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Frontispiece
One of the beneficial results of our increasing knowledge of the behavior of
electrons, has been the development of more efficient vacuum tubes for use in
radio receivers, and larger tubes capable of handi.ing greater amounts of electri-
cal power for radio transmission purposes. One of the smallest types of
vacuum tubes used in radio receiving equipnient, is shown at the left. The
large water-cooled tube on the right is used for generating the high-frequency
carrier current which produces the radiated signals from the broadcasting sta-
tion. It costs about $1500.
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PREFACE

This second revised and enlarged edition, represents the result of an
effort to include in a single book, all of the material required for a com-
plete up to date course in radio. It has been written especially for use
as a text book for radio courses in technical high schools, trade schools,
and by custom radio set builders and the thousands of technical and non-
technical persons who desire to gain an insight into the working of radio
receivers, sound amplifier equipment, photoelectric cells and devices, tele-
vision equipment, and sound motion pictures, either for their own knowl-
edge and satisfaction or as a means of earning a livelihood. The book is
also adapted for home study by those who cannot attend a school.

The title “Radio Physics” has been applied in the sense that physics
is mainly an explanation of common things. Radio Physics is then an ex-
planation of the common things in radio. Every attempt has been made
to bring this edition up to date with descriptions and illustrations of the
modern forms of radio equipment which are now being employed. Those’
readers who are familiar with the first edition, will quickly see that all
obsolete material has been dropped in this edition. Even though this has
been done, the addition of a complete electrical course for radio students,
and the thorough revision of the radio section and addition of new mater-
ial which was necessary to keep the book up to date, has resulted in a large
increase in the number of pages. Every attempt has been made to further
the usefulness of the book as a text on radio for the use of even the most
non-technical persons. The topic sections are numbered for easy refer-
ence, and larger more readable type has been used throughout this edi-
tion. Enough carefully selected review questions for the questioning of
entire classes, have been included at the end of each chapter.

In the preparation of the text, the requirements for a thorough prac-
tical knowledge of modern radio, have constantly been kept in mind. In-
volved technical discussions have been omitted wherever possible. An
attempt has been made to present the subject matter as clearly, and in as
simple language, as possible A complete course in electricity, and some
work in sound, has been added, as a result of the suggestions of a large
number of radio instructors who have used the first edition in their courses.
The author has always felt that a thorough training in the fundamentals
of both d-c and a-c electricity should first be obtained, before making any
serious attempts to study radio. This is even more necessary now than
ever before, because of the refinements in design and almost universal
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PREFACE

use of electric receivers with associated alternating current power equip-
ment. It is necessary for the student to have a thorough knowledge of
the principles of both d-¢ and a-c phenomena in order to proceed with the
study of this equipment with any degree of intelligence. In his own in-
struction work, the author has always felt a need for a complete electrical
course written especially for the requirements of radio students. No
satisfactory text for this purpose has heretofore been available. It was
felt that this should be written in a manner which was both interesting
and in accordance with the modern electron theory.

The author has tried to incorporate in the electrical course in this
book, all of the features which he has found helpful in his own instruction
work and which meet the above requirements. The modern conception
of the electron theory has purposely been introduced early in the book,
so that the students may benefit from it to understand and obtain a mental
picture of the probable actions taking place in magnetic and electric cir-
cuits. This not only makes the subjects more interesting to the student,
but removes a great deal of the mystery which is usually connected with
the early studies of the force of magnetism and the flow of electricity.
The student has been warned not to accept the electron theory as a final
explanation of these phenomenas, but rather to look upon it as one which
seems to explain better than any other theory yet advanced, the many
actions involved. By the time the student has advanced to the study of
the vacuum tube, he is on such intimate terms with the electron theory
and structure of matter, that very little explanation is required to intro-
duce. the conception of the emission of electrons by heating, photoelectric
action, etc., and he is able to grasp the operating principles of electronic
devices very easily. The order of study of this new electrical course has
been laid out in a manner which best leads the student almost unknow-
ingly to the advanced electrical work without sudden jumps or confusion.
Any part of the work which the instructor may desire to omit, may be
easily left out without seriously breaking up the continuity of the course.
The alternating current work has been presented in a way which the
author feels is most conductive to proper understanding of the construc-
tion and operation of modern radio equipment. This work has been carried
sufficiently far to give the student all the knowledge necessary for the
study of radio. Electrical measuring instruments of all kinds have been
treated in detail on account of their great importance in radio work.

This edition has been revised and enlarged in keeping with the many
great advances made in the radio art in the past two years. Many new
chapters have been added in order to thoroughly present the theory and
description of all the new vacuum tubes and other apparatus which has
been developed and to round out the course so it covers the subject com-
~letely. The physical principles underlying the construction and opera-
. ~~ 7 the apparatus described have been stressed wherever possible, in
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PREFACE

order to tie up the theoretical knowledge with its practical application.
The chapter on television has also been greatly enlarged with the idea of
presenting to the student, the main methods of attack which are being
employed by the various workers on the problem of television today. De-
scription and illustrations of actual apparatus now developed are included.
These are by no means to be considered the final forms of television equip-
ment, for undoubtedly great changes will be made in them within the next
few years.

If some explanations seem unduly long and detailed, it is because the
writer has found by practical experience in teaching the subject in class-
room aud laboratory, that those particular topics require such explana-
tions for proper understanding by the novice. The order of topics and
illustrations has been selected with the purpose of leading the pupil into
the subject in the most logical and interesting manner. The use of over
500 carefully planned illustrations is in accordance with the author’s firm
conviction that a good illustration presents more information to the stu-
dent than several hundred words. Many new, useful tables have been
added to the appendix at the rear of the book. The index has been made
unusually complete, so that it is an easy matter to look up any subject in
the book. Students are advised to develop the habit of making use of it
instead of thumbing the many pages to locate some particular bit of in-
formation they require.

Grateful acknowledgment is due to the various electrical and radio
manufacturers for the kind spirit of cooperation and helpfulness shown
in furnishing the illustrations and descriptions of their apparatus for this
book. Many helpful ideas have been obtained from time to time from the
Bell Laboratories Record, The Bell System Technical Journal, Aeronau-
tical Engineering, Radio Broadcast, Electronics, Radio Design, Radio En-
gineering, Radio News, Radio Craft, Q.S.T. and The Citizens Radio Call
Book magazines.

The author also wishes to express his appreciation to his many pupils
who have been of invaluable assistance in providing questions which were
food for thought and explanation: to Mr. M. B. Sleeper, Mr. Robert Hertz-
berg, Mr. M. Reiner and Mr. F. L. Horman, for their criticisms and valuable
help during the preparation of the text; and to Dr. Edgar S. Barney and
Mr. W. W. Ker, who have ever been an inspiration in this work. Mr.
Edward Buechner, Jr., has supplied invaluable aid in the preparation
of the drawings used throughout the book, and Misses M. Schranz and
R. Levitan have assisted greatly by their work of proof reading and
typing the manuscript. - Thanks are also extended to the editors of Radio
Design for their kind permission to reprint all of the Radio Physics Course
articles which appeared in that magazine; and to Mr. L. Cockaday, Editor
of Radio News Magazine, for the many illustrations and helpful sugges-
tions supplied. To the many friends and radio instructors who have
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PREFACE

offered their opinions and criticisms of the first edition, the author feels
deeply grateful, for their ideas have proved exceedingly helpful and val-
uable in the work of revision.

A A G
New York City, September 10, 1931.

PREFACE TO THE SECOND IMPRESSION

The enthusiastic manner in which the first impression of the Second
Revised and Enlarged Edition has been received by both students and
teachers alike, is extremely gratifying.

In this second impression, an attempt has been made to correct all
of the troublesome typographical errors which unavoidably appeared in
the first printing. Also, minor changes have been made here and there
where a phrase or sentence could be re-worded to clarify the meaning.
The vacuum tube characteristic chart on P. 434 and the detailed instruc-
tions for aligning the tuned circuits of radio receivers have also been re-
vised in order to present the latest data on these subjects. Some addi-
tional material has also been included on the important subject of cathode-
ray tubes for television work.

