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PREFACE

In the past few years the field of eleetronics has expanded at a phenom-
enal pace, and predictions are that it will continue to grow at an acceler-
ated rate for some time to come. Although the field of clectronics was
already quite large before the war, the enormous development program
carried on during the war years has produced many new applications of
electronics and has opened this field to possibilities of astounding propor-
tions. Electronic principles are employed in all branches of communica-
tions, such as telephone, telegraph, radio, television, facsimile, radar,
shoran, loran, teleran, and sonar. Applications of clectronic principles
are also found in various branches of scientific research, many branches of
therapeutics, and a wide variety of industrial manufacturing processes.
There s scarcely an industry that does not today employ some electronic
device as a process control or safety device in the manufacture of its
products.

Although the circuits used in the many applications of electronics are
quite diversified and complex they all have two points in common:
(1) They employ the basic circuit elements such as resistors, inductors,
capacitors, and vacuum tubes. (2) They employ one or more of the
bagic circuit applications of these basic circuit elements. Therefore, in
order to understand the many complex circuits used in electronies, it is
necessary t0 have a thorough knowledge of the basic circuit elements and
their basic circuit applications. With this knowledge as a background it
is then only necessary to study the new circuit element and its cireuit
applications in order to understand the operation of any complex circuit
that may be used in television, radar, industrial control, etc.

The purpose of this text is to present, at an intermediate level, a com-
prehensive study of the principles of operation of vacuum tubes, their
basic circuits, and the application of these circuits to low-frequency radio-
receiver applications. A chapter on test equipment and test procedures
as applied to receiver circuits and a chapter on transmitters are also
included in the text to provide an introductory knowledge to these sub-
jects. A review of the operating characteristics and circuit applications
of resistors, inductors, and capacitors as used in electronic circuits is
presented in Chap. II. Ior a more thorough treatment of the subject
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matter covered in Chap. II, the reader is referred to the authors’ text
“ Eleetrical Fssentials of Radio.”

This book is intended for: (1) students studying radio or clectronies in
a high school, trade school, vocational school, technical school, or junior
college; (2) persons not attending any regular school but who wish to
study the subject on an intermediate level. This book is also intended to
provide the background necessary for further study of electronies in ficlds
such as the high-frequency and ultrahigh-frequency circuit applications
which require as a prercquisite a knowledge of the basic detector, ampli-
fier, oscillator, and rcetifier circuits for low-frequency applications as
presented in this text.

The following features, not ordinarily found in any one book, have
been incorporated in this text.

1. A minimum knowledge of mathematics is required. Most of the
mathematics involves the use of only addition, subtraction, multiplica-
tion, division, and squarc root. The usc of equations and veetors and
plotting and interpretation of curves are explained in the text.

2. Examples are uscd throughout the book to illustrate the applica-
tions of the equations and prineiples discussed in the text. All except a
few minor equations are followed by an illustrative example. The values
used in the examples have been carefully selected and represent actual
practical values. Examples of complex as well as simple circuits arc
illustrated for d-¢ circuits, a-c circuits, and vacuum-tube circuits.

3. Letter symbols, abbreviations, and drawing symbols used for
cireuit diagrams have been selected wherever possible to conform to those
adopted or recommentled by the IRE, RMA, or ASA.

4. The principle of operation of the various circuit elements and the
analysis of the operation of electrie and vacuum-tube circuits are explained
according to the electron theory except in a few instances where it is more
practical to refer to current flow.

5. In recognition of the value of visual instruction, drawings are used
to illustrate cach prineiple as it is presented.  As many of the important
features of the parts used in electricity and radio cannot be readily shown
by diagrams, numcrous photographs of actual commercial products
appear throughout the text.

6. The operation of the circuits used to perform cach of the basic
functions of a vacuum tube, namely, detection, amplification, oseillation,
and rectification, is explained in great detail in order to llustrate the
purpose and action of each eircuit element in the composite eireuit. In
the explanation of the operation of these circuits a wide variety of tube
types has been employed so that the tube types for specific applications
conform to those used in practical eircuits.
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7. The 18 appendixes provide sufficient reference data so that all of
the problems in the book may be solved without the necessity of using
any additional references. The appendix illustrating the drawing sym-
bols, together with a picture or diagram of the circuit element that it
represents, contains 100 items and is the most extensive listing of symbols
the authors have found in any one source. IPreparing this appendix
involved considerable research in order 1o have these symbols conform to
recognized standards as far as possible.  In view of the fact that different
organizations sometimes use different symbols to represent the same
object and that no universally recogunized standards have been adopted
for many of these symbols, the task of preparing this appendix has been
difficult. The appendix of letter symbols and abbreviations is also very
extensive and the same difficulties encountered with the drawing symbols
were met and were solved in a similar manner. The appendix of equa-
tions generally used in radio and electronics is compiled from the body of
the text and to facilitate cross reference between this appendix and the
text the equation numbers corresponding to their location in the body of
the text have been included with the appendix listing. The appendixes
on tube characteristics contain sufficient information o solve all of the
problems in the text without the aid of a tube manual thereby providing
an adequate source of data at all future times regardless of changes in the
tube manuals.

8. A bibliography of reference materials is provided at the end of
each chapter to direct the reader’s attention to supplementary reading
material. A composite bibliography of all the individual chapter bibliog-
raphies, together with several additional references, is included as
Appendix 17.

9. As an aid to the instructor and a challenge to the more interested
student, there arc numerous questions and problems at the end of the
chapters. The values used in the problems have been carefully selected
and represent actual practical values.

Numerous industrial organizations have been of great assistance in
providing illustrations and technical information regarding their products,
and this service is gratefully acknowledged. These organizations are
Advance Electric Company; Aerovox Corporation; Allied Radio Corpora-
tion; American Phenolic Corporation; American Telephone and Tele-
graph Company; Amperite Company; Bliley Electric Company; Brown-
ing Laboratorics, Inc.; Brush Development Company; The Electric
Storage Battery Company; Electro Dynamic Works; Federal Telephone
and Radio Corporation; General Electric Company; The Hammarlund
Manufacturing Company, Inc.; The Hickok Electrical Instrument Com-
pany; Insuline Corporation of America; International Resistance Com-
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pany; Jensen Radio Manufactiring Company; . R. Mallory & Com-
pany, Inc.; Meissner Manufacluring Division, Magnire Industries, Ine.;
National Carbon Company, Inc.; National Company, Inec.; Ohmite
Manufacturing Company; Philco Corporation; Radio News; Radio
Corporation of Ameriea; Shure Brothers, Ine.; Solar Mfg. Corp.; Standard
Transformer Corporation; Thordarson Electric Manufacturing Division,
Maguire Industries, Ine.; Trimm Manufacturing Company, Inc.; Western
Eleetric Company; Westinghouse Electric & Manufacturing Company;
Weston Electrical Instrument Corporation.

The authors wish to express their appreciation to Beverly Dudley,
formerly of the editorial staff of Electronies, for the careful reading of the
manuseript and for his helpful criticisms concerning the technical phases
of the manuseript, and to B, B. Bauer, chief engincer of Shure Brothers,
for his helpful suggestions concerning microphone ratings. It is a pleas-
ure for the authors to express their gratitude to Mrs, William Osterheld
for her care in typing the manusecript and for other helpful assistance that
she rendered.

MogrRris SLURZBERG
WirLiam OSTERHELD
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CHAPTER 1
INTRODUCTION TO RADIO

Much of the progress in civilization may be atiributed to man’s
ability to communicate with his fellow men and thercby transmit his
thoughts to them. 'The progress of civilization and the means of com-
munication quite naturally have advanced at about the same pace.
Radio is the newest and most modern means of communication, and in
one manner or another it affects the lives of hundreds of millions of
people.

Radio is a branch of a new field of science called electronics. Elec-
tronics has enabled scientists to develop means of examining the germ
structure of bacteria and to see through fog and the utter blackness of
night. It is used to detect poisons, to guarantee food values, to control
manufacturing processes, and to protect life and property. Ilectronics
has opened a new field to science and should result in many developments
that will contribute to a better world.

1-1. Forms of Communication. Man’s chief mecans of communica-
tion are the senses of sight and hearing. These are commonly referred
to as the audible and visible means of communication. Kach method has
been used since the carly stages of civilization and each is still used
extensively.

Visual Means of Communication. The sense of sight has long been
useful to man, first as a means of warning him of approaching dangers
and later to enable him to reccive messages in written form. There are
numerous examples illustrating the progress of the visible methods of
communication, such as the hieroglyphics of-the ancient Egyptians, the
smoke signals of the American Indians, printed matter such as news-
papers, books, ete., photography, motion pictures, and television.

Audible Means of Communication. The sense of hearing also has
been used for communication through many siages of civilization. I,
too, served to warn man of approaching dangers long before the develop-
ment of modern communication systems. As civilization progressed,
the audible methods of communication went through numerous stages as
illustrated by the development of languages to convey thoughts, the
development of devices such as the telegraph, telephone, wireless, and
radio to transmit messages over greater distances, and the development

1



2 ESSENTIALS OF RADIO [ART. 1-2

of devices such as the phonograph and sound motion pictures to make it
possible to keep a record of the message.

1-2. History of Radio Communication. Basic Electrical Principles.
Through consistent research and experimentation many scientists have
contributed to the development of radio communication. Credit: for the
invention of radio can go to no one person as was given Morse for the
telegraph, Bell for the telephone, and Marconi for wircless telegraphy.
Its development has taken years, and many men have made important
contributions. A brief history of radio progress can, therefore, be out-
lined by presenting the names of these scientists and the contributions
they have made.

In 1865, James Clerk Maxwell, utilizing the clectrical and magnetic
experiments developed by Michael Faraday and Hans Christian Oersted,
proposed the following theories: (1) that light waves were electromag-
netie in character; (2) that a charge of electricity moving through space
constituted an clectric current as well as a charge moving in the wires of
an electric circuit; (3) that a magnet moving in space generated an clee-
tromotive force in the space around it.

In 1888, Heinrich Hertz proved by direct experiments that the pre-
dictions made by Maxwell were true. Iertz made a very careful study
of electric waves and found not only that they move with the same speed
as light, but that they behave in the same manner as do light waves in
every way cxcept that they cannot be seen by the human eye. While
the waves of visible light are so short that from 30,000 to 60,000 are
required to equal the space of one inch, the electric waves were dis-
covered by Iertz to have lengths ranging from several inches to several
miles,

Wireless. In 1893, Marconi invented the aerial, and he was able to
increase the distance by which electric waves could be projected into
space. To increase the energy of transmission, antenna structures were
made very large and high voltages were used. The early commercial
transmitters were of the spark type, utilizing the charge and discharge
of a capacitor through an oscillator circuit containing a spark gap, which
was inductively coupled to the antenna circuit and in resonance with it,
The principle of inductive coupling and the resonance between various
parts of the transmitting ecircuit was discovered by Sir Oliver Lodge.
Following the spark system of transmission the continuous-wave method
was used, and during this time the Poulsen are und the Alexanderson and
Goldzchmidt alternators came into use. For detection at the receiving
end of the radio system, the coherer and the erystal detector were gen-
erally used.

Radio. The transmission of voice, music, ete., through space was
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originally referred to as radiotelephony but it is now called radio. Tts
development and advancement are due largely to the introduction and
development of the vacuum tube. Engineers working on transcontinen-
tal wired-telephone systems began using vacuum tubes in these telephone
cireuits about 1912. Use of these tubes resulted in rapid developments,
and by 1915 engineers of the Bell System were able to transmit voice
messages by wircless telephone from Washington to Paris, and from

> / &‘:ﬁ«fx

F1c. 1-1.—Evolution from the early DeForest tube to the modern vacuum tubes of more
complex structure. (Courtesy of RCA Manufacturing Co., Inc.)
Washington to Hawaii nearly 5,000 miles away. Several radio broad-
casting stations were operated on an experimental basis before 1920, but
it was not until 1920 that broadeast of regularly scheduled programs was
introduced by station KDDIKA of Pittsburgh. Commercial broadeastradio
receivers were first introduced in 1921, By 1922 radio had advanced to
the stage of broadcasting cvents originating outside of the studio, such
as band concerts, football games, ete. Continuous improvements in the
quality of broadcasting and the introduction of station nctworks have

aided in the further development of radio,
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1-3. Development of the Vacuum Tube. Devclopment of Basie
Prineiples. Although much of the progress in the development and
applications of vacuum tubes has been made during the past twenty
vears, the basic principles upon which all vacuum tubes operate were
established during the latter half of the nineteenth century. A study of
the clectrical conductivity of gases was started in 1853 by Alexander
Becquerel. From his experiments he came to certain conelusions as to
the conduetivity of gases. Although these conclusions were later refuted
by Gustav Wiedemann, they were confirmed in 1881 by René Blondlot.

Thomas Kdison used these principles to develop his incandescent
lamp. His first commereially practical lamp was made in 1879. TFour
vears later, while conducting experiments to perfect the lamp, he noticed
that, if a second clectrode, in the form of a wire or plate, was placed
inside the lamp and this electrode made positive with respect to one end
of the filament, a small current flowed to this electrode when the filament
was heated.  This effeet 1s called the Edison effect.  Apparently the only
use that Edison could imagine for such a device was as an indieator of
voltage variations in a lighting eircuit; hence in his appheation for a
patent in 1883 he refers to the lamp as an electrical tndicator.

The Fleming Valve. The news of the Kdison effect aroused interest
throughout the seientific world. Sir William Preece, who was partigu-
larly interested in this phenomenon, persuaded Edison to give him one of
these experimental lamps and proceeded to make quantitative measure-
ments of the Fdison effect. Experiments with the incandescent lamp
were also being conducted at this time by Prof. J. A. Fleming, an elee-
trical adviser to the Edison Electric Light Company of London. Tn one
of his earlier experiments Fleming showed that if the cold electrode is
heated to incandescence an electric current may be made to flow through
the vacuum by use of an external battery. In continuing the gquantita-
tive measurecments made by Sir William Preece, Fleming produeced a
curve showing the relation between the voltage across the lamp and the
current flowing through the vacuum. He also proved that a unidirec-
tional current would flow in the cold electrode circuit even if an alternat-
ing current were used to heat the filament.

In his search for a means of rectifying high-frequency alternating
currents, Fleming utilized the principles of the Edison effect and devel-
oped what he referred to as an oscillation valve. In KEngland, vacuum
tubes are still referred to as valves. TIn the application for a United
States patent, he calls this deviee an instrument for converting alternat-
ing eleetric currents into continuous currents.

Factors Affecting the Electron Emission. Between 1809 and 1901
Prof. J. J. Thomson, the discoverer of the clectron, and Prof. O. W.
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Richardson ecarried on scientific rescarch to determine the relation
between the amount of heat, material used, and the electron emission
resulting when a material was heated in vacuum. TFrom these experi-
ments Prof. Richardson was able to formulate the fundamental laws of
electron emission from heated materials in vacuum. These laws have

F1é. 1-2.—Dr. Irving Langmuir, Sir Joseph John Thomson, and Dr. William D.
Coolidge at the General Electric laboratories when Thomson, the famous discoverer of the
electron, visited America in 1923. (Courtesy of General Electric Company.)

served as a basis for determining the materials to be used as the electron
emitter and the temperature required to obtain the desired clectron flow.

The Audion. As the Fleming valve served to rectify high-frequency
alternating eurrents, and thercfore could be uscd as a detector, it provided
the means needed for further advancement in wireless communication.
This valve acted only as a rectifier and could not be used as an amplifying
device, which is one of the most important uses of vacuum tubes. About
1906, Dr. Lee De Forest introduced a new vacuum tube, to which he
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added a third electrode, called a grid. By means of this grid he was able
to control the amount of eleciron flow; thus the tube could now he used
as cither a detector or an amplifier. This tube was called an eudion
and constituted a considerable advance over earlier forms of radio
deteetors.

The exact manner in which this tube functioned was not known until
about 1912, when Dr. Irving Langmuir demonstrated that the output
of a vacuun tube was dependent on the following factors: (1) the electron
emission, which is controlled by the current flowing in the filament;
(2) the voltage applied to the plate; (3) the grid voltage; (4) the spacing
between the clectrodes.

Modern Vacuum Tubes. Improvements to the vacuum tube were
accelerated by further study and experimentation carried on by numerous
scientists and led to the modern vacuum tube. Some of the improve-
ments are: (1) high-vacuum tubes, whichh permit high voltages to be
applied to the plate; (2) better materials for the electron emitter; (3)
heaters for a-¢ operation; (4) the beam power tube, for control of direction
of the flow of electrons; (5) new elements, such as the sereen grid and the
suppressor grid; (6) multi-purpose tubes, which makes it possible for one
tube to take the place of two or more tubes; (7) new types of construc-
tion, such as metal, single-end, loktal, bantam, miniature, and acorn
tubes; (8) special-purpose tubes, such as voltage regulators, clectron-
ray indieators, controls for relay and sweep eircuits, cathode-ray tubes,
photo tubes, and television tubes.

1-4. Development of the Radio Circuit. TIn addition to the improve-
ment of the vacuum tube, many other changes, additions, and methods
of connecting the various parts of radio transmitters and receivers have
taken place during the past thirty years.

Radio Circuits. In 1914, Maj. IX. H. Armstrong obtained a patent ~
on the regencralive circuitl, also known as a feedback or self-heterodyning
circuit. In 1924, Louis Alton Hazeltine gave the world his tuned-radio-
frequency method of amplification and the principle of neutralization of
the capacitance of coils. Hartley, Colpitts, and Meissner made varia-
tions in the oscillator circuit that is used in all superheterodyne receivers
and in all transmitter circuits. The constant-current system of plate
modulation as developed by Heising is the method most commonly used
by transmitting stations.

The circuils developed by these men constituted a considerable
advancement in radio design and were quite complex when compared to
the simple erystal-detector cirenits. In comparison to the radio circuit
as used in modern receivers, however, they are simple. Although most
commercial reccivers use either the superheterodyne or tuned-radio-
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frequency eircuit, their only resemblance to the fundamental circuits as
developed by Armstrong and Hageltine is in the basic principle involved.
Numerous changes and additions to these eireuits, such as ganged tuning,
band switehing, automatic volume control, power detectors, filter circuits,
ete., were contributed by a countless number of men, and these changes
are responsible for the great difference between the basic and modern
cireuits.

Circuil Elements. During the time all these changes were being made
in the vacuum-tube and radio-cireuit design, constant improvements
were also being made in the resistors, capacitors, and inductors used in
the radio circuits in order to improve their operating cfficiency. Elec-
trolytic capacitors, carbon-type variable controls, powdered-iron-core
radio-frequency coils, ganged variable capacitors, and midget variahle
capacitors are but a few of these improvements. As in the case of the
vacuum tube and the radio circuit, these improvements represent the
efforts of many individuals in the various industries and research labora-
tories throughout the world.

Further Circuit Improvements. In the early stages of radio, all trans-
mitters used what is known as amplitude modulaiion. With this method
undesired noises, such as static, were amplified in the same proportion as
were the desired signals. If the original strength of the undesired signals
represented a moderate proportion of the signal strength of a desired
station, the reception of signals from this station would be very noisy.

Major Armstrong, in seeking a way to eliminate static, decided that
some method of modulating the signal must be used for which nature had
no duplicate. IHis method of {-m, or frequency modulation, is the result,
and it hag revolutionized the field of radio communication. It is now
possible to hear entertainment over the radio without being disturbed by
the annoying noises made by static.

1-5. Other Applications of Electronics. The principles of clectronics
and vacuum tubes are used for applications other than those of radio
communication. These uscs may be divided into the following four
classifications: (1) television; (2) industry; (3) instruments; (4)
therapeutics. These four subjects represent large fields of application
and books can be written about each field. For this reason these subjects
will be treated very briefly in this text.

Television. 'This branch of communication deals with the transmis-
sion and reception of visual images at a distance. As the word radio has
become synonymous with the communication of audible sounds, felevision
is used to represent the communication of visual signals. This
subjcct deals with the study of lenses, light, clectronic scanning, the
iconoseope or eclectric cye of the television camera, and the kinescope,
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corresponding to the loudspeaker of a radio receciver. In addition, all
the basic principles of electric circuits—resonance, amplification, cte.—
that are used in radio receivers and transmitters are also used in television
apparatus.

Industrial Applications. "The applications of electronics and vacuum
tubes to industry are many and varied. The basic cireuits of many of
these applications arc similar to those used in radio, the only difference
being the use to which they are put. For example, the principles of

F16. 1-3.—View of a television program being televised. (Courtesy of General Eleciric
Company.)

resonance are used to control the thickness, quality, weight, and moisture

content of a material. Amplifier circuits are used to increase the inten-

sity of weak current impulses produced by phototubes and cause them to

operate relays controlling circuits of door opeuners, lighting systems,

power systems, safety devices, ete.

Principles other than those common to radio are also used, sueh as
stroboscopic lighting, which can cause fast-moving objects to appear
motionless or make their movements appear similar to the slow motion
of motion pictures. By means of this principle it is possible to study the
movements of various parts of a machine undér their operating conditions.
It is also used for high-speed photography applications in order to arrest
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the motion of fast-moving objects. Phototubes and photo cells are used
to control lighting, open doors, operate protective devices, ete.

These are but a few of the many applications of the principles of elee-
tronies to industry. Further developments indicate thal many new
applications of clectronics will result in numerous additional uses.

Instruments. 'The principles of electronics have made it possible to
measure quantitics that up to now bave been impossible to measure.

Fia. 1-4.—Photoclectric safety control. The light is reflceted aeross the front and
returned to the phototube by means of two mirrors shown in the foreground of the equip-
ment., (Courtesy of RCA Manufacturing Co., Inc.)

The vacuum-tube voltmeter, cathode-ray oscillograph, resonant circuit
checkers, and signal generators are but a few of the many new types of
instruments that have become synonymous with radio and clectronics.
The use of these instruments has become as valuable for checking elee-
tronic circuits as the ammeter and voltmeter are for checking electric
circuits.

Therapeutics. Medical doctors and scientists in the field of thera-
peutics, which is the treatment of discases, are constantly finding new
uses for the principles of electronics to aid in treating and preventing
physical ailments. Their instruments include: (1) X rays, which are used
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for treatment of skin disorders and acute infections as well as [or taking
pictures of internal structures; (2) ultraviolet lamps {or arresting harmful
mold and bactenia; (3) short-wave diathermy units for healing sprains
and fractures; (4) electro-cardiographs for measuring heartbeats; (5)
induetotherm units used to generate artificial fever; (6) oscillographs for
illustrating musele actions. These are but a few of the many applications
of electronics that are being used in the field of therapeutics.

FiG. 1-5.—A patient under treatment with the 1,000,000-volt X-ray therapy unit in one
of the nation’s large hospitals, (Courtesy of General Electric Compuny.)

1-6. Sound. Radio is a4 means of sending information through spaece
from one point to another. The information may be either a sound wave
produced by the voice or some musical instrument, or a wave so inter-
rupted that it is broken into a combination of long and short groups that
correspond to the characters of the Morse code. Therefore, radio is
nothing more than the sending out or receiving of sound through space
from one point to another, without any wires connecting the two points.
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It is thercfore essential to know something about sound and sound waves
before studying the principles of radio.

Sound is the sensation produced in the brain by sound waves. It
makes use of one of our five fundamental senses, namely, that of hearing.
The air in a room in which no sound is present is in a static condition;
in other words, it is motionless. If a sound is made by a person, by a
musical instrument, or by any other means, the air about it is set into
vibration. When these vibrations strike the eardrum of any person, the
cardrum too will vibrate in a similar manner. The auditory nerves will
be stimulated and will communicate the sensation of sound to the brain.
These air vibrations are called sound waves. Sound waves are produced

Fig. 1-6.—Internal structure of the human ear. (Reprinted by permission from the Bell
Laboratories Record.)

by the mechanical vibration of any material in an elastic medium.
For example, the vibration of the reeds in a harmonica, the skin on a
drum, the strings on a violin, or the cone of a radio loudspeaker will all
gsend out various sound waves. These waves will produce different
sounds, depending on the number of vibrations that the wave makes per
second. The number of complete waves or vibrations created per
second is known as the frequency of the sound and is generally expressed
as the number of cyecles per second.  For example, a sound wave making
2000 vibrations per second would be the same as 2000 cycles per second,
and it is said that the sound wave is producing 2000 cycles.

If the sound is loud enough to be heard by the human ear, it is said to
be audible. Its pitch will vary with the frequency. Iligh frequencies
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produce sounds having a high pitech and low frequencies produce sounds
of low piteh.

1-7. Frequency Ranges of Sound Waves. The range of frequencies
that the human car is capable of hearing will vary with the individual,
the lower limit being approximately 20 cycles and the upper limit 20,000
cyeles. Some persons are able to hear the low-pitch sounds but cannot
hear those of high piteh, while others can hear the high-piteh sounds but
cannot hear those of low pitch, and there are people who are able to hear
sounds covering a wide range of frequencies.

Below is a list of a few common audible sounds and their approximate
frequency range.

Human voiee. ... ... ..civieeniiiin i, 75-3000 cyeles
Plano. . e 25-8000 cycles
VIO, e e e e e 200-3000 eycles
Trombone....... ... ... .. 100- 500 eycles
Clarinet. ... ... i i e e 150-1500 eyeles
Flute............ e e e e e 250-2300 cyeles
Piceolo. oo e 500-1500 cyeles

Coade signals may be sent at any audio frequeney, but experience has®
shown that a signal having a frequency of 1000 eyeles will produce a
pleasing sound that can be continually listened to easily and that will per-
mit each dit, dah, or space to he quickly distinguished.

The frequency range of sound waves, commonly taken as 20 to 20,000
cycles, is at the lower end of the wave spectrum (see Fig. 1-9). Sound
waves usually are capable of traveling only comparatively short distances
and travel at the rate of approximately 1130 fect per second. In order
for sounds to be carried through air over long distances, the sonnd waves
are converted into electrical waves of corresponding frequencies and
applied to a high-frequency carrier wave by modern radio transmitting
stations.

Sound waves may also be referred to in terms of the length of a wave.
Figure 1-8 illustrates a tuning fork producing sound waves whose fre-
quency is 256 cycles per second. At this frequency one eycle is completed
in 33% sccond, and, since sound waves travel at approximately 1130 feet
per second, the length of one wave may eagily be caleulated.

Srxample 1-1.  The frequency range of a piano is from 25 to 8000 eveles.  (a) What
is the range of wavelengths in feet?  (b) In meters? (¢) If the sound waves are con-
verted to clectrical waves by a microphone, what is the frequeney range of the eleetric
currents?

Given: Find:
Sound waves = 25 8000 cyeles (a) Wavelengths, fect = ?
(b) Wavelengths, meters = ?
(¢) Frequency range of electric enrrents = 7
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Solution:

feet per second _ 1130
cycles per sceond — 25

feet per sceond 1130
“YWaxr e S = - —_— =
Wavelength, 8000 cycles éycles per sooond — 8000

() Nore: 1 meter = 39.37 inches = 3.28 fcct

= 45.2 fect

() Wavelength, 25 cycles

0.14125 foot

Wavelengih, 25 cycles = — 358 “ 398 = 13.7 mneters
ot _ Wavelength, feet  0.14125 _
Wavelength, 8000 cycles = 398 = 355 = 0.043 meter

(c) 25 to 8000 cycles (same frequencies as the sound waves)

1-8. Radio Waves. Radio transmitting stations convert sound
waves to electrical impulses. The electrical impulses that represent the
original sound waves are sent out by
the use of high-frequency alternating l" """"" feycle-—mmmnmnnm >
currents. These cwrrents produce . One

. . . alfernation
magnetic and electric fields that l j(
radiate in all directions over long
distances without losing much of
their original strength. The mag- +
netic and electric flelds produced by — 0°  90°
this means arve called radio waves. !
The strengtli and frequency of the ‘
radio wave is dependent on the high-
frequency alternating current produec-
ing it, and, thercfore, it will vary in
the same manner as the alternating
current.

An a-c wave (sce Fig. 1-7) reverses its direction at fixed intervals, and
during each interval the current will rise from zero to ils maximum value,
then diminish to zero. By referring to this figure it can be seen that an
a-¢c wave completes one cycle after it has made two alternations, one in
the positive direction and one in the negative direction. The fixed
interval required for each alternation is 180 degrees, and for one cycle or
two alternations it would be 360 degrees. I is a symbol used to denote
current and maez an abbreviation of the word maximum. [,.. would,
therefore, mean the maximum amount of current flow; from Fig. 1-7 this
would occur at every 90- and 270-degree instant of an alternating-current
cycle.

1-9. Wavelength, Frequency. Speed of Radio Waves. Radio waves
travel at the same speed as light waves, or 186,000 miles per second. In
radio caleulations the metric system is used, and it is desirable to express
the speed of radio waves in meters per second.

180°__270°  360°
K

I}

i

Imax

- Ome __]
L alternation

-------- Werve lerigth- = ==-=-=>

Fic. 1-7.—An a-¢ wave,
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Example 1-2.  Tf radio waves travel at the rate of 186,000 niiles per second, what
is their rate in meters per second? Nore: One meter is cqual to 39.37 inches; also,
one mile is equal to 5280 fect.

Given: Find:
Miles per seeond = 186,000 Meters per seeond = ?
Feet per mile = 5280
Inehes per meter = 39.37

Solution:

inehes per seeond
39.37

_ 186,000 X 5280 X 12

B 30.37

2~ 300,000,000

Notr: =2 means s a;‘)proximafcly equal to {(sce Appendix IT).

Meters per second

Wavelength and Frequency Definitions. WaveLExgTH, The distance
that the radio wave travels in one eycle is called its wavelength; it is

N h
| /// /I

Fra. 1-8.—Propagation of sound waves.

expressed in meters and is often represented by the symbol A, a letter of
the Greek alphabet pronounced lambda.

Frequexcy. The number of cycles per second of a radio wave is
called its frequency and is generally represented by the letter £, In radio
work it is common practice to refer to the frequency as its number of
cycles instead of eycles per second. This is merely an abbreviation and
it should be remembered that it really means eycles per second.

Wavelength and Frequency Caleulations. WaveLexcta. If  the
frequency of a wave is known, it is possible to caleulate the distance
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traveled in one cycle by means of the equation

300,000,000
== (-1

A
where A = wavelength, meters
J = frequency, cycles per second

Ezample 1-3. What is the length of & radio wave whose [requency is 570,000
cycles?
Given: Find:
f = 570,000 cycles A=
Solution:

_ 300,000,000 _ 300,000,000

7 = “E70.000 " — 526.3 meters
b2

A
Kivocyciues. The frequencies of the eommon radio waves are of
high values, that is, in the hundreds of thousands or millions of eycles per
sccond. For convenience these frequencies are generally expressed in
kilocycles or megacycles and abbreviated as ke and me respectively.
Kilo- is a prefix meaning thousand; hence a kilocyele is equal to 1000
cycles. Recalling the abbreviation referred to above, one kilocycle
actually means 1000 cycles per second. Mega- is a prefix meaning
million; hence a megacycle is equal to 1,000,000 cycles. Additional
information on multiple units and the use of exponents is given in Appen-
dixes III and IV.
When radio frequencies are expressed in kiloeyeles, Eq. (1-1) becomes

300,000

M=y

(1-2)

where A = wavelength, meters
J = frequency, kilocyecles

Example 1-4. What is the wavelength of radio station WNCA, which operates
on & frequency of 570 ke?

Given: Find:
f =570 ke A=

Solution:
_ 300,000 _ 300,000

¥ Be0 = 526.3 meters

A

FrEQUENCY. Equation (1-2) can be transposed to solve for frequeney
instead of wavelength, and becomes

300,000
J= — (1-3)
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Fis. 1-9.—Relation of frequency and wavelength of various waves.
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Ezample 1-5. If by definition a short radio wave is one whose wavelength does
not exceed 200 meters, what is the lowest frequeney at which a short-wave raclio
receiver may operate?

