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PREFACE TO FIRST EDITION.

The Principles Underlying Radio Communication.

Prepared by the Bureau of Standards under the direction of

the Training Section of the Office of the Chief Signal Officer of

the Army.
Acknowledgment is made of the valuable service rendered

the Signal Corps by the Bureau of Standards through the work
of Dr. J. H. Bellinger, physicist, Bureau of Standards, and the

following men engaged with him in the writing of this book :

F. W. Grover,

Consulting Physicist, Bureau of Standards; Assistant Pro-

fessor of Electrical Engineering, Union University.

C. M. Smith,

Associate Professor of Physics, Purdue University.

G. F. Wittig,

Assistant Professor of Electrical Engineering, Yale Uni-

versity.

A. D. Cole,

Professor of Physics, Ohio State University.

L. P. Wheeler,

Assistant Professor of Physics, Yale University.

H. M. Royal,

Professor of Mathematics, Clarkson College of Technology.

In this book are presented briefly the basic facts and princi-

ples of electromagnetism and their application to radio com-

munication. In the effort to present these topics in a simple

manner for students with very little mathematical preparation,

it has been necessary at times to use definitions, illustrations,

and analogies which would not be used in a work prepared for

more advanced students. Frequent references to standard books

are given for further study, and students should be encouraged,

as far as possible, to consult them.

December 10, 1918.
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PREFACE TO SECOND EDITION.

The first edition of this book was prepared in the summer of

1918 by the Bureau of Standards at the request and under the

direction of the Training Section of the Office of the Chief Signal

Officer of the Army for use as a textbook for the training of

enlisted personnel of the Signal Corps for radio work. The book

was prepared by the members of the staff of the Bureau of

Standards mentioned in the preface to the first edition, some of

whom were members of the faculties of certain universities,

and were temporarily added to the staff of the Bureau for this

purpose.

The book has been found useful not only for the purpose for

which it was originally prepared the training of Signal Corps

personnel but also as an elementary textbook of radio and gen-

eral electricity for use in schools and colleges and elsewhere.

A number of errors appearing in the first edition have been

corrected, and some parts have been revised. The section on bat-

teries has been rewritten. The material on apparatus for un-

damped wave transmission and electron tubes has been replaced

by new material. A brief discussion of ordinary wire telephony

has been added. The section on transformers has been con-

siderably amplified. Some new illustrations have been added, re-

placing illustrations of apparatus now obsolete. New numbers

have been assigned to all sections beyond Section 172, and new

numbers have been assigned to all figures beyond Fig. 214.

The first edition contained 355 pages, while the present edition

contains 619 pages.

Acknowledgment should be made of the assistance rendered

by the many interested persons who have called attention to

errors appearing in the first edition. It is not possible to men-

tion the names of all who have offered suggestions. Particular

mention should be made of a very careful examination of the

whole book made by Dr. H. S. Uhler, of Yale University.

The work of revision and the preparation of a considerable

part of the new material has been done by Mr. R. S. Ould. The

revision has been under the general supervision of Dr. J. H. Del-

linger. A number of other members of the staff of the Bureau
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of Standards have assisted in the work of revision by sugges-

tions, and by preparing new material. The section on batteries

has been rewritten by Mr. G. W. Vinal. Much of the revision

of the chapter on electron tubes has been done by Mr. E. S.

Purington and Mr. L. M, Hull. The authors who prepared the

first edition have offered valuable suggestions for desirable

changes. Mention is made of the work of Professor C. M. Smith
on the index.

Acknowledgment is made to the General Electric Co. for

photographs of the Alexanderson alternator, to the Federal

Telegraph Co. for photographs of the arc converter, to the

Western Electric Co. for detailed drawings of a telephone trans-

mitter and receiver, and to the Electric Storage Battery Co.

for a photograph of a lead storage cell.
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INTRODUCTION.

1. What Radio Communication Means. In military service all

possible means of communication are used, including the most

primitive. Some of the earliest methods were by means of

beacon fires, and, much later, flags. However, the best and most

rapid are the electrical methods. These include the ordinary

wire telegraph and telephone and the wireless or radio ap-

paratus. Without wire connecting lines, radio messages are

sent from one point to another on the battle front, from ship to

shore, across the oceans, to airplanes, and even to submerged
submarines. Business and social life have been profoundly
modified by the advent of electric communication, and recent

developments in radio have done much to make communication

easy between distant points.

When a pebble is thrown into the smooth water of a pond it

starts a series of circular ripples or waves, which spread out

indefinitely with a speed of a few hundredths of a meter
1

per

second (see the frontispiece). Similarly, an electric disturb-

ance starts electric waves, which spread out in all directions,

and travel with the velocity of light, which is 300,000,000 meters

per second, or about 186,300 miles per second. It is by means of

these electric waves that radio messages are sent.

In order to make use of electric waves for the practical pur-

pose of sending messages, it is necessary

(a) To produce regular electric disturbances in a circuit

which start the waves. (These disturbances are electric cur-

rents which reverse rapidly in direction.)

(&) To get the waves out into surrounding space, through
which they travel with great speed. (This is done by means of

the transmitting antenna.)

(c) By means of these waves, to set up electric currents in a

receiving circuit at the distant station. (The device which

these waves strike as they come in, and which turns them over

to the receiving circuit, is called the receiving antenna.)

1 The meter and other units are explained in Appendix 2, p. 547.
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20 RADIO COMMUNICATION.

(d) To change these currents so that they may be detected

by electric instruments. (The operator usually receives the

message through signals in a telephone receiver.)

In communication by flags, messages are transmitted by a

"code" in which each letter of the alphabet is represented by
a position or combination of positions of flags.

2 In communi-

cation by radio telegraphy, a code is used consisting of com-

binations of very short signals, or "
dots," and longer signals, or

" dashes." In communication by radio telephony, the voice

itself is transmitted, and no code is necessary.

The student of radio communication needs a more thorough

knowledge of electrical theory than that needed for some
branches of electrical work. This fact needs emphasis for

the beginner. Of course a man can learn to operate and care

for apparatus without having a real understanding of its

underlying principles. It only requires that he have a cer-

tain type of memory, industry, and a little common sense.

But a man with only this kind of knowledge of his subject

is of limited usefulness and resourcefulness, and can not

advance very far. The real radio man must have some train-

ing in the whole subject of electricity and magnetism, as

well as a rather intimate familiarity with some restricted

parts of it. An understanding of radio communication re-

quires some knowledge of the following subjects :

(a) Direct and alternating currents and dynamo ma-

chinery.

(&) High-frequency alternating currents, including the

subject of condenser discharge.

(c) Conduction of electric current in a vacuum as well as

in wires.

(d) Electric waves, which involve some acquaintance with

modern idea s of electricity and the ether.

(e) The apparatus used for the production and reception

of electric waves.8

a See " Visual Signaling," Signal Corps Training Pamphlet No. 4.

Information regarding visual signaling is also contained in a book by
J. A. White,

"
Military Signal Corps Manual."

3 The reader who desires an introductory discussion of the funda-

mentals of electrical phenomena may consult Signal Corps Training

Pamphlet No. 1,
"
Elementary Electricity." The reader who desires

a briefer and more elementary discussion of the principles of radio
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2. Fundamental Ideas of the Electric Circuit. It is common
knowledge that a battery supplies what is known as a cur-

rent of electricity. To obtain the current there must be a

complete, closed, conducting path from the battery through
the apparatus which is to be acted on by the current, and

back again to the battery.

For example, when connecting up an electric bell, a wire

is carried from one binding post of the battery (Fig. 1) to

one of the binding posts of the bell, and a second wire is

brought from the other binding post of the bell back to the

remaining binding post of the battery. Any break in the

wire immediately causes the current to stop and the bell to

be silent. This furnishes an easy method of controlling the

ringing of the bell, since it is only necessary to break the

circuit at one point to stop the current, or to connect across

the gap with a piece of metal to start the current going

again. Thus the battery supplies the power to operate the

bell, and the button opens and closes the circuit and thus

controls the delivery of that power to the bell. Similar con-

siderations apply when using the city lighting circuit. Wires

from the generator at the central station are brought to

the lamp, motor, or heating device to be supplied, and the

flow of current to this device controlled by means of a switch.

The switch consists of pieces of metal which may be brought
into contact when desired. The operation of the switch

makes or breaks the contact. One handle may control two

switches, so that with one motion the circuit can be broken

at two places. The switch may be located on the wall and be

of any one of a number of different forms, such as the
"
snap

switch," the "
push-button switch," and the " knife switch."

The switch may be located in the socket which holds the

lamp ;
such a socket is called a "

key socket." It makes no

difference at which part of the circuit the current is inter-

rupted. The flow of current will stop whether the break is

made at the lamp, or in one wire at some distance from the

lamp, or by opening a switch at the switchboard at the central

communication may consult Signal Corps Radio Communication Pam-
phlet No. 1. Copies of either of these pamphlets may be procured from
the Superintendent of Documents, Government Printing Office, Wash-
ington, D. C., for 15 cents for the former and 10 cents for the latter.

See also pp. 569, 575.
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station. Electricity must then be regarded as flowing in every

part of the circuit, so that electricity is leaving the battery

or dynamo at one side and going back to it at the other side.

Current. The current flowing in a circuit is no stronger at

one point of the circuit than at another. This can be proved

by connecting a measuring instrument called an ammeter into

the circuit at different points, a, ft, or c, Fig. 2. It is found to

register the same at whatever point this test is made. A useful

illustration of the -electric circuit is a closed circuit of pipe

(Fig. 3) completely filled with water and provided with a pump,

P, or some other device for causing the water to circulate. The

FIG. 3.

K Battery Circuit a IIKC a pipe
circuit full of w&ter

amount of water which leaves a given point in each second is

just the same as the amount which arrives in the same length of

time. Now in the electric circuit we have no material fluid, but

we suppose that there exists a substance, which we call elec-

tricity. Electricity behaves in the electric circuit much like

an incompressible fluid in a pipe line. We are very sure that

electricity is not like any material substance which we know,
but the common practice among students and shopmen of

calling it
"
juice

" shows that they think of it as like a fluid.

We will, then, imagine the electric current to be a stream of

electricity flowing around the circuit.

One way of measuring the rapidity with which water is flow-

ing is to let it pass through a meter which registers the total
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number of quarts or gallons which pass through. By dividing

the quantity by the time it has taken to pass we obtain' the

rapidity of flow. There are instruments by means of which it

is possible to measure the total quantity of electricity which

passes any point in the circuit during a certain time. If we
divide this quantity by the time, we obtain the amount of elec-

tricity which has passed in one second. This is a measure of

the current strength.

In practical work, however, the strength of the current is

measured by instruments (ammeters) which show at each

moment just how strong the current is, in somewhat the same

manner as we may estimate the swiftness of a stream by watch-

ing a chip on the surface. This kind of an instrument enables

us to tell at a glance what the current is without the necessity

for a long experiment, and further we may detect changes in the

strength of the current from moment to moment. In this con-

nection it will be remembered that two measuring instruments

are to be found on an automobile. The speedometer shows what
the speed of the car is at each moment, so that the driver may
know instantly whether he is exceeding the speed limit, and

govern himself as he sees fit. The other instrument shows
how many miles have been covered on the trip, and of course

the average speed may be calculated from its indications, if the

length of the trip has been timed. The instrument for measur-

ing total quantity of electricity corresponds to the recorder of

the total miles traversed; the ammeter corresponds to the

speedometer.

Electromotive Force. The water will not flow in the pipe line,,

Fig. 3, unless there is some force pushing it along as, for ex-

ample, a pump and it can not be kept flowing without continu-

ing the pressure. Electricity will not flow in a circuit unless

there is a battery or other source of electricity in the circuit.

The battery is for the purpose of providing an electric pressure.

To this is given the name " electromotive force
" that is, a

force which moves the electricity. This is usually abbreviated

to
" emf." The larger the number of cells which are joined in

the circuit in such a way that their pressures will add, the

greater the electric pressure in the circuit and the larger the

current produced, just as the rapidity of flow of the water in

the pipe line may be increased by increasing the pump pressure.



24 RADIO COMMUNICATION.

Resistance. There is always some friction in pipe, whatever
its size or material, and this hinders the flow of the water to

some extent. If it were not for the friction, the water would
increase indefinitely in speed. Similarly, there is friction in the

electric circuit. This is called the "
resistance

" of the circuit.

The greater the resistance the smaller the current which can be

produced in the circuit by a given battery, just as the greater
the friction the less rapid the flow of water with a given pump
acting. A resistance coil at any point in the circuit corre-

sponds to a partially closed valve in the pipe at any point

(Fig. 4.).

FIQ 4 FICJ 5

Water Circuit

Illustrating Action
of Electric Condenser

Alternating Water Row
Illustrating Electric

Displacement Current,

Steady and Variable Currents. If a pipe is connected to a

large reservoir of water maintained at the same level, the steady

pressure of the constant head of water will cause a steady flow

of water in the pipe. The quantity of water which will pass a

given point in one second will be the same at all times. Certain

sources of electricity, such as batteries and some kinds of dyna-

mos, produce an electromotive force which is practically con-

stant, and will cause a practically constant current to flow in

circuits to \vhich they are connected. A steady electric current

in one direction is called a "direct Current."

In the case of the ordinary force pump, the water is given a

succession of pushes all in the same direction but separated

by intervals when the water is not being pushed. The heart is
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such a pump which applies successive impulses to the blood

and causes it to circulate. A pipe supplied by a force pump is

usually discharging some water all the time, but successive

spurts occur when an unusually large stream of water is dis-

charged for a moment, the frequency of these spurts correspond-

ing to the rate at which the pump is being run. Similarly,

there are sources of electromotive force which act intermit-

tently. When such an electromotive force is connected to a

circuit, the current flows always in the same direction but

varies in magnitude from instant to instant. A current of this

kind, which pulsates regularly in magnitude, is called a "
pul-

sating current."

A very important kind of current for radio work is that

known as "
alternating current." This is analogous to the

kind of flow which would be produced if, instead of being acted

on by a pump, the water were agitated by a paddle which
moved back and forth rapidly over a short distance, without

traveling beyond certain limits. Under this impetus the water
no sooner gets up speed in one direction than it is compelled
to slow up and then gather speed in the opposite direction,

and so on over and over again. The water simply surges, first

in one direction, and then in the other, so that a small object

suspended in the water would not travel continuously around
the pipe line, but would simply oscillate back and forth over

a short distance.

Effect of Condenser. As a further case, let us suppose that

an elastic partition E is arranged in the pipe (Fig. 5), so that

no water can flow through or around it. If a pump P, or a

piston, acts steadily, the water moves a short distance until

the partition is stretched enough to exert a back pressure on
the water equal to the pressure of the pump, and then the

movement of the water as a whole ceases. If, on the contrary,
a reciprocating motion is given to the water by P, the water
moves back and forth, stretching the partition first in one
direction and then in the other, and the water surges back and
forth between short limits which are determined by the elas-

ticity of the partition. We have in this case an alternating
current of water in spite of the presence of the partition.

An electric condenser acts just like an elastic partition in a
circuit. No direct current can flow through it, but an alter-
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nating current, of an amount depending on the nature of the

condenser, can flow when an alternating emf. acts on the circuit.

As an extreme case, we may imagine the pipe line replaced by
a long tube filled with water and the ends closed by elastic walls

(Fig. 6). Suppose an alternating pressure to be given to the

water in the tube, or even let the tube be tipped, first in one

direction and then in the other. The water will oscillate back

and forth a short distance in the tube, first stretching the wall

at one end and then the wall at the other. A small alternating
flow is thus set up, although there is not a complete circuit for

the water to flow through. Analogous to this case is that of the

electrical oscillation in an antenna. Such a flow of electricity

without a complete conducting circuit is called a "
displacement

current." It is always necessary, in order to produce a dis-

placement current, that the circuit shall have electrical elas-

ticity somewhere; that is, that an electric condenser shall be

present.

The importance of the electric current lies in the fact that it

is an energy current. A current of water transports energy ; so

does a current of air. It is the motion that counts, and to

utilize the energy of motion we must do something tending to

stop the motion. In the case of water flowing in a channel we
may do this by causing the water to flow under a water wheel

whose resistance to turning causes it to absorb energy from the

current of water.

Any material substance, by virtue of its mass, can be made to

act as a vehicle for transporting energy from one place to an-

other provided only it is set into motion. In the case of the

electric current, we do not need to inquire whether electricity

has mass. AVe are concerned, in the use of electrical apparatus,

with the transformation of the energy of the current into other

familiar forms of energy heat, light, and motion. The electric

current is the vehicle by which we transmit energy from the

central station to the consumer, and we are not, for practical

purposes, concerned with the method of carrying the energy,

any more than we need to inquire into the nature of the belt

by which mechanical energy is carried from one wheel to an-

other, or into the chemical nature of the water which is furnish-

ing the power in a hydraulic plant.
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The electric current itself can not be seen, felt, smelt, heard,
or tasted. Its presence can be detected only by its effects

that is, by what happens when it gives up some of its energy.

Thus, an electric current may give up some of its energy, and
cause a motor to turn. Electrical energy has been given up,

and mechanical energy takes its place. Similarly, electric

energy may disappear and heat or light may appear in its place,

or a chemical effect may arise. When a person feels an elec-

tric shock, it is not the current itself he feels, but the muscular
contractions and other physiological effects caused by the

passage of the current. The electric lamp has an effect on the

eye. We do not, however, see the electric current in the lamp,

but the effect on the eye is due to the light waves sent off by
the hot filament. The energy of the current has been changed
over into heat in the lamp. When we hear a sound in the tele-

phone receiver it is not the electric current we hear, but merely
the vibration of the thin diaphragm. The electric current has

used some of its energy in causing the diaphragm to vibrate.

The acid taste noticed when the tongue is placed across the

poles of a dry battery is due to the chemical decomposition of

the saliva into other compounds as a result of the passage of

the current through it.

In the next section, the electric current is studied through

the effects it produces, and in later sections it is given a more

exact and detailed treatment.





CHAPTER 1.

ELEMENTARY ELECTRICITY.

A. Electric Current.

3. Effects of Electric Current. Most of the applications of

electricity depend upon the movement of electricity ; that is, the

electric current. The effects of stationary electricity (electric

charge or quantity of electricity) are of importance in connec-

tion with such subjects as electric condensers (see Sec. 30), and
in the study of electrons, but it is moving electricity, or current

flow, that is of greatest practical importance.
A wire in which an electric current is flowing usually looks

exactly like a wire without current. Our senses are not directly

impressed by the phenomena of electricity, and hence it is neces-

sary to depend upon certain effects which are associated with the

flow of current through a conductor when it is desired to deter-

mine whether or not a current exists. Some of these effects are

as follows:

(a) If a straight wire carrying an electric current is brought
near a small magnet, such as a compass needle, which is so

placed that the axis about which it turns is parallel to the axis

of the wire (Fig. 7), then the needle is deflected a certain

amount and tends to become tangent to a circle about the wire.

It then remains in the new position as long as the current does

not vary.

(&) A wire with a current passing through it will be at a

higher temperature than the same wire before the current flows.

If the wire is large or the current is small, this can be detected

only by a sensitive thermometer, but under some conditions, as

in an ordinary incandescent lamp, the rise of temperature is so

great as to cause the wire to glow.

(e) If the wire through which the current is flowing is cut

and if the separated ends are immersed in a solution in water

of any one of a wide variety of substances, there will be a chemi-

cal change in the solution. This chemical change may become

apparent by a change in the color of the solution, by a deposit

29
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on one of the wires, or otherwise, and gas may be evolved.

Thus, if the solution is copper sulphate, copper will be de-

posited.

The attention of the student should be fixed upon these effects

of the current, rather than upon the current itself. It is in

terms of these effects that electric currents are detected, meas-

ured, and applied. Thus the magnetic effect is the basis of

dynamo-electric machinery and radio communication ; the heat-

ing effect ( & ) makes possible electric cooking and electric light-

ing; and the chemical effect (c) makes possible electroplating,

electric batteries, and various chemical processes. All three

effects are utilized in making electric measurements.

It must be kept in mind that such expressions as
" flow

" and
"
current

" and many other electrical terms are merely sur-

vivors from an earlier day when electricity was supposed to be

a fluid which actually flowed. Such terms are, however, help-

ful in forming mental pictures of the real phenomena of elec-

tricity. Attention must always be centered on the facts and

effects which these terms represent and the words or phrases

themselves must not be taken literally.
1

4. Direction of Current. By means of the magnetic effect it

is readily shown that electric current has direction. If the

wire in Fig. 7 be withdrawn from the plate, O, and reinserted

in the opposite direction, the compass needle will indicate a

direction' (Fig. 8) nearly opposite to that of its original posi-

tion. The same result is secured if the wire is left unchanged

and the connections to the terminals of the battery are re-

versed.

The direction of flow of electric current is a ma.tter of

arbitrary definition, and in practice the student will usually

determine the direction by means of an instrument with its

terminals marked + and . It is assumed that current enters

the instrument at the + terminal and leaves it at the

terminal.

The magnetic effect may also be used in specifying the direc-

tion of the current. See Section 40, page 103. Again referring

to Fig. 7, it is seen that as the current flows down through the

plane, the compass needle, at every point in the plane, tends to

set itself tangent to one of the concentric circles about the wire.

1 Read Franklin and MacNutt, General Physics, p. 238.
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As the observer looks along the conductor in the direction in

which the current is flowing, the north-seeking or north-pointing

pole of the needle will point in a clockwise direction around the

conductor that is, it will point in the direction it would assume
if following the advancing hand of a clock having the conductor

as a pinion. Other useful rules for remembering the same
relative directions are as follows:

(a) Grasp the wire with the right hand and with the thumb
extended along the wire in the direction of the current. The

/9/>t Ad-n< rule -Jw^frectwn 0f current And
lines of frcc

curved finger tips will then indicate the direction of the mag-
netic effect, Fig. 10.

(ft) Imagine an ordinary right-hand wood screw being ad-

vanced into a block in the direction in which the current is

flowing (Fig. 9). The direction in which the screw rotates then

indicates the direction of the magnetic field around the wire or

conductor as it would be indicated by a compass needle.

The student should assure himself of complete familiarity
with one of these rules by considerable practice with a small

compass and a simple electric circuit.

For the extension of this relation to determine the polarity
of a helical coil carrying a current, see section 42, page 105.

53904 22 3
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5. Measurement of Electric Current and Quantity of Elec-

tricity. All three of the simple ways by which electric current

may be detected (see Sec. 3) provide means of current measure-

ment. The magnetic effect of the current may be used by
mounting a wire and a magnet in such positions that when a
current flows in the wire either the magnet or the wire moves.

The heating effect of the current is utilized in hot-wire instru-

ments (Sec. 59), where the increase in length of the heated

wire is utilized to move a pointer over a dial. These principles

are used in a great variety of instruments for the measurement
of current. The amount of current is read from the scale or

dial of the instrument. The scale is usually graduated at the

time when the instrument is standardized, in a unit
2

called

the "
ampere." The instruments are called " ammeters."

The ampere is a unit the magnitude of which has been

defined by international agreement. In its definition the third

effect of the electric current, described above, is made use of.

The mass of a metal which is deposited out of a solution by an

electric current depends on the product of the strength of the

current by the time it is allowed to flow. Thus a certain current

flowing for 100 seconds is found, experimentally, to be able to

deposit as much of a metal as a current 100 times as great pass-

ing for one second, etc. Remembering that the strength of the

current is the rapidity of flow of electricity, it is4 evident that

the product of strength of current by time of flow gives the total

quantity of electricity which has passed.

The mass of a metal deposited by the current is, then, propor-

tional to the total quantity of electricity which has flowed

through the solution. Equal quantities of electricity will deposit

different masses of different metals, but the mass of any chosen

metal is always the same for the same quantity of electricity.

The ampere (properly called the international ampere} is that

unvarying current which, when passed through a neutral solu-

tion of silver nitrate, will deposit silver at the rate of 0.001118

gram per second.

A convenient way of remembering this figure is that it is made

up of one point, two naughts, three ones, and four twos 8.

While current could be regularly measured by the process used

in establishing this unit this is not done in actual practice.

2 See Appendix 2 on "
Units," p. 547.
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The measuring instruments used in actual measurements are,

however, standardized more or less directly in terms of the

unit thus defined.

Quantity of electricity is usually measured in a unit called

the " coulomb." The coulomb is the quantity of electricity trans-

ferred by a current of one ampere in one second. Another unit

sometimes used for measuring quantity of electricity is the
"
ampere-hour,'' which is the quantity of electricity transferred

by a current of one ampere in one hour, and is therefore equal
to 3,600 coulombs.

6. Electrons. When electric current flows in a conductor

there is a flow of extremely small particles of electricity, called

electrons. The study of these particles is important not only in

connection with current flow, but also in light and heat and

chemistry. The reason for this is that all matter contains them.

Matter of all kinds is made up of atoms, which are extremely
small portions of matter (a drop of water contains billions of

them). The atoms contain electrons which consist of negative

electricity. The electrons are all alike, and are in turn much
smaller than the atoms. Besides containing electrons, each

atom also contains a certain amount of positive electricity.

Normally the positive and negative electricity are just equal.

However, some of the electrons are not held so firmly to the

atom but what they can escape when the atom is violently

jarred. When an electron leaves an atom there is then less

negative electricity than positive in the atom ;
in this condition,

the atom is said to be positively charged. When, on the other

hand, an atom takes on one or more extra electrons it is said

to be negatively charged.

The atoms in matter are constantly in motion, and when they
strike against one another an electron is sometimes removed
from an atom. This electron then moves about freely between

the atoms. Heat has an effect upon this process. The higher

the temperature, the faster the atoms move and the more elec-

trons given off. If a hot body is placed in a vacuum the elec-

trons thus given off travel from the hot body out into the sur-

rounding space. This sort of a motion of electrons is made use

of in the electron tube, which is the subject of Chapter 6 of

this book. The motion of the electrons inside a wire or other

conductor is the basis of electric current flow. This is discussed,
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with the various important properties of electrons, in a book

by R. A. Millikan,
" The Electron," and, briefly, in

" Radio In-

struments and Measurements," Circular No. 74 of the Bureau of

Standards, page 8. (This circular is sometimes referred to

as C. 74.)

B. Resistance and Resistivity.

7. Resistance and Conductance. The flow of current through

a circuit is opposed by a property of the circuit called its

"
resistance" (symbol R). The resistance is determined by the

kinds of materials of which the circuit is made up, and also

by the form (length and cross section) of the various portions

of the circuit. Provided that the temperature is constant, the

resistance is constant, not varying with the current flowing

through the circuit. This important relation is called Ohm's

law and will be discussed further in Sec. 14. All substances

may be grouped according to their ability to conduct electricity,

and those through which current passes readily are called " con-

ducting materials
" or "

conductors," while those through which

current passes with difficulty are called
"
insulating materials "

or "
non-conductors." However, there is no known substance

which admits current without any opposition whatever, nor is

there any known substance through which some small current

can not be made to pass. There is no sharp distinction between

the groups, as they merge gradually one into the other. Never-

theless, it should be kept in mind that conductors have a con-

ducting power which is enormously greater than the conducting

power of an insulator. The minute current which can be forced

through an insulator under certain circumstances is aptly called

a "
leakage current." An ideal insulator would be one which

would allow absolutely no current to flow. Examples of good

conducting materials are the metals and that class of liquid

conductors called electrolytes. Examples of insulating ma-

terials are dry gases, glass, porcelain, hard rubber, and various

waxes, resins, and oils.

A circuit which offers but little resistance to a current is said

to have good conductance. Representing this by g we may
write

*-;r-i CD
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For example, a circuit having a resistance of 10 ohms will

have a conductance of 0.1 and one of 0.01 ohm will have a con-

ductance of 100. The unit of resistance called the " ohm "
is

defined in terms of a standard consisting of pure mercury, of

accurately specified length, mass, and temperature.

Tlie international ohm is the resistance offered to the flow

of an unvarying current by a column of mercury 106.3 centi-

meters high and 'weighing Uf.^521 grams at a temperature of

0C.
For very small resistances the millionth part of an ohm is

used as a unit and is called the " microhm." For high resist-

ances a million ohms is used as a unit and is called the

"megohm."
The opposition to flow of current referred to above is analo-

gous to friction between moving water and the inner surface

of the pipe through which it flows. It is always accompanied
by the production of heat. If an unvarying current is main-

tained through a conductor, this production of heat is at a

constant rate. The total heat, produced in t seconds, is found

to be proportional to the resistance of the circuit, to the square
of the current, and to the time, thus

W=RI*t
(2^

From this it follows that R, for a 'given portion of the circuit,

might be measured by the heat generated in that portion. The
heat will be measured in

"
joules

" when the current is in am-

peres, the resistance in ohms, and the time in seconds. To find

the heat in calories, the relation W/J=H will be used, where
W is in joules and J (4.18) is the number of joules in one

calorie. The relation given in equation (2) is sometimes

called Joule's law.

8. Resistivity and Conductivity. For a given piece of wire of

uniform cross section, its resistance is found to be proportional

directly to its length, and inversely to its cross sectional area
;

and in addition the resistance depends upon the kind of mate-

rial of which the wire is composed. These relations may be

expressed by the following equation

R=P (3)
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where R is the measured resistance of the sample, I is the

length, s is its cross section and p is a constant, characteristic

of the given material. Solving this equation for p we have

P=Rj (4)

If a piece of material is chosen having unit cross section and
unit length, it is seen that p is equal to the resistance of the

piece, measured between opposite faces. The factor p is called

the "
resistivity

" or "
specific resistance

"
of the substance, and

is defined as the resistance between opposite faces of the unit

cube. The ohm or the microhm is commonly used as the unit

of resistance and the centimeter as the unit of length. Instead

of expressing resistivity in these units it may also be given in

terms of ohms per foot of wire one mil (0.001 inch) in diameter,

or in ohms per meter of wire one millimeter in diameter.

Another group of resistivity units is based upon the mass of

a sample instead of its volume, for example: (a) the resistance

of a uniform piece of wire of one meter length and of one gram
mass ;

or (b) the resistance of a wire of one mile length and of

one pound mass. Practically, for some purposes, the mass re-

sistivity is preferable to the volume resistivity for the following

reasons: (a) sufficiently accurate measurements of cross sec-

tion of specimens are frequently difficult, or, for some shapes,

impossible; (&) material for conductors is usually sold by

weight rather than volume, and hence the data of greatest value

are most directly given. The mass units and volume units are

readily interconverted, provided that the density of the material

is known. If in equation (3) we substitute for s the value of

y,
where v is the volume, and for v its equivalent ^, where

m is the mass and d is the density, we have

The quantity pd is called the mass resistivity of the material.

The volume resistivity may then be transformed into mass re-

sistivity, or vice versa, taking care that all the quantities are

given in consistent units. As examples of resistance the follow-

ing will be useful :
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1. One ohm is the resistance of about 157 feet of number 18

copper wire (diameter about 1 mm., or 40 mils or 0.04 inch).

2. One thousand feet of number 10 iron wire (diameter about

2.5 mm., or 102 mils or 0.1 in.) has a resistance of about 6.5 ohms.

Tables of resistivity for various materials are given in Table

21, Circular 74 of the Bureau of Standards.

Just as conductance is the reciprocal of resistance when con-

sidering the properties of a circuit as a whole, so
"
conductivity

"

is the reciprocal of resistivity when considering the properties

of a given material. Its unit is the "
mho," or "

reciprocal

ohm."

9. Temperature Coefficient. The electrical resistance of all

substances is found to change more or less with any change in

temperature. All pure metals and most of the metallic alloys

show an increased resistance with rising temperature. Carbon

and most liquid conductors like battery solutions show a de-

crease in resistance as the temperature increases. Experiment
shows that the resistance at a temperature t can be calculated,

if the resistance at zero temperature (melting point of ice) has

been measured. The formula is

Rt=R +Roaot (6)

where Ro is the resistance of the sample at zero, and ao is the

change in 1 ohm when the temperature changes from zero to

1 C. The factor ao is called the "temperature coefficient" of

resistance for the material. Solving equation (6) for ao we have

(7)

Equation (7) shows ao is the value of the change in the resistance

per ohm per degree change in temperature, or it is the fractional

change of the total resistance for 1 degree change in tempera-
ture. If the resistance of the material decreases with a rise in

temperature, then the temperature coefficient is negative.

If a reference temperature t\ is chosen, which is not zero, then

the resistance R2 , at some other temperature f2 ,
which is higher

than ti, may be found from the resistance R\ at ti by the follow-

ing equation,

#;>=#! [1 +<*!( *!>] (8)

where a, is the temperature coefficient for the reference tem-

perature fi.



38 ELEMENTARY ELECTRICITY.

Calculations of this sort are simplified by the use of a table of

values of a for various initial reference temperatures. See

Table 21, Circular 74.

10. Current Control. In electrical work the need is constantly

arising for adjusting a current to a specified value. This is

usually done by varying the resistance of the circuit. Changes
in the resistance of a circuit can be made by means of re-

sistors, which consist in general of single resistance units, or

groups of such units, made of suitable material. These may be

variable or fixed in value. Variable resistors are frequently

Plu rebalance box

called
"
resistance boxes " or "

rheostats," depending on their

current-carrying capacity and range.

A resistance box consists of a group of coils of wire assem-

bled compactly in a frame or box. (Figs. 11, 12, and 13.)

It is so arranged that single coils or any desired combination

of such coils may be introduced into the circuit by manipulat-

ing the switches or plugs. The extreme range of such a device

may be from a hundredth or a tenth of an ohm up to 100,000

ohms. Each of its component units is accurately standardized

and marked with its resistance value. By this means it is

possible to know precisely what resistance is introduced into

the circuit by the resistance box. The coils are wound with
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relatively fine wire, and in such a way that they do not have

any appreciable magnetic fields about them. They are in-

tended solely for carrying feeble currents, usually no more
than a fraction of an ampere.

Resistors of single fixed values are convenient for many
purposes. If they are carefully made and precisely meas-

ured, they are called standard resistance coils. Such stand-

ards may be secured in range from 0.00001 ohm to 100,000

ohms and of any desired current-carrying capacity and degree

of precision. Resistance boxes and precision resistors are de-

signed primarily for use in the laboratory.

The name " rheostat
"

is, in general, applied to a variable

resistor having a fairly large current-carrying capacity. A

Tube Rheoatat

FIG. 14

simple form of rheostat consists of a layer of German silver

or nickel-steel wire wound on an insulating tube with a sliding-

contact traveling along the tube so that the current may be

made to pass through any desired length of the wire. (Fig.

14.) Such rheostats are not usually made to handle large

amounts of power. Larger rheostats are made of resistance

units connected between the points of a switch, as shown in

Fig. 15. The units arc made of resistance wire embedded in

vitreous enamel on a metal plate or wound on a porcelain tube

and then enameled. For very large units the resistors are

made in the form of grids of cast iron, nickel steel, or similar

metal, which are exposed to the air for cooling. The grid

type of resistor is by far the most common in commercial use,

especially for railway and electric-crane control. For ex-

tremely large currents a convenient compact rheostat is made

by immersing metal plates to a variable depth in a conducting-
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liquid; such a liquid rheostat can be easily cooled by using a

metal container, or by changing the liquid as it becomes

heated.

Banks of incandescent electric lamps in various arrangements
are often used as resistors. The resistance of such lamps is

subject to large variations in value with changes in tempera-

ture. However, when operating under steady conditions, either

hot or cold, they are satisfactory for many purposes. Such a

rheostat offers the advantage of being readily adjustable by

turning lamps off or on. It is compact and there is no danger
of overheating.

Another type of rheostat for handling large currents consists

of a pile of carbon blocks or plates which are compressed by a

screw or lever to reduce their electrical resistance.

11. Conducting Materials. Conducting materials, usually

metals or metallic alloys, are utilized in electric circuits with

two different purposes in view. In one case a high degree of

conductivity is required, while in the other case relatively high

resistivity is desired. These cases will be discussed in turn.

(a) If the conductor is transmitting energy to a distant point

by means of the electric current it is seen from equation (2)

that some energy will be wasted in the conductor in the form of

heat. This loss should be kept as small as possible, and to this

end great care is taken in choosing the size and material of the

conductor. For reasons of economy the cross section must not

be too great, hence a desirable material for conducting lines

must have low resistivity and must be abundant and relatively

cheap to produce. Such a material is copper. Where lightness

is important and where increased dimensions are not a disad-

vantage, aluminum is much; used. Steel is used where great

strength is desired and where the current is small, as in tele-

graph lines. For lines which must stand great strain and at

the same time be good conductors, such as radio antennas, a

stranded phosphor bronze wire is often used.

(&) A material to be used for resistor coils, on the other

hand, should have the following properties :

1. The resistivity should be fairly high so that a large resist-

ance may be obtained without too great a bulk.

2. The material should remain strong mechanically when

heated.
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3. The cost of material should not be excessive.

For precision rheostats for careful laboratory measurements

the following qualities, which are of comparatively small im-

portance for ordinary electrical engineering work, should also

be considered :

4. The temperature coefficient must be small, so that heating

does not change the resistance appreciably.

5. The resistivity must not change with time, even when the

unit is heated for long periods.

6. The thermoelectric force (Sec. 15) between the chosen

material and copper or brass must be small, so that the con-

tacts between the different parts of the circuit will not cause

troublesome thermoelectric currents.

Iron is by far the most common material used in rheostats,

since it is cheap, strong, and has a fairly high resistance. It is

used in the form of grids for street car, locomotive, train,

elevator, and crane control and in the form of wire coils for

handling smaller powers. German silver and the various nickel

steels rank next in frequency of use and, with iron, make up
the great bulk of commercial rheostats. Special alloys, such as

those called
"
manganin

" and "
invar," are used for laboratory

units where the last three requirements mentioned above must

be met. Table 21, of Circular 74 of the Bureau of Standards,

gives the properties of some pure metals and the composition,

and electrical properties of certain of the more common alloys.

Wire Gauges. Sizes of wires are specified in two general

ways, either by giving the actual diameter in millimeters or in

mils (1 mil=0.001 inch), or by assigning to the wire its place in

an arbitrary series of numbers called a wire gauge. Only two
of these arbitrary wire gauges are of importance in American

practice, the American Wire Gauge and the Steel Wire Gauge.
To avoid confusion the name of the gauge must always be

given with the gauge number. Most steel wire is specified in

terms of the steel wire gauge. Wire used in electrical work,
such as copper, aluminum, and the copper-nickel alloys, is

specified in terms of the American Wire Gauge. This is the

only gauge in which the successive sizes have a definite mathe-

matical relation. See Appendix 4, page 554.

It is convenient to remember that any change of three sizes

of this gauge doubles (or halves) the resistance of a wire; a
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change of six sizes doubles (or halves) the diameter, and there-

fore quadruples (or divides by four) the resistance of the

wires.

12. Non-conducting or Insulating Materials. The importance

of good conductors, in practical applications of electricity, has

been dwelt on in the preceding section. It is, however, equally

important to have non-conducting materials in order that elec-

tric current may be confined to definite and limited paths. Such

materials are commonly called insulators or dielectrics. It is

a familiar fact that electric wires are covered with layers of

cotton, silk, rubber, and other non-conducting compounds, and

are supported on porcelain knobs or in clay tubes. This is done

to prevent the current from escaping along a chance side path
before the desired terminal point is reached.

Strictly, there is no such thing as a perfect non-conductor.

The materials commonly used for this purpose have volume

resistivities ranging from 10,000 ohms to 10" ohms between

opposite faces of the unit cube. This means that 1 volt im-

pressed across such a unit cube by means of proper metal

terminals, would cause a current of from JOQOO
*

10"" ampere
to flow. (See Sections 13 and 14.)

Most insulating substances show a decrease in volume re-

sistivity with increase in temperature. These changes are

irregular and sometimes rapid. They are not directly propor-

tional to the changes in temperature. Humidity is of great

influence, and tends to lower the volume resistivity in such

materials as slate, marble, hard fiber, and materials of the

phenolic type such as the material called
" bakelite." Very fre-

quently surface leakage is of greater importance than volume

conduction, and this surface leakage is largely dependent upon

the conductivity of the moisture film upon the surface. In any

event, care must be taken to ensure that the effects of surface

leakage are either minimized or allowed for.

In work involving high potential differences the property of

dielectric strength is of greater importance than volume re-

sistivity. If the potential difference applied between opposite

sides of a sheet of dielectric material exceeds a certain critical

value, the dielectric will break down, as though under a me-

chanical stress, and a spark will pass between the terminals.
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In case the dielectric is a liquid or a gas, its continuity is im-

mediately restored after the spark has passed. However, in a

solid dielectric the path of the spark discharge is a permanent

defect, and if enough energy is being supplied from the source,

a continuous current will persist, which flows along the arc

or bridge of vapor formed by the first spark.
" Dielectric

strength
"

is a property of the material which resists this

tendency to break down. It is measured in terms of volts or

kilovolts required to pierce a given thickness of the material

and is sometimes called the "puncture voltage." Values of

dielectric strength of air are given in Section 171, page 389. It

is a quantity that can not be specified or measured very pre-

cisely, because the results vary with (a) the character of the

voltage, whether direct or alternating, (b) the distance be-

tween the terminals, (c) the time for which the voltage is

applied, and (d) the shape of the terminals. The presence of

moisture lowers the dielectric strength. Dry air is one of the

best of the insulating substances, but its dielectric strength is

lower than that of many liquids and solids. The dielectric

strength of different specimens of the same insulating material

is not directly proportional to the thickness of the specimen.

The properties of most electrical insulating materials are

very different when subjected to radio-frequency voltage than

when subjected to the low-frequency voltage such as is used on

house-lighting mains, or when subjected to direct current. As

an example, a piece of insulating material of the phenolic type

may withstand 100,000 volts at a frequency of 60 cycles per

second, but may deteriorate and become conductive very rap-

idly when subjected to a voltage of the order of 20,000 volts or

less at radio frequencies (say 120.000 cycles per second). In

other words, some materials which are suitable for ordinary

electrical work, may be entirely unsuitable as radio insulators.

Thus slate is extensively used in ordinary electrical work with

60-cycle alternating currents, but is entirely unsuitable for use

as an insulating material in radio-frequency circuits. A
certain amount of power is lost in every insulating ma-

terial subjected to an alternating voltage, but the amount
of power lost must ordinarily be small if an insulating material

is to be satisfactory for most radio uses. Radio-frequency
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power loss," therefore, becomes of particular importance in

selecting insulating material for certain locations about a radio

circuit.

In addition to the constant currents which flow through or

over insulating substances, due to the "
body leakage

" and
" surface leakage

" we find two other currents, which are tem-

porary when a direct voltage is applied, but which it is im-

portant not to overlook.

1. The "
displacement current " which is discussed later in

Section 29. This current appears and becomes negligible in a

very short time, not more than a few thousandths of a second.

2. The "
absorption current " which persists longer and is ob-

served when an emf. is applied to a plate of a dielectric by
means of electrodes as in the case of a condenser. (See Sec.

31.)

At first there is a considerable rush of current but the

strength of the current falls off with the time, at first rapidly,

then more slowly. It may not become negligible for several

hours. It is due to some rearrangement of the molecules of the

substance under the stress of the applied emf.

C. Potential Difference, Emf., and Ohm's Law.

13. The Meaning of Emf. In Section 2 it was stated that one
of the important electrical quantities is the electromotive force,

which is the cause of the electric current. In order to fix in

mind the ideas underlying the electric circuit it will be helpful

to consider some illustrations drawn from experiences familiar

to everyone. Assume that a body of 1 pound weight is raised

from the floor to a table, through a height of 3 feet (Fig. 16).

Work is done upon the body, and the amount of work done is

given by 1X3=3 ft.-lb. The body has acquired "potential

energy
"
by this change in its position. That is, it is capable of

falling back to the floor by itself, and in falling back it will,

when brought to rest, do an amount of work exactly equal to

that which was done in lifting it.

For further information regarding dielectric power loss and proper-
ties of insulating materials, see Bureau of Standards Circular 74. The
Bureau of Standards will issue during 1922 publications giving detailed

information regarding the properties of electrical insulating materials

of the laminated, phenol-methylene type.
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The difference in level between floor and table may be ex-

pressed in either of two ways first, in the ordinary way, by

stating directly the vertical distance through which the body

was raised; and second, by stating the amount of work re-

quired to carry 1 pound of matter from the lower to the higher

level. This difference in level, then, defines a very definite

difference in condition between the two positions. The higher

position, considered as a point in space, has a characteristic

which distinguishes it from the lower position, and that is the

lib

F.& 16

S'mple Illustration of

Dotential Cnerqu.

.

Potential energy due to difference

of head of two "bodies of water

t TfACK

fie 18. Electrical Potential D.fference Exists between Wire and Track

amount of potential energy possessed by a body when placed

there. In other words, a body placed at this point is able, by

virtue of its position, to do a certain amount of work. If we
assume that the body has unit mass, this characteristic is called

the gravitational potential of the point. The higher position is

said to have a higher potential than the lower position, and the

difference in potential, measured in terms of work, is a measure

of the difference in height.

Following this illustration a little further, we may consider

the case of a simple pump, which raises water from a level Si to

some higher level &2 (Fig. IT). The water raised by the pump
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to the level S possesses potential energy or energy of position.

That is, it is able to fall back by itself to the lower level, and
in falling back it will do an amount of work exactly equal to

that which was done in lifting it. Instead of measuring the

difference in level by the height h as before it may be meas-

ured in terms of the work done in lifting 1 pound of water from
Si to Sz. This difference in level may be called the difference

in potential between Si and S.
The purpose of the pump is to transform the energy supplied

by some steam engine or other prime mover into potential

energy, with the corresponding difference in level or pressure
head. This establishes what might be called a watermotive

force, which causes or tends to cause a flow of water through a

return connecting pipe.

Energy may exist in many different forms. The position

energy or potential energy of a body has been just described. A
moving body has energy of motion or "

kinetic
"
energy. Sound,

heat, light, and electricity are all forms of energy ; these par-
ticular forms of energy are due to "wave motion." (See Sec.

125.) Chemical reactions involve transformations of energy.

Every action of everyday life involves a transformation of

energy from one form into another. In the case of every trans-

formation of energy from one form into others, it is found that

the energy which disappears as one form can be entirely ac-

counted for by the energy which appears in other forms. If

the transformation is confined to one body or system of bodies,

the total amount of energy possessed by that body or system
of bodies is the same before and after the transformation; that

is, energy can neither be created nor destroyed. This principle
is usually referred to as the

" conservation of energy." It

should be noted, however, that some forms of energy are far

more available for use than others. Thus the potential energy

possessed by the water in a reservoir can be easily used, but

the energy changed into heat by the friction of water with the

sides of a pipe through which it is flowing is usually con-

sidered as being
"
lost," because it is not practically available

for use.

Coming now to the electrical case, let us consider that electric

current is supplied to the motors of an electric car by means of

a generator G, Fig. 18, and two conductors, the trolley wire and
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the track. Mechanical energy is being supplied to 'the generator

by some source of power, such as a steam engine, and is being

transformed into electrical energy. This transformation results

in a flow of current as indicated by the arrows, when a com-

plete circuit is made through the car motors. This condition

is described by saying that there is a difference of electric

potential between the terminals of the generator, or between the

trolley wire and the track. It is the purpose of any electric gen-

erator to set up this difference of potential between its terminals,

which corresponds to the difference in level of the water in the

earlier illustrations. Difference of electric potential is then a

difference in electric condition which determines the direction

of flow of electricity from one point to another.

Just as height of water column or difference in level may be

regarded as establishing a pressure or watermotive force, which

in turn causes a flow of water when the valves in the pipe are

open, so the electric potential difference may be regarded as

establishing an electromotive force which causes a flow of elec-

tricity when a conducting path is provided. Electromotive force

may be defined as that which causes or tends to cause an electric

current.

The unit of electromotive force is the volt. It is that emf.

which will cause a current of 1 ampere to flow through a re-

sistance of 1 ohm.

The relation between electromotive force, current, and resist-

ance is called Ohm's law. This law is discussed further in the

next section.

The potential difference between two points may be measured

in terms of the work done in conveying a unit quantity of elec-

tricity from one point to the other. In general

F WE-Q
where E is in volts, W is in joules, and Q is in coulombs. (See

Appendix 2, Units.) In practice, however, it is measured by
direct application of an instrument called a " voltmeter." ( See

Sec. 60.)

The unit of work or energy is the joule. It is the energy ex-

pended when a current of one ampere flows through a resistance

of one ohm for one second.

53904 22 4
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Power is the rate at which work is done. The unit of power
is the watt, which is the power expended by a current of one

ampere flowing through a resistance of one ohm.
Power is sometimes measured in units of horsepower. 1 horse-

power equals 746 watts.

14. Ohm's Law. If the pressure upon a pipe line is increased,
the flow of water through it in gallons per minute is increased.

Ohm found that an increase in the emf. applied to a given con-

ductor caused a strictly proportional increase in the current.

Doubling the emf, causes exactly twice as great a current as be-

fore, trebling the emf., three times as great a current, etc. This
means that for a given conductor the ratio of emf. to current is

a constant, and this constant has been called the resistance of

the conductor. This important relation is known as Ohm's law,
and may be written :

or, in the alternative forms,

and

E
-j=R

E=RI
E

(9)

(10)

(11)
ja

Ohm's law derives its great importance from the fact that it

applies to each separate portion of an electric ciruit and also

to the circuit as a whole.

Case I. Ohm's Law for a Portion of a Circuit. Assume some

part of a complete circuit, R, Fig. 19, which is held at a con-

stant temperature, and has no battery or other source of emf.

between the points A and B. If current from an outside source

is then caused to flow through R, and correct instruments are

used for measuring current and voltage, respectively, the fol-

lowing data may be taken, showing that R has a value of 2

ohms, and that R being constant the current is directly pro-

portional to the voltage.

E
Ohms.
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Suppose two straight lines OY and OX are drawn at right

angles to each other, Fig. 20. Divide each line into units and

set down the proper numbers at regular intervals along these

two lines.
3 The numbers on the OY axis may be used to repre-

sent values of E, and the numbers on the OX axis to represent

values of I.

At a point 1 on the E axis draw a light line parallel to the

OX axis, and from the point $ on the OX axis draw a light line

parallel to the OY axis. Where these two lines intersect make
a dot. Proceed in this way for all the corresponding values of

E and / in the table above, and then connect the dots by a line.

It is seen that the ratio of E to I is the same for every point

that may be taken on the line OP. This means that E and /

are connected by a constant factor and 7 is said to be directly

proportional to E. This process is called plotting the relation

between the two quantities E and /. Proportionality is indi-

cated by the straightness of the plotted line.

Again, assume that a constant voltage E' is applied across the

terminals of R, Fig 19. By some suitable means, change the

values of R through a considerable range. The following are

some values which careful observation might yield :

f
Volts.
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R. The student should make some experiments of this sort

with a resistance box, battery, ammeter, and voltmeter. He
should also make a careful record of the readings taken, and
then should plot them on cross-section paper, as suggested above.

From such a study it will be found that :

(a.) For a constant resistance, the current flowing is directly

proportional to the voltage.

(b) For a constant voltage the current is inversely propor-
tional to the resistance.

I

R
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such as a voltmeter, (Fig. 19), is connected between these two-

points, a flow of current is shown to be taking place. The point
A is at a higher electric potential than B, and hence current

will flow along the path A VB.
Case II. Ohm's Law for a Complete Circuit. In extending

this idea to the entire circuit, the total resistance of the circuit

must be used. This must include the internal resistance of the

generator or battery, or the sum of the resistances of all the

generators, if there is more than one. Likewise the voltage-

must be the resultant or algebraic sum of all the emfs. in the

circuit. Ohm's law for the complete circuit may then be written

in the form :

_E .

9
,-

In this equation R must be the sum of all the resistances in the

circuit, including the resistances of all the batteries or genera-

tors. In the same way E must be the sum of all the einfs.,

each with its proper sign. For example, there might be a num-
ber of cells or batteries in series (see Sec. 24), and one or more
of these might be connected into the circuit with the poles re-

versed. These emfs. would have to be subtracted, hence the

negative sign for the terms in the numerator.

Another way of stating this general law when all parts of the

circuit are in series is to equate the total emf. impressed on
the circuit to the sum of the RI drops in every separate portion
of the circuit,

E=RI=RJ+RJ+RSI+ _____ (13)

Ohm's law is to be regarded as an experimental truth, which
has been established by countless tests for all metals and con-

ducting liquids. For gases at low pressures it does not hold,

nor does it apply to certain non-conductors, such as insulating

oils, rubber, and paraffin.

15. Sources of Emf. There are a number of ways in which,

electric energy can be derived from other forms of energy.

Each one of these energy transformations sets up a condition

which causes current to flow, that is, it produces an emf. The
principal sources of emf. will be discussed briefly in the follow-

ing sections.
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Static or Frictional Electricity. When a piece of hard rubber

is brought into close contact with a piece of cat's fur and then

separated from it, two things may be noticed :

1. The bodies have both acquired new properties, and are said

to be electrified.

2. A force is required to separate the bodies and work is done
if they are moved apart.

Both bodies now have the power of attracting light bits of

chaff or tissue paper. The rubber is said to have a negative

charge and the fur a positive charge. These charges exist in

equal amounts and taken together they neutralize each other.

An uncharged body is said to be neutral. When these charges
are at rest upon conductors they are called electrostatic charges.

Electric charges may be communicated to small light bodies, like

pith balls, and if these are suspended from silk threads the

effects and properties of the charges may be studied in terms of

the motions and behavior of the pith balls. Two pith balls

charged oppositely are found to attract each other, and two

with like charges to repel each other. The force between them
in either case is proportional to the product of the charges and

Inversely proportional to the square of the distance between

them. The force is also inversely proportional to the value of

the dielectric constant of the material between the charges, if

the charges and the distance between them remain constant.

(See Sec. 31.)

Electrostatic forces are ordinarily very small. There are many
substances other than the two mentioned which become charged

toy. friction with other materials. As glass is such a substance,

the glass face of an instrument should never be wiped with a

cloth just previous to use, as it thus may accidentally become

charged to such an extent as to affect the light needle below it

and cause a considerable error in its reading. In case this has

happened, breathing upon the glass or wiping it with a moist

cloth will remove the charge.

If two conducting bodies carrying opposite charges are con-

nected by a conductor, a momentary flow of current takes

place and the two bodies come to the same electrical condition.

If the original charges were equal, both bodies are discharged.

The flow of current continues for only a moment because

there is no source of electricity, such as a battery, maintaining
a constant difference of potential between the bodies.
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Electrostatic experiments can be best performed on a cold

day when the air is dry. 4

Batteries. When two plates of different substances, such as

two metals, or a metal and carbon, are placed in a water solu-

tion of certain salts or acids, there is found to be a difference

of potential between them. If the exposed parts of the plates,

called the electrodes, are connected by a conductor, current

will flow. The following list contains the names of some of

the substances which are used as battery electrodes. The order

of the arrangement is such that when any two are taken, cur-

rent will flow through the wire to the one appearing higher in

the list from the one farther down. In selecting materials to act

as electrodes in batteries, the farther apart the metals are in

this list the greater is the electromotive force of the cell. The

order shown is not absolutely invariable, but in some cases

may depend on the electrolyte used.

Zinc.

Cadmium.
Iron.

Nickel.

Lead.

Tin.

Copper.

Mercury.
Silver.

Platinum.

Carbon.

The salt and acid solutions used are conductors of electricityt

but their conductivity is not so high as that of the metals.

They are called "electrolytes."
5 Some examples are solutions

*For further study of electrostatic phenomena the student is referred

to Crew, Genera! Physics, Chap. IX
;
Franklin and MacNutt, General

Physics, Chap. XV; Starling, Electricity and Magnetism, Chap. V;
S. P. Thompson, Elementary Lessons in Electricity and Magnetism,
Index ; W. H. Timbie, Elements of Electricity, Chap. XI ; Watson, A
Textbook of Physics, pp. 633-680.

6 Not only do electrolytes conduct electricity but when a current is

passed through them the molecules of the acid or of the salt are de-

composed or broken up. The metallic part of the molecule, or its

hydrogen, always travels toward the terminal from which the current

leaves the solution, and is deposited there. This is the basis of

electroplating processes, and it is in terms of such a process that the

ampere was defined. (See Sec. 5.)
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of sulphuric acid, copper sulphate, potassium chloride, and
sodium chloride or common salt. Ordinary water from the

service pipes contains enough dissolved substance so that it

conducts electricity to a slight extent. With any two materials

of the table dipped in one of the solutions mentioned, there

will be produced an emf. and a resulting flow of current. The
farther apart the selected materials stand in the list the greater

will be the effect produced.
This arrangement for producing a current is called a " voltaic

cell." Several types of this cell will be described in sections 17

to 19.

Thermoelectricity. Assume pieces of two different metals CJ
and C'J, Fig. 23, soldered together at the point J. The other

ends are connected by a

copper wire through the

galvanometer g. If the

point of contact, or junc-

tion J", is heated to a

temperature above that

of C and C", there will be

a flow of current through
the galvanometer. This

is commonly explained by

saying that at the junc-

tion J, heat energy is

transformed into electri-

cal energy, and this

junction is regarded as the seat of an emf. In case the tem-

perature of J is lower than that of 'CO', the direction of the

current will be reversed. In the following table some common
metals are so arranged that when any two of them are chosen

for the circuit, current flows across the heated junction from

any one to one standing lower in the list.

Bismuth.

Platinum.

Copper.
Lead.

Silver.

Antimony.
The presence at the junction of an intermediate metal or

alloy like solder, will not affect the value of the emf. developed,

Thermo -

Junction
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because whatever effect is developed at one point of contact

with the solder, is annulled at the other. Of the pure metals,

a thermocouple made of bismuth and antimony gives the

greatest thermoelectromotive force for a given difference in

temperature. However, certain alloys are frequently used for

one or both of the materials. The purity and physical state of

these materials is an important factor in securing uniformity
of results. A thermoelement or thermocouple may be cali-

brated with a given galvanometer; that is, a curve may be

plotted coordinating microvolts and temperatures. It then

becomes a valuable device -for measuring temperatures, espe-

cially where other forms of thermometer can not be used. For
the range from liquid air temperatures, 190 C., to 200 or

300 C., copper-advance
6

or iron-advance thermocouples are

often used. For high temperatures, upward of 1,700 C., a

thermocouple of platinum and a platinum-rhodium alloy is

used.

Thermocouples find application in radio measurements in

hot-wire ammeters. See Section 59, page 136.

Induced Emf. Electromotive force may be set up in a cir-

cuit by the expenditure of mechanical work in pushing wire

conductors across magnetic lines of force. See Section 45,.

page 108. Also when electric current in any circuit is caused

to vary, an emf. which is the result of this variation arises in

any nearby circuit. The principles which apply to these cases

are fully stated in Sections 45 and 47, pages 108, 112. The de-

velopment of machinery based upon these principles is the sub-

ject of Chapter 2.

The RI Drop. When for some purpose a voltage is desired

which is less than that of the available battery or generator,

or one which can be readily adjusted to any desired value, it

is often convenient to take advantage of the RI drop across a

given resistance, as described in Section 14, and to arrange a

circuit as in Fig. 24. The current from the battery which flows

through the resistance ab can be adjusted to any desired value

by properly choosing the value of &.

"Advance is a trade name for an alloy of copper and nickel. This

material is widely used for resistance coils and rheostats. Its re-

sistivity is high and its temperature coefficient is practically negli-

gible. It has, however, a large thermoelectromotive force against

copper or brass.
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Since the voltage drop along ab is directly proportional to

the resistance r, any desired fraction, E' may be obtained by

setting the contact c at such a point that the resistance ac is

equal to ~r. This follows from equation (10) where it is seen

that the emf. across any resistance is directly proportional to

that resistance so long as the current remains constant. This

is nearly enough true for practical purposes if it be assumed
that the resistance of ab is relatively large as compared to the

internal resistance of the battery. The resistance ab may be

in the form of a resistance box with a travelling contact at c,

or it may be a uniform homogeneous wire, with an adjustable

contact point at c. Such a device for subdividing a voltage is

called a "voltage divider," and has often been erroneously
called a potentiometer.

Standard of Electromotive Force. The emfs. due to the ordi-

nary battery cells are usually between 1 and 2 volts. A certain

type of cell has been selected by international agreement as a

standard of emf. The type now most used is called the Weston
standard cell, because it was first suggested by Weston. It is

also called the " cadmium cell," because cadmium is used as

the negative electrode. This cell is made from carefully selected

chemicals of great purity, and when used under controlled tem-

perature conditions its voltage can be depended upon to remain

constant within a few parts in 100,000. At 20 C. (68 F.) its

emf. is 1.0183. The value of the volt is maintained by reference

to similar cells kept in the national standardizing laboratories.

16. Internal Voltage Drop and Line Drop. Reference to equa-

tion (13), page 51, will show that the voltage or emf. of the

generator, whether battery or dynamo, must always be thought

of as being expended in three parts, as follows :

1. That part which sends current through the generator itself,

called the " internal drop."

2. That part which sends current through the line, called the
" line drop."

3. That part which sends current through the terminal appa-

ratus, such as lamps, motors, or heating coils. This is the use-

ful part of the emf., the first two being wasted so far as useful

work is concerned.
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This division of the generated emf. is illustrated in Fig. 25.

Since part 3 is the part which is applied in the external cir-

cuit, it is clear that the generator must always supply a higher

voltage than is needed at the terminals in order to take care of

parts 1 and 2. The above facts may be again stated in the form

Total emf.=drop in generator+drop in line-f-useful drop in load.

Voltage Drop In Battery or Generator. Assume a circuit as

shown in Fig. 26. As long as the key K is open, the cell is not

sending current through the circuit R. A high resistance volt-

.t

FIG Z<\ Voltage Divider

Line

Fie. 25.
Voltage Distribution in Circuit.

Internal Voltaq&

Drop in Cell.

meter V gives a reading E, which is the full open circuit voltage
of the cell. The voltmeter current is so small that the cell may
be regarded as supplying no current through it. If, without

removing the voltmeter, the key K is closed, a current / flows

through the external circuit R, and the voltmeter reading is

seen to drop back to some value E' which is less than E. As R
is made smaller the value of E' continues to decrease, until when
R= 0, that is, when the poles of the cell are short-circuited, the

voltmeter shows no deflection whatever. The rate of change of

the current, /, is less than the rate of change of the external

resistance, R. The voltmeter indicates at any instant the
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then existing value of the voltage at the cell terminals and
this may vary from the open circuit voltage or emf. E, to zero,

depending upon the external circuit condition. For any value

of R the current flowing is given by the equation

where r is the internal resistance of the cell, or

E=RI+rI (15)

Thus the emf. E is equal to the sum of the potential drop in

the cell and the RI drop in the external circuit. Denoting RI by
E', we may write equation (15) in the form

E'=ErI (16)

The quantity E' is called the " terminal potential difference,"

or the " terminal voltage
" of the cell, and it is always less than

the full emf. by the RI drop in the cell itself. It may be de-

nned as the useful part of the emf., or that part which is avail-

able for sending current through the external circuit.

The emf. E is determined once for all by the choice of ma-
terials used in the cell, and it can not be in any way altered

after the cell is once chosen. The terminal voltage, however,
can be varied through all possible values from E to zero. Any-
thing that may be done to lessen the internal resistance of the

battery, such as putting several cells in parallel (see Sec. 24),
will lower the RI drop and correspondingly increase the ter-

minal voltage E'. After the RI drop has been subtracted from
the emf. E the balance is the terminal voltage, or that part of

the emf. which is available for work in the external circuit.

The current drawn from the battery must be regarded as flow-

ing through the entire circuit. As this value of / increases, the

internal voltage drop in the battery increases, and a corre-

spondingly smaller fraction of the total emf. is available for

the external circuit.

What has been said here of a cell is equally true of any other

form of generator.

Voltage Drop in the Line. Suppose that a d. c. generator,

capable of supplying 118 volts at the outgoing wires of a power
house, is furnishing current to a distant building for lighting
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lamps which require 110 volts. Suppose that the line resistance

is 0.16 ohm and that the lamps require 50 amperes of current.

There is then a line drop of 8 volts, and the available voltage

at the generator is just right to operate the lamps at their

rated voltage. Suppose, however, that other apparatus near

the lamps, say, the motor of an electric elevator, is put in

operation, and that this requires 70 amperes of current. The line

drop is then increased by 11.2 volts, or 19.2 volts in all, and the

voltage available at the distant end of the line has fallen to

98.8 volts. This is not enough to maintain the lamps at full

brightness and they are dimmed perceptibly every time the ele-

vator is operated. To correct this difficulty, a new line of lower

resistance must replace the old one ; that is, the line drop must

be decreased, so that for the maximum current demand the

lamps will not fall below 110 volts.
7

Another example of the line drop is seen in the dimming of

the lights of a trolley car when the car is starting. The re-

sistance of the trolley wire is kept low by using a large cross

section of copper, and the track resistance is kept as low as

possible by careful bonding at the rail joints. However, a few

defective joints raise the track resistance and increase the line

drop to such a degree that the necessary lamp voltage can not

be maintained when the car starts.

D. Electric Batteries.

17. General Description. An electric battery consists of two

or more connected cells which convert chemical energy into

electrical energy. The cell is the unit part of the battery, but

the term "
battery

"
is sometimes incorrectly used to mean one

cell. The essential parts of any cell are two dissimilar elec-

trodes, such as zinc and carbon, immersed in an electrolyte in

a suitable jar or container. The electrolyte is a solution of

certain acids, hydroxides, or salts in water, according to the

type of cell.

7 Problem. Assuming that the distance from power house to lamps is

one-eighth mile, calculate the resistance of the line which is necessary

to maintain the lamp voltage at 110 volts while the elevator is oper-

ating. Find also the size of copper wire which should be used for

this line.
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There are a number of different kinds of cells in common
use. These are classified as primary or secondary cells. The
most familiar primary cell is the dry cell. Secondary cells are

storage cells or accumulators. The distinction between primary
and secondary cells is based on the character of the chemical

reactions which occur in them. Primary cells can not be

charged by an electric current. When they are exhausted

they are discarded or provided with new electrodes and new

electrolyte when this is possible. Storage cells, on the other

hand, convert chemical energy into electric energy by reactions

which are essentially reversible
;
that is, they may be charged

by an electric current passing through them in the opposite

direction to that of their discharge. During this process electric

energy is transformed into chemical energy which may be made
use of at a later time as electric energy. The electricity is not

stored as electricity by these cells.

The capacity of a battery may be specified as the quantity

of electricity which it will deliver under given operating condi-

tions. It depends, among other things, on the temperature,
current delivered, lowest voltage permissible at end of service,

and the nature of the service required. Thus the capacity of a

storage battery is usually given in ampere-hours (see sec. 5)

under specified operating conditions.

Cells may be connected together to form batteries by con-

necting them in "series" or in "parallel." (See Sec. 24.)

When cells are connected in series, the positive terminal of one

cell is connected to the negative terminal of the next cell and

so on to the end of the group. The voltage of such a group is

the sum of the voltages of the individual cells. The ampere-
hour capacity of such a battery is no more than the ampere-hour

capacity of a single cell. Cells are connected in parallel when
all the positive terminals are connected and all the negative

terminals connected together. The voltage of such a group is

no more than that of a single cell, but the ampere-hour capacity

of such a battery is the sum of the capacities of all the cells.

Sometimes groups of cells are connected in series and the groups

are connected in parallel making a series-parallel arrangement,

but the most familiar grouping is the simple series connection.

Cells to be connected in parallel should be of the same type and

voltage.
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18. Simple Primary Cell. The simplest form of primary cell

is made of a strip of copper and a strip of zinc immersed in

water acidulated with sulphuric acid. Such a cell is illustrated

in Fig. 27. If the zinc is sufficiently pure to be free from local

action (see below), no visible action will take place until the

zinc and copper are connected by a wire. The strips are, how-

ever, at different potentials with respect to each other and when
they are connected by a wire a current of electricity will flow

in the wire. As this action progresses, the strip of zinc will

pass into solution and bubbles of gas will appear on the copper

strip. The electric current flows from copper strip through the

wire to the zinc strip and from the zinc strip through the liquid

to the copper. The current is transported through the liquid,

which is called the "
electrolyte," by particles of molecular size

that carry electric charges. These particles are called
" ions."

\ /

Plata

The external circuit is connected to the cell at its terminals or
"
poles." The copper terminal is usually called the positive

terminal and may be indicated fry a + sign. Similarly the zinc

is the negative terminal. When a voltmeter is used to measure

the voltage of a cell or to determine its polarity, the voltmeter

terminal which is marked + is always to be connected to the -f-

terminal of the cell. To avoid an ambiguity that sometimes

arises in the designation of the positive and negative electrodes

of the cell, the exact terms "cathode" and "anode" may be

used. The cathode is the electrode toward which the ions with

positive charges move while the ions with negative charges

move to the anode. The cathode terminal is the one which we
have denned above as the positive terminal. The anode terminal
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similarly is the negative terminal. This is the generally accepted
convention as to positive and negative terminals. When a cell or

battery is represented in the diagram of a circuit, it is customary
to represent each positive terminal of the cell by a long thin

line and each negative terminal by a short thick line.

The simple cell which has been described above is subject to

limitations in actual use, and it is therefore desirable to employ
other primary cells that are better adapted for the service

required of them. These will be described in the next section.

It is convenient, however, to describe here the difficulties which
arise in using the simple zinc-copper cell to illustrate the mean-

ing of the terms "
local action,"

"
polarization," and " internal

resistance," which are frequently used.

Local action is the wasting of the zinc when the cell is

not in use. If zinc of absolute purity could be used, it would

pass into solution only when the cell was furnishing current to

the outside circuit. Zinc generally contains impurities, and

each little particle of foreign matter acts with adjoining zinc

particles to make a tiny cell on the surface of the zinc. The

result is that the zinc is continually passing into solution at

many places with the evolution of bubbles of a gas, which is

hydrogen. Each of these little parasitic cells gives rise to a

current of electricity, useless for practical purposes, in the

immediate vicinity of the foreign particle. Hence the wastage
of the zinc is commonly called local action. It was discovered

many years ago that if the surface of the zinc is amalgamated
with mercury that the local action is greatly decreased. A
simple method of amalgamating the zinc is to dip the zinc in

dilute sulphuric acid and rub some mercury on the zinc with

a brush.

Polarization is caused by the film of gas bubbles deposited

on the copper strip when the cell is in operation. This gas

is hydrogen, and the amount of it that is produced is propor-

tional to the current that flows and to the time. This layer

of hydrogen bubbles produces a voltage that opposes the voltage

of the cell and it diminishes the surfaces of contact between

the copper and the electrolyte. This increases the resistance.

For two reasons, therefore, this layer of gas bubbles diminishes

the useful output of the cell. The practical result is that the

voltage and the current which the cell can furnish are con-
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siderably reduced within a short time after the circuit is

closed. Polarization may be prevented or in a large measure

reduced by
"
depolarizers." A variety of chemical substances

are used as depolarizers. Some of them are solids, some liquids,

and some gases. In addition, mechanical means, such as shak-

ing the cell, may also accomplish depolarization. The forma-

tion of hydrogen bubbles on the cathode is the most familiar

form of polarization, but there are also other causes for

polarization that will not be discussed here.

The internal resistance of any cell is dependent on the kind

and condition of the cell. The resistance of the cell or battery

is properly to be considered as part of the resistance of the

entire circuit that is, the resistance of any circuit containing

a battery is the sum of the resistance of the external circuit and

the resistance of the battery. For practical purposes the in-

ternal resistance of a primary battery may be measured by

determining the change in voltage at the terminals of the

battery when a known change is made in the current which it

discharges. If the voltage at the terminals of the battery is Ei

when the current /i is flowing and E2 when current I* is flow-

ing, then by Ohm's law the resistance R will be

Ei-E, (17)

R is not strictly a constant quantity, however. The internal

resistance of a storage battery is very small and can not con-

veniently be measured by the above method. Lead storage bat-

teries in particular have very low internal resistance and for

this reason can deliver very large currents. It is dangerous to

short-circuit a storage battery, since excessively large currents

will be produced, which may cause fusing of the terminals and

other damage. Since lead storage cells have particularly low

internal resistance, it is especially dangerous to short-circuit a

lead battery because a very large current may flow.

19. Types of Primary Cells. Although a potential difference

may be observed whenever two dissimilar conductors are im-

mersed in any electrolyte, certain combinations give more volt-

age, more output, or possess other desirable features, so that

they have become the practical primary cells in use at the

53904 22-5
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present time. The desirable qualities of a primary cell are

large voltage and large current capacity, low internal resistance,

freedom from local action and noxious fumes. Dry cells possess
these characteristics and in addition are readily portable, but

they are subject to some polarization. Primary batteries are a

convenient source of electrical energy. In isolated localities

they may be indispensable, but they are expensive to operate if

any considerable amount of energy is required, as for lighting

or running a motor.

The emf. of a cell depends upon the materials chosen for

the electrodes and to some extent on the electrolyte, but not

on the size or arrangement of the electrodes.

The dry cell is the commonest form of primary cell at the

present time. Several hundred million are made annually.

Small dry cells are used in flashlight batteries. The plate cir-

cuit of an electron tube used for receiving radio signals is

usually supplied with voltages from 20 to 60 volts, but it is

necessary to supply only a small current. Small dry cells are

sometimes used for this purpose, and are usually manufactured

in units of 15 cells in a single container, each cell being f by If

inches. The most familiar dry cell is 2^ inches in diameter and
6 inches high and weighs about 2 pounds. This is frequently

called the No. 6 size. A larger size, the No. 8, which is 3 by
8 inches, is less commonly made and weighs 5 pounds. There

are other sizes also, which are described in Circular 79 of the

Bureau of Standards, entitled
" Electrical Characteristics and

Testing of Dry Cells."

Dry cells are so called because the electrolyte is held in an

absorbent material which permits the use of the cell in any
position. The cell is, however, not dry. Ordinarily the zinc

serves as the container for the cell and as one electrode. The

electrolyte consists of a water solution of ammonium chloride

(sal ammoniac) and zinc chloride. This electrolyte is held

partly by an absorbent material that lines the zinc container

and partly by the black mixture of ground carbon and man-

ganese dioxide which is the other electrode. This mixture is

bulky and occupies most of the interior of the cell. The electri-

cal connection from the mixture of carbon and manganese to

the positive terminal of the cell is made by means of a carbon

rod embedded in the center. The manganese dioxide is the
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depolarizer. During the discharge of the cell this is reduced to

a lower state of oxidation.

The most familiar method of construction for the larger sizes

made in this country is the paper-lined method. Before the cell

is filled with the depolarizing mixture a lining of pulpboard is

placed in the cell. This serves a double purpose. It is an ab-

sorbent for the electrolyte and it separates the manganese-diox-
ide mixture from the zinc. If the manganese dioxide were in di-

rect contact with the zinc, an internal short circuit would result.

Bag-type cells on the other hand are so called from the fact

that the depolarizing mixture is contained in a cloth bag which
is surrounded by the electrolyte in the form of a paste or jelly.

This latter method of construction is generally used in the

smaller cells for flashlight batteries and is commonly used in

the European cells of all sizes.

The open-circuit voltage of the dry cell is about 1.5 volts. Its

maximum or short-circuit current depends on the size and kind

of cell. No. 6 cells of American manufacture for ignition pur-

poses wr
ill ordinarily give 25 to 35 amperes on short circuit,

telephone cells and bag-type cells from 15 to 25 amperes. A test

of the short-circuit current is of value only in showing the uni-

formity of cells. In no case should dry cells be used where such

excessive currents are required. Dry cells are intended pri-

marily for intermittent use, but may be used continuously for

small currents. The current which can be supplied economi-

cally by the No. 6 size cell depends upon the duration of its use.

For one-half of one hour per day, 1 ampere is not excessive,

four to eight hours per day, one-fourth of an ampere, and for

continuous service 0.1 ampere are reasonable currents.

Dry cells deteriorate even when not in use. In general, the

smaller sizes deteriorate faster than the larger sizes. This de-

terioration can be considerably retarded by keeping the cells

and batteries in a cool, dry place. Dry cells should not be al-

lowed to freeze.

Another form of dry cell is the silver-chloride cell, which is

made in small sizes and used in apparatus in which a cell is

required for intermittent service over long periods of time.

The depolarizer in this cell is silver chloride. The positive

electrode is silver and the negative electrode zinc. The open-
circuit voltage is 1.0 volt and the maximum current which it
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can give is from 0.5 to 1.0 ampere. These cells do not deteri-

orate ordinarily when standing idle. The ampere-hour ca-

pacity of this cell is small.

Closed circuit cells are intended for use where a continuous

flow of current is desired. Such cells must be free from polari-

zation and must possess large ampere-hour capacity. Railway
signaling and ordinary telegraphy with wires are typical ex-

amples of this type of service. The gravity cell has been ex-

tensively used for these purposes. It consists of a copper elec-

trode in a saturated solution of copper sulphate, above which
is a lighter solution of zinc sulphate surrounding a zinc elec-

trode. The voltage of this cell is about 1 volt, but it has con-

siderable internal resistance. Caustic-soda cells are now more

commonly used for this purpose, since they have a much lower

internal resistance and require less attention. Zinc plates form

one electrode, the other being copper and copper oxide, which

serves as the depolarizer. The electrolyte generally used is a

20 per cent solution of caustic soda (sodium hydroxide). The

working voltage of this battery is from 0.6 to 1.0 volt, depend-

ing upon the rate of current discharge and the length of time

that it has been in service. When these cells are exhausted,

they may be renewed by preparing a new electrolyte and insert-

ing new elements, which are usually assembled as a single unit.

This battery is a development of the Lalande battery.

Leclanche cells have elements similar to the ordinary dry cells,

but are frequently referred to as " wet "
cells in contrast to the

dry cell. The electrolyte is a solution of sal ammoniac con-

tained in a glass jar. They are made in various forms and are

intended for bell ringing and other light and intermittent service.

A cheaper form, commonly called the carbon-cylinder battery, is

also used for similar purposes. This consists of a zinc rod and

cylinder of carbon without depolarizer, in the solution of sal

ammoniac. The voltage of such a cell is about 1.4 volts and it

can yield several amperes momentarily. It polarizes rapidly, but

the gas collecting on the carbon cylinder has opportunity to

diffuse during periods of idleness. Other forms of primary
cells are of less importance and will not be discussed here.

For bell ringing and similar work in which alternating current

can be used, batteries are sometimes replaced by small trans-

formers rated at only a few watts, which are connected to the
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a. c. electric-light supply and deliver about 10 volts at their

secondary terminals. (See Sec. 58.)

20. Storage Cells. Storage cells differ from the primary cells

described above, since they may be charged and discharged many
times without any renewal of the electrodes or electrolyte.

When a storage cell is discharged, the current flows from the

positive terminal to the external circuit and back to the cell

through the negative terminal, as in the case of primary cells,

which were described above. It is important to be able to dis-

tinguish the positive terminal of the storage battery, particularly

for charging purposes. It is frequently marked with a plus sign,

or the letters POS, or a red spot of paint, or a red bushing
around the terminal post. When the polarity of the battery can
not be determined by any of these means, a voltmeter should be

used to determine the polarity.

The open-circuit voltage of a storage cell depends entirely

upon its chemical composition and in no way upon the size or

number of the plates. The capacity of a storage cell is usually

expressed in terms of ampere-hours at a certain rate of dis-

charge at normal temperature. If a cell is described as 100

ampere-hours at the 5-hour rate, it means that the battery will

deliver 20 amperes for 5 hours, the product of the hours and the

amperes being 100 ampere-hours. If the battery is discharged
more rapidly than this, the capacity will be proportionately less,

and at lower rates of discharge it will be somewhat greater.

Storage cells are usually connected in series as described

above. The capacity of such a battery in ampere-hours is the

same as that of a single cell, but the voltage is equal to the

sum of the voltages of the individual cells. It is not desirable

under ordinary circumstances to connect storage cells in

parallel.

There are two general types of storage batteries of practical

importance. These are the lead-plate batteries, containing acid

electrolyte, and the nickel-iron batteries, containing alkaline

electrolyte.

Lead batteries consist of lead plates immersed in a solution

of sulphuric acid. The jar or container for portable batteries

of this type is usually of a hard-rubber compound, but larger

batteries, which are used in a fixed position, are generally

contained in glass or lead-lined tanks. The lead plates for
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FIG. 29. Storage cell. Lead plate-acid electrolyte type.
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the portable types of batteries are usually of the
"
pasted

"

variety. These consist of a flat frame or grid, which is made

of an alloy of lead and antimony, into which the active mate-

rials in the form of a paste made from lead oxides are

pressed. The structure of the grid is such as to hold the

active materials in place after they have cemented into a

solid mass. Plates which are made in this way are then
" formed." This consists of a prolonged charge from a source

of direct current, which oxidizes the plates intended for posi-

tives until the active material of the plate is transformed into

lead peroxide, which is the familiar brown material of the

positive plate. The negative plates are reduced from the oxide

condition of the paste to sponge lead, which is of a dull gray

color. In making a cell, the required number of positive

plates are welded to a connecting strap, forming the positive

group. Similarly, the negative plates are made to form a'n-

other group which will interleave with the plates of the posi-

tive group. There is always one more negative than positive-

plate in the cell. To prevent a metallic connection within the

cell, separators are used between the positive and negative

plates. These generally consist of thin sheets of wood. In addi-

tion to the wood separators, perforated or slotted rubber sepa-

rators are sometimes used. A cell of the lead plate type, in

which both kinds of separators are used, is shown in Fig. 29,

page 68. The complete cells are joined together to form a bat-

tery by connectors which are made of an alloy of lead and

antimony. These connectors are welded to the terminal posts

of the cells, but this process is usually referred to as " lead

burning."

The nickel-iron batteries consist of plates that are made
of steel grids. Positive plates have round tubes which contain

a nickel oxide as the active material. The negative plates have

thin rectangular pockets containing iron in a finely divided

state. The electrolyte for these batteries is a solution of

potassium hydroxide, to which certain other substances are

added. The cells are contained in a steel can, which is elec-

trically welded together. It is not practicable, therefore, to

make repairs to these cells in the field. Fig. 30, page 71,

shows the parts of a nickel-iron cell. The cells are connected

together to form a battery by means of copper connectors that
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are nickel plated. These are attached to lugs having a taper

which fits the terminal posts of the cell. These connectors are

bolted and are not burned on, as in the case of the lead cells.

Since the containers of these cells are electrical conductors,

it is necessary that the cells be insulated from one another.

This is accomplished by a special tray which holds the cells in

place with space between each of the cells by means of sus-

pension bosses on the sides of the cells.

21. Electrical Characteristics of Storage Cells. The ampere-
hour capacity of a storage cell is the number of ampere-hours
which can be delivered by the cell under specified conditions as

to temperature, rate of discharge (i. e., current delivered), and

final voltage at end of discharge. Thus the manufacturer may
state that the capacity of a given storage cell is 100 ampere-
hours at 25 C., when delivering a normal discharge current of

20 amperes to a final voltage of 1.75 volts at end of discharge.

Cells of the lead-acid type. Cells of the lead-acid type have

an open-circuit voltage of approximately 2 volts. The open-

circuit voltage, however, does not indicate the state of charge

of the battery. When a lead cell is being discharged at its

normal rate, usually given by the manufacturer on the name

plate, the voltage at its terminals gradually falls from approxi-

mately the open-circuit value to about 1.75 volts, at which point

practically the complete capacity of the battery has been de-

livered. It is not desirable to continue the discharge beyond
this point, except when the cell is delivering current at much
more than the normal rate

;
for example, at 10 times the normal

rate of discharge it is permissible to continue the discharge until

the voltage of the cell has fallen to about 1.40 volts per cell.

The average voltage which the cell can maintain during dis-

charge varies with the rate of discharge and the construction

of the cell. The average voltage will be about 1.95 volts when

discharging at the normal rate and 1.75 when discharging at

five times the normal rate. As the cell discharges, the specific

gravity of the electrolyte decreases. This is because lead sul-

phate forms on both the positive and the negative plates in the

process of discharging. It is possible, therefore, to estimate the

state of charge of a lead-acid cell by the specific gravity of its

electrolyte. This may be determined with a syringe hydrometer.

The hydrometer is a float inclosed in a glass tube having a
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rubber bulb at its upper end, which may be used to draw the

electrolyte into the tube. The specific gravity of the electrolyte

is ascertained by the position in which the hydrometer floats,

For many types of portable batteries the cell is considered dis-

charged when the specific gravity has fallen to 1.140.

The nickel-iron cells have an open-circuit voltage which varies

from 1.45 to 1.52 volts. When these cells are discharging, the
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FIG. 30. Storage cell of nickel-iron type having alkaline electrolyte.

voltage falls gradually from approximately the open-circuit

value to a final voltage which may be taken as 0.9 volt per cell

at the normal rate, or as 0.8 volt at twice the normal rate. The

average voltages during discharge of the cells are approxi-

mately 1.14 volts per cell at the normal rate, or 1.05 at twice

the normal rate. The state of charge of the nickel-iron cells

can not be ascertained by the specific gravity of the electrolyte,

as in the case of the lead batteries.
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When storage cells are discharging, the voltage falls gradu-

ally. The rate at which it falls depends on the current that is

being drawn from the battery, its state of charge, and the kind
of cell. The voltage of the nickel-iron cells falls more rapidly

than that of the lead cells under similar conditions. For this

reason when cells are used to supply, for example, the current

to the filament of an electron tube (see Chap. 6), it is necessary
to adjust the rheostat in the filament circuit occasionally. The
lead cells are better suited to this purpose than the nickel-iron

cells. If the latter are used, it will be necessary to readjust

the current approximately every half hour under ordinary

operating conditions.

22. Charging and Maintenance of Storage Cells. Direct cur-

rent alone can be used for charging storage cells or batteries

of either type. If alternating-current power only is available,

it must be converted into direct current by means of a motor-

generator set, or synchronous converter, or some type of recti-

fier. Mercury-vapor rectifiers or a "
tungar

"
rectifier are often

used. The charging is generally done by the constant-current

method; that is, the charging current through the battery is

held constant by an adjustable resistance at the normal rate

specified on the name plate of the battery during the period

of charge. The positive terminal of the charging circuit must
be connected with the positive terminal of the cell or battery.

A failure to observe this rule may result in injury to the

battery. A simple charging circuit is shown in Fig. 28. Dur-

ing the period of charge the voltage at the terminals of the

battery . gradually rises, so that it is necessary to decrease

the resistance which is in the circuit to maintain the current at

a constant value. The amount of current which flows through

the battery is dependent upon the difference between the volt-

age of the battery and that of the charging circuit. It is neces-

sary, therefore, that the charging circuit should have sufficient

voltage to allow 2.5 volts for each lead cell or 1.7 volts for

each nickel-iron cell in the battery. The period of charging

ordinarily consumes from five to eight hours. During the later

part of the charging period lead-acid batteries begin to gas

freely, and it is usually necessary to decrease the charging

rate to prevent excessive gassing and a rise in temperature.

The finishing rate of charge, as this reduced current is called, is
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approximately 40 per cent of the normal charging rate. The
nickel-iron batteries, on the other hand, gas throughout the en-

tire period of charge and no decrease in the rate of charge is

made. These batteries are completely charged under ordinary

circumstances in seven hours. It is not advisable to charge

nickel-iron batteries at less than the normal rate. In charging

or discharging either type the temperature should not be

allowed to exceed 110 F.

The gases which are liberated during the charging period are

oxygen and hydrogen. These gases form an explosive mixture,

and it is dangerous to bring any open flame into the room where

batteries are being charged. Good ventilation should be pro-

vided. If the connecting wires to a battery under charge acci-

dentally come into contact for an instant, the spark so formed

may cause an explosion of the hydrogen and oxygen present.

The gassing results in a loss of water in the cells, which

must be replaced. For either type of battery it is desirable

that this should be distilled water. When it is impossible to'

obtain distilled water, ordinary drinking water may in most

cases be used. Choking fumes sometimes observed when bat-

teries are on charge are due to electrolyte sprayed into the at-

mosphere by the bursting bubbles of gas.

It is also possible to charge these batteries by what is called

the " constant potential
" or "

tapering charge
" method.

'

For

this purpose, the voltage at the terminals of the battery is

maintained at a constant value throughout the period of the

charge. The initial charging current may be very large, but it

decreases automatically as the charging of the battery pro-

gresses. At the end of the charging period the current will have

fallen to a value considerably below that of the normal charg-

ing rate. The time for a complete charge by this method is ap-

proximately the same as when the cells are charged by con-

stant current. The advantages of the constant potential method,

however, are that a large percentage of the charge can be put into

the battery during a short time and that the regulation of the

charging current is automatic and may be adjusted to avoid

most of the gassing of lead cells. For these the charging volt-

age should be approximately 2.3 volts per cell at the terminals

of the cell. For the nickel-iron cells 1.7 volts per cell is re-

quired. To avoid too great a current at the beginning of the
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charge, a small resistance of a few hundredths of an ohm is

sometimes put in series with the battery. The types of genera-

tors suitable for charging storage cells are briefly discussed in

section 102, page 223.

During the process of discharge of a lead-acid cell, lead sul-

phate is formed at both the positive and negative plates of the

cell. If the cell is allowed to stand for a considerable time, this

sulphate will gradually harden and become more difficult to

reduce on the subsequent charging. When this has occurred,

the cell is said to be "
sulphated." Sulphation of lead cells is

generally the result of neglect. It is desirable that a cell which

has been discharged should be charged promptly. If it is not

possible to restore a lead cell to its normal condition by charging,

it may be possible to overcome the difficulty by pouring out the

electrolyte and filling the cell with ordinary water, again charg-

ing the cell. The nickel-iron cells may be left in a discharged

condition without damage.
Both the lead-acid and the nickel-iron cells show a temporary

loss of capacity when allowed to stand idle for any considerable

period of time. This loss of capacity is caused by local action

within the cells, but they also become sluggish that is to say,

they will not give their full capacity after normal periods of

charging. In such cases it is necessary to completely charge and

discharge the cells several times to restore them to their normal

condition.

The cells of both the lead-acid type and the nickel-iron type

show a temporary loss of capacity at low temperatures. Be-

tween ordinary room temperatures and freezing temperatures
the capacity of the lead cells decreases nearly proportionately

as their temperature is lowered. The nickel-iron cells, however,
have a critical temperature which varies with the rate of dis-

charge. Below this critical temperature the output of these

cells will be small, but above the critical temperature prac-

tically their full capacity can be obtained. The critical tempera-

ture for these cells when discharged at the normal rate is slightly

above the freezing point of water. If it is necessary to use

storage cells at temperatures near freezing, the lead cell is to be

preferred. In hot weather either type of cell may be used, but

for the lead cell the specific gravity of the electrolyte should be

somewhat reduced.
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The internal resistance of a storage cell of either kind is

very small and for many purposes may be neglected entirely.

The resistance increases toward the end of the discharge to

more than double the resistance when fully charged. When such

a cell is recharged, the internal resistance falls again to its

original value if the temperature remains the same. The internal

resistance of lead cells is less than for the nickel-iron cells

of similar capacity. It is dangerous to short-circuit either type

of cell, since excessive currents may be produced.

The electrolyte for the lead-acid cells consists of chemically

pure sulphuric acid and water. The specific gravity of this

electrolyte varies somewhat with the type of cell and the use

for which it is intended. Most portable cells, however, require

an electrolyte having a specific gravity of 1.280. Electrolyte is

to be added to the cells only in case of loss due to spilling,

a cracked jar, or necessary replacement of all of the electro-

lyte due to accumulated impurities. It should never be added

merely to raise the specific gravity or to replace evaporation.

When it is necessary to prepare this electrolyte, the water and

the acid should be mixed by pouring the acid slowly into the

the water, stirring constantly. The water should never be

poured into the acid on account of danger to the person making
the mixture. This electrolyte should be prepared in an earthen-

ware or glass jar and never in any metallic receptacle except-

ing a lead-lined tank.

The electrolyte for the nickel-iron cells usually consists of a

water solution of potassium hydroxide, to which small amounts

of lithium hydroxide and other substances have been added, in

accordance with the manufacturer's formula. Electrolyte for

these cells should be obtained from the manufacturers. It may
be obtained in either liquid or dry form. If it is in the dry

form, it must be dissolved in pure water, in accordance \vith

the directions on the package. The electrolyte in these cells

does not change in density as the cells are charged and dis-

charged, but a gradual diminution of the density is observed

when they have been in use for a long time. When first pre-

pared, the electrolyte should have a density of about 1.220.

The electrolyte should be renewed when the density has fallen

to 1.160. In some cases sodium hydroxide has been used as
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the electrolyte for these cells. This is a cheaper material, but

the potassium hydroxide electrolyte is to be preferred.

The Bureau of Standards has issued Circular 92,
"
Operation

and Care of Vehicle-Type Batteries," which contains additional

information on this subject. The care and use of both the acid

and the alkaline types of storage cells are treated in Signal

Corps Training Pamphlet No. 8. (See p. 576.)

E. Electric Circuits.

23. Current Flow Requires a Complete Circuit. In order to

maintain a steady flow of current, there must be a continuous

conducting path. This path is called the "
electric circuit," and

it must extend out from the generator and back to it again.

The amount of current which flows will be larger as the re-

sistance of the circuit is less. If some part of the circuit is

made of very high resistance material, the current which is

maintained is relatively small. The complete circuit consists

of two parts, (a) the external part of the circuit, which con-

nects the poles of the battery or dynamo outside; and (&) the

internal part of the circuit, which is made up of the liquid

conductor of the battery or the wires in the dynamo. When
the wire of a complete circuit is cut and the ends separated,

the circuit is said to be opened or broken. If the ends of the

wire are again joined, the circuit is said to be closed.

Current Value Does not Vary Along the Circuit. The begin-

ning student often has the idea that a current may start out

from a source at a given strength and then in some way be-

come used up or dwindle away as it goes on along the circuit.

This is entirely a wrong conception and, at the outset, it must

be understood that in simple circuits for steady currents, in

which we are dealing with resistance only, the current has the

same value at every point in the circuit which is under con-

sideration. As an illustration of this, consider the circuit of

Fig. 31, made up of a battery or dynamo G, a lamp e, and a

resistor R. If the circuit is cut at a, b, c, or at any other

point, and a current-measuring instrument (an ammeter) in-

serted, it will indicate the same value of current. What this

value may be is determined of course by the voltage applied

and the total resistance in the circuit, but whatever its value,
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it is constant throughout the circuit. This is not necessarily

the case with a.c. circuits, which have distributed capacity

effects, especially with the high-frequency alternating currents

used in radio communication. (See Sec. 139.) But for the

ordinary low-frequency alternating currents used commercially

for lighting and power, the current has practically the same
value in all parts of the circuit.

The same idea may be applied to a circuit such as that shown
in Fig. 32. The total current I divides at a into two parts,

ii and i2 . The sum of these components is exactly equal to 7.

In other words, whatever current flows up to the point a, flows

away from there. Also the currents ii and i2 unite again at &

to form the current /, which has the same value as before.

Another important law is that the sum of the voltage drops in

every part of the circuit, including the generator, is equal to

the emf. of the generator. This has already been explained
in connection with Ohm's law, Section 16.

24. Series and Parallel Connections.

(a) Resistances in Series. If several resistors are connected

as shown in Fig. 33, so that whatever current flows through
one of them must flow through all the others, they are said to

be in "
series." The single equivalent resistance which may

replace the entire group without changing the value of the cur-

rent, is equal to the sum of the separate resistances. This may
be proved as follows. The voltages across RA , R2 , R3 , etc., may
be represented by Ei, E2,

E3 ,
etc. We may then write

Since the over-all voltage between a and & is the sum of the

voltages across the separate parts of the circuit, we may write

for the total voltage E,

E=E
1+E2+E3=R 1I+R2I+R3I

=I[R1+R2+R3]

=IR (18)

where R replaces the sum of all the terms in the brackets and
is seen to be the sum of the separate resistances.
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If a number of equal resistances are connected in series, we
may write for the equivalent resistance of the group,

R=nr (19)

where n is the number and r is- the resistance of each. When
resistances are connected in series, it must ~be remembered that

the current through each resistance is the same and the total

voltage is subdivided among the various parts of the circuit.

(&) Resistances in Parallel. If several resistances are con-

VWWW*-'
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nected as shown in Fig. 34, so that only a part of the current

passes through each resistance, they are said to be connected in

"
parallel

" or "
multiple." The voltage E between points a and

b is the same over any branch. We may then write, from

equation (11),

. E . E . E

Since the total current must be the sum of the three branch

currents, we may add the three equations and

or

(20)
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From equation (9) it appears that the voltage divided by the

current gives the resistance, hence the left-hand member of equa-

tion (20) is the reciprocal of the equivalent resistance, or
^-

Hence
1- 1 + 1-+^ m\
R-JT^R^RS

Two resistances in parallel occur so often in practice that it

is well to consider this case further. Solving equation (21)

for R when there are only two component resistances we have,

Thus, two resistances in parallel have a joint or equivalent re-

sistance, given by the product of the resistances divided by
their sum.

When there are a large number of single resistances, all of

the same value, in parallel, it can be shown that the equivalent

resistance of the group is given by

where r is the value of one resistance, and n is the number of

them.

When resistances are connected in parallel it must be remem-
bered that the voltage across ab, Fig. 34, is constant, and the

total current is subdivided among the several branches.
8

(c) Batteries in Series and Parallel. It is frequently neces-

sary, when using batteries, to increase the effect which a single

celt can produce. This is done by connecting the cells in any one

of three ways :

1. In series. Here the + side of one cell is connected to the

side of the next one, and so on for all the cells. ( Fig. 37. )

2. In parallel. In this case all the + terminals are connected

together and all the terminals are connected together.

(Fig. 38.)

8 Exercise 1. A current of 42 amperes flows in a circuit, Fig. 35,
land divides into three parts in the three branches, of resistance 5

53904 22-6
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3. In a combination of series and parallel groups. Several

groups of cells in series may be connected in parallel, Fig. 39, or

several groups of cells in parallel may be connected in series.

(Fig. 40.)

The proper combination to use in any given case is dependent
upon circumstances, but in general a series arrangement builds

FlG
F.G. 36

Resistances connected in Hxrallel Resistances connected in

Series-Parallel.

up voltage, but at the same time it increases the internal resist-

ance, while a parallel arrangement, by decreasing the internal

t>hmg, 10 ohms, and 20 ohms,, respectively. Find the current in each
branch.

Solution. The total resistance R between a and 6 is given Ly

, 20 .

R=-=- ohms.

The RI drop between a and 6 is, from equation (10), =yX 42=120

volts. The several currents may then be calculated from Ohm's law.

fe=-?-=24 amperes.
o

il0
"W* 12 amPeres -

120

t2o=-2o"=6 amperes.

Exercise 2. A battery of internal resistance 1 ohm and 15 volts

emf. is sending current through a circuit with resistances as show'n in

Fig. 36. Find (1) the total current, (2) the RI drops across resis-

tances marked 1, 4, and 5 ohms, (3) the currents through the resistances

marked 1, 4, and 5 ohms.
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resistance, permits greater current to flow. If we represent the

number of cells by n, the emf. of each cell by E, the internal re-

sistance of one cell by r, and the external resistance by R, we

may write Ohm's law for each of the above cases.

For series arrangement,

nE7=
R+nr (24)

i-. i- 1-

Cells m parallel

FIG se>

Three Series Grooms in Parallel

FlQ 39

Three Parallel Grou^a in Series

Fiq ^50

For parallel arrangement,

(25)

For n cells in series in each group, and m such groups in

parallel,

T nE

If it is desired to build up a large current through R with a

given number of dry cells, especially when their internal resis-

tance has become relatively large through age, a series arrange-

ment may actually cause the internal resistance to increase
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faster than the voltage. Hence, adding cells in series would

result in a decrease of current. The best use of a given number
of cells to produce a stated current, under fixed external circuit

resistance, can only be determined by a careful application of

Ohm's law and the above equations, having the entire circuit in

mind.9

In general the largest current from a given number of cells

will be obtained when they are so grouped that the internal re-

sistance of the battery is equal to the external resistance of the

circuit. Batteries will be connected in series when the external

resistance is large, and in parallel when the external resistance

is small. In lighting systems, with many incandescent lamps in

parallel, the lamp resistance is large compared to the line re-

sistance, and very nearly the full voltage is realized at the

lamp socket.

25. Divided Circuits. The Shunt Law. Electric circuits are

frequently arranged so that the total current is subdivided, and

made to flow through two or more branches in parallel. As

shown in Fig. 41 the total current / divides into two parts,

9 Exercise. Assume a battery of two dry cells in series, each cell

having an emf. of 1.5 volts and an internal resistance of 0.3 ohm.

Each battery then has an emf. of 3 volts and an internal resistance of

0.6 ohm. Suppose that the external resistance in the circuit is 0.2

ohm, and that a current of 6 amperes is to be established.

Solution. If we try one battery, Ohm's law gives

This is not enough current, so we try two batteries in series,

7=0^^2=4.28 amperes.

The current is still too small and it is seen that although the voltage
has been doubled, the current has only been increased by about 14

per cent. Trying three batteries in series,

This is still too small and only represents an increase of 20 per
cent, although the voltage was increased threefold. We will now try
an arrangement of two batteries in parallel,

o

7=-
Q-g=6.0 amperes.

0.2+-^-
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ii and i2 , which flow in branches r and r2 , respectively. When so

arranged, either branch is called a shunt (side track or by-pass)

with respect to the other. The voltage between points a and b

is of course the same over either of the branches. We may then

write,

E
i,=

E

(a)

Dividing (a) by (&) we have

K (27)

/ vwvv v

-iHh

Circuit MeAAorement" of Current by Rafentiom^ter

FlQ 4-3>

-\t\i-

^ _____ ______J

<$ '
Simble PoTe nti omate'

The currents in the two branches are inversely proportional

to the resistances of their respective paths. This relation is

called the " shunt law." In other words, it means that the

branch of lower resistance carries the larger current, and the

branch of higher resistance carries the smaller current.

This law is of constant application in electric circuits. Sup-

pose that the only ammeter available is one with a scale range
of 0-5 amperes, and suppose that a current of 50 amperes has to
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be measured. The shunt law at once suggests that we may pro*

ceed as follows: With 50 amperes flowing in the main circuit,

and. with 5 amperes as the safe current through the ammeter,
a shunt s must be provided capable of carrying the rest of the

current or 45 amperes. We may then write from equation (27),

where r is the resistance of the ammeter, s is the resistance of

the shunt, i* is the current through the ammeter, and is is the

current through the shunt.

Then s=
~9

r

Thus to carry the required amount of current, the shunt re-

sistance must be one-ninth of that of the ammeter.

Equation (28) can be written

ia s

Hence

l+js-l+l, and
la s ia

Hence if we write / for the total curren

(29)

The factor - - is called the
"
multiplying factor " of the

shunt, and is in the above case equal to 10.

26. The Potentiometer.10 The potentiometer is primarily

an arrangement of circuits for measuring potential difference or

voltage. With the aid of certain accessories it can be used for

measuring voltages over all ranges, and by means of Ohm's

law these measurements can be applied to the determination

10 The word "
potentiometer

"
is used here in its original sense, mean-

ing an arrangement of circuits for measuring potential difference. In

apparatus catalogues and in textbooks on radio circuits the word is

often inaccurately used in the sense of a voltage divider. (See

Sec. 15.)
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of a wide range of current values. A uniform homogeneous
wire, usually a meter or more in length (Fig. 42), is stretched

between binding posts on a baseboard, by the side of a grad-

uated scale. In series with this wire is a constant source of

current, usually a storage battery WB and a variable resistor

R. From equation (10) it is clear that by properly adjusting
R the voltage between A and B can be varied through wide

limits. Let us assume that (1) the end A is connected to

the + side of the battery WB, (2) the resistance of AB is

uniform from end to end, and (3) the current through AB
is constant and of such a value that the RI drop along the

wire is about 2 volts. If a standard cell, of voltage E (about

1.0183), has its + pole connected to the point A, a certain

point Ci can be found, such that when contact is made at this

point, the galvanometer g (see Sec. 60) will show no deflection.

The absence of deflection on the galvanometer means that the

RI drop in the wire AB up to the point Ci is just equal, and

opposed to the voltage of the standard cell. The distance Ac*

may be represented by di. Now let some other cell E', whose

voltage is to be tested, be put in place of the standard cell E.

If the voltage of this cell does not exceed the RI drop in AB,
another point 2 can be found, for which there is no current

through the galvanometer. The distance Ac2 may be called dz,

and the RI drop over this length of wire is just equal and op-

posed to the voltage of the cell E' to be tested. Since the RI
drops along the wire are directly proportional to the lengths,

we may write

E d,

E~'=d2

and

This simple form of the apparatus is only capable of measur-

ing a voltage not much greater than that of the standard cell.

If very much higher voltages are to be measured, the high volt-

age is put across the terminals of a voltage divider (Sec. 15),
and some definite fraction of it is then measured against the

standard cell, as described above.

Also, any range of current can be measured by means of the

potentiometer. The current to be measured is passed through
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a standard resistance ab of known value R> Fig. 43. This is so

chosen that the RI drop across it lies within the voltage range
of the potentiometer. The determination of current then con-

sists in measuring the voltage across ab in terms of the stand-

ard cell, and calculating the current by Ohm's law.

27. The Wheatstone Bridge. This is a simple circuit for

measuring an unknown resistance in terms of a known re-

sistance. The method depends upon the fact that in a branched

circuit, Fig. 44, the voltage drop from a to c must be the same
over the path abc as it is over the path adc. It then follows

that for any point b which may be chosen on the upper circuit

abc there must be some point d on the lower branch, such that

there will be no difference of potential between it and the point

b. The point d can be found by connecting one terminal of a

galvanometer at b and moving the contact point connected to

the other terminal along the lower wire until there is no de-

flection. This means that there is no current flowing, and

hence no potential difference between b and d. When the points

b and d have been located in this way, it can be shown that

there is a simple definite relation between the resistances of the

four arms of the circuit. (See Fig. 45.)

If IP is the current through the top branch and It is the cur-

rent through the bottom branch, then the voltage drop between

a and b is rjp, and is equal to r37t, the voltage drop between

a and d. Hence

r1 7p=r3 /t , and^=yT3 *p
Likewise it is seen that

r T A r* 7t
r2 -Ip=r4 /t ,

and =y
Whence

or

r4=^ (31)

If three of the resistances are known, the fourth, r4, can be

easily calculated from this equation.

In practice the branch adc may be made from a long, uniform,

and homogeneous wire, in which case it is not necessary to

know the resistance values. If the portion abc is such a wire,
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the ratio of the length h and h of the segments will be the same

as the ratio of the resistances. The equation (31) may then be

written

28. Heat and Power Losses. In Section 7 it was shown that

when current flows through a resistance, heat is generated in

it. It is important to understand that this effect does not refer

to heating the resistor to a definite temperature, but rather it has

to do with the generation of heat at a definite rate. This rate

may be expressed in joules per second, calories per second,

watts, or horsepower. When the rate of .supply of heat due

d
F

Simple Branched Circuit. Principle of the Wheatstonc Bridge

to the electric current is just equal to the rate of loss of heat

by conduction or radiation, then the temperature becomes con-

stant The final temperature of any resistance coil through
which current is passing depends upon its surroundings. If

it is open to the air, radiation is more free. In coils which are

inclosed, the temperature may rise rapidly and unless care is

taken, the insulation may be softened or even burned.

When the heat is dissipated at as fast a rate as it is pro-

duced, so that the temperature of the resistor remains con-

stant, the resistance becomes constant.

Equation (2) is W=RPt (2)

771

Since from Ohm's law, 1=-^ we may write
xi

W=Rt=~t (32)
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Again substituting

we have

W=~^=EIt. (33)

These three equations will give the energy in joules when

amperes, ohms, volts, and seconds are used.

Power is the time rate of change of energy. If the three

equations above are divided by the time t, we have the corre-

sponding three equations for power.

P=^=RP (34)

P- (35)

P=EI. (36)

Exercise 1. What power is required to operate 1,000 incandescent

lamps, each of which requires I ampere and 110 volts?

First solution. From equation (36), each lamp requires

1X110=55 watts.

For 1,000 lamps

1000X55=55,000 watts

=55 kw.
Since

746 watts=l horsepower,

55,000 7, 71lT,-^-=73.7 h.p.

Second solution. The resistance of each lamp is given by

Using equation (34)
^=^=112=220 ohms.

P=220 X 4=55 watts for 1 lamp.
For 1000 lamps

p=1000x 55=55 kw.

Exercise 2. An instrument has 1210 ohms resistance in its coils,

and a voltage of 110 volts is impressed. Calculate the rate of dissipa-

tion (watt-loss) in the coils.
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F. Capacity.

29. Dielectric Current. So far, only steady currents and their

flow in conductors have been considered. In a perfect insu-

lating material a steady current can not flow. If an electromo-

tive force is applied between two points of an insulator, a

momentary flow of current takes place which soon ceases. The

current flow is very different from that in a conductor. If a

very sensitive indicator of current g, Fig. 46, is connected

Ft a 47
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into the circuit, it shows a sudden deflection when the key is

closed. This deflection soon drops to zero. The momentary
flow of electricity is due to the production of a sort of electric

strain or "displacement" of electricity. This is resisted

by a sort of elastic reaction of the insulator that may be

called electric stress. On account of this reaction of the

electric stress, the electric strain due to a steady applied emf.

reaches a steady value, and the current becomes zero. When
the electric strain is subsequently allowed to diminish, a cur-

rent again exists in the opposite direction. A current of this

kind, called a "displacement current," exists only when the

electric strain or displacement is changing. When considering
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the existence of electric strain or displacement in an insulating

material, the material is called a "
dielectric," and the displace-

ment current is sometimes called a
"
dielectric current."

We do not think of this electric displacement as being due to

the actual passage of matter, on which the charge is carried

from one plate to the other, nor even from one molecule to

another within the substance. It is rather as if, in each mole-

cule, a positive charge is moved to one end and a negative

charge to the other. Then with all the positive charges point-

ing in one direction, the effect is that a certain change has been

transmitted clear across the dielectric. An illustration may
aid in making this idea clearer. In a dense crowd of people a

sudden push or shove on one person will be sent through from

person to person. Energy is transmitted, and yet no single

person has passed all the way across.

When a dielectric is in the electrically strained condition

it possesses potential energy in the "
electrostatic" form. (For

a brief discussion of energy, see Circular 74, p. 9.)

