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Preface 

For practical reasons Volume II has been written so as to be 
as independent as possible of Volume I—even to the extent of 
a separate introductory chapter which discusses the basis of 
radiation in a non-mathematical manner. In addition con¬ 
siderable use has been made in the second volume of design 
curves based on a logarithmic scale, since in this way polar 
diagrams may be calculated without even the use of a slide rule. 
For example, the polar diagram and gain of a rhombic antenna 
may be determined very simply, using only a piece of tracing 
paper and a pencil, by means of the curves in Chapter VI. 
If one wishes to know the actual equations involved, these may 
be found in Chapter IV, Volume I, and their derivation may, 
in turn, be traced right back to the fundamental laws of 
electromagnetism. 

The designing of antennae frequently involves a considera¬ 
tion of the propagation conditions; for this reason I have 
included a chapter on propagation which covers all the 
requirements which one might normally meet. A complete 
chapter on transmission lines has also been included. 

Nevertheless I am conscious of several omissions in this 
book: for instance, the properties of waveguides receive only 
scant mention, there is no discussion of antenna systems as 
applied to navigational aids; furthermore the impedance 
concept has only been used to a limited degree. 

Omissions of this nature have occurred because it was 
necessary to keep the book to a reasonable size, or because the 
subject was still in a state of flux. Also the book makes no 
special reference to measuring techniques. It is difficult to 
include a coherent account of such techniques, in spite of the 
fact that it is now possible to obtain commercial field strength 
and impedance measuring equipment over a wider range of 
frequencies. 

Throughout the book 1 have used M.K«S. units and the 
metric system as far as possible. Perhaps no one is brought 
more face to face with the absurdities of our systems of units 
than the antenna engineer—^he finds himself dealing with 
conductivities in e.s.u., ppwers in practical units, field strengths 
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VI Preface 

in millivolts per metre at one mile, antenna dimensions in feet 
and, as a crowning stupidity, wire gauges and bolt sizes that 
conform to no simple or universally recognized standards at all. 

I am indebted to Standard Telephones & Cables, Ltd., 
for permission to publish this work and in particular I should 
like to express my indebtedness to Mr. W. L. McPherson 
for his advice and encouragement. The manuscript has been 
examined by a number of people each of whom has reviewed 
two or three chapters and I should like to record my thanks to 
Mr. F. L. Brown, Mr. R.. F. Cleaver, Dr. F. G. Hawkins and 
Dr. J. D. Weston for their comments and criticism. 

For the appendix on mechanical design I am indebted to 
Mr. L. Linder for considerable assistance and advice. 

Many of the illustrations are based on figures which have 
appeared in various technical journals and I am grateful to 
the publishers of these journals for permission to use them. 
In this respect I am especially indebted to the Journal of the 
Institution of Electrical Engineers and to the Proceedings of the 
Institute of Radio Engineers. The excellent articles which have 
appeared in these two journals virtuailly form the foundations 
of this volume and I owe much to the authors of these articles. 

Other publications from which I have obtained figures are 
the Journal of Applied Physics, the Philosophical Magazine, and 
Electric Waves and Electric Oscillations, by G. W. Pierce (McGraw- 
Hill Book Co. Inc.). In every case the source has been indi¬ 
cated with the figure caption. 

My thzinks are also due to the companies and other bodies 
which have been kind enough to supply me with photographs. 
These are also acknowledged individually. 

The task of proof reading has been greatly lightened by the 
efforts of my father and my wife. Most of the drawings have 
been prepared by Mrs. 1. Coyston and Mr. J. Mitchell to 
whom I would like to express my thanks. 

Finally I would like to thank my wife for her most valuable 
assistance and in particular for c^culating practically all the 
original curves which appear in this book. Without her co¬ 
operation and encouragement this book would probably never 
have been written. 

H. PAUL WILLUMS 
Wimhmori HiU 
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CHAPTER I 

General Survey of Antennae 
and Propagation 

The aim of the following sections is to give the reader a simple 
overall picture of radio antennae and to state the basic prin¬ 
ciples of radiation in a manner that is mainly descriptive. At 
the same time the general aspects of radio-wave propagation 
are also discussed, for they are inseparable from the design of 
antenna systems. All design details have been omitted; they 
will be found in the subsequent chapters to which the present 
account is in the nature of an introduction. 

It is not essential to have studied any of the contents of 
Volume I before reading this chapter (or, for that matter, 
before reading any of the chapters in this volume). However, 
references to Volume I are given wherever they might prove 
useful for further study. 

Since a general discussion involves frequent reference to 
the order of the wavelength under consideration, it is appro¬ 
priate to state beforehand what classification of the frequency 
spectrum is employed in the text. The classification is as 
follows— 

Long waves 
Memum waves 
Short waves . 
Ultra*short waves 
Microwaves 

Wav€Ungth 
above i ooo m 

lOO m to I ooo m 
lo m to loo m 

. 1 m to xo m 
below I xn 

Ftequmy 
below 300 kc/s 

3 ooo kc/s to 300 kc/s 
30 Mc/s to 3 Mc/s 

300 Mc/s to 30 Mc/s 
above 300 Mc/s 

It is true that the use of names indicating the order of the 
frequency would be more scientific, but the use of a wavelength 
terminology can be defended when dealing with antennae on 
the grounds that it results in an inunediate comprehension of 
the order of the dimensions involved. It has been the author’s 
experience that the majority of engineers think in terms of 
wavelengths despite the fact that the frequency is more funda¬ 
mental. Wliwnever the wavdength is r^anred to without 
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2 Antenna Theory and Design 

qualification we understand it to mean the wavelength in free 
space or air; this is given by 

3 X 10* 
^metres — r 

l.l. CONDITIONS FOR RADIATION FROM A CIRCUIT 

Radiation from Current Elements 

In discussing the electric or magnetic fields associated with 
a radiator it is convenient to start by considering the field 
fi:om a doublet. A mathematical definition of a doublet is 
given in Vol. I, but from a physical point of view we may think 
of a doublet as a short piece of wire excited by a uniform 
current. (By a “short” piece we mean one whose length is 
short in comparison with the wavelength.) Any practical 
antenna may be subdivided into a series of doublets and the 
total field found by integration. 

An analysis of the field due to a doublet {see Vol. I, § 4.2) 
shows that the electric component consists of— 

(a) An electrostatic field which depends on the instan¬ 
taneous charge distribution, 

(A) An induction field which is determined by the velocity 
of the charges (i.e. by the current) in the system, 

(c) A radiation field which depends on the acceleration 
of the charges (i.e. on the frequeruy as well as on the strength 
of the current). 

The radiation field varies inversely as the first power of the 
distance while the induction and static fields vary inversely as 
the second and third powers respectively; as a result the 
radiation component soon predominates over the others, 
except along the axis, where the radiation field is zero. For 
example, in the equatorial plane of the doublet at a distance 
of only one wavelength the radiation field already accounts for 
over 95 per cent of the total electric intensity. Consequently 
the word “field” may be taken as being synonymous with 
“radiation field” except in the immediate vicinity of the 
radiator and along the axis. / 

With these provisos in mind we may say that the field due 
to a doublet depends on the current strength, direction of field 
point and finquency in the manner shown in Fig. i.i. 



General Survey of Antennae and Propagation 3 

The radiation field arises through an outward flow of power 
from the wire travelling at the velocity of light and, unless 
there are some nearby reflectors, the whole of the out-going 
power is eventually dissipated. Thus an antenna is a dissipator 
of power and as such will have some apparent value of resist¬ 
ance at the input terminals. The effect of reflecting surfaces 
or wires is merely to change the total power dissipated and 
hence the input resistance. 

This apparent resistance of the antenna is termed the 
radiation resistance” and gives the total power radiated 

when multiplied by the square of the 1 

current. The value of the current is, of ^ 
course, dependent on the point at which | 
it is measured so that the radiation 1 
resistance refers to this point also. Usually I X \ 
the reference point is either at the input • e \ 
terminals or at a current antinode. ; 

To illustrate the influence of frequency it|l" I 
on the properties of an antenna, we may I 

consider a short length of wire which is ‘ 
supplied in case {a) by a generator of n id>nne ^ 
frequency^ and in case {b) by a gener- " s * r ‘ 
ator of frequency /g where f2'>fi- £»»dutcttd 0101^9 0 imt ot 

In order to obtain the same radiated lon^uudt 

field strength at a distant point in the Field due to an 

two cases, we must have a far greater 
current at the lower frequency fi than at —^for the field 
strength is proportional to (current) x (frequency). Assuming 
equal powers are supplied in both cases and that there are no 
heat losses, it follows that generator (c) is feeding into a circuit 
whose effective resistance is times lower than in case {b), 
i.e. the radiation resistance of a short antenna varies as the 
square of the frequency. 

It would appear, therefore, to be just as easy to obtain a 
given field strength at the lower frequency^ as at/g provided 
that the generator in the first case is capable of delivering the power 
into such a low load resistance. In practice this proviso is a serious 
obstacle to the use of frequencies in cases where the length of 
the antenna is very short in comparison with a wavelength. 
Furthermore the heat losses are also serious under such condi¬ 
tions, particularly when the ground is part of the antenna 
circuit. Yet another difikulty with relatively shoirt antennae 
is that they have a higher reactive impedance which must be 
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tuned out by an inductance, thereby introducing further heat 
losses in the antenna circuit. 

Practical Forms of Radiators 

So far we have only considered ah antenna consisting of a 
“short” piece of conductor. In more general cases, the field 

! ! 
.p 

Strength of a system de¬ 
pends on the phasing of the 
current elements as viewed 
from the point under ex¬ 
amination. 

Thus in Fig. 1.2 {a) the 
field strength at a distant 

<M .p point P is very low when 
< A. This represents the 

case of a normal trans- 

Zero Rodlatnn 

4«« A 
I ii of the 

Oircetbn of maximum 
^radiation in (he 

vcrticol plane 

I OirecUon of 
^ Zero RoOkiiien 

Fio. 1.2. Diagrams for Radiation from 
VARIOUS Types of Sources 

(a) A portion of « paroUdi-wire transmisfion linot 
{h) A imail loop, (c) A dipole. 

mission line in which the 
separation between the 
lines is relatively small. 
Increasing the spacing in¬ 
creases the field until a 
maximum is reached when 

d = ~: further increases 
2’ 

would cause the field to 
dixninish and when d = X 
there would be complete 

cancellation at P (although in certain other directions the field 
components would be augmenting each other). 

In Fig. 1.2 {b) the loop of wire would have negligible radia¬ 
tion at a distant point if h < A since for every element of 
current dl' there is an equal and opposite element dl". Hence 
the radiation fi-om ordinary radio-frequency coils, in which the 
dimensions are small in comparison with a wavelength, is 
negligible. 

Fig. 1.2 («) represents the case of a transmission line the 
ends of which have been bent outwards until they are collinear. 
The radiations from these two portions therefore augment each 
other in the direction shoMm. 

Since the end of the transmission line is now a good radiator 
it will have greater power lostos than in the unbent Case (sltoWQ 
dotted in Fig. i.a (r)). The same losses could be introduced 
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into the latter by assuming the line to have an appropriate 
value of uniformly distributed series resistance. In this way 
we arrive at an ‘‘equivalent transmission line’* whose input 
impedance equals that of the antenna for both real and 

t.'Uf 
Fio. 1.3. Electric Lines of a Linear Radiator at Different 

Phases of a Cycle 

imaginary terms. This conception of an equivalent transmission 
line may be used in antenna calculations in the manner 
described in Vol. I, § 5.3. 

The previous discussions indicate that in order to obtain 
good radiation from the alternating current circulating ih some 
system, this system should be “opened out” to provide a path 
of current whose length is comparable to a wavelength without 
at the same time itUroducing a return peUh in which the currents are 
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in antiphase as viewed from the field point. Here then we have 
a generalized statement of the problem of creating an 
antenna. 

One solution is that shown in Fig. 1.2 (r) and repeated 
again in Fig. 1.3 with the generator directly across the ter- 

Full line ocural current distribution 

Dotted line «■ sinusoidol current 
distribution os ossumed 
for most theoretical 
cokulations 

Fig. 1.4. Modification to a Sinu¬ 

soidal Current Distribution due 

TO Radiation 

minals of the antenna. In the 
latter figure a succession of 
pictures illustrating the electric 
lines of force at varying times 
of a complete cycle is shown. 
These pictures indicate how 
one may regard the radiated 
energy as “snapping oflF” from 
the antenna due to the rapid 
variations in current taking 
place along the wire. The 
current distribution along the 
antenna is in the form of a 

standing wave for complete reflection takes place at the end 
of the wire. This standing wave is not quite sinusoidal as 
would be the case in \ / 
a lossless portion of \ / 
open-circuited trans¬ 
mission line, but has 
the slightly modified 
distribution apper¬ 
taining to a line of 
equivalent total losses 
{see Fig. 1.4). 

Another solution is 
illustrated in Fig. 1.5, 
in which the lower 
half of the previous 
antenna has been re¬ 
placed by a good con¬ 
ductor which, as in the 
case of medium and 
long waves, is usually 

Full linu^aB rctaiivc currem ompliuidcs shown 

9rophicolly 

Doited lines m electric tines of force in oir 

Fio. 1.5. Current Distribution with a 

Grounded Antenna 

the earth. Again a standing wave is set up, but this time the 
current in the lower member surges radially to and fro froni 
the base of the antenna. When the lower conductor is die 
^ound, considerable heat losses may take place, and to minima 
vUi such losses it is necessary to bury extra radial conductors in 
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the earth—alternatively an artificial or “counterpoise” earth 
system may be used. 

It will be noticed that both the solutions given make use 
of standing waves, i.e. we overcome the difficulty of a nearby 
return current by omitting altogether a conducting return path, 
but by leaving the ends open-circuited we cause the current 
to surge up and down the unterminated conductors. The 
process may therefore be viewed as the rapid charging and 
discharging of a capa¬ 
citor whose lines of 
force fill the neigh¬ 
bouring medium and 
which consists of the 
capacitance between 
the two conductors 
on either side of the (a) Rhotntiie Anurma 

generator. 
However, it is not 

essential that a stand- 
ing-wave method 
should be used. If a 
correctly terminated 
section of a trans¬ 
mission line were suf- (J,) Beverage Antenna 

ficiently opened out Travbluno-wave Type Antennae 

the radiation from 
the two sides would no longer cancel but would result in 
appreciable radiation in certain directions. The directions 
in which such radiation takes place depends on the time and 
space phasing of the current elements into which the system 
may be analysed. A typical antenna of this type is the well- 
known rhombic antenna illustrated in Fig. 1.6 (a). 

Another form of travelling-wave antenna is the wave or 
Beverage antenna (Fig. 1.6 [b)) in which the earth forms one 
of the conductors. This is used mainly as a receiving antenna, 
for it relies on the earth losses to produce the necessary wave 
tilt. Nevertheless its inefficiency from a transmitting point 
of view is compensated for to some extent by its directivity 
and great effective height, so that transmitting wave antennae 
are not unknown. 

It will have been noticed that apart from the classification 
of antennae into standing- or travelling-wave radiators, it 
is possible to group them into grounded and ungrounded 
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radiators. Such a grouping has certain advantages for a 
general discussion and permits convenient mention of the 
historical background to antennae. 

i.2. GROUNDED AND UNGROUNDED RADIATORS 

The Ungrounded or Hertz Antenna 

When Hertz made his classical experiments in 1888 he used 
antennae consisting of loops of wire, the ends of which ter¬ 
minated in a spark gap. For transmission the loop was ener¬ 
gized by a Leyden jar in series while a similar loop (but without 
a Leyden jar) formed the receiver. The damped oscillations 
obtained in this way had a wavelength of about eight times 
the diameter of the loop. It might also be added that Hertz 
employed parabolic reflecting sheets which focused the radia¬ 
tion from his spark-gap oscillators, thereby originating a form 
of directive antenna which has become more common again 
with the advent of good generators for microwaves. Thus these 
early experiments used ungrounded radiators at ultra-short 
wavelengths. 

Provided an ungrounded radiator is situated a wavelength 
or more above the earth, the earth plays a negligible part in 
the determination of the characteristics of the radiator. It is 
therefore easy to avoid losses in such a radiating system and 
to obtain a high ratio of radiated to dissipated power. This 
favourable situation is, of course, greatly helped by the fact 
that the wavelengths concerned are short enough to make it 
possible to use radiators whose dimensions are of the same 
order as a wavelength (this follows from the initial assumption 
that it is physically possible to raise the radiator at least one 
wavelengA above the ground). 

We have been using the word “radiator” so far as synony¬ 
mous with “transmitting antenna,” but the same remarks 
hold true of receiving antennae. Indeed, a receiving antenna 
is merely a radiator in which excitation is in the form of a 
distributed e.m,f. in contrast with the transmitting case where 
the excitation is due to a concentrated e.m.f. In this chapter 
we shall therefore use the word “radiator” to imply an acti¬ 
vated antenna whether in the receiving or transmitting condi¬ 
tion. (In antenna design a distinction arises between the 
transmitting and receiving design because in the first case one 
is interested in radiating the maamum amount of ponhrat*. 
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whereas in the second case it is the signal-to-noise ratio which 
is the main consideration.) 

Practical examples of ungrounded radiators are television 
antennae, short-wave arrays, parabolic antenna systems and 
horn radiators. A characteristic feature of this class of radiator 
is that ordinary geometrical optics may be used in the study 
of the propagation from such antennae. That is to say, the 
radiator may be regarded as a source of spherical waves whose 
behaviour can be analysed without making any allowances 
for the effect of neighbouring bodies (such as the earth) on 
the radiator itself. 

In spite of the high efficiency of ungrounded radiators they 
were sooti abandoned in the early history of radio. This was 
due mainly to the lack of satisfactory methods of generating 
the higher radio frequencies, but also to the fact that it was 
soon found that great distances could be covered by the use 
of long wavelengths. Before passing on to grounded radiators, 
however, it should be mentioned that in 1897 Marconi suc¬ 
ceeded in transmitting over a distance of eight miles across the 
Bristol Channel using a wavelength of 1*25 m. In the course 
of these experiments the importance of elevating the antennae 
as much as possible was clearly demonstrated. This is a feature 
of ultra-short-wave propagation and is seen nowadays, for 
example, in television transmissions in which both transmitting 
and receiving antennae are raised as high as practicable. 

The Grounded, or Marconi, Antenna 

It was the use of the long wavelengths together with a grounded 
radiator that first made long-distance radio communication 
possible. For his famous experiment of 1901, in which radio 
signals were first received across the Atlantic, Marconi used 
grounded transmitting and receiving antennae and a wave¬ 
length of I 300 m. At the transmitting site in Cornwall the 
antenna consisted of a fanlike structure suspended between 
masts 52 m high, while at the receiving end in Newfoundland 
a wire 150 m long suspended from a kite was employed. 

The success of these experiments was, of course, due to the 
existence of reflecting layers in the upper atmosphere and the 
use of a frequency that was not high enough to penetrate these 
layers. For the present, however, We shall confine our attention 
to the antenna aspect of the story. The fact is that Marconi 
had devised an antenna system in which the earth formed 
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part of the oscillatory circuit. In this way the linear dimensions 
of the radiator were halved whilst maintaining the same current 
distribution along what was the upper half of the ungrounded 
radiator. 

A vertical transmitting antenna which is grounded in this 
way is capable of giving considerable field strengths along the 
surface of the earth provided medium or long waves are used. 
The first two decades of this century therefore saw the estab¬ 
lishment of a number of long-wave stations employing tall 
grounded radiators which were energized by means of arc or 
high-frequency alternator machines. One might almost say 
that this period in the history of radio reached its culminating 
point in 1927 with the establishment of the G.P.O. station at 
Rugby which used an antenna system supported by twelve 
masts each 250 m high and operated on a wavelength as long 
as 18 000 m (it should be added that by that time valves were 
being used instead of arcs or alternators). At such a great 
wavelength the earth and the ionosphere together form what 
is virtually a transmission line, and in the space between them 
waves are able to propagate with relatively little attenuation. 
In fact, with the high power used at Rugby it became possible 
to have a 24 hr telegraph service to most parts of the globe. 

