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PREFACE '

aAsTOR LENOX AND
This book is the substance of a course of lecjuFBLILES DA —
author during the summer of 1917 to a Company of the U. S
‘Reserve Signal Corps troops. From the employees of the West-
ern Electric Company who had volunteered for service two com-
panies were formed, one at Hawthorne, Ills., and the other at New
York City. These men were retained on the pay roll of the Com-
pany and their training was carried out on company time by
other employees. In radio-communication this training con-
sisted in part of the course of lectures mentioned above and in
part of laboratory work. To Major Jewett, Chief Engineer of
the Western Electric Company, the author is indebted for this
opportunity of assisting in the training of our Expeditionary
Forces. It isin the hope that the method of presentation, found
acceptable to this Signal Corps Company, may be of wider use
that this text is published.

The individual men to whom the lectures were given differed
widely in the extent of their previous training in electrical engi-
neering. The author, therefore, adopted a method which in-
volved practically no mathematics except elementary algebra
and presupposed but a limited knowledge of physics. (This
method solves problems like that of determining the natural
frequencies of tuned and coupled circuits or that of finding the
effective value of a sinusoid.) Described in mathematical terms
it consists in the development and use of two concepts, namely,
that of the vector operator ““j’’ and the differential operator ““p.”
Since all the functions with Whlch the radio-engineer has to deal
@@ are expressible in exponential form by the use of “j,”” only one

very special case of the operator “p’’ need be considered. With

a knowledge of this one case, whlch may be developed in an ele-

mentary manner, the student becomes equipped with tools of

analysis which in some school curricula are delivered to him only

through a two years’ drill in calculus, and differential equations.
: v
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vi PREFACE

In selecting the material for these lectures there was eliminated
all that of purely historical interest, e.g., coherers, and also that
of purely theoretical interest, e.g., much of the conventional text-
book material on the transmission of electromagnetic waves.
The aim throughout has been to present fundamental principles
and methods rather than detailed instruction as to apparatus
and its operation. The present rapid development of radio-
apparatus makes such descriptive material a necessary accom-
paniment of the manufacturer’s apparatus rather than a desirable
part of a text. The student trained in the fundamentals will

find small difficulty in dealing with the apparatus of that new
stage of the art into which radio-communication seems to be
entering.

In order that as many as possible of these fundamental prin-
ciples shall be available to the reader whose working knowledge
even of algebra is negligible, the material involving algebra has
been concentrated into chapters I and V. The important chap-
ters, II1, IV, VI and VII, on the vacuum tube, on detection, on
undamped waves, and on radio-telegraphy and telephony have
thus been made practically non-mathematical. Since the method
followed in chapters I and V is readily applicable to the more
difficult problems of transmission over wires an appendix is
added in which such application is made.

In the diagrams accompanying the text the symbols standard-
ized by the I.R.E. have been used consistently. But few foot-
note references have been introduced and those mostly to the
Proceedings of the Institute of Radio Engineers. Of the papers
presented to this Institute in the past few years many have been
the first disclosures of important advances in the art. For per-
mission to reproduce some of the illustrations of these papers the
author expresses his thanks to the Institute. Thanks are also
expressed to Mr. C. R. Englund for reading part of the proof.

JonN MiLLs.

NEw YOREK,
October, 1917.

L\
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A NOTE FOR THE
ASTOR LENOX ANB
NON-MATHEMATICAL RE R OUNDATION®

Each science or art has its own peculiar terminology. To the
wireless engineer, a ‘tikker” is a definite piece of apparatus.
To those untrained in wireless, the word might seem to represent
anything from a clock to a stock market printing telegraph.
Drivers of oxen used the words ‘“‘gee’’ and “haw’’ to operate upon
a team of oxen so as to change its direction 90° to the right or to
the left. An officer operates upon a squad to rotate the direction
in which it is facing 90° to the left by the command “left face.”
The mathematician operates upon a line pointing in any given
direction to rotate it 90° counter-clockwise (:.e., left handed) with
the symbol “j.” If the sergeant operates upon his squad twice
in succession with the command *‘left face” the result is an
““about face’’ or a complete reversal of direction. If the mathe-
matician operates twice in succession with ¢j’’ he too obtains
a complete reversal which he represents by a minus sign (—).
This idea of representing a 90° rotation by the symbol “j” is
inherently no more difficult than the idea of ‘‘left face.” Its use
is fundamental to the theoretical portions of this text.