30. Condensers. Displacement is produced in a dielectric by

placing the dielectric between metal plates and connecting a

battery or other source of emf. to these plates. Such an ar-

rangement consisting of metal plates separated by a noncon-

ducting material is called a condenser. Thus in Fig. 47, A and

B are the metal plates of the condenser. The dotted lines

indicate the directions of the electric strain or displacement.

The plate from which the displacement takes place is called the

positive or + plate of the condenser. Conversely, the other

plate is called the negative or plate. The dielectric may
be air or other gas, or any solid or liquid that is not a con-

ductor. When the battery is connected to the condenser a

displacement current begins to flow, continuing until the elec-

tric displacement reaches its final or steady value. The dis-

placement produced depends upon (a) the voltage applied to

the condenser and (&) the kind of dielectric. A continuous or

direct current can flow only in conductors. An alternating cur-

rent, in which the direction periodically changes sign, can

flow also in condensers in the form of a dielectric current.

(See Sec. 56.) In this case, the electric strain or displacement

reverses its direction with every reversal of the current. The

existence of the electric strain or displacement in the dielectric
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is equivalent to the presence of a certain quantity or charge of

electricity.

For a given condenser, its charge Q is found to be directly

proportional to the applied voltage E. This relation may be

Written
Q=CE (37)

where C is a constant. For any given condenser the value of

this constant is seen to be the ratio of the charge to the volt-

age, or Q
C=| (38)

This constant C is called the "capacity" of the condenser.

The unit of capacity is the "
farad," which is defined in Ap-

pendix 2, page 549. This unit is too large for practical purposes,

and it is usual to use the microfarad, which is one one-millionth

of a farad, and the micromicrofarad, which is one one-millionth

of a microfarad.

The capacity changes when different dielectric materials are

used. If the plate area is increased, the capacity increases in

direct ratio, and as the plates are brought closer together, the

capacity increases. (Formulas for calculating the capacity of

condensers are given in Circular 74, p. 235, and also in this

book in section 32, p. 96, and section 170, p. 384. )

Charging of Condensers. During the brief time in which the

charge is accumulating in a condenser, the voltage > due to

this charge is increasing. This voltage tends to oppose the ap-

Q
plied or charging voltage. When ^ has become equal to E, the

charging process comes to an end. It will be noticed that

equation (37) does not contain a time factor; therefore the

same amount of charge is stored in a condenser whether it .is

built up slowly or quickly. However, the rate of building up
the charge depends upon the value of the capacity and resis-

tance of the circuit. The larger the product of the factors C
and R the greater is the time required to arrive at any given

fraction of the applied voltage. THIS PRODUCT CR is CALLED

THE TIME CONSTANT OF THE CIRCUIT.

31. Dielectric Properties. A simple experiment will show that

the charge accumulated in a condenser, for a given voltage and
distance apart of the plates, depends upon the kind of dielectric
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material. A pair of plates with dry air between them is

charged by a certain emf., and the quantity or amount of

charge is measured by some suitable means. If now a slab of

paraffin be inserted between the plates, it is found that for the

same voltage the charge is increased. Denoting the capacity
with air by Ca and the capacity with paraffin by CP , we may
write

where K is a constant. By simply changing the dielectric mate-

rial, and without changing the geometric arrangement of the

plates, we find that the capacity has been increased. Air is

commonly used as the standard of comparison, and the factor

K is called the "dielectric constant"11
of the material. The

dielectric constant of any substance may then be defined as the

ratio of the capacity of a condenser using this substance as the

dielectric, to the capacity of the same condenser unth air as the

dielectric. This ratio is seen to be the factor by which the

capacity of an air condenser must be multiplied in order to find

the capacity of the same condenser when the new substance is

used. Some values are given below.

Substances.
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A wide variation is seen in the values given for some sub-

stances. The different grades and kinds of different materials

vary considerably in many of their physical properties, includ-

ing their electrical properties. For instance, there are a very

large number of kinds of glass made for different purposes,

having very different properties. Many substances absorb a
small amount of water very easily, and in some substances the

presence of a small amount of water will considerably increase

the dielectric constant. The value of the dielectric constant

also depends on the kind of voltage applied and the manner in

which it is applied. If the current is supplied by a source of

direct current, such as a battery, the values of the dielectric

constant found when the condenser is charged slowly will

differ considerably from the values found when the condenser

is charged rapidly. If the voltage applied is from a source of

alternating current, the values of the dielectric constant may
differ considerably from the values for direct current. This is

particularly true if the alternating current has a very high

frequency, such as is used in radio communication. For accu-

rate results the conditions under which the material is to be

used must be stated.

Dielectric materials are not perfect insulators, but do have a

very small electric conductivity. A condenser will permit a

very small current to flow through it continuously when a volt-

age is applied to its terminals, and it will discharge itself

slowly if allowed to stand with its terminals disconnected.

This is called the "
leakage

"
of the condenser. Materials differ

greatly in this respect. A pair of plates with dry air as di-

electric will retain the charge almost indefinitely after the

voltage is cut off, while in some paper condensers the charge

disappears by leakage in a few minutes.

If an emf. gives a condenser a certain charge when applied

for a short time and a greater charge when applied for a longer

time, the dielectric is said to possess
"
absorption." There is a

gradual penetration of the electric strain, into the dielectric

which requires time. When the terminals of a charged con-

denser are connected by a conductor, a current flows and the

condenser discharges. The charge which flows out instantane-

ously upon discharge is called the " free charge." With some

dielectrics, if the terminals are connected a second time, an-

other and smaller discharge occurs, and this may be repeated
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several times. This so-called residual charge is due to the
absorbed charge, and indicates a slow recovery of the dielectric

from the electric stress. In condensers made with oil or well-

selected mica for the dielectric, absorption is small. It is larger
with glass, and very troublesome with bakelite and similar

materials. After charging such a condenser with a high volt-

age, the absorbed charge continues to be given up for a long
time. Absorption is accompanied by the production of heat in

the dielectric. This represents a loss of energy.
The ratio of the free charge of a condenser to the voltage

across its terminals is called the "
geometric capacity." Any

measurements of capacity which make use of a prolonged time
of charging yield values larger than the geometric capacity.

Measurements made with high-frequency alternating currents

give values which approach closely to the geometric capacity.

Summary. An elastic body is distorted or strained by placing
it under the action of a stress ; and the effect produced is

measured in terms of the flexibility of the material. A dielec-

tric substance is strained electrically by placing it under the

action of an emf., and the effect produced is measured in terms

of the capacity of the condenser. It is of interest to note that

the capacity of an electric condenser is directly analogous to

flexibility or stretchability of an elastic body.

32. Types of Condensers. In order to increase the capacity

of a condenser, we may
1. Increase the area of the plates.

2. Diminish the distance between the plates.

3. Use a substance of larger dielectric constant.

In general, condensers are classified in two groups, as they

may be designed, respectively, for (a) low voltage less than

500 volts, or ( 6 ) high voltage several thousand volts. Increas-

ing the plate area tends to increase the bulk and weight of the

condenser. Bringing the plates very close together makes neces-

sary the use of a substance of high dielectric strength if the volt-

age is high. For low-voltage service, where large capacity is

essential, the condenser plates are made of tin foil with thin

sheets of mica or paraffined paper between them. The sheets

are piled up as shown in Fig. 48, page 89. The dielectric layers

are represented by aa, and the two sets of conducting plates by
6& and cc,, respectively. These are pressed into a compact
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form and held in place by a clamp and the composite stack is

saturated and sealed with melted paraffin or wax. If the con-

denser must withstand a very high voltage, the plates will be

more widely separated, and usually air or oil is used as the

dielectric. If it is desired to have the capacity of the condenser

variable instead of fixed, the construction usually takes the
form shown in Fig. 49, page 95. Two sets of interleaved plates

are insulated from each other, and one set is mounted so that

it can be rotated with respect to the other. Such a condenser

PlO 50
Parallel Wi're Antenna

can be calibrated so that the capacity corresponding to any
angular setting of the rotating part is known. Condensers used
in radio circuits are represented by certain symbols. These

symbols may be found in Appendix 3, page 553.

It is not always necessary that the conducting plates in the

condenser should be of sheets of metal. The earth is a con-

ductor and frequently replaces one plate in the system. A wire
stretched on a pole line forms one plate of a condenser, and the

other plate may be the neighboring return wire of the circuit, or
it may be the earth itself. Several wires in a connected group
will have more capacity with respect to the earth than a single
wire. Such a condenser is the radio antenna. (Fig. 50.) The

53904 22 7
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conducting core of a submarine cable forms one plate of a con-

denser, the insulating material is the dielectric, and the sea

water is the other plate. Similarly in a telephone cable, paper
is the dielectric, and any single conductor of the cable may be

regarded as one plate, the other plate being the adjacent wire

of the pair or the lead sheath of the cable itself. The great

length of such wires and cables gives them large surface and
hence large capacity. A mile of standard sea cable may .have a

capacity of about microfarad. A mile of standard telephone
cable should not have capacity of more than about 0.08 micro-

farad. The capacity of a pair of No. 8 copper wires, 1,000 feet

in length and 12 inches apart, is about 0.0032 microfarad. Two
square plates 10 cm. on a side, separated by 1 mm. of dry air,

have a capacity of approximately 100 micromicrofarads.

In radio apparatus, particularly in the more sensitive types

of receiving apparatus, very small capacities may be of much
importance, such as the capacity between two short adjacent

wires, or the capacity between a connecting wire and the walls

of the room or other adjacent object. A sphere 1 inch in

diameter has a capacity to the walls of an ordinary room some-

what over 1 micromicrofarad, and as small a capacity as this

may be of importance in the design of radio apparatus.
The capacity of a condenser composed of two parallel metal

plates of the same size and shape, separated by a uniform

dielectric, is given by the formula

7f ^
(7=0.0885-y-

where C is the capacity in micromicrofarads, t is the thickness

of the dielectric layer between the plates in centimeters, & is

the surface area of one side of one plate in square centimeters,

and K is the dielectric constant of the dielectric layer. For

air the value of K is 1, for the kinds of glass ordinarily used

the value of K is from 7 to 8, for mica K is about 6, for par-

affin K is about 2.5, and for most ordinary substances the

value of K lies between 1 and 10. (See Sec. 31, p. 92.) This

same formula can be used for a parallel plate condenser hav-

ing the two plates of different size, providing the area of the

smaller plate is used for S in the formula. For further infor-

mation regarding the calculation of capacity, reference should
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be made to Circular 74 of the Bureau of Standards, page 235.

See also section 170 in this book.

33. Electric Field Intensity. Consider the air condenser

shown in Fig. 51, having an emf. E applied across its terminals.

The emf. is the cause of the electric strain or displacement
which is in the direction shown by the dotted lines. The emf.

between the plates of the condenser is equivalent to a force

acting at every point of the dielectric, which would cause a

body having a charge of electricity to move. This is called

the electric field intensity and is defined as the force per
unit charge of electricity. The space in which this field

intensity acts is called an electric field. The value of the

electric field intensity at any point inside the condenser shown

E-lectnc Field btwn TV

Oj>foJitely CUr^d Ctedie
EJ.ctre Fi.ld AboJ VertVo.il

in Fig. 51 is the ratio of the emf. across the condenser to the

distance between the plates. Electric field intensity is thus

given by

e=-f (39)

where E is the emf. between two points in the dielectric a

distance d apart. is commonly expressed in volts per centi-

meter. It is a quantity of importance in connection with elec-

tric waves.

The electric field in the condenser of Fig. 51 is the same

everywhere in direction and in value. This is called a uniform

field. There are many other kinds of fields. The electric field

about two small unlike charges is shown in Fig. 52. Another

example is given by two bodies, one of which is a long vertical
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wire and the other is a conductor extended in a horizontal

direction. These amount to two conductors separated by a

dielectric (air), thus fulfilling the definition of a condenser.

Suppose the lower body is the earth itself, which is a con-

ductor. The field about the system will be represented by
Fig. 53. This represents the form of condenser and electric

field in the case of the radio antenna.

34. Energy Stored in a Condenser. The electric strain in the

dielectric of a charged condenser represents a store of energy.

The amount of energy stored in this \vay is found as follows.

The work done in placing a charge in a condenser is the product
of the charge by the voltage between the plates. Suppose a

condenser is charged by applying to it an emf. which begins

at a zero value and rises to E volts. The increase in voltage

is uniform, and hence the average voltage is \ E. The energy
stored in the condenser is the product of this by the charge,

thus
W=$ QE (40)

Since Q=CE, from equation (37), we may write

W=$ CE2

(41)

The work is expressed in joules when the capacity is in farads

and the emf. is in volts. A capacity of 0.001 microfarad
charged with an emf. of 20,000 volts has a store of energy

given by

TF=^^X20,000
2=0.2 joules

From equation (41) it appears that time does not enter into

the energy equation. For a given condenser charged to a given

voltage it requires the same total amount of energy, whether

the charge is acquired slowly or rapidly.

The total amount of work done in charging a condenser

divided by the time, gives the rate at which energy is supplied ;

that is, the power supplied. This may be written,

P=$ CE*N (42)

where t is the time in seconds required to complete the charge,

and N is the number of charges completed in one second of
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time. If the condenser in the above problem is charged by a

generator giving an alternating emf. with a frequency of 50O

cycles per second, the power becomes

P=% CE2N=0.2QOX 1000=200 watts.

It will be noted that the condenser is charged and discharged

twice in every complete cycle of the a.c. generator ; also that E
is the maximum emf.

35. Condensers in Series and in Parallel. Just as it is some-

times found convenient to combine resistances into series or

parallel groups, so it is often desirable to combine condensers.

The capacity of the group, however, is not calculated the same
wav as in the case of resistances.
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kept in mind that the same charge is given to each condenser,

and that the total voltage E is subdivided among the condensers
in direct ratio to their capacities. Using symbols as above we
may then write

or since in general E=

Q Q
,
Q

,
Q

Whence = ~ +~~++ ' ' '

(44)

Series connection of condensers always gives a, smaller

capacity than that of any single member of the group. (See

problems below.)

1. A condenser has a capacity of 0.014 microfarad, and it is

charged with an emf. of 30,000 volts.

Find (a) the charge in the condenser, (b) the energy stored, (c) the

power expended when charged by a 500-cycle a. c. generator.
2. A condenser is built up of 15 parallel and circular plates. Each

plate is 20 cm. in diameter and the separation is 1 mm. Transformer
oil is used as a dieletric. Calculate the capacity. (See sections 31, 32,

pages 92-96, and Bureau of Standards Circular 74, page 235.)
3. Three condensers have capacities of 0.02, 0.20 and 0.05 micro-

farad, respectively. Find the equivalent capacity, (a) when they
are all in series; (6) when they are all in parallel.

G. Magnetism.

36. Natural Magnets. One of the forms in which iron is

found in the earth is the black oxide of iron (chemical for-

mula Fe3O4 ) called magnetite or magnetic iron ore. A piece of

this substance is called a " natural magnet," and it has two

very remarkable properties as follows:

(a) If a piece of it is dipped into iron filings the filings

will adhere to it.

(&) If a piece of it is suspended by a silk thread, or by a

thin untwisted cord, it will set itself with its longer axis very

nearly in a north and south direction.

37. Bar Magnets. A small rod of iron or steel which is

brought near to a piece of magnetite, or which is rubbed on it
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in a certain way, shows the same properties, and is said to be
"
magnetized." If the rod or bar is made of rather hard steel,

the effect persists after the iron ore has been taken away, and
the magnetized rod is then called a "

permanent magnet," or

simply a bar magnet. These permanent magnets may be made
in the form of straight bars of round or square section, usually
with the length rather large as compared to the diameter.

They are also often bent into various shapes, a common form

being the horseshoe or U-shaped magnet.

Magnets may also be made by passing an electric current

through a coil of insulated wire which surrounds the rod.

(See Fig. 56.) If the rod is made of soft iron, it is only mag-
netized as long as the current flows. It is then called a tem-

FIQ.57

Pivoted M^knetio
by Hie Electric N<4le

Current

porary magnet or an "
electromagnet." Examples of electro-

magnets are seen in induction coil and buzzer cores, in tele-

graph sounders and relays, and in telephone receivers. Elec-

tromagnets are very useful because the magnetism is so easily

controlled by variations in the current strength. If the bars

are of hardened steel, the magnetism due to the current re-

mains after the current ceases and a permanent magnet is the

result.

A slender magnetized steel rod mounted carefully on a pivot

(Fig. 57) will turn very nearly into the north and south posi-

tion, and is called a "
compass needle." It is used by sailors

and surveyors for determining directions. The end which

points north is called the north-pointing or simply the " north

pole." The other end is called the "
south pole."

38. The Magnetic Field. If a compass needle is placed at

various positions near a large bar magnet, it changes its direc-

tion as shown in Fig. 58. This shows that in the space all
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around the magnet there are forces which act on magnetic

poles. If iron filings are sprinkled on a level sheet of paper
which lies over the magnet, the filings arrange themselves as

shown in Fig. 59. Each little particle of iron acts like the

compass needle and points in a definite direction at a given

position. These direction lines, called
"
magnetic lines of

force," all appear to center in two points near the ends of the

bar magnet. These points are called the "
poles

"
of the mag-

net. Two magnetic poles are said to be alike when they both

attract or both repel the same pole. If one attracts and the

FlO
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other repels the same pole, they are said to be unlike. Like

poles repel each other and unlike poles attract each other. It

is then easy to determine which is the north and which is the

south pole of a bar magnet by means of the direction in which

the north pole of a compass needle points.

The region all about a magnet, in which these forces on the

poles of magnetic needles may be detected, is called the "
mag-

netic field." The intensity of a magnetic field may be defined

in terms of the force which acts on a given magnetic pole, or

it may be defined in another way, as described in a following

paragraph. The direction of a magnetic field is defined as the

direction in which the north pole points.
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The earth has a magnetic field about it which is represented

by Fig. 60. This field is similar to that which would exist

about a bar magnet placed within the earth with its ends at

the magnetic North and South Poles of the earth.

39. Magnetic Flux and Flux Density. The arrangement of the

iron filings in Fig. 59 shows that there is a greater effect at

some points than at others. It also suggests that the lines of

force may be thought of as similar to stream lines in a moving
fluid. From this point of view there is said to be a magnetic

flux through the space occupied by the magnetic field. This is

represented by lines drawn closer together where the field is

strong and farther apart where the field is weak. The magnetic

field must not be thought of as made up of filaments, like a

skein of yarn, because it really is continuous. However, elec-

trical engineers represent a magnetic flux by drawing one line

through the field for each unit of the flux. The number of such

lines through each square centimeter of the field perpendicular

to the lines is the "
magnetic induction

" or " flux density
"
per

square centimeter. A magnetic field has a flux density of one

line per square centimeter when the unit of magnetic flux is

distributed over a square centimeter of area, taken perpendicu-

lar to the direction of the flux.

40. The Magnetic Field About a Current. It has already been

pointed out in Section 3 that there is a magnetic field about a

wire in which a current is flowing. Experiments with the

compass show that this magnetic field has lines of force in the

form of concentric circles about the wire. These circles lie in

planes at right angles to the axis of the wire. If <the wire is

grasped by the right hand with the thumb pointing in the

direction of the current, the fingers will show the direction of

the magnetic field (Fig. 10). This field extends to an indefi-

nite distance from the conductor, but for points farther from

the wire the effect becomes more feeble, and the more sensitive

must be the apparatus for detecting it. If the current stops,

the magnetic field, together with its effects, disappears. When
current is started through the wire, we may think of the mag-
netic field as coming into being and sweeping outward from

the axis as a center. This disappearing and rebuilding of the

magnetic field as the current decreases and increases will be
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made use of in Section 46, in explaining some important prin-

ciples which apply in radio circuits.

41. The Solenoid and the Electromagnet. If the wire which
carries a current is bent into a circle, the magnetic field is of

the form shown in Fig. 61. At the center of the circle the field

is uniform only for a very small area. If many turns are

wound close together in what may be called a bunched wind-

ing, the intensity of the magnetic field is increased in direct

proportion to the number of turns. When the wire is wound

Solenoid
Field of Oolenoi'd

closely with many turns, side by side along the surface of a

cylinder in a single layer, the coil is called a "
solenoid," Fig.

62. In this case, the magnetic field is nearly uniform for a

considerable distance near the center of the coil, and the

solenoid has the properties of a bar magnet. This is seen by

comparing the magnetic fields of Figs. 63 and 59. The intensity

of the field and the magnetic flux density within the solenoid

depend entirely upon the strength of the current and the num-

ber of turns of wire per centimeter. The same magnetizing

effect can be secured with many turns and a weak current, or

with a few turns and a strong current, provided only that the

product of wire turns times amperes of current is the same in

each case. This product is called the "
ampere-turns." In
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round numbers the magnetizing field strength, represented by

the symbol H, is given by

If / is the current in amperes, N the total number of turns on

the solenoid, and I the length of the solenoid in centimeters, the

accurate formula may be written
12

*-n*T (46)

42. Magnetic Induction and Permeability. If the space

within the solenoid is filled with iron, the magnetic flux lines

are very greatly increased. This is due to a property of iron

called magnetic
"
permeability." To say that iron is more per-

meable than air means that the magnetism is stronger when
iron is present than it would be if the space were filled with air

alone.
18

Permeability varies according to the quality of the

iron, from a few units to a few thousand. For example, to say

that the permeability of a certain sample of iron is 1,000 means
that the magnetic flux through 1 cm. of cross section of the iron

is 1,000 times as great as the flux through the same area

before the iron was present. The total magnetic flux through
an iron core within a magnetizing coil, divided by the area of

cross section, gives the "
magnetic induction," which is repre-

sented by the symbol B. We may denote total flux through the

iron by <t, then

0i=BA (47)

where A is the area of cross section of the iron core. If the in-

tensity of the magnetizing field within a solenoid is denoted by
H, then the total magnetic flux through the solenoid is given by

^=HA (48)

13 For proof of this formula see Circular 74, p. 15.
18 Time is required for the magnetization to travel inward from the

surface to the axis of the iron core. Hence, if the current is rapidly
reversed in direction, the magnetic wave started by one-half cycle
does not have time to travel inward appreciably before the reversed
half cycle recalls it and starts a wave of opposite sign. As a con-

sequence the magnetism is confined to the outer layers of the iron

core. For this reason iron is not as effective in increasing the num-
ber of flux lines in high-frequency circuits as it is with steady cur-
rents or low-frequency currents.
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where A is the area of cross section and 0a is the total flux

through the air core. The permeability is defined as the ratio

of B to H.
It is important that the student should remember that the

magnetic induction depends upon (a) the number of ampere-
turns and (&) the property of iron called permeability. . The
number of ampere-turns is under the control of the operator.

The permeability depends upon the quality of the iron itself.

If the current in the windings is reversed, the direction of

the magnetic field is also reversed. The student should learn

at least one rule for remembering the relation between the

direction of the current and the direction of the magnetic flux.

Two such memory helps are here given.

(a) If to an observer looking at one end of a solenoid the

current appears to flow in a clockwise direction (i. e., in the

direction of the rotation of the hands of a clock), the end next

to the observer is the south pole.

Another way of stating this rule is to look along the direction

of the lines of magnetic flux through the solenoid (from south

pole to north pole) and the current is flowing in a clockwise

direction.

( & ) Grasp the solenoid with the right hand so that the fingers

point along the wires in the direction in which the current is

flowing. The thumb then points to the north pole ; that is, the

thumb points in the direction of the magnetic flux inside of the

solenoid which is from south pole to north pole.

The student may verify this relation by applying to Fig. 61

the thumb rule for the direction of the magnetic field about a

straight conductor carrying a current, as stated in section 4,

page 30. Thus in Fig. 61, if it is assumed that in the half turn

shown the current is flowing from the top of the figure to the

bottom, the north pole is on the right of the turn. In Fig. 63,

the current flows in at the bottom of the solenoid and out at

the top, and the north pole is at the top of the figure."

14 Apply each of the above rules to Fig. 62. Also wind an experi-

mental solenoid with a few feet of wire, connect it to a dry cell and
mark in some way the direction of current through the windings.

Test its polarity with a compass, remembering that like poles repel

and unlike poles attract.
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43. The Force on a Conductor Carrying Current in a Magnetic

. if two different magnetic fields are brought together in

the same space, with their directions parallel, a force is always

developed. If the lines of magnetic flux are in the same direc-

tion, the two fields mutually repel one another, and if the flux

lines are in opposite directions the two fields will be drawn to-

gether. When a current flows in a wire which is at right angles

to a magnetic field, a force will act on the wire. A rule which

will help the student to remember the direction of the motion,

together with the directions of current and field, is the so-called

"left-hand rule." Extend the forefinger of the left hand in

the direction of the magnetic field, and hold the middle finger

at right angles to it in the direction of the current. The ex-

tended thumb, held at right angles to both the other directions,

indicates the direction of the motion. Note that this rule

calls for the use of the left hand. Compare this with the right

hand rule of Section 63.

When the wire which carries the current is at right angles to

the direction of the magnetic field, the pushing force on the wire

is equal to the product of the current, the intensity of the mag-

netic field, and the length of wire which lies in the magnetic

field.

If the wire makes some other angle with the direction of the

magnetic field, the direction of the force is still the same as

for the right angle position, and the value of the force is

smaller. In the single instance that the direction of the current

coincides with the direction of the magnetic field the force is

zero.

This push on a single wire is in most cases small, but by

arranging many wires in a very intense magnetic field, very

large forces may be obtained. The powerful turning effect of

an electric motor depends upon these principles. ( See Sec. 96. )

H. Inductance.

44. The Linking of Circuits with Lines of Magnetic Flux.

There is always a magnetic field about an electric current.

The lines of magnetic flux are closed curves and the electric

circuit is also closed. The- lines of magnetic flux are then

thought of as always interlinked with the wire turns of the cir-
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cuit. ( See Fig. 64.) The number of flux lines through a coil will

depend upon the current, and any change in the current will

change the number of linkings. If there are two turns of wire

the circuit will link twice with the same magnetic flux, and so,

for any number of turns, the number of linkings increases with

the number of turns. Let represent the number of magnetic
flux lines, N the number of linkings and n the number of wire

turns. Then it is seen that the number of linkings is always

given by
N=n<f> (49)

A change in 2V may be brought about by (a) a change in <f>,

due to a change in the current or (b) a change in the number
of wire turns. Again the loop of wire, Fig. 65, not now con-

nected to any battery, may be placed near a bar magnet, or a

solenoid which has current flowing in it. Some of the flux lines

will pass through the loop. The number of these flux lines,

is represented by <f> as before, and every turn of wire will link

with the flux lines. Then the number of linkings is given by

N=n<f> (50)

which is the same expression as in the other case.

The number of flux lines may be changed by changing the

number of wire turns or by changing the number of flux lines

through the loop. The latter may be done by rotating the loop,

or by moving it with respect to the magnet. If a solenoid is

used, the change can be made by variations in the current

through its coils.

45. Induced Electromotive Force. Whenever there is any

change in the number of linkings between the magnetic flux

lines and the wire turns, there is always an emf. induced in

the circuit. If the circuit is closed, a current will flow. This

is called an induced current. Some of the ways in which this

is accomplished are described in the following paragraphs.

1. A bar magnet is pushed into a closed coil of wire, Fig. 66.

During the time the magnet is moving there will be indications

on the galvanometer g that current is flowing. When the mag-

net is drawn back, away from the coil, a current is induced in

the opposite direction. The direction of this induced current

will always be such as to oppose the change to which it is due.
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That is, if the magnet is approaching the coil, the current will

flow in AB so that A is a north pole, and hence the magnet
will be repelled. If the key k is open, the induced current can

not flow. If it is closed, an induced current does flow, and
sets up a magnetic field about the coil. It can be shown that

more work is required'-to move the magnet with respect to the

coil when the key is closed than when it is open. These facts

are expressed in the law of Lenz, which states that whenever
an induced current arises, by reason of some change in Unkings,
the magnetic field about the induced current is in such a direc-

.x\i//:-'
:

^l/.
>?fc=^'''

tion as to oppose the change. A helpful, mechanical illustra-

tion of Lenz's law is seen in the effort necessary to move a

stationary body. Owing to the mass of the body, a force is

necessary to start it, and if one tries to move it suddenly he
will experience a considerable reacting force. This reacting
force will be greater the more sudden the change in the motion

of the body. Similarly in the electric circuit, the induced emf.

will be greater the more sudden the change in the number of

linkings.

2. The same effects as those described in (1) may be secured

if the bar magnet is replaced by a solenoid carrying current.
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3. The effects may also be produced by two solenoids fixed

in the position shown in Fig. 67. If a current is started in one

of them, A, there will be a current induced in the other, which

will continue to flow as long as the current in A is increasing.

If the current in A becomes steady, there is no current induced

in B. If the current in A falls off, the induced current in B
is reversed in direction. In all cases it must be remembered

that the magnetic field about the induced current tends to op-

pose the change that is causing the induced current.

Current stopping in A
induces a current in B.

Circuits A and B have
mutual inductance.

4. A further example of induced currents is found in the case

of two straight wires, Fig. 68, close together. If the electric

current stops (Fig. 69), starts, or varies in one of them in any

way, there are corresponding induced currents in the other.

This case of parallel straight wires is seen in certain telephone

lines where cross talk occurs, or where there is interference

from a.c. power lines. The ordinary telephone pole line has

several pairs of parallel wires mounted on a single cross arm,

and for purposes of minimizing cross talk it is general practice

to transpose at frequent intervals the two wires composing a
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pair, so that over any considerable distance the emf. induced

by adjacent wires acting on a transposed pair is zero. Although
we think of the straight and parallel portions of the circuit, we
must not overlook the fact that these are only portions of com--

pletely closed circuits.

The magnitude of the induced emf. in all of the above cases

depends upon the time rate of change of the number of link-

ings. This may be expressed by the equation

Xmf.-%- (51)

where t is the time in seconds in which the change n$ takes

place. This is the basic principle of dynamo-electric machinery.

46. Self Inductance. With a single circuit carrying current,

as shown in Fig. 64, the magnetic flux <f> which threads through

the circuit (and hence the number of linkings N) is directly

proportional to the current strength. This fact may be ex-

pressed by the formula

N=LI (52)

where L is called the "
self inductance," or simply the "

in-

ductance
"
of the circuit.

The value of L depends upon the number of wire turns, upon
the shape and size of the turns, and upon the permeability of

the medium about the circuit. For air the permeability is 1.

The inductance does not depend upon the current which is

flowing, except when iron is present. By coiling up a piece

of wire in many turns and introducing it into the circuit, the

inductance of the circuit may be greatly increased. In that case

the inductance is said to be concentrated. It must not be over-

looked that the entire circuit has inductance. This may be

distributed more or less uniformly throughout the circuit.

The self-inductance L is measured in units called
" henries."

A henry is the inductance in a circuit in which the electro-

motive force induced is one volt when the inducing current

varies at the rate of one ampere per second. In practice other

smaller units are also used the millihenry, which is one one-

thousandth of a henry ; the microhenry, which is one one-

millionth of a henry ; and the centimeter of inductance which is

one one-thousandth of a microhenry. Methods of computing in-

53904 22 8
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ductance in a few special cases are given in section 170. A
single layer coil wound on an empty cylindrical tube 5 inches

In diameter, 11 inches long, having a total of 150 turns, has an
inductance of a little over one millihenry.

If a piece of wire is connected to one terminal of a dry cell,

and tapped on the other terminal, a very slight spark may be

seen in a darkened room. If a coil of many turns of wire is

included in series with this cell, the same process of tapping
will show brilliant sparks, particularly if the coil has an iron

core. The explanation of this lies in the fact that the cell

voltage of about 1.5 is too feeble to cause much of a spark.

However, when the large inductance is included in the cir-

cuit, there is a large number of Unkings between wire turns

and flux lines. If these flux lines collapse suddenly, as they do

when the circuit is broken, there will be a large change in the

number of linkings taking place in a very small interval of

time. From equation (51), this means that a large voltage

will be set up. This principle is made use of in ignition appa-

ratus and spark coils of various types. According to Lenz's

law, the induced emf. will be in such a direction as to oppose

the change which causes it. In this case, when the circuit is

broken, the change is from some value of current / to zero.

Therefore the induced emf. will be in the same direction as the

original current, and will try to keep the current flowing. On
the other hand, when a battery is being connected to an induc-

tive circuit by means of a switch, the rising current will estab-

lish a set of magnetic flux lines which will, as they grow,

induce an emf. which tends to keep the current from rising.

47. Mutual Inductance. Consider a circuit AA, Fig. 70, with

a current / flowing through it. The magnetic flux through A
is directly proportional to /, and that part of the total flux

which interlinks with a near-by coil B is also proportional to

/. This means that the total number of interlinkings 2V, be-

tween flux lines that arise in the A circuit, and wire turns of

the B circuit, is proportional to the current / in the circuit A.

This fact may be represented by the equation

N=MI (53)

where 11 is the constant of proportionality. This factor M is

called the "mutual inductance" of the two circuits. When



INDUCTANCE. 113

currents are started, stopped, or varied in coil A, the mutual

inductance shows itself by an emf. induced in coil B. The

induced emf. may be calculated by

(54)

where /' is the amount by which the current in the A circuit

varies in the time t. Mutual inductance is necessarily meas-

ured in the same units as self-inductance. It causes a transfer

of electrical energy between two circuits which have no elec-

trical conducting path between them.

The mutual inductance of two given circuits depends on the

size and construction of the circuits themselves, their distance

apart, their relative positions in space, and the nature of the

material between them. All of these factors necessarily affect

the magnetic flux interlinked with both circuits. The mutual

inductance falls off rapidly as the distance between the two

circuits is increased. When two solenoids have their axes in

the same straight line their mutual inductance is the largest

for that spacing, while if the axes of the solenoids are at right

angles their mutual inductance is much smaller. If the axes

are parallel but not in the same straight line, the mutual

inductance will also be somewhat smaller than if they were

in the same straight line. In Fig. 70 the two loops of wire have

their axes in the same straight line and are very close to-

gether, and hence their mutual inductance is a maximum. If

there is iron between the coils, it has a shielding effect and

reduces the magnetic flux linked with both circuits, and hence

reduces the mutual inductance.

Two or more coils intended to be used as self-inductances

are often connected into the same circuit. In such cases the

fact must be taken into consideration that the various coils

have mutual inductances also, and if accurate values of induc-

tance must be used the various coils should be so placed that

their mutual inductances are so small as to be negligible, or

the mutual inductances should be taken into account. If other

circuits are in operation near by, it is also important that their

mutual inductances receive consideration.

A familiar example of the effect of mutual inductance is the

"cross talk" often experienced between telephone lines which
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run parallel on the same poles, or the " inductive disturbances "

experienced on a telephone line which runs adjacent to an

electric-power line.

Mutual inductance is of particular importance in radio cir-

cuits. The phenomena of mutual inductance are the essential

principles involved in the operation of many different types of

electrical apparatus, of which some are considered in the fol-

lowing pages.

For further information regarding self-inductance and mu-
tual inductance, the reader may consult Bureau of Standards

Circular No. 74.

48. Energy Relations in Inductive Circuits. In mechanics it

is well known that a piece of matter cannot set itself in motion

and that energy must be supplied from outside. So in the elec-

tric circuit a current cannot set itself in motion, and energy

must be supplied by some form of generator (source of emf.).

It has already been explained how a magnetic field arises about

electric circuits. When this field collapses or disappears, the

energy stored in the field is returned to the circuit. It can be

shown that the energy thus associated with a magnetic field is

given by the equation

(55)

where / is the value of the current and L is the self inductance.

The student who is familiar with the laws of mechanics will

note that this equation is quite similar to that for kinetic energy
of a moving body

Kinetic energy=$ms2

where m is the mass of the body and s is its speed.

Illustration of Inductance. When a nail is forced into a piece

of wood the mere weight of the hammer as it rests on the head

of the nail will produce but little effect. However, by raising

the hammer and letting it acquire considerable speed, the

kinetic energy stored is large, and when the motion of the ham-

mer is stopped this energy is used in forcing the nail into the

wood. In the electric circuit a cell with its small emf. can

cause only a feeble spark. By including a piece of wire with

many turns in the circuit, however, energy is stored as shown

in equation (55). A small current will enable a large amount

of energy to be stored in the magnetic field, if L is large. Then
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when the circuit is broken and the field collapses, this large

amount of energy is released suddenly, and a hot spark of con-

siderable length is the result.

The close relations between capacity, inductance, and resist-

ance will be more fully discussed in Chapter 3.

I. Alternating Current.

49. Reactance. A steady current in a circuit meets no other

hindrance than the resistance of the circuit. If the current

changes, this is no longer true. If the circuit has inductance,

the current is opposed by the emf. induced by the variation of

the current. (See Sec. 46.) If a condenser is present, this is

constantly charging or discharging as the current changes, and

it exerts a controlling influence on the passage of the current.

If both inductance and capacity are included in the circuit,

they tend to offset each other in their effects, but usually one

or the other exerts a predominating influence, with the result

that there is added to the resistance an extra opposition to the

current, which is known as the " reactance."

The more rapid the changes of the current the greater the

induced emf. in a circuit and consequently the greater the in-

ductive reactance. On the contrary, the reactance of a con-

denser is less, the more rapidly the current varies, as can be

understood when we reflect that the greater the number of

charges and discharges of the condenser performed each second

the greater the total quantity of electricity which flows around

the circuit in that interval that is, the greater the current.

In general, the reactance of a radio circuit is very much

greater than the resistance.

To calculate the current in a radio circuit, then, it is neces-

sary to know how to calculate the reactance and how to com-

bine it with the resistance, in order to determine the total

hindrance or "
impedance

"
to the current. Since the reactance,,

however, depends upon the way in which the current is vary-

ing, it is evident that this must be definitely specified in each

case. The problem can not be solved for all imaginable kinds

of variation of the current. Radio currents, however, belong

to the general class of alternating currents, and for these the

theory is rather simple. In the following sections is given a

brief treatment, not of general alternating current theory, but:
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merely of those alternating current principles which are essen-

tial to an understanding of the actions in radio circuits.

50. Nature of an Alternating Current. An alternating current

is one in which electricity flows around the circuit, first in one

direction and then in the opposite direction, the maximum value

of the current in one direction being equal to the maximum
value in the other. All the changes of current occur over and
over again at perfectly regular intervals.

Sine Wave. To get an insight into the nature of such a cur-

rent, suppose a case where the alternations occur so slowly

that we may follow the changes of current with an ammeter.

In the table below are given values of the so-called
" sine-wave

current "
at successive equal intervals of time. The maximum

value is taken as 10 amperes.

Time
(sec.).
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The values of current in the preceding table are plotted in

Fig. 71 as ordinates (vertically), and the corresponding lengths

of time elapsed since the start, as abscissas (horizontally), and
a smooth curve drawn through the points enables one to de-

termine what is the value of the current for any moment lying

between any two of those which are included in the table. It

is to be noted that the changes of current repeat themselves.

Thus in the table the current is the same at 1 sec. and 25 sec.

after the start; at 7 sec. and 31 sec., etc. The interval of 24

seconds in this example is the "
period

"
of this alternating

current. The current passes through a complete "cycle" of

changes in one period.

A current like that just treated is the same as that which
would be produced in a circuit attached to a coil revolving very
slowly in a uniform magnetic field. (See Chap. 2, Sec. 74.)

The motion has been assumed slow in order that the changes
can be followed with ordinary direct-current instruments. In
order to represent the current developed by an ordinary low-

frequency alternating-current generator, we must, however,
imagine the coil to revolve more than a thousand times more
rapidly. Thus the usual a. c. lighting circuits carry currents

whose period is only about -fa second. The current passes
through complete cycles each second, that is, its

"
frequency

"

is 60 cycles per second. Ordinary alternating-current gen-
erators can not use magnetic fields which are entirely uniform,
so that the current obtained never passes through its changes
in exactly the same way as the ideal sine current pictured in
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Fig. 71. The difference is, however, usually so small in well-

designed machines that it does not need to be taken into account.

The frequency of radio currents is enormously greater than

the usual low-frequency alternating currents. In order that

Fig. 71 may properly represent a radio current, we must sup-

pose a whole cycle to be completed in, say, -nnrfonnr to ^
*

second.

51. Average and Effective Values of Alternating Current. In

just the same way as we have analyzed alternating current by

imagining it to change slowly, it is possible to get an insight

into complicated movements, like the throwing of a ball or the

galloping of a horse, by running a motion-picture film of the

action so slowly that the separate pictures on the film can be

examined one at a time.

When a direct-current ammeter is traversed by an ordinary

alternating current, the changes of current are altogether too

rapid to be followed by the needle of the instrument. It can

only take up an average position corresponding to the average
of all the values through which the current passes during a

cycle. However, since the current passes through the same
values' in one direction that it does in the other, the average

value during the cycle must be zero. That this is the case can

be shown by connecting a direct-current ammeter into an alter-

nating-current circuit. The ammeter needle stands still at zero

or else merely presents a blurred appearance while standing at

zero. The same remarks apply to the use of a d. c. voltmeter

in an a. c. circuit.

A. C. Voltmeters and Ammeters Indicate Effective Values.

Alternating-current voltmeters and ammeters may be of several

different types (hot wire, dynamometer or electrostatic, see

Sec. 60), all of which, ho\vever, give a deflection in the same

direction, whichever the direction of the current. The force on

the moving portion of such an instrument is at every moment

proportional to the square of the current through the instru-

ment. When an alternating current passes, the average de-

flection taken up by the pointer is therefore proportional to the

average of the squares of all the values of current during the

cycle. For a true sine current, the average of the squares of

all the values of current during the cycle can be shown to have

a value of one-half the square of the maximum value.
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Equivalent Direct Current. The heating effect of a current

is, at every moment, proportional to the square of its value at

that moment. The average heating effect of an alternating

current must, therefore, be proportional to the average of the

squares of all the values of the current during the cycle, or

must be proportional to one-half the square of the maximum
current. The same heating effect would, of course, be pro-

duced by a steady current, whose square is equal to the average
of the squares of the alternating current taken over the whole

cycle. That is, the "
effective current "

is equal to the value
of the direct current which would produce the same heating

effect in the circuit in question. Since its square is equal to-

one-half the square of the maximum value, the effective value:

of the current is

/(

\
maximum)3

/ KC v~~

or equal to the maximum value divided by -^2. This is the

same as the maximum value multiplied by 0.707.

The effective current in the table above is 7.07 amperes, andi

this would be the current indicated by an a.c. ammeter in the

circuit, although the current varies between 10 amperes in one
direction and 10 in the other. The same heating effect would
result if a direct current of 7.07 amperes were sent through
the circuit. Likewise, an a.c. voltmeter will always read the

effective value of the voltage, which is equal to the maximum
voltage multiplied by 0.707.

52. Circuit with Resistance Only. Let us imagine a circuit

with resistance R ohms, and with such small inductance and

capacity that they may be neglected. Let us suppose, further,

that sine wave alternating emf. is applied to the circuit. At
every moment, the current will be found by dividing the emf.

at that instant by the resistance of the circuit. The current
is zero at those moments when the emf. is also zero, and is a
maximum wrhen the emf. is a maximum. In fact, the changes
of current keep step with those of emf. The current and emf.

are said to be "in phase" or to have "zero phase angle.'"

Since the effective values of emf. and current are each the

same fraction of their respective maximum values, the effective
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current / will be calculated from the effective emf. E by the

relation

E
I=R (57)

That is, in this special case, Ohm's law holds, even when the

current is alternating. An ordinary incandescent lamp circuit

approximates this ideal circuit.

The power in the circuit is, at every moment, equal to the

product of the values of current and emf. which hold at that

moment. The average power taken over the whole cycle is

equal to the product of the effective current by the effective

emf., that is, average P=IE. The power is used up in the

circuit entirely in heating the resistance R.

53. Phase and Phase Angle. The values of current given in

the table above are those which hold for certain definite

moments in the cycle of change of the current. Each time the

cycle is repeated the same values are run through, and any
chosen value will be reached at a perfectly definite fraction

of the way through the cycle. Each maximum in the positive

direction, for example, occurs just one-quarter of a cycle after

the preceding zero value. The points A in Fig. 71 have the

same phase, although each is in a different cycle from the

others. The current has the same value at the points C as

at A, but points C are not in the same phase as A, since at A
the current is increasing, and at C it is decreasing.

The phase is, then, a certain aspect or appearance, occurring

at the same definite part of each succeeding cycle. Difference

in phase is nothing more than difference in position in the

cycle. It is best referred to as difference in time, expressed as

the fraction of the length of a cycle. Thus, the difference of

phase of points B and 0, Fig. 71, is one-quarter of a cycle ;
that

of points B and D one-half cycle, etc. It is also customary to

express difference in phase as an angle. A difference of phase

.of one complete cycle is regarded as equivalent to the angle

of a whole revolution or circumference, that is, to 360. One-

quarter cycle is accordingly 90, and two points with a differ-

ence of phase of one-quarter cycle are said to have a difference

of phase of 90, etc.

The idea of phase angle is useful when two emfs. are acting

in the same circuit or when the current and the emf. which pro-
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duces it do not pass through their maxima at the same moment.

Fig. 72 shows the waves of emf. and current in a circuit where

the emf. and current differ in phase by about one-eighth of a

cycle; i. e., they have a phase angle of about 45.

When a circuit has resistance but no inductance or capacity,

the emf. and current are in phase or the phase angle is zero.

Their waves, shown in Fig. 73, pass through zero at the same

FlQ.71

E.rr>f.
And current curves with

A difference of fsrus.se of <* E.mf. And current owrvea ir

tndoctive circuit

moments and reach their maximum values at the same mo-

ments. The case of opposite phase shown in Fig. 74, in which

two emfs. are represented, is such that, although they pass

through their zero values at the same moments, at other times

one is always acting in the opposite direction to the other.

Their phase angle is 180.

In any series circuit where the reactance is not zero the

applied emf. and the current have a difference of phase.

54. Alternating Current in a Circuit Containing Inductance

Only. Such a circuit would be approximately represented by
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one with a large inductance coil wound with such large wire
that only a very small resistance would be offered to the cur-

rent.

If an alternating emf. is applied to the circuit, an alter-

nating current flows, and the changes of the current induce an
emf. in the circuit which is greater, the greater the inductance

and the more rapidly the current changes ; that is, the greater
the frequency of the current.

The current i changes most rapidly at the points A, B, and C,

Fig. 75, where it is passing through zero value. The induced

emf. must therefore be a maximum at those points. Since it

always opposes the change of current, it must be at its maxi-

mum negative value in the figure at the points of the axis, A
and C, and at its positive maximum at point B. At points D and

E, the current does not change for a moment, so that the in-

duced emf. must be zero at those times. It is not difficult to

show that when we have a sine alternating current there is also

a sine alternating emf. induced as shown in curve e, Fig. 75.

In this kind of a circuit, this induced emf. has to be over-

come at each moment, but the applied, emf. is not requisitioned

for any other service. Accordingly, the applied and induced

emfs. are at every moment equal and opposite. The applied

emf. wave is therefore given by curve v, Fig. 75, drawn with

its vertical heights just equal and opposite to those of curve e.

It is evident that the current lags one-quarter of a cycle in its

changes behind those of the applied emf. The current is said,

therefore, to lag 90 in phase behind the applied emf.

The effective value of the induced emf. can be shown to have

the value 2-rrfLI, in which f is the frequency, L the inductance

in henries, / the effective value of the current in amperes, and

7r=3.1416, or nearly 3r. An effective applied emf. E, therefore,

will produce a current whose effective value is

(58)

Inductive Reactance. The quantity X=2vfL is known as the

reactance of the inductance coil. It is larger the greater the

frequency and the greater the inductance, as would be expected,

and has a considerable value in many cases. The reactance is

measured in ohms. As an example, suppose a coil of 0.1 henry
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at 100,000 cycles per sec. The reactance is X=6.283 X 100,000X
0.1=62,830 ohms. That is, such a circuit throttles down the

current as much ns a resistance of 62,830 ohms would do.

There is this difference, however, between the effects of an in-

ductance and a resistance, that no energy is dissipated in heat

in an inductance. In one-half of the cycle, energy is taken

from the circuit, it is true, but this is stored up in the mag-
netic field around the coil, and in the next half cycle the mag-
netic field collapses on the coil and gives the energy back to the

circuit. Thus in the long run energy is neither gained nor

lost in the circuit.

It is general practice to use the symbol <a to represent the

quantity of 2irf, since the quantity 2irf very frequently occurs in

problems involving alternating currents. (See Circular 74, page
22.) Using this abbreviation, equation (58) may be written

55. Circuit Containing Inductance and Resistance in Series.

It is, of course, impossible to arrange a circuit which has abso-

lutely no resistance. In addition to overcoming the induced

emf., a portion of the applied emf. has to be employed to force

the current through the resistance of the circuit. Thus if the

current at any moment is passing through the value i, the emf.

necessary to force the current through the resistance is Ri,

and that which is overcoming the induced emf. is Xi, so that

the value e which the applied emf. has at that moment is

e=Ri+Xi. This equation shows the simple and obvious con-

nection between the value of the current at any instant and the

corresponding instantaneous value of the emf. which is produc-

ing it. However, it cannot be used to calculate the effective

current from the effective applied voltage, for the reason that

the two emfs. Ri and Xi are not in phase. When the former

is passing through zero value the latter is at its maximum,' and
vice versa, so that the sum of the two emfs. has a maximum
value less than the sum of their individual maximum values.

This is in line with the results of the following experiment :

Let a coil of inductance L be joined in series with a resistance

R, and let three voltmeters a-, &, and c be applied, as shown,

Fig. 76, to measure the emf. between the points A and B, B and
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C, and A and C. The voltages measured by the voltmeters are

effective values, and it is found that the reading of c is not

equal to the sum of the readings of a and &, as would be the

case with a direct current.

The voltmeter a gives the emf. RI and the voltmeter b the

emf. XI, where / is the effective value of the current, which

would be measured by an a. c. ammeter in the circuit. Analy-

sis shows that the reading E of the voltmeter c is represented

by the hypotenuse of the right triangle whose sides are RI and

XI. See Fig. 77-a.

/

Circuit W.rh inductance Ana res.st.nc

15.4

VS,lt$e Triable

'6o I'Z Lo.l

Q>)

Lmf. *rvJ imtbnee Trur^lea
for circuit Saving rest'stance

t-loo
L-o.l

The effective applied emf. E in such a case is therefore re-

lated to the voltages RI and XI by the equation (relation

between sides and hypotenuse of a right triangle),

E*=(RI)
2+(XI) 2=I2(X2+R2

) (59)

Accordingly the effective value of the current produced by the

effective applied emf. E is

r f g
Impedance. The quantity T/X

2+R* is known as the " im-

pedance
" of the circuit. It takes the place in alternating-cur-

(60)
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rent theory of the resistance in Ohm's law. It is related to the

resistance and reactance as the sides of the right triangle,

Fig. 77-b.

As an example, suppose in Fig. 78 that Z/=0.1 henry, R=W ohms,

f==QO cycles per second. Find what applied emf. is necessary to cause

an effective current of 2 amperes to flow.

RI=20 volts

X =6.283X60X0.1=37.7 ohms
JT/=75.4 volts.

The applied emf. must therefore be by (59)

=V(20) 2 + (75.4) 2=78.0 volts.

The reverse problem is to find what current will flow in the circuit

when a given emf., say 100 volts, is applied. The impedance is

^R
2 + Z 2=VUO) 2 + (37.7) 2=39 ohms.

Therefore the current will be ,^-0=2.56 amperes. The emf. on the re-

sistance is 2.56X10=25.6 volts and that on the reactance 2.56X37.7=
96.5 volts, so that the voltage triangle is that given in Fig. 79.

Power Factor. The power dissipated in heat in this circuit

is of course PR= (2.56)
2X 10=65.5 watts. The product of the

effective current and effective voltage is 100X2.56=256 "
volt-

amperes." To obtain the dissipated power from this product,
/> r K

it is therefore necessary to multiply by ^ ~ =0.256. Note that
^ioo

this is the same as oft l

*DB
- The number which it is necessary

39 ohms
to multiply into the product of volts and amperes in order to

get the power is called the "
power factor." The power factor

of the above circuit is 0.256. A circuit with resistance only

and no inductance or capacity has a power factor of 1. A reso-

nant circuit (see Chap. 3) is another example of power factor

equal to 1. The power factor in other cases always lies be-

tween zero and one. The power in any circuit is calculated,

then, by the formula

P=EIF (61)

the power factor being given by the general formula

^resistance
impedance

56. Charging of a Condenser in an Alternating Current Cir-

cuit. A steady emf. is not able to pass a steady current through
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a condenser. When the circuit is first closed, a charging cur-

rent flows into the condenser, until the voltage between the

plates of the latter has risen to the same value as the applied

voltage. If the voltage is removed and the circuit completed

by a \vire, a discharge current flows out of the condenser in the

opposite direction to the charging current. The discharge
ceases when the plates of the condenser have no potential differ-

ence. (See Sec. 30.)

With an alternating emf. in the condenser circuit,, an alter-

nating current is constantly flowing into and out of the con-

denser to keep the voltage between the plates equal to the

E.m|.
and char^i'nj current" in condenser

<s cirouit.

U-*c)l

Voltaie <Snd impedance
circuit witti fc.

instantaneous value of the applied emf. The current is largest

at those moments when the applied emf. is changing most

rapidly; it is zero at the moments when the emf. is for a mo-

ment stationary at its maximum values. If curve e, Fig. 80,

represents a sine alternating emf., it can be shown that the

charging current curve will be like curve i; that is, the charg-

ing current is 90 " ahead " of the applied emf. in phase.

(Contrast this with the relations in the inductive circuit.)

The charging current will, in general, be greater the greater

the capacity C, and the greater the frequency of the emf.

Reactance of Condenser. Analysis shows that the effective

value / of the charging current is I=2irfCE. The reactance of

the condenser is accordingly
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where C is the capacity in farads. This shows that the re-

actance of the condenser is greater, the smaller the capacity

and the lower the frequency. (Contrast with the reactance of

an inductance.) The reactance, as before, is measured in ohms.

As an example, we find that the reactance of a condenser of

0.1 microfarad at 60 cycles is

106

=26,500 ohms.
6.283X60X0.1

At 100,000 cycles, the reactance is only 15.9 ohms. From this

it appears that the condenser offers much less obstruction to

flow of current at high frequency than at low frequency, and

hence, that a given alternating emf. causes a much larger cur-

rent flow if the alternations are rapid than if they are slow.

o
Current
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has the value i, _1'L is the reactance of the coil and Xc the.

reactance of the condenser. The curves for these voltages

may be derived by combining the curves of Figs. 75 and 80.

The curves ZLt and Xci, Fig. 81, show that at every moment
the voltage on the condenser opposes that on the inductance.

The circuit acts as though it possessed a single reactance equal
to the difference of the reactance of the coil and the reactance

of the condenser. If the latter is the larger the circuit be-

haves like a condenser circuit, and if the coil has the greater

reactance, the circuit behaves like an inductive circuit.

The effective values of the voltages in the circuit are shown
in Figs. 82-a and b. The impedance is found by combining
the resistance and the resulting impedance in the triangle dia-

gram of Fig. 82-c. The value of the impedance is evidently

XC}* (64 >

58. The Alternating Current Transformer. A very important

application of the principle of mutual inductance is the alter-

nating-current transformer. The transformer is a particular
jkind of device for securing mutual inductance between two cir-

cuits. In most cases, the purpose of using the transformer is to

change or transform alternating current of low voltage and

comparatively large current to alternating current of higher

voltage and smaller current, or vice versa.

A transformer used to deliver an output of higher voltage

than the input is called a "
step-up

"
transformer. A trans-

former used to deliver an output of lower voltage than the

input is called a "
step-down

" transformer.

The fact that a. c. voltages can be easily stepped up or stepped
down by the use of a transformer, while a change from a low
d. c. voltage to a high d. c. voltage requires rotating machinery
which is much more expensive (see Motor Generators, Sec. 102,

p. 223), constitutes one of the great advantages of alternating

current over direct current for the electrical transmission of

power. The use of d. c. voltages even as high as 10,000 volts is

unusual, and involves many difficulties. A. c. voltages exceed-

ing 100,000 volts are in regular use on long transmission lines.

The electrical transmission of power over anything but com^

paratively short distances would, in fact, be practically impos-
sible without the use of alternating currents and the trans-
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former. In Chapter 2 there are discussed various types of

dynamo-electric machinery for generating electric currents, both

d. c. and a. c. There are many practical operating conditions

which limit the voltage which can be generated by a machine

designed for generating either a. c. or d. c. For a given trans-

mission line transmitting a certain amount of electrical power,

the electrical power loss in the line is, of course, proportional

to the square of the current, and, therefore, in general, in-

'versely proportional to the square of the voltage of transmis-

sion. Thus, in transmitting 10,000 kw. at 500 volts the line

loss will be about 100 times the line loss in transmitting 10,000

kw. at 5,000 volts. The use of high voltages for transmission

is therefore very important. The great increase in efficiency of

transmission at high voltages much more than compensates for

the difficulties in insulation.

Construction. An alternating-current transformer consists of

two coils of wire so placed as to have appreciable mutual in-

ductance. In nearly all transformers in use for the electrical

transmission of power, as on electric lighting lines, the wire for

both coils is insulated, and there is additional insulation be-

tween the two coils. In most cases the coils are wound so that

they have a common iron core, which greatly increases their

mutual inductance. The iron core is not a solid piece of iron,

but is composed of thin sheets or laminations. The winding

or coil to which the input power is delivered is called the
"
primary

" and the winding which delivers the output to the

load circuit is called the "secondary." A simple transformer

is shown in Fig. 83, in which the path of the magnetic flux is

entirely through iron. This is called a " closed-core
"

trans-

former. A closed-core transformer of a type used in radio appa-

ratus is shown in Fig. 181, page 355. In some transformers the

path of the magnetic flux is partly through air ; such a trans-

former is called an "
open-core

"
transformer. The induction

coil, which has various applications outside of radio communica-

tion, such as in the ignition system of automobiles, is a particu-

lar kind of open-core transformer. An induction coil is shown in

Fig. 188, page 363. In some transformers there may be no iron

core ; these are called
"
air-core

" transformers. Air cores are

often used for transformers for high frequencies, such as the

frequencies employed in radio communication. The mutual
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inductance of the windings of an air-core transformer is neces-

sarily comparatively small. At low frequencies only small

amounts of power can be conveyed from one circuit to another

by air-core transformers.

It can be shown that if /i is the effective value of the current

in the primary, M the mutual inductance, and f the frequency,
the effective value of the emf induced in the secondary will be

In Section 119, page 267, the use of
"
coupled circuits

"
in

radio communication, and various kinds of "
coupling," includ-

ing
" inductive coupling," are discussed. The transformer is

a device for obtaining such " inductive coupling."

Operation. Assume that the primary is connected to a source

of a. c. supply, and that the terminals of the secondary are not

connected. The primary winding with its iron core is then

simply an inductance coil of high inductance which offers a

very large impedance to the voltage applied to the primary. A
certain small current will flow in the primary, which is the
" no load "

or
"
open circuit

"
current, and is also sometimes

called the "
magnetizing current." The magnetic flux in the iron

core must be of such a value that during a second the number
of changes in flux linkages at the applied frequency is sufficient

to induce in the primary winding a back electromotive force

practically equal in magnitude to the applied voltage.

Assume now that a load is connected to the secondary
terminals. A current will flow in the secondary circuit due to

the emf induced in the secondary winding. The current will

at each instant flow in the secondary winding in such a direc-

tion as to tend to cause a magnetic flux in the core in a direc-

tion opposite to the direction of the flux caused by the current

now flowing in the primary winding. As long as the voltage

applied to the primary is maintained constant, the flux actually

existing in the iron core must be of sufficient magnitude to

induce in the primary winding a back emf substantially the

same as the applied voltage; that is, the effective value of the

flux over a cycle must remain substantially constant under the

varying conditions of load. In order to maintain the flux

constant, the current flowing in the primary winding must
increase to a value such that the increase in the primary ampere-
turns is sufficient to overcome the opposing magnetic effect of
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the secondary ampere-turns. Considering the primary winding

by itself, the effect is as though the iron had suddenly become

less permeable. That is, the effective inductance of the pri-

mary winding, considered by itself, drops to a value sufficient

to permit enough primary current to flow to maintain the flux

substantially constant. When the secondary is delivering the

full current for which the transformer is rated, the effective

inductance of the primary becomes quite small.

When the usual type of transformer for commercial fre-

quencies is delivering its rated load, the primary current is 10 to

50 times the small current taken by the primary when the

secondary is not connected. As has been stated the magnetic
effect of this primary current flowing when the transformer i&

under load is almost entirely counteracted by the opposing

magnetic effect of the secondary current.

Occasionally the secondary may be practically short-circuited,

perhaps by accident, and in such cases the primary winding
may be called on to carry a large current for a short time.

Such short circuits not only make severe demands on the
electrical system but produce large mechanical forces acting on
the windings themselves, tending to move the coils with respect
to each other.

If HI represents the number of turns in the primary winding,
and n2 the number of turns in the secondary winding, and Ii

represents the increase in the primary current due to a current

72 flowing in the secondary, then with a constant voltage applied
to the primary :

or

If Ei represents the emf induced in the primary, and E2 repre-
sents the emf induced in the secondary,

Thus if the primary has 100 turns and the secondary 1,000-

turns, and an emf of 200 volts is applied to the former, an emf
of 2,000 volts will be induced in the latter, and if the primary
current is 50 amperes the secondary current will be 5 amperes..
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Leakage. All of the magnetic flux clue to the current flowing

in one winding and linked with that winding is not also linked

with the other winding. The path of a certain part of the flux

is through the air, outside of the core. This part of the flux

due to one winding which is not linked with the other winding
is called its

"
leakage

"
flux. In well-designed transformers this

leakage flux is quite small. The leakage flux obviously is not

effective in transferring energy from one winding to the other.

Leakage may be reduced by offering to the magnetic flux a

complete path of high permeability. One way to do this is to

use a closed core, so that the path of the magnetic flux is

entirely through iron ; in the open-core transformer part of the

path of the magnetic flux is through air, and considerable leak-

age necessarily results. Another way is to use a core of large

cross section, so that the iron is worked at low flux densities.

Leakage is also reduced by bringing the coils close together
and making them approach coincidence. This may be done by

winding one winding right on top of the other; very little

magnetic flux can then be linked with one winding and not

with the other.

Losses. The transformer is one of the most efficient kinds of

electrical apparatus. The efficiency of well-designed trans-

formers is usually from about 94 to 98 per cent, according to

size, the larger units being the more efficient. There are "
cop-

per
"

losses in primary and secondary windings, equal to the

resistance times the square of the current. There are "
eddy

current "
losses due to the currents induced in the iron core.

If the iron core were solid, currents would be set up in the

whole cross section of the core in the same plane as the plane
of a turn of winding. By using thin sheets of iron the path of

the eddy currents is reduced, and hence the eddy-current loss.

At comparatively low frequencies the eddy-current loss is pro-

portional to the square of the frequency and also to the square
of the thickness of the sheets or laminations. At radio fre-

quencies other effects must be taken into consideration, and
these relations do not hold. (See the papers referred to at the

end of this section.) At high frequencies it is important to

have the laminations as thin as possible. In transformers for

commercial frequencies the thickness of the laminations is
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usually between 0.010 inch and 0.030 inch. If a solid core were
used in a transformer for handling any considerable amount of

power, enough heat might be quickly evolved by the eddy cur-

rents in the core to destroy the unit. There is also another loss

in the iron, called the "
hysteresis

"
loss. Hysteresis losses are

caused by reversals of the magnetism of the core and represent
the energy required to change the positions of the molecules of

the iron core. At comparatively low frequencies hysteresis

losses are directly proportional to the frequency and are greater

the higher the flux density at which the iron is worked.

Hysteresis losses at radio frequencies are discussed in the

papers mentioned at the close of this section. The sum of the

eddy-current losses and the hysteresis losses is known as the
" core losses

" or " iron losses." The core losses occur as long

as a voltage is applied to the primary and are nearly the same
whether the secondary is delivering a load current or not. The
current taken by the primary when the secondary circuit is

open supplies these losses in the iron. It is therefore very

important to design transformers so that the eddy-current losses

and hysteresis losses are small. This is particularly important
in transformers which are connected to the line all the time

but supply a load during only a small part of the day, as trans-

formers on electric-light systems, and is less important on

transformers supplying full load secondary current all day, as

transformers in a power house. These losses are discussed

further in connection with dynamo-electric machinery in Sec-

tion 78, page 172.

The cores of most transformers and other apparatus for al-

ternating currents are now made of silicon steel instead of soft

iron or a mild steel. One advantage of silicon steel is that

when subjected to heat it does not age appreciably; that is,

its permeability does not decrease with use. Ordinary soft iron

will age rapidly with heat. Therefore a transformer with core

of silicon steel can be operated at a higher temperature than a

transformer with soft-iron core. Another important advantage
of silicon steel is that its ohmic resistivity for electric currents

is much *higher than soft iron, and therefore in a given trans-

former the eddy-current losses will be less with a silicon-steel

core than with a soft-iron core. The permeability of silicon

steel is about the same as the permeability of the soft iron
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which has been used for transformers. Practically all core

transformers used for radio apparatus, for either transmitting
or receiving, have cores made of silicon steel.

Cooling. The losses represent electrical energy converted

into heat. Some means must be provided for dissipating this

heat, or the temperature of the transformer may rise until it is

destroyed. Small sizes, including most of those found in radio

stations of moderate size, may be cooled by simply being exposed
to the air. The exposed surface of the windings must be suffi-

cient to dissipate the heat. In larger sizes an air blast may
be blown through the transformer. Large transformers are also

cooled by immersing the windings in oil, which is kept cool by
circulation.

If a tap is brought out from an intermediate point of the

winding of an inductance coil, a part of the voltage applied at

the terminals may be tapped off between one terminal and the

intermediate tap. This can be considered to be a transformer

in which one winding serves as both primary and secondary. It

is simple and cheap, but has the disadvantage that the two

windings are not insulated and the voltage to ground of the

high-voltage winding also exists in the low-voltage circuit. Its

use is confined for the most part to small sizes. This device is

often called an "auto-transformer."

For bell ringing and similar work in which low-voltage al-

ternating currents can be used, use is now made of small trans-

formers rated at only a few watts, which are connected to the

a. c. electric supply and deliver about 10 volts at their secondary

terminals.

In radio apparatus the load on the secondary of a trans-

former usually includes a capacity. It may become desirable

to adjust the system consisting of the a. c. generator, trans-

former, and secondary condenser so that the impedance of the

primary circuit is a minimum ; that is, so that the condition of

"resonance" exists. (See Sec. 109, page 234.) This arrange-

ment is called a " resonance transformer," and is discussed in

Bureau of Standards Circular 74, page 230. With such an ar-

rangement it is possible to obtain very high voltages. One type

of transformer employing resonant circuits is sometimes called

a " Tesla coil
" and may be made to produce spectacular high-

voltage effects.



TRANSFORMERS. 135

On closing the primary switch when a transformer is first

connected to the line a relatively very large current may flow

for an instant, its magnitude depending on the state of mag-
netization in which the iron was left when the transformer was-

last disconnected from the line. This momentary current ob-

tained on closing the primary line switch may in some cases be

perhaps 10 times the primary rated full-load current and may
blow the fuses in the primary line.

Radio-frequency transformers. Transformers used for al-

ternating currents of radio frequencies usually have air cores;

that is. no iron is employed, as has been stated. If an iron core-

is used, very thin laminations are employed. At radio fre-

quencies, the effectiveness of iron in increasing the magnetic

flux is not as great as at low frequencies, the eddy currents,

contributing to this effect.
15

( See also footnote, Sec. 42, p. 105. )

Transformers for radio frequencies are shown in Figs. 197, 198,,

199, pages 372-374. Small radio-frequency transformers are

used in electron tube amplifiers. (See Sec. 196, p. 482.) Small

transformers with iron cores, for frequencies up to perhaps

3,000, are also employed in electron tube amplifiers.

A common use of a transformer with radio frequencies is to-

obtain an alternating current from a pulsating current. For

example, in the use of electron tubes for amplifying received

signals, Section 196, page 479, pulsations are produced in the

plate current, above and below its normal steady value. By
passing the plate current through the primary of a transformer,,

an amplified alternating emf. is obtained in the secondary, and

this emf. is applied to the grid circuit of a second electron tube,,

and so on. If curve a, Fig. 84, represents a pulsating current,,

the latter may evidently be regarded as compounded of a

steady current (dotted line) and an alternating current. The-

steady current has no inducing effect in the transformer, but

the alternating part induces an alternating emf. in the

secondary circuit.

15 Information regarding the magnetic properties of iron at radio

frequencies may be found in the following papers in the "
Proceedings,

of the Institute of Radio Engineers," C. Nusbaum, vol. 7, p. 15, Feb.,.

1919 ; M. Latour, vol. 7, p. 61, February, 1919 ; L. T. Wilson, vol. 9,.

p. 56, February, 1921.
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J. Measuring Instruments.

From what has gone before, it will be plain that the presence
of an electric current can be known by such effects as the pro-
duction of heat, magnetic action, or chemical changes. All of

these effects are greater with a strong current than with a weak
one, therefore all can be used to give an idea of the magnitude
of a current. Instruments have been invented which take ad-

vantage of each of those effects, but some are more conveniently
used than others. Those about which the student of radio

particularly needs to know are based on two effects of the

electric current
; the magnetic effect and the heating effect.

Such instruments can be used either to indicate the current

in amperes flowing in a circuit, in which case they are called

ammeters, or to indicate the potential difference in volts be-

tween two points, in which case they are voltmeters.

59. Hot-Wire Instruments. Currents of radio frequency are

generally measured by means of instruments which depend on

the heating of a wire or strip of metal. They are therefore

called " thermal " ammeters. These are again divided into

two main classes, the expansion and the thermocouple instru-

ments. The first takes advantage of the lengthening of a metal

wire or strip when it is heated. Fig. 85 illustrates the principle.

The current to be measured flows along the wire AB, which is

of a material having sufficient resistance to cause it to become

hot. In heating, it stretches somewhat. That permits it to be

pulled aside by the spring 8 acting through the thread T. The

latter passes around the shaft P, and by turning it causes the

pointer to move over the scale a greater or less distance, de-

pending on the current in AB. The scale is graduated (marked

off) in amperes so that the position of the pointer shows

directly how large the current is.

The thermocouple type of ammeter" utilizes the fact that

when the junction of two dissimilar metals is heated, an emf.

is developed (see Sec. 15). A pair of metals used for this pur-

pose is called a "
thermocouple." The value of the emf. de-

pends on the combination of metals and ordinarily increases

directly as the temperature is increased.

16 Such instruments are made by the Western Electrical Instrument

Co. and the Roller-Smith Co.
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In Fig. 86, the thermocouple consists of the two wires c and

d, and their junction is in contact with the hot wire AB, in

which the radio-frequency current is flowing. The emf. pro-

duced by the heat at the junction is applied to G, an instru-

ment of the type shown in Fig. 88 below, and causes a pointer

to deflect ; the millivoltmeter G responds to the direct current

sent through it by the emf., as will be explained in the next

section.

It is to be noted that the heat due to a given number of

amperes of alternating current is the same as that of an equal

number of amperes, direct current. In fact, the effective value

tlotwir*

Pri'ncit>!e of Thermal Ammater

usin^ Thermocouple

in amperes of an alternating current is defined as equal to the

value in amperes of the direct current which will produce the

same average heating effect in a given conductor under exactly

similar conditions. (See Sec. 51.) The emf. produced at the

junction does not depend on the direcion of the current in AB
but merely on the amount of heat produced. This emf. is

always in the same direction ; it can therefore be measured by
a d.c. instrument. Thus the combination is useful for meas-

uring high-frequency currents.

The heat developed varies as the square of the current, and

the emf. of the thermocouple varies, quite closely, as the heat

developed, so the indications of ammeters of the thermal type

change, practically, as the square of the current. Consequently
the scale is not uniform, being more open at the upper end than

at the lower.
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In Fig. 86 the thermocouple is made to appear separate from
the rest of the instrument; in commercial ammeters the ther-

mocouple and the indicating instrument are placed inside the

same case, and the scale is made to read the amperes in the

radio-frequency circuit.

When a hot-wire instrument is needed for currents of more
than a few amperes, it is not practicable to build it with a

single heating wire. This is true both for expansion and for

the thermocouple type. Several hot wires or strips are there-

fore used, arranged cylindrically so that the radio currents

divide equally among them. Then, either the effect on one
of them alone is used to operate the indicating mechanism, or

if thermocouples are used, the emfs. of several can be com-
bined in series, so that their effects are added.

On some of the older radio equipments, instruments are

found which are incorrectly called wattmeters. They are, as

a matter of fact, simply ammeters in which the scale instead

of being marked in amperes is marked proportionally to the

square of the number of amperes. They are properly called
"
current-square meters."

60. Magnetic Instruments. While the heating effect of the

current is used for measurements at radio frequency, the mag-
netic effect is the one utilized in most instruments for direct cur-

rent and for low-frequency alternating current. The simplest

and most common instrument for measuring direct current de-

pends upon the force between a permanent magnet and a wire

carrying current.

D. C. Milliammeter. Fig. 87 represents a rectangular coil C
of fine insulated wire between the poles N8 of a permanent

magnet." The coil consists of a number of turns wound on a

light metal frame, which is pivoted in jewel bearings somewhat
like those of a watch. are spiral springs resembling the

hairspring of a watch but somewhat heavier and made of

material that is nonmagnetic and a better electrical conductor

than steel. They serve the double purpose of conducting the

current and controlling the position of the coil. is a cylin-

drical piece of soft iron that serves as a good magnetic path

between N and S, and causes a strong and uniform magnetic

17 Instruments with a movable coil in the field of a permanent magnet
are called the "

moving-coil
"

type.
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field to exist in tlic spaces between 2V" and O and between O
and S.

Assume that A and B are connected to a source of emf., so

that current flows as indicated by the arrows. In the portion
of the coil next to the N pole of the magnet the current flo\vs

downward in each turn of wire. The direction of the magnetic
field is always from N toward 8. By the "left-hand rule"

Principle <?J
Ammeter Connecti'o

Principal Par-f^of D
X C Voltmeter

And Ammeter

(Sec. 43), it is seen that the force on the wires is toward the

front (out of the paper). On the s^de of the coil near the &
pole the current is up; that side tends to be pushed toward
the rear (into the paper). As a whole, therefore, the coil tends

to turn on its pivots. This motion is opposed by the springs,

and for each strength of current, there is some position of the

coil in which the force due to the current and the force due to

the springs balance. A pointer can therefore be attached to

the coil so as to indicate, by its position over a scale, the current

in amperes, in the coil. With the strong magnets, delicate
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parts, and fine workmanship found in good instruments, it

takes only a very small fraction of an ampere to move the

pointer over its entire range; the scale may be graduated in

thousandths of an ampere and the instrument used as a " mil-

liammeter." Also, with certain modifications to be described

presently, the instrument can be used to indicate millivolts, and
is then called a "

millivoltmeter."

The arrangement of the parts of such an instrument is shown
in Fig. 88. Attached to the ends of the permanent magnet MM
are the soft iron pole-pieces N8, and between them is the cylin-

drical soft iron core O, mounted on supports not shown in the

sketch. This arrangement provides a strong and uniform mag-
netic field in the narrow gap G. The coil C is free to turn in

this gap, which is wide enough merely to allow the necessary

clearance. P is the upper spiral spring, above the top of the

coil. The other one is under the core 0. The pointer is a thin

tube of aluminum, flattened at the end. The whole is inclosed

in a dust-tight case, with a glass over the scale. From the de-

scription it should be evident that abuse, such as setting the

meter down with a jar, or applying excessive currents, will

ruin it.

Moving Coil Galvanometer. For very delicate measurements,
where even a milliameter is not sensitive enough, the pivots

and springs are done away with and the coil is suspended by
a long, fine wire or strip, which conducts the current to it and

at the same time opposes the turning effort due to the current.

Another fine wire at the bottom provides the other connection

to the coil. If the suspension wire is fine enough and the coil

has many turns, such an instrument, called a "
moving coil

galvanometer," can be used to measure currents less than a

millionth of an ampere. No pointer is used ; a tiny mirror,

attached to the coil, changes the direction of light reflected from

it as the coil turns.

Ammeters. An instrument of the type of Fig. 88 can be built

only for small currents, otherwise the coil and other parts

would be so huge as to be unwieldy. For larger currents the

scheme of Fig. 89 is used. The current in A is to be measured.

8 is a short resistor called a "
shunt," consisting of one or

several strips of a special alloy large enough to carry the

current.
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The current divides, most of it going through S, because its

resistance is small. A little of it flows through the millivolt-

meter M, of which the resistance is large compared with .

This current in M, though small, is a perfectly definite fraction

of the total (Sec. 25) ; therefore, if we know how great it is,

we can know at once how great the total is.

For example, if the resistance of S is 0.01 ohm and that of M
is 0.99, then the current divides in the same ratio, the larger

part flowing in the path of smaller resistance. Out of every

unit of current 0.99 flows by way of Sf and only 0.01 passes

through the millivoltmeter. The total is 100 times as great as

the current in M. If the resistances are 0.001 and 0.999, then

the total is 1,000 times as great. The small current in the

meter is an accurate measure of the much larger current in A;
for any one shunt the scale is therefore made to read directly

in amperes of total current.

The number of amperes giving full scale deflection is also

stamped on the shunt. It should agree with the scale of the

meter.

Instruments of moderate range, say up to 75 amperes in one

type, may be had with the shunt built in, concealed within the

case. The binding posts are then of massive brass, with good
sized holes for attaching wires.

Aside from avoiding rough treatment, or connecting it to

carry a greater current than it is built for, the chief precaution
in using an ammeter is to connect it as shown in Fig. 89, page
139, and not as in Fig. 90, which connection would cause its

instant destruction. That is, the circuit is interrupted at some

point and the shunt (or the instrument as a whole if it is self-

contained) is inserted. If not a self-contained instrument, the

millivoltmeter should then be connected to the terminals of the

shunt after the latter has been securely connected in the circuit.

Voltmeters. The type of movement used in ammeters is also

used in voltmeters, but the latter are connected to the circuit

in a different way, which involves certain differences between
the instruments.

In Fig. 90, A and B represent two wires connected to the ter-

minals of a battery. It is desired to measure the difference of

potential, in volts, between them. If is an instrument like that

of Fig. 88 and R is a wire of such great length and small
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diameter that its resistance is sufficient to keep the current sent

through the instrument within proper limits. In one very
well-known make this resistance is around 15,000 ohms for a
meter reading up to 150 volts.

The current flowing through the instrument, by Ohm's law, is

equal to the volts between A and B divided by the resistance of

R plus If. Any change in the voltage will cause an exactly pro-

portional change in the current in the instrument. Therefore

it is possible to graduate the scale directly in volts. As a

matter of fact, for ordinary voltages, R is usually wound on

Inclined Coil Ty|*=. Mater

Vane T>)> Moter

spools or thin mica cards which occupy little space and are

fastened permanently inside the case of the instrument, out of

the way of the user. He has merely to connect one binding

post of the instrument to each of the two points in question.

The pointer indicates on the scale the voltage between them.

The main precautions to be taken in using a voltmeter are (1)

never to connect it between points of higher voltage than the

scale will indicate, even for an instant; (2) not to shake or

otherwise roughly handle it; (3) always connect the positive

terminal of the voltmeter to the positive side of the circuit.

The resistance of a voltmeter may be made sufficiently low,

without introducing serious sources of inaccuracy, to permit of
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its being used to measure small fractions of one volt, in fact

one standard form is made to give full scale deflection on 0.02

volt. Such instruments are graduated in millivolts and are

called
"
millivoltmeters." Even when it is used as in Fig. 89,

p. 139, to measure current, there are reasons why the instru-

ment should have some resistance besides that of the copper

wire in the coil. This accounts for the statement, made in

connection with that figure, that M is a millivoltmeter.

Ammeters and voltmeters can readily be distinguished, not

only by the marking of the scale, but by the terminals. Those

of an ammeter are large, and made to receive fairly thick

wire ;
those of a voltmeter are smaller, having insulating caps ;

the screw threads are fine, and it is evident that they are made
to receive only thin wires, as is to be expected because a volt-

meter takes a very small current, usually less than 0.01 ampere.

Other Types of Instruments. For low frequency a.c. measure-

ments, instruments with a permanent magnet can not be used,

and the thermal type has not had as wide application as those

types which make use of the magnetic effect of the current on

a piece of soft iron.

Fig. 91 illustrates the principle of one soft iron type. Cur-

rent flowing around the coil C magnetizes the thin iron strip F,

which is fixed in position by a stationary support. In the

same way it magnetizes the other strip J/, which is movable,

being supported from the same shaft that carries the pointer P.

The tops of both strips are at any instant of the same polarity,

and the bottom edges of both are of the opposite polarity to this

(but of the same polarity to each other). They therefore repel

each other ; the strip If moves to the right, and the pointer turns

with it. The motion is opposed by spiral springs, as in Fig. 87.

If an instrument of this type is to be used as an ammeter,
the coil is made of a few turns of large wire; if it is to be a

voltmeter, many turns of fine wire are used and a resistance R
is placed in series with the coil, inside of the case, as in Fig 90.

It will be seen that such an instrument will respond to alter-

nating currents, for when the current reverses, the magnetiza-
tion of both of the iron vanes reverses at the same time, so they
continue to repel each other.

Another way of utilizing the magnetic effect is shown in

Fig. 92. The coil is inclined, and a little iron vane, also in-

53904 22 10
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dined, is carried on the pointer spindle. When the pointer is

held in the position Pi by the controlling spring, the vane does

not point in the direction of the axis of the coil. The current

sets up a field and magnetizes the vane which then tends to set

itself along the axis of the coil, turning the spindle in doing so,

and moving the pointer against the force of the spring to some

position P2 . The difference between ammeters and voltmeters

of this type is the same as in the preceding form.

K. Wire Telegraphy and Telephony.

60a. Wire Telegraphy. An ordinary wire telegrapn system
consists simply of an electric circuit connecting two stations

and simple equipment inserted directly in tjie line at each sta-

tion. The same kind of equipment is generally used at each

station, and communication can be had in either direction. On
short lines the equipment of each station consists of a "

key
"

and a " sounder " connected in series in the line. The key is

a simple device for rapidly opening and closing the circuit

and is so constructed that it can be conveniently and rapidly

operated by hand. There is only a small clearance between the

contacts of the key. When the key is not being operated and

is up in its normal position the circuit is open. At all times

when no signals are being transmitted at a given station the

terminals of the key are short-circuited by a switch. The

sounder is an electromagnet with an armature so mounted,

close to the poles of the electromagnet on a pivoted arm, that

the armature moves through a small distance when the current

passes through the magnet windings. The end of the arm

moves between two fixed stops, which may be screws. The arm

moves in accordance with the current impulses on the line, cor-

responding to the opening and closing of the key at the distant

station, and the contact of the end of the arm with the stops

causes a click both when contact is made with the lower and

with the upper stop. Signals are transmitted by means of

depressing the key to make " dots
" and " dashes." A dot is

made by depressing the key for an instant ;
a dash is made by

holding the key down a little longer. A dash is equal in length

to three clots. Messages are transmitted by a " code " or ar-

rangement of groups of dots and dashes representing the letters
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of the alphabet. The code used on land lines in the United

States is the " Morse "
code. On the Continent of Europe land

lines use the " Continental "
code or " International Morse

code." This code is used throughout the world in radio teleg-

raphy. The International Morse code is given in Appendix 7.

In ordinary practice there is only one wire between two sta-

tions, and one terminal of the station apparatus at
(

each end

is connected to the earth, through which the return current

flows. Ordinarily a number of intermediate stations are cut

in on a telegraph line at points between the two terminal sta-

tions. Telegraph lines are usually operated as closed circuits

that is, current is flowing through the line at all times except

when the line is actually in use for transmitting signals. The

power for operation may be supplied by a closed-circuit battery,

such as a battery of "
gravity

"
cells, or by a direct-current

generator. On all except short lines the line current is not

strong enough to operate a sounder directly so that signals can

be read, and a relay is connected in the line. The operation of

the relay by the line current opens and closes a local circuit

which operates the sounder.

The telegraph system here described represents the simplest

case. In actual practice many modifications may be made.

Signals may be transmitted and recorded at high speed by auto-

matic apparatus. There are very few operators who can copy

as many as 50 words per minute, but with automatic apparatus
several hundred words per minute may be transmitted. With

suitable apparatus it is possible at one time to transmit several

messages over the same wire without one message interfering

at all with the others; this is called "multiplex" telegraphy.

Many other modifications may also be found. For further in-

formation see "Telegraphy," by T. E. Herbert, or "Modern
Land and Submarine Telegraphy," by G. S. Macomber.

60b. Wire Telephony. In ordinary telephony the voice itself is

electrically transmitted over wires and reproduced at a distant

point. The essential parts of a simple telephone system are (a)

a device called the "
transmitter," by means of which sound vi-

brations cause corresponding variations of an electric current,

(&) a device for changing the electric current variations back

into the corresponding sounds, and (c) an electric circuit for

connecting the two devices.
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In the telephone exchanges in use in large cities the con-

necting circuit and switching apparatus are very intricate.

In some cities automatic switching equipment is in use for

connecting subscribers at the central office. This equipment
operates automatically directly under the control of the calling

subscriber, without an operator at the central office, and may be

very elaborate.

Microphone Transmitters. The device by means of which
sound vibrations cause corresponding variations of an electric

current is usually the carbon microphone transmitter. This

type of transmitter is a speech-controlled variable resistance,

and its operation is based on the fact that the resistance of

carbon varies with pressure changes. A low voltage, as from

a battery of a few cells, is connected to opposite sides of a

small cup containing carbon granules. The pressure on the

carbon granules is controlled by the position of a metal dia-

phragm on which the sound is impressed.

Fig. 93a shows a telephone transmitter of a type which is in

general use throughout the United States, called the "
solid-

back" transmitter. This name is used because the cup con-

taining the carbon granules is supported on a solid back which

consists of a metal bar attached at its ends to the case of the

transmitter. In the figure D is the diaphragm, usually an

aluminum disk about 2$ inches in diameter. T is the solid

back, on which is mounted the metal cup B, containing the

carbon granules C. At the back of the cup is a small hardened

carbon plate E, which serves as one electrode of the carbon

microphone. At the front is another very hard carbon plate F,

which serves as a lid for the small metal cup. The diameter

of this plate is a little less than the diameter of the inside of

the cup, but the cup is completely closed by a flexible mica

disk, which is attached to the rim of the cup and to the

carbon disk. This carbon lid or cover forms the second elec-

trode of the transmitter. The button L attached to the

carbon plate F is maintained in contact with the diaphragm

by a metal spring S, which serves also to damp the vibrations

of the diaphragm. The space between the carbon cover F and

the back electrode -E is nearly filled with carbon granules, and

the electrodes E and F are so insulated that the electric cur-

rent in the transmitter circuit, in passing from one electrode
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to the other, passes through the entire mass of carbon granules.

The two wires leading to the transmitter are connected to the

binding posts G and H. The metal face K of the transmitter

is made heavy to prevent excessive vibration, and the exposed

metal parts are usually insulated from the current-carrying

parts. In practice it is not usually found desirable to have

the transmitter extremely sensitive, because outside noises are

FIG. 93a. Microphone transmitter.

then transmitted, and it is therefore difficult to understand the

speech. The current through the usual type of microphone
transmitter is about 0.2 ampere, and the power consumed in the

transmitter is about 2 watts.

The microphone transmitters used in radiotelephony at the

present time do not differ essentially from those used in wire

telephony, and, in fact, the identical transmitter usually fur-

nished by operating telephone companies can be used for radio-

telephony.
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Telephone Receiver. The device by means of which the va-

riations in the electric current reproduce the corresponding
sounds is the telephone receiver, which is made in a variety

of forms. The type of receiver shown in Fig. 93b, called the
" watchcase "

receiver, is often used in wire telephony, and is

almost universally used in both radiotelegraphy and radiotele-

phony. Two watchcase receivers are commonly used together,

connected by a metallic "
headband," constituting a " head set."

In Fig. 93b, C is a cup which is the case of the receiver. This

cup may be metal or hard rubber or a composition. In the

bottom of this cup a permanent magnet of horseshoe shape is

placed ; the ends of this permanent magnet are shown at HH.
To the ends of the permanent magnet are attached the bent,

soft-iron pole pieces NP, SQ.. The earpiece E is usually hard
rubber or a composition and is threaded to the cup C. Around
each pole piece a coil of fine insulated wire is wound, forming
the windings MM. These two windings are usually connected

in series, so that the received current passes through both

windings.
In some instruments for use with feeble currents the wire is

very fine and the two coils contain some thousands of turns,

sometimes as many as 10,000 turns. In the ordinary standard

receiver the number of turns is, roughly, about 1,000. The re-

sistance measured with direct current of a receiver for wire

telephony may vary considerably, but for the standard receiver

is usually about 100 ohms. A receiver designed for the very
feeble currents sometimes used in radio communication may
Iiave a d. c. resistance of 8,000 ohms, and seldom has a resistance

of less than 1,000 ohms. The coils of a receiver, particularly

those designed for radio work, have considerable inductance,

and at high frequencies the impedance in ohms of the coils of

the receiver may be many times the resistance of the coils meas-

ured with direct current. The larger the number of turns used

the greater is the magnetic effect in the receiver for a current of

given strength. The use of telephone receivers in radio com-

munication is discussed in Section 180.

Above the pole pieces and very close to them is a thin cir-

cular soft-iron disk D, called the "
diaphragm." The diaphragm

of a receiver can be seen through the hole in the center of the

earpiece. The distance between the pole pieces and the dia-
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phragm is important in determining the sensitivity of the

receiver; in standard instruments this distance is about 0.003

inch. The permanent magnet pulls the diaphragm toward the

pole pieces a certain distance, which depends upon the flexi-

bility of the diaphragm. The variations in the current in the

receiver windings, corresponding to the sound vibrations of

the voice spoken into the transmitter, produce corresponding
variations in the magnetic field of the pole pieces, and the

diaphragm moves in accordance with these variations and

reproduces the voice spoken into the transmitter.

M N

PIG. 93b. Watch case telephone receiver.

It is possible to use a telephone receiver as a transmitter.

With a circuit containing only two identical sensitive telephone

receivers and no battery, the same instrument can be used

alternately as receiver and transmitter by the person at each

end of the line, and speech thus transmitted. This was, in fact,

done in the early days of telephony, but the currents so gen-

erated by using the receiver as a transmitter are so feeble that

other devices are now used for practical purposes.

Operation. Words spoken into the transmitter vary the pres-

sure on the carbon granules, and hence the resistance between

the transmitter terminals and corresponding variations in the

output current of the transmitter are thus produced. The
nature of the electric current transmitted by the wires leading
to the receiving station depends upon the auxiliary apparatus
used with the transmitter. The electric current passing be-
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tween the stations is often a feeble alternating current having
a frequency from perhaps 100 cycles per second to 3,000 cycles

per second, considerably higher than the frequencies used for

commercial lighting purposes. (See Sec. 50.) These frequen-

cies, in fact, correspond to the frequencies of the sound waves

impressed upon the transmitter diaphragm. Thus the note
" middle C," which corresponds to a sound wave having 256

vibrations per second, causes an alternating current having a

frequency of 256 cycles per second. It should be noted, how-

ever, that the wave forms produced by speech or by musical

sounds are by no means as simple as the sine wave shown in

Fig. 71. In the case of some kinds of telephone systems the

wires may transmit a pulsating direct current of several tenths

of an ampere, whose pulsations correspond to the impressed
sound waves. The electrical transmission of speech is more

fully described in connection with radiotelephony. (See Sees.

206-212.)

Speech transmitted by telephone instruments is not entirely

natural, because the vibrating parts, both electrical and me-

chanical, of the telephone equipment used produce distortions

during the transmission of the sound. In the early days of

telephony, when the causes of distortion were not well under-

stood, serious effects of this kind occurred when talking over

very short distances. At the present time it is possible to talk

from New York to San Francisco by wire. This result has been

attained only after years of experience and investigation and
the development of instruments involving principles only re-

cently discovered. Successful transmission over such long
distances requires many refinements in the design of every

device used.

It is possible at the same time to transmit both telegraph
and telephone messages over the same line; such a line is

often called a "
composite

"
line.

With the currents used in ordinary telephony, it is pos-

sible at the same time to transmit three telephone messages
over two pairs of wires by adding at each end a "

phantom
"

circuit, which is an additional circuit balanced across the two
main circuits through suitable impedances. For information

regarding phantom circuits, see the books mentioned in the

next paragraph. The operation of a telephone system so that
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one pair of wires carries more than one message is called
"
multiplex telephony." Besides the use of the phantom circuit,

multiplex telephony can be attained by the use of alternating

currents of the high frequencies used in radio communication.

(See Sec. 212.)

For further information regarding wire telephony, the reader

may consult G. D. Shepardson,
"
Telephone Apparatus

"
;
K. B.

Miller, "American Telephone Practice "
;
or H. R. Vandeventer,

"
Telephonology." In a book by David P. Moreton,

" Drake's

Telephone Handbook," may be found an elementary exposition

of the principles of telephone apparatus, and detailed informa-

tion regarding practical methods of construction and operation

of various kinds of telephone systems, which may be of par-

ticular interest to the beginner.

Circular 112 of the Bureau of Standards, "Telephone Serv-

ice" (1921), gives detailed information regarding the opera-

tion of various kinds of telephone systems, and will be found

valuable for reference.



CHAPTER 2.

DYNAMO-ELECTRIC MACHINERY.

61. Generators and Motors. In the preceding chapter some
laws of electric and magnetic circuits are discussed, and at-

tention is directed to the relations between electric currents

and magnetic fields. In the present chapter certain practical

applications will be described, in which use is made of all those

laws, but which are based particularly on three experimental

facts, namely, that

1. When a conductor is moved across a magnetic field, an

emf. is induced in the conductor.

2. When a current flows in a conductor in a magnetic field,

a cross-push is exerted on the conductor.

3. When a current is sent around an iron core, the core is

magnetized.

The forces involved are not necessarily small, as is some-

times imagined, but may run into hundreds or even thousands

of kilograms. Such forces can be used for power applications

on a large scale, by means of machinery, called
"
dynamo-

electric
"

or, for short,
"
electrical

"
machinery.

Electric machines are used for conversion of power from

mechanical to electrical form, or vice versa. If driven by some

sort of prime mover like a steam engine, gas engine, or water

wheel, they convert mechanical power into electrical power and

are called
"
generators." If supplied with current and used to

drive machinery, vehicles, or other devices, thus converting

electrical power into mechanical power, they are called
" motors."

While there are various types of motors and various types

of generators, the difference is more in the use than in the

construction or appearance ; in fact, the difference between

most motors and the corresponding kinds of generators is so

slight that the same machine can be used for both purposes

with no changes, or only minor ones. Electric machines may
be built for either direct or alternating current.

152
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A. The Alternator.

62. Production of Emf. by Revolving Field. It was pointed

out in Chapter 1, Section 45, that the motion of a conductor

across a magnetic field causes an electromotive force in the

conductor. This is true whether it is the conductor or the

magnetic field that actually moves; the essential thing is that

there shall be relative motion of one with respect to the other.

One way in which such relative motion may be secured is

illustrated by Fig. 94. Suppose the magnet N8 is made to

rotate continuously in a vertical plane about the axis mn. The

loop of wire ab is stationary. Its ends are connected to some

external part of the circuit X. As the field from the N pole

sweeps across a, an electromotive force is induced in it to the

right and at the same time an electromotive force is induced

to the left in b by the passing of the S pole. Thus the emf.

produced tends to send a current in a clockwise direction

around the loop ab, as indicated by the arrows.

When the magnet has made half a revolution the poles have

exchanged places with respect to a and b and the electromotive

forces are counter-clockwise around ab. As the magnet con-

tinues to be rotated, there are thus two pulses of electromotive

force (and of current if the circuit is closed) in opposite direc-

tions for each revolution of the magnet. The device described

constitutes a simple
"
alternating-current generator

" or "
alter-

nator."

63. Direction of Emf. The direction of the electromotive

force induced in a straight conductor moving across a magnetic

field can be determined by the "
right-hand rule." This rule as

generally stated assumes that the magnetic field is stationary

and that the conductor moves across the magnetic field. Using
the right hand, the thumb, the first finger, and the second finger

are so placed that each is at right angles with the other two,

the first finger being extended directly out. Then if the thumb
is pointing in the direction of motion, and the first finger is

pointing in the direction of the magnetic lines of force (from
north pole to south pole), then the second finger will point in

the direction of the induced emf; that is, in the direction in

which the induced current will flow.
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If the magnetic field is moving, and the conductor stationary,

the rule is readily applied by recalling that the relative motion

is the essential thing. Thus in Fig. 94 the effect of having the

north pole move toward the reader, passing the conductor a,

Prodoc-t.on of alternating

emf by rofatinfc,
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is the same as if the conductor were to move away from the

reader, passing pole 2V.

A similar Zef-hand rule can be used for determining the direc-

tion in which a straight conductor carrying a current will move
if placed across a magnetic field. Using the left hand, the
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thumb, the first finger, and the second finger are so placed

that each is at right angles to the other two, the first finger

being extended directly out. Then if the first finger is pointing

in the direction of the magnetic lines of force and the second

finger is pointing in the direction in which the current is flow-

ing, the thumb will point in the direction in which the con-

ductor will move.

The reader may compare these rules with the rule for the

direction of the magnetic field about a straight conductor carry-

ing a current, as stated in Section 4, page 30, and with the

rule for the polarity of a solenoid stated in Sec. 42, page 106.

64. Emf. Curve. If the electromotive force is called positive

when to the right in a, and negative when to the left, the

changes in it may be shown by a curve like Fig. 95. Successive

moments of time are taken along the horizontal axis, and the

corresponding electromotive forces are shown by the height of

the vertical ordinates. When the north pole is in position 1,

Fig. 94, no emf. is induced. This is shown by the point marked

1, Fig. 95. A short time afterward, in position 2, Fig. 94, a

certain maximum emf. is induced, shown by point 2 on the

curve. When the pole has moved to position 3 the electro-

motive force has decreased to zero, and in position 4 it has

reached a negative maximum. It then decreases again to zero

and the whole series is repeated.

A curve like the one in Fig. 95 is often called an electromotive

force curve or wave.

The emf. curves generated by commercial alternators have a

variety of shapes, but ordinarily they are not very different

from sine curves, and for reasons given in Chapter 1 are usually

treated as such.

65. Cycle, Period, Frequency. A regularly recurring series of

values of electromotive force, from any point in the series to

the corresponding point in the next series, is called a "
cycle."

The portion of the curve in Fig. 95 from 3 to 7 represents a

cycle ; similarly, the portion from 2 to 6. The time required for

one cycle is the "
period." The number of cycles per second is

called the "
frequency."

In American commercial practice, 60 and 25 cycles per second

are the most common frequencies for alternating current cir-

cuits. The corresponding periods are -^ and ^ of a second.
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Other frequencies, for example, 50 cycles, are used in Europe.
For certain purposes in radio telegraphy, 500-cycle generators
are used. Quite recently, special machines have been developed
for generating frequencies as high as 100,000 cycles per second,
to be applied directly to the radio circuits. This frequency cor-

responds to a radio wave length of 3,000 meters. 1

66. Multipolar Magnets. To produce a frequency of 60 cycles

per second by the use of a single magnet with two poles re-

quires a speed of rotation of 60 revolutions per second. Such
a speed is not practicable for large machines. To get 500 cycles

would require 500 r. p. s., or 30,000 r. p. m. (revolutions per

minute). By arranging a number of similar north and south

poles alternately, as in Fig. 96, and providing corresponding

conductors, a lower speed of rotation may be used. As in

Fig. 94, the magnet is supposed to be made to rotate, while the

conductors a, b, c, d, e, f remain stationary.

When the upper north pole is coming toward the reader,

electromotive forces will be induced in the several conductors

in the direction of the arrows. The conductors are all con-

nected in series, except between f and a., where connection is

made to an external part of the circuit, X. All are in the same
relative position to the several magnetic poles; their .electro-

motive forces are equal, and in the case shown, the total is six

times as great as the electromotive force in any one conductor.

For every revolution of the magnet, each conductor is passed
three times by an N and three times by an 8 pole. Each pair

of poles gives rise to a cycle, so for each revolution there are

three cycles of emf. in the conductors. Thus, for a given speed,

the frequency is three times as high as it would be if there were

but one pair of poles.

67. Field and Armature. The magnets (N8, in Fig. 96, p. 116)

which produce the magnetic field of an alternator are called

the "
field magnets." If there is but one north and one south

pole, the machine is said to be "
bipolar

"
; if there are several

pairs of poles the machine is
"
multipolar."

The conductors in which the electromotive forces are induced

constitute the " armature winding." The winding is supported,

usually by being embedded in slots, well insulated, on an iron or

1 Wave length is explained in Sec. 125. High-frequency alternators

are described in Sees. 95 and 173.
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steel core called the
" armature core." Winding and core to-

gether constitute the "
armature," though this term is also used,

loosely, when the armature winding alone is meant.

68. Coil-Wound Armature. The electromotive force devel-

oped in one conductor of an ordinary generator is only a volt

FIG. 97. Windings partially assembled in a 25-cycle synchronous motor.

or two, not enough for practical use. Armature windings,

therefore, consist of a large number of conductors, usually com-

bined into coils (see Fig. 97) of several turns each, which are

pushed into slots in the face of the armature core and then

connected by soldering. The joints have to be carefully covered

with tape or other insulating material.



158 DYNAMO-ELECTRIC MACHINERY.

The coils are made of copper wire covered with, insulation

(usually cotton) wound to the proper shape on a form, wrapped
with tape, and finally covered or impregnated with an insulat-

ing compound. The core slots are often lined with tough, heavy
paper or fiber. After being placed on the core, the coils are held

by wedges of fiber or wood driven into the tops of the slots.

The core is built up of thin, flat sheets of soft iron or steel,

ring-shaped, with teeth on the inner edge.
2

See Fig. 98.

Enough sheets are stacked up to make a cylinder of the length

FIG. 98. Laminations partly assembled, making up the armature core
of a skeleton frame alternator.

desired. Occasionally a separator is included to provide air

ducts through the core for ventilation. The three dark rings

around the core in Fig. 97 show where the ducts are. The
teeth are carefully lined up, and the spaces between them be-

come the troughs or slots for the windings.

How the emf. increases and decreases in such a winding can

be studied from Fig. 99. Here the coils are drawn as if the

armature were unrolled and opened out flat. The magnet poles

are supposed at the given instant to be over the rectangles

2 See section 78, p. 173.



THE ALTERNATOR. 159

marked N and S. Each of the numbered lines in the figure may
represent either a single conductor or one side of a coil. Only

a portion of the armature winding is represented.

imagine the poles in Fig. 99 to be moving toward the right,

the conductors 1, 2, 3, etc., remaining stationary. Starting at

the instant when a north pole is just approaching conductor 1,

and a south pole conductor 5, electromotive forces will be in-

duced in the directions shown by the arrows. As conductors 2

and 6, 3 and 7, etc., are reached, additional electromotive forces

are induced. The maximum comes when the N pole covers 1,

2, 3, and 4, and the 8 pole covers 5, 6, 7, and 8. After that the

To show Add ition of emf. in

3occ3iv coils

\

resultant electromotive force begins to decrease, falling to zero

and then beginning to increase in the opposite direction. In

this manner an alternating emf. is gotten in which the changes
occur gradually as conductors get into or out of the magnetic
field one by one, or at least coil by coil. In addition the edges
of the poles are usually tapered off ("chamfered") to make
the changes still smoother.

69. Concentrated and Distributed Windings. Sometimes all

the turns for one pair of poles are combined into one coll,

which is put into a single pair of large slots, one for each pole.

Such a winding is a "concentrated" winding. (See Fig. 103.)

When the portion of the core under each pole face contains a

number of slots in which the coils are placed, the winding is
"
distributed." (See Figs. 97, 99, 100.)

53904 22 11
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FIG. 101-A-B (C and D on opposite page). Alternating-current generator, 150

KVA., 900-R. P. M., 60-eycle. Single phase. Dismantled parts listed below.

1. Stator frame.

2. Complete rotor.

3. Shields.

4. Journal boxes.

5. Oil rings.

6. Stator winding.
7. Stator leads.

8. Cable tips for leads.

9. Oil gauge.
10. Oil hole cover.

11. Shaft.

12. Pole shoe.

13. Collector ring.

14. Field coil.

15. Cap screws for holding
shields to frame.

16. Journal box set screw.

17. Twin unit brush

holder, with brushes.

18. Dust cap.

19. Dust washer.

20. Rotor leads.

21. Rotor lead cable tips.

22. Brush stud.
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70. Magnetic Circuit. It is important to get an understand-

ing of the magnetic path in an electric machine. Various shapes
are possible, but an understanding of one makes all others easy.

Fig. 100 is a diagram indicating the parts of a typical mag-
netic circuit, with their names. It is not intended to show
details of mechanical construction. The fine lines in the upper

part of the figure show the path of the magnetic flux for one
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pair of poles. The paths for the other poles are similar. The

armature conductors are placed in the slots ss.

71. Field "Excitation. Thus far nothing has heen said as to

how the magnetic field is produced. While permanent mag-
nets might be used, they are not satisfactory for practical

purposes, except in the very little machines called
"
mag-

netos."" Electromagnets are therefore used. The poles are

fitted with coils or spools of wire, usually of a large number of

turns, through which direct current is sent from some external

source.

The coils are connected to a pair of metallic rings, called
"
slip-rings

" or collector rings, which are in contact with con-

ducting strips, called
"
brushes," connected to the source of

current. As the entire field structure rotates, current is

brought to the coils through the sliding contacts of the sta-

tionary brushes with the revolving slip-rings.

The source of direct current is usually a separate small

direct-current generator, which when used for this purpose
is called an "

exciter." If used for one alternator alone its out-

put will range from 1 to 3 per cent of the rating of the alter-

nator. When the alternator is very small, like those used in

the Signal Corps portable radio sets, the exciter is larger by

comparison.
72. Stator and Rotor. When it is desired to refer to the sta-

tionary and rotating members of a dynamo-electric machine

without regard to their functions the former is called the
" stator

" and the latter the " rotor."

73. Arrangement of Parts. A good idea of the parts of a re-

volving-field alternator is obtainable from the pictures in Fig.

101, which show a complete machine, as, well as views of the

most important parts. The general view shows how the parts

fit together.

Through the holes in the ventilated iron frame of the stator

the outside of the core is visible. On the inside of the core

the laminations can be dimly seen. The two dark rings which

seem to divide the core into thirds are ventilating ducts.

Where the windings lie in the slots they are concealed by the

wedges, but the ends of the coils are in plain view. Note that

A discussion of the principles of the magneto may be found in

Bureau of Standards Scientific Paper No. 424 ;
1922.
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the coil ends are given a twist to make a neat construction.

The four terminals at the left of the stator indicate a two-

phase machine (Sec. 75).

The right-hand end shield shows one brush holder in place,

to the left of the bearing; the little hole to the right of the

bearing is for the stud on which the other brush holder (lying

in front) is to be mounted.

The brushes of one set slide on one collector ring, and those

of the other set on the other ring. Two brushes are used in

each set, in this particular machine, in order to have a large

and reliable contact. The ends of the cables leading to the

brushes are in view on the right of the complete generator.

Production of Alternating etr\f. by revo\vin coil

S - Field rr^inet RR. -Collector n'n^a
b- Loot* of wi'r C)C> - 5roJhe*

On the rotor the pole shoes are noticeable, held on by six

screws. One of the connections between field coils is seen be-

tween the upper pole shoe and the one just in front of it, near

the center of the shoe. The massive ring to which the pole

cores are attached is also visible. There are two collector

rings close together, though it is a little difficult to distinguish

them in the picture.

74. Other Forms of Alternator. Thus far we have considered

alternators of which the field magnets revolve, while the arma-

ture is stationary. That is the construction generally used on

large machines, one reason being that it makes the armature

easier to insulate. But it is also possible to have the field mag-
nets stationary while the armature is made to revolve. Small
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machines are often built this way. The principle is shown in

Fig. 102.

The magnetic field occupies the space between the poles N
and *S of the stationary field magnet. The turn of wire ab is

made to revolve about a horizontal axis in this magnetic field.

FIG 103. Circuit diagram of revolving-armature alternator. A, arma-

ture ; F, frame ; P, poles ; R, collector rings ; B, brushes ; TT, termi-

nals of field circuit ; XX, leads to external circuit.

When a is passing under the N pole, coming toward the reader,

the electromotive force in it is to the right, and that in b

which is cutting through the same field (the direction of the

magnetic flux is from the N pole into the S pole), but moving

away from the reader is to the left. Current will therefore
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flow in the turn of wire, and by way of the collector rings and

brushes in the external circuit, as shown by the arrows.

When the loop has made half a revolution, a is passing in

front of the S pole and the electromotive force in a is toward

the left. In b it is toward the right. In the external portion,

X, of the circuit the flow of current will then be opposite in

direction to the arrows. The continued rotation of the loop

thus causes an alternating current to flow in the circuit.

The simple bipolar magnet of Fig. 102 may be replaced by a

multipolar electromagnet consisting of a massive cylindrical

frame called the "
yoke," from which poles project radially in-

ward. Direct current is sent through coils or spools on the

magnet poles. The same kinds of windings are used for the

revolving armature as are used for the stationary kind; the

only difference is that they are put on the outside instead of

on the inner face of the core.

A machine in which the field magnets are stationary, while

the conductors, in which the electromotive force is induced are

rotated, is said to be of the "
revolving-armature

"
type. A

diagram of such a machine, used in one form of radio pack set,

is given in Fig. 103.
8 The armature winding in this case is of

the concentrated type. A picture of a generator very much like

it appears in Fig. 122.

It has previously been shown that, when the field is made to

revolve, slip-rings have to be used in the field circuit. Simi-

larly, when the armature is the part that revolves, there must

be slip-rings in the armature circuit to provide connection with

the external portion. Such rings are shown at RR in Fig. 102.

Inductor Alternator. Another type of alternator is of especial

interest in connection with radio telegraphy. It is called the
" inductor alternator," and is used particularly for the genera-

tion of continuous high-frequency currents, say, around 100,000

cycles per second, but is also used for lower frequencies.