In the meantime the ungrounded radiator had taken on a 
new lease of life for it was discovered that great distances could 
be spanned with remarkably little power by the use of short 
waves. These discoveries were made largely by amateurs who 
worked on wavelengths that had been assigned to them because 
they had been considered virtually useless from a commercial 
point of view. By 1926 the Marconi Wireless Telegraph Go. 
had established a regular service between Bodmin and Canada 
using wavelengths of 16 and 32 m. The antenna used at 
Bodmin was the first example of a commercial “beam array 
and was named afler its inventor, G. S. Franklin. 

From that time on, more and more short-wave beam systems 
came into use for their cost is only a fraction of the equivalent 
long-wave station. But simultaneously with this development, 
a lai^e number of broadcasting stations were set up using 
medium waves and^^ounded radiators—a combination which 
gives an efficient local service over a radius of 150 km or so. 

The present situation may be summarized by saying that 
grounded radiators are used at very long mvelengths for long¬ 
distance commercial services, and at medium wavelengtl^ for 
local broadcast services. On the other hand ungrounded radiators 
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are employed at short wavelengths for commercial, broadcast 
and amateur services over medium and long distances, at 
ultra-short wavelengths for various local services, and with 
microwaves for a great variety of purposes such as radar, radio 
altimeters, navigational aids and radio-telephone links. 

The Tuning of a Radiator 

It is well known that in order to obtain the maximum circu¬ 
lating current in a circuit the series reactance should be zero. 
Since the radiation from an antenna system is proportional 
to the current, it follows that the same need for tuning out the 
reactance arises in the case of antennae. 

The typical form of an ungrounded radiator is the half-wave 
dipole which, when actually half a wavelength long, has an 
impedance of 73 ohms in series with 42 ohms inductive react¬ 
ance. A much simpler way of tuning out this reactance than 
by adding a series capacitor is to shorten the length by about 
5 per cent, whereupon the reactance may be reduced to zero 
(at the same time the radiation resistance is reduced to between 
60 and 70 ohms). A half-wave dipole tuned in this manner 
forms an excellent radiator for, with any conductor of reason¬ 
able conductivity, the loss resistance is but a fraction of am ohm. 

We may define the Q, of an antenna in a similar manner to 
that of a tuned circuit, i.e. as the frequency on tune divided 
by the bandwidth measured between points at which the 
admittance is -y/a times that on tune. A thin half-wave dipole, 
whose length-to-diameter ratio is of the order of 10 000, will 
have a (2, of about 10, but a thick dipole, whose length-to- 
diameter ratio is only of the order of 10, has a. of about 2 
or 3. The precise figures depend on the shape and, except in 
the case of a spheroidally shaped or very thin antenna, are 
still not computable to any high degree of accuracy. 

Most grounded radiators have an electrical height which is 
shorter than a quarter of a wavelength. As a result it is neces¬ 
sary ^to resort to tuning out the capacitive reactance of such 
antennae by means of a so-called ‘loading coil” at the base 
of the antenna. The situation is aggravated at really long 
wavelengths by the fact that the inductance must be large 
and yet have a very low resistance—for the radiation resistance 
of a long-wave antenna may be but a fraction of an ohm. In 
such cases the coU may consist of Litz wire having as many as 
6 000 strands and a Q,of 2 000. 
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Figures of Merit 

In many cases, particularly where grounded vertical radiators 
are concerned, it is convenient to specify the performance of 
an antenna in terms of a “figure of merit.” This figure is 
usually taken to mean the field strength in some specified 
direction at i km distance for i kW input to the terminals of 
the antenna. When the direction is not specified it is assumed 
to be either along the ground or, in the case of a free-space 
dipole, in the equatorial plane of the dipole. 

Assuming the radiation resistance of a half-wave dipole to 
be 73-2 ohms we find (the calculation is given in Vol. I, § 4.4) 
that the field strength in the equatorial plane at a distance of 
I km for I kW is given by 

E = 222 mV/m 

The field strength varies directly as the square root of the 
power and inversely as the distance, so that the above ex¬ 
pression may be modified to 

TmvD 
VP 

— 222 

where E„y — field strength in millivolts/metre, 
D = distance in kilometres, 
P = radiated power in kilowatts. 

(i.i) 

Unfortunately the above units, which follow the conven¬ 
tional method of presentation, do not conform to the M.K.S. 
system. In the latter system the expression is given to an 
accuracy of ^ per cent by 

Er . 
y^-7 • • • (l-2) 

where E = field strength in volts/metre, 
r = distance in metres, 

W — radiated power in watts. 

The corresponding case in a grounded antenna to a half¬ 
wave free space dipole is the quarter-wave vertical radiator 
shown in Fig. 1.7 {b). Such an antenna has exactly half the 
impedance of the corresponding free-space antenna, so that 
a quarter-wave antenna has an impedance of 36*6 ohms (the 
value 36 ohms—or 72 ohms for the half-wave dipole—^is often 
used since die mecise value is open to dispute). For a given 
input power, therefore, the antenna (i) has -v/a times the 
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current of antenna {a). Moreover when considered together 
with the image in the ground, it has effectively the same total 
length as antenna {a). Consequently, the field strength from 
the grounded quarter-wave antenna is \/2 times greater, so 
that for such an antenna 

y/P 314 (i-3) 

The extra field strength of the grounded radiator is simply 
due to the fact that the 

(o) Half-wave 

Dipole 

(b) Grounded quarter- 

wave Antenna 

>2 

Fi9urc of merit 

- 7 
/w 

■222 
/P 

E ■ field sircn^ih in 

777777////// 

fn9urc of merit 

(zero earth louce) 

/W 

O** §my5«3i4 
/P 

energy is being radiated only 
through a hemisphere. 

In M.K.S. units the above 
figure of merit becomes (to 
an accuracy of i per cent) 

It will be noticed that in 
both cases the M.K.S. ver¬ 
sion gives particularly simple 
values, each having an 
accuracy which is perfectly 
satisfactory, taking into con¬ 
sideration the lack of pre¬ 
cision in radiation resistance 
figures. On the whole, equa¬ 
tion (1.3), or the short 
antenna variation of it given below, will be found suitable for 
long- and medium-wave calculations, whereas (1.2) forms a 
convenient basis for calculations on shorter wavelengths. The 
short antenna variation of (1.3) (i.e. for heights below o*iA) is 
particularly convenient and forms the basis of most field 
strength charts; it is given by 

. . . (1.5) 

volu/metre 
Ej5 • • • miHivoItt/metre 
W« rodioud power in watu 
P* • • • kiiowatu 
r • distonce in metres 
0* • • kilometres 

Fio. 1.7. Figures of Merit for Free¬ 
st ace Half-wave Dipole and Grounded 

Quarter-wave Antennae 

For vertical antennae whose heights exceed o*iA the propor¬ 
tionality factor given by Fig. 2.28 may be used. 

In the case of grounded radiators, it must be remembered 
that the figure of merit would only give the field strength at 
any distance if the earth were a perfect conductor. At distances of 
a few kilometres and more there will be definite ground losses 
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which will reduce the field strength obtained in practice, even 
if the antenna has a perfect earth return system. On medium 
and long waves it is fairly reasonable to take a field strength 
measurement at a distance of i km and call the result the 
figure of merit, but on short waves the strength at even i km 
may be well below the theoretical value. Thus it will be 
realized that the figure of merit is essentially an index of the 
degree of horizontal radiation from an antenna and that 
in estimating field strengths the attenuation of the earth 

^ must also be taken into 
account. 

T/r/T/rTTr/////////////////////////// 13 

+ 

(a) (b) (C) 
Vertical Horizontal Inclined 
Element Element Dement 

INFLUENCE OF THE 
GROUND 

Fig. 1.8. Examples of Images in a Perfectly 

Conducting Ground 

In discussing the effect of 
the ground on antennae 
and radio propagation, 
it is convenient to consider 
first of all the hypothetical 
case of a perfectly con¬ 

ducting ground. For long waves the ground does approximate 
fairly well to the case of a perfect conductor, but at microwaves 
the correct approximation is to consider the ground as a perfect 
dielectric. At intermediate wavelengths it is usually necessary 
to take both the dielectric constant and the finite conductivity 
of the ground into account. 

For a perfectly conducting earth we may suppose the 
antenna to have an image in the ground as depicted in Fig. 
1.8 (a) and (d) for vertical and horizontal antennae respec¬ 
tively; then the radiation field above the ground is the sum of 
the fields due to the antenna and its image. The radiation in 
a horizontal plane is augmented by the image in the case of a 
vertical antenna but complete cancellation takes place in the 
case of a horizontal antenna. The latter type of antenna is 
therefore unsuitable for obtaining radiation along the ground. 
Even when the finite conductivity of the ground is taken into 
account, the radiation along the ground is relatively weak 
whatever the wavelength may be. 

We therefore turn to the case of a vertical radiator with its 
positive image if good transmission along the surface of the 
ground is required. A study of this case, including the efie<;t of 
finite conductivity, is particularly important since it represents 
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the conditions under which long- and medium-wave radio 
transmissions take place. 

The classical paper on this subject appeared as long ago as 
1909 when Sommerfeld<286) made a theoretical analysis of this 
subject, assuming a plane earth. Ten years later Weyl*®®®> 
indicated even more clearly how the total field strength at a 
point could be regarded as consisting of two distinct com¬ 
ponents. These components are— 

(1) A “space wave” which is the resultant of a direct 
ray and a ray reflected off the ground according to the 
laws of optical re¬ 
flection. 

(2) A “surface” 
wave which is 
characterized by 
the fact that the 
planes of constant oJScnt* 
amplitude do not Fio. 1.9. Geometry of a Space Wave 

coincide with the 
equiphase planes (such a wave can travel in a tilted 
manner along the surface of a medium without reflection 
from that medium). 

The solution by Weyl contains a surface-wave term which 
is not identical with the one obtained by Sommerfeld. This 
discrepancy is not appreciable except when the dielectric 
constant of the ground is high compared with the product of 
the conductivity and the wavelength. In order to put the 
matter to a practical test, Burrows*®*®* carried out experiments 
over a fresh-water lake at a frequency of 150 Mc/s. His 
experimental results were entirely in agreement with the 
Weyl solution. 

Space Waves 

The space wave consists of two components as shown in 
Fig. 1.9, the total field strength being the sum of all such fields 
due to all the elements of current along the antenna. In each 
case the coefficient of reflection for the indirect ray is given 
in phase and amplitude by a reflection coefficient R, which 
depends on the angle of incidence, the wavelength and the 
ground constants (dielectric constant and conductivity). The 
formula for R, is given in Vol. I by equation (3.52). 

Over an earth of finite conductivity the space wave becomes 
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zero along the ground owing to the fact that == — i for 
grazing incidence so that the direct and indirect rays cancel. 
A typical polar diagram showing this effect is given in Fig. i. lo. 
In the same diagram the corresponding pattern for infinite 
conductivity is also shown and this, it will be noticed, shows 
a maximum field strength at the surface of the ground. The 

^ reason for this maxi¬ 
/Perfect Conductor mum IS that the retlec- 

^-Surfoce Wave) jjon coefficient, R„ has 
become + i. 

. Space/Wave over 'GroundX 
N. Finite Conductiviiy \ \ 

\ / / \ Surface Waves 

With infinite conduc- 
Sum of Space vftivc tivity the surface wave 
plus Surface Wave js zero (i.c. the space- 

Fig. i.io. Polar Diagrams of a Vertical wave polar diagram 
Radiator over Grounds of Finite and thf- 

Infinite Conductivity represents the complete 
solution), but with a 

finite conductivity it has some particular value which partially 
‘‘fills in” the slot in the polar diagram of the space wave 
{see Fig. i.io). The surface wave is attenuated exponentially 
in the upward direction from the ground and reaches a 
negligible value in the matter of a degree or so on the polar 
diagram. 

The analysis of the surface-wave component is complicated 
and, in order to effect a certain simplification, Sommerfeld 
introduced the use of a “numerical distance” which is a 
function of the distance from the antenna, the wavelength and 
the ground constants. For a given distance, the use of a long 
wavelength gives a low numerical distance, whilst at short 
wavelengths the same parameter increases to large values. 

Having determined the numerical distance, we may then 
obtain the value of an attenuation constant, which, on 
being multiplied by the field strength under perfect earth 
conditions, gives the actual field strength at the surface of the 
ground. This attenuation constant is a function of an impor¬ 
tant parameter which is proportional to the product of the 
wavelength and the conductivity, for it is numerically equal 
to 6oXg where A is in metres and g is in mhos per metre. 

Whether the groimd should be considered primarily as a 
conductor or as a dielectric depends on the magnitude of this 
parameter in comparison with the relative dielectric constant 
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Er. If 60kg > Er thc ground behaves as a conductor, whereas 
if 6o^g << Ej. the ground acts like a dielectric. 

Provided 60is at least 12 times (e^ + i), we may use 
Van der Pol’s approximation for the attenuation constant 
which is then given by 

2 + 0-3P_ 
2 + p + o*6p2 

where p = the numerical distance 
TT r 

6oAg A 

Although the surface wave has been discussed with regard 
to vertical antennae only, a horizontal antenna has a radiation 
field which also contains a surface-wave component, but in 
this case the component is so weak that it can nearly always 
be neglected in practice. 

Long and Medium Wavelengths 

The discussion on the surface wave showed that the effective¬ 
ness of the conductivity of the ground depends on the product 
of the conductivity and the wavelength, i.e. on the parameter 
60Ag. For long wavelengths this product is high enough to 
show only small variations in the field strength over different 
types of earth; but at medium wavelengths the value of the 
product decreases to such an extent that the differences in 
earth conductivities cause appreciable variations in the field 
strength at a distance. Some specimen figures are given in the 
following table. 

Field Strength in mV/m at loo km 
for I kW Radiated 

Wavelength 
in Metres 

Frequency 
in kc/s 

Sea Water 
(g = 5 mhos/m) 

Earth of Good 
Conductivity 

(g == 0*01 
mho/m) 

Earth of Bad 
Conductivity 
(g “ 0*001 

mho/m) 

200 
500 

1 500 

I 500 
600 
200 

3 
3 
3 

0*2 
1-6 
2*8 

0*03 
0*3 

The above figures illustrate the superior propagation charac¬ 
teristics of long waves. Unfortunately thc utility of thc longer 
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waves is limited by the fact that very high antennae are 
required to obtain good efficiency and also by the fact that 
the number of available channels is very few. 

However, the more limited range of the medium waves is 
an advantage when only local broadcasting is required, but 
this advantage is nullified at night time when reflections from 
the ionosphere can cause a great increase in range. 

It is interesting to note that although the ground causes 
greater horizontal figures of merit, because it restricts the 
radiation to a hemisphere only, the subsequent attenuation 
in propagation at medium waves results in a decrease in field 
strength relative to the corresponding free space case. Indeed 
it is only with short-wave beam systems operating on sky 
waves that the presence of the ground has any beneficial effect. 

Short Wavelengths 

In the short-wave region, namely between lo and lOO m, the 
propagation of the wave which travels along the surface of 
the ground becomes progressively poorer as the wavelength 
is decreased. The surface range of such waves is therefore 
distinctly limited, the only meth^ of overcoming this deficiency 
being to elevate both transmitting and receiving antennae as 
far as possible above the ground. Since the elevation is 
measured in terms of wavelengths, such a procedure is* only 
practical on ultra-short waves. 

Whenever a vertical antenna is situated a wavelength or 
more above the ground (or a horizontal antenna but a fraction 
of a wavelength) the suiface wave is negligible so that a com¬ 
plete analysis may be made on ray theory only. Indeed in the 
case of horizontal radiating elements it is usually sufficiently 
accurate to base the analysis simply on an out-of-phase image. 

On short waves the resultant polar diagram conveniently 
gives a beam which is directed upwards at an angle depending 
on the height of the antenna. Such a beam is suitable for long¬ 
distance propagation by means of reflections from the iono¬ 
sphere—Oi feature which is considered more fully in the next 
section. Figs. 3.10, 3.11 and 3.12 show the polar patterns 
obtained with a vertical dipole and a horizontal dipole whose 
centres are at various heights above the ground. 

In the case of transatlantic traffic, the required beam should 
make an an^e of about 10° with the horizontal if the wave¬ 
length is 20 m. A beam whose maximum is at this angle is 
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readily obtained by setting up some form of antenna system 
whose centre is about i *5 wavelengths above the ground. The 
image in the ground from such an arrangement virtually 
doubles the field strength in the desired direction, so here we 
have a case in which the presence of the earth is used to 
definite advantage. The polarization of the antenna system 
is preferably horizontal, for this form results in more reliable 
polar patterns and greater freedom from variations in ground 
constants. 

The field strength of a wave transmitted via the ionosphere 
will vary widely according to the reflection coefficient. At 
the best, this coefficient may approach unity, in which case 
a horizontal dipole, whose height is at least A/2 above the 
ground, would give nearly twice the field strength indicated 
by equation (1.2) in the direction of maximum radiation. 
The distance in this case is, of course, that travelled by the 
sky wave (which in long-distance cases will differ but little 
from the ground distance). 

As an example, the field strength at i 000 km distance due 
to an elevated horizontal dipole (in this case the height should 
be about JA) has a maximum value given approximately by 

i4^V/m 

Thus a radiated power of only 100 W is capable of giving, 
under favourable circumstances, a field strength of 140 /iV/m 
at I 000 km. In practice the maximum field strength is likely 
to be more like half this value. 

Sky waves therefore have the great advantage of a law of 
attenuation with distance which is not much inferior to the 
simple inverse distance law for free space. This fact accounts 
for the long-distance transmissions which are possible on short 
waves using only moderate power. 

Ultra-short Wavelengths 

For wavelengths below 10 m reflections from the ionosphere 
cannot be relied upon, a fact which prohibits their use for 
regular long-distance communication. In addition the wave 
along the surface of the earth is negligible, whether a vertical 
grounded antenna is used or not. 

Thus the only way in which a useful service can be obtained 
at such wavelengths is by the use of elevated antennae, i.e. 
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by producing a beam which is so near to the horizontal that 
appreciable field strengths can be obtained even at a fraction 
of a degree off the ground. 

As an example, one may cite the television service from 
Alexandra Palace which uses a wavelength of 7-2 m. In this 
case the transmitting antennae are about 12 wavelengths above 
the ground and therefore produce a beam which is only i"" off 
the ground (assuming this were level). At a distance of 10 km 
it would be necessary to elevate the receiving antennae 170 m 
above the ground to obtain the maximum field strength from 
this beam. This method of propagation is obviously exceed¬ 
ingly wasteful; so much so, in fact, that experiments have 
been carried out recently in the United States to investigate 
the possibility of carrying television transmitters in high-flying 
aircraft. These experiments seem to have demonstrated the 
feasibility, both technically and economically, of such a 
procedure. 

It will be appreciated that the need for elevated antennae 
on ultra-short waves is easily satisfied on aircraft. Hence 
wavelengths of a few metres are suitable for communication 
between aircraft, or aircraft and ground stations. In the case 
of radio signals passing between two nearby aircraft the ground 
reflections are obviously of no importance, so that free-space 
conditions prevail. 

For communication between ground stations using antennae 
elevated at least one wavelength, the following simple field 
strength formula often applies for half-wave dipoles (the 
circumstances under which it is valid are discussed in § 9.5)— 

£ = . . . (1.7) 

where E ~ field strength in volts/metre, 
W — power in watts, 

hj,, f>B = height of transmitting and receiving antennae in 
metres, 

A = wavelength in metres, 
r — distance between transmitter and receiver in 

metres. 

The units used in the above formula may be remembered 
more easily if one bears in mind that they conform to the 
M.K.S. system. The formula applies to vertical dipoles and 
alsM) to horizontal dipoles provided that in the latter case the 
receiving and transmitdng antennae are broadside on. 
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More precise calculations, and in particular ones involving 
rays which make an angle with the ground of more than 1°, 
require the use of the complex reflection coefficient. This 
coefficient is a function of the “complex dielectric constant” 
(sr—jGoXg). The real part is the relative dielectric constant 
of the ground and the imaginary part is the parameter men¬ 
tioned before in connexion with the surface wave. 

In the range i to 10 m the conductivity parameter for all 
types of soil is smaller than the dielectric constant but not by 
so much that it can be neglected. The calculation of the field 
strength under conditions for which equation (1.7) does not 
apply may therefore be quite a complicated matter. 

