instrument Co.
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sensitivity rating of the instrument is 20,000 ohms-per-volt on the
DC-voltage ranges. This means that the input resistance is 60,000
ohms on the 3-volt range, 240,000 ohms on the 12-volt range, etc.
Its sensitivity rating is 5,000 ohms-per-volt on the AC-voltage
ranges. Thus, the instrument has an input resistance of 15,000
ohms on the 3-volt range, 60,000 ohms on the 12-volt range, etc.
Its center-scale resistance values are 5 ohms on the R X 1 range,
50 ohms on the R X 10 range, 5,000 ohms on the R X 1,000
range, and 500,000 ohms on the R X 10,000 range.

VACUUM-TUBE VOLT-OHMMETERS

Next to the VOM, the vacuum-tube volt-ohmmeter (VTVM or
VTVOM) is the most widely used instrument in radio shops. A
VTVM (or YTVOM) is illustrated in Fig. 19. This instrument
measures DC voltage, AC voltage, and resistance. A decibel scale
is also provided. The chief advantage of a VITVM is that it has
a high input resistance on the DC-voltage ranges. For example, the
instrument illustrated has an input resistance of 11 megohms on

Fig. 19. A vacuum-tube voltmeter.

Courtesy Heath Co.
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all DC-voltage ranges. This high value of input resistance provides
more accurate measurements in high-resistance circuits than can
be obtained with a VOM. High input resistance results from the
use of a vacuum-tube bridge circuit built into the instrument.
Since'a VTVM employs vacuum tubes, it must be plugged into
a power outlet whenever it is used. A few VIVM’s are battery
operated and are as portable as a VOM. Another advantage of
a VTVM is that it is automatically protected against damage from
accidental overloads. That is, the vacuum-tube bridge limits the
amount of current that can be applied to the meter. Note that some
VOM’s are provided with internal overload protection devices; this
makes the VOM as immune to accidental damage as a VTVM.

TRANSISTOR VOLT-OHMMETERS

A transistor volt-ohmmeter (TVM or TVOM) is very similar
to a VIVM or VIVOM. The only difference in construction is
that transistors are used instead of vacuum tubes in the built-in
bridge circuit. Most transistor volt-ohmmeters employ FET’s be-
cause of their high input resistance. In turn, the TVM or TVOM
has as high an input resistance on DC-voltage ranges as a VTVM.
Since transistors operate at low voltage, most TVM’s have built-in
battery power supplies which make them as portable as a VOM.
The internal bridge circuit of a TVM makes it as immune to
damage from accidental overloads as a VIVM.

CAPACITANCE METERS

Most shops have some type of instrument on the bench for
measuring capacitance values and capacitor leakage resistance. A
typical capacitor tester is illustrated in Fig. 20. This instrument
measures capacitance values from 10 mmfd to 10 mfd. It also
measures leakage resistance up to 500 megohms. A pulse test volt-
age from 100 to 900 volts is also provided to check capacitors for
possible breakdown at rated working voltage. In addition, a three-
lead test can be used to check coupling capacitors for leakage with-
out disconnecting the coupling capacitor from its circuit. This test
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Courtesy Simpson Electric Co.

Fig. 20. A capacitance meter and capacitor tester.

does not measure the exact amount of leakage resistance, but does
indicate whether leakage is sufficient that capacitor replacement is
advisable.

TUBE TESTERS

Tube testers are in very wide use because of the convenience
that they provide and because of the extremely large number of
tube types that are in use. An in-set test is not always possible,
and it is often desired to test a suspected tube when a replacement
tube is not immediately available. The simplest type of tube tester
is limited to filament or heater continuity checks; Fig. 21 illustrates
this type of instrument. The emission-type tester illustrated in Fig.
22 is quite popular; it measures the total cathode emission of a
tube.

For a more precise evaluation of tube characteristics, a mutual-
conductance (or transconductance) tube tester is employed. Fig.
23 illustrates this type of instrument. It indicates the AC plate
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FILAMENT
CONVINUITY
CHEDKER

Fig. 21. A filament continuity checker.

Courtesy EICO Eiectronic Instrument Co., Inc.

current that results from application of a calibrated AC signal to
the control grid of the tube under test. Mutual conductance is
measured in micromhos. Both mutual-conductance and emission-
type testers check a tube for interelectrode leakage. Note that a

Fig. 22. An emission-type tube tester.

Courtesy EICO Electronic Instrument Co,, Inc.
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Courtesy Hickok Electrical Instrument Co.

Fig. 23. A mutual-conductance tube tester.

tube that has interelectrode leakage (or short-circuits) is useless,
even if it has a normal value of emission or of mutual conductance.

TRANSISTOR TESTERS

Various types of transistor testers are used in service shops.
Even an ohmmeter can be used for a preliminary test of a tran-
sistor. That is, the emitter-base junction normally has a very low
resistance in the forward direction, and an extremely high resistance
in the reverse direction. Similarly, the collector-base junction
normally has a very low forward resistance, and an extremely high
reverse resistance. However, a precise test requires the measure-
ment of the current gain of a transistor. As explained previously,
the current gain is stated as the ratio of base current to collector
current; this is called the beta value of the transistor. A beta tester
is illustrated in Fig. 24.
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Courtesy Triplett Electrical Instrument Co.

Fig. 24. A transistor tester that measures beta.

A transistor tester also measures leakage current. For example,
when the collector junction of a transistor is reverse-biased, the
leakage current is normally extremely small. One of the most com-
mon defects of a transistor that has been in long service is collector-
junction leakage. If the leakage is appreciable, the transistor is
useless, even if it still has a normal beta value. Junctions can be-
come short-circuited or open-circuited, and a transistor tester in-
dicates these defects. The tester shown in Fig. 24 is an out-of-cir-
cuit tester. That is, the transistor must be disconnected from the
circuit for test.

In-circuit transistor testers are also used in many practical
trouble situations. Although they lack the accuracy of an out-of-
circuit tester, a useful indication of transistor condition can be
obtained on most transistors while they are connected in the cir-
cuit. A typical in-circuit tester shunts low resistances across the
transistor electrodes so that the circuit characteristics are “swamped
out.” An oscillator circuit is built into the tester, and the oscillator
coils are also connected to the transistor electrodes. If the transistor

416




ELECTRICAL MEASURING INSTRUMENTS

oscillates, this fact is indicated by the meter on the instrument. In
case a transistor fails to oscillatz when tested in this manner, it is
probably defective.

SIGNAL TRACERS

A signal tracer, such as illustrated in Fig. 25, is often used by
radio technicians to find out where the signal stops in a “dead”
receiver. The receiver is tuned to a broadcast station, and the test

Courtesy EICO Electronic Instrument Co., Inc.

Fig. 25. A radio signal tracer.

probe is then applied progressively step-by-step through the signal
circuits of the receiver. The program is heard from the built-in
speaker until the point is passed in the receiver at which the signal
stops. Thereby, considerable time can often be saved in preliminary
trouble analysis.

An oscilloscope, such as illustrated in Fig. 26, is a more precise
signal tracer because it indicates the voltage of a signal. However,
since a scope is a comparatively elaborate instrument, more ex-
perience is required to obtain its full capabilities. After a technician
learns to use a scope properly, it becomes a valuable troubleshoot-
ing tool. In addition to being an AC voltmeter that can be used at
high frequencies, the waveforms that it shows can often be analyzed
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Courtesy EICO Electronic Instrument Co., Inc.

Fig. 26. A service-type oscilloscope.

to determine what is wrong in circuit operation. Waveform analysis
is an extensive subject, and interested readers are referred to
specialized books on scope use.

SUMMARY

The most widely used type of galvanometer is the one having a
D’Arsonval movement. This type of movement consists of a coil of
wire (to which a pointer or needle is attached) free to rotate within
the field of a permanent magnet. This type of meter movement is
employed in nearly all meters used for radio service work.

Nearly all meters, regardless of their name or function, are
actually current-measuring devices. When designed to measure
voltage, they have a high resistance placed in series with the mov-
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ing coil. Ohmmeters are specialized current-measuring instruments,
but have a built-in voltage source to produce a flow of current
through the resistance being measured. Multirange and multipur-
pose instruments have means of switching various resistances in
series or parallel with the moving coil in order to perform the in-
tended function.

Other types of instruments used in radio service work are hot-

wire ammeters, thermocouple instruments, capacitor checkers.
tube testers, and oscilloscopes. Many of these are for specialized
work.

el

YR~

10.

REVIEW QUESTIONS

What is the most common type of meter movement used in
radio service work?

How is an ammeter connected in a circuit?

How can a milliammeter be connected to read voltage?
What is the common designation for a meter than can be used
to read current, voltage, and resistance?

What is a shunt?

What is a Wheatstone bridge?

What is one advantage of a VTVM over a VOM?

What is a disadvantage of a VTVM as compared to a VOM?
What type of tube tester gives the most accurate indication of
the condition of a vacuum tube?

Can an oscilloscope be used to measure voltage?
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CHAPTER 21

Radio Testing

It is of the utmost importance that the service technician, in or-
der to intelligently cope with the various troubles that develop in
radio receivers, should have the necessary test equipment to make
repairs as quickly and easily as possible.

To be of value to a radio service technician, testing equipment
must have the following features:

1. It should be fairly compact and portable.

2. It should be ruggedly constructed so that instruments will not
be damaged or their calibration changed in transport.

3. The instruments must be designed to withstand considerable
overloads without damage, as in service work it is often diffi-
cult to estimate beforehand the exact magnitude of the meas-
urements being taken.

4. The equipment should cover the proper operating ranges and
be reasonably stable in frequeney.

The following basic test instruments are required to properly
service radio receivers:
1. A vacuum tube voltmeter (VTVM).

2. A volt-ohm milliammeter (VOM) with a sensitivity of at least
20,000 ohms per volt for measuring voltage, resistance and
current.
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2

Signal tracer.

4. Some type of output meter (the VOM or VTVM can often be
used for this purpose).

5. A signal generator capable of producing all of the required
frequencies.

6. A transistor checker (or again the VOM may be employed to
make certain tests).

7. Tube tester.

This equipment may be supplemented by a cathode-ray oscillo-
scope and any number of other instruments that will prove helpful
in servicing radios.

The service data and schematic diagram for a receiver are often
essential for efficient servicing. This is particularly true of elaborate
multiband receivers. Table 1 provides a convenient summary of
graphical symbols used in schematic diagrams.

PRELIMINARY POINTERS

Before analyzing a radio for trouble, however, it is good idea to
check all possible causes of trouble (power cord, etc.) before re-
moving a receiver chassis from its cabinet.

If it is evident that the trouble is inside the radio itself, a careful
examination of the wiring connections and interior components of
the set is next in order. The condition of soldered joints should be
examined to be sure that there is good electrical connection. Also
look for such things as broken or charred resistors, overheated
transformers, capacitors dripping wax, and any other indication
that might give a clue as to the trouble. Careful observation can
often save considerable time in locating defects.

Also be certain that the insulation of the wiring is not cut or
frayed where it passes through metal, around the edges of tube-
socket contacts, etc. The tube-socket fingers should be clean and
tight. The possibility of shorted tuning capacitor plates should also
be checked. A visual inspection of this kind may quickly locate the
cause of the trouble. Before making any circuit measurements, be
sure to test the tubes either in a tester or by direct substitution.
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Tubes can cause just about any trouble symptom and for this rea-
son should be one of the first things checked. A transistor tester is
helpful in servicing transistorized receivers. Transistors, however,
generally cause less trouble than vacuum tubes. Heat is one of the
contributing factors in tube defects.

ELECTRICAL TESTS

One of the first electrical checks on the set should be on the
power supply to insure a normal supply of voltage to the various
circuits. If the radio is a battery-operated type, check the condition
of the batteries. The batteries should give approximately their rated
voltage readings with the radio turned on. If the batteries are low
they should be replaced. A battery tester is illustrated in Fig. 1.

Having checked the source of power to the radio, the next step
is to check the voltage supply to each tube or transistor. A sug-
gested method is to check these components in the order in which
the signal passes through them. That is, start with the antenna stage
and end with the power amplifier stage. After making preliminary
tests and a visual inspection and finding everything in good order,
the electrical tests should be made. The logical approach is to first

Fig. 1. A typical battery tester.

o
BATTERY TESTER

Courtesy EICO Electronic Instrument Co., Inc.
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Table 1. Electronic Symbols

DEVICE SYMBOL DEVICE SYMBOL DEVICE SYMBOL

CONDUCTOR SHIELDED :@: o _FOT?’U‘O'\_
OR WIRE CABLE < oL o

CROSSED WIRES
LEFT

NO CONRECTION EUED — R E——
COILOR
RIGHT- RESISTOR iuctor | SYTTIIL
CONNECTION
POWDERED
VARIABLE IRONCORE | ===z==:
CROUND J,_ RESISTOR ™ COILOR | _FY¥¥TeL
INDUCTOR
POWDERED i
ANTENNA ¢ A;L)(‘:EI‘;OR L {RON CORE il
T TRANSFORMER "
ELECTROLYTIC o AIR CORE
COUNTERPOISE rlj CAPACITOR T TRANSFORMER % E
VARIABLE *
LOOP VARIABLE rkﬁogr%ifm
ANTENNA CAPACITOR b
SHOWN
VARIABLE N
CAPACITOR, IRON CORE
TERMINALS 1 l MOVING T TRANSFORMER ”é
PLATES

~

7
VARIABLE 4
SHIELDING | —--mm=m== CAPACITORS, S eorons.
GANGED &3

TUNED
SHIELOED WIRE R AIR CORE
L TRANSFORMER
@ | —

g

WIRE, PASS THRU
TWISTED PAIR XOOXX CAPACITOR

T
—
SINGLE THROW
CORXIALCABLE| O —C (COILOR | STWITL | | “pousie pote
SWITCH | —o__o—

VARIABLE "”2??& oy | ~ebd
WIRE IN CABLE ESE COILOR swieh | ¢

-
INDUCTOR Ne111138
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Table 1. Electronic Symbols —(Cont’'d)

DEVICE SYMBOL DEVICE SYMBOL DEVICE SYMBOL
DOUBLE POLE - MALE e
DOUBLE THROW ‘{9 CONNECTOR | 2 @ 6 TRt
SWITCH 3 (TYPICAL ) 7
]
[
TYPICAL 17 EEMALE 3TN GAS FILLED
SELECTOR o— CONNECTOR 6lo Q 92 ENVELOPE
SWITCH c':f&\) (TYPICAL) 7°8o°l
BEAM
POWER DRY CELL s = TETRODE ,@‘
SWITCH & oRpaTERy | A VACUUM o™’
TUBE
R
m%XL - VOLTAGE
HEADSET REGULATOR
CONTACT ot
ARRANGEMENT)
=] K TRIODE @
JACKS SPEAKER g VACUUM
‘@ TUBE
PLUGS, -—_I—
MICROPHONE, = PNP
HEADSET OR @_ JAICROEHONE :G TRANSISTOR
S PEAKER
POWER OUTLET j): CATHODE, NPN
PLUG THERMIONIC [_‘ TRANSISTOR
POWER CATHODE, J_
RECEPTACLE —@— oL T CRYSTAL =
OR OUTLET DISCHARGE T
POLARIZED :J;
OXIDE
MALE FILAMENT ——
COMECTOR N RECTIFIER
POLARIZED
FEMALE GRID —_————- FUSE oo
CONNECTOR
TWISTLOCK
PLATE 1 LAMP OR
FEMALE —@— ’ —@—
o OR ANODE 1L0T LIGHT
POLAR| ZED
BEAM
T iR —@— FOCUSING A VOLMETER | v
ELECTRODES
CONNECTOR
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locate the defective section (RF, converter, IF, or audio), then the
defective stage in that section, and finally the defective component
within the stage.

In general, all electrical tests should be made with the volume
control in the maximum volume position, since this position gener-
ally gives the optimum distribution of currents and voltages through
the various circuits in the radio set. A second set of readings with
the volume control in an average operating position is often helpful
in locating trouble. The second set of readings gives the current and
voltage values in the various circuits under average conditions and
should compare favorably with the first set. Radical differences
should be checked for a possible source of trouble.

SIGNAL GENERATORS

The fundamental use of a signal generator is to replace the
broadcast signal for tests and adjustments of radio circuits. Of spe-
cial importance to the service technician are the following: align-

Courtesy Hickok Electrical Instrument Co.

Fig. 2. A signal generator built into a signal tracer.
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ment of IF, RF and oscillator circuits; determining the gain in any
part of radio receivers; testing AVC circuits; checking selectivity;
and locating defective stages by using the signal-injection method.
A signal generator is illustrated in Fig. 2.