3 The little machine to which this diagram applies has 18 field poles

and 18 armature teeth, runs 3,333 r. p. m., and generates current of

500 cycles frequency. It is designed for an output of 250 volt-amperes,
to be used in a field radio pack set. The windings are shown only in

diagram ; actually the field coils average 250 turns each ; the armature
coils 19 turns each. The sketch is practically to scale, except the col-

lector rings, which are drawn smaller so as not to conceal the arma-

ture. The whole diameter across the frame is about 15 cm. (6 in.).
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The principle on which such machines operate is
1 illustrated

in elementary form in Fig. 104. The field magnet and the arma-

ture are both stationary. A considerable gap separates the

armature core from the faces of the field poles. In this gap are

masses of iron, /, free to revolve in a plane perpendicular to the

plane of the paper about the axis mn. These masses of iron

are called " inductors." Imagine them made to revolve by an

external force. When the inductors are in the position shown,

between N and Ci, and S and C2 ,
there is a certain magnetic

flux, due to the d. c. excitation. When the inductors are not

in that position, there are long air gaps in the magnetic circuit,

FIG. 104

Produc-ti'on o-f /Uteraati'n^

movm^ iron "Inductor'
(45 -Poles of itAtiondry e

C,C2- Cores of .st^tionAry <*rm<atvre
A A -Coils^in Which alfemati'nA ">f

13 i

II- Moving masses o^ iVon ("in<3 (jctor.s''J

revolved dbeut dixii mn.

emfi.

which have a very much smaller permeability than the iron con-

ductors. The flux is consequently less. The increase and de-

crease of magnetic flux in the coils A A sets up an alternating

emf., because any change in the flux inclosed by a circuit sets

up an emf. in the circuit (Sec. 45) in the one direction while

the flux is increasing, and in the opposite direction while it is

decreasing.

In this type of alternator, the passing of each mass or

inductor causes a complete cycle of emf., whereas with alter-

nators of either the revolving field or the revolving armature

type it requires the passage of two poles to cause a cycle.

75. Polyphase Alternators. Suppose that in Fig. 94, p. 154,

another loop similar to 6, but entirely independent of it, were
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placed at right angles to ab, as shown at cd in Fig. 105. The

rotation of NS would induce in the second loop an alternating

emf. identical with that in the first,, having the same fre-

quency and the same series of values. The sole difference

would be that they would reach corresponding points in the

cycle at different instants of time, for at the moment when
the poles were in line with the conductors of one loop, and
it was having maximum emf. induced, the other loop would

have none.

Suppose the emf. wave of the first winding is given by curve

I, Fig. 106. Then curve II will represent the emf. of the other

winding. The two curves are first shown separately and then

combined into one diagram. They are alike in shape, showing
that the two emfs. go through the same series of values, but

II is always a quarter of a cycle behind I (see Sec. 53). Sup-

pose the distance 4 represents ^ second. Then whatever

happens in I, at any instant, happens in II just -^ second

later. This is expressed by saying that there is a "phase dif-

ference" of a quarter cycle between them, or that the two
emfs. differ in phase by a quarter cycle.

Two emfs. which differ in phase by a quarter of a cycle are

said to be in quadrature. A generator giving such a pair of

emfs. in quadrature is called a "
two-phase

"
alternator. The

two windings considered separately are called
"
phase wind-

ings," or, somewhat loosely, the
"
phases." Either one may

be thought of as pbase I and the other as phase II.

It will now be plain why the pictures of Fig. 101, show four

terminals at the left. Two belong to one phase and two to the

other.

There may be more than two phases ;
in fact, modern power-

generators usually have three phase windings.

Definitions. A machine for a simple alternating current is

called a "
single-phase

" machine. Generators used exclusively

for radio communication are generally single-phase.

A machine for alternating current of two or more phases is

called a "
polyphase

" machine ; polyphase generators are either

two-phase or three-phase, almost without exception. They are

used for power purposes.

Arrangement of Windings. An idea of the way the windings

of a polyphase generator are arranged may be obtained by re-



168 DYNAMO-ELECTRIC MACHINERY.

ferring back to Fig. 99. Suppose another winding to be added
identical with the one shown, but occupying the spaces left

vacant by the first winding.
4 As the magnet poles move along

the windings come into play alternately.

Notice that in a single-phase generator half the surface of

the armature core has to be left vacant. In a polyphase gen-

E.mf curves -for 1 fjH&ae circuit

1 Curve -Jor one
H. Curve for oth

erator, on the contrary, the windings may cover the entire

surface, and usually do.

Next, suppose the two-phase windings were each made nar-

rower, leaving space for a third winding just as large as each

4 The reader who has difficulty in imagining the second winding may
trace on transparent paper the winding shown and may then slide the

paper to one side by the proper amount.
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of the first two. We should then have three phase windings,

and a given field pole would pass them one after the other.

Thus would be produced three emfs. differing in phase by equal

amounts.

By properly selecting the terminals, the three emfs. would
follow one another as represented in Fig. 107, and it will be

seen that now the difference between them is one-third of a

cycle. In the time of one cycle each of the three comes to a

positive peak one after the other. The emf. curves are shown

in Fig. 107. The emfs. are often spoken of as differing by 120.

It might be expected that a three-phase machine would have

six terminals. As a matter of fact, the phases are usually so

connected in the machine that three terminals are sufficient, as

illustrated in Fig. 108. The three coils stand for the three

armature windings. When joined as in the upper sketch, they

are said to be connected in
"
delta

"
; when one end of each coil

is brought to a common junction as at in the middle figure

they are connected in
" Y "

or
"
star." The lower figure is the

same as the middle one, in that terminals 2, 4, 6 are all joined

together and 1, 3, 5 are connected to the line wires A, B, C.

By changing the position on the paper the connections are made
to look simpler.

The scheme of connections is ordinarily of no interest to the

operator, except in case of trouble, and cannot be determined

without a close examination. The wires by which the connec-

tions are made are carefully wrapped and tucked away at the

end of the armature, concealed by an overhanging part of the

frame or by the end shield, which has to be taken off before the

connections can be traced.
5

6 Discussion of this subject can be found in any textbook on alter-

nating-current machinery. See, for example, Timbie and Higbie,
" Alter-

nating-Current Electricity, First Course," pp. 114-128 ; Franklin & Esty,

"Elements of Electrical Engineering" (2 ed.), vol. 2, pp. 98-116.
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B. Alternator Theory, Losses, and Efficiency.

76. Equations for Frequency and Emf. The frequency of the

emf. generated by an alternator of the revolving-field or revolv-

ing-armature type is given by the equation :

f=~2 Or/= i20 (65 >

where f =frequency in cycles per second.

p number of poles.

n = revolutions per second.

n'=revolutions per minute.

The passing of each pair of poles, J? in number, gives rise to

one cycle. If there are n revolutions per second, the number of

cycles per second is therefore IfXw. The second form of the

equation is given, because the speed is commonly given in revo-

lutions per minute.

For example : What frequency will a 12-pole alternator give when
running at 5000 r.p.m. ?

With 12 poles each revolution gives 6 cycles. In a minute there will

be 6X5000=30,000 cycles. In a second there are 30,000^-60=500
cycles. The machine gives 500 cycles per second. By the second

formula we get the same answer

,
12X5000

/= j2Q
=500 cycles per second.

For tlie inductor type the frequency is the same as the num-

ber of inductors which pass a given point per second. Thus
40 teeth at 25 r.p.s. give 1000 cycles per second. The inductors

are usually in the form of teeth, somewhat like gear teeth, that

project from the revolving part.

The emf. generated in an alternator depends on how much

magnetic flux is cut by the conductors per second. Increasing

either the magnetic flux from each pole, or the number of poles

that pass a given conductor in a second, or the number of con-

ductors connected in series (so that the effects in them are

added together) increases the emf. of the machine in a corre-

sponding way, This may all be stated in one equation.
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E=<}>Nfk (66)

where E= effective volts (Sec. 51), as shown by a voltmeter.

$=magnetic flux per pole, in maxwells or " lines of mag-
netic force."

N=number of turns of armature winding connected in

series.

/=frequency in cycles per second.

fc=a multiplier that depends on the arrangement of the

winding and certain mathematical relations not

necessary to consider here.
6

77. Dependence of Driving Power on Current. The power con-

sumed in an electrical circuit at any instant is proportional to

the emf. and also to the current. It is therefore proportional
to their product. If the current is made to flow by means of a

generator, and if the generator is driven by an engine of some

sort, the power that has to be developed by the engine evidently

depends upon the power used in the circuit. It is worth while

to trace the reason why increased current in a generator calls

for more power from the engine that drives it.

Let the simple loop in Fig. 102 be made to rotate at constant

speed by any
"
prime mover "

suitably governed. This prime
mover may be anything that will make the loop go around a

man turning a crank, a gasoline engine, a steam engine, an
electric motor, etc. At the instant when the loop is in the

plane of the paper, and a is coming toward the reader, an emf.

is being induced in it, in the direction of the arrow. If the

circuit is closed, a current flows in the same direction. But it

6 The student who has some previous knowledge of electricity will see

that if 2f poles pass a conductor per second, the average flux cut per
second is 2fX<t>- To generate 1 volt requires passing 10s lines of flux

per second. Hence the average volts per conductor are 2fX <t> -MO8
.

Each turn consists of two conductors in series, so we multiply by 2.

The voltmeter reads not average but effective volts. For sine waves
the effective volts are 1.11 times the average, so we multiply by 1.11.

Collecting all the numbers it is seen that & in the formula stands in.

4 44
part for-"

1Q8
- or ^ . It also includes a factor, not greater than

1, depending on the kind of winding used, because if the winding Is

distributed, the emfs. in the various turns do not rise and fall together

(there is a difference in phase), and this must also be taken into

account



172 DYNAMO-ELECTRIC MACHINERY.

is known (see Sec. 43) that when a conductor, carrying a

current, is in a magnetic field, the conductor tends to move
across the field. The force on the conductor is proportional to

the strength of the field and to the current. The direction of

the force is given by the left-hand rule.
7

Applying the left-

hand rule to conductor a, it is seen that the force on it is away
from the reader, opposite to the direction in which the con-

ductor is being driven, so that the wire is harder to push than

it would be if there were no current. The greater the current

in the conductor the greater must be the force exerted to drive

it around, and therefore the greater must be the power devel-

oped by the prime mover in keeping up a given speed. The
same reasoning applied to & shows that it acts with a in oppos-

ing rotation.

78. Losses. Of the mechanical energy supplied to a generator

by its prime mover, not all appears in electrical form in the

circuit. Some is unavoidably transformed into heat, and thus

lost for practical purposes. The losses, which may be called

po\ver losses or energy losses, may be classified as

1. Mechanical losses.

2. Copper losses.

3. Core losses.

Mechanical losses are those due to friction in the bearings,

friction at the brush contacts, and friction between the air and

the moving part of the machine, commonly called windage.

The latter is not important in low-speed machines, but be-

comes prominent in the case of very high-speed generators.

Generators of the kind we are discussing are driven at nearly

constant speed, so the mechanical losses do not depend much on

the load, whether large or small. They do depend very greatly

on the condition of the bearings and brushes. Some points

regarding the care of machines in this respect are given at the

end of this chapter, in Section 106.

Copper losses are due to the flow of current against the re-

sistance of the field and armature windings. They are there-

fore divided into two parts, field copper loss and armature

copper loss. The former is also called
" excitation loss." Since

7 The thumb, forefinger, and middle finger, all at right angles, giving,

respectively, the directions of motion, flux, and current. See Sec. 63,

p. 153.
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the field coils have resistance (usually high) some heat is

produced as the necessary current for magnetization is made to

flow through them. Like all heat losses due to current in a

conductor, the heating is proportional to the square of the cur-

rent, being in watts,
W=It*Rt (67)

where It is the current in amperes in the field coils and Rt is

the resistance of the whole field circuit.

To get the same terminal voltage at the armature, when the

current in the latter is large, requires more magnetization than

when the armature current is small. This in turn requires

more field current, hence the field copper loss, or excitation

loss, is somewhat greater at large loads than at small loads;

that is, it varies somewhat with the load.

Like the field loss, the armature copper loss is of the PR
type; it varies as the square of the armature current, and

therefore as the square of the load on the generator. The

armature resistance is made as small as is expedient. In a

large generator it may be only a small fraction of 1 ohm, but

the loss due to the great current generated will nevertheless

be considerable.

Core losses, or losses in the magnetic circuit, are of two

classes, due to
"
hysteresis

" and "
eddy currents." Hysteresis

losses are caused by the rapid reversals of the magnetism of

the armature core. Each molecule of the core may be regarded

as a tiny magnet, and when the magnetization of the core is

changed in direction the molecules have to be pulled around

against their mutual magnetic attractions. It takes energy

to accomplish this. In an electric machine there is a double

reversal during each cycle. This makes many reversals per

second and requires considerable power.

Eddy currents are little electric currents induced in the iron

sheets of which the armature core is made up. The thinner

the sheets the smaller are the currents ; in fact, it is because of

the eddy currents that the core has to be laminated.

Both hysteresis and eddy currents produce heat in the core,

and in producing heat they use up power which has to be fur-

nished by the prime mover. Therefore they are wasteful, and

the designers of electric machinery plan to keep them as small
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as possible. Core losses in transformers have been briefly

discussed in Section 58, page 132.

No specific statement can be made regarding the magnitudes
of the various losses described in the preceding paragraphs,
because they depend on many factors, such as the size, the operat-

ing speed, and special features of design. But in order to give the

reader some idea, it may be said, roughly, that at full load, for

generators of the usual types, the mechanical or frictional losses

may range from 6 per cent for a 1-kw. machine to 1 per cent

for the 1,000-kw. size
; the excitation loss, from 6 to 1 per cent ;

the armature resistance loss, from 4 to 1 per cent ; and the core

loss, from 4 to 2 per cent.

It will now be clear why the allowable power output of a

generator has a limit. Usually machines are heavy enough
to give a large margin of strength, but they can not well be
made large enough to allow for the heat produced by severe

overloads long continued. The increased current causes heat

to be produced more rapidly, and the temperature rises. High
temperature is injurious to the insulation. For example, it is

found that cotton should not be continuously heated as hot

as the boiling point of water. Cotton is the usual insulation for

the copper wires used in machinery. If the insulation is spoiled,

the current can follow other paths than those it should, and
the machine is ruined.

79. Rating; Name Plate Data. Practically all electrical appa-

ratus, whether for alternating or for direct-current generator,

motor, or other device, is designed for certain definite condi-

tions of operation. It is standard commercial practice to at-

tach firmly to every electrical machine before it leaves the fac-

tory a brass information tag called a " name plate." This

usually gives the serial number by which the machine can be

identified ; tells the maker's name
; states whether the machine

is a generator or a motor; what is the maximum continuous

power output; whether for direct or alternating current; if

alternating, for what frequency and how many phases ; at what

speed it is to be operated ; at what voltage ; the maximum cur-

rent for continuous operation. Some of these items are at

times omitted, but most of them are essential. A person who
wishes to become familiar with electrical machinery should

form the habit of examining the name plate of every machine
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to which he has access and note the differences in size, con-

struction, and use.

It has been previously said that electrical power is measured

in watts (or kilowatts,
"
kw.," when large). In a direct-current

circuit watts are the product of volts times amperes. With

alternating current something else has to be taken into account,

and to get the average power we must multiply the volts-times-

amperes by the "
power factor."

8 We might expect to find a.c.

machines rated in watts or kilowatts, but if we look at the name

plate of a generator we are likely to find the letters
"
kva.'"

(kilovolt-amperes). That is, instead of actual watts the per-

missible output is expressed as a product of amperes times volts

divided by 1000. The reason is plain, if we remember that the

whole question of what an electric machine will stand hinges

altogether on the heating.

The heating of the field coils and armature core depends

upon the voltage generated, because that is determined by

the strength of the magnetic field, which in turn depends on the

current in the field coils. The heating of the armature conduc-

tors is determined by the armature current; whether or not

that is in phase with the emf. makes no difference. The total

heating, then, depends on the volts and the amperes, regardless

of the power output, which may be large or small, depending
on the phase relation between the two.

Direct-current generators are usually rated in kilowatts

and, as just stated, alternating-current generators in kilovolt-

amperes. Motors, either d.c. or a.c., are often rated in units of

horsepower (1 horsepower=746 watts). When an a.c. motor is

rated in horsepower, a particular power factor is, of course,

assumed.

80. Efficiency. The ratio of the useful output of a device to

its input, is called its
"
efficiency."

In all kinds of machinery it is impossible to avoid some
losses of power, so the output is less than the input and the

8 Power factor is, in fact, the number by which we must multiply
volt-amperes to get true watts. (See Sec. 55.) It is commonly ex-

pressed in per cent. It can not be over 100 per cent and is usually less.

It depends entirely on the sort of circuit that happens to be connected
to the generator, since this as well as the generator itself controls the

phase difference existing between volts and amperes.

53904 22 12
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efficiency is less than 100 per cent. It is lower for small elec-

trical machines than for large ones, and for a given machine
it varies with the extent to which the machine is loaded. Cer-

tain losses go on regardless of the load
; those are the mechani-

cal losses, field excitation, and core losses. Others increase

with the load
; the armature copper loss rapidly, some addi-

tional core losses and a portion of the excitation loss more

slowly. When the output is small, most of the power input
is used up in the constant losses, and the efficiency is low.

With very large outputs the variable losses become excessive,

again lowering the efficiency. For some intermediate load,

usually not far from the rated load given on the name plate,

the efficiency is a maximum. At full load, and for the usual

designs, it may range from 80 per cent for a 1-kw. generator to

95 per cent for a 1000-kw. generator.

81. Regulation. Electric generators are, with few exceptions,

intended to be operated at constant or nearly constant speed.

Assuming that the speed is constant, and that the field excita-

tion is also constant, the generated voltage would likewise be

constant, regardless of the current output, if it were not for

certain disturbing influences. A generator operating under

these conditions is often called a " constant potential
" or " con-

stant voltage
" machine.

The current output depends on what is going on in the ex-

ternal circuit. In a city it might depend on the number of

lamps turned on. In the case of a generator supplying energy
to a spark gap, it would depend largely on the adjustment of

the gap. The term " load "
is commonly used in this connec-

tion. Sometimes it means the devices themselves, which are

connected to the line, and sometimes the current taken by them.

There is generally no trouble in knowing which is meant.

Suppose we have a certain voltage generated when the load is

zero. Then, if the machine is made to supply current to a cir-

cuit, the voltage at its terminals will in general be lowered and
the greater the current, the more will the voltage be reduced.

The term by which the behavior of a generator is described in

this respect is called the "
regulation." It is found by subtract-

ing the voltage at full load from the voltage at no load, dividing

by the full load voltage and multiplying by 100 to get the result

in per cent.
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Expressed as a formula

Regulation=f <^-M XlOO per cent.

where V =voltage at no load and

V t
=voltage at full load.

A small percentage regulation means that the voltage remains

very nearly constant when the load is changed.

82. Armature Impedance and Armature Reaction. There are

two reasons why the voltage of a generator is lower when it is

supplying current than when it is not supplying current, even

if the speed is entirely steady and the direct current flowing

around the field magnets is the same.

(a) The armature windings are bound to have some resist-

ance and some reactance. It requires an emf. to send current

through the armature, therefore. This emf., called the arma-

ture impedance drop, has to be subtracted from the emf. gen-

erated to get the emf. left to send current through the external

circuit. The greater the current, the greater the armature im-

pedance drop and the less the emf. left for the external circuit.

(fo) The armature winding and core constitute an electro-

magnet. When current flows in the windings, the magnetic

field caused by it is combined with the magnetic field due to

field strength, with consequent decrease in armature voltage,

since the resultant magnetic field is what determines the gen-

erated emf.

The change in the field flux by reason of the current flowing

in the armature is called
" armature reaction." Armature re-

action occurs in direct current as well as in alternating current

machines, and in motors as well as generators.
9

83. Effect of Power Factor on Regulation. The reduction of

terminal voltage due to the current flowing in the armature

depends not only on the magnitude of the current but also on

its phase relation to the emf., which is indicated by the power
factor. A lagging current causes a greater reduction in ter-

minal voltage than the same number of amperes in phase, the

effect increasing with the lag. Thus, at 80 per cent power factor

9 Swoope, p. 362 ; Rowland, p. 230 ; Franklin and Esty,
" Dynamos

and Motors," p. 256.
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it may be twice as great as at 100 per cent. Conversely, a

leading current, such as is taken by condensers, improves the

regulation, so that the terminal voltage may actually be higher

when current is flowing than when there is none.

Fig. 109
Field

'

Rheostat
Letters correspond m the t#o

figures

-Binding posts
A - Contact

-Contact studs R - Resistance wire

*J

Scheme of connections of Alternator.

E -Exciter Armature F-Alternator field coifs

R -
Alternator field rheostat A -Alternator armature.

84. Effect of Speed on Regulation. Since the emf. is propor-

tional to the rate of cutting of flux, it follows that fluctuations

of speed are attended with proportional fluctuations of voltage,

provided the field excitation is not changed at the same time.
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85. Voltage Control. The simplest way to control the voltage

of a generator is by adjusting the strength of the magnetic field

by means of the field current. For this purpose an adjustable

resistance is inserted in the circuit of the latter, called a field

rheostat.

One kind consists of a quantity of wire of an alloy having a

comparatively high resistance, mounted on insulating supports

in a perforated iron box with a slate face, or embedded in an in-

sulating enamel. A handle is provided for making contact with

any one of a number of brass studs attached to the resistance

wire at various points, so that more or less of it can be in cir-

cuit Terminals are provided for connecting the rheostat to the

field circuit. Fig. 109 shows the principle.

The place of the field rheostat in the scheme of connections is

seen in Fig. 110, which represents the stationary armature and

revolving field of an alternator, with arrangements for supply-

ing current to the alternator field from the exciter E, current

being controlled by the field rheostat R.

Small alternators for field use in radio telegraphy are often

used without a field rheostat. The voltage is kept steady enough

for practical purposes by driving the machine at the right speed.

C. Direct-Current Generators.

86. Commutation. Fig. 102, page 163, illustrates the principle

used when alternating currents are generated by revolving an

armature in a stationary magnetic field. But if each end of the

loop is connected to a half cylinder of metal (C, Fig. Ill), on

which rests a stationary brush B+ or B
,
then as the loop is

revolved the connection to the external circuit is reversed every

half revolution, and the pulsations of current are always in the

same direction. The reversing device is called a " commuta-

tor." The brushes must be so set that the reversal of connec-

tions occurs at the instant when the current in the loop is zero

and about to reverse.

Thus in the figure, a is near the N pole, and if it is coming

toward the reader the emf. will be toward the right. At that

instant the current will flow out through the segment in con-

tact with the upper brush to the external circuit ; that is

the upper brush is +. After a quarter revolution the conductors

will be moving along the flux and not cutting across it, so
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there will be no emf. Each brush will be just in the act of

passing from one segment to the other.

After a half revolution from the position shown 6 will have

exchanged places with a. Now the emf. in & will be toward the

right, and current will flow out to the external circuit through
B+. Thus the same brush is always positive. In the external

circuit the current always flows in the same direction, though
in the armature conductors the current is alternating.

piO. 1H

Prodwetfon ej um-di'reotional emf. by revolving ceil with commulaToi

NS - Magnet C-CemmotAfor.rwo
ab- Revolving loejs of wire E>t.&-, &ru.shes

X - External cfrcyiT

of oorrent.

half-w<ve Z changed To ^>eaittv hjilf-wave 3

If an emf. curve similar to Fig. 95, p. 154, were plotted for this

circuit, with time measured along the horizontal axis, and volts

at any instant along the vertical axis, the result would be

somewhat like Fig. 112. Instead of a positive and a negative

half wave there would be two positive halves, the negative

being rectified by means of the commutator.

Again, as with alternators, the need of higher emfs. than

can be developed by a single loop and of more effective utiliza-

tion of the material make necessary the use of coil-wound
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armatures and multipolar field magnets. With a commutator

consisting of only a few segments, say as many segments as

there are magnet poles, the current would still be pulsating.

To get a steady, practically constant emf., commutators are

used having many segments several hundred in the case of

large generators and motors, and usually not fewer than 20

or 30 even on very small machines for 110-volt circuits. Such

a commutator consists of bars of copper, slightly wedge-shaped,

separated by thin insulating sheets of mica, the whole as-

sembled in the form of a cylinder held together by strong end

clamps. The segments are insulated from the clamps by

suitably shaped rings, usually of molded mica insulation. Con-

nections leading to the armature conductors are soldered into

slots in the segments, which commonly have lugs or "risers"

for the purpose, extending upward at the end toward the

armature.

87. Ring and Drum Windings. Armature windings fall into

two broad classes, called
"
ring

" and " drum "
windings, ac-

cording to the way the conductors are mounted on the core. In

the first of these the wire is laid on the outside and passed

through the hollow space inside of the core, being threaded

through and through much as a napkin ring or a bridle ring

might be covered with string.

Ring windings are scarcely ever used nowadays. Modern ma-

chines have windings of the type shown in Fig. 113, called
" drum "

windings. The conductors are all on the outer face

of the core, and the two branches of a turn lie under adjacent

poles of opposite polarity. These two features are characteristic

of all kinds of drum winding. In the kind illustrated in the

diagram, starting with commutator segment 1, we pass up to

conductor b, which at the. instant shown is under a S pole. It

is connected at the back of the armature to i, which lies under

a 2V pole and is soldered into segment 2. Starting at 2, we
have d under the edge of the 8 pole back-connected to k under

the edge of the 2V pole ; fc is attached to segment 3. Continuing

in the same way all around the armature we finally have 16

loops connected to the 16 commutator segments. It will be

understood that an actual machine has a great many more turns

in the armature winding and a larger number of commutator

segments.
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At the four segments marked + or contact is made with

brushes leading to the external circuit. By the "
right-hand

rule
" 10

the emf. in conductors under the N pole is toward the

back end, so current flows into the armature at segment 3. The

brush on that segment is therefore negative. The brush at

segment 7 is positive, because there the current flows out of

the armature. Similar reasoning applied to the conductors

under the S poles leads to the same result as to polarity of

5chm<= of -4-}po\a. Drum Wi.ndin&
I,?.3.ef<. Commutator -

>e.
<5>
mnta f -

*
- Location of

a,b.c..<=te.. Armature c-orv

the brushes, which are thus seen to be alternately, one positive

and the next negative, as we go around the commutator. If

a machine having more than two sets of brushes is examined,

it will be found that all the positive brushes are joined by a

heavy conductor and all the negative brushes by another. Then

one connection is made from the group of positive brushes to

the external circuit, and one from all the negative brushes.

In speaking of alternators, the actual construction of arma-

tures was described ; that is, the use of machine-wound coils in

slots in the face of a laminated core. D.c. armatures are made

10 See section 63, p. 153.
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FIG. 114 (upper) Method of assembling commutator segments. Fig.
113 (middle) Commutator and armature core assembled showing
risers. Fig. 116 (lower) Armature complete with windings con-

nected to risers.
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the same way except that the ends of the coils are soldered to

the commutator segments."
The main steps are shown in Figs. 114, 115, and 116. The

first shows the copper segments, with their sheets of mica be-

tween them, assembled in the form of a ring and held together

by a firm temporary clamp. The next picture shows the com-

mutator fastened on the front end of the armature core. The
4t
risers

"
are to be seen coming up from the ends of the seg-

ments for connection to the armature coils. On the core, built

up of thin laminations, note the teeth, slots, and three rows of

air ducts for ventilation. The last picture shows the foils in

the slots of the core. Their ends have been soldered to the

commutator.

88. Excitation: Separate, Series, Shunt, Compound. While

alternators require d.c. from a separate source for their field

excitation, direct-current dynamos usually excite their own
fields. Depending on the scheme of connections between the

armature and the field coils, this gives rise to several arrange-

ments, all of which are of practical importance. In this dis-

cussion we leave out of consideration the "
magneto," which

depends for its magnetic field on a group of permanent magnets.

Fig. 117 shows the several ways of exciting the field magnets,

and incidentally illustrates the conventional symbols generally

used for an armature and for field windings. In this sort of

diagram no attempt is made to draw a picture of the machine.

A whole set of field coils, for example, is represented by a single

coil, the armature and brushes by a single circle" and two

strokes.

Separate. The first sketch indicates that current for the field

coils comes from a source, like a battery, entirely independent

of the armature. Such a machine is said to be "
separately

excited."

Shunt. The next indicates that the current from the arma-

ture divides; some goes to the load circuit, some to the field

coils
; the two unite again and flow back into the armature at

11 Brief information on the care of commutators and proper position

of brushes is given at the end of this chapter in Sec. 106, page 227, on
" Common Troubles."

12 Note difference from alternator, which has two circles, representing

slip rings.
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the brush of opposite polarity. When the current from the

armature divides, a portion flowing through the field winding,
the machine is spoken of as a " shunt generator." Only a small

fraction of the total current which a machine is able to generate

continuously is required for shunt field excitation; it may be
5 or 6 per cent for a 1-kw. generator, and as little as perhaps
2 per cent for a 100-kw. generator.
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Series. When the whole current from the armature flows

through the field coils, the generator is
"
series excited." Two

ways of representing a series generator are shown in Fig. 117.

Heavy wire is used for series coils. They have to carry the full

current output of the machine; if fine wires were used, the
excessive heat produced would destroy the insulation. The
necessary ampere turns are secured by virtue of having a large
number of amperes and comparatively few turns of wire.

Compound. When a generator is provided with two sets of

field coils, one of fine wires connected in shunt and the
other of a few turns of heavy conductor connected in series with
the armature, it is called a "

compound wound "
generator, or

more commonly just a "
compound

"
generator. Two ways of

representing it are shown in Fig. 117.

89. Characteristics of Terminal Voltage. Why are so many
different kinds of connection used for field excitation? Ordi-

narily the load on a generator will vary. By this we mean that

there are changes in the number of devices switched on ; lamps
may be turned on or off, or motors started and stopped. Such

changes of load automatically affect the terminal voltage of the

generator, but they affect it differently, according to the kind

of field excitation used.

To see why the effects differ, in each case consider the dy-
namo driven at a steady speed without load. Then imagine the

load (current through the armature) to be successively in-

creased. If separate excitation is used a certain emf. is gen-

erated at no load. When current flows in the armature some
of this emf. is used up in sending the current through the re-

sistance of the armature itself. There is also another effect,

due to
" armature reaction,"

13 which weakens the magnetic field.

Both increase as the armature current increases. Hence the

terminal volts are less when the armature current is large,

than when it is small. Curve a, Fig. 118, shows this graphically.

The load current in amperes is plotted along the horizontal axis,

the terminal volts along the vertical axis. The greater the cur-

18Armature reaction is explained in Sec. 82 and in texts on electrical

engineering (See Franklin and Esty,
" Elements of Electrical Engineer-

ing," vol. 1, p. 151 ; Franklin and Esty,
" Dynamos and Motors," p.

176 ; Timbie and Higbie, "Alternating Current Electricity, First Course,"

p. 394 ; Sheldon and Hausmann, " Dynamo Electric Machinery
"

(9th

ed.), vol. 1, pp. 110-121.
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rent, the lower the voltage. The difference between no load

and full voltage shown in the diagram corresponds to a regu-

lation
14 of some 8 per cent, and applies to rather large ma-

chines, say of 100 kw. or more. For a smaller one the difference

would be greater.

When shunt excitation is used the reduced terminal voltage

sends a reduced current through the field coils, so the magnetic

Percent
of

rated Am

Fiq. lift

Delation between Current Output

A - For -se^rdtel^ e*c.ifd ^ene
b- For .ShynT ^ener-Ater

C.- For Series
>
ener.'t'or

d- For Comfot;nd

Terminaf Volts

flux is weaker, the greater the armature current. Hence the

terminal voltage falls off more than it does with separate ex-

citation. Thus curve b, Fig. 118, droops more than curve a.

The dashed part shows how the voltage falls off when the ma-

chine is greatly overloaded.

With series excitation, the condition is very different. When
no current flows, only the \veak residual magnetism of the iron

is available, and the emf. generated is consequently very small.

14 Defined in Sec. 81.
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Curve c shows it by starting only a very little above the zero

value. If current is taken from the machine, this current, flow-

ing in the field coils, strengthens the magnetic field and so

causes a greater emf. to be generated. The greater the current
taken by the external circuit, the greater will be the voltage.
Hence curve c rises.

In the compound generator the two effects are combined. De-

pending on the relative proportions of the two windings, the

voltage at full load may be made equal to that at no load, or

greater, or less
; the latter is rare. Curve d, Fig. 118, is for a

generator somewhat "
over-compounded." If the full load volt-

age were the same as the no load voltage, the generator would
be "

flat-compounded."
In examining a generator, it is usually impossible to deter-

mine whether the field coils are of fine or thick wire without

tearing them open, because they are protected with wrappings
of tape, hard cord, or other covering. To distinguish between
shunt and series coils is, however, quite easy by looking at the

connections. Those between the shunt field coils on the differ-

ent poles are small because they have to carry only a small

current, those between the series coils are heavy, consisting

of thick, wide straps of copper on the larger generators.
90. Emf. Equation. It has been stated that the emf. devel-

oped in a conductor depends on the rate of cutting the mag-
netic flux

15 and is equal in volts to the number of magnetic
lines of force cut per second, divided by 10 8

. On an armature
a number of such conductors are connected in series and their

emfs. are therefore added. Thus in Fig. 113, the conductors

which would have to be traversed in going from one brush on

the commutator to the next through the armature constitute

one such group. There are three other similar paths, and these

four paths are all in parallel, so the resulting emf. is the same
as that of one path alone, but the current that goes to the

external circuit is the sum of the currents in the four paths.

Let N the number of conductors in series.

n=number of revolutions per second (not per minute)

of the armature.

p=number of magnetic poles.

<f>=magnetic flux per pole.

15 Chapter 1, Section 45.
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Then the flux cut per second by any conductor is nXpX<f> lines.

Dividing by 10 8

gives the average volts. If there are N con-

ductors in series, the total emf. is

Jy
volte. (68)

This formula shows that the voltage of a generator can be

changed by changing the speed n, the flux0, the number of poles

p, or the number of conductors N. The last two, of course, are

fixed once for all when the machine is built ; the first two can

be changed quickly by the operator, and afford practical means

of controlling the voltage.

This formula means exactly the same thing as the one given for

induced emf. in Chapter 1, namely that 13 It is merely nec-

essary to note that if nXp poles are passed per second, then the time

required to cut the flux <f> is only r^
th of a second; this takes the

place of t in the denominator; or what amounts to the same thing as

dividing by ,
we multiply by nXp- The reason for the factor

108 in the denominator has been explained.

91. Voltage Control. The practical way of controlling the volt-

age of separately excited, shunt, and compound generators is by

having an adjustable resistance, called a "field rheostat" (Fig.

109), in circuit with the fine wire (shunt field) coils. The

points R in Fig. 117, show where such a rheostat might be put

in the circuit of each machine.

92. Effect of Varying Speed. A rise or fall of speed causes

the emf. of a separately excited generator to rise or fall in

about the same proportion. In shunt and compound generators

the effect is greater. That is why engines for driving such

generators have to have good governors, if a steady voltage is

wanted.

Because of these characteristics, each type of generator has

its special uses. For instance, the exciter for the a.c. generator
of a radio field set is a simple shunt generator, because the load

does not change much. The shunt generator is good also for
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charging storage batteries. Incandescent lamps need a very
steady voltage that is not changed when some of them are turned
on or off. A compound generator meets this requirement.

Voltage Regulators. Various devices have been developed for

maintaining the voltage of a generator constant with varying
generator speed and varying conditions of load. A simple type
used with a shunt generator is shown in Fig. 118-a. The
shunt field winding of the generator is shown at 8. The
voltage regulator proper consists of an electromagnet with two

windings V and W, a vibrating armature A normally held back

VIBRATIM& VOLTAGE. REGULATOR

by a spring O, and a noninductive resistance R. The two wind-

ings of the magnet are wound so as to oppose each other; the

winding V is called the "
voltage

"
winding, and may have more

turns than the "
reverse

"
winding W. The voltage winding V

is connected across the voltage to be regulated, which is the

voltage across the terminals of the generator. The tension of

the spring G is adjusted so that when the line voltage is normal

the armature A is just held against the contact C, and the

shunt field is then connected directly across the line. If now
the line voltage increases, the armature is pulled away from

the contact (7, and the current to the shunt field must pass
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through the noninductive resistance R or the winding W. The
current through the shunt field is therefore decreased, and hence

the line voltage is decreased. If it were not for the winding W,
the armature would be held over with the contact C open until

the line voltage had dropped sufficiently so that the spring
would pull the armature back. The reverse winding W, how-

ever, accelerates this action. Winding W is connected across

the resistance R, and part of the shunt field current passes

through W. The magnetic field due to the current through W
opposes the magnetic field due to the current through the

voltage winding V, and the armature is therefore pulled back

and contact C closed more quickly. A little time is required

for the current to build up in the inductive winding W, and the

magnetic effect of the current through W lags a little behind

the effect of introducing the non-inductive resistance R into the

circuit. In operation this type of voltage regulator is continu-

ously chattering, and gives good regulation. A voltage regulator

of this type is now supplied with some generators used in

Signal Corps sets. There are also various other kinds of voltage

regulators in general use.

D. Special Alternators for Radio Use.

93. Audio Frequency and Radio Frequency. Alternating cur-

rents are generated at various frequencies, covering a remarkably
wide range. Depending on their application, the frequencies in

practical use fall into three well-defined classes:

(a) Commercial frequencies, which nowadays generally mean
25 or 60 cycles per second.

(b) Audio frequencies, which are usually around 500 to 1000

cycles per second but may extend as high as 10,000 cycles per

second.

(c) Radio frequencies, usually between 20,000 and 2,000,000,

but extending in extreme cases down to perhaps 10,000 and up
to three hundred million cycles per second.

Commercial frequencies are used for lighting and power. The

great machines in the central stations which supply our cities

with current operate at these frequencies.

Audio frequencies are those conveniently heard in the tele-

phone. When alternating currents are sent through a telephone,
53904 22 13
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the diaphragm of the latter vibrates. The vibrations are heard

as sound. The more rapid the vibrations, the shriller the tone.

Vibrations at the rate of 4,000 or 5,000 per second give a shrill

whistle, while the lowest notes of a bass voice have somewhat
under 100. If a 500-cycle generator supplies current to a spark

gap and the spark jumps once on the positive and once on the

negative half-wave, then at the receiving station the signal is

heard in the telephone as a musical tone of 1000 vibrations per

second.

Radio frequencies occur in the circuits of radio apparatus, for

instance, in an antenna. They are too rapid to cause a sound

in a telephone which can be heard by the human ear. They
may be generated by dynamo-electric machines of highly special-

ized construction, but are usually produced by other means.

94. Audio-Frequency Generators. To show how the methods

described in the preceding sections are applied in actual genera-

tors, a few typical machines used in radio sets will be briefly

described. Whether or not these are of the latest design is not

important. Changes of detail are constantly being made, but

they do not affect the principles used and can be readily under-

stood after the workings of similar machines have been grasped.

The examples of machines here given will also illustrate how the

form of generator and the auxiliaries used with it are influenced

by the source of power available for driving it.

The generator is only one part of a unit for converting energy

into the electrical form. The other part depends on the source

of energy available ; it may be heat derived from coal or gaso-

line ; it may be falling water, moving air, human muscles, or a

charged storage battery.

Crank Driven. The field radio pack set furnishes an example
of a self-contained generating unit driven by hand. These sets

have been changed somewhat from time to time and can there-

fore be described only in a general way. The generator is

cylindrical in shape and is entirely incased, including the ends,

in a metal shell. At one end of it is a flywheel for equalizing

the speed. At the other is the train of gears, running in oil and

inclosed in a housing, through which power is transmitted from

the crank shaft to the generator shaft. The crank shaft is

turned by means of a pair of cranks.
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The alternator
16

is a 250-watt, 500-cycle machine of the revolv-

ing armature type. The exciter
"

is built in with the alternator,

so that the two have but one frame and one set of bearings, and

the same shaft carries both armatures. Near one end, on op-

posite sides of the shell, is a pair of holes giving access to the

d.c. brushes which bear on the commutator of the exciter
18

and near the other end are similar holes for the a.c. brushes

that bear on the collector rings. The crank is turned at the rate

of 33 to 50 r.p.m., depending on the machine (that is, the date

of the model), and the generators make 3,300 to 5,000 r.p.m.,

the cranks being geared to them at a ratio of 1 to 100.

The diagram and data of Fig. 103 apply to the alternator of

such a set, the armature having 18 teeth, the same as the num-

ber of field poles. To get 500 cycles it must make 3,333 r.p.m

which corresponds to a crank speed of about 33 r.p.m.

The connections are shown in Fig. 119. The field coils of the

exciter are connected directly to the brushes-. The circuit to the

alternator field coils passes through a receptacle Pi on the side

of the machine. A two-wire cable can be plugged in at this point

for the sending key. While the key is closed, field current flows

and a.c. is generated in the armature. Another receptacle P2

provides for connecting the alternator armature to the trans-

former from which current is supplied for the spark.

In view of the high speed at which these generators run (some

make 5,000 r.p.m. ) the brushes have to fit very smoothly and the

bearing surfaces, particularly the d.c. commutator, have to be in

good condition. For ease of turning, they should not be pressed

in harder than necessary ; on the other hand, unless the contact

is good the set fails to operate satisfactorily. The most common

troubles, electrically, are due to a dirty commutator, poor brush

contacts, or to turning the brushes in replacing them, so that

the curve of the brush does not match the curve of the com-

mutator.

Gasoline-Engine Driven. Hand power is not practical, except

for very small generators, since a man can develop only about

18 See Fig. 103, page 164, and foot note, page 165.
17 A little generator of d.c. for tin- field coils of the alternator. See

Sec. 71.
18 The commutator is described in Sec. 86.
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one-tenth of a horsepower if he has to keep it up for more than

a short time. One of the most convenient sources of larger

power is the gasoline engine. It is particularly suitable for

isolated stations, or for the more powerful portable sets, like

the field radio tractor sets. Detailed information about any

particular set is supposed to be furnished with the set, but cer-

tain features are likely to be common to all.

K F/Q.M9

Connec-tioos of

D-e*cite.r

A -C )CM erator '

E.F- Exciter field
AF- Alternator -field

connections

Ke

e A.C

Ex .field rheo. Oen.fi'eld rhe

Scheme, oj connection of A Tractor .set ge.ner.iT

The speed of rotation of the alternator is almost always much

higher than that of an engine; it is therefore stepped up by

pulleys and belts, or sprockets and chain, or gears, the smaller

pulley or sprocket or gear being on the generator shaft.

The generator may be of any of the three possible types pre-

viously described ; for example, one of the permanent Signal

Corps stations uses an inductor alternator (Sec. 74) : one kind
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of tractor set also has the inductor type ; another has the re-

volving armature. If it becomes necessary to open the ma-
chine it is easy to discover which type it is. If the rotor, or

revolving part, has no windings at all, then we are dealing with

an inductor alternator; if the circuit leading to the transmitting

apparatus (not necessarily the key, because that may be in the

field circuit) comes from the slip-rings, then the revolving part
must be the armature.

In one of the sets of this latter type the alternator and its

exciter are two separate machines, connected by a coupling so

that both revolve together. A frequency indicator in front of

the chauffeur guides him in controlling the speed of the engine
so as to maintain the right frequency 500 cycles per second.

The combination is chain driven from the main transmission.

The same engine that drives the truck is used to furnish power
for the generator, the one or the other being thrown in as de-

sired.

The following name-plate data of this particular set will

illustrate some of the statements made in earlier sections :

Generator frequency. 500 cycles; poles, 30; kva., 2.5; open
circuit volts, 245; terminal voltage at full load, with key

closed, 110 ; 2 kw. at 0.80 p. f . ; 2000 r. p. m.

Exciter, shunt type: poles, 2; load volts, 110; load amperes,

2.7; 0.3 kw.

From the speed, 2000 r. p. m., and the stated number of poles,

30, each revolution gives 15 cycles and the cycles per second

15X2000
will be -

g-Q
=500, which checks with the figure given.

From the full load voltage, 110, and the rating. 2.5 kilovolt-

2500
amperes or 2500 volt-amperes, the full load current is

'

_-

or 22.7 amperes. The product of volts, amperes, and power
factor gives power in watts, thus 110X22.7X0.80=2000 watts,
2 kw. The great difference between the volts on open circuit,

245, and volts when loaded, 110, shows that the armature has a

high impedance. It must not be assumed that this loss of volt-

age is all due to resistance, and so represents a waste of power.
Much of it is due rather to the demagnetizing action mentioned
in Section 82, which causes a reduction in the effective mag-
netism, and therefore in the emf. generated.
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The sclieme of connections in Fig. 120 shows that the exciter

voltage can be controlled by means of the exciter field rheostat.

This, in itself, would govern the 500-cycle voltage fairly well,

but a second control is provided in the generator field rheostat.

High-resistance connections between each machine and the

ground provide a leakage path for high voltage charges and

prevent their accumulation.

Fan Driven. Audio-frequency generators have an important

application in furnishing current for communicating from air-

planes. Fan motors have been used as a source of power,

though it has been objected that they increase the head resis-

tance of the plane. There is no 'theoretical reason why any type
of self-contained generator might not be used, but because of

the high rotative speeds obtainable with fans and the need of

lightness, special machines have been developed with the fan

mounted directly on an extension of the shaft. One recent

form is described on page 203.

Motor Driven, by A.C. Motor. When electric current is to be

had, but not at the desired frequency, use may be made of a

combination of a motor, adapted to the circuit that is available,

and a 500-cycle generator. Such a combination is called a
"
motor-generator set." For use with 110-volt, 60-cycle alter-

nating current, sets are built using the same sort of generator

(with built-in exciter) described in connection with hand-driven

apparatus. Mounted on a common bedplate with it is an a.c.

motor. The shafts are connected by a flexible coupling.

Except for the mechanical connection between the shafts, the

two machines are entirely independent. Electrically there is no

connection. The motor is designed to run automatically, at the

proper speed for the generator, or perhaps it would be better

to say that there are certain definite speeds at which 60-cycle

a.c. motors have to run, and the generator has such a number
of poles that it gives the desired frequency when driven by a

motor operating at one of these speeds. Voltage control of the

generator is secured by means similar to those shown in Fig.

120.

Motor driven, ~by D. C. Motor. When direct current at 110

volts is available the arrangement is somewhat different. The
exciter is unnecessary, because current for the field coil of

the alternator may be taken directly from the line. It is then
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possible to combine the generator and a 110-volt, direct current,

shunt motor (see Sec. 97) into a very compact unit. The two
armatures are on the same shaft and the two frames are joined

in one structure.

Fig. 121 represents such a unit, which is shown partly disas-

sembled in Fig. 122. The generator happens to be of the saiire

FIG. 121. Small noo-cyrle motor-generator set (2500 r.p.m. ; 24 poles
on stator ; 24 teeth on rotor; 110 volts; 3.2 amp.; 0.35 kva.).

1. Field terminals.

1'. Collector rings.

Armature terminals.

Shaft of both units.

design as that shown in diagram in Fig. 103, but being built

for nearly 50 per cent more power it is somewhat larger, has
more poles, and runs at a correspondingly lower speed to give
the same frequency. The two armatures are seen on their

common shaft; the collector rings are near one end and the

commutator near the other.



198 DYNAMO-ELECTRIC MACHINERY.

One scheme of connections for such a unit is seen in Fig. 123.

which shows the d. c. motor connected to its line by way of a

switch and starting box.
19 The rheostat shown in circuit with

the motor field, MF, may be omitted. Its purpose is to give con-

trol of the motor speed,
20

if such control is desired, in order to

get some definite frequency quite accurately in the a. c. circuit.

From the d. c. line, connection is made also to the generator

field winding, the flow of current being controlled by another

rheostat which determines the magnetization and, therefore,

the generator voltage. Thus the generator frequency, may be

governed by means of the motor field rheostat and the voltage

by the generator field rheostat.

Motor-Driven Inductor Alternators. Thus far in this part

of the chapter attention has been centered on revolving armature

generators. It is equally feasible to generate 500-cycle cur-

rent by means of inductor alternators. Fig. 124 represents

a motor-driven inductor alternator for conversion from direct

to alternating current at 500 cycles. The table following gives

the data as taken from the name plate.

FIG. 122. Motor-generator set of Fig. 121 partly dismantled.

1. Motor brushes.

2. Motor field windings,
o. Motor field poles.

4. Motor field yoke.
5. Terminals of motor field wind-

10 Described in Sec. 97. 2 How this is done is explained in Sec. 97.
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TWOAKMHTURtS ON ONE.

SHAFT, - O.C (MOTOR) tNO,.

TJVO ARMATURES OK ONE.

SHAFT. A .c7(&gMt*ATOIjiE.Ni>.

FIG. 122 (continued). Motor-generator set of Fig. 121 partly dismantled.

6. Motor armature core.

7. Commutator.
8. Generator armature windings.
9. Generator armature core.

10. Collector rings.
11. Motor armature windings.

12. Generator brushes.

13. Generator field windings.
14. Generator field yoke.
15. Terminals of generator field

windings.
16. Ventilating fan.
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Name plate data for motor-generator shown in Fig. 124.

D. C. motor.



FH;. 1-4. Inductor alternator type motor-generator set.

first1. Generator armature coils,
row.

2. Generator armature coils, sec-
ond row.

3. Generator field coil.

4. Terminal box.
5. Inductor teeth.
6. Brass disks.
7. D. c. motor armature.

201
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magnetic flux parallel with the shaft. The armature winding
is in two groups, one on each core. Each group consists of 12

coils, and the coils are all connected in series.

The portion of the set so far described is stationary. The
rotor is a solid cylindrical core, at each end of which is a ring
of 12 teeth projecting radially outward. The core is mag-
netized by the stationary field winding previously mentioned.

To trace the magnetic circuit, begin at the core. One end of it

is N, the other S. The flux passes out through all the rotor

teeth at the 2V end, across the air gaps, into the adjacent stator

teeth, through the corresponding gap into the rotor teeth at

the & end, and thence into the central core again. As the rotor

is made to revolve, the teeth are alternately in line with the

armature coils, then opposite the spaces between coils. The
flux through the coils consequently pulsates, and alternating

emfs. are induced.

So far as the diagram of connections is concerned, Fig. 123

applies to this case quite as wT
ell as to the preceding one, for

the shunt motor and generator field are supplied with direct

current in either event, and alternating current flows from

the alternator armature, whether that be revolving or sta-

tionary.

Self-Excited Inductor Alternator. A very novel construc-

tion has lately been worked out for fan drive on airplanes. A
simplified diagram of it is given in Fig. 125, from which the

electrical and magnetic circuits may be traced, and the prin-

ciple of its operation may be followed. For the moment,

ignore the windings on the rotor. The machine is then seen

to be an inductor alternator. The a.c. winding is on the 16

stator teeth, each tooth and its adjacent slot spanning fa of

the circumference. These teeth, in groups of 4, form four

polar projections.

The polar projections are made to have opposite polarities

around the stator, so that there are two N and two S poles,

by means of direct current sent through the field coils F, each

of which consists of a large number of turns. The field coils

are all connected in series to the source of direct current, to be

mentioned hereafter, but the connections are omitted from the

sketch to avoid having so many lines.
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When the rotor is made to revolve, the flux through the stator

teeth pulsates, and alternating ernfs, are induced in the coils

encircling them. By symmetry, whatever happens in any one

coil is also going on at the same time in eleven others. The

1ZS

FIG. 125. Self-excited inductor type alternator. (4500 r.p.m. ; 75

volts; 5 amp., 900 cycles per second.) A, terminals of a.c. winding;
B, brushes for taking d.c. from commutator

; C, commutator seg-
ments ; F, d.c. field coils

; J, inductors ; T, stator teeth.

passage of the inductor across a pair of consecutive, oppositely

wound teeth gives rise to one cycle. The generator here repre-

sented is intended for operation at 4500 r.p.m. and at that

speed, with the 12 inductors as shown, gives a frequency of 900

cycles per second.
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Besides having on it the inductors for the alternator, the rotor

also functions as a d.c. armature. That accounts for the wind-

ings shown on the rotor. How such an armature generates
direct currents is explained in Section 87. For present pur-

poses it suffices to say that the armature consists of a large

number of turns, wound, of course, for four poles; each turn

spans three teeth. In the diagram the connections have been

simplified for purposes of illustration, and the number of com-

mutator segments shown is much smaller than on the actual

machine. Connections, not shown in the figure, are made be-

tween the field coils and the four brushes, two positive and two

negative. The brushes are shown in the diagram on the in-

side of the commutator, for clearness ; actually they are on the

outside. The direct current from this armature is what ener-

gizes the field coils.

It will thus be seen that the rotor serves two entirely distinct

purposes :

1. It carries the inductors for the a.c. generator, which has

stationary field and armature coils.

2. It carries the d.c. armature, which corresponds to the ex-

citer in other machines.

95. Radio-Frequency Generators. Alexanderson High-Frequency
Alternator. It is possible to construct an alternator of the in-

ductor type which will directly generate a frequency as high
as 200,000 cycles per second. In order to secure this fre-

quency, it is necessary that 200,000 inductor teeth pass a given

point every second. This result can be attained only by having
a great many teeth on the rotor and driving it at a very high

speed. In a 2-kw., 100,000-cycle generator the rotor has 300

inductors and makes 20,000 r.p.m. With a rotor having a

diameter of about 1 foot, this design allows about one-eighth

inch for each slot and tooth together, and even with this design

the peripheral velocity of the rim is approximately 12 miles

per minute.

The rotor consists of a steel disk with a thin rim and a much
thicker hub shaped for maximum strength. Instead of having

teeth on the edge, slots are cut on each side of the rotor very

near the edge and may not extend entirely through the rotor

disk. The spokes of steel which remain form the inductors,

and a solid rim of steel is left. To cut down the friction of the
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air at the high speed at which the disk is operated, the slots are

filled with a non-magnetic material such as phosphor bronze,

finished off smoothly with the face of the disk.

The armature conductors are laid zigzag in small straight

open slots in the flat face of the stator core, this face being per-

pendicular to the shaft. Fig. 126a shows a cross section of a

part of a small Alexanderson alternator. C is the rotor disk,

and A the field windings. The armatures are shown at B, and

FIG. 126a (left). Section of Alexanderson alternator, showing rotor.

Fig. 126b (risht). Front view of armature used in 200 kw. Alexan-
derson alternator.

the armature conductors, which are carried in laminations, at

E. The field flux passes through the iron frame D, the lami-

nated armature, and the disk. The slot filled with non-

magnetic material is shown at F. The usual air gap is 0.015

inch, so that a very slight defect in construction will cause

a serious accident.

In the radio station at New Brunswick, N. J., there is an
Alexanderson alternator having a rated output of 200 kw.

generated at a frequency of about 22,100 cycles per second when
the alternator is running about 2,170 r.p.m. Similar alterna-
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tors are in use at Tuckerton, N. J., and Marion, Mass. In
this alternator the rotor disk runs between two laminated

armatures, which are cooled by water circulation. The rotor

disk of the type of alternator used at New Brunswick is shown
in Fig. 126c; this rotor weighs about 5,500 pounds. Fig. 126b
shows one-half of the armature of an alternator of this type

complete and shows the leads from the terminals of circuits

embedded in insulation. In this half of the armature there

are 32 armature windings, and each circuit generates about

FIG. 126c. Rotor of 200 kw. Alexanderson alternator.

130 volts on open circuit and carries a current of 35 amperes
under normal load. In the complete armature there are 64 wind-

ings, and the current generated by these 64 windings is collected

in an air-core transformer which has 64 independent primary

windings, and the single secondary winding delivers the entire

output of the alternator. The voltage at the terminals of the

secondary winding when the alternator is operated at normal

speed is about 2,000.

The construction of the high-frequency alternator requires

many refinements in alternator design and very fine workman-

ship. Since a slight defect may have serious consequences, very

careful operation of these alternators is essential. The use of
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the high-frequency alternator in radio communication is de-

scribed in Section 173. For further information regarding the

Alexanderson alternator the reader is referred to: E. F. YV.

Alexanderson, General Electric Review, volume 16, page 16,

January, 1913; Proceedings A. I. E. E., volume 38, page 1077,

October. 1919; Proceedings Institute Radio Engineers, volume

8, page 263, August, 1920 ;
General Electric Review, volume 23,

page 794, October, 1920 ; E. E. Bucher, General Electric Review,

volume 23. page 814, October, 1920 ; A. N." Goldsmith, Radio

Telephony, page 117
; and to United States Patents Nos. 1008577

and 1110026.

French Designs of High-Frequency Alternators. Bethenod

and other French engineers have designed high-frequency alter-

nators in which the practical difficulties of making the very

small slots are lessened by utilizing several alternators mounted

on one shaft to do the work of one, and in each alternator there

are placed only a fraction of the needed poles. Thus, if three

alternators are used, in passing around the periphery the suc-

cessive poles are found by passing from one alternator to the

next, and two of every three poles are omitted in each alter-

nator. The pole of each alternator is displaced with reference

to the corresponding poles of the other two alternators a dis-

tance of one-third of the pole pitch. The space left by the

missing poles permits placing the coils more easily. Modi-

fications permit simplifications in construction, so that the as-

sembled unit does not really consist of three separate units. A
description of this type of alternator is given in a paper by

M. Latour, Proceedings Institute Radio Engineers, volume 8,

page 220, June, 1920. Two 500 kw. alternators of this type are

being installed in a new high-power station under construction

at Sainte-Assise, near Paris.

Goldschmidt Alternator. A principle not previously men-

tioned in connection with electrical machinery is utilized in

the generators of certain German high-power stations. Advan-

tage is taken of the building up of large currents by electrical

resonance (see Sec. 109) in the rotor and stator circuits of the

machine itself, as well as of the multiplication of frequency by
the interaction of the currents in the stator and rotor windings
on each other. These alternators differ from the Alexanderson

alternator in that the high frequencies are not directly gen-

53904 22 14
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erated, but are built up in circuits associated with the alterna-

tor, which are often called
"
reflector circuits." A very brief

description of this type of alternator will be given here. For de-

tailed information the reader is referred to A. N. Goldsmith,
Radio Telephony, and to papers which have recently been pub-
lished in German periodicals devoted to radio communication.

(See also Bureau of Standards Circular 74, p. 224.)

IF

Go/dschm/dt

JT/ternator.

Without undertaking to give the proof here, it may be stated

that when a rotor is revolved, and at the same time alternating

currents are made to flow in the rotor at a frequency corre-

sponding to the speed of rotation and to the number of poles,

then, due to these currents, pulsations take place in the strength

of the magnetic flux of the machine at double the frequency of

the alternating currents.

The circuits (in simplified form) are shown in Fig. 127.

Imagine S to be the stator winding, energized by some source of

direct current, such as a battery B. In the magnetic field due

to the stator there is revolved a rotor, represented by the coil R.
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Suppose it is revolved at such a speed that the alternating eiiif.

induced in R has a frequency of 10,000 cycles per second. By

way of the slip-rings this emf. is impressed on the circuit

CaLsCt, which is tuned (Section 110), so that, when the induc-

tance of R is taken into account the natural frequency is the

same as that of the emf. Then heavy currents will flow in the

rotor.

According to the statement made above, pulsations will take

place in the magnetic flux at the rate of 20,000 per second.

These will induce a 20,000-cycle emf. in 8. If the inductances

and capacities SCiL^C2 are chosen for resonance at that fre-

quency, large currents will flow in the stator at the same time

with the steady current from the battery. These high-frequency

currents are prevented from flowing through the battery by the

high inductance L.

The 20,000-cycle stator currents cause a 20,000-cycle pulsation

of the magnetic flux in which the rotor revolves, and when the

rotor revolves in this pulsating field it gives rise to a triple-

frequency emf.; that is, 30,000 per second in the illustration

chosen. The condenser C5 has such a capacity that the circuit

RC3CB resonates to that frequency, and the 30,000-cycle currents

in the rotor, in view of the rate of rotation of the latter, cause a

40,000-cycle pulsation of magnetic flux with respect to the

stator windings. That in turn induces a 40,000-cycle emf. in S.

Remembering that the antenna A and the ground G constitute

a condenser (see Sec. 137), which has the same relation to the

stator circuit that Cs has to the rotor circuit, it is seen that by

proper tuning the circuit SCiAG can be made to resonate at the

final frequency.

Thus by providing suitable circuits, it is possible to get a fre-

quency four times as great as that corresponding to the actual

speed and number of poles of the machine.

The principle has been explained as though the machines

were bipolar. Clearly, that would necessitate extraordinary

speeds. Instead, the large generators used in transatlantic

service have 360 poles and are driven at 4000 r. p. m. by 250-

h. p. motors. The fundamental frequency is therefore 12,000,

which is quadrupled as has just been explained, giving 48,000 at

the antenna. To secure satisfactory operation the finest sort of

workmanship is necessary in building them.
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The Goldschmidt alternator which has just been described

has inside of the machine a means for stepping up the fre-

quency. The Goldschmidt machine, in units suitable for high-

power stations, usually operates at a speed of about 4,000 r. p. m.

An alternator of the Goldschmidt type was formerly in use at

Tuckerton, N. J. The use of the Goldschmidt type of machine
is at present decreasing.

Telefunken Alternator. The " Telefunken "
type of high-fre-

quency alternator is at present extensively used in Germany,
and an alternator of this type was installed at Sayville, Long
Island. In the Telefunken type, the device for stepping up
the frequency to two to four times the generated frequency is

a separate unit outside of the machine, and is somewhat simi-

lar to a transformer in construction. Telefunken alternators of

a size suitable for use at high-power stations usually operate at

a speed of about 1.500 r. p. m., and this slower speed as com-

pared with the speed of the Goldschmidt machine is an im-

portant advantage. For further information regarding the

Telefunken alternator and the device for stepping up the fre-

quency which is used with it, see A. N. Goldsmith,
" Radio

Telephony," and L. B. Turner,
'* Wireless Telegraphy and Tele-

phony."

E. Motors.

96. Uses of D. C. and A. C. Motors. It has already been noted

that an electric motor is almost identical with a generator in

structure, but its function is reversed ; it converts electrical

power into mechanical power. It is important to have the

motor suited to the kind of circuit on which it is to be used ;

a. c., or d. c., the right voltage, etc. Common voltages are 110

to 120; 220 to 240; 500 to 550; also, for a. c., 440. Lower

voltages are used on battery circuits. A. c. motors, like gen-

erators, may be single phase, two phase, three phase, etc. ;
and

d. c. motors may have series, shunt, or compound excitation.

97. D. C. Shunt Motor. If a shunt generator is used for charg-

ing a storage battery and the engine is shut off, the generator

will continue running, provided the battery is large enough,

but an ammeter in the circuit shows that the current has re-

versed. The battery is discharging and the generator is run-

ning as a motor. The action is explained by the fact that
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when a current is sent through a conductor in a magnetic field,

there is a force that tends to push the conductor across the
field (see Sec. 43). The left-hand rule gives the directions.

Consider the simple loop in Fig. 128, between the poles NS
of an electromagnet. If the wires + and are connected to

a source of direct current, the iron will be magnetized. At the

same time current flowing in the direction of the arrows in

the loop causes a force toward the front in the conductor near
the N pole and a force toward the back in the conductor near
the $ pole. The loop turns. The effect of the commutator is

Fia. sta

Principle oj
Motor

to make the rotation continuous by making the proper connec-

tion to the conductors as they come into place.

By a line of reasoning very much like that for the d. c. gen-

erator, we can pass from this simple case to that of a four-pole
drum-wound motor, illustrated in Fig. 129. The directions of

current and rotation are shown by arrows.

Limiting Speed. It might be expected that a shunt motor
would speed up indefinitely, but actually it soon comes to a

definite speed, and then continues to turn so fast, but no faster.

As soon as the armature begins to rotate
v it generates an emf.

according to the right-hand rule.
21 This action is exactly the

same as in a generator.

L Sec Section 63, page l.">...
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The emf. generated is opposite to the direction of current

shown by the arrows, and is for that reason called a " counter

electromotive force." The faster the armature turns the

greater the counter emf. becomes. It cannot turn so fast that

the counter emf. is as great as the line voltage, because then

FIG. 129. Diagram of circuits of a 4-pole shunt motor.

the two would balance; there would be nothing to make the

current flow through the armature, and consequently no pull

to keep it turning. For example, suppose the armature resis-

tance of a certain motor is 0.25 ohm, and suppose that a current

of 4 amperes in the armature furnishes just enough pull to keep
it rotating. If the speed is high enough to make the counter
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emf. 109 volts when the line voltage is 110, the current is 4 am-
peres.

22

Next, suppose the motor is driving machinery that calls for

five times as great a pull. The speed falls off a little. When
it has fallen enough to make the counter emf. 105 volts, the

current is 20 amperes.
23

If that is enough to drive the load, the

speed will be steady at the new rate. So by changing its speed
a very little the motor automatically takes more or less cur-

rent, but always just enough to drive its load.

The magnets are always of the same strength, regardless of

load, because the current around them depends only on the line

volts and the resistance of the field coils. It is entirely inde-

pendent of the current in the armature.

Comparison of Generator and Motor Actions. In both gen-

ei ator and motor we have an emf. developed in the armature by
rotation in a magnetic field. Also in both wre have currents

which cause a pull on the armature conductors. If the machine
is to act as a generator, its armature must be driven at such a

speed that its emf. is higher than the voltage at its terminals,

due to emfs. in other parts of the circuit. Then current flows

with the emf. This current causes a back-drag on the arma-
ture and makes it harder to turn. If the machine acts as a

motor, its emf. is lower than that of the circuit to which it is

connected. The current flows against this motor emf., now
called a counter emf., and causes a forward pull on the arma-
ture which keeps it turning.

Starting Box. The resistance of a motor armature is small.

The counter emf. developed by rotation is what keeps the cur-

rent from becoming excessive. When the motor is first con-

nected to the line it is not rotating and there is no counter

emf. Some other way must be found to keep the current mod-
erate. The simplest way is to put resistance in series with
the armature 24 and then gradually reduce it ("cut it out")
as the armature gains speed. The resistance is usually in

.= 110-109=1 vol.. 72-0.25 ohm. 7=^=4 amperes.

23 =110-105=0 volts. A)=0.25 ohm. /= 0-^=20 ampi-rcx.

24 The field excitation is not cut down, but is of full strength from
the start.
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the form of wires or grids, mounted in a ventilated iron box,
the whole known as a "starting rheostat" or "starting box."

Various forms are used ; Fig. 130 shows the connections in one

type. The parts drawn in solid lines are supported on an in-

Fia.

Starting bo*
-for

ohunt motor
L- Connection To line F- Connection to .shor>fr -field

&- Connection To Armature.

Connecti'orvs o^f ahwnl" motor and starting

sulating face plate, commonly slate. The internal connec-

tions are drawn in dashed lines. Fig. 131 shows how the

starting box is connected between the fused main switch and
the motor.
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When the resistance is all cut out the iron strip A' comes

against the electromagnet M, and the handle is held in place.

If the switch (Fig. 131) is opened, or the line becomes " dead "

for any other reason, the magnet ceases to hold A", and a

Fia.ro

box with Two "line" terminals.

L+.L-, li'ne Terminate F- Connection To shunT field
A - Connection To ArmaTure

OonneoTi'ons J'or o ^honT moTor <an<d

box with two line Terminals

spring 8 (Fig. 130) pulls the handle back against the buffer B,

thus protecting the motor against injury in case the current is

turned on again.

Some starting boxes have four terminals. The internal con-

nections of one box of that kind are shown in Fig. 132. and the
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connections to the motor in Fig. 133. The extra terminal is

marked L . It is needed because the electromagnet for the
" no voltage release

"
is- connected directly across the line, the

high resistance Z being contained in the box to keep the current

for it small.

Connections to a starting box must be made according to the

way the terminals are marked on the box. They are almost

always stamped with letters or with the words "line," "field,"
"
armature," but will not always be found at the places shown

in Figs. 130 and 132.

At the motor the circuits are often brought out on a terminal

board after the fashion of Fig. 134. Care must be taken not to

get them confused, for example, by connecting the field in place

of the armature, or by making the sort of mistake shown in the

right-hand diagram ("marked "wrong") of Fig. 134, where the

"A" terminal of the starting box is wrongly connected to the

junction of armature and field, and the " Line" is wrongly
connected to the armature alone. Wrong connections are bound

to cause trouble.

Starting and Stopping. The proper operations for starting

are: ,

1. See that handle of starting box is in the "
off

"
position.

2. Close switch (see Figs. 131, 133).

3. Move starting handle to first contact. Armature should

begin to turn. If it fails, open the switch at once, for some-

thing is wrong perhaps a faulty connection, loose contact,

blown fuse, excessive overload, wrong brush position, etc.

4. As armature gains speed, move handle over contacts, one

step at a time. Move slowly if load is great, taking if neces-

sary as much as 30 seconds. When the load is slight and the

motor small, a few seconds may suffice.

The operation for stopping is : Open main switch. In a few

seconds the handle should snap back sharply. If it fails, move"

it back by hand and look for dirty contacts. Sometimes wiping
the contact studs and putting on just a trace of vaseline will

cure the trouble.

Very small motors, rated at a fraction of a horsepower, are

often connected directly to the line without a starting rheostat

by simply closing a switch.
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Reversing Direction. In the diagram (Fig. 134) the mains

are marked + and . As a matter of fact, it makes no practi-

cal difference if the one marked + is really , and vice versa.

The motor runs in the same direction. It can be reversed by

taking off the two connections at F (left-hand diagram. Fig.

134) and interchanging them. Care must be taken that the

brushes rest on the commutator at the right place and point

the right way for smooth running, as described in Section 106.

Speed Regulation and Control. For reasons given under the

heading "Limiting speed" a shunt motor generally runs a

little more slowly when loaded (driving machinery) than when

running free. The change of speed is called the "
speed regula-

tion." For most motors the regulation is good, the change in

Right
K.l<2>ht<and wron^ Connection?

Wron
motor

speed between no load and full load being only 5 per cent or

less. Shunt motors are therefore often called "constant speed
"

motors.

This supposes that the voltage applied to the motor is con-

stant. If it is too low, the speed falls off, as well as the power
which the motor can develop. If it is too high, the motor will

overspeed somewhat and is likely to overheat and to spark in-

juriously at the commutator. The speed can be changed, if

necessary, by several methods. Only two will be described.

A resistance in series with the armature circuit only (not the

joint line to armature and field) will reduce the speed. The
conductor must be large enough to carry the armature current

without overheating. The ordinary starting rheostat will not

serve, as it is not made large enough for continuous duty. It

would quickly overheat. Sometimes special rheostats are pro-
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vided for starting, which are large enough to be left in circuit

continuously. They are then usually marked "
Regulating rheo-

stat, for continuous duty."
The objection to this scheme is that it wastes power and that,

if the load changes, the speed changes, too. It has the advan-

tage of being simple.

A ^resistance in series with the shunt field winding increases
the speed. This seems contradictory. The explanation is that

when the field current is reduced the magnetism is weakened.
The conductors have to move faster to generate about the same
counter emf. as before, and since this counter emf. is always
nearly as great as the applied voltage the speed has to increase.

The objection to this method is that the motor may overspeed
and burst the armature by centrifugal force if too much re-

sistance is used in the field circuit. There is also danger of

damaging the commutator by sparking. It is not wise to raise

the speed more than 10 or 15 per cent above that marked on the

name plate unless the operator is very sure no harm will follow.

98. D. C. Series Motor. The field coils of a motor may be made
of thick wire and connected in series with the armature, so that

the same current flows through both. It is then called a
" series " motor. The difference in connections, compared with

a shunt motor, is the same as for the corresponding kinds of

generator. (See Fig. 117.) Series motors differ in their be-

havior from shunt motors in two important ways. They do not

operate at constant speed, but run very much more slowly when

heavily loaded
;
and at the lower speeds they develop a large

turning force. They are therefore used on street cars, for crank-

ing gasoline engines on automobiles, and similar duty where

high turning effort is wanted for starting a load.

Suppose there is some current, say, 5 amperes, flowing in arma-

ture and field coils. Now imagine the load to increase until the

current is 10 amperes. Two things happen. If the magnetism re-

mained the same, the doubled armature current would cause

double the pull. But the magnetism does not remain constant.

When the current doubles, the field magnetism increases, be-

cause the 10 amperes flow in the field coils as well as in the ar-

mature. Thus the doubling of the armature current and the in-

creased magnetization combined make the pull much more than

double. .Also the stronger field would make the counter emf.
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automatically increase if the speed remained unchanged. But
this is impossible because the counter emf. must always be a

littte less than the line voltage, else no current will flow to

keep the motor going, so the speed must fall off.

The turning force mentioned above is called
"
torque." From

the explanation just given, the torque of a series motor" at

starting is seen to be great, because at starting the speed is low

and the armature current large. The less the load, the higher
the speed. If the driving belt slips off, a series motor, unless it

is quite small, can overspeed enough to wreck itself. Series

motors are therefore direct connected or geared to the driven

machinery. Shunt motors, on the contrary, will not overspeed

and belts may safely be used.

Speed Control. The only way of controlling the speed of a

series motor that need be mentioned here is by using a rheostat.

Except for small motors, one is needed anyway for starting. If

large enough it can be left in circuit to keep down the speed.

Of course, this is wasteful, because the heat produced in the

rheostat uses electrical power.
99. Other D. C. Motors. Connected like compound generators

(Fig. 117), compound motors are used for special purposes, but

the worker with radio equipment is not likely to run across

them, and for that reason they are not treated here.
25

100. Combination A. C. and D. C. Motors. Reversing the cur-

rent in the line to which a series motor is connected has no

effect on the direction in which the armature turns. If the cur-

rent is reversed in the field coils alone the magnetism is reversed

and the armature turns the opposite way. Reversing the cur-

rent in the armature, too, makes a second reversal of force ; that

is, the armature turns as it did at the beginning. This is still

true when the reversals are so rapid that the current is truly

alternating, so the same motor can be used for a.c. and d.c. But
in that case some special construction is necessary ; for example,
the magnets are built up of laminations instead of being in a

solid piece.

101. Alternating Current Motors. Induction Motors. When
the terminals of any coil are connected to a circuit, the cur-

25 Compound motors are explained In Rowland, p. 126 ; Franklin and
Esty,

"
Dynamos and Motors," p. 144 ; Timbie,

" Elements ..f Electric-

ity," p. 221.
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rent sets up a magnetic field in and around the coil. When
a number of coils are arranged in the form of a stationary

two-phase or three-phase armature 28 and connected to a cor-

responding two-phase or three-phase power circuit, there comes

the remarkable result that the alternating currents flowing in

the coils produce inside of the armature a magnetic field which

rapidly and continuously revolves. The iron core and the

copper coils are both stationary ; only the magnetism changes.

If the changes of current are made slowly a compass needle

placed in the open space within the armature will spin just as

if it were directed by an imaginary magnet with its poles sliding

along the face of the armature.

Next, let an iron core with suitable coils on it be placed in-

side this armature, on a shaft, so that it can turn. The revolv-

ing magnetic field cuts across the conductors of this movable
" rotor

"
; that sets up emfs. ; currents flow, and now we have

conductors with currents in them in a magnetic field. Conse-

quently the rotor begins to turn. It speeds up until it turns

nearly as fast as the moving magnetic field. How fast that is

depends on the construction of the stationary armature and the

frequency (cycles per second) of the alternating current sup-

plied.

The machine just described is an "induction" motor.
27

Its

parts are called the stator (stationary part) and rotor (part

that revolves) just as in an alternator. Nothing has been said

about any connection between the rotor and an external electric

circuit. In the simplest form of induction motor there is no

such connection. The rotor is dragged around magnetically at

a practically constant speed. A pulley on the rotor shaft can

be used with a belt to deliver power to some other machine.

An induction motor can be considered to be a particular kind

of a. c. transformer in which the secondary winding and the

secondary core are allowed to revolve with respect to the

primary, and the secondary winding is short circuited. In the

transformer the position of the secondary is fixed, and the emf.

induced in the secondary winding causes a current to flow

26 See also Sec. 75.
27 For further explanation of action see Timbie and Higbie,

" A. C.

Machinery, Second Course," pp. 429-449 ; Franklin and Esty,
" Dynamos

and Motors," pp. 340-362 ; Rowland, pp. 252-270.
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which delivers electric power in the secondary circuit. In the

induction motor the emf. induced in the secondary causes a

current to flow in the short-circuited secondary winding, and
this secondary current causes the secondary to revolve and
deliver mechanical power.
In some forms of induction motor there are connections be-

tween the rotor, which in that case has slip-rings, and an

external circuit. But the external circuit is not a power circuit ;

it merely consists of resistances for controlling the motor speed.

The terms "
squirrel cage

" and " wound " are often used to

describe rotors ; the first means the simple kind with conductors

of plain bars of metal and no slip-rings or other moving con-

tacts ; the second means the kind having coils like an armature,

and, commonly, slip-rings.

If one of the connections to a three-phase induction motor is

opened, leaving only two attached, the rotor continues to turn.

Two wires can supply only a simple a. c. (single phase), so it is

evident that an induction motor can be used on a single phase
circuit. But it will not start on a single phase without a

special starter.

Like d. c. motors, those for a. c. have to be operated at about

the voltage for which they were built. In addition, they have
to be connected to a line of the right frequency. Then they run

at certain definite speeds, which are nearly as high at full load

as when running free. On 60-cycle circuits the common speeds
for small motors are a little under 1800, 1200, and 900 r. p. m.

Starting. Small induction motors are started by simply con-

necting them to the right kind of power circuit by a switch,

double-pole (two blades, for twro wires) for single phase, three-

pole for three-phase, and four-pole for two-phase motors. With

polyphase (two or three phase) motors, this produces the re-

volving magnetic field as previously explained. With single

phase the action is different. It was said, earlier in this sec-

tion, that an induction motor will not start on one phase, but

will continue if started somehow. One way might be to give

it a start by hand. Generally, that is not a practical method.

A second way is to use a "
phase splitter." That merely means

that the current goes through the stator by two paths in parallel,

one having more inductance or capacity than the other. In-

ductance in any branch of a circuit causes a phase-lag in that
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branch. The armature must have two sets of coils, and if the
currents in them differ as to phase, the motor starts as a sort of

two-phase machine. After it gets up to speed, one winding (the

"starting" winding) is disconnected. That may be done by
hand, a special two-way switch being provided with a starting
and a running position or there may be an automatic centrifugal

cut-out in the motor.
28

A third way is by
"
repulsion motor "

action. Then the rotor

has a commutator and brushes, like those for d. c. The stator

is connected to the supply line, the rotor is not. The brushes are

connected together by a short-circuiting conductor. When cur-

rents flow in the stator, other currents are induced in the rotor
a

and it begins to turn. At the proper speed, a centrifugal device

short-circuits the commutator and so converts the machine into

a simple induction motor. At the same time, the brushes are

lifted automatically, to reduce friction.

Larger three-phase motors are started by applying a fraction

of full voltage, obtained by a combined transformer and double-

throw switch known as a
"
compensator."

30

Synchronous Motors. In Sections 73 and 74 there have been
described briefly several forms of alternators, and their use as

generators of alternating current. If two alternators of identi-

cal construction are driven at the same speed, they may be con-

nected in parallel to supply the same distributing line. If now
the supply of mechanical power to one alternator is cut off, as

by slipping off the belt, that alternator will usually continue

to operate as a motor, taking power from the other alternator.

An alternator operating as a motor in this way is called a
' ;

synchronous motor," and may be either single phase or poly-

phase. It is not at all necessary that a synchronous motor be

of the same size as the generator supplying it: a number of

28 Split phase starting is described in Timbie and Higbie,
"
A. C. Elec-

tricity, Second Course," pp. 510-512.
29 See Timbie and Higbie, "A. C. Electricity, Second Course," p. 514 ;

Rowland, p. 270 ; Franklin and Esty, pp. 383, 386 ; Standard Hand-
book, p. 542.

30 For details and other methods of starting, see Timbie and Higbie,
"A. C. Electricity," p. 454 ;

Franklin and Esty,
" Dynamos and Motors,"

p. 360 ;

" Standard Handbook for Electrical Engineers," pp. 520, 1292,

1203 ; A. S. McAllister, "Alternating Current Motors "
; C. E. Magnus-

son, "Alternating Currents."
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small synchronous motors can be driven by one large generator.

Synchronous motors are much less used in practice than induc-

tion motors. Synchronous motors of large size have particular

applications. The single-phase synchronous motor will not start

itself, except by the use of special starting devices, some of

which are similar to those described for starting the single-

phase induction motor. The synchronous motor must operate
at exactly the frequency of its supply, and if it falls out of

step for any reason it will usually stop. The synchronous motor
must operate at the same speed at any load, while the speed of

the induction motor varies with the load. By adding a commu-
tator to the synchronous motor it becomes a "

synchronous con-

verter
" or "rotary converter." (See Sec. 103.) The construc-

tion of one kind of synchronous motor is shown in Fig. 97, page
157. For further information see A. S. McAllister, Alternating

Current Motors.

F. Motor Generators and Dynamotors.

102. Motor Generators. When electric current is to be had,

but not in the form needed, the change is made by transformers,
31

rectifiers, motor generators or dynamotors, according to circum-

stances. The first named change a. c. at one voltage to a. c. at

another voltage at the same frequency. The second change a. c.

to pulsating d. c. The last two are used for changing a. c. at

one frequency to a. c. at another frequency or to steady d. c., or

the reverse ; also for changing d. c. from one voltage to another.

The most easily understood way to make the change is by the

use of a suitable combination of motor and generator, built for

the same speed and mounted on a common base, the shafts being

coupled together. Such a combination is a " motor generator."
Motors and generators have been described. The combina-

tion brings no new ideas. Each part can be thought of by itself,

without regard to the other. Examples of such machines have
been given.

32 In radio practice they are used particularly for

battery charging and for supplying spark and arc circuits.

Battery Charging. Motor generators for battery charging are

used where the supply is a.c., or d.c. at the wrong voltage. In
the latter case if the d.c. voltage is too high, a rheostat may be

31 Pi-scribed in Sec. r.s. 2 Sec. 94. Figs. 121, 122, 124.

53904 22 15
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used, but it wastes power. When several low-voltage batteries

have to be charged, they may be connected in series and the

power wasted in resistance thereby reduced.

The generator of a battery charging unit is usually shunt-

wound. The voltage of a storage battery rises as it gets charged.

Also, at the beginning it is allowable to use a larger current

than toward the end of the charge. The voltage of a shunt

generator is lower when it is delivering a large current than
when the current is small.

33 Therefore such a generator, con-

nected to a discharged battery and given the proper setting,

produces a large current which gradually decreases as the bat-

tery voltage rises. It is also possible to use a compound gen-

erator, so designed that the voltage is substantially constant,

whatever the current within the limits of the machine. In that

case the initial rate of charging the battery is higher than when
a shunt generator is used, but falls off in the same way. A
high rate of charging at the beginning cuts down the time re-

quired for the whole process, and is therefore desirable, pro-

vided it does not injure the battery. Modern portable batteries

will stand charging in this way and compound generators may
consequently be used. The proper treatment for a given bat-

tery must be learned from instructions pertaining to that par-

ticular form.

Motor generators are used also for connection to ordinary

lighting circuits (about 110 volts) to get 500 or 600 voits d.c.

for arc transmitters,
34

or for connection to such circuits or to

low voltage storage batteries to get a.c. at 500 to 900 cycles

for use with transformers in audio-frequency spark transmit-

ters.
35 Motor generators may also be used for supplying 300 or

more volts to the plates of electron tubes used for generating

undamped alternating currents of radio frequency. (See pages

491, 498.) Such alternators and motor generators have been

described in Section 94.

103. Rotary Converters. If connections are made to a pair of

collector rings from opposite sides of a two-pole d.c. armature, it

will generate alternating current. At the same time, direct cur-

rent can be taken from the commutator. In that case the ma-

33 Shown in Fig. 118. M See Sec. 174. K See Sec. 154, page 354.
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chine is a " double current generator." If not driven by an

engine, but connected to a d.c. circuit, it operates as a shunt
motor and can be used to generate a.c. Operated on a.c. as a

motor, it delivers d.c. When used for such conversion it is

called a rotary converter. When an a.c. generator is used as a

synchronous motor (not an induction motor) it requires d.c. for

field excitation and operates at the exact speed (called
"
syn-

chronous "
speed), corresponding to the frequency of the supply.

The d.c. for the rotary converter field comes from the commuta-
tor. On the other hand, when such a converter is used to gener-

ate a.c., the frequency depends on the speed of rotation of the

armature, which can be controlled as previously described for

the shunt motor. When a rotary converter is used in this way
for converting direct current into alternating current, it is said

to be operated as an "
inverted rotary."

The rotary converter has the advantage of accomplishing in a

single machine what the motor-generator does in two. Its dis-

advantage is that the voltage at the generator end depends

entirely on the voltage supplied to it as a motor, the effective

value of the a.c. voltage in the case of a single-phase converter

being about 71 per cent of the d.c. voltage, slightly more or less,

depending on the direction of the conversion. Thus, if operated
on a 10-volt storage battery, it would give about 7 volts a.c. In

radio communication it is desirable to have a machine which

will deliver a.c. of a frequency of 500 cycles when supplied with

d.c. from a storage battery. Small rotary converters can not

be designed to supply a.c. of a frequency anywhere near as

high as 500 cycles. Either the speed or the number of com-

mutator segments would have to be increased beyond reason.

Instead of single phase, rotary converters can be built for

two-phase or three-phase currents, the former by four connec-

tions equally spaced on the armature and four rings, the latter

by three connections and three collector rings. The statements

made for bipolar machines are equally true for multipolar

rotary converters, if it is understood that each ring has as

many connections to the armature as there are pairs of poles.

The rotary converter, or "
synchronous converter," is really

a synchronous motor to which a commutator has been added,

but the design of rotary converters requires a number of modi-

fications from synchronous motor design. In external appear-
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ance a polyphase rotary converter resembles a direct-current

generator with a conspicuously large commutator and an auxili-

ary set of collector rings.

104. Dynamotors. Rotary converters cannot be used for

changing direct current at one voltage to d.c. at another voltage.
The most compact machine for that purpose is the "

dyna-

FlG. IS5

connections for conversion from lo To 3oo Volta
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Double current enerATor

for low in<=( Kit! D- Differentid I coils

motor." An application which will occur to the radio student

is the securing from batteries giving only 10 or 12 volts of the

300 or more volts required for supplying the plate potential of

electron tubes used as generators of radio-frequency alternating

current. ( See Fig. 135. ) In the dynamotor two separate arma-

ture windings are placed on a common core. One acts as a

motor, the other as a generator. There is but one frame and
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one set of field magnets. TJie two windings are connected to-

commutators at opposite ends of the shaft. The ratio of volt-

ages is fixed when the machine is built, so the output voltage

depends on the voltage applied. The field coils receive current

from the same source as the motor armature.

105. Double- Current Generators. A dynaiuotor can be driven

by mechanical power as a generator, and can then deliver d. c.

jit two different voltages. Such machines have been designed

for fan drive on airplanes, the low and high voltages being
used for the filament and plate currents, respectively, of

electron tube transmitters.

To get constant voltages, in spite of the varying speed at

which the armature is driven, the field flux must be weakened

as the speed rises. Current taken from one commutator is

sent around the field coils, supplying the main magnetization.

A weaker current from the other commutator is sent around the

opposite way, giving a differential effect. (Fig. 136.) If the

speed rises, and consequently the voltage, the current in the

second winding is made to increase considerably by a sensitive

automatic regulator. The flux is therefore reduced, counter-

acting the effect of the rise in speed.

106. Common Troubles. Electrical machinery is subject to the

same troubles as other machinery, such as rough, gritty, dry
or tight bearings, bad alignment, sprung shaft, etc.. which show
themselves by heating, taking excessive power, and vibration.

The bearings must be clean and smooth. Care must be taken

never to spring or jam the shaft. There must always be enough
oil of good quality in the oil wells to keep the bearings-

thoroughly lubricated. Most generators and motors are oiled

by means of brass rings that ride on the shaft and dip into the

oil and carry it up as they turn. Sometimes these are injured

in taking the machine apart; then they do not turn properly;
the bearing runs dry and heats.

Some machines have ball bearings. They should run very

easily, but are subject to the same troubles as a bicycle bear-

ing, such as broken balls, grit, adjustment too tight. In gen-

eral if a bearing gets too hot to be borne with the hand, it

needs attention; the trouble is likely to grow worse, until

finally the shaft binds firmly and cannot be turned. The job
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of getting it free again may then be a very tedious and trouble-

some one.

Another point of friction is at the brushes. If they are

pressed in too firmly, they rub harder than necessary. They
should be fitted smoothly so as to give the full area of electrical

contact, then excessive pressure will not be needed. They
should be only tight enough to make good contact and prevent

sparking or flashing. When carbon brushes are working prop-

erly, the metal surface on which they rub becomes finely

polished, and wears down very slowly. This is particularly

noticeable in the case of copper commutators on direct current

machines.

Besides those of a mechanical nature there may be electrical

troubles, some requiring expert attention, others easily found

and cured. The most common electrical troubles are caused by

loose, wrong, or missing connections, and dirt.

Connections (usually accidental) that allow current to pass

by a piece of apparatus, instead of flowing through it, are

called
" short circuits." They are a common source of trouble.

A systematic way of hunting troubles is as follows :

1. Make or find a circuit diagram, unless you are thoroughly

familiar with the connections and are positive they are right.

In drawing diagrams follow each branch of the circuit from1 the

source (-(-terminal of battery or generator armature) com-

pletely around (through the terminal) to the place of begin-

ning. Remember that no current will flow in a circuit or in any

part of a circuit unless there is a difference of potential in it.

2. Trace the wiring according to the diagram.

3. While tracing, see that

(a) Fuses are good, if any are in circuit.

( & ) Connections are clean and good.

(c) Contact is not prevented by insulating caps of binding

posts or insulation of wire.

(d) Wires do not touch, making short circuits.

(e) There are no extra wires or connections.

(f) There are no breaks in wire inside of the insulation.

This occasionally happens with old lamp cord. The broken

place is very limber, and can be pulled in two more readily

than a sound place.

4. Look for defects in the apparatus itself.
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In a generator, besides loose connections, electrical troubles

easily remedied are, for d.c. :

5. Failure to generate emf., caused by

(a) Brushes not in the right place. On nearly all d.c.

generators of reasonably modern construction, the proper posi-

tion for the brushes on the commutator is nearly opposite the

middle of the field poles, or slightly forward (in the direction

of rotation) of that point The exact location, found by trial,

is that which gives sparkless commutation. Brushes are set

right at the factory, and should be left as they are, unless there

is good reason to believe that they have since been shifted.

(&) Brushes not making good contact because of bad fit or

too little pressure. Test by lifting them slightly, one by one,

to detect loose springs; also try pressing brushes to commuta-
tor with dry stick. Remedy by working fine sandpaper back

and forth, sharp side out, between commutator and brush

(holding it in such a way that the toe of the brush is not

ground off) or by tightening brush springs, as needed.

Brushes are designed, either to press against the commutator

squarely, pointing toward the center of the shaft, or, more

commonly, to trail somewhat as an ordinary paint brush might
trail if held against the commutator. However, there is also

in very satisfactory use a form of holder by which the brushes

are held pointing against the direction of rotation. Instead

of sliding up or down in a box they are pressed against a

smooth face of brass by springs.

(c) Field connections reversed.

6. Sparking, when caused by

(a) Roughened commutator; cured by holding fine sand-

paper (not emery) against it while running.

( b ) Brushes shifted ; for remedy see 5, above. It is very im-

portant that all brushes be at the proper points. This means,
for example, that if the brushes are supposed to touch at four

points, spaced a quarter way around the commutator, they

shall actually be exactly a quarter of a circumference apart, as

tested by fine marks on a strip of paper held against the com-

mutator.

7. Heating of commutator due to brush friction. Reduce ten-

sion of springs.
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In a. c. generators look for

8. Loose connections and bad contacts at brushes. Position

of brushes on rings is immaterial, as there is no commutation.

In d. c. shunt motors, motor-generators, or dynamotors, the

simple troubles are :

9. Failure to start, or starting suddenly with speed quickly

becoming excessive, due to wrong connections. (See Sec. 97.)

10. Sparking, caused by excessive load or wrong brush posi-

tion. (See 5 and 6 above.) The proper position for motor

brushes is slightly backward (against the direction of rotation)

of the center of the field poles.



CHAPTER 3.

RADIO CIRCUITS.

A. Simple Radio Circuits.

107. The Simplicity of Radio Theory. The principles of alter-

nating currents developed in Chapter 1 are applicable to radio

circuits. Radio currents are merely very high frequency alter-

nating currents. The fundamental ideas of sine waves (Sec.

50) apply to what are known as continuous or ''undamped
waves." "

Damped waves "
also behave in many ways like

sine waves; for some purposes slight modifications of the sine

wave theory are needed. These are treated in Part B below.

The frequencies of alternation of radio currents are very high.

Ordinary alternating current power circuits use frequencies from

25 to 60 cycles per second. The lowest radio frequencies, how-

ever, lie above some 10,000 cycles per second, and the upper
limit may be put at perhaps 300,000,000 cycles per second. Such

an enormous difference in frequency should naturally give rise

to some differences in the behavior of radio circuits as distin-

guished from low-frequency alternating current circuits.

In low-frequency a.c. circuits the principal opposition to

the flow of currents through the wires connecting the vari-

ous machines and other parts of the circuit is the resistance

of the wires. It is only in unusual cases that the inductance

and capacity of the connecting wires requires consideration in

low-frequency a. c. circuits, although the inductance of the

windings of generators, motors, and transformers is important.

The inductance and capacity of every part of a radio circuit are

usually of much more importance than the resistance.

The reactance of such small inductances as are provided by
a fewr turns of wire is of importance, and condensers whose

small capacity would very effectually prevent the liow of ordi-

nary alternating currents readily allow the passage of radio

currents. The mutual inductance effect of one circuit on another

is much greater, when radio frequencies are used, than is the

231
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case with ordinary alternating current circuits. The enormous

frequencies used in radio work give rise also to much larger

skin effect (see Sec. 117, p. 263), eddy currents, and dielectic

losses than would be the case if the same circuit were worked
at low frequency.

Furthermore, measuring instruments commonly used for alter-

nating current work are, for the most part, unsuitable for use in

radio circuits, or require modified methods of connection. In-

struments whose indications depend upon the heating effect

(Section 59) are, in general, suitable for radio work. Direct

current instruments may also be used, but in connection with

rectifying devices. The telephone receiver, so useful in low

frequency work, requires a rectifier also. At low frequencies
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In Chapter 1, Section 57, page 127, it has been shown that the

value of the current produced in a circuit, to which an alter-

nating emf. is applied, may be calculated by the equation,

emf.
Current=

impedance.

If the effective value of the emf. is used here, the equation

gives the effective value of the current. (Sec. 51, p. 118.)

The impedance 7. depends not only on the resistance R, but

on the reactance X of the circuit as well. (Sees. 55, 57.) For a

sine wave of applied emf.

Z*=Rn

-+X* (69)

That is, the square of the impedance is found by adding the

squares of the resistance and the reactance. The impedance
can therefore never be less than the resistance, and may be very
much greater. If the resistance in the circuit is very small in

comparison with the reactance, the impedance is practically

equal to the reactance. The impedance is measured in ohms.
As has been pointed out (Sec. 49), the reactance is the opposi-

tion offered to the current by an inductance or a capacity. The
reactance, in ohms, of an inductance coil is equal to ITT times the

frequency, times the inductance in henries. For a capacity, the

reactance, in ohms, is equal to x f^ (Sec. 56), in which/ is the

frequency and C is the capacity in farads. In their reactive

effects an inductance and a capacity tend to offset one another,

so that the total reactance of an inductive coil and a condenser
in series is found by taking the difference of their individual

reactances.

It is general practice to use the symbol w to represent 2ir

times the frequency (2irf), since the quantity 2f very fre-

quently occurs in problems involving radio circuits. (See Cir-

cular 74, p. 22.) Using this abbreviation, the reactance of an in-

ductance may be written wL, and the reactance of a capacity

may be written vJ
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Example. Let us calculate the reactance of the combination
of a coil of 500 microhenries inductance in series with a con-

denser of 0.005 microfarad capacity at several different fre-

quencies.

Frequency
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cuit may be made zero. This is at once evident, when we

remember that the inductive reactance increases with the

frequency, while the capacitive reactance diminishes. At some

definite frequency, then, the inductive reactance of the coil nmst

have the same value as the capacitive reactance of the con-

denser, and since they act against each other, the total reac-

tance will be zero.

This may be shown graphically. In Fig. 138 are plotted the

curves A and B of the reactances of the coil and condenser,

respectively, of the previous example. Frequencies are meas-

ured along the horizontal axis and reactances along the vertical

axis. The reactances of curve B are taken as negative to dis-

tinguish between the opposing effects of the inductive and

capacitive reactances. Curve C is obtained by taking the alge-

braic sum of the reactances of curves A and B. It is the curve

of resultant reactance in the circuit. For the particular values

of C and L chosen in this example, the circuit acts like an in-

ductive reactance at all frequencies greater than a value of

slightly above 100,000 cycles, while below that point it has the

character of a capacitive reactance. Furthermore for only a

narrow range of frequencies, 99,000 to 103,000, perhaps, the

reactance of the circuit is less than 10 ohms. For most fre-

quencies the reactance is much greater than this.

The frequency which makes the capacitive and inductive re-

actances equal is called the " resonance frequency
" of the cir-

cuit, and the circuit is said to be in
"
resonance," or to be

" tuned "
to the frequency in question. It is important to be

able to calculate the frequency for resonance. To do so, the

condition must be fulfilled, that

which shows that the frequency at resonance must be

Applying this relation to the example under discussion, and

substituting therein L=0.0005 henry, C=- 9̂ farad, the reso-

nance frequency is found to be about 100,700 cycles per second.

The reactances of both the coil and the condenser at this fre-
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quency are the same and have the value 316.2 ohms. This value

may, of course, be calculated by using for f the value of the

resonance frequency in either of the expressions 2irfL or ^JC'
^

is of interest to note that each of these expressions for reactance

reduces simply to y^, when the frequency has the resonance

value.

There exists, then, for any series circuit containing in-

ductance and capacity a definite value of the frequency, for

which the total reactance in the circuit is zero, and the im-

pedance is simply equal to the resistance of the circuit. This

frequency is called the resonance frequency, and the circuit is

said to be in a condition of resonance. The impedance has its

smallest value, and the current which flows in the circuit when

the applied emf. has any value whatever has the largest value

possible with that value of frequency.

These facts may be readily verified experimentally by insert-

ing in a simple radio circuit a suitable ammeter for measuring

the current. If now the frequency of the applied emf. is gradu-

ally raised, the current will at first be small and will increase

very slowly as the frequency is increased. In the immediate

neighborhood of the resonance frequency the current will sud-

denly begin to increase rapidly for small changes of frequency,

and after passing through a maximum will rapidly decrease

again as the frequency is raised to still higher values. The

results of such an experiment may be shown by a curve in

which frequencies are measured in the horizontal direction,

while the values of the current corresponding are plotted ver-

tically. Since most instruments suitable for measuring radio

currents give deflections proportional to the square of the cur-

rent, it is customary to plot the squares of the current, or the

deflections of the instrument, rather than the current itself.

Such " resonance curves "
are plotted in Fig. 139, and they

show plainly the " resonance peak
" of another circuit having

different constants. (See p. 241.)

On account of its great importance in radio work the phe-

nomenon of resonance requires further study. To fix our ideas,

let us suppose that a circuit whose inductance and capacity

have the values already chosen in the previous example (500
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microhenries, 0.005 microfarad) has a resistance of 5 ohms and
that an emf. of 10 volts is applied in the circuit. The maximum
possible value of the current is found by dividing the applied

voltage by the resistance, which gives 2 amperes. This cur-

rent will flow when the frequency has the critical value of

100,700 cycles per second. To study the distribution of emf.

over the different parts of the circuit we have to remember
(Sec. 55) that the einf. between any two points of the circuit

has to have a value equal to the product of the current by the

impedance between the two points. Accordingly the emf. be-

tween the ends of the resistance is 2X5=10 volts, that on the

coil is 2X316.23=632.46 volts, and the same emf. is found be-

tween the terminals of the condenser also.

The existence of such a large voltage on both the coil and the

condenser explains how it is possible to obtain such a relatively

large current through the large reactances of the coil and con-

denser. The small applied vbltage is employed only in keeping
the current flowing against the resistance of the circuit, not for

driving the current through the coil or condenser. To explain
the presence of the large voltages on coil and condenser, it must
be remembered, as was shown in Section 57, that when a current

is flowing through an inductance and capacity in series the emf.

on the inductance opposes that on the capacity at every moment.

The sum of the voltages on the two is therefore found by sub-

tracting their individual values. Since at the resonance fre-

quency the emf. on the inductance has the same value as the

emf. on the capacity, the emf. between the terminals of the two
in series is therefore zero.

Energy is supplied to the circuit by the source at a rate which

may be determined (when the resonance condition has been

established) by simply multiplying the emf. by the current.

(Sec. 55, p. 123.) . That is, in the present instance the power is

10X2=20 watts. The power dissipated in heat in the resistance

may be calculated by taking the product of the resistance by
the square of the current. (Sec. 51.) In this case it is

5X22=20 watts. The source, therefore, supplies energy to the

circuit at just the right rate to make good the energy dissipated

in heat in the resistance. After the current has reached the

final effective value (2 amperes in this case) no further energy

is supplied to the coil or condenser by the source, but their
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energy is simply transferred back and forth from one to the

other without loss or gain in the total amount, nor is any out-

side agency necessary to maintain this condition.

In the above discussion of a simple series circuit, consisting

of a resistance, an inductance, and a capacity in series, it has

been assumed that the inductance coil was a pure inductance

and that the capacity was a pure capacity that is, that neither

had any resistance and that the entire resistance of the circuit

was concentrated in the resistance unit. In actual practice

these ideal conditions can not be absolutely realized, although

they may be very closely approximated. The inductance coil

necessarily has a certain amount of resistance in which energy
is dissipated as heat, and there may be other sources of energy
loss in the inductance coil. The insulating material between

the plates of the condenser constituting the capacity is not an

absolutely perfect nonconductor, but allows a certain very small

leakage current to flow, resulting in a small loss of energy as

heat. There are also other sources of energy loss in con-

densers. The effect of these energy losses in the condenser

is equivalent to introducing additional resistance into the cir-

cuit. With suitable design, the energy losses in both inductance

coils and in condensers may be made very small.

Mechanical Example of Resonance. Many mechanical ex-

amples of resonance might be cited. It is a well-known fact that

the order to
" break step

"
is often given to a company of

soldiers about to pass over a bridge. Neglect of this precaution
has 'sometimes resulted in such violent vibrations of the bridge
as to endanger it. This is especially the case with certain short

suspension bridges.

When a shock is given to a bridge it vibrates, and the fre-

quency of the vibrations that is, the number of vibrations per
second is always the same for the same bridge, whatever the
source of the shock. The frequency of vibration is analogous
to the resonance frequency of the circuit. For if an impulse
be applied to the bridge at regular intervals, tuned so that the
number of impulses per second is exactly equal to the number of

" A discussion of energy losses in condensers may be found in Bureau
of Standards Circular No. 74 and in a paper by J. H. Bellinger, Pro-
ceedings Institute R&dio Engineers, vol. 7, p. 27, February, 1919.

53904 22 16
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vibrations natural to the bridge in the same time, violent vibra-

tions may be set up, although the individual impulses may be

small. In fact, when the bridge is thus vibrating the impulses
need to have only just force enough to overcome the fractional

forces and thus keep the vibrations from dying away. The
much greater forces involved in the vibrations themselves cor-

respond to the large voltages acting on the coil and condenser.

The voltage on the condenser is of the same nature as the large

forces which exist in the beams of the bridge when they are

stretched, while the voltage on the coil corresponds to the very
considerable momentum of the moving bridge. The small force

of the impulses given the bridge corresponds to the small

applied emf. in the electrical case.

^If the vibrations of the bridge ever become so violent as to

rupture it, it means that the beams have been stretched beyond
their breaking point. Similarly the dielectric of the condenser

may be broken by the emf. existing between its terminals in

cases where the resonance current is too large.

110. Tuning the Circuit to Resonance. The practical impor-

tance of resonance lies in the fact that it enables the impedance
of a circuit to be made equal to the resistance alone., It must
be remembered that the reactance of the small inductances in

the circuit, which are unavoidable, becomes important at radio

frequencies and may often be much greater than the resistance.

This fact, taken in connection with the smallness of the emf.

of incoming signals, would make it impossible to obtain any but

minute currents in the receiving apparatus with inductance

alone dn the circuit. From this standpoint, the sole function of

the tuning of the circuit to resonance is to offset the inductive

reactance by an equal capacitive reactance, so that the im-

pedance may be made as small as the resistance.

The circuit may be tuned to resonance in three ways
(a) By adjusting the frequency of the applied emf.

( & ) By varying the capacity in the circuit.

(c) By varying the inductance in the circuit.

Of these, the first case has already been treated, the other

two find application in receiving circuits where the frequency
of the incoming waves is beyond the control of the operator, in

the use of coupled circuits and in the adjustment of the fre-

quency of the waves emitted in certain methods of sending.
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The possibility of timing a circuit is of course not confined to

radio circuits, but is present also with ordinary alternating

current circuits, and is becoming common in telephone work.

However, at low frequencies the values of the inductance and

capacity involved are relatively great, so as to make it incon-

venient to vary their values in steps sufficiently small. Further-

more, in low-frequency work the reactances of the coils likely

to occur in the circuit are small, and the large quantities of

power involved render the use of condensers relatively uncom-
mon. The inductances and capacities used in radio work, on

the other hand, are relatively small, and the construction of

coils of continuously variable inductance ("variometers" or

variable inductors) and of apparatus of variable capacity (vari-

able condensers) offers no particular difficulties.

From formula (71) it appears that it is the product of the

inductance and capacity, rather than their actual values, which
determine the resonance frequency. To tune a circuit to a
given frequency, the inductance may be large or small, pro-

vided only that the capacity may be so adjusted that the prod-
uct of inductance and capacity shall have the value correspond-

ing to the frequency assumed. (A table showing these varia-

tions with the product of inductance and capacity is given in

Appendix 5, p. 557.)

111. Resonance Curves. A resonance curve is a curve which
shows the changes of current in a circuit, when changes are

made which cause the resonance condition to be somewhat de-

parted from. For example, the current (or square of the cur-

rent) may be plotted for different values of the frequency
somewhat above or below the resonance frequency. Or, the

curve may show the change in current, when the capacity (or

inductance) is somewhat raised and lowered with respect to

the value which holds for the condition of resonance. Such
curves are often determined experimentally, in whole or in

part, on account of their value in calculating the damping of

the circuit. (Damping is treated in Sec. 116 below.) Such,
for example, are the curves of Fig. 139, in which are plotted
the values of the current squared, to an arbitrary scale, for

different values of the capacity of the variable condenser. The
inductance of the circuit was fixed at the value 377 micro-

henries. Three different curves were determined with the re-
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sistance in the circuit fixed at the values 4.4, 9.4, and 14.4 ohms.

respectively.

Sharpness of Resonance. It was, of course, to be expected
that the value of the current at resonance (height of the peak),
should be greater, the smaller the resistance in the circuit, but

attention needs to be called particularly to the sharpness of the

curve with the smallest resistance and to the flatness of the

curve with greatest resistance. This is the characteristic of

resonance curves in general, and is a necessary consequence of

the equations for the impedance. It may be shown still more

clearly, if the scales to which the three curves are plotted are

so altered that the peaks of the three curves have the same

height. This has been done in Fig. 140, page 236.

The same results may be seen by calculating the square of

the impedance with different settings of the condenser and with

different resistances in the circuit. The resonance frequency
in this case was 169,100 cycles per second, which shows that

with the inductance of 377 microhenries the setting of the con-

denser at resonance is almost exactly 2,350 microniicrofarads*.

The reactance of condenser and coil at this frequency is 400.56

ohms in each case.

The following table shows the impedances for three different

settings of the condenser when the resistance of the circuit has

the three values corresponding to those of the curves. The

squares of the currents are, of course, less in proportion as the

squares of the impedances are greater.

Setting of

condenser
(micrornicro-

farads).
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the resonance curve with its resistance points to the possibility

of calculating the total resistance in the circuit from measure-

ments of the resonance curve. For this method of measuring

radio resistance see Circular 74 of the Bureau of Standards,

Sections 49 and 50.

The calculations here given, as well as an inspection of the

curves of Fig. 139, show that the resonance curve is not sym-

metrical. That is, the current has not the same value when the

capacity is a certain amount less than the resonance value that

it has when the value of the capacity is greater by the same

amount. The question of this lack of symmetry is treated in

the next section.

Symmetry of Resonance Curves. The curves of Fig. 138

show the changes of coil reactance, curve A, and condenser reac-

tance, curve B, together with the total reactance, curve C (their

show the changes of coil reactance, curve A, and condenser reac-

tance, curve B, together with the total reactance, curve C (their

its zero value (point Z, Fig. 138). The resonance peak (Fig.

139) is, therefore, unsymmetrical also. That is, the current is

not the same for two frequencies, one slightly higher than the

resonance frequency, and the other the same number of cycles

lower than the resonance frequency. The explanation is found

in the shape of the curve of condenser reactance.

The same lack of symmetry exists when the inductance and

the frequency are held constant and the capacity is varied to

obtain resonance, because the shape of the curve of condenser

reactance in this case is the same as in the preceding. However,

if the frequency and capacity are held constant, and the reso-

nance condition is reached by varying the inductance, a sym-

metrical resonance peak is obtained ; equal changes of the in-

ductance above and below the setting for resonance will cause

the current to fall to the same value. The difference of this

case from the two preceding lies in the fact that curves of

condenser and coil reactance and hence of total reactance are

here straight lines.

To summarize, then, the resonance curve is symmetrical when

the tuning is accomplished by varying the inductance (C and f

constant), but is not symmetrical in the two other methods of

tuning, viz, by varying the capacity (L and f constant) or by

varying the frequency (C and L constant).
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112. The Wavemeter. The phenomenon of resonance enables

one to obtain relatively large currents in a circuit to which only

a small emf. is applied, provided only that the circuit is properly

tuned. To determine when the condition for resonance is real-

ized with a given frequency in a given circuit, or to measure the

frequency at which a circuit of predetermined constants should

be in resonance, use is made of the " wavemeter." This is the

most important instrument used in radio measurements. It

consists essentially of a series circuit, which includes an induc-

tance and a capacity, both of which are of known values. Either

the inductance or the capacity may be of fixed value, while the

WaVemeter wi'th cou)s(<?e/ Indicator

in parallel with
Inductance 4 res

other will be variable. A hot-wire ammeter, thermo-junction,

or other suitable device for measuring radio currents is in-

serted, either directly into the circuit (Fig. 141), or, better, is

coupled electromagnetically to it, the coupling being made as

loose (Sec. 119) as will permit of a suitable maximum deflection

of the ammeter (Fig. 142).