Microwaves 

When microwaves are employed the antenna system is nor¬ 
mally highly directive and in many cases an attempt is made 
to avoid the ground altogether. 

An early example of such a microwave system was the 
two-way telephony system established across the English 
Channel in 1931 by Standard Telephones and Cables, Ltd. 
and Le Materiel T616phonique. This used a wavelength of 
18 cm and parabolic mirrors 3 m in diameter. Even so the 
beams were not sufficiently directive to be completely inde¬ 
pendent of the ground conditions—as was demonstrated by 
variations in signal strength with the tides. 

In radar systems the beam is often projected at greater angles 
of elevation, so that complete freedom from ground conditions 
becomes possible. 

In cases where ground reflections cannot be avoided the 
ground may be regarded as a dielectric whose relative dielectric 
constant varies between 3 (very dry soil) and 20 (damp soil). 
This is because at these wavelengths the product of the con¬ 
ductivity and the wavelength is so small that the complex 
dielectric constant reduces to the dielectric constant itself. 
An exception must be made in the case of sea water, for which 
the real and imaginary parts of the complex dielectric constant 
arc equal at 25 cm wavelength, i.e. the wavelength must be 
distinctly less tihan 25 cm for the “ground” to be considered 
as a dielectric. 

The field strength on microwaves may be calculated in a 
manner similar to that outlined for ultra-short waves, but care 
must be taken to allow for possible differences in the direct 
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and indirect rays due to the sharpness of the polar pattern of 
the antenna system. 

Under certain atmospheric conditions (usually associated 
with fine weather) the rate of change with height of the density 
of the air and also the relative humidity of the air are such 
that very-long-distance propagation becomes possible. This 
phenomenon is known as super-refraction and the portion of the 
atmosphere in which this takes place forms what is called a 
“radio duct” which is virtually a dielectric waveguide. When 
ducts of this nature are formed they rarely extend for more 
than 100 m above the surface of the earth; consequently their 
waveguide properties are mostly effective at centimetre wave¬ 
lengths only. In order to guide wavelengths of a few metres 
efficiently much bigger ducts are needed; as a result the 
phenomenon of super-refraction occurs far less frequently at 
ultra-short wavelengths and is virtually absent at wavelengths 
above i o m. 

1.4. INFLUENCE OF THE IONOSPHERE 

The Discovery of the Ionosphere 

After Marconi, in igoi, succeeded in transmitting from 
Cornwall to Newfoundland, there was much speculation as 
to the manner in which the radio waves had propagated round 
so large a portion of the earth’s curved surface. The first 
attempts at an explanation evoked the theory of diffraction 
but without success, for calculations showed that the bending 
which could be accounted for in this way was insufficient. 

In the following year Kennelly in America and Heaviside 
in England both put forward the hypothesis of a reflecting 
layer in the upper atmosphere. It was further suggested that 
this reflecting layer might be due to the ionizing action of 
the sun. 

Not until 1925 was any direct evidence obtained as to the 
existence of such a layer though the known features of short¬ 
wave propagation had provided very strong confirmation of 
the theory. In that year Appleton and Barnett^*®’ published 
the results of experiments which gave the first direct demon¬ 
stration by a method which measured the frequency of beats 
obtained between the direct and indirect rays when the trans¬ 
mitter frequency was modulated in a known manner. Before 
long the existence of a reflecting layer was not only confirmed 
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but considerable information was obtained both about this 
layer (the E or Kennelly-Heaviside layer) and yet another layer 
(the F or Appleton layer). The whole region in which these 
layers are situated was appropriately named the “ionosphere.’’ 

An important contribution to the technique of ionosphere 
measurements was made by Breit and Tuve^^^®^ in 1926. They 
employed pulses of radio energy whose duration was short 
enough to measure the time interval betw^een the arrival of 

Fig. i.ii. Typical Distribution of Ionization in the Ionosphere 

the direct ground ray and the indirect ray which had been 
reflected from the ionosphere. 

The investigations on the ionosphere showed that the E 
region is at a height of about loo km, but the F region is very 
broad, being often in the form of a double layer, the lower 
one, or Fj region, being at about 200 km and the upper one, 
the F2 region, at about 300 km. Of these the Fg layer is the 
most variable in height and also has the greatest reflecting 
power. Curves showing a typical distribution of ionization 
for temperate zones are given in Fig. i.i i. 

At the heights at which these layers exist the atmospheric 
pressure is very low (less than one-millionth of the pressure on 
the ground) which permits ionization by solar radiation 
without too rapid a recombination of the freed charges. 
Observations taken during eclipses show that whereas the E 
and Fi regions apjjcar to be due almost wholly to ultra-violet 
radiation, the F, region is only partly due to this cause. 
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The influence of the sun on these ionized regions is most 
marked; their diurnal and seasonal variations are all functions 
of the intensity of the solar radiation—the greater this intensity 
the stronger is the ionization and therefore the reflecting 
power of the layer. There is one notable exception to this rule, 
for the summer noon ionization of the Fj layer is actually less 
than the corresponding winter value. This anomaly is attri¬ 
buted to expansion caused by the existence of very high 
temperatures in the Fj region during the summer day. 

A further correlation with solar activity is the increase of 
ionization in all the layers during periods of sun-spot maxima. 
These periods occur every eleven years, a maximum being due 
during the period 1949-50. For example, at a latitude of 40° 
during the sun-spot maximum conditions the Fg layer will 
reflect at vertical incidence frequencies as high as 12 Mc/s 
but during the periods of minimum activity the critical 
frequency will drop to about 6 Mc/s. 

The earth’s magnetic field was also found to play a pro¬ 
minent part in the behaviour of the ionosphere. It happens 
that the natural frequency of vibration of an electron in the 
earth’s magnetic field over England is about i'3 Mc/s, a fre¬ 
quency which is within the radio-frequency spectrum. This 
particular frequency is known as the “gyro frequency” and 
must be taken into account in a thorough explanation of the 
properties of the ionosphere. The theory arising from the 
complete problem is known as the “magneto-ionic” theory 
and is quite complicated, although the basic equations are 
simply Maxwell’s equations and the force equation of the 
charge in the presence of a magnetic field. 

Critical and Maximum Usable Frequencies 

When making measurements on the ionosphere, the transmitter 
and receiver are normally situated within a few kilometres of 
each other; thus the indirect ray strikes the ionized layers at 
practically vertical incidence [see Fig. 1.13). If the frequency 
of the transmission is increased there comes a time when the 
reflecting powers of the ionized layer are insufficient to give 
a return signal. The frequency at which this occurs is known 
as the critical frequemy and refers essentially to the case of 
vertical incidence. 

Both the pulse and frequency-change methods of determining 
the height oS a layer depend on the time interval between the 
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direct and indirect rays. Therefore the height obtained in 
this way would only be accurate if reflection took place at a 
sharp boundary—in actual fact the wave penetrates for some 
distance into the ionized region, travelling with continually 
decreasing group velocity. For this reason the heights measured 
by ionosphere experiments are known as “equivalent heights,’’ 
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Fig. 1.12. Exampi.es of A'—/Ionosphere Records 

and are denoted by h' so that a curve of equivalent height 
versus frequency is known as an h'—f curve. 

Examples of such curves are given in Fig. 1.12 which also 
illustrates the transition of echoes from a lower to an upper 
layer as the frequency is increased. 

It will be noticed that there is a sharp increase in the value 
of h' as the critical frequency of the lower layer is approached. 
This is known as the group retardation effect and is due simply 
to appreciable decreases in the signal velocity in the neighbour¬ 
hood of the critical frequency. A study of the shape of this 
part of the curve can be made to give a value for the thickness 
of the layer (based on the assumption of a parabolic distribu¬ 
tion) and this in turn will determine the maximum usable 
frrauency for any distance at that time. 

The maxinmm usable frequency (abbreviated to M.U.F.) gives 
the value of the highest frequency which can be employed 
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for communication between two points at a given distance 
apart. A frequency higher than the M.U.F., if it can be 
reflected at all, will have to strike the ionized layer at a greater 
angle of incidence to suffer reflection and will therefore return 
to the ground at a greater distance than the required one. 
This point is expressed pictorially in Fig. 1.13, in which account 
is also taken of the fact that the rays may travel some distance 
in the ionosphere before finally bending back to earth. 

A lower frequency than the M.U.F. will follow almost the 

critical frequency (highest frequency to be reflected 
Qt vertical incidence) 
maximum usabk frequency (higheit frequency 
to arrive at R) 

f| and fo show paths token by still higher frequencies 

Fig. 1.13. Examples of Paths taken by Sky Waves 

same path but will suffer more attenuation in its passage 
through the ionosphere. 

Consequently it is usual in practice to employ frequencies 
which lie between 85 per cent and 50 per cent of the M.U.F. 
The use of an 85 per cent value may result in occasional failure 
to secure reflections at the required angle (since published 
M.U.F. figures are merely statistical averages which are used 
for predicting the future conditions); on the other hand a 
50 per cent value will occasionally be completely attenuated. 

If a reflecting layer had a sharp boundary, the relation 
between the critical frequency, 2ind the maximum usable 
frequency, for a given angle of incidence, 6, would be 
given by Snell’s law, namely 

/«=/c sec 0 . . . (1.8) 

In actual fact the layers are not sharp, but this does not 
make any radical difference. A point of greater importance 
is that owing to the curvature of the earth and the surrounding 
ionosphere there is a maximum angle of incidence which can 
be made with the layers by a ray leaving the earth tangentially. 
In the case of the £ layer this angle is about 8o° and for the 
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Fj layer it is about 73°. The corresponding great circle 
distances covered by reflections at such angles are 2 200 km 
and 3 600 km and the values of are ^'^fe and 3-4/0 
respectively. 

Appleton and Beynon<**®> have calculated the fmife ratios 
more accurately making use of the assumption of a parabolic 
layer. Their calculations show that in a typical long-distance 
single-hop transmission the passage through the ionosphere 
represents about one-third of the total path distance between 

Th€ frequency is equaf U> U in oil coses 
(t„ b the M.U.R for the distance TR) 

Fig. 1.14. Paths taken by Sky Waves for various Angles of 

Incidence when the Frequency is kept Constant 

transmitter and receiver. In spite of this fact, their curve of 
the fmIfe ratio against distance (which is reproduced in Fig. 
9.26) shows no great departure from the simple theory— 
though in general the ratios given by the more exact theory 
are about 25 per cent lower. 

Skip Distance 

There is a maximum usable frequency for any distance and 
this distance is also the minimum distance at which this particular 
frequency can be received (this does not, of course, take into 
account reception very close to the transmitter due to the 
surface wave). This distance is therefore known as the skip 
distance for the frequency in question—it is illustrated in 
Fig. 1.14. 

From the remarks made previously about the variability 
of the ionosphere, it is obvious that the skip distance for any 
one frequency will vary both diurnally and seasonally. Fig. 1.14 
shows only one reflecting layer, although in practice both the 
E and F regions have to be taken into account. In the majority 
of cases the skip distance depends on the F, layer, but for 
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periods round about a summer noon the E layer is likely to 
be the determining factor. 

Long and Medium Wavelengths 

At long wavelengths the simple ray theory is inapplicable since 
the distance between the earth and the ionosphere is only a 
small multiple of a wavelength. It is therefore more correct 
to look upon the ionosphere as tlie boundary of a transmission 
line (for both the earth and the ionosphere are quite good 
conductors at such low frequencies), the other boundary being 
the earth itself. For this reason long waves are propagated 
remarkably well round the curvature of the earth. 

It may seem unfortunate that the theory of the effect of the 
ionosphere on radio waves should be split into two, i.e. into 
transmission line and ray theory, for it is obvious on physical 
grounds that the two theories should merge into one another. 
A method of calculation applicable throughout the whole of 
the radio spectrum is Eckersley’s**®** phase integral method 
which is based on image theory. At medium wavelengths, 
however, the ray method of treatment is already quite satis¬ 
factory and covers practically all normal requirements. 

Except for wavelengths below about 200 m, medium waves 
are reflected from the ionosphere all the year round even at 
vertical incidence. In spite of this they do not necessarily give 
a good sky-wave service for in the daytime they suffer consider¬ 
able attenuation. This attenuation is due to their passage 
through the D region which exists at about 60 km height. 
The ionization in the D region is insufficient to cause reflection 
(although some cases of reflection have been reported from 
India) but it does cause considerable attenuation at wave¬ 
lengths of the order of 200 m, i.e. at frequencies of the same 
order as the gyro-frequency. 

At night time the D region is rapidly de-ionized because 
of the relatively high atmospheric pressure so that medium- 
wave stations may be received at a considerable distance by 
means of the sky wave. In regions where the sky and ground 
waves are of comparable strength the two components com¬ 
bine; fading is then experienced owing to the variability of 
the sky wave. 

Short Wavelengths 

At short wavelengths the attenuation will not be great unless 
the frequency is h^ or ^ of the maximum usable frequency. 
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Therefore under normal conditions there is always some wave¬ 
length at which good sky-wave propagation can be obtained. 
The determination of this wavelength depends on the critical 
frequency in the manner indicated previously in this section; 
as full design data are given in Chapter IX we shall merely 
indicate the method of choosing the wavelength in this account. 

Let us suppose, for instance, that we wish to communicate 
between London and New York. The most probable trans¬ 
mission consists of two hops each 3 000 km long. By taking a 
figure between those published for Washington, D.C., and 
London we can estimate the probable critical frequency for 
a given time of the day, year, and sunspot cycle. There will 
be two such figures, one for the apex of each hop. Of the two 
the lower frequency must obviously be chosen. Suppose this 
proves to be 6 Mc/s, then the, curves of Fig. 9.26 show that a 
frequency three times this value is the M.U.F. for 3 000 km. 
To achieve greater certainty of communication we take 80 per 
cent of the M.U.F., i.e. a frequency of 14-4 Mc/s. 

In passing through the ionosphere, the plane of polarization 
of the waves is rotated to such an extent that the polarization 
on arrival at the receiving end bears no predictable relation¬ 
ship to the initial state of polarization. Moreover the received 
polarization varies readily with changes in the ionosphere, 
thereby causing fading in the reception. 

Reception by means of waves reflected from the ionosphere is 
therefore only of relatively poor quality unless special systems 
are used and even then it is not comparable with reception 
from nearby medium-wave transmitters. Consequently the 
main application for short-wave transmissions is for long 
distance transmissions on moderate powers. 

Ultra-short Wavelengths and Microwaves 

Although many cases have been reported of the reflection of 
waves whose frequencies were as lugh as 50 Mc/s or so, the 
reflection of waves whose frequency exceeds 30 Mc/s is not 
to be relied upon. The ionosphere is therefore not taken into 
account in the design of systems employing wavelengths 
below 10 m. 



CHAt>TER II 

Long- and Medium-wave 
Antennae 

When using long or medium wavelengths the main object is 
to transmit as much of the radiated energy as possible along 
the surface of the earth; this .may be achieved by using a 
vertical radiator whose height is of the order of half a wave¬ 
length. Such heights are not feasible for long wavelengths 
because of structural difficulties, neither are they suitable for 
low-power installations because of economic considerations, 
so that in both these circumstances we are forced to use 
radiators whose heights are only a fraction of a wavelength. 
To increase the current in such cases it is usual to add some 
form of capacitance loading at the top of the radiator; this 
may be a conducting disk, a horizontal wire, or a collection of 
horizontal wires in the shape of a cage or flat multi-wire top. 
In this manner the “effective height” of an antenna may be 
increased from 0-5 to as much as 0'75 times the actual height, 
with a corresponding increase in field strength. 

During the hours of daylight the range of a medium-wave 
station does not depend greatly on the radiated power or the 
type of antenna. This is due to the fact that the ground losses 
cause considerable attenuation at distances of more than about 
50 km. For example, using a wavelength of 300 m over ground 
of moderate conductivity, it requires a hundred times more 
power to produce a given field strength at 200 km than it does 
at 100 km. These daytime limitations in range are not alto¬ 
gether undesirable since they reduce the interference between 
stations in different parts of the world. 

A complication arises at night time because of reflections 
from the ionosphere. These reflections are sufficiently strong 
at distances of 100 to 200 km to be comparable in strength 
with the direct radiation along the ground and, since they arc 
ne;ver consistent in amplitude and polarization, the combined 

30 
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signal is subject to fluctuations in strength. It is important, 
therefore, to obtain as high a ratio as possible of ground signal 
to sky-wave signal in the design of broadcast antennae. This 
ratio is determined by the polar pattern in a vertical plane 
through the antenna, from which it can be deduced that the 
ratio is particularly favourable for antennae whose heights lie 
between 0-5 and o-6 of a wavelength. 

2.1. CHARACTERISTICS OF A VERTICAL RADIATOR 

Assuming that the wavelength to be used has been stipulated, 
the design of an antenna depends on the following main 
considerations— 

(a) The horizontal “figure of merit.” This figure of merit 
is a measure of the field strength at any given zenith angle at 
I km for I kW input {not i kW radiated). It therefore takes 
into account the losses in the antenna system. The losses due to 
propagation over an imperfect ground are normally neglected 
(they may make about 2 per cent difference at i km). 

(i) The input impedance. The antenna impedance at the 
driving point must be known in order to design the feeders 
and the transmitter output circuit. 

(c) The vertical polar diagram. From this the relative 
strengths of the sky and ground waves can be calculated and 
hence an estimate of the probable fade-free radius obtained. 

None of the above characteristics can be determined without 
a knowledge of the current distribution along the radiator. 
By analogy with an open-circuited transmission line we can 
assume a sinusoidal distribution of current. This assumed 
current distribution enables us to calculate the radiation 
resistance whereupon, if greater accuracy is required, a closer 
approximation to the current distribution can be obtained by 
assuming a dissipative transmission line whose losses just 
accoimt for the radiation losses. A further refinement is to 
include some estimated value of the dead-loss resistance (i.e. 
earth losses, etc.) in the evaluation of the equivalent dissipative 
transmission line. 

A more accurate form of equivalent transmission-line tech¬ 
nique has been devised by SchelkunoflF,*’®' who uses the 
biconical horn eis his basic shape and regards an antenna of 
uniform cross-section as a line of slowly varying impedance. 
In this way we can define an average characteristic impedance 
for the radiator. Curves based on this method are given later 
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in Figs. 2.15 and 2.16. They give values which check up far 
better with practical measurements, particularly in the case 
of relatively thick masts (i.e. masts whose characteristic 
impedance is less than 400 ohms) and antennae whose heights 
are in the region of A/4. The curves of Figs. 2.15 and 2.16 
should therefore be used whenever possible, i.e. for all simple 
cylindrical, or approximately cylindrical, radiators. 

For inverted-L, T-type and reactance-loaded antennae in 
general, the equivalent transmission-line method is still used. 
Fortunately for T and L antennae of moderate dimensions the 
transmission-line method is more accurate than for anti-fade 
antennae. 

In practice, differences between theory and experiment may 
arise because of the effect of supporting guys, base capacitance 
to ground, wrong estimate of earth losses, etc. Furthermore 
it has been foundthat antenna characteristics may show 
small variations with the weather. In the face of such inevitable 
discrepancies, the above-mentioned methods are distinctly 
useful, whatever criticisms may be levelled against them on 
purely theoretical grounds. 

2.2. ANTENNA REACTANCE 

When the total length of an antenna is less than A/20, the 
input impedance is that of a capacitor whose value is equal 
to the electrostatic capacitance 01 the system. 

For longer antennae it becomes necessary to consider the 
wires as part of a non-dissipative transmission line whose input 
impedance can be found from the angular length and the 
characteristic impedance of the system. The characteristic 
impedance may be obtained from the static capacitance per 
unit length, i.e. the determination of the static capacitance is 
again involved. 

If the antenna consists of a vertical radiator together with 
some form of top-capacitance loading (such as a horizontal 
wire or wires) then the calculation must be made in two steps 
—though in cases where the vertical and horizontal portions 
are of similar cross-section the error made by not doing so 
seldom exceeds 5 per cent. When the height of the antenna 
exceeds o*3A for a mast or o*4A for a wire it becomes necessary 
to allow for the dissipation in the circuit (the dissipation will 
be mainly radiation resistance provided the antenna a 
good earth system). With a T or inverted-L antenna the 
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total length may exceed these values since the top of the 
antenna is relatively non-dissipative. After making an estimate 
of the total losses, the full dissipative transmission line formula 
is used. The effect of dissipation on the input reactance is 
shown by a comparison of the full and dotted curves of Fig. 2.1. 