Given: Find:
A = 200 meters f=1
Solution:
_ 300,000 _ 300,000

From Eq. (1-3) it can be scen that the greater the length of the radio
wave the lower its frequency will be, and conversely the shorter a radio
wave is the higher its frequency will be. By applying this thought to
Example 1-5 it becomes evident that the frequency of short-wave radio
transmitters will be 1500 ke and higher.

In order to get an idea of the length of a radio wave, it is necessary
only to change the wavelength to our common units of fect or miles.

Ezample 1-6. What is the length in feet of one radio wave of the broadeast sta-
tion referred to in Example 1-4?

Given: Find:
N = 526.3 meters Feet = 7
Solution:
Feet = Totors X 30.37 _ 526.3 X 80.37 _ ...

12 12

The solution of Example 1-6 indicates that each wave transmitted by
station WMCA is 1720 fcet long, or approximately one-third of a mile.

Knowing that radio waves travel 186,000 miles per second, the time
required {or a radio wave to get from one place to another can be readily
calculated.

Ezample 1-7.  Tow long does it take a radio wave to travel from New York to
San Franciseo, a distance of approximately 2600 miles?

Given: Find:
Miles = 2600 Time = ?
Miles per second = 186,000
Solution:
= _miles 2600 _ 0.0139 second

The solution of Fxample 1-7 indicates that it takes only about 0.014
second for a person’s voice broadeast on a radio program to travel from
New York to San Francisco.

1-10. Simple Explanation of Radio Transmission and Reception.
Have you ever asked the question, “How is it possible for a person to
sing, talk, or play a musical instrument, in fact to make any audible



—
—
—
—
—

o

F1g. 1-10,—Comparison of delivery, receiving, and use of coal (top) with sending, receiving, and use of sound waves (below).

¢ ‘gl Vc:l
)
] F TRy 2o g -
3 . ¢
4 S (Licccc o)y N [=rc
s -
" R T __ 2] b |z
(TELL
H CECo O .
3 c A
N E (-3¢ 2 g 1183
g N [a ] N G
k‘g\_‘ g i) lEJ [ =
N 2 [gny:co-rg T
Apired Ceno
P
™ Sh o ((wae - 1st0 ke
=] (wene-80 s,
C U wor=110 ke,
S
T
g &40 K.C.
1
_O

81

o1avy 40 SIVILNASSH

I-T '1uy]



AxT. 1-10] INTRODUCTION T0 RADIO 19

sound, and be heard almost instantly by people thousands of miles
away?’' To answer this question the sending and receiving of sound
waves will be compared with the delivery and receiving of a ton of coal.

If a person orders a ton of coal from a coalyard, the coal is loaded on a
truck, which carries it to his home. The driver stops the truck at the
person’s home because he ordered the coal. The buyer does not want the
truck—he wants the coal; so the driver and his helpers unload the coal
into the bin and drive away with the truck to deliver the rest of the load.

In a similar manner, if an audible sound wave is made at some trans-
mitting station, this audible sound gets fo the listener's home only if a
means of carrying it there is provided. In place of a coal truck, trans-
mitting stations use a carrier wave. Just as the coal had to be put on the
truck, the audible sound wave must be put on the carrier wave. A
modufator 18 used for this pugpose. The modulator takes the audible
sound wave that has been changed to electrical impulses by the micro-
phone and superimposes it on the carrier wave. The resultant is called
a modulated wave.

This modulated wave is now sent out by a fransmitting antenna, just
as the coal truck was sent from the coalyard. During the day any
number of coal trucks pass the door of the buyer mentioned above, but
the only truck that stops is the one that is to deliver the coal to his home.
In the same manner any number of modulated waves pass the antenna of
the listener’s radio. He turns a dial on his receiver and selects the station
he wants to listen to. This is actually selecting the desired modulated
wave.

Next the ton of coal was separated from the truck placed in the
bin, and the truck then continued on its way to make other deliveries.
In radio, part of the energy of the modulated wave enters the receiver;
the remainder is available for other receivers. At the receiver the audible
sound wave is separated from the modulated wave by the detector, which
may also be called the demodulator.

No heat is obtained from the coal unless it is burned, and similarly no
sound is obtained from the audio wave unless it causes some material to
vibrate. The amount of energy output of the detector (audio wave) is
so small that it i1s sufficient only to operate a set of earphones. If it is
desired to fill a room with the sound wave, it becomes necessary to use a
loudspeaker. In order to obiain sufficient energy to operate a loudspeaker
an qudio amplifier, inserted after the detector, is included in radio
receivers.

Just as there are numerous trucks carrying coal, so too there arc
numerous carrier waves carrying audio waves. Also, just as the trucks
must be controlled to prevent interference between them, so too the
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modulated waves must be controlled. To prevent interfercnee among
modulated waves, the TFederal Communications Commission assign:
definite frequencies to the transmitting or broadeasting stations. Fo
example, the frequeney of the carrier wave of station KFI, Los Angeles
is 640 ke; WLAC, Nashville, 1510 ke¢; and WENR, Chicago, 890 ke
By setting the dial of a receiver to 710 ke, a person in New York will b
able 1o hear the program being broadcast by station WOR any time of the
day, any day of the week, month, or year.

1-11. General Picture of Radio Transmission and Reception. Tl
chart shown as Ifig. 1-11 presents a simple pieture of the various opera
tions required to send a sound wave out into space and to have it reccivec
many miles away.

The top line is a block diagram illustrating the essential portions of ¢
radio transmiticr and receiver. Tt is ealled a block diagram becanse eact
section is represented by merely drawing a block and labeling it to con
form with the portion it represents. The first unit is the microphone
where the audible sound waves are picked up and changed into electrien
impulses. The electrical impulses from the microphone are too weak tc
be sent through space on the earrier wave and, therefore, must be ampli-
fied. This is acecomplished by sending the wave from the microphone t«
the specch amplifier. The next block is called the oscillator, whicl is the
portion that sets up the carrier wave of the transmitter, in this example
550 ke. This is followed by the modulaior, which receives energy from
hoth the oscillator and the speech amplifier, At the modulator the audic
waves of the speech amplifier are superimposed on the carrier wave, anc
this modulated carrier wave is then sent out into space by the ransmitting
antenna.

The receiving antenna is affected by the magnetic and electric fields
set up in space by the transmitting antenna, and if the selector or tuning
portion of the receiver is set for the proper frequeney (in this example 55(
ke), a workable amount of electrical energy enters the receiver. The
amount of energy is small and must be inereased in strength at this point
by the radio-frequency amplifier. The selector and the r-f amplifier are
shown in 4 single bloek because these two operations are generally eom-
bined. The next block, labeled detector, might also be called the demodu-
lator because at this point the audio waves are separated from the carrier
wave. The audio waves coming from the detector are too weak to oper-
ate a loudspeaker and therefore must be sent through an audio-frequency,
amplifier before going on to the loudspeaker.

The second line indicates the frequeney of the wave as it enters and
leaves the various parts of the transmitter and receiver operated at a
frequency assumed to be 550 ke. The third line is a diagrammatic
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representation of these frequencies. A careful examination of the
figure will show that every step performed in the transmitter is also per-
formed in the receiver but in reversed order, starting with the sound
waves entering the microphone at the transmitter and ending with similar
sound waves leaving the loudspeaker of the receiver.

The fourth line summarizes the purpose of each part of the radio
transmitter and receiver.

1-12. Need for a Knowledge of Electricity. TIn the block diagram of
Fig. 1-11, each function is represented merely as a square and called an
oscillator, modulator, amplifier, or deteclor. Iach one of these parts is
made up of various electrical devices such as resistors, inductors, capaci-
tors, and tubes, all properly counected in order to perform the function
desired.

There have been a number of ehanges made to the simple radio eircuit
used years ago to give us the modern radio receiver and transmitter.
Where the broadcast hand formerly extended from 500 to 1500 ke, its
higher frequencies now extend into megacyeles.  Of the various circuits
used in the development of radio only two, the tuned radio frequency and
the superhcterodyne, are in general use today, the superheterodyne being
practically the standard cireuit used.

A radio cireuil consists of various kinds and types of electrical devices
properly connected. In order to understand these circuits, one must
have a broad and thorough knowledge of elcetrical and radio theory.
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QUESTIONS

1. Name six examples of (g) the visual mcthod of communication, (b) the audible
method of communication.

2. What contributions did James Clerk Maxwell make toward the development
of radio?

3. What contribution did Heinrich Hertz make toward the development of
radio?



INTRODUCTION TO RADIO 23

4. What was Marconi’s contribution to the development of radio?
5. What deviece contributed largely to the development and advancement of
-adio?
6. What is meant by the Edison effect?
7. What was Fleming’s contribution to the development of the vacuum tuhe?
8. What was De Forest’s contribution to the development of the vacuum tube?
9. What was Langmuir’s contribution to the development, of the vacuum tube?
10. Name some of the developments in vacuum-tube design that resulted in the
nodern tubes.
11. Name five men generally associated with the early development of radio cir-
:uits and describe the contribution made by each of them.
12, Why is Armstrong’s name associated with frequency modulation?
13. Name four types of applications, other than radio, that use the principles of
slectronics and vacuum tubes. Iist some specific applications in each.
14. Define (a) sound, (b) sound waves, (¢} frequency of sound waves, (d) pitch.
16. Explain what oecurs when sound waves strike the human car and produce the
sensation of sound.
16. What frequency is commonly used for the audio wave of code signals? Why?
17. How are radio waves produced?
18. What two factors make up radio waves?
19. How does the speed of radio waves compare with (a) light waves? (b) Elee-
tricity? (¢} Sound?
20. Define (@) wavelength, (8) frequency, (¢} cycle, (d) kilocycle, (¢) megacycle.
21. What are the cssential funetions of a transmitter?
22. What purpose does each function of the transmitter serve?
23. What are the essential functions of a receiver?
24. What purpose does each function of the receiver serve?
26. Describe a simple analogy of radio transmission and reception.
26. Prepare a block diagram of a simple radio receiver. Label each block and
state its function.
27. Name two types of radio circuits used in modern receivers.
28. Why is a knowledge of electricity necessary in order o study radio?

PROBLEMS

1, The frequency of the sound waves produced by middle C on a piano is 256
cycles. (@) What is the wavelength of the sound in feet? (b) In meters?

2. A musical note of 256 cycles (Prob. 1) is picked up by a microphone and
changes from sound waves to clectrical impulses. (a) What is the wavelength of the
electrical impulses in feet? (b) In meters? (Nore.—Eleciricity and radio waves
travel at the rate of 186,000 miles per second.)

3. Radio programs are often presented to studio audiences as well as to the radio
audience. (a) How long does it take the sound waves to reach a listener in the
studio audience seated 200 feet away? (b) How long daes it take the program to
reach a listener at the loudspeaker of a radio receiver 500 miles away? (¢) Which
listener hears the program first?

4. How far would a sound wave travel in the time that it takes a radio wave to
travel 500 miles?

6. If the musical notes of a violin range from 200 to 3000 cycles (vibrations) per
second, what is its range of wavelength?

6. If the musical notes of a base viol range from 36 to 240 cycles (vibrations) per
second, what is its range of wavelength?
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7. If the shrill sound of an insect has a frequency of 12,000 cycles, what is the
wavelength in feet?

8. If the solind of a creaking door has a frequency of 15,000 cycles, what is its
wavelength in feet?

9. What is the frequency of the earrier wave of a transmitter whose wavelength
is 526 meters?

10. What is the frequency of the carrier wave of a transmitter whose wavelength
is 206.8 meters?

11, What are the wavelengths of a tclevision transmitter whose frequencics are
61.25 and 65.75 me?

12, What are the wavclengths of a television transmitter whose frequencies are
45.25 and 49.75 mce?

13. A certain short-wave transmitter operates on a wavelength of 38.4 meters.
What is its frequency?

14, A certain f-m station operates on an assigned frequency of 95.3 me. (a)
What is its wavelenglh in meters? (b) What is its wavelength in feet?

16. A certain {-m station operates on an assigned frequency of 99.3 me. (a)
What is its wavelength in meters? (b)) What is its wavelength in feet?

16. A certain radio station operating on an assigned frequency of 1050 ke is trans-
mitting a violin solo. . («) If the notes of the violin range from 200 to 3000 vibrations
per second, what is the range of the audio-frequency clectrical current impulses’
(b) How many cycles does the carrier-wave current make for each cyele of the lowest
frequency note? (¢) How many cycles docs the carrier-wave current make for each
cycle of the highest frequency note?

17. How many cycles does the current of a 46.7-me carrier wave make in the timc
that il takes a 5000-cycle andio-frequency current to compleie one cycle?

18. How many cycles does the current of a 550-ke carrier wave make in the time
that it takes a 5000-cycle audio-frequency eurrent to complete one cycle?

19. How many cycles does the current of the 550-ke carrier wave (Prob. 18) make
in the time that it takes a 50-cycle audio-frequency current to compleic one cyele?

20. How long does it take the radio waves of a transmitier located at Chicago tc
reach San Francisco, a distance of approximately 1600 miles?

21. How long does it take the radio waves of a transmitter located at San Franciscc
to reach Honolulu, Hawail (approximately 2500 miles away)?

22. How long does 1t take the radio waves of a transmitter located at New York
to reach Melbourne, Australia, approximately 10,000 miles away?

23. How far would a sound wave travel in the time that it takes the radio waves of
Prob, 22 to travel 10,000 miles?
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24. Complete the following table of frequency and wavelength ratings of the sta-
tions listed as follows.

Mega-!

fiti; Y.ocation (I;:Il(; .\ictcrs‘| Station Location eyeles iMeters
WIOD | Miami ) 610 WNBC-FM | New York 3.083
KSL Salt Lake City 258.62| WCBS-FM | New York 96.9 -
KDKA | Pittsburgh 294.11] WLWK Cincinnati 49 .34
KOA Denver 850 l KWID San Francisco 19.62
WLAC | Nashville 1510 WGEA Schenectady 9.53
KIRO | Seattle 422 .53 WRUW Boston 11.73

|

25. Add four of your favorite stations to the list of Prob. 24 and fill in their fre-
quencies and wavelengths in the table.



CHAPTER IT
CIRCUIT ANALYSIS

In order to understand the essentials of radio it is necessary that the
reader possess a good foundation of basic electrical theory, cireuit analy-
sis, and a knowledge of the various circuit elements involved. To those
who have studied the authors’” book, Klectrical Essentials of Radio, this
chapter should serve as a brief résumé of circuil elements and ecireuit
analysis. To those who have obtained the knowledge of basic electricity
from some other souree, it presents a brief treatment of those electrical
essentials that are important to the study of radio but are omitted in
clectrical texts that treat clectricity from the power and machinery
standpoint.

2-1. Resistors. A resistor ig a device used in an electric cirenit
beeause of its resistance.  When used in a eircuit to provide a required
amount of resistance it is considered as being a circuit element.

Fia. 2-1,—Some of the various types of resistors used in radio. (Courtesy of Qhmite
Manufacturing Company.)

Resistors are generally used to limit the amount of current flowing in a
circuit or 1o obtuin a desired amount of voltage for a certain part of a
circuit. Resistors are rated in both their ohmic value and the amount of
power that they can dissipate. 'The power rating is also a measure of its
current rating beeause the power dissipated by a resistor is equal to /212,
Standard resistors range from a fraction of an ohm to several megohms
and from a fraction of a watt to several hundred watbts.

26
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Classification of Resistors According to Material. Two general types
of materials are used in the manufacture of resistors, namely, carbon and
metal. Resistors may therefore be elassified according to the material
used and are generally referred to as being either carbon or wire-wound.

The metallic or wire-wound rvesistors consist of a wire or ribbon,
usually an alloy of two or more elements such as copper, iron, nickel,
chromium, zine, manganese, cte., wound around a supporting form made
of an insulating material.

The nonmetallic or carbon resistors consist of either carbon or graphite
powder held together by a suitable binding substance. It is formed into
rods and cut into short pieces to make up the resistor. Because of the
high specific resistance of carbon and graphite, carbon resistors of high
chmic values can be made much smaller than wire-wound resistors.

Classification of Resistors,According lo Control. Resistors may be
further classified as: (1) fixed; (2) variable; (3) adjustable; (4) tapped;
(5) automatic resistance control.

A fized resistor is one whose value cannot be changed by any mechani-
cal means. Fixed resistors may be of either the wire-wound or carbon
type. Low-power wire-wound fixed resistors are made by winding the
wirec on a Bakclite or fiber strip and attaching suitable connecting lugs
at each end. A flexible low-power wire-wound resistor is made by wind-
ing a fine nichrome wire on a specially treated silk cord and then covering
it with impregnated fiber. High-power wire-wound resistors are made
by winding the wire on large threaded porcelain tubes and attaching
terminals at each end; the entire unit is then dipped in an enamel or a
porcelain solution and baked. Tixed resistors of the carbon type are
used extensively for low-power applications. They arc generally used
where a low-power high resistance is required. Their ohmic values
range from 5 ohms to 10 megohms and are indicated by a color code
adopted by the Radio Manufacturers’ Association (see Appendix VIII).

A variable resistor is one whose value of resistance at its terminals
may he varied. Two commonly used types of variable resistors are called
the rheostat and the potentiometer. 'The rheostat and potentiometer are
similar in appearance and method of operation but differ in the manner
in which they are connected in a circuit.

An adjustable resistor is one that may be adjusted to a desired value
and then set at that value. It differs from the variable resistor in that
once it is adjusted to the desired value it is kept at that value. Adjust-
able resistors are of the metallic type and are generally wound on porce-
lain forms. They arc provided with one or more movable collars, which
may be clamped in a definite position after they have been adjusted to the
desired value.
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A tapped resistor, sometimes called a voltage divider, is one that pro-
vides two or more definite values of resistance on a single unit. Tapped
resistors are similar to adjustable resistors except that the collars are not
made movable but are set at fixed positions along the resistor to give
definite values of resistance. Tapped resistors are of the metallic type
and may be of the low-power wirc-wound variety that uses a fiber or
Bakelite form or may be of the high-power wire-wound type that uses a
porcelain form.

An automatic resistance-conirol resistor is one whose resistance value
changes automatically with a change in current or temperature. A
nickel or iron wire is placed inside a glass tube filled with an inert gas
such as hydrogen, or inside an air-cooled metal case.
When the current flowing through this unit increases
it causes an inerease in the temperature of the wire.
The increase in temperature causes an inerease in
resistance that regulates the current and prevents it
from rising excessively.

Uses of Resistors. Resistors are used to adjust the
current and voltage of electrical circuits. In radio
circuits they are used as voltage dividers (see Chap.
X1I), loads for the output of a vacuum tube, resistance
to provide the proper grid bias, current regulators
in filament cireuits, filter networks, grid leaks, ete.
The use to which a resistor is applied determines how

Fie, 2-2.—An it is to be constructed and how accurately its resistance
f;;ﬁ;’;,f’gct:’b’;lt};ft value must be maintained. The accuracy of resistors
may be used as an  varies with the kind of materials used and the care
:;:::;2,?5:0? r;;z;zt' exercised in their manufacture. High-quality wire-
(Courtesy of Ampe- wound cominercial resistorscan be obtained with valnes
e O of resistance that are accurate within 1 per cent of

their rated values.
In selecting a resistor its power rating as well as its resistance value
must be taken into consideration. The power rating may be found by
P=1IR (2-1)
where P = power, watts
I = current, amperes
R = resistance, ohms

Ezxample 2-1. What is the power rating of a 1000-ohm resistor that will safely
withstand a maximum current of 100 ma?

Given: , Find:
R = 1000 ohms P=7
I =100 ma = 0.1 amp
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Solution:
P = IR = 0.1 X 1000 = 10 watts

Ezample 2-2. Tlow much current can a 10,000-chm, 5-watt resistor safely with-
stand?

Given: Find:
R = 10,000 ohms I=17
P =5 watts

Solution:

P _ \/_5— - ‘
I = '\/;3 = Viooo = 0.0223 amp or 22.3 ma

2-2. Rheostats and Potentiometers. Rheostais. A rheostat is a
variable resistor whose valuc of resistance at its terminals may be varied
by means of a sliding contact arm. A rheostat is generally used to con-
trol the amount of current flowing in the load to which it is connected.

»

/Jni‘enna

C
A Rheostat C
T AMMAMAMA
; X S lLoad
Source of B B
votfage Load §
! RN
v —_—
A =Grovnd
(a) b)
Fra. 2-3.—Circuits illustrating uses of rheostats. (a) Rheostat in series with a load,

(&) rheostat in parallel with a load.

Two types of circuits illustrating the use of rheostats are shown in Fig.
2-3.

Figure 2-3a shows a rheostat connected in series with the load and
Fig. 2-3b shows a rheostat connected in parallel with the load. Tt should
be noted that only two of the three terminals (marked A, B, C on the
diagram) are used and that current flows through only that part of
the resistance actually between the sliding contact arm and the end of the
resistor being used as a terminal. Use of terminals A and B in the scries
circuit of Fig. 2-3¢ and terminals B and C in the parallel eircuit of Fig.
2-3b results in obtaining an increase in current {lowing through the load
by rotating the sliding contact arm of the rheostat in a clockwise direction
(see Fig. 2-6).

Potentiometers. A potentiometer is a variable resistor (similar to a
rheostat) connected so that it may be used for subdividing a voltage by
means of a sliding contact arm. Figure 2-4 shows how a potentiometer
may be connected to the line and load. It should be observed that all
three terminals are used and that, by varying the position of the sliding
contact arm B, it Is possible to obtain any voltage from zero to line voltage
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at the load. The potentiometer sclected must have the section A B large
enough to carry the current taken by the load plus the amount taken by
the potentiometer itself. As the power consumed by a potentiometer is
all lost, its current should be kept at a minimum. This can be accom-
plished by increasing the resistance between A and C to a very high
value in order to keep the eurrent in
BC at & minimum.
Uses of Rheostats and Potentiome-
Load tors.  Rheostats and potentiometers
are used to control various types of
circuits used in radio, such as volume,
tone, antenna, plate voltage, and audio.
As the amount of current flowing in
Ti6. 2-4,—Circuit Hllustrating the use of . . .
& potentiometor. these circuits is very small, carbon
resistors can be used (sce Fig. 2-5).
When higher currents are requived, metallic or wire-wound resistors
are used (sce Fig. 2-6). An objection to metallic resistors is that noisy
operation of the receiver may result when the contact arm moves from
one turn of wire to another. This occurs when there is an appreciable
amount of voltage drop between adjacent turns of wire. Carbon controls
do not present such conditions as the
resistance change progresses smoothly and
not in steps as in the wire-wound controls.
Taper. Rheostats and potentiometers
used for control circuits may vary in
direct ratio, or they may taper. In a
direct-ratio potentiometer, the resistance
value varies directly with the degree of
rotation. That is, at quarter rotation the
resistance value i3 onc-quarter of the total
resistance, and similarly at half rotation
it is one-half of the total resistance. |
When a potentiometer is tapered, the Total resistance 500000 otms
resistance does not vary directly with the Fre. 2-5.—A carbon-type potenti-
rotation. The potentiometer shown in ometer with left-hand taper.
Fig. 2-5 has a total resistance of 500,000 ohms. At half rotation the
resistance is only 50,000 ohms, and at quarter rotation it will be less than
25,000 ohms as the resistance is tapered and not uniform between the off
position and the mid-point. In a similar manner, the resistance at three-
quarter rotation would not be equal to onc-half of 450,000 plus 50,000 (or
275,000) beeause the resistance between the mid-point and the on posi-
tion is 1ot uniform but is tapered.

Pofentrometer
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It is necessary to taper the resistance of a control in order to obtain
an apparently uniform control of the signal. When the control is turned
to the halfway position, it is generally expected that the signal volume
will be one-half that obtained at the full or on position of the control.
In order to double a given volume of
sound, an increase of approximately
ten times the original Intensity is
required. At one-half full volume,
only one-tenth of the full volume
voltage is required, and therefore
one-tenth of the totlal resistance is
all that is needed.

Potentiometers are either left-
hand or right-hand tapered, depend-
ing on which side is tapered out.
In Figs. 2-5 and 2-6 the left hand of
the control is tapered out; therefore
cach is a left-hand taper.

Companson of W'zre-wou.nd - Fie. 2-6.—A wire-wound potentiom-
Carbon Controls. Wire-wound and  gter with leit-hand taper. (Courtesy of
carbon controls have a number of Ohmite Manufacturing Company.)
advantages and disadvantages, which, for purposes of comparison, are
listed below. The choice of a control will depend on the use to which it
18 to be put.

ADVANTAGES
Wire-wound Carbon
1. Absolute accuracy of the resist- 1. Ease of obtaining taper
ance value

2. High current-carrying ability 2. Silent operation
3. Low resistance values easily ob- 3. High resistance values casily
tained (4 ohm) obtained (2 or more megohms)
DiSADVANTAGES

1. More difficult to obtain a taper 1. Resistance will vary with heat,
humidity, wear, ete.

2. Noisy operation 2. Low current-carrying ability

3. Limited high resistance value 3. Limited low resistance value
that can be obtained (150,000 obtainable (500 ochms)
ohms)

2-3. Inductors. Inductance must be considered wherever a current
of varying magnitude is flowing in a eireuit. In radio, the prineiples of
inductance are useful in understanding the action of inductance coils, or
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choke coils as they are gencrally called, and of the various types of trans-
Jormers used.

Characteristics of Inductance. Three of the characteristics of induet-
ance that are important to the study of radio are: (1) inductance opposes
any change in the amount of current flowing in its circutt; (2) the changing
eurrent in an inductance coil will eausc a voltage to be induced in that
eoil in the case of self-inductance or in an adjacent coil or conductor in
the case of mutual inductance; (3) encrgy may be transferred from one
circuit to another, .

Unit of Inductance. The unit of inductance is the henry and its
symbol is L. A circuit is said to have an inductance of one henry when
a current changing at the rate of one ampere per second induces an emf
of one volt. Low values of inductance are expressed in millihenries
(1072 henries) or microhenries (10~% henries). These subunits are gen-
erally abbreviated and appear as mh and ph respectively.  Additional
information on subunits and the use of exponents is given in Appendixes
I1T and IV.

Inductance may be expressed in terms of flux linkages and current as

__¢ .
L = 1057 (2-2)

where L = inductanee, henries
¢ = flux linkages, maxwells
I = current, amperes
10% is a constant and is necessary in order fo express the
equation in our practical units of volts, amperes, ete.

Energy must be provided by the source of power in order to establish
the magnetic ficld. This energy may be stored in the field as potential
cnergy or, as in a-¢ circuits, may be returned Lo the circuit.  The amount
of energy stored by the magnetic field is dependent upon the current and
the inductance as expressed by

LI

H 9

(2-3)
where W = cnergy of the field, watt-seconds (or joules)
L = inductance, henries
I = current, amperes
Self-inductance. Self-inductance is the property of a single cireuit
that opposes any change in the amount of current in that circuit. The
unit of self-inductance is the henry and a circuit is said to have a self-
inductance of one henry when a current changing at the rate of one
ampere per sccond induces an average emf of one volt.
The induced voltage in an inductor is proportional to the number of
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turns and the rate at which the flux (and current) is changing; this is
expressed by the equation
N¢

E&va = t—lm (2—4)

I

where E,..

N
¢

average induced emf, volts

number of turns

total change in the number of lines of flux linking the turns
N, maxwells (one maxwell = one magnetic line of force)

¢t = time required to produce the change, seconds

Example 2-3. A flux of 1,800,000 lines links a coil having 300 turns. The flux in
the coil decrcases from maximum value to zero in 0.18 sccond. (a) What is the value
of the induced voltage? (b) What is the inductance of the coil if 4 current of 1 amp
is required to reduce the flux of 1,800,000 lines? (c¢) How much energy is stored in
the magnetic field? (d) If upon dpening the eircuit the current decreases to zero in
0.18 second, what is the average value of the power expended by the magnetic field
during this time?

Given: Find:
N = 300 turns (@) Fove = 1
¢ = 1,800,000 lines b)) L=27?
t = 0.18 sccond (c) W =2
I =1amp d P=2
Solution:

No¢ _ 300 X 1,800,000

@ Boe = 3108 = 7918 108~ 90 volts
) L= %?} ~300X1 ii.)gl’xﬁ)(l)’()@ = 5.4 henries
2 =
(c) W= Iizl— _ 54 le x1_ 2.7 watt-seconds
_ watt-seconds 2.7
(d) P = m—— = 61_8 = 15 watts

Although inductance is gencrally associated with coils, practically all
circuits have some inductance. When a coil is used expressly for its
property of inductance, it is called an inductor. The self-induetance of a
coil depends upon its physieal characteristics, that is, its dimensions,
number of turns, and the magnetic qualities of its core.  One of the three
following equations will provide a means of ealeulating the self-inductance
of air-core coils. Figure 2-7 shows three classifications of coil shapes for
which the three equations are used. The coil shown in Fig. 2-7a is called
a multtlayer coil, and its inductance may be found by use of the equation

0.802N?®

L:6a+gb+10c

(2-5)
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Figure 2-7b shows a flat or pancake coil whose inductance may be cal-
culated by the equation
(121\72 "
L=grm (2-50)
Figure 2-7¢ shows a form of solenotd in which the length does not exceed
the diameter by any great amount.

<& "T — The inductance of such a coil may
T j rg ¢ S be found by the equation
a a X+ alN?
! ' o L= — (2-5b)
CN a0l I R Ya + 10b

. OO where I, = inductance of the coil,
% E microhenries
Tce) b) (c) N = number of turns

F16. 2-7.—Types of inductance coils. (a) @, br c= dlmensu)ns, inches
Multilayer, (b) flat or pancake, (c) solenoid. (Fig' 2_7)

Ezxample 2-1.  What is the induectance of a multilayer coil that has 1209 turns and
whose dimensions are ¢ = 14, b = §, and ¢ = 1} inches?

Given: KFind:
N = 1200 turns L=27
a = 1.51n.
b = 0.75in.
¢ = 15 in,
Solution:
0.8n2¥2 0.8 X 1.52 X 12002

) = - - = G
6a + 9 4+ 10c 6 X15+0x075+10x15 84,292 sh

The above cquations will give reasonably accurate results for coils
without iron cores as may be found in radio-frequency circuits.

Mutual Inductance. When two windings are placed so that a change
of current in one will cause its ehanging magnetie field to cut the turns of
the other, an induced emf will be set up in the sccond coil. The two
circuits are then said to possess mutual inductance.

Unit of Mutuol Inductance. Two circuits have a mutual inductance
of one henry when a current in one ecircuit, changing at the rate of one
ampere per sccond, induces an average emf of one volt in the second
eireuit. :

Primary and Secondary. The winding that receives the energy from
the power source is called the primary and the winding that delivers the
encrgy to the load is called the secondary. Kach winding has a seli-
inductance of its own that may be caleulated by Egs. (2-5), (2-5a), or
(2-6b). The scli-inductance of the primary is designated as Ly and that
of the secondary as Ls.
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Coeffictent of Coupling. When two circuits are arranged so that
energy from one circuit may be transferred to the other, the circuits are
sald to be coupled. Mutual inductance is an example of coupled circuits.

In the case of mutual inductance, if all the magnetic lines set up by
the current in the first circuit cut all the turns of the second circuit, the
circuits would be coupled perfectly. Tf only hall of the lines set up in
the first eircuit cut the turns of the second circuit, the coupling is only
50 per cent. The per cent of coupling is usually referred to as the
coefficient of coupling and designated by the letter K. It is expressed
mathematically by the equation

M

VLI, &0

where A = the coefficient of coupling (expressed as a decimal)
A = the mutual inductance of the two circuits
L, = the self-inductance of the first coil
L = the self-inductance of the second coil

Ezample 2-5. What is the coefficient of coupling of two coils whose mutual induct-
ance is 1.0 henry and whose self-inductances are 1.2 and 2.0 henries?