If the frequency of the current in a given circuit is to be

measured, the coil of the wavemeter circuit is placed near the

circuit in question and the capacity of the wavemeter is varied

until the indicating device shows that the current in the wave-

meter circuit is a maximum. In making the final adjustment

the wavemeter coil should be moved as far away from the circuit
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in question as is possible and yet provide a convenient maxi-

mum deflection of the current-indicating device.

From the known value L of inductance of the wavemeter coil

and the capacity Or, corresponding to the setting of the con-

denser at resonance, the desired frequency may be calculated

from equation (72), which gives

(72)

What is generally desired, however, is not so much the fre-

quency as the wave length (Sec. 125) of the electromagnetic

waves radiated by the circuit. The wave length X is connected

with the frequency f by the fundamental relation

X=y (73)

in which c is the velocity of electromagnetic wraves in space

and has the value of 300,000,000 meters per second. Expressing
Cr in microfarads and L in microhenries, as is commonly con-

venient, the fundamental wavemeter equation giving the wave

length in meters is

X=1884VICr (74)

For example, if L=1000 microhenries and Cr=0.001 microfarad,
the wave length emitted by the circuit is 1884 meters.

A wavemeter is usually provided with a buszer or some other

auxiliary device by means of which oscillations may be set up
in the wavemeter circuit. These will have a wave length
which may be calculated by equation (74) from the inductance

and capacity of the wavemeter circuit. By coupling any de-

sired circuit with the wavemeter circuit an emf. is introduced

into the former, when the buzzer is working, the frequency of

which is the same as that existing in the wavemeter circuit.

This frequency may be calculated by (74) from the known
inductance of the wavemeter coil and the capacity correspond-

ing to the setting of the condenser. If, further, it is desired to

tune the circuit in question to the frequency emitted by the

wavemeter circuit, it is only necessary to connect a detector

and telephones in the circuit to be tuned, to cause the wave-
meter to emit waves, and to vary the capacity or inductance of
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the circuit to be adjusted, until the sound of the buzzer in the

telephones is a maximum.
113. Parallel Resonance. In the preceding sections it has beeri

shown how to obtain the maximum current in a circuit for a

given applied emf. The principle of resonance, utilized for this

purpose, finds application also in the solution of the reverse

problem of keeping currents of a certain frequency out of any
chosen part of a circuit without, however, preventing the passage
of currents of other frequencies. To such an arrangement is

given the appropriate name of a "
filter." A filter consists es-

sentially of an inductance coil, joined in paralled with a con-

denser. This combination is interposed between the emf. in

question and that portion of the circuit from which the unde-

sirable currents are to be excluded. Any such combination of

inductance and capacity, taken at random, will oppose currents

of a single frequency only, whose value depends principally on

the values of the inductance and capacity. To render such an

arrangement effective against currents of a certain chosen

frequency it is necessary to adjust the capacity and inductance

to have a definite relation. The solution of this problem re-

quires a knowledge of the principles of "parallel resonance."

Fig. 143 shows a coil of inductance L and resistance R, joined

in parallel with a condenser of capacity C. The current / flows

from the alternating source of emf. E through the main circuit,

and at the branch point divides, a part h flowing through the

coil and the remainder Jc through the condenser. At every mo-

ment the current / has a value which is the algebraic sum of the

values of 7i and 7c existing that same moment. Let us sup-

pose, first, that the emf. E has a definite frequency, and that

the inductance of the coil is invariable. Current-measuring

instruments may be arranged to measure the three currents.

If the capacity is varied continuously and the indications of

the ammeters recorded, the following experimental facts will

be observed.

In general, the currents in the coil and condenser will be

unequal, and the current / may be less than either. As the

capacity is varied, the currents in the coil and condenser may be

made to approach equality, and at the same time the main

current will decrease. At length, for some critical value of the
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capacity, the main current will reach a very small minimum

value, while the current in the coil and the condenser current

are nearly equal. Further, each is many times larger than the

main current. As the capacity is now varied still further, the

main current begins to increase, and the coil and condenser

currents are no longer so nearly equal.

As an example, assume the inductance of a coil to be 1000

microhenries and its resistance 2 ohms. An effective emf. of 10

volts and a frequency of 71,340 cycles per second is applied.

(This value of frequency was chosen, since it gives a minimum
current /, with a condenser of almost exactly 0.005 microfarad. )

The changes of the current in the main circuit, as the capacity

is varied from 0.002 to 0.008 microfarad are shown in Fig. 144,

in which values of the capacity are measured horizontally and

values of the square of the current vertically. The latter values

in the figure are multiplied by a million. The minimum current

is not zero, but its value is only about 0.0001 ampere, a value

whose square is too small to be easily distinguished in the figure.

The corresponding currents in the coil and condenser are each

about 0.02236 ampere. Their difference is only about 10 o!ooo

part of this value, the condenser current being the larger by

this minute amount.

In practice, then, if we imagine some troublesome emf. to be

introduced into the circuit at E (Fig. 143), by induction or other-

wise, the employment of a parallel combination of inductance

and capacity can be made to very completely prevent this emf.

from causing currents to flow in the circuit, provided only that

the values of inductance and capacity are properly chosen. And
such a filter does not prevent the passage of currents of other

frequencies.

If, for example, we suppose that the emf. E has a frequency
of 100,000 cycles, in the above case the combination of 1000

microhenries and 0.005 microfarad would allow 0.01549 ampere
to flow in the main circuit. That is, this filter has 155 times

as much stopping effect for currents of 71,340 cycles per second

as for currents of 100,000 cycles, and for frequencies further

away the effect would be greater. Filters of this kind are used

in airplane radio telephone sets to remove noises produced by
the electric generator used in the set ; for example, in the type
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SCR-68 sets. A similar filter is used in connection with the

Signal Corps buzzerphone, type EE-1. 1
Filters are also used

in telephony on wires using modulated radio-frequency currents.

(See Sec. 212.) Filters designed for this purpose may consist

of an elaborate arrangement of a considerable number of in-

ductances and capacities.

The results of theory show that to filter out currents of a

frequency f, the necessary relation between inductance and

capacity is given in the following equation :

The current in the main circuit is, under this condition,

t'le+liri-r
<76)

In all practical radio circuits, however, the resistance of a cir-

cuit is so small in comparison with the inductive reactance, that

it may be neglected. The equation (75), under these circum-

stances, goes over into the same equation that holds for series

resonance, that is

1

Otherwise expressed, then, it may be stated that when the

condition of parallel resonance is realized, the loop circuit

which contains the coil and condenser in series is very closely

in a condition of series resonance. Recalling the fact that, in

the series resonance condition, the emf. on the condenser is

equal and opposite to that on the coil, it is easy to see that

there is here a flow of current back and forth between the coil

and the condenser. Viewed from the main circuit (Fig. 143), the

current in the coil is, at every moment, opposite to the condenser

current, so that the main current, which is their algebraic sum,
is at every moment merely the difference between the condenser

and coil currents. These latter being nearly equal in value, we
have the explanation of the existence of the relatively large cur-

rents in the coil and condenser, when the main circuit is almost

free from current.

1 See Signal Corps Wire Communication Pamphlet No. 1 (see p. 576).
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The ideal filter would be one in which the resistances of the

inductance coil and all the connecting wires in the two branch

circuits were actually zero. In such a case, the condition for

parallel resonance would be rigorously the same as for series

resonance, equation (70), the condenser current would be ex-

actly equal to the current in the coil, and absolutely no cur-

rent would flow in the main circuit. The filter effect would be

perfect. No energy would therefore flow from the source E,

. 144
pi a.MS

m to micro -mfd

M.fisrs

Variation of *^*rent mdwctane*
&r*l)e! Resonance Curve. ofAooil with wave

but this would merely give the condenser an initial charge, and
thereafter current would flow between the two branch circuits,

even if the main circuit were removed. See Section 115, on

free oscillations.

In any actual case there must, however, be some resistance in

the circuit, and the energy for the heating in the resistance

must come from outside. The emf. E must cause just enough
current to flow in the main circuit to make good this loss of

energy. It is easy to show that these conclusions follow also

from the equations previously cited. When the resonance

condition is established, the main current and the emf. E are in

phase, so that the power is equal to the product of the emf. E
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p>2 E>

and the main current that is, to "pyj/o fTV ^ne Power

lost in heating is equal to the square of the current in the coil

multiplied by the resistance of the coil. The current in the
EI

coil is, however (Sec. 55), ,
}

so that the power in

ri2 r>

heating has the value P2 /9 /. rv2 ,
as before. The fact thatK -\-\iTTJ Ll)

the main current should be zero, when the resistance is zero,

is in line with equation (76) for /, and with the fact also that

the heating must be zero in that case.

Besides tuning the filter by varying the capacity, it is of

course possible to obtain parallel resonance by varying the in-

ductance instead. For a given coil and condenser, it is also

possible to obtain parallel resonance by adjusting the frequency
of the applied emf . It must be noted, however, that when either

the inductance or the frequency is varied, the conditions for

minimum current in the main circuit are slightly different and
are not the same as when the capacity is varied. These three

conditions differ appreciably only when* the resistance is large.

For radio circuits, the resistance is usually so small that no

difference can experimentally be detected between all these

conditions for minimum current. For zero resistance, all three

coincide and are expressed by equation (75).

114. Capacity of Inductance Coils. A coil used in radio cir-

cuits can seldom be regarded as a pure inductance. While the

capacities between turns of a coil are small, they approach the

same magnitude as other capacities used in radio circuits. A
coil is to be considered as a combination of inductance and

capacity in parallel. It is found that the capacity Co of a coil

does not change appreciably with frequency. Neither does the

inductance itself, but the apparent or equivalent inductance La

of this combination of inductance and capacity does vary with

frequency as indicated by the equation

(77)

in which the quantity w is equal to 2irf. (See p. 123.)

The variation with wave length is shown in Fig. 145. When
the coil is the main coil of a circuit, it is usually desirable to
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introduce the emf. into the circuit by induction in the coil itself

rather than in series with the coil. The capacity of the coil is

then merely added to the capacity of the condenser. When
the emf. is in series with the coil, one effect of the coil capacity
is to increase the resistance introduced into the circuit by the

coil and thus reduce the current.

The capacity of coils frequently gives rise to peculiar and
undesirable effects in radio circuits. Among these are effects

caused by the capacities of those parts of a coil which are not

connected in the circuit. The turns which are supposedly
" dead "

ma~y actually produce considerable effect, both upon
the resistance and frequency of resonance of the circuit. Thus,
the capacity of the unused part 2 of the coil in Fig. 146 causes

a second circuit to be closely coupled to circuit 1. This may
cause the circuit 1 to respond to two frequencies and exhibit

the other phenomena of coupled circuits described in Section 120

below. (See also Circular 74 of the Bureau of Standards,

Sec. 19; Bureau of Standards Scientific Paper No. 427, by
G. Breit,

" Some Effects of the Distributed Capacity Between

Inductance Coils and the Ground "
; and also a paper by G.

Breit,
" The Distributed Capacity of Inductance Coils," Physical

Review, vol. 17, pp. 649-677, June, 1921.)

B. Damping.

115. Free Oscillations. Thus far it has been assumed that a

constant alternating voltage has been applied to radio circuits,

in which case the alternating currents produced are of constant

amplitude. Such currents may be regarded as analogous to the

forced oscillations which are produced in a mechanical system
like a swing or a pendulum, when it is acted upon by a force

which varies periodically. The system is forced to vibrate with

the same frequency as that of the force.

It is, however, possible to produce oscillations of current in

a circuit without the necessity of providing a source of alternat-

ing emf. A common method is merely to charge a condenser

and then to allow it to discharge through a simple radio circuit.

This may be accomplished, for example, by the simple means
shown in Fig. 147. By throwing the switch S to the left, the

condenser C is charged by the battery E, but when the switch

is thrown to the right, it is discharged into the circuit contain-



252 RADIO CIRCUITS.

ing the resistance R and the inductance L. If the resistance R
is not too great, electric oscillations are set up which, however,

steadily die away as their energy is dissipated in heat in the

resistance. As in Fig. 148, the current becomes less and less as

the oscillations go on.

To explain this action, we must follow more closely what
takes place in the circuit from the moment when the condenser,

charged up to a certain potential difference, is inserted in the

discharge circuit. When the condenser starts to discharge it-

self, a current flows out of it, and the potential difference of

the plates decreases as a result. At the moment when the

plates have reached the same potential, current is still flowing

out of the condenser. The current has energy and can not be

P i q. \A~\
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Effect of diTriboteJ
in the unused Tc/rns of A coil

stopped instantly. In fact, to bring the current to zero value

it is necessary to oppose it by an emf., and the amount of emf.

necessary is greater the more quickly one wishes to stop the

current. It is similar to the case of a moving body. On account

of its motion the body possesses energy, and can not be brought
to rest instantly. The greater the force which is opposed to it,

the more quickly it may be brought to rest, but unless its motion

is opposed by some force, it continues to move indefinitely with-

out change of velocity.

The flow of current from the condenser, then, does not cease

when the condenser has discharged itself, and, as a result, that

plate which was originally at the lower potential takes on a

higher potential than the other. The condenser is beginning to

charge up in the opposite direction. The potential difference of

the plates now acts in such a direction as to oppose the flow
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of the current, which decreases continually as the potential

difference of the plates rises. If the resistance of the circuit

were zero, the current would be zero (reversing) at that mo-

ment when the potential difference of the plates had become

just equal to the original value. That is, the condenser would

Free oscillations w'itn

different" values of the
decrement"

Decrement- (

be as fully charged as at the beginning, only with the potential

difference of the plates in the direction opposite to that at the

start. Now begins a discharge of electricity from the condenser

in the opposite direction to the first discharge, and this dis-

charging current flows until the condenser has become fully

recharged in the original direction. The cycle of operations

then repeats itself, and so on, over and over again.
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The action in the circuit may thus be described as a flow of

electricity around the circuit, first in one direction and then in

the other. The rate of flow (current) is greatest when the

plates have no potential difference, and the current becomes
zero and then begins to build up in the opposite direction at

the moment when the potential difference of the plates reaches

its maxamum value. This alternate flow of electricity around

the circuit first in one direction and then in the other is known
as an "

electrical oscillation." Since no outside source of emf.,

such as an a.c. generator, is acting in the circuit, the oscillations

are said to be " free
"

oscillations.

Mechanical free oscillations are well known. Such, for ex-

ample, are the swinging of a pendulum and the vibration of a

spring which has been bent to one side and then let go. In the

case of the pendulum the velocity with which it. moves corre-

sponds to the value of the current in the electrical case, while

the height of the pendulum bob corresponds to the potential

difference of the condenser plates. When the bob is at its

highest point its velocity is zero, corresponding to the con-

denser when the plates are at their maximum potential differ-

ence and no current is flowing. When the pendulum bob is at

its lowest position it is moving most rapidly. Similarly, when
the plates of the condenser have zero potential difference, the

current flowing has its maximum value. The pendulum does not

stop moving when it passes through its lowest point ; neither does

the current cease at the moment when the condenser plates are

at the same potential. The pendulum rises with a gradually

decreasing velocity toward a point at the other end of the

swing as high as the starting point. The current gradually

decreases as the condenser charges up to an opposite potential

difference equal to the original value. The return swing of the

pendulum corresponds to the flow of current in the direction

oposite to the original discharge.

A pendulum swinging in a vacuum and free from all friction

would continue to swing indefinitely, each swing carrying it

to the same height as the starting point. Similarly, electric

oscillations would persist indefinitely in a circuit that is, they

would be " undamped
"

if there were no resistance to the

current.

Actually, electric oscillations die down in a circuit and finally

cease altogether, just as an actual pendulum will make shorter
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and shorter swings and finally come to rest. Since the occur-

rence of free oscillations in a circuit presupposes no interfer-

ence with the circuit from outside, the circuit receives no energy

beyond that imparted to it at the moment when the oscillations

begin. Thereafter the circuit is self-contained, and any loss of

its energy in heat and electromagnetic waves reduces by just so

much the energy available for maintaining the oscillations.

This loss of energy goes on continuously and the oscillations die

away to nothing. They are said to be "
damped

"
oscillations.

At the start there is a definite amount of energy present in the

circuit, namely, the energy of the charge given the condenser.

The amount of this energy depends upon the capacity of the

condenser and the square of the potential difference between its

plates (emf. to which it is charged). This energy exists in

the dielectric of the condenser, which is in a strained condition

due to the charge. As soon as the current begins to flow the

condenser gives up some of its energy, and this begins to be

associated with the current and is to be found in the magnetic

field around the current; that is, principally in the region

around the inductance coil. As the current rises in value under

the action of the emf. of the condenser, energy is continually

leaving the condenser and being stored in the magnetic field of

the inductance coil. When the plates of the condenser have no

potential difference, the whole energy of the circuits resides in

the magnetic field of the coil and none in the condenser.

Energy is then drawn from the coil as the current decreases

and energy is stored up in the condenser as it is recharged.

If the resistance of the circuit were zero and no energy were

radiated in waves or dissipated in other ways, the total energy

of the circuit would be constant. The energy dissipated in

heat and electric waves is, however, lost to the circuit, so that

the total amount of energy, found by adding that present in the

condenser to that in the inductance, steadily decreases. Finally

all the original store of energy given the circuit has been dis-

sipated and the oscillations cease.

The energy lost when a steady current is flowing in a circuit

depends not only on the value of the current, but on the resis-

tance of the circuit, and in a radio circuit this resistance is

replaced by a somewhat larger quantity of the same kind, the

"effective resistance." (See Sec. 117.) The greater the effec-

53904 22 17



256 RADIO CIRCUITS.

tive resistance the greater the amount of energy dissipated per
second when a given current flows.

Ohm's law shows that to keep a current / flowing through a

resistance R an emf. RI is necessary and this has to be fur-

nished by the battery, generator, or other source. In an oscil-

lating circuit the same is true, and that portion of the emf. in

the circuit which is employed in forcing the current against the
resistance is, of course, not available for charging the condenser
or building up the discharge current. The changes of current

in the circuit described above are thereby hindered, and the

current does not rise to as great a value as it would in the

absence of resistance. The maximum of emf. between the

plates of the condenser is less each time the condenser is dis-

charged, and thus the oscillations of the current die away.

FIG

Errvf" induced in the cross section of A
Conductor

o&rryirfe hi^h freqwency current"

A good analogy to damped electrical oscillations in a circuit

is found in the vibrations of a flat spring, clamped at one end

in a vise, and then bent to one side and released, Fig. 149. The

spring vibrates from side to side with decreasing amplitude,

until finally it comes to rest in its unbent position O. When the

spring is bent energy is stored up in it the energy of bending.

On being released the spring moves and gains energy of motion,

while the energy of bending decreases. If there were no fric-

tion the loss of one kind of energy would be just offset by the

gain of the other kind and the sum total would remain constant.

The spring would move past the natural undisturbed position O,

under the influence of its energy of motion, and would be

brought to rest at a position just as far to the other side of O
as was the starting point.

Friction has, however, the effect of opposing the motion and

causing a dissipation of energy in heat, and each excursion

away from the resting point is smaller than the one preceding.
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Free oscillations, then, can take place in a circuit containing

inductance and capacity. These would be undamped in the

ideal case where the resistance can be regarded as zero. In all

practical cases of free oscillations, however, the oscillations are

damped. To produce undamped waves it is necessary to pro-

vide some source of power to make good the energy dissipated
in the oscillating circuit. Strictly speaking, undamped free

oscillations are impossible in actual circuits. It is of impor-
tance to study the effect of the resistance in determining the

rapidity with which the oscillations die away.
116. Frequency, Damping, and Decrement of Free Oscillations.

If the resistance of the oscillating circuit is constant it is pos-

sible to calculate the period of the free oscillations in the cir-

cuit and to find the rate at which the oscillations die away. If

L. T, and R are. respectively, the inductance, capacity, and re-

sistance of the circuit, then free oscillations in the circuit will

have the frequency

This is known as the " natural frequency
"
of the circuit. Simi-

lar considerations apply to the pendulum and vibrating spring
discussed above. Each vibrates in a period natural to it, which

depends upon the dimensions, material of the vibrating system,
and the friction against which it moves.

J?2
If it should happen, in any case, that the quantity

is equal to or greater than j^ then free oscillations in the

circuit are impossible; the current in the circuit does not re-

verse its direction at all, but simply dies away. The circuit

is said to be in the "aperiodic" condition; that is, without

period. Seldom do such cases occur in radio circuits. Usually
R2

1
the quantity |^j instead of being larger than

j-^
is very small

in comparison with the latter. We may, therefore, as a rule,

use without error as the expression for the natural period

which is the same expression as for the frequency of the applied



258 RADIO CIRCUITS.

emf. necessary in order that the circuit shall be in the resonance

condition.

The rapidity with which the oscillations die away depends,

not only on the resistance of the circuit, but on the inductance

also. The greater the resistance and the smaller the induc-

tance, the more rapid is the damping and the rate at which

the oscillations decrease. If the resistance, capacity, and in-

ductance of the circuit have fixed values, it may be shown that

each successive maximum of current is the same fraction of the

preceding maximum as the latter is of the maximum imme-

diately preceding it. If, for example, the second maximum is

0.9 of the first, the third will be 0.9 of 'the second, etc. How-

ever, instead of adopting as a numerical measure of the rate

of decrease this ratio itself, it is found more convenient in the

mathematical theory of damping to adopt the natural logarithm

of the ratio of any maximum to the next following maximum
with the current in the same direction, i. e., the logarithm of

the ratio of two maxima one cycle apart. This number is

known as the "
logarithmic decrement," or "

decrement," for

short. This is the decrement per complete oscillation.

In cases where the resistance of the circuit is not exceed-

ingly large, the decrement is equal to TT times the quotient of

the resistance by the inductive reactance of the circuit, calcu-

lated for the natural frequency of the circuit. That is, the

decrement is equal to TT( , fr )so that either increasing the

resistance or decreasing the inductance will increase the decre-

ment. The natural frequency being practically independent of

the resistance, that is, equation (79) being sufficiently accurate,

the capacitive reactance is equal to the inductive reactance.

Thus the decrement is TT times the quotient of the resistance by

the capacitive reactance at the natural frequency of the

circuit.

In a spark circuit the idea of logarithmic decrement is not

exactly applicable. On account of the variable resistance of

the spark, the oscillations fall off according to a different law

than that just discussed. (See Circular 74, p. 230.)

Examples of Decrements. Fig. 148 gives a graphic idea of the

dissipation of the oscillations in three cases where the decre-

ments are 0.01, 0.1, and 1, These correspond to circuits of very
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small damping, moderate damping, and excessive damping, re-

spectively. Each curve starts from the same value of current

at the first maximum, and for each the natural period of the

circuit is the same. The latter is represented by the horizontal

distance, AB, BC, etc., in each. The difference between the

curves is striking. In the case of a decrement of 0.01, the oscil-

lations decrease only very gradually ;
this case approximates

that of undamped waves. In the extreme case of a decrement

of 1, the oscillations become negligible after only four or five

periods. To construct such curves the following simple method

may be used :

Assume a certain number of divisions in the horizontal di-

rection to represent the period of the oscillations, for example,

five. Then the curve must cross the horizontal axis every two

and one-half divisions. Choose a convenient number of di-

visions to represent the first maximum of the current, for ex-

ample, ten. The curves DE (Fig. 148) are next drawn to scale,

starting with the chosen value for the first maximum. The
curves DE have the property that the height of the curve falls

off by equal fractions of its value for equal horizontal inter-

vals.

For instance, if the decrement is 0.1, we find, since 0.1 is the

natural logarithm of 1.105, that the first maximum OD in the

positive direction is 1.105 times as great as the next, PG, and
so on for any two successive maxima in the same direction. If,

therefore, we take OD=W divisions, PG will equal-3- -^=9.05
1. 105

9.05
divisions, RH will be

1 1Q5 =8.19, etc.

For all except large values the logarithmic decrement is

practically equal to the fractional difference between successive

maxima. Thus, for example, when the logarithmic decrement

is 0.1 each maximum is approximately 0.1 greater than the

next.

Number of Oscillations. Although, strictly speaking, the

oscillations never would become absolutely zero, they actually

become negligible after a certain time. A knowledge of the

logarithmic decrement enables us to calculate how many com-

plete oscillations will be executed before their amplitude has
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fallen below a certain fraction of the first oscillation. This

number is greater the smaller the decrement.

If, for example, we arbitrarily choose to find the number of

oscillations which will be completed before the maximum of

current will fall below 1 per cent of the value at the start, we
have simply to take the quotient of the natural logarithm of

100 by the decrement. The natural logarithm of 100 is, near

enough, 4.6. The number of oscillations is thus 4.6 divided by
the decrement. Thus in the three cases given in Fig. 148 the

numbers of complete oscillations will be 460, 46 and 4.6, cor-

responding to the decrements 0.01, 0.1, and 1, respectively.

The maximum possible value of decrement would be infinite,

but the United States radio laws 2
require that values greater

than 0.2 shall not be used on account of the interference of

highly damped stations with other stations. The number of

complete oscillations calculated by the above rule is 23 for a

decrement of 0.2. The ratio of two successive current maxima
for a decrement of 0.2 is about 1.22.

Effect of Decrement on Tuning. The decrement of a trans-

mitting set gives an approximate idea of its effectiveness in

generating oscillations of a definite wave length, and in deliver-

ing its energy at the wave length which it is desired to use.

The smaller the decrement the sharper the tuning possible and

the less the chance of interference with stations tuned to a

different wave length. The reason for this is that with

highly damped waves there are fewer radio-frequency oscilla-

tions per wave train than with slightly damped waves, with the

result that in the former case the tuning of a receiving circuit

to the wave length of the emitted radio-frequency oscillations

has less effect in determining how much current will be built

up in that receiving circuit. Let us compare two wave trains

having the same energy content, one being highly damped and

the other only slightly damped. In the former there will be a

smaller number of waves between the same relative values of

amplitude in a wave train than in the latter, and the energy

and the electric impulse in the earlier waves of the highly

2 See the pamphlet Radio Communication Laws of the United States,

issued by the Bureau of Navigation, Department of Commerce. Copies

may be secured from the Superintendent of Documents, Government

Printing Office, Washington, D. C., for 15 cents each.
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damped wave train will be greater than in the slightly damped
wave train. Also the electric impulse in the successive waves
of the highly damped train will differ considerably, while the

electric impulse in the successive waves of the slightly damped
train will be almost the same. The first wave of the highly

damped train will have a large electric impulse and will also

have a considerably larger electric impulse than the one fol-

lowing it. This first large electric impulse can be thought of as

producing a large response that is, forcing a current in a sys*

tern which is not exactly in tune with it. Even if the second

impulse should act on the receiving system at an instant such

that its effect would tend to diminish the effect of the first,

nevertheless since the first impulse was so much greater than

the second the current in the receiving system would not cease

on account of the counteracting effect of the second impulse.

Hence if a highly damped wave train acts on any receiving

circuit, that circuit will respond to the first incoming waves of

the train and will maintain oscillations at the frequency to

which the receiving circuit happens to be tuned. (See Impulse

Excitation, Sec. 123.) In the case of the weakly damped wave
train, each impulse is comparatively small and has nearly the

same impulsive force; the first impulse will produce a small

response which could be annulled by the second impulse if it

should act on the receiving system at an instant such as to

oppose the effect of the first impulse. Since each impulse is

small and has nearly the same value, the cumulative effect of a
number of impulses must be utilized, which means that the

transmitting and receiving systems must be closely in tune.

In Fig. 148 the emitted wrave train having a decrement of 0.1

will cause an appreciable response only in such receiving cir-

cuits as are approximately tuned to the radio frequency of the

emitted wave. The wave train having a decrement of 1.0 will

cause an appreciable response in nearly all receiving circuits

which it has the power to affect at all by simply applying to

them a series of impulses of the train frequency. A wave train

having a decrement of 10 would have only one-half of an oscilla-

tion of appreciable magnitude and would have no tuning prop-
erties whatever in a receiving circuit.

Thus, even if the total power of the oscillations be the same
in both cases, a transmitter which sends out a certain number
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of waves trains per second, each wave train having 20 oscilla-

tions of large amplitude at 600 meters, will be much more apt
to interfere with a receiver tuned to 800 meters than if the

transmitter sent out the same number of wave trains per sec-

ond each of which had 100 oscillations of less amplitude at

600 meters.

This can be roughly illustrated by the familiar example of

resonance in sound. Tuning forks usually persist a consider-

able time in their vibration. This means that their vibrations

are weakly damped and that any one single oscillation in the

sound wave which they emit will have comparatively small

energy content. If a tuning fork having a frequency of 512

vibrations per second is to cause another tuning fork to respond
by the action of sound waves, it is necessary that the two forks

have nearly the same vibration frequency. However, the single

blow with the hammer which started the 512 fork vibrating
will also start a 900, 1200, or 3000 fork. The single blow with

the hammer which would start all of these forks can be thought
of as corresponding to the strong impulse of the first wave of

a very highly damped wave train.

Another illustration of this application of the principle of

resonance is found in a suspended swing. A small child by
feeble but well-timed impulses can gradually swing his play-

mate high into the air, providing friction is very small, that

is, -providing the hinges of the swing are well oiled. The swing
will reach the greatest height if the frequency of the impulses
is the same as the natural frequency which the swing would

assume by itself if given a single strong initial impulse. If

the hinges are rusty, it will be very difficult if not impossible

to work the swing up to its full height by feeble impulses no

matter how well timed
; this condition corresponds to the case

of highly damped oscillations. If the hinges are very rusty,

it may be necessary to give an initial impulse sufficient to

send the swing to its full height on the first swing; this corre-

sponds to the case of impulse excitation, which gives waves

which will cause response in every receiving circuit which

they reach at all without regard to the wave length to which

the receiving set may be tuned.

Modulated Continuous Waves. If a continuous or undamped

radio-frequency wave, such as that produced by an electron
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tube generator, is modulated at a low frequency, as in radio

telephony, it may cause interference over a wide range of

tuning adjustments, behaving in this respect much the same
as a damped wave of appreciable decrement. This effect is

discussed in Section 206, page 514.

C. Resistance.

117. Resistance Ratio of Conductors. When a steady emf. is

applied between the ends of a conductor, the current quickly

rises to the final Ohm's law value, and distributes itself uni-

formly over the cross3 section of the wire. During the interval

between the moment when the emf. is applied, and the moment
of attainment of the final steady state, the current distribution

over the cross section is not uniform. This effect is due to self-

induced emfs. in the cross5 section of the conductor. Suppose
that a section be taken through the axis of a cylindrical con-

ductor and that the applied emf. tends to produce a current in

the direction of the arrow (Fi. 150). The magnetic lines in

the cross section will be circles, in planes at right angles to the

axis, and with their centers in the axis. In the figure, the lines

will be directed out of the paper in the region above the axis

and into the paper in the region below the axis. As the total

current rises in value, the number of lines of force through any

portions of the cross section, such as ABCD and EFGH, will be

increasing, and by Lenz's law (Sec. 45) this change of field will

give rise to induced emfs. which tend to oppose the changes of

the field. The directions of these induced emfs. will accordingly
be those indicated by the small arrows, and it is easy to see

that the increase of the current is aided in those portions of

the cross section which lie near the surface of the conductor,

and hindered at the portions nearer the axis. That is, the cur-

rent reaches its final value later at the axis of the cross sec-

tion than at points on the surface of the wire. On the. other

hand, if the circuit is broken after the distribution of current

has reached the uniform state, the outer portions of the con-

ductor will first be free from current.

These effects may be accurately described by the statement

that the current grows from the outer layers of the wire in-

ward, and that the current inside the conductor attains the
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same value as that at the surface, only after a finite interval of

time.

When a rapidly alternating emf. is impressed upon the con-

ductor, (a) the phase of the current inside the conductor lags

behind that of the current at the surface by an amount which
is greater the nearer the point is to the axis ; and (&) the ampli-
tude of the current is largest at the surface and decreases as

the axis is approached because sufficient time has not been
allowed for the final steady value to be reached before the emf.

was changed. This non-uniformity of current distribution in

the cross section is known as the " skin effect," and it is equiva-
lent to a reduction of the cross section of the conductor with

consequent increase in its resistance.

From these considerations, it will be seen that in addition to

its dependence on the frequency, the skin effect will be more
serious, the thicker the conductor and the greater the perme-
ability and conductivity of the material of which it is composed ;

for the thicker the conductor, the longer the interval which must

elapse before a change in emf. will be felt at the center of the

conductor and thus the greater the difference in the current

density at different points of the cross section. With given

dimensions, the greater the permeability of the wire, the greater

the emf. induced in its mass. The better the conductivity, the

less the ratio of the effective current to the value at the surface.

A numerical calculation of the magnitude of the skin effect

can be made only in a few special cases for which Circular 74,

pages 299-308, should be consulted. Table 18 of Circular 74

will enable one to see at a glance how great diameter of wire is

allowable, in order that the increase of resistance due to skin

effect shall not exceed 1 per cent of the direct current value.

Such data are of use in estimating the size of wire suitable for

a hot-wire ammeter, in order that its resistance may not vary
in the range of frequency for which it is intended. For larger

diameters of wire the effect increases rapidly, and cases where
the high-frequency resistance is five to ten times the direct cur-

rent value are not rare. These facts must be kept in mind when

estimating the current carrying capacity of a conductor. The
"
resistance ratio

"
is defined as the ratio of resistance at the

frequency in question to the resistance to direct current. Then,
for the same heating, the allowable current at the high fre-
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quency will be less in the ratio of the square root of the resis-

tance ratio.

In Appendix 4, page 556, is given a table of values of the

resistance of various sizes of solid copper wire at a frequency of

1,500,000 cycles per second.

Since the skin effect tends to render useless for the carrying

of the current the inner portions of the cross section of a wire,

thin tubing, or a thin layer of good conducting material plated

or welded on the surface of a poor conducting cylinder is a

form of conductor suitable for carrying currents of radio fre-

quency. In fact, tubing which is very thin in comparison with

its radius has for the same cross section a smaller high-

frequency resistance than any other single conductor.

To reduce the skin effect, a conductor is often built up of a

number of very fine conducting strands. The resistance ratio

of such a combination is, however, on account of the mutual in-

ductance of the strands, appreciably greater than the resistance

ratio of one of the strands. To be effective, the strands should

be placed as far apart as practicable, and the diameter of the

individual strands should not exceed about 0.1 mm. The indi-

vidual strands are usually enameled and the conductor is

usually so constructed that each strand comes to the surface or

very near the surface at regular intervals. If the individual

strands are not enameled, a stranded conductor may at high

frequencies have a resistance considerably greater than the

resistance of the corresponding solid conductor. In a stranded

conductor carrying radio-frequency current, in a given cross

section different strands have different potentials, and if the

strands are not enameled current will flow across contacts of

appreciable resistance between individual adjacent strands, and

energy will be lost as heat and the effective resistance of the

conductor will be increased. The most effective form of

stranded conductor, although expensive to make, is one where

the strands are so twisted as to form a woven tube. For further

particulars see pages 306-308, of Circular 74.

Effective Resistance. The resistance of a circuit at high fre-

quency is never the same as the resistance measured by direct

current. To define what is meant by the resistance at high fre-

quencies, we have to divide the power lost in heating or other-

wise dissipated, by the square of the effective current. This
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quotient is known as the "
effective resistance

"
at the frequency

in question.

The effective resistance of a circuit carrying currents of radio

frequency may be very appreciably affected by the presence of

neighboring conducting bodies. The energy of any eddy cur-

rents which may be induced in the latter is drawn from the

circuit in question, whose effective resistance is thereby in-

creased. On account of the high frequency, this effect can be

astonishingly large in good conductors and may be appreciable
in the presence of such a poor conducting path as a painted
surface.

Different portions of the same circuit should not be placed
in close proximity. The mutual effects of the currents which
flow in opposite directions in two parallel cylindrical wires is,

for example, such as to cause the maximum current densities

in the twro cross sections to be shifted to points nearer the other

conductor, with an increase in the effective resistance of each

conductor above the value it would possess in the absence of

the other. In other cases (p. 302, Circular 74) the effective

resistance may be reduced by the presence of the other lead.

An important example of the effect of the mutual inductance

of neighboring conductors on their effective resistances is fur-

nished by a system of parallel wTires connected in parallel. In

this case more current, at radio frequencies, flows in the outer

wires than in the inner, and the differences may become very

important. This is a point which cannot be overlooked in the

design of hot-wire ammeters to carry large currents.

118. Brush, Spark, Dielectric, and Radia.tion Resistance. As

has already been explained (Sees. 31 and 56), no dielectric is

perfect. Some heating takes place in it, and we may artificially

represent a condenser as equivalent to a pure capacity in series

with a resistance. The introduction of a condenser into a radio

circuit has therefore the effect of increasing the effective re-

sistance of the circuit, and, except in especially designed air

condensers, this effect cannot be neglected. Care needs there-

fore to be taken that poor dielectric materials be kept away
from regions of intense electric field.

When operating condensers at high voltages, large energy

losses may occur in the so-called brush discharge, and this
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effect will generally give rise to a very considerable increase

in the effective resistance of the condenser.

If a spark gap is included in a circuit, the resistance of the

spark will have to be included in the total effective resistance

of the circuit. This spark resistance depends upon a number

of circumstances, and the laws of its variation are very com-

plex. In general, a short spark gap has a larger conductivity

per unit length than a long one. Thus a series of short spark

gaps is better than a single one of a length equal to the sum
of the lengths of the shorter gaps. The pressure and nature

of the gas between the terminals also affect the resistance

which is materially decreased with reduction of pressure.

Further, the nature of the terminals and the constants of the

remainder of the circuit all affect the spark resistance.

Some of the power supplied to a circuit, which is carrying a

radio current, is radiated from the circuit in the form of electro-

magnetic waves (see Chap. 4). This may be regarded as tho

useful work obtained from the circuit, and for transmission

purposes the power radiated should be made as large as pos-

sible, in comparison to the powrer dissipated in the circuit itself

and in its immediate surroundings. The power radiated at any

frequency is found to be proportional to the square of the

current flowing, so that the radiative effect may be regarded,

artificially, as causing a definite increase in the effective resist-

ance of the circuit. This fictitious resistance increase is known
as the " radiation resistance," and is found to be directly pro-

portional to the square of the frequency, or inversely propor-

tional to the square of the wave length.

D. Coupled Circuits.

119. Kinds of Coupling. When two circuits have some part

in common or are linked together through a magnetic or an

electrostatic field they are said to be "
coupled." If two cir-

cuits have an inductance coil in common (Fig. 151a), their

relation is said to be "
direct inductive coupling." If they have

a condenser in common, their relation is said to be "
direct

capacitive coupling" (Fig. 151c). If they have a resistance

in common, their relation is said to be "
resistance coupling."
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If two circuits are mutually inductive (Fig. 151b) and have
no part in common other than the mutual inductance, their
relation is said to be "indirect inductive coupling," usually
called simply "inductive coupling." (For mutual inductance
see also Sec. 47.) Sometimes the coupling shown in Fig. 151c
is modified by using two additional condensers. Each circuit

contains two condensers in series and one condenser in the first

circuit is coupled to one condenser in the second circuit through
a coupling condenser ; this is described as "

indirect capacitive

coupling." Mutual inductive coupling is used very extensively
in constructing radio apparatus. It often happens that the
two coils constituting a mutual inductance are so mounted that

they also constitute the two plates of a condenser whose capaci-

FIG. is:

tive reactance is appreciable at radio frequencies, and in this

case the effect of the coupled coils is a combination of inductive

coupling and capacitive coupling.

It is customary to denote as the "
primary

"
that circuit in

which the applied emf. is found, the other being regarded as the
"
secondary

"
circuit. When two circuits are coupled they re-

act on one another so that the current in each circuit is not the

same as would be the case were the other circuit absent. The
extent of the reaction is, however, very different in different

cases. Circuits are said to be "
closely coupled

" when any
change in the current in one is able to produce considerable

effects in the other. When either circuit is little affected by
the other the coupling is regarded as "loose." The coupling
between two inductively coupled circuits is changed by changing
the distance between the two coupling coils. In general, increas-
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ing the distance between the two coils will make the coupling

looser, providing each coil is moved parallel to its original posi-

tion. If the distance between the two coils is not changed, but

they are moved so that the angle between their projected axes is

changed, the coupling will also be made looser, since fewer lines

of force are then linked with both coils.

A more exact measure of the closeness of the coupling is given

by what is called the "coefficient of coupling" (denoted by k).

Irs value in the case of direct coupling (Fig. 151a) is given by

If the total inductances of the circuits in Fig. 151b are denoted

by Li and L--. we have for inductive coupling

and for capacity coupling (Fig. 151c.)

7._ _ ab_ /CO~

As the coupling is made very loose, k approaches zero as its

limit ;
for the closest possible coupling k would be unity.

In equations (80) and (81) the values of M, L, L b , Li, L2 ,

must be expressed in the same units. In equation (82) the

values of C a , Cb , Om must be expressed in the same units.

The coupling of two direct coupled circuits may be increased

by increasing the amount of inductance which is common to the

two circuits, maintaining constant the total inductances

(La+J/) and (Lb+lO of the two circuits. To make the coup-

ling of the inductively coupled circuits closer, their mutual in-

ductance is increased by moving the coils nearer or by increas-

ing the inductance of either coil. For example, the coefficient of

coupling of an antenna may be increased by adding turns to

the coil of the oscillation transformer, enough inductance being

subtracted from the loading coil to keep the total inductance of

the circuit constant. C'apacitive coupling is closer, the smaller

the common capacity Cm is in comparison with the capacities

Ca and Cb .
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In some types of receiving apparatus the coupling condenser
is connected in a different manner from that shown in Fig. 151-c

(see Sec. 177), and in that case the coupling is loosened by a
decrease of capacity in the coupling condenser.

The reaction of either circuit on the other affects, not only
the value of the currents in the coils, as would be expected, but
has an important influence on the frequency to which the cir-

cuits respond most vigorously. This is explained in the fol-

lowing :

120. Double Hump Resonance Curve. It may be shown (Sees.

16 to 18 of Circular 74 of the Bureau of Standards) that the re-

actance of either of the circuits, primary or secondary, is zero ;

that is, the impedance is a minimum for two separate fre-

quencies f and f", which are different front the natural fre-

quences ft and ft, for which the primary and secondary circuits

are in resonance when taken alone. With loose coupling f
and f differ little from ft and ft. With closer coupling, how-

ever, the differences becomes very appreciable. If f be used to

denote the lower of these two frequencies, then it may be shown
that /' is always still lower than the lower of the two natural

frequencies A and ft, while the higher frequency f" is always
higher than the higher of the two natural frequencies. In-

creasing the closeness of the coupling has always the effect of

spreading f and f" further apart. Furthermore, the difference

between f" and the higher of the two natural frequencies is

always greater than the corresponding difference between f
and the lower of the natural frequencies.

These conclusions may be tested by means of a wavemeter.
As has been already pointed out (Sec. 112), the current in-

duced in a wavemeter circuit is a maximum when the wave-
meter is tuned to the frequency of the exciting current. Sup-

pose the wavemeter to be very loosely coupled to either the

primary circuit or the secondary. Let the frequency of the

current in the primary be varied by small steps and adjust
the setting of the wavemeter for each frequency until the in-

dicator shows a maximum current in the \vavemeter circuit.

If the settings of the wavemeter condenser and the correspond-

ing deflections of the indicating instrument are plotted, a reso-

nance curve is obtained which will show two humps or peaks
corresponding to the frequencies f and f". The positions of
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the two humps will be found to be different for a second reso-

nance curve, taken with a different coupling between the pri-

mary and the secondary. The coupling between the wavemeter

circuit and the circuit which is exciting it must be made as

loose as practicable in order that the wavemeter circuit may
not react appreciably on the other circuits and thus change
their currents.

I

A more direct method of 'showing the two frequencies is fur-

nished by simply inserting a hot-wire ammeter or thermocouple
in the circuit to be examined and noting the changes in its

readings as the frequency is continuously varied.

In the case of the usual coupled radio circuits the two cir-

cuits, primary and secondary, are adjusted independently to the

same natural frequency; that is, fi is made equal to fr.

When the coupling is made loose both f and f" approach the

same value, f" from above and f from below, and at very loose

coupling f'
= f"= fi=fa

It might be supposed that in the special case where f\=fa the

currents in the circuits would be a maximum for a single fre-

quency only, namely, at the value of f to which they are both

tuned. Nevertheless, both experiment and theory show that

each circuit, even in this case, offers a minimum impedance
at two different frequencies, just as is found for the more

general case. The two frequencies f and f" lie on either side

of the value f, though not at equal intervals from the latter,

the difference f" f being always greater than ff.
When fi=fa the effect of the coupling on the values of f

and f" is shown by the simple relations.

If the coupling is made more and more loose, the two frequencies

f and f" approach one another, and the two humps of the reso-

nance curves finally merge and become indistinguishable from
a single hump. (See also Sec. 165.)

In the absence of a secondary current there is no reaction on
the primary, which is no longer a coupled circuit, and will

necessarily be in resonance at a single frequency only (f by
hypothesis). The same remarks apply to the secondary when
the primary circuit is broken.

43904 22-18
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The further treatment of coupled circuits naturally follows

two different lines, according to whether the primary is excited

by a sine wave of a definite frequency (producing oscillations),

or whether the primary circuit is given a single impulse and
then allowed to oscillate freely. (See Sec. 115, p. 251.)

121. Forced Oscillations. Forced oscillations of frequency

fo will be caused when a sine-wave emf. of frequency fo is ap-

plied to the primary of two coupled circuits.. When the emf. is

initially applied to the primary, the currents in the primary
and in the secondary are at first very complicated, and con-

sist of free oscillations of the two resonance frequencies of the

circuits as coupled (f and f" of the preceding section), super-

posed upon forced oscillations of the impressed frequency fo.

The free oscillations quickly die away, and there remain sine-

wave currents of frequency fo in both the primary and secondary.

High-Frequency Transformer. It can be shown that to obtain

the maximum current in the secondary circuit a certain value

of the coupling of the coils is necessary. If the coupling be

made either closer or looser than this value the secondary cur-

rent falls off in value. In general, the proper coupling for maxi-

mum secondary current will depend upon the resistances of the

primary and secondary and their reactances, and can be de-

termined better by actual experiment than by calculation. For
one important case, however, the values of the coupling and the

maximum secondary current can be expressed very simply.

If the primary and secondary circuits are separately tuned to

the frequency of the applied alternating emf. E, the maximum
E

possible secondary current has the value I2
=

/=
- - where R^

and R 2 are the primary and secondary resistances. The value

of the mutual inductance (coupling) which gives the maximum
secondary current may be calculated from the relation 2irfM=

Ri R2 . The primary current under these circumstances as-

w
sumes the value J l=^- t which is one-half the resonance value

ZKt
of the primary current when the secondary is absent.

These relations and the dependence of the secondary current

on the coupling are illustrated in Fig. 152, which shows the

changes of the secondary current as the mutual inductance be-

tween the coils is varied. The resistances Ri=2.0 and /2 2=12.5
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ohms are assumed, and the secondary current is plotted in terms

of its maximum value, which is taken as 1. The abscissas taken

are not the mutual inductance itself but '2nfM, so that the

curve is applicable to different frequencies, assuming, of course,

that in every case the two circuits are tuned to the frequency
in question. Maximum secondary current is, in this example,

obtained for 2irfM=-j2.Q X 12.5=5. Supposing, for instance, that

vAloes cf seco
^Ken .as 1

ndary currents
Fia.152

1ST s T5 lo 175 is

Ziri M

V^riAtlon c^ secondary current with The COuj

R.,
sT.o R. -12.5

the frequency is 100,000, the coils must be so placed that their

mutual inductance is
b

or 7.96 microhenries.
ATTX -LOU

,
UUU

Current and Voltage Ratios. The current ratio (secondary to

primary) in the high-frequency transformer, when adjusted to

give maximum current, has been shown to be */-^, so that,
V ^2

In general, it may be increased by decreasing the secondary
resistance or by increasing the primary resistance.

The voltage ratio is in general more complicated. If the two
currents are tuned to one another and to the impressed fre-
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quency, the voltage ratio (secondary to primary) approaches

the value + ~ as the resistances in the circuits are made smaller.+
V

If the circuits are not tuned to the same frequency, but are

closely coupled, the voltage ratio approaches the ratio of the

number of turns on the two coils (when the resistance may be

neglected), which is the case of the usual alternating-current

transformer.

Inductive coupling of transmitting sets is discussed in Section

161, page 370, and types of transformers for high frequencies

are described. Transformers used for radio frequencies gen-

erally have air cores, that is, no iron is used. In the case of

the small radio-frequency transformers used in electron tube

amplifiers (see Section 196, page 481) an iron core is sometimes

used, very thin laminations being employed. Devices of trans-

former type, such as the Alexanderson magnetic amplifier (see

Section 173, page 399) are used for controlling or modifying

radio-frequency currents.

122. Free Oscillations of Coupled Circuits with Small Damp-

ing. Suppose the condenser in the primary circuit is given a

charge, and the primary circuit is closed directly or through a

spark gap. If the secondary circuit is open, the primary will

oscillate freely, the frequency of the current being given by the

equation/!=- ,' , the damping of the oscillations being deter-

mined by the ratio ~ as treated in Section 116, page 257.

As soon as the secondary is closed, the matter is complicated

by the reaction of each circuit upon the other. An emf. is in-

duced in the secondary by the changes of the primary current,

and thereby a forced oscillation is started in the secondary.

The secondary condenser is charged by this current and starts

a free oscillation, whose period will depend on the constants of

the secondary circuit. This latter wave will induce a forced

oscillation in the primary, and similarly the oscillation which

was forced in the secondary by the primary, will react on the

primary, modifying the original oscillation in the primary which

produced it. The oscillations in the primary will then further

react on the secondary, and so on.
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Naturally, the result will be very complicated, but it is evi-

dent that each circuit is the seat of two waves, one free and
the other forced by the other circuit. Each of the waves which

we have designated as free is, however, not entirely so, since it

forces an oscillation of its own frequency in the other circuit,

and has to supply the energy for this induced wave. This has

the effect of modifying the frequencies of these waves from

the natural values ft and ft already treated. Of the two waves
in the primary, the free wave has (with loose coupling) the

greater amplitude, and the same is true of the secondary ex-

cept that here the amplitudes of the waves are more nearly

equal. With close coupling, the forced wave in the primary be-

comes stronger, owing to the increased amplitude of the second-

ary free wave. Finally, with very close coupling, those waves

predominate the frequency of which is f. The frequency f" of

the other waves lies so far above the natural frequency of either

circuit that only feeble oscillations of this frequency are present.

In general, therefore, the oscillations in both the primary and

secondary circuits are compounded of two damped oscillations

of different frequencies. It is of interest to study a little more

closely the nature of the complex oscillations resulting from

the superposition in a single circuit of the two oscillations of

different frequencies.

Damping Curves of Coupled Circuits. Fig. 153 shows two
sine waves A and B of equal amplitudes but of different fre-

quencies. Curve C is obtained by taking the algebraic sum
of the ordinates of A and B. It is seen to be a curve the oscil-

lations of which alternately increase and die away. The fre-

quency of these fluctuations is equal to the difference of the

frequencies of the components A and B. The curve C passes

through its zero values at nearly regular intervals of time, the

length of the intervals usually being intermediate to the inter-

vals between successive zero values for curve A and the inter-

vals between successive zero values for curve B. In addition,

however, curve C passes through zero at one extra point in each

cycle of curve C, the intervals between this extra point and
adjacent zero values being about one-half of the regular in-

terval. This extra zero value occurs at the mid-point of the

cycle of curve C, where curve A and curve B pass through zero
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at the same point, which is in the vicinity in which the ampli-

tude of the oscillations of curve C is smallest. In Fig. 153

curve C has ten zero values in a cycle, including the extra zero

value at the mid-point of the cycle. It is also noticeable that

the loops of the curve C are only approximately of sine shape.

An exactly analogous case is furnished by the resultant sound

wave coming from two tuning forks which are vibrating with

somewhat different frequencies. The sound which is heard

alternately increases and decreases in loudness, giving the phe-

nomenon of " beats." The number of beats per second is equal

to the difference in frequencies of the two forks. Thus, if two
forks have frequencies of 259 and 255 vibrations per second,

they combine to give a sound which beats four times per second.

Beat phenomena in the reception of undamped waves are

discussed in Section 205. p. 501.

Free oscillations in coupled circuits are damped, so that in

addition to the alternate waxing and waning of the resultant

oscillation, the energy of the oscillation as a whole dies away
according to the laws already treated in Section 116. Fig. 154

shows the nature of the damped oscillations in the primary
and secondary circuits. The primary decrement is assumed to

be 0.1 and that of the secondary 0.05. The two coexistent fre-

quencies are supposed to have the ratio of 4 to 5. The curve of

oscillations is in each case drawn as a full line. The dotted

curves show the beating effect described above, while the dasher!

curves give an indication of the damping effect. It is notice-

able that the primary current is passing through its maximum
values at the moments when the secondary current is zero, and

vice versa. Further, when the primary is passing through a

period of intense oscillation, the secondary oscillations are

small, etc.
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Another important conclusion which can be drawn from Fig.

154 is that the energy of the coupled system is transmitted alter-

nately from the primary to the secondary, and back again from

the secondary to the primary. Thus, at certain moments the

Primary OsciHa tione.

Fig.
IS4.

Oscillations in Coupled Circuits.

Decrement of Primary Circuit -
O.io

Decrement of Secondary
Circuit - o.os

Patio of
Frequencies

s to-4

energy is entirely in the primary, at others entirely in the

secondary, and at other instants partly in the primary and
partly in the secondary. This transfer of energy, first in one
direction and then in the other, shows that the primary and
secondary play alternately the role of driving circuit.
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From the standpoint of radiation of energy, it is desirable to

hinder the return of energy to the primary, after it has once
been given to the secondary. Since the closed primary circuit

is of such a nature as to radiate very little energy (see See.

136), no useful purpose is served by the transfer of energy back
to the primary, and some of the energy thus handed back is nec-

essarily lost in heating in the primary. Further, the radiation
of the energy of the secondary in waves of two different fre-

quencies is undesirable. The receiving circuit can be tuned to

give a maximum of current for either one of the incoming wave
frequencies, but not for both at the same time. The partition
of the radiated energy of the secondary in waves of two fre-

quencies is therefore wasteful, since only that wave to which'

the receiving circuit is tuned is effective, while practically none

of the energy of the other wave is usefully employed, and it

may cause interference with other stations.

For a further discussion of oscillations in coupled circuits,

the reader may refer to Bureau of Standards Circular 74, and
to a book by G. W. Pierce,

"
Electric Oscillations and Electric

Waves."
123. Impulse Excitation. Quenched Gap. If by some means or

other the energy of the primary circuit can be transferred to the

secondary and then all connection between the circuits can be

removed before any energy can be handed back to the primary,

we may avoid the disadvantages just mentioned. In this case,

the secondary will oscillate simply in its own natural frequency,

and the loss of energy in the primary can be restricted to the

short interval during which the primary is acting. By properly

choosing the resistance of the secondary, the damping of the

radiated wave may be kept small, and since only a single fre-

quency is radiated, the advantages of close tuning of the receiv-

ing circuit can be realized. Such a method of excitation is

known as "
impulse excitation," and is analogous to the me-

chanical case where a body is struck a single sharp blow, and

thereafter executes vibrations, the period of which depends

entirely on the inertia and elasticity constants of the body

itself, and not at all on the nature of the body from which the

impulse has emanated.
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One means of obtaining an impulse excitation of the secon-

dary is to insert so much resistance in the primary that its

current falls away aperiodically (see Sec. 116, p. 257). This has*

however, the disadvantage that considerable energy is lost in

the primary due to the heating of the rather large resistance

of the primary by the initially rather large primary current.

Quar Primary OseilUTi'ena

Fia IBS

Oscillations of Quenched
Cj<a^ Circuits

Prim*.? Decr.nnenT o I

Sec-oAdAry DecramenT e.o5

A more satisfactory arrangement is the "quenched gap." By
dividing the spark gap in the primary into a number of short

gaps in series, the cooling effect of the relatively large amount
of metal is available for carrying away 'the heat of the spark

discharge. This is found to be sufficient, in the case of a

properly designed quenched gap, to prevent the reestablishment

of a spark discharge after the first passage of the primary oscil-

lations through their condition of maximum amplitude to zero,

as at point D, Fig. 154. The secondary, at this moment, is the

seat of the whole of the energy of the system and thereafter

oscillates at the single frequency natural to it. The damping
of the primary does not have to be made excessive, and the
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energy lost in the primary is restricted to the heating during

the short interval before the quenching of the primary oscilla-

tions.

Fig. 155 shows the form of the oscillations in the two circuits

for this case. The curves are the same as in Fig. 154 up to

point D, after which the secondary curve is a simple feebly

damped oscillation. The construction and operation of the

quenched gap are treated further in Chapter 5. Section 156.



CHAPTER 4.

ELECTROMAGNETIC WAVES

A. Wave Motion.

124. Three Ways of Transmitting Energy. All of the ways of

signaling between distant places operate by one or by a combi-

nation of these three methods :

(a) By a push or pull on something connecting the places.

(bj By projectiles.

(c) By wave motion.

Thus think of all the ways in which you can arouse a dog

asleep at the other side of a room. You can prod him with a

long stick (method a). You can throw something at him. If

you hit him, it is a case of method & ; if you miss him, the noise

made when the missile hits the wall or floor may wake him, in

which case we have a combination of methods & and c. You
can whistle or call, using sound waves (method c). Any way
that you can think of is an example of one of these three

methods.

All these three methods are important in many different

kinds of physical phenomena. In the study of radio com-

munication, wave motion, the third method, is of particular

importance.
125. Properties of Wave Motion. Everyone is familiar with

the to-and-fro motion of water at sea, which we call waves.

When a stone is thrown into a quiet pond, ripples, or little

waves, are produced, which spread out until they meet the

shore, or die away. A moving boat creates a particular kind

of wave. Waves can be produced by rocking a boat. Ocean

waves may be 40 feet in height, while a ripple may be scarcely

perceptible.

If a rope supported at one end is given an impulse at the

free end, each point of the rope will have a to-and-fro motion

and the rope has a wave motion.

Many of the most familiar phenomena of everyday life are

caused by wave motion. Sound is transmitted by waves in the

281
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air. Light and heat are transmitted by exceedingly short

waves. Our ears and eyes are detectors for particular kinds of

waves. Earthquake disturbances are transmitted by waves in

the earth. Air is the medium through which sound waves are

transmitted.

When wave motion exists in a medium, each particle of the

medium executes a series of to-and-fro motions, which are re-

peated at regular intervals. If a particle at a given point is

executing a certain series of motions, then at a later instant

a particle farther along in the direction in which the wave is

traveling will execute the same series of motions. The number
of times in a second that the same series of motions is repeated

by a given particle is the frequency of the wave motion. Fre-

quency is usually represented by the symbol f.

The instant after a stone is dropped into a pond, waves are

formed in the immediate vicinity. (See the frontispiece.)

These waves possess energy and are capable of doing work. A
minute or two after the stone has been dropped the surface of

the water at the spot where it was dropped will be calm again,

but there will be waves at a considerable distance also possess-

ing energy. Energy has been transmitted over this distance by
means of wave motion.

Every wave has a length. In the case of water waves the

wave length is usually determined as the distance between the

crests of two successive waves, and the wave length of any
kind of wave can be determined in the same way. The alter-

nate crests and troughs, though invisible in many types of

waves, are present in all. If we use the term phase to mean
the position at any time of a point on the wave outline, we
can say in general that the wave length is the distance between

two successive points in the same phase. It is common prac-

tice to use the symbol X (pronounced lambda) to represent wave

length, usually expressed in meters.

Waves of all kinds travel with a definite velocity. When a

stone is dropped into a pool, a certain time elapses before the

resultant wave reaches the shore. The distance traveled by

the wave in one second is its velocity. If a fixed point is

watched on the surface of a pool over which waves are moving,

it is seen that a crest appears at that point a definite number

of times every second ; this number is the frequency f. If we
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multiply f, the number of waves per second, by X, the length
of each wave, we obtain the distance which the wave travels

in one second, which is the velocity c.
1 In symbols, c=\f.

Different kinds of waves have frequencies which vary greatly.

Large ocean waves may have a frequency of only about two per

minute, and be a half mile in length. The waves of yellow

light have a frequency of six hundred million million per second,
and a wave length of only one twenty-thousandth of a cen-

timeter.

The velocity of different kinds of waves varies greatly.

Waves in water do not all have the same velocity. The long
ocean wave just mentioned would have a velocity of over a mile

per minute. Small ripples may have a velocity of from 10 to

100 centimeters per second. Sound waves travel in air witli a

velocity of about 330 meters per second, or about 1083 feet per
second. The velocity of light waves in space is 300,000,000

meters per second, or about 186,300 miles per second.

It has been demonstrated in many ways that radio waves are

transmitted with the same velocity as light waves and the waves,

which constitute heat radiation, and that the three are the same
kind of waves, differing in frequency. Electric waves, including

radio waves, light waves, and radiated heat waves, are all re-

ferred to by the general term "
electromagnetic waves." The

alternating electric currents used for commercial lighting have
a frequency of 60 per second and may produce electromagnetic

waves of that frequency. The electromagnetic waves used for

radio communication have frequencies from about 10,000 to

3,000,000 per second. Heat waves are electromagnetic waves

having frequencies from about 5 million million to 200 million

million per second. The electromagnetic waves which the eye

perceives as light have frequencies from about 400 million

million to 1000 million million per second.

In the case of water waves the more the surface of the water
is displaced by the waves from its position of rest the greater

is the amount of energy which is being passed along. The
amount of energy transmitted by water waves depends upon the

1 Example. What is the wave length of waves having a frequency
of 100,000 cycles per second which travel with a velocity of 300,000,000
meters per second?
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height of the crests and the depth of the troughs. This is true

of all kinds of waves.

The greatest displacement from the position of rest that any

point undergoes is called the amplitude of the wave. In speak-

ing of water waves, we usually call the vertical distance between

the crest and the trough the height of the wave, and this is twice

the amplitude. In the case of sound waves, the distance through
which each particle of air moves is very small.

In general, we say that the energy in wave motion depends
on the amplitude. The amount of energy in wave motion de-

pends on the work which has to be done to produce the displace-

ment. This is. in general, equal to the product of the resisting

force and the distance moved. In the case of electromagnetic

waves, including the waves used in radio communication, the

resisting force is proportional to the distance moved. Hence the

work done and the energy transmitted is proportional to the

square of the amplitude of the wave.

Waves have many different kinds of shapes or forms. In the

case of water waves, everyone is familiar with the large variety

of wave forms produced by different conditions. A simple

wave form is the sine wave shown in Fig. 71, page 117. A
simple sound, such as that produced by a tuning fork, may
produce an air wave having the simple sine wave form. Other

sounds such as the notes emitted by musical instruments, and

speech, produce air waves having much more complex wave
forms. The wave forms used in radio communication may
assume a wide variety of forms. (See Sees. 156, 172, 205, 206,

pp. 360, 396, 501, 507.)

Every wave has the properties which have been mentioned

wave length, frequency, velocity, amplitude, and wave form.

In the case of weaves which are always transmitted with the

same velocity, such as electromagnetic waves, the wave length,

frequency, and velocity have the relation c=\f, so that they

are not independent properties.

The kind of waves which will be produced by rocking a boat

depends on the size, shape, and weight of the boat and how

fast it is rocked. If a small boat is rocked rapidly, we get

short waves. If a large boat is rocked slowly, we get long

waves. Energy is required to rock the boat, and the boat is the

device for radiating this energy as waves. In radio communi-
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cation the antenna is the device for radiating the electric en-

ergy as waves. Long antennas are used in radiating long

waves. The antenna is discussed in detail later.

The short waves produced by rocking a small boat die out in

a short distance. Longer waves produced by the motion of a

large boat travel farther. Ocean waves may be half a mile

in length, and travel hundreds of miles. In radio communica-

tion it is also found that long waves travel farthest.

When a train of waves due to a disturbance in a medium is

transmitted through that medium, the waves are said to be
" radiated

"
through the medium, and the source of the dis-

turbance is said to
" radiate

"
the waves. Thus an antenna

" radiates
"
electromagnetic waves.

Much information concerning wave motion of interest to the

student of radio communication is contained in the following

books: J. A. Fleming, Waves and Ripples in Water, Air, and

Aether; J. A. Fleming, The Wonders of Wireless Telegraphy;

K. C. Maclaurin, Light; D. C. Miller, The Science of Musical

Sounds.

126. Wave Trains, Continuous and Discontinuous. If a stone

is dropped into a quiet pool of water, a "train" of waves is

started which soon passes out from the starting point in all

directions, leaving the surface behind it undisturbed. If a

second stone is dropped just at the moment that the surface at

the starting point has completed one up-and-down excursion, an-

other wave train will start in phase with the first, and the two

will form one train. If the process is repeated once after each

complete vibration of the surface at the starting point, continu-

ous waves are produced. Similarly, if we hold a vibrating

body so that it touches the surface, continuous waves are pro-

duced. By interrupting the vibrations of the body we can pro-

duce interrupted or discontinuous trains of waves. Continuous

waves are produced by an organ pipe when the key is held

down. Discontinuous,
"
damped," waves are produced by a

piano when a key is struck.

Examples of these two kinds of wave trains are met with

often. Thus the sound from a musical instrument where the

strings are set in vibration by picking (as with a mandolin) is

transmitted in discontinuous trains, while that from an instru-

ment whose strings are bowed (as a violin) is transmitted by
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more nearly continuous waves. Similarly, in radio we have to

do with both kinds, continuous waves being furnished by high-

frequency alternators, the Poulsen arc, and the oscillating elec-

tron tube, while discontinuous trains are given by condenser dis-

charges in spark circuits. In these latter the amplitude of the

waves diminishes steadily in each wave train
; these are called

'"

damped
"
waves. Such waves are discussed in Section 115.

B. Propagation of Waves.

127. Wave Propagated by Elastic Properties of Medium.2 In

the case of ripples on the surface of water it is plain to the eye
that the waves are transmitted by the passing on of the up-and-
down motion of the surface at the source. This is possible be-

cause at the surface of the water the particles of the water are

held together by forces which resist their displacement. When
one particle is displaced its neighbors are dragged with it to

some extent. In technical terms the medium of transmission is

said to have "
elastic

"
properties and the forces brought into

play are said to be elastic forces. The velocity of the waves

(ripples) depends on the nature and amount of these elastic

forces.

In the case of sound waves in air we do not ordinarily see the

vibrations of the particles of the air. The vibrations are quite

small and the waves travel so fast that only under quite unusual

conditions can they be made visible. But the mechanism by
which the energy is transmitted is found to be of the same kind

as in the case of water ripples. By the delicate elastic connec-

tions between neighboring portions of the air a vibration at one

point is passed on to another. Sound waves are of another type

than water waves only because the structure of air is different

from that of water. Hence the elastic reaction to displacement
is different in the two media. This is the sole cause of the dif-

ferences between any two types of waves.

2 For further explanation of the radiation of electric waves, see J. H.

Bellinger, Bureau of Standards Scientific Paper No. 354 ; W. H. Eccles,

Wireless Telegraphy and Telephony ; J. A. Fleming, Principles of- Elec-

tric Wave Telegraphy; G. W. Pierce, Electric Oscillations and Electric

Waves ; S. G. Starling, Electricity and Magnetism, pp. 423-429 ;
L. B.

Turner, Wireless Telegraphy and Telephony.
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128. Properties of Electromagnetic Waves. In the case ol

electromagnetic waves, often called
"
electric waves," the dis-

placements produced are of the kind already considered in the

section on capacity (Sec. 29). The elastic reactions set up by
such displacement currents can be found by the same laws which

determine the electric and magnetic forces due to any current.

It is beyond the scope of this book to show the nature of these

electrical elastic forces. It will be sufficient, however, to state

that they are such as to produce waves in which (in free space)

(a) The displacement (and the electric field intensity) are

at right angles to the direction of motion of the wave train.

The electric field and the Magnetic ictar^eji plate
field are at rigkt anglos and travel

tocher Hot 156

(6) The magnetic field intensity resulting from the displace-

ment current is at right angles to the displacement and to the

direction of the wave train.

(c) The variations in the displacement (or the electric field

intensity) and the magnetic field intensity are in phase.

(d) The velocity of the waves is 300,000,000 meters per sec-

ond, the same as the velocity of light (about 186,300 miles per
second).

These relations are shown in Fig. 156, where the curve
marked E or D shows the variations in the electric field in-

tensity or displacement, and that marked H the variations in

the magnetic field intensity, the wave moving in the direction

shown by V.

53904 22 19
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129. Modification of Waves in Free Space Near the Earth.

Such waves if started at a point in free space travel in all direc-

tions with the same velocity. They may be modified in various

ways as they proceed. Thus, if they pass into a region of dif-

ferent dielectric constant, they are in general changed slightly

in direction and partly reflected. Their energy is also absorbed

to a greater or less extent in their passage through any medium.
This absorption is greater for short than for long waves. In a

perfect conductor no waves could be transmitted, since in such

a medium there is no elastic opposition to the displacement of

electricity. A perfectly conducting sheet would reflect all of the

wave energy falling on it. However, a conductor parallel to the

direction of motion of a wave acts as a guide to the wave,

through the action of currents induced in it by the varying

magnetic field of the wave. It takes less energy from the waves,
the better conductor it is. In the use of electric waves in radio

communication all of these modifications occur and serve to ex-

plain many of the irregularities of received signals. We can

think of the space through which radio signals are sent as

being bounded below by a sheet of varying conductivity (the

earth's surface) and above at a distance of from 30 to 50

miles by another conducting region. This upper region, where

the air is much rarefied, is a fairly good conductor, owing to its

ionization by radiations from the sun. The region in between

these conducting layers is usually a good dielectric. Thus,

this region acts more or less as a speaking tube does for sound

waves, though its action is much more complicated. The

electromagnetic waves are set up near the earth's surface. They
are partly transmitted as guided wave trains along the earth's

surface, modified by refractions and absorption at its irregu-

larities; another part, however, goes off as space waves, which

by reflections at the upper and lower layers of the conducting

boundaries may recombine with the guided wave in such a way
as either to add or subtract their effects, depending on circum-

stances. In the daytime the upper conducting boundary will be

less definitely marked than at night, on account of partial ioniza-

tion of the air by the sun's radiations. Hence, there will be

less reflection of the space wave in the daytime, and conse-

quently the guided wave will not be assisted materially by any

reflected or refracted part of the space wave. In the night,
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however, when the upper boundary is more sharply defined,

there is more reflection of the space wave, and in general sig-

nals received at night are stronger than in daytime. Night

signals are, however, more variable in intensity, particularly

for short waves. This is especially true during the time when
the sunset line is passing between two communicating stations.

This is in general what we should expect, as the upper boundary
would be quite variable under such circumstances. Clouds and

other meteorological conditions would cause great variations in

the sharpness of this boundary surface, and this may explain

the rapid fluctuations in the strength of received signals often

observed.

From all these considerations it can be seen that the condi-

tions under which received signals will be most uniform in

intensity are:

(a) Transmission using long waves.

(&) Transmission by daylight.

(c) Transmission over short distances.

(d) Transmission over uniform conducting surface of sea

water.

It is only under these conditions that the performance of

different transmitting stations can be fairly compared.
130. Difficulties in Transmission. There are three principal

sources encountered in practice which make it difficult to re-

ceive readable radio signals: (1) Interference from trans-

mitting stations whose signals it is not desired to receive, (2)

strays or static, and (3) the "fading" of the strength of the

received signal.

Interference from other transmitting stations can to a large

extent be eliminated by selection of frequency (wave length),

particularly by the use of transmitting apparatus which will

radiate only a single wave length or a narrow band of wave

lengths. Laws have been enacted which are designed to

minimize interference from other stations. (See Appendix 6.)

Interference from transmitting stations using even the same
wave length as the station which it is desired to receive can

also be reduced by directional reception and to some extent

by directional transmission, which are discussed later.

Strays are electrical disturbances giving rise to irregular

interfering noises heard in the telephone receivers. They, are
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also called
"
static," "atmospherics,"

"
X's," and other names.

Investigations have shown that there are many different

causes for these stray waves, but have by no means completely

explained their sources. In any particular case the possibility

of getting a readable signal depends on the ratio of the strength

of the signal to the strength of the static at that time. Experi-
enced operators have stated that it is possible to copy messages
when the strays were four times as strong as the signals, but

much difficulty is often experienced when the strays are much
weaker than this. The most common type of strays produces
a grinding noise in the telephones; this type causes the most

serious trouble. Another type, which produces a hissing noise,

is usually associated with snow or rain. Near-by lightning

produces a sharp snap. Another type consists of crashes

similar to but stronger than the grinding noises first mentioned.

By "
stray elimination

"
is meant methods for increasing the

ratio of signal strength to stray strength.

Strays are usually much more serious in the summer than in

the winter, and more serious in tropical latitudes than in more

temperate latitudes. Radio communication in the Tropics pre-

sents many special difficult problems.

Strays are the most serious limitation on radio communica-

tion. Transmitting stations of high power can be built, but if

the strays are strong at a given time at the receiving station

satisfactory communication can not be maintained, at least not

with the ordinary types of receiving equipment. A great deal of

careful investigation has been done to reduce the effects of

strays.

The use in particular ways of the three-electrode electron

tube (see Chap. 6) has resulted in considerably reducing the

effects of strays as compared with the results obtained with

earlier forms of receiving equipment.
3 The use of sharply tuned

receiving equipment and the use of a musical note in the trans-

mitted signal will usually somewhat reduce the effect of strays.

If the ordinary elevated type of antenna is used alone, a

method for reducing strays which has given fairly satisfactory

results has been the use of a receiving circuit having a pri-

mary circuit containing considerable inductance and having the

3 The use of the beat method of reception, with continuous waves, is

one of the most important ways of reducing strays. See Section 205,

page 506.
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circuit containing the telephone receivers tuned to the audio fre-

quency and loaded with considerable inductance.

The most satisfactory results in stray elimination have been

obtained by the use of various kinds of directional receiving

antennas that is, antennas which receive most strongly signals

which are transmitted from a particular direction. Such an-

tennas are discussed later in this chapter and include not only

particular forms of the ordinary elevated antenna but also the

coil antenna and the ground antenna. The best results have

been obtained by a combination of coil antennas and ground
antennas.

4
(See Sees. 150-152.)

"
Fading

" or "
swinging

"
is a rapid variation of the strength

of signals received from a given transmitting station, the same

circuit adjustments being used at the transmitting and receiv-

ing stations. Fading is not usually observed at short distances

from a transmitting station, but usually only at distances from

the transmitting station which are at least some 10 or 20 per

cent of the normal transmitting range of the station. Fading
is observed particularly on short wave lengths, especially under

400 meters, and is therefore most important in amateur com-

munication and in , communication with airplanes and other

special military applications. A certain transmitting station

will be received with normal intensity for a few minutes ;
then

for a minute or two the signals will become much louder ; and

then rapidly become much fainter and may become so weak as

to be unreadable for a short time. Fading is usually observed

particularly at night and usually only in transmission over

land. Fading variations may be very rapid, with a period of

about one second, or very slow, with a period of one hour or

more. Transmitting stations located on the seacoast seem to

fade more than inland stations. The principal method of avoid-

ing transmission difficulties caused by bad fading is to increase

considerably the wave length of the transmitting station, when
this is possible. Fluctuations of the received signal resembling

fading may sometimes be due to variations in the wave length

or intensity of the transmitted wave, caused, for instance, by

* Information regarding stray elimination is given in the following

papers in the Proceedings of the Institute of Radio Engineers : A. H.

Taylor, vol. 7, p. 337, August, 3919; A. H. Taylor, vol. 7, p. 559,

December, 1919; A. H. Taylor, vol. 8, p. 171, June, 1920; R. A. Wea-

gant, vol. 7, p. 207, June, 1919 ; G. W. Pickard, vol. 8, p. 358, October,
1920 ; L. W. Austin, vol. 9, p. 41, February, 1921.
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the position of the transmitting antenna being changed by wind.
If the fluctuations are due to wave length variations and are
not too rapid, it is possible to vary the tuning adjustments of

the receiving set to follow the wave length variations.
5

C. Theory of Production and Reception of Electromagnetic
Waves.

To produce a train of waves of any kind a vibrating body is

necessary. The vibrations of this body have next to be com-
municated to a continuous medium, after which the elastic

properties of the medium take care of the transmission of the

waves. In the case of electromagnetic waves the vibrating

body is an oscillating electric charge in a circuit (the sending
antenna circuit), while the means by which these oscillations

are communicated to free space can best be described in terms
of the motion of the lines of force which, when at rest, are used

to picture the field about electric charges as in Fig. 53.

These lines are to be looked upon as lines along which there

is a displacement of electricity against the elastic force of the

medium. Thus they can not exist in conductors (in which no

such elastic forces exist). Under the action of the elastic forces

the displaced electricity is continually urged to return to its

position of rest. In other words, there is a tension along the

lines of force. In addition there must be a pressure at right

angles to the lines of force, otherwise those lines would always
be straight and parallel under the action of the tensions. These

pressures can be thought of as arising from the repulsion be-

tween the displaced charges of the same sign in neighboring

lines.

Every alternating current has associated with it a magnetic

field which can be considered to be the sum of two components

having entirely different characteristics called, respectively,

the
" induction field

" and the
" radiation field."

The induction field is the only one of importance in the opera-

tion of the apparatus ordinarily used with alternating currents

of commercial frequencies, such as 60 cycles. The alternating

6 For further information regarding fading, see S. Kruse, Q. S. T.,

vol. 4, p. 5, November, 1920, and vol. 4, p. 13, December, 1920;

Bellinger and Whittemore, Journal Washington Academy Sciences, vol.

11, pp. 245-259, June 4, 1921.
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currents by which the ordinary transformer operates (see Sees.

45 and 58) are due to the induction field. The cross talk often

noticed between adjacent telephone lines is caused by the in-

duction field. The action of the induction field on near-by
circuits is often spoken of as " transformer action." If two
coils are placed near together, interruptions in an alternating
current passing through one coil will be reproduced in the

other by the action of the induction field. The intensity of the

induction field, due to a current in such a closed coil, decreases

rapidly with the distance from the coil and is inversely propor-
tional to the cube of the distance from the coil. Signals can
be transmitted by the induction field, using alternating currents

having frequencies from about 300 to 3000 cycles ; this is called
" induction signaling." One of the applications of induction

signaling has been to transmit signals from a submerged cable

to a ship almost directly over the cable to aid the ship in finding

its course. The induction field due to the ordinary type of ele-

vated antenna is inversely proportional to the square of the

distance from the antenna. The induction field is not important
in the usual applications of radio communication.

The radiation field is transmitted by wave motion. The
intensity of the radiation field falls off with the distance from
a transmitting station, but is inversely proportional to the dis-

tance, instead of being inversely proportional to the square or

the cube of the distance. The induction field due to a current

in a coil at a distance of 10 miles from the coil is only one one-

thousandth of the strength of the induction field at a distance

of 1 mile from the coil. The radiation field due to a current

in a coil at a distance of 10 miles from the coil is one-tenth of

the strength of the radiation field at a distance of 1 mile from
the coil. For communication over any considerable distance,
it is therefore necessary to make use of the radiation field.

For the ordinary type of elevated antenna, the intensity of

the radiation field is greater than that of the induction field at

distances from the transmitting station exceeding the wave
length divided by 6.28.

The strength of the radiation field at a given point due to an

alternating current in the ordinary type of elevated transmit-

ting antenna is directly proportional to the frequency. When
the coil antenna is used for transmitting, the strength of the
radiated field is proportional to the square of the frequency.
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(See Sec. 134.) It is therefore necessary to use high fre-

quencies to get a radiation field sufficiently strong to allow

successful communication. With the ordinary type of ele-

vated antenna, the radiation field at a given point due to an

alternating current having a frequency of 1,500,000 cycles (wave
length=200 meters) would be 25,000 times as strong as the

radiation field due to an alternating current having a frequency
of 60 cycles.

The above statements are for radiation in free space. In

actual communication part of the energy of the radiated field

is, however, absorbed in the surface of the earth or in the sur-

face of the ocean as the wave travels. This absorption effect is

greater for high frequencies (see Sees. 129 and 134). It need

not ordinarily be taken into account in short-distance work, but

at distances greater than about 100 kilometers it becomes im-

portant. For this reason it is not possible to indefinitely in-

crease the strength of the radiated field at a given distance by
increasing the frequency. (See Sees. 134-136.)

The statement is sometimes made that a circuit carrying an

alternating current of low frequency, such as 60 cycles, does not

radiate. This is not really true; radiation does occur, but is

of very feeble intensity.

Another statement sometimes made is that an "
open

"
circuit

can radiate, while a " closed "
circuit can not

; this is not true.

All circuits are closed. Radiation from coils is described later

in this chapter.

For further information regarding radiation the reader may
refer to Bureau of Standards Scientific Paper No. 354.

131.- Magnetic Field Produced by Moving Lines of Electric

Displacement. Consider what happens to the lines of force when
a condenser is discharged. Before the discharge begins, the

field is as shown in Fig. 157. Now, suppose a wire to replace

the line a&c, thus discharging the condenser. The displace-

ments previously existing along abc vanish, or, in other words,

the line shrinks to nothing when the tension is relieved. But

this, at the same time, does away with the sidewise pressure on

the neighboring lines, which, since the pressure from the lines

outside of them still remains, move inward toward the wire

under the action of this unbalanced pressure. Their ends slide

along the plates of the condenser during this motion, and when

they come to the wire the displacements along their length
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vanish. This process continues until all the lines have van-

ished and the condenser is discharged.

Now, while this is happening to the electric lines of force in

the field, a current has been flowing in the condenser plates and
the wire abc; also the magnetic lines of force which always
accompany any current have sprung into existence and con-

tinue to exist as long as the current flows. In the space between
the condenser plates these magnetic lines of force will be
directed up from the plane of the paper at right angles, both to

the electric lines of force and to the direction of their motion.

These two facts can be described in terms of the motion of

the lines by saying that the motion of the ends of the elec-

tric lines along a conductor causes a current to flow in it,

while the motion of the electric lines at right angles to their

own length produces magnetic lines of force in the other direc-

tion, which is perpendicular to the direction of motion. If the

motion of the electric line is parallel to its length, there will be

no magnetic field produced. From this point of view, what
takes place in the medium is the cause of what takes place in

conductors. The energy in the former (in the case we are con-

sidering) appears in the latter as heat.

132. Mechanism of Radiation from a Simple Oscillator. Now
consider what takes place when the discharge is oscillatory in-

stead of in one direction. To fix our ideas, let us take the case

of the simple Hertzian oscillator, the electrostatic field of which,
before the gap becomes conducting, is shown in Fig. 158-i.

6
(The

field to the left is shown by dotted lines, in order to be able to

keep track of each line clearly in its motion as shown in the

following figures.) When a spark passes and the gap becomes

conducting, the straight electric line of force represented by the

straight line connecting the gap terminals vanishes and those

from each side begin to move up under the unbalanced sidewise

pressure as before. Here, however, when the ends of the first

curved line to the right of the gap in Fig. 158-i reach the gap,
we must suppose that it has sufficient momentum so that the

ends cross and the middle portion travels across the gap.

After two lines have done this, the state of things is as repre-

sented in Fig. 158-ii. There will soon come a different state of

things, however, owing to the shape of the lines. When the

6 See S. G. Starling, Electricity and Magnetism for Advanced Stu-

dents, 2d ed. (1916), pp. 423-429, from which Fig. 158 is taken.
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ends get to the gap before the middle portion, as shown in Fig.

158-iii, they will cross as before, and soon thereafter we will

have the loop formed as in Fig. 158-iv. Now, at some time as

the ends continue to go up, this loop will break, forming two

parts m and n, as shown in Fig. 158-v. This is because at that

moment the angle of intersection becomes so acute that each

part of the line will be moving parallel to its length, in which
case neither half will have any magnetic field and, consequently,
no momentum to carry them by each other. The process goes
on as shown in Figs. 158-vi, 158-vii, and 158-viii, the last of which
shows the state of things when one half oscillation has been com-

pleted and the charges on the oscillator have been reversed in

sign. A cylindrical sheet of lines of force has then been de-

tached from the oscillator and is traveling outward. At this

(V), (Vi) ""--' iv ih

Pa. 56.

BectHc field of A

JlertjiA* Oscillatorat

different momenta durt'ivQ

cycle

moment those lines left attached to the oscillator have been

stretched as far as their momentum can carry them, and they

begin to contract again and repeat the process, provided the

gap is still conducting. In the next half wave length another

cylindrical sheet of lines of force will be snapped off, so to

speak, and the process will continue until the energy lost as

heat in the oscillator has exhausted the supply of lines which

remain attached to it. These cylindrical sheets, as they spread

out, become more and more nearly plane, the plane being per-

pendicular to the motion away from the oscillator. During the
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process shown in Figs. 158-ii to 158-vii that is, while the current

in the oscillator is flowing upward the motion of the electric

lines of force generate magnetic lines (not shown), which form

circles around the oscillator running into the paper to the right

and coming out on the left. These magnetic lines vanish at any

point, when the electric lines of the attached field come to rest

as in Figs. 158-i or 158-viii, but continue with the moving electric

lines of the radiated cylindrical sheet. When the cylindrical

Electric

Field

Wave Form

JYlaqneticy
Fie/d

Fig.
J-59 Electric and Magnetic

Fields of a Vertical Wire Hntenna.

sheets have moved so far that they can be considered practically

as planes, then the magnetic lines also lie in these planes, but

perpendicular to the electric lines and to the direction of motion.

In the case of a simple vertical antenna, the mechanism of

radiation is quite similar. In this case, however, since the

lower end of the antenna is earthed, only the upper halves of

the waves shown in Figs. 158-i to 158-viii are produced, so that

the field looks like that shown in Fig. 159, where the electric

lines are shown in elevation and the magnetic lines in plan,

while in between is shown the wave form common to both. At
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any one point in space the lines approach and separate like

a bellows. When the wave has progressed so far that the lines

can be regarded as sections of planes, the state of things will

be as shown in Fig. 160 for the electric lines, while the same

figure will also represent the magnetic lines if rotated through
90 about the line ox. Where the surface over which the waves
travel is not a perfect conductor, the ends of the lines will be

as shown in Fig. 161.

The same method of picturing the process of wave production

applies to other forms of radiating systems of either the open
antenna or the closed coil type, (See Sec. 151, p. 330.) In all

FlQ. ISO

Distortion of Llectric. Lines of Force in^

Ptane w<we tr<Avellir^
over an imj>erfectly

Electric Lines of Force ir<

>lAne electr/c WAve

kinds, loops are formed and detached in the same general way.
In some of them the distribution of the lines of force is such as

to favor the production of more such loops than in others ;
this

means that such an antenna will be a better radiator than the

others.

133. Action in Receiving. The mechanism of the reception of

waves by an antenna can be followed through in terms of the lines

of force in an analogous manner. Thus, suppose the antenna to

be located with respect to the incoming wave train as shown
in Fig. 162. Then the upper ends of the lines as they arrive

travel down the antenna, as shown in the dotted lines, and give

rise to moving charges of electricity in the antenna, or the

receiving action can be thought of in another way. As the ad-

vancing waves sweep across the receiving antenna the electric
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field intensity along the antenna alternates in value. This is

equivalent to an alternating voltage between the top of the

antenna and the ground. A still different way of looking at

the receiving action depends upon the principle that an emf.

is induced in a conductor whenever there is relative motion

between the conductor and a magnetic field. The moving wave
has a magnetic field which sweeps past the antenna, and thus

there is relative motion between the antenna and this mag-
netic field, which results in an emf. in the antenna. This emf.

is what causes the received current in the antenna.

The reception of electromagnetic waves in a closed coil used

in place of an antenna can be explained by the same prin-

ciples. The explanation is somewhat difficult because of the

differences of phase between those currents in different parts
of the coil. For such antennas it is more convenient to think

of the current as produced by the changing magnetic flux

through the coil, due to the alternations of the magnetic fielci

associated with the wave. Either way of looking at it leads to

the same result. (See Section 151, page 330.)

D. Transmission Formulas.

134. Statement of Formulas. When the general ideas of wave

production and reception discussed above are put into exact

mathematical language, it is possible to deduce certain prac-

tically useful formulas connecting the currents in the sending
and receiving antennas, their heights, resistances, and distance

apart. While it is beyond the scope of this book to derive them,,

they are given without proof to aid the student in gaining an
idea of the magnitude of the effects to be expected at various

distances and with different types of antennas. In the for-

mulas which follow h stands for the height of an antenna or

coil, 1 for current, X for wave length, d for the distance apart of

the two antennas or coil aerials, while the subscripts s and r

refer to the sending and receiving ends, respectively. R stands

for the resistance of the receiving circuit. All lengths are sup-

posed to be in meters.

If the waves are sent out by a simple flat top antenna and re-

ceived on a similar one, we have

R\d (83>
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If the waves are sent out by a simple antenna and received on
a coil, we have

where It is the length of the receiving coil and .ZVr the number
of turns of wire with which it is wound.

If the waves are sent out by a coil and received on a simple
antenna, we have

T J--'-""*s'Vl-"s-t
s /

ft[
r\

**~ 7?\2/7 (85)

where Is is the length of the sending coil and Ns the number of

turns of wire with which it is wound.
If the waves are sent out by a coil and received on a similar

one, we have

ssTTaTa
2l~ R\3d (86>

The above formulas are for transmission through free space,

and do not take into consideration the diminution of the wave
intensity by absorption of the radiated energy in the surface

over which the wave travels. The absorption effect can be taken

into account by multiplying the values of received current

obtained from any of the above formulas by the factor

-0.000047 JL
V\

where d is the distance in meters, X is in meters, and e

is equal to 2.718. This correction factor as computed from this

formula is intended to apply to daytime transmission over sea

water. It can be neglected in short-distance work. Thus,
at wave lengths of about 1000 meters this correction can be

neglected at distances less than 100 miles, but at considerable

distances becomes much more important. For transmission

over land the value of this correction factor will be modified

according to the nature of the land. If it is night in all or part
of the territory over which the waves travel the received current

is somewhat greater.

These formulas were developed by J. H. Bellinger and first

published -in Radio Transmission Formulas, a confidential

paper of July, 1917. They are given in Bureau of Standards
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Scientific Paper No. 354, Principles of Radio Transmission and

Reception with Antenna and Coil Aerials, by J. H. Bellinger,

June 18, 1919.

The formula (83) given above for transmission from a simple

flat-top antenna to a similar antenna is the theoretical formula

for a Hertzian oscillator having its length the actual height, hs,

of the antenna above ground. For an antenna over a good con-

ducting surface there is probably a considerable image effect,

tending to increase the value of Tis, but there are other factors

which tend to reduce it ; hence the formula is a practical approx-

imation to ordinary conditions. Austin's formula, which has

been much used, assumes the existence of a perfectly conducting

surface but defines ti* not as the actual height, but as the
"
effective height

"
of the antenna. If the ground is assumed

to be a perfect conductor, the antenna and its image can be

considered to form a hypothetical oscillator of a length equal

to twice the height of the antenna to its center of capacity.

It is found in many cases that the effective height is about

half the total height, and seldom approaches the full value.

The effective height depends on how good a conducting sur-

face there is under the antenna, and is greater for a good

conducting surface. Dr. Austin has also published formulas

for the other three cases, in which coil antennas are used,

which yield values of received current twice the values which

are obtained from equations (83), (84), (85), (86), given

above. Dr. Austin has published his formulas, together with

experimentally observed values, in the "
Proceedings of the

Institute of Radio Engineers," vol. 8, pages 416-420, October,

1920. Transmission formulas are also discussed by G. W. O.

Howe, Radio Review, vol. 1, page 598, September, 1920.

135. Examples of TJse. To illustrate the use of the formulas

suppose it is desired to know how much current must be put

into a plain antenna 20 meters high sending a 300-meter wave,

in order that the current in a similar antenna 50 km. away
shall be detectable easily with a crystal detector (that is, shall

be about Tff.Ws amp. ) , the resistance of the receiving antenna

being 10 ohrns.

Solving the first equation for Is, we have :
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As another example, suppose that the receiving antenna, in

the first example, is replaced by a square coil of 2 ohms resis-

tance, having sides 2 meters long and wound with 10 turns of

wire. If the sending current is amp. as before, what will be
the current in the receiving coil? Using the second formula

1184 hs hr lr NT JS=1184X20X2X2X10XJ= 2.1 amDereaR\2 d
~

2X300X300X50,000 lo5 p

For a current of this size it would be best to use a simple elec-

tron tube receiver instead of a crystal detector.

As a third example, suppose the sending aerial to consist of

a single square turn of wire 10 meters on a side, in which the

current is i amp. at X=1000 meters. With how many turns

should a square coil 2 meters on a side and having a resis-

tance of 5 ohms be wound to receive at a distance of 50 km., if

an electron tube which can detect a current of JQS ampere is

used ? Solving the fourth equation for Nr we have

^-4g?^-4 turns (about).

136. General Deductions. From the formulas certain general

conclusions can be drawn. Thus since X appears in the de-

nominator, it follows that, for given heights of antenna, send-

ing current, receiver resistance, and distance apart, there will

be more current in the receiver, the shorter the wave length

used. On the other hand, there is more absorption of short

waves than long ones, as was stated when we were considering

the modifications that free waves undergo (Sec. 129). This

effect is taken account of in the correction factor to be used

for large distances. In this factor, X enters in such a way as

to make the received current less when the wave length is

short than when it is long. Hence, in general, we conclude

that to get the greatest possible received current, we should use

short waves for short distances and long waves for long dis-

tances.

It may be seen from the formulas that, for simple antennas, the

received current (for a given wave length, sending current, re-

ceiver resistance, and distance apart) is greater, the greater

the heights of the antennas. In the case of coil aerials under the

same conditions, the received current is greater the larger the

areas and the number of turns of the coils. For the dimensions

actually used, antennas are much more effective radiators and
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receivers than closed coils. In order to secure the same radia-

tion or received current with a closed coil as with an antenna,

other conditions being the same, its dimensions must be made

nearly as great as the antenna height. However, it is often pos-

sible to put more current into a transmitting coil than into the

corresponding antenna, and also the resistance of a receiving

coil is usually smaller than that of the corresponding receiving

antenna. Hence the coil can be a smaller structure than the

antenna.

53904 22 20
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The coil has some other advantages. For a given power input
in the transmitter, the coil aerial is not at quite such a disad-

vantage with the ordinary antenna as the formulas show, be-

cause a larger fraction of the radiation is sent out in the direc-

tion desired. As a receiver, the coil has the very great

advantage that the direction of the waves it receives can be

determined. These points are discussed further in Sections 151-
152.

E. Devices for Radiating and Receiving Waves.

137. Description of the Antenna. In radio communication it

is necessary to have a device to radiate electric waves and a
device to receive electric waves. Devices used for this purpose
are called antennas. Often the same antenna is used both to

radiate and receive.

There are two general classes of antennas, those which act

primarily as electrical condensers and those which act pri-

marily as electrical inductances. The first type is usually
referred to simply as an " antenna." The second type is

usually referred to as a "
coil antenna,"

"
coil aerial,"

"
loop," or,

when used for a particular purpose, as a " direction finder." We
will first consider antennas of the first type. Coil antennas are

discussed in Sections 151-152.

A simple antenna of the condenser type would consist simply
of two parallel metal plates, separated, as shown in Fig. 157.

The energy radiated or absorbed by an antenna of the con-

denser type depends on its capacity, and to form an antenna of

large capacity two metal plates would have to be so large as to

be very expensive and cumbersome.
Instead of using two parallel metal plates, it would be pos-

sible to form a condenser consisting of one metal plate sus-

pended over and parallel to the ground, providing the surface

of the ground is appreciably conducting. Such an antenna is

shown in Fig. 163. The plate P is supported above the earth

and insulated from it, except for the connection through the

wire W, called the "
lead-in wire," or "

lead-in." The plate and
the conducting surface of the earth form the two plates of a

condenser, the air between them furnishing the dielectric. The

apparatus used for receiving is introduced into the lead-in,

between the plate and the ground, When radio waves reach
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an antenna they set up an alternating emf. between the wires

and the ground. When an alternating emf. is introduced into

the wire, charging currents flow into and out of P and the

earth, the dielectric being strained first in one direction and
then in the other. As has been explained in the previous chap-

ter, these strains are equivalent to displacement currents of

electricity through the dielectric, which serves to complete the

circuit. A region in which the dielectric is undergoing alternat-

ing strains is the starting point of electric waves. The larger

the plate and the higher it is raised from the earth, the greater
the amount of space in which this strained condition exists,

and the more powerful the waves which are radiated.

However, in order to construct with a given amount of metal

an antenna having the greatest possible capacity, the metal

should not be used in the form of a single plate. A much more
efficient form consists of a number of parallel wires. The
antennas found in practice usually consist of arrangements of

wires. A single vertical wire is, for its size, the best radiator,

but it has to be made extremely long in order to get sufficient

capacity for long wave or long distance work (see Sec. 141).

Antennas consisting of horizontal or inclined wires are, how-

ever, also very satisfactory. Any arrangement of wires which
will constitute one plate of a condenser may be used, although
some arrangements will radiate and receive much better than

others.

An investigation has been made at the Bureau of Standards
of the use for reception of a condenser antenna consisting of

two parallel pieces of metal screen a few feet apart.
7 The

amount of energy absorbed by such an antenna is necessarily

small, but for some purposes, when used with sensitive receiv-

ing equipment, it has advantages.
A satisfactory antenna can also be constructed, using a suit-

able arrangement of wires for the upper plate of the condenser

and using for the lower plate a number of parallel wires ele-

vated a few feet from the earth and insulated from the earth.

No connection is then made to the earth itself. The wires

forming the lower plate of the condenser are then called a
"
counterpoise antenna " or simply a "

counterpoise."

7 See Wireless Age, 8, pp. 11-14, April, 1921.
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In reception electric waves reaching an antenna set up an

alternating emf . between the wires forming the upper plate of the

condenser, and the ground or other lower plate of the condenser.

The longer and higher the wires forming the antenna the

greater the emf. produced. As a result of this emf. an alter-

nating current will flow in the antenna wires. The energy of

the current is absorbed from the passing wave, just as some of

the energy of a water wave is used up in causing vibrations in

a slender reed which stands in its way.

FIOKI67-A

"FAN"OR"HARP''ANTENNA.

138. Different Types. An antenna consisting of horizontal

parallel wires supported between two masts and insulated

therefrom is common. This is a standard form for ship sta-

tions. If the lead-in wires are attached at the end of the hori-

zontal wires (Fig. 166) the antenna is said to be of the in-

verted L type. If the lead-in wires -are attached at the center

of the horizontal wires, the antenna is said to be of the T
type. Both of these types are found at many land stations-,

including amateur stations. The wires are kept apart by
"
spreaders," which may be of wood. These two types are often

referred to- as "
flat-top

" antennas.

The V type of antenna (Fig. 167) consists of two sets of hori-

zontal or slightly inclined wires supported by three masts, so
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that the horizontal portions form an angle. The V type is used to

some extent in military work, but is not much used elsewhere.

The " fan " or "
harp

" antenna consists of a number of wires

radiating upwards from a common terminal to various points
on a supporting wire to which they are connected. (Fig. 167-A.)

The supporting wire is insulated at each end from the tower

or other support. Practical advantages of the fan type are

that there are only two in-

sulators, so that leakage is

small, and that the me-

chanical strain to be car-

ried by the supports is com-

paratively small.

The "cage" type of an-

tenna is used to a consider-

able extent, particularly on

ships. (Fig. 167-B.) A
number of parallel wires,

often six or eight, are sup-

ported from a single point
and are kept apart by star-

shaped separators which
may be of wood, or by
hoops. One advantage of

the cage type for military

purposes is that if one or

two wires are shot away
the antenna can still be

used.

For transmission over short distances a very simple antenna

may be used, such as, for example, a single wire supported be-

tween two stakes at a height of only a few feet from the

ground. In some cases a long insulated wire may be laid upon
the ground or in a shallow trench, forming a "

ground antenna."

(See Sec. 150a.) For receiving stations equipped with good
electron tube amplifiers (see Chapter 6) very simple antennas

may be employed, even for long-distance work, such as a single

suspended wire, a ground antenna, or a coil antenna. (See
Sec. 151.)

The umbrella type of antenna, Fig. 164, consists of a number
of wires which diverge from the top of a mast, and are attached

u
FIG. 167-B

"CAGL'ANTENNA.



308 ELECTROMAGNETIC WAVES.

to anchors in the ground through insulators, A, as shown in the

figure. Lead-in wires L are brought down from the junction of

the wires B to the apparatus.
For high-power stations a type called the "multiple-tuned

antenna" is sometimes used; this is described briefly in Sec-

tion 143.

139. Current and Voltage Distribution in an Antenna. When
an emf. is introduced into an antenna, a charging current flows
in the wires as was described in the ideal case of Fig. 163. If

we attempt to form a picture of this process in the wire antenna,
we must remember that every inch of the wire forms a little

condenser, with the earth acting as the other plate. The an-

tenna is said to have a distributed capacity.

As the electricity flows from the bottom of the antenna, some
of it accumulates on each portion A of the wire, causing a dis-

placement current through the dielectric to earth, as shown in

.no

,^\ Kltf motion, Ur^e force

motion . smal I force

\^
kJo motion , lar^e force

WocOrrent

Disjslacement currants Distribution of current

from An Antenrv* and voltage alon^n
antenna

AB (Fig. 168). The current in the wire accordingly diminishes

as the free end F of the antenna is approached, and becomes zero

at that end. The current is evidently different at different parts
of the antenna, being zero at the free end and a maximum
where the antenna is connected to the ground (Fig. 169). This

is in marked contrast to the case of a direct current, which

always has the same value at every point of the circuit. The
difference here is brought about by the very high frequency
of the currents.

The voltage of the antenna, on the contrary, is zero at the

grounded end and has a maximum value at the free end. In

fact, the latter is the point where the most intense sparks
can be drawn off ; therefore the insulation of the antenna from
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near-by objects and the earth must be particularly good at this

point. (In Fig. 169 the voltage and current are supposed to be

measured by the horizontal distance from the solid vertical

line. )

A large capacity to earth, concentrated at any point of the

antenna, causes a large change in the current at that part of the

antenna. If this bunched capacity is located at the top of the

antenna, such as is the case with a flat-topped antenna of long

wires, with only a few vertical lead-in wires, the average cur-

rent in the flat top portion will be large, and it increases slightly

in strength as the charges pass down through the lead-in wire

(picking up the charges there), hence giving a large current

through the receiving apparatus. It is a distinct advantage to

have as large a part of the total capacity of the antenna as

possible at the top.

The action of antennas is discussed in Bureau of Standards

Circular No. 74 and in Bureau of Standards Scientific Paper
No. 326,

"
Electrical Oscillations in Antennas and Inductance

Coils," by John M. Miller.

140. Action of the Ground Counterpoises. The electric oscil-

lations in an antenna may be regarded as somewhat analogous

to the vibrations of a string stretched between two points A
and B and plucked at the middle, (7, in Fig. 170. The stretch-

ing forces on the string are greatest at the points A and B,

while the portion C is under very small force. The motion of

the string is most considerable at C, while the points A and B
do not move. If we regard current as similar to motion and

voltage to force, we can see (according to statement in the

preceding section) that the top of the antenna resembles in its

behavior the end A (or B) of the string, while the bottom of the

antenna corresponds to the point C of the string.

The part played by the earth may now be understood. If we

suppose for a moment that the antenna is disconnected from the

ground and insulated, then the lower free end would become a

point where the current would be zero and where the variations

of voltage would be large (corresponding to point B, Fig. 170).

The portion where the current would be a maximum would lie

at some elevated point. To set a string in vibration requires

the smallest force when it is plucked at the middle. Right at>

the ends it is almost impossible to set it in vibration. Just so

the antenna, if disconnected from earth, would be almost impos-
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sible to set in vibration if the emf. were applied at the bottom
end. For successful working, the exciting apparatus would
have to be joined to inaccessible points of the wire higher up.

It is necessary, then, to make sure that the lower end of the
antenna is a region where a current is large, and with a good

ground this condition is satisfied.

In places where the ground has poor conductivity (dry, rocky
soil, with ground water at some considerable depth) it becomes
difficult to satisfy the above condition. In such cases a " coun-

terpoise antenna " or " earth capacity
" must be used. The

counterpoise is another antenna of suitable type, supported a

few feet above the ground, and. insulated from it. The station

apparatus is connected to the regular antenna and the counter-

F
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On aircraft, a counterpoise must necessarily be used. The

counterpoise is furnished by the metal wires of the frame-

work, the engine, stay wires, metalized wings, etc. The an-

tenna may consist of a long wire which trails behind the

plane when in flight, has a weight attached to its end, and
is wound up on a reel before landing.

8 With such an antenna

the antenna is below the counterpoise, but the action is not

different from the ordinary antenna and counterpoise systems.

The trailing wire antenna is inconvenient in some respects.

In many cases it is found more convenient on aircraft to use a

coil antenna, which may be wound on the wings of a plane, or

may be wound on a small frame and installed aft in the plane

(see Sec. 152).

F. Antenna Characteristics.

The behavior of an antenna depends upon its capacity, in-

ductance, and effective resistance, just as is the case with any
oscillating circuit. The capacity and inductance determine the

length of the radiated waves (see Sec. 116) ; the resistance

determines the damping.
141. Capacity. The energy which can be given to a condenser,

when it is charged to a voltage E, is equal to one-half the

capacity C, multiplied by the square of the voltage. The
energy which is supplied to an antenna each second when it

receives 2V charges per second is, therefore (as given in Sec.

34),

p=~ CE2
N.

We may, evidently, increase the supply of power to an antenna

by increasing the number of charges per second, or by raising
the voltage.

It is not practicable to raise the rate of charging beyond
about 1,000 to 1,500 sparks per second. The voltage on the

antenna can not be made greater than about 50,000 volts with-

out loss of power through leakage and brush discharges. The
only remaining factor which can be varied is C in the above
formula ; therefore, a high power sending antenna must have a

8 See J. M. Cork, Airplane Antenna Constants, Bureau of Standards.

Scientific Paper No. 341 ; 1919.
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large capacity. Large capacity means many wires of great

length ; that is, a large and costly structure.

The capacity of a single wire parallel to the ground can be

calculated approximately, as also the capacity of certain simple

arrangements of parallel wires (see Circular 74, pp. 237-242).

Even in the simplest cases, however, the presence of houses,

trees, and other neighboring objects, and the difficulty of allow-

ing for the lead-in wire, makes any precise calculation impos-

sible. It should be noted, however, that the capacity of a wire

is proportional to its length. The capacity of two wires near

together is less than the sum of their capacities, and, in general,

although each added wire adds something to the capacity, it

adds much less than the capacity it would have alone in the

same position. As an indication of what values of antenna ca-

pacity may be expected, the following values may be cited :

Airplane and small amateur antennas, 0.0002 to 0.0005 micro-

farad.

Ship antennas, 0.0007 to 0.0015 microfarad.

Large land station antennas, 0.005 to 0.015 microfarad.

That is, in spite of their size and extent, antennas do not

possess greater capacity than is found in ordinary variable air

condensers (see Sec. 32 and Sec. 184).

The following formula has been found to give fairly accurate

values for the capacity of a flat-top antenna under conditions

met in practice:

Taking C=capacity of antenna, microinicrofarads

A=Area of flat top of antenna in square meters (the

triangular, or quadrilateral area, or area of other

shape, inclosed by the bounding wires of the

antenna )

^,=:average value of actual height of antenna above

ground, in meters (for horizontal top, 7i=actual

height above surface of ground)

the formula may be written

C=40V5+8.85 j
For a very long antenna, having a length I more than eight

times the breadth of b, the above formula must be multiplied

by an elongation factor
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For values of capacity computed by this formula the height

is not so important as it is for values of capacity computed ac-

cording to some other formulas which have been suggested.

Values of capacity computed according to the formula just

given have been found to agree fairly well with measurements

made on actual antennas.

This formula was published by L. W. Austin, Journal Wash-

ington Academy Sciences, volume 9, page 393, August 19, 1919;

Proceedings Institute Radio Engineers, volume 8, page 164,

April, 1920; and has been discussed by G. W. O. Howe, Radio

Review, volume 1, page 710, November, 1920.

142. Inductance. Although principal stress has been laid upon
the conception of the antenna as a condenser, the inductance

which its wires necessarily possess is of equal importance in

determining the wave length of the radiated waves. The
antenna is, in fact, an oscillating circuit, and as such the

wave length or frequency of free oscillation depends upon the

product of the inductance and capacity. See formula (79),

Section 116.

The inductance in general is not large 50 to 100 microhenries

is a common range of values but larger capacity is necessarily

associated with larger inductance, so that high-power antennas

are naturally long-wave antennas. Methods for measuring in-

ductance and capacity of antennas are described in Section 171,

page 392, and in Circular 74 of the Bureau of Standards, pages
79 to 86, and 98. The relations between the wave length of an

antenna, and its capacity and inductance, are discussed in Cir-

cular 74, page 79.

143. Resistance. The wires of an antenna offer resistance to

the current, which is greater for the high-frequency antenna

current than it would be for a steady current, on account of the

skin effect (see Sec. 117). In addition to this, the radiation of

energy in waves causes a further increase in the apparent
resistance of the antenna. The "effective resistance of the

antenna "
is defined as the quotient of the power given to the

antenna by the square of the antenna current. That is, if R is

the effective resistance, the total power put into the antenna is

Rf, where / is measured at the base of the antenna. The
effective resistance is different for different frequencies, as is

shown below.
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The total power is dissipated in the following ways: (1) As
heat in the antenna wires and earth connection, (2) brush dis-

charge, (3) leakage over or through insulators, (4) heat in the

dielectric surrounding the antenna, and in any condensers that

are in the antenna circuit, and (5) radiated waves. Part of

(5) will also be turned into useless heat by inducing eddy cur-

rents in near-by conductors, such as guy wires or metal masts.