In the case of a simple vertical radiator of approximately 
cylindrical cross-section and length greater than o*2A, the 

500 Ohms 

reactance may be obtained directly from the curves of Figs. 
2.15 and 2.16. These curves are more accurate than those in 
Fig. 2.14 which are based on the normal transmission-line 
method. 

(a) Determination of Static Capacitance 
(Applicable to very short antennae.) 

In electrostatics the capacitance of a conductor is defined as 
the ratio of the charge to the potential, i.e. C = QJV; further¬ 
more, the potential energy pf the conductor is proportional to 
Oy. Thus if a certain increase in charge is given to two 
capacitors the one with the greater capacitance will experience 
the least increaise in total energy. We can think, therefore, of 
the capacitance of a conductor as being a measure of the ease 
(from a work point of view) with which a unit charge can be 
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brought up from infinity against the repulsion caused by like 
charges already on the conductor. 

Such elementary considerations help in visualizing the 

Chorgod pi«c< of wir« 

: ?77777777777777777777777^ 
Ground 

lmQ9« «quivol«nt to 
jTstm. surfoco chorgo 

distribution 

The dotted tine shows grophically the distribution of 
the surface charge density (denoted by O') 

Fig. 2.2. Diagram for Illustrating the Change in the Capacitance 

OF A Piece of Wire due to the Presence op the Ground 

effect on the capacitance of a system of conductors whose 
geometry is varied. For instance, it follows that the capacitance 
of a T antenna is less than that of an inverted-L antenna whose 

(a) ossumed uniform charge distribution 
(b) octual noTMjniform distribution 
(Q'i curve of potential distribution corresponding to(a; 
(b) overage value of(o^-thU opproxin^tw very 

closely to the true potential distribution 
corresponding to(b) 

Fig. 2.3. Approximation assumed by Howe for the Calculation 

OF Capacitance 

vertical and horizontal lengths are respectively equal to those 
of the former type. If we imagine both to be equally charged 
it is apparent that the charges are more concentrated in the 
case of the T antenna, so that on the average the conductor 
would be harder to approach by further charges of like sign. 
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On similar grounds it can be inferred that the capacitance 
of a piece of wire is increased on bringing it nearer to the 
ground; the induced charges at the surface are of opposite 
sign and their presence reduces the work required to increase 
the charge on the conductor. By adopting the theory of images 
{see Fig. 2.2) the situation can be even more clearly visualized. 

h - Lan9th of Wire In Metro 

Fio. 2,4. Capacitance of Vertical Wires 

(Grover, Bureau of Standards Paper No. 568) 

In quantitative calculations a difficulty arises owing to the 
fact that the charge distribution on a conductor is not uniform. 
Only in cases such as an infinitely long pair of parallel wires 
do we have uniformity. The problem was approached by 
Howe*®^’ in the following manner. We assume a uniform 
charge distribution and from this calculate the potential 
distribution (in actual fact the surface of the conductor must 
be at a uniform potential), then the capacitance is given as 
the total charge divided by the mean potential. For a discussion 
of the conditions under which this method is valid the reader 
may refer to Appendix 3 of a paper by Grover, though 
from the point of view of antenna calculations the method may 
be assumed to be adequate for edl practical cases. 

Howe’s approximation is shown diagrammatically in Fig. 2.3 
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in which [a) represents the assumed and [b) the actual charge 
distribution. Then curves {a') and {b') are the corresponding 
potential curves—the assumption being that {b') is the arith¬ 
metic mean of (a'). 

There is yet another assumption which has to be made, 
and that is that the charge distribution is along the axis of 

Fig, 2.5. Capacitance of Horizontal Wires 
(Grover, Bureau of Standards Paper No. 368) 

the wire, i.e. we neglect the variations of surface charge density 
in the cross-section of the wire when in the presence of other 
conductors. The errors introduced by this simplification are 
usually less than one part in a million and are ^erefore quite 
negligible. 

Curves based on tables given by Grover*®*** are shown in 
Figs. 2.4 and 2.5, while those of Figs. 2.6 and 2.7 are from 
Howe’s original article.*®^* In the interests of uniformity, as 
much use as possible has been made of the metre as the standard 
of length. Unfortunately, wire tables give the diameters in 
thousandths of an inch, or “mils,” so that this unit has been 
adhered to. Even more unfortunate is the fact that there are 
several systems of wire gaug» and that none of them conveys 
even the most elementary facts by the gauge number. 
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Fig. 2.4 shows the capacitance of a vertical wire whose lower 
end is 3 m off the ground. In view of the previous remarks it 

O 10000 20000 30000 40000 50000 
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Fio. 2.6. Capacitance of a Single Wire in Free Space 

(Howe, EUctnctan^ Aug., 1914) 

is obvious that the capacitance will vary with the height of the 
antenna above the ground. However these variations are not 

Fio. 2.7 (a). Capacitance of Two Parallel Wires in Free Space 
(Howe, Elteiricim^ Aug., 1914) 

large; for example, a change of height from i to 10 m will 
pn^uce less than 5 per cent change in capacitance in all 
practical cases. 

In Fig. 2.5 the variations in capacitance with height have 
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been indicated by showing the values for lom and 
K = 30 m. An additional factor is the presence of the down¬ 
lead and this tends to decrease the capacitance. For an inverted- 
L antenna whose horizontal portion is between 30 and 50 m 

Fig. 2.7 {b). Capacitance of Three Parallel Wires in Free Space 

(Howe, EXedriciaiii Aug., 1914) 

long, the capacitance is decreased by some 2 to 3 per cent if 
Aj = Aj, and by about 5 per cent if 4 = 

It happens that this percentage decrease is of the same order 
as the percentage increase due to the proximity of the ground. 
Consequently Ae two effects have a compensating action; 
hence a calculation based on the sum of the capacitances of 
the vertical and horizontal portions (each considered separately 
and in free space) gives quite a reasonable estimate of the total 
capacitance when arranged as an inverted-L antenna. The 
capacitance of a single wire in free space is given by Fig. 2.6. 

If the antenna is of the T type the percentage decrease in 
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capacitance is nearly twice as great. One consequence of this is 
that the “compensatingeffect” mentioned above is not so good. 

The free-space capacitance values of horizontal tops are 
shown in Fig. 2.7 for 2-, 3- and 4-wire antennae. In this case 

Fig. 2.7 (c). Capacitance of Four Parallel Wires in Free Space 

(Howe, Electricmit Aug., 1914) 

the proximity of the ground causes a greater increase in 
capacitance than with the single-wire case, while the reduction 
in capacitance due to the down-lead is relatively less. Hence 
with inverted-L antennae with multi-wire tops the “compen¬ 
sating effect” is no longer as good as with the single-wire case, 
but with T-type antennae there is an improvement in this 
respect, i.e. reasonable estimates can be made by simply adding 
the fi«e-space values of the down-lead (as ^vcn by Fig. 2.6) 
to those of the multi-wire top (as given by Fig. 2.7). 

From the foregoing remarks it is apparent that the precise 
calculation of the static capacitance of an antenna is no simple 
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matter. For a thorough account of such calculations the reader 
may consult the Bureau of Standards’ paper by Grover. 
In addition there are further papers by Howe which illustrate 
the application of his methods to umbrella antennae^®^^ and 

to the effect of supporting 
masts. 

When dealing with an¬ 
tennae for long waves it 
is necessary to obtain as 
large a capacitance as 
possible to avoid excessive 
losses in large tuning coils. 
In such cases it is an 
advantage to use a cage 
for the vertical lead in 
addition to making the 
top capacitance as large 
as possible (either by the 
use of cages or fiat multi¬ 
wire tops). A set of curves 
showing the capacitance 
of cages whose wire spac- 
ing is 200 times the radius 
of the wire is given by 
Fig. 2.8. These curves are 
based on a table given by 
McPherson. 

Other arrangements 
such as a fan or cone of 
wires may also be used— 
the guiding principle is 

that as many vertical leads as is practicable should be used and 
that these wires should be well spaced out. Some formulae for 
such configurations are given by Grover but, where such 
facilities are available, it is easier to make measurements on a 
small model at high frequencies. 

250 

350 

80 CO 160 200 

Ratio Vd 

Fig. 2.8. Capacitance of Wire Cages 

(McPherson, EUc. Comm., April, 1938) 

(4) Non-dissipative Transmission-line Formulae 
(Applicable to antennae of medium length.) 

As the total length of an antenna is increased so the efSativc 
capacitance exceeds the static capacitance by increasingly 
greater amounts until eventually the quarter-wave resoitance 
pennt is reached and the reactance becomes zero; increasing 
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the length still further causes the base impedance to become 
inductive. The reactance over the range Xjzo to A/4 (and 
even longer antennae in the case of L and T types) is con¬ 
veniently obtained by the non-dissipative transmission-line 
formula. 

There is some difficulty in defining the effective characteristic 
impedance of an antenna since, except for a conical antenna, 
the capacitance per unit length is not uniform. We therefore 
use an average characteristic impedance; this can be done by 
finding the mean capacitance per unit length from the static 
formula or by assuming the antenna to be a modified conical 
antenna. The former method, which is given below, is particu¬ 
larly suitable for T and inverted-L antennae, whereas the 
latter is to be preferred for unloaded antennae whose lengths 
are of the order of A/4 or A/2. If the characteristic impedance 
is Zoi then the reactance at the base of a simple vertical radiator 
is given by 

Xf, = —Zo cot fih . . . (2.1) 
where /S = 27t/A, 
and h — height of antenna in the same units as A. 

The characteristic impedance of a non-dissipative line is 
equal to \/(£/C') where L and C are the inductance and 
capacitance per unit length. Since the product of L and C is 
fixed by the surrounding medium, a knowledge of either will 
determine Zo> itt with air as a dielectric we have 

Zfl = 2—2 ohms . . . (2.2) 

where C = capacitance per unit length in fi/i¥jmetre. 

Using the above equation, an extra scale has been added to 
Figs, 2.4 to 2.8 which gives the values of Zo for the different 
cases. Thus the values of Zo are given directly by these figures. 
It is noteworthy that a long single wire has a characteristic 
impedance of about 600 ohms; this figure is often used in 
rough calculations. 

For a straight vertical radiator we may use the following 
formula (due to Howe) which gives directly— 

^ = 6o(log.~i^ 

where a radius of antenna in the same imits as h. 

(2-3) 
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Another formula for the same case is one based on Schel- 
kunoff’s method and is 

= 6o^Iog,y-i) . . (2.4) 

Both the above formulae are shown plotted in Fig. 2.9 

Fio. 2.9. Characteristic Impedance of Uniform and Diamond* 
SHAPED Vertical Radiators 

together with Schelkunoff’s formula for a diamond-shaped 
antenna (also called a cigar-shaped antenna) which is 

^o = 6olog,^ . . . (2.5) 

It is obvious that the precise value of Zo is an open question; 
it should, in fact, be a function of the angular length of the 
antenna. Assuming a value of Za = 500 ohms, then equation 
(2.1) gives the full curves of Fig. 2.1. On the same graph are 
shown curves which allow for the radiation resistance; from 
these it can be seen that appreciable error arises beyond the 
quarter-wave resonance point if the dissipation is neglected. 

It should be noticed that when deling with centre-fed 
free-space anteimae {see Fig. 2.10) of total length zh, the 
value of is doubled, for C is halved and L is doubled. There¬ 
fore the input impedance of a free-space antenna is exactly double that 
of the corresponding antenna above a perfectly conducting earth. 

The following analysis of loaded antennae is of practical 
value but not strictly correct. Its limitations are apparent 
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when we compare a T and an inverted-L antenna of corre¬ 
sponding dimensions—at very low frequencies the formulae 
quoted would give the same capacitance for both, whereas 
it is known that the static capacitance of the T is lower owing 
to the increased proximity between the various portions of the 
wire in the system. 

Antenna with Non-radlating Top 

The physical height of an antenna which is about half a 
wavelength high may be reduced without impairing the 

(q) Grounded ontenno 
of choroclerUtic 
irnpedonce Zq 

(b) Ungrounded ontenno 
of timilQT crou*section. 
ChorocteriMic 
impodance m2Zo 

Fig. 2.10. Correspondence between Grounded and Ungrounded 
Antennae 

performance appreciably by substituting a capacitor at the 
top for the last thirty or so degrees of the angular length. 
Such a capacitor will be essentially non-radiating if it is in 
the form of a horizontal disk or an equivalent conducting 
network (an example of a radiator of this type is shown in 
Plate I). The capacitance of a thin, solid, circular disk 
elevated some distance above the ground is given by 

Cj = yo'Sfl /ujuF . . . (2.6) 
where a = radius of disk in metres. 

For computing purposes the reactance is often required and 
this is given by 

= — 7'5 ohms . . (2.7) 

To find the reactance of the antenna according to equation 
(2.1) we must add to the vertical height a fictitious length of 
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line whose characteristic impedance is the same as that of the 
vertical portion and whose length, h^', is such that the reactance 
of this imaginary length is equal to that of the top capacitor. 
This length is given by 

V = (I//9) cot-M-. . (2.8) 

The input reactance is then given by {2.1) on substituting 
(Ai + hz) for A. 

In most cases a non-radiating top of this type is used for 
antennae whose total angular heights are in the region of half 
a wavelength; under such conditions it becomes necessary to 
allow for dissipation in the manner given in § 2.4. 

T-type Antenna 

In principle we should first find the characteristic impedance 
of each half of the horizontal portion of the antenna and then 
regard the two halves as two transmission lines coupled in 
parallel to the top of the antenna. Actually such a calculation 
would give too high a value for the capacitance since the 
proximity effect between the two halves is thereby neglected. 
It is more accurate, therefore, to assume a characteristic 
impedance which is based on the capacitance per unit length 
of the whole of the top. With this assumption the reactance is 
given by 

X, = ^COt^hj2. . . (2.9) 

where ^2 — characteristic impedance of the top portion as a 
whole, 

Aj = total length of top portion. 

The total reactance X2 which the top presents is then ex¬ 
pressed in terms of the equivalent length of transmission line, 
A2', as given by equation (2.8), in which it should be remem¬ 
bered that Zo refers to the vertical portion of the antenna. 
By way of an example the reader may refer to the problem at 
the end of this chapter which includes the calculation of the 
impedance of a T-type antenna with a 3-wirc top. 

Inverted-L Type Antenna 

To find the input impedance of the above type of antenna the 
same methods as used for the T type are employed. If 



Plate I. The Top-capacitor Antenna of WXXX, near New York 

{Courtesy of Federal Telegraph Telephone Co. Inc.) 

U 
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represents the charactenstic impedance of the whole of the 
top portion, then the value of is given by 

Xt = — Zoi cot /SAg . . (2.10) 

Whenever the vertical and horizontal portions are of similar 
cross-section it will be found that the equivalent length of the 
horizontal portion, Ag', is nearly the same as the actual length, 
Ag. In such cases it is convenient (and sufficiently accurate) 
to write 

Xt — — Zo cot /3(Ai + Ag) . . (2.11) 

2.3. ANTENNA RESISTANCE 

The total losses in an antenna system may be expressed in 
terms of a resistance at the driving point which is in series with 
the antenna reactance. If the current at that point is /amps 
and the power dissipated is W watts, then the resistance is 
given by 

This loss resistance can be split into two components—one 
due to the energy lost in the form of radiation, the other due 
to joulean losses in the ground and other parts of the antenna 
system. The first component is Rr, the radiation resistance, 
the second is R^, the dead-loss resistance. It is the ratio of 
these two resistances which determines the efficiency of an 
antenna system. Were it possible to reduce R^ to negligible 
values, even a minute vertical antenna (giving a correspond¬ 
ingly small value of Rf) would give almost the same field 
strength at a distance as a quarter-wave antenna. (In practice 
a fiuther difficulty would arise owing to the losses in the 
output circuit whose resistance should also be negligible.) 

Rf and Rg need not necessarily be measured at the driving 
point of the antenna. For some cases it is convenient to refer 
these values to the current antinode when they are known as 
the “loop radiation resistance,” Ri„ and the “loop dead-loss 
resistance,” R^, respectively. They may also be referred to 
the current at the base of the antenna, which in most cases is 
also the driving point. 

It is usual to assume in the first case that the current distri¬ 
bution along the radiator is sinusoidal. This enables us to 
work out the loop radiation resistance, after which the input 
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impedance may be determined by the normal dissipative 
transmission-line formula as described in the next section. 
The assumption of a sinusoidal current distribution means that 

^loop = ^base sin2 ph . . (2.12) 

If the total effective length of the antenna is less than 0-3^, 
then the above formula immediately gives in terms of Ri\ 

Fig. 2.11. Loop and Base Radiation Resistance of an Infinitely 

Thin Vertical Wire 

for in such cases there is no need to obtain a second approxi¬ 
mation by means of the dissipative transmission-line formula. 

The value of the loop radiation resistance of a vertical 
radiator is given in Vol. I by equation (5.9), while a graph 
of Rir for different lengths of antenna is given in Fig. 2.11, 
together with the base radiation resistance. 

For an antenna with a non-radiating top, the loop radiation 
resistance is given in Vol. I by equation (5.10). Graphs of 
this formula are shown in Fig. 2.12; they are based on a table 
of figures given by McPherson‘“^> and in conjunction with 
equation (2.12) will give the base resistances. The same set 
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of curves may also be used for a T antenna and, with less 
accuracy, for an inverted-L antenna. The base radiation 
resistance of the latter may be determined directly from the 
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Fig. 2.13 {a). Base Radiation Resistance of an Inverted-L Antenna 

(Pierce, Electric Oscillations and Electric Wooes^ McGraw-HUl, 1990) 

formula given by Pierce‘S’’ who first published the curves 
shown in Fig. 12.13. 

2.4. INPUT IMPEDANCE 

Uniform Vertical Antenna 

Combining the results of the previous two sections leads to 
formulae giving the input impedance of a vertical radiator on 
the assumption that the antenna is equivalent to a uniform 
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dissipative transmission line. Such an equivalent transmission 
line will have a propagation constant P = ct where a is 
the attenuation constant and p is the phase constant—they 
are given in Vol. I by equations (5.32) and (5.29) respectively. 

Fig. 2.13 {b). Base Radiation Resistance of an Inverted-L Antenna 

(Enlarged portion of Fig. 2.13 (a)) 

We shall not discuss the details of the present calculation, 
since the end results are given by the curves of Fig. 2.14. It 
should be noted, however, that these curves apply only if the 
earth losses are negligible (which is more or less true if the 
anteima is provided with an extensive earth system whose 
radius is at least 0’3A). When the earth losses are not small, 
we must include the value of Rn, the loop dead-loss resistance, 
in the figure for Ri in equation (5.32) given in Vol. I. This 
increases the value of a but in many cases R^ may be obtained 
straight away‘fi:om equation (2.12) while is often given 
with sufficient accuracy by equation (2.1). The method of 
estimating R^ is given in the next section. 
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Knowing a and /?, the values of the series base resistance R„ 
and the series base reactance Xj, can be found from equations 
(5.36) and (5.37) in Vol. I. Fig. 2.14 gives graphs of and 

Full llnes~Bosa resistance 
Dotted lines—Bose reoctonce 

Fio. 2.14. Base Resistance and Reactance of a Uniform Vertical 
Radiator as Calculated by the Equivalent Transmission-line 

Method 

X„ for various values of R^. It should be noted that is the 
real part of the characteristic impedance of the line and is 

therefore equal to 

A study of the graphs for R^ and X^ shows that the reactance 
is zero for values of h very slightly above 0'25A and a little 
below 0-5.^. The conditions in the vicinity of 0*25^ are certainly 
not correct, for the resonant length diould be a few per cent 
short of a quarter of a wavelength. In the region of the second 
resonance, however, the results are qualitatively correct though 
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not quantitatively (the shortening effect is actually distinctly 
greater). It is apparent, therefore, that the equivalent trans¬ 
mission-line formulae are inaccurate as far as the reactance 
is concerned in the immediate neighbourhood of the resonant 
lengths; moreover they are inaccurate for relatively thick 
antennae {Ro less than 400 ohms). 