These minor changes are not to be regarded as a revision of the book.
No such change has been necessary. Also, these slight changes in no
way affect the section or page numbers on which the various topics appear,
and should cause absolutely no difficulty in classes where both ‘“first im-
pression” and “second impression” books may be used together.

It is the sincere wish of the author that these corrections will prove
helpful to both students and instructors alike.

A A G
March 15, 1932.

PREFACE TO THE THIRD IMPRESSION

In this impression, Art. 313 which deals with the variable-ml} screen
grid tube (now called “super-control” tube), has been re-written in qrder
to present the latest data on this subject. Also, corrections of additional
typographical errors which have been discovered, have been made. a

A A G
March 1, 1933.
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RADIO PHYSICS COURSE

CHAPTER 1.

RADIO BROADCASTING SYSTEM

1. Radio broadcasting system: The art of radio broadcasting as
we know it today presents a very fascinating subject for study. It has
for its main object the transmission of sound programs over long dis-
tances and wide areas to the homes of millions of people. The pro-
grams usually originate as sound waves (speech and music) created by
artists in the studios of the broadcasting stations, although they are
sometimes picked up in halls, theatres, restaurants, or other public
places and relayed to the broadcasting stations over special telephone
wire lines and networks. In addition we have the specialized uses of
radio for communication between land, sea and air vessels in commer-
cial work.

It is certain that the popularization of radio television will add to
this, the necessity for the transmission of visual scenes, possibly in their
natural colors. It is fortunate that our present general methods of
broadcasting of sound programs is also satisfactory for transmitting
television programs. The major portion of this course is devoted to the
sound phase of broadcasting This lays a foundation for the study of
television apparatus which is discussed later.

Considering the purpose of radio broadcasting as outlined above,
let us see how and why it is being carried on in ‘the particular way
we are all familiar with today. We know that it is possible to trans-
mit sound waves directly. A common example of this is furnished by
one person talking to another. The sound vibrations or waves pro-
duced by the vocal apparatus of the first person, travel out directly to
the hearing or auditory apparatus of the second person and cause the
sensation of sound. This is an example of the direct transmission of
sound. This method is not suitable for broadcasting purposes for the
following reasons: Sound can be transmitted directly only over very
limited distances. Even loud whistles and sirens can only be heard
over distances of a few miles at the most. A speaker or singer’s voice
cannot be heard intelligibly over distances greater than a few hundred
feet. Our popular musical instruments such as the piano, organ, violin,
etc. are similarly limited in their range. Also if several persons or

1




2 RADIO PHYSICS COURSE

musical instruments were producing sound waves of equal loudness
simultaneously we would have no way of listening to one of them to the
exclusion of the others. Nature has not equipped us with any means
of selecting or “tuning” to the particular sounds we desire to hear. Our
ears respond to all sound waves lying within certain ranges of frequency
or pitch. Imagine the distressing result of hearing the programs from
all of the stations in your vicinity at one time!

It is evident that some method other than the direct transmission
of sound waves must be employed for our broadcasting system. The
sound programs originating in the many stations all over the world are
to be broadcast simultaneously over long distances and wide areas to
the millions of listeners; and must be received in such form that the
listeners can readily tune to any single station or program desired.
These requirements are satisfactorily met by using electricity, and
electrical or radio waves as intermediate agents in our radio broad-
casting system. It has been found that alternating electric currents of
high frequency (carrier current) can be made to produce electromag-
netic and electrostatic waves of similar frequency (radio waves) when
made to flow in suitable circuits in the transmitting station. These
radio waves have the desirable property of radiating or spreading out
into space in all directions over great distances without serious decrease
in strength. They are propagated at the rate of approximately 186,000
miles per second. Also, it is possible, by erecting a suitable metallic
electrical conductor (antenna wire) at any place through which these
waves are traveling, to induce in this conductor electric voltages or
potentials which can be strengthened or amplified and then converted
back into sound waves similar to those originating in the broadcasting
studio. By arranging each broadcasting station to operate with a car-
rier current of different frequency it is possible to operate many stations
at one time without interference. By the use of suitable equipment at
the receiving station, it is possible to select the signal of any particular sta-
tion it is desired to hear, from those of all of the other stations broad-
casting at the time.

A simple outline picture of this system as it is employed by our
broadcasting stations today is shown in Fig. 1. Starting at the left, the
person speaking sets up sound waves which are made to act on the
microphone M. This changes the varying sound vibrations into corres-
ponding electrical current impulses. These are led into the trans-
mitting apparatus B (which will be studied in detail later) where they
are made to control the strength of flow of a more powerful steady high
frequency current (carrier current) so that it is no longer steady but
varies in strength in accordance with the original sound waves. This
varying high frequency current is made to flow into the transmitting
aerial A where it produces high frequency radio waves of varying
strength which immediately travel outward in all directions to great
distances at the rate of 186,000 miles per second. In any receiving




RADIO BROADCASTING SYSTEM 3

antenna C erected in the path of these waves, weak electric potentials
or voltages are induced. These are led to the home receiving set R
where they are selected, and -amplified until they are of sufficient
strength to actuate the loud speaker L so as to produce sound waves
which are loud enough to be heard by the listener. These sound waves
are very nearly an exact duplicate of the original sound waves. An
important advantage of this method of transmitting is that it makes it
possible to have a number of stations broadcasting at one time and still
be able to select the program from any one station desired, without in-
terference from any of the others. It is this feature which makes
practical our modern broadcasting system, wherein a large number of
high powered stations are operating simultaneously in the same locality,
while the listeners are able, with proper receiving equipment, to select
any one of them at will by tuning their receivers.

VOICE MOULDED STREAM
OF RADIO ENERGY

<

[ SOJMSW

L
SPEAKER LISTENER

GROUND GROUND

Fig. 1.—Radio Broadcasting System with Transmitter at Left and Receiver at Right.

This outline of the broadcasting system should be studied very
carefully, since a thorough understanding of the main function per-
formed by each unit will make the study of the subject more simple
and exceedingly interesting. It is evident that the entire structure of
radio broadcast is intimately tied up with sound waves, magnetism,
electric currents, and electromagnetic and electrostatic waves. The
latter are commonly referred to as “radio waves” for simplicity. It is
essential therefore that we know something about the characteristics
of these things insofar as they affect speech, music, and broadcasting.
As a large portion of modern radio broadcasting deals with music, it is
essential that the student understand some of the fundamental things
about the frequency ranges, types of sound waves, etc., produced by the
various common musical instruments since both the radio transmitting
and receiving equipment must deal with corresponding sound waves and
electrical currents of these frequencies. The characteristics of sound
waves, speech and musical instruments will be studied first.

(Review Questions on Next Page)
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RADIO PHYSICS COURSE
REVIEW QUESTIONS

What is the main purpose of radio broadcasting?

What is the purpose of television broadcasting?

What is meant by the direct transmission of sound? Give an
example of this.

State 3 limitations to the broadcasting of speech and musical pro-
grams by the direct transmission method.

Why are radio waves used in the modern broadcasting system?
Draw a simple diagram of the complete system including both
the transmitting and receiving stations.

Explain the purpose of the microphone, transmitting equip-
ment and aerial in the transmitting station.

Explain the purpose of the antenna, receiver and loud speaker
in the receiving station.




CHAPTER 2.
SOUND, SPEECH AND MUSIC AS RELATED TO BROADCASTING

SOUND WAVES — SOUND AND HEARING — NOISE, SPEECH AND MUSICAL
SOUNDS — PITCH — TIMBRE OR QUALITY — LOUDNESS — SOUND SENSATION
— FREQUENCY RANGE REQUIRED — REVIEW QUESTIONS.

2. Sound waves: Sound waves are produced by the mechanical
vibration of a material object in an elastic medium. Air is elastic. It
can be compressed, and will expand when the pressure is released. Air
can be set in motion by a body vibrating in it, and its rate of vibration or
frequency will be the same as the rate or vibration of the body which
set it in motion. For example, if we ring an ordinary electric door-
bell so as to set it vibrating, it will produce a ringing sound. We can
prove that the sound is caused by the actual vibration of the bell metal
and air around it. If the bell is touched with a finger so as to damp
the vibrations, the ringing ceases. If the bell is enclosed in a vacuum,
no sound is produced, even though it is vibrated as before, simply because
there is no air around it to be set in vibration. The vibrations of a radio
loudspeaker can be felt by placing the hand on its diaphragm or horn
while playing. .