Another idea fundamental to the text is that of a ‘“rate of
change.” A speedometer operates to tell the driver at any instant
the speed or rate of change of position of his car. In our daily
life there are many similar illustrations of instantaneous speeds-
or rates of change. Now if the mathematician wishes to repre-
sent the operation of finding at any instant the rate of change
of some quantity, he does so by prefixing to it the letter “p.”
Thus if S represents the space (e.g., miles) the car travels then
pS will represent its speed. The use of a symbol like “p’’ to
represent an operation, namely ‘‘the operation of finding the rate
of change for the quantity to which p is prefixed’’ should be con-

vi



viii A NOTE FOR THE NON-MATHEMATICAL READER

sidered of the same grade of difficulty as the use of symbols com-
posed of dashes and dots to represent letters and words in the
familiar Continental Code.

Beyond these two fundamental ideas, involved in the symbols
¢j” and “p,” there is no mathematics in this text except simple
algebra, that is the addition, subtraction, multiplication, and
division of quantities expressed by letters, instead of by numbers
as in arithmetic. Because the quantities are electrical, e.g., cur-
rent, voltage, and resistance, the letters used are 7, v, R, etc.
instead of the usual a, b, ¢, and z, ¥, 2 of algebra.

Although the ideas involved are simple, as is seen above, the
ready use of these ideas in their symbolic expression requires
practice just as the ready use of the symbols of the telegraph code
requires practice. To assist the student in such practice, some
problems of gradually increasing difficulty are given with solu-
tions or answers in Part I of the problems at the end of the text.
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THEORY AND METHODS

CHAPTER 1

- ALTERNATING CURRENTS

Electnclty —1In the world in Wh.lch we hve we recognize the
existence of ponderable matter from its characteristic of inertia,
. that is, from the fact as Newton expressed it, that ‘“any body
continues in a state of rest or of uniform motion in a stra.ight
line, except insofar as compelled by force to change that state.”
It is by the forces we exert, the reactions they nieet, and the
motions they produce that we obtain our earliest and most fun-
damental ideas of this universe. By observations of the motions
produced, the early scientists discovered the phenomena of
electrification. Later observations and careful reasoning showed
the divisibility of matter into molecules and of molecules into
atoms. Still more recent work of scientists has demonstrated
the existence of subdivisions of the atom, which have been called
electrons. While molecules and atoms have specific properties
depending upon the substance from which they are obtained, the
characteristics of an electron are independent of the source, that
is, chemical substance or material, from which it is derived.

In the earlier development of the science of electricity it was
recognized that all electrified or charged bodies can be grouped
into two classes, such that all the bodies of either class repel all
the other bodies of the same class, but attract all bodies of the
other class. There thus appeared to be two kinds of electrifica-
tion, and the terms ‘““positive” and ‘““negative’”’ were arbitrarily

1




2 RADIO C'OMMUNICATION

introduced for purposes of distinction between the two classes.
This terminology is used today, and however charges of electric-
ity are produced, it is agreed by scientists to call a charge positive
when it is repelled by a glass rod which has been rubbed with silk
and negative when it is repelled by an ebonite rod which has been
rubbed with cat’s fur.

According to this terminology the electron, which is a charged
particle or corpuscle, is negatively charged. It is more exact
to say that the electron is a negative charge, for it has no recog-
nizable mass in the same sense as ponderable matter has mass.
It exhibits inertia when subjected to electrical repulsion by other
electrons, but the amount of inertia depends upon the velocity
with which it is moving. It is convenient, however, for purposes
of forming a concept of the electron, to consider it to have an
inertia or mass about 1/1860 part of that of the atom of hydrogen.

In the structure of matter electrons are associated with nuclei
of atomic size and form atoms which show no properties of elec-
trical charges. An atom (or molecule) may have dissociated
from it by various means one or more of its component electrons.
When an atom has lost an electron it has, as viewed from the
standpoint of the normal uncharged atom, a deficiency of nega-
tive electricity and therefore has the characteristics of a positive
charge. The phenomenon of charging a body consists then in
either adding electrons to it or subtracting them from it.

