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FOREWORD 

T is sometimes said that ‘‘ Wireless ” is both a science 
and an art; so that it falls equally within the 

provinces of the physicist and the engineer. It is 
therefore fitting that a series of physical monographs 
should include an up-to-date volume on the scientific 
principles of this subject, written by a physicist for 
physicists. In spite of the limited space at his disposal, 
Mr. Ratcliffe has succeeded in giving a wonderfully 
clear and complete account of present-day problems, 
both solved and unsolved. His ability as a teacher is 
apparent throughout, and it is due to this and to his 
own first-hand acquaintance with so many of the 
recent researches on the subject that his volume is at 

_ once so lucid, authoritative and complete. 
Although this monograph is addressed primarily to 

physicists, I am quite sure that engineers will find in 
it fresh and illuminating ways of regarding old problems, 
while its lucidity and completeness cannot fail to appeal 
to many of those who, attracted in the first instance 
to wireless as a hobby, wish to supplement their practical 
experience by a sound knowledge of its fundamentals. 

E. V. APPLETON 
WHEATSTONE LABORATORY 

Kine’s CoLLeGE 
LONDON 

Jan. 1929 

i 167022 
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PREFACE 

N the preparation of this book I have had considerable 
help from Messrs. P. I. Dee, A. L. Green, and P. 

Haswell, all of whom have read through the manuscript 
and have made valuable suggestions, and to whom my 
best thanks are due. 

I cannot properly express my thanks to Prof. E. V. 
Appleton, of King’s College, London, for the inspiration 
and help he has given me. 

Jy 
CAMBRIDGE 

Jan., 1929 
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THE PHYSICAL 
/PRINCIPLES OF WIRELESS 

CHAPTER I 

| OSCILLATORY CIRCUITS 

| INTRODUCTION 

| HE critic who asks, ‘What is the use of pure 
scientific research ?’ should be referred to the 

| subject of wireless. It should be pointed out to him that 
the very possibility of wireless communication is founded 
on the researches of Clerk-Maxwell into the mathematics 

| of electro-magnetism, researches so ‘ pure ’ and abstruse 
_ that it took mathematicians several years to appreciate 
their significance. It should then be pointed out that 
in the experimental verification of the results foretold 
_by Maxwell’s theory use was made of the results of 
experiments in pure physics which Kelvin had made 

_ forty years previously. Kelvin had set himself the task 
| of investigating the way in which a Leyden Jar dis- 
| charged, and had found that, under certain conditions, 
the discharge gave rise to alternating currents of very 
| high frequency. What could be further removed from 
| the affairs of everyday life than this abstruse research 
| into the detailed working of a piece of apparatus then 
_ only found in the laboratory ? Yet, forty years later, 
| Hertz was able to utilize these high-frequency currents 
_to produce the first wireless waves. 
_ Since those days the development of wireless has 
depended, more and more, on the application of phe- 

1 
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2 THE PHYSICAL PRINCIPLES OF WIRELESS > 

nomena discovered in the pure research of the physics 
laboratory. The theory of electrons finds its application 
in the valve; the facts of piezo-electricity have been 
applied in the quartz oscillator ; photo-electricity plays 
its part in television. From these and other points of 
view the wireless engineer is helped by a sound know- 
ledge of physics. But we may also say that the pure 
physicist is helped, in his appreciation of the true 
meaning of the physical principles, by a knowledge of 
the way in which these principles are applied in wireless. 
The subject of electricity finds, of course, innumerable 
applications, and, in these days of loud-speaker repro- 
duction, so does that of acoustics. We find analogies 
to the optical phenomena of polarization, interference, 
and diffraction ; to the anomalous propagation of light 
through a focus; to the theory of dispersion and 
rotatory polarization ; to diffraction gratings and resolv- 
ing power. 

It is with these two points of view in mind that this 
book has been written. It is addressed, on the one 
hand, to the physicist who is not specially interested in 
wireless, to help to clear up his ideas by showing him 
some new applications of the principles of his subject. 
It is addressed, on the other hand, to the wireless experi- 
menter who wants to understand the physical principles 
on which his subject is based. The book deals, as 
far as possible, with the principles of the subject; it 
is left to the ever-increasing mass of larger textbooks 
to describe the engineering details at the transmitter, 
or the various and complex circuits at the receiver. — 

ALTERNATING CURRENTS 

It will be shown, in the course of this book, that in 
wireless telegraphy and telephony, we have, of necessity, 
to employ alternating currents of very high frequency. 
The behaviour of these high-frequency currents is so 
different from that of the more familiar direct currents 

1The alternating currents employed in broadcasting have a 
frequency of about one million cycles per second. 
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that it will be necessary to make a short study of the 
_ peculiarities of this behaviour. 
_ The simplest form of alternating current is one in 
_ which the current varies sinusoidally with the time ; it 
may be represented by an expression of the form 

i = %, sin 2nnt 
_in which n represents the number of complete oscilla- 
_tions per second and is called the frequency of the 
| current. This is often written as 

| += 1,5’ pt 

where p (= 2zn) is called the angular frequency of 
| the current. In cases where confusion is not likely to 
| arise, the angular frequency will often be referred to as 
the frequency of the oscillation. The algebraical expres- 

Fie. 1.—Sinusoidal Variation considered as the Projection of a 
Rotating Vector 

| alternating current. 
A quantity which varies sinusoidally with time in 

this manner can be represented as the projection, on 
some fixed direction, of a line which rotates about a 
| fixed point with constant angular velocity equal to p. 
: Thus the time variation shown in Fig. 1 is equivalent to 
the projection, on the line AB, of the vector OP rotating 

about O with constant angular velocity p. 
/ When dealing with direct currents we can always 
determine the current (7) flowing in the circuit, if iS 

_ know the E.M.F. (E) acting, and the resistance (R) o 
| the circuit, for, by Ohm’s law, we have 
| iR = E. 

| When, however, an alternating E.M.F. is applied to a 

| sion for an alternating E.M.F. is similar to that for an 
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circuit, the current flowing depends, not only on the 
resistance, but also on the values of the inductance and 
capacity in the circuit. Let us consider, separately, 
the effects of inductance and of capacity. 

INDUCTANCE 

If the current (7) through a circuit is in the process 
of changing, then, in virtue of the fact that the circuit 
possesses inductance (L), an E.M.F. equal in magnitude 

to ie will be developed in the circuit. This may be 

thought of as a back E.M.F. tending to oppose the ~ 
current flow. It is perhaps more natural to think of 
the current as being produced by the E.M.F. applied | 

from outside, we may then say that, if an E.M.F. c 

just sufficient to overcome the back E.M.F., is applied 
from outside, then a current will flow, whose instan- 
taneous value is given by 2 in the above expressions. 
In the mathematical development of the subject it will, 
in some cases, be desirable to think of the back E.M.F. 
as being produced by the flow of current ; while in other 
cases we shall think of the current as being produced by 
an externel applied E.M.F. 

If an alternating current 7 = 7, sin pt flows through 
part of a circuit which contains no resistance, and whose 
self-inductance is L, then the magnitude of the back 
E.M.F. developed across the ends of this portion is given 

by 
rie real Pra vagy pen so 0 t =L= FTA sin pt) = Lpt, cos pt. 

This may be written : 

EK = Lpz, sin (pt + 2/2) 

from which we see that the phase of the E.M.F. is z7/2 | 
ahead of the current, i.e. a maximum value of the | 
E.M.F. is reached a quarter of a period beforea maximum | 
value of the current. We may say that the current / 
through an inductance lags 90° behind the E.M.F. i 
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_ The sinusoidal curves of Fig. 2 represent the current 
and the E.M.F. respectively. We see that, if the current 
: is represented as the projection of a rotating vector OP, 
of length 7), then the E.M.F. may be represented as 
the projection of a vector OP’, of length pLi,, which 
rotates with OP, but is always 90° ahead of it. The 
maximum value (2») of the current through the induct- 
ance is related to the maximum value (E,) of the 
applied E.M.F., by the equation : 

Ey = Lpio. 

i we compare this with Ohm’s law 

EK = Ri 

| we see that the quantity pL corresponds to the resistance 
\R in the case of direct current. 

Fic. 2.—Relation between the applied E.M.F. and the Current 
flowing, for the case of a Non-resistive Inductance 

It would not be correct to speak of this quantity as 
\the resistance of the inductance, because it only gives 
ithe ratio of the maximum value of the E.M.F. to the 
maximum value of the current, and does not give the 
iimstantaneous value of the one in terms of the instan- 
itaneous value of the other. For this reason a new 
iterm is employed, and the quantity pL is known as the 
ireactance of the inductance. 
| Reactance is analogous to resistance, in that an in- 
ductance restricts the flow of alternating current by 
\virtue of its reactance. Since, however, the reactance 
(Lp) of the inductance depends not only on the coeffi- 
cient of self-inductance, but also on the frequency of 
lthe current flowing in it, it appears that an inductance 
‘restricts some currents more than others. In fact, one 
and the same coil of wire may be an easy path for direct | 

| 
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currents,. or currents of low frequency, but an impass- 
able barrier to high-frequency currents. An inductance 
used for the purpose of restricting the flow of high- 
frequency currents, while permitting the flow of direct 
or low-frequency currents, is known as a high-fre- 
quency choke coil. 

CAPACITY 

If a charge q is present on the plates of a condenser, 
of capacity C, then the E.M.F. (E) between the plates 
is given by gq = CE. Conversely we may say that if an 
E.M.F. E exists across the condenser, then there is a 
charge gon the plates. If the applied E.M.F. is contin- — 
ually changing, as is the case with an alternating E.M.F., 
then the charge on the plates is continually changing 
also, and since the charge must reach or leave the plates 
by flowing along the connecting wires, this means that an 
alternating current flows in these wires. To an outside 
observer there is nothing to show that the flow of 
alternating current in the connecting wires is not con- — 
tinuous through the condenser, and, indeed, we may 
say that, effectively, an alternating current does flow 
through the condenser. 

Suppose an alternating E.M.F., given by 

EK = E, sin pt, 

is applied across the condenser ;: then the current (2), 
flowing in the connecting wires, is given by the rate at 
which electric charge flows on to the plates, i.e. by 

ie OS. & 

at eat 
t (CE, sin pt) = pCE, cos pt 

= pCE, sin (pt + 2/2). 
This shows that the current flowing through the capacity, — 
when a sinusoidal E.M.F. is applied, leads the E.M.F. 
by 90°. The current and the E.M.F. can be repre- 
sented by a diagram similar to that of Fig. 2, except | 
that the rotating vector representing the current is now 
90° ahead of that representing the E.M.F., so that the | 
phases are exactly the reverse of those shown for an 

| 
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inductance. The maximum value of. the current is 
given by 72, where 

Comparing this with Ohm’s ma we see that the react- 

ance of the condenser is a , in just the same way as 

we saw that the reactance of an inductance is Lp. 
There is, however, a very important difference be- 

‘tween the reactance of an inductance, and that of a 
‘condenser. In an inductance the E. MF. is 90° ahead 
of the current, while in a condenser it is 90° behind the 
current. When it is desired to draw attention to this 
fact, the reactances are spoken of as inductive react- 
ance and capacitative reactance respectively. 

As in the case of an inductance, the reactance of a 
condenser depends on the frequency of the alternating 
current, but the variation with frequency is in the 
opposite sense to that which occurs in the case of an 
inductance. One and the same condenser may be an 

easy path to high-frequency currents (p large and = 

small); a difficult path to low-frequency currents 

1 
iC small and pC large) and a complete stop to 

1 ’ 

direct currents (p= O and pC infinitely great ) 

‘Thus a condenser may be used for passing alternating 
currents of high frequency, and stopping direct currents 
‘completely. When used in this way it is known as a 
‘blocking condenser. It is often desirable, in cases 
‘where we have a direct current and a high- frequency 
‘current superimposed, that the direct current should flow 
‘through a piece of apparatus, while the high-frequency 
current should not. In such cases it is usual to connect 
‘a condenser in shunt across the piece of apparatus, 
‘so that the high-frequency current all flows through the 
condenser, while the direct current is forced to flow 

: 
i! 
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through the piece of apparatus. A condenser used ir 
this way is called a bye-pass condenser. 

The different behaviour of resistances, inductances 
and capacities, to currents of different frequencies, is 
fundamental in wireless, and to make this point clea 
Table I is drawn up to show the reactance of an induct. 
ance of one milli-henry (a 200-turn coil) and a capacity 
of one micro-farad at various frequencies. For com. 
parison a resistance of 10 ohms (independent of fre- 
quency?) is included. 

It is obvious from the table that, if we are dealing 
with resistances, inductances, and capacities of the 
order of magnitude shown, then for all frequencies, the 
reactance either of the inductance or of the capacity 
is large compared with the resistance ; we can therefore 
usually neglect the resistance of circuits which contair 
inductance and capacity. An exception occurs in the 
case in which the reactance of the condenser 1s just balancea 
by the reactance of the inductance, so that we are left 
with the effect of the resistance alone. This happens 
in the important case of the ° series resonance circuit ’, 
which we will now discuss. 

THe SERIES RESONANCE CIRCUIT 

This circuit consists of a resistance (R), an. induct. 
ance (L), and a capacity (C), arranged in series as in| 
Fig. 3. Let a current 7, sin pt flow through the circuit | 
It develops E.M.F'.s whose maximum values and phases 
are as follows : 

across the resistance, an E.M.F. of maximum value 
Ri», in phase with the current ; 

across the inductance, an H.M.F. of maximum value 
pliy, 90° ahead of ‘the current ; 

1 Owing to the fact that high-frequency currents tend to crowc 
into the outer layers of a wire (skin effect) the resistance of ¢ 
piece of wire is not strictly independent of the frequency. By 
taking the wire sufficiently thin, however, the increased resist 
ance, at the frequencies which we are considering here, may b¢ 
made negligible, 
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across the capacity, an E.M.F. of maximum value oo 

90° behind the current. 
These three E.M.F.s can be represented by means of 

rotating vectors which have the 
relative orientations shown in 
Fig. 4 (a). If we wish to 

Eosin pt determine the total E.M.F. 
between the points A and B 

; of Fig. 3, we must not simply 
sac a ee ae add these E.M.F.s arithmetic- 

ircuit 
ally, but must compound 

them as vectors. The resultant E.M.F. will be that 
corresponding to a rotating vector which is the resultant 
of the three vectors shown in Fig. 4 (a). Now the two 

R L Cc 

vectors pli, and ao are in the same straight line, 

plto 

io Rio 

“ (a) 

Fic. 4.—Electromotive Forces in a Series Resonance Circuit 

but are of opposite sense, and so reduce to a single 

vector (PLie ~ ma and the diagram reduces to Fig. 

4 (b) (here it is assumed, for convenience, that pL > oA ; 

The resultant, which represents the E.M.F. between . 
A and B (Fig. 3), is now seen to be given by Ey, where 

: 2 
By= to 4/ Rt + (pL — LY" 

} 
| 
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° 2 | The quantity » / R2 +(oL — a is analogous to 

the resistance in the case of a direct current. It is, 
_ however, apparent from the Ree that there is a phase- 

| ike eos 

_ angle equal to tan (6) between the E.M.F. 

_and the current. It is therefore not correct to speak 

: é 2 

of the quantity a/ R? + (ol — So as the resist- 

ance of the circuit; nor is it correct to call it the 
reactance of the circuit, the term reactance being re- 
stricted to the cases where the phase difference is 90°. 

|The quantity under discussion is therefore called the 
impedance of the circuit between the points A and B. 
|The term impedance is thus a perfectly general one, 
giving the ratio of the amplitude of the alternating 
_E.M.F. to the amplitude of the alternating current, 
' whatever the phase angle between the two may be. The 
resistance between the points A and B (Fig. 3) is R, the 

reactance is equal to pL ~< and the impedance is 

‘given b i 2 Bae ak ee 

Further, if pL > ae the E.M.F. leads the current 

'so that the reactance is inductive, while if pL <¢ ne 

the E.M.F. lags behind the current and the reactance is 
capacitative. 

RESONANCE 

| Let us suppose that an alternating E.M.F. of 
‘constant amplitude is applied between A and B (Fig. 
3), and that its frequency is gradually varied. For 
very low frequencies (direct current) the inductance 
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acts as a complete short-circuit, but no current will 
flow, because of the very large reactance of the con- 
denser, which acts as a complete break in the circuit. 
As the frequency is increased the reactance of the 
condenser will decrease, and that of the inductance will 
increase, until for very high frequencies the condenser 
will act as a short-circuit, but the inductance will com- 
pletely prevent any current flowing. At some inter- 
mediate frequency the reactances of the inductance and 
condenser will be equal, and when this occurs, the E.M.F.s 
across them, being in opposite sense, will annul each | 
other, so that the only factor limiting the current flow _ | 
is then the ohmic resistance of R. Under these condi- | 
tions the current is a maximum. 

The variation of current with frequency can also be 
seen from the expression 

/ B+ (sb) + (U5) 
which gives the impedance of the circuit. It is obvious 
that the impedance is infinite when p = oo or p=0O 
and at some intermediate frequency, given by 

(21 — a) = 0 the impedance is a minimum and is 

equal to R, the ohmic resistance of the circuit. The 
angular frequency (p,) at which this happens is seen to 

VLC 
mum current flows, and the circuit is said to be in 
resonance or in tune with the applied E.M.F. We 
have also seen, in the last paragraph, that at this reson- 
ant frequency the current and E.M.F. are in phase, 
since under these conditions the reactive E.M.F.. vanishes. 
Thus at resonance the circuit acts like an ordinary 
resistance R, the current being given by 1R = E and 
being in phase with the E.M.F. This is one of the few 
cases where resistance is appreciable compared with the 

be given by p) = At this frequency a maxi- | 

reactances of capacities and inductances. Because of | 
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the above-mentioned properties of resonance, the cir- 
cuit of Fig. 3 is called a series resonance circuit. 
For reasons given in a later paragraph (p. 16) this 
circuit is also often called an oscillatory circuit. 