Let us study the motion of the diaphragm of an ordinary cone-type
loud speaker as used in radio sets, and see how it produces sound waves
in the air. At A, in Fig. 2, the diaphragm is at rest. At B, the diaphragm
has moved to the end of its first vibration to the left. The small dots
represent a single series of molecules of air moving forward. Air mole-
cule, No. 1, adjacent to its front is pushed onto molecule No. 2. Mole-
cule No. 2 pushes into No. 3. No. 3 pushes into No. 4, etc. These
molecules of air are therefore compressed together. Those nearest to
the front of the diaphragm are compressed together most. After each
molecule has bumped into its neighbor and given up its energy of move-
ment to it, it stops. The wave of compression thus formed, travels
along at the velocity of sound. Out some distance in the air, the mole-
cules are not so compressed as yet, and still farther out they have not
yet felt the movement, and are their natural distance apart. But they
will feel it when this travelling wave of compression gets to them at F.
During this time, an empty space is left at the back of the diaphragm.
The adjacent molecules will move forward into this since air is elastic,
and will fill up all the available space. Immediately next to the
diaphragm there are few molecules and they are far apart. (Nos. 5, 6,
7, etc.). This area where the molecules are far apart, is called a rare-
faction. As the molecules rush to fill the spaces successively, the wave

5



6 RADIO PHYSICS COURSE

of rarefaction travels outward as shown, at the velocity of sound, (about
1130 feet per second in air at 20° Centigrade). (As will be discussed
later, in the chapter on loud speakers, a baffle must be put around the
edge of the cone so that the compressed molecules at the front will not
travel right around the rim of the cone and neutralize the rarefaction
wave behind the cone—thus neutralizing the sound wave—when pro-
ducing sound waves of low frequency.)

MOLECULES AT REST A MOLECULES AT REST
L
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IF POSITION OF

ONE COMPLETE WAVELENGTH CONE AT REST
-~
Fig. 2.-—Sound Waves Produced by Vibrating Cone of Loud Speaker.

When the diaphragm reaches the end of its first forward push, it
moves back to approximately its original position, C. Immediately
there is a rushing back of the molecules on the left. They have been
tightly pressed together there, but when the diaphragm begins to move
back it leaves an open space in its wake into which the compressed
molecules rush. At the right, a wave of compression is being pro-
duced at the same instant. The diaphragm continues to the end of its
swing at D. A full rarefaction is at the left and a compression wave
has already started to move along at the right. The movement back
to its original position and next forward swing to the left are shown at
E and F. This cycle of events repeats itself as the diaphragm contin-
ues to vibrate. Sound waves are set up in air by vibrating bodies in this
way.

A complete single sound wave includes an area of compression;
the adjacent area in which the molecules are their natural distance
apart; the adjacent area which the molecules are widely separated
(rarefaction) ; and the adjacent area in which the molecules are their
natural distance apart. This is illustrated at F. The exact length
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of this wave in feet or other unit of length is called the wavelength of the
sound wave. We may measure the length of a wave from any point
to the corresponding point farther on but it is customary to measure it
from compression to compression for convenience.

As the diaphragm vibrates, the complete sound waves travel out
in all directions from molecule to molecule in the form of expanding
spheres of increased pressures and decreased pressures, as shown in

LOUD SPEAKER

I
u)))l))))”’)))))))»)) | )/ // EW

AIR PRESSURE t U |

VAAYAAYAAVAAVAVAVAAVAV

TIME OR DISTANCE —
Fig. 3—Sound Wave Propagation and Pressures.

u

Fig. 3. These moving spheres are commonly called sound waves. The
number of complete waves created in each second is known as the
frequency or pitch of the sound. This is usually referred to as the number
of waves or cycles per second. It is important to note here, that the
individual molecules themselves move only over very short distances,
that is, each molecule does not move out the entire distance to the
listener. The action may be compared to that occurring if a number
of men stand with feet absolutely fixed in a long line. Now the end
man is given a push. He sways forward and pushes against the next
man, who in turn pushes against the next, etc. The push, or pressure
is carried down along the whole line of men without the lower part of
the body of any one of them moving from its original position.

The vibrations of the sounding bodies are usually so rapid, that the
human eye cannot see the actual motion. The eye is able to see as sep-
arate pictures or impressions, movements up to 10 per second. Move-
ments faster than this blend into a continuous scene. (The motion pic-
ture depends upon this principle.) This fact hampers somewhat the
visualization of the actions taking place, since we do not see either the
movements of the sounding body or the sound waves. Movements of
sounding bodies can be studied however, by means of the stroboscope.

Any elastic material such as steel, brass, wood, etc. will transmit
sound waves. The speed or velocity at which the sound waves travel
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depends upon the density of the substance in which they are moving,
and the temperature. Accurate experimental determinations show that
the velocity of sound in dry air is 1090 feet per second at 0° Centigrade.
The velocity increases two feet for each degree increase in tempera-
ture. Therefore at 20’ Centigrade (normal temperature) the velocity
is 1130 feet per second. This value will be used throughout this book
in sound calculations. The more elastic the medium, the greater is the
velocity of sound in it. In lead at 0° Centigrade, it is 4,659 feet per
second; in glass 1,783 feet, and in steel 16,322 feet. In Tradio
broadcasting, we are concerned chiefly with sound waves in air. Con-
trasting the velocity of sound waves in air, 1130 feet (or about one
quarter mile per second) with the velocity of radio waves in air, 186,000
(approximately) miles per second, we can see that radio waves travel
about 750,000 times as fast as sound waves do.

If we could devise apparatus for measuring the very small varia-
tions in the air pressures caused by a very simple sound wave at any
particular point, we would find that these variations could be shown in
picture form by the wavy line or curve of Fig. 3, where vertical dis-
tances represent pressure and horizontal distances represent time. The
axis or horizontal line P—O represents the normal atmospheric pres-
sure. When the sound wave comes along, the pressure gradually in-
creases to a maximum from P to A, then decreases from A to B, further
C, then increases again from C to D at which point the pressure is again
the same as at the beginning. The next wave would continue similarly
along D EF G H. Point A, which is the crest of a wave, represents a
point of condensation or compression, at this point the air is condensed
or compressed. Point C, which is at the hollow of a wave, is a point
of rarefaction since at this point the pressure is lessened or rarefied. It
must be remembered that the wavy line of Fig. 3 represents the air
pressure, and not the movements of the individual molecules of air.

3. Sound and hearing: The study of radio and sound should in-
clude some consideration of the structure, operation, and characteris-
tics of the human ear. There are many ways of producing, recording,
transmitting and reproducing sound waves, but we have only one means
of making them affect us, that is, through the human ear and associated
nerve systems. As the ear is the one common element in any sound
system, and since much of the design of our radio and audio systems
and equipment is influenced greatly by the characteristics of the ear,
we should learn some of the elementary things about its action. When
we become familiar with its remarkable construction and actions we
cannot help but cease to regard it merely as a decorative flap presented
to us by nature. We see it as a highly sensitive mechanism rivalling
any man-made piece of delicate machinery for ingenuity of construc-
tion.

The ear may be roughly divided into three parts, the outer ear, the
middle ear and the inner ear. The outer ear consists of the flap R, and
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a short tube G, leading to the middle ear, as shown in Fig. 4. The tube
is sealed by a thin stretched membrane or diaphragm T, commonly
called the ear drum.

When sound waves strike the ear drum of the listener, the termin-
als of the auditory nerves are stimulated and the sensation of sound is
produced in the brain.

In our study, “sound’ is'held distinct from the term ‘“sound waves”.
Sound is the sensation produced in the brain by the sound waves. The
sound or air pressure
waves entering the
ear passage G, vibrate
the ear drum T in Fig.
4. The number of
these back and forth
vibrations of the drum
per second is the same
as the number of
pulses of the wave
that arrive at the ear
per second. The vi-
brations of the drum
are transmitted di-
rectly to the first of a :
set of three oddly OUTER EAR
shaped bones in the
middle ear, the last
one of which touches
a second diaphragm Fig. 4.—Internal Structure of the Human Ear.
(oval window) at the entrance to the inner ear. These bones are called
thethammer, the anvil and the stirrup. They form a mechanical lever
system.