The conduction of electricity is accomplished by the motion of
carriers of electricity, the nature of which is determined i in part
* by the medium. In the case of solid conductors the electrons are

the carriers. In the case of liquid and aeriform media, in addi-
tion to the electrons, the molecules or atoms are free to move and
when charged these also act as carriers of electricity. The car-
riers obey the law that like charges repel and unlike attract, and
their motions are due to such attractions or repulsions.

Electrical Magnitudes.—In the conduction of electricity we
distinguish three magnitudes: namely, the total quantity of elec-
tricity transferred; the rate at which electricity is transferred,
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called the current; and the cause of the transfer, called the elec-
tromotive force. For a given electromotive force the current will
depend upon the nature of the conducting path through which the
transfer is effected. The ratio of the electromotive force (cause)
to the current (effect) is called the impedance of the conducting
path.

Electrical Units.—To express numerically these magnitudes
of an electrical circuit, namely, electromotive force, current and
impedance, requires the adoption of a system of units in which
they may be measured. Just as various units have been adopted
for the expression of non-electrical magnitudes—as for example,
length and area—so various units, or rather systems of units, have
been used in the science of electricity. Of the three systems in
use, one, the so-called practical system, takes account but indi-
rectly of the physical relations involved and defines the units in
terms of certain standards or methods of measurement. In this
system the units of electromotive force, current, and impedance
are respectively the volt, the ampere, and the ohm. Thus a
steady e.m.f. of 1 volt acting in a circuit of impedance 1 ohm
causes a steady current of 1 ampere to flow. A current of 1
ampere flowing for 1 second results in a transfer of a quantity of
electricity called a coulomb.

Resistance.—The current which flows in a circuit depends
both upon the e.m.f. and upon the nature of the circuit. The
ratio at any instant of the e.m.f. to the resulting current is the
instantaneous value of the impedance. In a circuit where no
storage of electrical energy takes place, that is, a circuit containing
no condensers or inductances, the instantaneous value of the
impedance is independent of the previous electrical history of the
circuit. In circuits involving energy storage, the transfer of
electricity going on at any instant is due not only to -the im-
pressed e.m.f. but also to the redistribution of energy occasioned
by the storage reservoirs. In the former type of circuit, energy
is dissipated but not stored, and the dissipated energy is supplied
directly and instantaneously by the impressed e.m.f. While for
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this case the instantaneous impedance is independent of the pre-
vious history of the circuit, it is not necessarily a constant inde-
pendent of the current. For example, doubling the e.m.f. applied
to a circuit may or may not result in double the current depend-
ing upon the nature of the conducting circuit. Where the con-
ducting path is metallic (and essentially free from inductance) the
current is proportional to the e.m.f. if the other conditions such as
temperature remain constant. In this case the impedance is
constant, and Ohm’s law holds. The im-

pedance is then spoken of as an ohmic re-

sistance. On the other hand, in the cases

of conduction through a vacuum or through

a gaseous medium, Ohm’s law does not

4 hold. The impedance of a gaseous path
. is in general a pure resistance, but the ratio

7 of e.m.f. to current is not a constant. Fig.

Fie. 1.—E.mf.-cur- 1 shows typical e.m.f.-current curves for
rent characteristics of
Tesistance. the two cases.

In curve A is represented the case of a
metallic conductor, for which

v=R

where R is the impedance (resistance) of the circuit:
Or we may write: .
i=v/R=hv
in which case k is the conductivity of the circuit.
In the case of the gaseous conducting path, the relations of
which are as shown in curve B, we may write:

t=a+ b+ cv?+ dvd
where a, b, ¢, and d are constants.
! Storage Reservoirs for Electrical Energy.—Electrical energy
may be stored either in a magnetic field or in an electrostatic

field. The magnetic field may be created by a current flowing
in a conducting circuit, in which case the circuit is called induc-

L
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tive. The magnetic field, and hence the energy stored in it, will
depend upon the geometrical form of the circuit and upon the
current flowing in the circuit. The factor by which the energy
for any given circuit is determined from a knowledge of the cur-
rent is called the inductance of the circuit. If the path followed
by the magnetic lines of force is free from iron or other magnetiz-
able substances the inductance is a constant independent of the
current. If iron is present in the magnetic field formed by the
current in the circuit, the inductance is in general much greater
than for air, and, because of the variations in permeability of the
iron, is not constant but is a more or less complicated function of
the current. For the wireless engineer most of the inductances
used are essentially iron-free.