Given: Find:
Af = 1.0 henry K =71
L, = 1.2 henries
L, = 2.0 henries

Solution:
. M 1.0

K = == —0.645
ViIsL: 12 X20

The coefficient of coupling depends upon the construction of the coils
and also largely upon whether the coils are wound on an iron core or on
an air core. The highest possible value is one and the lowest is zero.
Iron-core transformers often achieve the high value of 0.98, which is
cousidered excellent. The coefficient of coupling for air-core transformers
used in radio circuits is very low and will vary considerably, depending
upon the design of the coils and the frequency of the circuits in which
they are used. In radio circuits a low value of coefficient of coupling is
often desired, as it aids sharpness of tuning.

Caleulation of Voltage Induced in the Secondary. The voltage induced
in the second circuit by a change of current in the first may be expressed
by the equation

. N:K¢

Yave-2 = 7W

(2-7)
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where E,,... = average induced emf in the second circuit, volts
N3 = number of turns on the eoil in the second circuit
¢ = total change in the number of lines linking the turns ¥,
maxwells

Ezxzample 2-6. Two coils, the first baving 200 turns and the second 350 turns, are
placed so that only 40 per cent of the lines set up by coil 1 link coil 2. Tf 600,000 lines
are set up when 3 amperes flow through coil 1, what voltage will be indueed in coil 2 if
the current decreases from 3 amperes to zero in 0.10 second?

Given: Find:
Na = 350 turns Bavez =1
K = 0.0
¢ = 600,000 lines
t = 0.10 sec

Solution:
NeRg 350 X 040 X (i(](),()()_() B :
005 = oo dos - - A0 volts

v
I'Jave-‘.! =

2-4. Inductive Reactance and Angle of Lag. Inductance is the
property of a circuit that opposes any change in the amount of current
flowing in the circuit. As the current in an a-¢ eircuit is continunally
changing in amount, it follows that the elfect of inductance must be
considered in alternating-current circuits. The effects of inductance
upon the current flowing in an a-¢ cireuit are twofold; namely, (1) that
it scts up an opposition to the flow of current, and (2) that it causes a
delay or lag in the current.

Inductive Reactance. A current flowing through a wirc always sets up
a magnetic field about the wire. If the enrrent varies in strength the
magnetic field toowill varyinstrength. When an alternating current flows
through a coil, the resulting varying magnetic field about each turn will
induce a voltage in its adjacent turns. This induced voltage opposes
the change in amount of current and results in a lower current than if
inductance were not present. Inductance therefore introduces an opposi-
tion to the flow of alternating current. This opposition is ealled induc-
tive reactance and is expressed in ohms; its symbol is X;.  The value of
the inductive reactance is affected by two factors, (1) the inductance of
the circuit, and (2) the rate or speed at which the current is changing,
which is proportional to the frequeney. The effects of these two factors
upon the inductive reactance are shown by the equation

X, = 24/L (2-8)
where X, = inductive reactance, ohms
7= = constant, 3.14

J = frequency, cycles per second
I, = inductance, henries
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If a circuit were assumed to consist of inductance only, the amount of
current flowing in such a circuit would be
By

I[,——XL

(2-9)

where I, = current flowing in the inductor, amperes
E. = voltage across the inductor, volts
X1 = reactance of the inductor, ohms

In actual practice it is impossible to have a circuit containing induct-
ance only because the wire of which the inductor is wound has some
resistance. However, the resistance is usually so small compared with
the inductive reactance that it is ignored and the cireuit is assumed to
contain inductance only.

If the resistance of an inductor is to be considered, its ohmic effect
must be combined with the inductive reactance. The combined ohmie
effect is called the ‘mpedance and is represented by the symbol Z;.
Mathematiecally it is equal to

Zy=VR2EF X2 (2-10)

where Z,; = impedance of the inductor, ochms
Ri = resistance of the inductor, ohms
X1 = reactance of the inductor, ohms
When both the resistance and inductive reactance of an inductor are
taken into consideration, the current flowing in the inductor will be

Ei

IL::ZL

(2-11)

Ezample 2-7. 'The choke coil of a filter circuit has an inductance of 30 henries and
a resistance of 400 ohms. TFind: (@) the inductive reactance at 60 cycles; (b) the
impedance at 60 cycles; (¢) the current when the voltage across the coil is 250 volts at
60 cyeles.

Given: R Find:
L = 30 henries Xn="7?
R, = 400 ohms Zy ="?
f = 60 cycles Ip=2?
Er = 250 volts

Solution:

(@ Xi=2nfL =2 % 3.14 X 60 X 30 = 11,304 ohms
() Z1 =R+ X2 = /4007 F 11,304 = 11,311 ohms

(C) I = Z—L = 1T,3ﬁ = 0.0221 amp = 22.1 ma

The results of the above example show that the impedance and the
inductive reactance are practically equal and that the current will be



38 ESSENTIALS OF RADIO [ArT. 2-4

practicalty the same whether the resistance is considered or neglected.
This is alsvays the case when the inductive reactance is five or more times
as great as the resistance.

Angle of Lag. When an a-¢ circuit contains inductance only, the
changes in current take place 90 electrical degrees later than the changes
in the voliage. This is more commonly expressed as, the current lags

E=110volts
olfs Xr=
22n

7S -
(a) (6)
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F1a. 2-8.—Methods of illustrating the lagging current caused by inductance. (a) The
circuit, () vector diagram, (¢) sine-wave diagram.

the voltage by 90 degrees. This effect may be shown by the sine-wave
diagram of Fig. 2-8¢ or by the vector diagram of Fig. 2-8b.

If the resistance of the inductor is to be considercd, the angle of lag
will decrease as the resistance increases. The angle of lag can be deter-
mined by the equations

cos 8z = IZL;“ (2-12)
Ry

co8 8, = ———— 2-12a)
Y VREF X2 (
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wherc 8, = angle of lag, degrees
cos 8, = cosine of the angle 8, from table of cosines, Appendix XII

Ezample 2-8. By what angle does the eurrent lag the voltage in the coil of Exam-
ple 2-77

Given: Find:
Ry = 400 ohms 0p = ?
Z, = 11,311 ohms
Solution:
cos 6 = 22 o 00 _ 4 353

Z:r = 11,311
61, = 88° (from Appendix XII)

2-5. Inductors Connected in Series or Parallel. When two or more
mductors are connected in series and placed so that no coupling exists
between them, the inductande of the eircuit will be

Le=Li+ L+ L - - - (2-13)

When two or more inductors are connected in parallel and placed so
that no ecoupling exists between them, the inductance of the cireuit will be

~ 1
L 1 1
LTLTL

2

LT = (2—14)

When two coils are connected in series and coupling exists between
them, the inductance of the circuit will be

Ly =Ly 4+ 1o + 2K /L1, (2-15)

where Ly = inductance of the cireuit
Nore: + 2K /L,L»; use + when the magnetic fields of the two coils
are aiding and — when the ficlds are opposing.

Ezample 2-9. Two coils, each with an inductance of 4 henrics are arranged so
that they may be connected in the various ways shownin Fig. 2-9.  What is the induct-
ance of the circuit when the two coils are connected in series so that they are: (a) aid-
ing and the coupling is 100 per cent; (b) opposing and the coupling is 100 per cent;
(c) in a position that produces zero coupling; (d) aiding and the coupling is 50 per cent?

Given: Find:

L, = 4 henries Ly =17

Ly = 4 henries
Solutions:
(@) Lr =L, 4 L. & 2K'\/L1L2 =444+ 2X1 \/4 X 4) = 16 henries
(0) Ly =L+ Ls + 2K V/LiLy = 4 + 4 — (2 X 1 V/4 X 4) = 0 henries
(€ Lr =1L+ L 2K VIl =4 +4 & (2 X 0V4 X 4) = 8 henries
(d) Lr =L, + Ly + 2K VTale =4 + 4 + (2 X 0.5 V4 X 4) = 12 henries
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2-6. Neutralizing Inductance. When it is desired that a coil of wire
have the lowest amount of indictance that is possible, the coil is wound
s0 that ecach turn of wire with a current flowing in one dircction has its
inductive effect neutralized by a turn with its cwrrent flowing in the
ppposite direction. The coil is then said to be noninductively wound.

If a coil requires only a few turns it may he noninductively wound by
first looping the wire as shown in Figure 2-10¢ and winding the loop

— — — ~—

Il

C - -]

(a)-Coils aiding

(b)-Coils apposing

(¢)-Variable coupling
Fia. 2-9.—Two coupled inductors connected in series.

around the core. The completed coil will be as shown in Fig. 2-10b.
When the coil requires a large number of turns, it would be difficult to
loop the wire first. In this case the coil is usually wound in two sections,
each having two leads. When completed, the two winding sections are
connected in series in such a manner that the currents in each section set
up magnetic fields of opposite directions, which will neutralize one
another.

The wires used to connect various parts of a receiver sometimes
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cause unwanted inductance. "This is usually true of filament or heater
circuits in a-c-operated sets, especially if the wires are spaced some
distance apart and are parallel to one another. The inductive effect
may be reduced to a negligible amount. by twisting the wires as shown in
Fig. 2-11a, or even by running the wires parallel to each other but right
alongside one another as shown in Fig. 2-11b.

2-7. Chokes. Inductance coils used in
the filter circuits of radio power-supply sys-
tems and in the audi()—frcqucucy,\and radio-
frequency civeuits are commonly referred to
as chokes.

Power-supply Chokes. These chokes are
used to aid in converting the pulsating-current
output of a rectifier into the direct current
that is needed for radio-tube circuits. As
the rectifier pulsating currents are usually in
the order of 60 or 120 pulsations per second,
high values of 111d}lctance are regulred. In Fro. 230~ Noninduetive
order to obtain high values of inductance, winding. (a) A loop of wire,
the coils have a large number of turns and (8) a noninductively wound
are wound on iron cores. Common values coll
of these chokes range from 5 to 30 henries.

Audio-frequency Chokes. These chokes arc used in some types of
amplifier circuits to keep out (or to filter) certain parts of the current
from the amplifier to improve its operation. This type of coil has a
high value of inductance, generally in the order of 100 henries. Audio

Current

ST
ar
YCurrert (e}
- Current
=~ :
“Currernt &)

Fie. 2-11.—Noninductive wiring. (a) Wires twisted to reduce the inductance, (b) wires
placed parallel to one another to reduce the inductance.

chokes offer a high impedance to the a-f currents and a low resistance to
the direct current, thereby choking off the a-f currents and causing them
to take another path, but permitting the direct current to flow through
freely. In order to obtain high values of inductance, the coils have a
large number of turns and are wound on iron cores.
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F16. 2-12.—Typical power chokes and a-f transformers. (Courtcsy of Thordarson Electric
Muanufacturing Diviston, Maguire Industries, Inc.)

Fic. 2-13.—R-f chokes., (Courtesy of Hammarlund Manufacturing Compeny, Inc.)
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Radio-frequency Chokes. 'These coils are used in r-f circuits to provide
a high impedance to the r-f currcnts and a low resistance to direct current.
Because they operate on high frequencies, a high impedance can be
obtained with relatively low values of inductance as compared with a-f
chokes and power-supply chokes. Commonly used r-f chokes range
from 2.5 to 125 millihenries.

Many of the r-f coils are wound on nonmagnetic cores and ave referred
to as air-core coils. Another type of r-f coll is wound on a specially
prepared magnetic core consisting of finely powdered iron particles held

7

fex)-Universal vl lury

(d )-Spiderweb

o%;é;é;@;@;@.@%
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(e)-Bonk
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T
=
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T — 1
T RN

(f)-Figure -8 (g)-Binocular

Fre. 2-14.—Various methods of winding high-frequency coils.

together with a magnetic insulating binding substance. Because of this
special type of iron core, the desired value of inductance can be obtained
with a smaller number of turns, resulting in a-lower resistance, a smaller
coil, and a higher value of Q. This value @ is the ratio of inductive
reactance to resistance (see Art. 2-23).

Another construction featurc of r-f coils is that special methods are
used in winding the coils in order to reduce the distributed capacitance
(see Art. 2-15) of the coll. Among the methods used are the universal,
honeycomb, lattice, spider-web, bank, figure-of-eight and the binocular
types of windings shown in Fig, 2-14.

2-8. Transformers. When two or more coils are arranged so that
energy may be transferred from one circuit to another, the combination
1s generally referred to as a fransformer.
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Power-supply Transformers. These transformers are used to supply
voltages, both above and below the value of the line voltage, to the vari-
ous circuits in radio apparatus. Power transformers can be used only
on a-c-operated units and therefore cannot be used with battery-operated
portable radios or with a-c¢/d-¢ reccivers. These transformers have two
or more windings wound on a laminated iron core. The number of wind-
ings and the turns per winding depend upon the voltages that the trans-
former is to supply. As the coeflicient of coupling is generally 0.95 or

Fia. 2-15,—Cutaway views of two types of radio power transformers. (Courtesy of Stand-
ard Transformer Corporation.)

more, the voltages of its windings will vary practically directly with the
number of turns, or

B _ o2 (2-16)
Es Ns
where I/p = primary voltage

Es = secondury voltage

Np = turns, primary winding

N5 = turns, secondary winding

Figure 2-15 illustrates typical power transformers. Figure 2-16 is a
schematic diagram of a transformer’s windings.

Ezample 2-10. A radio power transformer is to supply a receiver with veltages
of 2.5, 6.3, and 750 volts center tapped as shown in Fig. 2-16. The primary line volt-
age is 115 volts and the primary winding has 184 turns. TFind: (¢) the number of
turns on section cd; (b) the number of turns on section ef; (¢) the number of turns on
section gh and ki; (d) the number of turns on section gi.
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Given: Find:
Ep = 115 volts (a) Neg =1
E.4 = 2.5 volts ) Ngy=171
E.; = 6.3 volts (¢) Nony Npi = 7
Fyi = 750 volts (d) Ny =7
Np = 184 turns
T o C
E 25voits
L od
T o €
E 63volts
ao ¢ of
9
1i5valts !
1
375 volts ;'
b o— !
L—<hr 730volts
!
J75volts E
! i
: i
t Y of
Fia, 2-16.
Solution:
_ Es 2.5 _
((L) NS—NPE—P-—ISA:XE[IS—{UII'HS
nr _ ar Es _ 6.3 _
(b) Ng = A_P-E; = 184 X 115 = 10 turns
Eg 375
Ng = N =181 % 22 _ ¢ ;
(¢) Ns =Np yops 181 X 175 600 turns
_ Es 750 _ .,
(d Ns= NP'EP =184 X 15 = 1200 turns

Audio-frequency Transformers. These transformers, Fig. 2-12, are
used in a-f circuits as coupling devices and operate at frequencies ranging
between 100 and 5000 cycles, They consist of a primary and secondary
winding wound on a laminated iron or steel core. DBecause of the higher
frequencies, special grades of steel such as silicon steel or several kinds of
alloys that have very low losses should:-be used. These transformers
usually have a greater number of turns on the secondary winding, com-
mon ratios being between 2 to 1 and 4 to 1. However, the impedance of
the primary and secondary windings is of perhaps cven greater impor-
tance than the ratio of turns, as the transformer selected should have its
impedance match those of the cireuits to which they are conneeted.
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Impedanee matching is described fully in the chapters on vacuum-tube
amplifier circuits.

Radio-frequency Transformers. These transformers are used to couple
one stage of r-f amplification to the next stage. 'T'he windings are usually
of the universal type and may be wound on either an air core or on the
speeial powdered-iron core.  Often they are wound with a speeial type of
wire called itz wire and the windings are given special treatment to help
them withstand varying temperature and humidity. 7These trans-
formers have a low number of turns, and the primary is of a lower number
than the secondary. The r-f transformers operate at the frequency
range of the receiver, such as the broadeast band 530 to 1550 ke, short

Fic. 2-17.—Typical r-f transformers. (Courtesy of Meissner Manufacturing Division,
Maguire Industries, Inc.)

wave 5.8 to 19 mec, cte. When a receiver is to operate on several fre-
quency ranges, a group of coils may be mounted in a single container, or
several separate coils of the plug-in type may be used.

Intermediate-frequency transformers are r-f transformers designed
for aperation at a definite frequency. Standard i-f transformers can be
obtained for frequencies of 175,262, 370, 456, and 1500 ke.  Of these the
175 and the 456 ke are the most commonly used.

2-9, Special Considerations of High-frequency Coils. Shielding.
High-frequency circuits, such as the r-f and i-f circuits using the chokes
and transformers just deseribed, often have undesired coupling between
adjacent circuits owing to their electrostatic and magnetic fields. High-
frequency coils are generally enclosed in a metal shicld, Fig. 2-17, in order
to reduce the coupling effcet caused by the electrostatic and magnetic
fields. When any stray electrostatic lines of force reach the metallic
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shield they are short-circuited by the conducting material of the shield
and are then grounded. When a magnetic ficld passes through such a
shield an emf is induced in it, and, as the shield forms a closed cireuit, a
current will flow in the shield. This current will set up its own magnetic
field, which, according to Lenz’s Jaw, will oppose the original magnetic
field and tend to keep it from spreading beyond the shield.

Shiclds should be carcfully designed as to size because the currents
set up in them act as a loss that must be subtracted from the power in
the coil circuit. 'This has a tendency to increase the resistance and also
to reduce the inductance. Both of these effects result in a lower @ and
hence reduce the effectiveness of the coil. "The shield should be of a
heavy material that is a good conductor, such as copper, brass, or alumi-
num, and should be large enough so that it is not too close to the coil.
Copper shields are scldom used because of
the corroding effect that air has on copper.
Aluminum is uscd extensively because of
its mechanical strength, low cost, and good
conductivity.

Alternating-current Resistance of Cotls.
When coils are used in high-frequency cir- Fio. 9-18—Distribution of
cuits, the resistance to the high-frequency the electrons over the area of a
currents is much greater than the d-c resist-  ¢onductor, camying a current.

) (a) For direct current and low-
ance of the coils. frequency alternating current,

Skin effect, which is one cause for this ® for high-frequency currents.
increased resistance, is explained in the following manner. With direct
current, the clectrons constituting the current flow arc distributed evenly
throughout the entire cross-scction area of the conductor, as shown in
Fig. 2-18¢, while with high-frequency current the clectrons are concen-
trated near the surface of the wire and practically no electrons flow at the
center of the wire, as is shown in Fig. 2-185. This reduces the effective
area of the conductor and thereby increases its effective resistance.

Anather cause of the increased effective resistance at high frequencies
is the eddy currents that are set up by voltages induced in the conductor.
These voltages are induced by the concentric magnetic fields of varying
strength that are set up around the conductor. These eddy currents do
no useful work but they cause additional heating of the conductor and
are considered as a loss. Therefore, eddy currents produce the same
effect as an increase in resistance.

At high frequency, it is common practice to combine all the resistance
effects, that is, the d-¢ or ohmic resistance, the skin effect, and the eddy-
current effect, into a single value called the a-¢ resistance of the coil.
This a-c¢ resistance of a coil inereases as the frequency at which the coil is

~Electrons .

(a) b}
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operated is inereased. The skin effeet, and hence the a-c¢ resistance,
inereases at a greater rate for large conductors than for small ones. In
order to reduce the value of the a-c resistance, a special type of conductor
called lifz wire is made by weaving a large number of small insulated
wires to form the conductor. As the individnal wires are insulated, they
aet as separale conductors and will result in a fairly uniform distribution
of current at broadeast and even at short-wave frequencies but are not
highly effective for ultrahigh frequencies. Another method used to
reduce the value of the a-c resistance is to use hollow conductors or thin,
flat, strip conductors. ‘The litz wire is used mostly {or receivers, while
the hollow conductor is used mostly for transmitters,

Distributed Capacitance. The distributed capacitance effect s
deseribed in Art. 2-15, and its effect is minimized by special methods of
winding the coils, as has been explained in Art. 2-7.

Color Codes. 'The leads of transformers are generally marked in
accordance with the RMA color code as shown in Appendix X.

2-10. Capacitors. Capacitance is present in practically all a-c
circuits; in some instances it is desired, while in others it isnot. In many
radio circuits it is desired, and in such eases a speclal device called a
capacitor is used to obtlain the amount of capacilance desired. The
capacitor is also known as a condenser, but even though the name conden-
ser is used considerably, capacitor is the better name and is rapidly
bhecoming the more popular.

Characteristics of Capacitance. Two of the characteristics of capaci-
tance that are important to the study of radio are: (1) capacitance
oppouses any change in the amount of voltage of its circuit; (2) when a
voltage is applied to a capacitor, a quantity of electricity is stored in
the capacitor, which may later be discharged.

A Simple Capacitor. A capacitor is formed when two conductors are
placed close to one another but separated by an insulator. The conduc-
tors are generally made of thin plates in order to obtain sufficient area,
and the tnsulator, also called the dielectric, is a thin piece of insulating
material.

This device is capable of storing an electrical charge when a difference
of potential is applied to its terminals. The amount of charge stored in
the eapacitor is a measure of its capacitance and is expressed by

_ @ -
C = F (2‘1{)
When a capacitor is charged, an electrostatic field will exist about its

conductors. The energy in a capacitor is stored in this electrostatic
field; the amount of energy stored is dependent upon the capacitance
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and the charging potential and is expressed by

_cr

34 5

(2-18)

where C = capacitance, farads
Q = charge in the capacitor, coulombs (ampere-scconds)
Il = charging potential, volts
W = energy of the electrostatic field, watt-seconds (joules)

Unit of Capacitance. Capacitance is the property of a circuit that
opposes any change in the amount of voltage. The unit of capacitance is
the farad and a circuit is said to have a capacitance of one farad when a
voltage changing at the rate of one volt per second causes an average
current of one ampere to floy. The farad, however, is too large a unit
for practical purposes and the microfarad (10~% farad) and micro-micro-
farad {10~% farad) are commonly used. These subunils are generally
abbreviated and appear as pf and uuf respectively.

Faciors Affecting the Capacitance. 'The capacitance depends upon the
arca of the plates, the kind of material used as the dielectric, and the
thickness of the dielectric. Their relation to the capacitance is expressed
by the equation

_ 2245KAN — 1)

¢ 108

(2-19)

where € = capacitance, microfarads
K = dielectric constant (see Appendix VII)
A = area of one plate, square inches
{ = thickness of the dielectric, inches
N = number of plates

Ezample 2-11, A capacitor is made up of 103 plates of lead foil, each 2 inches
square, and separated by layers of mica 0.01 inch thick. (a¢) What is its capacitance?
(b) What charge is produced in the capacitor when it is connected across a 300-volt d-c
source of power? (c¢) If the charging current could be maintained at 5 ma, how
long would it take to charge the capacitor? (d) How much energy is stored in the
capacitor?

Given: Find:
K =55 (@@ C=7
A = 2 X 2 square inches ®) Q=1
N = 103 plates (¢) Time = ?
t = 0.01 inch (@) W=7

E = 300 volts
I = 5ma
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Solution:
_2245KA(N — 1) _ 2245 X 55 X2 X 2 X 102 _
@ C= To°t = 05 % 0.01 = 0.050 uf
(B) Q = CE = 0.050 X 107% X 300 = 0.000015 coulomb (amp-sec)
.- _ E{HWJ{“"-S“C‘EE _ 0.000015 -
(¢) Time = P— = ~5.005 0.003 sccond
g 5 -6
dy W = ('2]’— = 0050 X 10 2X 300 < 300 _ 0.00225 watt-second

2-11. Capacitive Reactance and Angle cf Lead. When a voltage is
applied to the plates ol a capacitor, a current will flow momentarily and
causc the plates to become charged, one negative and the other positive,
The negative plate will have an excess of electrons, and if a higher voltage
of the same polarity is applied to the eapacitor, the effect will be to tend
to increase the number of cleetrons on that plate. Since the plate
already has an excess of electrons, its action will tend to oppose the
increase. This corresponds with the definition that capacitance opposes
any change in the amount of voltage. However, if the increased voltage
is maintained, it will in a short time cause additional electrons to be
transferred from one plate to the other. From this it can be seen that
capacitance offers an opposition to the flow of current and also delays
the change in voltage.

Capacitive Reactance. The opposition to the flow of alternating cur-
rent offered by a capacitor is called capacitive reactance. It is expressed
in ohms and its symbol is X¢.  The value of the capacilive reactance is
affected by two factors, (1) the capacitance of the circuit and (2) the rate
or speed at which the voltage is changing, which is proportional to the
frequency. The cffect of these two factors upon the capacitive reactance
is shown by the equation

. 108
Xe = 51 (2-20)
-, _ 159,000
or Xe= 50 (2-20a)

where X¢ = capacitive reactance, ohms
f = frequency, cycles per second
C' = capacitance, microfarads
If an a-c circuit were assumed to consist of capacitance only, the
amount of current flowing in such a eirecuit would be
Ic = & (2-21)
Xe¢
where I¢ = current in the capacitor circuit, amperes
E; = voltage across the ecapacitor, volts
X¢ = reactance of the capacitor, ohms
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In actual practice, capacitors always have some resistance which, in
most eases, is so small compared to the capacitive reactance that it is
ignored. However, if the resistance of the capacitor is to be considered,

O

dI=5amp
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Fig. 2-19.—Methods of illustrating the leading eurrent caused by capacitance. (o) The
cireuit, (&) vector diagram, {¢) sine-wave diagram.
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its ohmic effect must be combined with the capacitive reactance; the
combined effect is called the smpedance. Mathematieally, it is equal to

Ze=AR2+ X2 (2-22)

where Z¢ = impedance of the capacitor, ohms

R¢ = equivalent series resistance of the eapacitor, ohms

Xe¢ = reactance of the capacitor, ohms

Angle of Lead. When an a-c circuit contains capacitance only, the

voltage lags the current by 90 electrical degrees. This may also be
stated as, the current leads the voltage by 90 electrical degrees. This
effect may be shown by the sine-wave diagram of Fig. 2-19¢ or by the
veetor diagram of Fig. 2-195.
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If the resistance of the circuit is to be considered, the angle of lead
will decrease as the resistance inereases.  The angle of lead can be deter-

mined by the equation

cos Bc = ﬁ (2-23)

76
e
NIEERE

or cos 80 = (2-23¢)

where 0c = angle of lead, degrees
cos 8¢ = cosine of the angle 8, from table of cosines Appendix XI1
Ezxample 2-12. What is the reactance, impedance, current, and phase angle of
a 10-uf capacitor when connected to a 110-volt, 60-cycle line? Note that the capaci-

tor is not a perfect one and that its resistance has the same effect as a 10-ohm resistor
connected in series with the capacitor.

Given: Find:
C =10 uf Xe =7
Fe¢ = 110 volts Zo =1
f = 60 cycles le =17
Re = 10 ohms fo = ?
Solution:
44 a
Xe = 1‘)‘;&9 LU 6——1()(3{;0(1]8 = 265 ohms
Ze = VR F Xe® = V10 F 265 = 265.2 ohums
Ie = {25 = 5%:5—02 = 0414 ammp
Re 10

cos O = Z_(:’ = m = (0.0377

f¢ = S8° (from Appendix XII)
2-12. Capacitors Connected in Series or Parallel. When two or more
capacitors are connected in series, the capacitunce of the circuit will be

Cr= ot (2-24)

1 1 1
atota

This equation is often used in a simplified form for circuits containing
only two capacitors connected in series, as

_ GG
Cr=tr¥ e (2-24a)
_ 0701 K
G- (2-240)

When two or more capacitors arc connected in parallel, the capaci-
tance of the circuit will be

CT=C1+Cg+C3--. (2—25)



Axrr. 2-13] CIRCUIT ANALYSIS 53

Ezxample 2-13. It is desired to increase the capacitance of a eircuit containing
one 10-uf eapaecitor so that the circuit will have a ecapacitance of 15 pf.  Thisis to be
done by adding a capacitor to the eircuit. (a) Should the added capacitor be con-
nected in series or in parallel with the original eapacitor? (b) What value should the
added capacitor have? (c) If the capacitor had been connected in series instead of
parallel or vice versa what would be the capacitance of the eireuit? (4) What kind
of cireunit would be required if the desired eapacitance were 8 uf?  (¢) What value of
eapacitor would have to be added to obtain the eapacitance desired in part {(d)?

Given; Find:

Cp =10 uf (a) Connection = ?
®) Cr =15 pf ) Cy=7?
(&) Cp =8 uf () Cr =7

(d) Connection = 7
(e) Ce =7

Solution:

(a) Parallel

® Cps=Cr~C; =15
€ Cr= 2% =10 20 =333,
(d) Serics

© €= S _8x10

C,=Cr 10-8

2-13. Commercial Capacitors. Classification of Capacitors. Capaci-
tors are manufactured in various forms and may be divided into two
fundamental classes, namely, fired capacitors and wvariable capacitors.
The fixed capacitors may be further classified as to the type of material
used for the dielectric, such as mica, paper, oil, and clectrolytes.

Mica Capacitors. Mica capacitors are made by stacking a number of
thin tin-foil (or aluminum-foil) plates and sheets of mica in alternaie
layers. As mica can be split into thin sheets, it is an excellent material
for use as the diclectric. Mica capacitors have low losses and will with-
stand higher voltages than paper capacitors. Commonly used sizes
range from 0.00005 to 0.02 microfarad and are usually enclosed in a
molded Bakelite container to keep out moisture. Their capacitance and
voltage rating are generally indicated on the capacitor by the RMA color
code (Appendix IX).

Paper-dielectric Capacitors. Paper-dielectric capacitors are usually
made with tin-foil conductors or plates and some form of specially treated
paper for the dieleetric. The tin foil and paper are cut in long narrow
strips and are then rolled together to form a more compact unit. Aseven
high-quality paper may contain tiny holes, it is common practice to use
several layers of thin paper as the dielectric. The leads of this type of
capacitor are usually soldered in such a manner that cach turn of a con-
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duetor (plate) is connected to its lead in order to reduce the inductive
effect of the various turns.

Paper capacitors arc used extensively in radio work because they are
smaller and less expensive than mica capaeitors; however, they have
higher losses than mica capacitors. Commonly used sizes range from
0.0002 to several mierofarads and they are generally placed in a metal or
eardboard container and sealed with wax or pitch to keep out moisture.

D{'e/ecfr/'c

lnsu/m‘or\A L

\-Conductor

{77 3
_l
/// _-dnsutator
%

L Z

(b)
F1a. 2-20.—Typical construction of capacitors. (a) Mica-dicleciric capacitors, (b) paper-
dieleetric capacitors.

Corduc 7‘0(_A

Oil-dielectric Capacilors. In radio transmitter eireuits it is not
unusual to have voltages above 600 volts, and under sueh conditions
paper eapacitors will not have a very long hfe. In such cases, speeial
capacitors are used, with oil or cil-impregnated paper as the dieleetrie.
These capacitors are more expensive and are used mostly in transmitters.

Eleclrolytic Capacitors. An electrolytic eapacitor consists of two
metallic plates separated by an electrolyte. ¥From the description of the
action and construction of eapaeitors, it might seem that the purpose of
the electrolyte 1s to act as the dielectric or insulator. This supposition
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®)
Fig, 2-21.—Commercial types of capacitors. (a) Mica-dielectrie, (b) paper-dielectric.
(Courtesy of Solar Manufacturing Corporation.)
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is inaceurate in that the clectrolyte is not the actual dielectric material but
is the negative elecirode. The dieleciric consists of an extremely thin
oxtde fibn that is formed on the surface of the positive plate of the capaci-
tor. This is due to the peculiar characteristic of aluminum and a few
other metals that causes a noneonducting film to be formed on their
surfaces when they are immersed in eertain electrolytic solutions and a
eurrent is passed through the metal and the electrolyte.