Alignment Procedure

Unless the manufacturer of the receiver instructs otherwise, the
following sequence should be followed in the alignment of a radio.

1. The various tuned circuits of the IF amplifier are first aligned
properly at the intermediate frequency for which the amplifier
was designed.

2. The oscillator tracking capacitor should then be adjusted at
about 1,500 kHz so that it tracks properly at the high-fre-
quency end of the dial. Adjust the padding capacitor (if em-
ployed) at about 600 kHz so that it tracks at the low-frequency
end of the dial.

3. Align the RF stage.

Use of Output Meter

One way to determine the condition of tubes without a tube
tester is to feed a signal from a generator into the receiver input.
Connect an output meter across the speaker terminals and substi-
tute new tubes or transistors for those in the radio set, one at a time.
If the output meter indicates a greater value when each new unit is
placed in the set, the original unit should be replaced.

To determine the gain in any part of the receiver, connect an
output meter as before and feed a signal to the receiver input. Ad-
just the signal generator to deliver a high output and move the
“hot” lead of the generator to each succeeding RF or IF stage,
noting the drop in the output voltage as shown on the output meter.
Always use the proper frequency and proper scales for the output
meter.

To check if AVC is functioning properly, wide changes in the
alignment with a large signal voltage should produce no appreciable
change in output.
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To check the selectivity, feed a signal of low value to the re-
ceiver input, tune the signal generator to perfect resonance, move
the generator dial off resonance gradually until signal disappears.
Note number of kilocycles between resonance and inaudibility.

CAPACITY MEASUREMENTS

Because capacitors very frequently give rise to trouble in re-
ceivers, it is sometimes necessary to measure a capacitor and com-
pare the value to that given in the circuit diagram. Hence, it is im-
portant that the service technician should understand the theory of
capacity values and how they are derived.

The dials of some AC milliammeters are calibrated to read di-
rectly in microfarads. The capacitive reactance of a capacitor in
ohms is given by the following formula:

_ 1,000,000

Xe = 5 FC(mid) ©

hms )]

When a 60-hertz current is used (f = 60) and C is measured in
microfarads, this formula then becomes:

2,650
Xc

C(mfd) = (2

From this last equation it is possible to calibrate an AC milliam-
meter to read directly in capacity.
If any frequency other than 60 hertz is used, the results obtained

in equation (1) or (2) must be multiplied by the fraction —I;:, where

F is 60 hertz and f is the frequency of the current being used. For
example, if a 50-hertz current is used, then the values of equation

(1) or (2) must be multiplied by % or 1.2.

Before using any instruments designed for use on 60 hertz on
any other frequency, one must make sure that the equipment will
function at the new frequency.
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Capacitor Shunted by Noninductive Resistor
It is very frequently desired to obtain the value in microfarads
when a capacitor is shunted by a resistor as shown in Fig. 3.
The impedance of the above circuit combination is obtained by
the following formula:

/ " (R + 2r) RXC 3)
T RE4+ X
where,
r is the resistance of the AC milliammeter in ohms,
R is the resistance of the shunt resistor in ohms,
X, is the reactance of the capacitor to be measured in ohms,
Z is the impedance of the circuit combination, in ohms.
A R
VA~
It Fig. 3. C tions for t
ér e X of capacity when the capacitor is
MILLIAMMETER shunted by a noninductive resistor.
Z

The X, value used in formula (3) is the effective resistance value
of the capacitor given by formula (1).

RC substitution boxes, such as the one shown in Fig. 4, are
often useful in troubleshooting procedures.

INDUCTANCE MEASUREMENTS

Inductance values may be obtained in a manner similar to that
already described in capacity measurements. It should be remem-
bered, however, that inductive reactance is vectorially positive
whereas capacitive reactance is negative, and that the larger the
value of the inductive reactance, the lower will be the reading of the
AC milliammeter. Also, the larger the capacitive reactance, the
higher will be the reading of the AC milliammeter.

The formula for inductive reactance (X)) in ohms is:

XL = 2#fL ohms (4)
or if f = 60 hertz, then
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Courtesy EICO Electronic Instrument Co., Inc.

Fig. 4. A resistance and capacitance substitution box.

_ X.
L= henrys (5)
The formula for current is as follows:

~_E

L= R %2 &
where

I is the AC current in amperes

E is the impressed AC voltage

R is the resistance of AC meter in ohms

X,, is the effective resistance of the inductor in ochms.

If 50 hertz is used instead of 60 hertz, the results should be

multiplied by —g—%, or 1.2.

AUTO RADIO TROUBLESHOOTING

Servicing Vibrator Supplies—It is usually not advisable to at-
tempt to service, adjust or repair a vibrator after it has given a nor-
mal period of service. Experience indicates that repaired or ad-
justed vibrators seldom give dependable satisfactory service for any
length of time, unless the repair or adjustment is of a minor nature.
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Vibrator Inoperative

If there is no humming sound from the vibrator and if the pilot
lamp does not light, check for an open fuse or for a poor connection
in the fuse holder or at the “A +” connection at the ignition switch.
It is also possible that the “on-off”” switch is defective.

Vibrator Normal

If the vibrator seems normal but there is no sound from the set,
look for a burned-out or defective rectifier or audio tube. Rectifier
tubes often give trouble in auto receivers, especially the OZ4 tube
used almost universally in the older sets. Check also for a shorted
capacitor (usually the plate bypass in the audio-output stage) and
check the plate voltages in the audio stages. A common trouble is
failure (open condition) of plate resistors due to short leads. When
replacing resistors, make all leads long enough to allow for ex-
pansion and vibration.

If there is a background hiss from the receiver and if this hiss in-
creases or decreases with the volume-control setting but no stations
are received, touch the antenna with a screwdriver. If interfering
“pops” are heard, try disconnecting and reconnecting the antenna
lead-in. Check also for a defective RF, converter, or IF tube ahead
of the second detector. (If the tubes are accessible, feel the enve-
lopes or try removing the last IF tube from its socket and work
back toward the RF or converter tube.) Listen for noise when a
tube is removed and reinserted. Trouble usually will be found in the
stage just ahead of the one in which the noise last appeared.

If stations are received normally but are accompanied by vibra-
tor interference, check for broken or loose ground connections, a
loose tube shield, or a loose IF can shield. In some of the older
automobiles, this type of interference may require bonding of
fenders, instrument panel, etc., or installation of spark plug and dis-
tributor suppressors. See that the usual 0.5-mfd capacitors are con-
nected across the low voltage (“A+”) side of the generator and
from the hot side of the ignition switch to ground.

Vibrator Erratic

If the vibrator acts intermittently and if there is no sound from
the set, check for a defective vibrator (sometimes caused by defec-
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tive buffer capacitors across the secondary of the transformer).

If noise is heard from the speaker but no station is received,
check for a defective vibrator, buffer capacitor, or rectifier tube.

If the vibrator sticks and blows fuses, the points of the vibrator
are probably badly pitted. Replace the vibrator. (Filing the points
is generally only a temporary measure and should be avoided ex-
cept in emergencies.) Before replacement, check the buffer capaci-
tor. If the set is several years old replace it as a matter of safety.

If a new vibrator does not start properly, or does not start at all,
check for low battery voltage, a blown fuse, or oxidized points on
the vibrator. Note if the pilot light operates. If the vibrator will start
when the auto engine is running, this is an indication that the bat-
tery voltage is probably low. If the vibrator points are oxidized re-
place the vibrator.

In some of the older receivers the current drain on the vibrator is
rather heavy and ordinary vibrators will not last too long. In mak-
ing replacements in such cases, be sure to use a heavy-duty replace-
ment. Also check the buffer capacitor.

Weak Reception
In case of weak reception proceed as follows:

1. Fully extend the antenna and turn on set. Turn volume con-
trol to maximum position and tune across the dial.

2. If reception seems slightly weak, tune in a station having good
volume and grasp the antenna with your hand. If volume in-
creases adjust the antenna trimmer.

3. Check for weak tubes or transistors by replacing one at a time
until the faulty one is located, or test these components with
a reliable checker.

4. If the tubes and/or transistors check OK, substitute a test an-
tenna consisting of a piece of wire about ten feet in length and
connect it to a standard antenna lead-in cable. Place the test
antenna outside and away from the car. If radio operates
nearly normal with the substitute antenna, some part of the
car antenna or lead-in is at fault. If this does not reveal the
source of trouble, the receiver will have to be removed for a
thorough test.
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Radio Noisy (with Car Standing Still)
The procedure when trouble of this kind occurs is as follows:

432

. Start engine, turn on radio and tune to a spot between sta-

tions. Engine noise will usually appear as a clicking sound
that varies in frequency with the speed of the engine. If noise
is present, disconnect the antenna lead-in cable from the re-
ceiver.

. If the engine noise stops when the antenna is disconnected,

check all high-tension wires for full seating in the sockets of
the coil and distributor cap. Check the distributor rotor (re-
sistance type) by substituting a known good one. If an exter-
nal suppressor is used, it must be installed at the distributor
end of the coil-to-distributor high-tension wire. Do not use a
suppressor and a resistance-type distributor together.

. If the distributor rotor or suppressor does not correct the

noise, check the antenna lead-in cable shield for proper
ground.

. If engine noise continues with the antenna disconnected,

check the ignition coil and generator capacitors for clean,
tight connections. Remove the generator cover band and
check for sparking at brushes when the engine is running. If
sparking is excessive, check for an open armature coil.

. If source of noise has not been found, replace ignition coil

and generator capacitors with known good ones. Ignition-coil
capacitor lead must be attached to battery terminal of coil.
Generator-capacitor lead must be connected to “A” terminal
of generator. Both capacitors must have good ground connec-
tions.

. If engine noise is present when engine is running at approxi-

mately 2,000 rpm and all the foregoing items are satisfactory,
the noise is probably due to the generator regulator. Correc-
tion may be made by mounting a 0.33-mfd capacitor at one
end of the regulator mounting ground screws and attaching
the capacitor lead to the battery terminal of regulator.
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Set Does Not Light Up

If the set does not light up, check for a blown fuse. If the fuse is
not blown, examine the fuse contact ends for corrosion or loose con-
nections, and replace the fuse if necessary. If the fuse-holder con-
nections are poor, stretch the spring in the fuse holder to restore
proper contact pressure. Also check the rating of the fuse since it
may be the wrong type, in which case the fuse should be replaced
with one of the correct type and rating. Also check the on-off
switch.

Intermittent Reception

In the case of intermittent reception, wiggle the antenna and
lead-in connections and check the antenna for poorly grounded
mounting screws. If a push-type antenna plug is used, see that the
plug is in the receptacle properly and making good solid contact.
Check for the same condition on bayonet or pin-type plugs and see
that solder is built up sufficiently to make a positive contact.

If the plug pins or soldered connections appear to be cold sol-
dered, sweat the connection with a hot iron and flow in a small
amount of new solder. Try a similar method with the lead-in at the
antenna end. Check the tubes by tapping lightly with a pencil. It
should be noted that in some instances the set may have to be re-
moved from its mounting to get the cover off.

If a portion of the broadcast band is dead or intermittent, check
for a defective oscillator tube or possibly a short between the plates
of the tuning capacitor. If a new oscillator tube fails to correct the
trouble, check the rectifier tube or measure operating voltages at
the oscillator socket. Defective oscillator coupling or padding ca-
pacitors are other possibilities.

Set is Noisy

One of the most common sources of trouble in many auto radios
is an extremely noisy volume control. If a thorough cleaning proves
ineffective in correcting the trouble, replacement with a new con-
trol of correct value and taper is usually the only solution.

A microphonic “squeal,” usually affected by vibration or high
volume, may be due to a noisy tube, generally the oscillator or sec-
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ond detector. A similar effect can also be caused by an intermit-
tently open or loose lead of one of the coupling capacitors.

If the complaint is insufficient volume with distortion during the
first half-hour or so of operation but with satisfactory reception
thereafter, check for a weak input filter capacitor. A satisfactory
test of this condition consists of bridging the faulty capacitor with a
good one of the same rating.

Noise Due to Speaker Defects

When the receiver has audio distortion at low levels only and is
normal at medium and high volume, check the speaker voice-coil
alignment. If it is rubbing against the pole piece, try it realign the
cone. If alignment is impossible, the only lasting remedy is to re-
place the speaker.

Audio distortion at high volume levels indicates a gassy audio-
output tube or a leaky coupling capacitor. Also determine that the
speaker cone is properly glued and centered and that the audio out-
put is not exceeding the normal rating of the speaker.

Other speaker defects causing noise and unsatisfactory reception
may be caused by a loose rim on the speaker cone, a warped cone
or a collection of foreign matter or metal filings lodged in the mag-
net gap.

If the cone is loose reglue it with regular speaker cement, making
sure that the cone is properly centered. Use speaker shims.

If the speaker cone is warped, try moistening the cone at a point
directly opposite the warp. When dry, the cone often will warp an
equal amount in the opposite direction and correct the trouble.

Ignition Noise

This is one of the more frequent complaints when dealing with
auto receivers. The usual remedy is the connection of 0.5-mfd ca-
pacitors across the ignition switch, generator and other electrical
components. Also clean and tighten ground connections. If the
foregoing do not correct the trouble, try cleaning the base and in-
sulator of the whip antenna. Corrosion often causes considerable
leakage between the antenna and auto body.
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If the ignition noise continues to be picked up even with the an-
tenna removed, the trouble may be picked up via the DC source.
The most practical solution in this case is to run a separate No. 8
or 10 wire directly from the receiver to the battery, keeping the lead
as short as possible and dressing it away from other battery wiring
to avoid pickup.

Wheel Static

A high-pitched noise from the receiver, present only when the car
is in motion, indicates wheel static. If the noise stops or is reduced
when the brakes are applied, install coiled spring suppressors inside
the hub caps of the front wheels. These suppressors insure good
contact between the wheel and axle.

RECEIVER ALIGNMENT

After all necessary adjustments of the receiver are completed, a
complete alignment check should be made. This should include an
accurate check of, the dial-pointer positions throughout the dial
range. In addition a peaking check of the IF, preselector, and RF
trimmers should be made. Finally, check the adjustment of the an-
tenna trimmer with the tuning dial set to about 1,400 kHz.

Auto Receiver Alignment

Radio-receiver manufacturers often make general recommenda-
tions with regard to the alignment procedure of their products.
These recommendations are commonly available and thus well
known to service technicians. Circuit alignment should be made
only when necessary, and only when all other causes of trouble are
removed.

As previously noted, modern auto receivers employ the super-
heterodyne circuit which uses an intermediate frequency IF ampli-
fier. The characteristics of these amplifiers largely govern the
selectivity of the receiver. The IF amplifier characteristics are
determined principally by the adjustment and design of the IF
transformers. It is, therefore, important that the IF amplifier be
correctly adjusted to provide the best selectivity. The adjustments
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themselves are generally in the form of iron cores placed within the
coils.

During alignment it is necessary to adjust only those iron cores
specified in the tabulated adjustment procedure to obtain the best
operation.

Incorporated in every receiver is a local oscillator, the output of
which mixes with the incoming signal from the antenna. The local
oscillator does not operate at the same frequency as the incoming
signal. The resonant (acceptance) frequency of the IF amplifier es-
tablishes the difference in frequency required—260 kHz is generally
employed in auto receivers. The local oscillator operates at a fre-
quency higher than the incoming signals; the two predominating
resultant frequencies produced are the sum and the difference of the
two frequencies. The IF amplifiers are designed to tune to reso-
nance at the difference frequency.

Alignment is generally necessary when replacements have been
made in RF and IF circuits. This includes replacement of tubes, by-
pass capacitors, RF chokes, etc. Before alignment, however, allow
the signal generator and receiver about 15 to 20 minutes to warm
up for frequency and temperature stabilization. Nonmetallic tools
should be used exclusively for alignment.

To perform the alignment correctly, an accurately calibrated sig-
nal generator and some type of output measuring device must be
used. The output meter may be connected across the secondary of
the output transformer. All adjustments should be made with the
receiver volume control at maximum and with the signal generator
output as low as practical to prevent the AVC action from influenc-
ing the reading.

The first step is to align the intermediate-frequency stages. Maxi-
mum output of a receiver is obtained only when every tuned section
in it is properly aligned. Maximum output from the IF amplifier is
obtained when it is adjusted to the frequency for which it is de-
signed and when exactly that frequency is applied to the IF ampli-
fier by the output of the mixer.

To sum up, the best sequence to follow when making these ad-
justments on standard broadcast-band receivers (unless the manu-
facturer of the receiver prescribes a different procedure) is:
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1. First align the various tuned circuits of the IF amplifier prop-
erly at the IF for which the amplifier is designed.