If R'T represents all the power except that radiated, and
R"l* represents the power radiated as waves, then it is evident

that R'P+R"P=R I\ or R'+R"=R, the effective resistance.

R" is called the " radiation resistance." It might be denned as

that resistance which, if placed at the base of the antenna,

would cause as great a dissipation of energy as the energy radi-

ated in waves. It will be different at different frequencies. It

gives an idea of the radiating power of the antenna for each

ampere of antenna current.

When the effective resistance of an antenna is measured at a

number of frequencies and the results are plotted, a curve is ob-

tained like curve 4, Fig. 172, page 310. The shaps of the curve is

explained, by considering the laws according to which the differ-

ent kinds of resistance in the antenna vary with the wave length.

The radiation resistance decreases as the wave length increases,

the relation being that the radiation resistance is inversely pro-

portional to the square of the wave length. Such a variation is

represented by curve 1, Fig. 172, page 310. The resistance of

the conductors and earth connection is nearly constant with

different wave lengths, curve 2, The dielectric resistance in-

creases nearly as the wave length, curve 3. Curve 4 is the sum
of curves 1, 2, 3. If the losses in the dielectric are very small,

the curve does not have a minimum, as at A, but becomes hori-

zontal at the right end. If these are negligible, the curve merely

falls toward a limiting value.

To reduce the dielectric losses, no portion of the antenna

should be near buildings or trees. To reduce eddy current

losses, care should be taken to have the antenna a reasonable

distance from guy wires, and especially large masses of metal.

Guy wires may be cut up and insulated in sections. On ship-

board, induced currents are produced in iron stacks and guy

wires near the antenna, and in cases where the frequency of

the waves agrees with the natural frequency of oscillation of
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these metal objects, considerable power losses may result. These
show themselves, when they are present, as humps on the ex-

perimental curve 4, Fig. 172, page 310, at the frequencies in

question. Reference may also be made to Bureau of Standards

Scientific Paper No. 269,
"
Effect of Imperfect Dielectrics in the

Field of a Radiotelegraphic Antenna," by John M. Miller.

The effective resistance of an antenna is often as high as 20

to 30 ohms at the fundamental wave length. The minimum
value may be 5 to 10 ohms for a land station and as low as 2

ohms for a ship station.

00
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This is equivalent to connecting several antennas in parallel;
the radiation resistance remains the same as for the antenna
connected in the ordinary way, but the actual resistance of the

ground connections of the whole antenna is the resistance of a

single ground connection divided by the number of ground
connections. The antenna at the high-frequency alternator sta-

tion at New Brunswick, N. J., is about 1 mile long, and has
been grounded at five intermediate equidistant points. The
antenna so connected is equivalent to six independent radi-

ators, and the total resistance
x
of the antenna has dropped from

3.8 ohms with the ordinary system of grounding to 0.5 ohm
with the multiple ground at a wave length of 13,600 meters.

The ground resistance has been reduced from about 2 ohms to

FIG.173-A.MULTIPLE.-TUNED ANTENNA.

0.33 ohm. Antennas of this type have so far been used only

for high-power work, and a detailed description will not be

given here. The multiple-tuned antenna is well adapted for use

with the high-frequency alternator, because in this case the

radiated wave length of a given alternator depends only on its

speed and not on the antenna. The multiple-tuned antenna does

not, however, seem to be so well adapted to tube and arc trans-

mitters and not at all to spark transmitters, because in such

transmitters the radiated wave length depends on the antenna.

For further information the reader may consult papers by
E. F. W. Alexanderson, General Electric Review, volume 23,

page 794, and E. E. Bucher, General Electric Review, volume

23, page 813, October, 1920.

144. Wave Length and its Measurement. The wave length of

the waves emitted by an antenna, when no added inductance or

capacity is inserted in the antenna circuit, is known as its

"fundamental wave length." By putting inductance coils
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("loading coils") in the antenna circuit, longer waves may be

radiated, while on the contrary, condensers put in series with
the antenna enable it to produce shorter waves than the funda-

mental. The use of a series condenser is avoided where possible,

since it has the effect of decreasing the total capacity of the

antenna circuit (Condensers in Series, Sec. 35) and thereby

diminishing the amount of power which can be given to the

antenna. The addition of some inductance has a beneficial

effect, since the decrement of the antenna is thereby lessened

and a sharper wave results. It is not advisable to load the

antenna with a very great inductance, however, as it is not

an efficient radiator of waves. The waves emitted are very
much longer than the fundamental wave length. As a general
rule small sending stations, for short ranges, work best on short

waves, and long-distance stations on long waves. Long waves
have the advantage for long-distance work that they are not

absorbed in traveling long distances to the extent that short

waves are.

The United States radio laws at present provide that every
commercial radio station shall be required to designate a cer-

tain definite wave length as its normal transmitting and receiv-

ing wave length, and that this wave length must not exceed

600 meters or must be longer than 1,>00 meters. Ship stations

must be equipped to transmit on either 300 or 600 meters.

Amateur stations must not transmit on a wave length exceeding
200 meters. It is probable that the radio laws will be revised

in the immediate future. For authoritative information re-

garding current radio laws- and regulations inquiry should be
made of the Bureau of Navigation, Department of Commerce,
Washington, D. C. See also Appendix 6.

Communication with ships is usually carried on with a wave
length of about 600 meters. Radio compass stations on shore

operate on 800 meters, and radio beacon stations on shore,

which transmit to ships to enable the navigator on the ship to

determine its position, usually operate on 1,000 meters.

Most high-power stations, such as those for transatlantic work,
operate on a wave length of at least 2,500 meters, usually con-

siderably more. The Annapolis station, for instance, operates
on about 16,900 meters and the New Brunswick station on about

13,600 meters.
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Measurement of Antenna Wave Length. For a simple vertical

wire grounded antenna the fundamental wave length is slightly

greater than four times the length of the wire. The constant
is often used as 4.2, and applies approximately also to flat top
antennas (L or T types) with vertical lead-in wire, the total

length being measured from the transmitting apparatus up the
lead-in wire and over to the end of the flat top. It is usually

easier, and certainly more accurate, to measure the wave length
radiated from an antenna directly by the use of a wavemeter
(Sec. 112). The wavemeter coil needs merely to be brought
somewhere near the antenna or lead-in wire and the condenser
of the wavemeter adjusted to give maximum current in the

wavemeter indicator. The wave length corresponding to the

wavemeter setting is then the length of the waves radiated by
the antenna. The " fundamental " wave length of the antenna

may be determined by gradually decreasing the number of turns
in the loading coil, measuring the wave length for each setting

of the loading coil, and plotting a curve showing the wave length

corresponding to the various numbers of turns of the loading

coil, as shown in Fig. 172-A. The " fundamental "
is the wave

length corresponding to zero turns, and corresponds to the point
where the extension of the curve cuts the wave length axis.

The amateur is required by law to transmit on a wave length

not exceeding 200 meters and is interested to know the kind of

antenna to use. It is impossible to give an exact rule for con-

structing an antenna for a particular wave length, because

many local conditions peculiar to each case must receive con-

sideration. An approximate rule which will be found con-

venient in constructing an antenna which is to transmit on a

wave length not exceeding 200 meters is that the over-all

length of the circuit from the ground connection through the

entire path which the current follows to the end of the antenna

must not exceed 120 feet. This distance, 120 feet, includes the

distance from ground up the ground lead to the antenna switch,

from the antenna switch to the oscillation transformer and back

to the antenna switch, through the antenna lead-in to the

antenna top, and along the antenna top to its end. This ap-

proximate rule applies to the various types of antennas ordi-

narily found at amateur stations, including inverted L, T, and

fans. In the case of an antenna for which the lead-in is taken



PROPERTIES OF ANTENNAS. 319

off the antenna top at an intermediate point, as in a T antenna,

the distance along the antenna top should be measured to the

most distant end of the top, if the lead-in is not connected at

the middle of the top. If an antenna is constructed in which

the distance measured as described does not exceed 120 feet, it

is probable that with suitable transmitting apparatus and no

loading it will be possible to transmit on less than 200 meters,

but if loading inductances are used or equivalent changes made
in the transmitting apparatus the emitted wave length may, of

course, considerably exceed 200 meters.

145. Harmonics of Wave Length. A simple radio circuit has a

reactance equal to zero at a single frequency, namely, the reso-

nance frequency, and the maximum current possible with the

given emf. will then flow. This result is strictly true only when
the capacity and inductance are concentrated at definite points

of the circuit. In an antenna, however, the inductance and
capacity are distributed, and it is found that a maximum of cur-

rent is obtained for a whole series of different frequencies or

wave lengths.

What is called the "fundamental frequency" is the lowest

frequency for which the current attains a maximum when not
loaded with either capacity or inductance. Denoting this by f,

there are in the same antenna other reasonance frequencies 3/^

5/, If, etc., called the " harmonic frequencies
"

of the antenna.
With the usual methods of producing current in an antenna it

radiates principally waves of its fundamental frequency alone ;

free oscillations of the harmonic wave lengths are almost en-

tirely lacking. However, when emfs. having the harmonic fre-

quencies are applied, vigorous oscillations of those frequencies
may be set up. ( See also Bureau of Standards Scientific Paper
No. 326.)

146. Directional Effect. It is a familiar fact that devices for

transmitting or receiving wave motion of any kind, which are
riot symmetrical with respect to a line perpendicular to the-

plane in which the wave travels, will transmit and receive bet-
ter in one direction than in another. Thus a resonator for

receiving sound from a distance should be turned perpendicular
to the direction of the source of the sound, to give the maximum
response.

53904 22 21
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A single vertical wire (Fig. 173-B) forms an antenna which
is entirely symmetrical for radio waves traveling horizontally,

and such a wire has no directional effect. If for a given
antenna fixed in a given position we plot a curve showing the

strength of the received current received from transmitting sta-

tions located in different directions, we will find this curve a

very useful means of describing the directional characteristics

of the antenna. For the single vertical

wire the directional characteristic is

simply a circle drawn with the foot of

the wire as center. The electrical and

magnetic fields radiated in transmitting

from a vertical wire antenna are shown
in Fig. 159, page 297. Most of the other

types of antennas ordinarily used have

directional properties, at least to some ex-

tent. The inverted L antenna has a con-

siderable directional effect. An inverted

L antenna with a long, low top (Fig.

173-C), such as are often found at large

stations, has a marked directional effect,

as shown by the directional characteristic

in Fig. 173-C. The length of the line

/* "\ drawn from the central point A in any
/

j
direction indicates the strength of the

\ / current received from a transmitting sta-

tion located in that direction. It will be

FIQ. 173-6. noted that the inverted L transmits and
SIMPLE. VERTICAL WiRL receives best in the direction opposite to

that in which the antenna top, points.

The multiple-tuned antenna, as shown in

Fig. 173-A, has a considerable directional effect. Ground an-

tennas (see Sec. 150-a) have marked directional characteristics.

The most important type of directional antenna is, however, the

coil antenna, described in Sections 151-152. Particular kinds of

directional effects can be secured by combining different kinds

of directional antennas.

The directional properties are most often made use of for

receiving, but are also used for transmitting.

In transmitting, a considerable part of the energy may be

concentrated in a particular direction by the use of a direc-
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tional antenna, and the range of a transmitting station thus

increased and interference decreased. Directive transmission

may also be very helpful to a ship or airplane in aiding it to

determine its location.

In receiving, an antenna having a marked directional char-

acteristic, such as a coil antenna, will receive strong signals

from a particular direction, and weaker signals from other

directions. This is valuable in reducing interference from sta-

tions which it is not desired to receive, since in general the

interfering station is not likely to lie in the same direction as
the station which it is desired to receive.

A further and very important application of antennas with
directional characteristics is the possibility of triangulation. If

'WW/////'//////'/////^^^

FIG.I73-C
1NYLRTE.D L ANTEXNA AND

1T5 DIRECTIONAL CHARACTERISTIC.

C, Fig. 173, page 310, is a transmitting station, and the waves
come in to station A from a direction which makes an angle x
with the north, while at station B waves from C arrive from
the direction BC, which makes an angle y with the north, then

the positions of the stations A, B, C can be calculated, provided
only that the distance AB and the angles a? and y are known.
If C is an enemy station, it may be located by measurements of

its direction, as observed from receiving stations A and B,
whose positions are known. Or if C is supposed to be a light-

house station which is radiating signals, a vessel can deter-

mine its unknown position A, even in a fog, by observing the

direction of C and then after sailing a known distance AB
making similar radio observations of the direction of C from its

new position B. The positions A and B and the ship's course
can be worked out. Even in clear weather it is often desirable
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to have a means of checking up astronomical observations of

the ship's position, since a small error of observation may
have serious consequences when a vessel is near the coast.

For further information regarding direction finding see Sections

151-152.

G. Antenna Construction.

147. Towers and Supports. For land stations wooden masts

have been much employed. For portable antennas these are made
in sections, which fit together like a fishing rod. For higher-

power stations latticed metal masts are common and in some
cases tubular metal masts in telescoping sections. Except in spe-

cial instances, guy ropes or wires' are necessary, and in some
cases the support is sustained entirely by these. It has been

quite generally regarded as a structural advantage to allow a

small freedom of movement to the mast, so that it may rock

slightly in the wind. A simple one-wire antenna may be held by

any support that is available. When a tree is used to support
either end, a rope should run out for some distance from the

tree and the wire be attached to this by an insulator, so that the

antenna wire itself may not be in or near the tree. The stand-

ard flat-top ship antenna makes use of the ship's masts for sup-

ports. The antenna wires are stretched between two booms or

spreaders, from which halyards run to the masts.

148. Insulators. The insulation of an antenna is a matter re-

quiring careful attention. If an insulator is defective or dirty

or wet, the energy radiated from the antenna will be consider-

ably reduced. Defects of insulators may be caused by breakage
after installation or faulty manufacture, such as small cracks

or other openings- through which the insulator may absorb

water, or nonuniformity of the material of the insulator. Dirty

insulators are likely to be found near industrial plants, and on

ships wet or salt-covered insulators may cause trouble. In Fig.

174 is shown an antenna of a type often found on ships and at

the smaller land stations, with its insulators. Porcelain is one

of the most satisfactory materials for use in constructing in-

sulators because of the large voltages which it will stand with-

out failure, but it is not suitable for use under severe me-

chanical vibration. Antenna insulators are often made of com-

positions, such as the material called "
electrose," which is made



ANTENNA CONSTRUCTION. 323

with a shellac binder. These insulators are made in various

shapes, including rods, and usually have eyebolts or other metal

pieces molded in. Insulators are also made with ribs or petti-

coats which may extend farther than the ribs shown in Fig.

176; the purpose of the ribs is to lengthen the leakage path
which the current must follow between eyebolts

1 and to secure

Inverted ^L" Antenna , Showing In&ulAtors

Fiq

Egg Ti^pc Strain Insulator

better insulation when the insulator is wet by collecting the-

water on the lowest points of the ribs. In the case of antennae

for land stations, wire guys are interrupted by
" strain

"
in-

sulators to prevent the guy from having a natural wave length

approximately the same as the wave length of the antenna. A
form of nearly spherical porcelain insulator, so grooved as to

carry the two wires firmly without their coming in contact, is
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shown in Fig. 175. In the event of this insulator breaking, the

wires do not part.

Where the lead-in wires from the antenna pass through the

walls of the house in wrhich the sending and receiving apparatus
is installed, special care needs to be taken to ensure good in-

sulation. A form much used for this purpose is shown in Fig;

176. In the case of some large aerials, the supporting mast itself

has to be insulated from the ground at its base. The design
of an insulator which combines sufficient mechanical strength

with good dielectric properties is a difficult matter.

149. Antenna Switch. Conductors. An antenna switch is a.

necessity in all permanent installations. This has the function

of disconnecting the receiving apparatus from the antenna com-

pletely when a message is to be sent, and vice versa. The action

of such a switch is made such that it is impossible for the

operator to make a mistake and impress the large sending volt-

age upon the delicate receiving apparatus.

Every radio station should be provided with a lightning switch

on the outside of the building by means of which the antenna

should be grounded at all times when not in use to avoid possible

damage from lightning. Information regarding the requirements
made by insurance companies for lightning protection may be

secured from the National Board of Fire Underwriters, New
York, and from local insurance agents. See also Appendix 9,

page 578.

Antenna wire. Desirable qualities in a metal to be used for

antenna wire are that it shall not be brittle, that it shall be

durable when exposed to weather and other conditions met in

service, that its wT

eight shall not be excessive, that its cost shall

oe reasonable, and that its ohmic resistance shall be low. It is

also sometimes important that a metal used for antenna wire

shall possess high tensile strength ; this is obviously most im-

portant for large antennas of long span.

It has been pointed out in Section 117, page 263, that at high

frequencies the flow of current in a conductor takes place

largely near its circumference. This results in the resistance of

a wire at radio frequencies being higher than its resistance to

direct current or to alternating current of low frequencies, such

as 60 cycles, and is called the " skin effect." The skin effect is

considerably greater for wires of iron or steel or other magnetic
material. For this reason ordinary iron or steel wires are not

suitable for use as antenna wire.
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Hard-drawn copper wire is often used, but has the disad-

vantage that it is brittle and kinks easily. Tinned copper wire

is sometimes used. Soft-drawn copper wire may also be used,

depending on the tensile strength required for the distance to

be covered. Aluminum wire is also used, and is satisfactory if

careful attention is given to the connections and joints, to avoid

corrosion. An important advantage of aluminum wire is that it

is light. This is particularly important in large antennas, which

cover long distances.

Iron or steel wire which has been heavily galvanized is also

used. Since the current flows largely in the zinc coating, the

resistance is much less than that of an ungalvanized steel wire.

Steel wire to which a thick coating of copper has been perma-

nently welded, is sometimes used. Information regarding the

resistance of coated wires of this kind is given in Bureau of

Standards Scientific Paper No. 252, "Effective Resistance and
Inductance of Iron and Bimetallic Wires," by John M. Miller.

The resistance losses in the coated steel wires are about the

same as in solid copper wire, provided that the coated steel

conductors are not too close together.

Bare, uninsulated wires are in general use. In some cases

the antenna wire is covered with a thin coating of enamel, whose

purpose is to eliminate corrosion of the wire by exposure to the

weather, smoke, or acid or other fumes.

Solid copper or other conductor, in sizes such as No. 14, is

often used. Stranded conductor, however, has advantages, in-

cluding flexibility, and lower resistance at high frequencies than
solid conductor, because of the skin effect. In the stranded
conductor for a given weight of copper there is much more
cross-sectional area available for carrying the current than there

is in the solid conductor. The individual strands should, how-

ever, always be enameled in stranded wire used for radio-

frequency currents, or the stranded conductor may have a higher
resistance than solid conductor of the same weight.
An antenna conductor composed of se'ven or more strands of

carefully enameled No. 22 copper wire is usually found to give

good satisfaction. Antennas of unenameled solid conductor,
which are very satisfactory on the day they are installed, after

exposure for even a week to the weather, often show a very
considerable increase of resistance. Phosphor-bronze stranded
wire of seven or more strands is sometimes used, has a high
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tensile strength, but is open to the objections that it is rela-

tively very expensive, and has a comparatively high ohmic-

resistance. Phosphor-bronze wire corrodes easily when exposed

to weather, and when corroded is very likely to have higher

resistance than a solid conductor. A silicon bronze wire is now

being used to some extent, which does not corrode easily, has

comparatively low ohmic resistance, high tensile strength, and

has been found very satisfactory. For many ordinary antennas,

hard-drawn solid copper wire, carefully enameled, will be found

most convenient, and will give good satisfaction.

150. Grounds and Counterpoises. To obtain a good conducting

ground connection is a comparatively easy matter for a ship

station. In a steel ship a wire is attached to the hull of the

ship and the good conductivity of the sea water assures an inti-

mate connection with the ground. A usual method of grounding
on a wooden ship propelled by steam is to connect the ground
lead to the thrust box and depend on the propeller to make
contact with the water. The hulls of some wooden ships are

protected by being covered with copper sheathing, and a good

ground connection may be made to this sheathing. In some

cases a ground for a wooden ship may be made by means of a

large metal plate attached to the outside of the ship, under

water.

The ground connections for a land station should be designed

with the idea of constructing one plate of a condenser of which

the antenna is the upper plate. The area covered by the ground
connections should be several times the area of the antenna, and

should be laid out fairly symmetrically with respect to the an-

tenna. The effort should be made to obtain a considerable num-

ber of points of contact with the earth, having paths of low re-

sistance. Metal plates buried in the earth are often used. A
good ground system may be constructed by burying metal plates

of the same area, symmetrically arranged around the circum-

ference of a circle having the station as the center, and con-

nected to the station by wires suspended a short distance above

the earth. A good general principle to follow is that the same

current should be carried per unit area by each buried plate. If

this principle is not observed, as in a ground system laid out at

random consisting of a number of ground connections of differ-

ent impedances located at varying distances from the station, it
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may be found that the over-all resistance of the system will be

considerably greater than the resistance of the best one of the

ground connections used alone. A considerable number of cop-

per wires run radially from the foot of the antenna to a distance

considerably greater than the length of the antenna will make
a good ground if the earth is moist. When radial wires are

used it is often found advantageous to run the wires for a short

distance suspended above the ground before burying them. In

dry localities a ground connection is sometimes made to a well ;

this may be found useful for receiving, but in general is not

very satisfactory. In cities a ground connection may be made
to water pipes or gas pipes. Connections to steam pipes and
sometimes to gas pipes may be unsatisfactory because they may
make poor contact with the ground. Connections to gas pipes
should always be made between the meter and the street.

Counterpoises have been briefly discussed in Section 140. The
counterpoise should be designed with the idea of constructing
the lower plate of a condenser of which the antenna is the upper
plate, and should cover an area at least as great as that of the

antenna, and preferably somewhat greater. The counterpoise

may consist of an arrangement of parallel or of radial wires,

supported 3 or 4 feet above the surface of the ground and insu-

lated from the ground. Metal screen may also be used. A coun-

terpoise should be supported at as few points as possible to keep
its resistance low. To construct an antenna system of low
resistance it is necessary to take all precautions to keep low
the resistance of the condenser constituting the antenna. Only
those insulating materials should be allowed in the field of the

counterpoise which have little dielectric power loss. Wooden
stakes should be kept out of the field of the counterpoise, be-

cause wood usually has a considerable power loss. Porcelain

insulators are usually satisfactory. The counterpoise should
be carefully insulated from any wooden stakes which support
it by suitable insulators. If used for transmission with con-

tinuous waves, a counterpoise should be rigidly supported so

that it will not sway with the wind in order to prevent varia-

tions in the transmitted wave length.

150a. Ground Antennas. It has been found by Kiebitz and
many other observers that signals can be effectively received

on an antenna consisting of a single long wire on or a short
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distance under the surface of the ground. This is called a

ground antenna. It operates more effectively when the soil is

wet rather than dry, and with an insulated rather than a bare

wire. It can also be used under the surface of either fresh or

salt water. In saJt water it should be submerged only a short

distance below the surface. The best results are usually ob-

tained with wires well insulated with moisture-proof material.

It seems on first consideration contrary to the usual explana-

tions of radio reception that an antenna extended in a hori-

zontal direction and on or under the ground should be acted

upon by a radio wave. The explanation is, first, the wave front

of an advancing radio wave is tilted, the amount of this tilt

probably being greater just at the surface of the ground than

at higher points ; and, second, the waves penetrate the ground
to some extent, the amount of penetration depending upon the

wave length and character of the ground.

The amount of power received by a ground antenna is consid-

erably less than that received by the usual elevated antenna.

It is usually necessary to use amplifiers (see chapter 6) to get

satisfactory signals. The ground antenna, however, has a num-

ber of compensating advantages, so that for some kinds Of work

its use is desirable. It is a directional receiving device, the

strongest signals being received when the wire extends along the

line of direction of propagation of the waves. It is stated that

the ground antenna does not exhibit the usual troubles during

local thunderstorms which make an elevated antenna dangerous

to the operator. The ground antenna also, as sometimes em-

ployed, has a somewhat greater ratio of signal strength to strays

than the usual elevated antenna. The use of the ground antenna

in combination with a coil antenna has been found to be of con-

siderable assistance in the elemination of interference and

strays, since under proper conditions this combination forms a

unidirectional receiving system.

Ground antennas have been used in some experiments for

transmitting, but there is apparently no advantage in their use

for this purpose.

The length of the wire which should be used as the ground
antenna depends on the wave length of the signals to be re-

ceived. Thus for long wave lengths longer wires should be used

than for short wave lengths. The length of the ground antenna
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or underwater antenna which should be used for the reception of

a particular wave length depends on the diameter of the conduc-

tor itself and also on the nature of the dielectric material adja-

cent to the conductor. That is, the best working wave length of

a given wire depends on the kind of insulation used on the wire,

whether the wire is in earth or in water, and if in earth whether

the earth is dry or moist. It has been stated that the best work-

ing wave length of a ground antenna is inversely proportional
to the capacity of the wire to ground per unit length of the

wire. That is, with a given size of wire, the thicker the insu-

lation the longer the most effective wave length, and with a

given thickness of insulation, the larger the wires the shorter

the most effective working wave length.

If it is desired that a wire buried in the ground should re-

main in effective operation for more than a few months it is

usually necessary to use wire insulated with at least one-fourth

inch of good live rubber. Such construction is, of course, ex-

pensive. For temporary work an insulated wire is sometimes

simply laid out on the surface of the ground.
In earth of the average range of moisture content a ground

antenna 75 feet long may be expected to give satisfactory re-

ception from about 150 to 500 meters. For the reception of

long waves, as 6,000 meters to 15,000 meters, it may be neces-

sary to use a ground antenna 1,000 or 1,500 feet long. Under
average conditions it will be found suitable to use stranded or

solid copper conductor, about No. 14 B. & S., with good rubber

insulation, buried in a shallow trench from 6 to 12 inches be-

low the surface of the ground. Under some conditions it may
be advisable to bury a wire as deep as 24 inches.

It has been found advantageous to place wires in fairly wet
soil or in water, because louder signals will be usually ob-

tained and because the best working wave length of a given wire
will remain more nearly constant.

AVith an underwater wire the signal falls off rapidly with the

depth in salt water, but in fresh water wires have been sub-

merged as deep as 60 feet without appreciable decrease of

signal.

It should be noted that a ground antenna can not be expected
to give good results when used with a crystal detector alone
or with a single detector tube, and that for good signals it is
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usually necessary to use several stages of amplification. (See
Sec. 196, p. 479.) At a small receiving station with usual equip-

ment it will usually be found more satisfactory to use the ordi-

nary elevated antenna with good ground connection in prefer-

ence to a ground antenna.

For further information regarding ground antenna the reader

should consult the following papers in the Proceedings of the

Institute of Radio Engineers : A. H. Taylor, volume 7, page 337,

August, 1919 ; A. H. Taylor, volume 7, page 559, December, 1919 ;

A. H. Taylor, volume 8, page 171, June, 1920; R. A. Weagant,
volume 7, page 207, June, 1919; L. W. Austin, volume 9, page

41, February, '1921.

H. Coil Antennas.

151. Coil Antennas Directional Characteristics. It has been

pointed out in Section 137 that the ordinary elevated antenna

acts primarily as an electrical condenser, while the coil antenna

can be considered to act primarily as an electrical inductance.

A coil antenna consists essentially of one or more turns of wire,

forming a simple inductance coil.

In both types of antennas, an approaching radio wave in-

duces an emf. in a wire or arrangement of wires. In the ordi-

nary elevated antenna the induced emf. causes a current to

flow in a circuit which includes a condenser consisting of the

antenna and ground, or antenna and counterpoise. In the coil

antenna the induced emf. causes a current to flow in a circuit

connected to the detecting apparatus which is completely

metallic.

It is a common experience in radio stations to be able to

hear signals on a sensitive receiving set when the antenna is

entirely disconnected from the set. This is largely due to the

action of the wiring of the set as a coil antenna.

A common type of coil antenna consists of four turns of cop-

per wire wound on a square wooden frame about 4 feet on a

side. The amount of energy received on such a coil antenna is

far less than that received on any of the ordinary elevated types

of'antennas as practically used.

It can not be emphasized too strongly that satisfactory re-

sults can not be expected in reception using coil antennas

unless very good electron tube amplifiers are used to amplify
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many times the feeble current received in the coil. Usually a

six-stage-amplifier (see Chapter 6) is used for satisfactory re-

sults, but even with two stages of audio-frequency amplification,

some signals can be received from nearby stations.

The practical development of the coil antenna and its present

widespread applications are due entirely to the development of

the electron tube amplifier to a high state of perfection.

Coil antennas may be used for either transmission or recep-

tion, but their use for transmission is rather limited, while

their use for reception is extensive and constantly increasing.

A coil antenna may be used with satisfactory results inside

an ordinary building. With suitable amplification a compara-

tively small coil can be used for receiving transatlantic stations.

Coil antennas are particularly used when a compact, portable,

type of antenna is desired, or when an antenna having a marked
directional characteristic is desired.

'

The action of the coil antenna can be considered from differ-

ent points of view. We can imagine two vertical wires of the

same length, say 300 meters apart, supported b yand insulated

from any convenient supports, with their lower ends also insu-

lated. Then any radio wave approaching the two wires will

induce an emf. in each wire. If the wave approaches from a
direction perpendicular to the plane of the two wires, the crest

of the wave will reach each of the wires at the same instant

and the two induced emf.'s will be exactly in phase. If the

wave approaches from any other direction, the induced emf.'s

will in general be out of phase, and for a given wave length
the difference of phase will be greatest for a \yave approach-

ing in the direction of the plane of the two wires. If we
assume a wave approaching from the direction of the plane of

the two wires and having a wave length of 600 meters, the

emf.'s induced in the two wires will be 180 out of phase, be-

cause the time required for the wave to travel the distance of

300 meters between the two wires will be one one-millionth of a

second, or one-half the time required for the wave to pass a

given point. Hence the emf. at the lower end of one wire will

have a positive maximum when the emf. at the lower end of

the other wire has a negative maximum. If now the upper
ends of the two wires are connected and receiving apparatus
is connected across the lower ends of the two vertical wires, a
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current will flow in the rectangular circuit so formed and can
be detected in the usual manner. The horizontal wires con-

tribute nothing to the effective emf. in the coil circuit.

However, for a wave approaching from a direction per-

pendicular to the plane of the two coils the emf.'s induced in

the two vertical wires will be exactly in phase, and the emf.
at the lower end of one vertical wire will reach a maximum
at the same instant as the emf. at the lower end of the

other vertical wire, and no current will flow in the rectangular
circuit.

A similar explanation will obtain for a wave length other

than twice the distance between the two vertical wires. For a

given wave length the maximum instantaneous potential differ-

ence will exist across the lower ends of the two wires for a
wave approaching in the direction of the plane of the two wires,

and no potential difference will exist for a wave approaching

perpendicular to this direction.

The rectangular circuit, consisting of the two vertical wires

and the two horizontal cross connections, of course constitutes

a coil antenna. Coils consisting of two or more turns of wire

can be regarded as equivalent to vertical antennas of two or

more times the height of the side of the coil.

Another way of regarding the action of the coil antenna is

to consider it as an inductance coil which is threaded by the

magnetic field of varying intensity which is associated with a

radio wave. As pointed out in Section 128, this varying mag-
netic field is at right angles to the direction of travel of the

wave, and it is horizontal. When the wave is traveling in the

plane of the coil, the maximum number of lines of magnetic
force are linked with the coil. When the wave is traveling in a

direction perpendicular to the plane of the coil, no lines of

magnetic force are linked with the coil and no emf. is induced

in the coil.

It is obvious that if the coil is mounted on a frame which can

be rotated about a vertical axis, then for a wave approaching

from a given direction the position of the coil can be adjusted

BO that zero signal will be obtained in receiving apparatus con-

nected in the coil circuit. The adjustment of the position of

a coil for zero signal is analogous to the adjustment of the

arms of a Wheatstone bridge (Sec. 27) to obtain zero current
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in the galvanometer or other detecting apparatus used with

the bridge.

Constants and Design of Coil Antennas. The turns of a coil

antenna possess a distributed capacity of their own, and the

coil has a natural or fundamental wave length of its own.

The fundamental wave length of a coil antenna is the wave

length which is radiated by the coil when oscillating freely by
itself without being loaded with any other capacity or induc-

tance (Sees. 114, 144, 145). As a guiding rule, it may be stated

that a coil antenna should not be used to receive waves which
are shorter than about two or three times its fundamental wave
length. However, when not used for direction-finder purposes,

very satisfactory results can be obtained by using a coil near

m n&

c.Hnaeteri'.stic

of closed co'il Aerial FUt Spiral Aerial
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its natural wave length. That is, to receive short waves a

coil of small inductance and small distributed capacity should

be used. Such a coil must have few turns. To receive longer

waves, coils of a larger number of turns may be used. Expe-
rience shows that best results are obtained with one or two
turns embracing a large area for use with short waves, and for

long waves coils with 20 to 30 turns, or even 100 turns, not so

large in area.

It is, of course, desirable to make the received current as

large as possible. It is found that in a coil antenna turned in

the direction of the approaching waves the received current is

greater, the larger the number of turns of wire on the coil, the

greater the area of the coil and the greater its inductance. The
current varies directly as the area, directly as the number of

turns, inversely as the resistance, and inversely as the wave

length of the wave which is being received.
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It would seem at first sight that the increase in resistance

due to increasing the number of turns and their area would be

offset by the rapid increase of the inductance with the number
of turns and the area of the coil. The resistance to high-

frequency currents is, however, dependent on the wave length

and increases rapidly as the latter approaches the value of the

fundamental wave length of

the coil.

Information of interest in

connection with the design of

coil antennas is given in Bu-

reau of Standards Scientific

Paper No. 854 and in a paper

by A. S. Blatterman, Journal

Franklin Institute, volume 188,

page 289, September, 1919.

Some information regarding

the design of coils for short

wave lengths is given in the

book " Wireless Experimenter's

Manual," by E. E. Bucher.

For convenience of construc-

tion square coils are found to

. be the most suitable.

The wire may be

wound in a flat

spiral (Fig. 178) or

on the surface of a

square frame ( Fig.

179) . With flat

spirals only a few

turns are used, since

the inner turns rapidly become less useful as the area dimin-

ishes. The spiral type of coil is comparatively little used in the

United States.

The usual type of coil antenna consists of one or more turns

of wire wound on a square or rectangular frame. One or two

turns of copper wire wound on a simple wooden frame 3 or 4

feet square will make a simple coil which will be suitable for

some purposes. For indoor use for all ordinary purposes the

FIG.I79-A

SIMPLE COILANTENNA CIRCUIT.
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wire used for a coil antenna may be No. 20 or No. 22 ordinary

insulated copper wire, with solid conductor.

The spacing of the turns of a coil depends on the allowable

capacity of the coil. Spacings of one-half inch and 1 inch are

common ; a spacing of one-quarter inch is also used sometimes.

The capacity of a coil of given dimensions increases with the

number of turns, at first rapidly, and then more slowly. With
the wires close together, the capacity is a maximum and grows

rapidly less when the wires are separated, until a certain criti-

cal spacing is reached, beyond which the capacity changes very

slowly.

For a square coil 8 feet on a side the wires should be placed

at least 0.35 inch apart ;
for one 4 feet square, 0.2 inch ; and for

a 2-foot coil, one-eighth inch. Increasing the distance between

the wires decreases the inductance of the coil ; at the same time

it reduces the capacity. However, it is found that, for a given

length of wire, properly spaced as just indicated, the funda-

mental wave length of the coil is about the same with different

dimensions. This fact is illustrated in the following table,

where 96 feet of wire are used in each case.

Characteristics of coil antennas.

Length
of a side
of the

square
(feet).
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Coil, 5 feet square, spacing of turns in each case, one-half

inch. Using variable condenser having maximum capacity
0.00065 microfarad, minimum capacity 0.00004 microfarad.

With 4 turns . X=200 to 400 meters.

With 8 turns X=350 to 700 meters.

With 16 turns X=500 to 1,000 meters.

Coil, 5 feet square. Spacing of turns, one-half inch. Using
variable condenser having maximum capacity 0.00140 micro-

farad, minimum 0.000045 microfarad.

With 4 turns X=380 to 650 meters.

With 8 turns X=400 to 950 meters.

With 16 turns X=675 to 2,300 meters.

Coil, 4 feet square. Four turns, spaced 1 inch. Using vari-

able condenser having maximum capacity 0.00140 microfarad,
minimum 0.000045 microfarad, X=180 to 500 meters.

Coil, 4 feet square. Four turns, spaced 1 inch. Using vari-

able condenser having maximum capacity 0.00060 microfarad,

minimum 0.00004 microfarad, X=150 to 350 meters.

Additional data on 4-foot coils is given in the following table :

[Wave-length range in meters for various values of capacity across

coil terminals, using circuit of Fig. 179-A. Coil four feet square, wound
with No. 20 double cotton-covered copper wire, turns spaced one-half

inch. Above 24 turns the winding is sectioned and is wound with 2, 3,

5, or 10 conductors in each of 24 slots, as stated, the entire winding
consisting of 24 groups of turns connected in series, the wire composing
each group being continuous.]

Num-
ber of
turns.
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The distance over which coil antennas can be used for the

reception of field transmitting sets is, of course, short. When
used to receive high-power stations, however, very good results

may be obtained. With good amplification the high-power Euro-

pean stations can be heard in Washington, using coil antennas

such as have been described. An instance is on record where

all the great European stations were received in France on a

coil only 18 centimeters square, having 200 turns. On a coil

10 inches in diameter signals have been received in Paris from

the arc station at Annapolis.

Very compact, self-contained, receiving sets can be made

using coil antennas. A successful receiving set has been made at

the Bureau of Standards in a small suit case only 7 by 11

by 18 inches, containing a coil antenna and six electron tubes,

type N (see Sec. 193). Good signals from near-by stations can

be received with this set.

The name " resonance wave coil
" has been applied to a coil

antenna consisting of a large number of turns of very fine wire

wound on a tube a few inches in diameter. When one ter-

minal of such a coil is connected to ground and the other end

left free, and a turn or two of wire coupled to the coil and con-

nected to the input of a good amplifier, signals can be received

from a considerable distance. Such a device, however, does not

act entirely as a coil antenna.

It is not necessary that a coil antenna be entirely insulated

from ground, although this is desirable. Signals can be re-

ceived with a single-turn coil having the lower cross connection

completed through the ground. Thus, in a large building having

two perpendicular pipes, perhaps 30 feet or more long and a

similar distance apart, running direct from the ground up
above the roof, a workable single-turn coil antenna can be con-

structed by simply connecting the upper ends of the pipes by a

wire and inserting the receiving apparatus in the middle of the

wire. The current flows from the top of one pipe down that

pipe, through the ground, up the other pipe, and across the

connecting wire through the receiving apparatus to the top of

the first pipe. Good results have been obtained with such a

single turn coil, and it has been found to have well-marked

directional properties. Since it is always grounded, it is at all

times protected against lightning. If it is not convenient to lo-
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cate the receiving apparatus on the top floor of the building, a

pair of wires may be tapped in on the upper connecting wire

and run down to a lower floor. On account of the large size of

a loop of this kind it is not well adapted for the reception of

waves less than about 1,000

meters in length, the effective

working wave length range of

a particular loop depending of

course on its dimensions.

A single-turn coil antenna has

also been developed for use on

board submarine boats, in which

the coil circuit is completed

through the hull of the sub-

marine. This type of coil has

been developed by J. A. Wil-

loughby and P. D. Lowell, of

the Bureau of Standards, for

use on submarines of the United

States Navy. A submarine
equipped with this type of coil

is shown in Fig. 179-C. Two
insulated wires are run from

the conning tower of the sub-

marine through in-

sulated supports,
and one wire is fas-

tened to each end

of the hull, to which

it is electrically con-

nected. Tests have

shown that a sub-

marine equipped
with such a single-

turn loop may both

receive when completely submerged, and it is

TDNEXT

O -STAGEOF

AMPLIFIED

FIG.I79-B.

COiLANTEKNA CIRCUIT WITH BALANCING CONDENSER,

FOR U5EAS DIRECTION F1NDLR.

transmit and

therefore possible for a submerged submarine to remain in com-

muniation with ship and shore stations and other submarines.

Good signals have been received from European long-wave sta-

tions on submarines off the New England coast when the top of
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the loop was submerged 8 feet below the surface. Signals have

been successfully transmitted from a submarine to a distance of

3 miles, with the top of the loop submerged 9 feet below the sur-

face, using a 1-kilowatt transmitting set.

152. Direction Finders. In Section 146 the directional effect

of several types of antenna has been discussed. The coil antenna

is much more markedly directional than any of the other types

ordinarily used. The directional characteristic of a coil antenna
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is shown in Fig. 177, and consists of two equal circles, tangent.
As has been stated, in reception the strongest signal is received

when the transmitting station being received is located in the

plane of the coil. In Fig. 177 the coil antenna can be considered

to be fixed in position with itsi plane in the direction BOA and
its vertical axis passing through the point O. The maximum
signal will then be received from a transmitting station located

in the direction OA, or in the direction OB, and the current re-

ceived from a station located in the direction OA is indicated by
the length of the line OA.

The strength of the current received from a transmitting sta-

tion located in another direction, such as ON, is indicated by
the length of the line ON. From a station located in a direc-

tion perpendicular to the line OA, no signal at all will be

received.

It is evident that with the curve of Fig. 177 the characteristic

is symmetrical with reference to a plane through O perpen-

dicular to the line BA, and that the current received from any
direction, such as ON, is the same as the current received from

the opposite direction, differing by 180 degrees, such as OM.
If a coil antenna is mounted on a vertical axis so that it can

be rotated freely, and a curve is plotted showing for a wave

approaching from a particular direction the variations in the

strength of the received current as the coil is rotated, there will

be obtained the same kind of a curve as the one shown in Fig.

177. A coil so mounted is called a direction finder, or radio

compass.

By rotating the coil while receiving from a particular station

it is therefore possible to locate the line of direction of the sta-

tion. The coil may be for maximum signal and the trans-

mitting station then lies in the plane of the coil. Or the coil

may be set for minimum signal and the transmitting station

then lies in a direction perpendicular to the plane of the coil. It

will be noted by reference to Fig. 177, however, that for a varia-

tion of, say, 3 degrees, a much greater change in received current

is caused when the coil is at the minimum than when at the max-

imum. Therefore a much sharper determination of direction is

possible by setting on the minimum position, and the minimum
method is the one usually used for direction-finder work. One
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difficulty with the minimum method is that the minimum sig-

nal may be obscured by transmission from another station.

The maximum method is not subject to this objection.

It should be noted that with this simple apparatus it is pos-

sible to determine only the line of direction of the transmitting

station, but not its sense. That is, if the line of direction

determined is east and west, it is not known whether the

transmitting station is located on the east or on the west.

Methods for determining the sense of the direction will be dis-

cussed later.

A simple coil antenna circuit is shown in Fig. 179-A. The
coil is tuned to the wave length of the incoming wave by means
of a variable condenser connected across its terminals. These

terminals are also directly connected to the input of the elec-

tron tube amplifier.

A direction finder is provided with a horizontal graduated
circle to identify the position of the plane of the coil. To make
a determination of direction, the coil is rotated on its vertical

axis until the signals disappear. There will usually be a cer-

tain range of angular positions of the coil, perhaps between 1

and 5 degrees, for which no response will be obtained in the

detector. For a given coil and a given transmitting station

this range depends on the sensitivity of the receiving apparatus
and the sensitivity of the ear of the receiving operator. The
action can be understood by again referring to Fig. 177. If

the radius of the circle, drawn with O as a center, represents

the smallest received current which causes a just audible signal
in the detecting circuit, then it is evident that for positions of

the coil lying within the angles COD and EOF no signal can
be received.

To determine the line of direction of the waves the positions
C and D may be noted on the graduated scale, for which
the signals just disappear and just become audible, respectively,
and then the coil is turned about 180 and the two similar

positions E and F are sought. By taking the average of the

circle readings at C and D and E and F that position of the

coil may be determined which lies at right angles with the de-

sired direction. The instrument is set up at the start, so that

the scale reading will give directly the direction of the waves
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in degrees from the north and south line. This method is, how-

ever, not ordinarily necessary when a direction finder has been

calibrated, as described below.

The characteristic shown in Fig. 177, consisting of two equal

tangent circles, is an ideal characteristic, and fails to take into

account several conditions found in practice.

As has been stated, a coil antenna can be considered to act

primarily as an inductance. It is, however, an arrangement of

wires elevated above the ground, and with the ground forms a

condenser. The coil antenna will act as an ordinary condenser

antenna to an extent depending on what kind of a condenser it

forms with the ground. In considering this condenser we should

take into account not simply the capacity of the coil alone to

ground but also the capacity of all the receiving apparatus asso-

ciated with the coil.

Let us return to the consideration of the coil antenna as two

ungrounded simple vertical wire antennas having the same

length as the height of the coil. The emf. induced by an ap-

proaching wave in each wire will tend to cause a current to

flow between each vertical wire and the ground, through the

capacity of each vertical wire to ground. If the coil system is

symmetrical about its vertical axis, and. the receiving apparatus

associated with the coil is symmetrical with respect to this

axis, so that the capacity to ground of each lateral half of the

coil and coil circuit is the same, this effect is not important and
will not destroy the symmetry of the directional characteristic.

In the circuit shown in Fig. 179-A it will be noted that the

filament battery and other apparatus is connected to the left

coil terminal, while the right coil terminal is connected, only to

the grid of the first tube. The filament battery of course has

an appreciable capacity of its own to ground, and therefore the

system consisting of the coil and its associated apparatus has a

greater capacity to ground on the side to which the filament

connection is made than on the other side. Other parts of the

circuit and the operator's body may also contribute to unsym-
metrical capacities to ground. The emf.'s induced in the two

vertical sides of the coil will cause a current to flow through

the unsymmetrical ground capacities, and this current will flow

even when the coil is perpendicular to the direction in which

the wave is traveling. The effect is that the directional char-
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acteristic of a coil system with unsymmetrical capacities to

ground is not the two equal tangent circles shown in Fig. 177,

but is a figure shaped like an hourglass, the width of the neck

depending on the extent to which the capacities are unsymmet-
rical. There is an appreciable signal when the coil is at right

angles to the direction of the approaching wave, and if the

effort is being made to rotate the coil to determine this direc-

tion it is much more difficult to determine the position of mini-

mum signal. This troublesome effect can be reduced by placing
the batteries as far above the ground as is practicable.

This undesirable effect can be eliminated by use of a "bal-

ancing condenser," as shown in Fig. 17&-B. This is simply a

variable condenser with two sets of fixed plates and one set of

moving plates, connected as shown, the moving set of plates

being connected to ground. The condenser is adjusted until the

capacity to ground on the side of the coil connected to the grid

is equal to the capacity to ground on the side connected to the

filament. This restores the sharpness of the position of mini-

mum signal. The ground connection of the compensating con-

denser should be symmetrically placed so that the compensating
adjustment of the condenser will be independent of the station

being received. Compensation is not particularly important
when a coil antenna is being used simply for reception, but is

very important when it is being used for direction-finding work.

Coil antennas can be used satisfactorily for the reception of

wave lengths of 200 meters, but when used for direction-finding

work the simple coil circuit should not be used at wave lengths
of less than 300 meters and preferably not less than 450 meters.

If the effort is made to use an ordinary coil antenna as a
direction finder at a wave length of 200 meters, the effect of*

the capacity to ground of even a pair of leads 3 feet long may
be greater than the effect of the coil antenna proper. If it is

desired to use a direction finder for such short wave lengths,
a balancing condenser should be used, the batteries, amplifier,
and other receiving apparatus should be mounted symmetrically
inside of the coil itself and all wiring made symmetrically.
For operating coil antennas on comparatively short wave

lengths the method described in Section 205 of reducing the

high radio frequency of the input voltage to the amplifier

by a beat method to a lower radio frequency may be used to
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advantage. The use of such a method of beat reception for

this purpose is described in Q. S. T., volume 5, page 24, August,
1921.

In Section 130 reference was made to
"
strays," or atmos-

pheric disturbances, which often cause serious interference in

radio reception. Strays of some kinds come from particular

directions, and can be minimized by directional reception ;
that

is, the ratio of signal to strays is increased by directional re-

ception. Coil antennas are often used for this purpose. The
combination of a coil antenna and a ground antenna has been
found particularly good for eliminating strays.

9 Such directional

reception can also be used for eliminating signals from stations

which it is not desired to receive. For long-distance reception
in commercial and Government communication, either coil an-

tennas or ground antennas or a combination of both are largely

used now. The coil antennas used may, however, be out of

doors and of dimensions comparable to those of an ordinary
antenna of medium size.

When with a direction finder equipped with an amplifier giv-

ing high amplification the signal entirely disappears when the

coil is at right angles to the direction of the approaching wave,
the direction finder is said to have a "

perfect minimum." This

can be obtained only with very good balancing. It is evidently

very desirable to have a very sharp minimum, both to obtain

precise settings and to obtain speed in taking bearings. In

order to get a sharp minimum, it is necessary to have a fairly

strong signal and a good amplifier, usually a 6-stage amplifier.

Under such conditions an experienced operator can often make
a very accurate setting with only two swings of the coil.

A coil antenna can be used with a circuit of the type shown
in Fig. 239-A, page 427. The part of Fig. 239-A to the left of

points A and B should be deleted, and the terminals of the coil

antenna connected directly to points A and B. This circuit is

particularly advantageous on short wave lengths.

9 See the following papers in the Proceedings of the Institute of

Radio Engineers : A. ,H. Taylor, vol. 7, p. 337, August, 1919 ; A. H.

Taylor, vol. 7, p. 559, December, 1919 ; A. H. Taylor, vol. 8, p. 171,

June, 1920 ; R. A. Weagant, vol. 7, p. 207, June, 1919 ; G. W. Pickard,
vol. 8, p. 358, October, 1920 ; L. W. Austin, vol. 9, p. 41, February,
1921.
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The type of coil for direction finding work described above
consists of simply one rectangular inductance coil of one or

more turns. Direction finders have been developed in which
two similar coils are used, crossed at right angles to each other.

Such a direction finder has a directional characteristic which is

the resultant of the directional characteristics of the two coils

alone, and has advantages for particular purposes. For infor-

mation regarding this
"
double-coil

"
or "

crossed-coil
"
direction

finder the reader may refer to any standard treatise on radio

communication or to the paper by H. J. Round mentioned at the

close of this section.

A direction finder has also been developed in which the cir-

cuit is open at the top that is, there are two vertical sides

and one lower horizontal connection. Sometimes the two ver-

tical sides are bent toward each other, but they do not touch.

This is one of the early types developed by Bellini and Tosi.

This direction finder does not act as a coil antenna, but is a

particular kind of a directional antenna. The later form of the

Bellini-Tosi direction finder employs two triangular antennas,

open at the top, and crossed at right angles. These crossed

triangular antennas are used with auxiliary apparatus, as de-

scribed in books listed at the end of this Section.

Unidirectional Direction Finders. It has been pointed out

above that the simple coil antenna having a symmetrical direc-

tional characteristic will give the line of direction of a trans-

mitting station, but will not tell on which side the transmitting
station lies. It is evident that if we have an antenna having
an unsymmetrical directional characteristic, such as that of

the inverted L antenna, as shown in Fig. 173-C, it will be pos-

sible also to tell on which side the transmitting station lies.

In general, it is found that the line of direction can be deter-

mined most accurately by using a coil antenna alone with

proper balancing, and then afterwards to determine on which
side the transmitting station is located by a " unilateral

"

method, which does not alone give the line of direction so

accurately.

To get a direction finder suitable for determining on which

side the transmitting station is located, we have only to destroy

the symmetry of the coil's directional characteristic in some

way. One way to do this is by throwing the balancing condenser



346 ELECTROMAGNETIC WAVES.

out of balance and inserting in the ground lead of the balancing
condenser an inductance and capacity in parallel, by which

the coil is tuned as a vertical antenna to the incoming wave

length.

Another way is to use an antenna of the condenser type

coupled to the coil antenna. The antenna used is ordinarily a

short vertical wire erected along the axis of the coil, and is

F1G.173-D.

UNILATERAL DIRLCTIONAL CHARACTERISTIC OF 5Y5TEM
CONSISTING OF COIL AND VERTICAL ANTENNA.

coupled to the coil antenna circuit in the usual way with a

variable coupler. This coupling is adjusted until the strength

of the signal from the antenna alone is the same as the

strength of the signal from the coil alone, when the coil is in

the position for maximum signal. Under these conditions the

directional characteristic of the combined system is as shown
in Fig. 179-D. In this figure the small dotted circles are the

symmetrical directional characteristics of the coil alone. The
coil is shown as a heavy line at Lo. The large dotted circle is
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the directional characteristic of the vertical antenna alone.

The resultant characteristic is the curve shown in full line

passing through B. It is evident that for a wave approaching

from B a good signal will be received, while for a wave ap-

proaching from A practically no signal will be heard.

It is often not necessary to use a unilateral connection to de-

termine on which side a station lies. Thus in the case of a

direction-finder station located on the coast which is receiving

signals from a ship it is definitely known that the ship can be

on one side only. When a direction finder is used on a ship

which wishes to determine the bearing of another ship, however,

the unilateral method is desirable in general.

With a coil antenna properly adjusted for unidirectional re-

ception it is possible in Washington to receive signals from San

Diego, Calif., while the station at New Brunswick, N. J., is

transmitting, although the directions of San Diego and New
Brunswick from Washington are nearly in the same straight

line.

Distortion of Wave. When possible a -coil antenna used as a

direction finder should be used in a location well removed from

buildings, trees, and, as far as possible, from any metal of any
kind. Such objects distort the wave front and an erroneous

determination of direction may be made. Neighboring masses

of metal having a natural frequency of oscillation approximately

the same as that of the wave being received are likely to cause

particularly bad errors in determinations of direction. The
Bureau of Standards has used direction finders in the imme-
diate neighborhood of the Washington Monument and has in-

vestigated the distortion of the wave front in that locality for

different wave lengths. At a wave length of 800 meters the

maximum error occurred in the reading given by the direction

finder, showing that the natural wave length of the Monument
is about 800 meters. When a direction finder is used on board

ship, it is of course not possible to get away from all sources

of distortion, but the effort should be made to get as far away
as possible from such objects, and to have such distorting ob-

jects as are present arranged as symmetrically as possible with

respect to the center line of the ship from bow to stern. By
calibrating a direction finder, as described below, the errors

caused by such distortion can be corrected.
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When a coil antenna is used in a closely built-up city block

it will seldom give accurate bearings because the wave tends to

follow the electric wires in the street and other metal masses
which run largely in the length of the block.

Undamped waves of long wave length are particularly likely

to have their wave front considerably distorted, even when well

removed from metal and other objects. Such distortion is

especially marked at sunrise and sunset. (See A. H. Taylor,
Bureau of Standards Scientific Paper No. 353 ; 1919. )

Calibration. After a direction finder is installed in as favor-

able a location as possible it should be calibrated, as is usually
done with measuring instruments of all kinds. The direction

finder receives signals from a station whose direction is known
by other methods, and the difference between the observed bear-

ing and the true bearing is noted. This is done for as many
different directions as convenient, and a curve is plotted show-

ing the corrections which must be made to get the true bearing.

Points for the calibration curve should be taken at least every
10 degrees. When a direction finder on board ship is to be

calibrated, the ship may be navigated in a circular course in

sight of a transmitting radio station, and simultaneous visual

and radio bearings taken. Information regarding the calibra-

tion of direction finders will be found in the paper by Kolster

and Dunmore, mentioned at the close of this section.

Applications of Direction Finders. One of the most important

applications of the radio direction finder is in navigation. A
ship lost in thick fog can determine its position and set a course

if it is equipped with a radio direction finder. By communicat-

ing by radio with direction-finder stations on the shore it can

also determine its position. This application is of great prac-

tical importance, since many lives and much property may be

saved if a ship can be navigated correctly in dangerous waters

in thick weather. In thick weather the beam of light from

lighthouses does not penetrate far, and the observed direction

of sound signals sent out from lighthouses may vary a great

deal from the true direction.

The Bureau of Standards has developed a system of radio

direction finding for use on ships which is very simple and

accurate. Two or more radio transmitting stations are erected
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at points in the neighborhood of a harbor and automatically

transmit characteristic signals during a fog, each station having

a different characteristic. Thus one station may transmit dots

in groups of three, a second may transmit dots in groups of

two, and a third may transmit dots in groups of twenty or more.

The navigator takes successive bearings on each of the trans-

mitting stations. The position of the ship is then easily deter-

mined by plotting the bearings on a map.
In cooperation with the Bureau of Lighthouses, the Bureau of

Standards has installed transmitting equipment for this purpose

at three light stations at the approaches to New York Harbor

Fire Island Lightship, Ambrose Channel Lightship, and the

light station at Sea Girt, N. J. Radio transmitting stations

intended for this service are called
"
radio beacons." These

three radio beacons are now regularly in commission, and any

ship approaching New York which is equipped with a radio

compass can get bearings. The Bureau of Standards has also

designed a coil for use on shipboard and has installed such a

coil direction finder on the lighthouse tender Tulip. This direc-

tion finder is shown in Fig. 179-E. Accurate determinations

of direction can be rapidly made by the navigator of the ship ;

it is not necessary that radio bearings be taken by an expe-

rienced- radio operator. This system has proved to be very

satisfactory, and plans are being made to establish other radio

beacons at other light stations in the United States. For fur-

ther information regarding this system see the paper by Kolster

and Dunmore mentioned at the close of this section.

San Francisco Light Vessel has recently been equipped and

placed in commission as a radio beacon.

There is another system of applying the radio direction finder

to navigation in which a ship desiring to learn its position is

not equipped with a direction finder but simply with radio

transmitting apparatus. On shore there is a group of direction-

finder stations connected by a land wire. The ship sends out a

request for its position, which is received by the several stations

on shore, and each shore station takes a bearing and transmits

the observed bearing to a central control station, which plots

the bearings and determines the ship's position, which is trans-

mitted to the ship by radio. In this method considerable time

may elapse between the request for position and the return of

this information from the central control station, and the delay
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FIG. 179-E. Bureau of Standards type of direction finder

installed on lighthouse tender Tulip.
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is necessarily greatest in the thickest weather, when every ship

wants radio bearings, and the interference caused by various

ships transmitting simultaneously may be serious.

The radio direction finder is also very useful on airplanes. A
number of turns of wire may be wound on the wings of an air-

plane and used as a coil antenna, and as a direction finder.

When it is desired to do direction-finding work on a large air-

plane it is usual to mount a small rotatable coil aft in the fuse-

lage. The direction finder will permit flying at night or in thick

weather, when flying would otherwise not be possible. The use

of direction finders on airplanes is in itself an important prob-

lem on which a great deal of work has been done and a consid-

erable number of papers have been published.

On airplanes considerable interference may be caused in re-

ceiving signals by the ignition system of the engines. This

may be considerably reduced by very careful shielding of all the

wiring of the ignition system.

The direction finder has found important uses in military

operations, and can be used for determining the positions of

enemy stations of various kinds.

Coil Transmitters. Coil antennas can be used for transmit-

ting as well as for receiving, although at the present time their

use as transmitters is much less important. Coils are used

for transmitting, in most cases, when a transmitted wave having
a marked directional characteristic is desired. It has been

found that two similar coils mounted on the same axis perpendi-
cular to each other give a directional characteristic which is very
useful for some purposes. Coil transmitters have been employed
to aid a ship or an airplane to determine its direction from a
fixed transmitting station. If desired, a course can be set for

the transmitting station. As has been mentioned, the single

turn loop installed on a submarine has been used for trans-

mitting.

The use of a coil antenna may be particularly advantageous
on small boats when conditions prohibit elevated structures of

any kind. Thus on a lifeboat, it is not possible to have any
elevated wires strung over the boat, because they would inter-

fere with the throwing of lines. The Bureau of Standards, in

cooperation with the U. S. Coast Guard, has recently developed
a single-turn coil antenna for use on lifeboats of the Coast

53904 22 23
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Guard. A 36-foot motor-driven lifeboat with heavy metal keel

has been equipped with a single-turn coil antenna of which the

metal keel formed a part. Two-way radiotelephone conversa-

tions have been maintained between the boat and the short,

using transmitting apparatus of low power.
For further information regarding coil antennas and direc-

tion finders, the reader may refer to :

J. H. DELLINGER. Principles of Radio Transmission and Re-

ception with Antennas and Coil Aerials. Bureau of Standards
Scientific Paper No. 354: 1919.

F. A. KOLSTER and F. W. DUNMORE. The Radio Direction

Finder and Its Application to Navigation. Bureau of Standards

Scientific Paper No. 428: 1922.

F. A. KOLSTER. Blindfold Navigation By Radio. Shipping,

vol. 13, p. 13, Feb. 25, 1921.

G. W. PICKARD. Proceedings Institute Radio Engineers, vol.

8, p. 358, October, 1920.

S. BALLANTINE. Year Book of Wireless Telegraphy, 1921.

Page 1131.

H. J. ROUND. Direction and Position Finding. Journal In-
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CHAPTER 5.

APPARATUS FOR TRANSMISSION AND RECEPTION

(Exclusive of Electron Tubes.)

A. Apparatus for Damped Wave Transmission.

153. Function of Transmitting Apparatus. Electric waves, by
means of which radio communication is carried on, are produced

by the transmitting apparatus. Power must be supplied by some
kind of electric generator ; this must be converted into high-

frequency currents which flow in the transmitting aerial and
cause electric waves which travel out through space. The
waves may be undamped or damped. Damped waves consist of

groups or trains of oscillations repeated at regular intervals,

the amplitude of the oscillations in each train decreasing con-

tinuously. The number of these trains of waves per second

is some audible frequency. When such waves strike a receiving

apparatus (described later), they cause a sound in the tele-

phone receiver. Signals are produced by means of a sending

key, which lets the trains of waves go on for a short length of

time (producing a dot) or a longer time (producing a dash).
The principles of damped and of undamped waves are the

same in many respects, so that much of what is told regarding

apparatus for damped waves applies to apparatus for undamped
waves as well. Particular attention is first given to damped
waves, since the apparatus is simple and easily adjusted, and is

suitable for portable sets and for short-distance communication.

The most important type of apparatus used for generating

damped waves is the spark gap, including the rotary gap and
the quenched gap. For field use, for emergencies, and for ama-
teur communication, where low power is sufficient, the induc-

tion coil is sometimes used. For generating undamped waves
the important sources are the high-frequency alternator, the

arc converter, and electron tubes. The timed spark gap gives
wraves which are practically undamped. When an undamped
wave is interrupted at the transmitting station at an audible

frequency by a "
chopper," the wave radiated affects receiving

apparatus in some ways as if it were a damped wave.

353
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154. Simple Spark Discharge Apparatus. Damped oscilla-

tions are produced when a condenser discharges in a circuit

containing- inductance. The condenser is discharged by plac-

ing it in series with a spark gap and applying a voltage to it

high enough to break down or spark across the gap. As ex-

plained in Section 115, the oscillations produced when the con-

denser discharges in such a circuit are damped and soon die

out. Methods of producing a regular succession of such con-

denser discharges are explained in the following. A high

voltage must be applied to the condenser at regular intervals.

This is done by the use of a transformer. Through the primary
of the transformer is passed either an alternating current or a

Fiq 180

Simpl

Quenched S|*nC Disdvu^r

current regularly interrupted by a vibrator operated by the

transformer (induction coil). For the use of the induction coil,

as in radio trench sets, see Section 157. The principle is best

studied first in the alternating-current method.

In Fig. 180, P and fif are the primary and secondary of a

step-up transformer (Section 58), which receives power from

an a.c. generator. The primary may be wound for 110 volts,

and the secondary for 5,000 to 20,000 volts. By means of the

transformer the condenser C is charged to a high voltage, and

stores up energy. When the voltage becomes great enough it

breaks down the spark gap and the discharge takes place as an

oscillatory current in the inductance coil L and its leads. See

Section 115. The main discharge does not take place through
the turns of 8 on account of its relatively high impedance. The
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transformer is sometimes still further protected from the con-

denser discharge by inserting choke coils (not shown in Fig.

180) in the leads between the transformer and condenser. These
obstruct the high-frequency current, but do not hinder the pas-

sage of the low-frequency charging current into the condenser.

Fig. 181 shows a transformer used in radio sets.

The standard generator frequency is 500 cycles per second.

This causes the condenser to discharge 1000 times a second, once

for each positive and each negative maximum if the spark gap

PIG. 181. Step-up transformer for charging condenser.

is of such length as to break down at the maximum voltage given

by the transformer. The number of sparks per second is called

the "
spark frequency." With the standard spark frequency of

1000 per second the amount of power the set sends out is con-

siderably greater than it would be at a low frequency like 60

cycles per second, because the transmitted radio waves are more

nearly continuous, as will be shown later. The radiated wave
trains strike a receiving antenna more frequently and their am-
plitude does not need to be so great to produce the same effect

as stronger waves received at longer intervals of time. The
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higher frequency produces a tone in the receiving telephone
that is more easily heard, because the ear is most sensitive to

sound waves of about 1000 per second and also the tone is more

easily heard through atmospheric disturbances. A 60-cycle sup-

ply may be used if the number of sparks per second is increased

by using a rotary spark gap giving several sparks per cycle. See

Section 156.

Each condenser discharge produces a train of oscillations in

the circuit, and each train of oscillations consists of alternations

of current which grow less and less in amplitude. This is illus-

trated in Fig. 192, and the comparative lengths of the trains of

oscillations and the lapse of time between their occurrence are

discussed in Section 160.

155. Transmitting Condensers. Before discussing the means
of getting the oscillations into an antenna (Section 160), the

apparatus used in generating the oscillations will be described

in detail.

The most common types of condensers used in radio trans-

mitting circuits have mica or glass as the dielectric, ^vith tin-

foil or thin copper as the conducting coatings. Condensers hav-

ing air or oil as dielectric are sometimes used, but are bulky.

For very high voltages the condenser plates are immersed in oil

to prevent brush discharge. For moderate voltages a coating of

paraffin over glass jars, especially at the edges of the metal

foil, will satisfactorily reduce brush discharge. For calculation

of the size of transmitting condenser needed see Section 170.

156. Spark Gaps. When the gap is broken down by the high

voltage it becomes a conductor, and readily allows the oscilla-

tions of the condenser discharge to pass. During the interval

between discharges the gap cools off and quickly becomes non-

conducting again. (See Section 160.) If the gap did not re-

sume its non-conducting condition, the condenser would not

charge again, since it would be short circuited by the gap, and

further oscillations could not be produced. The restoration of

the non-conducting state is called "
quenching." A device called

the "
quenched gap

"
for very rapid quenching of the spark is

described below in this section. Additional appliances for the

prevention of arcing are discussed in Section 167.

Plain Gap. A plain spark gap usually consists of two metal

rods so arranged that their distance apart is closely adjustable.
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(See Fig. 182.) It is important that the gap be kept cool or it

will arc; for that reason the sparking surfaces should be ample.

Often the electrodes have fins for radiating away the heat. An
air blast across the gap will greatly aid the recharging by re-

moving the ionized air, to which the conducting power of the

gap is due. At the sparking surfaces an oxide slowly forms

which, being easily removed in the case of zinc or magnesium,
is not very troublesome. With other metals in general the

oxidation is serious and is rapid enough to make operation

unstable and inconvenient.

IG I8Z

Plain

With a given condenser, the quantity of electricity stored on

the plates at each charging is proportional to the voltage im-

pressed (Sec. 30), and this can be regulated by lengthening or

shortening the spark gap to obtain a higher or lower voltage at

the beginning of the discharge. The length of the gap which

can be employed is limited by the voltage that the transformer

is capable of producing, the ability of the condenser dielectric

to withstand the voltage, and the fact that for readable signals

the spark discharge must be regular. If the gap is too long,

sparks will not pass, or only at irregular intervals. The con-

denser is endangered also. If the gap is too short it may arc

and burn the electrodes. Arcing causes a short circuit of the
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transformer, and the heavy current that flows interferes with

the high-frequency oscillations. An arc gives .a yellowish color

and is easily distinguished from the bluish white, snappy sparks
of normal operation. Even if no arc takes place, the voltage

is reduced by using too short a gap, and this results in reduced

power and range. The length for smooth operation can usually

be determined by trial.

Quenched Gap. It is found that a short spark between cool

electrodes is quenched very quickly, the air becoming non-

conducting almost immediately after the spark is broken down,
or as soon as the current falls to a low value. This action is

also improved if the sparking chamber is air tight. The stand-

ard form of quenched gap consists of a number of flat copper
or silver discs of large surface, say 7 cm. to 10 cm. in diameter

at the sparking surface, with their faces separated by about 0.2

mm. To provide the necessary total length of gap for high-

voltage charging, a number of these small gaps are put in series,

so that the spark must jump them all, one after the other. The
discs are separated by rings of mica or paper, see Fig. 183, p.

354. Fig. 184, p. 359, shows a commercial type of quenched gap.

The motor-driven blower attached serves to keep the discs cool.

They are usually made with projecting firs for radiating the

heat, and in one design air spaces are provided between the

pairs of discs which form the successive gaps. The number of

gaps is determined by the voltage, allowing about 1200 volts for

each gap. Eight or ten gaps are usually sufficient. (See also

Section 123, page 279.)

Until comparatively recently the quenched gap has not been

in use on a supply frequency as low as 60 cycles per second. It

has recently been found possible to use quenched gaps with 60-

cycle supply and still get smooth tones and excellent communi-

cation by the use of a variable series resistance in the primary
circuit of the transformer, and also by employing a transformer

of the resonance type with an unusually high secondary voltage.

By altering the series resistance, the spark rate may be changed
as desired, as to 60, 120, or 240 per second. This adjustment is

somewhat critical and difficult to maintain exactly under condi-

tions where line voltage variations are encountered. Such

variations of line voltage result in a roughening of the tone,

which does not, however, seem to seriously affect communica-

tion.



FIG. 184. Radio telegraph transmitting and receiving set with quenched
gap. Signal Corps Type SCR-49. (Pack set.)

1. Quenched gap. 8. Loading inductance.
2. Transmitting condenser. 9. Primary inductance.
3. Safety gap. 10. Secondary inductance.
4. Transformer. 11. Common terminal of primary
5. Receiving set. and secondary.
6. Key. 12. Antenna switch.
7. Tool box. 13. Ammeter in counterpoise lead.

359



360 TRANSMITTING APPARATUS.

One advantage of the quepched gap is its quietness of opera-

tion, in comparison with the noisy discharge of the ordinary

types of rotary gap. This is because of the very short gaps,

and the inclosure of the spark.

When 500-cycle supply is used with a quenched gap, it is

customary to so adjust the voltage and the number of gaps that

there is one discharge per half cycle, or 1,000 sparks per^econd.
(See Fig. 185.)
Unless the antenna resistance is very high, there will usually

be found with any quenched gap critical values of coupling
between the primary and secondary of the oscillation trans-

former. The antenna current will be found to decrease when
the coupling is either tightened or loosened from one of these

critical coupling adjustments. There may be as many as three

- 185 |
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of these critical values of coupling. When the coupling is not

mljusted at one of the critical values, the tone usually becomes

rough and the wave becomes broad, or even shows two well-

marked peaks on its resonance curve. By not properly adjust-

ing quenched gap circuits it is quite possible to produce a very
broad wave comparable to the waves of worst interfering quali-

ties produced by other types of sets. Some of these broad-wave

.adjustments may result in large antenna currents which may
seem desirable to the operator, although resulting in far less

effective communication than a sharper wave with less antenna

current and a clear tone. The desirable qualities of a pure
wave are discussed in section 165, page 377.

The adjustment of the generator voltage is also critical and

determines to a large extent the purity of both the tone and the

wave.

The quenched gap will continue to operate fairly satisfac-

torily under close coupling, while the usual type of rotary gap
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would begin to produce coupling waves under the same condi-

tions. The operation and adjustment of quenched gap sets are

further discussed on page 378.

For further information regarding the quenched gap, the

reader may refer to
" Wireless Telegraphy, with Special Refer-

ence to the Quenched Spark System," by Bernard Leggett.

Rotary Gaps. A rotary gap consists of a motor-driven wheel

with projecting teeth. There are usually two fixed electrodes

so placed that when a moving tooth on the wheel comes oppo-

site one fixed electrode, another moving tooth is opposite the

other fixed electrode. A recent type of rotary gap is shown in

figure 186. When two teeth are respectively opposite the two
fixed electrodes the current jumps from the one fixed electrode

to the wheel, flows across the wheel, and jumps to the other

fixed electrode. There are thus two sparks in series. In this

way a spark occurs each time that a tooth passes a fixed elec-

trode. Arcing is prevented by interruptions produced by the

rotating wheel.

The principal advantages of a rotary gap are :

(1) It serves as an automatic switch and discharges the con-

denser at regular intervals, thus producing a steady tone.

(2) The fanning action of the wheel keeps the gap cool.

(3) The spark takes place in the compressed air driven ahead

of the teeth, and hence the spark is better quenched.

When the rotary gap is mounted on the shaft of the alternator

supplying the alternating current of 500 cycles or other fre-

quency, or is driven by a synchronous motor from the same

line which supplies the transformer, it is known as a synchro-

nous gap. Such gaps are usually equipped with as many teeth

as there are poles on the generator ; hence one spark occurs per

half cycle, giving the same pitch but a better quality tone th.-m

a fixed gap. The fixed electrodes are mounted on an adjust-

able member which is rotated until the spark takes place at the

instant that the alternating voltage on the condenser reaches

its maximum values, positive and negative. This means that

the teeth must be closest to the fixed electrodes a little after

the condenser would reach full charge, since the spark will

jump to the moving tooth a little before the tooth is opposite the

fixed electrode. Synchronous gaps are also constructed with

twice as many teeth as there are generator poles, giving two

sparks per half cycle. These sparks are spaced the same dis-
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tance on both sides of the peak of the condenser voltage wave.
Thus all sparks are still exactly alike and the synchronous qual-

ity of the tone is retained, but the pitch is raised an octave.

I,

FIG. 186. Nonsynchronous rotary gap.

This is sometimes regarded as desirable on 60-cycle supply

frequency, and such gaps have been used to a considerable

extent.
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More than two sparks per half cycle can not be produced
without having some of them occur at different voltages.

If it is desired to secure a higher pitch than the double-fre-

quency note mentioned above, or if it is not convenient to mount

the gap on the generator shaft, it is customary to use a sepa-

rate motor which runs without any special regard to the gen-

erator speed. Such a gap is called a nonsynchronous gap and

is usually operated at speeds giving from two to four sparks

per half cycle. Better communication is secured with the lower

rates of discharge, even though they involve the use of a less

desirable tone.

A modified form of rotary gap is shown in Fig. 187.

T
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Muffled rotary gaps. Rotary gaps are frequently muffled to

diminish the noise of the discharge. The muffling drum of

metal or wood carries insulating bushing through which the

fixed electrodes pass. In the case of a synchronous gap the

drum is made adjustable so that it can be rotated. Muffled

gaps have the incidental advantage that after a portion of the

oxygen in the air has been combined with other gases present,

a little better operation is obtained. Sometimes a hydrocarbon

gas is introduced into the muffling drum. Hydrogen may be

drawn from a cylinder, or illuminating gas may be used. Some-
times alcohol is allowed to drop into the muffling drum ; the

heat of the discharge decomposes the alcohol, producing hydro-

gen. The presence of the hydrogen in the drum accelerates

deionization and results in better quenching, for reasons which
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are explained in connection with the arc converter in Section

177, page 413.

Special types of rotary gaps have also been constructed which

have in series a number of very short gaps with large surface,

one gap being provided for approximately each 1,100 volts.

Such gaps are known as rotary quenched gaps, and are usually

muffled, or equipped with a discharge chamber which can be

filled with a gas, but sometimes operate in the open air. This

type of gap produces a note that has the qualities of the note

of a 500-cycle quenched gap, but operates on commercial supply

frequencies.

When large powers are used, the problem of removing the

heat generated in a rotary gap becomes quite serious, since it

is difficult to provide a method of ventilation without destroy-

ing the effectiveness of the muffler. For medium powers, cool-

ing vanes exposed to an air blast are used.

The plain spark .gap is not now used except in small sets
;

quenched or rotary gaps are the rule. The plain gap can not be

properly deionized to allo\v the condenser to recharge, and it

is very difficult, or impossible, to prevent arcing when large

power is used, especially with a large number of sparks per

second, as in modern practice.

When a rotary gap is used on an airplane, it may be driven

by a small fan. The speed of the fan is usually regulated by a

self-governing mechanism, so that the speed of the gap does not

vary seriously when the speed or direction of the airplane

changes. Electron tube transmitters are used considerably for

transmitting from airplanes. (See Chapter 6,)

Timed Spark. A form of rotary gap called the " timed

spark
" has been developed, which gives substantially continu-

ous or undamped waves. The essential feature of the timed

spark transmitter is a series of synchronous rotary gaps

mounted on the same shaft, each gap having the same number

of electrodes and the electrodes of successive gaps being stag-

gered, so that each gap discharges at a different time. Several

forms of circuit have been used. In one circuit each gap is

connected in a separate primary circuit and all the primary cir-

cuits are coupled to the same antenna circuit. The times of

discharge of the various gaps are so arranged that the resultant



INDUCTION COILS. 365

wave in the antenna circuit is substantially smooth and 'con-

tinuous. Stations of this type have given very satisfactory

service. -The stations at Marion, Mass., and Stavanger, Nor-

way, use timed spark transmitters. For further information,

the reader may consult A. N. Goldsmith, Radio Telephony, page

73, and E. E. Bucher, Practical Wireless Telegraphy, page 274.

The use of timed spark transmitters is decreasing, because of

improvements in other generators of undamped waves, particu-

larly the high-frequency alternator and the arc transmitter.

157. Simple Induction Coil Set. For short distance communi-

cation in trenches, and in general for power below kw., it is

common to use an induction coil or a power buzzer instead of

an alternator and transformer, to charge the condenser. The

wiring of an induction coil is shown in Fig. 188. P is the pri-

mary coil of a few turns (heavy lines) ; S is the secondary of

many turns of fine wire; / is a laminated soft-iron core mag-

netized by the primary current ; and H is a piece of soft iron

at the end of a spring forming a sort of vibrating hammer ;
R

is an adjusting screw for the vibrator; C is a condenser of a

few microfarads shunted around the vibrator points to prevent

their burning. The vibrator points may be replaced when

necessary by drilling a hole and driving in a piece of silver.

V shows the vibrator points where the primary current is made
and broken in rapid succession as long as the key K is closed.

When current flows, H is first attracted by the iron core,

breaking the current at V after which the spring causes it to

return to its first position, remaking the current. The action

is then repeated. The frequency of operation depends upon
the mass of the hammer H and the stiffness and length of the

spring. It is similar in that respect to an electric bell. This

piece of apparatus is really an open core transformer, the

changes of current being produced by the automatic interrupter
or vibrator, wrhich is operated by the magnetism of the core.

The source of power is usually a storage battery of 8 to 20

volts. Owing to the changes of primary current, rapid changes
of magnetic flux occur and produce a high voltage in the large
number of turns of the secondary coil.

Referring again to Fig. 180, consider the induction coil put
iu place of the a.c. transformer. When the coil is put into
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operation, with its secondary terminals connected to the con-

denser and discharge circuit, a continuous stream of sparks will

pass across the spark gap as long as the key is pressed.
158. Operation of Induction Coils from Power Lines. Fairly

large power induction coil sets are used as emergency trans-

mitters on ships. These employ batteries, so as to be inde-

pendent of the ship's generator. On land, however, when a
battery is not available, it is possible to operate an induction

coil from a d.c. 110-volt power line by inserting a rheostat in

series. In this case, it is absolutely necessary to shunt the

transmitting key with a condenser similar to the vibrator con-

denser, or else a serious arc at the key will take place at the

Induction coll on
d.c. |oow.r li'ne

(Secondary circuit
not ^hown)
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first attempt to signal, and the current will not be broken when
the key is released. Of course, the method of inserting a rheo-

stat is very wasteful, since the RI2
loss in the rheostat is large,

much greater in fact, than the power actually used in the radio

apparatus.
A scheme to avoid a voltage as high as the 110 volts across

the break at the key is to use a voltage divider (see Sec. 15)

consisting of two rheostats in series, as in Fig. 189. Suppose
the spark coil has 2 ohms resistance in the primary, and re-

quires 10 volts to operate it. If one rheostat is set at 10

ohms and the other at 2 ohms, with the induction coil and key
in a shunt around the 2-ohm coil, then the voltage applied to

the induction coil will be 10 volts with the key closed. Note

that the voltage across the key when open is 18.3 volts.

With a.c. supply the methods are different. One method of

operating an induction coil from 110 volts a.c. is to use a small,
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step-down transformer to reduce the voltage to an equivalent

battery voltage. This requires no series resistance or reactance,

and is a fairly efficient method. Induction coils are sometimes

operated on 110-volt a.c. power lines by insertion of a series

reactance. The vibrator in the primary circuit is not necessary

if the supply is 500-cycle, and it is preferable to clamp it per-

manently in the closed position. The set then becomes similar

to Fig. 180. Induction coils may have the primary wound for

110 volts, in which case there is no need for any step-down
transformer series reactance, or resistance.

159. Portable Transmitting Sets. For portable sets, or for

Army field use the simplest apparatus for short distance is a

small induction coil set, operated from a storage battery. A
plain spark gap may be used, for simplicity, but the use of a

quenched gap will usually improve the operation. When fairly

long distances are to be covered it is advisable to replace the

induction coil by a small step-up transformer. A source of

alternating current then takes the place of the battery. For a

small set this source may be a generator which is driven by
hand through gearing. For larger power the generator may be

driven by the engine of a motor-cycle or some other gasoline

engine.

For short-distance work the condenser may be charged and
radio oscillations produced, without an induction coil, by the

use of a power buzzer and a storage battery or a few dry cells.

See Fig. 190. The buzzer is shown at Z. The more voltage

applied to it the greater is the charge given to the condenser C.

When the vibrator arm is at the right in the diagram, the con-

denser discharges through the inductance L. This forms the

closed oscillating circuit. The condenser should be compara-
tively small

;
the apparatus is limited to short wave lengths.

160. Simple Connections for the Production of Electric

Waves. Up to this point have been shown the means by which
an oscillating discharge is produced in a condenser circuit. It is

necessary now
t|p learn how the oscillations can be gotten into

an antenna so they may be sent out as radio waves. The wiring
connections for the different methods are given in this and the

following sections, showing first the simplest transmitting con-

nections and then leading up to standard sets.

53904 22 24
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The simplest possible wave transmitter is a straight wire cut

in the middle by a small spark gap. See Fig. 191. If the wire

were not cut, and if oscillations could be produced in it, the

charges would travel rapidly back and forth owing to the

capacity and inductance of the wire and waves would move
out into space as explained in Chapter 4. The oscillations

taking place in the wire are of the same nature as those in the

circuit CL of Fig. 180. The student should learn to think of

the wire as uncut, for the gap becomes a conductor when the

spark is passing. Oscillations are produced by the same means
described in Section 154, using a high voltage to start a

discharge across the spark gap. This is done by connecting a

transformer or an induction coil to the gap. The use of an

induction coil is shown in Fig. 191. The two halves of the

wire charge up as a condenser until the potential difference

rises so high that the insulating property of the gap is broken

down. There is then a discharge across the gaps and oscilla-

tions pass freely until the energy is spent. The gap then be-

comes nonconducting again, as has been explained, and permits

a renewed charging. The process is repeated as many times a

second as the vibrator works.

The interval from one break at the vibrator to the next may
be about 0.01 second, while it will take only in the neighborhood
of 0.00001 second for the discharge to be completely accom-

plished (basis of illustration is a wave length of 150 meters, 20

waves to a train ) . Thus it is seen that there is a comparatively

large time interval between successive wave trains, in which the

gap may cool and be restored. A sketch of the discharge cur-

rent is shown in Fig. 192, but the wave trains are not shown

nearly far enough apart for the case of a damped oscillator such

as that of Fig. 191. To show how relatively large the time inter-

val between successive wave trains is, it might be stated that

in this illustration the length of the wave train itself compares
with the length of the idle interval between wave trains about

in the same ratio as one day compares with three years.

The next theoretical step toward a standard radio transmit-

ting set is to add large metal plates to the outer ends of the

straight wires. See Fig. 193. This increases the capacity of the

oscillator and causes larger charges to accumulate for the same
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potential difference, thus giving a larger flow of current back

and forth in the wire and sending out more electric and magnetic
lines of force. The strength of signals and the range are thus

increased.

It is shown in Section 132 that the lower half of the oscillat-

ing system, Figs. 191 or 193, may be replaced by the ground, the

action of the upper half remaining as before. Also, it is

customary to replace the upper capacity plate of Fig. 193 by

one or more wires, horizontal or nearly so. See Fig. 194. A
relatively large capacity can thus be added, and the construc-

tional difficulties and arrangements of support are simplified.

This assemblage of wires forms the " antenna." A variable

inductance coil inserted in the antenna wire will permit tuning
to different frequencies or wave lengths. Thus a simple trans-

mitting outfit is built up.
The arrangement shown in Fig. 194 is sometimes called a

"
plain antenna connection "

to distinguish it from the in-

ductively coupled set explained below. It is a good radiating

system, but the waves emitted are of such high decrement that

they can not be readily tuned out in receiving apparatus when
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one does not desire to receive them. See Section 116. Hence
this system is not permissible in general practice.

1
Its advan-

tages besides simplicity are, however, its effectiveness in

cases where the sending operator wants all possible sta-

tions to hear him, as, for instance, when a ship needs help,

and secondly its military use in purposely drowning out or
" jamming

"
other signals which an enemy is trying to re-

ceive. The connection is very quickly made by inserting the

spark gap directly between the antenna and ground wires and

connecting the current source across the gap. Arc.'ng in the gap
must be guarded against, and care should be taken not to open
the gap too wide, or the antenna insulation may break down.

161. Inductively Coupled Transmitting Set. Instead of con-

necting the spark gap directly in series with the antenna it

may be placed in a separate oscillating circuit like that of Fig.

180 and this circuit then coupled with the antenna. In the most

1 The radiation of a wave having a decrement per complete oscilla-

tion exceeding 0.2 is forbidden by law, except for the transmission of

distress signals. See the pamphlet Radio Communication Laws of the

United States^ for sale by the Superintendent of Documents, Wash-

ington, D. C.



TRANSMITTING CIRCUITS. 371

common method the coil of the oscillating circuit (called the
" closed

"
circuit to distinguish it from the open or antenna

circuit) is coupled inductively to the inductance coil in series

with the antenna. The circuits thus become Fig. 195. One of

the advantages of this method is that the condenser in the

closed circuit may have much greater capacity than the an-

tenna and thus may store more energy for each alternation of

the supply voltage; this energy is handed over to the antenna,
which thus becomes a more powerful radiator. Other features

of the method are given in Section 163 below.

As before, either an induction coil or a transformer with
a.c. supply voltage may be used. In Fig. 195 the latter is shown.
T is an iron core transformer, somewhat similar in construc-

tion to the ordinary transformer used in electric light systems.

The two inductance coils P and constitute what is sometimes
called an "

oscillation transformer." A hot-wire ammeter is in

series with the antenna. The positions of the spark gap and
condenser are sometimes interchanged, bringing the spark gap
across the transformer. See Fig. 196. There is no practical

difference in the operation.

The condenser discharge can not take place through the

transformer T on account of its very great impedance, but

passes across the spark gap and through the few turns of the

primary coil P, producing a rapidly changing magnetic flux

within the coil. The secondary coil 8 is placed near or inside

of coil P, so that part of the alternating magnetic flux of P
passes through -8. There are three principal styles of oscilla-

tion transformer, the double helix, hinged coil, and flat spiral

types. See Figs. 197, 198, 199. In order to have a low resist-

ance the conductor is usually a copper ribbon of large surface,

or edgewise-wound copper strip. The amount of coupling, or

the mutual inductance, between them is varied by moving one
or both of the pair. Connections are made to such coils by
movable clips, so that any desired amount of self-inductance

may be used.

The hot-wire ammeter is used for measuring the current in

the antenna circuit. For merely tuning to resonance a low-

resistance lamp such as a small flashlight lamp may be used in

place of the hot-wire ammeter, the maximum current being indi-

cated by the maximum brightness of the lamp filament. If the
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current is too. great for the lamp, it should be shunted by a
short length of wire. The ammeter or lamp may be short cir-

FIG. 197. Double helix oscillation transformer ; coils separated axially.

cuited except when actually needed in order to keep the resist-

ance of the antenna circuit low.
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162. Direct Coupled Transmitting Set. Direct instead of in-

ductive coupling may be used between the closed circuit and

the antenna circuit, as in Fig. 200. (Direct coupling was ex-

plained in Sec. 119.) One inductance coil is all that is needed.

By the contacts shown, as much or as little of the inductance as

desired can be used in either circuit. In order to tune to some
wave lengths it may be necessary to have an additional coil in

FIG. 198. Hinged coil oscillation transformer.

series in the closed circuit. By making the part "of the in-

ductance that is common to both circuits a small part of the

total inductances in the circuits the coupling can be made as

loose as desired. Since direct and inductive coupling are

strictly equivalent, the discussion of one applies to both.

163. Comparison of Coupled and Plain Antenna Sets. In the

plain antenna set of Fig. 194 the spark gap is in series with the

antenna. Thus the resistance of the gap is present and helps to
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make the decrement of the radiated waves high. While high
decrement is an advantage in special cases, as explained in

Section 160, it is usually not desirable. When the spark gap
is in a separate circuit, coupled either inductively or directly

to the antenna, as in Figs. 195 or 200, the resistance of the

spark gap does not enter into the antenna resistance. The
resistance of the gap is high, and can not be changed much
under practical operating conditions, and therefore in a set with

plain antenna connection the decrement of the emitted wave is

only to a small extent subject to control. If a set with a plain
antenna connection is worked at a wave length several times

the fundamental of the an-

tenna, a smaller decrement

man be obtained, but the

power radiated will be con-

siderably reduced.

In a coupled circuit the re-

sistance of the antenna and
the resistance of the ground
connection are important fac-

tors in determining the decre-

ment of the radiated wave.

Hence in a coupled circuit,

for a given gap adjustment,
the decrement of the radiated

wave can to a considerable

extent be controlled by varying the resistances of the antenna
and the ground connection and by varying the coupling. The

varying of the coupling will affect the decrement as well as the

"purity" of the, radiated wave. In a coupled circuit, with the

resistance fixed, increasing the capacity of the primary circuit

and decreasing its inductance will decrease the decrement of

the radiated wave.

One important advantage of the coupled connection is that

the maximum power which can be radiated from a given
antenna is considerably greater with a coupled connection than

with a plain antenna connection.

Radiation of a sharp wave is especially important in military

work. There may be several hundred stations transmitting in

the area occupied by an Army corps, and the wave emitted by

TIG. m
"Flat Spiraf Type
CsciUat~ion Trans,
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even the best spark transmitter may not be satisfactory. The
use of the electron tube transmitter (see Chap. 6) is being

greatly extended for such work, and spark sets are used only

under special conditions.

When a quenched gap is used it would make the decrement

much worse if used in the antenna circuit. When used in the

closed circuit, however, the oscillations in the closed circuit

have such a high decrement that they stop almost immediately
and simply start the antenna circuit oscillating, which there-

after oscillates with its natural decrement, which may be

small. This is the condition which exists when the proper



376 TRANSMITTING APPARATUS.

the inductance of the antenna circuit, including the antenna

itself, lead-in wire, and the secondary coil of the air-core trans-

former. C
s is the capacity of the same circuit. L

p
is the in-

ductance of the primary circuit, and since the wiring is short

the inductance is nearly all in the coil L. Likewise, since C has
a large capacity, Cp

is practically the capacity of this condenser.

It is not necessary in operation to measure any of these quan-
tities. The hot-wire ammeter will show by trials when the prod-

ucts are equal, or a wavemeter will enable the operator to

adjust each circuit P and J8 to the same frequency, or to any
desired wave length. The principal case where the inductances

and capacities need to be known is in the design of a set which
differs from previous sets so much that the proper size of ap-

paratus is not known. To adjust the apparatus to send out long

waves, a large inductance may be used in series with the an-

tenna. It is preferable, however, to use a large antenna, thus

obtaining large capacity, which stores up large charges and
allows a large radiating current.

165. Coupling. When the antenna and closed circuits are

adjusted independently to the same frequency or wave length,

and then closely coupled together, waves of two frequencies ap-

pear in each circuit. See Section 120. For showing the double

wave in radio apparatus, a wavemeter (see Section 112) placed
near either of these coupled radio circuits will be found to

indicate a maxirrhim response at two different wave lengths. If

then the coupling between the two circuits is diminished, the

two wave lengths approach each other and the wave length for

which the circuits were set, and at a very loose coupling only
one wave length will be discernible. Figs. 201 to 204 show
resonance curves for the case where the primary and secondary
are adjusted separately to 600 meters, and then are coupled by
bringing the secondary and primary coils near together (when
the coupling is inductive). When the coupling is direct it is

made closer by making a larger part of the inductance of each

circuit common to both circuits. These effects are more pro-

nounced when a plain or rotary rather than a quenched gap is

used.

Fig. 201 might allow of fairly sharp tuning on one of the

wave lengths, but only the energy of one wave could be utilized

by a receiving apparatus. Figs, 202 au4 203 would be the
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equivalent of a single wave of very broad shape or high decre-

ment, such that the strength of the signals is nearly the same
over a wide range of wave lengths. In Fig. 204 the signals are

strong at or near only one wave length, and diminish rapidly if

any of the apparatus adjustments are changed. This is said to

be a "
pure

" wave.2
It is desirable to have as sharp a reso-

nance curve as possible, and hence loose coupling is the rule

when a plain gap is used. The advantage is that all the power
sent out is concentrated into a narrow range of wave lengths,

and that receiving stations can tune to the one wave length

Ftq.20/

Meter*

Resonance curve, Coils 3)
little.

cwrv, coils 3{>*fted -further Resor\ftr>c curv, very loo
cau^lirg

emitted by the transmitting station which they desire to receive

and exclude all other wave lengths from other transmitting

stations.

Action of the Quenched Gap; Relation to Coupling. Refer

again to the inductively coupled apparatus of Fig. 195 and to the

waves of Fig. 154 in Chapter 3. Also refer to the description

3 The United States radio law requires that if a transmitting station

emits more than one wave length, the energy in no one of the lesser

waves shall exceed one-tenth of the energy in the principal wave. See

the pamphlet,
" Radio Communication Laws of the United States," is-

sued by the Bureau of Navigation, Department of Commerce. Copies

may be secured from the Superintendent of Documents, Government

Printing Office, Washington, for 15 cents each.
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of the quenched gap in Section 156. The action of the quenched
gap is to open the primary circuit, by suppression of the spark
at the end of its first train of waves (point D in Fig. 154).
This prevents the secondary from inducing oscillations in the

primary again ; that is, from giving energy back to the primary.
The secondary or antenna oscillations are not thereafter inter-

fered with by the primary and the antenna goes on oscillating

until the energy is all dissipated as waves or heat (see Fig.

155). The length of the train will depend only upon the decre-

ment of the antenna circuit. By reducing the resistance, the

dielectric losses, the brush discharges and leakage, the antenna

current may be made to oscillate for a comparatively long time,

at the frequency for which the set was adjusted. This quench-

ing of the primary avoids the double waves of Figs. 201, 202,

and 203, even with close coupling. In fact, the coupling should

be close for good operation with the quenched gap. Some care

has to be taken in the adjustment of the coupling, but when ad-

justed properly this gap gives a high pitched, clear note. The
wavemeter will readily show when a single sharp wave is

obtained (see Section 168), and the sound in the telephone
receiver will indicate the proper adjustment for good tone. The

quenched gap is very efficient, because the close coupling pro-

duces a large current in the antenna.

It is well to note that the principles of operation of the

quenched gap and plain gap are exactly opposite. The former

aims to stop the primary oscillations quickly, after the second-

ary has been brought to full activity. The latter aims to keep
the primary oscillations going as long as possible, all the time

giving energy to the secondary as it is radiated away ; the

coupling is loose and the primary decrement is kept low. The

rapid decrease of the oscillations in a quenched gap circuit is

assisted by having a large ratio of capacity to inductance. This

has the incidental advantage that the voltages across the con-

denser and coil are thus kept low.

166. Damping and Decrement. If the energy in the antenna

circuit is dissipated at too rapid a rate, owing either to radiated

waves or heat losses, the oscillations die out rapidly and not

enough waves exist in a received train to set up oscillations of

a well-defined period in a receiving antenna. Such waves are

strongly damped and have a large decrement. They produce



ADJUSTMENTS OF TRANSMITTING SETS. 379

received currents of about the same value for a considerable

range of wave lengths. Thus selective tuning is not possible.*

To increase the number of waves sent out in each wave train

from the open circuit (that is, to make the oscillations last

longer) the resistance of the circuits must be kept low. When
using a plain spark gap the coupling between closed and antenna
circuits must be small enough not to take energy too fast from
the closed oscillating circuits. At each condenser discharge the

primary has a train of oscillations which at best die out long

before another train starts (see Fig. 192) ; these oscillations

are stopped more quickly, however, if the energy is drawn

rapidly out of the circuit by the antenna. Close coupling is

permissible only when a quenched gap is used (see remarks at

the end 01 the preceding section ) . With any other kind of gap
the secondary is kept oscillating by energy continually received

from the primary.
A great many factors contribute to the resistance of the an-

tenna circuit, and this must be kept as low as possible. The
antenna must have a good low-resistance ground, must use
wires of fairly low resistance, and must not be directly over

trees or other poor dielectrics. The resistance of the closed

circuit particularly must be very low. Heavier currents flow

here than in the antenna wires. For this reason the closed cir-

cuit wires should be short and of large surface, preferably

stranded wires or copper tubing. The condenser should be a

good one, free from power loss.

167. Additional Appliances. A number of additional appli-

ances are necessary or desirable for the operation of a damped
wave generating set. The operation is improved by having a

variable reactance (iron core inductor) in series with the

alternator, to tune the alternator circuit to the alternator fre-

quency. See Bureau of Standards Circular 74, p. 230.

Changes of Wave Length. In many sets of apparatus it is

customary to have connections arranged by means of which
different chosen wave lengths, say 300 or 600 meters, can be

transmitted without the necessity of a readjustment of the

apparatus after each change. An antenna alone without any
inductance coil has a natural wave length of its own, dependent

8 See also section 116. The United States radio laws require that
no station shall transmit a wave having a decrement exceeding 0.2.
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upon its inductance and capacity. See Sections 116 and 145. The
antenna is usually so designed that its natural wave length is

shorter than the wave length to be used, and the wave length
is brought up by adding inductance in series or merely by the
added inductance of the secondary of the oscillation trans-

former. In the case of a small antenna, such as that on a small

ship, it is necessary to use a large inductance. Since it is de-

sirable to have the coupling loose, a part of the secondary in-

ductance can be in a separate coil called the antenna "
loading

coil." This loading coil is not coupled to the primary. Fig. 205
shows this arrangement. For a quick change of wave length
a single switch is often provided, which, by a mechanism of

Fiq. 105

Sne Series - b*ral
condenser Connection offour

levers, changes simultaneously the adjustments on all three

coils. From these coils are taken out taps over which three

switch blades pass, adjusting all the inductances to approxi-

mately the values needed for the particular wave length desired,

keeping the circuits in resonance and at the proper coupling.
For fine adjustments an additional variable inductor may be

provided in the primary and in the secondary.

Fig. 205 also shows an arrangement whereby the operator can
obtain wave lengths shorter than the natural wave length of

the antenna by inserting a condenser in series (see .Sec. 35) in

the antenna circuit. In this case the loading coil will be set at

zero turns to diminish the wave length. The condenser in-

serted must be capable of withstanding high voltages similar to

those in the main transmitting condenser. By using a small

capacity the wave length can be reduced to approach one-half
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of the natural wave length. It should not be reduced that much,
however, for the radiation is inefficient if the condenser is too

small. A zero capacity ( an open circuit cutting off the antenna

entirely from the ground) would be necessary to produce half-

wave length exactly.

Choke coils. Fig. 205 shows also choke coils to prevent the

high-frequency condenser discharge from getting into the trans-

former and puncturing the insulation. The coils choke down
the radio-frequency current but do not obstruct the low-fre-

quency charging current from the transformer. They must be

specially designed so that they do not have capacity enough to

allow the radio-frequency current to pass. They can often be

dispensed with. See also Appendix 9, page 578.

168. Adjustment of a Typical Set for Sharp Wave and Radia-

tion. The set is assumed to be an inductively coupled set, ar-

ranged as in Fig. 205. The first step in adjusting it to work

properly is to tune the closed circuit to the wave length which
is to be used. This is usually done by varying the primary in-

ductance, which includes the primary of the oscillation trans-

former. The primary capacity is usually fixed in value and
not readily changed. Manufacturers usually mark on the pri-

mary variable inductance the wave lengths corresponding to

various settings. If this has not been done, it will be neces-

sary to determine the wave length by the aid of a wavemeter

having in its circuit a sensitive hot-wire ammeter. The wave-

meter is placed at a distance of one or more meters from the coil

of the closed circuit, and with the set in operation but the an-

tenna circuit opened, the wavemeter coil is so turned that a small

current is observed in the wavemeter ammeter. With the wave-

meter set at the chosen wave length the closed circuit induc-

tance is varied until resonance is obtained. If no resonance

point is found, it is probable that the closed circuit inductance

or capacity is either too large or too small. This inductance

should be varied and a resonance point will be located after a

few trials. It may also be necessary to increase or decrease

the number of condensers used.

The next process is to adjust the secondary inductance and
the coupling to obtain a pure, sharp wave ;

that is, to get as

much as possible of the power into the wave length that is to

be used. Both primary and secondary circuits are closed and
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coupled together, using at first a fairly loose coupling unless

the spark gap is a quenched gap. The secondary of the oscilla-

tion transformer or the antenna loading coil is varied until

resonance is obtained, as shown by a maximum reading of the

hoi-wire ammeter in series with the antenna. This adjustment
may be checked with a wavemeter. The wave length at which
maximum current is obtained should be the same as the wave
length for which the primary was adjusted. The wavemeter
should not be coupled to the secondary of the oscillation trans-

former, but to a loading coil or other coil at a distance, or to

the ground connection. The coupling is then made closer until

two points of resonance appear. It is desirable to have a pure
wave; that is, have only one resonance point. Therefore the

coupling is loosened until it is certain that there is just one

sharp point of resonance. If the set has a quenched gap, the

coupling is kept close, and varied only enough to insure a single,

sharp, wave. The radiation of maximum current at the de-

sired wave length will not occur when the coupling is tightest,

nor will it necessarily occur when the reading of the antenna

ammeter is greatest. The condition for efficient transmission

is that maximum energy radiation should be secured at the wave

length to which the set is adjusted.

It is next necessary to adjust the generator voltage and the

length of the spark gap to get maximum current in the an-

tenna at the desired wave length, and a good clear spark .tone.

The field current of the alternator and the length of the spark

gap are adjusted until maximum current and best tone are ob-

tained, the wave length and coupling adjustments being kept
fixed. It is often desirable to vary the coupling a little and

then repeat this adjustment, since in some cases a small in-

crease of coupling may make it possible to obtain increased

antenna current without seriously affecting the sharpness of

the radiated wave. For a quenched gap, the coupling adjust-

ment required for maximum antenna current and best tone is

very critical.

The first two adjustments mentioned are made for the pur-

pose of obtaining in the circuits resonance to the radio fre-

quency which it is desired to radiate. It is, however, also im-

portant to obtain proper tuning with respect to the low audio

frequency (perhaps 60 to 1,000 cycles) generated by the alter-
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nator. The audio frequency to which the circuit should be
tuned.1 to get the best tone and most satisfactory operation is

not the frequency supplied . by the alternator, but is some 10

per cent to 20 per cent lower than the alternator frequency.
The reactances of the transformer and of the rotor of the

alternator are very important in determining the audio-frequency

tuning characteristics, and for a given transmitting set the

transformer and alternator are usually so designed that their

reactances will be of the proper magnitudes at the operating

frequency. If the transformer and alternator do not have the

proper reactance, it may be necessary to supply an inductance

in series with the alternator field. If such a series inductance

is used, its setting to a proper value constitutes a fourth ad-

justment of a spark set. For a further discussion of tuning
to the audio frequency, see Bureau of Standards Circular 74,

p. 230, and H. E. Hallborg, Proceedings Institute Radio Engi-

neers, vol. C, p. 107, June, 1915.

169. Efficiency of the Set. To maintain good efficiency, all re-

sistances in the circuits must be kept as low as possible. A
number of suggestions for keeping resistances low were given
in Section 166. It is also necessary to avoid brush discharges
and arcs, to keep all connections tight, condenser plates and
other parts of circuits free from dust and moisture, and antenna
well insulated. Brush discharges may be reduced by eliminat-

ing sharp points or edges on conductors, or by coating the edges
of metal plates with paraffin. The guy wires of the antenna
should be divided into short lengths with insulators between
them to reduce the flow of current in them. The inductance

coils and the spark gap must be properly designed.

The efficiency may be defined as the ratio of the power ra-

diated away as electric waves from the antenna to the power
input in the transformer. The power input P in the transformer

may be measured by an ordinary wattmeter. The power radi-

ated from the antenna can be expressed in the form RI* where
/ is the current in the ammeter at the base of the antenna and
R is the radiation resistance. The efficiency is then RI* divided

by P. As explained in Section 143, the radiation resistance can
not be measured directly, but can be found from the total effec-

tive antenna resistance by subtracting those resistances which
C've rise to heat losses.

53904 22 25
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Representative values for the efficiency of the entire set are 2

per cent to 15 per cent. The transformer efficiency may be

roughly 85 per cent to 95 per cent. The closed oscillation cir-

cuit losses are very large in proportion to the power transferred,

a fair value of efficiency being about 25 per cent (by careful

design and adjustment using the quenched gap this may some-

times be increased to 50 per cent). The efficiency of the antenna

circuit (radiated power divided by power given to the antenna)

may be between 20 per cent and 2 per cent or lower, or may be

made as high as 50 per cent if special pains are taken. The

product of the three separate percentages gives the over-all effi-

ciency. For an interesting table of comparative values of

efficiencies see J. A. Fleming's
" Wireless Telegraphist's Pocket

Book," pp. 221 and 223.

170. Calculations Required in Design. This section gives methods for

determining the values of condensers and coils to be used in transmit-

ting apparatus, and enables one to calculate the capacity or induc-

tance of such condensers and coils as are commonly employed. The
most important design formula is the one for wave length,

where C is in microfarads and L in microhenries and X in meters.

Transmitting Condensers. The amount of capacity needed in the

condenser in the closed transmitting circuit may be determined from

the formula

where C is the capacity in microfarads, P is the power in watts, N is

the number of condenser charges per second, and E is the maximum
emf. in volts. It may be seen from this that if a low voltage E is used

the capacity needed for a given power will be large and if a high volt-

age is used the capacity may be smaller. There is a large reduction of

capacity with a small increase of voltage, because the voltage term is

squared, therefore to avoid using unduly large condensers it is well to

use as high a voltage as possible without brush discharge taking place.

For instance, if the voltage were doubled, a condenser only one-fourth

as large could be used for the same power. As an illustration, if it is

desired to use i kw. at 12,000 volts, with 1,000 sparks per second,

2V 1 0*>y 500 -
- 007 microfarad "

Knowing the total capacity required, the number of sheets of dielec-

tric required to make up the condenser is obtained from the formula,

(88)



DESIGN" FORMULAS. 385

where K is the dielectric constant of the insulating material, n is the
number of sheets of dielectric, S is the area of each sheet in square
centimeters, T is the thickness in centimeters, and C is the capacity
in microfarads. Supposing that mica is not available, it may be re-

quired to find the number of sheets of glass required to make up the
condenser of 0.007 microfarad required above. Suppose the sheets are
15 by 20 cm., 0.25 cm. thick, and the dielectric constant is 7. Substi-

tuting in the formula just given,

= 0.25X0. 007X10*
W
~O.OS85X7X15X20~~

9

Thus nine sheets of this dielectric are needed.

FIG. 20?

-Secona view of-fUt *bill
wound

<sf mtl ribbon

It should be noted that the higher the spark frequency N the smaller

may be the condenser used to give the same power. For this reason,
as well as the others previously given, it is a distinct advantage to

use a high spark frequency.
When the voltage at which it is desired to operate the spark gap is

so high that it will break down the particular insulation used in the
condensers or cause brush discharge, the connection of four con-

densers, each of capacity C, as shown in Fig. 206, p. 380, will give a
resultant capacity C, while subjecting each condenser to only half the
full voltage.
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Inductance Coils. The principal inductance coils in a radio set are

the primary and secondary of the oscillation transformer and the an-

tenna loading coil, and the three corresponding coils of the receiving
set. The three coils, oscillation primary and secondary and loading

coil, are very similar. In actual practice few operators know even

approximate values of the inductances ; a standard form is used, depend-

ing somewhat on the size of the set, and adjustments by clips or taps
enable the proper values to be used. In order to design a set the in-

ductances of the coils are calculated and an allowance made for the
small inductance in the leads and other parts of the circuit. The form

usually used for coils in transmitting circuits is either the helix (single

layer spaced coil) of round wire or edgewise wound strip, Figs. 207 and

208, or the flat spiral or pancake of bare metal ribbon, Figs. 209 and

212

213

Cross Secti Uycrceif

210. For wavemeters a multilayer coil is used, having wires insulated

and close together, Figs. 211 and 212. For receiving coils the common
form is a single layer of insulated wires, Fig. 213. The coils are sup-

ported or held together by some insulating material, and no iron is

used in them.
Helix of Round Wire. The inductance of the helical single-layer coil

or solenoid of Fig. 207 is given in microhenries by

where a and 6 arc shown in Fig. 213, a being the mean radius of the

solenoid and & the total length of the solenoid ; n is the number of turns

of wire in the single layer ; d is the diameter of the bare wire ; and K
is a shape factor depending upon the relative dimensions, all lengths

being expressed in centimeters. A brief table of values of K is given

below. In the figure, D is the pitch of the winding or the distance
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between centers of adjacent wires ; c is the radial thickness of the

winding.
As an example, find the inductance of a solenoid having 15 turns of

bare wire of diameter 0.4 cm., pitch of winding 1.1 cm., diameter of

core 24 cm. In the formula d=0.4 cm., D=l.l cm., n=15, b=nD=16.5

Then with v
=
f^=1 '48

'
K is found as '598 - From thecm., a=12+.2=12.2 cm.

above formula the inductance in microhenries is given by

'48.0

If it is desired to compute the inductance more closely than a few

per cent, more accurate formulas should be used as given on page 253 of

Bureau of Standards Circular No. 74 and in Bureau of Standards

Scientific Paper No. 169.