Inductance.—It is convenient to define the inductance of a
circuit in terms of the current and the e.m.f., instead of in terms
of current and energy as implied above or, as is frequently done,
in terms of current and magnetic flux. Whenever a change
occurs in the magnetic field linking with an electrical conductor
there is induced in the conductor an e.m.f. This e.m.f. of self-
induction is, of course, equal and opposite to the e.m.f. which
would have to be applied to the conductor to produce the same
change in magnetic field. The change in magnetic field is
produced by a change in the current flowing in the circuit, and
the inductance or self-inductance of a circuit is defined as the
ratio between the e.m.f. induced and the rate at which the
current changes in value.. Thus let v represent the value of
the e.m.f., L the self-inductance, and 7 the value of the current;
and also let p stand for the expression “rate of change of,” so
that pi means “the rate of change of 7.”> Then

4

L =v/piorv =Lpi (1)

A circuit will then have unit inductance when 1 unit of e.m.f. is
required to maintain a current which is changing at unit rate;
that is, in the practical system a circuit has unit inductance,
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namely, 1 henry, when an e.m.f. of 1 volt is required to produce a

change in current at the rate of 1 ampere per second.
Capacity.—Energy is also stored in the electrical field existing
between two or more charged bodies. In this case the field, and
hence the energy, depends upon the charges or quantities of
electricity and upon the geometrical configuration of these
charges. A system of conductors insulated from one another
and so capable of holding charges and of maintaining a field
between the conductors is called a condenser. The capacity
of a condenser is that factor, by the use of which the energy
may be calculated from a knowledge of the charges. Between
the conductors or plates of a condenser there exists, of course,
an e.m.f. available in case a conducting path is supplied from
one plate to the other for producing a current. The capacity
may be defined also in terms of this e.m.f. and the current.
This e.m.f. is obviously equal and opposite to that which would
have to act in such a conducting circuit in order to bring about
this distribution of charges. In terms of this e.m.f. the capacity
is defined as the ratio of the charging current flowing to the
plates and the rate of variation of the e.m.f. causing this current.
Hence if ¢ represents the charging current and v the e.m.f,,

the capacity is defined by :
- C =1i/pv 2

where p has the same significance as before. The unit of capacity
is then that of a condenser, where a unit charging current will
be maintained by increasing the e.m.f. at unit rate. Or, in the
practical system, a farad is the capacity of a condenser where a
charging current of 1 ampere is maintained by an e.m.f. in-
creasing at the rate of 1 volt per second. .
The Operator p.—The letter p, meaning “rate of change of,”
is an operator in the same way as the letters log and sin are
operators, indicating the results of performing the operation
of taking the logarithm or the sine of the quantity to which they
may be prefixed. Also, just as log~! and sin~! represent results
the inverse of these operations, namely, the operation of find-
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ing the quantity whose logarithm or whose sine is the quantity
to which they may be prefixed, so p~! is an inverse operator rep-
resenting the result of finding the quantity whose rate of
change is that of the quantity to which the operator is prefixed.
Thus if

z = sin y,

then .
sin~! (sin y) = y,

or

sin~! z = y.
And if

1 = pv,
then
pPl=p7 pr=p=uv

or if

1= Cpy,

CERY

where C is a constant and does not vary with » or 7, then

p~'% = p! (Cpv) = Cp~' pv = Cv,
or

v =p13/C 3)

Impedance.—As we have seen above, it is only in the case of
a circuit formed by a pure resistance that we can state the
numerical value of the impedance without a knowledge of
either the applied e.m.f. or the resulting current. Considering
the case of a circuit formed by an inductance, we have in equation
(1) an expression of the fact that the value of the e.m.f. required
at any instant to force a current ¢ through the inductance de-
pends upon the rate at which the current is changing in value
at that instant. Obviously if the current is constant its rate
of change is zero, and no e.m.f. is required to overcome the self-
inductance of the circuit. If the current is increasing, its rate
of change is positive. On the other hand, if the current is
decreasing its rate, pi, is negative and the e.m.f. required is
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negative. In other words, for this case the required e.m.f. is
less than zero; that is, the inductance by its own propertles
tends to maintain a current.