2. The oscillator circuit should then be adjusted at about
1,500 kHz so that it “tracks” properly with the RF circuits at
the high-frequency end of the dial.

3. It is preferable to align the tuned circuits of the RF stages at
the same time oscillator tracking adjustments are made.

The dummy antenna shown in Fig. 5 will be helpful in providing
a good match between the set and signal generator. This gives a
much better balance than the makeshift coupling capacitor so often
used.

T0 GROUND )

T0 SIGNAL
1) GENERATOR

ANTENNA
TYPE
CONNECTOR

______ TO RECEIVER

SHIELDED
WIRE bememeecomaemeees =

Fig. 5. Dummy antenna for use in alignment of auto radios.

Effects of RF and IF Misalignment

The effects of misaligned RF and IF stages are most commonly
observed as a loss of sensitivity either over a portion or over the en-
tire broadcast band; loss of selectivity, often characterized by the
selectivity being noticeably unequal on either side of the point of
best reception; a change in fidelity; or inaccurate dial indications.

Loss of fidelity will be apparent as a loss of high or low audio
frequencies. If the IF amplifier is not tuned to the specific fre-
quency, the oscillator and other tuned circuits will not track. The
dial readings will then be incorrect and a portion of the band will
have low sensitivity.

437



RADIO TESTING

Signal-Generator Connection

The chassis, or frame, of the radio receiver is considered as being
at ground potential and the “GND” terminal of the signal generator
should be connected to the chassis wherever good contact can be
established.

The “ANT” or “HIGH” terminal of the signal generator output
must be connected to the antenna connection or other points in the
radio receiver as specified in the alignment instructions.

The use of a fixed capacitor in series with the signal generator
lead is specified in some instances. When this capacitor (sometimes
called “dummy antenna”) is used, it provides proper input loading
to the receiver. It is important that this capacitor (when used) is
connected at the point where the signal generator lead joins the
radio set, and should not be connected at the generator.

Output-Meter Connection

Any standard type of output meter can be employed during
alignment. The meter should be connected across the secondary of
the output transformer. It is best to leave the voice coil connected
while using the output meter. It is essential that an output meter
with sufficient sensitivity be used to avoid the possibility of requir-
ing too much signal generator output to obtain a readable indica-
tion on the output meter.

Sometimes it may be desirable to connect the output meter from
plate to plate of output tubes. When this connection is employed, a
0.1-mfd capacitor must be connected in series with the meter to
afford proper protection from the DC potential.

SUMMARY

It is imperative that a service technician have' the necessary
tools and test equipment in order to make repairs as quickly and
efficiently as possible. Test equipment should be compact and
portable, rugged enough to stand normal use and transportation as
well as occasional overloads, cover the proper ranges, and be
reasonably stable in operation.
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A preliminary visual and/or audible check of the defective unit

should be made to correct any obvious faults that might render
the unit inoperative. This should be followed by regular electrical
tests to diagnose the section of the unit that is faulty. Next, the
component or components at fault should be determined and
repaired or replaced.

A regular and logical sequence of tests should be made with the

proper test instruments to arrive quickly and accurately at the
receiver fault. Modern test equipment is designed to prevent wasted
time if used in the proper manner and in a logical sequence of
tests.

AL

REVIEW QUESTIONS

List the basic test instruments necessary to properly service
radio receivers.

What important procedure is a signal generator used for?
What is the purpose of an output meter?

What is the purpose of the vibrator in older car radios?

What should be the first component to check if an auto radio
is inoperative?

What might cause a radio to play normally at the low end of
the dial but go completely dead near the high end?

How can you determine if noise in an auto radio is caused by
ignition interference?

How may static caused by the automobile wheels be reduced
or eliminated?

List the steps necessary to align a radio receiver.

What would cause stations to be received at the proper point
in one area on the dial but not in other areas?
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CHAPTER 22

Trouble Pointers

~

Successful radio troubleshooting or servicing requires an inti-
mate knowledge of the component parts.

Years ago, when the best equipment consisted of a dozen or
more components, there was generally no difficulty in locating and
eliminating the trouble.

However, since then equipment has experienced many revolu-
tionary changes—a glance underneath the chassis of a modern re-
ceiver, for example, will illustrate how every fraction of an inch is
literally crammed with radio components.

There is a bewildering array of colors stamped onto the radio
parts and an equal splash of colors on the connecting wires. In ad-
dition, variable capacitors, potentiometers, and other moving parts
are built in such a manner that it is sometimes hard to gain access to
them. With the increasing refinement and complexity of electronic
equipment, the more susceptible it becomes to trouble and the more
specialized knowledge will be required to eliminate it. The exam-
ples which follow cover some of the more common questions con-
cerning circuit troubles and provide many of the answers to them.

What May Cause a Receiver to Operate Normally for a
Period of Perhaps Five to Ten Minutes, Then Suddenly
Become Distorted ?—There are several possible causes for such
trouble—a defective tube; a leaky coupling capacitor; an inter-
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mittent open or shorted capacitor, resistor, etc. It is when the
receiver reaches a certain temperature while warming up that the
trouble becomes evident.

How May Modulation Hum Which Is “Given a Ride” on
Any Signal Passing Through the RF and IF Circuits of a
Receiver Be Eliminated?-—A receiver which emanates hum
only when it is tuned to a station gives the best example of trouble
of this kind. This trouble is sometimes caused by improper lead
dress allowing power leads to run in close proximity to RF and IF
circuits, in which case the remedy is obvious.

What May Cause Distorted Sound?—Any number of de-
fects in the audio section may cause distorted sound, such as a bad
tube, leaky or shorted capacitors, or a change in resistance values
causing improper bias on one or more of the audio amplifiers.

A defect in the speaker may also be the cause of distortion. For
example, the voice coil may be off center or warped, causing it to
rub the polepieces, or there may be foreign particles between the
voice coil and the polepieces. Distortion can also be caused when
tuned circuits are not properly aligned.

What May Cause “Fading” in a Radio Receiver?—Trou-
ble of this sort is most likely to be caused by the following: leakage
within tubes; defective volume control; defective capacitors, resis-
tors or other parts which change in value with usage; or by extrane-
ous conditions. The source of trouble is usually best found by an
evaluation of circuit components. In case replacement is required,
care must be observed that correct components are used—other-
wise, instead of eliminating the trouble it is likely to be exagger-
ated.

What Is the Cause of Extensive Squeals and Interference
That Change With Tuning?—Known as image-frequency inter-
ference—this type of interference is often encountered in inex-
pensive receivers and usually appears as an annoying whistle on
desired stations that changes in pitch as the receiver is tuned. Image
interference is due to lack of selectivity in the first-detector circuit.
(Constant pitch whistles are another matter and are often ex-
perienced even in some of the more expensive receivers.)
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If the Rectifier Tube of a Receiver Has Become Defec-
tive and Trouble Still Exists After Changing the. Tube,
What May Be the Cause?—A defective electrolytic capacitor
may be the cause. The heat, especially in equipment where space is
limited and ventilation is poor, causes the capacitor to dry out,
thereby reducing their capacity. Voltage measurement at the output
of the rectifier tube may show a decreased output, and hence point
to filter-capacitor trouble.

What Is Indicated When the Plates of a Rectifier Tube
Glow Bright Red ?—This indicates that excessive current is being
drawn from the power supply due to a low-resistance path between
B+ and ground. The trouble may be in the power-supply circuit it-
self or in any of the circuits it supplies. To determine which, dis-
connect all supply leads from the power-supply output. If the recti-
fier plates appear normal, the trouble lies in one of the circuits be-
ing supplied. If the condition still exists, however, the trouble is in
the power supply itself. Common causes of this condition are
shorted filter or bypass capacitors, bare leads touching each other,
etc.

If Tubes Do Not Light in a Series-Wired Receiver, What
May Be the Cause?—A burned-out tube or open fusible filament
resistor is the most likely cause. In a series circuit an open circuit
will affect all tubes. In either case the remedy is obvious—change
the faulty component.

What Important Precautions Should Be Observed When
Replacing Defective Components in a Radio Receiver?—It
is important that exact replacement parts be used wherever possi-
ble. If components of different values are inserted, they may upset
the circuits or cause trouble in other ways. A list of replacement
parts of various receivers is usually available, and it is these parts
that should be used for replacement, to prevent continuation and
even exaggeration of the trouble.

What Are the Two General Classes of Resistors Used in
Radio Receivers, and Where Are They Used?—The two types
are classified as the wirewound and the carbon type. Wirewound
resistors generally are used where a comparatively large current is
required to flow, such as in voltage dividers. Carbon resistors, how-
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ever, are utilized for smaller currents. The carbon resistor as a rule
has a high resistance, and will usually handle power requirements
up to 2 watts. The resistance value of a carbon resistor may be
identified by means of special color-code markings, and the values
of wirewound resistors are usually plainly marked or tagged on the
units. :

Is It Well To Change or Remove Part of the Wiring To
Eliminate Trouble in a Radio Receiver?—Only where sub-
stitution of wires is absolutely necessary, but the circuit should not
be changed. It is evident that if the circuit was incorrect the receiver
would never have functioned in the first place. It may generally be
assumed that before a receiver leaves the manufacturer’s test room,
the circuit as well as its components are correct. Hence, the service
technician should not change circuits on the assumption that they
are wrong after the set has been operating properly for some time,
but should attempt to locate and correct the trouble that has oc-
curred.

When the Plates of an RF Power Amplifier in a Radio
Transmitter Glow Red, What Is the Trouble?—The tube is
drawing excessive current. This can be caused by several things, in-
cluding loss of drive, insufficient drive, mistuned plate circuit, or a
poor impedance match with the antenna. This condition will also
occur if the stage is not terminated with a load. Any of the fore-
going can ruin the tube within minutes.

What Meter Reaction Indicates Resonance in a Trans-
mitter RF Power Amplifier Circuit?—When the plate “tank
circuit of an RF power amplifier is tuned to resonance, the meter
will indicate a dip in plate current. At minimum current the stage is
delivering maximum RF energy to the antenna. If the stage is tuned
off resonance, the plate current can increase to such a degree that
it will destroy the tube.

What Are Some of the More Common Causes of Fuses
Blowing in Automobile Receivers Using Vibrator Power
Supplies?—Automobile receivers have the same potential trou-
bles as household receivers plus several others. The most common
causes of fuses blowing in this type of receiver are in the power sup-
ply itself. One of the worst offenders is the vibrator, and running a
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close second is the buffer capacitor. This capacitor is generally con-
nected across the secondary of the vibrator transformer. It is easy
to identify because it will have a voltage rating generally between
1,000 and 1,800 volts. Some receivers use two buffer capacitors, in
which case both should be checked. Another common cause of
trouble is the rectifier tube. These can short, fail to conduct, or con-
duct intermittently. The most troublesome rectifier is the gaseous
type which uses no filament.

What Can Be Done To Compensate for Line-Voltage
Fluctuations Which at Times May Amount to 109 or
More?—A simple remedy may be afforded by the addition of a
booster transformer as shown in Fig. 1. This transformer, which is
connected directly to the line circuit, steps up the voltage, thereby
compensating for the drop. The transformer should have a rating in
watts equal to or higher than that of the radio receiver that it sup-
plies.

The transformer connection is largely self-explanatory. For ex-
ample, switch No. 2 is the “on-off” control for the booster; when it
is thrown to the left it cuts in the booster and when thrown to the
right it removes the booster from the line.

BOOSTER
TRANSFORMER

'li .5V TAPS
Il

SWITCH 91 AYOLTMETER
= s

—0
' L
I TO RADIO [
) m— RECEIVER T

110 VOLT
AC SOURCE

|
I
I SWITCH #2
I

—O ; ?

Fig. 1. Schematic diagram of a voltage-compensating circuit.

As a precautionary measure the voltmeter should always be con-
nected in the circuit when the booster is being used. Switch No. 1
controls the actual amount of booster voltage added.
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Fig. 2. A metered variable AC bench
power supply.

Courtesy EICO Electronic Instrument Co., Inc.

A variable AC bench power supply, such as illustrated in Fig.
2, is a useful servicing aid.

Where Does Radio Interference Originate?—There are
four broad classifications into which interference normally falls,
namely: 1, that caused by electrical devices; 2, by various radio
stations or the neighbor’s receiver; 3, originating in the receiver it-
self; 4, natural atmospheric static.

The first classification is of interest particularly to city dwellers
where electrical devices are very numerous and where their usage is
intensified. The average city apartment house is a generator of all
kinds of so-called man-made radiation interference. The various of-
fending sources, to name just a few, are electric bells and buzzers;
elevator motors and contactors; sign flashers; X-ray machines and
ultraviolet ray units used by physicians; power lines; etc.

The second classification is also more of a problem to city
dwellers than to others. In areas where a number of radios are op-
erated simultaneously, a certain amount of interaction may occur
between them. Some sets are capable of regeneration or circuit os-
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cillation which sometimes affects receivers located several blocks
away.

The third classification (noise originating in the equipment itself)
is a problem for the receiver designer and the service technician.
Very often a faulty capacitor or tube, for example, may generate an
appalling amount of noise.

The fourth classification deals with natural static, and there is
very little anybody can do. It is self-evident that there is no control
and nothing that can be done to prevent it. Although the amount of
actual disturbance in this case is less noticeable in locations of
strong transmitters and where the service areas are well propor-
tioned, at present at least, there is no remedy for natural noise.

How May Radiation Interference Caused by an AC-Oper-
ated Vacuum Cleaner Be Eliminated and What Are the
Average Capacitor Values To Be Employed ?—Capacitors of
the values commonly used for interference suppression purposes on
fixed electrical machinery are not necessarily suitable for un-
grounded appliances such as vacuum cleaners. A breakdown in in-
sulation between the electrical circuits and the metal framework of
the cleaner might cause an unpleasant (or even dangerous) shock to
the operator.

Fig. 3 illustrates schematically the connections and values of ca-
pacitors generally used on vacuum cleaners or similar portable ap-
pliances. It is necessary that the capacity values recommended
should not be exceeded; also, the voltage rating of the capacitors
should be several times that of the voltage employed in operating
the appliance in question.

How May the Field Coils of a Small Universal Motor Be
Rearranged so as To Cause Less Radiation Interference?—
Assuming that the motor is series-wound (i.e. the field coils are in
series with the armature), it is probable that a simple alteration will
reduce the radiation of interference.

il

‘[0. Olmfd

10
FRAMEWORK

Fig. 3. Schematic diagram showing con-
nection of interference suppressors to

10
RCE
a vacuum cleaner.
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FIELDCOILS FIELDCOIL

T0
MOTOR AC LINE MOTOR
FIELDCOIL

(A) Before. (B) After.

Fig. 4. Diagram illustrating how the internal connections of a universal motor may
be altered to reduce interference.

Normally, the field coils are connected as shown in Fig. 4A. By
rearranging them as shown in Fig. 4B, with one coil on each side of
the brushes, the bad effects of commutator sparking are reduced
due to the fact that the coils now act as radio-frequency chokes and
prevent interfering impulses generated by the sparks from feeding
out through the wiring. Rearrangement of the coils in the manner
described should have no adverse effect on the operation of the
motor.

Is There a Possibility That Interference Can Be Caused
by a Diesel Engine Located Near the Receiver?—Interfer-
ence from ordinary internal-combustion engines originates in the
electrical ignition system, which is absent in the Diesel engine, and
accordingly a compression-ignition engine of this type is totally in-
capable of causing electrical interference.

— X_
METERS =
POWER
I A
_____ I -

____________ METERS —l—.
POWER LINE

AND

STATION SWITCHES CAPACITORS
= T

Fig. 5. Method of connecting interference suppressors to pre-
vent noise in an AC wiring system.
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How Should Interference Suppressors Be Connected in
Order to Reduce Leakage in a Wiring System?—By referring
to Fig. 5A it is fairly clear that since one of the main lines is
grounded at the power station, full potential is applied between the
capacitors and ground. Although the leakage current is relatively
small, it is a source of interference. One of several ways of avoiding
appreciable leakage is to use capacitors much smaller than the
standard value of 2 mid.

A capacity of 0.01 mfd is generally recommended and in most
cases proves to be effective. Another method of reducing leakage to
negliglible proportions is to connect the conventional type of sup-
pressor in the manner illustrated in Fig. 5B.
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Fig. 6. Interference-suppressor filter added to a washing machine,

It Is Desired To Eliminate Radiation Interference
Caused by a Washing Machine. How May This Be Accom-
plished and What Are the Component Values?—This trouble
can usually be eliminated by connecting a filter unit as shown in
Fig. 6. Necessary precautions should be observed that the values of
the filter do not exceed those given, also that the voltage and fre-
quency of the source are similar to those of the manufacturer’s
marking on the filter parts.