TABLE OF VALUES OF K.

(Shape Factor of Helical Inductance Coils.)

Diameter
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Flat Spiral. See Figs. 209 and 210. The inductance is given by

=0.01257 an*X
[2. 3Q3(l+^+.^)log

wf- +^.] (

whose a =ci + i(ra 1).D; &= -Jbz + cz; and j/! and 1/3 are shape factors

given in the following table. See example below.

Shape Factors for Flat Spiral Inductance.

b
c
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As an illustration, a coil has 15 layers of insulated wire, with 15
turns to a layer, the mean radius being 5 cm. The coil is 1.5 cm. deep
and 1.5 cm, in axial length. Here o=5, n=225, b=c=1.5. From the
tables A' is 0.267 and E is zero. Then the formula gives

_ 0.03948 X 25 X225 2 0.01257 X 2252 X 5 X 1.5
l-> -t f. X O._o7 <~K X 0.693

L=8887-2205
L=6682 microhenries.

Single Layer Coil. Refer to Fig. 213. The inductance is computed
by the formula (89). As an illustration, a coil has 400 turns of wire
in a single layer, pitch of winding 0.1 cm., radius of coil out to center
of wire 10 cm. Here o=10, n=400, 0=0.1, &=n=40. With

y
=
4Q=^-5. K- is found as 0.818.

L==
0.08948 X 100 X400' x .818=12920 microhenries.

For any other inductance calculations see Bureau of Standards Cir-

cular 74, Sections 66 to 73, and Bureau of Standards Scientific Paper
No. 169.

171. Simple Field Measurements. On high power radio trans-

mitting sets it is desirable to have instruments reading the cur-

rent taken from the generator, the voltage of the same, the

power so taken, and the frequency of the current. The four

instruments, ammeter, voltmeter, wattmeter, and frequency
meter, are permanently mounted on the switchboard. The
measurements of the various radio quantities are explained
below.

Voltage. A simple method of measuring a voltage, either

direct current or alternating current at high or low frequen-

cies, is to determine the length of the air gap between two elec-

trodes across which the given voltage will just cause a spark
to pass. The sparking voltage depends to some extent on the

humidity, the temperature and the pressure of the air, and the

time of application of the spark. In the case of alternating
current this method measures the maximum value of the volt-

age wave during a cycle. For approximate measurements this

method can be considered to give results not depending on the

wave form or frequency. For sine-wave alternating current

the effective value of the voltage (the value indicated by an

ordinary voltmeter) is, of course, the maximum value divided

by 1.414. The observer should be cautioned not to attempt to

change the length of the gap while the spark is passing.
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For approximate measurements at voltages under 30,000, a

needle gap is fairly satisfactory. The needle gap is somewhat
inconvenient because results depend to some extent on the

diameter and the sharpness of the needles and because the

needles must be replaced after each discharge. Fig. 214 shows

the maximum values of sparking voltages corresponding to vari-

ous lengths of needle gaps in air at atmospheric pressure, No. 12

sharp needles being used.
4 More reliable results can be ob-

tained with a gap having brass spheres as terminals.
5

Fig. 214
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Current. The principal current measurement in practice is

that of the current in the antenna. A hot-wire ammeter is in-

serted in the lead-in or ground wire. If its reading is lower

than normal, it indicates trouble in the adjustment of the

apparatus, or in the grounding, and means decreased distance of

transmission. In order to avoid undue interference with other

stations, the ammeter current should be kept as small as will

give the needed range. As has been stated before, a low re-

sistance lamp can be used in place of the ammeter. When the

closed circuit and antenna are not in resonance, the lamp burns

feebly or not at all. Current measurements are also necessary

in connection with some of the various measurements.

Ware LengtJis. The theory and use of the wavemeter have

been discussed in Sections 112 and 168. A wavemeter placed in

inductive coupling with a coil or antenna carrying radio cur-

rent will show pronounced increase of current in its own coil

and condenser when it is tuned to resonance with the source.

The wave length is read directly from the wavemeter setting for

resonance, or from a calibration curve. A receiving set can be

used to measure the wave lengths of received waves if it is

first standardized in terms of wave lengths. This standardiza-

tion is done by the arrangement of apparatus shown in Fig. 215,

where Z is a buzzer, LC a wavemeter, and A the inductance

coil of the receiving circuit.

The operator listens in the telephone of the receiving set (not

shown in the figure). As the wavemeter condenser knob is

turned the loudest sound is heard when the wavemeter circuit

is tuned to the same wave length as that for which the receiving

set is adjusted. The wave length is then read from the wave-

meter scale or calibration curve. Continuing in this manner,
the receiving circuit can be calibrated as a wavemeter, by set-

ting it at many different adjustments and reading the wave
lengths at resonance each time. The wavemeter need never be

used, after that for received waves, and the operator always
knows where to tune for any wave length.

Inductance. To find the unknown inductance Lm of a coil, a

tuned source, which need not be a wavemeter, is excited by a

buzzer, shown at Z in Fig. 216. A wavemeter with a coil of

known inductance L is brought near, and its variable condenser

adjusted to resonance at a setting C by the use of a detector
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and telephone connected as shown in Fig. 216. L is then re-

placed by Z,x and a new value of capacity C" is found for reso-
si

nance. Then LC=LX C', and Lx is found as L'r. If the wave-

meter reads directly in wave lengths, and X is the wrave length

corresponding to resonance for the circuit containing L, and X'

corresponds to resonance L*, then L* is found as L (AY. The

value thus measured is the apparent inductance, which depends
somewhat on the frequency of the oscillation (see Sec. 114).
Values of L* can be obtained at different frequencies of the
source.

A second way of measuring inductance is by the use of a

standard condenser instead of a standard coil (see Fig. 216).
Li is connected to the standard condenser Ci, and that circuit

is set in oscillation by the buzzer Z. The wave length is meas-
ured by a wavemeter, and Z/i is computed from the relation

X=1884VCL, where C is in microfarads, L is in microhenries,
and X is the wave length in meters.

A better way of connecting the detector and telephones in a

wavemeter circuit is what is known as the "
unipolar connec-

tion," shown in Fig. 217. This method has the advantage that

the decrement of the wavemeter circuit is kept low, permitting

sharp tuning to resonance, and the further advantage that the

wave length of the circuit can be accurately calculated from

the value of L and C, which is not the case with the connection

shown in Fig. 216. (See Circular 74 of the Bureau of Stand-

ards, p. 105.)

Inductance of Antennas. The inductance of an antenna can

be measured by the use of two loading coils whose inductance

is known. The coils are successively connected into the antenna

circuit, and the wave lengths for which the antenna is in reso-

nance are determined. If the inductances of the coils are, re-

spectively L! and L2 , and the corresponding wave lengths are X
t
and

X2 ,
then since X1=1884 VC^i+A,)^ and X2=1884 T/(L2+La)C we

have the relation
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Capacity of Condensers. The simplest method to measure

the capacity of condensers is that of comparison with a stand-

ard variable condenser. A tuned circuit LC is excited by a

buzzer, Z in Fig. 218. The unknown condenser C* is placed in

series with an inductance coil Li and the buzzer circuit adjusted

to resonance, using the detector and telephone of the circuit

under test. The unknown condenser (7* is then replaced by the

standard condenser (7s, which is now adjusted to resonance

with the buzzer circuit. The capacity of the unknown con-

denser is then the same as that read on the standard.

If a standard condenser is not obtainable, the capacity of the

unknown variable condenser can be found by connecting it to

an inductance of known value L and exciting the circuit by a

buzzer. The wave length is read on a wavemeter (Fig. 219).

(7X is found from the relation Xm=1884VCxL.
Accurate results are easily obtained by the first method de-

scribed, that of comparison ; but the second method is open to

error because of the distributed capacity of the lead wires and

the coil, and the inductance of the leads. The effect is slight

if the capacities employed are large.

Capacity of Antennas. The capacity of an antenna may be

determined by either of the two methods just described for de-

termining the capacity of condensers. The antenna and the

ground form the two plates of the unknown condenser. If the

inductance of the antenna has been determined by the method

described above, the capacity can be calculated by substituting

the value of La in either of the wave length equations.

or

Resistance and Decrement. Three simple methods are avail-

able for the measurement of high-frequency resistance, (1)

resistance substitution, (2) resistance variation, and (3) re-

actance variation. These same methods can be used for the

measurement of decrement, since the resistance and decrement

are connected by the simple relation 5 19.7 RfC, where R is

the resistance in ohms, f is the frequency, and C is the capacity

in farads at resonance which is known from the condenser
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setting. Of the three methods, the first is best if a variable

high-frequency resistance standard is available ; the second is a

good all around method, requiring resistance standards, but

these need not be variable; the third requires no resistance

standard, and is especially suited to measuring the decrement

of a wave. In all three methods, the best results are obtained

if the exciting source gives continuous or only slightly damped
oscillations. In the resistance-substitution method, the re-

sistance R to be measured is inserted in a tuned circuit with a

variable condenser C and an inductance coil L coupled loosely

to the source, as shown in Fig. 220. A hot-wire ammeter is

inserted at A. The circuit is tuned to the source and the

reading of A is noted. The resistance R is then replaced by a

variable resistance standard which is adjusted until the am-

meter reading is the same as it was before. The known amount

of resistance inserted is the same as R.

In the resistance-variation method, the current is first read

in the circuit tuned to the source, and then a known resistance

is inserted in the circuit and the current is again read. If /

is the current in the circuit alone, and 7i is the current ob-

served after adding the resistance Rs, then

R- -&

This method is particularly adaptable to the measurement of

antenna resistance.

Resistance standards for radio work must be of fine wire to

avoid skin effect, and must be short and straight in order to

have very little inductance.

For additional information on measurements the reader may
consult Circular 74 of the Bureau of Standards, and also a

paper by J. H. Dellinger, The Measurement of Radio-Frequency

Resistance, Phase Difference, and Decrement, published in

the Proceedings of the Institute of Radio Engineers, vol. 7,

pp. 27-60, February, 1919. Information regarding the measure-

ment of antenna constants is given in Bureau of Standards

Scientific papers Nos. 326 and 341. See also The Wireless Ex-

perimenter's Manual, by E. E. Bucher.
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B. Apparatus for Undamped Wave Transmission.

172. Advantages of Undamped Oscillations. Undamped oscil-

lations are not broken up into groups like damped oscillations.

Exactly similar current cycles follow one another continuously,

except as they are interrupted by the sending key or subjected

to variations in amplitude. The principal sources of undamped
oscillations are the high-frequency alternator, the arc con-

verter, and electron tubes. The timed spark transmitter emits

waves which are only very slightly damped. (See Sec. 156.)

This chapter does not take up electron tubes and their uses,

these being treated in the following chapter.

For transmission over long distances, as between the United

States and France, it has been found that much better results

are usually obtained by the use of undamped waves. Damped
waves are, however, still used for some long-distance work.

Desirable characteristics in transmitting apparatus for use in

long-distance work are that it should generate a "
pure wave "-

that is, a fundamental wave in which practically no har-

monics are present that it should provide reliable service

economically, that it can be manufactured in units of large size,

that it be adapted to high-speed signaling, and that it will

efficiently generate a wave of considerable length. For long-

distance work it is in fact essential that long wave lengths be

used. (See Sec. 134.) Thus the usual wave length used by the

Annapolis 500-kw. arc station is about 17,100 meters, and the

usual wave length used by the New Brunswick 200-kw. high-

frequency alternator station is 13,600 meters.

Principal advantages obtained by the use of undamped waves

are the following: (1) Radiotelephony is made possible if a

pure wave can be obtained. (2) Extremely sharp tuning is ob-

tained, and it is possible for two near-by stations to work on

wave lengths which are very close together without interfering

with each other. The tuning is, in fact, so sharp that a slight

change of adjustment throws a receiving set out of tune and

the operator may pass over the correct tuning point by too

rapid a movement of the adjusting knobs, particularly on the

shorter wave lengths. (3) Since the oscillations go on con-

tinuously instead of only a small fraction of the time, as in the

case of damped waves, their amplitudes need not be so great,
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and hence the voltages applied to the transmitting condenser

and antenna are lower. (See Sees. 116, 160.) The antenna is

often the most expensive part of the transmitting station, and

since the radiating power of an antenna is limited by the maxi-

mum voltage during one impulse the radiating power of a given

antenna is much greater with a generator of continuous waves
than with a spark transmitter. (4) Very sensitive methods of

reception can be used, particularly beat reception (see Sec. 205,

p. 501), which increases the range to which an undamped wave
station can work. (5) With damped waves, the pitch or tone

of received signals depends wholly upon the number of sparks

per second at the transmitter. When the beat method is

used for receiving undamped waves the receiving operator con-

trols the tone of the received signals, and this can be varied

and made as high as desired to distinguish it from strays and
to suit the sensitiveness of the ear and the telephone. These

advantages freedom from interference from other stations

through selective tuning, the use of high tones, and the greater

freedom from strays combine to permit a higher speed of teleg-

raphy than could otherwise be obtained.

173. High-Frequency Alternators. In Section95 there has been

briefly described the construction of several types of high-

frequency alternators. In the United States the Alexanderson

type of high-frequency alternator is the only one of practical

importance, and this is the only type which we will consider

in this section. As has been pointed out in Section 95, the

Alexanderson alternator generates the frequency desired

directly, and the frequency generated is directly proportional
to the speed of the alternator. It is therefore necessary to have

very constant speed in order to have a constant wave length, and
with the regulators used with these machines a speed regulation
of one-tenth of 1 per cent has been obtained, which is sufficient

for practical purposes. The high-frequency alternator is adapted
primarily to wave lengths longer than 10,000 meters that is, to

frequencies less than 30,000 cycles per second and is therefore

primarily of use for long-distance work. Frequencies as high as

200,000 cycles have been obtained, however, in small units. The
station at New Brunswick is equipped with a 200-kw. Alex-

anderson alternator, which delivers 600 amperes to the antenna
when working at full power.
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The inductance and capacity of the antenna used with a

high-frequency alternator should be of such values as to give
the circuit the same natural frequency as the frequency gen-
erated by the alternator at the speed at which it is to be run.

This tuning of the antenna circuit is accomplished by adjusting
the antenna loading coil until maximum antenna- current is

obtained. At high-power stations equipped with alternators

the multiple tuned antenna is often used. (See Sec. 143.)

Fig. 221 shows completely assembled, with the induction motor
which drives it, a 200-kw. Alexanderson alternator of the type

FIG. 221. 200 kw. Alexaiidersou alternator.

used at New Brunswick, N. J., Tuckerton, N. J., and Marion,
Mass. This type of machine is built to operate at wave lengths

from 11,500 to 20,000 meters. At New Brunswick the normal

operating wave length is 13,600 meters, which corresponds to a

frequency of about 22,100 cycles per second. The New Bruns-

wick station is operated by remote control, using a land wire

from an office in New York City, about thirty miles away.
Plans have been completed for the construction of a very large

station of this type at Port Jefferson, Long Island, about CO

miles from New York. This station when complete will have

six separate alternators and six antennas. One alternator

rated at about 200 kw. was placed in service in November,
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1921. The use of the alternator secures the advantages of un-

damped waves, which are considered in the preceding section.

The alternator has several advantages over the arc converter,

chief of which is the freedom of the alternator from harmonics.

The operating characteristics of large arcs make their use for

radio telephony not practicable in their present state of de-

velopment. The first cost of the alternator, however, is much
higher than an arc of the same power. The arc has the

advantage that it is more rugged, more simple, and when out of

order can usually be quickly repaired by the regular station

force, while if a high-frequency alternator is seriously disabled

it is usually necessary to secure a skilled man from the factory

to make repairs. It is possible to use the high-frequency alter-

nator with the simplest possible kind of a circuit, simply con-

necting one side of the alternator to ground and the other side

to the antenna through a variable inductance. In actual prac-

tice, however, the circuits are more complicated. Because of

the large currents necessary for high-power stations, it is de-

sirable to have the signaling controlled by a method which does

not make it necessary to break the full current. This is accom-

plished by the use of a device called a
"
magnetic amplifier,"

which is a variable impedance connected in shunt with the ex-

ternal circuit of the alternator, but physically is of the nature

of an oil-cooled transformer. The magnetic amplifier has been

described by Alexanderson in a paper published in the Proceed-

ings of the Institute of Radio Engineers, April, 1916, vol. 4,

p. 101, and in A. N. Goldsmith, Radio Telephony, p. 192.

The iron core is made of thin laminations and is so designed

that the magnetic permeability of the iron core can be varied by

causing magnetic saturation by an auxiliary-control circuit.

This auxiliary circuit may be actuated by the signaling key in

the case of radiotelegraphy, or by the output of a microphone
in the case of radiotelephony. With the circuit now used the

controlling current is in an entirely separate circuit from the

radio-frequency current, and a control current of a few amperes
will control an antenna current of several hundred amperes.

When the sending key is open the magnetic amplifier short cir-

cuits the alternator through circuits including condensers and

detunes the antenna, thereby reducing the antenna current to a

negligible value. When the sending key is closed the output of

53004 22 26
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the alternator is delivered to tlie antenna at the working wave
length. The magnetic amplifier has been successfully used ex-

perimentally for transmitting at speeds of 500 words per minute.

When the alternator is used for radiotelephony the magnetic

amplifier is used for varying the alternator output in accord-

ance with the wave form of the speech which is being trans-

mitted. The use of small magnetic modulators for controlling

currents of five amperes or less in electron tube radiotelephone
sets is mentioned in Section 207, page 518. It is not possible
in this book to describe the operation of the Alexanderson

alternator in detail, and for further information the reader

is referred to the papers by E. F. W. Alexanderson, Pro-

ceedings American Institute Electrical Engineers, vol. 38,

p. 1077, October, 1919 ; Proceedings Institute Radio Engi-

neers, vol. 8, p. 263, August, 1920; General Electric Review,
vol. 23, p. 794, October, 1920 ; and to a paper by E. E. Bucher.

General Electric Review, vol. 23, p. 813, October, 1920.

174. Arc Converters. Introduction. At the present time the

arc is the most widely used type of transmitting apparatus for

high-power, long-distance work. It is estimated that the arc is

now responsible for upward of 80 per cent of all the energy

actually radiated into space for radio purposes during a given

time, leaving amateur stations out of consideration. The ad-

vantages
1 of undamped waves for transmission over long dis-

tances have been pointed out in Section 172, and the arc is a

source of such undamped oscillations. Its chief advantages over

the high-frequency alternator described in Section 173 are that

its initial cost is much lower for a given power, that it is a

much more rugged device than the high-frequency alternator

and does not require the extreme accuracy in machine work re-

quired for the alternator, and that it is not so critically sensi-

tive to small changes in operating conditions as the alternator.

The speed of the high-frequency alternator must be maintained

almost exactly constant to secure satisfactory operation and a

constant wave length. Electron tube transmitting sets have

usually been constructed to cover only comparatively short dis-

tances and have been rated at a few kilowatts. Recently, how-

ever, tube transmitting sets of higher power have been con-

structed. A tube transmitter at Clifden, Ireland, is in use

for transatlantic work, and is capable of putting over 200 am-
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peres into the antenna. Experimental investigations of arc

transmitters are usually conducted only at stations where such

sets are installed and not at all electrical laboratories, because

of the comparatively high initial cost of the arc compared with

usual laboratory equipment. For this reason the arc has been

studied by a much smaller number of investigators than some

other radio devices, such as the tube, which are at present really

of less importance than the arc in high-power, long-distance

work.

The new radio station at Bordeaux, France, constructed by

the United States Navy and at the present time the most power-

ful radio station in the world, is equipped with a 1000-kw. arc.

The most powerful radio station in the United States the Naval

Radio Station at Annapolis is equipped with a 500-kw. arc.

Duplicate arcs are installed at both of these stations to provide

for continuous operation in case of breakdown. All the

capital battleships and many other ships of the United States

Navy and all important shore stations controlled by the United

States Navy are equipped with arc transmitters as primary

equipment. The arc equipment of naval shore stations varies

in power from 2 kw. for small stations to 500 kw. for Annapolis.

The Signal Corps is operating a considerable number of arc

stations at various points in the United States and its posses-

sions and is
1

installing additional arc equipment. A large num-

ber of ships owned by the United States Shipping Board are

being equipped with arc transmitters. Arc transmitters are

also extensively used abroad. Small arcs, in sizes as low as

li kw., are in commercial use. For arc converters of medium

power the initial cost can be very roughly stated to be some-

thing like $1,000 per kilowatt. About six years ago the largest

;nv in use was rated at about 30 kw., and much of the develop-

ment of the arc to its present state, when 1000-kw. arcs are con-

structed, has occurred during the past four years. At the

present time arcs are not used commercially in radiotelephony,

as has been stated above, but improvements may make this

possible in the future. It is customary to rate arc trans-

mitting according to their d.c. power input. One operating

difficulty with the arc transmitter is that it often generates,

in addition to the fundamental wave, harmonics, that is,

waves having frequencies which are multiples of the funda-
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mental frequency. Besides the harmonics, arc transmitters

also often generate irregular intermediate frequencies, called
"
mush," the strongest of which frequencies fringe the funda-

mental and harmonics. The harmonics and the "mush" often

cause interference on shorter wave lengths, particularly at

near-by stations.

175. The Characteristics of the Direct-Current Electric Arc.

If between two pieces of conducting material, such as two car-

bon rods, separated in air by a short distance, there is applied
a considerable d.c. voltage, an arc will be formed between the

carbon electrodes and will continue if a sufficient voltage is

maintained. The voltage required to maintain the arc will be
much less than that required to start the arc cold, and, in fact,

an arc is not usually started with the electrodes separated.
If we study the behavior of such an arc and measure the cur-

rent corresponding to various d.c. voltages maintained at the

terminals of an arc already formed, we will obtain a curve for

voltage plotted against current like that shown in Fig. 223.

This curve shows that as the applied voltage, is increased the

current through the arc decreases. The corresponding charac-

teristic curve of an ordinary ohmic resistance would be a

straight line sloping upward to the right from the origin. This

behavior of the arc, exactly opposite to what occurs when the

voltage applied to an ordinary conductor is increased, is de-

scribed by saying that the arc has a "falling characteristic,"

or that it is a variable resistance, which increases as the ap-

plied voltage increases. It is this "
falling characteristic " of

the arc that makes possible its use as a generator of undamped
oscillations.

When the arc is used to generate undamped oscillations the

current which flows at any instant between the arc electrodes

is the resultant of the steady current supplied by the d.c.

generator and the current in the condenser shunt circuit, as de-

scribed in the next section. In the first two cases described in

the next section, which can properly be considered to be arc

discharges, the current between the electrodes always flows in

the same direction, but may vary in magnitude.
The statement is sometimes made that an arc is a "

negative

resistance
"

; this statement can not be considered correct. The
current in an arc passes from the electrode of higher voltage to
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the electrode of lower voltage, and the resistance of the arc

should therefore be considered to be positive, since in this

respect it behaves as any ordinary resistance.
'

If for some
reason the current through the arc falls to zero, the voltage
will rise only to the value required to start the arc again, which
is called the

"
ignition voltage." If, while an arc exists the

voltage is raised sufficiently, the current will decrease until the

arc is extinguished ; this value of the voltage is called the

"extinction voltage," and is less than ths ignition voltage. If

F~y 2ZZ. Production of Undamped Oscillations

by the D. C. J7rc.

a pulsating d.c. voltage is applied to the arc, the a.c. compo-
nent of the current will be 180 out of phase with the a.c. com-

ponent of voltage.

In practice, an arc is usually originally started by striking the

two electrodes together and then immediately separating them,
instead of applying an initial voltage high enough to start the

arc in the cold gap. Arcs usually operate on voltages of about
500 to 600. The spark occurring when the contact between the

electrodes is broken volatilizes the electrode and it becomes
incandescent. In passing between the arc terminals the current
is carried by

"
ions." These ions are molecules of air or other
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gas which may be present in the arc gap which have acquired an
electric charge because of the intense electric field existing

between the arc terminals (See Electrons, Sec. 6). Particles of

the electrode may also break off in the intense heat and assist

in carrying the current across the gap. If the applied voltage

is reduced to zero, the current will cease and the ions will lose

their electric charge. When the arc is first started, the full

current is not immediately established; there is a delay of a
small fractional part of a second during which time ions are

being formed in the gap in sufficient numbers to carry the full

current. If the arc has been previously extinguished only a

short time before, there will still be present in the gap a

number of ions which have not yet lost their charges, and
therefore a shorter time will be required to build up the full

current. If it is desired to make the arc sensitive to changes
in applied voltage, it is important to make provision for rapidly
"
deionizing

"
the arc gap. Methods for accomplishing this

deionization are described below.

In general, the conduction of electricity through any gas is

by means of ionization, and, in general, gaseous conductors have

a "
falling characteristic."

An arc chamber should never be opened after the arc has been

in operation until ample time has been allowed for the carbon to

cool. If air is admitted it may form an explosive mixture with

the hydrogen which is used in the chamber, which will be

ignited by the hot carbon.

176. Production of Continuous Oscillations by the Arc. In

about 1900 it was discovered by Duddell that, if across the ter-

minals of a d.c. arc there were connected in series an induct-

ance and a capacity of suitable values, the arc would emit a

musical note, due to continuous variations in the current

through the arc. The connections for such an arc are shown in

Fig. 222.

In discussing the oscillations in arc circuits it is convenient

to recognize three cases, depending on the relative values of the

current in the condenser shunt circuit (io, Fig. 222), and the

steady current supplied from the d.c. generator (ii, Fig. 222).

(a) The maximum instantaneous value of the oscillatory cur-

rent io in the condenser circuit may be so much less than the

steady d.c. current i, that the arc is not extinguished at any
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moment, but burns continuously. This is the case of the musical

arc first described by Duddell, and is of no practical importance

in present types of arc transmitters for radio communication.
The oscillations generated are undamped but feeble.

(?>) The discharge current /o from the condenser may be large

enough to extinguish the arc at an instant when to is near its

maximum value but not large enough to start an arc again in

the direction opposite to that in which the supply direct current

is flowing. This is the case of the Poulsen arc, and is the case

usually met in practice with arc transmitters. The oscillations

generated are undamped and tinder proper conditions have large

energy content.

(c) The oscillating current 7o, after extinguishing the arc,

may start an arc in the direction opposite to the direction of the

steady current ii. In such a case it is said that reignition

is present. Such oscillations are produced by the quenched
spark gap, with the ordinary spark gap, described in Section

154 as an extreme case. The oscillations of type (c) are

damped.
In the case of an oscillatory discharge in a circuit including

an ionized gap. the distinction between the terms " arc " and

"spark" is not altogether clearly drawn. In the case of oscil-

lations of types () and (b) just mentioned, the term "arc" is

applied. In the case of type (c) oscillations, there may be a

question as to the characteristics which require the use of the

term "spark." If the periods during which the current flows

through the gap are separated by comparatively long intervals

when no current flows, it is usual to call the discharge a spark.
If for some purpose it is desired to know just what are the char-

acteristics of the discharge in a given circuit, the wave forms of
the current and voltage of the gap should be obtained with a

high-frequency oscillograph. It is usually said that the conduc-
tion in an arc is mostly by ionization.

While the theoretical distinction between an arc discharge
and a spark discharge requires precise consideration, the prac-
tical forms of spark apparatus and arc apparatus are usually
quite different, and the two systems of communication require
the separate consideration which has been given to them in this

book. As has been stated in Section 156, in discussing the

operation of a spark gap, when a spark gap is operating nor-
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mally there is a bluish-white snap which is easily distinguished

from the yellowish color and comparatively quiet operation of

an arc discharge.

For the production of high-frequency undamped waves for

use in radio communication, the type (&) oscillations are the

Inition
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only ones of importance, and we shall omit further reference

to types (a) and (c).

Let us consider the operation of an arc transmitter when the

circuit is so arranged that the oscillations of type (6) are

generated. To the terminals of the arc there is applied a d.c.
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voltage, which is often about 500 volts, but may vary from 200

to 1200 volts according to the size of the arc. (Fig. 222.)

First, suppose that the arc is burning steadily with the shunt
circuit disconnected which includes the condenser and in-

ductance. The large inductances in the generator supply line

will tend to maintain constant the current supplied by the gen-

erator, even if the instantaneous voltage across the arc termi-

nals varies. These inductances should have low resistance and
low distributed capacity. If now the shunt circuit is connected,

the condenser C begins charging with the lower plate of the

condenser as shown in Fig. 222 positive, and draws current

away from the arc, since the current supplied by the generator
can not increase suddenly. As the current through the arc

decreases, the potential difference of the arc increases because

of the falling characteristic (Fig. 223) and helps the charging.

The charging continues until the counter emf. of the condenser

equals that applied from the d.c. source. As the charging nears

its end, the charging current becomes gradually less, and the

current through the arc increases to its normal value, with a

corresponding drop in the voltage. The lowering of the voltage

across the terminals of the arc permits the condenser to dis-

charge, and the effect of the inductance in the circuit tends to

keep the current flowing, and charges are accumulated on the

condenser plates having signs opposite to those which first

existed, so that the upper plate of C in Fig. 222 has a positive

charge. As this charge with opposite signs now nears its

end, the charging current to the right through the arc to the

negative side becomes gradually less, and the arc current

decreases, causing the voltage to rise. From Fig. 222 it is

seen that the rise of d.c. voltage is such as to attempt to

charge the lower plate of C positively, and that the posi-

tive charge on the upper plate begins at once to come back,

going to the left through the arc and decreasing the current.

There is a consequent further rise of voltage (Fig. 223), which
is in a direction to assist first the condenser discharge, and
then the recharge in the opposite direction. The action now
begins all over again, and thus continuous oscillations take

place through the circuit.

The original development of practical forms of arc for the

generation of oscillations of type ( & ) is largely due to Poulsen,
and we shall consider the Poulsen arcs as now in use.
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177. Construction of Arc Converters. The apparatus generally

used for the generation and transmission of radio signals by
means of the arc consists of:

A source of direct current of suitable voltage.

An arc converter, often called simply an arc.

An inductance for loading the antenna.

An antenna and ground system.

A signaling device.

Auxiliary and control apparatus.

The arc " converter "
is so called because it converts the

power supplied by the d.c. generator into high-frequency un-

damped alternating current.

The Poulsen arc converter, as manufactured by the Federal

Telegraph Co., consists of one rotating carbon electrode and
one copper electrode burning in an atmosphere of hydrogen or

a gas containing hydrogen in the presence of a strong magnetic
field. The copper electrode, or anode, is connected to the posi-

tive side of the d.c. supply and is of hollow construction, so

that it may be cooled by water circulation. The electrodes are

contained in a chamber usually made of bronze. This chamber

is called the " arc chamber," and is often cooled by water cir-

culation.

Fig. 226 shows a 100-kw. arc converter of the open magnetic
circuit type, with the case removed, and with the various parts

marked. Fig. 227 shows the interior of a 2-kw. arc of one

type used on the ships of the United States Shipping Board,

with the upper portion tilted back.

Both the copper anode and the carbon cathode require re-

newal from time to time. The anode may not require renewal

for a considerable length of time ; its life is greatly lengthened

by proper cooling and the use of pure water in the circulating

system. The carbon cathode will usually serve for about 24

hours' continuous burning. The sizes of the carbons for a

few arcs are, for a 2-kw. arc, diameter \ inch, length 8 inches;

tor a 5-kw. and other medium-sized arcs, diameter f inch, length

10 inches; for arcs larger than 100 kwr

., diameter If inches,

length 12 inches. The rate of consumption of the carbon de-

pends on the chemical composition of the gas in the arc chamber.

The carbon electrode is so mounted that it can be screwed in

and out for the purpose of striking and adjusting the arc. The
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length of the arc flame is adjusted by moving the carbon elec-

trode to secure maximum antenna current.

Practical Operating Characteristics. When an arc trans-

mitter is properly adjusted for operation, the antenna current

Mcokol

Counterpoise.

Tapper Field.

'Magnet Wtndi

FIG. 226. 100-kw. Federal arc converter, with casing removed.

is 0.707 of the d.c. current supplied to the arc. Under these

conditions, it is not necessary to place an ammeter in the an-

tenna circuit to determine the antenna current. It has been

found that for arcs rated from 15 kw. to 100 kw. the antenna

current is, very closely, one ampere per kilowatt of rating when
the arc is properly adjusted for operation. The efficiency of an
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arc in converting d.c. power into high-frequency oscillations

seldom exceeds 50 per cent; the remainder of the power sup-

plied is largely dissipated in the arc chamber in the form

of heat, and provision must be made for conducting the heat

away and for preventing excessive temperatures in the arc

chamber.

If an arc could be adjusted so that the voltage wave and the

current wave were sine waves, the effective value of the alter-

FIG. 227. Interior of 2-kw. Federal arc converter.

nating current generated by the arc would be 0.707 of the direct

current supplied, and the effective value of the a. c. voltage

generated by the arc would be 0.707 of the d. c. voltage sup-

plied.. Hence, under these conditions, the a. c. power output

of the arc would be 50 per cent of the d. c. power supplied to

the arc proper. In considering the power supplied to the arc

proper, the power supplied to the magnet windings and other
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accessory apparatus should not be included. In practice, how-

ever, the wave forms of the arc are not sine \vaves, but are

distorted, and the efficiency of conversion may differ from 50

per cent. With some kinds of distortion it might be possible

to have the efficiency of conversion exceed 50 per cent, but the

existence of such distortion is not a desirable operating con-

dition.

It has been observed at many arc transmitting stations that

the maximum antenna current is obtained when transmitting
at a wave length which is, roughly, about three times the

natural wave length of the antenna alone. Up to this wave
length an increase of wave length brought about by increasing

the loading inductance will, in general, result in an increased

antenna current.

It has already been pointed out (Sec. 175) that it is important
to provide means for rapidly deionizing the gap. Some of the

means for securing this result are: the use of a strong mag-
netic field, or "

magnetic blow-out," which removes ions from
the immediate vicinity of the arc gap ; the use of an anode made
of copper, containing a channel through which water circulates ;

the use in the arc chamber of hydrogen or hydrocarbon gas

having similar properties.

Magnetic Field. Two powerful electromagnets are usually
connected in series and placed in a position such that the mag-
netic field set up between them is transverse (i. e., at right

angles) to the flow of the ions across the arc. A stream of ions

flowing in a straight line corresponds to the flow of a current

in a straight conductor, and. as has been pointed out in Sec-

tions 4 and 97, such a conductor in a magnetic field is acted

upon by a force which tends to move it from the stronger field

to the weaker field. (Fig. 225a.) By the action of the mag-
netic field, therefore, the arc flame is quickly blown to one side

of the gap so far that most of the discharge takes place on the

side rather than the tips of the electrodes, and under the further

action of the field the flame path reaches such a length that the

arc is extinguished. The path of the flame on ignition is simply
from tip to tip of electrode, as Shown at /, Fig. 225c, instead of

the longer path marked E in Fig. 225c, which is the flame path
at the moment of extinction. This difference in length of flame

path is the reason for the fact that in commercial arc equip-
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ment the ignition voltage is not very much greater than the

extinction voltage. Any ions which may be emitted by the in-

candescent electrodes during the intervals when no arc is

passing will also be removed by the magnetic blow-out. The
magnets used in high-power arcs are very large ; the magnets of

a 500-kw. arc weigh about 65 tons. The strength of the mag-
netic field which must be supplied to have a given arc operate

properly depends on the wave length and the magnitude of the

radio-frequency current, the rate at which ions are formed, and
wrhat other means are provided for deionization. In an ordi-

nary type of 100-kw. arc, designed for operation over a wide

range of wave lengths, it is necessary to supply a magnetic field

having a flux density from 2,000 to 10,000 lines per square centi-

meter. In some arc converters flux densities as high as 15,000

lines per square centimeter may be used. In general there is a

best flux density for each wave length. If an arc is to operate
on only one wave length, instead of over a considerable range
of wave lengths, a more efficient design can be made. Arc con-

verters designed to supply short wave lengths, such as 1,000

meters, require the most powerful magnetic fields. At wave

lengths of less than 1,000 meters the proper deionization of the

gap requires a magnetic field so strong as not to be practicable.

With the usual type of signaling apparatus, clear tones are not

obtained with arcs operated below 1,000 meters, but if a chopper
is used to break up the arc oscillations into groups of audible

frequencies the tone on short wave lengths will be much

improved.
The 500 kwT

. arc converters at Annapolis are suitable for

operation at wave lengths from 6,000 to 20,000 meters at the

full-load radio-frequency current of 350 amperes.
Electrode*. The advantage of the use of copper as the

material for the positive electrode arises from the fact that

copper has a very high heat conductivity, and, consequently,

conducts heat away from the gap rapidly which aids in reducing

the number of ions present in the gap. The cooling of the

copper anode by a water-circulation system has the same pur-

pose to reduce the temperature of the gap. Practical con-

siderations require that the cooling water -should be very pure.

The use of salt water will short-circuit the arc, since the water

practically always flows through pipes which are connected to
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the ground, and current will flow directly from the copper
anode through the salt water to the ground, instead of across

the arc to the carbon cathode which is connected to the ground.
In order to improve the regularity of the operation of the arc

the carbon electrode is rotated about its ax ! s about once a min-

ute. A recent improvement in arc design consists in the addi-

tion of a copper ring around each electrode. The eddy cur-

rents induced in the copper rings so modify the magnetic field

as to keep the flame from creeping back to the pole pieces of

the magnets and injuring them. These rings permit the use of

a shorter air gap between the pole pieces.

Use of Hydrogen in Arc Chamber. The presence of hydrogen
in the arc chamber assists in rapid deionization, because

hydrogen is a very light gas and diffuses very rapidly into the

space outside the gap proper, carrying ions with it. The
denser the gas used in the arc chamber the greater is the

strength of magnetic field required for proper deionization.

Further, hydrogen itself has a high heat conductivity and aids

In conducting heat away from the gap. Other advantages in

the use of hydrogen are that the presence of hydrogen mini-

mizes the oxidation of the metal parts of the arc chamber and

that an arc will start for a given distance between electrodes at

a lower voltage in hydrogen than in air. This latter property
makes it possible, as the electrodes are consumed, to obtain

greater constancy in the wave length and the intensity of the

oscillations of an arc by the use of hydrogen, since a longer

gap can be used.

The hydrogen may be supplied as a gas from cylinders. It

is common practice, however, especially aboard ships, to slowly

drop into the arc chamber alcohol or kerosene, which are

volatilized by the heat of the arc, yielding hydrogen. A disad-

vantage is that considerable soot is deposited throughout the

arc chamber. At shore stations illuminating gas is sometimes

used, since this has a considerable hydrogen content, but this

also results in the deposit of considerable soot.

Arc Transmitter Circuits. It is general practice in the United

States at present to connect the copper anode directly to the

antenna through a loading coil ; this practice is largely due to

commercial reasons involving patent rights. This circuit gives

best results with antennas of large capacity using large in-
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ductances in series with the antenna. The connections of a

typical arc transmitter of American manufacture are shown in

Fig. 228. In some types of arcs of European manufacture the

antenna circuit is coupled as shown in Fig. 229. The antenna

loading coils are usually wound with stranded high-frequency

conductor to minimize the high-frequency resistance. ( See Sec.

117.)

Small arc transmitters are often provided with a "
chopper

"

to interrupt the radio-frequency oscillations at an audio fre-

quency. The use of the chopper permits simple detector recep-

tion, and on short wave lengths where the arc operates some-

what irregularly this improves the tone of the received signal.

There are several methods for connecting the chopper. In small

arcs the chopper may be connected directly in the antenna cir-

cuit and shunted by a condenser of suitable capacity. Another

method is to connect the chopper to a few turns coupled to

the antenna circuit, which causes a slight variation in the

emitted wave lengths when the chopper contact is closed. The
use of the chopper is discussed in connection with electron tube

transmitting sets in Section 211, page 529.

178. Signaling Methods. For the purpose of controlling the

output of an arc transmitter, the key can not be placed directly

in the primary circuit, as can be done in spark systems, be-

cause if the primary circuit were broken by the key for an

appreciable length of time the arc would be extinguished and
would not reignite until the electrodes were again brought into

contact and separated. Signaling has usually been accom-

plished by wave-length variation, the closing of the signaling

key changing the constants of the transmitter circuit to an
extent sufficient to cause a small change of the emitted wave

length. Other methods of signaling are described below.

Compensation-Wave Method. In the compensation-leave
method of signaling two wave lengths are emitted. The re-

ceiving station to which the arc is transmitting tunes to the

wave length emitted by the arc when the key is closed, which
wave is called the "

working wave." When the key is open
the arc emits a wave length from about 1 to 5 per cent greater
or from 1 to 5 per cent less than the "

working wave." The
wave emitted when the key is open is called the "compensa-
tion wave," or " back wave." If a receiving station is tuned

53904 22 27
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to the compensation wave it will receive only the intervals

between the dots and dashes. If the compensation wave is

too close to the working wave confusion will result. In arcs

up to about 70 kw. the compensation method is usually used

by short-circuiting by the signaling key a few turns of the
inductance in series with the antenna ; the arc emits a shorter

wave length when the key is closed. (Fig. 228.) In larger
arcs an inductance of a few turns is coupled to the induc-

tance in series with the antenna, and the closing of the key
short-circuits this coupled inductance. When the key is closed

the effective inductance in series with the antenna is re-

duced (see transformers, Sec. 58, page 131), and hence the

working wave is shorter than the compensation wave. It is,

of course, possible to so adjust the connections of the key that

the coupled inductance will be short-circuited only when the key
is up, which will result in interchanging the working wave and
the compensation wave, and the latter will be shorter. The
compensation wave is sometimes called the "

spacing wave."

The compensation-wave method of signaling has the serious

objection that two waves are radiated, somewhat separated in

length, and that therefore an arc station which has a com-

pensation wave interferes over a much wider band of wave
lengths than a station which radiates a single wave. One of

the principal objects of using undamped waves for communica-
tion is to restrict each station to a narrow band of wave lengths,

and this the compensation method fails to accomplish. It is

probable that the use of the compensation wave will be dis-

continued within a few years.

Uniicave Methods. Recently there has been developed a

method of signaling called the " uniwave "
method, or "one-

wave " or "
single-wave

" method. This method involves the

radiation of a single wave from the antenna. There are two

principal ways of accomplishing this result the "
ignition

"

method in which the arc is extinguished and reignited with

each dot and dash, and the absorption method, in which two

waves are generated, but the "back" wave is absorbed in an

auxiliary circuit.

Ignition Method. One form of the ignition method uses an
"
ignition key." The ignition key consists of a solid metal rod

introduced inside of the arc chamber. This rod is usually called

the "
striker." One end of this rod is caused to make or break
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contact with an electrode connected to the positive side of the

arc. The rod is connected through a suitable resistance to the

negative side of the d.c. generator supplying power to the arc.

The in-and-out radial motion of the striker is controlled by an

electromagnet. When the signaling key is up, the striker makes
contact with the positive electrode, thus short-circuiting the

usual current path between the electrodes through the incan-

descent arc. In this position of the striker the d.c. current from

the generator goes to the positive electrode of the arc, then

across the striker through the striker series resistance, and
back to the negative side of the generator. When the striker

magnet is energized by closing the signaling key in the magnet
circuit, the striker is withdrawn from contact with the anode,

producing a small arc between the striker and the anode. This

small arc reignites the regular arc between the anode and the

cathode. The striker will successfully operate in this manner

only when the arc is hot. To start the arc when cold, it is

necessary to start oscillations in the usual manner. Other
"
ignition

" methods have been described for extinguishing the

arc without the use of the striker inside the arc chamber by

short-circuiting the arc through an external circuit containing

resistance, or aluminum electrolytic cells, and employing auxili-

ary circuits to expedite reignition.

The ignition key will give fairly satisfactory results on small

arcs, such as 2 kw. or 5 kw. It is not as yet satisfactory for

larger arcs because the heavy currents required rapidly con-

sume the striker.

Absorption Method. In both the compensation-wave method
and the absorption method of signaling the radio-frequency out-

put of the arc converter is maintained practically constant from

instant to instant. In the compensation-wave method the com-

pensation wave is radiated from the antenna. In the absorption

method or " back-shunt " method the compensation wave does

not reach the antenna, but is absorbed in an additional oscil-

lating circuit, and only a single wrave length is radiated by
the antenna. The auxiliary absorption circuit or " tank

'

circuit, comprises inductance, capacity, and resistance. (See

Fig. 229-A.) The relay key used for signaling has a front

and back contact that is, it is a single-pole double-throw

switch. One side of the absorption circuit is permanently
connected to the negative electrode of the arc, which is
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grounded, and the other side of the absorption circuit is con-

nected to the back contact of the relay key. The middle con-

tact of the signaling key is connected direct to the positive

electrode of the arc, and the front contact of the key is con-

nected to the antenna. When the key is depressed the arc

circuit is connected to the antenna, and radiation occurs.

When the key is up and the back contact of the key is closed,

the positive electrode of the arc Is connected to the absorp-

tion circuit to which the entire output of the arc is delivered,

so that no wave is radiated by the antenna. The signaling key
is so designed that the back contact is not broken until after

the front contact is closed, so that during signaling there are

CIRCUIT FOR ARC TRANSMITTER. WITH DIRECT ANTENNA CONNECTION,

FOR ABSORPTION ME.THOD OF SIGNALING.

instants when the arc is connected both to the antenna and to

the absorption circuit. The arc would be extinguished if en-

tirely disconnected from both circuits.

The capacity, resistance and inductance of the absorption cir-

cuit are adjusted until the same current is delivered by the arc

when it is connected to the absorption circuit as when the arc

is connected to the antenna. The adjustment of the capacity,

resistance, and inductance of the absorption circuit for satis-

factory operation is not at all critical. The wave length gen-

erated when the arc is connected to the absorption circuit may
be only one-half the wave length generated when the are is

connected to the antenna. When applied to medium and

high power arcs the flow of the current to antenna or absorp-

tion circuit is controlled by impedance variations without
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breaking the antenna current at the relay. The absorption
method of signaling is in very successful operation at a number
of semi-high-power arc stations, and is being developed for use
at the larger stations. One disadvantage of the absorption
method is that when the signaling key is up and the arc is con-

nected to the absorption circuit sufficient power is radiated

by the absorption circuit to affect the receiving apparatus in

the same station, so that it is not possible to receive signals

while the arc is causing oscillations in the absorption circuit.

The ignition key method does not possess this defect, since the

arc is not generating oscillations when the signaling key is up.

Detailed information regarding the absorption method is given

in a paper by W. A. Eaton, Electric Journal, vol. 18, p. 114,

April, 1921.

For further information concerning the arc converter, the

reader may consult the following: E. W. Stone, Elements of

Radiotelegraphy ; W. H. Eccles, Wireless Telegraphy and Tele-

phony ; J. A. Fleming, Principles of Electric Wave Telegraphy ;

Manual of Federal Arc Radio Transmitters, published by the

Federal Telegraph Co. (describes 2-kw. and 5-kw. converters) ;

P. O. Pedersen, Proceedings of the Institute of Radio Engineers,
vol. 5, p. 255, August, 1917; L. F. Fuller, Proceedings of the

Institute of Radio Engineers, vol. 7, p. 449, October, 1919 ; The
Elwell Arc Generator, Electrician, vol. 85, p. 648, Dec. 3, 1920 ;

P. O. Pedersen, Proceedings Institute Radio Engineers, vol. 9.

p. 434, October, 1921; J. H. Morecroft, "Principles of Radio
Communication."

C. Apparatus for Reception of Waves.

179. General Principles. Receiving sets are divided into two

general classes, those suitable for the reception of damped
waves and undamped waves modulated at an audible fre-

quency and those suitable for the reception of unmodulated

undamped waves. The former involve the simpler construc-

tion, and will be discussed first. With a few modifications, a
set for receiving damped waves can be adapted to receive un-

modulated undamped waves. Damped waves may be received

in a simple circuit containing a crystal detector or simple elec-

tron tube detector (see Sees. 182, 194) and a telephone receiver.

The tone heard in the telephone receiver is that corresponding
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to the frequency of the groups of damped waves. Undamped
waves are ordinarily received by an electron tube method
which produces beats (see autodyne method, p. 503.) These
will be made clear in the diagrams which follow, where, for

the purpose of explaining principles, the simplest possible sets

will be shown first, even though not now used in military work.

The fundamental principle of reception of signals is that of

resonance. If the receiving circuits are tuned to oscillate at the

fb
Simp/Gst apparatus

for recepti
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nave trains
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Z 32.

Simplest apparatus
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Fig. 233
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same natural frequency as the incoming waves, then these

waves, though extremely feeble, will after a few impulses build

up comparatively big oscillations in the circuits. In reality,

then, for reception of signals all that is needed is an antenna

circuit tuned to the same wave lengths as that of the transmit-

ting station and an instrument capable of evidencing the cur-

rent which flows in the antenna-connecting wire. This is shown

in Fig. 230. This is the simplest possible arrangement for re-

ception and will operate on either damped or undamped waves.

A current-indicating instrument is shown at A. In practice the

current is too feeble for any hot-wire ammeter. An ammeter is

more suitable for quantitative measurements than for receiving
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telegraphic signals, since the dots and dashes are not readily

distinguished unless made so slowly as to be impracticable for

transmitting messages.

Use of the Telephone. A telephone receiver having magnet

windings consisting of a large number of turns of fine wire is

a much more sensitive receiving device. The action of the tele-

phone receiver has been discussed in Section 60-b, p. 148. The

diaphragm can follow the audio-frequency variations of current

occurring in ordinary speech, but can not follow the very rapid

radio-frequency variations. The effect is as if the diaphragm
tried to go both ways at once, with the result that no ob-

servable motion takes place. For this reason a telephone re-

ceiver alone can not be used to receive radio waves. To remove

this difficulty a crystal detector (see Sec. 182, p. 433) is put

into the circuit, which permits current to flow in one direction

but not in the other ; or, more exactly, the current in the reverse

direction is negligibly small compared with the current in the

principal direction. See Fig. 232. Referring to the reception

of damped waves, it is well to remember that the waves are in

widely separated groups. The action of a crystal detector upon

damped oscillations is shown in Fig. 231 ; the lower halves of

the waves are drawn dotted to indicate the portion of the cur-

rent that is cut off by the crystal detector.

It is found that the cumulative effect of one group or train of

waves for instance, that due to one condenser discharge at the

transmitter pulls the telephone diaphragm away from its neu-

tral position. The number of such pulls per second is equal to

the number of wave trains per second. With a 300-meter wave

having 1000 wave trains per second the radio frequency is*

1,000,000 and the audio frequency is 1000, or one is a thousand

times as high as the other. The upper limit of audiofrequency
for the human ear is 16,000 to 20.000 sound waves per second, so

that even if the telephone diaphragm could, without a rectifier,

follow the radio frequency, the ear would not hear the signals.

In telegraphic signaling either a dot or a dash lasts long enough
to contain many wave groups, and in the telephone, where the

pitch corresponds to the spark frequency, a tone is heard during
the length of the dot or dash.

Simple Receiving Sets. In Fig. 232 is shown the simplest

connection for reception with a telephone receiver. It is suit-
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able only for damped waves. At D is shown the rectifier, com-

monly called a "
detector," although it detects nothing ;

it alters

the waves so that the telephone can detect them. The apparatus
shown receives strongest signals from a station transmitting

waves of the same length, or nearly the same length, as the wave

length of the receiving circuit. The fact that the current from

the antenna to ground must pass through either the telephone or

the detector, both of which have a high resistance, renders this

circuit not very selective, so that it will respond to a wide range
of wave lengths. The circuit may be tuned by inserting a vari-

able inductor in series between the antenna and the detector,

the inductance being varied to change the wave length. This

connection is similar to the so-called "plain antenna connec-

tion
"

of Fig. 194, page 370, with the spark gap. the apparatus

which supplies energy to the antenna, being replaced by the de-

tector and telephone, the apparatus which uses the energy re-

ceived by the antenna.

A simple variation of this circuit which allows fairly sharp

tuning is shown in Fig. 233, in which the detector and telephone

are connected at the ends of the tuning inductance. It will be

seen that this circuit is analogous to the wave meter circuit

shown in Fig. 216, page 393, the antenna acting as the capacity G
and the coil L as the inductance, with the detector and tele-

phone shunted across the inductance. It is well to notice how

simple is the apparatus actually needed for reception, contrary

to what the uninitiated person supposes. Three pieces of ap-

paratus telephone receiver, rectifier, and tuning coil with a

suitable antenna, are all that are necessary to receive effectively

from stations transmitting damped waves.

180. Typical Circuits for Reception of Damped Waves. A fur-

ther improvement is the circuit shown in Fig. 234, in which the

tuning coil has two adjustable connections. In the circuit

shown in Fig. 233 the coupling between the antenna circuit and

the detector circuit can be varied only by varying the wave

length, but in the circuit shown in Fig. 234 the coupling can be

varied, while the wave length is not changed.

Direct Coupled Receiving Set. A further improvement, as

regards selectivity, is shown in Fig. 235, where a variable con-

denser C2 has been added. This is called the direct coupled

connection. Let I/i be the inductance in the antenna circuit, Ci
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the capacity between the antenna and ground, and L2 and

the corresponding constants of the closed circuit, shown by

heavy lines. The antenna circuit is called the primary, since

the energy enters the set there. The circuit containing L2 and
C2 is called the secondary and is the closed oscillating circuit.

In the same manner in which the transmitting antenna circuit

is a good radiator of power, so the receiving antenna circuit is a

good absorber. It is tuned to resonance with the incoming
waves by adjustment of Li. The power is given over magneti-

cally to the secondary, which is tuned to resonance by adjust-

ments of L2 and Cz . Comparatively large oscillations result in

the secondary, producing voltages across the condenser which

(
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condenser ot about 0.005 microfarad is shunted around the tele-

phone and this increases the strength of the signals. Its action

is explained as follows: Suppose the principal current flows

downward through the detector and telephone. While this

current flows the fixed condenser is charged with top plate

positive. When the reversal of the radio oscillation comes the

current through D and T ceases. Then the condenser dis-

charges down through T and tends to maintain the current till

the next oscillation downward through the instruments. In this

way the gaps between the successive pulsations of rectified cur-

. 237

rent are filled in, and the cumulative effect of a wave group is

strengthened. In practice the telephone cord, containing as it

does two conductors separated by dielectric, forms a condenser

which in some cases is sufficient so that an added fixed con-

denser gives no improvement.
The connection in Fig. 236 is similar in its action to the

direct coupled arrangement of Fig. 235. In either case, on

account of the coupling between the primary and secondary

coils, there are reactions of each coil upon the other, with con-

sequent double oscillations when the coils are near together.

See Section 165. If the coupling is tight and the resistance

high, sharp tuning becomes impossible. It is found, however,

that if the coupling is not too tight and the resistance of the cir-
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cuits is low, extremely sharp tuning is obtained. The antenna

is tuned to the incoming waves by changes of the inductance Li.

Sometimes if very sharp primary tuning is desired, a variable

condenser is shunted around Li, and fine adjustments are made
therewith. The secondary is tuned to the primary, the opera-

tions of tuning being done alternately until the telephone gives

the best response. In the secondary the coarser tuning is done

by changes of the inductance L2 , and the fine tuning with the

variable condenser C2 .

Comparing Figs. 195 and 236 it will be found that the circuits

are the same. One finds in both places the antenna circuit

(radiator or absorber), the closed oscillating circuit, the cou-

pling coils, and the power inserted or detected in shunt connec-

tions to the condenser. The main difference of apparatus is

that instead of a high voltage condenser as in Fig. 195, <72 is a

small variable air condenser, and instead of spaced-turn coils

of large wire, the coils of the receiving apparatus have many
turns of insulated wire closely wound.

For receiving a longer wave in the primary circuit than is

possible by using all of the inductance I/2 ,
a series inductance

L3 , called a loading coil, is added. See Fig. 237. Also a variable

condenser may be connected as shown at Ca to increase the wave

length and afford fine tuning. It is better practice, however, to

have the series inductance L3 continuously variable or variable

by small steps, so that it can be used for fine tuning. The sec-

ondary may also be provided with an extra inductance in series

with Lz if needed. It is possible to receive short waves on a

large antenna by inserting a series condenser C* in the ground
connection. It is short circuited when not in use. It should

be noted, however, that a set used for the reception of short

waves should be designed for that purpose and that best results

will not be attained using a set intended for long waves and

inserting capacity in series.

In the typical set of Fig. 236, a crystal rectifier (Section 179)

is used as the detector. The principal disadvantage of this type

of detector is that it can not be depended upon to stay in adjust-

ment. A good deal of time is usually required for the frequent

readjustments. (See Sec. 182.)

Fig. 238 shows exactly the same connection, but with the crys-

tal detector replaced by a two-electrode electron tube, or " Flem-
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ing valve," V. This is a glass bulb containing two electrodes

and having the air exhausted. One electrode in the vacuum
is a lamp filament which is heated by current from a storage

battery A. The other electrode is a metal plate, The heated

filament gives off a stream of electrons (Sec. 187) toward the

plate. Current from incoming electric waves can pass through
the vacuum in only one direction determined by the flow of the

electrons, the current in the opposite direction being suppressed.

In this way the tube acts as a rectifier. It is a very stable detec-

tor, but not very sensitive as ordinarily used some years ago.

Fiq. 239

Fleming valve or two elec-
trode electron tube circuit

Three electrode electron
tube receiving circuit.

The two-electrode electron tube is now practically obsolete as a

detector. Present practice is to use a three-electrode tube.

A receiving circuit using a three-electrode tube is shown in

Fig. 239. It is seen here that the circuits joined to the filament

and the nearer electrode are exactly the same as in Fig. 238.

The telephone, however, is in a circuit with a battery B, and

the signals received thereby are much louder than in the case

of Fig. 238. For the theory and operation of the three-electrode

electron tube as a detector see the next chapter, Section 194.

An inductively coupled circuit is shown in Fig. 239-a, which

has been found to be particularly adapted to wave lengths

shorter than 400 meters and also to give good results on longer

wave lengths. In this circuit it is essential that the variable
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inductances L2 and L3 shall be continuously variable. The
name " variometer "

is sometimes applied to a form of con-

tinuously variable inductance often used with this circuit.

Variable inductance Li may be of the usual type, variable by

steps. Condenser C2 may be variable by steps, and is not neces-

sarily continuously variable. Ci and Li are adjusted to approxi-

mately the wave length of the incoming signal, but it is not

essential that the primary be accurately tuned. It is, however,
essential that the secondary be very accurately tuned, and in-

ductance Lz must be very carefully adjusted. The inductance

L3 in the regenerative circuit (see Sec. 199, p. 487) should also be

pMJOOQOO
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FIG. 239-a. Tuned plate regenerative tuning circuit, using continu-

ously variable inductances.

carefully adjusted until maximum response is secured in the

telephone receivers.

This same circuit can be used for receiving continuous waves

by the "autodyne" method (see Section 205, p. 503) by adjust-

ing L3 so that the tube is in the oscillating condition. For
continuous waves the best signal will usually be received when
L 3 is adjusted just above the point when the tube is in the

oscillating condition. For spark reception, this circuit will

usually give best results when L 3 is adjusted just below the

point where the tube is in the oscillating condition.

This same type of circuit can also be used for reception with

a coil antenna. (See Section 151.) In this case the antenna
and receiving transformer shown in Fig. 239-a are not present ;

that is, in Fig. 239-a the part of the figure to the left of points
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A and B is deleted. The terminals of the coil antenna are con-

nected directly to points A and B.

Capacitively Coupled Receiving Set. A method of coupling

receiving apparatus to the antenna circuit which affords com-

pactness is shown in Fig. 240. By fixing the primary and

secondary coils Li and L2 permanently at right angles to each

other, inductive coupling between the two is prevented. In-

stead the coupling between the two circuits is effected through
the condensers C, Ci, which are referred to as "

coupling con-

densers." Such an arrangement is called
"
electrostatic

" or
"
capacitive

"
coupling. The condensers are arranged so that

Ll
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by turning one handle both are varied together. One of the

condensers, d, the one connected to earth, may be omitted, but

better results are usually obtained with two. The advantages

of capacitive coupling are as follows : (1) The coils are of com-

pact form. They are wound as rings with rectangular or square

winding section, thus giving large inductances in small space.

This is a great saving of room compared with sets using vari-

able inductive coupling where the coils must be so constructed

that one of them can move with respect to the other, and where

they are usually wound on long tubes in order to get suitable

variation of coupling. (2) The coils are fixed. In the induc-

tive type they must sometimes be separated many centimeters
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for very loose coupling. (3) The coupling is quickly and easily

changed.

Capacitive coupling, however, is not found to give as sharp

tuning as inductive coupling.

Sets for Quick Tuning. When simplicity of tuning is the prin-

cipal requirement, and it is desired to reduce the tuning opera-

tions to a minimum number, even at the expense of a certain

amount of selectivity, the following methods are used :

In Fig. 241 is shown a modification of the capacitive connec-

tion of Fig. 243 ; in practice the change from one to another is

accomplished by one switch. The secondary is removed, and the

telephone is put in shunt with the detector instead of with the

fixed condenser FC. If a medium value of coupling is used it

is not usually necessary to alter it; therefore the only tuning

adjustment is that of the primary inductance.

Another device for quick tuning is shown in Fig. 242. This

employs an inductive coupling. The primary is tuned sharply

to the incoming waves, while the secondary is untuned. With

the connections* as shown, the secondary will respond in prac-

tically the same manner to a wide range of wave lengths, owing
to the high resistance of the detector. Then the only adjustment
the operator has to make is that of the primary inductance.

Sometimes additional provision is made for adjustment of the

coupling by separating the coils; this gives variation in the

sharpness of tuning and in the signal strength.
"
Stand-By

"
Circuits. These are also called "pick-up" cir-

cuits. When listening for possible calls from a number of sta-

tions it is convenient to have apparatus wrhich will respond to

a wide variety of wave lengths. The circuit of Fig. 241 will

do this to a limited extent if the coupling is close. This is also

true of Fig. 242. Probably the most broadly tuned of all the

receiving sets is the so-called
"
plain antenna connection

"

already shown in Fig. 232 or Fig. 233. It is, however, too

broadly tuned to be used if many stations are transmitting.

A fairly good pick-up circuit is the ordinary inductive set of

Fig. 236 when used with a tight coupling. The decrement is

then high and the tuning broad. A switch may be provided,

if desired, to put the receiving instruments over into the an-

tenna circuit.
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181; Typical Circuits for Reception of Undamped Waves.

While damped waves are transmitted as detached groups or

trains, undamped waves are usually not separated into groups.

Undamped waves, even if rectified, will not be detected in a tele-

phone receiver unless the waves are broken up into groups in

some way. This is because the telephone diaphragm and the

ear can not respond to so high a frequency as that of the radio

oscillations. Hence it is necessary to interrupt the undamped
wave dot or dash into many groups by rapid interruptions of

the current. It is arranged in practice to have, for example,
1000 interruptions a second, and as long as a signal continues

a note of pitch 1000 is heard. These interruptions may be made
to take place either at the transmitter or at the receiving sta-

tion. A method for producing them at the transmitting sta-

tion is to insert a rapidly operating circuit breaker called a
"
chopper

"
in the antenna wire ; or if it is inconvenient to

break the current, the chopper may be used to short circuit

some of the turns of the antenna inductance coil to throw the

circuits out of resonance periodically. (See Sec. 211, p. 529).

This divides up the waves into groups to which the receiving

telephone can respond. A rather more convenient method is

to have the chopping done at the receiving station, for then

the receiving operator can control the pitch of the received

signals. There are at least five ways of modifying the waves at

a receiving station to obtain an audible frequency: (1) A
chopper in series with the detector and telephone; (2) a vari-

able condenser with rapidly rotating plates; (3) a "tikker"

used instead of a detector; (4) a "heterodyne" in a separate

circuit; (5) an "
autodyne

" or electron tube device arranged
so that the detecting tube also produces the heterodyne action.

The last method is explained in Section 205, page 501.

Chopper. This may be any device for rapidly making and

breaking the current. It is inserted in the circuit of the de-

tector and telephone as in the ordinary damped wave set of

Fig. 236. It consists of a rotating toothed wheel with a sta-

tionary contact touching the successive teeth or a break con-

trolled by an electrically operated tuning fork, or it is some-

times a light high speed vibrator similar to that of an electric

bell.
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Rotating Plate Condenser. If the movable plates of the

tuning condenser C2 in Fig. 236 are rotated rapidly the appa-
ratus will be in tune once for each revolution. Each of these

revolutions will produce an impulse of the telephone diaphragm.
The speed can be adjusted so that the impulses will cause sounds
while waves are being received. In practice it is found best to

keep part of the capacity of the condenser C2 constant, and vary

only a part'of it. If the main plates were rotated the appara-
tus would give sounds at only a small sector of each revolution,

Heterodyne
method for

receiving con-
tinuous waves.

near the resonance adjustment. To accomplish a more pro-

longed train of impulses during one revolution the adjustment
can be held near resonance for a larger proportion of the time

if the rotating condenser is made very small, and is put in

parallel with C2 . The latter does not then rotate except for

ordinary hand tuning. The capacity of C2 plus the maximum
capacity of the rotating condenser is adjusted to give reso-

nance. The circuit is not far from this condition when the

moving plates are farthest apart, so that the signals affect the

receiver during a considerable portion of the revolution.

Tikker. See Fig. 243. The tikker is usually a stationary fine

wire of steel or gold with its end running in the groove of a
53904 22 28
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smooth, rotating brass wheel.. It is a slipping contact device.

The wire does not remain in perfect contact with the wheel,

but owing to the slight irregularities there are variations of

contact, which in effect keep making and breaking the circuit.

With the tikker contact open, suppose the secondary inductance

and condenser C2 to be tuned to resonance with the incoming
waves. If now the tikker is closed when C2 has any stated

value of charge, some of the charge will be given to the con-

denser C and furthermore the radio oscillations cease because

the addition of C throws the apparatus out of tune. When the

tikker is opened the condenser C discharges through the tele-

phone, and in the meantime the secondary oscillations build up
again, ready to give a charge over to C when the contact is

closed. In this manner the current impulses through the tele-

phone are of the same frequency as the operation of the tikker,

and this can be controlled by the speed of the wheel. The

capacity of C should be about 1 microfarad. No separate rec-

tifier is needed. The tone obtained is not musical, since <72 is

charged to different potential differences at the different times

when the tikker closes, and the action depends also upon some-

what irregular contact.

Heterodyne. In this method an apparatus is arranged to

produce undamped electric oscillations in the receiving circuit,

of nearly the same frequency as that of the waves which are

being received, and their combined action is made to affect the

receiving telephone. Beats are produced having a frequency

equal to the difference of the frequencies of the two waves.

The connections are shown diagramatically in Fig 244. Any
source of undamped or slightly damped oscillations is con-

nected at A. In the antenna circuit at B is a single turn or

loop, coupled inductively to A. The antenna circuit thus gets

the effect of the oscillations from A as well as from the incom-

ing waves. Suppose those received have a frequency of 100,000,

and the heterodyne A is adjusted to give a frequency of 99,000.

As long as both act, the telephone will respond to a pitch of

1,000 vibrations per second, which is of course audible. When
the incoming waves cease the heterodyne continues to act alone

at 99,000 cycles, but is inaudible. Therefore signals are heard

only during the time when the incoming radio waves are re-
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ceived. Further information regarding heterodyne reception is

given in Section 205, page 501.

Receiving from a Radio Telephone Transmitter. In radio

telephony, speech is transmitted by means of continuous waves,

the amplitude of which is varied in accordance with the wave
form of the sound which is being transmitted, and these varia-

tions occur at the speech frequency, which is, of course, an audio

frequency. The speech can therefore be received with a crystal

detector or a simple electron-tube detector, just as damped
waves, or continuous waves interrupted by a "

chopper
"
at the

transmitting station would be received. Any type of apparatus
suitable for the reception of dumped waves may, in general, be

used for reception in radio telephony. If the received signal is

feeble, it may be necessary to use amplifiers, as in the case of

any feeble signal. In some cases better results may be secured

by adjusting the circuits or the diaphragm of the telephone re-

ceiver for a particular audio frequency. A "
chopper," or

"
tikker

"
can not be used at the receiving station for receiving

in radio telephony, and if the effort is made to do so, the speech
is altogether unintelligible. The transmitting equipment and

the wave forms used in radio telephony are described in Sections

206-210. In Fig. 294, page 528, there is shown the circuit used

in a Signal Corps set for the reception of radio telephone mes-

sages. The uninitiated person often assumes that particular

forms of elaborate apparatus are required for reception in radio

telephony, but this is not the case.

182. Contact Detectors. A very simple and convenient kind^of

detector is obtained by placing in contact two dissimilar

solid substances properly chosen. Many different substances

have been found suitable for use in such detectors. This type
of detector is easily portable, but the most sensitive forms

require frequent adjustment. The electron tube, when properly

connected, is a far more sensitive detector, but is subject to

breakage in field work. For field sets, where a compact and

easily portable form of detector is required, the contact de-

tector is very convenient. The use of contact detectors is

largely confined to such work now, and even in the portable

military sets the contact detector is being largely replaced by
the electron-tube detector.



434 RECEIVING APPARATUS.

Crystals. A contact detector may be formed by the contact

of two dissimilar metals. Thus, a contact of a steel point on

a piece of metallic silicon forms a good detector. Detectors

can also be made by a contact of carbon with steel and tellu-

rium with aluminum. The fused metallic silicon commonly
used is a product of the electric furnace.

The most important class of contact detectors consists of

selected specimens of crystals, either native minerals or artifi-

cial, in contact with a metallic point. Examples of minerals

which can be so used are galena, iron pyrites, molybdenite,

bornite, chalcopyrite, and zincite. Carborundum, which is

crystalline silicon carbide formed in the electric furnace, can

also be used. Galena is lead sulphide, crystallizes in cubes, and
is blue-gray, usually with a metallic luster. Iron pyrites is a

sulphide of iron, crystallizes in cubes, and is bright yellow,

usually with a metallic luster. Molybdenite is a sulphide of

molybdenum, is blue-gray, and can usually be separated into

thin sheets somewhat like mica. Bornite and chalcopyrite are

combinations of the sulphides of copper and iron. Zincite is

a natural red oxide of zinc.

Sensitive iron pyrites detectors are often sold under the trade

name " Ferron." The detector sold under the name of " Peri-

kon "
consists of a bornite point in contact with a mass of

zincite. The name " Lenzite " has been applied to an impure

galena found in some localities, which is sometimes sensitive.

Crystal detectors, particularly galena, may have their sensi-

tivity entirely destroyed by the application of even moderate

heat. They are usually mounted in an alloy having a low melt-

ing point, such as Wood's metal, which will melt in hot water.

The alloy is usually contained in a small metal cup a little

larger thun the crystal. A sensitive galena crystal may become

almost worthless if mounted in ordinary solder.

Different kinds of detectors require different kinds of con-

tacts. With galena satisfactory results are obtained only with a

light contact made by a fine wire, perhaps No. 30 or smaller,

\vhich makes contact with only a very small surface. Iron

pyrites and molybdenite usually give best results with a fine-

wire contact, but can be used with larger points. Silicon can be

used with a fine-wire contact, but will also give good results in

contact with the end of a small machine screw under consider-
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able pressure. The screw is usually tapered to a blunt point.

Iron pyrites is sometimes used in contact with the tapered point

of a screw, under pressure. Carborundum gives best results

with a contact of appreciable area under considerable pressure,

providing the contact is made with the most sensitive spots,

which may be deep in the mass of crystals in a specimen.
For service in the field or on shipboard, where it is necessary

to have rugged instruments which require very little adjust-

ment, silicon or carborundum, in contact under considerable

pressure with the blunt point of a screw, are therefore most

desirable. With silicon and carborundum the same contact may
be used for a considerable time. For permanent land stations,

where new crystals are easily available and new adjustments
can be easily made, the more sensitive galena crystals are

preferable.

It is usually necessary to examine a considerable number of

specimens of any of these minerals before a crystal is found

which is sensitive as a detector. The three most widely used

contact detectors are probably galena, iron pyrites, and silicon.

Pieces of metallic silicon are usually sensitive. Sensitive speci-

mens of galena are obtained only by careful selection, and

sensitive iron pyrites is still harder to find. Good specimens
of galena and iron pyrites are usually the most sensitive crystal

detectors. Sensitive specimens of molybdenite are much more

easily found, but molybdenite is usually much less sensitive

than galena or iron pyrites. Crystals should be kept in a

closed box when not in use for any considerable period of time,

and when picked up should be handled carefully with tweezers

or a cloth, so that they will not come into contact with the

fingers. Repeated contact with the fingers may almost entirely

destroy the sensitivity of a good specimen of galena. A galena
detector will become much less sensitive after a few months'

exposure to the air, whether in service or not. Iron pyrites

will usually retain its sensitivity much longer when exposed
to the air than galena. Carborundum and silicon are also not

so seriously affected by exposure.
On the surface of a given sensitive crystal of most kinds

different points will vary greatly in sensitivity. This is par-

ticularly true of galena and iron pyrites, and to some extent
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of carborundum. Good specimens of fused metallic silicon

usually have sensitive spots all over their surface, which vary

comparatively little in sensitivity. A sensitive spot on a

galena crystal may entirely lose its sensitivity if acted upon

by an unusually strong signal, caused, for instance, by strong

static. When this occurs it is necessary to move the fine-wire

contact around until a new sensitive spot is found. The most

sensitive spots on carborundum are often found deep in the

spaces between the faces of the crystals which form the usual

specimen.

FIG. 245. One method of mounting crystal detectors.

For some purposes it is desirable to have a permanent con-

tact detector which will not require any readjustment of the

contact at all. There are- several ways in which such de-

tectors may be constructed, but in general they are found to

be much less sensitive than the same crystal used with the

appropriate form of adjustable contact. One form of perma-

nent contact detector has a fine wire soldered to a small piece

of molybdenite, but this detector will give a much weaker sig-

nal than the same piece of molybdenite with a fine-wire ad-

justable contact. If the sensitive spot of a permanent contact

detector is destroyed by too strong a signal, the detector is,
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of course, no longer useful, since a new sensitive spot can not

be used.

Fig. 245 shows a typical crystal detector which is formed

by a contact of silicon and antimony.

Properties. In order to act as a detector for radio signals,

a contact detector should either (1) allow considerably more

current to flow when a given voltage is applied in one direc-

tion than when it is applied in the opposite direction or (2) its

conductivity should vary as different voltages in the same direc-

tion are applied. Practically all detectors formed by the con-

tact of two dissimilar substances possess both of these proper-

ties, at least to a slight extent. The first property is sometimes

referred to as the property of
"
unilateral conductivity," or

simply the property of "
rectification," and is the property made

use of in most contact detectors.

To make use of the second property, an auxiliary battery
is required in series with the crystals, as explained below. Such
a battery is seldom used with any crystal except carborundum.

Some crystals, such as galena, silicon, and iron pyrites give

about as good results as simple rectifiers as when the auxiliary

battery is used. They are ordinarily used without the battery,

to simplify the apparatus.

Figs. 246 and 247 show a current-voltage characteristic curve

for carborundum in contact with a metal. Such curves are ob-

tained by applying known voltages to the crystal and measuring
the current which flows. The curves show that the current

flows much more readily in one direction than in the other

under equal but opposite voltages. For example (Fig. 246),

under a constant impressed emf. of 10 volts in one direction a

current of 100 microamperes is obtained, while with the voltage

reversed the current is only 1 microampere. This illustrates

the property of "
unilateral conductivity," or rectification. The

second property is shown in both Figs. 246 and 247. When the

voltage is applied in the direction giving the larger current,

the conductivity (the ratio of current to voltage) increases as

the voltage increases. This- is shown in the right-hand portion

of Fig. 246. The conductivity of an ordinary metallic con-

ductor would remain constant with varying voltages, and its

characteristic curve would be a straight line.
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The question whether a given crystal detector can be used

without an auxiliary battery depends entirely on its current-

voltage characteristic curve. If the characteristic curve is

practically zero to the left of the point representing zero voltage

and rises rapidly immediately to the -right of the point repre-

senting zero voltage, good results may be obtained without an

auxiliary battery. The rise will, of course, be most marked if

a
in

i
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the crystals just mentioned, the current flowing when positive

voltages exist will be of appreciable magnitude, and in a circuit

containing only resistance will be a direct current pulsating

between zero and a maximum value. If the incoming voltage

oscillations are trains of damped waves having an audible train

frequency, or undamped waves broken up into groups of an

audible frequency, the pulsations of the rectified current will

produce a note in a telephone receiver connected in the circuit

corresponding to the train or group frequency. The addition of

the inductance of the windings of the telephone receiver to the

circuit smooths out the pulsations of the rectified current, so

that the pulsations do not drop to zero with each radio-fre-

quency cycle.

Booster Battery. In order to make use of the second prop-

erty namely, the curvature of the current-voltage character-

istic a local or " booster
"

auxiliary battery is inserted in

series with the crystal. The voltage of the booster battery is

adjusted so that the crystal operates at the sharpest bend of

the characteristic curve, so that a slight increase of voltage in

one direction will produce a fairly large increase of current

while an equal decrease of the voltage on the crystal will pro-

duce a relatively smaller decrease of current.

The action of the booster battery can be understood by refer-

ence to Figs. 247 and 248. Suppose the carborundum crystal is

used with a booster battery which is adjusted to supply two

volts t6 the receiving circuit in which the crystal is used.

Consider this circuit to be subjected to incoming radio waves

which cause the voltage in the receiving circuit to vary from

0.5 volt to +0.5 volt, these variations occurring at the radio

frequency. In Fig. 248, curve a represents the voltage in-

duced in the circuit by the incoming \vaves. The resultant

voltage wave acting on the crystal is at each instant two volts

greater than the value of the induced voltage, and is represented

by curve ft. Under the minimum instantaneous applied voltage

of 1.5 volts, shown at point p in curve &, the crystal will allow a

current of 2 microamperes to flow, as shown by curve c in

Fig. 248. For the maximum instantaneous applied voltage of

2.5 volts, a current of 8 microamperes will flow. These two in-

stantaneous values of the current are determined by the char-

acteristic curve of Fig. 247. Curve c represents the condition
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which would exist in a circuit containing no inductance nor

capacity. Fig. 248 shows undamped waves, which are broken

up into groups as by a "
chopper." In actual reception, both

inductance and capacity are present, and the actual current

wave through the telephone receivers, as smoothed out by the

inductance of the telephone receiver windings and the other

inductance in the circuit, is shown in curve d. During the time

that the incoming voltage oscillations are acting the average
value of the current d is somewhat greater than four micro-

amperes. Between wave trains, when no incoming voltage os-

cillations are acting, the current d drops to just four micro-

amperes, corresponding to an applied voltage of two volts. The

current d in the telephone receivers thus comes in pulses having
the same frequency as the frequency of the groups into which

the incoming oscillations are broken up, and the note heard in

the telephone receiver will correspond to this frequency. If

damped waves are being received, the note will, of course, cor-

respond to the train frequency of the damped waves.

When a contact detector is used under ordinary operating

conditions, it is approximately true that the rectified current

is proportional to the square of the amplitude of the incoming

voltage oscillations. This is a relation which holds for any
kind of simple detector which operates by virtue of the curva-

ture of the current-voltage characteristic curve, as long as the

incoming oscillations are of only moderate intensity. A con-

tact detector used without a booster battery really operates by

virtue of a sharp curvature of its characteristic curve at zero

voltage, and both classes of contact detectors mentioned above

operate by virtue of the curvature of this characteristic curve.

183. Telephone Receivers. The construction of a telephone re-

ceiver of the watchcase type has been described in Section 60b,

page 148. This is the type of receiver commonly used in radio

work. The distinctive features of telephone receivers for radio

work are lightness of the moving parts and the employment of

a great many turns of wire around the magnet poles. The light-

ness of the moving parts enables them to follow and respond to

rapid pulsations of current. The large number of turns of wire

causes a relatively large magnetic field to be produced by a

feeble current. The combined effect is to give a device which

will respond to very feeble currents. Since the size of wire used
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varies very little (usually B. & S. No. 40 copper), the amount
of wire, and therefore the number of turns, is usually specified

indirectly by stating the number of ohms of resistance in the

windings. The resistance of the windings of each of a pair

of receivers for radio work is seldom less than 500 ohms, and

may be as high as 4000 ohms, the values of resistance being
measured with direct current. For radio work the windings of

the two receivers constituting a pair are almost always con-

nected in series.

The diaphragm of the ordinary watchcase receiver has one

frequency to which it will respond most strongly ; this is the
" resonant frequency

" of that receiver. For some purposes it

is desirable to vary this frequency, but for the ordinary type of

receiver the resonant frequency can not be varied except with

much inconvenience. Special types of receivers have been de-

vised in which the resonant frequency can be easily varied ;

these are sometimes called tuned telephone receivers. In one

type of tuned receiver made by S. G. Brown, of London, the vari-

ations of the magnetic field operate a vibrating reed which is

attached to a non-magnetic diaphragm. The position of the

vibrating reed can be adjusted by a set screw and the resonant

frequency of the receiver thus varied.

Another type of receiver sometimes used is the mica-

diaphragm receiver. The regular diaphragm is made of mica

and is placed in the usual place in the receiver, but of course

is not acted upon directly by the magnets. Between the magnet
poles a soft-iron armature is pivoted inside a solenoidal winding.
It is arranged so that as it moves in response to changes in the

magnetic field a small stiff wire transmits the motion to the

mica diaphragm. The armature is so mounted that there is

no pull upon it except when pulsations of current are passing

through the coil. This is different from the ordinary magnetic

telephone receiver, in which the magnet is always exerting a

pull on the diaphragm. Since there is no strain in the dia-

phragm between pulsations, the vibratory movements caused by

incoming signals are greater than if a strain were already ex-

isting in the diaphragm or armature.

A similar construction is employed in the "loud-speaking

reproducer," which is often used at large public gatherings for

transmitting the voice of the speaker to a considerable dis-
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tance. The loud-speaking reproducer is a telephone receiver

with large magnets having windings of low resistance. In one

type of American loud-speaking reproducer the windings of the

large magnet have a resistance of about two or three ohms. In

this same type the armature is a small coil of fine wire in the

shape of a ring, which moves up and down in the ring air gap
of a cylindrical electromagnet. The armature is attached by a
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small rod to the center of the metal diaphragm, which may be

aluminum. These reproducers are commonly used in connec-

tion with electron tube amplifiers of special design. (See

Chap. 6.) One type of loud-speaking reproducer is shown in

Fig. 248-A. The construction of one type of loud-speaking re-

producer is described in United States Patents Nos. 1266988

and 1329928.
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Impedance. The impedance of telephone receivers depends
upon the frequency of applied voltage. Around the range of

audio frequencies the receivers act as an inductive reactance

in series with a resistance, both increasing fairly regularly with

frequency, except for a drop in both at the natural or resonant

frequency of the diaphragm, where considerable energy is ab-

sorbed because of the motion of the diaphragm. For radio fre-

quencies the capacity between the leads to the receiver is im-

portant. Here the receiver set (the two receivers with the

leads) acts as a capacity reactance in series with a resistance.

The resistance of a set for fairly high frequencies, such as

600,000 cycles, is usually lower than the resistance measured with

direct current. A considerable part of the current is shunted

by this capacity and does not pass through the telephone re-

ceiver windings. The capacity is not, however, ordinarily suf-

ficiently large to constitute a path of negligible impedance for

the radio-frequency current, and to take the place of a regular

by-pass condenser of proper capacity in cases in which a by-pass
condenser is required.

It is the practice of some manufacturers to mark telephone
receivers for radio use as having a certain number of ohms
"A. C. Resistance," the quantity so marked being the im-

pedance measured at a certain frequency which varies with
different manufacturers. In the case of one American manu-
facturer "A. C. Resistance

" means the impedance at 800 cycles ;

in the case of another it means the impedance at 1000 cycles.

When using a receiving set, both the radio-frequency and the

audio-frequency impedances will be of importance. Practically

none of the radio-frequency current passes through the receiver

itself, but practically all of the audio-frequency current passes

through the receiver windings and is effective on the dia-

phragm.
184. Receiving Coils and Condensers. The coils used in re-

ceiving apparatus are very simple in construction. They are

usually wound in a single layer on an insulating tube, which

may be pasteboard, wood, fiber, one of the materials called

"bakelite," or some other material. The wire is covcrcil with
an insulation of silk or cotton and is sometimes stranded. A
common type of receiving transformer is shown in Fig. 249.

This is often called a "loose coupler." The points of the
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switches are connected by tap wires to the turns of the wire in

the coils. On the primary one switch usually takes care of

single turns, and the other switch makes contact to groups of

perhaps 10 turns each. To cover 100 turns of coil, for example,
one switch used for coarse adjustment would have 9 points of

10 turns each and a zero point, making 10 points in all, and the

units switch would also have 9 points and a zero point. Then
any number of primary turns from to 100 turns could be

used. If the primary had 400 turns, the first switch in groups
of 20 turns could have 20 points, including zero, and the unit

switch could also have 20 points for 19 unit turns and zero.
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FIG. 249. Receiving transformer.

Other arrangements can be used. In the receiving transformer

shown in Fig. 249 one primary switch has 34 turns between

points, and the other switch has 2 turns between points. The

secondary switch adjusts by groups of turns; fine tuning is

accomplished by a variable condenser. The coupling between

the primary and the secondary is loosened by pulling the sec-

ondary out of the primary. The switches of the transformer

are adjusted until the approximate wave length range of the

station which it is desired to receive is reached. The secondary
circuit is then tuned by a variable condenser to the station

which it is desired to receive.

Some coils used in radio receiving sets have more than one

layer. Fig. 250 shows a coupling coil with a type of winding



INDUCTANCE COILS. 445

which resembles a lattice. This type of coil is variously called
"
lattice wound,"

"
cellular,"

" basket wound,"
"
honeycomb."

A slightly modified form, in which the wires in successive layers
are slightly staggered with reference to each other, is called a
"
duo-lateral

"
coil. Advantages of this type of winding are

tli.it a winding of given inductance occupies a smaller space

FIG. 250. Lattice-wound variable coupling coil.

than if a single-layer winding were used and that the dis-

tributed capacity of the winding is small. The mechanical
construction of this type of coil does not readily permit of

coupling at short wave lengths. They have not been found to

give very satisfactory results on wave lengths less than 2500
meters.

For use in receiving, a type of inductance coil has recently

been developed which is called "
stagger-wound,"

"
spider-web,"
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or " basket woven." The frame of this type of coil consists of

radiating arms arranged like the spokes of a wheel. The wire

is wound in successive turns in and out aro.und the arms. The
wire starts from the center and is wound until it reaches the

extremities of the arms. In most cases an odd number of arms
is used, and therefore adjacent turns are on opposite sides of

and separated by an arm. With this type of construction, very

compact coils may be made. An important advantage of this

FIG. 251. Rotary variable air condenser.

kind of coil is that the construction results in low distributed

capacity of the winding, which is particularly important in

receiving short wave lengths. The construction of a coil of

this type is described by George Adams, Radio News, volume 3,

page 293, October, 1921.

When the inductance of the receiving transformer is not

large enough to be tuned to the wave length to be received,

additional inductance coils or "loading coils" may be used.

Loading coils are not at present used as extensively as they
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have been in the past; present practice is to have more than

one receiving set, if necessary, to cover the wave-length ranges

at which it is desired to work. The inductance of any par-

FIG. 252. Simple receiving set (Signal Corps Type SCR-54-A), port-

able cabinet type.

1. Primary inductance switch. 5. Secondary condenser.

2. Secondary inductance switch. 6. Crystal detector.

3. Coupling adjustment. 7. Test buzzer.
4. Antenna series condenser.

ticular inductance coil can he calculated by reference to Sec-

tion 170.

Fig. 251 shows a type of variable condenser with air dielec-

tric, which is in general use. The maximum capacity is about

r,::no4 22 29
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0.0005 microfarad, adjustable to a minimum of nearly zero.

A set of semicircular metal plates is rotated between a corre-

sponding set of fixed plates, forming alternate layers of air

dielectric with adjacent conductors of opposite polarity. In

receiving sets employing electron tubes, it is particularly true

that most of the tuning is done with variable condensers. For

the, reception of continuous waves very sharp tuning is required ;

for this purpose a variable series condenser may be used in the

primary circuit, and a small variable condenser, called a
"
vernier "

condenser, connected in parallel writh it.

Fig. 252 shows, with the various parts marked, a typical

simple receiving set in cabinet form, with the tap switches and
variable condensers, and a knob for changing the coupling be-

tween the primary and secondary coils. A considerable number
of different kinds of receiving sets are on the market. Much
care is required to design a receiving set which will be satis-

factory under the varying conditions met in practice.

185. Measurement of Received Current. The current received

by a radio receiving set can be measured with suitable appa-
ratus. One simple method of doing this is by the use of a

crystal detector and galvanometer; by this method currents as

small as 10 microamperes can be measured. This experiment

requires careful manipulation ; information regarding it is given

on pages 167 to 170 of Circular 74 of the Bureau of Standards.

The measurement of the received current is of interest in com-

paring the intensities of the signals received from different

stations, with the same receiving apparatus. Rough compari-

sons of signal intensity are often recorded in the log kept by
radio operators, and it is sometimes desirable to make more
accurate comparisons.

The careful comparison of two signals is a measurement

requiring apparatus which is usually available only in large

laboratories. A simple method of obtaining approximate re-

sults for purposes of rough comparison is the " shunted tele-

phone method." A resistance is placed in parallel with the.

telephone receiver and the resistance is reduced until the limit

of audibility in the telephone is reached that is, until the

sound in the telephone becomes so weak that the operator can

just barely distinguish between dots and dashes. If t is the

impedance in ohms of the telephone for the frequency of the
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current pulses through it. s the impedance of the shunt, It the

least current in the telephone which gives an audible sound, and
/ the total current flowing in the combination of the telephone

and shunt,

This ratio, s+t to s, is called the "audibility" of the signal.

It can be expressed in units of current if proper calibration is

made. This measurement is, of course, affected by the sensitive-

ness of the ear of the operator. A set consisting of a pair of

telephones and a variable resistance used as a shunt, which has

been calibrated, is sometimes called an "
audibility meter."

There are a number of other methods of measuring signal

intensity which are more accurate; in some cases the signal

to be measured is compared with a locally generated signal of

known intensity. The more accurate measurements require

apparatus not available in the ordinary station.

An idea of the relative sensitiveness of detectors may be ob-

tained from the following comparison, in which the current

values given are the lower limiting values of antenna currents

which will give satisfactory reception with the type of detector

mentioned, when used with a good telephone receiver. The
values here given should be considered as only approximate,
since actual receiving apparatus and conditions are subject to

considerable variations for an ordinary crystal detector, a

current of 50 microamperes; for an exceptionally sensitive

crystal, 10 microamperes; for the ordinary electron tube with

simple detector circuit, 10 microamperes. For specially good
detector tubes containing gas or for the ordinary tube con-

nected in a circuit for regenerative amplification, 1 microam-

pere; for an oscillating tube operating in a good circuit under

satisfactory conditions, 0.01 microampere.



CHAPTER 6.

ELECTRON TUBES IN RADIO COMMUNICATION.

186. The Development of the Electron Tube. During the past

few years there has been added to the apparatus employed in

radio communication a new device, called the
"
electron tube,"

which has made possible many important advances in the art.

A small electron tube of a simple type resembles closely in gen-

eral appearance an ordinary 10-watt incandescent electric lamp.

Since these tubes may be used for a variety of purposes to

generate, to amplify, and to modulate radio oscillations, as

well as to detect them they now are used in most types of

radio apparatus. New applications have come rapidly, and

there is every reason to believe that further developments may
be expected. The electron tube is of primary importance in

radio communication, but it has many important applications

in other fields of electrical engineering, particularly in ordi-

nary telephony with wires, where its use makes possible con-

versation between points separated by a distance of 3000 miles.

One fact of importance is that such tubes make possible the use

of apparatus that is easily portable a primary consideration in

military communication, and of importance also in various com-

mercial applications. The principles which underlie the opera-

tion of electron tubes and their action under the widely differ-

ent conditions met in actual practice therefore deserve careful

study.

A. The Electron Flow in Electron Tubes.

187. The Electron and the Two-Electrode Tube. The name
" electron tube "

is derived from the fact that the action of the

tube is due to very small particles of matter called
"
electrons."

An electron is much smaller than an atom, and is the building

block of which atoms are constructed. An idea of the ex-

tremely small size of the electron may be obtained from the

estimate that in a very tiny spherical globule of copper hav-

ing a diameter of one one-hundred-thousandth of an inch,

there are about 20 billion electrons. The atom was for-

450
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merly regarded as the smallest particle of matter which

could exist ; something like 25,000 hydrogen atoms would have

to be placed in contact in a row to make up a length of one ten-

thousandth of an inch. The weight of an electron is only

about one two-thousandth of the weight of a hydrogen atom.

An electron carries ii charge of negative electricity whose value

can be measured. Since the comparatively recent general recog-

nition by scientific men of the existence of the electron, many
ideas formerly held as the explanations of various physical

phenomena have been considerably modified. The fact that

the electron carries a charge of negative electricity makes pos-

sible the use of the electron tube in radio communication. For

further information regarding the electron the reader may con-

sult a book by R. A. Millikan, The Electron.

If two wires are connected to a battery, one to each terminal,

the other two ends of the \vires may be brought very close to-

gether in air, yet so long as they do not touch no current flows

between them. The two ends may be inclosed in a bulb like

that of an incandescent electric lamp and the air pumped out,

and still so long as the ends are separated no current will flow.

Thus, when the filament in an incandescent electric lamp breaks,

the current stops and the light goes out.

About 1884 Edison discovered that if inside an exhausted

incandescent electric lamp of the ordinary type, containing a

filament whose two ends were connected to two wires insulated

from each other, there was introduced a third wire insulated

from the filament connections and maintained at a voltage

positive with respect to the filament, then a current would flow

across the vacuum inside the tube from the third wire to the

filament as long as the filament was incandescent, but that the

current ceased as soon as the filament became cold. This

phenomenon is generally called the
" Edison effect." It is

due to the fact that the incandescent filament shoots off electrons

at high velocity, each carrying its charge of negative electricity,

and that the electrons are attracted to the positively charged
third wire. The passage to the third wire of the negative

charges of the electrons is equivalent to the flow of a current

between the filament and third wr
ire. In order that a cur-

rent of one-billionth of an ampere should flow between the
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filament and the plate, it is necessary that more than six billion

electrons should pass each second from the filament to the

plate. It should be particularly noted that while the electrons

move from the heated filament to the cold third wire, the" current

passes from the third wire to the filament, according to the

usual idea that the direction of an electric current is from the

positive (higher) to the negative (lower) voltage. This dis-

tinction between the direction of electron floiu and the direction

of current floio should be carefully noted.

As each electron leaves the filament, the filament acquires

a charge of positive electricity equal in amount to the nega-

tive charge carried by the electron. If no voltage is applied

to the third wire, electrons will still be emitted by the incan-

descent filament, but will travel only a very short distance

before being attracted back to the filament by the positive

charge acquired by the filament. The voltage applied to the

third wire must be sufficient to overcome this attraction of the

filament. No current will flow if the negative terminal of the

battery is connected to the third wire, because the electrons

will not be attracted by the negatively charged third wire, and,

in fact, will be repelled back into the filament.

A tube containing a filament and one additional wire or

other piece of metal, is called a two-electrode tube, the filament

being considered as one electrode, and the additional piece of

metal the second electrode. Fig. 253 shows the essential ele-

ments and connections of a two-electrode tube. The additional

piece of metal inside of the tube is here a small plate of metal.

The current which flows between the filament and plate is often

called the "plate current."

188. lonization in Electron Tubes. The above explanation of

the mechanism of the flow of current between the filament and

plate in an electron tube applies to a tube having a very per-

fect vacuum. If there is more than the merest trace of gas

remaining in the tube, the operation is more complicated, and a

larger current will usually flow with the same applied voltage.

This happens in the following manner.

In a rarefied gas some of the electrons present are constituent

parts of atoms and some are free. These free electrons move

about with great velocity, and if one of them strikes an atom
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it may dislodge another electron from the atom. Under the

action of the emf. between plate and filament the newly freed

electron will acquire velocity in one direction the direction in

which the colliding electron is moving and the positively

charged remainder of the atom, called an "
ion," will move in
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the opposite direction. Thus both of the parts of the disrupted
atom become carriers of electricity and contribute to the flow

of current through the gas. This action of a colliding electron

upon an atom is called
"
ionization by collision," and, on account

of it, relatively large plate currents are obtained in electron

tubes having a poor vacuum. The earlier tubes were of this
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sort, but at the present time most tubes are made with a better

vacuum than formerly, so that ionization by collision is respon-

sible for but a small part of the current flow.

At first it would seem to be an advantage to have ionization

by collision, because a larger plate current can be obtained, but

there are two difficulties which have proved so great that tubes

are now usually so made as to have only the pure electron flow.

The first of these difficulties is a rapid deterioration of the

filament when there is flowing a large plate current which is

caused by ionization by collision. The positively charged parts

of the atoms are driven violently against the negatively charged

filament, and since they are much more massive than electrons

(an oxygen or nitrogen ion has about 25,000 times the mass of

an electron), this bombardment actually seems to tear away
the surface of the filament. A second disadvantage of tubes

with poor vacuum is that too large a battery voltage may cause

a "
blue-glow

"
discharge ;

the difficulties connected with the

presence of this visible kind of current flow are mentioned in

Section 194.

Two similar tubes with poor vacuum seldom, if ever, contain

just the same quantity of gas, and therefore their electrical

characteristics may be considerably different. For this reason

it is not ordinarily practicable to connect in parallel two tubes

having poor vacuum. Tubes with high vacuum, on the other

hand, can be constructed very uniformly, so that a number can

be connected in parallel. It is often advantageous to be able to

connect several tubes in parallel in generating sets.

Tubes containing a little gas, i. e., having a poor vacuum, are

often called
"
gas tubes," or "

soft tubes." Tubes with high

vacuum are often called
" hard tubes."

" Soft
"

tubes are

particularly useful as detectors, and if properly selected and

used may be much more satisfactory as detectors than " hard "

tubes of similar construction.

Let us consider what happens in a two-electrode tube having

a good vacuum, when there is a variation in either the tem-

perature of the filament or the voltage of the battery connected

between the plate and filament.

189. Characteristics of Two-Electrode Tubes. Effect of Plate

Voltage, Suppose* first that the filament temperature is kept
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constant. Then a definite number of electrons will be sent out

per second.
1 The number of electrons that travel across the

tube and reach the plate per second determines the magnitude
of the current through the plate circuit. The number of elec-

trons that reaches the plate increases with an increase of the

battery connected between the plate and filament (B, Fig. 253).

If this voltage is continuously increased, a value will be reached

at which all the electrons sent out from the filament arrive at

the plate. No further increase of current is possible by in-

creasing the voltage, and this value of current is called the-

saturation current. This is illustrated in Fig. 254 (full line

curve), which shows that when the voltage applied to the plate

is small (horizontal distance) the current flowing between fila-

ment and plate, which, as has been stated, is called the plate

current (vertical distance), is also small, but if the voltage

applied is made larger the plate current increases more rapidly

than the voltage up to a certain value. The bend in the curve

shows that when the voltage has been made large enough there

is little further gain in current.

If now the temperature of the filament Is raised to a higher

constant value by means of the filament-heating battery and the

same voltage steps again applied, the plate current curve will

coincide with that obtained before, until the bend is reached;

then it will rise higher, as shown by the dotted portion of the-

curve in Fig. 254. The explanation of this is that the number

of electrons sent out by the filament increases with the tempera-

ture approximately as the square of the excess of the filament

temperature above red heat, and thus more electrons are avail-

able to be drawn over to the plate. Thus a higher value of

plate current will be obtained before reaching the limiting con-

dition when all the electrons emitted arrive at the plate. When
this finally happens, the curve, as before, bends over until

nearly horizontal.

1 The law giving the number of electrons emitted per second as it

depends upon the temperature of the filament was first given by O. W.
Richardson, whose book, The Emission of Electricity from Hot Bo<ii<'?

(1916), describes his experiments in detail. See, also, I. Langmuir,

Physical Review, vol. 2. p. 450, 1913; and S. Dushman. (^neral Elec-

tric Review, vol. 18, p. 156, 1915 ;
and W. H. Eccles, Continuous-Wave

Wireless Telegraphy (1921).
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Effect of Filament Temperature. Suppose now that the volt-

age of the plate battery (B, Fig. 253) is kept at a constant value

Vi and the filament temperature is gradually raised by in-

creasing the current from the filament-heating battery. The
number of electrons sent out will continue to increase as the

temperature rises. The electric field intensity (Sec. 33) due to

the presence of the negative electrons in the space between

filament and plate may at last equal and neutralize that due

to the positive potential of the plate, so that there is no force

acting on the electrons near the filament. This effect of the

electrons in the space is called the "
space charge effect." It

must not be supposed that the space charge effect is caused by
the same electrons all the time. Electrons near the plate are

constantly entering it, but new electrons emitted by the fila-

ment are entering the space, so that the total number between

filament and plate remains constant at a given temperature.

After the temperature of the filament has reached a point where

the effect of the electrons present in the space between fila-

ment and plate neutralizes the effect of the plate voltage, any
further increase of the filament temperature is unable to cause

an increase of the current. The tendency of the filament to

emit more electrons per second, because of the increased tem-

perature, is offset by the increase in space charge effect which

would result if electrons were emitted more rapidly, or, more

exactly, for any extra electrons emitted, an equal number of

those in the space are repelled back into the filament. If now
the plate voltage is -increased to a new value, V2 ,

the plate-

current curve will rise higher before bending over as shown by
the dotted portion of the curve in Fig. 255, because it takes

a larger space charge to offset the effect of the plate at the

higher voltage.

190. The Three-Electrode Electron Tube. Between the filament

and plate of a tube we may insert another piece of metal. This

third electrode interposed in the stream of electrons between

filament and grid is usually in the form of a metallic gauze or

a grid of fine wires, and is generally called the "grid." A
tube which contains a filament, plate, and grid is called a

three-electrode tube and is capable of many more uses than the

two-electrode tube. Fig. 256 shows the construction of a
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FIG. 256. Construction of the three-electrode electron tube.
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three-electrode tube of American manufacture. The addition

of the third electrode makes it possible to increase or decrease

the current between plate and filament through wide limits. If

a voltage is impressed upon the grid by means of a third battery
connected between the filament and grid, shown at C in Fig.

257, the space charge effect will be modified. The electrons

traveling from filament to plate pass between the wires forming
the grid. If the grid is given a potential which is negative

with respect to the filament the grid will repel the electrons, but

fig.Z57Use of Grid ,n tie Electron Tube

many of them will still pass through, and reach the plate, be-

cause of their high velocity, because the positive plate potential

still affects them to some extent. If the grid potential is made
still more negative the plate current will diminish until finally it

may be stopped entirely.

Suppose, however, that the grid is given a positive potential

instead of negative. Electrons are now attracted to the grid as

well as to the plate, and more electrons are now drawn toward

the plate than would otherwise pass, so that the plate current

increases. The charge of the grid partially neutralizes the

effect of the space charge. As in the two-electrode tube, a limit



CHARACTERISTIC CURVES. 459

to the magnitude of the plate current will finally be reached,

when the space charge caused by the large number of negative

electrons in the tube fully counteracts the influence of the

positive charges on grid and plate. The attainment of the

limiting or saturation value of the plate current is assisted

by the absorption of more electrons into the grid if its positive

potential is increased. This absorption gives rise to a relatively

small current in the circuit FGCF (Fig. 257), which is called

the grid current. The total electron flow is the sum of the

plate current and the grid current. As the potential of the

grid is made more and more positive, more and more electrons

will be absorbed by the grid. The action of the three-electrode

tube in its various applications is discussed in detail in the

following sections.

For an extensive treatise on the electron tube the reader is

referred to a book by Dr. H. .T. van der Bijl, The Thermionic

Vacuum Tube and Its Applications. Another excellent book,

which gives somewhat more attention to the practical applica-

tions of the electron tube, is volume 2 of a Text Book on

Wireless Telegraphy, by Rupert Stanley. A treatise of some

theoretical aspects of electron tubes is found in a book by W. H.

Eccles, Continuous-Wave Wireless Telegraphy.. A recent com-

prehensive treatise of electron tubes and electron-tube apparatus
is "Thermionic Tubes in Radio Telegraphy," by John Scott-

Taggart.
191. Characteristic Curves. In applying electron tubes for

different purposes in radio communication the performance is

studied in terms of characteristic curves. In simple electrical

devices, as an ordinary ohmic resistance, what will happen when
the device is used with other equipment can be determined, if

at all, from knowledge of only the one property of the device

its ohmic resistance. \Vith electron tubes it is necessary to use

<li;ijrranTs from which all possible combinations of voltages and
currents that will occur in practice may be determined.

These diagrams, known as characteristic curves, are easily

obtained experimentally by keeping the filament-heating current

constant and applying various known voltages between the plate

and the filament and between the grid and the filament and

reading the resulting currents that flow to the plate and grid.

Fig. 258 shows how the characteristics may be determined
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with direct-current instruments. Potential dividers Pi and P3

may be used to adjust the values of plate voltage eP and grid

voltage eg to desired values. The currents are then read by
the milliammeters IP and ig. Correction for the resistance of

the milliammeters may be made to determine the true voltage
between the cold electrodes and filament if a high order of

accuracy is desired, but this correction is usually negligible.

Two diagrams are required to express the relations on a plane
sheet. One shows how the plate current depends upon the plate
and grid voltages and the other how the grid current depends
upon the plate and grid voltages. Fig. 259 shows plate char-

Crrcuitfor Determining Characteristic
*

Curves of Electron Tubes

FIG. 2 5<3

acteristics for a tube used in receiving equipment, this being
obtained (see Fig. 258) by setting the plate voltage at 20, 40,

60 volts in turn and finding how the plate current changes
as the grid voltage is changed. Fig. 260 shows the grid current

determined under the same conditions. An alternate method of

expressing characteristics is shown in Figs. 261 and 262.

Amplification Coefficient. These curves may be used to illus-

trate the phenomena mentioned above in regard to tube action.

For example, a change of grid voltage by one or two units

causes as great change of plate current as would a change of

plate voltage by five or ten units. The amplification coefficient

of a tube expresses the relative effects of grid voltage and

plate voltage in influencing the plate current. It may be de-
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termined roughly by the use of the equipment shown in Fig.

258, using the following procedure.
x
By means of the potential

dividers, adjust eP and eg to the point for which the amplifica-

tion coefficient is desired, as, for example, eP=40 volts, eg 0,

and read the plate current, say ip^S.OO milliamperes. Now
increase eg by 0.2 volt, for example, and decrease the plate

2.0

1.0

ria.Z59
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voltage eP until the plate current is the same as before. Sup-

pose the new setting gives a plate voltage eP=38 volts. Then

the amplification coefficient of the tube is the change of plate

voltage divided by the change of grid voltage, the plate cur-

rent being held fixed. For this example, the amplification co-

efficient /u=lQ that is, the grid voltage exerts 10 times as

much influence upon the plate current as does the plate voltage

itself, at this particular point on the characteristic.
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Internal Resistance. Another coefficient of importance is the

internal resistance of the tube, which is measured by the effect

in changing the plate current of the plate voltage alone. Thus,
in the above experiment, let the grid voltage es be fixed at

zero. Change the plate voltage by a small amount, five volts,

for example, and read the change in plate current, say 0.5

milliampere. Then the ratio of voltage change to current

change, keeping the grid voltage fixed, is the internal output
resistance of the tube. In this experiment the value is 10,000

ohms.

These two coefficients determine how the apparatus connected

in the plate or output side of the tube will behave when the grid

voltage is changed. Other coefficients are necessary to deter-

mine ho\v much power is required for producing the grid voltage

changes, so that a knowledge may be had of how the tube reacts

upon the apparatus to which the input or grid side is connected.

Power Amplification Coefficient. By operating the grid at a

low or negative voltage, the input power required to produce
the changes in grid voltage may be made exceedingly small

compared with the output power of the tube. The output power
is obtained from the plate battery. The ratio of plate output

power to the grid input power is known as the power amplifi-

cation coefficient of the device, and may be as high as 10,000.

This ratio can not be infinite because grid current always exists,

even at highly negative grid voltages, and the ratio of plate

output power to grid input power could become 'infinite only if

the grid current should be zero.

The Tube as a Variable Resistance. An alternate method of

expressing characteristics is by plotting the volt-ampere rela-

tions of each electrode by itself that is, in Fig. 258, to obtain

the volt-ampere characteristics of the plate circuit, fix the grid

voltage at a given value, and determine all possible relations

between plate volts and plate current. These relations for a

tube used in transmitting equipment are shown in Fig. 261,

using grid voltages from 40 to +50 by steps of 10. From these

diagrams it is seen that a three-electrode tube may be thought

of as a variable resistance, the setting of which depends upon
the grid voltage. The higher the grid voltage, the less is the

resistance, and vice versa. For low grid voltages on this dia-

gram the resistance changes with plate current in a manner
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similar to a carbon lamp, the resistance of which goes down as

the lamp heats up. At high grid voltages it changes as does

a metallic filament lamp, the resistance of which increases with

increasing current. This conception of a tube is very helpful

in studying its operation, especially in transmitting equipment.

The resistance of the tube can not be changed without the

dissipation of power in the grid-filament circuit. The amount

53904 22 30
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of input power which is thus dissipated and must be supplied
is always very much less than the power output which is liber-

ated by the change in resistance. This small input power which
is required to control the resistance can be calculated from the

characteristic curve showing the relations between the current

and the voltage in the input circuit, or grid-filament circuit.

These characteristics, which are shown in Fig. 262, are ob-

tained in a manner similar to that employed for obtaining the

characteristics of the plate circuit, by keeping the other cold

electrode, in this case the plate, at a fixed voltage, and deter-

mining the relations between the grid current and the grid

voltage.