Electrolylie eapacitors have the advantage of being small in size and
low in eost and of possessing certain self-healing qualities. A disadvan-
tage is that most electrolytic eapacitors must be connected to a constant
polarity and hence can be used with direct eurrent or intermittent direct
current (rectified alternating current) only. Electrolytic capacitors may
be of either the wet or dry type and are commonly used in sizes ranging
from 1 to 50 microfarads.

Wet lectrolytic Capacitors. The clectrolyte used in wet eleetrolytie
eapacitors is always in liquid form, and the container must therefore be
made leakproof. In most wet-type capacitors, the container also serves
as the negative electrode, since it makes direct contact with the elec-
trolyte. The positive eleetrode is generally made of a thin aluminum
sheet arranged in some special manner to obtain a large surface area. .
The electrolytie solution is generally a coneentrate of a borate, phosphate,
citrate, silicate, ete., of sodium or ammonia dissolved in water. Wet
eleetrolytic eapaeitors are generally cylindrieal in shape and should always
be mounted in a vertical position.

Dry Eleetrolylic Capacitors. By using a jellylike clectrolyte, elee-
trolytic eapaeitors ean be constructed in a dry form.  They are considered
dry in the same sense that dry cells are eonsidered dry, that is, because
the electrolyte cannot be spilled or poured [rom its container. Dry
clectrolytic eapaeitors provide high values of capacitance in relatively
small dimensions and are the most ceonomical type for many applica-
tions.  Most of the electrolytie capacitors used in radio are of the dry
type. In general, a dry eleetrolytic capacitor eonsists of a positive foil,
a negative foil, and a separator containing an electrolyte, which are all
wound into a roll and provided with means for eleetrical conneetion,
housing, and mounting,.

The positive foil, usually made of aluminum, is subjeeted to a special
electrochemical forming process, which eompletely covers it with an
extremely thin oxide film. The nature and ihickness of this film will
govern its voliage and capaeitanee per unit arca. "T'he separator is made
of some absorbent material, usually gauze, paper, nonfibrous cellulose,
or various combinations of these. It serves to hold the electrolyte in
position and also keeps the positive and negative foils from making
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physical contact. The electrolyte consists of a chemical solution essen-
tially similar to a dry paste and serves as the negative clectrode. In
addition, it tends to maintain the film on the positive electrode. The
negative foil, generally aluminum, is uvsually unformed and acts merely
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Frg. 2-22.—Cross-section view showing the construction of eleetrolytic capacitors. (a)
Wet electrolytie, (b) dry electrolytic.

as a means of making contaect with the clectrolyie, which is the negative

electrode of the capacitor.

Dry electrolytic capacitors may be housed in cardboard tubes, card-
board eartons, and round or rectangular metal cans. Various types of
mounting features are available, and either soldering lugs, screw termi-
nals, or flexible leads are provided for external connections. As there is
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no danger of the electrolyte leaking out, dry electrolytic capacitors may
be mounted in any position.

Capacitor Blocks. Radio receivers generally require a number of
capacitors and, in order to conserve space and to reduce cost, it has been
found advantageous to build several capacitors in a single container.
The unit is then referred to as a dual, a triple, or a multiple unit, or as
a capactlor block.

Variable Capacitors. In certain parts of a radio circuit it is necessary
to use a capacitor whose capacitance can be varied or adjusted to meet
the needs of the circuit in which it is used. A variable capacitor or an
adjustable capacitor may be used for this purpose.

= BN =
Cartfon type Tubular type

®
Fia. 2-23.—Typical electrolytic capacitors. (a) Wet electrolytie, (b) dry
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A variable capacitor cousists of two sets of plates, a rotating set
called the rofor, and a stationary set called the stator. The capacitor is
so constructed that the rotor plates will move freely in between the
stator plates, thus causing the value of capacitance to be varied. The
capacitance is affeeted by the area of the plates actually in mesh and by
the air space (dielectric) between the plates. The thickness of the plates
has no effect on the capacitance, and the thickness used is determined
largely for the strength and ruggedness of the capacitor.

Ranges of Variable Capacitors. For ordinary broadcast reception,
the capacitors used will range from 250 to 500 uuf (maximum values when
all of the rotor plates are in mesh with the stator). For short-wave
reception, the capacitance is generally 150 puf or less. For high fre-
quencies and ultrahigh frequencies, midget capacitors, whose maximum
values range from 25 to 150, uuf, are used. When a smaller capacitance
is required, microcapacitors are used. Microcapacitors have a maximum
capacitance as low as 5 uuf.

Other Variable Capacitors. MULTIPLE or GANG CAPACITORS are used
when it is desired to vary the capacitance in several circuits by means of
a single dial. They consist of two or more capacitors mounted on a
single shaft.

SPLIT-STATOR CAPACITORS are used when it is necessary that the
capacitance of a circuit be perfectly balanced. The stator of this type
of capacitor is separated into two equal parts, each half being electrically
insulated from the other.

Capacitors with a large number of plates may be constructed with

{©
electrolytic, (¢} dry electrolytic. (Courtesy of P. R. Mallory & Co., Inc.)
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half of the stator and rotor plates mounted 180 degrees mechanically
from the other half in order Lo achieve mechanical balance.
TRANSMITIING CAPACITORS are generally constructed with a larger
air gap becausc the voltage between plates is considerable higher than
that used in receivers.
ADJUSTABLE CAPACITORS eonsist of two plates separated by a mica
sheet and are so constructed that the distance separating the two plates

G, 2-24,—Cominercial types of variable capacitors. (a) Standard-size single broad-
cast capacitor, () midget split-stator capacitor, (¢) midget single capacitor, (d) micro
capacitor, (Courlesy of Hammarlund Manufacturing Company, Inc.)
can be varied by adjusting a small setscrew. They can be obtained with
a minimum eapacitance as low as 0.5 puf and maximum capacitances as
high as 10 upl.

2-14. Operating Characteristics of Capacitors. Losses. The losses
in a capacitor consist of leakage, dielectric, and resistance losses. The
three are usually combined and called the capacitor losses. At low fre-
quencies the effect of the losses are so small that they are usually neg-
lected. At high frequencies the losses are often considered in circuit
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analysis and the ecircuit is then considered as a capacitor and resistor
connected either in series or parallel, depending upon the type of circuit
(Art. 2-25),

Volitage Ratings of Capacitors. Capacitors are rated for the maximum
voltage at which they may be safely operated as well as for their capaci-
tance. The voltage rating is usually specified for two conditions: (1)
the d-c working voltage; (2) the a-¢ working voliage. The d-e working volt-
age rating is 1.414 times as great as the a-¢ working voltage. For
example, a capacitor rated at 450
volts d-¢ will have an a-¢ rating of
318 volts.

Polarized Capacitors. In radio
applications, electrolytic capacitors
are limited to circuits that are po-
larized, although the circuits may
also contain small a-¢ components.
For this reason, most clectrolytic
capacitors are usually polarized, that
is, one terminal is marked positive
and the other negative. Polarized
capacitors should not be subjected to
reversed polarity, as a heavy cur-
rent will pass through the eapacitor
under this condition and may cause
scrious damage to the unit.

Nonpolarized Capacitors. Cer-
tain types of dry electrolytic capaci-
tors are so constructed that they _Fie. 2-25.—Commercial types of
operate equally well on either po- Amrstells copacitors. (Couriesy of Fam-
larity of a d-c line. Ilowever, they
are not designed for alternating currents and therefore should not be
used on a-c circuits. Nonpolarized capacitors are used wherever the sup-
ply voltage may become reversed and remain so indefinitely.

2-15. Distributed Capacitance. Two conductors separated by an
insulator form a capacitor, and, if an alternating current is impressed
across these two conductors, capacitor action will result. Because of
this, any inductance coil will have capacitances between adjacent turns,
capacitances between nonadjacent turns, capacitances between terminal
leads, and capacitances between the ground and each turn. The total
cffect produced by these capacitances can usually be represented by a
single eapacitance of the equivalent value. This is generally ealled the
distributed capacitance of the coil.
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Effects of Distributed Capacilance. One effect of distributed capaci-
tance is to by-pass a certain amount of the radio-frequency currents.
The amount of r-f current that is by-passed increases directly with the
frequency. At low frequencies, the effect is negligible and can be ignored.
At high frequencies, the distributed capacitance causes a loss of energy,
which also increases direetly with the frequency. This loss in cnergy is
equivalent to a resistance loss and produces the same effect as if the
effcctive resistance of the coil was inereased.

Another effect of distributed capacitance is the manner in which it
affects the tuning circuit. The distributed capacitance acts as a capacitor
connected in parallel with the variable tuning capacitor, thus increasing
the effective capacitance of the cireuit.

Capacitance befween
adyacent furns

A,“
1 T
. .
G . ! B T A S ot ) _’Capaa/ance betweern
apacifance | A [ ron-adiacent furns
betweers iz .7 1.
ferminals ) 4.3 N
] - | 1
! G- 1 |
|
|17 Capacifarce betweers
e ¥ any turn and grovad
T i
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Fio. 2-26.—Distributed capacitances of a coil.
. Y

Distributed capacitance sometimes produces another effect since the
distributed capacitance and coil form a parallel resonant cireuit that will
be resonant at some rather high frequency. At this frequency, oscillating
currents will c¢irculate in the winding and the distributed ecapacitance,
thereby causing unstable operation of the circuit.

2-16. Electric Circuits. An clectrie cireuit is the path taken by an
electric current from its source through all of the components of the cir-
cuit and back to the source.

Classtficalion of Circuits. When a circuit contains only one circuit
clement, it is called a stmple circudt.  When a circuit contains two or more
circuit elements, it may be either a serics, parallel, scries-paralle], or
parallel-series circuit.

A series circuil consists of two or more elements connected end to end
so that the current will pass from one circuit clement on to the next,
ete., until the path has been completed (see Fig. 2-27).

A parallel circuil consists of two or more elements connected so that
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the current will have as many paths as there are circuit clements (see
Fig. 2-28).

A serdes-parallel circuil consists of one or more parallel groups con-
nected as part of a secries circuit,

A parallel-series circuit consists of one or more series groups connected
as part of a parallel circuit.

In addition to the above classifieations, circuits may also be classified
according to the kind of current applied to the circuit, that is, as either
dircct-current or alternating-current circuits.

2-17. Direct-current Circuit Calculations. The most important
characteristics of a d-¢ circuit are the resistance, current, voltage, and
power of its various parts and of the complete circuit. A definite relation
exists between the current, voltage, and resistance. This relation is
commonly called Ohm’s low and is stated as: the current flowing through

Fig. 2-27.—Typical series circuit.

any resistance will be equal to the voltage across that resistance divided
by the ohms of that resistance. This is expressed mathematically as
,
: E
1=% (2-26)
The power may be expressed in terms of voltage, current, and resist-
ance in the following forms:
2
B =EI or P =IR or P = %

Stmple Circuit. As the simple circuit has only one circuit element,
all the circuit characteristics can be obtained by use of Egs. (2-26) and
(2-27).

Series Circuit. The equations used to express the relation between
the current, voltage, resistance, and power of the simple circuit may be
used Tor the series circuit in the following manner:

(2-27)

E
I=% (2-26)

€1

By =% - - (2-26a)
71

T3

)
&
il
|
~
s
12
I
1P
-
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2
P=KEI o P=IR o P= % (2-27)
012

PL = ¢t or P1 = 117 or p1= - (2-27a)
1

In the above equations the capital-letter symbols refer to the values
of the complete circuit and the small-letter symbols refer to the values of
the individual eireuit clements.

(1)

o

Y i i
. : ! |
| i [ I I

E R € €5 €3

i i i I 5 Iy 1 n
1 ! ! ) !
I ! 1 1 1
! 1 ' ) 1
| | ) 1 1

by i i i

F1a. 2-28.—Typical parallel circuit.
The relation between the values for the complete cireuit and for the
individual circutt elements for each of the various quantities is expressed
by the following cquations.

R=ritrdtr (2:28)
IE:€1+02—|~(13--. (2-29)
[=i1=i2=‘i3"' (2'30)
P=p+p+pa--- (2-31)

Parallel Circuit.  The relation between the various quantities of the
parallel cireuit is cxpressed by the following equations.

E
= 2
1 = (2-26)
h=" =2 5=2... (2-26a)
r1 ra T3

. 2
r=rnr or P =R ot P = 5 (2-27)
1 = C1ly or pr = I or P = Cr_l‘ (2-27a)

1

The relation between the values for the complete cireuit and for the
individual cireuit elements is expressed by the following equations.

1
R= g ; (2-32)

1 72 73

E=e=€e=¢ - - (2‘33)
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I =24 +d+17 - (2-34)
=Pt petps (2-31)

When the parallel cireuit contains only two circuit clements, Eq. (2-32)
may be expressed as,

1T
R=—12 2-;
R P (2-32a)
. er _
re = T_—R (2—32())

Serves-parallel Circuit. As this type of circuit is a combination of
both the series and the parallel circuits, its solution involves both serics
and parallel principles. The first step is to calculate the combined
vesistance value of ecach parallel group. The circuit may then be con-
sidered as a series circuit. When the voltage across each parallel group
has been found, it will then be possible to caleulate the current and the
power for each clement in the parallel groups.

As the variety of series-parallel eireuits is innumerable and as no
single set of equations will satisfy all cases, the following example is pre-
sented to illustrate the general procedure of solution which may be applied
to any series-parallel cireuit.

Example 2-14. Calculate the resistance, current, and power of the circuit shown
in Fig. 2-29. Also calculate the current in each resistor and the power consumed by
each.

Given:

r--@mup 1 ---—»«-Graup?——T—-Group by ———>‘

17540n rz=40n

1:3:20.0 l I'5=20ﬂ ‘

—AA— VAAAA
r=40n
------------------- 100 volts~= - — s e
Tia, 2-29.

Solution:
R _ 172 _ 40 X 40 _
GRL T N T 40 + 40

Rer.s = ry = 20 ohms

w
o
=]
=
-
=
w

= 10 ohms

fors = 7 17

1
R . N
vy rs | re 40 1 20
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The circuit may now be represented by an equivalent series cireuit as shown in
Fig. 2-30.
-~ -For.l "'T"“Em-z “"‘f(““EGR-J“"y
—/ AN e ANALS '

Rop 7200 Rep.2=20n Ropa=lon
———————————————————— 100 volts ————===--mmom e -
I'tg. 2-30.
R = R(:n.l + R(;R.z + RGR-a = 20 —+ 20 -+ 10 = 50 ohms
I =L _ 100 = 2 amp
TR0 T

P = EI =100 X 2 = 200 watts
Eery = IRgr, = 2 X 20 = 40 volts
Egra = IRgr: = 2 X 20 = 40 volis

Feors = IRgrs = 2 X 10 = 20 volts
'1'=ﬁ=£=]'mn
! 1 40 amp
19 = ez 40 _ 1am
z 2 - 40 N p
. e 40
1:|=1_—Z=‘:20‘=28.1np
P €4 _ 20 _
iy = 10 0.5 amp
. €5 _ 20 _
15—75—20—1a111p
- ?q _ 20 . .
ig = T a0 = 0.5 amp

p1 = eii; =10 X 1 = 40 watts
3 = eyip = 40 X 1 = 40 watts
Ps = Cz'ia = 40 X 2 = 80 watts
py = €44 = 20 X 0.6 = 10 watts
Ps = ety = 20 X 1 = 20 watts
Ps = ests = 20 X 0.5 = 10 watts

Parallel-series Circuit. This cireuit i1s also a combination of both
series and parallel circuits and involves the prineiples of each in solving
for its characteristics.  The first step is to caleculate the combined resist-
ance value of each series group. The circuit may then be considered as
a parallel circuit.

As the variety of parallel-series eircuits is innumerable and as no
single set of equations will satisfy all eases, the following example is
presented to illustrate the general procedure of solution which may be
applied to any parallel-series eircuit.

Ezxample 2-15, Calculate the resistance, current, and power of the cireuit shown
in Fig. 2-312.  Also caleulate the eurrent, voltage, and power of each resistor.
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Given:
o GR-1 G2 GR-3
Y
]
E =100
E I=75n r&=/0/z
1
0 .-
10 :/0/ 'fs 12_ 5n
I
1
1 ra=25n =0,
! y=ion s 7on
]
o ¥
Fig. 2-31a

Solution:
Rgp.y =711+ 72+ 7 =10+ 5 + 10 = 25 ohms
Rgr.a =14 + 15 = 75 + 25 = 100 ohms
Rer.s = rs + r1 = 10 4 10 = 20 ohms

The circuit may now be represented by an equivalent parallel circuit as shown in

Fig. 2-31b.
7
i
100volts Hep-t Bop.» Rep.s
i =25n =/00n =20n
]
o ¥
Fia. 2-31b
1 1
R = 1 N i N 1 —_1_+i+i—100hms
Rera ' Eege: Rers 25 100 ° 20
r 100
I =5 =10 = 10 amp
P = FE] =100 X 10 = 1000 watts
=iy =i =t =00 g
1T T T e 25 P
iy =145 = £ _ 100 1 am
4T T Rere 100 P
e = 1 —___E =@—5am
STV T Rems 20 P

e; = 4,11 = 4 X 10 = 40 volts
8 = fyre = 4 X 5 = 20 volts
e = tarz = 4 X 10 = 40 volts

ey = 14rs =1 X 75 = 75 volts
es =575 = 1 X 25 = 25 volts
es = 175 = 5 X 10 = 50 volts
e; = ir; = 5 X 10 = 50 volts
P1 = ey1; = 40 X 4 = 1680 watts
P2 = exis = 20 X 4 = 80 watts
ps = ezt = 40 X 4 = 160 walts
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Py =eds =75 X 1 =75 watts
Pe = €85 = 25 X 1 25 watts
Ps = egls = 00 X 5 = 250 watts
pr = ey =60 X 5 250 watts

n

2-18. Alternating-current Circuit Calculations. The® Sine Wave.
An alternating current (or voltage) is one that is continually varying in
magnitude and alternating in polarity (direction of flow} at regular
intervals (see Fig. 2-32). Although not always true, most alternating
currents are considered to vary according to a sine wave and accordingly
are referred to as sine-wave currents (and voltages). When sine-wave
ewrents and voltages are considered, the eircuit ealeulations are most
generally based on the effective value, although oceasionally the maxi-
mum or the average value may be used. The numerical relationship
between the maximum, effective, and average values i1s shown in Fig.

F
max =VZE-= /4/F—m

— o F‘EM—F;L
E 0707Emax 17 '/_4"/‘
S e Sl o

| ‘ |

330 Degrees

1.000

0.701
0.637

+

0.631
0.1017

11000

Amperes or volts

1 2 3 4 5 6 1T 8 9 0 1w 1 B

Note: E = Effective value of the sine-wave voltage
I = Effective value of the sine-wave current

TG, 2-32.- Relative values of an alternating sine-wave voltage (or current).

2-32. The development of these relationships can be found in the
authors’ Electrical Essentials of Radio.

Circuil Characteristics. ‘The important characteristics of a-e circuits
are the resistance, inductance, capacitance, impedanee, current, voltage,
frequency, power, power factor, and phase angle of its various parts and
of the eomplete circuit. A definite relation exists between the eurrent,
voltage, and impedance. This relation is commonly referrved to as Ohm's
law for a-c circuits and may be stated as: the current flowing through any
impedance will be equal to the voltage across that impedance divided by
the ohms of that impedanee. This may be expressed mathematically as

1= (2-35)

N b
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The power may be expressed in terms of the eurrent and resistanee as
P =1IR (2-27)

As resistance is the only kind of cireuit element that consumes
power, only the value of £ can be used in this equation, and care should
be exercised that it is not confused with X;, X¢, or Z, which are also
expressed in ohms.

The power may also be expressed in terms of voltage, current, and
power factor as

P=EXIXPT (2-36)

The power factor may be expressed in terms of power, voltage, and

current as
P
- = —— -37
Mr=zx7 (2-87)
The power factor may also be expressed in terms of resistance and
impedance as
R

P-F-‘_—'E

(2-37a)

The power factor may also be found from the phase angle, as
P-I' = cos @ (2-37h)

The phase angle may be obtained by reference to the cosine tables
(Appendix XII). When the power factor, which is equal to the cosine
of the phase angle, is known, the angle corresponding to that value may
be obtained from the cosine table.

Simple Circuit. As the simple eirenit has only one circuit element,
the eurrent can be obtained by use of Eq. (2-9), (2-21), or (2-26):

Lo=5 (2-9)
Ic= % (2-21)
I = % {(2-26)
The power may be found by
P =1 (2-27)

P=EXIXPT (2-36)
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The power factor may be found by

. P -
P-F = = <1 (2-37)

P-F = (2-37a)

N &

The phase angle may be found from the power factor value and the
cosine tables (Appendix XI1I).

Series Circuit. Most of the equations used for the solution of the
simple circuit also apply to the series circuit, as may be seen in the
following list of equations for the serics circuit.,

I=3 (2-35)
i=¢ =L ;=2 (2-38)
I T Tec
P =IR (2-27)
P=EXIXPF (2-306)
P
P-F = 77 (2-37)
R -
P-F = 7 (2-37a)

In the above equations the capital-letter symbols indicate the values
of the complete circuit and the small-letter symbols indicate the values
of the individual circuit clements.

The relation between the various quantities for the complete circuit
and for the individual ecircuit clements is expressed by the following
equations.

R = 1 + Te + rs * ° ° (2—28)
N =2 + 2oz + 223 - (2-39)
Xe=me1+ 2ea + 23 - - - (2-40)
Z=VR+ X, — Xt (2-41)
E=e + e + ey - - - (added vectorially) (2-42)
I=dy=iy=1ds - (2-30)
P=pi+p+ps- - (2-31)

Ezample 2-16. The scries circuit shown in Fig. 2-33 is connected to a 150-volt,
60-cycle power line. Find: (a) the resistance of the circuit; (b) the inductive react-
ance of the cireuit; (¢) the capacitive reactance of the circuit; (d) the impedance of the
circuit; (e) the line current and the current in each circuit element; (f) the voltage
across each circuit element; (g) the line voltage from the voltages across each cireuit
element; () the power consumed by each eireunit clement; () the line power; () the
power factor of cach circuit element; (k) the power factor of the line; (I) the phase
angle between the line current and line voltage.
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Given:

60cycles

Solution :

(@) B=r1+r =25+ 15 = 40 ohms
) Xz =25 + 212 = 60 + 120 = 180 ohms
(e) Xc = zc1 + zg2 = 100 4 50 = 150 ohms
(@) Z=+vVR+4 (X — X¢)? = /40 + (180 — 150)% = 50 ohms
(e) I=§=ﬁ = 3 amp
i1=i2=i3=i4=i5=1’6=1=3amp
(f) e =i1Xz =3 X 60 = 180 volts
e = 19, = 3 X 25 = 75 volts
e3 = 1:Xg; = 3 X 100 = 300 volts
ey = 1472 = 3 X 15 = 45 volts
e; = 16X 2 = 3 X 120 = 360 volts
e = 16X ca = 3 X 50 = 150 volts
@ E=+VER2+ Exr — Fxc): = Vi{ez + e)® + (e1 + &5 — €5 — o)’
= /(75 + 45)% + (180 + 360 — 300 — 150)%
A/120° + 90% = 150 volts
(h) p1 =% = 32 X 0 = 0 watts
P2 = Ta%r1 = 32 X 25 = 225 watls
P = 7:327‘01 = 3% X 0 = 0 watts
Ps = 142ry = 32 X 15 = 135 watls
Ps = 4% = 32 X 0 = 0 walts
ps = Ze2rcs = 32 X 0 = 0 watts

() P=pi+p2+ps+ 24+ ps+ 05
=04 225+ 04+ 135 + 0 + 0 = 360 watts
; =10
(.7) p'fl'_‘zl 60 0
_r: 25 _
ph=g, =g !
_rn_0 _
P =2 =10 =
e
p-f4_24 15 1
p.f5=r_5=i=0
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_Ts 0

p-fs _2_5 = 5—0 =0
R 40
(k) P-F = 7 =50 = 0.800

I

& o

the angle whose cosine is equal to the power factor.
cos™! 0,800 = 37° lagging current (Appendix XI1)

1l

{NoTk: The current lags the voltage beeause X' is greater than Xe.)

The above example illustrates all the series-cirenit caleulations.
In practical problems it is usually only necessary to find several of these
caleulated values, and those not required may be omitted.

Parallel Circuit. The relation between the various quantities for
the parallel circuit is expressed by the following equations.

I =14 +1:+ 17 - - - (added vectorially) (2-43)
. e . 2 . e
1= ;'7 = 5'_1,’ = {; (2-38)
P=pr+p+ps- - (2-31)
P=HKHXIXPF (2-36)
N e
PF = o (2-37)
E
Z=7 (2-H)

The relation between the various quantities for the complete circuit
and for the individual circuit clements is expressed by the following
equations.

, 1

h_l_l T (2-32)
2| rs T3

. 1 -

X, = T T (2-45)
L1 ZTra TL3

. L .

Xe = TTT T (2-16)
Zel Zca U3

E=eo=e=¢ - - (2-33)

Ezample 2-17. The parallel circuit shown in Fig. 2-34 is connected to a 200-volt,
60-cycle power line. Find: (a) the current flowing in each branch of the parallel
circuit; (b) the line current; (c) the power taken by each branch; (d) the power taken
by the whole circuit; {¢) the power factor of the circuit; (f) the impedance of the
eireuit.
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Given:

(9 (%0

3 g
S - N S S
! D < Q
200 volts S © ,9: N ™ ?
60cycles = T " ~ o~ o
i In o4 G 3 Q
| g > N e b ><;
t
!
X .
Fia. 2-34.
Solution:
. er _ 200 _
(@ @ Tl—m—-amp
_e 200
L= T80 T 3.33 amp
73 = 53 = 2_09 = 4 am
P 50 p
el 200
* %z 100 T~ A
€5 200 _an
L= =30 T 6.67 amp
o=t 220y
¢ Zeg 50 p

®) I =01+ 1)2 = ({f2+ds — 14 — 10)?
= V(2 +4) + (3.33 + 6.67 — 2 — 4)?
= /8 + 42 = 721 amp
(c) p1 = 41%r; =22 X 100 = 400 watts
Pps = t3°r; = 4* X 50 = 800 watts
Pz = Py = Pp; = ps = 0 watts (pure inductances and pure capacitances)
d) P =pi+p:+ ps+ ps+ ps+ ps
=400 4+ 0 4 800 -+ 0 + 0 4+ 0 = 1200 watts

P 1200
) P-F =57 =200 x 721 ~ 832
, _E_200
N =7 =53y = 27.74 ohms

Combination Circuits. The series-parallel and the parallel-series
sircuits are generally referred to as combination circuits. 'The presenta-
tion of the method of solution of these circuits is too lengthy to include
in this résumé, but if the solution of such circuits becomes necessary the
method may be obtained from Chap. X of the authors’ Electrical Essen-
tials of Radio.

Since the parallel resonant circuit, actually a simple combination
circuit, is used in many radio cireuits, some of the important caleulations
for this circuit are included in Art. 2-21.
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2-19. Resonant Circuits, Resonance is a condition that exists when
the inductive reactance and the capacitive reactance of a cirenit are
cqual., Therefore, o resonant cireuit must contain both inductance and
capacitance; it also contains at least a small amount of resistance because
all inductors and capacitors have some resistance. Resonant circuits
may be either of the series or parallel type.

In a-c circuits, the current due to the inductive reactance lags its
voltage by 90 degrees and the current due to the capacitive reactance
leads its voltage by 90 degrees. The effects of the inductive reactance
and the capacitive reactance are therefore 180 degrees out of phase with
one another and the resultant effect is equal to their algebraic sum,
If either the capacttor or the inductor of a resonant circuit is adjusted so

R S —o
e s z
1 1 2 -
i T
" 1
LT
(a) Looce) 4

B+
I't¢;. 2-35.— Ty pical resonaut circuits. (@} Series resonant circuit, (b) l1-parallel resonant
cireuit 2-series resonant circuit.

that the individual reactances arc equal at some frequency, the cireuit is
said to be in resonance,

Classtfication of Resonant Circuils as Series or Parallel. Because
resonant circuils form only a part of a complete radio cireuit, il i1s some-
times very difficult to determine whether the resonant cireuit is to be
considered as a seriecs or a parallel type. Several resonant circuits
(drawn in heavy lines) are shown in Fig. 2-35.  The circuit shown in (a)
is very readily recognized as being a series resonant circuit. The two
resonant circuits of (0) appear to be parallel resonant eircuits but actually
circuit 1 is considered as a parallel resonant circuit and circuit 2 as a
series resonant eircuit.

Circuit 1 is considered a parallel resonant circuit because it receives
its electrical energy from the plate circuit of the tube to which it is con-
neeted.  Circuit 2 is considered a series resonant circuit because no
separate voltage is applied to the inductor and capacitor, but instead a
voltage is induced in the inductor (sccondary of an r-f transformer),
which is then considered as a voltage connected in series with the inductor
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and the capacitor. The following procedure will help to determine
whether a circuit should be classed as parallel or series: (1) locate the
inductive and capacitive components forming the resonant circuit;
(2) loeate the source of the alternating (or signal) voltage for these com-
ponents; (3) determine whether the components are in series or parallel
with the source of voltage. In radio circuits the signal voltage may be
derived from any one of the following sources: antenna, output of a
vacuum tube, ot the induced voltage from other circuits.

2-20. Series Resonant Circuits. A series resonant circuit generally
consists of a fixed inductor and a variable or an adjustable capacitor
connected in serics with a source of alternating voltage. Typical series

R a—
)
]
'
i I

4
E; F=C

]
E R

oY

(a) (6}

Fra, 2-36.—Equivalent circuits of typical resonant circuits, (a) Series, (b) parallel.

resonant circuits are illustrated in Fig. 2-35a and eircuit 2 of Fig. 2-35b.
The diagram shown in Fig. 2-36a is the equivalent circuit used to repre-
sent either of the typical series resonant circuits of Iig. 2-35. The
resistance R is not necessarily a separate resistor but generally represents
the total resistance of the coil, the capacitor, and the conductors of the
cirenit.

Relation between f, L, and C at Resonance. At resonance the inductive
reactance is cqual to the capacitive reactance; therefore from Eqgs.
(2-8) and (2-20) this may be expressed mathematically as

108 -
2nf,L = 9nf,C (2-47)
where f, = frequency of resonance, cycles
L = inductance, henrics
C = capacitance, microfarads

At radio frequencies, f is generally expressed in kilocycles, L in micro-
henries, and € in microfarads. The commonly used equations for fi,
L, and C are derived by substituting these units in Eq. (2-17), as
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10¢

2fA0LI07 = 5z (2-474)
5 ‘
or I = oo x 11%‘8 X 10°LC (27:)2110 (2-47b)
. -
and fr= o I\O/ZTC' = \1/(%' (2-48)
From Kq. (2-8)
1= Qj".;f’go (2-49)
¢ =2 (2-50)

where f, = frequency of resonance, kiloeyeles
L = inductance, microhenries
C = capacitance, microfarads
Ezxampte2-18. A serics eircuit has a fixed inductor of 230 xh and a variable capaci-
tor whose maximum capacitance is 350 uuf. (@) What is the resonant frequency when

the capacitor is set at its maximum value? (b) To what value must the eapucitor
be adjusted in order 10 make the eircuit resonant with a 1000-ke signal?

Given: Tind:
L = 250 uh (@) fr=7?
Crax = 330 puf @® C¢=7?

(@) € =350 ppuf
®) fr =1000 ke

Solution:
159 159

(@) fr = —== = 538 ke
VEC /250 X 350 X 1076
25, 25,

®) C = 5,300 5300 _ i

2L 10002 X 250

Impedance, Current, and Voltage Characteristics at Resonance. The
impedance of the series circuit is expressed by Eq. (2-41), as

Z=~R*+ (X, — X¢)? (2-41)

Since resonance is a condition that exists only when X, and X¢ are equal,
it becomes apparent that the impedance of a series circuit is at its mini-
mum value when the series cireuit is at resonance.