How Is It Possible To Locate or To Track Down Sus-
pected Sources of Man-Made Static?—This is usually done by
a device know as interference locator, usually a portable receiver
with a highly directional antenna or radio-frequency pickup system.
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How Does Radiation Interference Originate in a Switch
and How May It Be Eliminated ?—Radiation interference of
this sort is often due to defective contacts in the switch, causing a
spark which may be of short duration and occuring only when the
switch is actuated, in which case a short click will be noticed in the
receiver. Ot other times the spark will be observed intermittently,
causing a prolonged scraping or howling. Replacing the switch will
most likely solve the problem.

However, if the switch is only slightly worn, a thorough cleaning
and smoothing of the contact surface will prove to be helpful. A re-
sistance-capacitance filter shown in Fig. 7 is commonly used as a
switch interference eliminator. This filter is connected in parallel
with the switch. The proper resistor and capacitor values depend on
the amount of current drawn by the circuit. In most instances a
500- to 1,000-ohm resistor and a capacitor of 0.1 microfarad will
be found satisfactory.

0. 1mfd 500 TO 1000 OHMS
(.
SWITCH
T0
SOURCE LOAD +

Fig. 7. Switch-filter connection.

What Can Be Done To Eliminate the Interference
Caused by a Neon Sign?—Neon signs are notorious as sources
of radio interference. In this type of lighting system, interference
may be caused by flickering tubing, overloaded transformers, faulty
insulation, corona discharges between tubing and ground, loose
connections, ungrounded transformer case, etc.

When the sign is found to be the source of interference, each one
of the aforementioned trouble sources should be investigated. As a
general rule, however, it has been found that the employment of fil-
ters across switch contacts, and also across the primary winding of
the transformer, will reduce the trouble.

449




TROUBLE POINTERS

It has also been found effective to include properly insulated
chokes between the letters of the sign as shown in Fig. 8. When
filters are installed, it should be remembered that the components
employed must be able to withstand the potentials and the current
(in the case of radio-frequency chokes) which must flow through
them.

Where Does Radiation Interference Affecting an Auto-
mobile Radio Receiver Usually Originate?—In the electrical
system, and particularly so in the ignition system. The interference
originating in the ignition system is usually referred to as ignition-
noise interference and emanates from the electric sparks in various
parts of the system, such as in the spark plugs, distributor cap,
loose contacts in the wiring system, etc.

TRANSFORMER GLASS TUBING

1mfd

T0 AC

SOURCE _I

.|||—

CHOKES

Fig. 8. Interference suppressors added to a neon sign.

What Can Be Done To Eliminate Radio Noise Originat-
ing in the Electrical System of the Automobile?—There are
a number of suggestions that will be helpful in successfully coping
with this problem. They are as follows:

Distributor Suppressor: Remove the high-tension lead to the
distributor. Insert a distributor suppressor and connect the
wire to the other end of the suppressor.

Generator Capacitor: The generator capacitor should be in-
stalled between the armature terminal of the generator and
ground (the generator frame).

Withdraw Antenna-Cable Plug: Turn on the receiver and
start the engine. If motor noise is heard, proceed as follows:
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Bypass Capacitor: Try a .25- or .5-mfd capacitor from the
ammeter to ground. Try a capacitor from the ignition switch to
ground, electric windshield-wiper connections and various
other connections to ground, noting what effect these capaci-
tors have on the noise pickup. Try a .25- or .5-mfd capacitor
from the hot side of the coil primary to ground. In some cases
this capacitor may not help. It can be tried, however, experi-
mentally.

" Spark-Plug Suppressors: If motor noise persists, spark-plug
suppressors should be installed. One suppressor is put on each
plug. The majority of cars, however, will not require spark-
plug suppressors. The newer models employ resistive high-
tension cable—also called radio resistance wire. If this type of
cable is used, do nor employ resistor spark plugs, and vice
versa. Care should be taken that a good mechanical and elec-
trical connection is made between the spark plugs, suppressors
and plug wires.

Then reinsert the antenna-cable plug. If motor noise is still
heard when the antenna cable is reconnected, proceed as fol-
lows until the noise is satisfactorily reduced:

Dome-Light Lead: To determine the amount of noise due to
the dome-light lead, disconnect this lead at its source and coil
it up. Then, with the engine running, ground the end of this
wire. If this is found to reduce the noise noticeably, interfer-
ence is being radiated by the dome-light lead.

Reconnect the dome-light lead and try a .25-mfd or .5-mfd
capacitor from the connecting point of the lead to ground. If
this does not cure the noise, disconnect the lead and encase it
in a braided copper shield from the point where it leaves the
voltage source to the point of connection. Keep the lead as
far as possible from the car ignition wires and ground the
shield.

Bonding Cables: Try grounding to the dash all cables and
tubing which pass through it, such as oil lines, etc. By means
of a file, contact can be established between any of the lines
and the dash, in order to determine whether such a ground
will reduce the noise.
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To bond the cables to the dash, clean the point of contact,
wrap a length of braided shielding around the cable and solder
the connection. Then solder the end of the shielding to the
dash, or ground it under a screw head if one is convenient.
Sufficient play should be left in the bonding shielding so that
movement of the cables or tubing will not loosen this shielding.

High- and Low-Tension Leads: In some instances, the
high- and low-tension leads between the coil and distributor
are routed close together. In some cars they are even in the
same conduit. If this is the case, remove the low-tension lead
from this conduit. In any event, keep the high- and low-ten-
sion leads separated as far as possible. Shield and ground the
shield of the low-tension lead if separating the two leads is not
sufficient.

Grounding Engine and Other Parts: The engine must,
every case, be well grounded to the frame of the car. If it is
not, use a very heavy braided lead similar to a storage-battery
ground lead for this purpose. It may also be necessary to check
the grounding of the metal dash, instrument panel, radiator
and hood to the frame of the automobile.

Signal Level: Occasional noise may be due to weak signal
pickup caused by the automobile being in a “dead spot” or by
a faulty antenna system. When signals are weak, the action of
the automatic volume control causes the receiver to operate at
its maximum sensitivity, thereby increasing the noise level.

Loose Parts in Car: Noisy operation may also be caused in
some instances by loose parts in the car body or frame. These
loose parts rubbing together affect the grounding and cause
noises, due to the rubbing or wiping action. Tightening the
frame and body at all points, and in some cases the use of a
bonding strap, will eliminate noise of this nature.

Where Does Static Interference in an Automobile Re-
ceiver Originate, and What Is Usually Done To Eliminate
It?—This kind of interference is most common in older cars and
usually originates in wheels and tires and is identified as wheel or
tire static. Another source of static interference is badly adjusted
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brake linings, in which case the remedy is obvious. To eliminate
wheel and tire static, it is well to have a clear understanding about
the cause, as well as how to identify this particular form of interfer-
ence.

The sounds developed in a receiver from wheel or tire static may
be heard as an intermittent rasping or clicking, with the time inter-
vals varying with the speed of the car, or maybe a steady hissing de-
veloped after the car reaches a given speed.

Wheel and tire static occur only while the car is motion and will
occur whether the ignition is turned on or off. It will be most pro-
nounced on asphalt or cement pavement, but may be noticed in
some cases on brick pavement or on a dry gravel road. Driving off
the pavement should stop the noise.

From the above it is clear that it is the friction between the dry
pavement and the rubber tires that generates static electricity, which
collects on isolated substances in the tires or on the metal wheels,
which may be electrically isolated from the body of the car by
grease and oil. This electricity then discharges to the car body or
road bed, depending upon the potential developed and the distance
to either. Generally the distinguishing symptoms between wheel or
tire static are that if the noise disappears on application of the
brakes, the noise is attributed to wheel static; if not, the trouble is
due to tire static.

When the static interference has been identified as wheel static,
the most commonly used method of elimination is to make a metal-
lic contact between the movable wheel and the wheel spindle.

This is accomplished by inserting a large coiled spring inside the
hub cap so that one end makes good contact against the spindle and
the other against the cap. This type of static eliminator is produced
commercially. There is also a powder available that can be blown
into the tire to prevent tire static.

It Is Desired To Use a Standard 60-Cycle AC Receiver on
an AC System of 25 Hertz. Will This Be Possible and What
Changes or Precautions, If Any, Should Be Taken?—This
problem may be briefly summed up by the fact that almost any AC
receiver may be made to work satisfactorily from a supply source of
25 hertz. Of course a specially designed power transformer must
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be used. This transformer will be somewhat larger than the one
used for a 60-hertz supply, and hence a slight modification of the
original chassis layout may become necessary.

It may also be necessary to change the relative positions of the
power transformer and any AF transformers in order to minimize
hum. There is also the question of smoothing. Theoretically, a more
complex filtering system will be required, but in practice the ordi-
nary filter circuit may be quite effective; this is because both the
speaker and the human ear are less sensitive to the lower hum fre-
quency of the 25-hertz supply. It is therefore recommended that ad-
ditional capacitors and possibly an extra choke should not be added
until they are found necessary.

How Can the Oscillator Frequency Be Measured?—It is oc-
casionally desired to measure the oscillator frequency. There are
several ways to do this, and the method that is chosen will depend
on the test equipment which is available.

1. Signal Generator and Signal Tracer: Place the signal-tracer
probe and the signal-generator output lead near the oscilla-

S VERTICAL
PROBE TIP ~<—— — A = < \NPUT T0 $ COP
270 pF 220K t
$ 120
+ <
INMA A
T L GROUND
= FREQUENCY RESPONSE CHARA CTERISITCS:
RF CARR'ER RANGE .................................... 5m kHZ to 250 MHZ
MODU[ATED - 1GNAL RANGE .................................. 30 {o 5(1” Hz
INPUT CAPACITANCE (APPROX. ) 2.25pF
EQUIVALENT INPUT RES ISTANCE (APPROX. )

AT 500 KHZ oo soooecseoneecescasoencs +++ 25,000 OHMS
1 MHz 23,000 OHMS
5 MHz - 21, 000 OHMS
10 MHz 18, 000 OHMS
50 MHz 10, 000 OHMS
100 MHz «+ 5000 OHMS

150 MHz +++ 4500 OHMS
200 MHZ s eeeeerereeercrrreseesireraraseseasresstsrscasnns 2500 OHMS

MAX IMUM INPUT:
BT oam 0300 OIS 20 RMS VOLTS

28 PEAK VOLTS

Fig. 9 Typical demodulator probe and specifications.
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tor coil of the receiver. This arrangement permits the
oscillator signal and the generator signal to couple into the
signal tracer by means of stray capacitance without loading
the oscillator circuit appreciably. Tune the signal generator
(with its output control set to maximum) and listen for a
beat tone from the signal tracer. Tune to zero beat; the
signal-generator dial then indicates the oscillator frequency.
Signal Generator and Oscilloscope: Connect a demodulator
probe (Fig. 9) to the scope, and place the probe near the
oscillator coil in the receiver. Also place the output lead
from a signal generator near the oscillator coil. Operate the
scope at a low-frequency deflection rate, such as 60 Hz.
Advance the vertical gain of the scope to maximum and use
maximum output from the generator. Tune the signal
generator and watch for a sine-wave pattern on the scope
screen. Tune for the zero-beat point; this is where the sine
wave suddenly collapses to a horizontal trace on the screen.
The signal-generator dial then indicates the oscillator fre-
quency.

Grid-Dip Meter and Signal Tracer (or Scope): Proceed as
before, but use the grid-dip meter instead of a signal genera-
tor. Hold the coil of the grid-dip meter a couple of inches
from the oscillator coil. Tune for zero beat. The dial on the
grid-dip meter then indicates the oscillator frequency.
Heterodyne Frequency Meter: Place the input lead of the
heterodyne frequency meter near the oscillator coil in the
receiver. Tune the HFM for null indication. The dial of
the HFM then indicates the oscillator frequency.

How Can a Receiver Be Operated With a Dead Oscillator?—
A radio receiver with a dead oscillator can be operated by injecting
a signal of suitable frequency from a signal generator or a grid-
dip meter. Proceed as follows:

1.

Tune the receiver to some station point on the dial (the
station cannot be heard, due to the dead oscillator).
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2. Couple the output lead of a signal generator through a small
capacitor to the antenna lead. If a loop antenna is used,con-
nect the output lead of the generator to a small coil, and
place the coil near the loop.

3. Using high output from the generator, carefully tune the
generator to a frequency at which the station is audible from
the receiver.

4, If a grid-dip meter is used instead of a signal generator,
simply hold the coil of the GDM near the antenna lead, or
near the loop antenna of the receiver. Tune the GDM care-
fully to a frequency at which the station is audible from the
receiver.

How Can a Receiver With a Dead Oscillator Be Operated by a
Receiver That Is in Normal Working Condition?>—This trick of
the trade is based on the principle explained above. Simply place
the good receiver near the receiver that has the dead oscillator.
Tune the receiver with the dead oscillator to some station point
on the dial. Then, tune the good receiver carefully to a frequency
at which the station is audible from the receiver with the dead
local oscillator. In this procedure, the good receiver radiates an
oscillator signal which is picked up by the receiver with the dead
oscillator. Best results are obtained when the good receiver is
placed in a position which couples maximum oscillator signal into
the receiver with the dead local oscillator. Note that poor or no
response may be obtained if the receivers have well-shielded coils
in the RF section.

SUMMARY

Successful servicing depends on the technician being thoroughly
familiar with all the component parts in the faulty equipment.
Advances in the design and manufacture of electronic components
have produced thousands of parts that would be unfamiliar to
anyone not keeping abreast of recent developments.
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REVIEW QUESTIONS

Name two faults that can cause distortion in a radio receiver.
If the plates of a rectifier tube get red hot, what component is
likely defective?

What might cause the plate of an RF power amplifier to glow
red hot?

Ts ignition interference from a diesel truck possible?

How can a hum, present only when a receiver is tuned to a
station, be eliminated?

How can a burned-out tube in an AC/DC receiver be found?
What is the most likely fault in a receiver when stations do
not come in at the proper point on the dial?

Name two steps that can be taken to reduce interference in
an auto radio.

What check can be made to determine if the local oscillator
of a receiver is operating?

Is the AVC voltage of a receiver positive or negative?
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Radio Data

The purpose of symbols and abbreviations is to make it possible
to illustrate and describe more briefly and clearly.

A drawing in which every part or piece of apparatus would be
repeatedly described would obviously be impractical. Therefore,
symbols have been devised which represent every part and piece
of apparatus and which take up little space. Similarly, where long
words or terms are to be used, abbreviations that have been
adopted as standard are substituted.

On the following pages are given the most important symbols
and abbreviations currently employed.

PREFIXES
Kilo Denotes a quantity one thousand times as great as a
unit.
Milli Denotes a quantity equal to one-thousandth part of a
unit.
Micro Denotes a quantity equal to one-millionth part of a unit.
Meg Denotes a quantity one million times as great; for ex-

ample, 1,000,000 hertz — 1 megahertz and 1,000,-
000 ohms = 1 megohm.
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SYMBOLS
w = permeability (B/H) AF = audio frequency
== 3.1416 RF = radio frequency
p = volume resistivity emf = electromotive force
r = thickness mmf = magnetomotive force
M\ = wavelength in meters AC = alternating current
0 = phase angle (degree or DC = direct current
radian) MFD = microfarad
¢ = angle MMF = micromicrofarad
¢ = difference in phase h = henry
o = 2xf (angular velocity in mh = millihenry
radians per second) ph = microhenry
& = magnetic flux f = frequency
¥ = electrostatic flux rms = root-mean-square
Q = ohm rpm = revolutions per minute

rps = revolutions per second
pf = power factor

GREEK ALPHABET

Letters Names Letters Names Letters Names

A « Alpha I Iota P p Rho
B B Beta K « Kappa 3 os Sigma
r vy Gamma A A Lambda T -+« Tau
A 8 Delta M Mu Y v Upsilon
E ¢ Epsilon N v Nu > ¢ Phi
Z Zeta = ¢ Xi X x Chi
H = Eta O o Omicron ¥ ¢  Psi
® 0 Theta T = Pi Q w Omega
MORSE CODE CHARACTERS

E —dit 2 — di-di-dah-dah-dah

I — di-dit V — di-di-di-dah

S — di-di-dit 3 — di-di-di-dah-dah

H — di-di-di-dit 4 — di-di-di-di-dah

5 — di-di-di-di-dit A —di-dah
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MORSE CODE CHARACTERS (Cont'd)
error — di-di-di-di-di-di-di-dit R — di-@-dit (Also means

(The sender has message received
made a mistake.) ok.)