The stirrup is attached to the end of the oval window O, which
separates the middle from the inner ear. There is another flexible
membrane ‘“r” (round window separating the middle from the inner
ear).

Due to the fact that the area of the stirrup resting against the oval
window of the inner ear is about one-twentieth of that of the ear drum
and also due to the lever action of the three bones, the pressure exerted
by the oval window of the middle ear upon the fluid of the inner ear is
30 to 60 times that exerted by the air upon the ear drum.

The inner ear is a spiral, snail shaped cavity in the skull bone, and
is filled with a liquid. This liquid-filled spiral cavity or cochlea is
separated into two parts V., and P, by the soft, flexible cone-shaped
spiral basilar membrane T which extends across its entire length, but
leaves a narrow communicating passage Y (helicotrema) at the right
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end for passage of the liquid from the upper to the lower half of the
inner ear. This cochlea is encased by the bony structure of the head.

Into the liquid from the walls of the chambers, project thousands
of tiny, elastic hairs of varying length and size. The auditory nerve N
is divided at its extremity into filaments, one of which is attached to
each hair.

The middle ear is entirely closed except: for a small duct E leading
to the throat. By the process of swallowing we allow air to escape
from, or allow it to enter into, the middle ear through this duct in order
that the air pressure on both sides of the ear drum shall be the same.
When entering a deep tunnel in a subway train the pressure on the out-
side of the eardrum increases and it is temporarily pushed inward.
This causes the common unpleasant sensation in the ear. By swallow-

ing hard, or holding the nose and blowing, air is forced up to the middle .

ear through tube E to equalize the pressure and allow the ear drum to
assume its normal position. When rising to the surface the outside
pressure is again decreased and swallowing hard allows some air to
escape from the middle ear through tube E. This reverse action also
occurs when rising to a high altitude during an airplane flight.

There are several theories as to the exact function of the inner ear.
The exact way in which the ‘auditory nerves T act on the brain to pro-
duce the sensation of sound is still a mystery. It is of course extremely
difficult to obtain any direct experimental observations on these actions.

When sound waves cause the ear drum T to vibrate, this mechani-
cal vibration is transferred across the middle ear by the system of bone
linkages P and is impressed on the flexible diaphragm O, which in turn
impresses the vibration on the fluid in the cochlea. This fluid being
relatively incompressible and being encased in a solid bone container
in the head, needs some relief for pressure or there would be no transfer
of vibration to the inner ear. The diaphragm r, (round window) open-
ing back into the middle ear provides this. When the diaphragm O is
pressed inward, the liquid bends the basilar membrane T downward and
this in turn forces the diaphragm “r” outward. The next instant,
diaphragm O moves outward and “r” moves back in, etc. )

Different tones and sound frequencies affect different parts of the
basilar membrane and therefore affect different hair cells and nerve
fibres. Low frequency vibrations (low tone) cause a transfer of vib-
ration across the basilar membrane at points near the thick end at the
right. High frequency tones affect the thinner end near the diaphragm
0. Frequencies between these affect it at points between the extre-
mities. A 1,000 cycle sound wave (1,000 complete to-and-fro vibrations
per second) is sensed by the nerve terminals very near the center of
the membrane. The motion of the basilar membrane causes the many
tiny hair cells to stimulate the nerve endings at their bases. Each tiny
hair having a different length, thickness, and mass will respond only to
that particular ripple or movement with which it is in sympathy. Thus
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it is supposed that each tiny hair cell responds only to a certain definite
frequency, just as each individual string of a piano or harp will vibrate
at its own particular frequency depending on its length, thickness and
mass.

The nerve filaments transmit the impression to the brain, where in
some mysterious manner the disturbances are interpreted as sound of
definite pitch, quality and loudness. The pattern carried to the brain
by the nerves of hearing depends upon the particular combination of
vibrations or frequencies disturbing the basilar membrane at each in-
stant. o~

The entire mechanism of hear-
ing is extremely delicate, composed
of many parts and is quite complex.
There 1is still considerable con-
troversy regarding the exact func-
tion of some of them. Now that we
have some idea of the construction
and operation of the human ear it is
obvious that slight differences in
shape and structure of any of the
parts can cause different people to
hear the same sounds differently.
These differences may be inherited
at birth or may be caused by some
accident or disease. The mechan-

Fig. 5.—Human Vocal Organs. The

ism of hearing in some people is as vibration of the vocal cords a-a
nearly perfect as nature intended I e, *'%, of the opening b
it should be. As a result of musical DRI

training and practice, minute changes of pressure or frequency are dis-
tinguished by some ears which would not be noticed by ears and hearing
not so delicately adjusted and trained. It is evident that the hearing
faculties of different persons may vary greatly. This explains why
some radio receivers sound perfectly satisfactory to certain persons and
are absolutely unsuited to the delicate and fine appreciation of sound
and music of other persons with highly trained hearing faculties. Also
the range of sound frequencies which different persons hear and the
strength with which certain frequencies are heard vary greatly due to
slight differences in ear construction.

4. Noise, speech and musical sounds: In radio broadcasting we
are concerned mostly with speech and music although at times noises
are transmitted as parts of plays and dramas. The dropping of a book
on the floor, the crash of a piece of glass, the rattle of a train of freight
cars, all produce sound disturbances that have no regularity of vibra-
tion and to which we can assign no definite pitch. Such sounds are
disagreeable to the ear because of lack of steadiness, regularity or
rhythm and are classed as noises.
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Speech or vocal sounds are produced by the human organs of
speech. The main vocal sound wave producing organ is shown in Fig.
5. The lungs supply the streams of air by a bellow-like action. The
air presses in and out of the windpipe, vocal passages, the elastic vocal
cords “aa’’ in the larynx, the tongue, the lips and the resonant cavities
of the nose and throat. The rapid movement of the vocal cords *“‘aa”
stretched across the top of the windpipe changes the size of the slit-like
opening “b’”’ through which the air from the lungs passes. This im-
presses on the air stream, variations which are heard as speech sounds.
The pronunciation of the English language is composed of about 39
different sounds located in different parts of the frequency range. The
“voiced sounds” are produced as described above by the vocal cords in
the larynx. They are located mostly in the lower register and possess
most of the volume and energy of speech. The “unvoiced sounds’ are
produced without using the vocal cords at all. They are caused by the
flow of air through small openings, or over sharp edges of the teeth, lips
and tongue. They have a hissing rushing sound of the breath, and con-
sist of the sounds like p, f, s, k, sh, ch, th. Most of these sounds are
high pitched, and they are much weaker than the voiced sounds. The
student is urged to pronounce these sounds in front of a mirror and
notice the movements of his tongue, teeth and lips when doing so.
These higher unvoiced sounds are absolutely necessary to the clear
and distinct rendition of speech. A third class of speech sounds called
the “woiced consonents” are produced by a combination of the two
processes just outlined.

The length and tension of the vocal cords ‘‘aa” can be altered by
muscular action with great rapidity, hence the extreme flexibility and
great range of tone of the human voice. The vocal cords in men are
thicker than in women and children, so they vibrate more slowly and
produce the lower tones characteristic of men’s voices. The sound
waves produced by the vocal cords are greatly modified by varying the
shape of the resonant cavity of the mouth. This may be easily proven by
uttering all of the five vowel sounds a, e, i, 0. u, one after another.
The altering of the shape of the mouth produces the change of the
voice sound. This is called articulation. Changes in the flexibility or
size of the openings in any of the air passages, etc. may change the
tone of the voice. Thus when a person catches cold, the nose passages
are blocked and the throat may be inflamed or swollen. The result
of this interference to the free normal passage of the air pulses makes
itself evident as ‘““hoarseness’” of the voice.

Musical sounds occur in the form of smooth, uniform vibrations
of steady duration. until the dying of the sound. A musical sound is
produced from a sowrce of regular vibration. Thus when a horsehair
bow is drawn across the strings of a violin, they are set into vibration.
This vibration is regular and smooth and results in a musical sound. Music
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is pleasing, because of its agreeable combination of sounds, which have
been worked out more or less systematically.