The current flowing in the circuit is equal to the voltage divided by
the impedance, and when the impedance is at the minimum value the
current will be at the maximum value.

The voltage drop across the various parts of a series circuit is propor-
tional to the resistance or the reactance of the individual parts. Since
the inductive reactance and the capuacitive reactance are equal, their
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voltage drops are also equal and as they have a 180-degree phase differ-
ence, their vector sum will be zero.  Under this condition the resistance
voltage drop must be equal to the line voltage. As the resistance of the
serics resonant circuit is generally very low compared to the reactance
values it is evident that the reactance voltages will be higher than the
resistance voltage and hence higher than the line voltage. The react-
ance voltage drops will be greater than the line voltage by the ratio of
the reactances to the resistance and may be expressed as

B, =EF (2-51)
Ec=E R (2-52)

As the ratio of X, to I is generally referred to as the cirenit Q, Eq.
(2-51) may be expresscd as

K, = EQ (2-53)

The value of @ for series resonant eireunits often exceeds 100, hence sueh a
circuit can develop high reactive voltages from low values of signal
voltage.

Ezample 2-19. A series resonant circuit has a resistance of 10 ohms and an indue-
tive reactance of 500 ohms at its resonant frequency. What is the voltage across the

inductor, capacitor, and resistor if the applied voltage is 5 volts at a frequency equal
to the resonant frequency of the circuit?

Given: Find:
R = 10 ochms B =17
X ¢ = 500 ohms FEe=7?
E = 5 volts Eg =2
Solution:
B = B2E = 5 %390 _ 950 volts

R 10
E¢ = Ep, (at resonance) = 250-volts
Ep = E (at resonance) = 5 volts

2-21. Parallel Resonant Circuits. 7he Circuit. A parallel resonant
circuit generally consists of an inductor and a capacitor connected in
parallel across a source of alternating voltage. A fypical parallel reso-
nant circuit is illustrated by circuit 1 of Fig. 2-35b. The equivalent
circuit diagram is given in Fig. 2-36b. Generally, most of the resistance
of the circuit is in the inductor; the resistance of the capacitor is so small
that it may be neglected. On this basis the circuit is considered as an
inductor with a small amount of series resistance in one branch and a
perfect capacitor in the other branch, as is shown in Iig. 2-365.
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Relation between f, L, and C ol Resonance. The relation between f
L, and C for a parallel resonant cireuit is the same as for the series resonant
cirecuit. These relationships have been expressed by Egs. (2-48), (2-49),
and (2-50).

Impedance, Current, and Vollage Characteristics at Resonance. The
parallel resonant circuit (Fig. 2-36b) is uctually a parallel-series circuit
and its impedance may be expressed as

(2-54)

where Zr = impedance of the parallel circuit
Z, = impedance of branch 1
Z. = impedance of branch 2
7y + Z, = veetor sum, or series impedance of the cireuit.

As the resistance of the circuit is generally very low compared to the
reactance (high ecircuit Q), the resistance may be neglected m the caleu-
lation of Z; and Z, for the numerator of q. (2-51); Z, then becomes
approximately equal to Xy, and Z, beecomes nearly equal to Xe. The
resistance must, however, be included in the denominator, for Z; + %,
is equal to the impedance that the circuit would have if it were connected
as a series circuit: [Bq. (2-41)] Z = v/E* + (X, — Xo)®.  The imped-
ance of the parallel resonant circuit may therefore be expressed as

Ty = — 2N (2-55)
VR (X~ Xo)®

At resonance, X1 = Xg¢; therefore Eqg. (2-55) may be expressed as
Zve = —5— = (X, (2-503)

Ezample 2-20. A parallel resonant ¢ircuit (Fig. 2-36b), is resonant at a frequency
of 1500 ke. The inductive reactance and the capacitive reactance at the resonant
frequency are each 1000 ohms, and the resistance of the inductor is 10 ohms. (a)
What is the impedance at resonant frequency? (b) What is the impedance at 1485 ke
if the inductive reactance is then 990 ohins and the capacitive reactance is 1010 ohms?

Given: Find:
R = 10 ohms (@) Zp,=2?
(a) X5 = 1000 ohms ) Ziss =7
X¢ = 1000 ohms

(b) X = 990 ohms
X¢ = 1010 ohms

I
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Solution:
(@) Zp, = XLRX r 1000 ff) 1900 . 100,000 ohms
(0 Zuss = 2.82.04 990 X 1010 = 44,718 ohms

VR 1+ (X7 — Xe® /1% 1 (990 T 1010)

A eareful study of Eq. (2-55) will show that the impedance will be at
the maximum value when the circuit is resonant. This may be further
obscrved from the results of Example 2-20.

The current of a parallel resonant circuit is at its minimum value
when the circuit is resonant because the circuit impedance is then at its
maximum value. The current in each reactance, which is called the
circulaling current, will be greater than the line current by the ratio of
the rcactance to the resistance and may be expressed as

Xz -

IL=IC=I_IE‘=IQ (2—5/)

The apparently unusual condition of the current in each reactance being

higher than the line current is due to the fact that the two currents are

equal in amount and differ in phase by nearly 180 degrees. The line

current is the vector sum of the currents in the two branches and hence
will be very low.

The voltage across cach branch of the parallel resonant circuit will
be equal to the line voltage.

2-22. Resontince Curves. Need for the Curves. In order to under-
stand the characteristics of resonant circuits it is necessary to know how

=0
L1060

Iﬂ,o'uf

e dénforcurved
19/7563‘ 01{26 age. Onforcurve B
oY

Fig. 2-37.—Series resonant circuit used to illustrate the characteristics of a series resonant
circuit as indicated by Table II-I and the curves of ¥ig. 2-38.

the circuit acts at frequencies above and below the frequency of resonance

as well as at the resonant frequency. These characteristics may be

understood when they are scen in the form of graphs or resonance curves,

as they are commonly called.

Curves of the Series Resonant Circuil. Series resonant circuits are
used when the maximum current is desired for a definite frequency or
band of frequencies. A curve showing the variation of the current over
a band of frequencies will show how the current varies with the frequency.
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Figure 2-37 shows a serics resonant ecireuit with all of its values indicated
on the diagram. The circuit is resonant at 1500 ke, as may be caleulated
by Eq. (2-48). The values listed in Table II-I have been calculated by
use of Egs. (2-8), (2-20), 2-41), and (2-35).

TasrLe II-1
I reqll:ccuc) . Xy e R 7 I Ir;ld: \\0 }-1;‘11

1470 4980 1020 5 40 .31 12 .4
1475 U83.5 1016.5 5 33.37 14 .98
1480 87 1013 5 2647 18.8
1485 990 1010 5 20.61 24.2
1490 993 1007 5 14 .86 33.6
1495 997 1003 5 7.81 64.02
1500 1000 1000 5 5.0 100
1505 1003 997 3 7.81 64.02
1510 1007 993 5 14 .86 33.6
1515 1010 990 5 20.61 24.2
1520 1013 Y87 5 26 .47 18.8
1525 1016.5 983.5 5 33.37 14 .98
1530 1020 080 5 40.31 12 .4
1470 980 1020 10 41.23 12.1
1475 083.5 1016.5 10 34.48 14.5
1480 87 1013 10 27.85 17.9
1485 990 1010 10 22 .36 22.3
1490 993 1007 10 17.20 29.1
1495 997 1003 10 11.68 42 .8
1500 1000 1000 10 10.0 50.0
1505 1003 997 10 11.68 42.8
1510 1007 993 10 17.20 29.1
1515 1010 990 10 22.36 22.3
1520 1013 987 10 27.85 17.9
1525 1016.5 983.5 10 31.48 14.5
1530 1020 980 10 41.23 12.1

Curve A of Fig. 2-38 is plotted from the values listed in Table IT-T.
Examination of the curves shows that no appreciable current flows until
the frequency is approximately 1470 ke. The current increases slowly
with inecreases of frequency until the frequency is very close to the reso-
nant frequency. Then the current increases very rapidly until the
maximum current is reached at the frequency of rcsonance. As the
frequency is increased beyond resonance, the current decreases very
rapidly at first and then deereases more slowly until no appreciable cur-
rent flows at approximately 1530 ke.  In radio, a circuit that is or can be



Arr. 2-22] CIRCUIT ANALYSIS 81

adjusted so that it is resonant for a definite frequency is referred to as a

tuned circuit.

Curve B is the resonance curve for a circuit similar to that of Fig.
2-37 but with a resistance value of 10 ohms in place of the original resist-

100
Curve A _|
High Q . 1R =8 obms
80 -
0w
5
£60
B
= Curve B .. -R=70
E i o . 7/\ » 7 {4 ohms
540
t
3
%)
20 /

0 |
1470 1480 1490 1500

1510 1520 1530

Frequency, kilocycles

Fic. 2-38.—Resonance curves of the series cireuit shown in Fig. 2-37.

ance valuc of 5 ohms. Comparison of the two curves shows that as the
resistance of the cireuit is increased the maximum current is reduced.
Therefore, in order to produce maximum current the resistance of the
scries resonant circuit should be as low as possible.  The resistance value

also affects the slope of the resonance
curves, and this important characteristic
will be discussed in the following article.

Curves of the Parallel Resonant Circust.
Parallel resonant ecircuits arc used: (1)
when the signal current of a definite fre-
quency or band of frequencies is to be
reduced to a minimum; (2) when it is
desired to obtain a higher signal voltage
across the resonant circuit ai a definite
frequency or band of frequencies. Par-

7 2
)
; R=10n
Z' C=106uuf #g
L =106k
;

Fig. 2-39. Parallel resonant cir-
cuit used to illustrate the character-
istics of a parallel resonant cireuit
as indicated by Table II-II and the
curves of Fig. 2-40.

allel resonance curves are generally drawn to show how the impedance
of the circuit varies over a band of frequencies close to the frequency of
resonance, as is illustrated by Fig. 2-40. Curves may also be drawn to
show the variation of current over the frequency band.
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Figure 2-39 shows a parallel resonant eircuit with all of its values indi-
eated on the diagram. It should be noted that these values are the same
as those used for the series cireuit of Fig. 2-37.  The circuit is resonant at
1500 ke, as may be calculated by Eq. (2-48).  The values listed in Table
I1-IT have been ealeulated hy use of Eqs. (2-8), (2-20), (2-65), and (2-35).

TasrLe I1-11

]
|
Frequency, . ! . Z I ma when
ch ) | Az ' Xe fe (approx.) K =100
1470 980 ‘ 1020 5 25,000 | 4.00
1475 983.5 © 1016.5 5 30,000 @ 3.33
1480 987 1013 5 38,000 2.63
1485 990 1010 5 48,000 2.08
1490 993 1007 5 67,000 1.49
1495 997 1003 5 128,000 0.78
1500 1000 1000 5 200,000 0.50
1505 1003 007 5 128,000 0.78
1510 1007 093 5 67,000 1.49
1515 1010 990 5 48,000 2.08
1520 1013 987 5 38,000 2 .63
1525 1016.5 983.5 5 30,000 3.33
1530 1020 980 5 25,000 4.00
1470 980 ‘ 1020 ' 10 24,250 4.12
1475 983.5 ‘ 1016.5 10 29,000 3.44
1480 987 1013 10 36,000 2.78
1485 930 1010 10 44,500 2.25
1490 a3 1007 10 58,000 1.72
1495 a97 1003 10 85,500 1.17
1500 1000 1000 10 100,000 1.00
1505 1003 9y7 10 85,5600 1.17
1510 1007 003 10 58,000 1.72
1515 1010 990 10 41,500 2.25
1520 1013 087 10 36,000 2.78
1525 1016.5 983.5 10 29,000 3.44
1530 1020 | 980 10 24,250 | 4.12

Curve A of Fig. 2-10 1s plotted from the values listed in Table II-I1.
Examination of the curve shows that the impedance is maximun at the
resonant frequeney (1500 ke) and that the impedance decreases sharply
when the frequency is varied slightly above and below resonance.  As
the deviation from resonant frequency is inereased, the amount of decrease
in impedance tapers off.

Curve B is the resonance eurve for a eircuit similar to that of Fig. 2-39
but with a resistance value of 10 chms in place of the original resistance
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value of 5 ohms. Comparison of the two curves shows that as the resist-
ance of the circuit is decreased the value of the impedance is increased.
As parallel resonant circuits are used to reduce the current at a definite
frequency to the minimum value, the impedance of the cireuit should be
at the maximum value. IFurther-

more, in order to obtain the maxi- 200000

mum current the resistance of the 1800001 ——

parallel resonant circuit should be ' R=Sofrm */
as low as possible. 160,000

2-23. Circuit Q. Definition of
Circuit Q. The ratio of theinduc- 140,000
tive reactance of a tuned ecircuit
to the resistance of the circuit is  £120000

referred to as the @ of the circuit. <
Expressed mathematically gloo'ooo
o
Y 8 80,000
Q=2r (2-38) E
R
60,000

As R is the resistance of the entire
cireuit, its value will be slightly 40000 /
higher than the resistance of the

coil, and therefore the circuit @ 2000
will be slightly lower than the coil 0
@. The difference between the 1410 1680 1490 1500 1510 1520 1530

. . Frequency kilocycles
lues of i nd th ’
values of the circuit Q and the F1g. 2-40.—Resonance curves of the parallel

coil @ is normally small because circuit shown in Fig. 2-39.

the resistance of the capacitor and

the connecting wires of the circuit is low comparcd to the resistance
of the coil. Furthermore, as R is practically cqual to the effeetive high-
frequency resistance of the coil, and as this high-frequency resistance
varies almost directly with the frequency, the circuit  remains practically
constant for normal ranges of frequency.

Relation between Circuit @ and the Slope of the Resonance Curwves.
The slope of the resonance curves is dependent on the @ of the tuned
circuit. This can be scen from the slopes of the curves of Figs. 2-38 and
2-40. As the inductanece and the inductive reactance have the same
values for both of the curves, the circuit @ will vary with the value of R.
Examination of these curves will show that low values of I (high values
of Q) produce resonance curves with very steep slope and high valucs of
R (low values of @) produce flatter curves.

Relation between the Slope of the Curves and Selectivity. The seleetivity
of a series tuned circuit may be defined as its ability to admit the maxi-
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mum amount of current of a desired frequeney (or band of frequencies)
and to exelude all appreciable amounts of currents for any other fre-
quencies. The slope of the resonance curve is thercfore an indieation of
the selectivity of a cireuit,

A series tuned eircuit that produces a steep resonance curve allows a
relatively high current flow only for those frequencies close to the resonant
frequency and opposes any appreciable amount of current flow for all
other frequencics. Such a eircuit is very selective and is said to fune
sharply. The curves of I'ig. 2-38 show that the selectivity increases as
the resistance of the cireuit deereases. As a decrease In R causes an
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Fis, 2-41.—Resonance curves with the width of the band (2 — f1) indicated.

inerease in @, it may be said that the seleetivity of the series tuned cireuit
increases with an inerease in Q.

If the curve is too steep, the variation in current, generally called the
response, will be too great even for only slight deviations from the resonant
frequency. The curves of Figs. 2-38 and 2-10 show that increasing the
resistance will broaden the response curve. A circuit with a flat response
curve is said to fune broadly.

Usually the resistance of the eoil, capacitor, and conductors is suffi-
cient to produce the desired response, and it is therefore seldom necessary
to include a resistor in tuned cireuits.

Relation between the Width of the Resonance Curve and the Circuit Q.
The purpose of the series tuned circuit is to pass the currents of a desired
frequency or band of frequeneies and to exclude all others. The purpose
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of the parallel tuned ecircuit is to exclude the current of a desired fre-
quency or band of frequencies and to pass all others. It is therefore
apparent that the range of frequencies should be definitely defined.

The width of the frequency band is measured at the points on the
response curves where the current (in the case of series tuned cireuits) is
equal to 0.707 times the current at resonance. The width of the curve
at this point is equal to f» — f1 (see Fig. 2-41) and is generally referred to
as the width of the band. Examination of the curves (Fig. 2-41) will
show that the width of the frequency band is affected by the value of the
cireuit ¢. This may be expressed mathematically as

_ I

Q

Ezxample 2-21. The curves of Fig. 2-41 are for a series resonant circuit whose
inductive reactance is 1000 ohms at-the resonant frequency of 1500 ke. (a) Calculate
the width of the band if the resistance of the circuit is 5 ohms. (b) Caleulate the
width of the band if the resistance of the circuit is 10 chms.

Ja— N (2-59)

Given: Find:
fr = 1500 ke @ fa—fi=2
X1 = 1000 ohms ® fo—f1=27
(@) R = 5ohms
() R = 10 ohms
Solution:
(a) f:— N1 =g—§—:£—% =T75ke
R 5
e Jr 1500 -
(b) fz_fl=Q=XL=E66=lakc
R 10

Effect of the LC Ratio on Selectivity. Observation of the equation for
finding the resonant frequency of a tuned cireuit, Eq. (2-48), indicates
that there is only one value of L times C for each value of resonant fre-
quency. A table of the LC products for commonly used values of fre-
quency is given in Appendix XIV. ;

As the frequency of resonance of a tuned circuit is only dependent on
its LC product, it can be seen that any number of combinations of L and
C can be used to obtain the same resonant frequency. The value of the
inductance (in microhenries) may be made greater, less than, or equal
to the value of the capacitance (in micromicrofarads). The manner in
which the tuned eircuit is to be used will determine the LC ratio that
should be used. For series tuned circuits it is desirable to have a high
LC ratio, since this produces resonance curves with steep slopes. As the
LC ratio is reduced the slope of the curve decreases and the circuit selec-
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tivity deereases. The curves of Fig. 2-42 show the effect of the LC ratio
upon the slope of the resonance curves of a series tuned cireuit.

The cffeet of the LC ratio on the parallel tuned eircuits is opposite to
that of the series circuit. In other words, increasing the LC ratio
inereases the selectivity of the series tuned eircuit and deecrcases the
sclectivity of the parallel tuned eircuit. Ior this reason the expression
is reversed for the parallel circuit and is referred to as the CL ratio.

2-24. Uses of Resonant Circuits. Resonant circuits are onc of the
most important types of circuits used in radio reccivers, radio trans-
mitters, and clectrouic devices.
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Fic. 2-42.—Resonance curves of a series tuned circuit showing the effect of the LC ratio
on the slope of the curve.

The principles of resonance are used in tuning a radio so that it will
reecive 4 desired program. This may be done by adjusting a series tuned
circuit to resonance at the frequency corresponding to the carrier-wave
frequency of the broadeasting station transmiiting the desired program.
According to the prineiples of resonance, this causes the current from the
desired station to have the greatest effeet in the recciver and reduces the
effeet of the signals of all other stations to a negligible amount.

Parallel resonant circuits may be used as the output load of a tube
when it is necessary for the cireuit to have a high impedance in addition
to having high scleetivity.

These are only two of the many uses of resonant circuits as applied to
radio and electronies. The application of thesc circuits to radio and
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electronics is described in the following chapters. That there are numer-
ous uses possible for resonant circuits may be seen from the characteristies
of series and parallel resonant circuits. Table 1I-111 is a tabular arrange-
ment of the characteristics of resonant cireuits.

TasLe II-111

Quantity Series eirenit Parallel circuit
At Resonance:
Reactance; (X, — X¢) Zero; (because Xy = X¢) | Zero; (because X'z, = X¢)
Frequency of resonance 199 159
) ’ VIC VLC
Impedance Minimum value; Z = B | Maximum value; 7 = QX
Tine Maximum value Minimum value
1L Tiine Q times Ijne
e Liino Q times Ijine
EL Q times Eline Elno
Ee Q times Eye Eline
Phase angle between Iy, Q° 0°
and Eﬁm,‘ .
Angle between E and E¢ 180° 0°
Angle between I and I¢ Q° 180°
Desired value of @ High High
Desired value of R Low Low
Highest selectivity High @; low R; high LC | High Q; low R; high CL
ratio ratio
When f is greater than f,
Reactance; (X — A¢) Inductive Capacitive
Phase angle between [y, | Lagging current Leading current
and Ejjne
When f 1s less than f,
Reactance; (X1 — X¢) Capacitive Inductive
Phase angle between Iy, | Ieading current Lagging current
and Eig.

2-25. Electric Circuits Applied to Radio. Radio circuits arc quite
intricate and complex, and when a circuit diagram is examined as a whole
it may seem very confusing. In order for the complete circuit to be
understood, the individual circuits should be analyzed separately and
their effects in relation to the other circuits should be studied.

Every electric circuit mnust contain at least one circuit element, either
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# resistor, an induetor, or a eapacitor. Practical circuits that contain
only resistance, inductance, or capacitance usually cannot be obtained
beeause: (1) wire-wound resistors have induetance and capacitance in
addition to resistance; (2) inductors have resistance and distributed
capacitance in addition to inductance; (3) capacitors have resistance,
and in some ecases induetance, in addition to capacitance.

Equivalent Circuits.  The extrancous resistance, inductance, or capaci-
tance that exist in resistors, inductors, and capacitors have practically
no effect at low frequencies but have to be taken into consideration at
higher frequencies.

The induetance of a resistor can be considered as an inductor con-
nected in serics with the resistor.  The capacitance can be considered as
9 9 9

~—-0

nJ

aAnn
AL

CNAAAAA
AR AR A 4

[

o m = AN

(a) (0} (c) )

Fig, 2-43.—Equivalent circuits for the three kinds of circuit elements. («) A resistor,
(b) an inductor, (¢) a capacitor used on direct current, (d) a capacitor used on alternating
current.

a capacitor connected in parallel with the resistor. The cquivalent
circuit for the resistor is then as shown in Fig. 2-43a.

The resistance of an inductor can be considered as a resistor connected
in series with the induetor. The distributed capacitances can be con-
sidered as a single lumped capacitance connected in parallel with the
inductor. The equivalent circuit for the inductor is then as shown in
Trig. 2-43b.

Capacitors arc used in both direet and alternating current cireuits.
When used in d-¢ eireuits there is no inductive effect and the resistance
can be considered as a resistor connected in parallel with the capacitor as
shown in Fig. 2-43¢.  When a capacitor is used in a-c circuits, the equiva-
lent cireunit ean be considered as cither serics or parallel. The series
equivalent cireuit (Fig. 2-43d) is usually the more useful. Often the
inductance is negligible, and, if the capacitor’s losses are also negligible,
the equivalent series resistance value approaches zero.

Ezample 2-22. A 2000-ohm 50-walt resistor has an induetance of 3 ph and a
distributed capacitance of 2 puf. (@) What is its impedance at 1000 ke? (b) What is
its impedance at 60 me?
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Given: Find:
R = 2000 ohms Z =1
L =3uh
C =2 puf
Solution:
(@) X1 =2qfL = 6.28 X 1000 X 103 X 8 X 10~% = 18.84 ohms
Xe = 159,000 _ 159,000 = 79,500 ohins

FC 7 T 1000 X 107 X 2 X 10°¢
. W R X .
Z =X¢ "R‘2+—(XT:L*)T)2 (From Appendix V)

20002 4 18,847
79,500 20002 + (18.84 — 79,500)2
1999 ohms

(]

(d) X = 628 X 60 X 10° X 3 X 1076 = 1130 ohms
. 159,000 B
Xe = B0 X 10° X 2 X 10=% — 1325 ohms
_ 2000° 11307 e
Z = 1325 \/20002 T (1130 — 1325 1514 ohms

Combined Circuits. When two or more individual circuits become
part of a complex circuit the following two factors should be taken into
consideration: (1) the means used to transfer energy from one cireuit to
another, generally called coupling of the circuits; and (2) the means used
to separate the different types of currents so that they will flow through
the proper circuits, generally called filter action.

2-26. Filter Circuits. Purpose of a Filier. When two or more
individual eircuits are combined they form a complex circuit through
which the following kinds of currents may flow: (1) dircet, (2) low-fre-
quency (60 cyeles), (3) audio-frequency, (4) radio-frequency. The
purpose of a filter is to separatle these currents at any desired point of the
circuit and to direct cach of them into the conductor or circuit through
which it is desired to have them flow.

Filter Action. A filter circuit consists of & combination of capacitors,
inductors, and resistors conneeied so that it will separate alternating
currents from direct currents, low-frequency currents from high-frequency
currents, or alternating currents within a band of frequencies from alter-
nating currents outside of this band. The action of any filter depends
upon the following principles of alternating current circuits:

1. The opposition offered to the flow of alternating currents by
inductance varies directly with the frequency. Therefore inductance
offers comparatively litlle opposition to direet, pulsaiing, or low-fre-
quency alternating currents and great opposition to radio-frequency
currents.

2. The opposition offered to the flow of alternating currcents by capaci-
tanee varies inversely with the frequeney. Therefore capacilance offers
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comparatively great opposition to low-frequency currents and little
opposition to radio-frequency currents. It also will block the flow of
direct current.

3. A scries resonant circuit has a low impedance at resonance and
offers little opposition to the flow of all currents whose frequencies lie
within a narrow band above and below the resonant frequency. Such
a eircuit will offer a comparatively great opposition to the flow of currents
of all other frequencies.

4. A parallel resonant circuit has a high impedance at resonance and
will offer a comparatively great opposition to the flow of all currents
whose frequencies lic within a narrow band above and below the resonant
frequency. Such a circuit will offer little opposition to the flow of cur-
rents of all other frequencies.

5. Resistors do not provide any filtering action when used alone,
since they opposc the flow of all eurrents to the same extent. When con-
nected in series with a capacitor, inductor, or both, they inerease the
impedance of the cireuit. Increasing the resistance of a resonant circuit
reduces the value of the peak of the resonance curve and decreases the
slope of the curves, which indicates that the circuit will be less selective.

Filter Cirewit Terms. Crassi¥icaTioN OF Fiuters. There are four
general classifications of filter circuits, namely, low-pass, high-pass,
band-pass, and band-stop, each of which is considered in the next article.

ATTENTATION CURVES are graphs of current plotted against frequency
and are used to show the attenuation (reduction) of current as the fre-
quenecy varies.

CuTorr is the term used to indicate the point at which a small change
n frequency results in considerable attenuation of the current.

SHARPNESS OF ATTENUATION is the term used to indicate the steepness
of the slope of the attenuation curve. A curve that is quite steep is
generally preferred, and the eirenit is said to possess sharp attenuation.

A T-TYPE FILTER is a basic filter circuit containing a number of induc-
tors and capacitors conneeted in a manner resembling the letter 7'

A PI-TYPE FILTER is & basic filter circuit containing a number of indue-
tors and eapacitors connected in a manner resembling the Greek letter .

An M-DERIVED FILTER is merely a variation of cither one of the basic
type filters arranged to provide certain desired characteristics.

A MULTIPLE-SECTION ¥ILTER is one that contains two or more units
of a basic-type filter. Its purpose is to achieve sharper attenuation.

The sovrer vpepaNcs is the impedance of the circuit leading into
the filter.

The LOAD IMPEDANCY is the impedance of the cireuit into which the
filter feeds.
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The CHARASTERISTIC IMPKDANCE is the impedance of the filter cireuit
and is dependent upon the values of the inductance and capacitance.
The impedance of the filter, the source, and the load should have equal

values.
P —
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(h)-SHUNT-DERIVED, m-TYPE,
LOW-PASS FILTER
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Fia. 2-44.—Typical low-pass filter circuits.

2-27. Types of Filter Circuit.

Low-pass Filter.

A low-pass flter is

one which allows all currents of frequencies below the cutoff frequeney to

pass on to the desired circuit and
opposes and therchy diverts the
flow of all currents of frequencies
above this value.

The simplest low-pass filter is
either an inductor in series with
the load (Fig. 2-44a), which attenu-
ates the current as the frequeney
increases, or a capacitor in parallel
with the load (Fig. 2-445b), which
diverts a greater amount of current
from the load as the frequency

’\‘ /
"
i _
°§ |__ frequency bond ___ Freque/mef/
5 passed eliminated,

5

Frequency —
Fia. 2-45.--Characteristic curve for =

simple low-pass filter cireuit.

inereases. Neither of these, when used alone, produces very sharp attenu-
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ation, and in order to oblain sharper attenuation both the €eries connected
induetor and the parallel connected eapacitor are used (see Fig. 2-44¢).
In order further to improve the sharpness of aticnuation, additional

capacitors and inductors are used as illustrated in Fig. 2-44.
ation of a simple low-pass {ilter is shown in Fig. 2-45.
High-pass Filter.

Current—

FrG.

|

—

Input Output

l

(a)-Simple high-pass filter

Input Ouiput

8

(c)-Single L-section,
capacifor-input, high-
pass filter

Input Ouipuf

X

(e}-Single m-type, choke-
input, high-pass filter

Input ) Output

1
+

o T 5
(g)-Series-derived, m-type,
high-pass filter

Input Quiput

(b)-5imple high-pass filter

o— (——; f—
Input Ouvipyt
0—;@

{ d)-T—fype,hqu-pass filter
o—-] —o
Input Output

{£)-Two section, T-type,
high-pass filter

Input OQuiput

(h)-Shunt-derived, m-type,
high-pass filter

F1G, 2-46-—Typical high-pass filter circuits.

passed

_._.. frequencres ____|

Frequency —

2-47,—Characteristie
simple high-pass filter circuit.

curve for a

The attenu-

A high-pass filter is one whieh allows all eurrents of

frequenetes above a certain valuc to
pass on {0 the desired ecireuit and
opposes or diverts the flow of all
cwrrents of frequencies helow this
value.

The simplest high-pass filter is
either a capacitor in series with the
load (Fig. 2-16a), which opposes
the flow of low-frequency currents
and passes the high-frequency eur-
rents, or an inductor in parallel
with the load (Fig. 2-46b), which

diverts most of the low-frequeney currents from the load but diverts very

Tittle of the high-frequency currents.

Neither of these, when used alone,

produces very sharp attenuation, and in order to attain sharper attenua-
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tion both the series connceted eapacitor and the parallel connected indue-
tor are used (see Fig. 2-46¢). In order further to improve the sharpness
of attenuation, additional capacitors and inductors are used as shown in
Fig. 2-46. The attenuation of a simple high-pass filter is shown in Fig.
2-47.

Band-pass Filter. A band-pass filter is one which allows the currents
of a narrow band of frequencies to pass on to a desired circuit and opposes
or diverts all currents whose frequencies are above or below this band.

The simplest. band-pass filter is cither a series resonant cireuit con-
nected in series with the load (Fig. 2-48a) or a parallel resonant circuit

I i¢ °
Input Output Input Output
{a)- Simple band-pass filter~ (6)- Simple band-pass filter
o — T —o
Input Output Input Ovtout
(¢)-Single-section, L-type, (dl)-Single-section, T-type,
bund-pass filter band-pass filter
¢ e
Input Ouiput Input g Output
. ° . ~°
(e)-Slnqle-secﬂoq,ﬁ-’ryps, (f)-Series-derived, m-type
band-pass filter band-pass filter

Fig. 2-48.—Typical band-pass filter circuits.

connected across the load (Iig. 2-48b). The series rcsonant circuit
(Fig. 2-48a) passes all currents of frequencies within the band for which
it is tuned and opposes the currents of all frequencies outside of the band.
The parallel resonant circuit (Fig. 2-48b) diverts very little of the current
of the frequencies within the band for which it is tuned and diverts all
currents of those frequencies outside of the band. Combinations of tiwo
or more series resonant circuits and parallel resonant circuits are used as
shown in Fig. 2-48 in order to attain better response (attenuation) eurves.
The response curve of a simple band-pass filter is shown in Fig. 2-49.

Band-stop Filter. A band-stop filter, also called a band-suppression or
band-exclusion filter, is one which opposes or diverts the currents of a
narrow band of frequencies from flowing in a certain circuit and passes
the currents of all frequencics outside of this band.
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The simplest band-stop filter is cither a4 parallel resonant cireuit
connected in scries with the load (Fig. 2-50a) or a series resonant
circuit connecled across the load (Fig. 2-500). The parallel resonant eir-
cuit (Fig. 2-50a) opposes all currents of those frequencies within the band

\\

Current——
frequency tand
passed

Frequency —

Fra. 2-19.—Characteristic curve for a simple band-pass filter circuit.