U — di-di-dah L — di-dah-di-dit

F — di-di-dah-dit wait — di-dah-di-di-dit

? — di-di-dah-dah-di-dit W — di-dah-dah
(Also a request for P — di-dah-dah-dit
repetition of trans- J — di-dah-dah-dah
mission not under- 1 — di-dah-dah-dah-dah
stood.)

end — di-dah-di-dah-dit
period — di- dah di- dah-dl-dah
quotation marks — “dl-dah di- dl-dah dit”
T —dah
N — dah-dit
D — dah-di-dit
B — dah-di-di-dit
6 — dah-di-di-di-dit
hyphen (-) — dah-di-di-di-di-dah
K — dah-di-dah
Y — dah di- dah-dah
parenthesis () — dah dl-dah-dah di-dah
C — dah-dl-dah dit
semicolon (;) — dah di- dah-dl-dah dit
X — dah di- dl-dah
fraction bar (/) — dah-dl dl-dah-dlt
break (--) — dah-di- dl-dl-d_ih
M — dah-dah
G — dah-dah-dit
Z — dah-dah-di-dit
7 — dah-dah-di-di-dit
O — dah-dah-dah
0 — (zero) — dah-dah-dah-dah-dah
9 — dah-dah-dah-dah-dit
8 — dah-dah-dah-di-dit
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MORSE CODE CHARACTERS (Cont’d)
colon (:) — dah-dah-dah-di-di-dit
Q — dah-dah-di-dah
comma (,) — dah-dah-di-di-dah-dah

ABBREVIATIONS
C capacity (electrostatic d diameter; distance
capacity)
E effective electromotive f frequency; hertz
force g conductance
1 effective current
K dielectric constant h height
L inductance .
W1 s e s e i instantaneous current
N number of conductors k coefficient of coupling
or turns
Q quantity of electricity I length
R resistance . .
T period, or one complete r distance from a point
cycle (radius)
W watts q e
X reactance
Z impedance v velocity
VACUUM-TUBE NOTATION
Grid potential . ....... ... . e E, e,
Grid current ... ... ... e G
Grid conductanCe . ............iiiiiiiiai e &
Grid resistance ... ... ...t e 7
Grid bias voltage . .... ... ... .. i E,
Plate potential ......... .. .. .. ... i E,, e,
Plate CUITENt . .ottt ittt i e e it eas Iy, Iy, ip
Plate conductance . ..............ouiininiinanieannnn 8
Plate resistance . .......... ..ot rp
Plate supply voltage .......... ... ... ... i E,
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VACUUM-TUBE NOTATION (Cont'd)

Mutual conductance .............. ... .. ... gm
Amplification factor ......... ... . ... .. oL M
Filament terminal voltage ......................... E,
Filament current ............. ... .. ... . . ... Iy
Grid-plate capacity .......... ... ... ... . .. Cop
Grid-cathode capacity .............. ... ... . ... Cor
Plate-cathode capacity ............. ... . ... ...... Cor
Grid capacity (input) ......... ... ... i C,
Plate capacity (output) ........... ... .. ... .. &
SIGNS

« proportional to; varies as Z angle

= equal to < is less than

x multiplied by < much less than

+ plus; addition > is greater than

— minus; subtraction > much greater than

- divided by " cycle

© circle

ELECTRICAL UNITS

Electrical units are based on the metric system, which is the
name applied to the system of units employed in continental
Europe.

The fundamental units in the metric system are the meter, the
gram, and the second. The unit meter is the length of a certain
standard metal bar which is preserved at the International Bureau
near Paris.

From this unit of length, the units of volume (liter) and of mass
(gram) are derived. The three units—meter, liter and gram—are
simply related, thus one cubic decimeter equals one liter and one
liter of water weighs one kilogram.

The above units are comparatively familiar to the radio techni-
cian as the meter is universally used for the expression of the length
of radio waves. The meter is 39.37 inches or 3.281 feet.
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Without giving any historical information as to the development
of electric and magnetic units, it may be said that those now used
are the so-called international electric units. The international units
are based on four fundamental units—the ohm, ampere, centi-
meter and second. The first of these is the unit of resistance, and is
defined in terms of the resistance of a very pure conductor of
specified dimensions. The ampere is the unit of current and is
defined in terms of a chemical effect of electric current, the amount
of silver deposited from a certain solution by a current flow for
a definite time. The other electric units follow from these in accord-
ance with the principles of electrical science. Some of the units
thus defined are given in the following definitions, which are those
adopted by international congresses of science and universally
used in electrical work.

One ohm = the resistance of a column of mercury (at the tem-
perature of melting ice) of a uniform cross section of one square
millimeter and a length of 106.30 centimeters.

One ampere = the current which, when passed through a solu-
tion of silver nitrate in water in accordance with certain specifica-
tions, deposits silver at the rate of 0.001118 gram per second.

One volt = the electromotive force which produces a current
of one ampere when steadily applied to a conductor having a re-
sistance of one ohm. '

One coulomb = the quantity of electricity transferred by a cur-
rent of one ampere in one second.

One farad = the capacitance of a capacitor in which a potential
difference of one volt will store a charge of one coulomb of
electricity.

One henry = the inductance in a circuit in which the electro-
motive force induced is one volt when the inducing current varies
at the rate of one ampere per second.

One wartt = the power expanded by a current of one ampere
through a resistance of one ohm.

Horsepower is sometimes used as a unit of power in rating elec-
tric machinery. The horsepower is equal to 746 watts.

One joule = the energy expended in one second by a flow of
one ampere through a resistance of one ohm.
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The gram-calorie or simply “calorie” is the energy required to
raise one gram of water one degree centigrade in temperature. One
gram-calorie is, very nearly, equal to 4.18 joules.

Another unit of quantity of electricity, in addition to the cou-
lomb, is the ampere-hour which is the quantity of electricity trans-
ferred by a current of one ampere in one hour, and is, therefore,
equal to 3,600 coulombs.

Since the farad is found to be too large a unit, the units of
capacity actually used in radio work are the microfarad = 10~°
farads (a millionth of a farad) and the micromicrofarad = 10—12
farads (a millionth of a microfarad). Another unit sometimes used
is the cgs electrostatic unit of capacity, often called the centimeter
of capacity, which is approximately equal to 1.11 microfarads.

The units of inductance commonly used in radio work are the
millihenry = 10~ henry (a thousandth of a henry) and the micro-
henry = 10~% henry (a millionth of a henry). Another unit some-
times used is the centimeter of inductance, which is one one-thou-
sandth of a microhenry.

PRACTICAL FORMULAS

Ohm’s Law for Direct Current
E E

I—ﬁ,R—T,E—IXR
where,
I = amperes,
E = volts,

R = resistance.

Resistances in Series
Ri1otay = Ry + Ry + R3 + etc.

Resistances in Parallel

1
Rl’l‘uml) = 1 1 1
—i: + —i: + —]i: etc.
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Fundamental Frequency

g1

27 \f LC
where,
f = frequency in hertz,
L = inductance of the circuit in henrys,
C = capacitance of the circuit in farads.

Inductive Reactance
X1 = 2=fL
where,

X}, = inductive reactance,
L = Inductance in henrys.

Capacitive Reactance
_ 1
Xe= =54
where,

X = capacitive reactance,
C = capacity in farads.

Ohm’s Law for Alternating Current

1= 2 or]l = E
Vs ()~ ()|
where,
I = current,
E = voltage,

Z = impedance (total of all oppositions).

Capacitors in Parallel
CiTotnl) = Cl + C2 + C3 etc.

Capacitors in Series
t
Cirota) = T 1 1

C—l+(—:;+c—3€tc.

APPENDIX 1
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Resonance

where,

2+fL = inductive reactance,
2+fC = capacitive reactance.

Wavelength

(\) wavelength = 1885 / LC
where,

L = inductance in microhenrys,
C = capacity in microfarads.

Antenna Rad:iation
W= 1578 X % X I*

in which,
W = the energy radiated in watts, effective,
h = the effective height of the antenna in meters,
A = the waveiength of the antenna in meters,
I = the current in amperes at the base of the antenna or point
of maximum current.

Resistances in Series

A serics resistance circuit may be defined as one in which the
resistances are connected in a continuous run (i.c., connected cnd
to end) as shown.

Ry
—_—A
4 -~
—ANA— AAA— ANA—
Ry Ry R3

R, =R, + R, + R, + etc.
where,
R, is the total resistance
R,, R,, R,, etc., are the individual resistances.
All resistances must be cxpressed in the sume unit (ohms, meg-
ohms, etc.)
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Resistances in Parallel (Two Only)

RT{ Rl% Rz% RT{ %Rl %RUNKNOWN

_ RI X RZ R — Rl X RI
—RI ¥ Rg tunknown) RI — Rg

R;

Resistances in Parallel (Many)

{ R e

I 1 1 1
F,_R,+_I€+R_J+em'

1

1 1 1
E+R_4+R_,,+e’a

or, R' =K

All resistances must be expressed in the same unit (ohms, megohms,
etc.)

Ohm’s Law for DC Circuits
Ohm’s law can be expressed in several different forms, all of
which are conveniently tabulated below.

| (amperes) = E w w
P - R R E
E E? w
R (ohms) = T = =
E (volts) = IR V WR .Vll
E2
W (watts) = El 1?R ;
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AC Circuit Relations

e X X
‘ —— e o r— —= N
“w— T Tawee——e—
1 1
X[‘:27l'fL XC:—er—C XZZWfL_ZfE

where,
X is the inductive reactance in ohms,
X is the capacitive reactance in ohms,
X is the net reactance in ohms,
2r is a “‘constant” equal to 6.28,
f is the frequency in hertz,
L is the inductance in henrys,
C is the capacitance in farads.

Z Z
—_——t ~ 2 ~
c
PR / T
=/ R? 2 = —
Z =/ R*+ (2=fL) Z=V R +(27rfC)2
Z Z
[ " 1 o
R R
—J ) N — 4 c N
00— R
2#=fLR R
= — —_— Z = —— —
V R* + Q2«fL) V4 R:C? + 1

where,

Z is the impedance of the circuit in ohms and all other quanti-
ties have the same meaning as explained previously.

Impedance of Resistance, Capacitance, and
Inductance in Series

Z= \,ﬁR" + (anL = ﬁ)z
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Impedance of Resistance, Capacitance, and
Inductance in Parallel
_ RX1Xc

Z=——— . ohms
V X2 Xe? + RA(X), — X}

Ohm'’s Law for AC Circuits

E

[:7,

E=1IX2Z, 7Z= %
where,
I = current in amperes,

E = emf in volts,
Z = the impedance in ohms.

Sine-Wave Voltage Relations
For a sine-wave voltage:
(1) Maximum voltage = 1.414 X effective voltage
(2) Effective voltage = 0.707 X maximum voltage
(3) Average voltage = 0.636 X maximum voltage

Power in AC Circuits

W:Exlxg

7> Of E X I X cosine ¢

where,
W = power in watts

and —g— is called the Power Factor.

APPENDIX 1

_  truepower I XR
" apparent power =~ E
Resonance
fz; orL=; orC=;
2\ LC’ @=H*C (2=f)*L
where,

f = resonance frequency in hertz,
L = inductance in henrys,
C = capacitance in farads.
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When f, L and C are expressed in the units indicated below, the
formulas become:

foo= 159.2

*Hz) /'L (microhenrys) X C (mfd)

or,

A 159,200
®H2)" /"L (microhenrys) x C (mmf)

(159.2)

2
(kHz)C('"ld)

L (microhenryg) =5

(592
Clmfd) — 42 ’L
(kHz) (microhenrys)

Resonant Wavelength

wavelength (meters) = 1885 \/ L (microhenrys) x C (mfd)

or,

wavelength (meters) = 1.885 \/L (microhenrys) X C (mmf)

Frequency and Wavelength Relations

300,000,000
wavelength (meters) = ————————
frequency (hertz)
300,000
l th t = T
e frequency (kHz)
_ 300,000,000
frequency (hertz) = wavelength (meters)
300,000
frequency (kHz) =

wavelength (meters)
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Impedance Relations in Series and Parallel
Resonant Circuits

L7 2
!

17T
(2]

Z 2

\ :

__ 2«fL IV
Z=4opLC =1 A= \/(2””‘ - 27rfC) R
At resonance: At resonance:

Z=Q 2L Z=R
2afL

where Q is the “factor of merit” of the coil = R

Coil Calculations
The formula for the inductance of a single-layer coil is

02 X A2 X N2

L_'3A+9B+10C

where,

L is inductance in microhenrys,

N is the total number of turns,

A is the inside diameter of coil in inches,

B is the length of winding in inches,

C is the radial depth of coil in inches (omitted for single-layer
coils).

Example—Assume that a coil is to be wound on a coil form
of one-inch diameter with a required inductance of 240 micro-
henrys. The coil is to wound with No. 32 enamel wire close-
wound. The wire table gives the number of turns per inch as 120.
Find the total number of turns (N).
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A = linch

_no of turns
turns per inch

N
120
L = 240

Applying the known factors to the equation we have

0.2 X N2 24N2

9N ~ 360 + 9N

240 =

This becomes
N2 — 90N — 3600 =0
or
N = 45 = 1/45% + 3600 = 45 = 75
from which the positive root equals 120 turns.

Voltage Across Series Capacitors

When an AC voltage is applied across a number of capacitors
connected in series, the voltage drop across the combination is,
of course, equal to the applied voltage. The drop across each indi-
vidual capacitor is inversely proportional to its capacitance. The
voltage drop across any capacitor in a group of series capacitors

is calculated by the formula

:EAXCT

Ec =

where,

E. is the voltage across the selected capacitor,
E, is the applied voltage,
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Table 1. Copper Wire Table.

Turne per Linsar Inch t Turns per Square IncA? Faot per Lb.
Gauge Diam. Circular OAms
No, " M3 L
B.# 8. Miled Ares D.SC. 1000 .
iadd Enamel 2®°C.
Enamel 8.c.C. or bCC 8.c.C. 8.C.C. Dec. Bare D.cc.
8.0.C e
1 280.3 82690 —_ = - — —_ — —_ 3.047 - 1264 85.7
2 257.6 66370 -_ = -_ - —_ - —_ 4.977 = 1503 “.1
3 220.4 52640 - = - - - — —_ 6.276 - 2009 38.0
4 204.3 41740 = = -— —_ —_ - —_ 7.014 = .2533 27.7
5 181.9 33100 - = —_ - — — - 9.980 - 3198 22.0
[ 162.0 26250 - - - —_ - — —_ 12.58 - 4028 17.8
7 144.3 — _ —_ — —_ — —_ 15.87 — .5080 1.8
8 128.5 16510 7.8 - 7.4 7.1 - - —_ 20.01 19.6 6408 1.0
9 114.4 13090 8.6 - 8.2 7.8 — - — 25.23 24.6 .8077 8.7
10 101.9 10380 9.6 - 9.3 8.9 87.8 “®.8 80.0 31.82 30.9 1.018 6.9
1 90.74¢ 8234 10.7 -_ 10.3 9.8 110 108 97.5 40.12 38.8 1.284 5.5
12 80.81 8330 12.0 - 11.8 10.9 138 131 121 50.50 8.9 1.6190 4.4
13 71.98 5178 13.8 - 12.8 12.0 170 162 150 63.80 61.6 2.042 3.8
14 64.08 4107 15.0 - 14.2 13.8 211 198 183 80.44 77.8 2.575 2.7
15 87.07 3257 16.8 —_ 15.8 14.7 202 250 223 101.4 07.3 3.247 2.2
16 50.82 2383 18.9 18.9 17.9 16.4 321 308 21 127.9 119 4.004 1.7
17 45.26 2048 21.2 2.2 19.9 18.1 397 a2 329 161.3 150 5.163 1.3
18 40.30 1624 2.6 2.6 22,0 19.8 493 454 300 203.4 188 6.510 1.1
0 35.80 1288 20.4 26.4 24,4 21.8 M2 553 479 256,5 237 8,210 .86
20 31.96 1022 29.4 20.4 21.0 2.8 778 725 625 323.4 208 10.38 .68
21 28.46 810.1 33.1 32,7 29.8 26,0 940 805 754 407.8 370 13.08 .54
22 25.35 642.4 ar.o 36.5 34.1 30.0 1150 1070 910 514.2 461 16.48 43
23 22.67 500.5 4.3 40.6 ar.e 3.6 1400 1300 1080 648.4 8¢ 20.76 .34
24 20.10 404.0 46.3 35.3 0.5 35.8 1700 1570 1260 817.7 745 26,17 .27
25 17.90 320.4 51.7 50.4 45.6 38.6 2060 1910 1510 1031 33.00 21
20 15.04 254.1 88.0 55.6 50.2 41.8 2500 1750 1300 1ms 41,62 a7
27 14.20 201.5 64.9 61.5 85.0 45.0 3030 2780 2020 1639 1422 52,48 .13
28 12.64 150.8 72.7 8.6 80.2 4.5 3670 3350 2310 2087 1760 66.17 11
20 1.2 126.7 81.6 74.8 65.4 51.8 4300 3000 2700 2607 2207 83.44 084
30 10.03 100,56 90.8 83.3 71.8 85.5 5040 4860 3020 3287 2534 108.2
31 8.928 79.70 102, 92.0 7.8 5.2 5920 5280 - 4148 2708 132.7
32 7.950 63,21 13, 101, 83.6 62.6 7060 6250 - 8227 3137 167.3
83 7.080 50,13 127. 110, 90.3 66.3 8120 7380 - 8591 407 21120
E 6.308 39.78 143, 120. 97.0 70.0 9600 8310 = 8310 6163 206.0
38 5.615 31.82 158, 132, 104, 73.5 10900 8700 —_ 10480 8737 235.0
36 5.000 25.00 178, 143, m. 77.0 12200 10700 —_ 13210 7877 423.0
a7 4.483 19.83 108. 164 18, 80.3 — = - 16660 9309 533.4
38 3.965 15.72 224. 168 126, 83.6 - — - 21010 10668 672.6
a9 3.531 12.47 248. 181, 133. 86.6 - = - 20500 11907 848.1
40 3145 9.88 282. 104 140. 8.7 - = —_ 33410 14222 1000

Ly

1 A mil is 1/1000 (one thousandth) of sn inch.
3 The figures given are approximate only. since the thickness of the insulation varies with different mansiasurers.
3 The current-carrying capacity at 1000 C.M. par smpere is equal to the circular-mil ares {Column 3) divided by 1000.
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C, is the total capacitance of the series combination,
C is the capacitance of the selected capacitor.