~ Every sound has three identifying properties or characteristics,
which distinguish or identify it from all other sounds. These are pitch
or frequency; quality or timbre; and loudness or intensity.

5. Pitch: The musician’s term for frequency of vibration is pitch.
Pitch is defined as the number of air waves per second produced by the
vibrating source, or the number of air waves received by the ear per
second. Sounds of low pitch like those of the bass viol, bass tuba, etc.,
are low in frequency, and therefore vibrate the ear drum slowly.
Sounds of high pitch, like those of the flute, piccolo, etc. are high in
frequency, and vibrate the ear drum rapidly. In stringed instruments
the low notes are produced by the long, thick or heavy strings. For
instance, on the piano, the strings which produce the low notes are wound
with wire and weighted down so they cannot vibrate so fast.

In the wind instruments we find the low notes produced by the
vibration of air in air columns of large volume—either long or of large
diameter. The long air columns of the pipe organ Fig. 7 and bass
tuba Fig. 9, are illustrative of this. The relative approximate lengths
of some common wind instruments are, piccolo (Fig. 10) 12 inches,
flute (Fig. 10) 26 inches, trumpet (Fig. 11) 55 inches, trombone (Fig.
11) 107 inches, Sousaphone bass tuba (Fig. 9) 216 inches. The fre-
quency of the lowest notes these instruments can produce can be found
from the chart of Fig. 8.

The notes of high pitch are produced by the light, thin, or short
strings in string instruments and short or small diameter air columns
in wind instruments. In instruments like the violin (Fig. 10), man-
dolin, guitar, banjo (Fig. 11), and ukelele, a wide range of notes is
produced with a few strings by “stopping” or shortening the vibrating
length of the string with the finger. The triangular shape of the harp
and the grand piano illustrate the application of the law of length by
using longer and heavier strings for the lower pitches.

By impressing sounds of various measured frequencies on human
ears it has been found experimentally that the normal ear is able to
detect sounds of frequency about as low as 16 cycles per second, and
about as high as 20,000 cycles per second, but not with the same degree
of sensitivity.

Vibrations slower than 16 per second do not sound as one tone,
they separate into 16 or less separate noises. Above 20,000 vibrations
per second, the vibrations are so rapid, that the ear drum membrane
and associated parts cannot follow them. Above this point, we cease
to hear. The ear is most sensitive to frequencies between 500 and
4000. Below 16 cycles per second, the sense of feeling occurs before
the sense of hearing. The actual frequency range the human ear will
respond to varies among individuals. It is narrowed by weakening
of the sound and also by advancing age of the person. Some persons



14 RADIO PHYSICS COURSE

cannot hear the chirp of crickets or the high notes sung by some birds
and insects. The range of sound frequencies employed in ordinary
speech lies between about 200 and 3000 cycles per second.

The effect of the frequency or rapidity of occurrence of the indi-
vidual sound waves can be demonstrated very convincingly by the use
of a simple siren (Fig. 6). This consists of a small circular flat disc
mounted on a central shaft so it can be rotated rapidly either by hand,

' by an electric motor or even in a
lathe. A circle of evenly spacod small
holes are drilled in the disc. A rub-
ber hose or small metal pipe is ar-
ranged directly over the perforations
or holes so that a fiow of air under
pressure is forced through the holes
when the disc revolves. This flow
MOTOR $r3/3 % o' of air is naturally cut off or interrupt-

e ed as each solid portion of the disc
passes the air pipe, and as a hole

BLOW PIPE

Fig. 6.—Siren Disc. The blowpipe di- passes the air pipe a puff of air shoots
rects air in puffs thru the rotating .
holes. Sound waves result. through the hole. Therefore, a vib-

ration of air is produced by each
hole. The frequency of the air vibrations depends upon the number of
holes that pass the air jet during each second. Multiplying the number
of holes in a circle on the disc by the number of revolutions that it makes
per second gives the vibration frequency per second. The speed can be
measured with a revolution counter or tachometer. By varying the
speed of the disc, or by drilling several circles of holes, each circle
having a different number of holes, various sound frequencies can be
produced. If the number of holes on each circle is 4 the number on
the next, each circle will produce a note one octave higher or lower
than that on the next circle if the disc is rotated at constant speed. By
choosing suitable high and low speeds and numbers of holes it is also
possible to determine the upper and lower limits of audible frequencies
with this apparatus. This experiment is a very interesting one, espec-
jally when made with a number of listeners in a group. Also by per-
forating some circles with the same total number of holes but with the
holes slightly uneven (two closer together, making the next two further
apart, as at B) the frequency will be the same, but the succession of air
puffs will not occur in the same order. The sound produced will ap-
pear different as judged by the ear. This illustrates the effect of “timbre
or quality” of a sound (see Fig. 14).

The various musical instruments produce sound waves in different
ways. Thusthe violin, cello, piano, banjo, etc. produce sound by means
of strings which are set into vibration. On the piano, for instance, low
notes are produced by the vibration of long, heavy, loose strings, while
shrill or high notes are produced by short stretched small strings.
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The wind instruments are classified as of two kinds, wood and
brass. The commonest of the wood-wind instruments are the flute,
oboe, piccolo, clarinet, bassoon and English horn. The brass-wind types
are the cornet, trumpet, trombone, French horn, bass tuba, saxophone,
alto horn. In all of these, the air is vibrated in a hollow tube either
by reeds by blowing against the sharp edge of an opening, or by the

Courtesy Skinner Organ COo.

Fig. 7.—Pipe Organ During Assembly. A mechanical blower keeps the wind chest full of

air. When a key is pressed, a valve admits air to the proper pipe. Many sets of pipes of

different lengths are employed to give the different pitches and qualities, each set being con-

trolled by a ‘‘stop.” At the lower left is a bank of closed wooden pipes for the low notes.

At the right are several banks of open pipes. The space inside is nearly fliled with the
shorter, more slender, high-note pipes.

lips of the player. In wind instruments different pitches are obtained
by changing the length of the air column by moving a slide as in the
trombone Fig. 11, or by opening and closing holes as in the flute, saxo-
phone, trumpet, ete. (Figs. 10 and 11).

The percussion instruments, are those that are beaten, shaken,
rattled or jingled. Among these are the kettle drums, bass drum, (Fig.
12) cymbals, snare drums, tambourine, xylophone, bells, and the piano.
The pipe organ (Fig. 7) is a wind instrument, and has become a col-
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lection of all possible wind instruments controlled by keyboards and
stops with possibilities of string tone and percussions as well. The
human voice is really of the vibrating air column type.
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Fig. 8—Chart showing the fundamental frequencies of the varlous keys or notes on a piano
keyboard, as well as the fundamental frequency ranges of the various conunon musical in-
struments and the human voice. The comparative acoustic range of the broadcasting station
equipment, and that of ''average’ and ‘“inferior’ radio recelving sets are also shown.

Each musical instrument has a definite range of sound frequencies
which it can produce. The chart of Fig. 8 shows the fundamental fre-
quencies of the various notes on a piano keyboard. The frequency
ranges of the various common musical instruments are indicated above
this in direct line with the piano key frequencies. The range of the
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pipe organ is about the same as that of the piano and is not indicated
here. Middle C lies near the middle of the piano keyboard and repre-
sents a frequency of 256 cycles per second. The lowest, C; is 32 cycles.
The C. above this is an octave of it and has a frequency of 32X2, or 64
cycles. The octave of a frequency is a frequency twice as high. For
instance, low C; is 32 cycles per second, the second octave of this is
32%2=64, the third octave is 64x2=128, the fourth octave (middle C)
128X 2=256, the fifth octave C' is 256X2=512, and so on.

The horizontal spacing of the chart of Fig. 8 may be rather
puzzling to the reader. It is evident that in going from the low notes
to the high notes the actual increases in frequency between the adjacent
piano keys is not the same. The frequencies of the tones are arranged
according to the octaves in such a manner that the various octaves
occupy equal horizontal spaces on the chart, irrespective of the actual
number of cycles covered by the octave. One octave means doubling
of the frequency. Thus we have one octave of tone if'we jump from
100 to 200 cycles. We also have one octave if we jump from 1000 to
2000 cycles. The latter jump covers 1000 cycles while the former
covers only 100 cycles. Yet both ranges cover just one octave.