SHARPNESS OF RESONANCE AND SELECTIVITY 

We have seen that a maximum current flows in an 
oscillatory circuit if we arrange that the circuit is 
exactly in tune with the applied E.M.F. We must now 
ask the important question, ‘ How much does it matter 

if the circuit is not exactly tuned to the E.M.F. ? 
Suppose the frequency of the applied E.M.F. (p) differs 
slightly from the frequency (p,), to which the circuit 

is tuned, then how much will the current observed (i,) 
_ differ from the maximum current (?,) which would be 
| obtained at resonance ?’ The change in the current in 
_ passing from the frequency p, to the frequency p is 
due to the production of a reactive E.M.F. across the 
combination of inductance and capacity. In Fig. 4 (b) 
the line OA represents the E.M.F. drop across the resist- 
ance; this will therefore represent the impedance of 
the circuit at the resonance frequency p>. When the 
frequency is increased slightly to a value p, a reactive 

_E.M.F. represented by OB is introduced, and the total 
|impedance is given by OP. We must now inquire 
| what determines the relative magnitudes of OA and OP. 
_ Let us measure the departure of the frequency from the 
resonance value as a ratio, p/p,, and arrange that the 
circuit is detuned until this ratio assumes a certain 
fixed value. The quantity OB is represented by 

1 1 
L— —.) and, remembering that = ——., this 
G x0) Badal Sale catais 
may be expressed, in terms of the fixed frequency ratio, 

as eh: aC, — a) Thus, for a given variation, f. 
: C\Po P Po 
of the frequency, the magnitude of OB is proportional 

L : ; ae 
to —. Now, due to the production of this reactive 

C 
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E.M.F. OB, the impedance changes from OA to OP, 
and the fractional change is determined by the ratio 
OB . sls F 
Chon by the quantity BR a/, 4 The reciprocal of 

this quantity, R Ni = is of great importance in the 

theory of oscillatory circuits ; it is known as the decre- 
ment of the circuit, and corresponds to the logarithmic 
decrement of a mechanical oscillatory system. _ 
We thus see that the fractional change in the 1m- 

pedance depends on the ratio a and that this ratio, in 

turn, depends on the decrement of the circuit. Fora given 
detuning the change in impedance is large for a circuit 

P=Po "PP P=Po 
Angular frequency —> Angular frequency —> 

Fic. 5.—Resonance Curves 

of small decrement, and small for one of high decrement. 
For a given circuit let us plot a curve to show how 

the current varies with the frequency of an applied 
alternating E.M.F. of constant amplitude. The curve 
obtained is shown in Fig. 5 (a) and is called a reson- 
ance curve. Suppose now we vary the resistance of 
the circuit and plot similar curves for various values 
of R. We obtain a series of curves as shown in the 
figure. The current flowing at resonance is inversely 
proportional to the resistance of the circuit, so that the 
curves are of different heights, and it is difficult to 
estimate their relative breadths. It is therefore useful 
to reduce all these curves to the same height so as to 



OSCILLATORY CIRCUITS 15 

_ bring out the points which we have discussed above. 
| Instead of plotting current, let us plot the ratio of the 
current 7,, which exists at frequency p, to the value io, 

_ which the current would have at resonance, as in Fig. 
| 5 (0). For all values of R the ratio passes through the 

value unity at resonance. For very small values of the 

| decrement, R Wa ae there is a very rapid decrease in 
4 
a as we depart from the resonance frequency 

0 

| (curve (1)), while for large values the decrease is very 
_ gradual (curve (3)). The circuit of curve (1) is said to 

possess a sharp resonance, or to be sharply tuned, while 
that of curve (3) is said to be flatly tuned. Thus the 
decrement determines the sharpness of resonance; 
a circuit with a small decrement has a sharp resonance, 
one with a large decrement has a flat resonance. 
We shall see later that in wireless reception we allow 

an alternating E.M.F. to produce a current in a reson- 
ance circuit tuned to the frequency (p,) of the wave we 
are receiving. Suppose another wireless station is 
transmitting with a slightly different frequency 9. 
Then if we use circuit (1) of Fig. 5 (b), the second station 
produces a negligible effect compared with the one 
which we wish to receive (compare the ordinates AB 
and CD), while if we use circuit (3) the two stations 
produce nearly equal effects and our reception is badly 
‘jammed ’ (compare the ordinates AB and CE). If we 
want to listen only to the one station we should use 
circuit (1), whereas if we wish to receive several stations 
equally well we should use circuit (3). Since the circuit 
with the sharper tuning is capable of selecting the one 
desired frequency, it is said to be more selective than 

the other, and the quantity R A, s is said to determine 

the selectivity of the circuit. We thus see that, for a 
~ resonant circuit to be selective, it is necessary that it 

should have a small resistance, and that the ratio of 
inductance to capacity should be as large as possible. 
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FREE OSCILLATIONS OF A CIROUIT 

So far we have considered what happens when an 
alternating E.M.F. is applied to a circuit consisting of 
an inductance L, a resistance R, and a capacity OC, in 
series. We will now investigate what happens when an 
electrical impulse is applied suddenly to such a circuit. 
The impulse might be produced by charging up the 
condenser, and then suddenly switching it into the 
circuit. The condenser will discharge, and it is found 
that the nature of the discharge current will depend on 
the value of the decrement of the circuit. 

It can be shown that if the value of the decrement is 
numerically less than 2, the discharge current is oscil- 
latory, flowing first in one direction and then in the 
other, the oscillations slowly dying away, as the energy 
originally present in the condenser is used up in heating 
the resistance R. If the value of the decrement is 
numerically greater than 2, the discharge current is 
non-oscillatory, and flows in one direction only, gradually 
dying away until all the energy originally present is 
dissipated as heat. When the latter condition holds, 
the circuit is said to be aperiodic, when the former 
holds, it is said to be oscillatory. 

In the oscillatory case the current is represented 
approximately by an expression of the form 

5h, ween t 
$= 4,2 sin = 

( via): 
1 

VLC 
by the values of the self-inductance and capacity in 
the circuit. This angular frequency of free oscillation 
is the same as the angular frequency to which the 
circuit will resonate when acted upon by an alternating 
E.M.F. impressed from outside. 
We may draw an analogy between the electrical be- 

haviour of the oscillatory circuit and the behaviour of 
@ mass suspended on the end of a spring. The charged 

and is determined The angular frequency is equal to 

, 
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condenser possesses electrostatic energy which may be 
thought of as strain energy in the dielectric and may be 
compared with the potential energy of strain of the 
stretched spring. When the condenser discharges, this 
strain energy disappears and gives rise to electro- 
magnetic energy in the inductance, comparable with the 
kinetic energy of the mass on the end of the spring. 
When the condenser is completely discharged, all the 
energy is present as ‘kinetic energy’ in the induct- 
ance, and we may think of this as possessing a kind of 
electrical inertia which causes the system to over- 
shoot the equilibrium position, just as the mass, in the 
mechanical case, overshoots its position of rest. In 
this way the condenser is charged up in the opposite 
direction until all the kinetic energy is again con- 
verted into strain energy, and the process repeats 
itself. Thus oscillations occur, as in the mechanical 
system. 

While the current is flowing, energy is dissipated in 
the resistance, so that the amplitude of the oscillation 
gradually decreases. If the amount of energy dissipated 
in a cycle exceeds a certain amount, then all the energy 
of the condenser is lost before a cycle is completed, and 
the ‘circuit is aperiodic. If the energy loss per cycle 
is only a small fraction of the original energy of the 
condenser, then the oscillation goes on until all the 
energy is dissipated as heat in the resistance. 

PARALLEL RESONANCE CIRCUIT 

The E.M.F. is sometimes applied to a resonance cir- 
cuit as shown in Fig. 6. This arrangement is known as 
a parallel resonance circuit, in contradistinction to 
the series resonance circuit described above. We will 
not treat the properties of this circuit in detail; it will 
be sufficient to state that if the circuit is tuned to the 

frequency (p) of the applied EMF, so that p = ae 

then the impedance between the points A and B is purely 



18 THE PHYSICAL PRINCIPLES OF WIRELESS 

resistive (current and E.M.F. in phase) and is given 

by ah This shows that the impedance is inversely 

proportional to the resistance of the circuit. For 
frequencies other than the resonance frequency the 
impedance is much less, and is no longer purely resistive. 
The amount by which the impedance changes for a 
given change in the frequency depends, as in the case 
of the series resonance circuit, on the decrement of the 

Fic. 6.—Parallel Resonance Circuit 

circuit ; the impedance changes rapidly with frequency 
for a circuit of low decrement, and slowly for one with 
a high decrement. 

COUPLED OSCILLATORY CIRCUITS 

It often happens in wireless that we have two oscil- 
latory circuits containing a reactance in common. This 
common reactance is said to couple the two circuits. 
It may consist of a mutual inductance between the two 
circuits, or of a self-inductance common to the two 
circuits, or of a common capacity, or a common resist- 
ance. 

In the case which most commonly occurs the coupling 
is produced by two coils, one in each circuit, between 
which a mutual inductance exists. The amount of 
coupling between the two circuits is usually expressed 

pc tn BR ee 
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in terms of a coefficient of coupling, «x, which, in 
_ this case, is given by the expression 

M 
CS 

VL,L, 
where M is the mutual inductance between the two coils, 
and L, and L, are the total self-inductances of the two 
circuits. 

In the most usual case in which coupled circuits are 
used, the two circuits are separately tuned, so that, if 

_ they were uncoupled, they would have the same natural 
frequency of oscillation (p). If now they are coupled 
together, and given some form of electrical shock, it is 
found that oscillations with two frequencies are pro- 
duced simultaneously. If« is the coefficient of coupling 

ae 
Vi-+k A) eae: 

these frequencies are given by 

JX 
Angular Frequency p -—> 

Current —. 

Fic. 7.—Resonance Curves for Coupled Circuits 

(1) Loose coupling. (2) Medium coupling. (3) Close coupling. 

one of them is greater than the frequency to which the 
circuits separately are tuned, the other is less. The 
result of the simultaneous occurrence of these two 
frequencies is that the oscillations exhibit beats, of 

frequency —-—— — —-2—_. If the coupling is 
: M VA l+k ent 

loose (« small) the two frequencies are nearly equal and 
the beat period is long; if the coupling is large (x 
comparable with unity) the two frequencies are very 
different and the beat period is small. 

The above discussion deals with the free oscillations 
which occur in coupled circuits. It is also found that 
their behaviour with respect to forced oscillations shows 
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similar peculiarities. If a resonance curve is plotted, 
by measuring the current which is produced by an 
alternating E.M.F. whose frequency is slowly varied, 
it will be found that the curve possesses, in general, 
two maxima as shown in Fig. 7. These maxima corre- 

Pp p —=—— and —=—— 
VI +k Bate eee 

with the coupling in the manner indicated above. 
Resonance curves for tight and loose couplings are shown 
in the figure. In the circuit corresponding to curve (2) 
the coupling has been so adjusted that the two peaks 
merge into each other, producing a flat-topped reson- 
ance curve with steep sides. Such a circuit will pass 
equally well a small band of frequencies, while rejecting 
all others, and is therefore sometimes used as a ‘ band- 
pass ’ filter. 

spond to frequencies and vary 



CHAPTER II 

VALVES 

y ‘HE Thermionic Valve consists of a wire which is 
heated by means of an electric current, and is 

surrounded by various arrangements of metallic elec- 
trodes. The whole is enclosed in a bulb, usually of 
glass, which is exhausted. The hot wire, or filament, 
emits electrons which are afterwards attracted or 
repelled by the electrodes, to which positive or negative 
potentials are applied. Before we discuss the action 
of the valve as a whole, we must investigate the emission 
of the electrons from the hot wire. 

EMISSION OF ELECTRONS FROM THE FILAMENT 

In a metal we suppose that there exist free electrons, 
which move about hither and thither in random direc- 
tions with ‘gas-kinetic’ velocities. Some of these 
electrons will find themselves near the surface of the 
metal and, if they have sufficient energy to overcome 
the restraining attractions, may succeed in leaving the 
surface completely. At ordinary temperatures the 
energy of the average electron is not sufficient for 
escape. If, however, the temperature of the metal. 
is raised, the average velocity of the electrons increases, 
and a certain number are then able to leave the surface, 
and, if an external field is available to remove them as 
fast as they are liberated, there is a steady loss of 
electrons from the metal. This is equivalent to a current 
flowing ito the metal (since the electrons have a 
negative charge), and the magnitude of this current 

21 
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depends on the number of electrons emitted per second, 
and hence on the temperature of the metal. It is most 
important to notice that, provided the external field 1s 
sufficiently great to remove the electrons as fast as they are 
liberated, then the current depends only on the temperature 
of the metal, and not at all on the magnitude of the external 
field. 

THE SPACE-CHARGE 

Let us now consider what happens when the electric 
field is not sufficient to remove all the electrons as fast 
as they are emitted. Near the surface a cloud of elec- 
trons is formed, which exerts a repulsive force on those 
electrons which have just left the metal. This cloud 
is called the space-charge, and the force which it 
exerts may even be great enough to drive the electrons 
back into the metal again. If there is no external elec- 
tric field the space-charge will accumulate until it 
reaches such a magnitude that it forces all the electrons 
back into the wire as soon as they are emitted, so that 
no current will flow. If the space-charge is removed 
completely as fast as it is formed, then, as we have 
seen, a current flows, which depends only on the tem- 
perature of the metal. 

The case is analogous to that of evaporation from a pool 
of water. In still air a cloud of vapour collects over the 
pool and molecules condense from this on to the surface. 
The cloud increases in density until the number of 
molecules condensing from it, in a given time, is equal 
to the number evaporating from the pool. When this 
stage is reached a dynamic equilibrium is set up, and, 
on the whole, no evaporation takes place. If a wind 
blows, the vapour is removed as soon as it is formed, 
and the rate of evaporation then depends only on the 
rate of production of vapour molecules, and not at all 
on the velocity of the wind, provided this velocity is 
sufficient to remove the vapour as fast as it is formed. 
We must now return to the case of the emission of 

electrons from a metal, and ask, ‘ What happens in the 
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intermediate stages, when a field is applied which is not 
great enough to remove the electrons as fast as they are 
emitted?’ The first effect of this applied field is to tend to 
cause a stream of electrons to flow away from the metal. 
During their travel from the filament these electrons 
constitute a space-charge, and hence produce an electric 
field near the metal in such a direction as to try to drive 
electrons back into the metal. The total field near the 
metal is made up of this repulsive field due to the space- 
charge and the attractive field which is applied directly 
from outside. The electron current goes on increasing 
until its space-charge field near the filament just annuls 

the attractive field imposed from outside. On this 
_ assumption we can deduce how the current depends on 
_ the imposed field, or, more exactly, on the field which 
_ would exist just outside the metal if the space-charge 
_were annihilated. Calculation shows that the current 
| is related to this field (EK) by an equation of the form 

2 om Hie. 

THE DIODE 

The diode usually consists of a straight wire filament 
| which is heated by an electric current, and is surrounded 
| by a cylindrical metal plate called the anode or the 
| plate. The current which heats the filament plays no 
| part in the electrical behaviour of the valve, it is merely 
used as a convenient way of heating the metal. Let us 

investigate what happens when a potential difference 
_is established between the hot filament and the plate. 
| If the plate is kept at a high positive potential with 
respect to the filament, all the electrons are attracted 
' to it as soon as they are emitted, and a current flows 
/ across the valve. This current is independent of the 
| potential applied, provided the latter is sufficiently 
_high. If we represent the behaviour of the diode by 
' means of a current—potential graph, as in Fig. 8, these 
conditions are represented by the portion AB. If the 

‘plate is kept at a negative potential, no electrons can 
| reach it, and no current flows (portion CD). If the plate 
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is maintained slightly positive it would (in the absence 
of space-charge) create a field E near the filament, which 
would be proportional to the plate potential V. Now, 
as we have seen, the current adjusts itself so that it is 
proportional to E*” and hence to V**. These conditions 
correspond to the portion of the curve marked BC. 

In an ideal valve the portions AB and BC would inter- 
sect at a sharp angle, but owing to end effects of the 
electrodes, etc., this angle is rounded off in actual 
practice. A curve such as that of Fig. 8 is called a 
characteristic curve for the valve. Over the portion 
AB the valve is said to be saturated and the corre- 

Anode Current—> 

o 

Anode negative<— Q—>Anode positive 
Anode Potential 

Fia. 8.—Diode Characteristic 

sponding current is called the saturation current. 
The saturation current can only be increased by increas- 
ing the temperature of the filament. 

Tur TRIODE 

In the triode the filament is surrounded by two elec- 
trodes. The outer one is usually an anode of the same form 
as that used in the diode ; the inner one usually consists 
of an open mesh of wires placed at some intermediate 
position between the filament andthe anode. It is called 
the Grid. We have seen that the current leaving the 
filament depends on the field near the filament. This 
field is produced jointly by the grid and by the anode. 
Suppose the grid is raised to a potential V,and the anode 
to a potential V,, both with respect to the filament. 
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Then, disregarding the space-charge, there will exist, 
near the filament, a field E which can be calculated by 
considering the electrodes as an ordinary electrostatic 
condenser system. ‘Thus, if C,,and C, are the capacities 
of the anode-filament and the grid-filament systems, 
respectively, then we find that the field is proportional 
to the quantity 

CV, + C,V,. 

But the current leaving the filament is proportional 
to the 3/2 power of the field just outside the filament, 
and so we have 

i oc E*0c(C,,V, + C,,V,) 
or DS Veit pV eas seein arpa (A) 

Cy where x is a constant containing C,, and uw = ri 
at 

This shows that the current leaving the filament is 
determined by the potentials of the anode and grid 
jowmtly. A potential V on the grid is uv times as effective, 
in producing current, as is a potential V on the anode. 
The quantity yw is therefore known as the voltage 
amplification factor of the triode. It is a ratio of 
two capacities and is a structural constant of the valve, 
which can be varied over a wide range by suitable design. 
In modern valves the amplification factor is usually 
greater than unity, and may be as high as 50. 

So far we have been concerned simply with the 
electron current which leaves the neighbourhood of 
the filament. This current divides, some going to the 
grid and some to the anode. At first sight it might be 
thought that the way in which the current divides 
would depend to a large extent on the relative potentials 
applied to the grid and anode. This is not so, however, 
for when the electrons reach the plane of the grid they 
‘are moving very rapidly, and although the grid may 
exert a great attractive force, it will only produce a 
‘small deviation in the path of the electrons. The 
problem is, in many ways, analogous to the deflection 
lof an a-particle by a charged nucleus. Provided the 

3 
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particle is moving rapidly, it will be deflected only by a 
minute amount on passing near the nucleus, whereas 
a slow-moving particle will be deflected to a much 
greater extent, and may be captured. In the same way, 
when we are dealing with the order of potentials which 
are usually applied to valves as used in wireless, the 
electrons are moving so rapidly that most of them shoot 
through the grid spaces suffering only small deviations 
on the way, and finally reach the anode. We may say 
that, provided the potentials on the anode and grid are 
sufficiently high, the division of the current. between 
anode and grid is determined mainly by the * shadow 
ratio ’ which the anode and grid subtend at the filament. 
In most valves the spaces in the grid subtend a much 
larger area than the wires of the grid, and so most of the 
current which leaves the filament reaches the anode. 
We may sum up the action of the. triode by saying that 
the current leaving the filament is determined mainly 
by the potential on the grid, but most of this current 
goes to the anode; the grid is a very good puller of 
electrons, but the anode gets the benefit. 

TRIODE CHARACTERISTICS 

In practical applications of the triode, the potential 
on the anode is usually kept constant while that on the — 
grid is varied. This produces variations of the anode 
current, and it is convenient to represent the behaviour 
of a triode by a characteristic curve in which anode 
current is plotted against grid potential. For a fixed — 
anode potential (e.g. 80 volts) this gives a curve, such © 
as that labelled ‘ 80 volts’ in Fig. 9, which is similar | 
to the curve given by a diode. It differs from the diode ~ 
curve in that anode current may flow for negative values — 
of grid potential, in fact the negative grid potential 
which corresponds to the point A where anode current 

a ceases to flow, is given by V, = , aS may be seen 

from equation A, p. 25. It is also seenfrom equation A 
that if the anode potential is increased, the characteristic _ 
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is moved bodily to the left, while if it is decreased it is 
moved bodily to the right, as shown by the curves of 
Fig. 9, which indicate the shapes of characteristics with 
potentials of 20, 40, 80, 120 volts on the anode. 