The curves otR^ and X^, given in Figs. 2.15 and 2.16 respec¬ 
tively are based on the biconical antenna method, and give 

Fio. 2.15'. Base Resistance of a Uniform Vertical Radiator as 
Calcuiated by Schelkunopf’s Biconical Antenna Method 

distinctly better agreement with practical measurements than 
those of Fig. 2.14. In fact, the equivalent transmission-line 
method gives results which are so far out that it has become 
customary to assume that the base of a mast antenna has some 
200 hijlP in shunt with the input impedance (Morrison and 
Smith‘d®®’ also assumed a series inductance of 6-8 /iH to obtain 
agreement with experimental figures). This extra capacitance 
was attributed to the capacitance to ground of the bottom 
portion of the antenna—an idea which really allows for the 
capacitance twice over, since it should be allowed for already 
in the characteristic impedance of the antenna. Use of the 
curves of Figs. 2.15 and 2.16 makes the addition of such 
arbitrary shunt capacitances unnecessary. It should not be 
forgotten, however, that the addition of mast lighting, static 
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leaks and the probable proximity of a copper-clad building 
containing the coupling circuits will all tend to add some 
capacitance in the final layout. 

Broadcast Antennae 

The calculations discussed in the previous paragraphs apply 
to cylindrical antennae, and in order to apply them to self- 

Height of AnUnno In Wovelengths 

Fig. 2.16. Base Reactance of a Uniform Vertical Radiator as 

Calculated by Schelkunoff’s Biconical Antenna Method 

radiating masts of triangular or square cross-section some 
equivalent radius must be assumed. This “equivalent radius” 
can only be based on experimental evidence. A study of known 
experimental results suggests a value which is roughly mid-way 
between that of a circle of the same cross-sectional area and 
that given by the distance between the mid-point and one of 
the comers of the antenna. Reasonable values are a = O'^ob 
for the triangular cross-section and a — 0‘6^b for the square 
cross-section (in each case “a” is the equivalent radius and 
“b” the width of one side). 

An application of the above rule is shown in Fig. 2.17, 
which gives the experimental curves of Morrison and Smith*"*** 
together with calculated curves obtained fix)m Figs. 2.15 and 
2.16. It will be seen that even with the biconical meth^ the 
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accuracy of the theoretical curves leaves something to be 
desired, though the results are distinctly superior to those 
obtained using the equivalent transmission-line method. 

Truly cylindrical antennae are obtained if boiler tubing is 
used (in Germany antennae over 150 m high have been 
erected which were made out of sections of thin boiler tubing 

O'a 03 04 05 06 07 

Height <4 Radiator in Wavtlrngths 

Fio. 3.17. A Ck)MPARISON OF Experiusntal and Theoretical Values 

FOR THE Impedance of the Uniform Mast Radiator shown in 

Fio. 2.34 

whose diameter was only about i m) or if a vertical wire is 
suspended from a wooden tower (for example, the antennae 
at Copjenhagen and Mtihlackcr). Unfortunately there appears 
to be no information available on the impedance of the boiler 
tubing antennae while the wire types have end capacitances; 
asTf result the only direct checks on the curves of Figs. 2.15 
and 2.16 are ones which have been made at much shorter 
wavelengths. 

The biconical antenna method could be used for diamond* 
tyi>e antennae and Schelkunoff<’®> has given the necessary 
formulae for this purpose (again an equivalent radius would 
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have to be assumed). When the transmission-line method is 
used it is customary to assume a value of characteristic im¬ 
pedance lying between 200 and 250 ohms (see, for instance, 
an article by McPherson<i®i*). Some experimental values have 

— Height of Antcnno in Wovcicngths. 

Fig. 2.18. Average Characteristics of Five Existing Diamond-type 

Antennae 

(Ghamberlam and Lodge» Froc. I.R.E., Jan., 1936) 

been given by Chamberlain and Lodge,*®*’ who published the 
curves shown in Fig. 2.18. 

At the present time diamond-type masts are falling into 
disfavour, since the current distribution they give has a poor 
minimum, with the result that their anti-fade properties arc 
npt quite so good as those of uniform masts. The current 
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distribution is shown in curve C of Fig. 2.19 where it is con¬ 
trasted with that due to a thin-wire antenna (curve A) and 
that due to a mast of uniform cross-section (curve B), The 
poor minimum of curve C is a result of the decreasing cross- 
section of the top half of the mast; this causes a greater 
proportion of the current to be in the lower half. 

A third general type of broadcast antenna is the self- 
supporting mast. This also suffers from a downward displace- 

All anUnnoc ore series fed ot the base 

Fig. 2.19. Three Types of Broadcast Antennae with Corresponding 
Current Distributions 

ment of the current due to the tapering cross-section towards 
the top, though in recent times the cross-sections in the lower 
portions have been made remarkably small, with a correspond¬ 
ing reduction in the amount of taper. The effect of the tapering 
on the input impedance is to make the second resonance occur 
for heights as low as 0-35A. Fig. 2.20 shows the measured 
average impedance of three self-supporting towers. 

Top-loaded Antennae 

When the antenna is loaded with a top reactance (this may 
be due to a capacitor with or without an inductor in series) 
then it is customary to fall back on the transmission-line 
method. In particular the full transmission-line formula as 
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given in Vol. I by equation (5.34) must be employed if the 
antenna is of the tall anti-fade type. 

If Xt is the top reactance as determined by the methods 

Fig. 2.20. hvEVJkGiB. CHARACTERisncs OF Three Existing 

Self-supporting Radiators 

(Chamberlain and Lodge, Proc. LR.JS.f Jan., 1936) 

given in § 2.2 then the base impedance is given by equation 
(5.38), (Vol. I). 

Provided that the dead-loss resistance is small (i.e. if the 
antenna has an extensive ground system) then Ri == i?,, and 
is therefore given by the curves of Fig. 2.12. The value of 
Rq may be taken to be given by equation (2.3) which is the 
lower curve in Fig. 2.9. 
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Fortunately equations (5.33) and (5.38) given in Vol. I 
need not be used for normal small T and inverted-L antennae 
since the reactance and resistance may then be calculated 
separately according to the methods given in § 2.2 and § 2.3. 
This remark applies to wire antennae whose total effective 
lengths do not exceed 0*4^ and to thick radiators whose 
lengths are less than 0*3^. An example of a wire type of 
antenna is given at the end of this chapter. 

2.5. ANTENNA LOSSES 

Conductor Losses 

With metals of good conductivity the conductor losses are 
quite negligible except for very short radiators whose radiation 
resistance is only a few ohms. Mast radiators should be gal¬ 
vanized to prevent rusting at the joints which would cause a 
large increase in losses. In some cases copper strips are run 
along the length of the mast but it will be realized that, unless 
there are many such strips, they cannot carry the major part 
of the current. 

To estimate the losses in a conductor we make use of the 
“skin depth” which is the depth below the surface of a con¬ 

ductor at which the current is reduced to -- (i.e. 0-368) of its 

surface value. This depth is given by where a is the attenua¬ 

tion constant of the metal as given in Vol. I by equation (3.40). 
From the latter equation we have 

I _ I 

« Vnfifg {2.13) 

For cylindrical conductors whose radius “a” is many times 
the skin depth (a stipulation which is obeyed in all practical 
cases) the resistance per unit length is given by 

Snag 

= —V^or —. . {2.14) 
2a Ar ng Una ' 

where is the real part of the intrinsic impedance of the 
metal as given in Vol. I, in equation (3.42). 
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The effective loss resistance, Ra, at the terminals of the 
antenna depends on the current distribution. Assuming this 
to be sinusoidal, we have = /, sin /?A, where /j is the loop 
current, so that 

R, “v/o 
IJ^Rdz 

= Rk 
' ~ Wh 

I — COS 2^h (2-15) 

a - Radius of Wire In mm 

Fig. 2.21. Conductor Losses for Wire Antennae of Heights 
0 05A AND 0*25^ 

For short radiators (i.e. h < A/20) the above equation 
simplifies to 

(2.16) 

Some typical values are illustrated by the graphs in Fig. 2.21. 
These values of Ra may be compared with the corresponding 
radiation resistances which are 36-6 ohms for h = A/4 and 
I ohm for h = A/20. 

Dielectric Losses 

The losses due to heating of the insulators form quite a small 
part of the total power dissipated, especially where mast 
antennae are concerned. Consequently we find that porcelain 
has a power factor low enough to make the use of low-loss 
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ceramics unnecessary in long- and medium-wave technique. 
A comparispn of the different dielectrics is given in Appendix 
1. As a typical figure for porcelain we may take a power 
factor (i.e. reactance/parallel resistance) of 0*007. 

O 01 02 03 04 05 06 07 08 09 

Height of Tower in Wavelengths 

Fig. 2.22. Voltage across Base Insulators of Towers of 

Uniform Cross-section 

(Brown, Proc. LR.E., Sept., 1939) 

In the case of the base insulator the voltage is given by 

where V = r.m.s. volts across insulator, 
W = power input in watts. 

It is convenient to express the voltage in terms of one watt 
input when comparing different antennae. This is equivalent 
to taking Vf^/W zs the variable and we find that for almost 
any typje of mast radiator whose height exceeds o*2A, the value 
of VIlies between lo and 25. For lower heights, and in 
particular for thin wires, the values of Vjy/W will greatly 
exceed these figures owing to the high reactive impedance. 
Fig. 2.22 shows the voltage at the base of self-radiating masts 
of uniform cross-section. 
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On the same figure are included values referring to the 
shunt-excited antenna of Morrison and Smith. xhe volt¬ 
ages in this case are those appearing across the series tuning 
capacitance when the input resistance has been adjusted to 
70 ohms. The voltages are obviously very great if the height 
of the mast is in the region of 0*5^. 

The base insulator of a tower antenna is not likely to have 
a greater capacitance than 30 and as a result the modi¬ 
fication to the base impedance is quite small. Taking the 
particular case of an antenna 0-55^ high whose base impedance 
is 210—7320, we find that a capacitance of 30///iF only 
changes the impedance to 203 — 7309 when the frequency is 
620 kc/s. 

With the above values Vf^/JV = 24-8 so that the r.m.s. 
voltage for 100 kW input would be 7 840 V. To find the peak 
voltage when the carrier is modulated by 100 per cent we 
multiply by 2\/2, which gives 22 200 V peak. 

The power dissipated in the insulator is given by 

W'^V^X 
Power factor 

(2.18) 

where Xc = impedance of insulator. 

The above equation is pessimistic, since not all the lines of 
force are threading the material of the insulator. The effective 
voltage across the insulator is, in fact, somewhere between 
0*5 and i*o times the base voltage V. 

Continuing the previous example we find that the power 
dissipated in the absence of modulation is 

= 50-6 W 

This is obviously a negligible loss. It has been found, 
however, that unless an earth mat is underneath or very close 
to the insulator the capacitance current travels through 
sufficient soil to cause a small but noticeable loss. 

The losses in the guy insulators are negligible in the case of 
tower antennae. A detailed investigation into this problem 
has been made by Brown. He showed that for an antifade 
antenna whose guys were fixed somewhere between one-third 
and two-thirds of the way up the mast (and broken into 2 or 
3 sections according to height) the maximum r.m.s. voltage 
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across any insulator was only slightly above i ooo V with an 
input as high as 500 kW. His figures correspond to about 
I-6V/W for insulators next to the mast and 0’8 V/W for 
insulators near the ground. 

We may use these figures to find the power dissipated by 
assuming a value of 10 [i[iF for the capacitance of the insulators 
(medium- and large-size egg insulators have capacitances 
ranging between 5 and 10 nnf). The result of such a calcula¬ 
tion on the same antenna as was used in the base insulator 
example showed that the losses for 100 kW input were only 
1-5 W. 

With wire T or inverted-L antennae the extreme ends need 
supporting by means of insulators and since at these points 
the voltages can be very high, it is an advantage to use more 
than one insulator for the ends of the antenna. The voltage 
at the ends is related to that at the base as follows— 

V,= V,stc^^{h^-\-K') . . (2.19) 

This is a simplification of equation (10.39), which we 
have put x = I and a = o, the value of / being equal to 
{h^ + Ag )• If th® antenna is operating very near to quarter- 
wave resonance (say /?(Ai -j- h^') = 90° ± 5°) the value of a 
cannot be neglected; and if, in addition, the antenna has 
capacitance top loading we must put Zr = -^2> I = hi 
work out cdii according to Vol. I, equation (5.33). 

At the end of this chapter the insulator losses for a T antenna 
are calculated. In this particular case the antenna is just far 
enough above quarter-wave resonance for a to be neglected 
(it will be realized that the determination of insulator losses 
and voltages is, in any case, only a fairly rough calculation). 

The safe working and the breakdown voltages for egg insu¬ 
lators are shown in Appendix III. 

Ground Losses 

Of the various losses in a grounded antenna, those due to 
the inferior conductivity of the earth are by far the most serious. 
This is a result of maUng the earth a part of the oscillatory 
system, a fact which is illustrated in the sketch of Fig. i .5. The 
problem is attacked in practice either by burying a large 
number of radial wires in the ground or by using a “counter¬ 
poise” earth which virtually forms an artificial earth for the 
system. The latter method requires fewer wires, but they 
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should be at least a metre or two above the ground to render 
the system relatively free from earth currents. This elevation 
of the wires causes complications in erection as well as decreas¬ 
ing the effective height of the antenna. 

To calculate the ground losses we may first derive the 
ground current distribution on the assumption of a perfectly 
conducting ground, and then assume that the case of finite 
conductivity does not vary this distribution sensibly. Knowing 
the current distribution and the conductivity of the soil, we 

may then estimate the ground losses and therefore the effective 
loss resistance. Such a process is, by its very nature, only an 
approximation, but it is a very good approximation for long 
and medium wavelengths and normal soil conductivities. 

The current distribution is entirely along the surface for a 
perfect conductor but will penetrate for some distance into 
the ground in practice. In either case, we may surround the 
antenna with a coaxial cylinder as shown in Fig. 2.23, where¬ 
upon, on equating the total radial current, /p, to the sum of 
the current, /», at the base of the antenna and the displacement 
current 4, we have 

/p = /j -f- /f . . . (2.20) 

Using Ample’s law that the line integral of the magnetic 
intensity equals the current threading the circuit (by Maxwell’s 
extension this applies also to displacement currents) we have 

27r/j/f* = /p = 4 -+- /{ . . (2.21) 

The value of may be obtained from Vol. I, equation (5.14), 
on putting Tq ~ p and $ = o and doubling to allow for the 
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image in the ground (at this point we are assuming that the 
ground is a perfect conductor so that the system is symmetrical 
about the surface). This results in 

— PQdiai Ditioncc In Wavelength! 

Fig. 2.24. Total Radial Earth Currents for Different Antenna 

Heights 

The time phase sin wt has been dropped, and the relation 
4 = /j sin /SA has been used. The radial current is therefore 
given by 

Some curves of |/*|, based on the above formula, are given 
in Fig. 2.24. It will be noticed that the distribution for 
ph = /I/4 is particularly simple, |/„| being constant for all 
values of p. The total radial current is obviously appreciable 
for all large values of p, but it should be remembered that 
beyond the region of the induction field (say p > A/2) the 
earth losses should be classified as propagation losses, since 
they do not influence the efficiency of the antenna system. 

With short antennae the earth currents are particularly 



64 Antenna Theory and Design 

high near the base, so that such antennae require a good earth 
system in this region, the more so on account of their inherently 
low radiation resistance. Steps are often taken to improve 
the horizontal radiation from short antennae by adding some 
form of non-radiating top. In such cases the previous analysis 
applies, provided the change in current distribution is allowed 

Skin depth, I ■ — !s —J- 

“ -/iTT/tfS) 

0-1 0-2 OS 10 2 5 10 

Frequency In 

Fio. 2.35. Variation of Skin Depth with Frequency 

for. If hi is the height of the vertical portion and the 
equivalent length of the top capacitance, giving a total elec¬ 
trical length A, we have 

(2.23) 

The above formula will also apply to T (and, to a first 
approximation, even to inverted-L) antennae, for it is apparent 
that the currents in the horizontal portions of such an antenna 
will not influence the ground distribution appreciably. This 
fact has been verified quantitatively by Brown<**> in an 
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appendix to a general article on earth currents which also 
includes an experimental check for the case = 75°, = o. 

The earth currents have two components in phase quadra¬ 
ture; one of these is due to the induction field and decreases 
(for h < 0*25 A) from a maximum value at p == o to a fraction 
of this value at p = 0*5A; the other is associated with the 
radiation field and increases with distance to a limiting value, 
a limit which is almost attained by the time p = o*5A. 

In order to determine the resistance losses due to these 
currents, we adopt the well-known technique of assuming that 
the currents are relatively unaffected by the losses and that 
the current is concentrated in a region whose lower boundary 
is given by the skin depth. Some curves showing the skin 
depth for typical conductivities are given in Fig. 2.25, Pro¬ 
ceeding on exactly the same lines as were used for obtaining 
the conductor losses, we find that the resistance of a volume 
of unit surface area and depth equal to the skin depth is given 
by = oLjg = Since the skin depth is equal to 
i/a the value of R^ is readily obtained from the curves of 
Fig. 2.25 on dividing i/g by the skin depth in metres. Hence 
the resistance to radial currents of an element of annular ring 
as shown in Fig. 2.23 is equal to {R^l2np)dp, and therefore 
the watts dissipated are given by 

The total dissipation between any two radii is given by 

The evaluation of (2.25) is best performed graphically using 
the curves of Fig. 2.24 for /p. It will be noticed that when /p is 
constant {h = 0-25A) then equal contributions are made by 
rings of soil whose ratio of outer to inner radius is constant. 
Thus as we come towards the centre of the antenna the losses 
continually increase since ^n unlimited number of rings of 
given pjpi may be constructed. The total power dissipated 
is therefore very sensitive to the radius of the earthing pin 
which determines p^. 

In the table given below we assume that the minimum 
Pi = 5 cm; this means that a metal rod 10 cm in diameter 
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and some 5 m deep would have to be sunk into the ground 
for the results shown in the table to hold. In practice one 
would be far more likely to construct an earth system out of 
a set of radial wires (the table on p. 67 compares the earth 
rod with radial-wire systems). A method of finding the earth 
resistance in such cases was devised by Brown and will be 
described later on. 

The upper limit of the integration is determined by the fact 
that outside the induction field the losses should be classed as 
propagation losses. A convenient limit is therefore = o-5A. 
In the following table we have taken steps of pjpi = \/2. 

Example: 

h = 0*05A A = 300 m ^ = 0-01 mhos/m 
Pi minimum == 5 cm == 20 ohms 
P2 maximum = 145 m given by 18^ curve in Fig. 2.24 
Assumed radiated power == i W 
Base radiation resistance = i ohm 
Base current = i ampere 

From equation (2.24) 

W = 1*093/p2 watts/zone 

Zone 1 2 3 4 5 6 
1 

7 8 

Pi 0-05 O-IO 0-20 0*40 

IV 1*093 1-090 I-080 1-071 1-064 1*050 1-030 i-ooo 

Zone 9 10 B B 14 15 16 

Pi B wS 6-4 

W 0*972 0*925 0853 0-762 o-66o 0-536 0-420 0*300 

Zone 17 18 19 20 

Pi 12*8 256 51-2 102*4 

W 0*207 0-134 o*o86 0-058 0-044 0035 0*032 

Total watts dissipated ==: 14*5 
Efficiency of antenna, rj = 6*5 per cent 
Base loss resistance, R^a == i4’5 ohms 

A similar calculation has been performed for a quarter- and 
a half-wave antenna with the results shown below. It is 
interesting to note that the maximum losses in the case of a 
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A/2 antenna occur at a distance of 0-35^ from the base—a fact 
first pointed out by Brown. In calculating the A/2 case 
we use the loop current since the assumption of a sinusoidal 
current distribution makes L = o ii h = A/2. 