The grid characteristics are usually plotted to a larger scale

than the plate characteristics, because grid voltages and cur-

rents are small compared with plate voltages and currents. In

a transformer, if the secondary or output voltage is higher than

the primary voltage, then the secondary current is lower than

the primary current (Sec. 58, page 128). An electron tube

differs from a transformer in that the output currents and

voltages are both larger than the input currents and voltages.

It must be remembered that the law of conservation of energy
is not violated, since the output power is derived from the plate

battery, which is a part of the output circuit, and is not derived

from the grid input power.
Another lack of symmetry between the action of the plate and

grid electrodes is that while increasing grid voltage tends to

increase the plate current, an increasing plate voltage tends to

decrease the relatively small grid current.

192. Operating Characteristics. While the characteristic curves

determine what relations can possibly exist between voltages

and currents, the values which do exist between them when
the tube is operating in any of its applications is determined by
the characteristics of the apparatus used with the tube as

well as by the characteristics of the tube itself. For example,

if in Figure 263 a resistance R is inserted in the plate lead, in

series with the plate battery ED, then the only values of e\> and

iP which can exist when the tube is operating are given by the

equation ev=Eb Rip, where E* and R express the character-

istics of the equipment used in connection with the plate or

output side of the tube. On the plate diagram the dotted line
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shows what values of plate current and voltage can exist with
a resistance of 5000 ohms and a plate battery of 300 volts

externally placed between the filament and plate of the tube.

If the grid voltage, for example, is 10, then the plate voltage
will be 220 volts and the plate current 16 milliamperes, as de-
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termined in Fig. 261 by the intersection of the dotted line and
the curve marked " Grid voltage 10." In other words,
these values are both consistent with the tube characteristics,

and the characteristics of the external plate battery and re-

sistance. The grid voltage and plate voltage also determine
the grid current, so that if the instantaneous grid voltage is

rig ,rid

Characteristics of a

Electrode Tube

Grid Voltage
- volts

known, then all the other quantities are determined by the tube

characteristics.

Thus, if the grid voltage at any instant can be found from
the equation eg= 10+60 sinw/ that is, if a sine wave voltage

is impressed upon the grid, between limits of 70 and +50
volts then the wave forms of plate voltage and plate current

and grid current for the particular output circuit of Fig. 263

are readily determined to be as shown in Fig. 264. The dotted
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line between the terminal points A and B (Fig. 261) corre-

sponding to the maximum and minimum grid voltages is known
as the oscillation characteristic.

It will be noted in the tube operation that when any external

impedance is present in the plate circuit the plate voltage is

low when the other quantities the plate current, grid voltage,

and grid current are high. This relation holds whenever the

Electron Tube Circuit frith -/Pest'stance

Load in. Plate Circuit

FioT.265
'

tube is used for producing a magnified output, whether the tube

is used as a detector, amplifier, generator, or modulator. In

receiving tubes the variations of tube quantities are small com-

pared with average values, but in transmitting tubes they are

large.

The case shown with a pure resistance load in the plate

branch is the simplest possible case. If there are condensers,

inductances, or antennas connected in the output side of the

tube, the volt-ampere characteristic of the load is usually a

very complicated relation, and the tube operation can not be

accurately Computed by simple methods. The line of operation

or oscillation characteristic will not be a straight line and the

wave forms of the plate voltage and plate current will not be
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of similar appearance. However, the general relation that the

plate voltage will be low when the plate current and grid volt-

age are high will hold whenever the tube is producing alter-

nating power in the output side.
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plate voltage. Too high plate voltages and currents can not be

used, because the plates of the tube will become very hot and

may be destroyed. Tubes used as generators automatically

limit themselves to certain regions of the characteristic on

account of the high grid current drawn when the plate voltage

becomes low.

193. Practical Forms of Three-Electrode Tubes. In Figs. 265

and 266 are shown a number of American and foreign tubes.

In Fig. 265 the tubes numbered 1 to 5 are some of the smaller

types of American transmitting tubes. Tube No. 1 is made

by the Western Electric Co. and designated by the Signal Corps

as Type VT-2
;

it has a filament coated with oxides, such as

those * of barium, calcium, or thorium, for the purpose of in-

creasing the electron emission from the filament, and is rated at

about 5-watts output. Tubes Nos. 2, 3, 4 are made by the Gen-

eral Electric Co., have pure (uncoated) tungsten filaments, and

are rated at about 5-watts output ; No. 2 is designated as Type

.VT-14, and Nos. 3 and 4 are two different forms of Type VT-16,

Tube No. 5 is a more powerful General Electric tube designated

as Type VT-18 or Type U, and is rated at about 50-watts

output.

The tubes numbered 8 to 15 are American receiving tubes,

which are also used for amplifying. Tubes Nos. 8 and 9 are

made by the Western Electric Co., have coated filaments, and

are designated, respectively, Type VT-1 and Type VT-3. Nos.

10 and 11 are ma.de by the General Electric Co., have uncoated

tungsten filaments, and are designated, respectively, as Type
VT-11 and Type VT-13. Tube No. 12 is made by the De Forest

Radio Telephone and Telegraph Co. and is designated as Type
VT-21. Tube No. 13 is made by the Moorehead Laboratories

and is extensively used. Tube No. 14 is made by the Connect-

icut Telephone and Electric Co. and has a plate outside of the

glass tube in which the filament and grid are contained, the

electron flow to the plate occurring through the glass. Tube
No. 15 is a very small tube made by the Western Electric Co.

and is designated as Type VT-5, or Type N.

Tubes Nos. 16, 17, 18, 19 are French tubes. Tubes Nos. 16,

17, 18 are intended primarily for receiving, but are also used

to some extent for transmitting. Tube No. 16, which has two

projections at the top, is designed primarily for apparatus in-
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tended to operate on short wave lengths, the idea of the con-

struction being to keep the connections to the grid and plate

2!

FIG. 266. Large transmitting tubes.

as widely separated as possible to minimize the capacity be-

tween them. In all these French tubes the filament is straight,
the grid is a spiral wire surrounding the filament, and the plate
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is a cylinder surrounding both. Tubes Nos. 17 and 18 are re-

ceiving and amplifying tubes for general service and are made
by different manufacturers. Tube No. 19 is designed primarily
for transmitting and has an output of about 40 watts. Tube
No. 20 is a

" Telefunken " German receiving tube, which is

similar to the French receiving tubes.

In Fig. 266 tubes Nos. 21, 22, 23 are larger transmitting
tubes. No. 21 is an American tube made by the De Forest

Radio Telephone and Telegraph Co., and is called by that com-

pany an "
oscillion

"
; it has a power output of about 100 watts.

Tube No. 22 is an American tube made by the General Elec-

tric Co. and called by them a "
Type P Pliotron "

;
it has a

rated output of 250 watts. In Tube No. 22 the plates as well as

the filament are made of tungsten and the plates are stamped
with concentric rings to prevent buckling under extreme heat.

A modified form of this tube, called the "
UV-204," having a

thicker filament and operating at a lower filament voltage, has

recently been placed on the market. Tube No. 23 is a British

transmitting tube made by the Edison-Swan Electric Co. and

designated as Type ES-9 ; it has an output of about 250

wr
atts. This tube is equipped with an Edison screw base,

through which the filament connections are made.

The over-all length unmounted of tube No. 1 is about 4

inches; tube No. 5, 7 inches; tube No. 13, 4 inches; tube No.

15, 2 inches ; tube No. 18, 4 inches
;
tube No. 22, 14 inches.

The present tendency is to make receiving tubes somewhat

smaller than heretofore. This is illustrated in tube No. 15,

having an over-all length of only 2 inches and very small ele-

ments.

B. The Electron Tube as a Detector.

194. Detector Action. There are two methods of using an

electron tube as a detector : First, the use of the properties of

the tube when worked at the curved portion of the curve show-

ing the relations of grid voltage and plate current (Fig. 259),

and, second, the use of the properties of the tube when worked

at the curved portion of the curve showing the relations of grid

voltage and grid current (Fig. 260).

In the first method the detector tube is connected directly

across the condenser in the receiving circuit (Fig. 267). Suppose
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the receiving antenna picks up a signal. Then oscillations in

the tuned circuit LC are set up and the radio-frequency alter-

nating voltage across the condenser C\ is impressed between the

grid and filament, bringing about changes in the plate current.

If the plate current is normally at a point on the bend of the

characteristic curve say in the region a to c, Fig. 259 the in-

crease of plate current when the grid voltage is positive is

greater than the decrease of plate current when the grid voltage

is negative. Thus, on the average, the plate current is in-

creased while the oscillations due to the signal last. In Fig.

268 are shown, roughly, the form of (i) the high-frequency
oscillations impressed upon the grid, (2) the high-frequency
variations in plate current, (3) the audio-frequency fluctuations

of telephone current. The frequency with which these telephone

fluctuations occur in the frequency of the incoming wave trains

and in order to be heard must be within the range of audible

sound. The radio-frequency fluctuations which occur in the

plate current shown in (2) do not pass through the windings of

the telephone receivers, because the inductance of the coils in

the telephone receiver is so great that the radio-frequency vari-

ations in the plate current can not flow through them, but flow

through the capacity existing between the leads and windings
and across the by-pass condenser. Thus these radio-frequency

variations are by-passed by this effective capacity of the leads

of the telephone receiver and only the average current flows

through the inductance of the telephone receiver windings (3).

When using this method of detection, no current flows in the

grid circuit because the average value of the grid voltage is

maintained negative with respect to the filament in order to

operate on the curved portion of the curve showing the relation

between plate current and grid voltage.

With simple detector action of the kind here described, when
signals of ordinary intensity are being received, the mean
value of the change of the plate current, for a given operating

point on the grid voltage-plate current curve, is very nearly

proportional to the square of the amplitude of the voltage

oscillations impressed on the grid. For very strong signals,

however, this relation does not hold. This is a relation which
holds for any detector which operates by virtue of the curva-
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ture of the curve showing the current which it delivers for

various impressed voltages.

In some cases it is necessary to use an additional battery,
called a "C" battery, between points f and g (Fig. 267) in

order to bring the plate current to the bend of the characteristic

curve (Fig. 259). This, however, does not change the action;
the variations of the plate current are brought about by the

alternating emf. between the terminals of the coil L just
as when the battery C is absent. It is interesting to note

here that we are employing resonance in the circuit LCi to ob-

tain as large an emf. as possible between the terminals of the

coil and condenser with a given signal. (See Sec. 109.)

UJ

Connections for usina electron

tube as a simple detector

fjg.
68

I Voltaoe oscillations impressed on the grid.

Resulting variations in
plate

current.

3 Corresponding fluctuations of
telephone

currents.

JJction of electron tube as detector.

If the grid battery voltage is adjusted so that the plate cur-

rent has a value near the upper bend of the curve showing

plate current plotted against grid voltage, instead of near the

lower bend, the action will be essentially the same, but the

effect of the arrival of a wave train will be to decrease mo-

mentarily the plate current instead of to increase it. As be-

fore, there will be fluctuations of the plate current keeping
time with the arrival of wave trains, and there will be a sound

in the telephone of a pitch corresponding to the number of wave
trains per second.

Care must be taken in the use of receiving tubes that the

plate battery voltage is never high enough to cause the visible
"
blue glow

"
referred to in Section 188. The tube becomes very
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erratic in behavior when in this condition and is very uncer-

tain and is not sensitive as a receiver. This is because the

plate current becomes so large that it is unaffected by varia-

tions of the grid voltage. Characteristic curves will not repeat

themselves if the tube shows the blue glow, and sharp breaks

may appear in any or all of the curves. Furthermore, the

electrodes are heated and may be damaged by the blue-glow

discharge.

Condenser in Grid Lead. With many tubes louder signals are

obtained if the grid is made positive with respect to the nega-

Fig.263. Receiving Circuit using Electron

Tube as Detector of Damped Oscillations.

Condenser //? Grid Lead.

tive end of the filament, so that current flows in the grid cir-

cuit. Instead of operating on the curved portion of the grid-

voltage, plate-current curve the tube operates upon the curved

portion of the grid-voltage, grid-current curve and the straight

portion of the grid-voltage, plate-current curve (see Fig. 272).
When using the curvature of the grid-current characteristic

in this fashion, a condenser is connected in series with the

detector tube and with the receiving circuit from which the

signal voltage is obtained (C in Fig. 269). Now suppose that
a series of wave trains falls upon the antenna of Fig. 269. as

shown in (1) of Fig. 272. If the circuit LC is tuned to the
same wave length as the antenna circuit, oscillations will be
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set up in it and similar voltage oscillations will be communi-
cated to the grid by means of the condenser C. As shown in

(2), Fig. 272, each time the grid becomes positive the electron

current which flows at the voltage e will be increased more
than it is decreased when the grid voltage goes below eo. Thus

during each wave, train the grid will continue gaining negative

charge and its voltage will, on the average, be mostly nega-

tive, as shown in (3), Fig. 272. This negative charge on the

^ Radio
-frequency Signal voltage

Fig
Z7Q.ffect of

Applying Signal
to fjectron Tube Detector

U V W
Grid voltage

FigZII Volt-ampere
Characteristic ofan Electron

Tabe Shomnq Operation
a<s

an Amplifier

grid opposes the flow of electrons from filament to plate and

produces a much magnified decrease in the plate current

throughout the train of oscillations, as shown in (4), Fig. 272.

At the end of each wave train this charge leaks off either

through the condenser or through the walls of the tube, or

both, and the plate current becomes steady again at its normal

value (4), Fig. 272. This should happen before the next

wave train comes along, and in order to insure this a resistance

of about a megohm (a million ohms) is shunted across the

condenser. .Such a resistance is called a "grid leak." As has

been stated above, the inductance of the coils in the telephone
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receivers is so great that the radio-frequency variations in the

plate current can not flow through them, but flow through the

capacity existing between the leads and windings and across the

by-pass condenser. The current which actually flows through
the windings and operates the telephone receivers, if drawn, will

look something like the dotted line in (4) and the heavy line in

(5). Thus, as in the case of the circuit of Fig. 267, the note

heard in the telephone corresponds in pitch to the frequency of

the wave trains. If the waves falling upon the antenna are un-

damped waves, they may be detected using either of these

circuits if they are first divided off into audio-frequency

groups. (For methods see Sec. 181, p. 430, and Sec. 211, p. 529.)

To receive undamped waves which are not divided into groups
of audible frequency, electron tubes may be used in special ways
called the heterodyne and the autodyne methods. (See Sec.

205, p. 501.)

195. Experimental Data on Detectors. The decrease in plate

current in a detector tube with grid condenser and grid leak

which takes' place when a radio wave train is applied to

the grid can be shown experimentally. In Fig. 270 is shown
the average plate current in microamperes as it varies with

increasing radio-frequency voltage applied to the grid con-

denser in a circuit such as that ,of Fig. 269. The tube used

here is a receiving tube, Signal Corps Type VT-1. At zero,

or no -incoming signal voltage, the plate current is 500 micro-

amperes, corresponding to the point P in Fig. 272. As the

amplitude of the oscillations in grid voltage is increased to 0.5

volts, the plate current decreases to 480 microamperes, then to

420 microamperes at 1.0 volt, etc. This curve was taken with a

condenser (C in Fig. 269) of 250 micromicrofarads and a leak

resistance of 2 megohms. The operating point, or steady grid

voltage, about which the potential of the grid was caused to os-

cillate by the incoming signal, was +0.8 volts, corresponding to

the point e in Fig. 272.

The tubes generally supplied to the Signal Corps for receiving

(types VT-1, VT-11, VT-21) operate best with a leak resistance

of 2 megohms and with the return connection made from the

grid condenser through the receiving circuit to the positive side

of the filament. Owing to the flow of the steady grid current
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through the high leak resistance, this fixes the steady voltage of

the grid at about 0.5 to 0.8 volts positive with respect to the

negative end of the filament

<?. Plate current oscillations

Grid current oscillations

3. Grid voltage \ /. Oscillations of\

oscillations \ Voltage of incomiiog

Signal.

Fig.ZJZ.JTction of Detector Tube in Reception
Usina Grid Condenser.

In order to get a readable signal from a good tube detector, it

is usually necessary to apply to the grid a voltage of two

millivolts effective value, which would correspond approxi-
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raately to an alternating current of about 0.01 microampere in

the grid circuit. These values apply to a completely modulated
wave that is, a wave whose oscillations reach a zero value at.

regular intervals which correspond to the audio frequency of the

wave trains.

C. The Electron Tube as an Amplifier.

196. General Principle of Amplification. It was shown in Sec-

tion 194 that an electron tube acts as, a detector or rectifier

because an alternating voltage applied to the grid circuit can

be made to produce unsymmetrical oscillations in the plate cir-

cuit. While the tube is thus acting as a detector it is also, as

a* matter of fact, acting as an amplifier that is, oscillations of

greater power are produced in the plate circuit for a given

alternating voltage in the grid circuit than would be produced
by the same voltage directly in the plate circuit. This explains

why the electron tube may be a more sensitive detector than the

crystal detector, which acts as a rectifier only.

It is sometimes desired to amplify an alternating current

without any rectifying or detecting action. This is done by
keeping a voltage on the grid of such value that the symmetry
of the oscillations in the plate circuit is not altered. Thus, if

there is a steady voltage applied on the grid of such value that

the plate current is on the part of the characteristic curve that

is nearly straight (as point P in Fig. 271), then a small change
in grid voltage in either direction causes the plate current to

increase or decrease the same amount. For instance, if the grid

voltage is increased from v to w (Fig. 271) or decreased by an
equal amount from v to u, the current will, in the first case,

increase from a to c and in the second case fall off by an equal
amount, from a to &. In other words, the wave form of the

grid voltage variation will be repeated in the fluctuating plate
current. The latter will now be equivalent to an alternating
current superimposed upon the steady plate current from the

plate battery. The magnitude of the alternating-current part
of the plate current will be greater, the steeper the slope of the
curve at the point P.

For the same voltage acting in the two circuits the power
expended in maintaining the oscillations of the grid current is

53904 22 31
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far less than that involved in the corresponding variations in

the plate current. For example, referring to the electron tube

whose characteristic curves are given in Fig. 260, if the plate

voltage is maintained constant at 60 volts and the grid voltage

oscillates, so that the plate current varies between the values

6 and d, the grid current will change from about 0.57 to 4.85

microamperes, and the average voltage on the grid is 0.7 volt.

The corresponding change in plate current is from 862 to 1000

microamperes. Since the power in watts in any circuit is the

product of the amperes by the volts effective in the circuit, we
have in the grid circuit a power expenditure of (4.85 0.57) X
0.7=3.00 microwatts, and in the plate circuit a corresponding

power change of (1000862) X 60=8280 microwatts. This mag-
nified power is drawn from the energy delivered by the plate

battery. The signals may be thought of as exerting a sort of

relay action on the plate circuit, causing magnified power to be

drawn from the plate battery. The tube is said in this case to

act as an "
amplifier." The variations of current in the grid

circuit have been compared to the slide valve of an engine, since

they admit energy from the battery into the plate circuit much
as the slide valve admits energy into the cylinder of the engine.

The oscillations impressed on the grid circuit may be of high

radio frequency or of an audible frequency of perhaps 300 to

3000 cycles per second.

To utilize the amplified alternating current in the plate cir-

cuit, the primary of a transformer T (Fig. 273) may be placed
in the plate circuit. From the secondary of this transformer the

alternating current (see Sec. 58) is delivered to a detector,

which may be an electron tube operating as a rectifier or a

crystal detector. If further amplification is desirable, the alter-

nating current from the secondary of the transformer may be

delivered to the grid circuit of a second amplifying tube, as

shown in Fig. 273. From this second tube it then goes to a

detector tube or to a crystal detector. This method of suc-

cessively using two or more tubes for amplification is called

cascade amplification. The last tube in such an amplifier of

radio-frequency waves is called the detector tube, and the other

tubes are called amplifier tubes. An amplifier consisting of

one detector tube and two amplifier tubes is said to have two

stages of amplification.
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Instead of transferring the amplified energy by means of a

transformer coupling, the coupling may be simply a resistance, or

may be a condenser. A circuit using resistance coupling is

shown in Fig. 274, in which the radio-frequency power is ampli-

fied by two tubes coupled together through resistances, and then

detected. After passing through the detector, the currents of

audio-frequency can be further amplified by one or more audio-

frequency stages. An amplifier in which the signal is amplified

before reaching the detector is called a radio-frequency ampli-

fier. An amplifier in which the signal is amplified after passing

through the detector is called an audio-frequency amplifier. Re-

sistance couplings in radio-frequency amplifiers have been exten-

sively used in France, but not to so great an extent in the

United States. The advantage of a resistance-coupled amplifier

is that while the amplification per tube may not ba so great as

with transformer couplings, the amount of amplification is prac-

tically independent of the wave length for long wave lengths.

Resistance-coupled amplifiers seldom give full amplification at

wave lengths below 1,000 meters. In order to get the greatest

power output, and hence the greatest power amplification, from

a tube, a resistance should be used in the plate circuit of a value

equal to the average internal resistance of the tube between

plate and filament. In this respect the tube is similar to any
other electrical machine and to a battery, as described in Section

24. Usually, however, such small currents flow into the detector

used with radio-frequency amplifier that the detector may be
considered a voltage-operated device, in which case the maxi-
mum voltage output and not the maximum power output is de-

sired from the amplifier tubes. This is realized by making the

coupling resistances larger than the internal resistance of the

tube between plate and filament, in some cases two or three

times as large. These high resistances require higher plate

voltages than are required for transformer coupling, perhaps
voltages two or three times as great as for transformer coup-

ling. In some cases, as in some military applications, this may
be a real disadvantage. An interesting discussion of resistance-

coupled amplifiers is given in the British Admiralty Handbook
of Wireless Telegraphy.

For audio-frequency amplification, iron core transformers are

used. For transformer-coupled radio-frequency amplification
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the small transformers used generally have air cores that is,

no iron is used. There have recently been developed radio-

frequency transformers with iron cores, very thin laminations

being used.

197. Elementary Theory of Amplification. The characteristic

curves of an electron tube show that an increase in the grid

voltage makes a much greater increase in the plate current than
the same increase in the plate voltage itself would do. Consider,
for instance, the two upper curves of Fig. 259, page 461. From
the curve corresponding to a plate voltage of 40 volts we see

that the plate current increases from 430 to 530 microamperes
when the grid voltage is increased from 0.4 to 1.0 volts, or 167

microamperes per volt change. If, on the other hand, the grid

voltage is left unchanged at 0.4 volts, and the plate voltage
increased to 60 volts, the upper curve shows that the plate cur-

rent increases to 862 microamperes, a change of 21.6 micro-

amperes per volt. In other words, a volt added to the grid

voltage makes eight times as much change in the plate current

as a volt added to the plate voltage would make. This number,
which represents the relative effects of grid voltage and plate

voltage upon plate current, is called the "
amplification co-

efficient
"
of the tube.

3 The greater the value of this amplifica-

tion coefficient is for a given value of internal plate-circuit

resistance of the tube, the more efficient is the tube as an ampli-

fier of weak signals. The amplification coefficient may be

defined as the ratio of the change in plate current per volt

change on the grid, to the change in plate current per volt

change on the plate.

The two principal constants of a tube are the amplification

coefficient just defined and the internal output resistance or

internal plate-circuit resistance, and these have been discussed

in Section 191. The internal plate-circuit resistance is the

resistance to small alternating currents which exists between
the plate and the filament in the tube, and, since it is the re-

2 The theory of amplification has been presented in detail by Lang-
muir. Proc. Inst. Radio Engineers, 3, 261, 1915 ; Latour, Electrician,

78, 280, 1916 ; van der Bijl, Phys. Rev. 12, 171, 1918 ; van der Bijl, Proc.

Inst. Radio Eng., 7, 97, April, 1919 ; van der Bijl, The -Thermionic

Vacuum Tube and its Applications.
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sistance of the output circuit of the tube, is often called

the internal output resistance. These two constants may be

Fig.Z75.Connections for Cascade Amplification
Transformer Coupling.

Fig.
274. Resistance Coupled Amplifier.

\C,

fig. 2 75, Recjenera
ti ve Circuit for

simultaneous amplifying and rectifying.

calculated from the characteristic curves of the tube or may be

measured by a simple method like a bridge measurement or may
be calculated approximately from the structural dimensions of
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the tube.
3 The voltage amplification given by an amplifying

circuit may be calculated from these two constants of the

electron tube.

The voltage amplification may be defined as the ratio of the

voltage change produced in the output apparatus in the plate

circuit to the change in the voltage impressed on the grid.

Thus, in the resistance-coupled amplifier of Fig. 274, it is the

ratio of the voltage between a' and &' at the terminals of R
to the voltage applied between a and &. Calling the amplifica-
tion coefficient K and the internal output resistance R it can be
shown that the voltage amplification for such a combination is

KR
R-rR

198. Audio-Frequency Amplification. In the preceding discus-

sion of amplification it was pointed out that after a radio-

frequency current is amplified it is passed through a rectifying

device, often a detector tube, and the term "
audio-frequency

amplifier
" was defined. If an audio-frequency current is to be

amplified, it is not necessary to pass the amplified current

through a detector, since the amplified current is audible if

received with a telephone receiver placed in the plate circuit

of the amplifier. It is sometimes desired to amplify the audio-

frequency current produced in a radio rectifying device, in

which case the amplifier is an audio-frequency amplifier. In
this case the radio current consisting of groups of radio-

frequency oscillations is first impressed upon the detector and
the pulses of current having the group frequency are passed on
into the amplifier. The amplifying process, may be carried on

through several steps, as in the cascade amplification shown in

Fig. 273. An amplifier consisting of two Type VT-1 tubes in

cascade may give a power amplification of 20,000 times.

In some amplifiers as many as six tubes may be used. In such

cases it is general practice to use perhaps three tubes as radio-

frequency amplifiers, then the detector tube, and then perhaps
two tubes as audio-frequency amplifiers. One reason for using
the radio-frequency amplification is because under proper oper-

ating conditions with signals of moderate intensity the output

8 See Miller, Proc. Inst. Radio Engineers, 6, 141, 1918 : Miller, Proc.

Inst. Radio Engineers, 8, 64, February, 1920 ; van der Bijl, Phys. Rev.,
12, 171, 1918 ; R. W. King, Phys. Rev., 15, 256, April, 1920.
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of a detector tube is approximately proportional to the square

of the input voltage, and hence the output of the detector tube

increases rapidly as the input voltage is increased. If more

than three stages of radio-frequency amplification are used,

troublesome regenerative effects are very likely to occur in the

output circuit of the amplifier. Regenerative effects are also

likely to occur if more than two stages of audio-frequency am-

plification are used, causing
"
howling

" noises in the output

circuit. If, therefore, we wish to use as many as six tubes in

an amplifier, it is necessary to use both radio-frequency and

audio-frequency amplification. These troublesome effects can

be reduced by properly shielding the various circuits of the

amplifier, as by inclosing in metal. If very feeble incoming
oscillations are impressed on the input of such a six-tube am-

plifier of a type now in extensive use, the over-all voltage

amplification of the amplifier may be several million. It is

only by the use of amplifiers of this type that it has been possi-

ble to use the coil antennas, which may be 4 feet square or

even smaller, as receiving devices and as radio compasses.

Amplifiers with a large number of tubes have been used,

especially for very short waves, such as 50 meters. The use of

even six tubes requires very careful design to prevent difficul-

ties due to regenerative effects. With a greater number of

tubes and greater amplification every disturbance is magnified,

and even greater care in design is essential and shielding is par-

ticularly important. The use of more than six tubes in a com-

pact, portable, unit, is especially difficult. A six-tube amplifier,

properly designed, will usually give all the amplification neces-

sary for ordinary purposes.
The use of radio-frequency amplification for short wave

lengths, particularly for less than 300 meters, is attended with

many difficulties caused by the low-impedance paths which
the capacities between the leads and between the elements of

the tubes offer at high frequencies. For short waves the high

frequency may be changed before amplification by the beat

method. (See Sec. 205, page 506.)

If an amplifier with transformer coupling or capacitive coup-

ling is to be used on one particular wave length a much more
effective amplifier can be designed than if it is required that

the amplifier operate over a considerable range of wave lengths.
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The performance of a resistance-coupled amplifier, however,

when used on long wave lengths depends very little on the wave

length. Resistance-coupled amplifiers seldom give full amplifi-

cation at wave lengths below 1,000 meters.

Adjustment of grid potential. In discussing contact detectors

in Section 182, page 439, the effect of using a "booster" bat-

tery for causing the detector to operate on the most desirable

part of the characteristic curve was described. A somewhat
similar method may be used with tube detectors and amplifiers,

although the phenomena involved are by no means as simple as

in the case of the contact detector. The grid of a tube may be

maintained at a definite voltage above the negative terminal of

the filament, so that the tube operates at a particular point on
the characteristic curve showing the relation between grid volt-

age and plate current. For a detector it is desirable to have

the operating point at the sharpest bend in the characteristic

curve, as has been explained above. For an audio-frequency

amplifier it is usually desirable to have the operating point at

about the center of the steepest part of the characteristic curve.

The d. c. voltage so used is often called a "
biasing potential."

The use of a " C "
battery for obtaining this biasing voltage has

been described in Section 194, page 474. A method of obtain-

ing this biasing potential, which is extensively employed, is by
the use of a voltage divider arrangement, which consists of a

resistance of perhaps 200 or 300 ohms connected across the

filament battery terminals and an adjustable contact, which is

connected to the grid.

Stabilizer. In receiving damped waves or interrupted con-

tinuous waves with an amplifier it is necessary to prevent the

various tubes in the amplifier from oscillating. This may be

done by applying a positive voltage of the proper magnitude to

the grid. The voltage divider arrangement just mentioned may
be used for this purpose, and when so applied to amplifier tubes

is called a "
stabilizer." The stabilizer is usually so adjusted

that the circuit of the tube for which it is used is just below

the oscillating condition. In an amplifier of several stages,

such as the six-tube amplifier mentioned above, having both

radio-frequency stages and audio-frequency stages, it is desir-

able to have one separate stabilizer for the radio-frequency
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stages and one stabilizer for the audio-frequency stages. A sep-

arate voltage divider should also be used for adjusting the grid

potential of the detector tube. The use of the stabilizer makes

the grid sufficiently positive so that the grid circuit will absorb

an appreciable amount of power. Stabilizers may be used with

amplifiers having either inductive, capacitive, or resistance cou-

pling. Stabilizers may greatly increase the sensitivity and use-

fulness of an amplifier and are now found on many radio-fre-

quency amplifiers of recent design.

199. Regenerative Amplification. The sensitiveness of an elec-

tron tube as a detector may be enormously increased by a

method which multiplies its amplifying action. The connec-

tions are shown in Fig. 275. The explanation of the amplifying

action is as follows. Oscillations in the circuit LL^C applied to

the grid through the condenser d produce corresponding varia-

tions in the continuous plate current, the energy of which is

supplied by the plate battery (B, Fig. 275). This plate current

flows through L3 , and by means of the mutual inductance M
some of the energy of the plate oscillations is transferred back

to the grid circuit, and the current in the circuit LL 2C is thus

increased. This produces amplified grid oscillations which, by

means of the grid, produce larger variations in the plate cur-

rent, thus still further reinforcing the oscillations of the sys-

tem. Simultaneously with this amplification the regular de-

tecting action goes on ; the condenser Ci is charged in the usual

way, but accumulates a charge which is proportional not to

the original signal strength but to the final amplitude of the

oscillations in the grid circuit. The result is a current in the

telephone much greater than would have been obtained from

the original oscillations in the circuit.

To obtain maximum voltage on the grid, the circuit LL^C

should have large inductance and small capacity. The con-

nections between L2 and La must be so made that their mutual

inductance is of proper sign to produce an emf, which will aid

the oscillations instead of opposing them. Various modifica-

tions of this method are used. The condenser C may be across

L3 , so that the tuned oscillatory circuit is in series with the

plate instead of the grid ;
or C may be connected across all

of the inductance in series, the oscillation circuit then including

L, L2 ,
and I/8 .
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Combination Radio and Audio Regenerative Amplification.
A single electron tube can be used to amplify and detect radio-

frequency current and simultaneously to amplify the telephone

pulses of audio frequency. The circuits are shown in Fig. 276.

Here M2 represents the coupling for the radio frequency, and
the coils are of relatively small inductance. M3 is the coupling
for the audio frequency, and the transformer is made up of

coils having an inductance of a henry or more. The variable

condensers C* and (7* have the double purpose of tuning M3 to

Combination radio and audu

Frequency amplification

Combination of Electron

tube amplifier and crystal detector

the audio frequency and of by-passing the radio frequencies.

The radio-frequency variations in the plate current flow through
the circuit PFL3CtC6Lt and at the same time the audio-frequency
variations flow through the circuit PFLtLeTBL*. The audibility

of weak signals received by this method is about 100 times the

audibility obtained with a single tube connected in a simple
detector circuit. On stronger signals the amplification is

smaller.

200. Electron Tube Amplifier with Crystal Detector. The char-

acteristic curves of an electron tube show that the best value

of grid voltage for amplification is not the same as for best
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detecting action, which is an argument for using separate tubes

for these two purposes. This adds somewhat to the complexity

of the apparatus, and in apparatus in which for some reason

it is desired to use only one tube the combination of an electron

tube for amplifying and a crystal detector for detecting may
be used.

4 Such a circuit is shown in Fig. 277.

The oscillating circuit LC is coupled to the antenna and is

tuned to the frequency of the latter, which is the frequency of

the incoming waves. The alternations of voltage between the

terminals of the coil L are applied between the filament F
and the grid G through the battery b, which has been previously

adjusted in voltage so that the plate current has a value cor-

responding to a point on the straight part of its characteristic.

The amplified oscillations in the plate circuit are communi-

cated to the oscillating circuit LiCi, which is coupled to the

plate circuit through the coil M. The circuit LiCi is tuned to

the frequency of the received waves like the other two circuits.

The alternations of voltage between the terminals of the coil

Li are rectified in the crystal detector D in the usual way and

cause an audio-frequency current to flow through the telephone

receivers.

For further information regarding the amplifying action of

the electron tube and various types of amplifiers, the reader

may refer to : H. J. van der Bijl.
" The Thermionic Vacuum

Tube and Its Applications;" J. H. Morecroft, "Principles of

Radio Communication ;" John Scott-Taggart,
" Thermionic

Tubes in Radio Telegraphy;" and the "Admiralty Manual of

Wireless Telegraphy."

D. The Electron Tube as a Generator.

201. Conditions for Oscillation. The electron tube can be

made to generate high-frequency currents and thus act as a

source of radio current for the transmission of- signals and

other purposes. Any regenerative circuit, such as that shown

in Fig. 275, can be made to generate spontaneous oscillations,

* G. Martinez, L'Elettrotecnica, 4, 278, May 25, 1917 : Science Ab-

stracts B, No. 481. 1917. Other receiving circuits using crystal de-

tector with electron tube amplifier are shown in the books, W. H.

Eccles, Wireless Telegraphy (2nd e<l.) f pp. 302-304, and E. E. Bucher,
Vacuum Tubes in Wireless Communication, pp. 73-75.
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if it be so arranged that any change in grid voltage makes a

change in plate current of such magnitude that there is induced

in the grid circuit a larger voltage than that originally acting.

It has already been pointed out that in any electron tube much
more power is produced by variations in the current to the

plate than must be expended in changing the grid voltage to

produce these variations. Thus there are a great variety of

IP (Plate Current)

licj.Z78 Building up
of Oscillations

in a
Generating

Tube

Grid Voltage

. Oscillations

circuits in which the plate circuit is coupled back to the grid

circuit in such a manner as to supply this small power to the

grid and make the surplus power available for use in an ex-

ternal circuit in the form of continuous or undamped oscilla-

tions of any frequency from even less than one per second to

10,000,000 or more per second.

This " feed-back
" action can be obtained by the use of direct

coupling from the plate back to the grid circuit, by inductive
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coupling;, or by electrostatic coupling. The only requirement
for continuous oscillations is that the veltage induced in the

grid circuit must vary the plate current through an amplitude
which supplies to the external or coupling circuits power suffi-

cient or more than sufficient to maintain this voltage in the grid

circuit. Thus in the circuit shown in Fig. 275 if the mutual in-

ductance M be increased beyond a certain point the pulsating

plate current flowing through the coil L3 will supply enough
power through the coupling between La and L* to maintain an

oscillating current through the condenser circuit Z/L3(7, which, in

turn, varies the grid voltage to produce the changes or oscilla-

tions in the plate current. The frequency with which the oscil-

lations of current and voltage occur throughout the whole

system is approximately the natural frequency of the LL2C
circuit.

202. Circuits Used for Generating Oscillations. The circuit

shown in Fig. 279 is one which is used quite extensively for

transmitting purposes. The capacity and resistance C and R
can be replaced by an antenna and ground connection. It is of

the inductively coupled type. Any slight disturbance, such as

the closing of the plate battery switch, sets up minute oscilla-

tions in the closed inductance-capacity circuit. An alternating

voltage is induced on the grid by virtue of the mutual induct-

ance MK. This causes alternations in the plate current of suf-

ficient magnitude to supply through the mutual inductance HP
an emf. in the condenser circuit greater than that already pres-

ent. Thus the voltage and current oscillations build up, as

shown in Fig. 278, until a further increase in grid voltage no

longer increases the pulsating plate current owing to the fact

that the plate current can neither pass below the zero line nor

increase above saturation value. The oscillations are then

maintained at constant amplitude, when the power supplied to

the oscillatory circuit through the coupling 3/P by the pulsating

plate current IP (Fig. 278) is just equal to the power dissipated

by the current 72 (Fig. 279) flowing through the resistance R
plus the power expended in the grid circuit by the grid current

/g (Fig. 278). The current 72 flowing through the output circuit

is built up to an amplitude many times greater than that in the

plate circuit of the tube.
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When this steady state of oscillation is reached the current /

can have an amplitude many times greater than that in the

plate circuit of the tube. The reason for this follows imme-

diately from the preceding statement regarding the equality of

power supplied in the plate circuit and power expended in the

output circuit. The power supplied in the plate circuit may be

regarded as the product of the square of the plate current /i

and the effective resistance of the tube between plate and fila-

ment during the oscillation, which is negative in sense (since

the plate voltage decreases as the plate current increases) and
is of the order of magnitude of several thousand ohms. The

power dissipated in the output circuit is the product of the

square of the output current I> and the resistance R, which, is

usually only a few ohnis, possibly ten. Hence when these two
values of power balance each other in the steady oscillation

the output current /2 must be considerably larger than the plate

current /i.

In Fig. 280 is shown a direct-coupled circuit in which the

mutual inductance MP is replaced by the coil LP and the mutual

inductance lf, by the coil Lg. In Fig. 281 is shown a circuit

in which the tube supplies power to the oscillatory circuit by
means of the voltage across a condenser <7P and power is ex-

tracted by the grid circuit by the voltage across Cg. With this

type of circuit the direct-current power furnished by the plate

battery or generator is connected in series with a radio-fre-

quency choke coil directly from plate to filament. This is called

a "parallel-type" circuit, since the source of direct-current

power, the output circuit, and the tube are all in parallel. If

it is desired to use this circuit for transmitting, the condenser

CP can be replaced by antenna and ground, the ground being

connecter) to the key side of CP.

203. Practical Considerations in. Using Electron Tubes as Gen-

erators. The useful power output from an oscillating tube is

the power expended by the oscillating current h (Fig. 280) in

the resistance of the output circuit. The power input to the

tube, exclusive of that used in heating the filament, is the

product of the plate supply voltage and the average plate cur-

rent during an oscillation. Thus, with the Type VT-2 tube used

by the Signal Corps, which may be operated with a plate voltage
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273. Electron Tube Generating Circuit

Inductive-
Coupling.

FigZSO.
Electron Tube Generating Circuit

Direct Inductive Coupling

Electron Tube Generating Circuit

Direct Capacitive Coupling
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of 300, a direct-current ammeter connected in the plate circuit

may read 0.05 amperes while the system oscillates. The power
taken by the tube from the plate battery or generator is thus

15 watts. The current 72 may reach a value of 0.5 ampere
effective, through a resistance R=16 ohms. Thus the useful

power output is 4 watts and the efficiency of conversion of the

direct-current power into alternating-current power is 26 per
cent. The remainder of the 15 watts "is expended in the grid

circuit and in heating the plate. Maximum efficiency is seldom

obtained in a circuit adjusted for maximum output. It may be

advisable to include a battery in the grid circuit to make the

average value of the grid voltage negative with respect to the

filament, thus reducing the grid current, and hence the power
dissipated by the grid. The type VT-2 tube normally operates
with a grid voltage of 20.

In place of a grid battery it is often more convenient to insert

in the grid lead a resistance shunted by a condenser. Since

grid currents flow through the resistance, during oscillation

the grid voltage becomes negative: the amount of the nega-
tive voltage is the product of the resistance in ohms by the

current in amperes. A third method of obtaining a nega-
tive voltage on the grid is to insert a resistance in the lead

from the negative side of the plate battery to the filament and

to connect the grid at the battery side of the resistance. The

negative voltage is determined by the product of the battery

current by the inserted resistance. This third method is much
less efficient than either of the other two.

In tubes of the coated-filament type in which the filament

emission is high the plates may become dangerously hot, even

at the rated plate voltage and filament temperature. This at

once leads to the inquiry as to why the efficiency of an electron

tube generator is so low, leaving a relatively large fraction of

the power input for dissipation in heat. The answer is indi-

cated by the fact that the average value of the plate current

while the tube is oscillating must always be greater than zero

(Pig. 278). Since the plate current always flows in the same

direction, its instantaneous peak value reached during an oscil-

lation can never be much greater than its average value dur-

ing the oscillation, even if the pulsations are not in the form
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of sine waves. Assuming that the current supplied to the tube

has pulsations in the form of sine waves, if the average value

of the current to the tube, as indicated by a direct-current in-

strument is 0.05 ampere, then during an oscillation the maxi-

mum variation from the average value can not be greater than

0.05 ampere. This maximum variation corresponds to an effec-

0.05
tive value of the alternating part of the current of T=- or 0.035

ampere effective current. Hence the plate can never become

negative with respect to the filament, and the greatest possible

peak value for the plate voltage to assume at any instant dur-

ing an oscillation is that of the plate battery, say 300 volts,

300
which corresponds to an effective value of

j=-
volts. Thus,

unless there be a marked distortion of the plate current wave,

causing the effective value of current to be greater than the

peak value divided by -/2, the alternating-current power in the

plate circuit, which must supply both the grid and the output
300 0. 05

circuit, can not exceed "/^^"To"'
or J

'

ust half tne P wer

supplied by the plate battery or generator. The remaining 50

per cent of the input power is wasted in heat and may cause

the plates to become incandescent. It is consequently desirable

always to operate the tube with the circuit adjusted for maxi-

mum output and at the lowest value of filament heating current

and plate voltage which will just supply this output.

No general rules can be given for adjusting a circuit to

maximum output. If the resistance and capacity are fixed, as

is frequently the case where an electron tube is used to excite

an antenna, it is desirable to have means for varying inde-

pendently the coupling between the plate circuit and the

antenna circuit, the coupling between the antenna circuit and
the grid circuit, and also the absolute value of inductance in

the antenna circuit. In general, for a given inductance, the

higher the resistance of the output circuit the lower the value

of capacity at which maximum output is obtained.

The electron tube is far superior to the buzzer as a source of

oscillations for measurement purposes. To secure constancy

in both amplitude and frequency, it is desirable when several

53904 22 32
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tubes are used in the same circuit to have separate batteries

for each tube. With care in this regard, constancy in both

amplitude and frequency may be secured to one-tenth of 1 per

cent.

The filaments of electron tubes used for generating may be

supplied with direct current from a source which will maintain

a constant voltage, as described above. For many purposes

satisfactory results can, however, be obtained by supplying the

filament with alternating current of the proper low voltage. A
convenient source is a small transformer connected to a 110-

volt lighting circuit. The transformer should have a tap from

the mid-point of the low voltage secondary winding, to which

the negative side of the plate battery may be connected. The

voltage applied to the filament should be regulated by adjusting

the primary circuit. A condenser of fairly large capacity should

be connected from the mid-tap to each terminal of the secondary

winding.
A fuse or other protective device should be inserted in the

plate lead of the larger generating tubes, such as those supply-

ing more than 10 watts. Since the currents involved are

small, perhaps 0.3 ampere, the ordinary types of fuses will not

answer. A simple homemade fuse can be made by fastening a

small rectangular piece of tin foil to a piece of cardboard and

connecting the tin foil into the circuit so that the current will

pass along the longest dimension of the piece of tin foil. The

width of a piece of tin foil of a given thickness required to

construct a fuse which will open the circuit when a certain

current is reached can be determined by starting with a wide

piece and successively removing strips of tin foil until the cir-

cuit through the remaining strip is opened.

A by-pass condenser of fairly large capacity is usually con-

nected across the terminals of the d.c. generator, so that the

radio-frequency currents do not pass through the armature of

the generator. (Figs. 279 and 280.) This reduces the im-

pedance of the radio-frequency circuit and protects the gen-

erator against injury due to excessive currents which might be

caused by high-frequency surges flowing through the generator

windings. The condenser also serves to reduce the " commu-

tator ripple," i. e., the slight drop in generator voltage occurring
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when brushes do not touch any commutator segment. This

commutator ripple may be found troublesome in communication.

See also Appendix 9, p. 578.

Instead of the condenser, aluminum electrolytic cells may be

connected across the line. One type of such an electrolytic cell

can be constructed in a simple manner by placing a strip of

aluminum and a strip of lead in a glass jar containing a satu-

rated solution of borax. The voltage which an aluminum elec-

trolytic cell can safely be called upon to handle depends upon
the solution used ; a cell containing the saturated solution of

borax just mentioned should not be expected to withstand more

than 100 volts.
5

The aluminum electrolytic cell can also be used for rectifying

alternating currents, although there are various practical in-

conveniences incidental to its use for this purpose.
6

Tubes Suitable for Developing Considerable Power. It has

been explained that the two factors which determine the power

put into a tube are the plate voltage and the filament emission

and that the efficiency with which this power is converted into

oscillating current depends for values of efficiency below 50

per cent only upon the adjustment of the external circuits.

Thus the possible output of a tube can be increased either by

increasing the surface area, and hence the emission of the

filament, or by increasing the degree of vacuum, in order to

allow a higher plate voltage to be used. The large
"
pliotrons

"

(see Fig. 266) are capable of developing as high as 500 watts

output because they are so highly exhausted that several thou-

sand volts may be applied to the plate and because they can

carry a plate current as high as 0.4 ampere. Since at least

half the power put into the tube can not be used in producing

oscillations, means must be provided to dissipate this waste

heat. In certain pliotrons an average plate current of 0.15

ampere flows when a plate battery of 4000 volts is used, 600

5 For further information regarding the use of the aluminum electro-

lytic coll as a protective device the reader may refer to : E. E. F.

Creighton, General Electric Review, vol. 16, p. 248. April, 1913 ; C. P.

Steinmetz, General Electric Review, vol. 21, p. 590, September, 1918 ;

Williams and Cork, Electrical World, vol. 74, p. 937, Nov. 15, 1919;
Rhoads, Journal A. I. E. E., vol. 40, p. 318, April, 1921.

9 The construction of the aluminum electrolytic cell and its operation
as a rectifier for use with tube generating sets is described by P. J.

Furlong, Q. S. T., vol. 4, p. 17, February, 1921.
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watts being thus supplied to the tube. If the circuit is operated

efficiently, 300 watts may be used in the output circuit and
grid circuit, the remaining 300 watts, or nearly a half horse-

power, going into heat at the plate. Thus the plates must be
so constructed as to radiate heat rapidly, and provision must
be made for cooling the tubes. By operating a number of such
tubes in parallel a large amount of power can be converted.

The construction of various types of tube transmitters is de-

scribed in a paper by T. Johnson, Proceedings Institute Radio

Engineers, vol. 9, p. 381, October, 1921. A tube transmitter used
at Clifden, Ireland, for transatlantic work, employing 12 large

power tubes, and capable of putting over 200 amperes into

the antenna, is described in a paper by H. J. Round, Radio

Review, vol. 2, p. 459, September, 1921.

204. Alternating Current Plate Supply. In the generating cir-

cuits previously shown the power is supplied by a battery or

by a direct-current generator. In tube transmitting sets the

power is often supplied by high-voltage, direct-current ma-
chines. Although such machines are extensively used, they
are very expensive and are subject to failures of the commu-
tator and of the armature windings. This is particularly true

of machines having a commutator voltage in excess of about

500 volts. For some purposes it is possible to operate the

transmitting tube by supplying power to the plate from an

alternating-current source having the effective value of the

a.c. voltage supplied to the plate approximately the same as

the rated d.c. plate voltage and still obtain a power output
and an efficiency as great as that obtained with a d.c. gener-

ator. The a.c. voltage supplied to the plate can usually be

safely increased to an effective value considerably above the

rated d.c. plate voltage of the tube, with a corresponding in-

crease in the output of the tube. Experimental difficulties will

be met, however, at the higher voltages, particularly the neces-

sity for careful insulation of all parts of the circuit.

The difficulties met in the operation of high-voltage d.c.

generators are thus avoided. Such a tube transmitter is a

tone generator, which with crystal or with tube detector recep-

tion gives a musical note in the telephones corresponding in

frequency to that of the alternating-current supply. With

single-phase a.c, supply of frequency /", the radio-frequency
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waves come in pulses of f times per second, and the effective

decrement of the wave may lu> appreciable. The output of

such a generating set is completely modulated that is, the

amplitude of the oscillations is periodically reduced to zero.

If it is possible to secure alternating current of an easily

audible frequency, such as 800 cycles, this type of transmitter

is an excellent substitute for the more elaborate electron tube

tone transmitters whose plates are supplied with d.c. voltage

and which have either chopper or buzzer modulation. The wave

form for the output current of such a transmitter is shown in

Radio frequency Choke Coil. UJ

FIG.28E

A Circuit for a Tube Transmitter

Supplied
with Alternating Plate

Voltage

Fig. 283, except that with high radio frequencies there will be

considerably more oscillations per train than could be con-

veniently drawn. The voltage of the plate supply is also shown

on this diagram. It is evident that no oscillation can occur

during the half cycle in which the plate supply is negative. A
circuit which can be used with a.c. plate supply is shown in

Fig. 282. An electron tube transmitter of completely modulated

waves, using 500-cycle modulation, is described in Bureau of

Standards Scientific Paper No. 38L

Heterodyne or other beat reception may also be advantageously

used, as is usual with continuous waves. It is possible, though
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not as desirable, to use for the plate supply voltage, alternating

current of low commercial frequencies, such as 60 cycles. If it

is necessary to use alternating current of as low a frequency
as 60 cycles, more satisfactory results will be obtained with

heterodyne reception. The heterodyning of course destroys the

purity of the tone emitted by the transmitter, but gives much
better reception than a crystal detector or simple tube detector.

If a low frequency, such as 60 cycles, is used, the received signal

can be improved by using a "
chopper

"
at the transmitting

station. (See Sec. 211.) It is preferable, if possible, to use

for the power supply of the transmitter an alternating current

of an easily audible frequency, such as 800 cycles.

WAVL FORM OF OUTPUT CURRE.NT FROM TUBE. TRANSMITTER HAVING
PLATE. 5UPPLILD WITH 8OO CYCLE. SINE. WAVL ALTERNATING CURRLNT

It should be noted that this alternating-current modulation

of plate supply gives only one train of oscillations per cycle,

corresponding to the intervals when the plate is positive that

is, 60-cycle modulation of plate supply gives only the same tone as

a fixed gap with a 30-cycle a.c. supply, since the latter gives

two trains of oscillations per cycle.

By connecting the plates of two tubes to the secondary ter-

minals of a single-phase transformer, one plate to each sec-

ondary terminal, both halves of the cycle of supply voltage

from a single-phase a.c. line can be used to operate the tubes.

If this is done, it is desirable to use heterodyne reception. It

is also possible to effectively use two-phase or three-phase

alternating current as plate supply in power generators ;
in this

case the amplitude of the oscillations is much more nearly con-

stant, and with three-phase supply does not drop to zero.

For further information regarding the use of both halves of

the cycle and two-phase and three-phase plate supply, refer-



BEAT RECEPTION. 501

ence may be made to K. B. Warner, Q. S. T., volume 4, page 7,

December, 1920, and volume 4, page 52, February, 1921; L. M.

Clausing, Q. S. T., volume 4, page 6, February, 1921; W. C.

White, U. S. Patent No. 1394056; British Patent 252 of 1914;
British Patent 127008 ; French Patent 493222. Details regard-

ing the use of three-phase a.c. plate supply are given by V. J. F.

Bouchardon in United States Patent 1373710.

205. Beat Reception. If a tuning fork vibrating 256 times per
second is mounted near to a tuning fork vibrating 260 times

per second, so that the two forks sound together, a listener

a short distance away will hear a sound alternately swell-

ing out and dying away four t'mes per second. These tone

variations are called
"
beats." The production of beats has

been discussed in Section 122. Similarly, if two sources of un-

damped electrical oscillations of constant amplitude act simul-

taneously upon the same circuit, one of frequency 51,000 and
the other of frequency 50,000 cycles per second, the amplitude
of the resultant oscillation will successively rise to a maximum
and fall to a minimum at the rate of 1000 times a second, the

difference between 51,000 and 50,000. If rectified by a tube

detector or crystal detector, the variations of the resultant

oscillation will produce an audible note of frequency 1000 in a

suitable telephone receiver. If one of the two oscillations is

the received signal in the antenna and the other is generated by
a circuit in the receiving station, we have "

beat
" or "

hetero-

dyne
"

reception. In the receiving telephone a musical note is

heard whose pitch is readily varied by slight variation of the fre-

quency of the local generating circuit. The application to radio

communication of the principle of beats, which had long been
familiar in sound and other fields of science, is due to Fessenden.
If the amplitude of the locally generated oscillations is equal
to the amplitude of the incoming oscillations, the condition of

"equal heterodyne" is said to exist. In actual practice the

amplitude of the locally generated oscillations is usually con-

siderably greater than the amplitude of the received oscillations.

In fact, it is usually found that the maximum signal in the tele-

phone receivers is not obtained for "
equal heterodyne."

The principle is shown in Fig. 284. Oscillations of fre-

quency U are superimposed on oscillations of frequency fz ;
the

amplitude of the oscillations of frequency f2 is equal to three
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times the amplitude of the oscillations of frequency fi. The
resultant oscillations have a beat frequency of fi f2 , that is,

the maximum value of the resultant oscillations is attained

nh
Time

(a) Incoming Oscillations
-frequency f,

+1

(b) Locally Generated Oscillations at Receiving
Station -

Frequency

(c) Resultant Having Beat Frequency (f,-ft)

PRINCIPLE: OF BERT RECEPTION

FIG. 284.

U ft times per second. The value of the resultant at any in-

stant is obtained by adding together the values at that instant

of the oscillations from the two sources. When these two
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oscillations are in phase, the resultant oscillation has a peak.

When the two oscillations are of opposite signs and equal mag-

nitude, the value of the resultaut is zero. In Fig. 284, dur-

ing the fractional part of a second represented there are 15

oscillations of frequency ft, 12 oscillations of frequency ft,

and the maximum value of the resultant is attained 15 12=
3 times. The amplitude of the resultant oscillations varies from

four times to twice the amplitude of the oscillations of fre-

quency ft. The maximum amplitude, 4, corresponds to the

sum of the amplitudes of ft and ft (3+1), and the minimum

amplitude, 2, corresponds to the difference of the amplitudes of

ft and ft (31).
When the resultant wave form is received with any form

of rectifying detector, the part of the resultant wave below the

zero axis is almost entirely eliminated, as has been explained

in the discussion of detector action above. The telephone re-

ceiver diaphragm is acted upon by impulses which vary at the

beat frequency ft ft and emits the tone corresponding to this

beat frequency.

If a regenerative circuit similar to that of Fig. 275 is used

(L being coupled to the antenna), the same tube may be used as

a detector and as a generator of local oscillations. This is

called
"
autodyne

"
reception. The procedure is to tune the an-

tenna circuit to the incoming signals and adjust the local oscil-

lating circuit so that it is slightly out of tune with the incoming

signals. Beats are thus produced of an audible frequency equal

to the difference between the frequency of the incoming oscilla-

tions and the frequency of the local oscillations. Measurements

have shown that this method is so sensitive that signals can be

heard when the power received is equal to only y^ watt that

is, 0.015 micromicrowatt The autodyne method is thus much
more sensitive than the crystal detector or simple detector tube.

The use of a separate source of oscillations has the advantage
over the autodyne method that looser coupling can be used with

resultant sharper tuning, making it easier to tune out interfer-

ing stations, and that the beat note can be varied without

changing the tuning adjustments of the receiving circuit. In

Fig. 239-a, page 427, a circuit is shown which can be used for

autodyne reception, and is particularly adapted to wave lengths

of less than 400 meters.
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Of the several methods of receiving continuous waves in radio

telegraphy which are discussed in Section 181, the heterodyne
method is in most general use, and has a number of advantages.
As just mentioned, the heterodyne method will give readable

signals when the power received is very small; in fact, good
signals can be received by the heterodyne method when the use

of a "
chopper

"
or " tikker "

at the receiving station would not

give a signal which could be heard. This sensitivity greatly
increases the range over which a given receiving station can

receive. With the heterodyne method the note in the telephone
receivers can be adjusted as desired to correspond to the fre-

quency at which the telephone receiver diaphragm is most sensi-

tive, or to suit the ear of the receiving operator, or to be easily

read through interfering signals from other stations, so that

interference from other stations is reduced to a minimum. A
slight difference in the frequency of the interfering signal would

give a note of entirely different pitch, or a note which would be

entirely inaudible. For instance, if the local oscillation had

a frequency of 50,000 (A=6000 meters), the received oscillation

a frequency of 51,000 (\=5880 meters), and the oscillation from

the interfering station a frequency of 52,000 (X=5770 meters),

the interfering note as heard in the telephone receiver would

have a frequency of 2000, or be a whole octave higher in pitch

than the note which it is desired to receive. If the wave of the

interfering station had a frequency of 55,000 (\=5455 meters),

its beat tone would be so high as to be inaudible.

It should be noted that the heterodyne method requires very

sharp tuning adjustments and that slight changes in the posi-

tions of leads or objects adjacent to unshielded condensers may
cause sufficient change in capacity to cause considerable changes

in the note in the telephone receiver. The method is best

adapted to long waves. With comparatively short waves, under

1000 meters, the tuning adjustments required to get an audible

beat frequency are so sharp that much difficulty may be expe-

rienced in adjusting so that any signal at all is heard, and if a

slight readjustment is inadvertently made the signal will be

lost again. These difficulties are not so noticeable when receiv-

ing long waves such as are commonly used by high-power sta-

tions transmitting undamped waves, which are often longer

than 10,000 meters.
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The heterodyne method is not well adapted to receiving

damped waves or modulated continuous waves such as are used

in radiotelephony, since the incoming waves do not have a

single frequency but a number of frequencies, and a number
of beat frequencies are obtained which give a " mushy

"
note

which is not clear and is somewhat difficult to read. In radio-

telephony it is sometimes found desirable to use at the receiving

station local oscillations of the same frequency as the radio-

frequency generated at the transmitting station ;
in this case a

clear note will be obtained as long as the frequency of the local

oscillation is maintained constant.

In heterodyne reception, if we assume that the amplitude of

the local oscillations is constant, the 'amplitude through which

the resultant oscillations vary is directly proportional to the

amplitude of the incoming oscillations. This amplitude through
which the resultant oscillations vary, at the audible beat fre-

quency, determines the intensity of the signal in the telephone

receivers. In connection with Fig. 284 we have discussed the

amplitudes of the different oscillations, using the amplitude of

oscillations of frequency /i as a unit. Using this unit, for the

case shown in Fig. 284 the amplitude of the resultant oscilla-

tions varies from 2 to 4 through a range of 2. If we assume a

case in which the amplitude of the incoming oscillations is

decreased one-half, but the local oscillations have the same

amplitude, and use the same unit, it is evident that the ampli-

tude of the resultant oscillations will vary from 2.5 to 3.5

through a range of 1 that is, decreasing the amplitude of the

incoming oscillations one-half has decreased by one-half the

amplitude of the resultant oscillations. The signal in the tele-

phone receiver is correspondingly decreased.

This relation of direct proportionality for beat reception is

different from the relation for simple detector reception. For

the latter the output of the detector tube is proportional to the

square of the amplitude of the incoming oscillations. The rela-

tion of direct proportionality constitutes one of the chief ad-

vantages of beat reception and one of the chief advantages ob-

tained by the use of continuous waves. These relations were

pointed out by L. W. Austin. Journal Washington Academy of

Sciences, volume 6, page 81, February 19, 1916. This advantage

obviously does not obtain for a spark station or for a station
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transmitting modulated continuous waves for which beat re-

ception can not be used.

If at a given station an interfering signal of any kind is

being received of intensity greater than the signal which it is

desired to receive, much better results will be obtained in at-

tempting to copy the weaker signal through the interference

if beat reception is used than if simple detector reception is

used. The interference may be due to another station or to

"strays." (See Sec. 130, p. 289.) Assume that at the same

receiving station there are two receiving sets, one for beat

reception and one for simple detector reception, and that at a

particular moment the strays are three times as strong as the

voltage oscillations in the antenna of the signal which it is

desired to receive. Then in the output of the receiving set

using beat reception having the relation of direct propor-

tionality the strays will be three times as strong as the signal.

But in the receiving set using simple detector reception having
the square law the strays will be nine times as strong as the

signal. This is one of the principal reasons that a continuous

wave station of a given power can often maintain communica-

tion over five times the distance reached by a spark station or

modulated continuous-wave station of the same power.
For further information regarding beat reception the reader

may refer to R. Stanley, Wireless Telegraphy, volume 2, chap-

ter 8; to H. J. van der Bijl, The Thermionic Vacuum Tube; to

J. H. Morecroft, Principles of Radio Communication; to Bu-

reau of Standards Circular No. 74, page 215; and to a paper

by M. Latour, Radio Review, volume 2, page 15, January, 1921.

Reduction of Frequency of Input of Radio-Frequency Am-
plifier by Bent Method. It has been pointed out above that for

short wave lengths, particularly for wave lengths of less than

300 meters, radio-frequency amplification is attended with

much difficulty caused by capacity effects between different

parts of the circuit. One way to avoid this difficulty is to

reduce the high frequency of the incoming wave to a lower

but not audible radio frequency by the beat method. Thus if

the incoming wave has a wave length of 100 meters that is, a

frequency of 3,000,000 cycles a local generating set may be

coupled to the antenna circuit to supply a frequency of

3,100,000 cycles. The resultant current in the antenna circuit
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will have a beat frequency .of .100,000 cycles, which can be

easily amplified with a radio-frequency amplifier. The output

of the radio-frequency amplifier can then be treated as in the

usual methods of reception ; it can be detected and amplified

at audio frequencies or can be made audible by a second

heterodyne, as described earlier in this section. This method

requires critical adjustments and considerable skill in manipu-
lation. This method is very useful in the reception of feeble

signals with coil antennas, as in direction-finding work. For
further information the reader may refer to E. H. Armstrong,

Q. S. T., volume 3, page 5, February, 1920; Proceedings In-

stitute Radio Engineers, volume 9, page 3, February, 1921.

E. Radiotelephony.

206. The Wave Forms Used in Radiotelephony. Speech is

composed of complex vibrations, and a graphic record of the

sound wave in air which transmits the simplest word shows a

very complex wave form. The problem of any form of tele-

phony is to accurately reproduce electrically at the distant

receiving station the complex sound wave which is spoken into

the transmitter. The principles of radiotelephony are the same
as those of radiotelegraphy by undamped waves. In radio-

telephony the sending key used in radiotelegraphy is replaced

by apparatus which varies the transmitting antenna current

in accordance with the sound waves produced by the voice.

This device is usually the carbon microphone, which is de-

scribed in Section 60b.

There are a number of ways in which a graphic record can

be made of the wave form of the wave in air which corresponds
to a given sound. A simple method is to record the sound on a

phonograph record, then play the record slowly, and greatly

magnify the motion of the needle by a lever arrangement which
traces the wave. The wave forms corresponding to many dif-

ferent sounds have been studied.
7 A tuning fork may give

nearly a pure sine wave, but the wave forms corresponding to

most sounds are very complex.

T See D. C. Miller, The Science of Musical Sounds ; E. W. Scripture.
The Study of Speech Curves, Carnegie Institution Publication No. 44 ;

Scientific American Monthly, vol. 3, p. 361, April, 1921.
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In the transmission of radiotelegraphic signals by undamped
waves, the pitch of the note in the telephone receivers is deter-

mined in part by the apparatus at the receiving station as, for

example, in heterodyne or autodyne reception. For transmission

of sounds of definite pitch, or for transmission of speech, the

nature of the received signal must depend upon the nature of

the current in the transmitting aerial. In spark transmission

the note depends upon the number of wave trains per second

leaving the aerial, this being determined by the speed of the

rotary gap or the frequency used in charging the primary con-

denser. Spark, tone, and radiotelephone transmitters differ

from transmitters of undamped waves in that the strength of

the radio-frequency antenna current is varying at an audio

frequency. Ordinarily, the radiation from a spark transmitter

is treated as being composed of successive trains of waves of

radio frequencies. An alternative method is to describe it as a

single wave whose amplitude is varying at audio frequencies.
In Fig. 148 the intensity of the emitted wave is a maximum at

point D of the curve and is zero during the interval between
what are usually called the wave trains.

An alternating current is said to be modulated when the

amplitude of its oscillations is varied periodically. The fre-

quency at which the variations occur is necessarily less than
the frequency of the alternating current which is being modu-
lated. The nature of the variations may assume almost any
form. Thus we may have dot-and-dash modulation,

"
chopper

"

modulation, buzzer modulation, sine-wave modulation (as at

800 cycles), and speech modulation. Speech modulation of

radio-frequency currents radiated through space constitutes

radiotelephony. Chopper, buzzer, and sine-wave modulation

are often referred to under the general name of " tone modu-
lation."

A modulated wave is symmetrical with respect to the zero

axis; that is, the part of the modulated wave below the zero

axis is a reflection of the part of the wave above the zero axis.

A radio-frequency wave of frequency fr modulated by a sine

wave of audio frequency /a can be considered to be the sum of

three radio-frequency waves having frequencies fr, (fr fa), and

(fr-ffa). The principal radio frequency fr is called the "car-

rier
"

frequency, since it provides the means for carrying or
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transmitting the audio-frequency wave, but it does not in any
way determine the nature of the sound heard at the receiving

station when simple detector reception is used. The audio fre-

quency /"a is called the '*
modulating

"
frequency. The waves of

frequency (fr fa) and (/>-f-fa) are called the "side waves,"
and their frequencies are called the "

side frequencies." Side

waves always occur when the amplitude of the radio-frequency

current is changed in any way. This method of considering a

modulated wave to be the sum of a carrier wave and side waves
is particularly useful in determining how a modulated wave will

affect receiving apparatus.

When the usual dot-and-dash code signals are transmitted by

undamped radio-frequency waves which have not been modu-

lated at the transmitting station by a chopper, buazer, 800-cycle

alternating current, or similar method, it is necessary to use

at the receiving station a chopper, heterodyne, or similar

method, as described in Section 181. The dot-and-dash inter-

ruption of the transmitted wave constitutes, however, a varia-

tion of the transmitted wave, which is a form of modulation,
and causes " side waves "

having wave lengths irregularly dis-

tributed over a band. When dot-and-dash signals are trans-

mitted at high speeds by automatic devices the band of wave

lengths between the side frequencies is broader, and greater

interference is caused. When automatic devices are used for

both transmitting and receiving, the transmitting station does

not usually transmit the signals of the International Code, but

a series of impulses arranged only with regard to the most

convenient operation of the apparatus.
When a radio-frequency wave is modulated by an audio-

frequency wave the amplitude of the resultant wave at each

instant is determined by the product of the instantaneous value

of the amplitude of an audio-frequency wave into the instan-

taneous value of the amplitude of the radio-frequency wave at

that instant. Thus modulating action should be carefully dis-

tinguished from heterodyne action as described in Section 205,

since in heterodyne action the instantaneous value of the re-

sultant is determined by the sum of the instantaneous values of

the two component radio-frequency waves.

In modulating action the audio-frequency wave whose ampli-
tude is multiplied by the amplitude of the radio-frequency wave
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is ordinarily the sum of an audio-frequency wave (alternating

current) and an unvarying component (direct current). The
amplitude of the radio frequency is varied periodically above

and below a certain value which is not zero.

For rough purposes of illustration of the process of modula-

tion, the unmodulated radio-frequency wave can be thought of

as a plastic substance which is molded in a form shaped like

the form of the audio-frequency modulating wave. An illus-

tration of a similar process is found in the impression of the

wave form of a voice on the plastic wax of a master phonograph
record, from which many records are made which will faith-

fully reproduce the voice. In radiotelephony the wave form of

the voice, impressed on the radio-frequency carrier wave, is

reproduced at many receiving stations.

The strength of the received signal depends not only on the

average radio-frequency amplitude but also on the degree to

which it is changed or modulated. An alternating current is

said to be completely modulated when the amplitude of its

oscillations is periodically reduced to zero. Complete modula-

tion may occur in several different ways. The radio-frequency

oscillations may be just reduced to zero at one or more points

during each audio-frequency cycle so that the modulating audio-

frequency boundary just touches the zero axis. There may be

no radio-frequency oscillations at all during a part of an audio-

frequency cycle, as shown for example in Fig. 283. The radio-

frequency oscillations may be just reduced to zero at one or

more points during each audio-frequency cycle in such a way
that the upper and lower boundaries of the modulated wave
cross the zero axis at these points as shown in Fig. 287 instead

of simply touching the zero axis; the modulation of Fig. 287

occurs only when special circuits are used.

The more usual form of wave for radiotelephony is that shown
in Fig. 286, in which the amplitude of the audio-frequency wave

is not sufficient to cause complete modulation. It is, however,

usually desirable that so far as possible adjustments should be

made so that for speech of moderate intensity the amplitude of

the radio-frequency oscillations should be instantaneously re-

duced just to zero in such a way that the boundaries of the

modulated wave just touch the zero axis at a point but do not

cross the zero axis. This would be the case in Fig. 286 if the
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upper and lower boundaries of the modulated wave were pushed
toward the zero axis so that the points &, 6' just touch the zero

axis. In the circuits commonly used in radiotelephony, if the

amplitude of the modulating audio frequency becomes too great
the radio-frequency oscillations entirely cease during a consid-

erable portion of the cycle, and a marked distortion of speech
occurs ; this is called " overmodulation."

The effect of overmodulation in an electron tube radiotele-

phone transmitting set is similar to the effect during part of

the cycle in an electron tube generating set having plate supply
of sine wave alternating current of perhaps 800 cycles. The
wave form for such a generating set is shown in Fig. 283, page
500. During the intervals when the plate voltage is negative,

the radio-frequency oscillations cease. The wave form for a

complete cycle of the 800-cycle sine wave corresponds to the

modulating audio-frequency wave form in radiotelephony which
causes overmodulation.

If the sound of the vowel " a "
as in

" father "
is spoken into

the transmitter of an ordinary wire telephone system, the wave
form of the current on the line wire will be substantially that

shown in Fig. 285. If the same vowel is spoken into the trans-

mitter of a radiotelephone system using the ordinary circuits, the

wave form of the antenna current will be as shown in Fig. 286.

If the principal frequency of the wave form of Fig. 285 is 800

cycles, then in the telephone receiver the principal frequency for

the received signal corresponding to the wave shown in Fig. 286

will also be 800 cycles. The strength of the received signal

depends not only on the average radio-frequency amplitude but

also on the degree to which the amplitude of the radio-frequency

oscillations is changed or modulated.

Since in ordinary wire telephony audio-frequency currents

from about 100 to 3000 cycles are used, the number of radio-

frequency cycles per audio-frequency cycle may range from
333 to 10,000 for short waves of 300 meters, to 6.6 to 200 for

long waves of 15,000 meters. The dotted boundary of Fig.

286 determines the nature of the received signal in the tele-

phone receiver and is called the "
envelope

" of the radio fre-

quency. In determining the nature of the received signal, this

envelope should be drawn on only one side of the zero current

line.
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In radiotelephone reception it is not possible to use ordinary
beat irretbods and to supply at the receiving station a locally

generated radio frequency different from the carrier frequency.

If an attempt is made to do this, the beat notes between the

locally generated frequency and the carrier frequency and the

side frequencies will all be present in the telephone receiver in

addition to the modulating audio frequency which is present

in the receiving circuit because of detector action on the in-

coming wave. This will result in great confusion. As stated

below, however, it is possible to supply at the receiving station

locally generated oscillations of exactly the same frequency as

the carrier frequency, provided that all adjustments are kept

fixed so that the frequency of the local oscillation is maintained

constant. If the carrier frequency supplied is of the proper

magnitude and phase relation, only the audio frequency im-

pressed at the transmitting station will be heard at the receiv-

ing station, and satisfactory transmission will be obtained.

At short-wave lengths it is particularly difficult to maintain the

local oscillation sufficiently constant to avoid distortion.

If some special forms of circuit are used, the antenna cur-

rent will have a wave form as shown in Fig. 287. In tube radio-

telephone sets this involves the use of one or more additional

tubes. With high-frequency alternators, one way of obtaining

the wave form of Fig. 287 is to pass the modulating current

through the field windings. (See Alexanderson, U. S. Pat-

ent 1386830.) The boundaries used in constructing Fig. 287

are the same as the boundaries of Fig. 286. but they cross

the zero current line. If the principal frequency of the wave
form of Fig. 285 is 800 cycles,

N then the signal which would
be received by a simple detector from the wave form of

Fig. 287 \vould have a fundamental frequency of 1600 cycles,

this being determined by the envelope on one side only. This

kind of a completely modulated wave can be used for trans-

mission of radiotelegraph signals with simple detector recep-

tion, but if used for transmission of speech \vith simple de-

tector reception distortion will result. The wave form of Fig.

287 can, however, be altered at the receiving station by addi-

tion of a single radio-frequency current of the proper magni-
tude and phase relation so that the voltage impressed on the

detector will be of the same nature as that of the wave of
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Fig. 286, and the signal heard in the telephone receiver will

correspond to the wave of Fig. 285. The wave form of Fig.

287 can thus be used for radiotelephony. The radio-frequency

supplied at the receiving station has the same frequency as

the carrier-frequency wave, which is modulated at the transmit-

ting station ; this kind of reception is sometimes called
" homo-

dyne
"
reception or " zero beat "

reception. Homodyne methods
are also sometimes referred to as "

suppression of the

carrier wave." The homodyne method can be considered as

a special case of beat reception. This method has considerable

advantages as to electrical efficiency. During the intervals

when nothing is being spoken into the microphone no wave is

radiated. The frequency of the wave supplied at the receiv-

ing station must be very accurately adjusted, however, to avoid

distortion. For short waves this adjustment is so critical that

this method has been used very little up to the present. The
wave form of Fig. 287, with homodyne reception, is used to a

considerable extent for radiotelephony with long waves. If

carrier-frequency current of the proper magnitude and phase is

added at the receiving station to the wave form of Fig. 286, the

signal intensity will be increased.

For a further discussion of homodyne methods, see H. J. van

der Bijl,
" The Thermionic Vacuum Tube," p. 358 ; Colpitts and

Blackwell, Jnl. A. I. E. E., 40, 307, 314 ; April, 1921
;
Alexander-

son, U. S. Patent No. 1386830.

The antenna power during speech may pulsate from zero to

twice or three times the average value. In modern radio-

telephone sets this power is controlled electrically by the use

of microphone, battery, and transformer, which in themselves

would be capable of putting about 0.10 watt of power into a

wire telephone line from the secondary of the transformer.

The amplifying property of the electron tube has to a great

extent made radiotelephony practicable, because it is a means

by which large antenna power may readily be controlled from

the small electrical power output of a microphone circuit.

Interference from Modulated Continuous Waves. An un-

modulated continuous wave as produced, for example, by an

electron-tube generating set has no decrement, and for this

reason very sharp tuning adjustments are used at the receiv-
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ing station. A single wave length is radiated by the antenna,
which is, of course, always desirable.

However, as stated above, when a continuous wave is modu-

lated at an audio frequency, the antenna radiates not a single

wave length, but a modulated wave which can be considered

to be the sum of waves of different radio frequencies. In

radiotelephony there are at each instant a number of modu-

lating frequencies besides the principal modulating frequency,

and the amplitude and frequencies of the modulating wave are

changing from instant to instant. As a result a band of a

considerable number of different wave lengths is radiated.

These are the " side waves " mentioned above. A modulated

continuous wave will act upon an ordinary receiving station in

a manner which is, so far as timing properties are concerned,

much the same as a damped wave of appreciable decrement.

The extent of this effect depends, among other things, upon
the wave length used and upon the principal audio frequency

of modulation. At comparatively short distances, interference

over a wide range of tuning adjustments may be experienced

from stations transmitting modulated continuous waves. More

serious interference is caused when long wave lengths are

used. This interference is a limitation on the use of long

waves for radiotelephony.

The width of the band of side waves radiated can to a con-

siderable extent be controlled by the use of niters, which have

been mentioned on page 246. The use of filters at a receiving

station will reduce interference from transmitting stations

which it is not desired to receive. Filters are further discussed

on page 534 in connection with line radio communication.

Linkage of radiotelephony with line telephony. One of the

most important applications of radiotelephony is to make pos-

sible communication between points between which the con-

struction of a metallic circuit is not practicable or not con-

venient, as across desert country or across large bodies of

water. In order that communication by radio telephone may be

available to the general public, however, and not simply to per-

sons who come personally to radio stations, it is obviously nec-

essary that it shall be possible to connect or " link
"
the regular

wire telephone system to the radiotelephone system. If radio-

telephony is to be commercially possible, it is necessary that

such " linked
"

systems can be successfully operated, and also
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that conversations can be carried on in either direction without

manipulating any switches, as is possible with the ordinary tele-

phone. The apparatus used for linkage is very similar to the
"
repeaters

" and auxliary apparatus used on long-distance tele-

phone lines on land.

A radiotelephone system is in successful operation between

Long Beach, Calif., and Santa Catalina Island, an island about

30 miles off the California coast. This radiotelephone system
is connected to wire telephone systems at each end. Conver-

sations have been carried on between Santa Catalina Island

and a steamship in the Atlantic Ocean a considerable distance

east of New York, using radio from Santa Catalina to Long
Beach, wire lines from Long Beach to Deal Beach, N. J., and

radio from Deal Beach to the ship. The radio station at New
Brunswick, N. J., which is equipped with a 200-kw. high-

frequency alternator, has also been linked with land telephone

lines, and conversations carried on between ships in the Atlantic

and cities situated some distance from New Brunswick.

For further information regarding linkage, the reader may
refer to a paper by L. M. Clement, F. M. Ryan, and D. K. Mar-

tin,
" The Avalon-Los Angeles Radio Toll Circuit," Proceedings

Institute Radio Engineers, vol. 9, pages 469-505 ; Dec., 1921.

207. Methods of Modulation. In radiotelephony, the produc-

tion of speech-modulated waves of radio frequency involves,

first, a generator of undamped waves, and, secondly, a means of

causing variations in the current output of the generator which

will accurately follow the vibrations of the voice. Any gen-

erator may be used which will produce a pure, undamped wave,

including the high-frequency alternator and the electron tube

generator. The arc converter has also been used for radio-

telephony, but not with entirely satisfactory results. The

simplest method applicable to any such generating device is to

vary the radio-frequency antenna current by inserting a speech-

controlled variable resistance in the antenna circu't at the trans-

mitting station. This resistance in simple cases is a microphone.

(See Sec. 60b, page 146.) In early experiments efforts were

directed toward making microphones that would be of a re-

sistance so low as to be comparable to that of the antenna and

capable of dissipating power comparable to the antenna power.

In such modulation the radio-frequency power output is shared

between the antenna resistance and the microphone, and the
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method just described constitutes variable absorption at audio

frequencies of the radio-frequency output. A better method of

modulation is to insert the microphone or other variable re-

sistance in the d.c. power supply of the generating system in

such a way that the d.c. input, and hence the radio-frequency

output of the generating system will be varied by varying the

power input. The continuous wave arc transmitter of Fig.

229 may be made a radiotelephone transmitter by replacing the

hand-controlled resistance B by a suitable speech-controlled

resistance or microphone. In this case all of the radio output
of the generator is available for transmission purposes, and

therefore, for a given transmission range, smaller and less pow-
erful generating equipment may be used than in modulation by
the variable audio-frequency absorption of the radio-frequency

output power.

Constant-speed high-frequency alternators may be efficiently

modulated by varying the antenna inductance. The antenna is

timed and detuned in consequence at the audio frequency with-

out change of the radio frequency, since the latter is determined

solely by the generator speed. The inductance variation is

accomplished by use of the principle that the effective induc-

tance of a coil wound on an iron core depends upon the average

magnetizing force applied to the magnetic circuit. The device

used has been called the "
magnetic amplifier

" s
because it fur-

nishes a means for controlling a large amount of radio-frequency

power by means of a small amount of audio-frequency (speech-

frequency) power. The device is, however, not a true amplifier

since there is no relaying action by which input power of audio

frequency produces a larger output power of audio frequency.

For small or large initial magnetizing forces the inductance

is small, but for intermediate forces it is large. A separate

winding is used on the core, the current through this winding
is varied at the speech frequency, and the antenna circuit is

tuned and detuned in consequence. The magnetic amplifier

as usually connected to large alternators operates as a variable

impedance connected across the alternator. The adjustments

8 See Sec. 173. A. N. Goldsmith, Radio Telephony; E. F. W. Alex-

anderson, Proc. Inst. Radio Engineers, vol. 4, p. 101, April, 1916 ;

General Electric Review, vol. 23, p. 794, October, 1920; E. E. Bucher,
General Electric Review, vol. 23, p. 813, October, 1920; Alexanderson,
U. S. Patent 1386830.
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are so made that the changes in the antenna current are ap-

proximately directly proportional to the changes in the con-

trolling current. Electron tube amplifiers are generally used

with this device because the audio-frequency power required for

the control of any but the smallest sizes of magnetic modu-
lators is much greater than the power output of a microphone

system. The variable-antenna-reactance method is not directly

applicable to tube and arc circuits, because the frequency is

determined almost entirely by the constants of the oscillating'

circuit, and a variation of the reactance would change the wave

length without necessarily changing the current.

An iron-cored device called the "
magnetic modulator " has

recently ibecome available in small sizes suitable for controlling

currents of five amperes or less and costing from $10 to $20.

The manufacturer states that when properly connected these

small magnetic modulators are suitable for use in low-power
tube radiotelephone transmitting sets ; that they may be inserted

directly in the ground lead
; and that they provide a linear non-

distorting control of the antenna current and will operate with

very small values of control current. With such a modulating
device a radiotelephone transmitting set can be constructed

with a single tube, which is used as a generator. The necessity

for an additional tube used as a modulator is thus eliminated.

This magnetic modulator has a winding through which the con-

trolling current of speech frequency flows, and its operation is in

some respects like that of the "
magnetic amplifier

" used with

high-frequency alternators at large stations. It behaves, how-

ever, more as a variable resistance than as a variable reactance,

so that the modulation due to the variation of the impedance by
variation of the resistance is produced by a method involving

variable absorption at the audio frequency of the radio-fre-

quency input power. The magnetic modulator is a rugged de-

vice. One advantage of the magnetic modulator is that it can

be used for years, while a tube used as a modulator is subject

to burn-outs of the filament and has a considerably shorter life.

Telephony by direct variation of the wave length has been ac-

complished, but the speech reception depends upon the automatic

tuning and detuning of the receiving station, which requires

especially good design and adjustment of the receiving appa-
ratus. The wave-length variation may be obtained by connect-

ing in the antenna circuit or across a part of it a device such
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as a condenser transmitter, which is a voice-controlled variable

condenser having a diaphragm as in the ordinary microphone
transmitter.

208. Modulation of Electron Tube Generators. With
?

the ex-

ception of modulation by inserting a microphone in the an-

tenna circuit as just described, the simplest method of modu-

lating an electron tube generator is to insert the secondary of

the transformer in a microphone circuit in the grid lead, as

shown in Fig. 289. If necessary, the secondary can be-

shunted by a radio-frequency by-pass condenser. The secondary

voltage is varied by the changes of current in the primary,
caused by the variation at speech frequency of the resistance

of the microphone. This method, while simple, is not effective,

because the change in the average grid voltage during a radio-

frequency cycle does not change the output appreciably when
the grid voltage is adjusted for maximum output ; its greatest

effect is on the input power. Better modulation will be ob-

tained if the tube is operated at reduced output. In either

case this method of grid modulation is not efficient. If the

grid voltage is sufficiently reduced, the tube may suddenly

cease to oscillate and the radio-frequency current will drop
to zero; if this occurs during speech, distortion will result.

With two tubes available, modulation can be readily effected

in a simple manner by the "
absorption method." In this

method the radio-frequency output of any simple electron tube

generator is absorbed to an extent which varies from instant to

instant. The extent of the absorption varies at audio fre-

quencies in accordance with the wave form of the speech im-

pressed upon the microphone. The tube which is generating

radio-frequency oscillations is shunted by a second tube which

acts as an absorber. In Fig. 290 the plate circuit of tube A
is in parallel with the plate circuit of the generator tube O,

but the voltage applied to the grid of tube A is varied at speech

frequencies by the output of the circuit containing microphone,

battery, and transformer. Since the same radio-frequency

voltage exists across the plate circuits of the absorber tube

and the generator tube, and since there is no corresponding

radio-frequency voltage on the grid of the absorber tube, the

absorber tube consumes radio-frequency power from the output
of the generator tube, thus lessening the power available for
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radiation from the antenna. The amount of power absorbed
by this tube is varied at speech frequencies by varying the grid
voltage by use of the microphone, which changes the resistance
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frequency. During the radio-frequency cycle the radio-fre-

quency plate current of the absorber tube is high when the

radio-frequency plate voltage is high, which is just the reverse

of conditions when the tube is used as a generator or amplifier.

This method, while involving simple construction, is not used in

practice, because it is inefficient. It is equivalent to the use of a

low-resistance microphone of large power-consuming capacity
in the antenna circuit. A mechanical analog of this method
would be the variation of the speed of a steam engine by vary-

ing the pressure on a brake applied to the flywheel. It corre-

sponds to the reduction of an alternating-current voltage by
inserting a series resistance in the line instead of using a

transformer. With similar tubes, if the generator tube gener-

ates 5 watts of power, 2 watts are absorbed by the absorber

tube when the grid voltage of the modulator tube is constant,

and this 2J watts is varied between zero and 5 watts as extreme

limits. Using other circuits with the same two tubes, it is

possible to have 5 watts of radio-frequency power available,

which can be modulated between extreme limits of zero and
10 watts.

The most common method of tube modulation is by variation

of the input plate power that is. the average plate voltage and

plate current of the tube or tubes generating radio-frequency

oscillations are caused to vary at the lower or modulating

frequency. This corresponds to controlling by the throttle the

power used in a steam engine. This method also corresponds

to the use of a microphone device in the plate power lead. It is

very similar to the method of modulation applicable to arcs

mentioned above in Section 207, page 517.

Advantages of the method of modulation by variation of the

input power are (1) the variations in antenna current are more

nearly directly proportional to the variations in the microphone
current than in other systems; (2) the generator tube can be
worked at its full output, and the average output during modula-

tion will not be less than the unmodulated output; (3) the

efficiency remains fairly constant during modulation ; (4) the

adjustment of the generator circuit for best operation during

speech is the same as the adjustment for best operation when
there is no speech signal.
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While variation of a series resistance in the plate battery
lead to a radio-generating circuit is a possible method, it is

not used in practice, largely because it would be necessary that

the generator voltage for efficient operation should be about

double the voltage rating of the generating system in order

to compensate for the drop across the modulating device. In

practically all tube radiotelephone transmitters now used the

modulation is effected by a method in which the voltage of the

generator or high-voltage battery is the same as if the generating

system were used for transmission of undamped waves. The

general scheme is shown in Fig. 291. The equipment inside the

dotted lines represents a generating system for which power
would be ordinarily supplied to the plate by connecting a high-

voltage battery or d.c. generator across the terminals marked
6+ and & . In any tube generator system there are included

any devices which may be necessary so that only direct current

will flow in the plate supply branch of the circuit. In Fig. 291

this device is the radio-frequency by-pass condenser C, and the

generating circuit is precisely the same as that shown in Fig.

279. A modulator tube is placed across the terminals (Fig.

291), and the tube and generating system supplied in parallel

from a common battery or generator B through an iron-core

choke coil L. The grid voltage of the modulator tube is varied

by connecting the secondary of a speech transformer between

the plate and the filament. The action may be explained by
reference to characteristics of the generating system. These

are taken by leaving all other adjustments at a fixed setting,

varying the voltage e* across the terminals marked 6, and read-

ing this voltage e*, the current to the terminals and the antenna

current. It will be found that under proper conditions the

antenna current /a and the current to the generator set will be

roughly proportional to the supply voltage e* across the gen-

erating system. Such characteristics are shown in Fig. 288.

To modulate the output it is necessary to vary the supply voltage

e* and the supply current is. If the quotient obtained by divid-

ing the supply voltage by the supply current is Rs, then the

problem is the same as the production of pulsations of audio

frequency in an ohmic resistance #*, as shown in Fig. 292.

A tube may be considered to be a variable resistance when

acting as a modulator, as well as when acting as an amplifier
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or generator. The resistance of the modulator tube is high
when the grid voltage is low, and the resistance is low when
the grid voltage is high. This variation is made electrically at

speech frequencies by the use of the microphone and a micro-

phone transformer, the modulator tube and the generating sys-

tem then are equivalent to two resistances in parallel, one of

which is variable. (See Fig. 292.) Since the resistance is

changed at speech frequency, there can be no appreciable

change in the current /b from the high-voltage battery, because

variations in the current are smoothed out by the choke coil L.

Accordingly, wThen the resistance of the modulator tube H is

low, it takes more than the average current, and the load R
takes less current. At the same time the plate voltage and

the load voltage ea are high. Similarly, when the resistance of

the tube is high, the current to the tube is low, and the load

voltage and the load current are high. Since the plate voltage

is low when the plate current is high, the modulator tube is

seen to be operating as an amplifier. The choke coil takes up
the difference between the pulsating plate voltage and the steady

voltage of the plate battery. The choke coil should be so de-

signed that the current variation through it due to this differ-

ence in voltage is small. A safe rule would be to make the im-

pedance of the choke coil at 500 cycles at least equal to the

effective load resistance Rs. For the characteristics shown, this

would call for an inductance of about one henry. Since there is

direct current flowing through the choke coil, care must be taken

that the iron is
1 not working at too high flux densities.

To summarize: The variations at speech frequency in grid

voltage cause variations at speech frequency in the tube resist-

ance. Since the sum of the tube current plus the load current

remains constant, the load voltage and the load current pulsate

at the speech frequency. This load voltage and load current

from the modulator tube constitute the power supply to a gen-

erating system, which has the characteristic that the antenna

current is approximately directly proportional to the supply

voltage. Accordingly the radio-frequency output is modulated

at speech frequency, and the variation in the radio wave

emitted causes an audio-frequency tone in the receiving equip-

ment corresponding to the tone impressed on the microphone
of the transmitting circuit.
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For further information the reader may consult E. S. Puring-

ton, The Operation of the Modulator Tube in Radio Telephone

Sets, Bureau of Standards Scientific Paper No. 423
; and R. A.

Heising, Modulation in Radio Telephony, Proceedings Institute

Radio Engineers, volume 9, pages 305-352, August, 1921; Sci.

Abs. B No. 1090, October, 1921.

209. Operation of Tube Radio Telephone Transmitting Sets.

Any tube circuit which may be used for the production of con-

tinuous waves may also be used as the circuit for generating

radio-frequency current for a radiotelephone transmitter. Such

generating circuits are shown in Figs. 279, 280, . and 281,

page 493. In the production of continuous waves by the use of

any of these circuits, d.c. power is supplied by the source of the

plate voltage EB ,
which may be a battery or d.c. generator. To

produce modulated radio-frequency current by the plate modula-

tion method it is necessary to supply not only d.c. power to the

plate of the generating tube but also a.c. power of the modulat-

ing frequency. To adapt to radiotelephony any of the circuits of

Figs. 279, 280, 281, it is only necessary to connect the plate and
filament terminals of the generator tube to the plate and fila-

ment terminals, respectively, of another tube used as a modula-

tor. Radio-frequency choke coils should be inserted as neces-

sary. In this case the radio-frequency generating system re-

ceives d.c. power from the same source as the modulator tube,

and in addition receives the audio-frequency or speech-frequency

a.c. power from the output of the modulator tube.

Although any type of generating circuit may be used for radio-

telephony, the adjustments of certain parts of the generating

circuit are in general different from what they would be for

generating unmodulated continuous waves. Thus in Fig. 279 and

Fig. 280 a condenser Co operates as a by-pass condenser for radio-

frequency currents, so that they are not required to flow through
the source of d.c. power. In adapting such a circuit to radio-

telephony, it is desirable to retain the by-pass condenser, in

order to prevent radio-frequency currents from passing back

through the modulator tube, which would cause loss of power
at radio frequency, and would interfere with the proper opera-

tion of the modulator tube. The by-pass condenser should not

be of so great capacity, however, that the modulator tube will

furnish to the condenser a charging current of audio frequency
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which will be of appreciable magnitude in comparison with the

audio-frequency current which the modulator tube furnishes to

the generating tube. The capacity of the by-pass condenser

must be suitably chosen, then, so as to prevent radio-frequency

current flowing back from the generating circuit into the modu-
lator tube without at the same time preventing audio-frequency
current from being efficiently delivered from the modulator tube

to the generating circuit. In a similar manner, in Fig. 281 the

choke coil Z/ performs in part the function of preventing radio-

frequency currents flowing back into the plate battery. When
this circuit is adapted to radiotelephony, however, the choke

coil should not be of so high inductance as to prevent audio-

frequency currents being efficiently delivered by the modulator

tube to the generating circuit. While the necessity of making a
suitable choice of choke or condenser is one of the things which
limits the wave length which may be used, a satisfactory aver-

age may be readily reached in radio-telephony at short wave
lengths. Another adjustment of the generating system in radio-

telephony is also different, in that the system generally operates

at lower average current for a given plate voltage than when
it is used solely as a generator. This is to permit the plate

current to increase when the supply voltage increases. The

average current to the modulator tube or tubes is usually

slightly greater than that to the generating system. The
amount of the power output of the microphone which is avail-

able is often of importance in determining how the grid voltage

of the modulator tube should be adjusted to give best modula-

tion. With high-power tubes, the microphone power is usually

amplified before the audio frequency is impressed on the grids

of the modulator tubes.

In radiotelephone sets the generating system is provided with

plate coupling, grid coupling, and wave length controls, so

that it can be adjusted to suit the constants of the antenna.

No controls, however, are used for the modulating equipment.

Maximum antenna current is not necessarily the condition for

maximum speech signal. Some sets are provided with a low-

power lamp as a modulation indicator in the lead to the plate

of the oscillator tube or in the lead to the generating system ; the

light .is brighter during modulation than where there is no speech.

This is because the heating effect of a pulsating current is
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greater than the heating effect of the direct-current portion of

the pulsating current would be by itself. Most sets are also pro-

vided with a coupling between the transmitter equipment and
the receiver, so that the operator by hearing his own speech may
know whether the quality is good. As a general rule the

antenna current will not vary appreciably during modulation

if the speech quality is good.

Special types of radiotelephone sets have been constructed for

duplex or two-way conversations, so that communication can

Lo

FIG 293 SIGNAL CORPS. US ARMY RADIO TELEPHONE SET

Box. TYPE SCR. 67 TRANSMITTER DIAGRAM.

be maintained as in land telephony without throwing an an-

tenna switch from transmitter to receiver. In these sets means
are provided so that an outgoing message will not greatly

affect the receiver phones, while an incoming message will.

210. Practical Forms of Apparatus. A schematic diagram of

a complete radiotelephone transmitter such as is used by the

Signal Corps in short range work is shown in Fig. 293. The
generating system, to the right of the points marked &-f and
& , may be described as a system having the oscillating circuit

direct coupled in parallel with the oscillator tube, both being
fed through the radio-frequency choke coil Li. The feed back

53904 22 34
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to the grid of the oscillator tube is by capacity coupling. A
condenser Cg serves to transmit the a.c. variation of voltage
across Cg to the grid without having the grid metallically

connected to the plate. The radio-frequency choke coil L2 and
the grid condenser C and grid resistance R in parallel are used

in adjusting the grid a.c. voltage to produce good operating

characteristics; this arrangement produces part of the proper

negative voltage on the grid of the generator tube. Resistances

#1 and R2 make the grid voltages of the modulator and os-

cillator tubes negative because of the drop of the direct cur-

rent through them. This method of making the grid negative

FIG. 294 SIGNAL COUPS. U.S. ARMY RADIO TELEPHONE SET

Box TYPE S.C.R.e/. RECEIVER DIAGRAM.

cuts down the effective plate voltage which is supplied to the

modulator tubes by the generator. The condensers Ci, C3 and

choke, coils Li, L2 form a filter to eliminate the disturbing effect

of the commutator ripple of the direct-current dynamotor.
It will be noted that the connection for this circuit is very

similar to that shown in Fig. 290 for modulation by the method
of absorption of the output power. By replacing the radio-

frequency choke coil L of Fig. 290 by an audio-frequency iron-

core choke coil and by putting the radio-frequency choke coil in
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the lead between the plates of the tubes, the circuit becomes one

of the variable input-power type rather than one of the vari-

able-power absorption type. By the insertion of the radio-

frequency choke coil the tube A is prevented from consuming

radio-frequency power, and by using for L a choke coil of high

impedance to audio frequencies the tube is made capable of

generating power.

Fig. 294 shows the receiver circuit for the same Signal Corps

radiotelephone set for which the transmitter circuit is shown
in Fig. 293.

211. Chopper Modulation of Tube Transmitting Sets for Radio

Telegraphy. It has been pointed out above that if continuous

waves are to be received with a simple detector they must be

modulated at an audio frequency at the transmitting station.

In Section 204 modulation by alternating-current plate supply
has been described. Another simple and convenient method of

making the continuous waves audible is to interrupt them at

an audible frequency by a device called a "
chopper." The

usual type of chopper is simply a metal disk in whose periphery
notches are cut, which are filled with an insulating material.

A brush makes contact with the periphery of the disk. The
disk is rotated at such a speed that the continuous oscillations

of radio frequency which are conducted through the brush are

interrupted at an easily audible frequency, such as 1000 cycles.

This is called
"
chopper modulation." Another method used in

some tube transmitting sets is to modulate the radio-frequency
oscillations at an audible frequency by a buzzer ; this is

" buzzer

modulation." There are many circuits which can be used for

chopper or for buzzer modulation. In general any transmitting
circuit which can be used for radiotelephony can be used for

chopper modulation by substituting the chopper and key in

series for the microphone.
It is usually found under ordinary operating conditions that

if a given electron tube generating set will transmit a given dis-

tance when operated with good modulation as a radiotelephone
transmitter that it will transmit nearly twice as far when oper-
ated as a radiotelegraph transmitter of interrupted continuous

waves using a properly adjusted chopper. It is also usually
found that if operated as a radiotelegraph transmitter of unin-

terrupted continuous waves the set will transmit nearly three
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times as far as when operated as a radiotelephone. These fig-

ures are only approximate. In general, the ratios are a little

larger for the transmitting sets of higher power. One reason

for increased range with uninterrupted continuous waves is that

the heterodyne method of reception is particularly sensitive, as

has been pointed out in Section 205.

212. Line Radio Communication. Continuous waves of radio-

frequency can be guided by wires between the transmitting and

receiving stations instead of being radiated through space, and
when so guided on wires can be used for either telegraphy or

telephony. The conducting line does not, to any extent, distort

the audiofrequency wave form which is being transmitted.

Telephony by the use of modulated radiofrequency currents

guided by wires is called
"
line-radio telephony." Other names

which have been applied are " wire-radio telephony,"
"
carrier-

frequency telephony,"
" carrier-current telephony,"

"
guided-

wave telephony," and "wired wireless."

Line radiotelephony can be very simply maintained by con-

necting radiotelephone sets at both ends of a pair of wires

instead of to antennas. If a particular radiotelephone transmit-

ting set will maintain satisfactory communication with a par-

ticular receiving set over a given distance when its output is

radiated through space in ordinary radio communication, it may
be expected to maintain satisfactory communication with the

same receiving set over a considerably greater distance by line-

radio methods, in some cases twenty times as far as in ordinary

radiotelephony.

The radiofrequency employed is called the "
carrier

"
fre-

quency, as is the practice in radiotelephony. The carrier fre-

quency used may vary through a wide range, but is usually

between 15,000 and 500,000 cycles per second, which is above the

range of audible frequencies.

Multiplex Systems. The transmission by any method of more

than one message over one pair of wires at the same time is

called
"
multiplex telegraphy

"
or "

multiplex telephony," as the

case may be.

In ordinary telegraphy with wires there are a number of

methods of multiplex operation, which have been in use for

some time. These methods are described in such books as
"
Telegraphy," t>y T. E. Herbert.



MULTIPLEX TELEPHONY. 531

For multiplex wire telephony the use of a " phantom cir-

cuit
" with audio-frequency currents is a method which has

been employed for some time and is now in extensive operation.

In this method two pairs of wires are made to transmit three

telephone messages, using audio-frequency currents, by con-

necting across the two main circuits at each end the addi-

tional
"
phantom circuit." It is necessary that a balanced

condition be secured. If transformers or "
repeating coils

"

are used at each end and taps are brought out from the mid-

point of the line winding of each "
repeating* coil," the

"
phantom circuit

" may be connected across the midpoints of the

two windings. Information regarding
"
phantom-circuit

"
op-

eration may be found in a book, "Telephone Apparatus," by
G. D. Shepardson, and in other books mentioned in section 60-b.

It is possible to transmit both telegraph and telephone

messages over the same pair of wires at the same time. Such

a line is called a "
composite

"
line.

One of the important advantages of the line-radio method

is that it increases the possibilities of multiplex operation in

both telegraphy and telephony with respect to the number of

messages which can be transmitted simultaneously over a

single circuit. That is, on a given line, the line-radio method

affords a number of channels which can be used for communi-

cation by either telegraphy or telephony, in addition to those

available using the older methods. The line-radio method is

essentially different from the older methods of multiplexing.

In radiotelephony a considerable number of different conver-

sations can be carried on at the same time in the same locality,

if the carrier frequencies used are far enough apart so that the

side frequencies (see Section 206, page 509) and the inter-

fering harmonics do not overlap. Likewise, when waves are

guided by wires, a number of different conversations can be

carried on at the same time if the carrier frequencies are prop-

erly selected. Employing guided radio-frequency waves, as

many as six conversations have been carried on at the same time

over a single pair of wires. On a pair of wires which are being

employed for ordinary telephony, for multiplex audio-frequency

telephony using phantom circuits, and for composite operation

in ordinary telegraphy, a number of additional telephone con-

versations can be carried on using radio-frequency currents.



532 LINE RADIO COMMUNICATION.

Instead of additional conversations using radio-frequency cur-

rents, the pair of wires will transmit ten or more additional

telegraph messages using radio-frequency carrier currents. The
use of radio-frequency currents on the line therefore greatly

increases the service obtained from a given pair of wires.

One obvious advantage of line radio communication over ordi-

nary radio communication is the secrecy of the former.

Satisfactory telephone service, whether audio-frequency or

radio-frequency currents are employed, evidently requires that

it shall be possible to talk in either direction without manipu-

lating any switches. This is known as a "
duplex system."

This requires that each station shall have the equipment of

both a transmitting and a receiving station. In line radio-

telephony, one way of securing duplex operation is to employ
two different carrier frequencies for transmission in the two

directions. The two carrier frequencies are present on the line

at the same time, and the resultant wave on the line necessarily

has "beats." (See Section 205, page 501.) The frequency of

the beats is the difference between the frequencies of the two

impressed waves, and if the beat frequency is an audible fre-

quency, a note corresponding to the beat frequency will be

heard in the telephone receiver. For this reason it is necessary
in line radiotelephony to use very carefully tuned circuits and

to have the two frequencies used as carrier frequencies differ

by 3,000 or more.

Attenuation. In transmitting telephonic messages over wires,

either in ordinary wire telephony or using radio frequencies,

the amplitude of the alternating current is damped out with in-

creasing' distances. This effect is sometimes called
" attenua-

tion." Attenuation increases with increasing frequency. In

ordinary wire telephony the frequencies of the sounds con-

veyed are likely to vary from 100 to 3,000 cycles per second,

and the currents having these different frequencies are trans-

mitted with entirely different attenuations. Therefore, in ordi-

nary wire telephony the listener at the receiving station hears

the low notes louder than the high notes. This results in some
distortion of the sound. The attenuation of radio-frequency
currents on a line is greater than the attenuation of audio-

frequency currents because of the higher frequency. But since

the extreme difference in frequency of the side waves is small



LINE RADIO APPARATUS. 533

compared with the carrier frequency itself, all of the side

waves are transmitted with nearly the same attenuation, and

the distortion is practically absent when radio-frequency cur-

rents are used.

For instance, if the wave form of a voice is such that it has a

fundamental frequency of 250 vibrations per second and contains

harmonics or overtones of a frequency of 1,250 per second, the

frequency of the component of the line current corresponding

to the harmonic is, in ordinary telephony, five times that cor-

responding to the fundamental. The harmonic will be attenu-

ated approximately five times as much as the fundamental.

With the same voice transmitted by the line radio method, using

a carrier frequency of 150,000, the ratio of the frequency due to

this particular harmonic of the current (151,250), to the fre-

quency of the current due to the fundamental (150,250) is

1.006. This ratio represents approximately the relative mag-
nitudes of the attenuations of the respective frequencies.

The practical development of line radio communication dates

from the pioneer work of Maj. Gen. George O. Squier, Chief

Signal Officer of the Army, which is described in his paper,
"
Multiplex Telephony and Telegraphy by Means of Electric

Waves Guided by Wires," Trans. A. I. E. E., vol. 30, p. 1617,

May, 1911 ; also published as a Professional Paper of the Signal

Corps.
1

Line radio communication has given a great impetus to the

development of the electron tube and tube circuits, and this

development of the electron tube has made possible further im-

provements in line radio communication.

Apparatus. Essential elements of line radiotelephony, which

are not found in ordinary audio-frequency telephony, are a

source of radiofrequency alternating current, means for modu-

lating the radiofrequency current, tuned circuits, and a rectify-

ing detector. In line radio-telephony tuned circuits are used

at both the transmitting and receiving stations.

A line radiotelephone system can be considered as consisting

of three parts the transmitting apparatus, the connecting line,

and the receiving apparatus. The transmitting apparatus is

1 A copy may be purchased for 15 cents from the Superintendent of

Documents, Government Printing Office, Washington, D. C.
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very similar to that used for radiotelephony, and employs
tuned circuits. The source of undamped high-frequency alter-

nating current may be a high-frequency alternator; it is more

usually an electron tube generator. The output of the elec-

tron tube generator is usually modulated, as in radiotelephony,

by a modulator tube connected to a microphone circuit. The
modulated output of the generator is connected to the line. In

a multiplex line radiotelephone system where it is necessary

to make use of a great number of channels, a device called the

"band frequency filter" has been used, which allows to pass

only frequencies within a predetermined band which can be

transmitted without distortion. In such multiplex systems the

modulated output is then coupled to the line through trans-

formers, and then passes' through another "filter." Multiplex

line radio communication can, however, be carried on without

filters if the carrier frequencies are far enough apart.

The filter is a device for selecting certain frequencies which

it is desired to allow to pass, and preventing other frequencies

from passing. It is a particular kind of tuning device, and

consists of a network of inductances and capacities which offer

a low impedance to currents whose frequencies lie within a

certain range, and offer very high impedance to currents whose

frequencies lie outside that range. The filter is used both at

the transmitting station for preventing the modulated output

of the generator from putting on to the line frequencies which

it is not desired to transmit for that circuit, and at the receiving

station for preventing a given circuit from receiving frequencies

outside its assigned band of frequencies. The use of filters on

multiplex circuits results in much more satisfactory transmis-

sion. Some of the principles of filters have been briefly dis-

cussed in section 113, page 246. For a further discussion of fil-

ters, see the paper by Colpitts and Blackwell mentioned at the

end of this section, and also a book by G. W. Pierce,
" Electric

Oscillations and Electric Waves."
The use in multiplex line radiotelephony of carrier frequen-

cies as close together as 3,000 cycles, as mentioned above, re-

quires very good filters. In multiplex line radiotelegraphy,

the carrier frequencies can be even closer together than 3,000

cycles, if the filters are sufficiently selective.
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The circuit connecting the transmitting and receiving stations

is preferably a metallic circuit. The line may be constructed

of copper wire, or aluminum wire, or copper-clad iron wire.

Since the carrier frequencies are high frequencies, and therefore

the skin effect is appreciable (see Section 117, page 263), and

the current is conducted largely near the surface of the wire,

the use of copper-clad iron wire is particularly economical with

line radiotelephony.

Power lines which are in use for transmitting electrical

power, even at high voltages, can at the same time be employed
for transmitting radiofrequency currents for line radioteleph-

ony. The telephone circuit can be coupled at the stations to

the power line through high-voltage condensers, or the tele-

phone circuit can be run parallel and close to the power line for

a short distance at each station.

The trolley wire of an electric railroad can be used to con-

duct radio-frequency currents for line radio telegraphy or tele-

phony, and communication can thus be carried on from a mov-

ing electric car. This application offers possibilities of im-

portant improvements in train dispatching on electric ralroads.

At the receiving station the incoming current is passed

through appropriate filters, if desirable, to a detector tube by
means of which the voice is reproduced, as would be done in a

radotelephone receiving set. The receiving apparatus for the

transmitted wave forms ordinarily used in line radiotelephony

is essentially the same as the receiving apparatus for radio-

telegraphy, as described in Sections 180, 194, 198, and may in-

clude amplifiers. The circuits are, of course, tuned.

In line radiotelephony, as in ordinary radiotelephony, con-

siderations of efficient transmission require that the modulation

shall be complete or nearly complete. For radiotelephony, one

kind of completely modulated wave is shown in Fig. 287, and

is described in Section 206, page 513, in which the envelopes

cross the zero axis, and for which it is necessary to supply at

the receiving station local radiofrequency current of the carrier

frequency and proper phase relation. This wave form is used

to some extent in line radiotelephony, and has the advantage
that it allows the use of a smaller current on the line.