What impedance a given inductive circuit offers depends
then upon the rate of change of current within the circuit. The
cases of most interest to the engineer are those in which the
current is periodic; that is, undergoes similar variations at times
separated by constant intervals or periods. The complete
series of values assumed by the current in the period is called
a cycle, and the number of cycles per second, that is, the reciprocal
of the periodic interval, is called the frequency. Such a current
may be either pulsating or alternating. In the former case

the direction of transfer of electrons

A along the conducting circuit remains

always the same, but the number of

electrons transferred per second, that is,

A the current, varies as time progresses.

In the latter case both the value of the

current and its direction in the circuit

undergo variations with time. As will

be seen later, a pulsating current may

be considered to be the resultant of a

steady unidirectional current and a
superimposed alternating current.

Sinusoidal Alternating Functions.—The simplest case of an
alternating current or an alternating e.m.f. is one in which the
successive values assumed by the current are proportional to
the sine of an angle, which in turn increases constantly as time
progresses. Such functions are called sinusoidal. The defini-
tion of the sine of an angle as the ratio in a right-angled triangle
constructed on the angle of the side opposite the angle to the
hypothenuse is a special definition limited to angles less than
90°. In general the sine of an angle 6 is to be found by assuming
a definite length of line, e.g., OA in Fig. 2, to be rotating about
one extremity O, so that the other extremity A describes a

F1a. 2.—Definition of sin 6
and cos 6.
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circle, by defining the angle 6 as the amount of rotation from
some assumed position as O4’, and then by defining the sine of
this angle as the ratio of the length AB of the perpendicular
from A upon OA’ to the length of the rotating line; that is
' sin 6 = AB/OA.

If the rotating radius OA is taken of unit length, then

sin § = AB.
If AB is above the line OA’ it is taken as positive, and if below
as negative. The angle 60 is positive if measured counter-
clockwise from OA’. If the radius OA rotates through 360°
or 2 radians in a time T, then its angular velocity is2x/T, and if
time is measured from the instant that OA is coincident with
04’,
then

0= 2xt/T,
where ¢ represents the time.

It is sometimes convenient to show the successive values

assumed by the sine by plotting them against an axis of time as

T /

F1a. 3.—A sinysoidal function.

shown in Fig. 3. A sinusoidal function is then of the form
v =E sin 2nt/T. At t = O this function is zero. It has a
maximum value of E at ¢t = T/4. When ¢ = T/2 it is again
zero. From ¢t = T/2 to t = T it is negative, reaching its mini-
mum value of—FE at t = 3T/4. The time T is then the periodic
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interval required for the function to ‘pa.ss through its cycle of
values. The frequency f is, as above, 1/T. Hence

v = E sin 2xft
or for convenience,
v = E sin ot

The equivalents w, 2xf and 2x/T are all expressions for the
angular velocity of a rotating radius, to the projection of which
upon some reference line the instantaneous values of the sinu-
soidal function are proportional.

Referring again to Fig. 2, the cosine of 6 is defined by

cos 8 =0B/0A, or cos § = OB, when OA = 1.
It is also evident that

cos 6 = sin (6 + 90°)
cos § = — sin (6 — 90°)