In music we are interested in all of the octaves between certain
limits. Therefore, in radio reproduction of music we are also inter-
ested in the same thing. As will be seen later it is common practice
to plot amplification curves of audio amplifiers, etc. in this same way
with the frequency scale plotted according to octaves. Mathemati-
cally this is known as a logarithmic scale because it is really plotted
according to the exponents of the numbers instead of the actual num-
bers themselves.

Close examination of the chart of Fig. 8 reveals many interesting
things about our common musical instruments. The pi&no, organ and
harp produce the greatest range of fundamental frequencies, ranging
from about 16 to about 4096 cycles per second on the physical scale of
pitches. All of the other instruments have more limited ranges within
these values.

Some of the instruments like the bassoon and the bass viol and
bass tuba of Fig. 9, produce sounds lying entirely in the low frequency
range. Others like the violin, flute and piccolo of Fig. 10 cover the
high frequency range. The tenor banjo, trombone, saxophone and
trumpet (Fig. 11) produce sounds of the middle range of frequencies.
The pipe organ, harp and piano cover the entire range of low, middle
and high frequencies. The bass drum, snare drum, tom-tom, traps and
cymbals have no definite musical pitch and are used only to bring out
the rhythm and add novelty effects. The bass drum and traps are
shown in Fig. 12.

The great body of a symphony orchestra is composed of an as-
sembly of practically all of these instruments. Therefore if we are to
be able to satisfactorily broadcast and reproduce the music from such-
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an orchestra our electrical apparatus in both the transmitting and re-
ceiving stations must be capable of dealing with the complete range of
frequencies of all of the instruments.

6. Timbre or quality: Musical sounds are sustained at definite
pitches for comparatively long times and the change in pitch takes

"

Fig. 9.—Bass Tuba and Bass
Vipl. These two instruments
produce the deep, rich sounds
in the low frequency range.
The Bass Tuba at the left
goes down to 43 cycles and the
Bass Viol goes to 40 cycles.

Courtesy Carl Fischer Musical Inst. Co.

place in definite steps called the musical interval —thirds, fifths, oct-
aves, etc. The musical sounds are all agreeable to the ear. However,
we can very easily, distinguish the sound of one musical instrument
from that of another. For instance, middle “C”, which is defined as
producing 256 air waves per second, may be struck on the piano, blown
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on a trumpet or played on a violin, yet the sound in each case will be
characteristically different, and easily recognized, despite the fact that
the pitch or frequency of the fundamental sound waves thus produced
is exactly the same in all three cases. We have no difficulty in recog-
nizing the particular instrument which produced it. The voices of
different persons can also easily be distinguished and recognized. The
characteristic which enables one to recognize the tones of the different

A = s T —
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Courtesy Carl Fischer Musical Inast. Jo.

Fig. 10.—Top—Piccolo; Middle—Violin; Bottom—Flute. These instruments produce the fund-
amental sounds in the high frequency range. The highest fundamental sound frequency of
the Flute is about 2300 cycles; Violin, 3000; and Piccolo about 4,600 cycles.

instruments, or to assign a sound to its source, is called the quality or
timbre.

The physical explanation of quality or timbre, is that most sound-
ing bodies vibrate not only as a whole, but also in various parts as well.
When the string of a musical instrument is plucked so as to make it
vibrate as a whole (A of Fig. 13) the production of the musical note is
easily understood. When a bow is drawn across it or the string is
plucked at the proper point, it may not only vibrate as a whole, but in
parts as well. This may easily be seen by plucking the strings on a
ptano. Thus in B of Fig. 13 a string is vibrating as a whole between
points A and C and is also vibrating in halves between AB and BC. In
C of Fig. 13 a string is vibrating as a whole and in five segments. The
same action occurs in vibrating air columns. When a string or an air
column vibrates as a whole, it produces its lowest tone or fundamental
(A of Fig. 13). When it vibrates in two segments (B of Fig. 13) it
produces its first overtone, or second harmonic. This harmonic is double
the frequency of the fundamental. A harmonic is an integral multiple of
the fundamental frequency. Thus the second harmonic of middle C
(256) is, 266 X 2 = 512 cycles, etc. When the string vibrates in fifths,




20 RADIO PHYSICS COURSE

(C of Fig. 13) the fourth overtone or fifth harmonic results, ete. A
string or air column of a musical instrument can be vibrating as a whole
and at the same time be vibrating in segments. It will then give out its
fundamental frequency and a number of multiple higher, (harmonic), fre-
quencies at the same time. The harmonics are usually weaker than the
fundamental, but in some musical instruments they may be stronger.

The fundamental and harmonic sound waves do not exist separate-
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Courtesy Carl Fischer Musical Inst. Co.

Fig. 11.—Tenor Banjo, Saxophone, Trombhone, Trumpel. These instruments produce the mid-
dle range of frequenci=s.

ly in the air, but combine to form a resultant wave which is different
from any of its components. This is the wave which affects the ears
of the listener. The combination is responsible for the “quality”,
“timbre”’, or ‘“‘tone color” of the tone and gives each musical instrument .
its individual characteristic sound. The general “wave-form” of a
musical note of a given frequency maintains a similarity easily recog-
nized as being of a certain fundamental frequency regardless of the
instrument which produced it. Fig. 14 shows the actual wave-forms
of the sound waves produced by sounding the note middle C on the
piano, cello organ pipe, and trombone organ pipe. These curves were
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determined by Dr. Harvey Fletcher of the Bell Telephone Laboratories.
At the top is the wave-form of a “pure” fundamental or sine-wave sound
of the same frequency. Note the difference in the little zigzag lines of
the sound wave curve of note C originating on the piano and the same
note originating on the cello organ pipe and trombone organ pipe.
These little zigzag lines or ripples, are caused by, and represent the
number, position and loudness of the harmonics in the sound waves

Courtesy Carl Fischer Musical Inst. Co.

Fig. 12. Left: Harp with long, thick strings for low
frequency notes, and short strings for high notes.

Right: Base Drum and Traps. These have no definite

pitch and are used only to bring out the rythm and
add novelty effects.

produced by these particular instru-
ments. The height or amplitude of
these lines indicates the loudness of
each harmonic note. Notice that the
general form or shape of the wave
is similar in all three cases. A low-
pitched piano tone has a large number of harmonics; the third harmon-
ic of the cello organ pipe has about five times the amplitude of the
fundamental; the trombone organ pipe is also very rich in harmonics.
Pure tones (tones without harmonics) are very rare and lack indi-
viduality. They seem flat when heard by the ear and have little musi-
cal value. Higher harmonics than the fourth are seldom encountered
in ordinary practice. Harmonics higher than the third are not im-
portant. It is the abundance of strong harmonics that produces the
“quality”, ‘“tone color” or richness of musical sounds, but the pitch

Courtesy Wurlitzer & Co.
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depends entirely on the fundamental frequency. Those musical instru-
ments which have a deep rich tone are the ones which produce strong
harmonic frequency air vibrations as well as the fundamental. Musical
tones are quite complex because of these harmonics.

The harmonics are influenced greatly by the difference in the
physical make-up, characteristics of the material, etc. of the musical
instruments. Thus a violin made of wood has a pleasing, mellow sound
and certain harmonics. If it were made of sheet metal it would sound

metallic because the intensity of

the individual harmonics produced

A 8 would be different. A cornet made
of wood would sound like a clar-
- ®_.- inet, etc. “Muting’’ of a saxo-

——————— phone, cornet, trumpet or clarinet is
a familiar procedure especially in
dance orchestras. These instru-
ments are muted simply by inserting
a plug in the opening of the horn.
The resulting tone has a decided
wheeze because the mute damps out
certain of the overtones of the in-
strumental notes. This changes the
character of the tone because the
wave-form of the sound is changed.
In speech, cavities in the head and
i q}?(;n—s"ibg'ﬁ“,i‘{?ﬁ\gs‘{‘?ﬁs :nitr}g‘a;mg‘n;; upper part of the chest resonate to
vibr::tte as aAwhole and in several parts at affect the timbre or quality of the

0 ER B tone. The roof of the mouth and
the lips also affect this by varying the shape of the resonance cavity of
the mouth. Interference with the free passage of this vibrating air
(such as stopping of the nasal passages or irritation of the throat when
suffering from a cold) causes a harsh rasping sound or hoarseness due
to the suppression of the harmonics and overtones.