Conductance

Conductance is the measure of the ability of a component to
conduct electricity. Conductance for DC circuits is expressed as
the reciprocal of resistance; therefore

1
G=gr

where,
G is the conductance in mhos,
R is the resistance in ohms.

Ohm’s law formulas when conductance is considered are

I1=EG
1
R=5
!
E=5

where,
I is the current in amperes,
E is the voltage in volts,
G is the conductance in mhos,
R is the resistance in ohms.

Average, RMS, Peak, and Peak-To-Peak Values

X Multiplying Factor to Get
Given —— —~
Value Average Rms Peak Peak-to-Peak
Average - 1.1 1.57 3.14
RMS 0.9 - 1.414 2.828
Peak 0.637 0.707 = 2.0
Peak -to-Peak 0.32 0.3535 0.5 =
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Nomographs
A nomograph is simply a chart which enables one to solve nu-
merical formulas and equations by using only a straightedge.

Ohm’s-Law Nomograph

~ &
OHMS

Volts
n

50

100
200

500
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Parallel-Resistance Nomograph

FFSSCIITeTAIOETI

60
3170
380
390
29 E 190
2 3 o
% * 100 w®
Rl R'l‘ R2
(Total)
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Reactance Chart—1 hertz to 1 kHz
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Reactance Chart— 1kHz to 1mHz
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Reactance Chart—1 mHz to 1,000 mHz
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Radio-Circuit Calculations

A coil has a DC resistance of 10 ohms and an inductance
of 0.1 henry. If the frequency of the source is 60 hertz,
what is the voltage necessary to cause a current of 2 am-
peres to flow through the circuit?

Ex = IR =2 X 10 =20 volts
X, = 2#fL = 2260 x 0.1 = 37.7 ohms
Fp =X, =2 X 37.7 = 75.4 volts

The applied voltage must therefore be

E = \/rER2 + EL2 = \r§02 + 75_4j = 78 volts

A coil that has a negligible resistance takes 3 amperes

when connected to a 180-volt, 60-hertz supply. What is the
inductance of the coil?

_E_ 180 _
XL—T—T—6OOth
and
XL = 2#fL
from which
_ 60 _
L= 7% 60 0.159 henry
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The ratio of the primary to secondary turns in a certain
transformer is 8/20, and a load of 4,000 ohms is connected
to the secondary winding. What is the primary impedance
of this transformer?

The formula for the impedance relations in a transformer is
Z, =17\
where,

Z, is impedance of primary as viewed from source of power,
Z, is impedance of load connected to secondary,
N is turns ratio, primary to secondary.

In this particular problem the turns ratio equals 8/20 = 0.4. A
substitution of values in the formula gives,

Z, = 4,000 x 0.4%> = 640 ohms

A power-supply circuit and associated voltage divider
contains 5 resistors. With the current drains and voltage
drops indicated in the figure, calculate:

(a) Individual resistance values.
(b) Power dissipation in each resistance.

In the present example the total current drain obviously is the
sum of the currents required by the individual tube circuits. To
this must be added a bleeder current of approximately 10% of
the total current requirements. The current rating of the power

supply is:

I, = 0.0700 Amp.
I = 0.0050 Amp.
I, =0.0110 Amp.
Is = 0.0050 Amp.
Is = 0.0018 Amp.

Total drain = 0.0928 Amp.
Assuming a bleeder current of 0.01 or 10 milliamperes, the
total drain to be delivered by the supply as indicated will be

0.0928 + 0.010 = 0.1028 or 102.8 milliamperes. From this value
a current of 0.07 amperes will be required by circuit I,. The re-
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mainder or 0.1028 — 0.07 = 0.0328 amperes must pass through
resistance R ;. The value of resistance R; may now be calculated
by applying Ohm’s law to this part of the circuit. We have:

E 80

R, =1 =%.0328

= 2,439 ohms

The current taken by I3 equals 0.005 ampere. Therefore, the cur-
rent flow in resistance R, is 0.328 — 0.005 = 0.0278 ampere. Its
resistance value is therefore,

E__ 35
I~ 0.0278

R, = = 1,259 ohms
The current flowing through R, is 0.0278 — 0.0011 = 0.0168
ampere, since 0.011 ampere is required in circuit I,. Resistance
R; can now be calculated. As previously, we have

110

Rs = 5.0168

= 6,548 ohms
Similarly, the current flowing in Ry must be 0.0168 — 0.005
= 0.0118 ampere. Hence,

E_ 25
Ri=1=00118

= 2,119 ohms

Now, since the last circuit (I¢) will require a current drain of 0.0018
ampere, the value of Ry may readily be calculated.

The current through Rs equals 0.0118 — 0.0018 = 0.01 ampere.
The value of resistance Rj is finally

The power dissipation for each resistance may be calculated as
follows:

W,; = I?R; = 0.03282 X 2,439 = 2.62 watts
W, = I2ZR, = 0.02782 X 1,259 = 1.00 watt
W; = I2R3 = 0.01682 + 6,548 = 1.85 watts
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W, =I?R, =0.01182 X 2,119 = 0.30 watt
W5 = I2R; = 0.012 X 5,000 = 0.50 watt

The total power consumption in the foregoing power supply
equals the sum of the power dissipated in the individual resistances.
That is

W1 + W2 + W3 + W4 + W5 = 6.27 watts

The wattage rating of the various resistance units may also be
obtained by using the formula, watts = E X I, that is, the current
flowing through each resistance should be multiplied by the
voltage drop across it.

A series-connected circuit consists of a coil of 4 micro-
henrys and a capacitor of 12 micromicrofarads. Calculate
the wavelength in meters to which the combination will
resonate.

If it is remembered that the wavelength in meters equals 3 = 10®
divided by the frequency in hertz, we may write:

3 x 108 3+108
orf=

A=—F )

Substituting f in the equation for resonance, we obtain:
_3x10%8_ 1
A 2=V/L

Substituting numerical values in the foregoing equation we have,

A =108 X 6x\/4 X 10-¢ X 12 X 10-12 = 13.058 or
13.06 meters

A constant AC potential of 100 volts is impressed on a
series circuit, having a resistance of 25 ohms, an inductance
of 0.08 henry and a capacitance of 3.2 microfarads..If the
frequency is variable, at what frequencies will the power
taken by the entire circuit be 150 watts? What frequency

f

6;or)\ =108 X 62/ LC
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will produce the maximum voltage across the inductance
and what will this maximum voltage be?

From the data supplied, the following equation applies:

P = I°R = 150 watts

1:\@: / m:\/gamperes
E

vV 25

100
andI=Z:—7 = Vi
Vv RZ + (2wa - ———)

SN

2+fC

Squaring both sides of the foregoing equation, we have

10000 ____g

) 1 2
Rz 4+ (27rfL 27rfC)

substituting values for R, L and C, then:

] 108 \2
10,000 =6 [625 + (0.503 f— 2_01—f) ]

and

_[10.1£2 — 1082
1’041“< 20.1¢ )

If the foregoing equation is solved with respect to frequencies or
(f) we obtain

f, =284

fo = 348

Maximum voltage across inductance (L) occurs at resonance

1
Resonance frequency, f = 2/ IC

A substitution of values gives
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£ 1 B 103
271/ 0.08 X 3.2 X 10-¢ = 2« X 0.506

= 314 hertz

At resonance Z = R; that is, I = %

We also have X;, = 2#fL = 2» X 314 X 0.08 = 158 ohms.

= 4 amperes

The maximum voltage across the inductance (Xy) is finally

E.L=1IX X, =4 X 158 = 632 volts.

What is the resonant frequency of the circuit below if
resonance is defined as current being in phase with the
applied voltage, i.e., unity power factor?

X

Ry 1

Rz X2

Since the condition for resonant frequency is one in which the
current is in phase with the applied voltage, we may write:

X1X2 (Xl + X2) + R12X2 + R22X1 =0

In this particular case X; = wL and X, = L

C
Where, w = 2x#f.
Therefore we obtain

_L _ L \_Rg 0t
C(wL wC) L+ Re2eL=0

Multiplying both sides of our equation with (w) we have

_w2L2 L &‘.'.:

- _ 2 .21 — ().
C +C2 C + Ry?2 2L = 0;0r
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L2 R,2 L .
2 2 —_ V=
w(Rg L C) C Cz,thatls
R?_L
2
w2=—c—%;but since w = 2f,
R.2L — —

C

we may write

¢— 1 /L—R;2C
2.v/LC V L—RZC
At what frequency will 50 microhenrys and 0.000030
microfarad resonate?

1 1
f: =
22/ LC 27/ 50 X 10—¢ X 30 x 10-12

Coix100
=3, x 3873 4+10mHz

To what frequency will 4 microhenrys inductance and
12 micromicrofarads capacitance resonate?

f— 1 _ 1x10°
27V/4 X 10~ X 12 X 10 —12 27 X 6.93

11X 10° _

= 4354 22.97 mHz

What inductance will resonate at 5.0 megahertz with
a capacitance of 300 micromicrofarads?

Solving the resonance formula with respect to inductance in
henrys we obtain:

1

L = 12rC

A substitution of numerical values in the equation gives
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_ 1
T4 %9.87 x 25 X 102 X 300 x 10-12

3.4 microhenrys.

L = (0.0000034 or
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Electronic Schematic Symbols

TUBES
DIODE TRIODE TETRODE  PENTODE OR BEAM POWER

SHEET-BEAM

RO

PENTAGRID EYE TUBE GAS-FILLED PHOTO TUBE HIGH.VOLTAGE
CONVERTER RECTIFIER RECTIFIER

|

86

DUO-DIODE DUAL-TRIODE TWO-SECTION FULL.WAVE

TRIODE RECTIFIER

N

~

ITUBE ELEMENT

FILAMENT
CATHODE
GRID
PLATE
BEAM-
[‘ '] FORMING
PLATES

T PHOTO
I

CATHODE-RAY TUBE

EYE-TUBE
DEFLECTION
PLATE '{:“ ==

-]
A

1LY

A D
CATHODE —

CcoLp
CATHODE

GAS-
FILLED ELECTROSTATIC MAGNETIC
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Electronic Schematic Symbols

SEMICONDUCTOR DEVICES

S
® @

®
€)

VARACTOR TUNNEL

DIODES

> AR,
DIODE OR ZENER OR  BIPOLAR VOLTAGE
METALLIC RECTIFIER BREAKDOWN LIMITER

SILICON-
CONTROLLED
RECTIFIER

(SYMMETRICAL
ZENER DIODE)

PIN

%
&

)

NPN PNP

&
&

A
&

G
&
@
&

PNP TETRODE

NPNP
(REMOTE BASE
CONNECTION)

PNPN
(REMOTE BASE
CONNECTION)

TRANSISTORS

UNIJUNCTION

P-TYPE N-TYPE PNPN {HOOK NPNP {HOOK OR
FIELD-EFFECTS FIELD-EFFECTS OR CONJUGATE. CONJUGATE.
EMITTER EMITTER
CONNECTION) CONNECTION)

&

NP
UNNJUNCTION

or

NPN TETRODE

PNPN

(WITHOUT BASE
CONNECTION)

BINISTOR PIN TRIODE TRIGISTOR OR

DYNAQUAD

Abbreviations placed inside or,
beside symbol to indicate prop-|
erties of device

B—Breakdown device
7—Storage device
T—Thermally-actuated device
A—Light-actuated device

490



APPENDIX II

Electronic Schematic Symbols

COMPUTER SYMBOLS

Dﬁ A__{Dr A

) eI

AND GATE OR GATE NOT GATE
BATTERIES

PIEZOELECTRIC CRYSTALS
L
R

e b

FREQUENCY Monaural Stereo ONE-CELL MULTICELL
DETERMINING PHONO CARTRIDGES
RESISTORS
FIXED VARIABLE TAPPED TEMPERATURE
WIRING COMPENSATING
+ 4 > > >
Male Female
WIRES WIRES WIRE
CONNECTED CROSSING CONNECTING
INDUCTORS GROUNDS
! byt | TV
¥
AR rowozuo- IRON VARIABLE -@— @
CORE {RON CORE CORE CORE FILAMENT
TRANSFORMERS - -
I} ' NEON
FUSES
E vt
AIR CORE IRON CORE METERS
e | Q@
E A—AMMETER
] V—VOLTMETER
POWER ' c—ouvmomrj'
VARIABLE MA—MILLIAMMETER
nmsromn CORE smzlozo uA—MICROAMMETER!
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CAPACITORS HEADPHONES

[ = . ek
FFRFEE D E - f é
N

on-
FIXED VARIABLE Polarized polarized SPARK
ELECTROLYTICS PLATE DOUBLE

SPEAKERS ELECTRO -
STATIC

TRANSDUCER SINGLE
o XX e
AMIC  STATIC

MICROPHONES STEREQ

L
*DL *E::: *[:D: *D: Ago\lﬁgl;gGE

% Indicate Type by Note: Ceramic, Crystal, Dynamic, etc.