In the theoretically simplest case, the sloping part of 
the characteristic curve should follow a 3/2 power law. 
In the practical case, owing to the presence of end 
effects of the electrodes and to the presence of a potential 
drop along the filament, it is found that the sloping 
portion is almost a straight line. We shall see later 
that, for many purposes, it is desirable that this portion 

Anode Current —> 

rid negative <— “O —> Grid positive 
Grid Potential 

| Fic. 9.—Triode Characteristics, with different Potentials on the 
| ode 

_ should be strictly a straight line, and modern valves 
_ are usually designed so that it is as straight as possible. 
| It is an easy matter to deduce the amplification 
| factor of a triode from a series of curves such as those 

} of Fig. 9. From equation A the amplification factor 
} is got by dividing (the change in anode potential required 

_ to produce a certain change in the anode current) by 
_ (the change in grid potential required to produce the 
|same change in anode current). From Fig. 9 we see 

} that the anode current can be changed by an amount 
| BC either (i) by keeping the grid potential constant and 
altering the anode potential by 40 volts, or (ii) by 
| keeping the anode potential fixed at 80 volts and varying 
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the grid potential by an amount CD. The amplifica- 

tion factor is therefore represented by ae 

From the characteristics of Fig. 9 it is possible to 
deduce another important quantity connected with the 
triode. This quantity measures the rate of increase of 
anode current with change of grid potential, and is 

te BC 

ov, CD 
of the characteristic of Fig. 9, and is known as the 
mutual conductance of the valve. 

represented by It is equal to the slope 

Va 

Ov, 

anode current to the change in anode potential which 
produces it. This quantity is known as the anode 
slope conductance of the valve. The anode slope 
resistance is the reciprocal of this quantity, and is of 
great importance in valve theory. It is usually written 
R,, and is sometimes referred to as the impedance 
of the valve, though this term is not very appropriate, 
since the anode current and anode potential are in 
phase. It can be shown that the above three quantities 
are related by the expression 

The quantity gives the ratio of a change in 

bb 
R, 

The three quantities are approximately constant over 
the straight portion of the characteristic, but their 
values change considerably when we approach the bends 
in the curve. 

Mutual conductance = 

THE TRIODE AS AN AMPLIFIER 

The extreme utility of the triode is due to the fact 
that it can be used as an amplifier of potential. We 
have already seen that a certain change of potential 
applied between grid and filament is times as effective, 
in influencing the anode current, as is the same change 
of potential applied in the anode circuit. It is, however, 
especially to be noticed that, up to the present, we have 
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been concerned with the changes of anode current 
produced by changes of grid potential, and if we are to 
investigate whether any amplification has resulted from 
the use of the valve we must convert the change of 
anode current into a change of potential, which can then 
be compared with the original potential change applied 
to the grid. This can be done by inserting a resistance 
R in the anode-filament circuit of the valve as in Fig. 
10 (a). Let us now investigate how the potential drop 

Fic. 10.—The Triode as a Voltage Amplifier 

(V) across R varies when the potential (V,) on the 
grid is varied by an amount OV,. 

The change of grid potential sv, produces the same 
change in anode current as would be produced by a 
change of potential u.dV, applied in the anode-filament 
circuit. The valve therefore acts in this circuit as a 

_ source of potential u.dV,. It has also an effective inter- 
' nal resistance R,, and so the whole anode-filament 
_ circuit may be represented as in Fig. 10 (6), where the 
_ portion enclosed in dotted lines represents the valve. 

The total resistance of the circuit is R-+R, and so 
| the change in potential, w.dV,, produces a change in 
_ current 07 such that 

| e Berke 

_ This in turn produces a change 6V in the potential drop 
_ across the resistance R, as given by 

| ae U.OV, 
| OV = Rot = RR. 

This change of potential is now available for applica- | 

| 
| 
| 
! 
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tion to the grid of another valve, or to some other piece 
of apparatus. 
We see that the change of potential dV, has been 

increased by a multiplying factor 
UR 

R+ R, 
Thus, provided R is of the same order as R,, there is an © 
amplification of the potential change 6V, If R is 
very large compared with R, the amplification is equal 
tow. If R=R, it is equal to w/2. To obtain useful 
amplification in this way it is necessary that R should 
be as large as possible ; it certainly should not be less 
than R,. 

Tue APPLICATION oF AN E.M.F. To THE VALVE 

Up to the present we have considered the valve apart 
from any attached circuits. It will now be necessary 

Fie. 11.—Application of an E.M.F. to a Triode by means of a 
Tuned Circuit 

to consider the grid and filament joined across an 
oscillatory circuit as in Fig. 11. Suppose an oscillatory 
E.M.F. E, sin pt is induced, by way of the inductance L, 
into the circuit, L,R,C. Then, if the circuit is in tune 
with the E.M.F., the current produced has an ampli- 

tude ea This current flows through the condenser C, 

ot : 
whose reactance is nC and therefore produces an 

: : Ey 
oscillatory potential drop, of amplitude pCR? 

I 
Replacin by —== we see that the E.M.F. avail- Pk eo Te ak a 

across it. 
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1 
oR a which may 

: E : 
be written we where 4 is the decrement of the circuit. 

able for application to the grid is E 

This is the usual method of applying an induced E.M.F. 
to the grid of a valve, and we get a sort of amplification 

of = from the tuned circuit alone, without considering 

the valve at all. 

AMPLIFICATION BY REACTION 

We see from the above that the potential available 
for application to the grid-filament of a valve is inversely 
proportional to the resistance of the tuned circuit 
employed. It is not always possible to keep this 
resistance very low, it is specially difficult to do so in 
the case in which an aerial is part of the tuned circuit. 
It is possible, however, to arrange a triode in such a way 
that it neutralizes any resistance which may exist in 
the circuit, and so produces large amplification. We 
will now discuss the method by which this is accom- 
plished in practice. 

In a circuit such as that of Fig. 11, small currents 
flowing in the tuned circuit produce changes of grid 
potential which are able to influence large currents 
flowing in the anode circuit. It is possible to take a 
little of the energy from the anode circuit and feed it 
back into the grid circuit so as to make up for some of 
the energy which is lost in the resistance R. This is 
equivalent to reducing the resistance R, and the principle 
employed is known as the principle of reaction. It 
is applied in practice as shown in Fig. 12. The coil N, 
through which the anode current flows, is coupled to 
the coil L so that some of the energy is fed back from 
the anode circuit into the grid circuit. It can be shown 
that the result of this is effectively to decrease the 
resistance of the grid circuit by an amount 

ne 
CR, ” 

it 
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where ps is the voltage amplification factor of the 
valve, 

M is the coefficient of mutual induction between L 
and N, 

C is the capacity in the grid oscillatory circuit, 
R, is the anode slope resistance of the valve. 

By an application of this principle we can effectively 

Fic. 12.—Amplification by Reaction 

reduce R and can therefore increase the potential 

Ky ia NA which is applied to the grid of the valve, 

and so the arrangement results effectively in an amplifi- 
cation. 

The above expression for the decrease of the resistance 
contains the mutual inductance M as a factor. This 
mutual inductance may be positive or negative, according 
to the relative orientations of the coils Land N. It is 
only when the coils are orientated in the correct sense 
that the effective resistance in the grid circuit is reduced. 
If the sense of the coupling is reversed the circuit results 
in an effective increase in the resistance R. By altering 
the value of the mutual inductance we can alter the 
amount by which the resistance R is decreased, and so 
can alter the effective amplification obtained. 

THE TRIODE AS AN OSCILLATOR 
The question must now be asked, ‘ What happens if 

the coupling between L and N is so close that the ak 
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_ance R is reduced to zero?’ We have seen that if a 
circuit containing inductance, capacity, and resistance 
_is given an electrical shock and then left to itself, the 
_ resulting current is given by 

Ri t 

i=—ie ™ sin ( ———— ), 
: V/LC 

_In the present case R is zero and we obtain 

. Ae t 
2=%7,8MN (| —= 

; Grae) 
_ the time-decay factor having disappeared. 
__ The answer to the question is, therefore, that any 
slight electrical disturbance will set the circuit into 
oscillation and that this oscillation continues with constant 

amplitude, that is to say, the valve is acting as a producer 
of electrical oscillations. The condition for oscillation 
_is that the ‘ negative resistance ’ produced by the valve, 
with its reactive coupling, should just annul the 
positive resistance which is inherent in the wiring of the 
circuit. When oscillations take place in the tuned 
circuit the grid potential will swing over a large range of 
voltage and the representative point will probably 

_ travel over the curved ends of the characteristic, so that 
_the quantity R,, and hence the value of the effective 
negative resistance, will continually be changing. The 
_ amplitude of the oscillation will adjust itself so that the 
-mean value of the total resistance over the whole cycle 
is just zero. 
| The triode will also produce electrical oscillations if 
'the tuned circuit is placed in the anode lead, and is 
coupled to a coil placed between grid and filament. 
This is often preferable where large power output is 
| required, as, for example, ina valvetransmitter. In both 
cases the frequency of the oscillations is governed by the 
values of the inductance and capacity in the circuit, 
_and can be varied by altering the value of either of these. 



CHAPTER III 

WIRELESS TRANSMITTERS 

ELEcTRO-MAGNETIC WAVES 

Y writing down the mathematical expressions for 
the known laws of electro-magnetism, Maxwell was 

able to show that if, by any means, the electric force 
at a point is altered, the magnetic force is altered also, 
and an ‘ electro-magnetic disturbance ’ spreads out from 
the point in the form of a wave motion. The waves 
used in wireless are of this nature, and are produced by 
sending an alternating current through a wire at the 
transmitter, so that the electric and magnetic fields 
near the wire are caused to oscillate rapidly. An alter- 
nating current of frequency n will produce a regular 
train of waves, of wave-length A, where A is given by 
the expression c = nd, c being the velocity of the waves. 

Maxwell showed that the velocity of the waves depends 
on the electrical properties of free space, and can be 
calculated from the results of electrical experiments 
made in the laboratory. Such calculations show that 
the velocity of the waves is equal to the observed 
velocity of light. The velocity of wireless waves can 
also be measured (see p. 93), and it is found that, when 
the conditions are made to approximate as nearly as 
possible to propagation through free space, the velocity 
is the same as the velocity of light. These are some 
of the strongest reasons for supposing that both light 
and wireless waves are electro-magnetic in nature. If 
wireless waves are observed at sufficiently great dis- 
tances from the transmitter, their wave-fronts oe ap- 

34 \ 
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| proximately plane, over a limited area. For such plane 
| waves (in free space) it can be shown that the electric 
| and magnetic forces are mutually perpendicular, and 
_are perpendicular to the direction of travel of the 
| wave ; they are in phase with each other, both reaching 
| Maximum values at the same instant. 

WAVES ON WIRES 

Up to the present we have considered the propagation 
_ of electro-magnetic waves in free space. It can be shown 
| that, if a source of oscillating current is coupled to a 
long conducting wire, then electro-magnetic waves 
| travel along the wire with the velocity of light. The 
| waves may still be thought of as travelling through free 
_ space, they are merely guided by the wire. Such waves 
| are reflected on reaching the end of the wire, so that 
_ they travel back to the source. The direct and reflected 
| Waves may combine to give a stationary wave system, 
| if the wire is of suitable length. This stationary wave 
| system will exhibit nodes and anti-nodes of current and 
_ potential, and by measuring the distance between 
successive nodes it is possible to determine the wave- 

| length of the original wave train. A pair of parallel 
_ wires is often used to guide the waves, instead of the 
| single wire mentioned above. This arrangement is 
| known as a Lecher wire system. In this case the 
_ wave travels mainly in the space between the two wires, 
| being guided by one wire on each side. 

RADIATION AND INDUCTION 

_ Suppose we have a current-element of length ds, in 
_ which an oscillating current 7, sin pt flows. Then it 
can be shown that the magnetic force (H) produced 

_ at a point distant r from the element is given by the 
| expression 

%) sin p(t — —| top COs p(t — 4) 
ee Tel is eB H 7a S$ re ds ....B 



36 THE PHYSICAL PRINCIPLES OF WIRELESS 

This expression for the magnetic field consists of two 
terms. The first term is equivalent to the ordinary 
Ampere formula for the magnetic field of a current 
element. It is the part of the field which is used in the 
calculation of coefficients of induction, and is known 
as the induction field ; its amplitude varies inversely 
as the square of the distance from the source. The 
amplitude of the second term varies inversely as the 
distance, and so, at great distances, it alone is import- 
ant. Itis known as the radiation field. As we come 
in, towards the origin, from a great distance, the induc- 
tion field becomes, relatively, more and more important. 
We see from the equation that the two fields are equal 
at a distance given by 

FBT Aa 
ia peta 4 Mabe ey 

and for distances less than this the induction field pre- 
ponderates. Thus*there is a gradual change from the 
induction to the radiation field, as we pass, outwards, 
through a point distant one-sixth of a wave-length from 
the source. Since the two terms are 90° out of phase, 
this means that there is a gradual change of phase of 
z/2 in passing outwards from the source. 

Although, in the above reasoning, the induction and 
radiation fields have been written down and discussed 
separately, we must remember that, at a given point, 
there is, in reality, only one magnetic field, which is 
equal to the resultant of the induction and radiation 
fields. By adding the two terms in equation (B) we see 
that the total field is given by the expression 

This represents an ordinary wave motion, except for 
the fact that its phase varies with distance. The ex- 

pression tan™} e for the phase-angle shows that, as 7 

is increased from zero to infinity, the phase slowly — 
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changes through 7/2, which is, of course, the same 
result as we obtained by considering the two components 
of the field separately. 

The above conclusions have been deduced for the case 
_in which the wave is radiated from a current element. 
| They hold good, however, for all cases of the propaga- 
tion of spherically symmetrical electromagnetic waves. 
Thus we may take over the results to the case of a 
light wave spreading from a point source, and we may 

' say that a phase shift of 2/2 will take place during this 
spreading. It can be shown that a phase shift of 7/2 

_also takes place when radiation is converged on to a 
point focus. Thus, if a beam of light is focussed on to 
a point and then allowed to spread out on the other 
side of the focus, the total phase-shift is a. This 
anomalous propagation near the focus has long been 
_ known in the case of light waves,! and has been demon- 
strated by using interference methods.2. The corre- 
sponding phase-shift near a source of wireless waves 
has been studied by Tartarinoff,? and his results agree 
reasonably well with the theory. 

The deductions so far made are true for all alternating 
currents. We may say that all alternating currents 
radiate energy in the form of electro-magnetic waves. The 
alternating currents in commercial use have a frequency 
of about 50 cycles per second, and the corresponding 
wave-length is therefore 6,000 kilometres. Thus, as 
long as we are within 1,000 kilometres of the circuit, the 
induction field predominates. In the ordinary calcula- 
tions of coefficients of induction, the parts of the circuits 
considered are always much closer than one-sixth of a 

wave-length, for the frequencies considered, and this is 
the justification for neglecting the radiation field in 
the calculations. It is possible to transmit signals by 

_1¥or a complete treatment of the variation in the phases of 
_ the electric and magnetic fields near a point source, see Preston : 
|The Theory of Light (Fourth Edition), p. 595 et seq. 

2 Gouy: Annales des Phys. et de Chem., VI, 24, p. 145, 1891. 
8 Tartarinoff : Zeits. fur Hochfrequenz technik, 28, p. 117, 1926, 



38 THE PHYSICAL PRINCIPLES OF WIRELESS 

allowing the alternating currents in a transmitting 
circuit to induce currents in a receiving circuit, but, 
provided the distance between transmitter and receiver 
is less than one-sixth of a wave-length, the induction 
field is predominant and the form of telegraphy should 
be styled induction telegraphy rather than wireless 
telegraphy. A system of communication of this kind 
was in use in 1898 for signalling across the Bristol 
Channel, and during the war enemy messages were 
tapped by utilizing the induction field near the current- 
carrying wires. | 

If a receiving circuit is distant more than one-sixth 
of a wave-length from the transmitter, the radiation 
term in the above expression predominates and the 
signals induced in the receiving circuits are said to be 
transmitted by wireless. The problem of the trans- 
mission of wireless signals is therefore seen to be the 
production of a strong radiation field at a distant point. 
The expression 

M1 COS o(t — :) 

ad, 
cr 

for the radiation term, shows that, to get an intense 
field it is necessary to use a high frequency (p large). 
This is the only difference between the ordinary alter- 
nating current circuit and the wireless transmitter, both 
are capable of producing electro-magnetic radiation, 
but the wireless transmitter is the more effective, in 
proportion as its frequency is greater. The expression 
for the radiation term also shows us that the amplitude 
of the radiated wave varies as the amplitude (79) of the 
current, and as the length (ds) of the wire in which it 
flows. Thus a powerful transmitter must have a large 
current of high frequency flowing in a long wire. 

It will be noticed that the magnetic field falls off 
inversely as the distance from the transmitter. The 
energy in the wave, however, being proportional to 
the square of the magnetic field, falls off inversely as 
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the square of the distance, which is what we should 
expect for a wave spreading in three dimensions. 

TRANSMITTING AERIALS 

For the transmission of wireless signals over the 
surface of the earth, it might be thought, at first sight, 

that the most convenient method would be to arrange 
that the high-frequency current should flow in a very 

long wire, placed horizontally near the ground. As, 
however, the ground is a reasonably good conductor for 
the frequencies used in wireless, a virtual ‘ image source ’ 
will be produced in the ground, due to the presence of 
induced currents in it. This image source will be out 
of phase with the original source and so will annul its 

effect at a distant point. If, however, the high-fre- 
quency current is caused to flow in a vertical wire, then 

| it may be shown that the image source produced in the 
| ground will radiate in phase with the wire, so that at 
distant points the whole acts like a wire of twice the 
height. 

For the above-mentioned reasons, the ordinary wireless 
transmitter consists of a high wire (the aerial) in the 
_ base of which is connected an instrument for producing 
_ high-frequency currents. We will assume for the present 
that this is an alternator of suitable design, one pole 

_ of which is connected to the aerial, and one pole to earth. 
If the alternator is to produce a maximum current, 

'then we must arrange that the aerial is part of an 
_ oscillatory circuit which is tuned to the frequency of the 
_applied E.M.F. Now a straight vertical wire possesses 
some inductance, and a certain effective capacity exists 
between it and the ground. This inductance and 
capacity can be utilized, in series, possibly, with an 

/inductive coil of wire and a condenser, to form an 
| oscillatory circuit tuned to the frequency of the applied 
_E.M.F. In this way the current flowing in the aerial 
is made as large as possible. The tuning adjustment is 
j 

1In any actual case the ground is not a perfect conductor, 
and this idea is not strictly true. I 

ti 1 

i 
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effected by varying either the added inductance or the 
condenser. 