Table of Earth Losses 

(A = 300 m; ^ = O'Oi mhos/m) 

Height of Simple Vertical 
Antenna 

A/20 1 
(15 m) 

XI4 
(75 m) 

a/2 
(150 m) 

Base (or Loop) Radiation 
Resistance 

I 36-6 
1 

99-5 
(loop) 

Ground Loss Resistance 
and Efficiency Rhd V Rbd V Rid V 

(a) With 10 cm diameter 
earth rod . H*5 6-5% 25*2 63-3% 6-4 94*®% 

(b) With 15 radial wires 
each 25 m long . 0*96 5»-o% 8-7 

1 
807% 6-3 94-1% 

(c) With 120 radial wires 
each 150 m long 0*072 93-3% 213 94-4% 3*5 967% 

(All resistance values arc in ohms) 

From the above table we see that a A/2 antenna is inherently 
more efficient but the assumption of a sinusoidal current 
distribution has exaggerated this property—more practical 
values are 80 per cent and 90 per cent for cases (a) and {b) 
respectively. When, however, a short antenna is fitted with 
a highly efficient earth system its performance becomes com¬ 
parable with that of a A/2 antenna. 

Minimizing of Earth Losses 

From the foregoing descriptions it will be realized that an 
ideal earth system should consist of a concentric cylinder of 
metal sunk for a depth equal to the skin depth and connected 
to the input terminal by many radial wires. Such an earth 
system woidd remove all ground losses other than those outside 
the cylinder. In practice, if the radial wires are long enough, 
say over A/3, then there would be little gained by sinking such 
an elaborate cylinder (or by taking the equivalent step of 
sinking deep conducting poles at the ends of the wires). 

The efficiency of a radial-wire system has been carefully 
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investigated by Brown, Lewis and EpsteinJ^^^ Their experi¬ 
ments verified the fact that, with an efficient earth system, 
the radiation from an antenna whose height is only A/20 is 
very little inferior to that from a -A/4 antenna. Additional 

O 20 40 60 00 100 120 140 

DUlance from Ba$c ih Metres 

Full lines—current In wires 

Dotted lines—current In ground 

Fig. 2.26. Distribution of Currents in an Earth System of n Radial 

Wires Uniformly Spaced (Good Conductivity Soil) 

experiments indicated that a system of wires lying loose on the 
ground but terminated by ground rods was equally efficient. 

When radial wires are used the radial current will consist 
of a component /„ flowing in the wires and 7, flowing through 
the earth. 

Thus + 7, 

The ratio of 7, to /„ has been given by Brown<®*> in the 
following simple form— 

where s = skin depth = i/a, 
a — radius of earth wire, 
n == number of earth wires. 
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Figs. 2.26 and 2.27 show some curves based on this formula 
using the typical conductivity values employed in the rest of 
this book. The wire gauge for these curves is No. 10 S.W.G. 
—the wire diameter has little effect within quite wide limits. 

O 20 40 60 80 100 120 140 

Distance from Base In Metres 

Full lines--current In wires 
Dotted lines - current In ground 

Fio. 2.27. Distribution of Currents in an Earth System of n Radial 

Wires Uniformly Spaced (Poor Conductivity Soil) 

It should be remembered that L and are in phase quad¬ 
rature so that the sum of their magnitudes does not equal 
unity unless one of them is zero. 

Equation (2.24), giving the power loss in the soil (the losses 
in the wires are negligible in comparison), now becomes 

The improvement obtained with an earth system can be 
observed from the figures in the last two rows of the previous 
table which are for 15 radials each 25 m long and 120 radials 
each 150 m long respectively. These figures were obtained 
with the aid of Fig. 2,26 and equation (2.27). It is apparent 
from the curves of Figs. 2.26 and 2.27 that when only 15 radials 
arc employed there is nothing to be gained by extending them 
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beyond a distance of 30 m in the case of good conductivity 
soil, or about 70 m when the soil conductivity is low. 

Very satisfactory agreement with these theoretical methods 
has been obtained both by Brown and his colleaguesand 
by Brtickmann.^^^ It appears, therefore, that the theory is 

s 

H6}9ht of Rodlotor In Wavalenglht 

Fio. 2.28. Horizontal Figure of Merit for a Simple Vertical Radiator 

sufficiently accurate to give a useful estimate of the antenna 
efficiency with different ground systems. 

Plate III shows the above-ground centre portion of a radial- 
wire earth system for a shunt-excited antenna. 

2.6. POLAR DIAGRAMS 

Horizontal Polar Diagrams 

For straight vertical radiators, with or without a top capacitor, 
the conditions are obviously equal at all horizontal angles so 
that the polar diagram in the equatorial plane is a circle. 
The actual field strength contours may show considerable 
departure from a circular pattern, because such contours 
depend on ground attenuation. For example, at 150 km radius 
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from the transmitter, one quite often finds differences in field 
strength of over 2 to i for different bearings. Hilly country, in 
particular, will show great increases in attenuation. 

A T-type antenna also has a circular horizontal polar dia¬ 
gram and so too has an inverted-L antenna, provided the 

Fio. 2.29. Polar Diagrams for a Vertical Radiator Based on an 

ASSUMED Sinusoidal Current Distribution 

top portion is relatively short. With long top portions an 
inverted-L antenna gives greater radiation in the direction 
opposite to that in which the end is pointing. 

Vertical Polar Diagrams 

(a) Simple VerHccd Radiator 

The object in medium- and long-wave transmissions is to 
provide as^ great a field strength as possible in a horizontal 
plane. This problem was studied by Ballantine<®®> who showed 
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that the optimum height of a vertical radiator is A 
curve giving the relative field strengths for different antenna 
heights is shown in Fig. 2.28 and the corresponding vertical 
polar characteristics for certain hjX values are given in Figs. 
2.29 and 2.30. 

In spite of the optimum existing at 0-64^ the usual height 
of this class of broadcast antennae is between 0-52^ and 0*55^. 

Dotted curve - polar diagram ossumlng o sinusoidal current distribution 
Full curve ** polar diogram allowing for dissipation 

O X> 60 90 

8 - Zenith Angle in Degrees 

Fig. 2.30. Vertical Polar Diagram taking Dissipation into Account 

(McPherson, Eltc, Comm., July, 1938) 

The reason for this is that the need for as high as possible a 
ratio of ground wave to sky wave overrides the small increase 
in ground wave obtained by increasing the height to 0'64A. 

The calculated optimum anti-fading height varies according 
to the initial assumptions made as to the probable reflecting 
power of the ionosphere, the grotmd conductivity, and the 
minimum tolerable ratio of ground to sky waves. Whatever 
set of assumptions may be taken the optimum anti-fading 
height decreases slightly with increase in frequency. The 
method of calculating this height is given in § 9.3 of the chapter 
on propagation. 
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All the above figures are based on the assumption of a 
perfectly conducting earth and a sinusoidal distribution of 
current. With these assumptions, the loop radiation resistance 
is given in Vol. I by equation (5.9) and the polar coeflBcient 
P{d) by equation (5.5) which is 

P{6) = 
cos (/8A cos d) — cos fih 

sin 6 
(2.28) 

It will be noticed that the function P{Q) varies in magnitude 
for different values of ph, even for the value of 6 = 90°. This 
is due to the fact that the field strength in equation (5.6), Vol. I, 
has been expressed as the product of the loop current and the 
polar coefficient. If we wish to standardize the polar coefficient 
(i.e. to make it unity at 0 = 90° for all antenna heights) it 
should be divided by (i — cos 0i). Therefore the field strength 
may be expressed either as 

E,^^P{6) . . . (2.29) 

where P{d) is as given in (2.28), or else as 

E, = ^-^KF{6) . . (2.30) 

I — cos ph 
“form factor” as referred to the loop current 

cos {ph cos 0) — cos ph 
sin 0( I — cos ph) 

In both formulae 

where K = 

and F{e) = 

£# = field strength in volts/metre, 

Ii = loop current in amperes 

sin ph 
where L is the base current, 

r = distance from radiator in metres. 

A more accurate calculation of the polar pattern may be 
made by treating the antenna as a dissipative transmission line 
in the manner described in Vol. I, § 5.3. The principle consists of 
calculating the radiation resistance according to equation (5.9), 
Vol. I, assuming a uniformly dissipative line whose attenuation 
constant, a, just accounts for the radiated losses, calculating 
the current distribution according to equation (5.39), Vol. I, and 
finally performing a graphical integration from the current 
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distribution. Such a procedure yielded the dotted curve shown 
in Fig. 2.30, which is taken from a comprehensive paper by 
McPherson<^®^> dealing with the electrical properties of broad¬ 
cast antennae. 

Examination of Fig. 2.30 shows that the more correct current 
distribution produces a minimum, instead of a zero, at 47°. 
This filling-in of the minimum is a characteristic feature of 
the more accurate polar diagrams of antennae whose heights 
exceed half a wavelength and, in general, the thicker the 
antenna the more the minimum is filled in. 

{b) Top-loaded Antennae 
In the case of anti-fade antennae the purpose of loading the 

top with a capacitor is to enable a 10 to 20 per cent reduction 
in height to be made with¬ 
out at the same time causing 
any significant change in 
the vertical polar diagram. 
If, however, we are dealing 
with short antennae (i.e. 
radiators less than o*2A 
high), then the polar dia¬ 
gram remains independent 
of height whether the an¬ 

tenna is loaded or not. The object in top loading in such 
cases is an entirely different one—^it is to increase the base 
radiation resistance so that a higher overall efficiency may 
be obtained. 

By way of illustration, let us consider the antenna given in 
the example at the end of this chapter. The efficiency of this 
antenna with its three-wire top is 75 per cent, but if the top 
were to be removed the radiation resistance would drop to 
4 ohms, and hence the efficiency would be only 45 per cent. 
(In this particular case the antenna is fitted with quite a big 
earth system; had the earth system been indifferent the ratio 
of the two efficiencies would have been even greater.) 

The top capacitor may take the form of a radial set of wires, 
or the horizontal portion of a T antenna. Both types are shown 
in Fig. 2.32. The horizontal portion of an inverted-L antenna 
may also be treated as a non-radiating top capacitor, provided 
the total length is less than about Yet another type 
of loaded antenna is the ‘Tolded-top’’ type, one form of 
which is shown in Fig. 2.31. The object of this folding is to 

The Arrows Indicotc 

the Relative Phoses 
of the Currents tn 

the Horizontoi Top 

Fio. 2.31. Folded-top Antenna 
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decrease the unwanted radiation from the horizontal top and 
to effect some reduction in the size of the top portion for a 
given performance. 

In all cases the non-radiating top may be considered to 
have an equivalent electrical length in which case the polar 
coefficient is given by 

— sin /SAj' cos 0 sin (fih^ cos 0) — cos + Aj')] (2.31) 

The methods by which h^' may be calculated are given in 
§ 2.2 and § 2.4. The following rule is useful in making a rough 
estimate of the performance of a T-type antenna (it is assumed 
that the antenna has a single vertical wire of the same gauge 
as the horizontal wire or wires)— 

Ag' == Aj if Aa < ^/20 (single-wire top) 
if ^/20 < Aa < A/io (double-wire top) (2.32) 
if A/io < Aa < A/5 (treble-wire top) 

For instance, in the example at the end of this chapter the 
three-wire top has an actual length of 60° (i.e. A/6) and an 
effective length of 62*9°. Had the top been just a single wire 
the effective length would have been 49°. 

The top loading in the case of anti-fade antennae takes the 
form of a horizontal disk of circular, square or possibly tri¬ 
angular shape. The result of such loading is that the vertical 
polar diagram of an antenna only o-4A high can be made to 
simulate closely that which would be obtained by a simple 
radiator of height 0-53A. 

The problem was studied in detail by Brown, who showed 
that whilst in theory such simulation could be obtained by 
antennae whose heights were as low as 0-25A, in practice the 
efficiency fell off badly below about o*4A. The reason for this 
lies in the fact that, for antennae below about 0"4A, the required 
capacitance is so great that it must be obtained by the use of 
a series inductance, whereupon coil losses are introduced. 
A further shortcoming of the tuned capacitor top method 
(shown in Fig. 2.32 {d)) is that high insulation is required on 
account of the high voltages across the coil. Even so this 
method has been used on a number of occasions. It is inter¬ 
esting to note that the principle of a tuned top was suggested 
as long ago as 1919 by van dcr Pol.<’®* 

Examination of equation (2.8) shows that it is easier to 
obtain a given effective electrical length from the top loading 



76 Antenna Theory and Design 

if the characteristic impedance of the vertical portion is high. 
A high characteristic impedance means a thin radiator such 
as may be obtained by running a wire down a wooden tower. 
An example of such a radiator was the one used at Wroclaw 
(formerly Breslau) which had a top of only 30 ft diameter 
(without coil tuning) but which nevertheless gave good anti-fade 
characteristics with a height of 0*42 A. 

Stmpis Antenna with T- type Antenno with Sectionolizcd 

Verticol Non-radiating Antenna Tuned Top Antenna 

Radiator Top Capacitor Copocitor 

Fio. 2.32. Basic Types op Vertical Radiators 

Sectionalized Antennae 

Yet another method of obtaining a high field strength along 
the ground with a correspondingly reduced sky wave is to 
load the radiator with a coil about one-third of the distance 
from the top (Fig. 2.32 {$)). Here again the method is most 
suitable for an antenna whose total height is 0-4^ and much less 
so as the height is reduced below this value. 

Sectionalizing has the advantage that the insulators do not 
have to stand up to such high voltages as in the case of a 
tuned top capacitor antenna. A view of a sectionalized antenna 
system is given in Plate IV, which shows the 500 ft antenna at 
Brookman’s Park, London. This antenna also has a triangular 
top capacitor. 

The polar coefficient of a sectionalized antenna as shown in 
Fig. 2.32 (e) is given by<®*> 

P(d) = ^cos /SAg cos {^ki cos 6) — cos 6 sin sin (jSAj cos 0) 

- cos^(Aj -f A2) + sinT{h-hd 

— cos (/5A — /3Ai) cos (/SAj cos 6) 

+ cos 6 sin /3(A — hi) sin (/?Ai cos 0)}1/sin 6 (a.33) 



Plail IV. Ihl SpcrioNALi/ED Antfnna at Brookman's Park, London 

Ihis MOW bhows ihe sectionaIi7ing insulator and the platfoim VMth the loading coil 

{Courtesv of tiJ Calhnders Cables, Ltd) 

7b 
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The form factor is given by 

K = cos — cos 

+ ■ (“-M) 

Best Form of Anti-fade Antenna 

From time to time various forms of radiators have been sug¬ 
gested to fulfil the function of an anti-fade antenna with the 
least possible cost and height. These include top-loaded, 
sectionalized, elevated and uniformly loaded (‘Tow-velocity”) 
antennae as well as antennae grouped in rings. 

Among the investigations as to their relative merits was a 
notable one by Brown^^®^ who came to the conclusion that 
there was remarkably little advantage in any one of these forms 
over the simple vertical antenna. In addition he studied the 
case of a uniform current distribution (not a practical form, 
of course) and of a single-wire Franklin antenna. The former 
gave almost the identical height for optimum design as a 
simple vertical radiator and the latter showed a moderate 
improvement only at the expense of almost doubling the height. 

These conclusions are not surprising when one considers 
that the polar pattern is merely due to space phasing between 
the radiation from various current elements whose spacings 
are not more than about half a wavelength at the most. It is 
apparent, therefore, that with such systems there is no prospect 
of cancellation over an appreciable range of angles of elevation. 

Bouwkamp and de Bruign^®^^ have shown that, from a 
purely theoretical point of view, the anti-fade radius can be 
increased without limit, but unfortunately the current distribu¬ 
tion involved rapidly becomes quite impractical as the ratio of 
ground to sky wave is increased. The principle concerned is 
discussed on p. 265. 

Of the various forms quoted, the top-loaded and the section¬ 
alized antennae are the most practical, for they give a moderate 
reduction in height without undue complications. The elevated 
antenna (basically a half-wave dipole) has some points of 
interest, for when fed at the centre of the radiator the current 
distribution is very nearly sinusoidal so that a lower minimum 
radiation is possible for some predetermined angle. Another Eoint is that the radiator need not be half a wavelength long 
ut could be shortened (keeping the centre at the same height 
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above the ground) and still give virtually the same polar 
diagram. As, however, the shortening is limited in practice 
by a reduction in efficiency this virtue cannot be exploited 
to any appreciable extent. Some practical forms of elevated 
dipoles are quoted by Briickmann,^^^ while a discussion of the 
relative merits of all the above-mentioned types is given in an 
article by Williams. 

The value of an anti-fade antenna was demonstrated very 
clearly by Guy^^®^ by means of continuous recordings of the 
field strength at various distances. 

2.7. FIGURE OF MERIT 

The figure of merit for an antenna was defined in § 2.1 as the 
field strength at any given zenith angle at i km for i kW input 
—a definition which gives the value of 314 mV/m at ground 
level for the case of a lossless vertical quarter-wave antenna. 
To conform to the M.K.S. system this definition should be 
in terms of ‘‘one watt input at one metre distance,’’ then the 
previously quoted figure for a 2/4 antenna becomes 10 V/m. 
This is a remarkably convenient number to have as a standard 
though it must be admitted that the impression might be 
gained that the field strength should be measured at i m, an 
idea which would, of course, be entirely wrong. For long- and 
medium-wave antennae we shall therefore use the old definition 
which also has the merit of giving the round figure of 300 mV/m 
for very short lossless antennae. 

The field strength from a vertical radiator is given in Vol. I 
by equation (5.6) which, on omitting the phase term, substi¬ 
tuting y'( WIR) for I and rearranging, gives 

■ ■ ■ (^.35) 

where E = field strength in volts/metre, 
W = power dissipated in watts, 

r = radial distance to field point in metres, 
Ri — total loss resistance in ohms (loop value) 

P{B) = polar coefficient 
= KF[6). 

The appropriate values for P{6) (or K and F{Q)) may be 
obtained from equations (2.28), (2.30), (2.31), (2.33) and 
(2.34)- 
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The term Erjy/ W is the figure of merit for it is the field strength 

standardized in terms of unit power and unit distance. This 
field strength is directed along the lines of longitude, i.e. in the 
direction of 0 increasing or decreasing, a fact which is indicated 
in Vol. I, equation (5.6), by the retention of the suffix 0. 

Ri is the resistance representing the total losses in terms of 
the current at some specified point. This point must be the 
current antinode in view of the fact that all the equations as 
given for P{d) or K are in terms of the loop current. Therefore 
Ri is equal to the sum of the loop radiation resistance, Riry 
and the loop dead-loss resistance, Ri^. 

In most cases the horizontal figure of merit (for which 
0 = go°) is of prime interest whereupon the formulae for 
P(0) simplify somewhat so that we have— 

^ V{Rlr + Ria) ~ 

for a simple vertical radiator, and 

:7Pf=7(7f3rg3tcosW-cM«4. + V)] (=i-37) 

for an antenna with a non-radiating top whose electrical length 
is h^'. 

Both the above expressions are more commonly given in 
terms of millivolts per metre, kilometres and kilowatts, in 
which form they become 

E„D I 900 

and 
E^D 

VR V{Rir-\-Ria) 
1900 

[i — cos ph] . (2.38) 

[cos — cos ^{hi Ag')] (2.39) 
VP ViRir + Rt.) 

where E„ = field strength in millivolts/metre, 
D = distance in kilometres, 
P = power in kilowatts, 
k = height of simple vertical antenna, 

hi — height of vertical portion of top-loaded antenna, 
= electrical length of non-radiating top. 

If the dead-loss resistance Ria were zero, then for a short 
antenna (i.e. one for which sin fih = ph) equation {2.38) 
becomes 

i.e. E„y 

- 300 

300 mV/m for one kilowatt at one kilometre. 

(2.40) 
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2.8. ANTENNA COUPLING CIRCUITS 

In general the input impedance of an antenna is unsuitable 
for direct coupling to a transmission line in which case a 
coupling circuit is needed between the two impedances. The 
simplest matching section is the well-known “reactance trans¬ 
former” (complicated sections are to be avoided since they 
usually entail further losses). 

An alternative method of exciting the antenna is to shunt 
feed it by means of a sloping wire which is fastened about 
one-seventh of the way up the mast. This method is only 
suitable for antennae whose heights exceed 0-22, for with 

shorter antennae the tapping 
point is too far up the mast. 
The reactance transformer, 
on the other hand, can be 
applied to any size of 
antenna. 