CIRCUIT BREAKERS

Reset

Button ™\ N\ N\

po—————- - —_— _— 0 -—0

@
-®-
(R T o
e

SHIELDS
T Y L T
. SHIELDED )
SHIELDED WIRE ASSEMBLY SHIELDED PAIR
JACKS

AC RECEPTACLES

O O 8B O O
T & T &

Non-
polsrized Polarized
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A

Abbreviations, 461
AC power supply, 294
AC-DC power supply, 298
AF amplifiers, 355
AFC, 368
Alignment, receiver, 426, 435
Alternating current, 53
AM, 302
Ammeters, DC, 397
Ampere, 57
turns, 83, 162
Amplifier
AF, 855
impedance-coupled, 356
RC, 856
resistance-coupled, 356
transformer-coupled, 357
buffer, 325
class-A, 255, 338
class-AB, 257, 833
class-B, 256, 383
class-C, 258, 334
common
—base, 223
—collector, 224
—emitter, 221
emitter-follower, 224
IF, 335

impedance-coupled, 337, 356

push-pull, 334
resistance-coupled, 335
RF, 3815, 335
transformer-coupled, 337
transistor, 267

Amplification, 220

current, 148
transistor, 213
voltage, 146

Amplitude, 9, 16
Antenna

applications, 388
beam, 389

dipole, 380

directional, 376
directivity, 386
director elements, 383
element length, 379
ferrite-core, 388
folded-dipole, 381
gain, 377

impedance matching, 387
parabolic, 390
parasitic elements, 382
polarization, 375
radio, 14

reflector elements, 383
T-matched dipole, 382
types, 388

Atoms, 46




INDEX

Automatic frequency control, 368 Ceramic microphones, 241

Auto receivers, 372
troubleshooting, 429

Autotransformers, 168

Average values, 59

Baffles, speaker, 237
Bandwidth, 329
Beam
antenna, 389
—power tubes, 187
Beat frequency, 343
Bias
grid, 253
transistor, 216
common-base, 220
common-collector, 219
common-emitter, 217
emitter-follower, 219
Bleeders, 290
Bound electrical energy, 14
Bridge rectifier, 286, 288
Broadcast radio, 305
Buffer amplifiers, 325

(4

Calculations, 480
Capacitance
effect, 183
meter, 412
Capacitive reactance, 118
Capacitor
characteristics, 115
color codes, 128
construction, 120
—input filter, 289
ratings, 126
symbols, 126
values, 120
Capacity measurement, 427
Carbon microphone, 242
Cathode, 176

496

Choke-input filter, 289
Circulating current, 148
Clampers, 325
Class
—A amplifiers, 255, 333
—AB amplifiers, 257, 333
—B amplifiers, 256, 333
—C amplifiers, 258, 334
Coefficient of coupling, 155
Coercive force, 91
Coils
parallel, 110
schematics, 109
series, 110
types of, 107
Colpitts oscillator, 263
Common
—base
amplifier, 223
biasing, 220
—collector
amplifier, 224
biasing, 219
—emitter
amplifier, 221
biasing, 217

Communications receivers, 370

Compass, 37
Complex wave, 32
Conductors, electrical, 51
Conversion, frequency, 343
Converter
DC-to-DC, 297
frequency, 352
Copper loss, 167
Coulomb, 57
Coupling, 155
interstage, 258
RC, 259
Crystal
diodes, 193
microphones, 241




Current
amplification, 148
circulating, 148

DB chart, 281
DC
ammeters, 397
amplifiers, 275
meters, 394
power supply, 296
—+t0-DC converter, 297
Detection, 344
Detectors, 249
diode, 344
—biased, 347
FM, 364
egrid
—bias, 348
—Ileak, 349
ratio, 366
Diode
—biased detector, 347
detectors, 344
polarity, 199
rectifier, 178
signal, 193
symbols, 200
tunnel, 199
zener, 198
Dipole antennas, 380
Direct
—coupled amplifier, 275
current, 53
Directivity, antenna, 386
Director elements, antenna, 383
Discriminator, Foster-Seeley, 364
Displacement current, 116
Duplex operation, 301
Dynamic
electricity, 52
microphones, 241
speakers, 235

INDEX
E

Eddy-current loss, 166
Edison-effect, 12
Effective values, 60
Electric current, 53
Electrical

energy, 14

power, 74

resistance, 55

units, 462
Electricity, definition of, 45
Electrodynamometer, 405
Electromagnetic

induction, 86

waves, 12
Electromagnetism, 81
Electromotive force, 56
Electron, 48

emission, 175
Electrostatic speakers, 236
Element length, antenna, 379
Emitter-follower

amplifier, 224

biasing, 219

Ether, 11

F
Ferrite-core antenna, 388
FET, 226
Fidelity, 331
Field

effect transistors, 226
magnetic, 41
strength, 16
Filters, 289
Flux
density, 88
magnetic, 41
FM, 302
detector, 364
receivers, 359
Folded dipole antennas, 381
Formulas, 464
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Forward bias, 208
Foster-Seeley discriminator, 364
Free electrical energy, 14
Frequency, 9, 27, 28, 32

bands, 18

beat, 343

conversion, 343

converters, 352

modulation, 321

multipliers, 322
Full-wave rectifier, 180, 248, 286

G

Gain

antenna, 377

transistor, 213
Galvanometers, 393
Gauss, 41
Gaussmeter, 41
Greek alphabet, 459
Grid, 12

bias, 253

detector, 348

—leak detector, 349

Ground wave, 17

Half-wave rectifier, 179, 248, 285
Harmonics, 31
Hartley oscillator, 263
Henry, 105
Hertz, 14
Horizontal polarization, 16
Hot-wire instruments, 403
Hysteresis, 89

loss, 166

IF amplifiers, 278, 359
Impedance, 109, 133

calculator, 134

—coupled amplifiers, 337, 356
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matching, antenna, 387
triangle, 134
Inclination, magnetic, 37
Inductance, 105
measurement, 428
Induction, 151
electromagnetic, 86
Inductive reactance, 106
Inductors, 105
Insulators, electrical, 51
Integrated circuits, 230
Interelectrode capacitance, 184
Interstage coupling, 258
Ionization, 19
Iron-core coil, 108

J

Junction transistor, 210

Kennelly-Heaviside layer, 19

L

Leakage inductance, 161
Left-hand rule, 85
Lenz’s law, 87

Limiters, 361

Lines of force, 41
Loudness, 27

Magnetic
field, 40
flux, 41, 88
leakage loss, 167
lines of force, 41
material, 40
microphones, 244
Magnetism, 35
measurement of, 87
residual, 90




Magnetization curves, 88
Magnetomotive force, 88
Magnets, 43
Maximum values, 60
Meters, DC, 394
connection, 397
Microphones
carbon, 242
ceramic, 241
cerystal, 241
dynamic, 241
magnetic, 244
Milliameters, 397
Modulation, 302
frequency, 321
plate, 318
Modulators, 317
reactance, 321
Molecules, 46
Monolithie circuits, 230
Morse code, 459
MOSFET, 227
Multipliers, frequency, 322
Musical pitch chart, 29
Mutual induction, 151

Neutrons, 47
Nomographs, 475
Ohm’s law, 475
parallel-resistance, 476
reactance chart, 477
NPN transistor, 210

o

Ohm, 58

Ohm’s law, 66
nomograph, 475

Ohmmeters, 408

Oscillators, 260
Colpitts, 263
Hartley, 263
tickler coil, 262

ultra-audion, 264
Output meter, 426
Overtones, 31

Pair production, 49
Parabolic antenna, 390
Parallel

circuits, 70

INDEX

—resistance nomograph, 476

Parasitic

elements, antenna, 382

oscillations, 316
Peak values, 60
Pentagrid converter, 189
Pentodes, 186
Permanent magnets, 43
Permeability, 88
Permeance, 88
Photon, 49
Pitch, 27

chart, musical, 29
Plate, 12

modulation, 318
PNP transistor, 211
Polarity

determination of, 85

diode, 199

transistor terminal, 215
Polarization, 16

antenna, 375
Poles, magnetic, 35
Position, 48
Potentiometer, 98
Powdered-iron-core coil, 108
Power

electrical, 74

supply, 294
Prefixes, 458

Propagation, radio wave, 10,

Protons, 47
Pulsating DC, 55
Push-pull amplifier, 257, 334

17
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Radio
antenna, 14
frequency
bands, 18
transformers, 169
waves, 9
ground, 17
polarization, 16
propagation, 10, 17
sky, 17
Rating, resistor, 94
Ratio detector, 366
RC
amplifiers, 335, 356
coupling, 259
Reactance, 133
chart, 477
modulator, 321
Receivers, 327
alignment, 435
auto, 372
communications, 370
Rectifiers, 247
bridge, 286, 288
diode, 179
full-wave, 180,286 |
half-wave, 179, 285, 287
selenium, 194
silicon controlled, 199
solid-state, 286
three-phase, 287
tubes, 284
Reflector elecents, antenna, 383
Reflex circuit, 350
RF amplifiers, 278, 335
adjustments, 316
power, 315
Regenerative receivers, 340
Reluctance, 88
Residual-magnetism, 90
Resistance
—coupled amplifiers, 335, 356
electrical, 55
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measurement of, 408
Resistor

characteristics, 95

color code, 100

identification, 100

ratings, 94

schematic symbols, 100
Resonance, 27, 33, 141
Reverse bias, 208
Root-mean-square values, 61
Rowland’s law, 81

Saturation current, 182
Screen grid, 185
Secondary emission, 175
Selectivity, 329
Selenium rectifiers, 194
Self-induction, 151
Semiconductors, 192
symbols, 490
Sensitivity, 330
Series circuits, 67
Series-parallel circuits, 78
Short-wave radio, 307
Shunts, 401
Sideband frequencies, 303
Signal
diodes, 193
generators, 425
tracers, 417
Signs, 462
Silicon controlled rectifiers, 199
Simplex operation, 301
Sine wave, 58
Skip distance, 20
Sky waves, 17
propagation, 308
Solid-state
diodes, 192
rectifiers, 286
Sound, 23
characteristics of, 25
speed of, 24




Space-charge effect, 181
Speakers, 234
baffles, 237
dynamie, 235
electrostatic, 236
symbols, 239
Speed of sound, 24
Square wave, 58
Squelch circuits, 371
Static electricity, 52
Step
—down transformers, 157
—up transformers, 157
Suppressor grid, 186
Symbols, 422, 459, 489

T

Temporary magnets, 43
Test equipment, 393
Tetrodes, 184
Thermocouple instruments, 404
Three-phase rectifier, 287
Tickler coil oscillator, 262
T-matched dipole antennas, 382
Tone, 27, 30
Transformers, 151
-coupled amplifiers, 274, 337, 357
efficiency, 168
losses, 165
symbols, 169
theory, 157
types, 163
Transistors, 203
amplifiers, 267
direct-coupled, 275
IF, 278
RF, 278
transformer-coupled, 274
field-effect, 226
MOSFET, 227
power supply, 298
symbols, 215
terminal polarity, 215

INDEX

testers, 415
volt-ohmmeter, 412
Transmitters, 313
TRF receivers, 350
Triodes, 182
Trouble
pointers, 421, 440
shooting, auto radio, 429
Tube testers, 413
Tuning, definition of, 33
Tunnel diodes, 199
Turns-per-volt chart, 160
TVM, 412
Two-way radio, 305

Ultra-audion oscillator, 264

\'4

Vacuum tube
operating principles, 172
symbols, 461, 489
voltmeter, 411
Valence band, 204
Values, average, 59
Variational analysis, 70
Vector
diagram, 134
representation, 63
Vertical polarization, 16
Vibrator trouble, 429
Voltage, 56
amplification, 146
dividers, 290
doubler, 295
Volt
—ammeter, 400
—ohm-milliameter, 410
Voltmeters, 399
VOM, 410
VTVM, 411

501




INDEX

Wattmeter, 407

Wave
characteristies, 13
complex, 32
electromagnetic, 12
ground, 17
propagation, 17
radio, 9
sine, 68
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sky, 17

sound, 23

square, 58
Wavelength, 9, 27, 28, 32
Wheatstone bridge, 409
Wire table, 473

z

Zener diodes, 198




AU DEL BOOKS practical reading for profit

Automobile Guide (60015)

Practical reference for auto mechanics, servicemen, trainees & owners. Explains theory, con-
struction and servicing of modern domestic motor cars. FEATURES: All parts of an automo-
bile—engines—pistons—rings—connecting rods—crankshafts—valves—cams—timing—cooling sys-
tems—fuel-feed systems—carburetors—automatic choke—transmissions—clutches—universals—
propeller shafts—differentials—rear axles—running gear—brakes—wheel alignment—steering
gear—tires—lubrication—ignition systems—generators—starters—lighting systems—storage bat-
teries.

Home Appliance Servicing (60016)

A practical "How To Do It book for electric & gas servicemen, mechanics & dealers. Covers
principles, servicing and repairing of home appliances. Tells how to locate troubles, make re-
pairs, reassemble and connect, wiring diagrams and testing methods. Tells how to fix electric
refrigerators, washers, ranges, toasters, ironers, broilers, dryers, vacuums, fans, and other

appliances.
Radiomans Guide (60017)
A key to the practical understanding of radio. For radio gi s, servi b t

s.
FEATURES: Radio fundamentals and Ohm’s law—physics of sound as related to radio—radio-
wave transmission—electrical measuring instruments—power supply units—resistors, inductors
and capacitcrs—radio transformers—vacuum tubes—radio receivers—speakers—antenna sys-
tems—radio testing.

Television Service Manual (60018)

Now completely updated and revised to include the latest designs and information. Thoroughly
covers television with transmitter theory, antenna designs, receiver circuit operation and the
picture tube. Provides the practical information necessary for accurate diagnosis and repair of
both black-and-white and color television receivers. A MUST BOOK FOR ANYONE IN
TELEVISION.

Handy Book of Practical Electricity (60019)

For maintenance engineers, electricians and all electrical workers. A ready reference book,
giving complete instruction and practical information on the rules and laws of electricity—
maintenance of electrical machinery—AC and DC motors—wiring diagrams—house lighting—
power wiring—meter and instrument connections—bells and signal wiring—motor wiring—
transformer connections—fractional-horsepower motors—circuit breakers—relay protection—
switchgear—power stations—automatic substations. THE KEY TO A PRACTICAL UNDERSTAND-
ING OF ELECTRICITY.

Truck & Tractor Guide (60020)

A shop companion for truck mechanics and drivers—shop foremen—garagemen—maintenance
men—helpers—owners—troubleshooters—fleet maintenance men—bus mechanics and drivers—
farm tractor operators and mechanics. Covers gas and diesel motor principles—construction—
operation—maintenance—repair—service operations—troubleshooting—engine tune-up—carbu.
retor adjusting—ignition tuning—brakes ~service of all parts.—~1001 FACTS AT YOUR FINGER
TIPS.

Plumbers and Pipe Fitters Library—3 Vols. (60021)

New revised edition. A practical illustrated trade assistant and reference for master plumbers,
journeyman and apprentice pipe fitters, gas fitters and helpers, builders, contractors, and
engineers. Explains in simple language, illustrations, diagrams, charts, graphs and pictures,
the principles of modern plumbing and pipe-fitting practices.

Vol. 1—(60064)—Materials, tools, calculations.

Vol. 2—(60065)-Drainage, fittings, fixtures.

Vol. 3—(60066—Instatlation, heating, welding.



Painting & Decorating Manual (60022)

A reliable guide for painters, journeymen, apprentices, contractors, home owners, and all
paint users. The book is divided into two sections. Section | contains information on: basic
tools and equipment; selection of paint; guide to color; techniques of applying paint with
brush, roller and spray gun; wood and floor finishing. Section 11 provides information about:
cost estimate; glossary of terms; a review of the mathematics and information about running
a paint business. Profusely illustrated.

Carpenters & Builders Guides—4 Vols. (60023)

A practical illustrated trade assistant on modern construction for carpenters, builders, and all
woodworkers. Explains in practical, concise language and illustrations all the principles, ad-
vances and short cuts based on modern practice. How to calculate various jobs.

Vol. 1—-(60068)—Tools, steel square, saw filing, joinery, cabinets.

Vol. 2—(60069)—Mathematics, plans, specifications, estimates.

Vol. 3—(60070)—House and roof framing, laying out, foundations.

Vol. 4—(60071)—Doors, windows, stairs, millwork, painting.

Diesel Engine Manual (60024)

A practical treatise on the theory, operation and maintenance of modern Diesel engines. Ex-
plains Diesel principles—valves—timing—fuel pumps—pistons and rings—cylinders—lubrica-
tion—cooling system—fue! oil—engine indicator—governors—engine reversing—answers on
operation—calculations. AN IMPORTANT GUIDE FOR ENGINEERS, OPERATORS, STUDENTS.

Welders Guide (60025)

A concise, practical text on operation and mainh of all Iding machines, for all
mechanics. Covers electric, oxyacetylene, thermit, unionmelt welding for sheet metal; spot
and pipe welds; pressure vessels; aluminum, copper, brass, bronze and other metals; airplane
work; surface hardening and hard facing; cutting; brazing; eye protection. EVERY WELDER
SHOULD OWN THIS GUIDE.

Mathematics & Calculations for Mechanics (60026)

Mathematics for home study or shop reference. This work has been arranged as a progressive
study, starting with the first principles of arithmetic and advancing step-by-step, through the
various phases of mathematics. Thousands of mathematical calculations and tables. New,
easy, correct methods covering a complete review of practical arithmetic. Illustrated with
examples. A REAL HELP TO ALL MECHANICS.

Wiring Diagrams for Light & Power (60028)

Brand-ne d editi

[} Electricians, wiremen, linemen, plant superintendents, construc-
tion engineers, electrical contractors and students will find these diagrams a valuable source
of practical help. Each diagram is complete and self-explaining. A PRACTICAL HANDY BOOK
OF ELECTRICAL HOOK-UPS.

New Electric Library—10 Vols. (60030)

For engineers, electricians, electrical workers, mechanics and students. Presenting in simple,

concise form the fundamental principles, rules and applications of applied electricity. Fully

illustrated with diagrams and sketches, also calculations and tables for ready reference. Based

on the best knowledge and experience of applied electricity.

Vol. 1—(60031)—Electricity, magnetism, armature winding, repairs.

Vol. 2—(60032)—Dynamos, DC motors, construction, installation, maintenance, troubleshoot-
ing.

Vol. 3—(60033)—Electrical testing instruments, storage battery construction and repairs.