This tuning of a vertical aerial may be looked at from 
a different standpoint. The alternator at the foot of 
the aerial acts as a source of electro-magnetic waves 
which travel up the aerial by the ordinary process of 
wave transmission along wires. These waves are 
reflected at the free end of the wire, and, if the length 
of the wire is adjusted properly, the reflected wave arrives 
at the base in such a phase as to assist the action of the 
alternator, and so a maximum current is produced. 
Under these conditions a stationary wave system is 
produced on the aerial. There must always be a node 
of current at the free end of the aerial, and an anti-node 
at the ground ; thus, for the establishment of a station- 
ary wave system, the length of the aerial must be an 
odd number of quarter wave-lengths. According to 
the number of current nodes and anti-nodes, the aerial 
is said to be excited at its fundamental, or one of its 
harmonic frequencies. In the case of short-wave trans- 
mission it is possible to adjust the aerial so that it is 
actually a quarter of awave-lengthhigh. Suchanaerial 
is known as a quarter-wave Hertzian Aerial. For 
longer waves it becomes impracticable actually to 
adjust the length of the aerial to be a quarter of a wave- 
length, but we can do this effectively by inserting induct- 
ance in the aerial until the whole circuit is in tune with 
the frequency of the applied E.M.F. The aerial, to- 
gether with its tuning inductance, then acts like a 
quarter-wave Hertzian Aerial. 

In the case of the aerial oscillatory system the capacity 
consists of the capacity between the aerial wire and the 
ground. Now we have seen that if a current 2, sin pt 
flows in an oscillatory circuit a potential difference of 

amplitude &p is developed across the capacity. Hence — 

when large aerial currents flow, very large. potential — 
differences are established between the top of the aerial — 
and the ground. This may lead to discharges of the © 
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corona type into the surrounding air, to trouble with the 
insulation of the aerial, and to much loss of energy. For 
a given current, the potential differences can be dimin- 
ished by making the capacity greater. This is done by 

| connecting a series of horizontal conductors to the top 
_ oftheaerial wire. These conductors play no appreciable 
_ part in radiating energy, they merely increase the 
_ capacity between aerial and ground. 

RADIATION RESISTANCE 

We have seen that when a current flows in a wire 
_ energy is radiated. The electro-magnetic energy at a 
| point is proportional to the square of the magnetic 
| field, and is travelling outwards, past the point, with the 
velocity of light. Hence the energy streaming outwards 
in unit time from the wire is proportional to the square 

| of the magnetic field, and therefore proportional to the 
| square of the current. Thus the wire is losing energy 
| at arate given by R,z?, where R, is a constant depending 
| on the size and shape of the wire. The effect is just the 
| same as if there were a resistance R, in the circuit, and 

for this reason the quantity R, is called the radiation 
resistance of the aerial wire. 

THE HicH-FREQUENCY ALTERNATOR 

The most direct method of exciting an aerial is to 
| insert in its base an ordinary alternator which produces 
_an alternating current at sufficiently high frequency. 
| In order to produce the very high frequencies required, 
| the moving parts of the alternator must rotate very 

_ rapidly, and this involves enormous stresses, and renders 
_ it impracticable to use the ordinary form of generator, 
_ with field windings on the moving rotor. The form of 
_ alternator employed for this high-frequency work has 
_ both armature and field coils wound on a stationary 
_ frame provided with pole pieces. The rotor consists 
_ of a steel disc into which are let sectors of non-magnetic 
_ metal. This revolves between the pole pieces, so that 

4 
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magnetic and non-magnetic sectors succeed each other 
with great rapidity, and the flux across the poles is 
varied at a high frequency. In this way a high-fre- 
quency alternating E.M.F. is induced in the stationary 
armature winding. High-frequency alternators of this 
kind are known as Alexanderson alternators, after the 
name of their inventor. 

In order to send signals a key must be provided for 
interrupting the current in the aerial according to the 
Morse code signals. It is not practicable, with such 
large powers as are used in commercial transmitting 
stations, to key direct in the aerial, and so the usual ~ 
method, when the high-frequency alternator is used, is 
to key the direct current which excites the field coils. 
In this way the high power in the aerial is controlled 
by keying a low-power circuit. 

Owing to. the rapidly increasing difficulties of con- 
struction as the frequency of the alternator is increased, — 
all commercial alternator installations work on rather 
a low frequency, i.e. on a long wave-length. The usual 
frequency is about 50,000 cycles per second, correspond- 
ing to a wave-length of 6,000 metres. 

SPARK TRANSMITTERS 

The simplest method of producing high-frequency 
electric oscillations is to give an electrical shock to an 
oscillatory circuit consisting of an inductance and a 
capacity in series, as described on p. 16. 

The principle is used in the so-called spark transmitter, 
which is simply an arrangement for giving a series of 
electrical shocks to an oscillatory circuit. The circuit 
(Fig. 13) consists of a condenser C and inductance L 
in series with a spark-gap S, across which is connected 
an induction coil I. When the induction coil is worked 
the condenser is charged up, and after some time the 
potential across it becomes sufficiently high to break 
down the insulation of the air in the spark-gap. A 
spark then passes, and since this spark has a compara- 
tively low resistance (1 to 10 ohms), the effect is equi- 
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valent to the closing of the oscillatory circuit L,C,8,R. 
The condenser now discharges through the spark-gap, 
the discharge current taking the form of a damped 
oscillation. Finally the potential across the condenser 
becomes so small that it will no longer maintain the spark, 

“ Cc 
4 

Fig. 13.—Production of Oscillations by means of a Spark-gap 

which therefore goes out. The condenser now charges 
up again until, once more, the potential is sufficient to 
start a spark, and another oscillatory discharge takes 
place. The current variations through the spark-gap 

C*D 

6 
A 
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Fig. 14.—Wave-form of Oscillations produced by a Spark 
Transmitter 

are as indicated in Fig. 14, They consist of short bursts 
of oscillation, between which are long pauses occupied 
by the charging up of the condenser. The frequency 
(AB) with which the bursts occur is determined by the 
time taken for the condenser to charge up, while the 
frequency of the oscillations themselves (CD) is deter- 
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mined by the electrical constants of the circuit, and is 

equal to } 
: 27°V LC 
In applying the above method of excitation to an 

actual transmitter the oscillatory circuit becomes a 
vertical aerial wire, and the capacity C becomes the 
distributed capacity between the wire and earth. In- 
ductance may be added to decrease the frequency of the 
oscillatory system. _ 

The simple transmitter described above suffers from 
several disadvantages, and the modern spark trans- 
mitter differs from it in several respects. Since spark 
transmitters are rapidly being replaced by valve trans- — 
mitters we do not feel justified in giving an account of 
the modern methods of spark transmission ; the funda- 
mental principles are exactly as described above, and 
for details we refer to longer books. 

Tue Arc TRANSMITTER 

Another method of producing oscillatory currents, 
for the purpose of wireless transmission, depends on the 
properties of the arc discharge. In such a discharge 
the current, between the electrodes, is carried by ions 
produced from the gas in which the discharge takes 
place. These ions are produced by the collision of 
electrons with the molecules of the gas. The electrons 
themselves are produced when the current-carrying 
ions strike against the cathode. It is thus obvious that 
the whole ionization process is a cumulative one, each 
step depends on the previous one, and the whole process 
‘works in a circle’. It is obvious also, that the arc is 
not self-starting, it is necessary to start it by an initial 
process known as ‘striking the arc’. 

The resistance of the arc depends on the number of 
ions which are present to carry the current. But we 
have seen that the number of ions depends in turn on the 
number of ionizing electrons, and the number of elec- 
trons depends on the intensity of the current. Thus 

1 See Bibliographical Note, p. viii. 
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the greater the ion current, the less is the resistance of 
the arc. Now the value of the potential difference across 
the arc is given by the expression | 

iR = E 

where 7 is the current flowing, and R is the arc resistance. 
The above considerations have shown that, if the 
current 2 increases, the resistance R will decrease, and 
it may be that this decrease is sufficient to counter- 

"balance the increase in 1, 80 that the potential E will also 
decrease. This means that, as the current increases, the 

C 
_ Ch, 

tm 

Fic. 15.—Production of Oscillations by means of the Arc 

voltage required to maintain it will decrease, or we may 

| say that ay is negative, i.e. the arc has a negative slope- 

| resistance. | 
Now we have seen (p. 33) that if a negative resistance 

is introduced into a circuit in an appropriate manner, 
it is possible to use it to maintain continuous electrical 

_ oscillations. Remembering that the arc has to be fed 
from a source of D.C. power, it will be seen that the 
method of connecting it in the circuit is as shown in 

| Fig. 15. The choke-coil must be inserted at Ch in order 
to confine the oscillations to the circuit L,C,R. 
_ If the ordinary carbon arc is used, it is found that 

oscillations can be maintained in the region of audible 
_ frequencies ; but it is impossible to produce oscillations 
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of high frequency, such as are required in wireless trans- 
mission. Poulsen has adapted the arc to the production 
of these high frequencies. His changes are changes of 
technique rather than of principle. In the Poulsen are 
the cathode is made of carbon, and is arranged to be 
constantly rotated about its axis ; the anode is of copper, 
and is kept cool by a stream of water circulating through 
it. The arc takes place in an atmosphere of hydrogen, 
and provision is made for its rapid extinction by applying 
a magnetic field at right-angles to it, which exerts a 
force tending to * blow’ the arc out sideways, and so to 
extinguish it. 

It is advisable, during sending, to keep the arc 
burning, and also to keep it oscillating. This is usually 
done by arranging that the sending key should alter 
the wave-length, by short-circuiting a few turns of the 
oscillating-circuit inductance, so that the Morse signs 
are sent on one wave-length, while the spacing marks 
are sent on another slightly different one. When we 
consider the method of reception of these signals we shall 
see that this causes no difficulty at the receiving station. 

VALVE TRANSMITTERS 

The valve can be made to act as a generator of high- 
frequency current (see p. 33) and can therefore be used 
to energize a transmitting aerial. The simplest form of 
valve transmitter is one in which the aerial circuit acts 
as the oscillatory circuit of the valve. The complete 
transmitter is then as shown in Fig. 16. The source of 
H.T. probably has a large impedance to currents of the 
frequency considered, and so it is necessary to bye-pass 
the oscillatory current via the large condenser C. Even 
so, the aerial is maintained at a steady high potential 
above earth, with consequent danger to anyone touching 
it, and with possibility of insulation breakdown. 

This can be overcome by an arrangement shown in 
Fig. 17, and known as the method of parallel feed. The 
choke-coil at Ch allows the steady high-potential to be 
applied to the anode of the valve, but prevents the 
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high-frequency currents from being short-circuited 
through the generator at H.T. The blocking condenser 
C allows the high-frequency currents to flow, unim- 
peded, from the valve to the aerial, but prevents com- 

Fia. 16.—Simple Valve Transmitter 

pletely the application of the dangerous steady potential 
to the aerial. 

It can be shown that maximum energy is radiated 
by a valve oscillator when the impedance of the circuit 
across the anode and filament of the valve is arranged 

Fic. 17.—Valve Transmitter employing Parallel Feed for the 
H.T. Supply 

to be equal to the anode slope-resistance of the valve. 
This is an example of a general rule which states that a 
source of power will deliver maximum energy into an 
outside circuit if the impedance of the outside circuit 
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is equal to the internal impedance of the source itself. 
Now in the present case the outside circuit is a parallel 
resonance circuit, and, as mentioned on p. 18, its 

impedance (at resonance) is oa This impedance is 

fixed by the tuning constants of the aerial, and the 
probability is that it has not the value required for 
maximum energy output. To overcome this difficulty 
it is usual to arrange that the anode lead from the valve 
should be connected to the aerial inductance by way of 
a movable contact known as the Anode Tap. By 
moving this contact up and down the inductance it is 
possible to vary the impedance which the circuit presents 
across the anode and filament, without altering the 
tuning of the main oscillatory circuit. In this way the 
impedance can be adjusted so that the valve is delivering 
maximum energy into the aerial circuit. 

In the ordinary oscillating valve circuit the grid 
potential is adjusted so that the representative point is 
oscillating symmetrically about the centre of the sloping 
portion of the characteristic. Under these conditions 
the anode current varies, during a complete oscillation, 
between the value zero and the saturation value. It 
can be shown that the efficiency of the oscillator, as 
measured by the oscillating power produced in the 
oscillatory circuit, divided by the D.C. power supplied 
to the anode, is, under these conditions, never more than 
50 per cent. A more economical adjustment consists 
in arranging the grid potential so that no anode current 
flows when the valve is not oscillating, and hence, when 
the valve is oscillating, anode current only flows during 
the half cycles when the grid is positive. The anode- 
current wave-form now consists of a series of short 
bursts, and is far from sinusoidal. The theoretical 
efficiency with this arrangement is raised to 78-5 per cent. 

Whichever oscillator adjustment is used, it is necessary 
to adjust the grid potential accurately to the appropriate 
value. Since the potential on the plate is large, the 
grid potential will have to be very negative, and it is 



WIRELESS TRANSMITTERS 49 

usual to make the adjustment of this potential semi- 
automatic by employing a scheme indicated in Fig. 18. 
The grid is connected to the circuit through a con- 
denser C. When the valve starts oscillating the grid 
swings alternately positive and negative, and, during 
the intervals when it is positive, electrons flow to it 
from the filament, thus constituting an electron current 
to the grid. This electron current returns to the fila- 
ment through the resistance R, in flowing through 
which it establishes a potential drop, so that the grid 
is maintained negative with respect to the filament. 
The amount by which the grid is negative can be 
adjusted by varying the resistance R, which thus pro- 
vides an easy control for the grid potential. We also 

Fic. 18.—Grid-condenser Method for controlling Grid Potential 

see that if the amplitude of the oscillation increases, the 
grid current will increase also, and hence the grid will 
become more negative, which is just what is needed, 
and so the system automatically adjusts its own grid 
potential to the correct value. 

The resistance R is called a grid-leak resistance be- 
cause its function is to allow the accumulating electrons 
to leak away from the grid of the valve. If this resistance 
is made infinite the grid will charge up very negatively, 
and this will probably stop the valve acting properly. 
This applies to any case in which an oscillating potential 
is applied to a grid which is not conductively connected 
to the filament ; in such cases it is always necessary to 
insert a grid-leak between the filament and the grid to 
prevent the charging up of the latter. Examples of the 
use of such a grid-leak will occur later. 
When using a valve oscillator as a transmitter we can 
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control large oscillating currents, in the anode circuit, 
by means of potential changes applied to the grid. The 
usual method of keying a valve transmitter is by means 
of a key which either opens the grid circuit, or alters — 
the value of the grid-leak resistance, so that the grid 
potential becomes such that oscillations cannot take 
place. 

FREQUENCY STABILIZATION 
In the valve transmitter considered above, the aerial 

itself forms part of the oscillatory circuit which deter- 
mines the frequency of the waves radiated. If the aerial 
moves, in a wind, with respect to its surroundings, then 
its capacity to earth will change, and this changes the 
frequency of the radiation. Such a frequency variation 
is undesirable, and several methods have been employed 
for keeping the frequency constant. In one of these the 
aerial circuit is no longer the main oscillatory circuit. 
Oscillations are produced in a closed oscillatory circuit 
by alow-power valve. These oscillations are then ampli- 
fied by means of a power amplifier and are fed, through 
a transformer, into the aerial. In this way the frequency 
is governed entirely by the constants of the closed cir- 
cuit, and changes in the aerial constants cannot affect 
the frequency. Such an oscillator is generally known 
as a master oscillator or a drive oscillator. Most 
of the B.B.C. stations at the present time use a device 
of this kind. 

TunING-FoRK DRIVE 

An ingenious method of radiating a constant frequency 
has lately been employed at the Post Office wireless 
station at Rugby. The oscillating system here is not 
an electrical circuit, but is a tuning-fork made of ‘ invar ’ 
metal, whose frequency remains very constant under all 
conditions. This is kept in continuous oscillation by 
means of a triode, as indicated in Fig. 19. Two iron- 
cored coils of wire are placed near the tips of the prongs ; 
one coil being connected across the grid-filament of the 
valve, the other being connected in the anode circuit. 
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Suppose, now, that the fork undergoes a small displace- 
ment. The movement of the prong will induce a small 
E.M.F. in the near-by grid coil A. This E.M.F. will 
produce a change in anode current which, in turn, will 
alter the force between the anode coil B and the prong 
of the fork. If this force is such as to assist the original 
displacement, then that displacement is increased, and 
in this way the fork is kept in continuous oscillation. 
The frequency of the oscillation is determined by the 
mechanical properties of the fork. 

Fie. 19.—Valve- even Tuning-fork 

The currents of tuning-fork frequency are now passed 
through another valve which produces harmonics of the 
original frequency. One of the higher harmonics? is 
picked out by means of a tuned circuit, and, after being 
amplified by a bank of valves, is finally fed into the 
aerial circuit. Since the oscillation frequency depends 
only on the properties of the tuning-fork, it can be 
maintained very constant, and is uninfluenced by any 
changes in the aerial. 

THE QUARTZ OSCILLATOR 

In another method of producing an oscillation of 
very constant frequency, the oscillating system is a 
crystal of quartz, which is kept in continual mechanical 
oscillation by means of a valve, in a manner closely 
analogous to that employed in the case of the tuning- 
fork. The method depends on the following piezo- 
electric properties of quartz. If a slab is cut from a 
crystal of quartz, so that the sides of the slab make 
certain angles with the electric axes of the crystal, then, 

1At the Rugby station the tuning-fork has a frequency of 
1,800 per second, and the ninth harmonic is used. 
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on applying a potential difference across the faces of the 
slab, it is found that the dimensions of the crystal change. 
The converse phenomenon is also found to take place ; 
if the dimensions are altered, a potential difference is 
established across the crystal. 

The method of utilizing these facts is indicated in 
Fig. 20. Q represents the slab of quartz, which is in 
contact with two pairs of electrodes AA and BB, one at 
each end. The pair of electrodes AA is connected across 
the grid-filament of a valve,! while the other pair BB 
is connected across a choke-coil in the anode circuit. 
Suppose, now, the crystal, for any reason, undergoes a 
small deformation: a potential difference is set up 
across the electrodes AA and is applied to the grid of 

Fie. 20.—Valve-maintained Oscillations in a Quartz Crystal 

the valve. This gives rise to a change in the anode 
current, and, while this change is taking place, a poten- 
tial difference is established across the choke-coil, and 
hence across the electrodes BB. This potential differ- 
ence tends to deform the crystal, and, if it is made to 
act in the right direction, the original deformation is 
increased. Thus any small deformation tends to in- 
crease, and the increase will go on until the elastic restor- 
ing forces brought into play in the crystal are sufficiently 
great to counterbalance the piezo-electric forces. The 
movement then ceases and, as a result, the piezo-electric 
forces cease to exist, so that the crystal returns to its 
normal configuration again. But as soon as the crystal 

1It is necessary to keep the grid in conductive connection 
with the filament by inserting a grid-leak resistance R, as 
described on p. 49. 
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starts on this ‘rebound’ towards its normal size, the 
piezo-electric forces come into play again, tending to 
help the rebound. These forces will carry the crystal 
right through its equilibrium position, until it reaches a 
position of rest with a deformation in the opposite sense 
to the previous one. Once again a rebound towards 
the equilibrium position takes place, and so the process 
goes on. The crystal is set into a state of oscillation, 
the frequency of which is governed entirely by the elastic 
properties of the crystal. The frequency remains very 
constant under all conditions, and is uninfluenced by 
small changes in the electrical constants of the circuits. 
Crystal slabs of this kind are easily made to oscillate at 
frequencies corresponding to a wave-length of 50 or 100 
metres, and they are much used on short-wave trans- 
mitters, where it is specially necessary to keep the 
transmitted frequency very constant. 