7. Loudness or intensity: The harder we strike a bell, or a
drum, the louder will be the sound because the body vibrates over a
greater amplitude. The “loudness” of a sound depends upon how
violently the air is set in motion. The loudness is determined by the
intensity of the sound sensation as produced in the brain by the ear.
Loudness of sounds can usually be controlled greatly by the sound pro-
ducing body. Thus the human speech organs can control the sound
of the voice from a very low whisper (barely audible) to a loud shout.
Musicians refer to the loudness of musical sounds by special terms such
as “pianissimo” for very soft: “piano” for soft; “forte” for loud and
““fortissimo’’ for very loud.

It must be remembered that the actual air pressure variations due
to sound waves are Very small. The variations due to the weakest
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sound which a person with average hearing can hear is in the order of
-000000015 pounds per square inch. A painfully loud sound would
produce a pressure variation of about .015 pounds per square inch, or
1,000,000 times as great. The average power of normal speech is
about 10 microwatts (0.00001 watts). In music the variation of sound
power between a “fortissimo’’ passage and a “pianissimo”’ passage may
be as great as 100,000 to one. The

intensity just sufficient to be heard

is called the “threshold of audibility”.
The intensity which stimulates

the sensation of feeling is called \/ \/ \/ \/
the “threshold of feeling.”” Both the ]
threshold of feeling and threshold PURE SINE WAVE FUNDAMENTAL C (2s‘wassg)

of audibility vary greatly with the

frequency of the sound. A consid-

eration of these figures shows that

the human ear is an extremely sen- .

sitive and delicate instrument and PIANO ¢ (256 VIB sEC)

will operate over a wide range of

frequencies (about 10 octaves) and

a large range of intensity of sound.
8. Sound sensation: The sen-

sation of sound as relayed to the

human brain by the auditory nerves CELLO PIPE ORGAN ¢ (256 VIB. SEC)

presents an interesting and import-
ant study. Dr. Harvey Fletcher has M‘ 0/\\ M« M\A Mm
VYW

covered this subject thoroughly
in his excellent book “Speech and
Hearing”. Two sounds having the TROMBONE ORGAN PIPF = (256 viB. SEC)
same physical amplitude but differ-

ing in frequency do not sound equally Fig. 14—Wave-forms and Harmonic Fre-
loud. It requires a much greater e e piaano C, orgny Prean Fipe
amplitude in low frequency than in

high frequency sounds to produce equal loudness sensation because,
the human ear hears sounds of high frequency better than those of low
frequency and sounds around 2000 cycles better than either. Thus it
is evident that a radio loudspeaker emitting the low sounds of an organ
selection is really handling a greater amount of energy, and is vibrating
over a greater amplitude, than when emitting the high notes of a violin
selection so as to produce equal loudness sensation in the ear. Other
characteristics of the ear will be studied in Articles 419 to 421.

9. Frequency range required: In radio broadcasting we are
interested in transmitting and reproducing as naturally as possible,
both speech and music. We have seen that the sound waves are first
changed into electric currents and then into radio waves at the trans-
mitter. At the receiver the electric waves are transformed into electric
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currents and finally back into sound. It is essential that all of these
changes be so made that the final sound issuing from the loud speaker
will be an exact counterpart (insofar as the human ear can judge) of
the original program. From the foregoing studies of the characteris-
tics of speech and musical sounds we can see that true reproduction of
music and speech in the home depends on maintaining with exactness
the frequency loudness, pitch and quality or wave-form of the sounds.
When we realize the complexity of the sounds occuring in music and
speech it seems almost impossible that they could undergo so many
transformations in the radio broadcasting system and still reach our
homes in almost perfect condition. It is true that some changes may
occur without being noticed by the average ear.

The average fundamental frequency of the male voice is around
120 cycles per second, while the female voice is about 240 cycles (an
octave higher). However, harmonics exist in some speech sounds
up to about 8000 per second, and while female speech has less overtones
than male, they extend up to 8000 and the richest overtone area of the
male voice is between 3000 and 5000 cycles. Cutting off the frequen-
cies above 6000 eliminates the characterizing features of the unvoiced
sounds such as s, f, sh, th, z, etc. These are absolutely necessary for
the clear and distinct rendition of speech. Most of the energy of the
voice occurs in the frequencies below 1000 cycles, most of the intelli-
gibility above that frequency. The frequencies transmitted over the
ordinary telephone lines range only from about 250 to 2700 cycles.
That is the reason why it is difficult or impossible to understand sounds
_like th, z, sh, etc. in telephone conversation.

The playing of a musical selection by an orchestra, an organ or a
piano involves the production of a [arge number of fundamental sound
frequencies and accompanying higher harmonic frequencies. The
musical tones are more or less complex. Speech does not involve as
large a range of frequencies as does music, so that a system designed to
satisfactorily transmit and reproduce the entire useful musical scale
will generally be satisfactory for speech also.

The range of “fundamental” frequencies which must be trans-
mitted in the reproduction of music from an entire orchestra will ordin-
arily range from about 40 up to 4000 cycles per second. The orchestra
is composed of four choirs, the strings, the wood-wind, the brass and
percussion. The lower and higher strings or keys on the harp and
piano are seldom used. However, satisfactory transmission requires
that the important **harmonics” of these frequencies also be transmitted
and reproduced, otherwise the reproduction will not possess the char-
acteristics of the original sound.

A certain amount of low frequency suppression is possible without
serious effects due to the fact that the ear has the power of supplying
to our consciousness many of the fundamental frequencies, provided the
harmonics are reproduced. However, it is much better if these missing
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fundamental frequencies are transmitted and reproduced, for the ear
soon grows tired of performing this function and the listener becomes
mentally fatigued. This tiring action is very marked when listening
to old radio receivers which do not reproduce either the low or the
high frequencies correctly. When the harmonics are not reproduced
the personal element in either the human voice or musical instrument
is lost. A violin tune may sound like a whistle, the high pitched tones
of the piccolo may not be heard at all. The ideal frequency range for
perfect speech, music, important harmonics and most noises as tapping,
hissing, etc. is about 30 to 10,000 cycles. However, it has been defin-
itely established experimentally, by progressively eliminating high and
low frequencies by means of electrical filters, that exceedingly good
reproduction is possible if the range extends from about 40 to 8000
cycles. We must remember that harmonics higher than the third can

be cut off without seriously affecting the music.

Examination of the chart of Fig. 8 shows that only four major
instruments produce fundamental sound frequencies above about 2500
cycles. These are the pipe organ, piano, piccolo and the flute. Funda-
mental notes of higher frequency than this are rarely played in ordinary
music excepting on the piccolo and filute. It would appear then that a
radio transmitting and receiving system designed to handle sound vib-
rations up to about 8000 cycles would satisfactorily handle the funda-
mental and first three harmonics of all notes up to about 2500 cycles.
(The third harmonic of 2500 cycles is 2500%3="7500 cycles.) Only
the very high notes of the flute, piccolo, piano and organ would be
eliminated. ’

At the lower end of the musical range we find that only the pipe
organ and piano can produce notes lower than 40 cycles per second.
These lower notes are seldom played, and even if they are, their har-
monics are reproduced and the ear unconsciously tends to supply the
missing fundamental frequencies. The lower limit of 40 cycles there-
fore seems satisfactory. At the present stage of the radio art, the cost
of apparatus increases greatly with the attempt to increase the fre-
quency range below and above these limits.