Vol. 4—(60034)—Alternating current principles and diagrams, power factor, alternators,
transformers.

Vol. 5—(60035)—AC motors, converters, switches, fuses, circuit breakers.

Vol. 6—(60036)—Relays, capacitors, regulators, rectifiers, meters, switchboards, power-station
practice.

Vol. 7—(60037)—Wiring, high-tension transmission, plans, calculations.

Vol. 8—(60038)—Railways, signals, elevators.

Vol. 9—(60039)—Radio, telephone, telegraph, television, motion pictures.

Vol. 10—(60040)—Refrigeration, illumination, welding, X-ray, modern electrical appliances.



Answers on Blueprint Reading (60041)

Covers all types of blueprint reading for mechanics and builders. The man who can read
blueprints is in line for & better job. This book gives you this secret language, step by step
in easy stages. NO OTHER TRADE BOOK LIKE IT.

Masons & Builders Guides—4 Vols. (60042)

A practical illustrated trade assistant on modern construction for bricklayers, stone masons,
cement workers, plasterers, and tile setters. Explains in clear language and with detailed
illustrations all the principles, advances and short cuts based on modern practice—including
how to figure and calculate various jobs.

Vol. 1—{60072)—Brick work, bricklaying, bonding, designs.

Vol. 2—{60073)—Brick foundations, arches, tile setting, estimates.

Vol. 3—(60074)—Concrete mixing, placing forms, reinforced stucco.

Vol. 4—(60075}—Plastering, stone masonry, steel construction, blueprints.

Oil Burner Guide (60044)

A practical, ise treatise explaini in detail both domestic and industrial oil burners,
including electrical hook-ups and wiring diagrams. Fully covering the theory, construction,
installation, operation, testing, servicing and repair of all oil-burner equipment. Fully indexed
for quick reference.

Sheet Metal Pattern Layouts (60045)

A practical illustrated encyclopedia covering all phases of sheet-metal work including pattern
cutting, pattern development and shop procedure. Developed by experts for sheet-metal
workers, layout men, mechanics and artisans, apprentices, and students. A MASTER BOOK
FOR ALL THE SHEET METAL TRADES.

Sheet Metal Workers Handy Book (60046)

Containing practical information and important facts and figures. Easy to understand. Funda-
mentals of sheet metal layout work. Clearly written in everyday language. Ready reference
index.

Questions & Answers for Electricians
Examinations (60049)

A practical book to help you prepare for all grades of electricians’ license examinations.
A helpful review of all the fundamental principles underlying each question and answer
needed to prepare you to solve any new or similar problem. Covers the National Electrical
Code; questions and answers for license tests; Ohm’s law with applied examples; hook-ups
for motors; lighting and instruments. A COMPLETE REVIEW FOR ALL ELECTRICAL WORKERS.

Electrical Power Calculations (60050)

275 TYPICAL PROBLEMS WORKED OUT. Presents and explains the mathematical formulas and
the fundamental electrical laws for all the everday, practical problems in both AC and DC
electricity. EVERY ELECTRICAL WORKER AND STUDENT NEEDS THIS MODERN MATHE-
MATICAL TOOL.

New Electric Science Dictionary (60051)

For every worker who has anything to do with electricity. The language of your profession
in convenient, alphabetical order so you can instantly locate any word, phrase or term.
To be an expert in any line you must talk the language. This new dictionary enables you
to understand and explain electrical problems so you can be thoroughly understood. AN
ABSOLUTE NECESSITY TO EVERY ELECTRICAL WORKER AND STUDENT.

Power Plant Engineers Guide (60052)

A plete st i ‘s library in one book, with questions and answers. For all

Engineers, Firemen, Water Tenders, Oilers, Operators, Repairmen and Applicants for Engi-
neers’ License Examinations. 1001 FACTS AND FIGURES AT YOUR FINGER TIPS.




Questions & Answers for Engineers
and Firemans Examinations (60053)

An aid for stationary, marine, Diesel & hoisting engi inations for all grades
of licenses. A new concise review explaining in detai! the pnncmles, facts and figures of
practical engineering. Questions & answers,

Pumps, Hydraulics, Air Compressors (60054)

A comprehensive guide for engineers, operators, mechanics, students, Question and answer
form. Practical information covering: power & air pumps—condensers—calculations—cooling
ponds and towers—water supply—hydravlic rams—dredges—hydraulic drives—machine-tool
power—accumulators—elevators—airplane control—presses—turbines—compressor classification
—inter and after coolers—regulating devices—installation—lubrication—operation—mainte-
nance—pneumatic hand tools.

House Heating Guide (60055)

For heating, ventilating and air-conditioning lumb int men, con-
tractors, building supenn'onden's and mechanics seeklng prachcal authenhc information on
heating, ventilating, air conditioning. This comprehensive reference book gives answers to
1001 questions.

Millwrights & Mechanics Guide (60056)

Practical information on plant installation, operation, and maintenance. for millwrights, me-
chanics, erecting maintenance men, riggers, shopmen, servicemen, foremen, inspectors,
superintendents.

Do-It-Yourself Encyclopedia—2 Vols. (60057)

An all-in-one home repair and project guide for all do-it-yourselfers. Packed with step-by-step
plans, thousands of photos, helpful charts. A really authentic, truly monumental, home-
repair and home-project guide,

Water Supply & Sewage Disposal Guide (60059)

Fully illustrated with detailed data on every phase of rural water.supply, septic-tank, and
sewage systems. A MUST BOOK for plumbers, well drillers, home owners and farmers
located outside of municipal water and sanitary service areas.

Gas Engine Manual (60061)

A completely practical book covering the construction, operation and repair of all types of
modern gas engines. Part | covers gas-engine principles; engine parts; auxiliaries; timing
methods; ignition systems. Part Il covers troubleshooting, adiustment and repairs.

Outboard Motor & Boating Guide (60062)

An essential tool for every outhboard boating operator. Provides all the information needed
to maintain, adjust and repair all types of outboard motors, Gives exploded views of the
various parts assemblies, with relative position of each component.

Foreign Auto Repair Manual (60078)

Contains complete, service and repair data for the most popular imported makes, including
Fiat, Hillman Minx, M.G., Opel, Peugot, Renault, SAAB, Simca, Volkswagen, and Volvo.
Introductory chapters provide complete data on operation and maintenance of fuel and
ignition systems,

Home Workshop & Tool Handy Book (60087)

The most modern, up-to-date manual ever designed for home craftsmen and do-it-yourselfers.
Tells how to set up your own home workshop (basement, garage, or spare room), all about
the various hand and power tools (when, where, and how to use them, etc.). Covers both
wood-and metal-working principles and practices. An all-in-one workshop guide for handy-
men, professionals and students.



Home Modernizing & Repair Guide (60097)

FOR THE “DO-IT-YOURSELFER”" WHO LIKES TO DO MOST OF HIS HOME UPKEEP JOBS
HIMSELF. Here is a practical guide that presents step-by-step instructions, photos, draw-
ings, and other details for many typical home handyman jobs. Explains what tools are
needed, how to use them, and includes tips for doing a really professional job.

Practical Guide to Mechanics (60102)

A convenient reference book valuable for its practical and concise explanations of the appli-
cable laws of physics. Presents all the basics of mechanics in everyday language, illustrated
with practical examples of their applications in various fields.

Auto Engine Tune-Up (60103)

A practical guide to the adjustment of modern autos. Comprehensive and fully illustrated
instructions on how to keep your car in top-notch running condition. Covers ignition, valve,
cooling, carburetion, and electrical systems on modern auto engines. Includes the use of
tune-up test equipment.

Gas Appliances and Heating (60104)

A reliable guide to acquaint repairmen and home owners with the construction, operation,
and servicing of modern gas-fired appliances such as may be found in the average home.

Architects & Builders Guide (60105)

A valuable reference for the architect, builder, and home owner. Explains the effects of
natural phenomena such as wind, fire, sound, water, and lightning on all types of buildings.
Tells how to minimize their destructive effects and take advantage of their beneficial effects.

Machinists Library (60109)

Covers modern machine-shop practice. Tells how to set up and operate lathes, screw and mill-
ing machines, shapers, drill presses and all other machine tools. A complete reference li-
brary. A SHOP COMPANION THAT ANSWERS YOUR QUESTIONS.

Vol. 1-(60106)~Basic Machine Shop Practices.

Vol. 2—(60107)—Machine Shop.

Vol. 3—{60108)—Toolmakers Handy Book.

Practical Mathematics for Everyone—
2 Vols. (60112)

A concise and reliable guide to the understanding of practical mathematics. People from all
walks of life, young and old alike, will find the information contained in these two books
just what they have been looking for. The mathematics discussed is for the everyday prob-
lems that arise in every household and business.

Vol. 1—(60110)—Basic Mathematics.

Vol. 2—(60111)—Financial Mathematics.

Handbook of Commercial Sound Instollations (60126)

A practical complete guide to p cial sy , selecting the most suvitable
equipment, and following through wuth the most proficient servicing methods. For techni-
cians and the professional and businessman interested in installing a sound system.

Practical Guide to Tape Recorders (60127)

Comprehensive guide to tape recorders, covering the history, operation, construction, and
maintenance. Service technicians, hobbyists, and even professional recordists can perform
their job or pursue their hobby better if they understand the principles of tape recorders.

Practical Guide to Citizens Band Radio (60130)

Covers how to select, install, operate, maintain, and adjust all types of CB equipment.
Also describes the latest equipment and FCC regulations. For everyone who now uses or
plans to use a CB unit, as well as those who install and service such gear.



Practical Electronics Projects for the Beginner (60131)

This book can be your first venture in electronics. Clear, concise text plus hundreds of
illustrations tell you all you need to know to build numerous functioning projects.
HAVE FUN WHILE LEARNING ELECTRONICS FUNDAMENTALS—no previous knowledge
necessary.

Practical Guide to Servicing Electronic Organs (60132)

Detailed, illustrated discussions of the operation and servicing of electronic organs.
Including models by Allen, Baldwin, Conn, Hammond, Kinsman, Lowrey, Magnavox,
Thomas, and Wurlitzer.

Home Refrigeration and Air Conditioning (60133)

NEW AND UP-TO-DATE. Covers basic principles, servicing, operation, and repair of modern
household refrigerators and air conditioners. Automobile air conditioners are also included.
Troubleshooting charts aid in trouble diagnosis. A gold mine of essential facts for engineers,
servicemen, and users.

Practical Guide to Fluid Power (60136)

An essential book for the owner, operator, supervisor, or maintenance man concerned with
hydraulic or pneumatic equipment. A complete coverage of modern design, application,
and repair of fluid power devices. Fully illustrated.

Building Maintenance (60140)

A comprehensive book on the practical aspects of building maintenance. Chapters are in-
cluded on: painting and decorating; plumbing and pipe fitting; carpentry; calking and
glazing; concrete and masonry; roofing; sheet metal; electrical maintenance; air conditioning
and refrigeration; insect and rodent control; heating; maintenance management; custodial
practices: A MUST BOOK FOR BUILDING OWNERS, MANAGERS, AND MAINTENANCE
PERSONNEL.

Practical Science Projects in
Electricity/Electronics (60141)

An ideal collection of projects in electricity and electronics for the beginner. Practical proj-
ects constructed on pegboard with simple easily obtained parts make basic electronic princi-
ples fun to learn. Young and old alike will find this book the answer to their search for
knowledge.

Carpentry and Building (60142)

Answers to the problems encountered in today’s building trades. The actual questions asked
of an architect by carpenters and builders are answered in this book. No apprentice or
journeyman carpenter should be without the help this book can offer.

Commercial Refrigeration (60145)
Installation, operation, and repair of commercial refrigeration systems. Included are ice-
making plants, locker plants, grocery and supermarket refrigerated display cases, etc. Trou-
ble charts aid in the diagnosis and repair of defective systems.

Guide to the National Electrical Code (60149)

An interpretation and simplification of the rulings contained in the National Electrical Code.
Electrical contractors, wiremen, and electricians will find this book invaluable for a more
complete understanding of the National Electrical Code. lustrated.

Electric Motors (60150)

New revised edition. Covers the construction, theory of operation, connection, control,
maintenance, and troubleshooting of all types of electric motors. A handy guide for elec-
tricians and all electrical workers.



TO ORDER AUDEL BOOKS mail this handy form to
Theo. Audel & Co., 4300 W. 62nd
Indianapolis, Indiana 46206

Please send me for FREE EXAMINATION books marked (x) below. If | de-
cide to keep them | agree to mail $3 in.7 days on each book or set ordered
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O (60103) Auto Engine Tune-Up........
[0 (60015) Automobile Guide
[J (60140) Building Maintenance. ...............

[0 (60023) Carpenters & Builders Guides (4 Vols) 16.95

[m] Single sold 495
[0 (60142) Carpentry and Building...... 5.95
[0 (60145) Commercial Refrigeration.. .. 595
[ (60024) Diesel Engine Manual................ 6.95
[J (60057) Do-It-Yourself Encyclopedia (2 Vols.).. 8.95
[0 (60077) Domestic Compact Auto Repair Manual 5.95
[J (60050) Electrical Power Calculations 450
[0 (80150) Electric Motors. ............ccovuuen 5.95

[J (60063) Encyclopedia of Space Science (4 Vols.) 19.95

(O (60078) Foreign Auto Repair Msnual.......... 5.95
[J (60104) Gas Appliances and Heating. . .. 425
O (60061) Gas Engine Manual.................. 450
[J (60126) Handbook of Commercial Sound

Installations .................. ...l 5.95
[0 (60019) Handy Book of Practical Electricity.... 6.95

[J (60016) Home Appliance Servicing aa
] (60097) Home Modernizing & Repair Guide. . ...

[J (60133) Home Refrigeration and Air

Conditioning .............ciiiiiiiiiiannn 6.95
[J (60087) Home Workshop & Tool Handy Book.... 5.00
[J (60055) House Heating Guide............ 6.95
[J (60019) Machinist Library (3 Vols.) .. 1550

[J——Volume 1 sold separately .es. 550

[m] Yolume 2 sold .ea. 595

[J-—— —_Yolume 3 sold slnlratlly ....e3. 550
[0 (60042) Masons & Builders Guides (4 Vols.).... 14.95

O _Single volumes sold separately..ea. 4.00
[0 (60026} Mathematics & Calculations for

LT3 sa0000800008000600000600686000 5.50
[ (60056) Miltwrights & Mechanics Guide....... 795

[0 (60030} New Electric Library (10 Yois.)....... $35.00

[J_—_Single volumes sold separately..ea. 4.00
[0 (60051) New Electric Science Dictionary....... 350
[J (60044) Dil Burner Guide. . .................. 4.50
[0 (60062) Dutboard Motor & Boating Guide...... 4.95
[J (60022) Painting & Oecorating Manual........ 5.50

[J (60021) Plumbers & Pipe Fitters Library (3 Vols.) 12.50

[J_—__Single volumes sold separately. .ea. 4.50
[0 (60052) Power Plant Engineers Guide.......... 7.50
[0 (60098) Practical Chemistry for Everyone..... 5.95
[J (60131) Practical Electronics Projects

forthe Beginner. ................... ... .. 4.95
[ (60130) Practical Guide to Citlzens Band Radlo. 4.95

O (60136) Practical Guide to Fluid Power. .
[ (60102) Practical Guide to Mechanics
[0 (60132) Practical Guide to Servicing

Electronic Organs ........................ 495
[ (60127) Practical Guide to Tape Recorders.... 4.95
[0 (60112) Practical Mathematics for Everyone

(€28 1 3% T P 8.95

[m] Single volumes sold separately..ea. 4.95
[0 (60141) Practical Science Projects in

Electricity/Electronics ................... 495
[J (60086) Programmed Basic Electricity Course... 4.95
[J (60054) Pumps, Hydraulics, Air Compressors... 7.95

[J (60049) Questions & Answers for Electricians
BILBEIB caacooanacocoacacaoaacocaaana

O (60053) LA
Firemans Examinations

[J (60017) Radiomans Guide

[] (60045) Sheet Metal Pattern Layouts..........

[0 (60046) Sheet Metal Workers Handy Book. ... .. 4.50
[J (60018) Television Service Manual 595
[ (60020) Truck & Tractor Guide 6.95

[ (60059) water Supply & Sewage Disposal Gulda 4.50
[ (60025) Welders Guide ..................... 5.50
[0 (60028) wiring Dlagrams for Light & Power.... 4.50

Name.
City State. Zip
o ion Employed by

SAVE SHIPPING CHARGES! Enclose Full Payment

With Coupon and We Pay Shipping Charges.

PRINTED IN USA

Prices Subject to Change Without Notice