SPARK AND ContTINUOUS WAVE TELEGRAPHY 

We have reviewed, above, two quite different methods 
of wireless transmission ; in the arc, alternator, and valve 
methods, the Morse dot or dash consists of a continuous 
train of waves, while, in the spark method, it consists 
of several short trains of waves following each other at 
intervals determined by the time taken by the transmit- 
ting condenser to charge up to sparking potential. The 
first type ‘of transmission is known as the continuous - 
wave or C.W. type, the second is called the spark 
method. In the next chapter we shall see that different 
methods are required for the reception of these two 
different kinds of transmission. 

1¥For a further account of the quartz oscillator see Pierce: 
Proc. Amer. Acad. of Arts and Sct., 59, p. 82, 1923; Dye: Proc. 
Physical Soc., 38, p. 399, 1926. 



CHAPTER IV 

RECEPTION OF WIRELESS SIGNALS 

RECEIVING AERIALS 

E have seen that, if a train of wireless waves 
is passing a point in space, then at that point 

there exist rapidly alternating electric and magnetic 
forces. The strength of the electric field produced by 
various transmitters at various distances is given in 
Table IT. 

TABLE II 

The ‘A’ service area of Broad- 
casting. Reception possible even 
through interference from trams, etc. 10 milli-volts per metre. 

The ‘B’ service area. Crystal re- 
ception possible ‘ : ° 5 milli-volts per metre. 

The ‘C’ service area. Good recep- 
tion, but subject to interference 
from trams, atmospherics, etc. . 2-5 milli-volts per metre. 

Strong signals from transatlantic 
Morse station . - 100 micro-volts per metre. 

Weak signals from transatlantic 
Morse station . 1 micro-volt per metre. 

Weak signal from distant short-wave 
transmitter ‘ - ‘001 micro-volt per metre. 

It will be seen that these fields are very small, so 
small, in fact, that no practical method has been 
developed for detecting them directly. 

In the usual method of reception the electro-magnetic 
oscillations in the wave are allowed to induce currents 
in a circuit tuned to the frequency of the wave, and then 
these currents are detected by further apparatus. 
Because of the nature of the transmitting aerial, the 

54 
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electrical oscillation is generally in a vertical plane, and 
the magnetic in a horizontal direction. If, therefore, a 
long vertical wire is erected, with its lower end con- 
nected to earth, the oncoming wave will induce in it an 
E.M.F. of magnitude Eh, where E is the electrical 
intensity of the wave, and / is the height 1 of the wire. 
If the aerial wire is made part of an oscillatory circuit 
tuned to the frequency of the wave, this E.M.F. produces 

a high-frequency current of amplitude ae in the 
) R 

circuit ; R being the circuit resistance. It is seen that 
the current is proportional to the height of the aerial 
wire, and so for good reception it is necessary to use as 
high a wire as possible. 
We may also use the oscillatory magnetic force in the 

wave as a method of receiving. signals. If a loop of 
wire of area A is placed in the plane of propagation of 
a signal, whose magnetic intensity is H, then a magnetic 
flux HA links with the loop, and an E.M.F. equal to 

“ (HA) or Ae is induced in the loop. If, as with 

the vertical aerial, the loop is now made part of an 
oscillatory circuit tuned to the frequency of the wave, 

then a current equal to E = flows in the circuit. If 

the oncoming wave has angular frequency p, we may 
write H = H, sin pt, and hence the current produced 

may be written o pH, cos pl. 

ABSORPTION OF ENERGY BY AERIALS 

The currents flowing in the receiving aerial circuits 
represent the absorption of energy from the wave, and 
it is of interest to inquire over what area the aerial may 
be considered as collecting energy. Let us suppose an 

1 Since the distribution of current is not uniform up the aerial 
wire, hf is not, strictly, the length of the wire, but is a quantity 
known as the ‘effective height’ of the aerial. 
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ideal resistanceless aerial tuned to the frequency of the 
oncoming wave. Since the resistance is zero, it appears 
at first sight as if an infinite current would flow in the 
aerial, but we must remember that although there is 
no ohmic resistance, yet the aerial has, of necessity, a 
radiation resistance R,. This radiation resistance limits 

the current to the value eh Since the aerial has a 

current flowing in it, it acts like a transmitter, and 
radiates energy symmetrically. This symmetrical field 
radiated from the aerial combines with the field of the 
oncoming wave to produce a distribution of lines of 
energy-flow as in Fig. 21. There is a neutral point at N, 

v 
Fic. 21.—Lines of Energy-flow near a Receiving Aerial 

such that for points nearer the aerial than N, the lines 
of flow return to the aerial, while for points further 
away they go straight on. We may say that the aerial 
absorbs energy from a distance equal to AN. The 
distance AN is determined by the intensity of the re- 
radiated field compared with the incident field, and this 
in turn is fixed by the radiation resistance of the aerial. 
It is possible to calculate the radiation resistance of an 
aerial, and hence to deduce the distance AN, over which 
the aerial collects energy. It is found that this ‘ collect- 
ing distance’ is of the order of one wave-length for 
aerials of the straight wire, or the loop, type, provided 
the ohmic resistance of the aerial is negligible.* 

DETECTION OF HIGH-FREQUENCY CURRENTS 
We have seen that the first step in receiving a wireless 

signal is to allow it to induce a current in a tuned 
1See Rudenberg: Ann. der Physik., 25, p. 446, 1908. 
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oscillatory circuit. We are now confronted with the 
problem of detecting the presence of this high-frequency 
current. The known forms of A.C. galvanometer, which 

_ depend on Joule heating or some other non-reversible 
effect, are all found to be insufficiently sensitive to 
respond to the currents usually met with in wireless. 
The effect of the high-frequency current on any D.C. 
instrument, such as a galvanometer, or electro-magnetic 
relay, can be calculated by taking the mean value of the 
current over an interval comparable with the period of 
the free oscillations of the instrument. All known D.C. 
instruments have time periods long compared with the 
oscillation period of the waves, and so the mean impulse 
acting on the instrument is zero.” If, however, we place, 
in series with the instrument, 
a piece of apparatus which (a) 
has a ‘ valve-like’ action, ——| WWW 
so that it permits current to 
flow only in one direction, 4) 
then the application of the 
high-frequency E.M.F. 
shown in Fig. 22 (a) givesrise (c) 
to a current through the Sanee 
instrument as in Fig. 22 (b), Fi¢- cts ee licee eae See 
the mean value of which /eh-frequency Oscillation 
is as in Fig. 22 (c). The ~ 
galvanometer or relay now responds to this mean current, 
and if a continuous train of waves is being received, a 
steady deflection is produced. If the train of waves is 
split up so as to produce Morse signals, the rate of change 
of the galvanometer deflection will depend on the rate 
of signalling, and not at all on the oscillation frequency 
of the wave. An ordinary quick-moving instrument 

1JIn the early days of wireless Duddell and Taylor used a 
Duddell Thermo Galvanometer to record and measure signals, 
but these signals were very strong compared with the normal 
wireless signal. 

2It has been possible to receive signals by using an oscillo- 
graph whose natural frequency is comparable with the oscilla- 
tion frequency of the waves. 
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will follow the variations, and can be used to make a 
record of the signals received. 
A valve-like instrument of the kind described above 

is known as a rectifier. It so happens that all the 
known forms of rectifiers are voltage-operated devices, 
of large internal resistance, and so must be put in shunt 
with the oscillatory circuit, and not in series, as would 
seem, at first sight, the best thing to do. 

The final form of the receiving apparatus is now as 
in Fig. 23. The oscillatory circuit consists of the aerial 
wire and some extra inductance for tuning. ‘The recti- 

fier R, and galvanometer G, 
are put in shunt across the in- 
ductance, so that the E.M.F. 
across AB is applied to the recti- 
fier and galvanometer in series. 
This E.M.F. divides itself be- 
tween the rectifier and gal- 
vanometer in the ratio of their 
impedances, and so, in order to 
establish as large an E.M.F. 
as possible across the recti- 
fier, itis necessary to arrange 
that the galvanometer imped- 
ance should be as small as 
possible. This is generally 

done by putting a condenser C across the galvano- 
meter; this presents a very small impedance to the 
oscillatory E.M.F., but forces the direct current to flow 
through the galvanometer. 

Fic. 23.—Simple Receiv- 
ing Circuit 

AUDIBLE RECEPTION 

The above method of reception, using a galvanometer 
or relay device, is much used in the automatic reception 
of wireless signals. It is found advisable, however, in 
small stations, to receive the signal as sounds in a 
telephone earpiece. This is done by replacing the 
galvanometer G by a telephone receiver. One important 
difference between a telephone receiver and a galvano- 
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meter must, however, be noticed. The telephone only 
makes an audible sound when it is traversed by a current 
which is in the process of changing. There is no sound 
when a steady current flows through the windings. 
In the reception of C.W. signals the telephone current is 
as shown in Fig. 22 (c), and a click will be heard at the 
beginning and end of each dot. This gives signals which 
are very difficult to read, and for the audible reception 
of C.W. signals it is usual to employ a slightly different 
method which is described on p. 64. 

= ES Pe pes EET ag ae 

Fia. 24.—Rectification of a Spark Signal 

The reception of spark signals with a telephone receiver 
is, however, very simple. Fig. 24 shows the way in 
which this is accomplished. In the figure, (a) shows the 
oscillations due to the spark signal ; (b) shows the current 
produced when this E.M.F. is applied to a rectifier ; and 
(c) shows the mean value of this current. The current 
represented in (c) passes through the telephones, which 
produce a click for each pulse of current, and, since the 
pulses follow each other at an audible frequency, a 
musical note is heard in the telephones as long as the 
signal lasts. The frequency of the note is determined 
by the rate at which the sparks succeed each other at 
the transmitter. Different transmitters have different 
spark .frequencies, and an experienced operator can 
recognize a station from the note which he hears in the 
telephones. 

RECTIFICATION 

| We have so far assumed that the rectifier acts as a 
perfect valve, letting no current through in one direction, 
while acting as an ordinary ohmic resistance to currents 

| flowing in the other direction. This strict ‘ valve action ’ 
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is not necessary ; all that is required is that a symmetri- 
cal variation of E.M.F., when applied to the rectifier, 
should produce a non-symmetrical variation of current, 
so that the mean value of the current is different 
when the E.M.F. is present, and when it is absent. 
The condition for this is that the current through 
the rectifier should not be proportional to the E.M.F. 
across it. We can express the behaviour of such a 
rectifier by drawing a ‘characteristic curve’ which 
shows how the current varies with the applied potential. 
Since the current and potential are not proportional, 
the rectifier will have a curved characteristic. 

Such a curved characteristic can be represented by 
@ power series which may be written 

t=Atav+frr+... 

where 7 is the current through the rectifier when a poten- 
tial v is applied to it. 

It is found that a good approximation to the behaviour 
of most rectifiers in common use can be obtained by 
taking the first three terms of this expression. 

Suppose a high-frequency E.M.F. given by 

v=KE, sin pt 

is now applied to the detector. The current through 
the detector is given by 

+ =a) + ak, sin pt + BE,? sin? pt 

which may be written : 

1 = d) + ak, sin pt + $fE,7(1 — cos 2pt). 

This current will also flow through the telephones. The 
current consists of two parts; firstly a high-frequency 
component 

ak, sin pt — $fE,? cos 2pt ; 

which varies so rapidly that it cannot affect the tele- 
phones; and secondly a steady current a, + 4E,? 
which is able to affect the telephone diaphragm. A part, 
Qo, of this steady current, was in existence before the signal 
K.M.F. was applied, and hence we are justified in saying 
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that the steady current due to the signal is 48E,?._ Thus 
every time a train of high-frequency waves is incident 
on the receiving aerial, there is a change of steady current 
through the galvanometer. The detector, in virtue of 
its curved characteristic, has manufactured a steady 
current from a simple harmonic oscillating E.M.F. 

It is specially to be noticed that the current $fE,? 
through the telephones varies as the square of the in- 
coming signal strength, and so the receiver favours 
strong signals at the expense of the weak. We can 
increase the strength of a signal by amplifying the cur- 
rents either before or after they are rectified, but if it 
is desired to receive very weak signals it will be advan- 
tageous to amplify before rather than after rectification, 
on account of this square-law detection. 

CRYSTALS RECTIFIERS 

The simplest rectifier known consists of a contact 
between two dissimilar pieces of certain kinds of 
crystal, such as galena, pyrites, zincite, carborundum, 
etc. ; or between a crystal and a fine metal wire. It is 
found that such a contact has a curved characteristic 
and will therefore act as a rectifier. It is known as a 
crystal rectifier or crystal detector, and is very useful 
as a simple rectifier without any complications. The 
action of such contacts is not properly understood. 

It may happen, as shown in Fig. 25, that the charac- 
teristic at the point v = 0 has a small value of £, whereas 
at some other point v = v, the value of 6 may be much 
larger. Since the rectified current depends on the 
quantity 6, it would therefore be advantageous to apply 
the oscillating potential about the point v = v, rather 
than about the point v= 0. This is done by applying 
a steady potential v, to the crystal by means of a 
potentiometer arrangement. 

Tur TRIODE AS A RECTIFIER 

The current flowing in the anode circuit of a triode 
is related to the potential on the grid by means of a 
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curved characteristic. If, therefore, an oscillating 
E.M.F. is applied to the grid of a triode, there will be a 
change in the mean value of the anode current, which 
will correspond to rectification. The anode and grid 
potentials must be adjusted so that we are dealing with 
a curved portion of the anode-current vs. grid-voltage 
characteristic. ‘There is very little difference between 
the principles employed in this method of rectification 
and those employed in rectification with a crystal. In 
the present case we are using the triode as an amplifier 
and as a rectifier at one and the same time. An oscillat- 
ing potential of amplitude v, applied to the grid, pro- 
duces, effectively, an oscillating potential of amplitude 

Current —> 

V=0O  V:=V; 
Applied. Potential —> 

Fria. 25.—Curved Characteristic of a Rectifier which needs the 
Application of a Steady Potential 

fv, in the anode circuit, and then this is rectified - 
as before. 

GRID RECTIFICATION 

With a triode it is possible to utilize the curvature 
of the grid-current vs. grid-voltage characteristic for 
purpose of rectification. The grid is connected, as in 
Fig. 18 of the last chapter, through a condenser C to the 
source of oscillatory E.M.F. at AB. When the oscil- 
latory E.M.F. is applied at AB, then, as shown on p. 49, 
the mean potential of the grid becomes negative with 
respect to the filament. When the oscillation ceases, 
the grid returns to its normal potential once more. 
The change in mean grid potential during the burst of 
oscillation leads to a change in anode current, and so 
the presence of the oscillation is made evident on a 
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galvanometer or in telephones. In Fig. 26 the vertical 
portion AB shows the changes of grid potential which 
are produced when the oscillation is applied to the grid. 
The dotted line shows the decrease in the mean grid 
potential produced by the grid current flowing through 
the grid-leak resistance. By applying this grid potential 
curve to the characteristic curve of the valve we may 
deduce the corresponding change in anode current, as 
shown at CD. It is seen that, during the presence 
of the oscillation, the mean anode current decreases, 
and it is this decrease in anode current which actuates 

Anode Current 

Fia. 26.—Grid Rectification 

the telephones or galvanometer. In this method of 
rectification we utilize the asymmetric properties of the 
grid circuit, and it is usual to adjust the potentials so 
that we are on the straight sloping portion of the 
anode characteristic. 

REcEPTION oF ConTINUOUS WAVE SIGNALS 

A Morse dot as produced by a C.W. transmitter con- 

sists of a train of waves which begins and ends abruptly 

as in Fig. 22 (a). If such a signal is incident on a 

rectifier, as described above, it gives rise to a pulse of 
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steady current of magnitude 46H,” as in Fig. 22 (c). 
Such a pulse will only produce a click in the telephones 
at the beginning and end of the dot. A series of clicks 
of this kind is very difficult to read ; it is found to be 
much easier, for reading purposes, if there is a con- 
tinuous sound in the telephones while the dot (or dash) 
lasts, with absence of sound in the interval. ‘To produce 
this effect the steady current can be broken up into a 
series of pulses by inserting some interrupting device 
in the circuit. Such a device is called a chopper, and 
usually takes the form of a buzzer contact, or of a 
rotating disc provided with alternate insulating and con- 
ducting segments, over which a brush passes. The dot (or 
dash) then consists of a series of current pulses, in exactly 
the same way as with the spark system of telegraphy. 

In some cases the splitting up of the signal into a 
series of impulses, succeeding each other at audible 
frequency, is performed at the transmitting station. 
The Morse sign then consists of,a broken-up wave train, 
and the reception of this signal is exactly like the 
reception of a ‘spark’ signal. A continuous wave 
transmission interrupted in this way at the transmitter 
is spoken of as interrupted C.W. or I.C.W. 

HETERODYNE RECEPTION 

The usual method of receiving C.W. signals depends 
on quite a different principle. To illustrate this principle 
let us suppose that two high-frequency E.M.F.s, 
EK, sin p,é and E, sin p.t, whose frequencies p, and p, 
are nearly equal, act simultaneously upon a rectifier, 
whose characteristic is represented by 1 = dy) + av + fv?. 
Then, substituting v = E, sin p,t + E, sin p,¢, we find 
that the current produced is given by 

t=) + a(E, sin p,t + EH, sin p,t) 

+ B(E, sin p,t + E, sin p,t)? 
=a) + ak, sin p,t + ak, sin pot 

+ $fE,?(1 — cos 2p,t) + 4BE,2(1 — cos 2p,t) 

+ PEE, {cos (p; ~ pa)t — cos (pi + pa)t} 
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Let this current be passed through a telephone receiver, 
and let us pick out the components of current which 
can actuate the telephone. The only components not 

_ of high frequency are the steady current 

Qo + 2BE,? re 2p,” 

_ and the alternating current BE,E, cos (p; ~ p.)t of low 
frequency. 

| Suppose now that the E.M.F. E, sin py, is the oscil- 
lating E.M.F. due to the C.W. signal which is being 

| received, while the E.M.F. E, sin p,t is produced by 
a small controllable oscillator at the receiver. The 

| eurrent $fE,? then represents the clicks at the beginning 
_ and end of the Morse sign, the term a, + 3E,? repre- 
| sents a steady current due to the rectification of the 
| locally impressed oscillation, while the alternating 
_ current BE,E, cos (p; ~~ p.) represents a note in the 
_ telephones which is only present when a Morse sign is 
_ being sent, and whose pitch may be varied by adjusting 
_ the frequency, p., of the local oscillator. In this way 
_ the Morse sign is rendered audible as a note of adjust- 
_ able pitch. , 

It is important to notice that the note of audible 
| frequency (p;~ pp.) has been manufactured by the 
_ rectifier from the two high-frequency oscillations (p, 
and p,). If the two high-frequency oscillations were 
_ incident on the telephones without a rectifier in the 

circuit, beats of frequency (p; ~ p,) would be produced, 
_ but there would be no component of alternating current 
of this frequency, capable of actuating the telephones, 
and no sound would be heard. The mean value of the 

current, taken over a time comparable with the time 
of free oscillation of the telephone diaphragm, would be 
_ zero. The common custom of speaking of this method 

of reception as the method of beat reception is therefore 
| wrong; the note heard in the telephones is not a beat 
- note, but is what would be termed in acoustics a com- 
_ bination tone. 