Shunt-fed Antenna 

Shunt feeding has the merit 
of allowing the base of a self- 
radiating mast to be con¬ 
nected directly to earth. Its 

disadvantages are {a) that the current at the base of the 
antenna is increased (this is detrimental to the vertical 
polar characteristics of anti-fade antennae), and [b) that 
the voltage across the series capacitor is very great if the 
mast is of the order of half a wavelength high. These 
features can be observed in the curves of Figs. 2.34 and 2.22 
respectively. 

In view of the above considerations shunt excitation is 
mainly of use for masts which are about a quarter of a wave¬ 
length high. 

Fig. 2.33 shows a shunt-excited mast, and it will be noticed 
that the arrangement is virtually one-half of a delta matched 
dipole circuit. Normally and ^^e both approximately 
equal to one-seventh of the mast height. For instance if 
h = 0*252 and 0*032, then the impedance at the 
input end is about 70 + 7300 ohms. Such a value permits 
direct matching to a 70-ohm line on balancing out the positive 
reactance by means of a series capacitor. 

Fio. 2.33. Diagram of a Shunt-excited 
Antenna 



Plate V The Base or the Vertical Radiator at Melnik, Czechoslovakia 

This view shows the copper wires which run up the ed^es of the mast the spai k 
gap for lightning protection and the box h >using foi the mast ligfiting system 

{Courlew oj Standard Telephones & Cables ltd) 

8( 
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The variations of input impedance with dy and may be 
summarized as follows— 

for dy increasing: 

Positive reactance increases, 
Resistance increases, 

Full line—CurraM distribution for shunt foadln3 

Dotted line —Current distribution for series feedin9 

f-l450 Kc/b 

FlO. 2.34. ^PERIMENTALLY DETERMINED CURRENT DISTRIBUTION 

ALONG A Shunt-fed Antenna 

(Morrison and Smith, Froc^ June, 1937) 

for <4 increasing; 

Positive reactance decreases, 
Resistaiv^e decreases. 

The exact values of «4 and rf, can only be determined by 
trial and error methods. We may either measure the input 
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impedance by means of an h.f. bridge, or the current at both 
ends of the wire may be noted when the series capacitor is 
tuned for maximum feed current (the adjustment is correct 
when the two currents are equal—for further details the reader 
may consult an article by Bauer*®^’). 

The Reactance Transformer 

The principle of this transformer is illustrated in Fig. 2.35, in 
which and are the two resistances which require matching. 

(a) 
Actual circuit 
when Fi2>R, 

(b) 

Series circuit equivalent 
to (o) 

H.r« jwL,- 

R. 

Fio. 2.35. The Principle of the Reactance Transformer 

By connecting a suitable capacitor C, across i?2, the equivalent 
series circuit can be made to be equal to plus C, in series 
(it will be noted that this is only possible if R^ > R-A- For 
maximum energy transfer between generator and load the 
two impedances must be conjugate, i.e. the reactive impedance 
of L, must be equal and opposite to C,. When the necessary 
relationships are obeyed we have 

= LJC, = say. 

There is an obvious resemblance between the above equation 
and that for the matching of two unequal resistances by means 
of a quarter-wave section of transmission line of inductance 
L, per unit length and capacitance C, per unit length. 

If either or both the resistances R^ and R^ have associated 
reactances, these reactances can be incorporated in the values 
chosen for L, and It should be noticed that, although 
Fig. 2.35 shows a parallel capacitance and a series inductance, 
the two types of reactors could equally well have been reversed 
and matching could still be obtained. Whichever combination 
one chooses, the impedance of the parallel reactor wiU exceed 
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that of the series reactor; for this reason the inductor is usually 
chosen to be the series element since it is then of a more 
reasonable size. In addition the combination of series inductor 
and parallel capacitor will reduce the output of the second and 
higher harmonics. 

Another consideration that comes into play is the response 
of the network off tune. With normal broadcast bandwidths 
this causes no difficulty since the sideband losses will only be 
a fraction of a decibel, but with relatively wide bandwidths 
the losses may need watching. 

The calculation of the reactive elements is quite straight¬ 
forward, the most convenient forms for the equations being 
those which are expressed in the ratio of The values of 
the elements may also be found by 
simple graphical constructions. 

If in Fig. 2.36 
RJRx = Uy then and 
given by 

=/?,(«-!)* . (2.41) 

X2 = — i)~* 

and 
are 

X, 

R, 

Rj >R. 

" I ^R, 
_ , . , . Fio. 2.36. Diagram for React- 
For the reasons previously given ance Transformer Formulae 

Xi and X2 must be of opposite sign. 
The application of the above formulae is illustrated by the 
following example. 

Example: 

(This goes through the calculations from the beginning 
and therefore also serves as an example for some of the 
previous sections.) 

A T antenna whose height ^ = 30 m and whose length of 
top Aj = 50 is operated at a frequency of i Mc/s. The top 
portion consists of 3 parallel wires spaced i m apart. All 
wires are No. 10 S.W.G. (radius i'625 nim). The antenna is 
to be fed via a coaxial cable whose characteristic impedance 
is 70 ohms. 

(a) Calculation of Base Reactance 

From the curves of Fig. 2.7 we find that the static capacitance 
of the top is 9'9 /i/iF/metre, i.e. the characteristic impedance 
Zai as given by equation (2.2) is 

3 333 = 337 ohms 
9-9 
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Using equation (2.9) gives the impedance of the non¬ 
radiating top as 

= — i68‘5 cot 30® 

= — 292 ohms 

The characteristic impedance, ^015 of the vertical portion 
can be found from Fig. 2.6. The result is, of course, the frec- 
space value but—as has been pointed out in § 2.2—a com¬ 
pensating effect arises if free-space values are used for both 
the horizontal and the vertical portions. Hence the reason for 
preferring the curves of Fig. 2.6 to those of Fig. 2.9. We find 

Zoi = 570 ohms 

The equivalent length of the top portion (equation (2.8)) 
is therefore 

. 292 
cot~^ 

570 
= 1-10 radians or 62-9® 

The total length of the antenna is therefore given by 

^{fh. + h,') = 98-9° 

Hence the base reactance (as given by equation (2.1)) is 

X„== — 570 cot 98-9° 

= + 89-3 ohms 

(b) Calculation of Base Radiation Resistance 

The base radiation resistance may be found by interpolation 
from the curves of Fig. 2.12, using the fact that Ai = o-iA 
and Ag' = 0-175 A. 

The result is 

Rbr = 15 ohms 

Before the actual base resistance can be found, an estimate 
of the total losses must be made. These will be predominantly 
earth and insulator losses, the former depending on the earth 
system employed and the ground conductivity. 

(r) Estimation of Earth Losses 

We will suppose that a large earth system consisting of 
60 radial wires each 50 m long is used. The diameter of the 
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wire will have no noticeable effect on the antenna efficiency 
if the wires are of reasonable thickness—^say No. 10 S.W.G. 

The distribution of the currents in the ground is given by 
equation (2.23) and is shown in the full curve of Fig. 2.37 
(an input current of i amp is assumed). 

If the ground conductivity is about o-oi mhos/m, then the 
curves of Fig. 2.26 apply. In the present case n = 60 and 

20 40 60 eo 100 120 140 
^ in matrat 

Tha radial distance U divided into zones whose 
ratio 

Fig. 2.37. Distribution of Earth Currents in the Example 

hence the radial current distribution in the earth itself takes 
the form shown by the dotted line in Fig. 2.37. The dotted 
line will be seen to return abruptly to the full line when 
p = 50 m, for this distance marks the boundary of the earth 
system. 

The earth losses per zone are determined by equation (2.25J 
where />* and are the inner and outer limits respectively of 
a zone whose total radial current is /p. Fig. 2.37 is marked 
out in zones for which pjp^ = y/2. Therefore the watts 
dissipated per zone are 

W = i-093/p* 

since = 20 ohms 

- 

where g = o-oi mhos/m (ground conductivity), 
j 5 m (skin depth as given by Fig. 2.25). 
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The total earth losses are given by the sum of the losses for 
each zone taken between the limits of /> = o and p = 0-5^. 
This sum may be found with ample accuracy from the curves 
of Fig. 2.37 on taking an average value of /p for each zone. 
The result is 

W^earthlosses “ 2*2*] W 

{d)f Estimation of Insulator Losses 
The total joulean losses will include conductor and insulator 

losses, of which only the latter are significant. In particular 
we need only consider the insulators which support the top 
since this is where the high voltages occur. 

The base voltage is given by equation (2.17) and is obviously 
more dependent on the base reactance than on the base 
resistance in the present case. We shall assume provisionally 
therefore that = 20 ohms. This makes the total input 
impedance Zt == ^{20^ + 89*3^) =91*5 ohms and hence 

n = 9i-5 V. 
From equation (2.19) we find that the voltage at the 

ends of the horizontal portion, is equal to 3 820. 
If the top is suspended with four egg insulators in series at 

each end, then the capacitance to the earthed mast will be 
about 2 fi/biF at each end. In practice there would also be 
three egg insulators joining the ends of the wires to the triatics 
(the wires themselves being connected by jumpers), but since 
these are in parallel the increased insulation they afford may 
be neglected for the purposes of this calculation. 

Using equation (2.18) to find the total watts dissipated in 
the eight insulators, we find 

= 2 X (3 820)2 X 

= 2-57 W 

{e) Total Base Impedance 
Since the I'adiation resistance is 15 ohms and the input 

current i amp the power radiated is 

W^radlated = 15 W 

The sum of the radiated power and that dissipated in the 
earth and insulators is therefore 19*84 W, Since we have 
assumed /» — i amp, the base impedance is 

Rt = Rbr “t" Rii 
= 15 4- 4*84 
== 20 ohms 
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Therefore the total base impedance is 

Zr> = 20 +789-3 

(/) Efficiency and Figure of Merit 
The antenna efficiency is given by 

15 
n = — X 100 
' 20 

= 75 per cent 

The horizontal figure of merit is given by using either equa¬ 
tion (2.37) or equation (2.39) in conjunction with (2.12). 
The two methods of expression give 

Er 
= 8-3 

or 
E„yD 

VP 
263 

A quicker, but slightly rougher, estimate of the figure of 
merit could be obtained by simply assuming that the vertical 
polar diagram follows a cosine law whereupon 

VP = 300 X Vo-lb 

— 260 

{g) Design of Coupling Unit 

From the above results we see that the matching problem 
is such that in Fig. 2.36 we have = 20 ohms and 
= 70 ohms. The ratio is therefore equal to 3*5, so that 
equations (2.41) give 

l-^il =31*6 ohms 
jjfal = 44-3 ohms 

Since we have already a series inductance in the low im¬ 
pedance side, an obvious choice is to make positive and 

negative. This has the additional advantage of using a 
capacitor for the high-impedance arm so that losses are kept 
to a minimum as well as giving some suppression of harmonics. 
The value of this capacitor is given by 

X io< x'44-3 ” ^ 
= 0*0036 /iF 



88 Antenna Theory and Design 

The series inductance due to the antenna exceeds that 
required for X^, hence a series capacitor must be used. This 
must have an impedance of — (89*3 — 31-6) ohms and is 
therefore given by 

Cx 
I 

ztt X 10* X 57*7 
= 0-00276 X 10-® 

= 0-0028 ywF 

The coupling circuit therefore takes the form shown in 
Fig. 2.38. In practical forms of coupling units the scries 

Xt-89-3A 
r—•—j|—1- 

R-l7-5iv _L 

00036/miFp 

Antcnno Coupiin9 

Imp«donc« Circuit 

Fio. 2.38. CoupuNO Circuit in the Example 

capacitor is given a convenient nominal value and the final 
adjustments made by means of an extra series inductor—this 
is simply because it is easier to make an adjustable coil than 
to provide a large selection of capacitors. 



CHAPTER III 

Short- and Ultra-short¬ 
wave Antennae 

At short wavelengths there is no difficulty in having an antenna 
whose length is an appreciable part of a wavelength, with the 
result that a high raffiation resistance (with a correspondingly 
high efficiency) is readily attainable. 

For wavelengths between lo and lOO m, i.e. in the short¬ 
wave band, the normal aim is to produce a strong sky wave 
at some predetermined angle. This aim can be achieved by 
mounting the antenna at heights varying between a quarter 
of a wavelength and one or two wavelengths. For ultra-short 
waves (i to lo m) line-of-sight propagation is relied upon, so 
that both transmitting and receiving antennae should be 
elevated as far as possible. 

Consequently both short- and ultra-short-wave antennae are 
normally operated at such heights above the ground that the 
ground losses may be neglected. 

The half-wave dipole is by far the most common type of 
antenna in use at the wavelengths mentioned above. Most of 
the present chapter will therefore be concerned with such 
dipoles or with variations of the simple dipole. 

Grounded vertical radiators are rarely used in short-wave 
transmission. Where, however, a special case may czdl for 
such a radiator, the design methods would follow the same 
lines as those which were given for medium-wave antennae. 

3.1. THE HALF-WAVE DIPOLE 

The half-wave dipole owes its usefulness to the fact that it is 
the longest uniform linear radiator which will support a 
standing wave for which all the elements of current are in 
phase. In practice, the actual length of the dipole is usually 
about 5 per cent less than half a wavelength—a. fact which 

89 
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reduces the radiation resistance at the centre from about 
73 ohms to some value between 6o and 70 ohms but at the 
same time reduces the reactance from + J42 ohms to zero. 
A shortened half-wave dipole is therefore admirably suited 
to being fed directly via a concentric line, since such a line 
can readily be made to have a characteristic impedance equal 
to the input impedance at the centre of the dipole. 

There is nothing to be gained electrically by using still shorter 
dipoles—the polar pattern remains virtually the same but the 
radiation resistance is reduced to less practical values. On 
the other hand, increasing the length to more than half a 
wavelength results in a less omnidirectional radiation (a 
feature which may, of course, be desired in some cases). 

It will be seen, therefore, that the half-wave dipole represents 
a fundamental and highly convenient form of antenna. For 
this reason it is appropriate to use it as a standard by which 
other antennae may be judged. In particular the gain of 
directive antenna systems may be specified in terms of the 
half-wave dipole. Such a specification is given in terms of the 
field strength in the equatorial plane of the dipole, i.e. in a 
direction of maximum radiation. In this direction the half¬ 
wave dipole (in free space) has a field strength which is given by 

where E = field strength in volts/metre, 

W = input power in watts, 

r = distance to field point in metres. 

The above formula is based on the assumption that the 
radiation resistance at the centre is 73-2 ohms so that it repre¬ 
sents the field from a true half-wave dipole, but this does not 
differ from the field due to a half-wave dipole shortened to 
give zero reactance by more than a fraction of one per cent. 

In the following pages the properties of a half-wave dipole 
are discussed at greater length under specific headings. 

Input Impedance 

The self-impedance, Ziii of a half-wave dipole as calculated 
by the induced e.ni.f. method is stated in Vol. I, equation 
(5.19). Evaluation of this equation gives the result 

Zii = 73’2 + J42’5 (3-2) 
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This is the impedance at the centre of an infinitely thin 
dipole which is exactly half a wavelength long and is situated 
in free space. (The double suffix to Z has been introduced 
because of the convenient distinction which can thereby be 
obtained between self and mutual impedances.) 

The variation of this impedance with the thickness and 
length of the dipole is shown in Figs. 3.1 and 3.2. These 

Fro. 3.1. Radiation Resistance op a Cyundrical Dipole 

(Calculated by Schelkunofif’s biconJcal antenna method) 

curves are based on Schelkunoff’s biconical antenna method 
and have been calculated by means of equations (5.52), (5.55) 
and (5.56), Vol. I. In addition, Fig. 3.3 shows the percentage 
shortening required to bring a half-wave dipole to resonance. 

The problem of the cylindrical dipole has also been studied 
by King and Harrison*®®’ who based their work on the methods 
of Hall6n.<®®’ Their results indicate changes in impedance 
due to changes in antenna thickness which differ from those 
shown in Figs. 3.1 and 3.2, but their values are not so well 
supported by the experimental evidence of Brown and Wood¬ 
ward.**^ Only by assuming a spheroidally shaped antenna 
is it possible to obtain a rigorous solution. Solutions of this 
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nature have been obtained by Stratton and Chu,*®''> whose 
results for lengths about the half-wave resonance are given 
in Figs. 4.4 and 4.5. The low values of reactance (indicating 

Fio. 3.2. Input Reactance of a Cyundrical Dipole 

(Calculated by ScheUcunoff*s biconical antezma method) 

a wide bandwidth) of the thicker prolate spheroids are particu¬ 
larly worthy of note. 

The experiments of Brown and Woodward*"’ on cylindrical 
antennae confirmed the value of 73 ohms for the input resis¬ 
tance of a thin centre-fed half-wave dipole. This value re¬ 
mained unchanged until the ratio of hja was less than 200. 
For thicker dipoles the resistance increased until a value of 
110 ohms was reached for hfa = ao, after which the value 
decreased. (The values for the very thi^ antennae were affected 
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by the appreciable shunt capacitance which the relatively big 
ends presented at the input terminals.) 

A notable feature of these experiments was that no measur¬ 
able difference was found whether the ends of the antennae 
were hollow or solid. The experiments also gave the percentage 
shortening curve shown by the dotted line in Fig. 3.3. 

100 200 K>0 1000 2000 5000 lOOOO 

*'l 
'O 

FlO. 3.3. PERCaENTAOE SHORTENING TO BRING A HaLF-WAVE DiPOLE 

TO Resonance 

The effect of the ground on the input resistance is demon¬ 
strated by the curves of Fig. 3.14, which show both the theor¬ 
etical values and those obtained experimentally by Friis, 
Feldman and Sharpless. 

At the extreme end of a dipole there is no current and 
therefore the radiation resistance would appear to be infinite 
when referred to the end. However, in the practical case of 
an end-fed half-wave dipole there certaiinly is a current at the 
feed point for the assumption of a sinusoidal current distribu¬ 
tion (on which equation (3*2) is based) is not quite correct. 
The impedance under these conditions is given in Fig. 3.4, 
the curves for which have been calculated by using the 
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equivalent transmission-line method and giving the dipole a 
characteristic impedance based on the capacitance per unit 
length in free space. The method of feeding illustrated in 
Fig. 3.4 is well known as the “Zepp feed” among amateurs. 

Fio. 3.4. Radiation Resistance of an End-fed Half-wave Dipole 

Free-space Polar Diagram 

It is obvious from the symmetry of the conditions that a polar 
diagram in the equatorial plane of a dipole, or in any parallel 
plane, is simply a circle. 

By making the usual assumption of a sinusoidal current dis¬ 
tribution, it was shown in Vol. I, § 4.4, that the polar diagram 
in a plane containing the dipole {see Fig. 3.5) is the following 
function of B— 

sin 6 (3-3) 
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A graph of this function for values of 0 between o® and 90° 
is given in Fig. 3.6, together with a sine curve for comparison. 

Equation (3.3) would appear to indicate that there is no 
field in a line with the dipole. 
Actually this is only true for dis¬ 
tances greater than a few wave¬ 
lengths from the antenna. In 
the immediate neighbourhood, 
there is a radial field whose 
strength in the case of a doublet 
is given by equation (4.38), 
Vol. 1. Because of this local 
field, there is a definite mutual 
coupling between collinear di¬ 
poles of moderate separation. 

The polar diagram represents the radiation field and is 
therefore only valid at a wavelength or more from the antenna. 
In the radiation field the electric intensity is directed along a 

Fio. 3.6. Polar Diagrams of a Half-wavb Dipole and a DouBLst 

line of longitude as shown in Pig. 3.5. Hence the polarization 
of a vertical dipole is only strictly veHical in the equatorial 
plane. Indeed, in directions approximating to the line of the 
dipole the polarization is practically horizontal, though the 
field strength is relatively low. 

E 

Fio. 3.5. Diagram showing the 

Radiation Pattern in the Meridian 

Plane of a Half-wave Dipole 
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Polar Diagram above the Ground 

In determining the polar patterns of a dipole above the ground 
it is convenient to assume initially that the ground is a perfect 
conductor. The modifications caused by imperfect ground 
conductivity are not great in the case of horizontal dipoles, 

Fio. 3.7. Height Factor for Positive Images: Range H = o-asA to i-oA 

but for vertical dipoles the differences from the idealized case 
may be quite appreciable, especially at low angles to the ground. 