At the present time, most of the powerful broadecasting stations in
the United States, transmit all sound frequencies from slightly below
100 cycles to about 5,000 cycles per second due to the present 10 kilo-
cycle band basis for assigning broadcast station carrier frequencies
as we shall see later. Broadcast engineers have been pushing into the
higher frequencies however, and many of the latest transmitters are
capable of transmitting a complete range of sound frequencies from 30
cycles in the bass to 8,000 cycles in the high notes in order to obtain
better transmission of the low notes and harmonics. It is interesting
to note that many telephone wire circuits which link radio stations into
chains or networks for programs of common origin, are capable of only
the range from 75 cycles to 4,800 cycles at present. This is the reason
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for the noticeable poorness in quality of programs originating from
some chain station hookups.

The telephone engineers have developed special telephone wire cir-
cuits which will pass everything from 30 or 40, to 8,000 cycles. When
such lines are in general use, we may expect the programs originating
in distant cities and put out over chain station hookups to be of just as
good quality as those originating directly in the studio of the local
station we are listening to. At the present time, radio receiver design
has not kept up with the improvements in radio transmitters, from the
standpoint of sound-frequency range. Very few receiving sets repro-
duce below 100 and above 4000 cycles.

It is almost certain that the next few years will witness great im-
provements in loud speakers and receiving equipment, with the complete
important sound-frequency range reproduced for full tone quality and
realism. The extending of the frequency range is simply a question of
improvement at reasonable cost of the radio and audio-frequency ampli-
fiers, vacuum tubes and loud speakers in the receiver. It is essential
that every part perform its function properly. Early types of trans-
mitters, radio receivers and loud speakers did not reproduce the low
and the high notes simply because we did not know enough about them
at that time to be able to construct them properly at reasonable cost.
As our knowledge of these things increases we can expect finer and
more realistic reproduction.

It is true that some persons have a distinct aversion to really faith-
ful. low-note or high-note reproduction. Very high notes cause the sen-
sation of feeling rather than that of hearing.

Loud high notes may cause severe irritation or pain. Also static
and many other electrical interfering noises are most prevalent on the
high frequencies. The latter consideration has been a very important
factor in the question of high-frequency reproduction. It seems that
best all-around satisfaction can be obtained by high quality trans-
mission and reception with provision in the radio receiver for some form
of tone control which can be adjusted to reduce either the high, low, or
middle frequency response to suit the musical taste of the individual
listener and to make up for the acoustic difference in the rooms in which
receivers are operated.

When one fully realizes and understands the task of the radio
broadcasting transmitter and receiver, one must really. marvel at its
simple design and almost perfect accomplishment. The complex audio
frequency sound waves must be faithfully transformed into audio-fre-
quency electric currents and waves, varying in intensity at these audio
frequencies. These waves are in turn radiated out into space. The
transmitter as a whole must be capable of responding to a whisper or a
pianissimo, as well as to a shout or a fortissimo. It must be impartial
in its transmission of the complex sound waves of all the different in-
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struments.

It must not introduce frequencies which are not present

in the original sound waves, and must accurately reproduce even the most
delicate tone shadings.

20.

21.

REVIEW QUESTIONS

How could you prove that sound is produced by mechanical
vibrations?

Describe what occurs when a body vibrates in air.

Do the particles of air actually travel outward the entire dis-
tance from the sounding body to the ear of the listener?
Describe two common devices for producing sound waves,
and explain just how these sound waves are produced in
each case.

Why is the vibration of a sounding body usually not visible
to the human eye?

What is the velocity of sound in air?

Is the velocity the same in all substances?

What kind of waves are sound waves? Of what does each
wave consist?

Explain how sound waves produce the sensation of sound
when impressed on the human ear.

When a bottle of soda water is opened, a sound is heard.
Explain this.

Distinguish between noise, speech sounds and musical sounds.
What are the three identifying characteristics of all sounds?
Explain the operation of the human organs of speech.

Define “pitch”’. What is a low pitched sound; a high pitched
sound ?

What is the approximate range of sound frequencies which
the average person is able to hear?

Describe an experiment which proves that the pitch of a
sound depends upon the frequency of vibrdtion.

Describe an experiment which shows the exact upper and
lower limits of sound frequencies audible to the human ear.
Explain the various methods used to produce sound waves in
musical instruments.

Name three musical instruments able to produce sound waves
lower than 100 cycles per second. Name three able to pro-
duce fundamental sound waves above 2,000. Name two able
to produce the entire range of musical sound waves.

Why are the strings of a bass viol and a cello heavier than
those of a violin?

Why does increasing the speed of rotation of a phonograph
record change the character of the music produced? Would
this raise or lower the pitch of the music? :
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Why is the length of the horn or air-column in the bass tuba
much longer than in the piccolo?

Distinguish between (a) fundamental (b) overtone or har-
monic (c) octave.

What is the second octave of a 200 cycle note? The fourth
octave?

What is the second harmonic of a 200 cycle note? The
fourth harmonic?

Upon what does the quality or timbre of a sound depend?
Why does a 200 cycle note sounded on a piano sound differ-
ently than a 200 cycle note sounded on a violin?

What would be the effect on the sound wave produced by a
loud speaker diaphragm whose amplitude of vibration was
not proportional to the current through its winding?

What determines the loudness of a sound?

Since the complete range of important fundamental sound
frequencies occurring in speech and music is only from about
40 to 4,000 cycles, why is it necessary to transmit a range of
40 to 8,000 cycles for real good reproduction of speech and
orchestral music?

What musical instruments would not be heard in their en-
tirety if the loud speaker or some other part of the trans-
mitting and receiving equipment cut off at 3,000 cycles?

A symphony orchestra composed of over 100 instruments is
performing in a broadcasting studio. What determines the
actual movement of the microphone diaphragm,—the resultant
sound-pressure wave produced by the combination of the
sound waves of each individual instrument, or does each
individual sound wave act on the diaphragm separately?
Why is the rattling of paper, squeak of a door, chirp of an
insect, etc., difficult to transmit and reproduce over the radio?
Why are ordinary telephone lines unsuited for the transmis-
sion of sound pickups for broadcast programs of symphonic
music?

In what direction do sound waves normally travel? How
may they be directed in some particular direction?

Why does the sound from a radio loud speaker diminish in
strength as you move farther away from it?



CHAPTER 3.
ELECTRON THEORY, ELECTRIC CURRENT

ELECTRICITY IN RADIO — USE OF ELECTRON THEORY — ELECTRICAL CHARGES
— LAWS OF ELECTRICAL CHARGES — MATTER AND MOLECULES — COM-
POUNDS, ELEMENTS, ATOMS — ELECTRONIC STRUCTURE — ATOMIC STRUCTURE
— CHEMICAL ACTION .— CHARGED BODIES — ELECTROMOTIVE FORCE -—
SOURCES OF E. M. F. — CONDUCTION CURRENT — NUMBER OF ELECTRONS —
VELOCITY OF PROPAGATION — DIRECTION OF ELECTRONS AND CURRENT —
ELECTRIC CONDUCTORS — ELECTRIC INSULATORS — INSULATION BREAKDOWN
— DIELECTRIC STRENGTH — REVIEW QUESTIONS.

10. Electricity in radio: Every piece of electrical apparatus used
in radio work has an electric circuit in some conducting material, and
a magnetic circuit either in air or some magnetic material. Transform-
ers, choke coils, loud speakers, etc. used in radio receivers, depend for
their operation on the proper use of electricity .and magnetism. In-
visible electromagnetic radiations manifest their actions by magnetic
and electrostatic fields. It is desirable and necessary therefore, for
every student of radio to know something of the nature of electric cur-
rent and magnetism, the properties of the common electric and mag-
netic materials, and the laws governing electric and magnetic action
in order that he may understand the design, operation, servicing and
limitations of radio apparatus. It is interesting to note that in a com-
plete radio system we are dealing with almost every form of electric
current known.

Another important consideration which is too often overlooked, is
the fact that the student who thoroughly understands, and has a good
mental picture of, the fundamental actions associated with the flow of
current and magnetism, is excellently prepared to keep abreast of all
the new developments which are coming almost daily in the radio art.
He finds that the new things are merely new adaptions and arrange-
ments of the fundamental principles he is already familiar with, and
he is usually able to quickly understand their operation and put his
‘fundamental knowledge to practical use.

Since the most recent scientific discoveries and investigations in
science indicate strongly that the manifestations of electricity and mag-
netism are really due to actions of tiny electric<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>