The above method of reception is known as the 
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heterodyne method. The apparatus used is similar to 
that employed for spark reception, except that a local 
oscillation is induced into the tuned circuit by coupling 
to it a small valve oscillator. This is often modified 
by using a triode as a detector (of either the grid con- 
denser, or anode bend, type), and arranging that this 
triode should itself produce the local oscillation. 

It is important to notice that, when the heterodyne 
method of reception is used, the alternating current 
produced in the telephones is directly proportional to 
the electric field of the incident wave; whereas it is 
proportional to the square of the field when the direct 
method of reception is employed. The heterodyne 
method is therefore advantageous for the reception of — 
weak signals. 

RESISTANCE OF THE TELEPHONES 

At this point we must discuss the important question 
of the resistance of the telephone receivers. The 
sensitivity of a telephone receiver depends on the num- 
ber of turns of wire on the current-carrying coils, and 
so it would seem advisable, at first sight, to use as many ~ 
turns as possible. As a rule, however, we only have a 
limited space at our disposal for the winding of these 
coils, and an increase in the number of turns means a 
decrease in the size of the wire employed, and hence an 
increase in the resistance of the windings. But this 
increase in resistance cuts down the current flowing, 
and hence decreases the telephone response. The 
question now arises, ‘ How far are we justified in increas- 
ing the number of turns, if this means that we are, at 
the same time, increasing the resistance of the tele- © 
phones?’ The answer to this question can be seen 
from the application of the general principle, mentioned 
on p. 47, which says that, when power is fed from a 
source which has an internal resistance 7, into an outside 
circuit of resistance R, then the maximum power is 
delivered into the outside circuit when R=r. A 
crystal or valve rectifier acts like a source of power 
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which has an internal resistance of a few thousand ohms, 
and the best results are obtained if the telephones used 
have also a resistance of this order. Such telephones 
are called High Resistance Telephones. It must be 
clearly understood that there is no special merit in the 
fact that the telephones have a high resistance, the 
resistance is an unavoidable evil, and our result merely 
tells us how far we are justified in increasing it, when 
we increase the number of turns. 
When a valve rectifier is used, it is inadvisable to 

allow the large steady anode current to flow through 
the telephone windings. This can be prevented by 
connecting the telephones to the circuit through an 
iron-cored transformer. In this case the primary of the 
transformer should have an impedance roughly equal 

to that of the valve. By employing a step-down 
transformer, we can now arrange to supply the telephones 
with a large current, so that they need no longer be 

provided with very sensitive windings. Again, it is 
found that the best results are obtained by making 
the impedance of the transformer secondary roughly 
equal to that of the telephones. The best conditions 
are found to hold when the telephones are wound with 
enough wire to give them a resistance of about 50 ohms. 
Such telephones are called Low-Resistance Tele- 

_ phones. 



CHAPTER V 

WIRELESS TELEPHONY 

MopuLATED WAVES 

N the transmission of speech and music by wireless 
we are confronted with the problem of converting — 

sounds of a fairly low frequency (up to about 10,000 © 
cycles per second) into some form of electrical wave, 
of transmitting this wave over large distances, and of 
reconverting it into sound. The speech, or music, con- 
sists of complex sound vibrations, but these may be 
analysed, by Fourier’s Theorem, into a series of simple 
harmonic vibrations, and if these can be transmitted 
without distortion or change of relative amplitude, 
then they will add together at the receiver to reproduce 
the original sound. We will therefore consider, as 
our problem, the transmission of a sinusoidal sound 
vibration, such as would be produced by a bowed 
tuning-fork. 

It is not feasible to convert the sound into an altern- 
ating current of the same frequency, and to use this to 
produce electro-magnetic waves, for, as we have seen 
on p. 38, it is impossible to radiate any appreciable 
amount of energy from an aerial in which currents of 
audible frequency are flowing. It is necessary to use a 
high-frequency current, which produces a high-frequency 
wave, and to superimpose upon this the effect of the 
audio-frequency note. In this way we utilize the fact 
that the aerial radiates well at the high frequencies, and 
the high-frequency wave is made to carry along, as it 
were, the low-frequency note. The method which is 

68 
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actually used consists of transmitting a high-frequency 
wave (frequency p) and varying its amplitude sinus- 
oidally, with the frequency (w) of the audible note. 
Such a wave is represented in Fig. 27; it is called a 
modulated wave, the high-frequency wave being called 
the carrier wave. The portions on the right and left 
of the figure represent the unmodulated carrier wave, of 
amplitude A. When the modulation is applied the 
amplitude is varied from the maximum value A(1 + m) 
to the minimum A(l1—m). Thus the unmodulated 
| wave can be represented by A sin pt and the modulated 
one by A(1 + m sin at) sin pt. The quantity m repre- 

3 
Unmodusated. Modulated Unmodulated 

Fic. 27.—A Modulated Wave 

sents the magnitude of the modulation effect, and when 
expressed as a percentage it is known as the percentage 
modulation. Since the modulated wave has continu- 
ally varying amplitude, it is not, in the strict sense of 
'the word, a pure sinusoidal oscillation. It can, in fact, 
be split up into three pure sinusoidal oscillations, as 
shown. below : 

A(1 + m™ sin ot) sin pt = A sin pt + Am sin ot sin pt 
= A sin pt — 4Am cos (p + w)t + 4Am cos (p — o)t. 

The component A sin pt is identical with the wave which 
is emitted when no modulation is taking place; it is 
the carrier wave. The components 4Am cos (p + o)t 
_and 4Am cos (p — w)t have angular frequencies greater 
-and less than that of the carrier, and differing from 
it by w, the angular frequency of the sound wave. 
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These two components are known as side-bands. The 
modulated wave, therefore, consists entirely of high- 
frequency waves, a carrier wave and two side-bands, 
and hence is capable of being efficiently radiated from 
the aerial. 

THE PRODUCTION OF A MODULATED WAVE 

We have seen that a modulated wave is merely a high- 
frequency wave whose amplitude is varying with the 
frequency of the audible note which it is desired to 
transmit. The simplest method of transmitting tele- 
phony therefore, consists in supplying a high-frequency 
E.M.F. to a tuned aerial circuit, whose resistance is 
varied at the audible frequency by means of a carbon ~ 
microphone placed in series in the circuit. The micro- ~ 
phone consists of a mass of carbon granules which are 
enclosed in a box, one side of which consists of a thin 
flexible metal diaphragm. When sound waves impinge 
on this diaphragm the mass of carbon is compressed and. 
released with the frequency of the sound, and the 
resistance across the mass of carbon is therefore varied 
at the same frequency. The amplitude of the high- 
frequency current in the aerial is inversely proportional 
to the resistance of the circuit,1 and therefore it, also, 
varies with the frequency of the sound. The above 
form of telephony transmitter was used in the early 
days of wireless, but has since been superseded by other 
methods of modulation. 

The properties of the triode, which give rise to a 
curved characteristic, can be used to produce a modulated 
wave. ‘Thus, suppose that a high-frequency oscillation — 
E, sin pt is induced into the grid circuit of a triode from 
a separate valve oscillator. Suppose, also, that a low- 
frequency oscillation E, sin wt is induced into the same 
circuit by way of an iron-cored transformer. The 
voltage applied to the grid is then 

1 This is only true because the aerial circuit is tuned to the 
frequency of the applied E.M.F. 
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: V, = E, sin p! + E, sin at. 

If the anode-current vs. grid-potential characteristic 
is curved, such that 

te =A) + aye + BV,” 

we find, on substitution, that the anode current is 
given by 

iq = A) + a(E, sin pt + E, sin wt) 
| -+ B (Ey? sin? pt + 2 EE, sin pt sin wt + E,? sin? wt) 

=, + a(K, sin pt + E, sin wt) + 
( 4E,2 — 4E,? cos 2pt 

B + 2E,E, sin wt sin pt 
(4B, — 4? cos 208 

The anode circuit of the valve is coupled, through a 
transformer, to an aerial which is tuned to the frequency 
p. The steady current terms a, + $6(E,? + E,?) and 
the low-frequency term $fE,? cos 2wt are not passed on 
through this tuned transformer. The term of high 
frequency 2p is also eliminated by the tuned aerial 
circuit, and we are left with a current 

ak, sin pt + 28E,EH, sin wt sin pt 

flowing in the aerial. But this may be re-written as 

| A(1 -+ m sin wt) sin pt 

a is the general form of a modulated wave. We 
may say that, in virtue of its curved characteristic, the 
triode has combined the high- and low-frequency 
oscillations to give a modulated oscillation. 

CHOKE-CONTROL MODULATION 

The most common method of modulation employed 
at the present day is that known as choke-control. 
This depends on the fact that the amplitude of the 
oscillation produced by a triode varies with the mean 
anode current which flows through the valve. The 
mean anode current is caused to vary at the modulation 
frequency, and hence the amplitude of the oscillation also 
varies at this frequency. The arrangement by means 
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of which this is brought about is shown in Fig. 28. 
The microphone (Mic) is connected through the micro- 
phone transformer T to the grid of the modulating valve 
M. This valve, and the main oscillating valve O, draw 
their H.T. supply from a common source (H.T.) in 
series with which is placed an iron-cored choke coil, 
Ch. When the sound, of frequency w, is incident on 
the microphone, voltage variations are set up in the 
grid circuit of M, and these cause the plate current 
of M to fluctuate at the same frequency. Now the 
presence of the choke-coil Ch, in series with the H.T. 

Fia. 28.—System for Choke-control Modulation 

source, maintains the current from this source con- 
stant, so that the sum of the currents flowing to the 
anodes of valves O and M also remains constant. Thus, 
when the current to the valve M is caused to fluctuate 
at the frequency w, the supply of current to valve O 
must fluctuate at the same frequency, in order that 
the sum of the two should remain constant. This 
fluctuation of the anode current to O produces the 
desired modulation by varying the amplitude of the 
oscillation. In order to confine the high-frequency 
oscillatory currents to the aerial circuit an air-core choke 
A.C.C. is inserted as shown. This effectively prevents 
the short-circuiting of the high-frequency current 
through the valve M, while allowing free passage to the 
low-frequency impulses from the modulating valve. 
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MICROPHONES 

When the carbon-granule microphone is used to apply 
an audio-frequency E.M.F. to the grid of a valve, it 
is connected in series with a cell and the primary of a 
transformer T, as shown in Fig. 28. The secondary 
of the transformer is connected across the grid-filament 
of the valve. Asound-wave incident on the microphone 
produces oscillating variations in the resistance, and so 
causes an oscillating current to flow through the primary 
of the transformer; this in turn induces a current in 
the transformer secondary, and so the oscillation is 
applied to the grid of the valve. 

The simple carbon granule microphone is, however, 
not much used at the present day. It has been super- 
seded by an instrument known as the Reisz microphone, 
which is similar in principle, but different in detailed 

_ construction. The mass of carbon granules is here 
_ replaced by a thin layer of powdered carbon, which is 
_ spread on a large slab of marble and is covered by a 
_ rubber sheet, which takes the place of the metal dia- 
| phragm in the old instrument. The principle is the 
| same as in the carbon granule microphone, but the 
_ combination of loose rubber diaphragm and solid marble 
_ back renders the Reisz instrument specially free from 
_ undesirable resonances, which, in the other type of 
_ instrument, tend to emphasize some notes at the expense 
_ of others. 
' A microphone of quite a different type is much used 
_ at the present day for broadcasting. It is known as the 
| magnetophone, and consists of a small coil of very 
_ light aluminium wire attached to the back of a freely 
/ moving diaphragm. The coil is placed between the 
_ poles of an electro-magnet, so that, when the diaphragm 
- moves, under the influence of a sound wave, E.M.F.s 

_ are induced in the coil windings, and these can be applied 
_ to the grid of the modulating valve, after having been 
| passed through a preliminary amplifier. An instrument 
_ very similar to the magnetophone is sometimes used 

6 | 
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in the ‘ electrical pick-up ’ employed on gramophones. 
Here the moving coil is connected directly to the gramo- 
phone needle. | 

RECEPTION OF A MODULATED WAVE 

Let us now investigate what happens when a modu- 
lated wave is received on an aerial and applied to a 
rectifier whose characteristic is given by 

4+=a,+ av-+ fv? 

where 2 is the current flowing through the rectifier when 
a potential v is applied across it. We have seen (p. 61) 
that, if v= E, sin pt, the steady current which is 
produced is given by 48E,*. In the case of a modulated 
wave the constant amplitude E, is replaced bya varying © 
amplitude A(1 + m sin wt), and so the steady current - 
component is replaced by a low-frequency component 

4BA*(1 + m sin wt)? 

= $BA*{1 + 4m? + 2m sin wt — $m? cos 2wt} 

The telephones are therefore traversed by a current of 
frequency w, and so will reproduce a note of the same 
frequency as that originally impressed on the carrier 
wave at the transmitter. There is, however, in addition, — 
a current of frequency 2m traversing the telephones, 
and this will produce an octave of the original note. 
The distortion term, of frequency 2w, can be kept small 
with respect to the desired term, of frequency w, by using 
a small value of m. For this reason it is usual in broad- 
casting to employ a rather small percentage modula- 
tion, not greater than about 60 per cent. The presence 
of a note of twice the frequency of that which it is 
desired to transmit is not usually of much consequence, 
because in the complete analysis of any complex note 
there are always octave components, and the introduc- 
tion of a little extra double-frequency component 
cannot matter much. 

The above analysis has shown that the application 
of a modulated high-frequency E.M.F. to an ordinary 
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rectifier will produce a note in the telephones corre- 
sponding to the note incident on the transmitter micro- 
phone. The simplest form of wireless telephony receiver 
is therefore exactly the same as the simple receiver 
for spark signals, shown in Fig. 23. We may, in fact, 
think of the complex wave train emitted by a spark 
transmitter, as a form of modulated wave. 

The musical notes which it is desired to transmit in 
‘broadcasting’ have frequencies extending up to 
10,000 cycles per second. The modulated wave will 

therefore cover a band of frequencies from = + 10,000 

to — 10,000 and the tuned circuits at the receiver 

must be capable of dealing equally with all frequencies 
within this range. It is therefore necessary to use 
circuits which are not too sharply tuned. Further, if 
interference from stations on neighbouring wave- 
lengths is to be avoided, then the resonance curve of the 
receiving circuits should show a sharp cut-off on each 
side of this band. Such a curve can be obtained 
approximately by the use of two coupled circuits as 
described on p. 19. | 

In receivers used for the reception of broadcasting, 
|. the strength of the signals is often increased by the use 

of reaction. This, as well as increasing the signal 
strength, effectively decreases the resistance of the 
_ oscillatory circuit, and therefore increases its sharpness 
of tuning, simultaneously with the increase of signal 
_ strength. In the use of such receivers care should be 
_ taken to see that the reaction is not increased too 

| far, otherwise the resonance curve will be made too 
| sharp, and the side-bands corresponding to high notes 
_ will be cut out, so that the low notes will be accentuated 
at the expense of the high. 

A telephony transmitter occupies a frequency band 
| 20,000 cycles wide. In order that telephony stations 
should not interfere with each other, it is therefore 
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necessary to space their carrier frequencies by at least 
20,000 cycles. This represents a smaller fractional 

frequency spacing (2) if the carrier frequency p is 

large, and hence it is usual to transmit telephony on a 
fairly high frequency (short wave-length). The shortest 
wave-length which lends itself to reliable communication 
over the distance (100 miles) required in broadcasting 
is about 200 metres (see p. 98), and most broadcasting 
is now done on wave-lengths between 200 metres and 
500 metres. 

The frequency of a 300 metres wave is 10°, so that for 
this wave-length the fractional frequency spacing neces- 

BAe UU. cece iy 
culpa DOU OUR wl 

‘SUPPRESSED CARRIER’ TRANSMISSION 

We have seen that a modulated wave consists of a 
carrier wave, A sin pt, whose frequency and amplitude 
are constant, and two side-bands, 4Am sin (p + w)t and 
4Amsin (p — w)t, whose amplitude and frequency change 
with the loudness and pitch of the note to be transmitted. 
The side-bands alone possess any properties which are ~ 
characteristic of the transmitted sound, and it is not 
necessary to transmit the carrier wave, it can be supplied 
at the receiving station, thus saving a large amount of 
energy at the transmitter. Further investigation shows 
that it is not even necessary to transmit both side- 
bands, it is sufficient to transmit one side-band, which 
may be represented as A sin (p + w)t, and to supply a 
carrier wave, B sin pt, at the receiver. The E.M.F. 
applied to the rectifier will then be given by 

v=Asin (p+ o)t+ B sin pi 

and if the rectifier characteristic is 

1 =) + av + fr? 

this will give rise to a term 

B{A sin (p + w)é + B sin pt}? 
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which contains 

2BAB sin (p + w)t sin pt 
= BAB cos wit — BAB cos (2p + wi. 

Thus the telephones are traversed by a current of 
frequency w, and will emit a sound corresponding to that 
which is incident on the microphone at the transmitter. 
This method of transmission consists therefore in 
removing the carrier wave and one side-band by means 
of filter circuits at the transmitter, and radiating only 
the other side-band from the aerial. 

Besides the economy effected at the transmitter, the 
method has two other advantages. Firstly, it is semi- 
secret, the signals being unintelligible unless heterodyned 
with an oscillation of exactly the correct frequency p ; 
and secondly we see from the analysis that the only 
low-frequency term produced is the one with frequency 
@; there is no distortion term, such as we find when 
the whole modulated wave is transmitted (see p. 74). 
Owing to the fact that an accurately adjusted oscillator 
is required at the receiver, the method is of little use 
for broadcasting transmissions, but is very useful in 
the case of large commercial telephone companies. 
It is employed on the Rugby—New York transatlantic 
telephony service, and results in a great saving of power. 

1¥For an account of the filtering methods employed on the 
transatlantic service see Wireless World and Radio Review, 
18, pp. 487 and 529, 1926. 