T
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Input Output Input % Oulput
— T
(a)-SIMPLE BAND-STOP FILTER &)-SIMPLE BAND-STOP FILTER
Input Ouvipu? Input Outouf
T ° o1 T &
(c)-SINGLE-SECTION, L-TYPE (el )- SINGLE-SECTION, m-TYPE,
BAND-STOP FILTER BAND-STOP FILTER
lnput Ouvtout Inpuf% l f ; Output
T o o e
(e)-SINGLE-SECTION, T-TYPE {f )-SHUNT-DERIVED,m-TYPE ,
BAND-STOP FILTER BAND-STOP FILTER

Ia. 2-50—Typical band-stop filter eircuits.

for which it 1s tuned and passes the currents of all frequencies outside of
the band. 'The series resonant cirenit (Fig. 2-500) diveris all currents of
those frequencies within the band for which it is tuned and diverts very
little of the current for the frequencies outside of this band. Combina-
tions of two or more parallel resonant circuits and series resonant circuits
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are used as shown in Fig. 2-50 in order to attain better response curves.
The response curve of a simple band-stop filter is shown in Fig. 2-51.
M-derived Filiers. These circuits are derived from the basic filters,
and their purpose is to achicve a sharper attenuation. Additional
impedances are inserted into the basic circuits to form either a shunt-

frequercre

frequenciées
et - £
passed i

passed

Current—s

1

Frequency ——

F1G. 2-51.. Characteristic curve for a simple band-stop filter circuit.

derived or series-derived type of filter. If the additional impedances are
added to the shunt arm of the section, the filter is scries-derived, and if
the additional impedances are added to the series arm of the section, the
filter is shunt-derived.

Resistor-capacitor Filter Circuits. When it is necessary to scparate
the direct eurrent and alternating current, that may be flowing in a cireuit,
this may be accomplished by using
a capacitor to provide a path for
the alternating current and a resis-
tor to provide a path for the direct
current,

The circuit of Fig. 2-52q illus-
trates a capacitor used to allow the
passage of the alternating signal
current from the screen-grid circuit () 7y
of a tube to the ground. The _Fra. 2-52. —Resistor-capacitor filter cir-
resistor keeps the altomating cur-  oile, ) g veben ln (e e o
rent from getting into the B sup-
ply, where it may causc trouble. 'The resistor is also used to provide the
correct voltage for the screen grid by acting as a dropping resistor.

The circuit of Fig. 2-52b shows a resistor connected between the
cathode and ground; its purpose is to supply a negative voltage for the
grid of the tube. This resistor, usually of several thousand ohms, offers
a high impedance to the flow of the signal current, which would reduce

Screern or plate

“+

1
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the current to a critical value. A large reduction in signal current at
this point in a circuit would canse degeneration, an action that should be
avoided except in circuits where degencration serves a desired purpose.
If a capacitor is connected across the resistor as shown in the illustration,
1t will provide a low-impedance path for the alternating signal current.
Diverting the signal current through the capacitor will net affect the
voltage drop across the resistor necessary to produce the correct negative
grid voltage. .

2-28. Coupling of Circuits. Principles of Coupling. Two circuits
are said to be coupled when they have a common impedanece that permits
the transfer of electrical energy from one circuit to another. This
common impedance is called the coupling element and it may be a resistor,
an inductor, a capacitor, a transformer, or a combination of two or more
of these elements.

Coupling elements are usually required to perform some filter action
in addition to the function of transferring energy from one circuit to
another. Conversely, every filter circuit contains a section that acts as
a coupling device.  In some instances, coupling circuits and filter circuits
are much alike, and it may be difficult to state whether they should be
called filters nr coupling units. The choice of name, which is really
unimportant, may be governed by that function which is considered of
major importance. The type of impedance used will be determined by
the kinds of eurrent flowing in the input circuit and the kind desired in
the output circuit. The characteristics of each type of impedance have
already been presented in the study of filters.

Simple Coupled Circuits. A simple coupled circuit is one in which
the ecommon impedance consists of ouly a single element. A group of
simple coupled circuits are shown in Fig. 2-53.

The resistance, inductive, and capacitive-coupled cireunits arc also
called direct-coupled circuits. In these circuits the coupling is accom-
plished by the current of the input circuit flowing through the common
impedance, where it produces a voltage drop. This voltage is applied
to the output circuit, thus resulting in a transfer of electrical energy from
the input to the output circuit. The output voltage is cqual to the
produet of the current in the coupling clement and its impedance.

The transformer-coupled eircuit shown in Fig. 2-53d is also referred
to as indirect coupling, magnetie coupling, or mulual-inductive coupling.
In this type of coupling the transfer of energy is accomplished by the
allernating current of the input circuit flowing through the primary
winding and setting up an alternating magnetic ficld. The magnetic
lines of this field link the turns of the secondary winding and induce the
voltage that supplics the energy for the output circuit.
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In some applications of coupling devices the input circuit may have
both alternating and direct cwrrent flowing, and it is desired that the
coupling unit transfer only the alternating current to the output cireuit,
The transformer-coupled unit will serve this purpose satisfactorily as it
will pass only the alternating current. The other simple coupled cireuits
(Fig. 2-53a, b, and ¢) can be modified by inserting a capacitor in series
with the output side, so that no direct current can reach the load. This
is illustrated by the circuit of Fig. 2-53f.

O— o [-—
Input I Output Input Outpuf
O Qo
(cx)-Resistance coupling (b)-Inductive coupling
M
——
o o
23 BS
Input - Oudput Input _E \g Outout
N S
« 3
©- o
(¢}-Copocitive coupling (d }-Transformer coupling
— —
Inpuf Output
Input Output (a.c.andd.c) (a.c.only)
o— o O —0
(e)-Avto-transformer coupling, {1)-Inductive coupling.Capacitor
combined self and mutual inductance added to block the direct current

Fic. 2-53.—Types of simple coupled circuits.

Complez-coupled Circuits. A complex-coupled circuit is one in which
the common impedance consists of two or more circuit clements. A few
of the numecrous types of complex coupling arc shown in IFig. 2-54.

The proportion of energy transferred in a simple inductive-coupled
circuit increases as the frequency inereases, while with simple capacitive
coupling the proportion of energy transferred decreases as the frequency
increases. Using combinations of two or more elecments in the coupling
unit makes it possible to obtain various proportions of energy transfer
for inputs of varying frequency. For example, the coupling clement of
Fig. 2-54a is really a series-tuned cireuit and hence will have a minimum
impedance at its resonant frequency. The proportion of energy transfer,
t0o, will be at a minimum value when the frequency of the input eircuit
is equal to the resonant frequency of the coupling unit. At frequencies
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above resonance the proportion of energy transfer will increase and will
be inductive. At frequencies below resonance the proportion of energy
transfer will also iuecrease but will be capacitive. The fact that the
encrgy transfer is minimum at the resonant frequency may be more
clearly understood when it is stated thatl the input side of the filter is
generally a part of a series cireuit, for example, the plate cireuit of a tube,
as shown in Hig, 2-54e. It can now be scen that at resonance, when the
impedance of the coupling unit is minimum, its voltage drop will be at
its minimum, and the proportion of energy transfer must also be at its
minimumn,

<o <
Input Output Input Output
o T © ° —0
(cr)- Series tuned coupling (b)-Parallel tuned coupling
A
o——) e—c - 3 °
Input Outpu? Input é Output
o— T N o—)| I .
(¢}- Combined inductive and (d - Combined mutual inductance
capacitive coupling and capacitive coupling
M
o T o
Input whern Z =mn
Femn Lood Input Zp Zs Output
O /I\ -0 o -0
(e)-Series tuned coupling (f/)-Equivalent circuit of any

complex coupled circuit
Fig. 2-54.—Typical complex-coupled circuits.

In gencral, the amount of energy transferred will be proportional to
the eurrent flowing through the coupling unit and to the impedance of the
unit.  For purpose of analysis, complex-coupled circuits may be repre-
sented by a simple equivalent circuit, as shown in Fig. 2-54f.

Coeficient of Coupling. The ratio of the energy of the output circuit
to the energy of the input circuit is called the coefficient of coupling.
Critical, tight, and loose coupling are terms used Lo express the relative
value of the cocflicient of coupling for mutual-inductive (transformer)-
coupled circuits.

Figure 2-55 shows the response curves for tight, eritical, and loose
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soupling. When the maxtmum amouni of energy is transferred from one
srcutl lo another, the circutts are said to possess crilical coupling; this is
also referred to occasionally as opidmum coupling. 1If the coefficient of
zoupling is higher than that necessary to produce critical coupling, it is
referred to as being fight, and if it is lower than that required for critical
soupling, 1t is referred to as being loose.

The effect of varying the coupling between two circuits may be secn
‘rom the response curves of I'igs. 2-55 and 2-60. When {wo circuits are
very tightly coupled, resonance will be obtained at two new frequencies,
e below and the other above the normal frequency of resonance for the
:apacitor and inductor used. As the coupling is decreased, the two
yeaks come closer together until eritical coupling is reached and a single

£ 1 1
(a) 6) )
Tight Critical Loose

F16. 2-55.—Response curves showing the effects of various amounts of coupling,

yeak of maximum height is obtained. If the coupling is decreased below
he critical value, a single peak of reduced height is obtained.

Air-core transformers, commonly used in radio circuits, illustrate the
mportance of the amount of coupling between the primary and the
econdary windings. Since it is difficult to design an air-core transformer
n which a large portion of the magnetic lines set up by the primary wind-
ng will link the turns of the secondary winding, the coefficient of coupling
s generally low. A low value for the coefficient of coupling is not objec-
ionable in some circuits, as it provides certain desirable characteristies,
vhich will be presented in the following article.

2-29. Characteristics of Mutual-inductive-coupled Circuits. Induc-
ive coupling, particularly mutual inductance as provided by the trans-
ormer, is the means most commonly used to transfer energy from one
ircuit to another. The characteristics of these circuits depend upon the
ype of cireuit, that is, whether a capacitor is eonnected to the primary,
.0 the secondary, or to both. The characteristics arc also dependent
1pon the amount of coupling between the two circuits.

Coupled Impedance. The primary and the secondary circuits of a
ransformer are separate clectrical cirenits that are magnetically coupled.
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Fach eircuit has an impedance of its own, gencrally designated as Zp
and Zs. The impedance of the primary winding, when no load is applicd
to the secondary, consists of the resistance and inductance of the primary
winding. The impedance of the seeondary eireuit eonsists of the resist-
ance and inductanee of the secondary winding plus the impedanee of any
load connected to the circuit. When the secondary cirenit is left open,
that is, when no load is applied to its terminals, the impedance of the
sceondary will be infinity, or so large that it is immeasurable. Under
this condition the presence of the secondary will have no effect upon the
primary eireuit.

When a load is applied to the seeondary, the impedance will have a
signifieant value and a eurrent will flow in the secondary eirenit. The
amount of encrgy in this eireuit will depend upon the seeondary voltage
and impedance.  The secondary voltage, however, is dependent upon the
number of magnetic lines linking the two eirenits.  The number of link-
ages is proportional to the coefficient of eoupling; therefore the amount
of cnergy transferred is also dependent upon the coefficient of eoupling.
As the energy in the secondary cirenit must come from the primary, it is
evident that the primary impedanee will be affected by the impedance of
the secondary eircuit. The effeet of the secondary eircuit upon the
primary is equivalent to adding an impedance in series with the primary.
This added impedanee is generally referred to as the coupled impedance.

The numerieal value of the coupled impedanee of a mutual-induetive-
coupled circuit may be found by the equation

Iy2
rs = €D

(2-60)

where Zr_s» = impedance eoupled into the primary by the seeondary,
ohms
f = frequency of the power souree, cyeles per second
M = mutual inductanee, henries
Zs = sccondary impedanee, ohms

The derivation of this equation is explained 1n the following steps:

1. ¥rom the definition two eireuits have a mutual inductance of one
henry when a current in one eircuit, changing at the ratc of one ampere
per second, induces an average emf of one volt in the seeond cireuit. The
indueed voltage in the seeond eireuit may be expressed as

Ips — I'p

te — b

Eues = M (2-61)

This equation indieates that when the mutual induetance 31 is one henry
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1?2 - IPl -
and the rate of current change 18 one ampere per second, the
1

bo — 1
average value of the induced voltage E...s will be one volt. In other
words, this equation is derived from the definition of the unit of mutual
induetance.

2. When an alternating current 7» is flowing, the current is continually
changing from a maximum value to zero in a positive and negative
direction and at a ratc proportional to the frequency.  As the alternating
current I» is an effective value, the maximum current will be I divided
by 0.707. Also, a change in current from the maximum valuc to zero
occurs in a period of time corresponding to one-quarter of a cycle.
Therefore

Ir
ITpo — Ip  Jues — 1o L ax _0.707 . 4fl p
b=t 1 1 - 1 —omr (0
4f 4f af
Applying Eq. (2-62) to Eq. (2-61), then
] _ 4f[P
Vave-§ — J‘I O—W? (2-63)

3. The induced secondary voltage F,..s is cxpressed as an average
value, and in practical work it is desired to have it expressed as the
effective value E. As the average value is equal to 2/ (or 0.637) times
the maximum value and the effective value is equal to 0.707 times the
maximum value, then the effective value may be expressed as

By = Pet 5 0,707 = 2107 Bues (2-64)
T
or
. 2R,
]’A,w.,.s = m (2-64(1)
substituting Eq. (2-64q) in Eq. (2-63)
2kis .. 4fl»
o707~ ¥ o707
or
Es = 2xfMI» (2-65)
4, The secondary current [s will, therefore, be
7o - Es _ 2fMIx (2-66)
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5. This secondary current upon flowing through the secondary wind-
ing sets up a magnetie field of its own that induces a voltage in the
primary. This induced voltage will be 180 degrees out of phase with the
primary impressed voltage and is referred to as a counter, or back voltage.
By the same reasoning as was used to derive the secondary induced
voltage, it may be shown that this counter voltage induced in the primary
will be

Eoountee = 2mf M1 (2-67)

Substituting I5q. (2-66) for 5 in Eq. (2-67)

_ (2nfM)?

— (2nfM)
“counter — (27Tfl1l) —-TS— ZS_

I (2-68)

6. As this vollage represents the effect that the secondary has upon
the primary and is equal to the produet of impedance and current, 1t may
be stated from Eq. (2-68) that the effect of the sccondary impedance
upon the primary is

Zp g = (2—72:]"-[2 (Q—GO)

The coupled impedance expressed by Eq. (2-60) may be represented
by an equivalent resistance and an cquivalent reactance connected in
series with the primary circuit. The numcrical values of the equivalent

resistance and equivalent reactance are expressed by the following
equations,

2
Ry = o) (2-69)
7 g
. (2nfM)2X s
Xr vy = ‘_Zsz (2-70)
where Rp_s = resistance coupled into the primary by the sccondary,
ohms
Xr_w = reactance coupled into the primary by the secondary,
ohms

f = frequency of the power source, eycles per second
M = mutual inductance, henries
Rs = resistance of the secondary circuit, ohms
Zs = impedance of the secondary circuit, chms
Xs = reactance of the secondary circuit, ohms
Nore: When X is inductive, then Xp_gs has a negative sign, and when
Xz is capacitive, Xp_g has a positive sign.

Ezample 2-23. A mutual-inductance-coupled circuit is shown in Fig. 2-56,
together with the circuit values. (a) What coupled impedance does the secondary
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present to the primary? (b) What is the value of the equivalent resistance component,
of the coupled impedance? (c) What is the value of the reactance component of the
coupled impedance? (d) Draw the equivalent-circuit diagram. (e¢) What is the
effective impedance of the primary circuit? (f) What is the primary circuit cur-
rent if the voltage of the 175-ke signal is 10 volts? (g) What is the secondary volt-
age? (k) What is the secondary current?

Given: Find:
M=0.50 mb (@) Zp_g =2
° o) Rpg =7
Lin= (C) Xp_s' =1
/.7/}7))/7 Lg=3.5mh S Ripgd” (d) Diagram
£=175ke Rp- Rg=20n &0n (©) Zpr = ‘?
/0n o Ip =1
o (9) Eg =1
Fia. 2-56. (h) Is =1
Solution:
(2nfM )2 (2afM )2
W) Zps = = :
W 2 Zs T V& T ) T @riLo)
- (6.28 X 175 X 10% X 0.50 X 1073)2
4/ (20 + 80)% + (6.28 X 175 X 103 X 3.5 X 10—3)_2
_ 301,950 _ .
=517 = 78.5 ohms
_ (2rfM)*Rs _ 301,950 X 100 _
(b) Rp-s = 7 = (@847)¢ 2.04 ohms
_ (@afM)*Xs _ 301,950 X 3846 _
() Xps = Zs = (3847)° 78.5 ohms
(d)
Rp=/0n X, ~/868n Rp.2204n  Xp.gi 7850
O
Fie. 2-57.

(e) Zpr = V(Bp + Rp_s)? + (Xp — Xp_s)?

= /(10 + 2.04)% + (1868 — 78.5)? = 1789.6 ohms

¢ Ie = = 20 000558 amp = 5.58 ma

(g) Es = 2rfMIr = 549.5 X 0.00558 = 3.06 volts
_Es 306 _ _
() Is= 7 = 3817 = 0.000795 amp = 0.795 ma
Examining the results of this example, it can be seen that the effect
of the coupled equivalent resistance is to inercase the eflcetive resistanee
of the primary circuit. The equivalent reactance that is coupled into

the primary by a sccondary whose reactance is inductive is opposite in
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phase to the primary reactance and hence reduces the effective reactanee
of the primary eireuit. The net result is a reduction in the effeetive
primary impedance, more current therehy being allowed to flow in the
primary eircuit, thus making possible the transfer of more energy to the
secondary circuit.

Many of the important characteristies of coupled eireuits are explained
by the effects of coupled impedance. Iixamination of Kq. (2-60) indi-
cates that the coupled impedanee will be low when the coeflicient of
coupling is low beeause the value of M decreases when the cocflicient of
coupling is decreased.  Further, the coupled impedance will be low when
the secondary impedance is high. Thus, when the coefficient. of caupling
is low or when very little load is applied to the secondary (high secondary
impedance), the coupled impedance will be low and the cffeet of the
secondary upon the primary will be negligible. Iowever, when the
cocflicient of coupling is high or when the sceondary ecarries considerable
amounts of load (low secondary impedance), the coupled impedance will
be high and the secondary will produce considerable effeet upon the
primary circuit.

Coupled Impedance when the Coeflicient of Coupling Approaches Unity.
Iron-core transformers, such as the audio transformers used in radio
receivers, generally have a coeffieient of eoupling of nearly unity. Tur-
thermore, in well-designed audio transformers, the total rcactance of the
sccondary winding is so high in comparison with the resistance of the
secondary winding and the load impedanee that the secondary imped-
ance may be assumed to be approximately equal to the reactanee of the
secondary winding. Assuming that A = ~/LgLs (true when K = 1)
and Zs = X5, it is possible to simplify the expressions for reflected
(eoupled) impedance, resistance, and reactance of Egs. (2-60), (2-69),
and (2-70).

The cquation for the reflected impedance ean be simplified by sub-
stituting v/LyLs for 41 and X5 for Zs in ¥q. (2-60); then

g (S VLrLs)*  (2nfLe)(2xfLs)
s X.s - 2nfl.s

Zr =127, (2-71a)
s

(2-71)

As the primary and secondary windings are linked by thie same flux when
K =1 and as they will have approximately cqual dimensions, their
inductances will vary as the square of their respeetive number of turns
(Art. 2-3), or

LP N’P2

=W (2-72)
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and %—: = # (2-72a)
N
where n = o
Substituting Eq. (2-72a) in (2-71a)
Z
Zp g = ﬁ—f- (2-73)

It is sometimes desired to determine the impedance reflected to the
secondary by the primary. By a similar procedure, it can be shown that

Zs_pr = n2Zp (2—74)

With the same assumptions, the equation fer the reflected resistance
and rcactance can also be simplified. Substituting \/LzLs for M and
X.s for Zs in Eq. (2-69)

_ @nfLe)(2rfLs)Rs _ Ly

Re g = @afLs)@nLs) = L—SRS (2-75)

and Re—g = 8 (2-76)
By similar reasoning

Rs_p = n’Rp (2—77)

Applying the same method to Eq. (2-70), it can be shown that

Xy =8 (2-78)

n?

and Xsp = 02X (2-79)
From Eqs. (2-78) and (2-79), it can bc shown that

Lp g = %s (2-80)
Ls pr = ntlp (2-81)
Cr_s = n*Cs (2’82)
Cs_p' = %; (2—83)

Circuit with Untuned Primary and Unluned Secondary. The simplest
type of transformer coupling would be a ecircuit having an untuned
primary and an untuned secondary with a resistance or inductance load.
Such a circuit is shown in Fig. 2-58a. This circuit is often used as an
equivalent circuit to represent the effects produced by a shield, metal
panel, or other metal object located near a coil. The effect of the shield
or panel upon the coil would be the same as that of a secondary winding
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consisting of induetance and resistance in series. The coupled impedance
of such a eireuit will inerease the effective resistance of the primary and
reduce its effective recactance. It also indicates that the losses of the
coil cireuit are increased by an amount proportional to the resistance
coupled into the primary by the secondary, which is actually the shield
or near-by metal panel.

Circuit with Untuned Primary and Tuned Secondary. The ecircuit
shown in Fig. 2-58b differs from the one in Fig. 2-58a in that a capacitor
is used in place of the resistor in the seccondary cireuit. The commonly
used tuncd-radio-frequency amplifier eircuit, or its equivalent eireuit,
is similar to this fundamental circuit.

The secondary is similar to the series tuned ecireuit studied in Arts.
2-19 to 2-22. Its characteristics will be the same as those of the series
tuned circuit. At resonant frequency the impedance will be at its
minimum and the current at its maximum. The impedance coupled

é . "
E 7~ 7
(e
(a)- Circuit with (&)-Untuned primary, (c)-Tuned primary,
untuned secondary uned secondary tuned secondary

Fig. 2-58.—Fundamental transformer-coupled circuits.

into the primary will be large and will have a critical effect upon the
primary eurrent. At frequencies above or below resonanee the sceondary
impedance increases and its current decreases. The impedance coupled
into the primary deereases, and the effect on the primary cireuit is
deereased.

Circuit with Tuned Primary and Tuned Secondary. This type of
cireuit (Fig. 2-58¢) is used extensively in radio receivers. A common
example of this cireuit is the intermediate-frequency amplifier of the
superheterodyne receiver. This circuit is very uscful for amplifiers
beeause it ean be designed to provide an approximately uniform secondary
current response over the range of frequencies that arec normally applied
to the primary.

2-30. Band-pass Amplifier Circuits. Ideal Response Curve. The
ideal response eurve for the tuning or i-f amplifier cireuits would be one
having a flat top and very steep sides. The flat top should be approxi-
mately 10 ke wide. This band of 10 ke is not arbitrarily chosen but
represents a 5-ke side band above and below the carrier frequeney
of any transmitting station. These side bands are a part of every
modulated carrier wave, and the width of the side band varies with the
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frequency of the audio signal. The frequency of audible signals varies
from 20 cycles to more than 20,000 cycles. Ilowever, most radio
receivers are capable only of reproducing sounds up to 5000 cycles.
Many broadcasting stations can transmit with a 10-ke side band but
operate with only a 5- to 6-ke side band because of the limitations of the
average reccivers. A circuit with a
Aat-top response curve will produce
currents of equal strength for all pp—
wudio signals. A circuit that pro-

£
duces a response curve with steep N
|
A B

ZASY

sides will be very selective.

This idcal can be most nearly
achieved by use of two resonant cir-
auits (Fig. 2-59) tuned to the same
irequency and possessing a very definite value of coupling. Such cir-
zuits are known as band-pass filters, band-pass amplifiers, or band-pass
rireutts.

Effect of the Coefficient of Coupling on the Band-pass Circusts. The
mportant characteristic of the band-pass cireuit is the manner in which
the secondary current varies with the frequency when a constant-voltage

Fra. 2-59.—Band-pass amplifier civeujt.

=008 | K=004 ;-K=(202 =075
AN ¢ /M I\
WAl
+ NIt 1Y
2 NN A
3 / \
g / //AR\\ \
T / f \
3 A'2V//4VINN\NMNR
/ / ,/)//¢“‘»4éaz2/5“§,\ NN
A LALA K00 TN
420 440 60 480 500 520 540 560 580

Frequency, kilocycles

f1¢. 2-60.—Response curves showing the effect of the coeflicient of coupling between two
resonant circuits tuned to the same frequency.

variable-frequency wave is applied to the primary. Since the amount of
wurrent in the secondary varies directly with the amount of coupling
etween the primary and secondary windings, the shape of the response
surve will be affected by the coefficient of coupling.

The effect of the coefficient of coupling upen the shape of the response
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curves is shown in Fig. 2-60. These curves represent the response of a
eireuit similar to that shown in Fig. 2-59 when both resonant circuits are
tuned to 500 ke. When the coefficient of coupling is low (X = 0.01),
the secondary current will be low and the curve will be quite peaked.
When the coupling is increased to 0.015, the secondary current inercases
and there is a reduction in the sharpness of the peak of the curve.  When
K is equal to 0.02, the maximum amount of secondary eurrent is obtained
and the resonance curve is comparatively flat at the top and iis sides are
very steep.

When the coupling is tight, as is the case for the three curves with K
values greater than 0.02, the coupled impedance at resonance is high.
This reduces the primary current, which in turn reduces the induced
voltage at the secondary and thereby causes a lower secondary current.
This accounts for the decrease in secondary currents at resonance for
cocfficients of coupling greater than the critical value. At frequencies
below resonance the reactance coupled into the primary is inductive and
for frequencies above resonance it is capacitive. The coupled reactance
is opposite to that of the primary circuit and therefore reduces the effee-
tive primary impedance. The lower primary impedance causes an
increase in primary current, which in turn causes an increase in the
secondary voltage and consequently increases the secondary current.
This action introduces new resonant frequencies and accounts for the
humps in the resonance curves when the coupling is greater than the criti-
cal value. The current at these peaks is practically the same as the peak
current with ecritical coupling. The spacing between these peaks
inereases with an increase in the amount of coupling.

Width of Band Pass. The curves of Fig. 2-60 show that the width of
the band passed will increase with any increase in the coefficient of cou-
pling above its critical value. The width of this band, measured at 0.707
of the maximum response, is directly proportional to the coeflicient of
coupling and the resonant frequency of the two tuned cireuits (Fig.
2-59).  An approximate value of this band width can be obtained by use
of the equation

Width of band pass = K, (2-84)
Ezomple 2-24,  What is the approximate width of the frequency band of a band-

pass filter circuit having a resonant frequency of 456 ke and a coefficient of coupling
of 0.02?

Given: Find:
K =0.02 Width of band pass = ?
fr = 456 ke

Solution:

Width of band pass = Kf, = 0.02 X 456 = 9.12 ke = 9120 cyeles
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The most important characteristics of a band-pass circuit are the
width of the band of frequencies it allows to pass and the uniformity of
response within this band. From the curves of Fig. 2-60 it can be scen
that at eritical coupling (K = 0.02) the response is fairly uniform for a
band of frequencics between 495 and 505 ke. As the coefficient of
coupling is increased (K = (.04, 0.08, 0.15), it can be seen that the band
becomes wider and the response is less uniform.

The coefficient of coupling of band-pass cireuits is usually adjusted to
such a value that uniform responsc is obtained for a band of 10 ke.
The uniformity of the response, however, is also dependent upon the

n K=Q0/

el I
NEE R
]

I ]/\\,-K=5.02

3 [\ 27
SN Lol
o /// Q=375

| o
440 460 480 500 520 540 560
Frequency, kilocycles

Fia, 2-61.—Characteristics of a band-pass amplifier showing the effect of circuit @ on the
uniformity of response within the band being passed.
circuit @ (Art. 2-23). The effect of circuit @ upon the uniformity of
response is illustrated by the curves of Fig. 2-61. When @ is too high
pronounced double humps oceur, and if @ is too low the response curve is
round instead of flat. Apparently the best value of  would be such that
it will produce the maximum transfer of energy, or critical eoupling.
The value of critical coupling may be determined by
1

K, = —= _R5
NP (2-85)

where K, = critical coupling
Qr = Q of the primary circuit
Qs = Q of the secondary circuit
V@Q:Qs = Q of the complete circuit
However, experiments have shown that the best value of @ is approxi-
mately 50 per cent more than that required to produce critical coupling,
hence the equation for practical c¢ircuits is
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1.5

K, =——= 2-86
X 0.0 (2-86)
or QPQS = 2]\,-2;2) (2-87)

From Eq. (2-81) it ean be seen that the coeffieient of coupling would
be equal to the width of the band pass divided by the frequeney of
resonance.  As the width of the band pass is usually about 10 ke and the
resonant frequency of the r-f and i-f circuits is generally 175 ke or more,
the coefficient of coupling must therefore be less than 0.057.  Substituting
this value of K in I5q. (2-87), it can be seen that the values of the circuit
Q’'s will be 25 or more if Q» and Qs are approximately equal.

Example 2-25. A baund-pass filter eircuit is tuned to a resonant frequency of
456 ke,  If Qp and Qs arc equal, what values of Q are required {o produce an 8-ke
band?

Given: Find:
fr = 456 ke Op =7
Width of band pass = 8 ke Qs =12

Solution:
Width of band pass 8

K = = 4_.’-)6 = 0.0175

= 7346

T

QrQs
Qr = Qs = /7346 = 85.7

2-31. Delayed-action Circuits. Inductors or capacitors may be used
in electrie, radio, and electronic cireuits to econtrol the time required for
the current or voltage to reach a certain value. The operation of these
circuits is based on the time constant of the resistance-inductance or
the resistancc-capacitance combination. These circuits are generally
referred to as R-I and R-C cireuits.

Time Constant of Reststance-inductance Circuits. Tnductance, by
definition (Art. 2-3), is the property of a circuit that opposes any change
in the amount of current flowing in that ecircuit. "The opposition to a
change in the amount of current is caused by the indueed voltage due to
the self-inductance of the circuit. This induced emf will be in a direction
opposite to that of the impressed voltage whenever the current is increas-
ing in amount and in the direction of the impressed voltage when the
current is decreasing in amount.