A conversation being carried on a pair of wires by radio-

frequency currents is not subject to cross talk from adjacent
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wires carrying ordinary audio-frequency telephone currents.

Two adjacent circuits used for line radiotelephony do not in-

terfere with each other if they are properly transposed and
the frequencies are properly selected. Line radiotelephony is,

however, subject to interference from high-power radio sta-

tions transmitting undamped wraves. The telephone line acts

somewhat as an antenna and picks up the wave transmitted by
the radio station, and the resultant wave on the wire has beats.

If the beat frequency is an audible frequency, a note will be

heard on the line which may interfere with communication un-

less the interfering frequency is filtered out. This interference

can be avoided by a proper selection of the carrier frequency.
Line radio communication has already been applied to some

of the more important long-distance telephone lines in the

Ignited States, such as the Harrisburg-Chicago line, and to some
lines in Europe, and its use is being extended. The Signal

Corps is developing line radio communication for some purposes
in field use and for communication with moving trains.

A Signal Corps pamphlet giving a more extended treatment

of line radio is in course of preparation. For further study,

the reader may consult the following papers : G. O. Squier,

Trans. A. I. E. E., vol. 30, p. 1617, May, 1911
; R. D. Duncan, jr.,

Journal of the Franklin Institute, vol. 191, p. 23, Jan., 1921;

C. A. Culver, Journal of the Franklin Institute, vol. 191, p.

301, March, 1921; Colpitts and Blackwell, Journal A. I. E. E.,

vol. 40, p. 301, April, 1921. An extensive bibliography will be

found in the paper by Colpitts and Blackwell.



APPENDIX 1.

SUGGESTED LIST OF LABORATORY EXPERIMENTS.

Experiment 1. Effects Produced by Electric Current. (a) Mag-
netic. Put in series a 4-volt storage battery, key, 3-ohm rheo-

stat, and about 2 meters (about 7 ft.) of copper wire of about 1

mm. (0.04 in.) diameter. (For the wire gage number of this wire
'

see Appendix 4. ) Place a portion of the copper wire parallel

to a small compass needle and 1 cm. (0.4 in.) or more above it.

Repeat, with the wire just below the compass needle. Repeat
with battery connection reversed. Test out the right-hand rule

for direction of current. See Fig. 10, p. 31. Connect a small

electromagnet in the circuit, and note behavior like a permanent
magnet.

(b) Heat. Take electromagnet out of the circuit and connect

in about a half meter of iron wire about i mm. in diameter.

Reduce resistance in rheostat until all out, and observe iron wire

get hot. Shorten iron wire and repeat. Replace iron wire by a

short piece of 2-amp. fuse wire. Reduce resistance in rheostat

until wire melts.

(c) Chemical. Immerse two copper wires connected to a

battery in a vessel containing copper sulphate solution (about
10 per cent, slightly acid). Allow current to flow for some
time and note effect.

Experiment 2. Ohm's Law. (a) Current inversely proportional

to resistance. Connect in series a 4-volt storage battery, a mil-

liammeter (10 to 150 milliamperes), and a 400-ohm rheostat.

Reduce resistance by about 8 approximately equal steps. Make
list of corresponding values of resistance and current.

(b) Current proportional to emf. Connect in series two
similar cells, a milliammeter, and about a 40-ohm resistor. Note
the current. Take out one cell and note current again. Com-

pute total resistance in circuit in each case.

Experiment 3. Voltmeter-Ammeter Method of Measuring Re-

sistance. Send enough current through an incandescent lamp
to make the filament bright. Measure current by ammeter in

series, and voltage by voltmeter connected across the lamp, and

537
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calculate resistance. Measure resistance in this manner of the

filament of an electron tube, Signal Corps type VT-1 or type
VT-2 tube taking its normal current.

Experiment 4. Use of Wheatstone Bridge. Connect apparatus
of which resistance is desired to the appropriate terminals,
which are marked X on the bridges made by some manufac-
turers. Press battery key, tap galvanometer key lightly. Suit-

able resistances to measure are those of filaments (cold) of

electron tubes, milliammeter, microammeter, field of pack set

generator, sliding contact rheostat.

Experiment 5. Series and Parallel Connections. (a) Test of

Relation, -= H or R= J
. Apparatus: milliammeter (10

it 'i '2 'i~r'2

to 150 milliamperes), resistance box, 1 to 50 ohm fixed resistor,

1 dry cell of measured voltage. Measure R of two resistors

(say 70 and 50), (a) when they are connected in parallel, and

(b) when they are connected in series. Correct for resistance

of milliammeter R&, thus

R= Ra

Compare with values given by formula

*=50X70=29 .1, etc.
.

Try similarly 50, 70, and 100 in series and parallel.

(b) Cells in Parallel. To show that polarization is reduced

(with moderate current) put 3 ordinary dry cells in parallel.

Put the battery in a 15-ohm circuit, with an ammeter, and re-

peat with 1 cell of the same sort.

Experiment 6. Polarization and Recovery of Dry Batteries.

Connect in series about three small dry cells about an inch and

a quarter in diameter, such as Signal Corps Type BA-3. Using

them in a circuit with, a resistance of 20 ohms for 6 minutes,

take open circuit voltage at start and at end of each 2 minutes.

Similarly with 15 ohms, 10 ohms, and 5 ohms in succession.

Test recovery with voltmeter each 10 minutes after opening cir-

cuit, for as long a time as convenient.

Experiment 7. Storage Battery Curves for Charge and Dis-

charge. Make tests with 4-volt battery used for filament light-

ing, if available.
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(a) Charging. Read charging current and voltage between

terminals of battery at regular intervals, recording voltage,

current, and time. With each set of readings the charging

circuit should be open long enough to read the voltage of the

battery with the circuit open. Calculate the apparent internal

resistance of the battery for each reading. Measure the spe-

cific gravity of the electrolyte by means of a hydrometer at

regular intervals during the charge and plot a curve showing
the change with time on charge.

(b) Discharging. Take similar readings at frequent inter-

vals at the start and not so frequently later. Present results in

curves with time as abscissas.

Experiment 8. Test of Motor-Generator Set or Dynamotor.

(a) Use a small dynamotor such as Signal Corps Type DM-1.

This is run by a 10-volt storage battery and supplies d.c. current

at 300 volts. Read input volts and amperes, and generator volts

and milliamperes, when external resistance (which is large) is

so regulated as to give about eight current values well spaced

between and 1GO milliamperes. Calculate generator watts and

efficiency for each output of current read.

(b) Study connections and make diagram of generator of

radio pack set. (See Fig. 184, page 359.)

Experiment 9. Reactance and Impedance. (a) Given a coil of

about 10 ohms and 0.2 henry (spool 3000 turns No. 16 wire,

coil 8.5 in. long, 2 in. internal, 5 in. external diam. ) , connect it

to a 60-cycle, 110-v. a.c. line and measure current with an a.c.

ammeter. Calculate impedance.

(b) With Wheatstone bridge measure direct current resist-

ance.

(c) From formula, Impedance^V#2+ (2*7X)
2

, calculate the

value of the reactance and of L.

(d) Attach a generator like that of the pack set to above coil

and measure current and voltage. Taking value of L found in

(c), calculate value of f for this machine.

Experiment 10. Wavemeter. (a) Measuring of an Unku<>u~n

Wave Length. Portable wavemeter, hot-wire ammeter indi-

cator in coupled circuit, or crystal detector and telephones.

Suitable unknown circuits, antenna excited oscillating circuit

supplied by electron tube. ( See Sec. 203. )
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(b) Wave-meter as Source of Known Wave Length. Set con-

denser of wavemeter to a chosen wave length, and excite wave-
meter circuit by means of a buzzer. Tune a series circuit con-

taining a fixed inductance coil and a variable condenser to the

wavemeter frequency, coupling an untuned hot-wire ammeter
circuit (or detector and telephone) to the circuit to be tuned.

(c) Resonance Curve. Arrangement in (b) with hot-wire

ammeter or crystal and galvanometer can be used. Observe

deflections of the indicator with different settings of the con-

denser in the circuit to be tuned to resonance, the wavemeter

serving as a source of constant frequency during the measure-

ments. Plot the readings of the current indicator as ordinates

and the setting of the condenser as abscissas.

Experiment 11. Measurement of Capacity and Industance

Using a Wavemeter. (a) Measurement of Capacity. With a

known variable condenser as a standard, join the unknown
condenser in series with an inductance coil, the circuit being

provided with an indicator to show resonance. Couple to a

wavemeter circuit excited by an electron tube. Vary the fre-

quency of the exciter until the indicator shows that the un-

known circuft is in resonance. Replace the unknown condenser

by the known, and keeping the exciting frequency unchanged,

vary the known variable condenser until the circuit is again in

resonance with the exciting circuit. The unknown capacity is

equal to the value of the known which has replaced it. Suitable

unknown : variable air condenser, or capacity of an antenna.

(b) Measurement of Inductance. Connect the coil whose in-

ductance I/x is unknown to the variable standard condenser so

as to form a resonant circuit, and tune to any desired wave

length, as described above. Read the condenser setting for

resonance, C*. Replace the unknown coil by a standard coil of

inductance L and retime to the same wave length, and read the

condenser setting C. Then

(c) Use of a Calibrated Wavemeter as an Exciter. Either

inductance or capacity may be measured, provided a standard

of inductance or capacity is available. When the test circuit is

in resonance, the product of its inductance and capacity may be

calculated from the wave length indicated by the wavemeter.
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Either the inductance or capacity of the test circuit will be

known, or can be derived by measurements of the same kind,

starting from the standard.

Experiment 12. Calibration of a Receiving Set, Using a Wave-

meter. Excite a wavemeter by a buzzer. Couple the wavemeter

to the inductance coil of the receiving set. With the inductance

coil and condenser of the receiving set at any desired settings,

vary the wave length emitted by the wavemeter until the sound

is a maximum in the telephone of the receiving set. The read-

ing of the wavemeter indicates the wave length for which the

set is adjusted, with the inductance and condenser settings in

question.

Or, the wavemeter may be adjusted to a chosen wave length,

and the combination of inductance, capacity, and coupling de-

termined by experiment, which give the loudest sound in the

telephone for this wave length. A record of the results of such

an experiment will make it possible for the operator to adjust

the apparatus quickly to receive signals of a desired wave

length.

Experiment 13. Effect of Resistance on Resonance Curves.

Make measurements for obtaining the form of the resonance

curve of a circuit as in Experiment 10. Add a known resist-

ance of a few ohms and obtain a second resonance curve. In-

crease the resistance again by the same amount and map out

a third resonance curve. From the values of the maximum
currents in the three curves, and the values of the inserted

resistances determine the total resistance in the three cases.

Calculate the impedances from the known inductance, capacity,

and resistance at several points on each curve, and check the

observed currents at those points.

Experiment 14. Inductive Coupling. (a) Use a wavemeter to

map a curve showing the relation between current and wave

length in an oscillating circuit which is closely coupled to a

spark source. The source and oscillating circuit should prefer-

ably be separately tuned to the same frequency. Carry the

curve through a great enough range of wave lengths to show

the double hump curve. Loosen the coupling and repeat. The

humps should be nearer together. By taking a third resonance

curve with very loose coupling a single hump may be obtained.

(b) Make similar measurements with the same circuit coupled



542 LABORATORY EXPERIMENTS.

to a quenched gap source, both with close coupling and loose

coupling.

(c) Measure the coefficient of coupling in any one of these

cases. To do this, measure, as in experiment 11, the following :

(1) the inductance of each of the coupled coils giving values

Li and I*; (2) the inductance of the two coils joined in series,

giving L'
; (3) the inductance of the two coils in series with the

connections of one reversed, giving L". Then if L' is the larger
IS L"

value, the mutual inductance M is given by M= j and the

coefficient of coupling is k= ,

*

\LiLz

Experiment 15. Measurement of Decrement. The circuit

whose decrement is to be measured is excited by an electron

tube or some damped source of known decrement. The capacity
of the circuit is varied until the circuit is in resonance as sho\vn

by its current indicator, which should give readings propor-
tional to the current squared. Having read the capacity for

resonance, increase it or decrease it until the current squared is

only one-half of its maximum value and again read the capacity.

The sum of the decrements of the unknown circuit and the

source may then be calculated. If an electron tube source is

used its decrement is zero. If a decremeter is available, use it

to measure the decrement of a transmitting antenna. Note the

effect of adding resistance to the circuit, and of adding induc-

tance, retuning of course in the latter case. For methods of

calculation and additional information see Bureau of Standards

Circular 74, pp. 180 to 199. Check the decrement of a circuit

here measured by the method of Experiment 16, calculating

decrement from the resistance, capacity, and inductance of the

circuit.

Experiment 16. High-Frequency Resistance of Conductors.-

The wire or coil whose resistance is to be measured is made

part of a resonant circuit, which includes a thermoelement and

galvanometer to measure relative values of the square of the

current. The circuit is excited by coupling to an electron tube

source, and the capacity or inductance adjusted until the thermo-

element shows a maximum current, which is recorded. A known
resistance is then added, and the maximum current again noted.

The total resistance of the circuit is then calculated. Similar
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measurements of the total resistance are made with the un-

known resistance removed, the circuit being retuned to give

maximum current. The resistance of the unknown is obtained

by subtraction. The wave length of the source may be obtained

by a wavemeter. The direct current resistance of the unknown
should be measured with a Wheatstone bridge.

Measure the resistance of the unknown at several wave

lengths and calculate the resistance ratios. (See Sec. 117,

page 263, and Bureau of Standards Circular 74, Sec. 74.) Plot

the resistance ratio as ordinates, and the reciprocal of the wave

length as abscissas.

Suitable objects for test : copper wire, single layer coil, piece

of metal strip, antenna. Extension of experiment: measure a

resistance by the method of Experiment 15.

Experiment 17. Measurement of Constants of an Antenna.

(a) Capacity. Measure the wave length of the antenna with

a suitable loading coil in series. Replace the antenna and

ground leads by the variable standard condenser and tune the

circuit to the same wave length. The reading of the condenser

then gives the effective capacity of the antenna at that wave

length. Repeat this measurement over a wide range of wave

lengths.

(b) Inductance. Measure the wave length \i of the circuit

composed of the antenna connected with a coil whose inductance

Li is known. Replace the coil by a second coil whose in-

ductance La is also known and measure the wave length X2.

The antenna inductance is then given by the equation

X2

(c) Fundamental Wave Length. Connect into the antenna

circuit a loading coil of a few turns, so that the number of turns

in the coil can be readily varied. Measure wave lengths for

successively smaller numbers of turns and plot a curve using
number of turns as abscissas and wave lengths as ordinates.

The wave length corresponding to zero number of turns, as

shown by the extended curve, is the fundamental of the antenna
and should correspond with the value obtained by calculation

from the values of capacity and inductance as determined above.

53904 22-35
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(d) Resistance. Connect the antenna to the transmitting
set with an ammeter in the ground lead. Read the current /

in the antenna when operating normally. Then insert a known
resistance R of a few ohms in series in the ground lead and
read the current h. Then the antenna resistance is given by
the equation

7?
"

Repeat the above measurement at several wave lengths, using
various values of R at each wave length.

Methods of measurement of capacity, inductance and re-

sistance, are described in Section 171, page 389.

Experiment 18. Study of Rectifiers. (a) Arrange a voltage

divider in the circuit of a steady battery, with a voltmeter to

measure the voltage taken off to a circuit which includes a

crystal rectifier in series with a galvanometer or other instru-

ment capable of detecting currents of a few microamperes. A
reversing switch may be employed to reverse the direction of

the current through the crystal. Measure the current through
the crystal for each direction of the voltage and for a number
of values of voltage up to 20 volts. Measure the currents for

the same values of alternating voltages of 60 cycles.

(b) Make similar tests with a small electron tube. Note

which way the current flows through the tube and compare with

theory.

(c) Examine and trace out the connections of a tungar
rectifier. Measure the current and voltage on the a.c. end and
the current and voltage on the d.c. end. Note how the alter-

nating current varies as the direct current load is varied.

Experiment 19. Characteristic Curves of Small Receiving Tube
with Constant Filament Current. The tube used may be a

Signal Corps Type VT-1 tube, or other standard receiving tube.

Connect up the tube with a rheostat and ammeter in the fila-

ment circuit, so that the filament current may be adjusted to

its normal value and held constant. Arrange a battery of 5 to

10 volts with a voltage divider so connected that the grid voltage

may be made positive or negative with respect to -the filament.

The voltage divider allows its value to be adjusted in small

steps. The plate battery should consist of a sufficient number
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of cells to permit the operation of the tube under normal

working conditions. A suitable low-reading milliammeter or

calibrated galvanometer should be included, in the plate circuit.

The grid circuit will require a galvanometer to read the small

grid current. A low-reading voltmeter will be necessary to

measure the grid voltage.

Adjust the plate voltage to the normal value for the tube in

question and, keeping it constant, vary the grid voltage in steps,

recording for each setting the plate and grid currents and plate

voltage. Plot the plate current as ordinates with grid voltages

as abscissas. Make a second curve with grid currents as ordi-

nates and grid voltages as abscissas.

Obtain similar characteristic curves with the plate voltage

adjusted to other values lower than the normal voltage.

Experiment 20. Characteristic Curves of Small Receiving Tube

as Changed by a Signal. Arrange a circuit containing a coil, a

key, and sufficient resistance so that the current which will

flow when connection is made to a 60-cycle, 110-volt line will be

only a few tenths of an ampere. The apparatus used in the

previous experiment is also to be changed only to the extent of

including an inductance in the grid circuit.

Bring up the coil which is carrying the 60-cycle current from

a distance until the coupling is sufficient to cause a moderate

change in the plate and grid circuits. Adjusting the grid voltage

to different values, observe the plate and grid currents, both

when the key is open and when it is closed. Plot in two curves

the changes in plate current and grid current as ordinates

against grid voltages as abscissas. Draw conclusions as to the

most suitable values of grid voltage in order that such signals

may produce the greatest changes in the plate current and in

order that the tube may be a good rectifier.

Experiment 21. Small Transmitting Tube as Source of Oscil-

lations. The tube used may be a Signal Corps Type VT-2 tube

of rated output of five watts, or other small transmitting tube.

Connect the tube as in Fig. 280 with a hot-wire ammeter in the

oscillation circuit, and with a given setting of the condenser

in the oscillation circuit vary the coupling until the ammeter
indicates the maximum current. Record this and measure the

wave length of the oscillations by means of a wavemeter. Ad-

just the circuit to other wave lengths, recording the maximum
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current which can be obtained in each case. Make similar tests

with the other schemes of connection shown in Bureau of Stand-
ards Circular 74, Figs. 147 and 148.

Experiment 22. Heterodyne Reception. See Section 205, page
501. Arrange an electron tube circuit to act as a transmitter of

oscillations. These oscillations are to be received in a second
circuit in which independent oscillations may be produced. The
latter circuit may be that of an oscillating electron tube,

connected as in Bureau of Standards Circular 74, Fig. 145.

The receiving circuit and the circuit which is transmitting

signals should be tuned to the same frequency by a prelim-

inary test with a wavemeter. Start the receiving tube to

oscillate and then increase the coupling to the source of signals.

Vary the inductance or capacity in the receiving circuit a very
little. The pitch of the note received in the telephones should

be very sensitive to the smallest change of inductance or

capacity, and it should be easy to make it pass from the lowest

to the highest audible frequency. Try to adjust the receiving
circuit without the preliminary tuning of the transmitting and

receiving circuits.

Experiment 23. P.ower Input Modulation of Electron Tube Gen-

erator. Set up an oscillating circuit of any of the types de-

scribed in Section 202, page 491, providing means for varying
the plate-battery voltage. Record antenna current and plate-

battery current, as the plate-battery voltage is continuously
varied from normal value to zero, leaving all other adjustments
fixed. Determine the settings of the adjustments other than

the filament current such that oscillations will be produced at

low plate voltages. Caution. Do not use plate voltages higher
than the regular rated voltage.
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UNITS.

Every measurement must be expressed in terms of two fac-

tors. One of these is a definite amount of the thing measured,

called the unit ; the other is a mere number., being the number

of times the unit is taken. Thus we speak of a certain action

taking place in 15 seconds. The second is the unit in which the

time specified is measured. A standard is a different thing

from a unit ; it is the representation of a unit. It is necessary

that there be authoritative standards representing certain units.

When a length is measured by a number of different measuring

sticks, differences in the results can sometimes be detected.

The true length would be given by comparison with some one

measuring stick that had been agreed upon as the standard.

The standards representing various units, for the use of the

United States, are kept at the Bureau of Standards in Wash-

ington. Measurements are frequently made in ordinary work

without any reference to the existence of a standard. A stand-

ard can be destroyed and the unit still be used as before.

While in many measuring processes standards are actually used

(as, for example, in weighing on a balance, the weights used

on one side are actually standards), in many other measuring

processes standards are not used, but instead marks upon a

measuring instrument enable one to express the measurement

in terms of units. Thus, a voltmeter is a means of measuring

voltage, and the resulting measurements are expressed in terms

of a unit called the volt.

Electrical units are based upon the units of the metric system,

which is the name given to the system of units used on the Con-

tinent of Europe ; it is a much simpler system than the English

and American systems of units. The fundamental units in

the metric system are the meter, the gram, and the second.

The " meter "
is defined as the length of a certain metal stand-

ard bar which is preserved at an international bureau near

Paris. The "
gram

"
is a thousandth part of a certain mass of

metal kept as a standard of mass at the same place. Each

547
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Government has copies of these two fundamental standards.

The " second "
is the familiar unit of time.

These units are comparatively familiar to the radio man.
Thus the meter is universally used for the expression of the

length of radio waves. The meter is a little more than one yard
in length. The gram is not far from one-thirtieth of an ounce.

The relations between these units and the American and Eng-
lish units are given approximately in the following :

1 inch=2.540 centimeters=25.40 millimeters.

1 foot=30.48 centimeters=0.3048 meter.

1 yard=91.44 centimeters=0.9144 meter.

1 mile= 1.609 kilometers=1609 meters.

1 ounce (avoirdupois) =28.35 grams.
1 pound=0.4536 kilogram=453.6 grams.
1 liquid quart=0.9463 liter.

1 dry quart=1.101 liters.

1 millimeter=0.03937 inch.

1 centimeter=0.3937 inch.

1 meter=3.281 feet=1.094 yards.

1 kilometer=0.6214 mile.

1 gram=15.43 grains=0.03527 ounce (avoirdupois).

1 kilogram=2.205 pounds.
1 liter=1.057 liquid quarts=0.2642 gallon.

1 hectoliter=90.81 dry quarts=2.838 bushels.

In connection with the units of the metric system the pre-

fixes given below are used to indicate smaller or larger units.

Besides those listed, the prefix "pico" (abbreviation p) is

coming into use to mean the 10"" part, that is, one million-

millionth. Thus,
"
pico

" means the same as "
micromicro,"

which latter is abbreviated w.

Prefix.
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Without giving any historical information as to the develop-

ment of electric and magnetic units, it may be said that those

now used are the so-called international electric units. The

international units are based on four fundamental units the

ohm, ampere, centimeter, and second. The first of these is the

unit of resistance, and is defined in terms of the resistance of

a very pure conductor of specified dimensions. The ampere is

the unit of current and is defined in terms of a chemical effect

of electric current, the amount of silver deposited from a certain

solution for a current flow for a definite time. The other elec-

tric units follow from these in accordance with the principles

of electrical science. Some of the units thus defined are given

in the following definitions, which are those adopted by inter-

national congresses of science and universally used in electrical

work.

The " ohm "
is the resistance of a thread of mercury at the

temperature of melting ice, 14.4521 grams in mass, of uniform

cross section and a length of 106.300 centimeters.

The "
ampere

"
is the current which when passed through a

solution of nitrate of silver in water in accordance with certain

specifications deposits silver at the rate of 0.00111800 of a gram
per second.

The "
volt

"
is the electromotive force which produces a cur-

rent of one ampere when steadily applied to a conductor the

resistance of which is one ohm.

The " coulomb "
is the quantity of electricity transferred by a

current of one ampere in one second.

The " farad "
is the capacity of a condenser in which a po-

tential difference of one volt causes it to have a charge of one

coulomb of electricity.

The "
henry

"
is the inductance in a circuit in which the elec-

tromotive force induced is one volt when the inducing current

varies at the rate of one ampere per second.

The " watt "
is the power expended by a current of one am-

pere in a resistance of one ohm.
The "

joule
"

is the energy expended in one second by a flow

of one ampere in one ohm.

The watt and joule are not primarily electric units, but they
need to be learned in connection with electric units because the
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energy required or the power expended in electrical processes

are among the most important phases of the actions.

The "
horsepower

"
is sometimes used as a unit of power in

rating electrical machinery. The horsepower is equal to 746

watts.

The "gram-calorie," or simply "calorie," is the energy re-

quired to raise one gram of water one degree centigrade in

temperature. One gram-calorie is, very nearly, equal to 4.18

joules.

Another unit of quantity of electricity, in addition to the

coulomb, is the "
ampere-hour," which is the quantity of elec-

tricity transferred by a current of one ampere in one hour, and

is therefore equal to 3600 coulombs.

The units of capacity actually used in radio work are the

"microfarad" (a millionth of a farad) and the " micromicro-

farad "
(a millionth of a microfarad), since the farad is

found to be too large a unit. Another unit sometimes used is

the "C. G. S. electrostatic unit of capacity," often called the
" centimeter of capacity," which is approximately equal to 1.11

microfarads.

The units of inductance commonly used in radio work are the

the "millihenry" (a thousandth of a henry) and the "micro-

henry
"

(a millionth of a henry). Another unit sometimes used

is the " centimeter of inductance," which is one one-thousandth

of a microhenry.
For further information regarding electric and magnetic units

see Bureau of Standards Circular No. 60, Electric Units and

Standards (price 15 cents), and Bureau of Standards Scientific

Paper No. 292, International System of Electric and Magnetic

Units (price 10 cents). These publications can be purchased

from the Superintendent of Documents, Government Printing

Office, Washington, D. C. Other Government publications of

electrical and radio interest are listed in Price List 64 issued

by the Superintendent of Documents, of which he will send a

copy on request. See also pages 569, 572,
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ABBREVIATIONS OF UNITS.
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Unit. Abbreviation.

amperes amp.

ampere-hours amp-hr.

centimeters cm

centimeter-gram-second- cgs

cubic centimeters. cm3

cubic inches en. in.

cycles per second ~
degrees Centigrade C
degrees Fahrenheit F
feet ft.

foot-pounds ft-lb.

grams g

henries h

inches in.

kilograms kg

Unit. Abbreviation.

kilometers km
kilowatts k\v

kilowatt-hours kw-hr

kilovolt-amperes kva

meters m
microfarads /tf

micromicrofarads /*/if

millihenries mh
millimeters mm
pounds Ib.

seconds sec.

square centimeters cm2

square inches sq. in.

volts v

watts _ w
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SYMBOLS USED FOR PHYSICAL QUANTITIES.

Physical Quantity. Symbol.

area S or A
base of napierian loga-

rithms=2.718 e

capacity C
conductance g

coupling coefficient k

current, instantaneous

value i

current, effective value I

decrement 5

density , d

dielectric constant K
electric field intensity

electromotive force, in-

stantaneous value e

electromotive force, ef-

fective value E
energy W
force F

frequency t

frequency X2?r o>

gravity, acceleration of _ g

height L_ h

impedance Z

inductance, self L
length l

magnetic field intensity- H
552

Physical Quantity. Symbol.

magnetic flux__________ (p

magnetic induction _____ B
mass __________________ m
mutual inductance______ M
number of revolutions__ n

period of a complete os-

cillation _____________ T
permeability____________ \t.

phase angle_____________ 9

phase difference________ $

potential difference_____ V
power, instantaneous

value________________ p

power, average value___ P

quantity of electricity Q
ratio circumference of

circle to diameter=

reactance______________

resistance _____________

temperature coefficient -

time __________________

velocity _______________

velocity of light________

wave length ___________

wave length in meters__

work.:

X
R
a

t

v

c

X

Xm

W



SYMBOLS. 553

Alternator ^^f^~@~ Voriab^ Inductor
s$5GpV^r_r (yffifrv.

Ammeter C^J ^e^ ~ ~ ^
III P

Antenna W KesisTor VSAAAA

Arc \ Variable resistor VWWVV

battery-- ||lU|lh
*'fch 3- p- S'T '

X*-

C>o^^r--. '""t^^ffiTh^
* 5 P. D-T. *

u*~~

Conden-ser \ U r
E]__ P.p.5.T_ _ *^*

V<iridble Cenden5er_ -14- ^
Connection of Wires

|
D.PD.T .

*

\/*~~

Wo conneotion-

Telephone receiver

Tele^Kone transmitter

De-tector 4 Thermoelement IJ

A.n . , Electron tube &
-enohd

1||||||||_
VoItmeUr ^V

Qroond -

Inductor r 90&0000 >
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COPPER WIRE TABLES.

DIAMETERS OF BAKE WIRE AND OUTSIDE DIAMETERS OF INSULATED

WIRE.

The sizes shown are American Wire Gage (Brown & Sharpe).
Diameters in thousandths of an inch.

Data on insulated wires supplied by Belden Manufacturing Co.

Size.



COPPER WIRE TABLES. 555

WEIGHT OF BARE AND INSULATED COPPER WIRE.

(In pounds per 1000 feet at 68 Fahrenheit. The sizes shown are American Wire

Gage (Brown & Sharpe). Data on insulated wires supplied by Belden Manufac-

turing Co.)

Size.
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RESISTANCE OF COPPER WIRE.

Standard annealed copper, solid conductor, at 68 Fahrenheit. For
direct current and for alternating current of frequency of 1,500,000
cycles per second (wave length = 200 meters). The sizes shown are
American wire gage (Brown & Sharpe).

Size.
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Table Showing the Relation of Wave Length, Frequency, and

the Product of Inductance and Capacity, in Oscillatory

Circuits.

X=wave length in meters.

/=frequency, number of complete oscillations per second.

(The values in the table must be multiplied by 1000.)

w=27r times the frequency (=6.28/). (The values in the table

must be multiplied by 1000).

L=inductance in centimeters (1000 cms. of inductance=l

microhenry.)

C=capacity in microfarads.

In this table are shown the relations existing between wave

length, frequency, and the product of inductance and capacity,

for circuits having wave lengths from 1 meter to 50,000 meters.

The values of f, w, and CL are correct to about 1 part in 200.

The following examples illustrate some of the uses of the table.

Example 1. Find the capacity which must be connected in

series with an inductance of 500,000 centimeters (500 micro-

henries) in order to tune to 2500 meters. In the table opposite

2500 meters we find for LC a value of 1760, which divided by

500,000 yields a quotient of 0.00352. The capacity which must

be used is therefor? 0.00352 microfarads.

K.rumple 2. What inductance must he placed in series with

a condenser of 0.005 microfarad in order that the circuit may
have a wave length of 600 meters? In the table opposite 600

meters we find for LC a value of 101.4, which divided by 0.005

yields a quotient of 20,280. The inductance which must be used

is therefore 20,280 centimeters, or 20.28 microhenries.

Example 3. Find the wave length of a circuit having a

capacity of 0.0001 microfarad, and an inductance of 101,600

centimeters (101.6 microhenries). The product of the induc-

tance and the capacity Is 101,600X0.0001=10.16. In the column

headed " LC " we find that a value of LC=10.16 corresponds

to a wave length of 190 meters.
557



558 WAVE LENGTH TABLES.

Table Showing the Relation of Wave Length, Frequency, and
the Product of Inductance and Capacity, in Oscillatory
Circuits.

X
Wave
length
meters
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Table Showing the Relation of Wave Length, Frequency, and

the Product of Inductance and Capacity, in Oscillatory

Circuits Continued.

X
Wave
length
meters
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Table Showing the Relation of Wave Length, Frequency, and
the Product of Inductance and Capacity, in Oscillatory

Circuits Continued.

X
Wave
length
meters
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RADIO LAWS AND REGULATIONS.

Every person engaged in the handling of radio traffic should

be thoroughly familiar with the radio communication laws of

the United States and the International Radiotelegraphic Con-

vention. These are printed in a pamphlet, Radio Communica-

tion Laws of the United States, of which copies may be pur-

chased for 15 cents each from the Superintendent of Documents,

Government Printing Office, Washington, D. C.

The law provides that in order to operate a radio transmitting

station, both a station license, and an operator license must be

secured. The law provides penalties for the operation of a

transmitting station without proper licenses.

Provision is now made for eight classes of land stations :

(1) Public Service Stations, General.

(2) Public Service Stations, Limited.

(3) Limited Commercial Stations.

(4) Experiment Stations.

(5) Technical and Training-School Stations.

(6) Special Amateur Stations.

(7) General Amateur Stations.

(8) Restricted Amateur Stations.

Station licenses for Classes 4, 5, and 6 are issued only under

exceptional circumstances, as set forth in the pamphlet men-

tioned above.

General amateur stations are restricted to a transmitting

wave length not exceeding 200 meters and a transformer input

not exceeding 1 kilowatt.

Restricted amateur stations are amateur stations located

within five nautical miles of a naval or military station and are

restricted to a wave length not exceeding 200 meters and to a

transformer input not exceeding one-half kilowatt.

If a transmitting station radiates more than one wave length,

the energy in no one of the lesser waves shall exceed 10 per

cent of the energy in the principal wave.

The logarithmic decrement per complete oscillation must not

exceed two-tenths.
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A station used only for receiving does not require a station

license. Operators of stations used only for receiving do not

require operators' licenses, but must maintain secrecy in regard
to messages.

Operators' licenses are divided into the following classes:

Commercial extra first grade, commercial first grade, com-
mercial second grade, commercial cargo grade, experiment and
instruction grade, amateur first grade, and amateur second

grade. In order to obtain an operator's license of any grade it

is necessary to pass an examination showing certain qualifica-

tions, as set forth in the pamphlet mentioned above.

Both station licenses and operators' licenses are issued by
the Bureau of Navigation of the Department of Commerce,
Washington, D. C. The United States is divided into nine radio

districts. Each district has a radio inspector, who has charge
of the issuing of both station licenses and operators' licenses in

his district. Application for either kind of license should be
addressed to the radio inspector of the district in which the sta-

tion is located, or, if this is not known, to the Bureau of Navi-

gation, Department of Commerce, Washington, D. C.

The offices of the radio inspectors are located as follows :

First District, Radio Inspector, Customhouse, Boston, Mass.

Second District, Radio Inspector, Customhouse, New York, N. Y.

Third District, Radio Inspector, Customhouse, Baltimore, Md.
Fourth District, Radio Inspector, Customhouse, Baltimore, Md.
Fifth District, Radio Inspector, Customhouse, New Orleans. La.

Sixth District, Radio Inspector, Customhouse, San Francisco,
Calif.

Seventh District, Radio Inspector, 2301 L. C. Smith Building,

Seattle, Wash.

Eighth District, Radio Inspector, Federal Building, Detroit,
Mich.

Ninth District, Radio Inspector, Federal Building, Chicago, 111.

It is probable that the radio laws will be revised in the im-

mediate future! For authoritative information regarding the

provisions of the current laws and regulations inquiry should
be made of the Bureau of Navigation, Department of Commerce,
Washington, D. C.
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STATION CALL LETTERS.

All radio stations throughout the world under the jurisdiction

of any countries adhering to the London International Radio-

telegraph Convention of 1912 are assigned station calls con-

sisting of three or four letters. Practically all countries of

importance have adhered to this convention. There is no dupli-

cation of calls. Groups of call letters have been assigned to

each of the countries under the authority of the convention.

The calls assigned cover both land and ship stations.

The "International List of Radio Stations of the World"

can be procured from the International Bureau of the Tele-

graphic Union, Berne, Switzerland. This list gives the call

letters assigned to all stations, including those in the United

States, and also gives the rates applying to and from stations.

A copy of the International List should be in every land and

ship station open to commercial business.

The " Yearbook of Wireless Telegraphy," published in London

in May of each year, gives a list, with calls, of the radio sta-

tions of the world, and also contains in convenient form a com-

pilation of the laws regulating radio communication in prac-

tically all countries.

United States Government and Commercial Calls. The call

letters assigned to the United States are all three and four

letter combinations beginning with the letter N and all begin-

ning with the letter W, and all combinations from KDA to KZZ,
inclusive. All combinations beginning with the letter N are

reserved for United States Government stations and have in

most cases been assigned to stations of the United States Navy.
The combinations from WUA to WYZ and from WXA to WZZ
are reserved for stations of the United States Army. Calls-

assigned to the LTnited States beginning with K and W, not

assigned to Government stations, are reserved for commercial

stations open to public and limited commercial service. In addi-

tion to calls consisting entirely of letters, certain Army and

Navy stations use calls consisting in part of numbers.

"United States Amateur Calls. The station license issued for

the operation of an amateur transmitting station in the United

States designates a call which is to be used by that station at
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all times. This call consists usually of a number followed by
two letters, as 1AB, but may consist of a number followed by
three letters, as 1ABC. The number is the number of the radio

district in which the station is located. Experiment stations

have calls consisting of a number followed by two or three

letters of which the first one is X, as 1XA. Technical and

training school stations have calls consisting of a number fol-

lowed by two or three letters of which the first one is Y, as

1YA. Special amateur stations have calls consisting of a num-
ber followed by two or three letters of which the first one is

Z, as 1ZA. It is unlawful for any transmitting station at any
time to sign any call except the call assigned in its station

license. No station is allowed to transmit unless a station license

has been issued. The radio regulations formerly provided that

after an application for a station license had been filed, and

pending the issue of the station license, a provisional call could

be used and the station could transmit. This provision has been

repealed.

The call letters assigned to the various radio stations of the

United States are given in two pamphlets, Commercial, Govern-

ment, and Special Radio Stations of the United States, and

Amateur Radio Stations of the United States. These are sold

by the Superintendent of Documents, Government Printing

Office, Washington, D. C., at 15 cents each. A new edition of

each of these pamphlets is compiled June 30 of each year.

Changes during the year are noted in a monthly publication, the

Radio Service Bulletin, which contains also information con-

cerning changes in radio laws and regulations and traffic in-

formation. Subscriptions for the Radio Service Bulletin may
be placed with the Superintendent of Documents at the rate of

25 cents per year for subscribers in the United States or its

possessions, or in Canada. Cuba, or Mexico. To other countries

the subscription price is 40 cents per year.



APPENDIX 7.

INTERNATIONAL OR CONTINENTAL CODE, AND
CONVENTIONAL SIGNALS.

(TO BE USED FOR ALL GENERAL PUBLIC SERVICE RADIO
COMMUNICATION. )

1. A dash is equal to three dots.

2. The space between parts of the same letter is equal to one dot.

3. The space between two letters is equal to three dots.

4. The space bet\veen two words is equal to five dots.

A. .

B
c
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ABBREVIATIONS USED IN RADIO COMMUNICATION.

Question.

What ship or coast station is that? . .

What is your distance?
What is your true bearing?
Where are you bound for?

Where are you bound from?
What line do you belong to?
What is your wavelength in meters?.
What tune shall I adjust for?

How many words have you to send?.
How do you receive me?
Are you receiving badlv? Shall I

send 20?

for adjustment?
Request permission to test min-

utes.
Are you being interfered with?
Are the atmospherics strong?
Shall I increase power?
Shall I decrease power?
Shall I send faster?
Shall I send slower?
Shall I stop sending?
Use as question discontinued

Answer or notice.

Are you ready?.
Are you busy? .

Shall I stand bv?...

When will be my turn?
Are my signals weak?
Are my signals strong?
fls my tone bad?
\Is my spark bad?
Is my spacing bad?
What is your time?
Is transmission to be in alternate
order or in series?

What rate shall I collect for ?

Is the last radiogram canceled?
Did you get my receipt?
What is your true course?
Are you in communication with
land?

Are you in communication with any
ship or station (or: with )?

Shall I inform that you are call-

ing him?
Is calling me?
Will you forward the radiogram?
Are my signals fading?
Have you received the general call? .

This is....

My distance is

My true bearing is degrees.
I am bound for
I am bound from
I belong to the Line.
My wave length is meters.
Adjust to receive on tune
I have words to send.
I am receiving well.
I am receiving badly. Please send

20.

for adjustment.
Permission to test granted.

I am being interfered with.

Atmospherics are very strong.
Increase power.
Decrease power.
Send faster.

Send slower.

Stop sending.

I have nothing for you.
I am ready. All right now.
I am busy (or: I am busy with ).

Please do not interfere.
Stand by. I will call you when re-

quired.
Your turn will be No
Your signals are weak.
Your signals are strong.
The tone is bad.
The spark is bad.
Your spacing is bad.
My time is

Transmission will be in alternate
order.

Transmission will be in series of 5

messages.
Transmission will be in series of 10

Collect for
The last radiogram is canceled.
Please acknowledge.
My true course is degrees .

I am not in communication with
land.

I am in communication with
(through ).

Inform that I am calling him.

You are being called by
I will forward the radiogram.
Your signals are fading.
General call to all stations.
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ABBREVIATIONS USED IN RADIO COMMUNICA-
TION Continued.

Abbre-
viation.
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RADIO PUBLICATIONS.

PERIODICALS.

The field of radio communication is developing rapidly, and

many important improvements are being constantly made. Per-

sons who wish to keep informed regarding the most recent

developments should arrange to see regularly one or more of

the more important periodicals devoted to radio communication.

Persons interested in radio in a general way, or from the

point of view of the amateur or experimenter, will find the

following of particular interest :

Q. S. T. Published by the American Radio Relay League,

Hartford, Conn.

Radio News, 235 Fulton Street, New York, N. Y.

Wireless Age, 326 Broadway, New York, N. Y.

Pacific Radio News, 151 Minna Street, Saft Francisco, Calif.

Wireless World, 12 Henrietta Street, London, England.
Persons who have had technical training in electricity and

radio communication will be interested in the "
Proceedings of

the Institute of Radio Engineers," One hundred and fortieth

Street and Convent Avenue, New York, N. Y., and the " Radio

Review," 12 Henrietta Street, Strand, W. C. 2, London, England.
An important French radio periodical is

"
Radioelectricite," 12

Place de Laborde, Paris, France.

The Bureau of Navigation of the Department of Commerce
issues each month a periodical, the "Radio Service Bulletin,"

which contains information supplementing the lists of radio

calls issued by the Bureau of Navigation, and changes in the

Radio Laws and Regulations, and also contains other informa-

tion of interest in connection with the radio service of the

Government. Subscriptions to the Radio Service Bulletin, at

the rate of 25 cents per year, may be placed with the Super-

intendent of Documents, Washington, D. C., for subscribers in

the United States or its possessions, or Canada, Cuba, or Mexico.

For other countries the subscription price is 40 cents a year.
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GOVERNMENT PUBLICATIONS.

The Superintendent of Documents, Government Printing

Office, Washington, -D. C., will send without charge, on re-

quest, a copy of his " Price List No. 64," which lists Govern-

ment publications of radio interest. All public documents are

sold only by the Superintendent of Documents.

The Bureau of Standards issues a list of the publications

of the Bureau of Standards which are of technical radio in-

terest ; a copy of this list may be secured by addressing the

Radio Laboratory, Bureau of Standards, Washington, D. C.

Jn general, the radio publications of the Bureau of Standards

are of interest primarily to the specialist in radio science and

engineering, \vho has had comprehensive technical training

in the subject, rather than to the amateur. One of the most

important radio publications of the Bureau of Standards is

Circular 74,
" Radio Instruments and Measurements," of which

copies can be purchased from the Superintendent of Docu-

ments. Publications of the Bureau of Standards which are pri-

marily of radio interest are listed on page 572.

The Bureau of Standards can not undertake to send indi-

vidual notices of the appearance of new radio publications of

the Bureau. Persons desiring to keep informed regarding new
radio publications of the Bureau of Standards may subscribe to

the "Radio Service Bulletin" (see p. 568), or other radio

periodicals listed on page 568, in which such publications are

promptly noted.

The Signal Corps of the Army has prepared a number of

pamphlets for using in training the personnel of the Signal

Corps. These pamphlets are listed on page 575 of this book.

A number of publications of radio interest are included in

this list.

Books. In the past few years a considerable number of books

have been published to meet the needs of the various classes of

readers interested in radio. Below are listed some of the more

important books which are particularly likely to be of interest

to the elementary student. No effort has been made to list all

of the radio books published. The divisions into classes accord-

ing to difficulty is more or less arbitrary, and is simply intended

as a general guide to help the person who has no familiarity

with the literature.
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BOOKS SUITABLE FOR THE BEGINNER.

E. E. Bucher. Practical Wireless Telegraphy. New York,
1918, Wireless Press, Inc.

E. E. Bucher. Wireless Experimenters' Manual. New York,
1920, Wireless Press, Inc.

Charles B. Hayward. How to Become a Wireless Operator.

Chicago, 1918, American Technical Society.

Robison's Manual of Radio Telegraphy and Telephony. An-

napolis, Md., 1920, United States Naval Institute.

The Admiralty Manual of Wireless Telegraphy. London,
1920, published by His Majesty's Stationery Office.

M. B. Sleeper. Design Data for Radio Transmitters and
Receivers. New York, 1920, Norman W. Henley Publishing Co.

M. B. Sleeper. Radio Hook-Ups. New York, 1920, Norman
W. Henley Publishing Co.

P. E. Edelman. Experimental Wireless Stations. New York,
1920, Norman W. Henley Publishing Co.

Ralph E. Batcher. Prepared Radio Measurements. New
York, 1921, Wireless Press, Inc.

J. A. Fleming. WT
aves and Ripples in Water, Air, and Aether.

Second edition, London, 1912, Society for Promoting Christian

Knowledge.
J. A. Fleming. The Wonders of Wireless Telegraphy Ex-

plained in Simple Terms for the Nontechnical Reader. London,
1917, Society for Promoting Christian Knowledge.

A. C. Lescarboura. Radio for Everybody. New York, 1922.

Scientific American Publishing Co.

ELEMENTARY TEXTS FOR STUDY.

G. D. Robinson. Modern Theory and Practice in Radio Com-
munication. Annapolis, Md., 1920, United States Naval Insti-

tute.

E. W. Stone. Elements of Radio Telegraphy. New York,

1919, D. Van Nostrand Co.

J. C. Hawkhead and H. M. Dowsett. Handbook of Technical

Instruction for Wireless Telegraphists. London, 1918, Wireless

Press Limited.

A. N. Goldsmith. Radio Telephony. New York, 1918, Wire-

less Press Inc.

H. Lauer and H. L. Brown. Radio Engineering Principles.

New York, 1920, McGraw Hill Book Co.
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MORE ADVANCED TEXTS SUITABLE FOR REFERENCE.

H. M. Dowsett Wireless Telegraphy and Telephony. Lon-

don, 1920, Wireless Press Limited.

J. H. Morecroft. Principles of Radio Communication. New
York, 1921, John Wiley & Sons.

Rupert Stanley. Textbook of Wireless Telegraphy (2 vol-

umes). London, 1919, Longmans Green & Co.

U. S. Bureau of Standards. Radio Instruments and Measure-

ments. (Bureau of Standards Circular No. 74.) Washington,
D. C., 1918, Government Printing Office. (New edition in prepa-

ration.)

J. A. Fleming. The Principles of Electric Wave Telegraphy.
Fourth Edition. London, 1919, Longmans Green & Co.

J. A. Fleming. The Wireless Telegraphist's Pocket Book of

Notes, Formulae, and Calculations. London, 1915, Wireless

Press Limited.

W. H. Eccles. Wireless Telegraphy and Telephony. London,
1918, Benn Brothers, Limited.

John Scott-Taggart. Thermionic Tubes in Radio Telegraphy.

London, 1921, Wireless Press Limited.

P>. Leggett. Wireless Telegraphy, with Special Reference to

the Quenched Spark System. London, 1921, Chapman & Hall

Limited.

L. B. Turner, Wireless Telegraphy and Telephony. Cam-
bridge, England, 1921, Cambridge University Press.



RADIO PUBLICATIONS OF THE BUREAU OF
STANDARDS.

The publications of the Bureau of Standards cover the vari-

ous activities of the Bureau, which include investigations in

many varied fields of investigation in electricity, light, sound,

heat, chemistry, metallurgy, engineering materials, clay prod-

ucts, standards of weight and measure, and various other scien-

tific and technical problems.
Circular 24 of the Bureau of Standards lists all of the publi-

cations of the Bureau on all subjects and gives a brief abstract

of each. Price, 25 cents.

The publications of the Bureau of Standards, including Cir-

cular 24, can be secured by sending a money order for the cor-

rect amount to the Superintendent of Documents, Government

Printing Office, Washington, D. C. Cash may be sent at sender's

risk. Postage stamps and personal checks are not accepted.

An interesting survey of the various activities of the Bureau
of Standards, including some radio work, is found in Miscel-

laneous Publication ]S
T
o. 46,

" War Work of the Bureau of

Standards," issued April 1, 1921. Price, 70 cents.

Many of the publications of the Bureau of Standards are

listed in Price List 64, issued by the Superintendent of Docu-

ments, of which he will send a copy free on request.

In the following list there are given those publications of the

Bureau of Standards which are of direct or collateral interest

to the student of radio communication.

Scientific Paper No. 137. Mica Condensers as Standards of

Capacity. H. L. Curtis. 1910. Price, 10 cents.

Scientific Paper No. 157. The Measurement of Electric Oscil-

lations in the Receiving Antenna. L. W. Austin. 1910. Price,

5 cents.

Scientific Paper No. 158. Some Experiments with Coupled

High-Frequency Circuits. L. W. Austin. 1911. Price, 5 cents.

Scientific Paper No. 159. Some Quantitative Experiments in

Long Distance Radiotelegraphy. L. W. Austin. 1911. Price,

10 cents.
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Scientific Paper No. 169. Formulas and Tables for the Calcu-

lation of Mutual and Self Inductance. Third edition, 1916.

E. B. Rosa and F. W. Grover. Price, 20 cents. (See also

Scientific Paper No. 320.)

Scientific Paper No. 189. Antenna Resistance. L. W. Austin.

1912. Price, 5 cents.

Scientific Paper No. 190. Energy Losses in Some Condensers

Used in High-Frequency Circuits. L. W. Austin. 1912. Price,

5 cents.

Scientific Paper No. 206. High-Frequency Ammeters. J. H.

Bellinger. 1913. Price, 10 cents.

Scientific Paper No. 226. Quantitative Experiments in Radio-

telegraphic Transmission. L. W. Austin. 1914. Price, 5 cents.

Scientific Paper No. 234. Insulating Properties of Solid

Dielectrics. H. L. Curtis. 1914. Price, 15 cents.

Scientific Paper No. 235. A Direct-Reading Instrument for

Measuring the Logarithmic Decrement and Wave Length of

Electromagnetic Waves. F. A. Kolster. 1914. Price, 10 cents.

Scientific Paper No. 252. Effective Resistance and Inductance

of Iron and Bimetallic Wires. John M. Miller. 1915. Price,

20 cents.

Scientific Paper No. 257. Note on the Resistance of Radio-

telegraphic Antennas. L. W. Austin. 1915. Price, 5 cents.

Scientific Paper No. 269. Effect of Imperfect Dielectrics in the

Field of a Radiotelegraphic Antenna. John M. Miller. 1916.

Price, 5 cents.

Scientific Paper No. 290. A Variable Self and Mutual In-

ductor. H. B. Brooks and F. C. Weaver.
.
1916. Price, 10

cents.

Scientific Paper No. 320. Additions to the Formulas for the

Calculation of Mutual and Self Inductance. (Supplementing
Scientific Paper No. 169.) F. W. Grover. 1918. Price, 10

cents.

Scientific Paper No. 326. Electrical Oscillations in Antennas

and Inductance Coils. John M. Miller. 1918. Price, 5 cents.

Scientific Paper No. 341. Airplane Antenna Constants. J. M.

Cork. 1919. Price, 5 cents.

Scientific Paper No. 351. Dependence of the Input Impedance
of a Three-Electrode Vacuum Tube upon the Load in the Plate

Circuit. John M. Miller. 1919. Price, 5 cents.
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Scientific Paper No. 353. Variation in Direction of Propaga-
tion of Long Electromagnetic Waves. A. Hoyt Taylor. 1919.

Price, 5 cents.

Scientific Paper No. 354. Principles of Radio Transmission

and Reception with Antenna and Coil Aerials. J. H. Bellinger.

1919. Price, 10 cents.

Scientific Paper No. 355. The Determination of the Output
Characteristics of Electron Tube Generators. Lewis M. Hull.

1919. Price, 5 cents.

Scientific Paper No. 381. An Electron Tube Transmitter of

Completely Modulated Waves. Lewis M. Hull. 1920. Price,

5 cents.

Scientific Paper No. 423. Operation of the Modulator Tube in

Radio Telephone Sets. E. S. Purington. 1921. Price, 10 cents.

Scientific Paper No. 427. Some Effects of the Distributed Ca-

pacity Between Inductance Coils and the Ground. G. Breit.

1921. Price, 5 cents.

Scientific Paper No. 428. The Radio Direction Finder and Its

Application in Navigation. F. A. Kolster and F. W. Dunmore.

1921. Price, 15 cents.

Scientific Paper No. . The Field Radiated from Two Hori-

zontal Coils. G. Breit. 1922. Price, cents.

Scientific Paper No. . The High-Frequency Resistance of

Inductance Coils. G. Breit. 1922. Price, cents.

Circular 3-1. Copper Wire Tables. A complete compendium.
1914. Price, 20 cents. (Note: Persons who desire only a wire

table for working purposes should secure a copy of Bureau of

Standards Miscellaneous Publication No. 17, which is a card

giving abbreviated copper wire tables in English units on one

side of the card and in metric units on the other side : price, 5

cents. )

Circular 36. The Testing and Properties of Electric Con-

densers. 1912. Price, 5 cents.

Circular 60. Electric Units and Standards. 1916. Price, 15

cents.

Circular 74. Radio Instruments and Measurements. 1918.

341 pages. A comprehensive treatise on radio measurements.

Price, 60 cents. It is expected that a revised edition of Cir-

cular 74 will be issued during 1922.

Circular 112. Telephone Service. 214 pages. 1921. Price, 65

cents.



SIGNAL CORPS PAMPHLETS.

The following pamphlets hare been prepared in the Office of

the Chief Signal Officer, Training Section, for use in the train-

ing of the personnel of the Signal Corps. These publications

can, however, be secured by the public by purchase from the

Superintendent of Documents, Government Printing Office,

Washington, D. C., at the price stated. Remittance should be

made by money order. Cash may be sent at the sender's risk.

Postage stamps and uncertified checks are not accepted.

Other pamphlets are in preparation.

RADIO COMMUNICATION PAMPHLETS.

(Formerly designated Radio Pamphlets.)
No.

1. Elementary Principles of Radio Telegraphy and Telephony
(79 pages). War Department Document No. 1064. Price,
10 cents.

2. Antenna Systems (19 pages). Price, 10 cents.

3. Radio Receiving Sets (SCR-54 and SCR-54-A) and Vacuum
Tube Detector Equipment (Type DT-3-A). Price, 10

cents.

4. Airplane Radio Telegraph Transmitting Sets (Types SCR-
65 and 65:.A). Price, 10 cents.

9. Amplifiers and Heterodynes (W. D. D. 1092). Price, 10

cents.

10. Ground Telegraphy or T. P. S. (Types SCR-71
;
SCR-72 ;

SCR-72-B). Price, 10 cents.

11. Radio Telegraph Transmitting Sets (SCR-74; SCR-74-A).
Price, 10 cents.

13. Airplane Radio Telegraph Transmitting Set (Type SCR-73).
Price, 10 cents.

14. Rndio Telegraph Transmitting Set (Type SCRr-69). Price,
10 cents.

17. Sets, U. W. Radio Telegraph (Types SCR-7&-A and SCR-
99) (W. D. D. No. 1084). Price, 5 cents.

20. Airplane Radio Telephone Sets (Types SCR-68; SCR-68-A;
SCR-114; SCR-116; SCR-59; SCR-59-A; SCR-75

; SCR-
115), 58 pages. Price, 10 cents.
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No.

22. Ground Radio Telephone Sets (Types SCR-67; SCR-67-A).
Price, 10 cents.

23. U. W. Airplane Radio Telegraph Set (Type SCR-SO).

Price, 10 cents.

24. Tank Radio Telegraph Set (Type SCR-78-A). Price, 10

cents.

25. Set, Radio Telegraph (Type SCR-105) (W. D. D. No. 1077).

Price, 10 cents.

26. Sets, U. W. Radio Telegraph (Types SCR-127 and SCR-
130) (W. D. D. No. 1056). Price, 10 cents.

28. Wavemeters and Decremeters (W. D. D. No. 1094). Price.

10 cents.

30. The Radio Mechanic and the Airplane. Price, 10 cents.

40. The Principles Underlying Radio Communication (edition

of May, 1921) (W. D. D. 1069). Price, $1.00, Buckram

binding.

WIRE COMMUNICATION PAMPHLETS.

(Formerly Designated Electrical Engineering Pamphlets.)

1. The Buzzerphone (Type EE-1). Price, 10 cents.

2. Monocord Switchboards of Units (Types EE-2 and EE-2-A)
and Monocord Switchboard Operator Set (Type EE-64)
(W. D. D. No. 1081). Price, 5 cents.

3. Field Telephones (Types EE-3; EE-4 ; EE-5). Price, 10

cents.

6. Trench Line Construction. Price, 10 cents.

7. Signal Corps Universal Test Set (Type EE-65) (W. D. D.

No. 1020). Price, 10 cents.

10. Wire Axis Installation and Maintenance Within the Divi-

sion (W. D. D. No. 1068). Price, 10 cents.

11. Elements of the Automatic Telephone System. Price, 10

cents.

TRAINING PAMPHLETS.

1. Elementary Electricity. 52 pages. (W. D. D. No. 1055).

Price, 15 cents.

4. Visual Signaling. 48 pages. Price, 10 cents.

5. The Homing Pigeon, Care and Training (W. D. D. No.

1000). Price, 10 cents.

7. Primary Batteries. Price, 10 cents.

8. Storage Batteries. 56 pages. Price, 10 cents.
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FIELD PAMPHLETS.
No.

1. Directions for Using the 24-CM. Signal Lamp (Type EE-7).

Price, 10 cents.

2. Directions for Using the 14-CM. Signal Lamp (Type EE- 6).

Price, 10 cents.
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APPENDIX 9.

SAFETY PRECAUTIONS.

The ordinary precautions required for the safe operation of

any electrical equipment should be observed in every radio sta-

tion. All high-voltage wiring should be carefully insulated and

kept as far as possible from other wiring and so placed as to

minimize the possibility that the operator may come in contact

with it, and suitable danger tags should be displayed.

Insurance companies make certain requirements regarding
electrical installations in any buildings on which they carry

risks. Information regarding such requirements may be secured

from the National Board of Fire Underwriters, New York, or

from local insurance agents. These requirements are summar-
ized in a small book, the National Electrical Code, which con-

tains a section covering special requirements for radio installa-

tions.

Certain requirements are also made by State, city, and other

local governments, which vary considerably in different locali-

ties.

The Bureau of Standards has for some time been engaged in

studies of the precautions which should be observed for the

safe operation of electrical equipment of all kinds. The results

of these investigations are summarized in a publication,
" Na-

tional Electric Safety Code," Bureau of Standards Handbook
No. 3. Copies may be purchased for 40 cents from the Superin-

tendent of Documents, Government Printing Office, Washington,
D. C.

Every radio station should be provided with a lightning switch

on the outside of the building, consisting of a single-pole double-

throw switch, by means of which the antenna should be con-

nected directly to the ground at all times when the station is

not actually in use. The ground connection should be carefully

made to allow a path of low resistance to ground for the light-

ning. The nature of construction required for the ground con-

nection will vary with the nature of the soil. The ground con-

nection of the lightning switch should be at a considerable dis-

tance, 30 feet or more if possible, from the ground connection

of the transmitting and receiving apparatus.
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Kick-back prevention. If no precautions are taken, trouble

will often be encountered at transmitting stations due to radio-

frequency current finding its way either directly or inductively

back to the source of power supply, or to other adjacent circuits.

Serious difficulties may sometimes arise from this cause. Trans-

formers and generators may be burned out, or persons may be

injured by shock.

Choke coils of suitable inductance may be inserted in the

leads from the power supply to the transmitting apparatus,
which will prevent the flow of radio-frequency current, but per-

mit the flow of audio-frequency current. The use of choke coils

in the transformer secondary leads of spark transmitting sets is

discussed on page 381.

By-pass condensers of suitable capacity may be connected

across the leads from the power supply to the transmitting

apparatus. These condensers will offer a path of low impedance
to radio-frequency current. The use of by-pass condensers in

electron tube generating sets has been discussed on page 496.

Aluminum electrolytic cells may be connected across the leads,

as described on page 497.

The antenna of either a transmitting or receiving station

should be so erected as to be well removed from electric light

wires, particularly those of high voltage. The antenna may be

blown against the electric light wires if they are close together,

and the high voltage of commercial frequency brought into the

station apparatus.
The antenna of a transmitting station should be well removed

from overhead wires of any kind, electric light, telegraph or

telephone, or even guy wires. Antenna wires should not be run

directly over or under, or parallel to, electric light or other

wires. Otherwise serious inductive disturbances may be set

up in the electric light or telephone wires, with unfortunate

results in near-by buildings and at central offices.

The following precautions have also been found desirable in

practice. They apply particularly to the conditions met at

small transmitting stations. The safety precautions to be ob-

served at high-power stations are important features in the

station design, and require special consideration.

In a transmitting station, wires carrying radio-frequency cur-

rent should at no time be permitted to come within 3 feet of the
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wires carrying the supply current, or within 3 feet of tele-

phone wires, door bell wires, or other signal wires. This means
that the transformer of a spark set should be placed at least 3

feet from the condenser and helix (oscillation transformer).
It is not necessary that the leads from the transformer second-

ary to the condenser of a spark set be short, since they do not

affect the tuning. Wires carrying radio-frequency currents

should not be run parallel for any appreciable distance to

electric light or telephone or signal wires even at a distance

considerably more than 3 feet. It is desirable that the supply
circuit be run in grounded metal conduit. If these precautions

are observed, the electric light or power line supplying a trans-

mitting set, and adjacent telephone lines, may be expected to

have very little trouble from radio-frequency inductive dis-

turbances.

In a transmitting station in which a rotary gap is used, it is

important that the gap be mounted true and correctly in line,

that the teeth be perfectly spaced, and that a short gap clearance

be used. Failure to observe these precautions may greatly in-

crease the inductive disturbances from a rotary gap set.

The inductive disturbances which have been mentioned are

frequent sources of difficulties between operators of radio sta-

tions and companies supplying electric light and power. They
also necessarily decrease the power available for radiation.

With proper attention these difficulties may be largely elimi-

nated. Another source of difficulty is the flickering on electric

light lines supplying radio transmitting sets, due to the varying

load and consequent varying voltage supplied to incandescent

lights on the same line. During operation the transmitting

apparatus may be connected to the supply line for a few min-

utes and then disconnected for a few minutes ; the varying cur-

rent in the supply line will affect every light connected on the

same circuit. There is also a keying flicker; the opening and

closing of the signaling key will affect the current in the sup-

ply line and cause a rapid flicker which is decidedly noticeable.

A remedy for the flicker difficulties is to install a separate trans-

former to supply the radio transmitting set and to connect no

lights to this transformer.

An interesting discussion of precautions to be observed at

spark transmitting stations may be found in Q. S. T., volume 5,

page 7, November, 1921.



INDEX.

Page.
Abbreviations, code 566

units 548, 549
Abscissa 49
Absorber tube, modulation 519
Absorption, current 44

dielectric 93
method of modulation 516, 519
method, signaling, arcs 416
transmission phenomena 294

Accumulators , 60, 67
Adjustment of arc converter 411

of electron tube generator 495
of quenched gap 360
of transmitting sets 376

Advance resistance, alloy 55
Advantages of arc converters 400

of heterodyne reception 504
of high-frequency alternator 399
of undamped waves 396

Aerial, see antenna.

Ageing of transformer iron 133

Air, dielectric constant 92
dielectric strength 390

sparking voltage 390
Air-core transformer 129
Aircraft antenna 311

Airplane generator 196

Alcohol, use in arc chamber 413
use in rotary gap 363

Alexanderson alternator
, 204, 397

magnetic amplifier 517
Alkaline electrolyte, storage cells 69
All stations copy, code signal 566
Alloys, as conducting materials 41

low-melting 434

Alphabet, International Code 565

Alternating current 25, 116

advantages _ 128

average value 118
effective value 118

filament supply 496

generators 153
motors 220

plate supply 498

581
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Paee.
Alternator 153

Alexanderson 204
Bethenod 207
frequency 170
Goldschmidt 207
high-frequency 397
high-frequency, modulation 517
inductor L 165
Latour 207
polyphase 166

radio-frequency 204

Aluminum, conductor 40

electrolytic cell 497, 579
wire 325

Amalgamation, battery electrode 62
Amateur antenna

. 318
call letters 1 563

publications 568
station license 561

American wire gauge 41, 554
Ammeter 22, 32

alternating-current 137

current-square meter 137
direct-current 140
hot-wire 137
shunt 141
thermal 136

thermocouple 130

Ampere 32
definition 549

Ampere-hour 33, 550
capacity of battery 60

Ampere^turns 104

Amplification, audio-frequency 484
coefficient 460, 482

coefficient, power 462

radio-frequency 481

radio-frequency, short wave 506
regenerative 487
regenerative, sensitivity 449

voltage 484

Amplifier, electron tube 479

magnetic , 399, 517
transformers 135
use in radiotelephone microphone circuit 514
use with coil antenna 330

Amplifying action, electron tube 479
modulator tube 524

Amplitude of wave 284
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Page.

Analysis of modulated wave _ 508

Angle of wave front 328

Annapolis station 396, 401

Anode, arc converter 408

battery 61

Antenna 304

action in receiving 298

airplane

cage 307

capacity, measurement 394

capacity of 311

coil 304, 336

condenser type 304

conductors 324

constants, measurement 543

construction 322

counterpoise ! - 310

current distribution in 308

current, measurement 448

directional effect 319

directive 319

effective height 301

fan 306

field radiated from 297

fundamental wave length _- 316

ground 327

harp 306

horizontal 306

inductance, measurement 392

inductance of 313

insulators 322

losses 314

multiple-tuned 315

plain, connection 369,374
resistance of 313

safety precautions 579

submarine 328, 338

supports 322

switch 324, 578

towers ! 322

trailing wire 311

transmission formulas 209

types 304

umbrella 303

underground 328, 338
underwater . 328, 338
vertical wire 320

voltage distribution 308
wave length, measurement 318
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Page.
Antenna wire 324
Antimony, detector 437

thermocouple 55
Aperiodic circuit 257
Apparatus, for damped wave transmission 353

receiving 419
symbols 553

Arc circuits 413
converter 400

Arcing, of spark gaps 358
Argon, tungar rectifier 544
Armature core 157

dynamo 156
impedance 177
reaction 177

winding 156

Armstrong, beat method with radio frequencies 506

super-heterodyne 506

Arrangement of cells 81

Atmosphere, transmission phenomena 288

Atmospherics 290
Atoms 33

electrons 450

Attenuation, telephony 532

Audibility measurement _, 449
meters 449

Audio-frequency 191

alternator 192

amplification 484

amplifier
"

481

tuning 382

Audions. See Electron tubes.

Autodyne reception 503
Automatic switchboard, telephone 146

telegraph apparatus 145
transmission 509

Auto-transformer 134

Auxiliary battery, crystal detector 437

Average value, alternating current 118

Avoirdupois system 548

B battery 456
Back shunt method, signaling, arc 417

Back wave, arc converter 415
Bakelite 42

molded, dielectric constant 92

Balancing condenser, direction finder 343

Band, wave length 515

Band-frequency, filter 534
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Bar magnet 100

Base, Napierian 552

Basket-wound inductance coil 445

Batteries _ 53, 59

carbon cylinder 66

caustic soda 66

closed circuit. 66

dry 64,538
internal resistance 63

Leclanche 66

parallel connection 79

primary 63

series connection 79

storage 67, 538

Battery, charging, motor generators 223

Beacon, radio 349

Bearing, code signal 567

Beat frequency, line radio 532, 536
Beat reception 501, 546

zero 514

Beats 432, 501

coupled circuits '- 276

Beeswax, dielectric constant 92

Bellini-Tosi direction finder 345

Bell-ringing transformer 66, 134

Bethenod alternator '. 207

Biasing potential 486

Bipolar dynamo 156

Blow-out, magnetic, arc converter 411

Blub-blub 512

Blue-glow discharge, electron tubes 454, 475

Boat, producing waves 281, 284

Boats, surf, use of coil antenna on 351

Body leakage 44

Books, radio 569

Booster battery, crystal detector 439

Borax, aluminum cell 497

Bordeaux station 401

Bornite detector 434

Bridge, mechanical resonance , 240

Bridge, Wheatstone 86, 538

Broad wave 377

Brown & Sharpe wire gauge 41, 555
Brown telephone receivers 441

Brush discharge 383

Brushes 162

Bulletin, Radio Service 564,568
Bureau of Navigation 562

Bureau of Standards-. _ 547, 572
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Page.
Buzzer modulation 529

By-pass condenser 477, 525
action of telephone receiver

, 443
electron tube generator 496

safety devices 496, 579

C battery , 474, 486
Cadmium cell 56

Cage antenna 307

Calibration, direction finder 348
wave length 541

Call letters, station 563
Calories 35, 550

Capacitance. See Capacity.

Capacitive coupling 268, 528
electron tube generators 492

Capacitive reactance
,

235

Capacitively-coupled amplifier 481

receiving set 428

Capacity, antenna 311

antenna, measurement 543

effects 250,266

heterodyne reception 504

in coil antenna 335

electric 89

geometric , 94

measurement , 394, 540

of* batteries 60

of coil antenna 342

of condensers 384

of inductance coils 250,446
of storage battery 67

parallel wires - 96, 312

reactance 233

single wire 312

sphere 96

square plates .

unit 91, 549

variation with dielectric 91

wave length table 557

wires and cables 96

Carbide, silicon, detector _. 434

Carbon-cylinder battery 66

Carbon electrode, arc converter 408

Carbon rheostat 40

Carborundum detector 434

use of booster battery 439

Care of storage cells 72

Carrier frequency 508
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Page.

Carrier supply at receiving station, radiotelephony 514

suppression 514, 535

telephony 530

Cascade amplification 480

Castor oil, dielectric constant 92

Catalina Island radiotelephone station 516

Cathode, arc converter 408

battery 61

Cat's fur, frictional electricity 52

Cat-whisker contact, crystal detector 434

Caustic soda cells 66

Cells 59

Cells, see also batteries.

Cellular inductance coil 445

Celluloid, dielectric constant 92

Centimeter, unit of length 548
of capacity 550
of inductance 111. 550

Chalcopyrite detector 434

Chamber, arc 404,408
Chamfering of poles 159

Characteristic, antenna : 311

curve, crystal detector 437

curves, electron tubes 459, 544

Characteristics, of coil antennas ; 333

of dynamo terminal voltage 186
two-electrode tubes 454

Charge, electric, unit _ 549
of electron 451

Charging of storage cells 72
Chemical effect, electric current 29,537
Choke coils 355, 381, 524, 579

Chopper, compared with heterodyne reception 504
modulation 529
use in arc circuit 415

use in reception 430

Circuit, aperiodic 257

electric
'

76

magnetic, of dynamo 1 161

phantom 531

Circuits, coupled 267

generating, electron tubes 491

natural frequency 558
radio 231

radiotelephone 522

transmitting , 368
Close coupling 268, 378
Closed-circuit cells 66
Closed-core transformer __ 129
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Page.
Coarse tuning 425
Coast Guard boats, use of coil antenna 351
Coated filaments, electron tubes 469
Code, Continental 145, 565

International 145, 565
Morse 145
National Electrical 578
National Electric Safety 578
visual signaling 20

Coefficient, amplification 460, 482
of coupling 269,542

Coil antenna 304, 330
directional effect 339
transmission formula 300

Coil, inductance . 109, 386, 443

inductance, capacity of 250
Tesla 134
transmitters 351

Coil-wound armature 157
Collector rings 162

Collision, ionization by 453
Commercial calls 563

frequency 191

operator's license 562

station license 561

Communication, methods 19

radio 20

Commutation 179

Commutator 179

Commutator ripple 496, 528

Compass, magnetic 101

radio 340

Compensation, direction finders 343

wave, arcs 415

Compensator, induction motors 222

Complete modulation 499, 510

Complete modulation, line radio 535

Composite operation, telegraphy 150, 531

telephony 150, 531

Compound excitation 186

Compound-wound generators 186

motors - 219

Concentrated winding 159

Condenser 90

antenna r 305

balancing ^ 1 343

by-pass 496, 579

capacity, measurement 540

charging of 126
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Page.
Condenser construction 95

design 384
dielectric loss in 127

effect of, in electric circuit 25

effect of, in radio circuit 25,355
energy losses 93, 239

formula for capacity of 96

geometric capacity of 94

in grid lead 475

perfect 127
reactance of 126

receiving 447

rotating plate 431

transmitter 518

transmitting 356
variable 447

Condensers in parallel 99
in series _ 99

Conductance 34
unit of 37

Conducting materials _ 34, 40
Conduction, electron theory of 33

Conductivity 37

unilateral, contact detector 437
Conductors 40
Conservation of energy 46, 464
Constant potential charge method for storage cells 73

Constant-speed motors _ 217

Constants, antenna, measurement 543
electron tube 460, 462, 482

Construction of antennas 322
of arc converters 408
of three-electrode tube 457

Contact detectors 433
Continental code 145, 565
Continuous waves 285, 396

from electron tube generator 495
trains of 285

Control, remote 398

Controls, wave-length, radiotelephone sets 526

Convention, International Radio 561
Conventional signals 565
Conversion table, metric 548

Converter, arc 400
rotary 224

Cooling of anode, arc converter 412
of transformers 134

Coordinates 49
Copper, conductor 40
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Page.

Copper electrode arc converter.. 408

losses, dynamo 172

losses, transformers 132

wire, antennas 325

wire, resistance 554
wire tables 554

Copper-clad wire 325, 535
Core losses, dynamo 173

transformer 133
Cottonseed oil, dielectric constant 92
Coulomb 33

definition 549
Counter-electromotive force 212

Counterpoise 305,309
construction 326
on aircraft 311

Coupled circuits 112, 267

damping 275

transmitting 373

Coupler, loose 444

Coupling, adjustment of transmitting sets 376

capacitive , 268

capacitive, receiving set 428
close 268, 378
coefficient of 1 269
direct 267
inductive 267, 541
loose 268
relation to resonance or tuning . . "J76

requirement for quenched gap 377
resistance 267

Crest of wave 282
Critical coupling of quenched gap set 375
Cross-coil direction finder 345

Cross-talk, line radio 535

telephone 293

telephone lines 113

Crystal detector 433, 544

sensitivity 449
use with electron tube amplifier 488

Current, absorption . 44

alternating 116
chemical effect of 29
dielectric 44
direct 24
direction of 30

displacement 44
distribution in antenna 308

distribution in cross section of conductor : 264
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Page.

Current, electric, effects of 29

electric, flow of 22

electric, kinds 25
heat effect of 29

light effect of 29

magnetic effect of 31

magnetizing, transformer 130

measurement of 391

measuring instruments 136

through electron tubes 451

unit 549

Current-square meters 138

Curve plotting 49

Curve, sine 116, 155

Curves, resonance 241, 540

Cycle 117,155

Damped oscillations __ 255

Damped-wave transmission, apparatus for 353

Damped waves, circuits for reception of 422

Damping 251

coupled circuits 275

of free oscillations 257

telephone current 532

transmitting sets 378
Dash 144

Daylight effect, transmission 288
Decrement 258

effect on tuning 260

logarithmic 258
measurement 394, 542
modulated continuous waves 515
of coupled circuits 275
of quenched gap circuits, 379
radio law 561
relation to tuning 260

transmitting sets 378

zero, continuous waves 514
De Forest tube 472

Deionization, arc converter 404,411
Delta connection 169

Depolarizer, batteries 63

Design, transmitting sets _, 384
Detector 422

action, electron tube 472, 545
contact 433

crystal 433, 544

sensitivity 449

53904 22 38
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Detuning, method of signaling 517, 518

Diaphragm, microphone 146

telephone receiver 148
Dielectric absorption :

. 93
constant - 92
current 89, 90

losses, antenna 314
materials 42

power loss 43,93,239
properties ,

91
strain 90

strength, air 390

strength, insulating materials 42

Difficulties in transmission 289

Diffraction, radio waves 288
Diode. See Electron tube.

Direct-coupled transmitting set 373
Direct coupling 267
Direct current 24

Direct-current generators 179
motors 210

Directional antenna 319
Directional variations of radio waves 347
Direction of current 30
Direction finders. (See also Coil antennas) 339

Discharger. See Spark gap.
Discontinuous wave trains 285

Displacement current 26, 44, 89

Displacement, electromagnetic waves 287
Distant control 398

Distortion, arc converter 411

line radio 533

modulation 518

of wave front 347

telephony 150
Distress signals, decrement 370

Disturbances, inductive 578

Distributed capacity of inductance coil 250, 446

Distributed winding 159

Divided circuits 82

Divider, voltage 56

Documents, Superintendent of 561, 564, 569, 572, 575

Dot 144

Dot-and-dash modulation 508

Double-coil direction finder 345

Double-current generator 227

Double-hump resonance curve 270

Driver, wavemeter 540

Drum winding 181
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Dry batteries 64

Duddell arc 405

Duo-lateral inductance coil 445

Duplex communication 532

radiotelephony 527

Dynamo-electric machinery 152

Dynamotors . 226, 539

Dynamos 152

Earth connections 310, 326, 578

Earth's magnetic field 103

Eddy current losses, dynamo 173

transformer 132

Edgewise-wound helix 387

Edison effect 451

Edison, storage battery 69

Edison-Swan electron tube 472

Effective height of antenna 301

inductance 416

magnetic modulator 517

of transformer 131

resistance : 265

resistance of antenna 314

value, alternating current 118

Efficiency, modulation 521

of arc converter : : 409

of dynamos 175

of electron tube generator 495

transmitting sets 383

Elastic medium, wave motion 286

Electric circuit 76

Electric current, effects of 29

measurement of 136

unit of 32

Electric displacement current 89

Electric field intensity =- 97, 287

variation of, near antenna 299

Electric oscillations 253

potential 47

railroads, line radio communication 535

units 549

waves 287, 292

waves, velocity of 283, 287

Electro-chemical series 53

Electrode, arc converter 412

battery 61

electron tube 452,456
Electrolyte for storage batteries 75

Electrolytes 53,61
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Page.

Electrolytic cell, aluminum 497

Electrolytic effect of electric current 29

Electromagnet 101, 104

Electromagnetic waves 283, 287, 292

velocity of 19,283,287
Electromotive force 23, 44

caustic soda battery 66

gravity battery G6

dry battery 65
Leclanche battery 66

sources of 51

storage battery 70

Electron emission 451
flow

;

451

Electrons 33,450
Electron tubes 450
Electron tube, amplifying action _ 479

beat reception 501,546
blue glow discharge in 454, 475
characteristic curve 544
constants of 460,462,482
detector action 472

effect of grid 456

generating action 489

generator, decrement 542

ionization in 452

modulating action 519

plate current , 452

practical forms 469
source for radio measurements 542
with crystal detector 489
voice modulation by., 519

Electrose insulators 322

Electrostatic charges 52

Electrostatic coupling 428
Elimination of interference 289
Elimination of strays 290
Emission of electrons 452,455
Enameled copper wire, tablel 555
Enameled wire 325

Energy of electric current 26

Energy, conservation of 46
electrostatic 90
in radio circuits 251,257
kinetic 46
of motion - 46

potential 44
relations in inductive circuits 114

stored in condenser 98
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Energy, transformation of 46

transmission by wave motion 284

transmission of 26

unit 47, 549

Envelope, modulating action 512

Equal heterodyne 501

Equivalent decrement, modulated continuous waves 515

Examinations, operator, license 562

Excitation, alternators 162

direct-current generators 184

impulse 278

loss, dynamos 172

Exciter, dynamo 162

wavemeter 540

Expansion-type ammeter 137

Experiments, laboratory 537

Experiment station, license 561

Explosive mixture, arc converter 404
Extinction voltage, arc converter 406, 412

Fading, code signal 566
transmission phenomena 291

Falling characteristic of arc 402
Fan antenna 306
Fan-driven generator for airplane 196
Farad 91

definition 549
Feed-back action, electron tubes 490

Ferromagnetic control 399, 517
Ferron detector 434

Fiber, vulcanized, dielectric constant 92

Field, electric, intensity 97
excitation of alternator 162
induction 292

magnet 156

magnetic, arc converter 411
measurements 389

pamphlets, Signal Corps 575
radiation 292
rheostat 179

Filament, electron tube _L 451
Filament supply, alternating current 496
Filter 247

band-frequency 534

radiotelephone set 528
Fine tuning 425
Fine-wire contact, crystal detector 434
Fire underwriters 578
Flags, communication by 20
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Flat-compounded generator 188

Flat-top antenna, capacity of 312

Fleming valve 425

Flicker, keying ________ 580
Flow of electrons 451
Fluctuations of received signal 291

Flux, magnetic 103

density, magnetic, unit 103

linkages 108

Fog signaling 321
Forced oscillations 272

Formula, d. c. generator 189
Formula for capacity of condenser 384

Formulas, transmission 299
Frame antennas 331

Free oscillations 251

oscillations, coupled circuits 274

Freezing of storage batteries 74

French high-frequency alternator 207
tubes 471

Frequency, alternating currents 117, 155

alternator, equation 170

audio 191

carrier 508

commercial 191

effect on attenuation 532

high, necessity for, in radio communication 293

natural 257

natural, table 557

radio .; 191

resonance : 237

side 509

spark 355

wave motion 282

Frictional electricity
'

- 52

Fundamental frequencies of antennas 319

Fundamental wave length, antenna, measurement 543

arc converters 401

coil antenna
of antenna 316

Fuse in plate lead, tube generator 496

Galena detector

Galvanometer, moving coil

Gap, quenched ^ -, 278,358

rotary 361, 580

spark 354

Gaseous conductors 404

Gas-pipe ground
Gas tubes, _' 454
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Gas, use in arc chamber i!3

Gauge, wire _ 41, 554

Gauss, unit of magnetic flux 107
General call, code signal 566
General Electric electron tube 469,472
Generating action of electron tube 489
Generator tube 545
Generator tube, modulation .*_ 546

Generators, alternating-current 153
direct-current 179

dynamos 152

Geometric capacity 94
German silver, conductor 41

Glass, dielectric constant 92

Glass-plate condenser 385

Goldschmidt alternator
'

207

Goniometer, radio 340

Government calls 563

Government Printing Office 561,564,569,572,575
Government radio publications 569, 572, 575

Gram 547
Gram calorie 1 550

Graphical methods of measuring wave length of antenna 318
Gravitational potential - 45

Gravity cell 66, 145

Grid battery : 474,486
characteristics, electron tube 464
condenser 470

current 459
electron tube 4r<;

leak 476

modulation, radio telephony 519

potential, adjustment _ 486

voltage 458

Grinders, strays 290

Ground, action of 309

antennas 327

multiple 316

return, telegraph line 145

Grounds, construction 326, 578

Guided-wave telephony 530

Guy wires 314, 322

Hard rubber, dielectric constant 92

Hard tubes 454

Harmonics, arc converters 401

in antennas 319

interfering 531

Harp antenna 300
Iloat losses 87
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Page.
Heat waves 282,283
Heating effect of electric current 29, 537
Heating of plates, electron tubes 469
Heaviside layer 288
Hectoliter 548

Height, effective, of antenna 301

Helix, inductance of 386
Helix oscillation transformer 371

Henry, definition 549
unit of inductance 111

Hertzian oscillator * 295

Heterodyne action 509

reception 432, 501, 546

reception, linear law 505

reception of modulated wave 500, 505

High-frequency alternator 205, 397
conductor 415

necessity for, in radio communication 293
resistance 263. 542, 556

telephony 530
transformer 272
See also Radio-frequency.

High-speed telegraphy 145
transmission '. 400, 509

High voltage, use in power transmission. 129

Hinged-coil oscillation transformer 373

Honey-comb inductance coil 445

Homodyne method, modulation 535

Homodyne reception 505

Horn tube 471

Horsepower 48, 550

Horse-shoe magnet 101

Hot-wire ammeters 137

Howling of amplifiers 485

Humidity, effect on insulating materials 42

Hump, double 270

double, resonance curve - 270

Hydraulic pressure 47

Hydrogen atom 451

Hydrogen, evolution in batteries 1 62

use in arc chamber 413

use in rotary gap 363

Hydrometer 70

Hysteresis losses, dynamo = 173

transformer 133

Ignition key, signaling by arcs 416

method, signaling arcs 416

voltage, arc converters 403, 411
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Image effect, transmission phenomena 301

Impact excitation 278

Impedance 115, 124

input, of electron tubes 462, 483

measurement 539

of telephone receivers 443

Imperfect dielectrics, antennas 314

Impulse excitation 278

Inclined coil instrument 143

Indicator, modulation _ 526

Induced electromotive force 108

Inductance - 107

antenna 313

antenna, measurement 543

coils 109,386,443
coils, capacity of 250

coils, receiving 443

effective < 416
formulas .

386

loading 380, 425

measurement 391, 540
mutual 112

self 111

unit 111, 549

variable 427

wave length table 557

Induction coil 365
field 292

magnetic 10a
motors 219

signaling 293
Inductive circuits 122

energy relations 114

Inductive coupling _ 130,267,541

coupling, electron tube generators 492

disturbances 578
disturbances, telephone line 114
reactance 122

Inductively-coupled receiving sets 423

transmitting set 37O

Inductivity 92

Inductor alternator
.

165

motor-generator set 198
self-excited 20,2

Inductors, variable 444

Input circuit, electron tube 64
modulation 540

plate power, variation, modulation 521

resistance-. 462,483
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Page.
Inspector, radio 562

Instruments, hot-wire 136

measuring 136
Insulated wire, tables 554

Insulating materials 34, 42

properties at radio frequencies . 43

Insulators, antenna 322

Insurance, safety requirements 578

Intensity of magnetic field 104

Intensity, signal, measurement 448
Interference 289, 370

code signal 566
line radio 536
modulated continuous waves 514,515
pure wave 377

reduction, heterodyne method 506
stations 289
transmission phenomena 289

Internal drop 56

output resistance, electron tube 482

resistance, electron tube 462
resistance of cell 63

International ampere 32, 549
call list 563
code 565

electric units 549

Morse Code 145, 565

Interrupters. See Choppers.
Invar ,

41

Ionic tubes. See Electron tubes.

lonization, arc discharge 405

by collision 453

electron tubes 452

spark discharge 356

transmission phenomena 288

Ions, arc converters 403

electrolytic conduction 61

Iron, conducting material 41

effect of, in solenoid 105

losses, transformer 133

permeability of 106

properties at radio frequencies 135

pyrites, detector 434

Jamming 370

Joule - 35,47
definition 549

Joule's law-- 35
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Kerosene, use in arc chamber 413

Key, ignition 416

telegraph 144

Keying flicker 580
Kick-back prevention 381, 496, 578

Kilovolt-amperes 175
Kilowatts 175
Kinetic energy 46

L,. inverted, antenna 306,320
Laboratory experiments 537

Lafayette station 401

Lagging current 121
Lalande battery 66

Lambda, symbol for wave length 282

Laminations, armature 158
transformer 129

Lamp bank rheostat 40
Lattice-wound inductance coil 445
Latour alternator 207

Laws, radio 317, 561
Lead burning 69
Lead-in 304=

Leading current 126
Loads, telephone receiver, action 443
Lead storage battery 67, 70

sulphide detector 434
Leak, grid 476

Leakage current 34
flux of transformers 132
of condenser 93

Leclanche cells 66
Left-hand rule 107, 139,154
Length, standards 547

wave 282
Lenz's law 109

Leyden jars. See Condensers.

License, operator 561

station 561

Light, velocity of 283
waves 282, 283

Lighting lines, electric, flicker 580

Lightning, strays 290
switch 324, 578

Limited commercial stations 561
Linear law, heterodyne reception 505
Line drop 56,58
Line of force, magnetic 103

radio communication 530
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Linkage, radiotelephony, line telephony 515

Linkages, flux 108

Lists, call - 563
Liter , 548

Litzendraht, high-frequency conductor 265
Load flicker 580

Loading coil 317, 380, 425, 446
inductance of 386

Local action, batteries 62

Logarithmic decrement 258
London Convention. 561, 563

Long-distance telephony . 150

line radio 536

Long-distance transmission, use of undamped waves 396

Long waves 396
transmission phenomena 289

Loop (see also Coil antenna) . 304,330

Loose-coupler 444

Loose coupling 268

Loss of energy 46

Losses, antenna 314

at radio frequency 266

dynamo '. 172

electron tube generator 495
transformers 132

Loud-speaking reproducer 441

Magazines, radio 568

Magnesium, spark gap terminals 357

Magnetic amplifier 399,517
blow-out 411

circuit of dynamo 161

effects at radio frequencies 105

effect of electric current : 29, 537

field 101

field, arc converter 411

field due to current 105

field, earth's 103

field intensity 104

field intensity, electromagnetic waves 287

flux 103

induction 103

instruments
modulator 518

permeability 105

poles 102

units 549

Magnetism 100
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Magnetizing current, transformer 130

Magnetos 162

Magnets, electro 101, 104

permanent 100

Manganese dioxide, depolarizer 64

Manganin 41

Maple, dielectric constant 92

Marble, dielectric constant 92
Mass of electron 451
Mass resistivity 36
Masts 322
Maximum method, direction finding 340

Measuring instruments 136

Measurement, antenna wave length 318

capacity ,
540

current 32
decrement 542
inductance 540
reactance 539
received current 448

signal intensity ^ 449

voltage 389
wave length 539

Measurements, radio 389

Medium, wave motion 282

egohm 35, 476
:eter 547

audibility 449
trie systems 548
ho 37

ica, dielectric constant 92
icrofarad 91, 550

icrohenry 111, 550
icrohm ^ 35
icromicrofarad . 550

icrophone transmitter 146
use in radiotelephony 516

Mil 36
Milliammeter 138

Millihenry 111,550
Millimeter 548
Millivoltmeter 140-, 143
Minimum method, direction finding 340
Minimum, perfect, direction finding 344
Modulated continuous wave, interference 514
Modulated waves, analysis 508

reception by heterodyne method 505

Modulating action 509
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Modulation, absorption method 516, 519
buzzer 529

chopper - 529

complete 499, 510

definition 508

excessive 512

method - 516, 519

power input 546

Modulator, magnetic - 400, 518

Modulator tube 518, 522

Molybdenite detector 434

Moorehead tube 469

Morse Code 145

International 565

Motion, wave
Motor action principle 107

Motor-generator 223, 539

set 197

Motors - 152,210

compound 219

constant speed 217

induction 219

repulsion - 222

series -- - 218

shunt 210

synchronous 222

Mounting of crystal detector 434

Moving-coil type measuring instrument 138

Muffled rotary gap _

Multilayer coil, inductance _ 388

Multiple connection of resistances 78

Multiple frequencies, arc converter

Multiple-tuned antenna ._ 315, 398

Multiplex telegraphy 145

telephony - 151,530

Multiplier for ammeter
Multipolar machine 156

Multi-stage amplifiers

Mush, arc

Mushy note, heterodyne reception, modulated waves 505

Mutual inductance 112

Name plate I74

National Electrical Code
National Electric Safety Code 578

Natural frequency 257

Natural magnets 160

Navigation, application of direction finding in 348

Navigation, Bureau of 562
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Needle gap 390

Negative electricity .-- 33

Negative resistance 402

New Brunswick station __- 396

New York Harbor, radio beacon system 349

New York Radio Central station 398

Nickel-iron storage cell 69,71

Night, transmission phenomena 289

Non-conductors 34

Non-synchronous gap 363

No-voltage release 216

Oak, dielectric constant 92

Ohm, definition 35,549
Ohm's law 34,48, 120, 537

Oil-cooled transformers 134

Oils, dielectric constant 92

One-wave method, arc converters 416

Open-core transformer ^ 129

Operating characteristics, electron tubes 464

Operator license 561

Operation, code signals 566

Ordinate 49

Organ pipe, continuous waves 285

Oscillation characteristics, electron tube 467

Oscillation transformer 371

Oscillations, arc converter 404

damped 255

forced 272

free 251

in coupled circuits 274

undamped 396

Oscillator, Hertzian 295

Oscillator tube 489, 519

Oscillion 472

Output resistance, electron tube 483

Over-compounded generator 188

Overmodulation 512

Oxidation, of spark gap terminals 357

Oxide coatings, electron tube filaments 469

Pack set 192, 539

Pamphlets, Signal Corps 575

Pancake oscillation transformer 371

Paper, dielectric constant 92

Paraffin, dielectric constant 92

Paragon circuit 427
Parallel connection, of batteries . 60, 538

of condensers 99

of resistance-. 78, 538
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Parallel resonance 246

filters 534

Peak, double, resonance curve 270
Perfect condenser . ; 127
Perfect minimum, direction finding 344
Perikon crystal detector 434
Period 155

Periodicals, radio '. 568

Permeability ,_ 105
Permanent contact crystal detector 436
Permanent magnet 101
Phantom circuit 150, 537
Phase, alternating current 120
Phase angle, alternating current 120
Phase difference 44, 167, 239

Phase, wave motion 282
Phase windings 167
Phenolic insulating materials 43
Phenolic material, dielectric constant 92

Phonograph record 507

Phosphor-bronze wire 325

Piano, discontinuous waves 285

Pick-up circuits - 429
Pico (prefix) 548
Plain antenna connection 369,374,422
Plain spark gap 356
Plastic substance, modulating action 510

Plate, characteristic 464
circuit resistance 482

current 452

modulation 521

supply, alternating-current 498

voltage 455, 460

Pliotron 472,497

Polarization, batteries 62, 538

Poles, magnetic 102

Poles of battery 61

Polyphase alternators 166

Polyphase plate supply 500

Porcelain, dielectric constant 92

Porcelain insulators

Portable receiving set

transmitting set__

Portaphone 337

Port Jefferson station

Position, code signal 567

Positive electricity

Potential difference

Potential energy 44
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Potential, gravitational 45

unit --- 549

Potentiometer - 56, 84

Poulsen arc 405

Power 88

amplification coefficient 462

factor 125

factor, effect on regulation 177

lines, line-radio telephony on 535

loss, in insulating materials 4:i

losses 87

tubes 472, 497

unit 48, 549

Practical forms of electron tubes 469

Precautions, arc converter 404

safety - 389,578
Pressure contact, crystal detector 435

Prevention, kick-back 381, 496, 579

Primary, batteries 60, 63

circuit 268 '

of transformer 129

Prime mover 171

Propagation of waves 286
Public service station 561

Publications, Bureau of Standards '. 572

radio 568

Signal Corps 575

Pulsating current 25

heating effect 526

Pump
'

45
Puncture voltage 43

Pure electron flow 454
Pure wave 374,377,381,396
Pyrites, iron, detector 434

Q. S. T 566
Quantity of electricity, measurement 33

unit 549
Quenched gap 278, 358, 542

action of, in coupled circuits 378
adjustment 378

Quenching, spark gaps 356
Quick tuning 429

Radiate 285
Radiation 292,295

adjustment for maximum 382
field 292
resistance 267, 383

53904 22 39
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Radiation, resistance of antenna 314

undamped waves -
, 397

Radio and wire systems, linkage of 515
Radio beacon 349

circuits 231
Radio Communication Pamphlets, Signal Corps 575
Radio compass 840

frequency 191

Radio-frequency amplification, short wave 506

Radio-frequency amplifier 481
choke coils 525
circuits 231
transformers 135

Radiogoniometer 340
Radio ground system 327
Radio Inspection Service : 562

Radio laws 561

publications 568

Radio Service Bulletin 564, 568

Radiotelephone circuits 522

reception 433

Radiotelephony 507

interference 515

Radio waves 287, 292

velocity of 283,287
Railroads, electric, use of line radio communication 535
Ratio of signal to strays '. 344
Reactance 115

capacitive 126, 233

inductive 122

measurement 539
of condensers 126,233

Reactance-variation method, measurement of resistance 394

Reaction, armature 177

Received current, measurement 448

Receiver, telephone 148, 421, 440

telephone, loud-speaking 441

Receiving apparatus 419

circuit, radiotelephone set 529

coils :_ 444
condenser 447
sets 419

sets, for damped waves 422

sets, for undamped waves 430

sets, wave length calibration 541

Receiving station, no license required 562

Receiving transformer 444

Reception, apparatus for 419

autodyne 503
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Reception, beat r>4<i

heterodyne 4S2
of radio wave , 298

of radiotelephony 433

Reciprocal ohm 37

Rectification, see detector action.

Rectifier, aluminum 497

crystal 437

tungar : 544
Reference books, radio 571

Reflection, radio waves 288

Refraction, radio waves 288

Regenerative amplification 487

sensitivity 449

Regenerative effects in amplifiers 485

Regenerative receiving circuit 427

Regulation of generators 176

Regulations, radio 561

Regulators, voltage, d. c. generators 190

Re-ignition 405

Relay, telegraph 145

Relay, electron, see amplifiers, electron tube.

Release, no-voltage 216
Remote control . 398

Repeaters, electron tube, see amplifiers, electron tube.

Repeating coil 515,531
Reproducer, loud-speaking . 441

Repulsion motor 222
Residual charge 94
Resistance 24, 34

antenna 313

antenna, measurement 544
box , 38

copper wire 554, 556

coupling (

' 267

drop 55

effective 265
effect on resonance curves 541

high-frequency 263, 542, 556

input, electron tube 462. 483

internal, electron tube 462
internal output, electron tube 482
measurement of 537

negative 402
radiation 267, 383

radio-frequency measurement 394
standards for radio work 1 395

telephone receivers 441,443
unit _. 549
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Resistance, variable, arc 402

variable, speech-controlled 516
variation with temperature 3?

Resistance ratio of conductors 263
Resistance-coupled amplifier 481
Resistance-variation method, measurement of resistance 394
Resistances in parallel 78

in series 77

Resistivity , 35

insulating materials, temperature coefficient of 42
volume, of insulating materials 42

Resistor 38
Resonance 234, 241, 246, 375

analogs of 239

audio-frequency 382
effective decrement 260

parallel 246

parallel, filters 534
series 234

Resonance curves 241, 540
effective of resistance _ 541

Resonance frequency 235
transformer 134
wave coil 337

Resonant frequency, telephone receivers 441

Restricted amateur stations, licenses 561

Revolving-armature type dynamo 165

Revolving field, dynamo 153, 162

Rheostat 38

starting 214

Right-hand rule 31,153,537
Ring, use on arc electrode 413

Ring winding 181

Ripple, commutator 496, 528

Ripples, water 19,281
Rope, waves on 281

Rotary converter 224

Rotary gaps - 361

synchronous 361

non-synchronous : 363

Rotary quenched gap 364

Rotary gap, safety precautions . 580

Rotating plate condenser 431

Rotor -
.

162

Rubber, hard, dielectric constant 92

Safety precautions
'

389, 578

Sal ammoniac 64

Rait water, to be avoided in arc converter 412
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Saturation, electron tube 459

Screen, use as counterpoise 327
Seasonal variations of radio signals 290

Second, unit of time 548

Secondary batteries 60, 67

Secondary circuit 268

Secrecy, line radio 532

Segments, commutator 181

Selective circuit 422

tuning 379

Selectivity, filters 534
Self-inductance (see also Inductance) 111

S.nsc of direction 341
Sensitive spots, crystal detectors 435

Sensitivity of receiving apparatus 449

Separate excitation 184
d. c. generators 184

Separate heterodyne 503

Separator, storage cell 69

Series condenser, antenna 380
Series connection 538

batteries 60
condensers 99

Series excitation 186
d. c. generators 186

Series motor 218
Series resonance 234

Shape factor 387

Sharpness of minimum, direction finder 343

Sharp tuning 396, 425

Sharp tuning, continuous waves 514

Sharp wave 38, 260, 374, 377
Shellac base insulating materials 92, 323
Shellac, dielectric constant 92

Shipping Board, U. S 401

Ships, use of direction finder on 348
Short-circuits, dynamos 228

transformers 131
Short-wave amplification 485, 506

antenna 318

heterodyne reception 504
radio-frequency amplification 506
receiving set 425

Shunt circuits 82
Shunt excitation 184
Shunt excitation, d. c. generators 184
Shunt for ammeter

,
141

Shunt motors
, 211

Shunted telephone method, signal intensity measurement 448
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Side frequencies 531

Side waves 509
interference 515

Signal Corps pamphlets , 575

Signal Corps radiotelephone sets 527

Signal intensity, measurement 449

Signaling, induction 293

Signaling methods, arc converter . 415

Signals, conventional 565

Signals, swinging of 291

Silicon-bronze wire 326
Silicon-carbide detector 434
Silicon detector 434
Silicon steel, transformers , 133

Silk, dielectric constant 92

Silver-chloride cell 64

Simple voltaic cell 61

Sine wave 116, 155

Single-layer coil 386

Single-phase alternator 167

Skin effect 263, 542, 556

Slate, properties at radio frequencies 43

Slip rings 162

Soft tubes 454

Solenoid 104. 386

Solenoid, rule for direction of magnetic field in 106

Solid-back transmitter 146

Sound, resonance in 262

Sounder 144

Sound waves 281, 283, 507, 512

Source, decrement of 542

wavemeter 540

Sources of electromotive force 51

Space charge effect 456

Spacing wave
Spark discharge 405

Spark frequency 355

Spark gap 354

quenched - 278,358

rotary 361

Spark, timed 364

Sparking, dynamos 229

Sparking distance 390

Sparking voltage 390

Special amateur stations, license 561

Specific inductive capacity 92

Specific resistance

Speech, wave forms 507

Speech-controlled variable resistance 516

Speed regulation, motors 217
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Sphere, capacity 96

Sphere gap
Spider-web inductance coil 445

Spiral, inductance of 388

Spiral oscillation transformer 371

Spiral type coil antenna 334

Split-phase starting 221

Spreaders, antenna 300, 322

Spring, vibration of 256

Square law, contact detector 440

electron tube detector 473, 505

Squier, General G. O 533

Squirrel-cage induction motor 221

Stabilizer, amplifier 486

Stagger-wound inductance coil 445

Standard cell 56

Standards 547

Standards, Bureau of 547, 572

Standards, resistance 395

Stand-by circuits 429

Stand-by, code signal 566
Star connection 169

Starting-box 213

Starting rheostat 214
Static 290
Static electricity 52.

Station call letters 563
Station design, safety precautions 578
Station license-- 561
Stator 162

Stt'ol, contact detector 434
Steel conductor 40
Steel wire gauge 41

Step-up transformer 128

Storage battery, charging 538

Storage cells 60, 67
Strain insulator 323
Strain of dielectric 90
Stranded wire .. 325

Strays , 290
reduction by coil antennas 344

reduction, heterodyne method r>or>

Striker, arc converter 416

Strong signals, code signal 566
Structural dimensions of electron tube, calculation of constants

from 483
Submarine antenna 338

Submerged antenna 328, 338

Sulphation, lead storage batteries ; 74
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Sulphide, iron, detector 434
Sulphide, lead, detector 434

Sulphur, dielectric constant 92

Summer, strays ;
290

Sunrise, distortion of radio waves 348

Super-heterodyne 506

Suppression of carrier wave 514
Surface leakage 34

insulating materials 42

Surges, radio-frequency, prevention 578

Swing, damping, analogy 262

Swinging, transmission phenomena 291

Switch, antenna 324

lightning 578

wave change 380

Symbols for physical quantitites 552

Symmetry of resonance curves 243

Synchronous converter 224

Synchronous gap 361

Synchronous motors . 222

System, metric 548

T type antenna _ 306

Tables, copper wire 554

wave length 557

Tank circuit, arcs 417

Tapering charge method, storage cells : 73

Technical school station, license 561

Telefunken alternator 210

tube 472

Telegraphy, multiplex 530

wire 144

Telephone receiver - 148,421,440

impedance
Telephony, carrier-frequency

line radio 530

linkage of radio and line 515

multiplex 530

radio 507

radio, reception
wire - 145

Temperature, filament

Temperature coefficient of resistance

Terminals, spark gap 357

Terminal voltage, dynamo
Tesla coil

Text-books, radio 570

Thermal ammeters

Thermo-couple ammeter 136
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Thermoelectricity 54

Thermoelement 55

Three-electrode tube 456

Three-phase plate supply ,
500

Thumb rule 31

Tikker 431

Tilting of wave front 328

Time constant :
91

Timed spark 364

Tinfoil, use as fuse 496

Tone modulation 508

Torque ,

219

Towers 322

Tractor, radio 194

Traffic, code signals 566

Trailing wire antenna, aircraft 311

Train frequency 439

Training Pamphlets, Signal Corps - 576

Trains, wave -r 285

Transformer 128

Transformer, a. c., filament supply 496

amplifier 481

bell-ringing 134

effective inductance 137

high-frequency 272

oscillation 371

radio-frequency 135, 482

receiving 444

resonance 134

supply line, separate 580

Transformer action 293

Transformer-coupled amplifier 480

Transformer oil, dielectric constant 92

Transmission, directive _ 321

power by alternating current 128

radio waves 288

Transmission formulas 299

Transmitter, condenser 518

microphone 146

Transmitting circuits 368

Transmitting condensers 356

Transmitting sets, adjustment 376

arc 400

direct-coupled 373

inductively-coupled 3701

portable 367

Transmitting station, license 561

Transposition, telephone lines 113, 536

Transverse magnetic field, arc converter 411
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Triangulation, radio 321, 349
Triodes, see electron tubes.

Tropical radio 290
Trouble in operating dynamos 227
Trough of wave 282
Tube, electron 450

electron, construction 457
modulator 518, 522
transmitters

: 498
transmitting sets 400

Tubing, high-frequency resistance of 265
Tuned circuit : 235

line radio 532
Tuned telephone receivers 441

Tungar rectifier 544

Tuning ,
240

audio-frequency 382
effective decrement on 260

Tuning fork. 262
sine wave 507

Tuning of transmitting sets_ 376

Tuning, sharp 390

Tungsten filaments, electron tubes 469
Two-electrode electron tube 426, 451

Two-phase a. c. plate supply 500

Two-phase alternator 167

Two-way communication 532

Two-way radiotelephony 527

Umbrella type antenna 303

Undamped oscillations 257

Undamped waves 396
circuits for reception of 430

Underground antennas 328
Underwater antenna

v

329

Underwriters, fire 578
Unidirectional direction finder 345
Unilateral conductivity, contact detector 437

Unipolar connection for wavemeter 392

United States call letters 563
United States radio laws 317,561
United States Signal Corps 527, 575

Units 547

abbreviations 549

Uniwave methods, arc converter 416

Unsymmetrical directional characteristic 345

V-type antenna
Vacuum tubes, see electron tubes.

Valves, see electron tubes.
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Variable antenna reactance method, modulation ._ 518
Variable condenser 447
Variable inductor 427, 445
Variable resistance, electron tube as 462

modulator tube 522
of arc 402

Variations of radio signals 291,347
Variation power, modulation 521

Variation, wave length, modulation 518
Variometer 427, 445

Velocity of electromagnetic waves 283, 287
of light waves 283,287
of water waves 282,283
of wave 282

Vernier condenser 448
Vertical wire antenna 320

Vibrating reed telephone receiver 441
Visual signaling 20
Voice-controlled variable resistance 146
Voice modulation 508, 512

.Volt, definition 549

Voltage amplification, electron tube 484

Voltage control, of generator 179

Voltage divider 56
electron tube amplifier 487

Voltage drop in battery or generator 57

Voltage, measurement 389
measurement by spark gap 390

Voltage of primary cells 66

Voltage, puncture 43

Voltage regulators, d. c. generators 190

Voltage relations, a. c. circuits 123

Voltage, sparking 389

Voltage terminal, dynamo 186

Voltage, unit 549
Voltaic cell 54

Volt, definition 47
Voltmeter 47, 141
Volume resistivity > 42

Volume, units 548
Vulcanized fiber, dielectric constant 92

"Washington Monument 347

Watchcase telephone receiver 148, 441

Water, dielectric constant 92
Watermotive force 46

Water-pipe ground 327
Water rheostat 39
Water waves, velocity of 282,283
Water wire -_ 329
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Watt 48

definition 549

Wave, amplitude of 284
Wave, carrier 508
Wave forms, radiotelephony 507
Wave front angle 328
Wave front, distortion of 347
Wave front, tilting of 328
Wave length 282

antenna 318

changes 379
coil antenna I 335
definition 282

fundamental, measurement 543
measurement 316, 391
natural 557
table 557
variation method, modulation 518

Wave motion 281

Wave, radiation 297

Wave, sine 116

Wave train 260, 285
Wavemeter 244, 391, 539

unipolar connection 392

use for adjusting transmitting set 381

Waves, continuous 285, 396

continuous, from electron tube generators 495

Waves, damped 255, 353

electromagnetic 283, 287

heat 283

light - 282,283
on water 19

propagation of 286

radio 292

side 509

sound 281, 283, 507, 512

undamped 254, 396

Wax, beeswax, dielectric constant 92

Weight of copper wire 555

Weight of electron . 451

Weight, standards 54?

units 548

Well, use as ground 327

Western Electric tube : 469

Weston standard cell 56

Wheatstone bridge 86,538

Windage 172

Windings, armature 159

concentrated 159
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Windings, distributed 159

drum 181

polyphase alternators 168
ring 181

Winter, strays 290
Wire and radio systems, linkage of 515

Wire, antenna 324

copper, tables 554

gauge 41, 554

ground _ 327

telegraphy 144

telephony , 145
underwater 328

Wire Communication Pamphlets, Signal Corps ">7fi

Wire-radio telephony L 530
Wired radio 530
Wired wireless 530

Wireless, see radio.

Wiring, safety precautions 578

Wood, dielectric constant 92
Wood-screw rule 31
Wood's metal 434
Work 44

Work, unit 549

Working wave 415

X's 290

Y connection 109
Yard, unit of length 548
Yellow light waves 283

Yoke, dynamo 165

Zero beat reception 514
Zinc oxide, detector 434
Zinc spark gap terminals 357
Zincite detector-. 434

O




