CHAPTER VI 

AMPLIFIERS 

CASCADE AMPLIFIERS 

T usually happens that the wireless signal received 
in the simple manner so far described is too weak to 

ensure reliable reception. In such a case the signal is 
amplified by means of an arrangement of valves. This 
amplification may take place while the signal is stillin | 
the form of a high-frequency oscillation, before it is 
applied to the rectifier, or it may take place after the 
signal has been converted by rectification into a note of 
audible frequency. In the former case the amplifier 
is spoken of as a high-frequency amplifier, in the 
latter case as a low-frequency amplifier. The action 
of both forms of amplifier depends on the same funda- 
mental principles, and both forms will be described 
together. 
We have seen on p. 29 that a single valve, arranged 

as in Fig. 10,.can be used to produce an amplification 
of an oscillating voltage, the amplification being given 

Scar BR : 
by the multiplying factor Ariane 0 By arranging 

that this amplified voltage is applied to the grid of a 
second valve we can repeat the amplification, and, 
by using several valves ‘in cascade’ it is possible to 
produce a very large increase in signal strength. There 
is, however, a steady potential drop, Rz,, across the 
resistance R (Fig. 10), due to the fact that it carries the 
steady anode current 2,, and so it will not do to connect 
the ends of this resistance direct to the grid and filament 

78 
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of the next valve, for this would apply a potential to 
the grid which would take the valve on to the wrong 
part of its characteristic. This difficulty is overcome by 
inserting a condenser, as in Fig. 29 (a), in the lead to the 
grid of the next valve. This allows the alternating 
potential difference to cross it while it completely 
guards the grid from the steady potential. There is now 
no direct connection between grid and filament, and, 
unless precautions are taken, the grid will charge up 
negatively, as explained on p. 49, and will stop the 
valve working properly. By providing a high-resistance 
path R, between grid and filament the negative charge 

Fic. 29.—Resistance-capacity 
Coupled Amplifier 

is allowed to leak off the grid, and by adjustment of this 

resistance the grid potential can be brought to any 

suitable value. It is also possible, when using several 

valves in cascade, to supply the anode current for all 

from a single H.T. battery, and to run all the filaments 

in parallel from a common supply, as shown in Fig. 

29 (b). This figure is derived from Fig. 29 (a) by 

combining the H.T. batteries. Such an amplifier is 

said to employ Resistance-Capacity Coupling. It 

has been shown on p. 30 that for large amplification it 

is advisable to use a large value of anode resistance, and 

that this resistance should certainly not be less than 
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the anode slope resistance of the valve. Resistances of 
100,000 ohms are usually employed, and it is possible to 
use resistances as high as4 or5 megohms. With the larger 
resistances the anode current is limited by the resistance, 
and so it is not necessary to have such large emission from 
the filaments, which may therefore be run less bright, 
with a resulting economy in the low-tension supply. 

Let us investigate the action of the above-mentioned 
amplifier a little more closely. The alternating potential 
acts across AB, Fig. 29 (a), and drives a current through 
the condenser C and the resistance R, in series. The 
drop of alternating potential across R, is applied to the 
grid of the next valve, and, if this potential is to be as 
large as possible, we must ensure that the reactance of 
Cis small compared with the resistance (4 to 4 megohms) 
of the leak R,. This means that the coupling condenser 
must exceed a certain minimum capacity, depending on 
the frequency for which the amplifier is designed. At 
very high frequencies it is also important that the grid- 
leak and the anode resistance should not have any 
appreciable self-capacity, otherwise it will be impossible 
to build up the required alternating potential differences 
across them. With this aim in view, these resistances 
often take the form of a straight carbonized filament 
of cellulose, or of a tube of glass sputtered with a very 
thin deposit of metal. At high frequencies the inevitable 
capacities between the connecting wires, and between 
the grid and filament of the second valve, become 
appreciable in preventing the building up of a potential 
difference across R,. The capacity between the leads 
has been reduced to a minimum in the Loewe Multiple 
Valves in which the two or more valves, complete with 
all their coupling condensers and resistances, are built 
up, as compactly as possible, inside a single evacuated 
bulb. In another type of valve the difficulty due to 
inter-electrode capacities is reduced by bringing out the 
grid and filament leads to widely separated electrodes. 

In the resistance-coupled amplifier the potential 
applied to the anode of the valve is equal to the potential 
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produced by the high-tension battery, minus the poten- 
tial drop, Ri,; which is produced by the steady anode 
current (7,) in flowing through the resistance R. For 
this reason the potential due to the high-tension battery 
must be considerably greater than the potential required 
on the anode of the valve. This difficulty is overcome in 

the forms of inter-valve coupling described below. 
_ We may replace the anode resistance in the resistance- 
capacity amplifier by any piece of apparatus across 
: which a potential difference is established when an 
alternating current flows. In the so-called choke- 
coupled amplifier an inductance replaces the resist- 
-ance. Another form of intervalve coupling is that 
known as the tuned anode. Here the resistance is 
replaced by a parallel resonance circuit, tuned to the 
frequency of the incoming signal. This offers a large 
impedance to the alternating anode current,’ and acts 
Tike the anode resistance in the previous amplifier. 
_An amplifier of this kind is very selective, for if the 
frequency of the signal differs from that for which the 
‘tuned circuits are adjusted, these circuits offer only a 
: small impedance to the current, and the resulting ampli- 
fication is small. This renders the circuit very useful 
: for high-frequency amplification where great selectivity 
is required, but useless for low-frequency amplification, 
where the amplification must be the same for all audible 
| frequencies. 
_ Yet another form of intervalve coupling consists of a 
transformer, whose primary is inserted in the anode 
circuit of one valve, and whose secondary is connected 
to the grid and filament of the next valve. In high- 
: frequency amplifiers the transformer consists of two air- 
-core coils, which may be tightly or loosely coupled ; 
in transformers for low-frequency amplifiers the primary 
-and secondary are wound close together on an iron core. 
In the case of the high-frequency transformer the second- 
ary circuit is often tuned, by means of a condenser, 
to the incoming frequency. 

1See p. 17. 
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STABILITY OF AMPLIFIERS 

The currents in the final circuit of a powerful amplifier 
are very much larger than those in the input circuit. 
If there is a small coupling, electro-static or electro- 
magnetic, between the output and the input circuits, 
enough energy may be fed back into the input circuit 
to make up for the ohmic losses there. When this 
happens the amplifier bursts into oscillation. In order 
to prevent this undesirable coupling the first and last 
circuits are well separated, are adjusted to have no 
mutual inductance, and are shielded by earthed metal 
shields. Sometimes the impedance of the common H.T. 
battery acts as sufficient coupling, between the first and 
last valves, to cause oscillation. This can usually be 
overcome by placing a large condenser across the 
battery, so as to render its impedance negligible. 

Spontaneous oscillations are often produced in ampli- . 
fiers for quite a different reason. It can be shown that 
if the plate circuit of a valve contains an inductive 
reactance, then energy may be fed back from the plate 
circuit into the grid circuit, by way of the capacity 
which inevitably exists between plate and grid, and this 
energy feed-back will take place in such a sense as to 
help the oscillation already present in the grid circuit.+ 
If the feed-back is sufficient to make up for the ohmic 
losses in the grid circuit, the valve will oscillate spon- _ 
taneously. Oscillations of this type are specially . 
troublesome with tuned-anode amplifiers. A method 
of overcoming this trouble is used in the so-called 
Neutrodyne amplifier. Fig. 30 is a diagram showing — 
the application of the neutrodyne principle to a tuned- 
anode amplifier. The two halves of coil A are exactly 
equal, and the condenser C is adjusted to have a capacity 
equal to the grid-plate capacity. It can then be shown 
that the energy which is fed back to the grid through 
the grid-plate capacity is just counterbalanced by the 
energy which is fed back, in opposite phase, through the 
‘neutrodyne ’ condenser C. 

1 Miller: Bureau of Standards Bulletin, No. 351. 
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Another method of overcoming the difficulties caused 
by inter-electrode capacity has been applied in the 
screen-¢rid valve. Here the anode is enclosed in a 
metallic shield, consisting of a gauze mesh on the side 

_towards the grid, but completely shielding the anode 
in the other directions. The inter-position of this shield 
reduces the capacity between anode and grid to a very 
great extent, and yet permits the electrons to shoot 
_ through the spaces in the gauze, and so to reach the anode. 
_In this way we prevent potential changes on the anode 
from affecting the grid appreciably, without interfering 
_ with the power of the grid to control the anode current. 

Fic. 30.—Neutrodyned Tuned-anode Amplifier 

| In discussing high-frequency amplification we have 
' seen that, because of unavoidable capacities, the diffi- 
| culties increase enormously as the frequency is increased. 
This has led to the development of a system of ampli- 

| fication for very high-frequency signals, in which the 
| frequency is first reduced to a more normal value, and 
then an ordinary high-frequency amplifier is used, which 

_is capable of dealing efficiently with the signal of reduced 
frequency. The frequency transformation depends on 
_a principle exactly similar to that described for the 
reception of C.W. signals. We saw on p. 65 that if 

_ the signal E.M.F. is fed, together with a local oscillation, 
| into a circuit containing a rectifier, then an oscillation 
/is produced whose frequency is equal to the difference 
| of the frequencies of the signal oscillation and the local 
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oscillation. In the ordinary method of C.W. reception 
it is arranged that this difference frequency should be 
an audible note, whereas in the present system of ampli- 
fication we arrange that the difference frequency should 
be a high-frequency oscillation capable of being effect- 
ively magnified by an ordinary high-frequency amplifier. 
Amplifiers employing a frequency change of this kind 
are known as super-heterodyne, or intermediate 
frequency, amplifiers. 

DISTORTION 

In the reception of broadcast wireless telephony it 
is essential that there should be no ‘ distortion’, that 
is, that the sound emitted should be a true replica of 
that incident on the microphone at the transmitter. 
The sounds to be transmitted can be analysed into a — 
Fourier series of simple harmonic sounds, and it is 
found that, for perfect reproduction, it is necessary to 
preserve the relative amplitudes of these components. 
In practice it is sufficient if the components whose 
frequencies lie between 30 and 10,000 cycles are re- 
produced accurately. The receiver must therefore be 
such that over this range of frequencies : 
(1) a sinusoidal sound wave is reproduced as a 

sinusoidal wave ; 
(2) the amplification produced is independent of the 

frequency. 
Consider first the low-frequency amplifier. The inter- 

valve coupling circuits must be such that the voltage 
applied to the grid of the succeeding valve does not 
depend on the frequency. The ideal form of intervalve 
coupling is obviously resistance-capacity, provided the~ 
coupling capacity is great enough to offer no appreciable 
reactance at the lowest frequencies required (30 cycles). 
This form of low-frequency amplifier is now in general — 
use for telephony purposes. By special attention to 
details of design, iron-cored transformers have also been 
produced, whose action is independent of frequency over 
the range required. 
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By attention to the above points we can make the 
amplification independent of the frequency of the 

| 

applied signal. It is also necessary that it should be 
independent of the amplitude. The only quality which 
is likely to change with amplitude is the slope resistance 

_of the grid-filament path of the valve. The character- 
istic curve for the currents flowing from filament to 
grid is similar to the characteristic curve for a diode 
(Fig. 8). The effective slope-resistance of this grid- 

g _ filament path is the mean value of mM, over the complete 
Ou g 

_ oscillation, and it is obvious that this will vary with the 
oscillation amplitude unless we work on the portion 

CD? of the characteristic where no grid current flows. 
_ This is done by applying to the grid a steady potential 
sufficiently negative to ensure that at no part of the 
voltage swing does the grid become positive. 

It is also essential that a simple harmonic input to the 
apparatus should produce a simple harmonic output. 
| This will be the case if the characteristic curve connect- 
‘ing input voltage and output current is a straight line. 
_ Fortunately, as we have seen on p. 27, the centre portion 
of a valve characteristic is usually a straight line, and 
_by arranging that the representative point never leaves 
this centre portion during the whole of the grid swing, 
| we can ensure that we are on a straight part of the 
characteristic. We have already seen that the grid 
must remain negative during the swing, and, in order to 

| satisfy both conditions, we must choose a characteristic 
‘such as that shown at AB in Fig. 31. To obtain 
'such a characteristic it is necessary to use a high 
anode potential, and to bring the working point to the 
centre of the straight portion it is necessary to apply 
a steady negative potential EF to the grid (grid bias). 
In the later stages of a power amplifier the voltage 
changes on the grids of the valves become very large 

1Tt is also possible to work on the portion AB of the grid 
| characteristic, but it is generally preferable to work on the 
portion CD. 
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(perhaps 10 volts) and the straight portion of the 
characteristic may be overlapped, so that the representa- 
tive point travels round the bends at A and B, again 
producing distortion. To increase the length of the 
straight sloping portion the emission of electrons from 
the filament is increased, by increasing the filament 
heating current, and a higher anode potential and grid 
bias are used, to give a characteristic such as CD. 

Passing now to the high-frequency amplifier, the same 
kind of considerations apply. The frequency range 

Anode Current—» 

Grid negative Ore Grid positive 
Grid Potential 

Fic. 31.—Triode Characteristics suitable for Distortionless 
Amplification 

covered by the transmission is now ci + 10,000 to 
27 

ae — 10,000, where p is the angular frequency of the 

carrier wave. The tuning circuits in the amplifier must 
treat all frequencies within this range equally well, and 
so must be somewhat flatly tuned. If the tuning is too 
sharp, the higher frequencies in the sound will not be 
sufficiently represented. The valves must work on 
linear parts of their characteristics, and their grids must 
be kept negative. As the variation of voltage on the 
grids of the valves of a high-frequency amplifier is 
usually very small, these conditions are obtained more 
easily than is the case with the last valves of a low- | 
frequency amplifier. 



CHAPTER VII 

MISCELLANEOUS 

SHort WAVES AND THE COMPLETE ELECTRO- 
MAGNETIC SPECTRUM 

E have seen that wireless waves are a form of 
electro-magnetic wave-motion. It is known 

that several other kinds of electro-magnetic waves 
exist, differing from wireless waves only in their wave- 
length. The shortest waves known compose the 
‘penetrating radiation’ which has been shown to be 
incident on the earth from above and which probably 
has a wave-length of about 5.10712 cms. These are 
followed by the y-rays from Radium (10-° cms.), X-rays 
(5.10-? cms.), Ultra-Violet rays (10° cms.), visible 
light (5.10 cms.), the infra-red (10-3 cms.), and finally 
by wireless waves. It is of interest to see how the range 
which is usually termed wireless waves has been linked 
up with the infra-red, and has even been made to over- 
lap the region of long heat waves. 

By suitable variations of the circuit constants (in- 
-ductance and capacity) the simple valve oscillator 
arrangements already described can be used to produce 
‘oscillations covering a range of frequency from one 
| 
| 
oscillation every two or three seconds, to a frequency 
of about 2.108 per second (a wave-length of 10° metres 
down to 1.5 metres). It is found to be impossible by 
‘Means of ordinary circuits, to produce oscillations of 
frequency much greater than 2.10® per second. The 
reason for this is probably that the time period of such 
an oscillation is comparable with the time taken for the 

87 ; 
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electrons to travel from the grid to the plate, and hence 
the phase relations inside the triode are disturbed. By 
a different arrangement of the triode, Barkhausen and 
Kurz 1 have been able to take advantage of the finite 
time of travel of the electrons, to produce oscillations 
of very high frequency. They arranged a triode with 
negative potential on the plate and a positive potential 
on the grid, so that the electrons which shot through 
the grid spaces were returned, through the grid, to the 
filament, without reaching the plate. It was then found 
that the valve produced oscillations which could be 
detected on a pair of Lecher wires, and whose time period 
was governed by the time taken for the electrons to 
travel from the filament, round the grid wires, and back 
to the filament again. Van der Pol has explained these 
oscillations as due to a periodic variation in the space- 
charge produced by the above-mentioned circulation of. 
the electrons round the grid wires. 

Oscillations of a very high frequency have been 
produced by means of an apparatus known as the 
Magnetron. In the magnetron a diode with a 
cylindrical anode surrounding a straight wire filament, 
is employed. A strong magnetic field is applied along 
the direction of the filament. The result of this is that 
the electrons emitted from the filament are bent round, 
by the magnetic field, so that they are returned to the 
filament without ever reaching the anode. In this way 
it is possible to produce oscillations, whose time period 
depends on the time taken by the electrons to describe 
their curved path, in a manner exactly similar to that 
employed in the method of Barkhausen and Kurz. 
The most rapid oscillations produced in this way corre- 
spond to a wave-length of about 12 cms. These are 
the shortest continuous electrical waves which have 
so far been produced. 
By using the spark method (see p. 43) of excitation it 

has been possible to produce damped oscillations of 

1 Barkhausen and Kurz: Phys. Zeit., 25, p. 1, 1920. 
4Yagi: Proc. Instit. of Radio Engineers, 16, p. 715, 1928. 
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much shorter wave-length. For very short waves the 
oscillatory circuit consists of two rods joined to the 
electrodes of a spark-gap. ‘The capacity and inductance 
of the rods themselves form the capacity and inductance 
of the oscillatory system. It can be shown that the 
natural wave-length of a straight wire of this kind is 
equal to about twice the distance between the extreme 
free ends of the rods. This form of transmitter was 
used in 1885, by Hertz, who was the first to produce 
wireless waves. He used a wave-length of 65 cms. By 
using for the rods of the oscillatory system two very 
short cylinders of tungsten, about 0-1 mm. long, Nichols 
and Tear were able to produce waves which overlapped 
the infra-red region.1 Their apparatus is depicted in 

Fie. 32.—Transmitter of Fic. 33.—Radiometer of 
Nichols and Tear Nichols and Tear 

Fig. 32. AA’ are the two tungsten cylinders fused into 
glass tubes T'T’. They are charged and discharged by 
passing sparks to them from an induction coil, by way 
of the leads BB’. The cylinders are kept cool by a 
jet of oil J, and by air blasts directed down the inside 
of the tubes TT’. 

_ The waves are detected by means of a radiometer 
arrangement, asfollows. Two mica strips are suspended 
in a vacuum as shown in Fig. 38. The strip A is covered 
on the front with a thin film of platinum, the strip B 

1 Nichols and Tear: Proc. Nat. Acad. Sci., 9, p. 211, 1923. 

7 
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being similarly covered on the back. The platinum is 
divided into short lengths, which form small resonators 
whose natural frequency is equal to the frequency of 
the wave. When the wave is incident on these strips, 
the short resonators are heated by the currents flowing 
in them. A little gas remains in the enclosure in which 
the vanes are suspended, and when a molecule hits the 
heated platinum strip it rebounds with an increased 
velocity. The strip therefore recoils, and the vane is 
twisted round.1 The same radiometer has been used 
to detect the infra-red waves coming from a heated body 
as source, and in this way it has been shown that the 
electrical and infra-red waves are identical. The wave- 
length of the electrical waves has been measured by an 
interferometer arrangement, and waves of length 0-022 
mm. have been recorded. The longest heat waves 
measured have a length of 0-1 mm., so that the gap — 
in the complete spectrum of electro-magnetic waves 
between ‘ wireless ’ and ‘ heat ’ waves is now completely — 
closed up. 

MEASUREMENT OF FREQUENCY 

The accurate measurement of frequencies of the order 
of 10° or 108 per second, such as occur in wireless, pre- 
sents an interesting problem. The method of measure- 
ment consists in comparing the oscillation of unknown 
frequency with one of known frequency. In one method 
the known frequency is so low that it is in the region of 
audible frequencies, and so may be measured by the 
ordinary methods employed in acoustics. In another 
method the known oscillation has a very high frequency, 
so that the corresponding wave-length is so small that 
it may be measured on a Lecher wire system. Once 
this wave-length is known we can deduce the frequency 
from the relation c = nd. The methods of comparing 
the known and unknown frequencies, which are usually 
very different, is described in the next paragraph. 