Vectors.—It is convenient to consider the rotating radius of
Fig. 2 as but a special case of a vector. A vector is defined as a
quantity having both magnitude and direction. With a
vector representation of displacements, velocities, and forces,
the student of elementary mechanics is already familiar. The
law for the addition of two vectors is most easily seen when
the vectors represent motions. Thus let the point m of Fig. 4
undergo two displacements represented in direction and mag-
nitude by the vectors @ and b. Obviously, due to displacement
a the point m must lie somewhere on the line PQ, and due to
displacement b, somewhere on the line RS, and hence at m'.
The resultant displacement is ¢, which is a vector representing
the combined effects or addition of a and b. This resultant is
seen to be the diagonal of a parallelogram constructed on the
two vectors a and b as sides. The rule for the addition of
vectors may be better expressed as follows: From the extremity
of one vector, as a, draw the other vector, as b, in its proper
direction. The vector ¢ required to complete the triangle is
the resultant. .
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Conversely any vector, as ¢, may be assumed to be the re-
sultant of any two vectors which, when combined as above, will
give ¢ for their resultant. Thus in Fig. 5, c¢ is the resultant of
a’ and b’ and also of o’ and b/, or it may be the resultant of
an infinite number of combinations other than those shown
in the figure. The vectors of each pair, as a’ and ¥V, are called
the components of ¢, and the process of finding a pair is called
resolution. In general the resolution of a vector ¢ is made into
rectangular components, as ¢’’’ and b’’’ of Fig. 6, one of which lies
along some desired axis. In this case

"

a" =ccos@ andbd"” = csin b

Returning now to a consideration of the rotating vector OA
which was used to define the sine of an angle, it is seen in Fig. 2

F1a. 4.—Addition Fra. 5.—Resolution of a vector. Fia. 6.—Rec-
of vectors. tangular compo-
nents of a vector.

that it may be resolved into two components, as OB and BA or
OB and OC. Let OA be of unit length; then the vector OB is
defined as the cosine and the vector OC as the sine of the angle.
For all angles between 0 and 180° the vector OC points upward
and varies only in magnitude, not in direction, but for angles
between 180° and 360° it points downward. Hence if we take
the upward direction as positive, we should call the reverse
direction negative. Thus the vector OC, defining the sine, gives
at once not only the numerical value but also the algebraic
sign. Similar reasoning shows that the sign of the cosine is
given by the vector OB. ‘



12 RADIO COMMUNICATION

Vector Operators.—We have just made use of the idea that
reversing the direction of a vector means reversing its algebraic
sign. Now reversing a vector may be considered to mean
rotating it through 180°. Given a vector X, then we can in-
dicate the result of the operation of rotating it through 180°
by prefixing to X a minus sign, or writing (—1)X. We may
then look upon (—1) as an operator, which when prefixed to a
vector represents the result of reversing it or of rotating it
through 180°.

Now it is convenient to represent the result of other operations
upon directed quantities, as for example, the operation of
rotating through 90°. To represent such an operation the symbol
jisused. Thus jX represents a rotation of the vector X through

90° counter-clockwise. If we operate upon
A NejE this new vector jX by the operator (—1),

‘we get —jX, which is a vector of length

that of X but rotated through 90° +
» 180° or —90° from the original position.

Thus for illustration, if we are dealing

with the points of a compass and start
¥ fro;n the diyection east, say E, the.zn north
Fra. 7.—The operator *'j." iFs.JE;west i8 —E and south is —jE, as in

ig. 7.

A rotation of 360° may be considered to be the result either
of an operation of rotating through 360°, thus leaving the vector
in its original position, or as the result of two successive opera-
tions, each rotating through 180°. Thus —X represents a
rotating of X by 180° counter-clockwise, and —(—X) repre-
sents a rotation of — X by 180°, that is, a rotation of X by 360°,
bringing it back to its original position. Then —(—X) must
equal X, as it does. Similarly a rotation of 180° may be thought
of as two successive rotations of 90° each. Thus jX represents
a rotation of X by 90° counter-clockwise, and jjX represents a
rotation of jX by 90°, or of X by 180°. But — X also represents
a rotation of X by 180°. Hence —X = jjX = j2X, if we let the

 W==E £,

S=E
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exponent represent the number of successive times the operator
j is applied. Then —1 (X) = j3X), or —1 =42 and j is
said to be 4/-1, which is an imaginary quantity, the square
root of minus one. For convenience vectors operated upon by
j are called imaginaries and those not so operated upon are
called reals.

Returning again to Fig. 2, the rotatmg vector OA in any posi-
tion, as that show