If an inductor, which may be considered as a resistance and inductance
in series, is connected to a direet current power source, a current will flow
in the circuit. The amount of current that will flow will be its Ohm’s
law value, namely, the voltage applied to the circuit divided by the resist-
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ance of the circuit. In a circuit having only resistance (¥ig. 2-62a) the
current will rise to its Ohm’s law value practically instantancously, as
indicated in Fig. 2-62b. However, as the inductor has the effect of a
resistance and inductance connected in series (Fig. 2-63a), the current will
require an appreciable amount of time to reach its Ohm’s law value, as is
shown in Fig. 2-63b. This is explained by the fact that in order for the
current to reach its final value of 5 amperes, it must progressively pass
through its lesser values such as 1, 2, 3, and 4 amperes. Under these
conditions, the current is changing in amount, and the circuit will have an
emf induced in it owing to the

self-inductance of the -ecircuit. @

This induced emf will oppose the L J8
impressed voltage and thus will =% Rz
prevent the cutrent from reaching

its Ohm’s law value as long as the ()
induced emf is present. The cur-
rent will, however, eventually ' l
reach its Ohm’s law value, the
time required to accomplish this
depending upon the relative val-
ues of the inductance and resist-
ance. The current increases in a
manner indicated by the graph
shown in Fig. 2-63b and will rise 0 Time}[SSCOHdS

to 63.2 per cent of its final value Fia. 2-62.—Characteristics of current vs
in a period of time, CXpI‘OSSCd In  time for a circuit containing ouly resistance.
seconds, equal to the inductance t(glsff:: circuit, (b) current vs time charac-
of the eircuit divided by the resist-

ance of the circuit. This is called the tZme constant of the circuit and is
expressed mathematically as

o Current,amperes

(2-88)

[
ol b~

where ¢ = time, seconds, for the current to reach 63.2 per cent of its final
value
L = inductance of the circuit, henries
R = resistance of the elrcuit, ohms

Example 2-26. An R-L circuit is used to control the time of closing a relay.
The relay closes when the eurrent reaches 63.2 per cent of its final value and the cir-
cuit resistance and inductance are 12 ohms and 2.4 henries respectively. What is
the time interval between the closing of the line switch and the operation of the relay?
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Given: Find:
R = 12 ohms =1
L = 2.4 henries
Solution:
L 24
t = =1 = 0.2 second

The time required for the current to reach values other than 63.2 per
cent of the final value follows a curve known mathematically as an
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Fra. 2-63.—Characteristics of current and voltage vs time for a circuit containing
resistance and inductance. (¢) The circuit, (b) current vs time characteristics, (¢) voltage
vs time characteristics.

exponential curve. The universal time-constant curves of Fig. 2-67 pro-

vide a simple means of finding the current at any instant of time.
Further analysis of the R-L circuit will show that, when the current

is increasing, the voltage drop across the resistance will increase at the
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same time rate as the current. "This is so because the voltage drop across
the resistance at any instant of time is equal to the product of the current
and the registance. Furthermore, as the sum of the voltages around the
circuit must be equal to the applied voltage, the induced emf due to
the inductance must at any instant of time be equal to the applied
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Fra, 2-64.—Characteristics of current and voltage vs time. (a) The circuit, (b) cur-
rent vs time characteristics with switch in position 2, (¢) voltage vs time characteristics
with switch in position 2.

voltage less the IR drop. Figure 2-63¢ shows the voltage characteristics
of the circuit when the eurrent is building up.

The circuit shown in Fig. 2-64a is arranged so that the L-L eircuit
may either be connected to the direct current power souree or connected
so that the inductance will be short-cireuited through the resistance.
If the eircuit is connected to the direet eurrent power source, a eurrent
will flow in the circuit and will rise to its Ohm’s law value according to
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the cuwrrent-time curve alrcady described. When a eurrent is flowing
in the circuit, energy is transferred to the magnetic field. If the switeh
(Fig. 2-G4a) is changed from position 1 to position 2, so that the induet-
ance is disconnected from the power source and then instantancously
short-cireuited across the resistance, the energy in the collapsing magnetie
field will induee a voltage in the turns of the coil and will eause a current
to flow in the circuit. The current will decrease as the energy is dissi-
pated in the resistance. The rate at which the current decreases will
depend upon the relative values of the inductance and the resistance.
The current-time changes will also follow an exponential curve but will
be a deseending curve. As the induetance is now actually in parallel
with the resistance, the resistanece voltage drop and the indueed emf will
be equal in value and will decrcase according to an exponential curve.
The current-time characteristics are shown in Fig. 2-64b and the voltage-
time characteristics are shown in Fig. 2-61c. The time in seconds as
determined by L divided by R now represents the time in which the cur-
rent (and voltage) decreases 63.2 per ecent; hence the current and voltage
will drop to 306.8 per cent of their maximum values in L/R seconds.
‘T'he time required for the current and voltage to decrcase to values other
than 36.8 per cent of their maximum values ean be found by use of the
universal exponential curves presented at the end of this article.

Time Constant of Resistance-capacitance Circuits. Capacitanee, by
definition (Art. 2-10), 1s the property of a circuit that opposcs any change
in the amount of voltage. The opposition to a change in the voltage
aeross a eapacitor may be explained by the fact that in order to accom-
plish a ehange in voltage the number of electrons atl the plates of the
capacitor must be changed. This requires a passage of clectrons from
one plate of the eapacitor to the other and hence a current must flow
hefore there can be a change in voltage. If the voltage across the capaci-
tor is increased, electrons will low from the positive plate to the negative;
if the voltage across the capacitor is decreased, eleetrons will flow from
the negative plate to the positive. In either case a current flow must
precede a change in voltage at the plates of the capacitor.

If a perfeet capacitor, that is, one having no resistance, is connected
to a dircet-current power source, a high current surge will low instantly
and will charge the eapacitor. As the capacitor becomes charged almost
instantancously, the amount of eurrent, flow will deerease rapidly. The
capacitor will charge to the value of the impressed voltage and the cur-
rent flow will diminish to zero praetically instantaneously.

If the capacitor, or its cireuit, contains resistance in addition to the
capacitance (Fig. 2-65a), the capacitor will become charged to the same
value of voltage but will require a longer period of time to reach its final
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value. The voltage increases in a manner indicated by the graph shown
in Fig. 2-65b and will rise to 63.2 per cent of its {inal value in a period of
time, expressed in scconds, equal to the product of the capacitance and
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Fig. 2-65.—Characteristics of current and voltage vs time for a circuit containing
resistance and capacitance. (a) The circuit, (b) capacitor volts vs time characteristics,
(¢) current and resistance volts vs time characteristics.

resistance of the circuit. This is called the fime constani of the circuit
and is expressed mathematically as

{=CR (2-89)

where f = time, seconds, for the voltage across the capacitor to reach
63.2 per cent of its final value
C = capacitance of the circuit, farads
R = resistance of the circuit, ohms
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Erample 2-27. What is the time constant of an automatic-volume-control filter
circuit that uses a 1.23-megohin resistor and a 0.25 uf capacitor?

Given: Find:
R = 1.25 megohms t =71
C = 0.25 uf
Solution:
t =CR =025 % 107% X 1.25 X 108 = 0.3125 second
The time required for the voltage to reach values other than 63.2 per
cent of the final value follows an exponential curve.  The universal time-
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F16. 2-66.—Characteristics of current and voliage vs time. (¢) The circuit, (b) cur-
rent, vs time characteristics with switch in position 2, (¢) voltage vs time characteristics
with switel in position 2,

constant curves of Fig. 2-67 provide a simple means of finding the
voltage at any instant of time.
If the switch in the circuit of Tig. 2-66e is closed to position 1, the
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voltage and current characteristics of the circuit will conform to the
voltage-time and current-time curves shown in Fig. 2-65. While a
current is flowing in the circuit energy is being stored in the capacitor.
If the switch (Fig. 2-66¢) is changed from position 1 to position 2, the
energy stored in the capacitor will cause a current to flow in the resistor
and the capacitor will discharge through the resistor. At the instant of
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F16. 2-67.—Universal time-constant curves.

closing the switch the current will be at its highest value (Ohm’s law
value) and will decrease exponentially, as shown in Fig. 2-66b. The
voltage across the capacitor and resistor will be equal in amount and will
also decrease exponentially with time, as is shown in Fig. 2-66¢.
Universal Time-constant Curves. The time required for the current
of an R-L circuit or the voltage across the capacitor of an R-C circuit to

TaBLE 11-1V.—AscexpinG CUurve

k Per cent of k Per cent of k Per cent of

time maximum time maximum _ time maximum
constants value constants ; value constants value

- - {

0.00 0.000 0.70 50.3 2.50 91.8
0.05 4.9 0.80 55.1 3.00 95.0
0.10 9.5 0.90 59.3 K 3.50 97.0
0.15 14.0 1.00 63.2 4.00 98 .2
0.20 18.1 1.20 69.9 4.50 98.9
0.30 25.9 1.40 75.8 5.00 . 99.3
0.40 33.0 1.60 79.8 5.50 | 99.6
0.50 39.3 1.80 83.5 6.00 | 99.8
0.60 45.1 2.00 86.5 | 7.00 99.9
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reach values other than 63.2 per cent of their final values may be deter-
mined mathematically by use of suitable equations. The mathematics
involved is beyond the scope planned for this text. A shorter and more
convenient method of determining the time required to attain any per-
centage of the final value is by use of time-constant curves. As all of the
current-time and voltage-time relations vary exponentially, it is possible
to represent these variations by the two general exponential curves shown
in Fig. 2-67. These curves are plotted from values obtained mathemat-
ieally and listed in Tables IT-1V and TI-V.

Taprr II-V.——Descexping Curvr

k Per cent of k Per cent of | k Per cent of

time maxiniunm time maximum time Imaximimn
constants value constants value constants value
0.00 100 ) 0.70 49.7 2.50 R.2
0.05 95.1 0.80 44.9 3.00 5.0
0.10 90.5 . 0.90 40.7 3.50 3.0
0.15 86.0 1.00 36.8 4.00 1.8
0.20 81.9 1.20 30.1 4.50 1.1
0.30 74.1 1.40 24.7 5.00 0.7
0.40 67.0 1.60 20.2 5.50 0.4
0.50 60.7 1.80 16.5 6.00 0.2
0.60 54.9 2.00 13.5 7.00 0.1

Example 2-28. An R-L circuit used to control the action of a switch has a resist-
ance of 12 ohms and an inductance of 0.5 henry and is connected to a 6-volt hattery.
{a) If the switch operates when the current attains 63.2 per cent of its final value,
what time is required to opcrate the switch? (b) If the switeh requires 400 ma to
operate, what is the time between the start of current flow and the closing of the switch?

Given: Find:
R = 12 chms (@) t =72
L = 0.5 henry b t=7
Solution:
(@) t = 11:; = Ol;) = 0.0416 second
. E 6
() maximum current value = R=1= 0.5 amp

Per cent of maximum current required to operate the switch = %0 X 100 =

80 per cent
From curve, Fig, 2-67, k = 1.6

L _ 1.6 X0.5 _
! kR =15 = 0.0666 second
Erample 2-29. A 0.005-pf capacitor and a 2-megohm resistor are connected to
form an R-C circuit. If the R-C combination is connected to a 300-voli source of
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d-c power, what time is required for the voltage across the capacitor to reach (a)
100 volts, (b) 200 volts, (c) 270 volts? 1If the capacitor becomes fully charged (300
volts) and is then discharged through the 2-megohm resistor, what time is required
to discharge the capacitor to (d) 250 volts, (e) 200 volts, (f) 110 volts, (g) 50 volts?

Given: Find:
R = 2 megohms t=71
C = 0.005 pf
Solution:
(a) Per cent of maximum value = ;138‘8 X 100 = 33.3 per cent

k (from Fig. 2-67) = 0.40
t = kCR = 0.40 X 0.005 X 1076 X 2 X 10¢ = 0.004 sccond

o
(b) Per cent of maximum value = ;%g X 100 = 66.6 per cent
k {from Fig. 2-67) = 1.1

t =kCR = 1.1 X 0005 X 0% X 2 X 10¢ = 0.011 second

(¢) Per cent of maximum value = 270 X 100 = 90 per cent

300
k (from Fig, 2-67) = 2.27
t = kCR =227 X 0.005 X 1076 X 2 X 10¢ = 0.0227 second
9
250 X 100 = 83.3 per cent

d)y D t of i alue =
(@) er cent of maximum value 300

k (from Fig. 2-67) = 0.19
1 = kCR = 0.19 X 0.005 X 1076 X 2 X 106 = 0.0019 second

(e) Per cent of maximum value = 200 X 100 = 66.6 per cent

300
k = (from Fig. 2-67) = 0.40
t = kCR = 0.40 X 0.005 X 1078 X 2 X 10¢ = 0.004 second

(/) Per cent of maximum value = %—g X 190 = 36.6 per cent
& = (from Fig. 2-67) =1

t = kCR =1 X% 0.005 X 1078 X 2 X 10 = 0.01 second

-
20 X 100 = 16.6 per cent

(g) Per cent of maximum value = 300

k = ({rom Fig. 2-67) = 1.8
t =ECR = 1.8 X 0.005 X 1078 X 2 X 106 = 0.018 second

Uses of Delayed-action Circuils. There are numerous applications
of R-C and R-L circuits both in radio and in industrial electronics. A
few of the applications are as follows.

A grid-leak detector circuit (see Chap. V) uses a capacitor and a
resistor connected in parallel in the grid ecircuit of the detector tube.
Actually this B-C combination is a time-constant circuit and the values
of R and C are chosen to produce a time constant of sufficient duration
that the charge on the capacitor gained during the positive half cyecles
does not have time to completely discharge through the resistor during
the negative half cycles. Other examples of time-constant circuits in
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radio apparatus include automatic volume control, relaxation oscillator,
and trigger circuits.

Industrial applications of time-constant eircuits include controlling
the length of time for a specific manufacturing operation, timing of elec-
tric welders, timing the exposure of photofinishing processes, timing of
instruments, producing repeated action for life tests, and motor control.
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QUESTIONS

1. Name and deseribe the various types of resistors (1) wlhen classified according
to material used, (b) when classified according to their control.

2. Give four applications of resistors to radio circuits.

3. Why must the power rating of a resistor be taken into consideration?

4. Explain the use of (a) a vheostat, (b) a potentiometer.

B. What is meant by taper? Why is taper necessary?

6. Deseribe three charaetenistics of inductance that are important to the study of
radio.

7. What is meant by (a) self-inductance? (b) Mutual induetance?

8. What is the relation between mutual inductance and the coefficient of cou-
pling?

9. Explain two effects that inductance has upon the current flowing in an a-c
eireuit,
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10, What is meant by inductive reactance? What factors of the circuit determine
its value?

11. What is meant by the impedance of an inductance coil? How do the values
of impedanee and inductive reactance compare for coils generally used in radio
circuits?

12. Why does the current lag the voltage in an a-c circuit that contains inductance?

13. Describe three methods of neutralizing the effects of inductance.

14. Explain the characteristics and uses of each of the following types of chokes:
(a) power supply, (b) audio frequency, (¢) radio frequency.

18. Explain the characteristics and uses of each of the following types of trans-
formers: (a) power supply, (b) audio frequency, (¢) radio frequency, (d) intermediate
frequency.

16. Why is it necessary to shield high-frequency coils? What precautions should
be taken in the construction of a shield?

17. Describe ecach of the three resistance effects that are combined in the a-c
resistance of a coil.

18. Deseribe two characteristics of capaecitance that are important to the study
of radio.

19. What factors affect the capacitance of a eapacitor?

20. Why does the voltage lag the current in an a-¢ ¢ircuit that contains capaei-
tanee?

21. What is meant by the impedance of a capacitor? How does the value of
impedance and capacitive reactance compare for capacitors generally used in a-¢
circuits?

22. Describe the characteristics for cach of the following types of capacitor: (a)
mica dielectrie, (b) paper dielectric, (¢) oil dielectric,

23. Describe the construction of (a) a wet electrolytic capacitor, (b) a dry electro-
lytic capacitor.

24. State three advantages of electrolytic capacitors. State a disadvantage of
electrolytic capacitors.

28. Describe the constructional features of each of the following types of variable
capacitors: (a) broadeast, (b) midget, (¢) micro, (d) split-stator, (¢) transmitting,
(f) adjustable.

26. How are capacitors generally rated in regards to voltage?

27. Deserihe three effects of distributed capacitance.

28. Describe five classifications of electric circuits in regards to the manmer in
which the circuit elements are connected.

29, What is meant by Qhm’s law for a-¢ circuits?

30. In a series a-c circuit, what is the relation between the complete circuit and
the individual circuit elements in regards to (a) current, (b) voltage, (¢) resistance,
{d) inductive reactance, (¢) capacitive reactance?

31. In a parallel a-c circuit, what is the relation between the complete circuit and
the individual circuit elements in regards to {(a) current, (b) voltage, (¢) resistance,
(d) inductive reactance, {¢) capacitive reactance?

32. What is meant by resonance?

33. What is the recommended procedure to be followed in order to determine the
classification of a resonant circuit?

34, What is the relation between the line voltage and the reactive voltages for a
series resonant eircuit?

35. Describe the impedance and current characteristics of a series resonant eirenit.
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36. What is the relation hetween the line current and the reactive currents for a
parallel resonant ecircuit?

37. What are the impedance and line-current characteristics of a parallel resonant
cireuit?

38. Wlat is the purpose of resonance curves?

39. How do the resonance curves for a scries resonant circuit compare with those
for a parallel resonant circuit?

40. What is meant by circuit @? How docs the cireuit @ of a tuned circuit com-
pare with the coil Q7

41, What is the relation hetween the circuit Q of a tuned cireuit and (a) the
sclectivity, (b) the width of the resonance curve?

42, How does the LC ratio affect the selectivity of (a) a scries tuned circuit,
(%) a parallel tuned circuit?

43. What is meant by filter action? What are the five principles of a-c cireuits
upon which the action of any fitter circuit depends?

44, Describe cach of the following types of filters: (a) low-pass filter, (b) high-pass
filter, (r) hand-pass filter, {d) band-stop filter.

45, Wlat is the purpose of m-derived filters? How are m-derived filters con-
structed?

46. Why is it necessary to couple circuits?

47. How is coupling accomplished in {¢) a shmple direct-coupled cireuit? (b)
A simple indircet-coupled circuit?

48. What is meant by a complex-coupled circuit? Where are complex-coupled
eircuits used?

49, Lxplain what is meant by the following terms: (a) cocflicient of coupling,
{b) critical eoupling, (¢) tight coupling, (d) leose coupling, (e) optimum coupling,.

60. What is meant by coupled impedance? How does coupled impedance affect
the primary circuit?

61. Explain the relation hetween coupled impedance and the coeflicient of coupling.

52, Explain the effects of coupled impedance on the primary circuit in a cireuit
having (@) an untuned primary and an untuned secondary, (b) a cireuit with an
untuned primary and a tuned secondary, (¢} a circuit with a tuned primary and
a tuned secondary.

83. What is meant by a band-pass amplifier circuit? What are its circuit char-
acteristics?

54. How does the shape of the response curve of a band-pass cireuit vary with
the coefficient of coupling?

66. In a band-pass circuit, what effect has the coeflicient of coupling on the width
of band pass?

66. In a band-pass circuit, what is the relation between the eireuit @ and the
coefficient of coupling?

67, What is the essential purpose of time-delay circuits?

68. Explain the operation of a delayed-action (a) R-L cireuit, (b) R-C circuit.

69, What is meani by the time constant of a delayed-action (g) R-I. eireuit,
d) R-C ecireuit?

80. What is the purpose of the universal time-constant curves? How are they
used in the solution of time-delay ecirenits?

61. Name four applications of time-delay circuits. Kxplain the circuit actions
of one of these annlications,
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PROBLEMS

1. What is the power rating of the following resistors: (a) a 50-ohmn resistor that
can carry 200 ma, (b) a 10,000-ohm resistor that can ecarry 10 ma, (¢) a 250,000-ohm
resistor that can carry 2 ma, (d) a 50-ohm resistor that can carry 1000 ma?

2. What is the current rating of the following resistors: (a) a 50,000-ohm 10-watt
resistor, (b) a 25-watt 1500-ohm resistor, (¢) a 3-watt 2-megohm resistor, (d) a 5-watt
750-ohm resistor, (¢) a i-watt 3-megohm resistor?

3. A 25,000-ohm potentiometer having a uniform resistance is used to obtain 30
volts across a load; the power source is rated at 90 volts. (a) What is the current in
each part of the potentiometer (sce Fig. 2-4) if the load resistance is 5000 ohms?
() What is the current in each part of the potentiometer if the load resistance is
10,000 ohms?

4. A flux of 20,000 lines links the turns of a coil having 200 turns. (a) What is the
value of the induced voltage if the flux decrcascs to zero in 0.025 second?  (b) What
is the inductance of the coil if a current of 50 ma is required to produce the flux of
20,000 lines? (¢) How much energy is stored in the magnetic field?

6. A flux of 20 lines links @ coil having 30 turns. The flux in the coil is varving
in accordance with an alternating current and therefore varies from zero to maximum
value (and vice versa) in onc-quarter of a cycle. What is the value of the induced
voltage at the following values of frequency: (a) 500 cycles? (b) 500 ke? () 1500
ke? (d) 80 me?

8. What is the inductance of cach of the following coils: {(a) a 400-turn multilayer
coil whose dimensions are @ = § inch, b = 2 inches, ¢ = % inch? (b) A 40-turn flat
coil whose dimensions are ¢ = 1} inches, ¢ = 1% inches? (¢) A 200-turn solenoid
whose dimensions are ¢ = £ inch, b = 3 inches?

7. What is the inductance of each of the following coils: (a) a 32-turn flat coil
whose dimensions are a = 1} inches, ¢ = 1} inches? (b) A 320-turn solenoid whose
dimensions are a = § inch, & = 5 inches? (¢) A 1000-turn multilayer coil whose
dimensions are @ = 1 inch, b = 2 inches, ¢ = § inch?

8. What is the mutual inductance of two eoils wound adjacent to one another?
Assume that all the magnctic lines set up in the first coil cut all the turns of the
second coil. The primary coil consists of 800 turns wound on a cardboard core 1 inch
in diameter and 4 inches long. The secondary coil consists of 1600 turns wound on
a cardboard core 11 inches in diameter and 4 inches long.

9. Find the coefficient of coupling for each of the following combinations: (a)
two coils whose self-inductances are 0.05 and 0.08 mh and whose mutual inductance
is 0.015 mh, (b) two coils whose self-inductances are 40 and 62.5 pgh and whose
mutual inductance iz 16 gh, () two coils whose self-inductances are 4 and 9 mb
and whose mutual inductance is 240 ph.

10. Two coils, the first having 50 turns and the second 100 turns, are placed so
that only 5 per cent of the lines set up by coil 1link coil 2. If 800 lines are set up when
5 ma flow through coil 1, what voltage will be induced across coil 2 if the current
decreases from its maximum value to zero in 0.00005 second?

11. What is the induective rezctance of a 2.5-mh choke coil at (a) 550 ke? (b) 1000
ke? (c) 1500 ke? (d) 4.25 me?

12. A 15-henry choke coil that has a resistance of 375 ohms is connected to a 110-
volt 60-cycle power supply. Find (a) the inductive reactance, (b) the impedance,
(¢) the current, (d) the angle of lag.
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13. It is desired to caleulate the inductance of a choke coil from the readings
obtained with the coil connected to an a-¢ power source.  The following are the read-
ings obtained: voltmeter, 120 volts; milliammeter, 80 ma; wattmeter, 1.6 watts;
frequency meter, 60 ¢ycles.  (a) What is the impedance of the coil?  (b) What is the
resistance of the coil (determined from the wattmeter and ammeter readings)?
(¢) What is the inductive reactance of the coil? (d) What is the inductance of the
coil?

14. Two ecoils, one having an inductance of 150 xh and the second of 600 ph, are
arranged so that they may be econnected in series in the various ways shown in Fig,.
2-9. What is the inductance of the cireuit when the two coils are connected in scries
so that they are (@) aiding and the coupling is 100 per cent? (b) Opposing and the
coupling is 100 per cent? (¢) In a position that produces zero coupling? (d) Aiding
and the coupling is 50 per cent?

16. The transformer shown in Fig. 2-68 has 460 turns on its primary winding.
(a) How many turns are there on the winding section ¢cd? (b)) Section ¢f?  (c) Section
gh? (d) Section tk? (¢) Sections ¢f and jk?

c
é 2.5 voits
d
: e
é 63 volfs
¥ r
a T T g
E Svolfs
li5volts zh
b ot 435 volls
i oy 870 volts
45vorrs
' .y

I16. 2-68.

16. A fixed capacitor is made of 720 plates of lead foil, each 2 by 3 inches, separated
by a beeswaxed paper dielectric 0.006 inch thick. (a) What is its capacitance?  (b)
What charge is produced in the capacitor when it is connceted across a 250-volt d-¢
power supply? (¢) How much energy is stoted in the capacitor?

17. How many plates must be used to make a fixed capacitor of 0.0005 uf if the
plates arc { inch squarc and the dielectric is made of miea sheets 0.007 inch thick?

18. What is the capacitance of a rolled-type fixed eapacitor consisting of two plates,
each 1 inch wide and 162 inches long, separated by paraffined paper 0.005 inch thick?

19. What is the maximum capacitance of a 21-plate variable capacitor if each
plate has an area of 2.75 square inches and the air gap is 0.025 inch?

20. What is the capacitance of a 15-plate midget variable capacitor if the area of
each rotor plate is 0.80 square inch and the air gap is 0.025 inch?

21. What is the capacitance of a 14-plate micro variable capacitor if the area of
each plate is 0.35 square inch and the air gap is 0.02035 inch?

22. What is the eapacitive reactance of a 0.001-xf capacitor when connected in a
ciceuit of the following high-frequency currents: (@) 550 ke?  (b) 1000 ke?  (c) 1500
ke?  (d) 4.25 me?
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23. An 8-uf fixed capacitor that has a resistance of 10 ohms is connected to a 110-
volt 60-cycle power supply. Find: (a) the capacitive reactance, (b) the impedance,
{c) the current, (d) the power factor, (¢) the phase angle, (f) the power.

24. What is the capacitance of the following cireuits: (a) An §-, a 4-, and two 2-uf
capacitors connected in parallel?  (b) An 8, a 4, and two 2-uf capacitors connected
in series?

25. What is the capacitance of the circuit shown in Fig. 2-60?

C}=2,uf 65 =2/lf
[ANS— )

G l0pf

Fiag. 2-69.

26. A four-tube radio set has its heaters connected in series. 'I'he rated voltages
are 25, 6.3, 6.3, and 12.6 volts, and they all draw 0.3 ampere. (a) What value of resist-
ance must be connected in series with thesc heaters in order to operate them directly
from a 110-volt line? (b) How much power is consumed by the dropping resistor?

27. A 500-, a 400-, and a 600-ohm resistor arc connceted in parallel across a 300-
volt power line, Find (a) the total resistance of the circuit, (b) the current in each
resistor, (¢) the line current, (d) the power taken by each resistor, (¢) the power taken
by the circuit.

28. A radioreceiver has five tubes whose heaters each draw 0.3 ampere. The heaters
are connected in parallel to a 2.5-volt tap of the power transformer. (a) What is the
resistance of cach heater? (b) What is the resistance of the heater circuit? (¢)
What is the total current taken from the power transformer by this heater circuit?

29. Find the following quantities for the circuit shown in Fig. 2-70: (u) the resist-
ance of each group, (b) the resistance of the complete circuit, (c) the line current, (d)

R=/60n Ry=/50n Ry=60n

Fia. 2-70.

the power consumed by the complete cirenit, (¢) the voltage across each resistor,
() the current in each resistor, (g) the power consuined by cach resistor.

30. Tind the following quantities for the circuit shown in Fig. 2-71: (a) the resist-
ance of cach group, (b) the resistance of the complete circuit, (¢) the line current,
(d) the power consumed by the complete circuit, (e} the current in each resistor,
{f) the voltage across each resistor, (g) the power consumed by each resistor.
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31. The series circuit shown in Fig. 2-72 is connceted to a 100-volt 60-cycle power
line. Find: (@) the resistance of the cireuit, (b) the inductive reactance of the circuit,
(¢) the capacitive reactance of the circuit, (d) the impedance of the circuit, (e) the line
current and the current in each circuit element, (f) the impedance of each ecircuit
element, (g) the voltuge across each circuit element, (&) the power consumed by each
eircuit clement, (¢) the power taken from the line, (j) the power factor of each circuit

!. ----- P— TezT ----- ey--=- -t~e4>l

r=250n r=20n r=200n r=30n
X 3000n Xp2630n  Xp7250n X, 25300

100 volts
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element, (k) the power factor angle of each circuit element, () the power factor of the
complete circuit, (i) the power factor angle of the complete circuit.

32. The parallel circuit shown in Fig. 2-73 is connected to a 100-volt G0-cycle
power line, Find: (a) the current flowing in each branch of the parallel cireuit,
(b) the line current, {¢) the power taken by cach branch, (d) the power taken by the
whole cireuit, (¢) the power factor of the eircuit, (f) the phase angle between the line
current and the line voltage, (g) the impedance of the eircuit.
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33. A series tuned ecircuit has an inductance of 725 gh. At what value of eapaei-
{ance must its variable capacitor be adjusted in order to obtain resonance for the
following frequencies: (a) 500 ke? (b) 880 ke? (¢) 1600 ke?

34. A series tuned circuit has an inductance of 316 xh and a variable capacitor
whose maximum eapacitance is 320 upf.  (2) What is the resonant frequency when the
capacitor is set for the maximum value? (b) At what value must the eapacitor be set
in order to make the circuit resonant at 1070 ke? (¢) What is the highest resonant
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frequency that can be obtained if the minimum value of the variahle capacitor is 15
uuf?

36. A variable capacitor having a maximum ecapacitance of 350 puf is used for
tuning a broadeast receiver. (a) What induetance is required to make the eircuit
resonant at 500 ke when the capacitor is set at its maximum value? (b) What is the
highest resonant frequenecy that can be obtained with this coil if the minimum value
of the capacitor is 15 puf?

36. Tf the coil of Prob. 35, together with the cirecuit wiring, has a distributed
capacitance of 15 puf, what will the frequency range of the circuit be? Nore: The
distributed capacitance is considered as a capacitor connected in parallel with the
variable eapacitor.

387. It is desired to cover a short-wave band whose lowest frequency is to be 1700
ke by the use of a fixed capacitor Cs connected in series with the tuning capacitor
Cr as shown in Fig. 2-74. The maximum and minimum capacitance of the tuning

C:r ;‘{ CS
A 3\

F16. 2-74.

capaeitor are 350 uuf and 15 puf, respectively, the inductance of the secondary is 290 uh,
and the distributed circuit capacitance is 15 wuf. (a) Find the capacitance of the
series capacitor Cs. (b) What is the highest frequency to which the circuit may be
tuned if the distributed circuit capacitance is to be taken into consideration and the
series capacitor is used as determined in part a? (¢) What is the highest frequency to
which the ecircuit may be tuned if the distributed circuit capacitance is ignored?
(d) What is the highest frequency to which the circuit may be tuned if the distributed
cireuit capacitance is ignored and the minimum wvalue of the variable capacitor is
10 pud?

38. A series resonant circuit has a resistance of 12 ohms and an inductive reactance
of 300 ohms at its resonant frequency. (u) What is the value of the circuit Q? (b)
What is the voltage across the inductor, the capacitor, and the resistor at resonance if
the applied voltage is 10 volts? {(¢) What is the impedance of the circuit at resonance?
(d) What is the value of the current at resonance if the applied voltage is 10 volts?

39. A 70- to 140-uuf adjustable capacitor and an inductance coil are connected
in parallel to form the primary side of an i-f transformer whose resonant frequency is
to be 460 ke. (@) What inductance must the coil have if the circuit is to be resonant
at 460 ke when the adjustable capacitor is set at its mid-value of 105 puf? (b)) What
is the @ of the primary winding if its resistance is 12 ohms? (¢) What is the imped-
ance of the circuit at resonance? (d) What is the linc current at resonance if the
voltage across the tuned circuit is 50 volts? (¢} What is the current in the inductor
circuit al resonance? (f) What is the current in the capacitor circuit at resonance?

40. A 2.5-mh coil and a 25- to 80-uxf adjustable capacitor are connected in parallel
to form the primary of an i-f transformer whose resonant frequency is 460 ke. (a)
At what value must the capacitor be set in order to obtain resonance at 460 ke?
() What is the @ of the winding if its resistance is 13.75 ohms? (c) What is the imped-
ance of the circuit at resonance? (d) What is the line current at resonance if the
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voltage across the tuned cireuit is 90 volts?  (e¢) What is the current in the indueter
circuit at resonance? () What is the current in the capacitor cireuit at resonanece?

41. A parallel resonant circuit is to be used as a wave trap to eliminate the effects
of a 1300-ke signal. The circuit has a resistance of 1.5 ohms and a capacitance
(distributed and wiring) of 10 uuf. (@) What value of inductance must be used with a
capacitor whose value is 63 upf? (b) What is the circuit @2 (¢) What is the width
of the band being eliminated?