Suppose two oscillating circuits A and B are tuned 
1 The action of this instrument is similar to that of the Crooke’s 

radiometer. 
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nearly to the same frequency, 7, and a circuit containing 
a pair of telephones and a rectifier is coupled to the two 
circuits. Then a whistle will be heard in the telephones, 
whose frequency is equal to the difference of the frequencies 
of Aand B. If now the frequency of A is altered, until 
it is nearly double that of B, another whistle will be heard. 
Whistles are also heard when the frequency of A is made 
nearly equal to three, four, etc., times the frequency of 
B, but the intensity of the whistles gets progressively 
weaker as we go up the series. The explanation of this 
phenomenon is as follows. The oscillation produced by 
the valve B is not simple harmonic in form, owing to the 
fact that the oscillations are large and the simple 
theory which we have so far given is far from complete. 
Since the B oscillation is periodic, but not simple har- 
monic, it can be analysed by Fourier’s theorem into a 
series of simple harmonic oscillations of frequency 
n, 2n, 3n, 4n, etc. These oscillations are all produced 
simultaneously when the oscillator is working, and, as 
the frequency of oscillator A is made nearly equal, suc- 
cessively, to n, 2n, 3n, etc., it forms combination tones 
with the various harmonics of B, and so whistles are 
heard in the telephones. If we arrange that the whistle 
heard should have zero frequency, we know that the 

_ frequency of A is equal to 1, 2, 3, etc., times the fre- 
| quency of B. In this way it is possible to ‘step up’ 
_ from a given fundamental frequency to a frequency 

which is some integral multiple of the fundamental. 
In making accurate measurements, involving this 
‘stepping up’ process, it is advisable not to adjust the 

| whistle frequency to zero, but to arrange that it is equal 
_ to the frequency of a standard tuning fork, so that the 
_ difference between the frequency of A and the corre- 
| sponding harmonic frequency of B is equal to the 
| frequency of the fork. 

In the first method for producing wireless waves of 
: known frequency, we start with a valve oscillating at an 
audible frequency which we measure by the ordinary 

_ methods available for the determination of acoustic 
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frequencies. Suppose, for example, that this frequency 
is 1,000 cycles per second. We now adjust a high- 
frequency oscillator B to give a combination tone of 
known frequency (e.g. 250 cycles) with one of the higher 
harmonics (e.g. the 50th) of the original oscillator. We 
then know that the frequency of B is 50,000 + 250, 
and simple tests enable us to tell whether the positive 
or negative sign is to be taken. Now by using the 
oscillator B as a subsidiary standard we can adjust a 
third oscillator C, so that it gives a heterodyne whistle 
with the 50th harmonic of B. The frequency of this 
oscillation is then 50[50,000 + 250] -+ 250. In this 
way we can produce an oscillation whose frequency is of 
the order of 10° and is known with an accuracy of about 
1 in 10,000. 

The oscillation produced by a valve does not contain 
any strong harmonics of high order. For the above ~ 
procedure it is therefore necessary to use a special valve 
arrangement known as a Multivibrator, which pro- © 
duces an oscillation which is very far from sinusoidal, 
and is hence rich in harmonics. In order to keep the 
frequency of the Multivibrator constant, the current 
from a valve-driven tuning fork is injected into its 
anode circuit ; this causes the natural frequency of the 
Multivibrator to ‘lock ’ with the constant frequency of 
the fork. The substandard B is a second Multivibrator. 
It is often convenient to arrange that the fundamental 
oscillation of the second Multivibrator is ‘ locked ’ with 
a high harmonic of the first vibrator. 

In the second method we start with a very high- 
frequency oscillator, which is used to produce stationary 
waves on a pair of Lecher wires. By means of a wire 
bridge, carrying a current-measuring device, which is 
placed across the wires, the nodes of current in the 
stationary waves are found, and in this way the wave- 
length is accurately deduced, and the frequency is 
calculated. The process of ‘stepping down ’ to lower 
frequencies is then just the reverse of the one already 
described. 
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By using the first method to measure the frequency 
of an oscillation whose wave-length is measured by the 
second method, it is possible, by means of the formula 
c = nd, to show that c, the velocity of propagation of 
the waves, is the same as the velocity of light. 

THE PROPAGATION OF WIRELESS WAVES 

During the travel of a wireless signal from a trans- 
mitter to a receiver, the waves are subjected to many 
disturbing influences, due to the fact that they have to 
travel over the surface of the earth and through the 
atmosphere. ‘There has long been reason for supposing 
that signals may travel from a transmitter to a receiver 
either directly, over the surface of the earth, or by 
being radiated upwards into the atmosphere and then 
being bent down, at a height of 50 or 100 kms., so as 
to reach the receiver in a down-coming direction. Much 
attention is being directed all over the world to the 
investigation of this problem. In England this work 
forms a large portion of the investigations carried out 
by the Radio Research Board, a Government Institution, 
working under the Department of Scientific and Indus- 
trial Research. 

It has now been definitely proved, by several methods, 
that waves radiated upwards are deviated downwards 
again by the action of the upper atmosphere. Appleton 
and Barnett,! working for the Radio Research Board, 
were the first to demonstrate this. As an introduction 
to the principles of the method, however, we will first 
describe a subsequent experiment due to the American 
investigators, Breit and Tuve,? the principles of which 
are somewhat easier to follow. 

In the experiments of Breit and Tuve a rapid succes- 
sion of very short Morse dots was transmitted, and an 
automatic record was taken of the signal strength at the 
receiver. If the signals travel by the two paths men- 

1 Appleton and Barnett: Proc. Roy. Soc., 109, p. 621, 1925 ; 
1134, p. 450, 1926. 

2 Breit and Tuve, Phys. Rev., 28, p. 554, 1926. 
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tioned above, then a dot will first be received by way 
of the shorter ground path, and, after a short interval 
of time has elapsed, it will be received a second time 
via the longer atmospheric path. Fig. 34 shows the 
kind of record obtained ; the dot A has travelled by way 
of the ground path, while the dot B has travelled by 
way of the atmospheric path. By measuring the time 
interval AB it is possible to deduce the difference in the 
lengths of the paths, and hence to calculate the height 
at which the waves were deviated. - 

In the method of Appleton and Barnett 4 a continuous 
signal is radiated from the transmitting station. The 
two sets of waves arriving at the receiver, via the ground ~ 

Received. Signal intensity 

> 

Time —> 

Fic. 34.—Double Signals received along Ground and Atmo- — 
spheric Transmission Paths 

and atmospheric paths, are capable of interfering with 
each other in the optical sense ; if the two waves arrive 
in phase they will add up to produce an effect equal to 
the sum of the two, while if they arrive out of phase they 
will subtract from each other. If the phase could be 
varied continuously in the same direction, the waves 
would get successively into and out of step, with the 
result that the received signal strength would oscillate 
between maximum and minimum valves. In the 
present method this continuous change of phase is 
produced by making a continuous change in the fre- 
quency of the transmitter. Fig. 35 (b) shows a record 
of the variations in the signal strength at a receiver, 

1'The experiments here described only demonstrate that there 
are two transmission paths of different length. In order to 
complete the proof that the waves are deviated in the upper 
atmosphere, a separate experiment was made, which showed that 
the waves are incident on the ground from above. Reference 
should be made to the paper already quoted, for details of the 
experiment. 
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when a frequency change is made at the transmitter, as 
indicated in Fig. 35 (a). By counting the number of 
maxima and minima through which the signal strength 
passes, as the transmitter frequency varies by a known 

—- 
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atmospheric wave 

Fic. 35.—Interference between Ground and Atmospheric Waves 

amount, it is possible to deduce the height at which the 
deviation of the atmospheric ray takes place. It is found 
that, for broadcasting wave lengths (200 to 500 ms.), 
this height is of the order of 100 kms., being greater 
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Fic. 36.—Variation of Height of Heaviside Layer with the time 
of day, as measured using waves of 400 ms. wave-length, 
and Transmission Distances of 100 miles 

than this in the middle of the night, but falling to lower 
values at sunrise (Fig. 36).1 

1 Tt is found that the height of the layer shows a close corre- 
lation with the time of sunrise, and for this reason the times 
shown in the figure are measured from the time of sunrise as zero. 
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It was at one time thought that the above-mentioned 
deviation was the result of a reflexion at a sharp layer, 
which was called the Heaviside layer, after Oliver 
Heaviside, who first suggested its existence. It is now 
thought that the deviation is more in the nature of a 
gradual bending,! brought about by the presence of free 
electrons in the upper atmosphere. These electrons are 
probably produced by the ionizing action of the sun’s 
ultra-violet light. During the day the upper atmosphere 
is strongly ionized down to a height of about 50 kms., 
and the waves are deviated at heights not much greater 
than this. At night, when the sun’s light is removed, 
the electrons which are already present recombine and 
are rendered ineffective, but at sufficiently high levels 
the rate of recombination is so small, owing to the 
scarcity of molecules, that it is easily possible for the 
electrons to persist, all through the night, in large enough 
numbers to produce the required bending. ‘The bending, 
however, now takes place higher up than is the case in | 
the daytime. This agrees with the results shown in 
Fig. 36. 

It can be shown that the free electrons not only 
deviate the waves, but also absorb energy from them. 
The amount of energy absorbed is greater when the 
electrons exist in a place where the pressure is high, 
than it is when they exist where the pressure is low. 
But we have just seen that in the daytime the electrons 
extend down into the lower regions of the atmosphere, 
where the pressure is high ; whereas at night they are 
confined to the upper atmosphere, where the pressure 
is lower. ‘Thus the atmospheric ray is strongly absorbed 
during the day, while at night it is deviated without 
being appreciably weakened. 

The electrons exert still another effect. It can be 
shown that, because they are situated in the permanent 
magnetic field of the earth, they are capable of altering 

1 There is some reason for supposing that the process is one 
of gradual bending in the case of short waves, but one of true 
reflextion in the case of long waves. 
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the polarization of any waves which pass through them. 
Thus a wave sent up with electric vector entirely in the 
vertical plane of propagation may come down with a 
component of its electric vector at right-angles to this 
plane. In the next section we shall see the importance 
of this in ‘ direction-finding ’. 

It is not only the atmospheric ray which is influenced 
by the medium through which it passes; the ground 
ray, also, is much influenced by the nature of the sur- 
face over which it travels. During its travel, the wave 
induces eddy currents in the soil, and these represent 
loss of energy, so that the energy of the wave is gradually 
absorbed and the wave is said to be attenuated. 
Theory and experiment show that this attenuation is 
much more rapid for short waves than for long, and is 
also more rapid over land than over sea-water. Quite 
apart from this question of attenuation, the signal 
intensity falls off much more rapidly than with the 
inverse square of the distance, because of the curvature 
of the earth. The waves have to travel round the 
earth by a process of diffraction and it can be shown 
theoretically that no signals of appreciable strength can 
reach a quarter way round the earth due to ‘ground ray’ 
propagation alone. 
We are now in a position to understand most of the 

effects which are produced by the action of the Heaviside 
layer. We may classify them according to distance and 
wave-length. 

(1) At great distances on all wave-lengths, the ground 
ray is completely absent, and reception is due solely to 
the atmospheric ray. If it were not for the Heaviside 
layer no signals could ever reach even a quarter way round 
the earth; actually signals have been observed which 
have travelled two and a half times round the earth.+ 

The atmospheric ray is always present, due to elec- 
tronic deviation, but is much more intense during the 
night than during the day, for reasons mentioned above. 
The signals are hence strongest when night conditions 

i See p. 99. 
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hold over the entire line of travel of the waves. The 
above-mentioned phenomena are much in evidence in 
the transmission from the Continent to England, on 
broadcasting wave-lengths (200-500 ms.). It is a fact 
of common experience that the Continental ‘medium 
wave’ stations cannot be heard in the day, but often 
overpower the English stations at night. 

If the path is half-day and half-night the conditions 
are complex, and fluctuations in signal strength take 
place, while if it is all daylight the signal is steadier, 
but much weaker. It is often found that signals to the 
Antipodes prefer to travel by way of a long path which 
lies mostly in the ‘ night-time’ region, rather than by 
a shorter path over which daytime conditions exist. 
In the case of the ‘beam’ service to Australia, for 
instance, it is found advantageous to direct the beam 
in an easterly direction at some times of day, but to 
send it towards the west at other times. 

(2) At medium distances. . 
(a) Long Waves (greater than 1,000 ms.). For these 

wave-lengths it is found that the down-coming wave 
remains very constant in phase relation to the ground 
wave, and if both are of roughly equal intensity a sta- 
tionary wave system may be formed. Such a system 
due to the signals from St. Assize (14,000 ms.) has been 
shown to exist in England. 

(6) Medium Waves (broadcasting waves, 200-500 ms.). 
For these waves and distances of about 100 miles the 
atmospheric ray is absent in the daytime, being com- 
pletely absorbed in the upper atmosphere. Reception 
is then due to the ground ray alone, and is quite con- 
stant. At night the atmospheric wave appears, with 
intensity roughly equal to that of the ground ray, and, 
as the phase relation between the two varies, due to 
changes in the Heaviside layer, interference effects take 
place which cause the signal strength to fluctuate wildly, 
producing a waxing and waning of strength, known as 
fading. 

1 Hollingworth : Proc. Instit. Electr. Eng., 64, p. 579, 1926. 
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(c) Short Waves (below 100 ms.). The frequency of 
these waves is so high that there are not enough electrons 
in the layer to bend them down at sharp angles, so as to 
reach a nearby receiving station. As shown in Fig. 37, 
it is necessary to go to a distance TA from a transmitter 
T before we can find a ray which makes a sufficiently flat 
angle to be bent down. No atmospheric ray is received 
within the distance TA. The ground ray is received 
near T’, but on the short waves the attenuation is very 
rapid, and the ray effectively disappears past a point 
such as B. Thus, within the distance BA no signal is 
heard ; this distance is called the skipped distance. 

a B A 

Fic. 37.—To illustrate the ‘Skipped Distance’ Effect in the 
propagation of Short Waves 

(3) At short distances, for all wave-lengths, reception 
is due entirely to the ground ray, and loud and constant 
signals are heard. 

Further application of the ‘echo’ method of Breit 
and Tuve (see p. 93) has recently led to some interesting 
results. Signal echoes have been observed, at intervals 
of about 4+ second after the transmission of the dot. 
These correspond to waves which have travelled right 
round the earth. Occasionally signals which have 
travelled two and a half times round the earth have 
been recorded.? 
On very rare occasions it is found that signal echoes 

occur at intervals of the order of 30 seconds after 

1 Appleton: Proc. Cambr. Phil. Soc., 23, p. 155, 1926. 
2 Quick: Zeits. fir Hochfrequenztechnik, 30, 2, p. 41. 
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the transmission of the original signal. Two theories — 
are available to explain the occurrence of these echoes. _ 

According to the one theory the waves are supposed — 
to penetrate the Heaviside layer (somewhat as shown 
in Fig. 37) and travel out in space for a distance of 
some millions of miles, till they are reflected from a 
stream of electrons proceeding from the sun; they 
then return to the earth to produce the echoes observed. 
The other theory supposes that the waves travel 
round the earth in the Heaviside layer, but with a 
much reduced velocity, owing to the action of the 
electrons. 

DIRECTION FINDING 

We have seen that reception on a loop aerial is due to 
the fact that the changing magnetic flux which cuts 
through the loop induces an E.M.F. in it. This E.M.F., 
and hence the received signal, will have a maximum 
value when the changing magnetic flux is perpendicular 
to the plane of the loop, and will be zero when the flux 
is in the plane of the loop. Observations on the strength 
of the signal received, as the orientation of the loop is 
altered, will therefore fix the direction of the magnetic 
force in the wave. This, however, does not fix the 
direction of travel of the wave, for all we know is that 
the latter is perpendicular to the magnetic vector, and 
for a fixed direction of the magnetic vector an infinite 
number of directions of travel are possible. The 
direction of the electric vector can, however, also be 
fixed, by finding when the signal received on a straight 
wire is a maximum, for we then know that the wire 
lies along the direction of the electric vector. Having 
done this, we can deduce the direction of propagation, 
for it is perpendicular both to the electric and magnetic 
vectors. In actual practice it is found that in the 
daytime the electric vector is perpendicular to the 

1 Stormer: Nature, 122, p. 681, 1928. 
Van der Pol: Nature, 122, p. 878, 1928. 
Appleton: Nature, 122, p. 879, 1928. 
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ground,' so that the process of direction finding consists 
in rotating a vertical loop aerial until the observed signal 
falls to zero intensity ; we then know that the direc- 
tion of travel of the wave is perpendicular to the plane 
of the loop, and is along the surface of the ground. 
In this way it is possible to fix the bearings of the 
transmitting station. If we fix the bearings of two 
transmitting stations, whose actual positions are known, 
then, by plotting on a map, we can locate our own 
position; or, conversely, if the bearings of a trans- 
mitting station of unknown position are taken at two 
receiving stations whose positions are known, then it is 
possible to deduce the position of the transmitter. 
These methods are much used for fixing the positions 
of ships at sea. 

At night-time it is known that some of the waves 
radiated from a transmitter travel into the upper 
atmosphere, where they are deflected so as to reach 
the surface of the earth, at the receiver, in a down- 
coming direction. During their passage through the 
upper atmosphere their polarization is, in general, 
changed, so that the signal which reaches the receiver 
may have both horizontal and vertical components of 
magnetic force, and may even have a component lying in 
the plane of propagation (see p. 97). These components 
are not necessarily in phase, either with one another or 
with the ground wave; it is therefore easily seen that 
the variation of the signal strength, as the receiving 
loop is rotated, may be very complicated, there may be 
no position of zero signal, or there may be a zero position 
which depends on the unknown polarization of the down- 
coming wave, and which bears no known relation to the 
direction of propagation of the signal. This pheno- 
menon is known as the Night Effect, and under these 
conditions wireless direction finding is not reliable. 
A method of direction finding, known as the rotating 

1This is not strictly true. It has been shown that, even in 
the daytime, the electric vector deviates a few degrees from the 
vertical due to the finite conductivity of the ground. 
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coil beacon, has recently been brought into use.+ 
Its action depends on a perfectly general principle, that 
the spatial distribution of transmitted power is exactly 
the same as the spatial distribution of ‘reception 
efficiency ’. Thus a loop aerial, when used as a trans- 
mitter, will radiate maximum energy in the plane of the 
loop, but will radiate nothing at right-angles to this 
plane. In the application of this principle, a loop 
transmitter rotates continuously at the rate of one 
revolution per minute. As it rotates it sends out a 
continuous radiation, so that an observer receiving the 
transmission hears a signal which waxes and wanes as 
the plane of the loop passes into and out of the plane of | 
propagation. The beacon transmits a special signal 
when it is pointing due north and another when it is 
due south. At either of these times the listener starts 
a stop-watch and waits until the signal disappears. 
From the time elapsing, the bearing of the receiver 
from the transmitter can be found. : 

The advantage of this method lies in the fact that no 
special apparatus is needed at the receiver, the complexi- 
ties of the rotating loop arrangement are localized at 
the fixed radio beacon station. 

1 Gill and Hecht: Journ. Inst. Electr. Eng., 66, p. 241, 1928; 
Smith-Rose and Chapman : Journ. Instit. Electr. Eng., 66, p. 256, 
1928, 
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