42. What is the band width of a tuned cireuit at a resonant frequency of 456 ke
if the circuit € is 45.67

43. What is the band width of a tuned circuit at a resonant frequency of 262 ke
if the circuit Q is 252

44, Plot the series resonance curves (Q vs. f;) far a circuit having a capacitance of
100 puf and an inductance of 253 gh, Assume the impressed voltage to he 500 mv
and plot curves for the conditions when R equals 5 ohms and when £ equals 10 ohms.

45. Plot the parallel resonance curves (Z vs. f:) for a circuit having a capacitance
of 100 gf and an inductance of 253 xh. Plot two curves, one for the condition when
R equals 5 ohms and the other when R equals 10 ohms.

46. A 2000-ohm 50-watt resistor has an inductanece of 3 ph.  What is the imped-
ance of the resistor at (a) 500 cyeles? (b)) 500 ke? (¢) 1500 ke? (d) 4 me? (e)
15me?  (f) 65 me?

47. The 2000-ohm 50-watt resistor of Prob. 46 has a distributed capacitance of
2 ppf.  If the inductance is neglected and only the resistance and distributed capaci-
tance are cousidered, what is iis impedance at («) 500 eyecles? (b) 500 ke? (o)
1500 ke?  (d) 4 me?  (e) 15 me?  (f) 65 me?

48. The 2000-ohm 50-watt resistor referred to in Probs. 46 and 47 has an induct-
ance of 3 uh and a distributed capacitance of 2 wuf. Considering all three effects,
what is its impedance at (a) 500 cycles? (b) 500 ke? (c) 1500 ke? (d) 4 me?
(&) 15 me?  (f) 65 me?

49. A 2.5-mh choke has a resistance of 70 ohms, If its distributed capacitance is
ignared, what is its impedance at (¢) 460 ke? (b) 1600 ke? (¢} 4 me? (4} 15 me?

80. If the choke coil of Prob. 49 has a distributed eapacitance of 1 puf, what is its
impedance at («) 460 ke? (b) 1600 ke?  (¢) 4 me?  (d) 15 me?

B1. Tt is desired that a filter choke having a resistance of 80 ohms oppose the flow
of a 60-cycle current with twenty times the opposition that it offers to direct current.
What is the inductance of the coil?

52. (a) To which type of eurrent will a 0.05-uf capacitor offer the greater opposi-
tion, a 4000-cvele a-f signal or a 1800-ke r-f signal? (&) How many times greater is
the larger impedance than the saller impedance? (¢) Which type of current is
blocked by this eapacitor?

83. A 20-mh choke coil and a 500-p4f capacitor are conneeted as shown in Fig,
2-44¢ to form a low-pass filter circuit. What opposition is offered by the capacitor
(a) to the highest frequency audio signal usually obtained in a radio receiver (5000
eyeles)?  (b) To the lowest frequency carrier wave usually obtained in a radio receiver
(500 ke)?  What opposition is offered by the inductor (¢) to a 5000-cycle signal?
(d) To a 500-ke signal?

64. A 4-henry choke coil and a 0.1-pf capacitor are connected as shown in Tig.
2-46¢ to form a high-pass filter cireuit. What opposition is offered by the capacitor
(@) to 60 eveles (power disturhbances)?  (b) To a 1200-cyele a-f signal?  What opposi-
tion is offered by the inductor {¢) to 60 cveles? (d) To a 1200-cycle a-f signal?

55. A 5000-olun resistor and a 0.3-4f capacitor are connected in paralle] to form a
resistor-capacitor filter eircuit. (@) What impedance does the capacitor offer to a
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5000-cycle current?  (b) Which path will the major portion of the 5000-cycle current
take?

56. A circuit similar to the one shown in Fig. 2-.52q is to be used in the r-f stage of a
receiver. It is desired that the capacitor offer an impedance of one hundred times that
of the resistor, whose valuc is 7500 ohins. What size capacitor is required if the
signal is 1500 ke?

57. A 7200-ohm resistor and a 20-uf capacitor arc connected as shown in Fig.
2-52b. (a) What impedance does the capacitor offer to a 100-cycle a-f signal? (D)
Will the a-f signal take the path of the capacitor or of the resistor?

68. A mutual-inductive-coupled circuit is shown in Fig. 2-75, together with the
circuit values. Find (a) the impedance coupled into the primary by the secondary,
(b) the equivalent resistance component of the coupled impedance, (¢) the equivalent

M=008mh
e ——\
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reactance component of the coupled impedance, (d) the equivalent circuit diagram,
(e) the effcetive impedance of the primary, (f) the primary current, (g) the secondary
voltage, (k) the secondary current.

69. An audio transformer with a 3 to 1 step-up ratio has an inductance of 80
henries and a resistance of 100 ochms on its primary side. The inductance of the
secondary winding is 720 henries and its resistance is 1000 ohms. (a) What value of
induetance is reflected to the primary by the secondary? (b) What value of resistance
is reflected to the primary by the secondary? (¢) If a load impedance of 7200 ohms
is connected across the sccondary, what value of impedance is reflected to the primary
by the secondary? (d) What value of inductance does the primary reflect to the
secondary? (¢) What value of resistance does the primary reflect to the secondary?

60. An sudio transformer with a 2.5 to 1 step-up ratio has an inductance of 50
henries and a resistance of 80 ohms on its primary side. The inductanee of the second-
ary winding is 312.5 henries and its resistance is 500 ohms. (@) What value of
inductance is reflected by the primary to the secondary?  (b) What value of resistance
is reflected by the primary to the secondary? (¢) What value of inductance is reflected
by the secondary to the primary? (d) What value of resistance is reflected by the
sccondary to the primary? (e) Tf the load on the sccondary has a capacitance of
200 puf, what is the reflected capacitance at the primary side?

61. (a) What is the approximate width of the frequency band passed by a band-
pass amplifier circutt having a resonant frequency of 260 ke and a coefficient of cou-
pling of 0.03? (b) What value of coefficient of coupling is required to produce a band
width of 10 ke? (¢) Tf the primary and secondary Q’s are equal, what is their value
for the condition of coupling in (a)? (d) If the primary and secondary @’s are equal,
what is their value for the condition of coupling in (b)?

62. A band-pass filter 1o be used in the i-f amplifier of a radio receiver is to pass a
band 10 ke wide centering about a frequency of 465 ke. (@) What is the coefficient
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of coupling? () What is the circuit @? (¢) What is the capacitance of the tuning
capacitors if the primary and secondary inductances are both 2 mh?

63. 1t is desired that a band-pass eirenit used in the i-f anplifier of a radio receiver
pass a band 10 ke wide. The circuit Q is equal to 40, (@) What value of cocflicient
of coupling is required? (b) What are the extreme limits of the frequency band
passed? (c) What is the capacitance of the tuning eapacitors if the inductance of
the primary and secondary windings are 6 mh each?

84. A low-current d-e relay that has an inductance of 25 henries is eonneeted in
sertes with a 1000-ohm resistor to form an R-L time-delay control circuit operated on
a 110-volt d-c circuit. () What is the time constant of the eireuit? (b) If the relay
closes when the current reaches 88 ma, what time elapses between closing the line
switch and operation of the relay?

86. A low-current d-c relay having an inductance of 10 henries is to close 0.02
second after the line switch is closed.  What value resistor should be connected in series
with the relay if it closes when the curreut reaches (¢) 63.2 per cent of its final value?
(b} 80 per cent, of its {inal value?

66. A broadeast-baiid receiver is to have an R-( circuit with a time constant of
0.2 second for its ave circuit. (@) What value resistor is required if a 0.1-pf capacitor
is used? (b) What value resistor is required if a 0.15-4f capacitor is used?  (¢) What
value capacitor is required if a 1-megohm resistor is used?

87. A grid-leak detector circuit contains a 250-upf capacitor shunted by a l-meg-
ohm resistor. {(a) What is the time eonstant of this circuit? (b) If the highest a-T
signal to be applied to the cirenit is 5000 cycles, what is the time required to complete
one of these cycles? (¢) Under the conditions of {a) and (b) will the capacitor ever
become completely discharged?  (d) Explain answer to (¢).

68. A 0.05-uf capacitor and a 0.5-megohm resistor are connected to form an R-C
eircuit. The R-C eombination is connected to a 250-volt, d-c source. (a) What time
is required for the voltage across the capacitor to reach 50 volts, 100 volts, 200 volts?
(b) What current flows when the switeh is closed?  {¢) What current flows when the
voltage across the capacitor reaches 200 volts?  (d) If the capacitor is fully charged
and is then discharged through the 0.5-megohm resistor, what is the current at the
instant it starts to discharge? () What is the value of the voltage RC seconds after
the capacitor starts to discharge? (f) At what time will the capaciter be discharged
to half voltage?



CHAPTER III
SIMPLE RECEIVING CIRCUITS

Radio transmitters throughout the world are simultaneously sending
out their modulated radio waves in all directions. A modulated wave is
produced by properly combining the audio signal to be transmitted with
the carrier wave of the transmitter. A carrier wave, an audio signal,
and the resulting modulated carrier wave arc shown in Fig. 3-1. A radio
receiver makes it possible o listen to the audio signals sent out from any
one of the transmittiers within the range of the receiver. The basic
operations are the same for o simple crystal receiver as for a complex

%L/\

() (5) (c)

Fig, 3-1.—Wave forms of currents used in radio transmission. (@) High-frequency carrier
wave, {(b) audio signal wave, {¢) modulated carrier wave.

modern recciver using vacuum tubes. Through the study of the opera-
tions of the crystal receiver the basic functions can casily be understood;
the inclusion of vacuum tubes at this time would only complicate the
subject. Once the fundamental operations of a radio reeeiver are thor-
oughly understood, they can then be applied to vacuum-tube receivers.

3-1. Functions of a Receiver. The essential functions of a receiver
are: (1) to receive the various waves sent out by radio iransmitters;
(2) to select the desired radio wave and to exclude all others; (3) to
separate the audio signal wave from the modulated carrier wave; (4) to
convert the audio signal to sound waves. Observation of Fig. 1-11 will
show that the fundamental operations of a receiver and transmitter are
similar but are used in reverse order.

When a radio wave cuts through a eonductor it induces a voltage, or
electrical pressure, in that conductor. This clectrical pressure causes
the free electrons in the conductor to be drawn toward the positive

131
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terminal of the antenna circuit, thus setting up an electric current in
that eonductor. In a radio receiver this conductor is called the antenna.

At any instant, a number of different radio waves are cutting through
the receiving antenna, and each induees a voltage in the antenna.  Since
the signal of only one station should be heard at one time, some provision
must be made for separating the desired signal from the others. The
part of the receiver performing this function is called the selector or the
tuner. When g receiver is propetly tuned; the modulated carrier wave
of only the desired station is utilized. The next funetion of the receiver
is to separate the audio signal wave from the modulated carrier wave.
‘T'his function is called detection and the part of the receciver doing this
work is called the detector.

Recepfron

n Dertectron
C;

N
Selecforn Repro-
auction
<+

F1a. 3-2.—Schematic diagram of a simple crystal receiver.

A sound may be heard when air is set into motion and vibrates in a
manner corresponding to the frequency of that sound. The final func-
tion of the receiver therefore is to eonvert the audio-frequency signals
from electrical impulses to sound waves,  This is accomplished by eausing
a diaphragm to vibrate in accordance with the variations in strength
and frequency of the audio signals.  The unit that performs this function
is known as the audible device and may be cither a set of earphones or a
loudspeaker.

These four functions are performed by the simple receiving cireuit
shown in Fig. 3-2, in the following manner: (1) the antenna receives the
radio waves; (2) the desired signal is selected by adjusting the slide-wire
tuning coil; (3) the crystal detector allows only the audio component of
the modulated wave to flow through it; (4) the earphones change the
electrical impulses of the audio signals into sound waves.

3-2. Reception. Types of Receiving Antennas.  An antenna is a wire
or system of wires made up in one of several forms and installed at
sufficient height above the ground so that it is free from any surrounding
objects. Throughout the development of radio numerous types of
reeciving antennas have been used. Some of these are still being used,
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while others have become obsolete. Three simple types of antennas are
shown in Fig. 3-4; these forms were used in the carly stages of radio
development and some are still being used.

1 Insulator Antenna

7
i
L Corl defector a
Earphtiones
Gl Ground clamp
Fie, 3-3.—Illustration of the parts and eircuit of the simple erystal receiver shown in
Fig. 3-2.
| I

g

- L.
(a) (b)
(c)

¥16. 3-4.—Three types of simple antennas. (a) Inverted L with end connccted lead-in,
(6) T type with center connected lead-in, (¢) doublet type with ceuter connected lead-in.

Purpose of the Antenna. The purpose of the antenna is to intercept as
much of the radio-frequency power radiated by the transmitting station
as is possible. This is true for all receiving antennas regardless of type
or construction. The amount of voltage induced in an antenna will
depend on the power and frequency of the transmitter, the distance
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from the transmitter to the recciver, and the length, location, and diree-
tion of the receiving and transmitting antennas.

Although the power of a transmitter may be 50,000 watts or more
and the antenna voltage may be as high as 50,000 volts, only a few micro-
watts of power are picked up by the recetving antenna and the value of
the induced voltage is only in microvolts, The voltage induced in a
receiving antenna decreases as the distanee from the transmitting antenna,
increases. Because of this, the signal from a low-power station cannot
be heard over great distances.

Factors Affecting the Manner of Construction of an Antenna. 1In order
to obtain the maximum signal input for a receiver, it is necessary that the
antenna intercept the maximum amount of energy possible from the

{a) (b) (c)

Fig. 3-5.—Three types of loop antennas. (a) Early loop antenna, (b) loop antenna used
in modern reccivers, (¢) loop antenna used in modern receivers.

transmitted wave. This is accomplished by constructing the receiving
antenna in such a manner that its flat top will be in the direction that will
enable it to intercept the maximum amount of energy from the trans-
mitted wave.

It is not possible to have a receiving antenna pick up the maximum
energy of the signal transmitted by each broadcasting station. In the
early days of radio, the antenna was generally installed so that it would
pick up the maximum amount of energy from the weakest station. The
direction of the receiving antenna is no longer as important a factor
as in the past because of the inereased power of the modern transmitters,
and because of the inereased over-all sensitivity of the modern receivers.

In early radio sets, a loop antenna was mounted on the top of the
receiver. These loop antennas (see Fig. 3-5) could be rotated so that
the maximum signal input could be obtained for all stations. The
modern midget and portable receivers are constructed with a loop antenna
mounted in the receiver. The effect of the relative directions of the
receiving and iransmitting antennas on these receivers can sometimes
be observed by changing the position of the receiver, thus changing the
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relative position of the receiving and transmitting antennas. It may
be observed that although the maximum signal input is received from
one station for a certain position of the receiver, the signal from another
station may be very weak for the same position.

The antenna should be mounted higher than the buildings surrounding
it; otherwise some of the radio waves may be prevented from cutting
through the antenna. Its length is generally determined by the build-
ing on which it is to be mounted. If the antenna becomes too long, it
may become necessary to connect a capacitor in series with it. This is
discussed in greater detail in the article on tuning.

The best operation of a radio receiver can only be obtained swhen 1t is
used with a properly constructed antenna. In a simple receiver, eitht
a crystal type or a one-tube set, successful operation depends upon the
strength and the quality of the input signal, since there is little or no
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Fie. 3-6. -Electrical characteristics of the antenna circuit.

provision made for amplification. The greater cfficiency of the modern
complex multitube superheterodyne receivers cannot be obtained unless
the input signal strenglh is much greater than that of the undesirable
noises that are also picked up.

3-3. Electrical Characteristics of the Antenna. FEquivalent Circuit
of the Anienna. If a receiving antenna is divided into a number of equal
lengths, cach division can be represented by a resistor, an inductor, and a
capacitor. Flectrically this cireuit can be represented as shown in Fig.

3-6. The effect of the inductances Ly, L, L3, L, . . . isproduced by the
high-frequency currents induced in the antenna. The capacitors Ci, Cq
Cs, C4, . . . represent the capacitances existing between the antenna act-

ing as one plate of a capacitor, the ground as the other plate, and the ajr
as the dieleciric. The resistance of the wire and the resistance of the
ground are represented by the resistors Ry, Rs, i, £4, cte.  Applying the
rules for adding resistors in series, inductors in series, and capacitors in
parallel, the total resistance, inductance, and capacitance of the antenna
circuit may be calculated as follows:
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Ri=Ri+Ro+Rg+ Ry - - 3-1
114=L1+L2+L3+L4 T (3‘2)
Ca=Ci+Co+Cs4+Cs -+ - (3-3)

The equivalent eireuit may be represented as a series resonant circuit,
L, R as shown in Fig. 3-7. As resist-
WA ance impedes the flow of electric
current, the amount of signal cur-
riym 1, rent will' vary iln'ersel)" \\'it‘,h the
Goreceied T4 total vesistance of the circuit. It
is therefore cssential that the re-
sistance should be as low as
practicable.
By substituting the values of
La and C4 in Eq. (2-48), the resonant frequency of the antenna eircuit
may be determined.

I'1G. 3-7.—Equivalent circuit of the antenna,

Ezample 3-1. A typical receiving antenna cireuit whose length is approximately
100 feet has an equivalent circuit capacitance of 200 puf and an cquivalent circuit
inductance of 50 xh. What is the resonant frequency of this antenna cireuit?

Given: Find:
Ca = 200 puf fr=27
Lq = 50 ph

Solution:
159 159
. = I ———F (N
f V6L, V50 % 200 X 10

Fundamenial Frequency of the Antenna. If the antenna of Example
3-11is connected to a erystal detector, a pair of carphones, and the ground
as shown in Fig. 3-8u, the audible signals sent out by a transmitting
station having a carrier frequency of 1590 ke will be heard in the ear-
phones. The frequency of resonance of an antenna circuit is ealled the
Jundamenial frequency of the antenna. The value of the fundamental
frequency will vary with the length and height of the antenna and should
be of such a value that it corresponds to the frequency range of the radio
waves to be received.  Ior best results, the electrical characteristics of an
antenna circuit, whether it be used for broadecast, short-wave, or ultra-
high-frequency reception, should be such that its fundamental frequency
will be slightly higher than the maximum frequency for whieh it is to be
used.

3-4. Variable Inductance Tuning. Twuning. The antenna cireuit of
Example 3-1 was found to have a fundamental frequency of 1590 ke.  If
it were used in a eircuit similar to Fig. 3-8, it would be possible to receive
the signal from a station iransmitting at 1590 ke. In order to receive



Art. 3-4} SIMPLE RECKEIVING CIRCUITS 137

the signals of any other stations, it is necessary to change the resonant
frequency of the receiving circuit. This may be done by varying either
the capacitance or the inductance of the antenna circuit. The process of
selecting the signals from any one particular station is called tuning.

Tl
(a) (b)

.,]"_

Fi1G. 3-8.—A simple crystal receiver circuit. (a) Circuit diagram showing the antenna,
erystal detector, earphones, and ground, (b) the equivalent circuit.
Tuning can therefore be accomplished by adjusting the antenna circuit

so that its frequency of resonance is the same as that of the station that
is to be heard.

Ezample 3-2. What frequency of resonance would the receiving cirecuit in
Example 3-1 have, if a 450-ph induetanee is connected in series with the antenna
eircuit as shown in Fig. 3-97

L_l

A
o

o
8%

&
8%

o)
SO

() (6H)
—%— The circuit diagram The equivalent circuit
Fic. 3-0.
Given: Find:
CA = 200 yy.f fr =?
IJA = 50 p.h
Lg = 450 ph
Solution:
Ly = Ly ++ Ls = 50 4+ 450 = 500 uh
foo 10 159 ~ 508 ke

VIrCqs /500 X 200 X 1078

If the 450-xh coil is made adjustable (Fig. 3-2) so that any amount of
inductance from zero to 450 gh can be connected in series with the

antenna circuit, the receiver can then be tuned for any frequency between
503 and 1590 ke.
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Slide-wire Tuning Coil. A simple variable inductance coil consists of
a number of turns of wire wound about a cylindrical form. A narrow
band of insulation, approximately I inch wide, is removed along the full
length of the coil. A brass bar is mounted along ihe entire length of the
coil and a sliding conlact with spring action is placed on this bar so that
contact can be made between the bar and any turn of wire. This type of

Fira. 3-10,—A slide-wire tuning coil.

variable inductance was used in the early stages of radio development,
and Fig. 3-10 is an illustration of a slide-wire tuning coil.

Variometer, The slide-wire tuning coil is not very cfficicnt because
the contact between the slider and the coil turns in time becomes poor
owing to oxidation and because the spring loses its tension with use. A
more efficient method has been developed by using the principles of
mutual inductance. Two coils, one stationary and the other movable,
are connected in serics. The movable coil is so
mounted that it is free to rotate iuside of the sta-
tionary coil.  Thistype of unit is called a varione-
ter and is shown in Fig. 3-11. The inductance of
the variometer can be varied from minimum to
maximum by varying the position of the movable
coil. By connecting the two coils in series so
that they are either aiding or opposing, a wide
range of inductances may be obtained (see Art.
2-5). Another method of increasing the range of
induetance of the variometer is to provide a series
of taps taken off the stationary coil at various numbers of turns and
connect them to the contacts of a rotary switch.

The cireuit diagram of a simple erystal receiving eircuit using a
variometer is quite similar to that for one using a slide-wire tuning coil.
Figure 3-12 shows the connections necessary for a circuil using a variom-
eter having a tapped secondary.

3-5. Variable Capacitance Tuning. Instcad of varying the induet-
ance and keeping the capacitance of the antenna circuit constant, the

F1c. 3-11,—A variometer.
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capacitance may be varied and the inductance kept constant. A simple
crystal receiver circuit using a variable capacitor for tuning is shown in
Fig. 3-13a. When the capacitor is adjusted so that its rotor plates are
completely out of mesh, the capacitance is I

theoretically zero. With the capacitor in L
this position, no capacitance is added to the Jo—
circuit, and therefore it will tune to the same
frequency as it would without the capacitor.

L’J [k ()

D

N
AR
)

Ry
T y —"E__Cé__J €
= (o)
Fi16. 3-12.—Circuit diagram of a Fig. 3-13.— A simple erystal
simple crystal receiver using a vari- receiver circuit using a variable
ometer having a tapped secondary coil. capacitor for tuning. (a) The

circuit diagram, (&) the equiva-
lent circuit.
If the capacitance of the circuit is inereased by adding a capacitor in
parallel, the frequency of resonance is decrcased in the same manner as
by adding an inductance in series with the cireuit.

Ezample 33. What capacitance must the variable capacitor in Fig. 3-13a have
if it is to be used with the antenna circuit of Example 3-1 and provide the same fre-
quency range?

Given: Find:
LA = 50 ,uh C =1
Ca = 200 ppf
Frequency range = 503 to 1590 ke
Solution:
Using Eq. (2-50):
25300 _ 25300
Cr = o, T Hs X 503 <50 - V02 H
C = Cr — Cyq = 0.002 — 0.0002 = 0.0018 pf

3-6. Two-circuit Tuner. Method of Isolating the Resistance in the
Antenna Circuit. In the receiving eireuits just discussed, the antenna
cireuit was a part of the tuning circuit. The effect of the inductance and
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the capacitance upon the tuning circuit has been described but the effect
of the resistance has not yet been mentioned. In Art. 2-23 it was shown
that resistance in a series tuned circuit deercases the current flow and
broadens its tuning. This is also illustrated by the curves A, B, and (
of Fig. 3-14. These curves represent a serics tuned circuit with three
different values of cirenit resistance, but with each cireuit tuned to a
resonant frequency of 1500 ke. The circuit with the least resistance,

100 T
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Frequency, kilocycles

Fia, 3-14- Curves showing the effect of resistance upon the tuning cirenit.

represented by curve (A, provides a higher signal current and sharper
tuning than the circuits represented by curves B and C.

By using the transformer principle, the resistance of the antenna
circuit can be isolated from the tuning circuit. This is done by connect-
ing the primary winding of the transformer between the antenna and the
ground and the secondary winding to the detector and carphones. 1t
should be noted that a variable capacitor is connected across the second-
ary winding in order to tune the eircuit and that the detector and ear-
phones are then connected to the cireuit in the same manner as in the
cireuits previously discussed. This type of tuning cireuit is called a two-
circuit tuner, and Fig. 3-15 shows a wiring diagram of such a circuit.
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The two-circuit tuner provides better sclectivity and a higher signal
current output than the methods previously described.

The magnetic field about the primary winding will vary in accordance
with the high-frequency voltage varia-
tions induced in the antenna eircuit. I___I
This magnetic field links the secondary i —
winding and sets up an induced voltage
that corresponds to the variations of
voltage in the antenna circuit. The
variable capacitor and the secondary
winding of the transformer form a series
resenant circuit, whose frequency of Fre. 3-15—Circuit diagram of a
resonance is determined by the capaci- simple erystal receiver using a two-
tance of the variable ¢ apgcit or and the cireuit tuner and a variable capacitor,
inductance of the secondary winding of the transformer.

~ |
Y

Ezample 3-4. A variable capacitor having a capacitance of 250 uuf is used in a
radio receiver to fune the secondary of the r-f transformer to 500 ke. What valuc of
inductance must the sccondary winding have?

Given: Find:
C = 250 uul Ls = ?
fr = 500 ke

Solution:
Using Eq. (2-49)

_ 25,300 _ 25,300

Ls = =6~ = 560 X 300 X 250 X 163

= 404.6 pxh

Ratio of Primary and Secordary Voltages. The ratio of the voltages
across the primary and secondary windings of an 1-f transformer used in
a tuning circuit will not be equal to the ratio of the number of turns alone.
The voltage ratio is dependent upon the ratio of the number of turns,
the coeflicient of coupling, aud the @ of the tuned circuit. In Art.
2-20 it was shown that al resonance the voltage across the induetor of a
series tuned circuit is Q times greater than the applied voltage. Since
the secondary is part of a series tuned circuit (see Art. 2-19) and since its
circuit @ is generally high, it can be seen that the secondary voltage will
be much higher than that resulting from transformer action alone.
This gain in voltage is another advantage of the two-circuit tuner.

3-7. LC Tables. Observation of the equation for {inding the resonant
frequency of a tuned circuit [Eq. (2-48)] shows thatl ihe frequency of
resonance is dependent upon the produet of two variable quantities,
namely, the inductance /. and the capacitance C. It can be further
observed that for each value of the product of L iimes C there can be
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only one frequency at which resonance oceurs, and conversely there can
be only one LC product for each resonant frequency.

The values of the LC product for frequencies between 300 ke and 600
nic are arranged in tabular form in Appendix XIV. In this table L is
expressed in microhenries, C in mierofarads, and f in kilocycles. Use of
this table simplifies the calculations necessary to determine the frequency
of resonance when cither the inductance or the capacitance of a tuned
eireuit is known.

Example 3-5.  If the inductanee of a tuned eircuit is 100 gh what vahie of capuci-
tance is required to produce resonance at 3000 ke?

Given: Find:
L =100 ¢h Cc=27?
fr = 3000 ke

Solution:
L.C = 0.002811 (from Appendix XI1V)
_LC _ 0.002811

& = 100 = 0.00002811 uf = 28.11 puf
T l Example 3-6. A tuned circuit having an
: c induetance of 290 gh is resonant at 500 ke when
: s

its variable eapaeitor is set at its maximum value
L Cr of 350 puf, What value of capacitance must be
connected in series with the variable eapacitor in

I . Co order that the circuit will be resonant at 1500 ke
1 _ o when the variable capacitor is set at its maximum
Fig. 3-16. value?
Given: Find:
L = 290 .uh Cs =71
fr = 1500 ke
C = 350 ppf
Solution:
LC = 0.01124 (from Appendix XIV)
LC  0.01124
Or = 57 = o™ = 0.0000388 4f = 38.8 uuf
Using iq. (2-24b)
Cs = - CrC 38.8 X 350 _ 433 puf

¢ —"Cr ~ 350 ~ 388

3-8. Crystal Detectors. Detector Aetion. In the discussion on the
functions of a receiver, it was stated that the purpose of a detector is to
separale the audio-frequency signal wave from the modulated earrier
wave. The manner in which this is accomplished may be seen from
Fig. 3-17. Curve a represents the modulated wave as it is transmitted
by the broadecasting station and also as it is received by the radio recetver.
This is also a typical representation of the output of the tuning circuit.
The form of the sound wave is represented by the envelope formed by
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joining the peaks of cach individual eycle of the modulated wave. This
envelope is the same for both halves of the eycle but is opposite in diree-
tion. Thercfore, in order to obtain the sound wave either half of the
alternating current cycle may be used.

A crystal offers very little resistance to current flowing into it and a
very high resistance to current flowing out of it. Crystals can thercfore
be used as rectifiers of alternating currents and, since detection isa process
of rectification, they can be used as detectors. Curves b and ¢ of Fig.
3-17 represent the wave after it has been rectified.

I
LR

)
NG

Fig. 8-17—Waveform of a radio signal at various stages In a receiver. (a) As received
by the antenna, (b) rectified current waveform at the detector, (¢) a.erage current oentput
from the detector,

Construction and Operation of a Crystal Detector. The crystal detector
generally consists of a crystal and a very fine wire called a cotwhisker.
In order to hold the erystal rigid, it is mounted in a metal alloy having g
very low melting point. The catwhisker is fastened to an adjustable arm
pivoted so that 1t can make contact with any parl of the erystal. Various
mineral substances such as galena, carborundum, silicon, iron pyrites,
ete., may be used as the erystal, the most popular being galena and
carborundum.

When a high-frequency modulated voltage is applied to the erystal
detector, the ecatwhisker and crystal are alternately made positive and
negative for each half-cycle. When the erystal is made positive, the free
electrons are attracted to it, and since its resistance is very low, current
will flow into the erystal during this half-cycle. When the catwhisker
is made positive, it altempts to draw the free electrons to it, and, since
the resistance of the erystal is very high when current attempts to flow
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out of it, very little or no current will flow during this half-cyele. This
action is repeated for each eycle of the high-frequency alternating ecurrent
applied to the deteetor. The resultant wave is shown in Fig. 3-17b.
The high-frequency varying current will therefore flow in only one
dircetion. A small amount of current may flow in the opposite direetion,
the amount varying with the quality of the erystal, but it is generally
ignored since ils ratio 1o the rectified current is small. A good erystal
detector will almost entirely climinate the flow of current in one direction.
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Fia. 3-18.—Crystal detectors. (1) Adjustable type, () sealed fixed-position type.

3-9. Audible Device. Since the human ear does not respoud to
variations in electric currents or voltages, these variations must be con-
verted to sound waves. The ordinary telephone receiver could be used
for this purpose but was found to be too heavy and inconvenient. A
modified construction that is much lighter in weight and that has two
carpieces is used. It is known by such names as headset, carphones,
watchease receiver, phones, ete.

Construction of FKarphones. TFarphones operate on the electromag-
netic principle, and the construetion of both earpieces is the same.
Figure 3-19b is a cross-scetion diagram showing the construection of a
typical carphone. Two permanent magnets, N and S, are used as eores
for the eoils €, and Ci. A curved permancnt magnet D connects these
two pole pieces and forms a U-shaped magnet, which provides more
uniform action than two single magnets. Each eoil is wound with several
thousand turns of very small insulated copper wire, generally No. 40 or
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smaller. The two coils are connected in series so that the signal current
will pass through both windings. The magnetic field produced by this
current will either aid or oppose the constant ficld of the permanent
magnet, depending on the direction in which the current flows through
the coils. A thin, flexible, soft-iron diaphragm £, approximately 0.005
inch thick, is mounted above the pole pieces and very close to them.
The edge of the diaphragm rests on the case A and is held fixed by the
cap 