The perfect ground case can be dealt with quite simply by 
using image theory, with the result that a vertical element of 
current has an image for which the current is in phase (Fig. 
1.8 (a)), whereas a horizontal current element has an out-of- 
phase image (Fig. 1.8 {b)). 

Applying these principles to vertical and horizontal half¬ 
wave dipoles we see that the former has an in-phase image and 
the latter an out-of-phase image. In both cases the resultant 
polar pattern may 1^ found by multiplying the pattern of a 
dipole in free space by that due to two point sources (situated 
at the centre of the dipole and at the centre of the image 
respectively) which are either in phase or out of phase according 
to whether the dipole is vertical or horizontal. 

The polar pattern due to the dipole only is given in Fig. 3.6, 
whilst that d.ue to the two point sources may be called the 
“ground reflection factor,” or “height factor,” and is given 
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in Figs. 3.7 and 3.8 for positive and negative images respec¬ 
tively up to a height of one wavelength. The derivation of 
these ground reflection factors is discussed in Chapter VI 
along with the general principles of obtaining polar patterns. 
Chapter VI also contains additional height factor curves 
(Figs. 6.4 to 6.7) which cater for heights between lA and 3A. 

A - Angle of Elevation In Degrees 

Fio. 3.8. Height Factor for Negative Images: Range H = 0‘25A to i oA 

In all cases the curves have been drawn with a logarithmic 
scale for the ordinates. The reason for doing this is that it 
then becomes a very simple matter to multiply the curves 
together using transparent paper. One merely traces out one 
of the required curves and (on making due allowances for any 
possible differences in the horizontal scales) one then super¬ 
imposes this tracing over the graph by which the first curve 
must be multiplied, whereupon the multiplication may be 
performed by simple addition of the ordinates. The method 
is illustrated in Fig. 3.9. Thus the vertical scale is used in the 
same maimer as a slide rule but with the advantage that no 
figures need be noted. Moreover, the trend of the whole curve 
is easily observed even before the multiplication is undertaken; 
consequently inappropriate curves can soon be rejected. 

Any number of curves may be multiplied together in this 
way, though the accuracy naturally decreases with the number. 
For sXL practical purposes the accuracy obtained is ample and 
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furthermore the technique is very labour-saving, especially 
when dealing with the polar patterns of arrays or rhombic 

Points a and b ore b€in9 multiplied t09ethcr 

The full dots show other points on the product curve 

Fio. 3.9. Diagram illustrating the Method of Multiplying Curves 
DRAWN ON A LOGARITHMIC SCALE 

antennae. The actual polar form of the radiation pattern is 
instructive but for most practical purposes it is sufficient to 
leave the curve in the form obtained on the logarithmic paper. 

Fig. 3.10. Polar Diagrams of a Vertical Halp-wave Dipole above 
A Perfectly Conducting Earth 

Figs. 3.10, 3.11 and 3.12 show the polar diagrams for vertical 
and horizontal dipoles whose centres are at heights of ^4, 
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^/2, 3A/4 and L In the case of a horizontal dipole, it is neces 
sary to give separate diagrams for the plane at right angle 

WSSM 
Fio. 3.11. Polar Diagrams (in the Equatorial Plane) of a Horizontal 

Half-wave Dipole above a Perfectly Conducting Earth 

and the plane in line with the dipole since these two cases 
differ appreciably. 

It would appear from these diagrams that excellent radiation 
in a horizontal direction may be obtained by using a vertical 

Fig. 3.12. Polar Diagrams (in a Meridian Plane) of a Horizontal 
Half-wave Dipole above a Perfectly Conducting Earth 

dipole. Actually this is quite wrong, for the imperfect ground 
conductivity causes very high attenuation at large angles of 



100 Antenna Theory and Design 

incidence when the wavelengths are in the short- or ultra-short- 
wave region. The horizontal dipole patterns, which in any 
case show little radiation at large angles of incidence, are much 
less affected by the conductivity of the ground. 

A much better assessment of the true polar diagram can be 
obtained bv calculating the relative field strength at the 
different angles on the basis of a ray treatment, i.e. for each 
angle we use the reflection coefficient or if* (for vertically 

A—An9lc of Eievotion in Dc9rcc» 

Fio. 3.13. Polar Diagrams of a Vertical Half-wave Dipole above 
A Ground of Finite Ck)NDU(iriviTY 

(Feldman, Proc. LR,E,, June, 1933) 

or horizontally polarized waves respectively), i?, and /?» are 
given in Vol. I by equations (3.52) and (3.53) and are shown 
plotted in Figs. 9.33, 9.34 and 9.35 of the present volume for 
representative ground conditions and wavelengths of 0-3, 3, 30 
and 300 m. These reflection coefficients modify the ground 
reflection pattern but this modified pattern is multiplied by the 
polar pattern of the dipole itself in the same way as brfore. 
Fig. 3.13 shows the corrected form of polar diagram for a dipole 
raised ^3 above the ground and working on a wavelength of 
16 m—^the figure is derived from curves given by Feldman.***** 

From the above figure we see that the ra^ation from a 
vertical dipole is zero when the angle of incidence equals 90° 
and not a maximum as was shown in Fig. 3.10. The true state 
of affairs lies between these extremes for the ray treatment does 
not take into account a surface wave which causes a small but 
definite radiation along the ground. This surface wave is 
quite negligible for horizontal polarization and soon becomes 
so even for vertical polarization if the antenna is raised to 
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a height of a few wavelengths above the ground. At the wave¬ 
lengths under consideration we are not normally interested 
in propagation along the ground; consequently the ray 
treatment represents a good method of approaching the 
problem. 

In view of the high dependence of the polar pattern from a 
vertical dipole on the earth conductivity, it is preferable for 
most transmission systems to use horizontal polarization. 
With horizontal polarization it becomes quite a reasonable 
proposition to regard the earth as a perfect reflector, especially 
for large angles of incidence (i.e. small angles of elevation). 

Figure of Merit 

The term “figure of merit’’ is more commonly used for medium- 
and long- wave antennae when it is expressed in the form 

Er 
^W' 

where Ri is the total loop resistance. For a quarter-wavelength 
antenna above the ground P{d) — i in the horizontal plane. 

In the case of a free-space half-wave dipole this loop resis¬ 
tance is almost entirely radiation resistance; also the value 
of this resistance is exactly double that of the quarter-wave 
grounded antenna. Hence the figure of merit in the equatorial 
plane is 

y/w~‘^ • • • (3-4) 

This is simply a rearranged version of equation (3.1) in 
which it is given as a field strength formula. The same formula 
is frequently expressed in the form given in equation (i.i), 
which is 

VP 
= 222 (3-4A) 

It is important to note that when the dipole is at a moderate 
distance above the ground the impedance at the centre may 
be either increased or decreased according to the height and 
orientation of the dipole. This will modify the figure of merit 
so that it becomes 

y/W~‘V Pi 
where Ri is the new radiation resistance. 

(3-5) 
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The value of Ri may be obtained from the curves in Fig. 3.14. 
These curves are based on the mutual impedance between the 
dipole and its image in the ground as obtained by the induced 
e.m.f. method (see, for instance, Carter^^^^). 

On Fig. 3.14 are also shown experimental points obtained 
by Friis, Feldman and Sharpless^^so) using wavelengths between 

Distonce of Dipole above Ground in Wovelengths 

(for vertical dipoie^dlstonce is to lower end) 
Fio. 3.14. Variation of the Input Resistance of a Half-wave 

Dipole with Height above the Earth 
(Friis, Feldman and Sharpless, Proc. Jan., 19^) 

8 and 27 m over ground of good conductivity. It will be seen 
that below a height of o-q^ the theoretically low input resis¬ 
tances for the horizontal dipole do not materialize. This can 
be attributed to the large increase in ground losses which must 
occur when the induction field of the dipole is partially in the 
ground. Theoretical investigations of the effect of finite ground 
conductivity have been made by Barrow<®^> and also by 
Hansen and Beckerley.**®’ 

£(|uation (3.5) introduces a scale factor which should be 
apphed to all the polar diagrams which have been given of 
half-wave dipoles above the ground in the previous figures. 
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In many cases the correction is small and may be neglected 
in making a rough estimate. The reason for having to apply 
this factor is that in these polar diagrams the current at the 

Fio. 3.15. Mutual Impedancje Curves for Parallel Non-staogered 

Half-wave Dipoles 

centre of the dipole has been assumed to remain unchanged 
whether the ground is present or not. This assumption is 
only true at certain distances above the ground, when the 
real part of the mutual impedance is zero, or at heights 
exceeding a few wavelengths, when the mutud impedance is 
negligible. 
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3.2. MUTUAL IMPEDANCE BETWEEN DIPOLES 

A knowledge of the mutual impedance between half-wave 
dipoles is required when we have more than one dipole 
(including any images due to reflecting surfaces). 

The method of calculation may be based on the induced 
e.m.f. method discussed in Vol. I, § 5.2. This method is not 
strictly true for antennae of finite thickness and lengths other 

O 0-2 0-4 0-6 0-8 10 
Fig. 3.16. Mutual Impedance Curves for Collinear Half-wave Dipoles 

^ The abscisia gives the distance in wavelengths between the ends of the dipoles 

than multiples of A/a, but more rigorous methods are necessarily 
complicated. In Vol. I, § 5.2, the application to mutual 
impedances was shown and equation (5.21) gave the formula 
for the mutual impedance between parallel non-staggered 
dipoles. More general formulae are quite complicated, the 
simplest being that for parallel radiators whose lengths are 
multiples of ^2; this formula is given below (for the others 
the reader may refer to the articles by Pistolkors<’®> and 
Carter***’). 

(a) Parallel Non-staggmd Wires of Length I = nXfs 

The formula for this case is 

V^Tl^ + /)} 
(3.6) 
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When n = I, the above formula gives the half-wave dipole 
case, for which Fig. 3.15 shows the real and imaginary parts 
of the mutual impedance. 

(6) Collinear Half-wave Dipoles 
Curves showing the mutual impedance for collinear dipoles 

are given in Fig. 3.16. 

(c) Staggered Half-wave Dipoles 
. It would require many curves to show the mutual impedance 
between dipoles whose relative positions are as shown in 
Fig. 3.17. For most problems, however, a knowledge of the 
resistive component is sufficient and this is 
given in the table below for spacings which 
are multiples of A/2. 

The mutual impedance between antennae 
has a similar definition to that used in net¬ 
works—i.e. it is the ratio of the induced e.m.f. 
in the second antenna to the current in the 
first—but in the antenna case the points of 
reference must be specified. For half-wave Staggered Dipoles 

dipoles the point of reference is always the 
centre and in the general case the reference point is also a 
current loop unless otherwise stated. 

dfX 

hjk 

0 0-5 1*0 1*5 2-0 3*0 

0 + 73-29 4- 26-40 ~ 4*o6 +1-78 — 0-96 -(-0'58 - 0-43 
0-5 — 12-36 — 11-80 — 0*78 4- o*8o ~ 1*00 + 0-45 — 030 
1*0 4-08 + 883 4- 3*56 __ 2-92 4-1*13 — 0-42 4-0-13 

1-5 — 1-77 - 5-75 — 6'26 +1-96 -(-0-56 — 096 +0-85 
2*0 + + 3-76 + 6-05 -I- o-i6 - 2-55 + J-59 - 0-45 
2*5 — 0*75 - 5-67 — a-4o + a-74 — 0*28 — O-IO 
30 -f 0-42 + 1-86 + 4-5> + 3-24 — 2-07 - 1*59 + >-74 

When all the antennae in a system are fed by transmission 
lines, the relative current phases and amplitudes are known, 
so that the mutual impedances may be determined by multi¬ 
plying the mutual impedance vector, as given in the graphs, 
by the complex ratio of the antenna currents. 
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In general all the dipoles will not be forcibly fed, so that a 
set of simultaneous equations as given by Kirchhoff’s laws has 
to be solved. The simplest case, which also is an important 
one in practice, is that of a transmitting dipole plus a reflector 
as shown in Fig. 3.18. The equations in this case are— 

Vx = hZn + 

O = IxZl^ + 

On solving them it is found that the input impedance of 
the driven antenna is modified from the self impedance 
to a value given by 

■ ■ . (3-7) 
“^22 

Both this equation and the initial equations are identical 
with those used in normal network theory. 

3.3. DIPOLE SYSTEMS INVOLVING MUTUAL 
IMPEDANCE CONSIDERATIONS 

Dipole with Parasitic Antenna 

The polar pattern of the two antennae can be established once 
the complex ratio of to has been calculated, but the actual 
scale of this pattern depends on the driving impedance. Thus 
if the input impedance is low, the antenna current for a given 
input power will be high, so that the scale factor expressed in 
terms of will also be high. This means that the intensity 
in the direction of the maximum is high compared with that 
in other polar patterns for the same spacing; such a result 
can only be due to the radiation being restricted into a rela¬ 
tively narrow solid angle, for the total radiated powers must 
be equal. We should therefore expect the scale factors to be 
highest when the lobes in the polar diagrams are at their 
narrowest. A simple illustration of this effect is afforded by a 
two-antenna case, on varying either the spacing or the current 
phases, the antennae being fed with equal currents. 

A set of correctly scaled polar diagrams for the single¬ 
reflector case is shown in Fig. 3.18. They are obtained from 
the well-known article by Brown,which gives a compre¬ 
hensive treatment of mutual effects between antennae. Figs. 
3.19 Md 3.20 are also from the same article and show Ae 
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conditions for maximum forward or backward radiation, and 
also the variation of the input resistance under these conditions. 

Examination of these curves shows that there is no special 
virtue attached to a spacing of A/4; indeed the optimum 
spacings for both reflector and director operation are in the 
region of o*i to 0-15 A. Practical measurements have confirmed 

• 8s driven ontenno 

O « porotitic antenna 

Fig. 3.18. PoLiVR Diagram of a Half-wave Dipole with a 

Single Parasitig Reflector 

(Brown, jFVoc. /./{.£., Jan., 1937) 

these conclusions—an example of such measurements is shown 
in Fig, 3.21. 

The close spacings have the disadvantage that the input 
resistance is only of the order of 20 ohms, therefore greater 
spacings are employed where simpler matching conditions are 
more important than the greatest possible gain. Moreover at 
spacings of 0-20 to 0-25^ the tuning conditions are less critical. 

It should be noted that for the theoretical curves the tuning 
of the reflector is meant to be done by means of a lumped 
reactance in the middle, thereby permitting the length of the 
antenna to remain constant. In practice it is more convenient 
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to vary the tuning by alterations to the length of the reflector, 
in which case the curves still apply but with diminished 
accuracy. 

At spacings greater than about 2 A it is permissible to regard 
the parasitic antenna as being in a uniform field the value of 
which is given in Vol. I by equation (4.49), or to include the 
phase relationship with the current, by equation (4.47). 

H-IOSm 

Fig. 3,21. Experimental Gain Curves for a Dipole plus a Parasitig Dipole 

(McPetrie aad Saxton, fVir, Eng.^ April, 1946) 

These formulae show that the field intensity in the equatorial 
plane is 

r 

The induced voltage equals the product of the effective 
height of the dipole and the field intensity, so that the mutual 
impedance is 

^'^ZCgo^-seoV/A) . . (3.8) 

where r/A is greater than 2. 

Modification of Dipole impedance due to the Ground 

To find the impedance of a half-wave dipole near the ground 
we calculate its mutual impedance with the image in the 
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ground. Assuming a perfectly conducting ground we have 
images for a vertical and a horizontal dipole as shown in 
Figs. 1.8 (a) and i.8 {b) respectively. 

The vertical case is that of collinear dipoles carrying equal 
cophasal currents so that the driving impedance is 

+ . • . (3.9) 
With horizontal antennae we have parallel dipoles with 

out-of-ph2ise currents; hence 

^l = ^U--C21 . • • (3-10) 

For dipoles whose centres are one-quarter of a wavelength 
above the ground the formulae give the values = 99 + j8o 

<cn (b) 
Ccntre-fed End*fcd 

Dotted lines indicate current distribution. 

Fig. 3.22. Two Ways of Exciting a Full-wave Dipole together 

WITH THE Corresponding Polar Diagrams 

(vertical antenna) and = 88 + 770 (horizontal antenna). 
The resistive component of the input impedance is shown 
plotted in Fig. 3.14. The theoretical curves assume a perfectly 
conducting earth but the error due to the conductivity of the 
soil is quite small at wavelengths above 10 m unless the soil 
is exceptionally dry or the centre of the antenna is less than 
o*2A off the ground. 

Impedance of a Full>wave Dipole 

Two ways of feeding a full-wave dipole together with the 
corresponding polar diagrams are shown in Figs. 3.22 (a) 

Application of the mutual impedance figures for collinear 
dipoles shows that the loop radiation resistances per arm arc— 

(a) 99*6 ohms 
{b) 46*8 ohms 
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Hence the loop currents are in the proportion of i : 1*46 
for equal powers and from this proportion the scale factor to 
which the two patterns should be drawn can be derived. 
This does not mean that the lobe maxima are in this proportion, 
for the maxima in case {b) are reduced by space-phasing. 
Yhe total field may be taken to be due to two point sources 
situated at the current antinodes each of which has the same 
polar pattern as a half-wave dipole; in fact the polar diagrams 
can be obtained by multiplying the dipole curve in Fig. 3.6 
by the curve ior 6) = 0-25^ in Figs. 3.7 and 3.8 for cases 
(a) and (b) respectively. 

The maxima in (b) occur at 0 = ± 54°. In this direction 
the field of a dipole is 0-75 times the maximum while the space¬ 
phasing as given by Fi{H, 6) introduces a further factor of 
0-8, so that taking into account the relative loop currents we 
have— 

Lobe maximum of case (a) _ i 

Lobe maxima of case (b) 1-46 X 0-75 X o-8 

= 1*14 

A'centre-fed full-wave dipole produces case (a) and the input 
impedance is given by the curves of Figs. 2.15 and 2.16 on 
doubling the indicated values for ^0 and the ordinates. The 
abscissae refer to the Aa//'-length of the full-wave dipole, while 
the characteristic impedance of the dipole (see p, 42) is 

= i2o(log, 2A/a—i) . . (3.11) 

For example, a full-wave dipole of 10 S.W.G. wire, working 
on A = 30 m, will have h/a = 10 000; .^0=1 100; R = 2 400 
and X = o (with 4 per cent shortening). 

Dipole in Front of Reflecting Sheet 

This case is analogous to the case of a horizontal dipole above 
the ground, but with a metallic sheet the conductivity is far 
better so that a perfect anti-phase image may be assumed with 
greater justification. The polar diagram in the equatorial 
plane is simply proportional to sin pd, where d is the distance 
between the dipole and the sheet, and the field strength in 
this plane is 

where is given by Fig. 3.15. 
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The gain over the field, E', without the reflecting sheet is 
therefore 

E {i-RJRn)- • • 
This gain is shown plotted in Fig. 3.23 and leads to the 

striking conclusion that the dipole is virtually touching the 
Dotted curve a 2 sm/Sd curve 

FuM curve is for zero loss ntsistonce 

Chain dotted curve Is for O OS ohms toss resistonee 

sheet for the greatest forward field strength. In practice a 
slight resistive loss will cause the gain curve to dip sharply 
just before the zero distance point is reached. Furthermore, 
the input resistance falls rapidly as the spacing is decreased 
below 0-25^. 

The “Flat-top” Array 

Two horizontal dipoles fed in anti-phase and separated by 
only a short distance (usually about o-i5A) form what is known 
as a flat-top or 8JK array. The latter name is used among 
radio amateurs for whom this type of antenna is particularly 
convenient since the short spacing permits easy mounting of 
rotatory beam antennae. 

The disadvantage of close spacing is that the radiation 
resistance is lowered to such an extent that the losses may no 
longer be negligible. To find the radiation resistance for 
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each dipole we use the curves of Fig. 3.15 and subtract the 
mutual resistance term as in equation (3.10). 

If the spacing is less than 0-2 A the polar diagram in a vertical 
plane simply follows a cosine law, while that in a horizontal 
plane is given by the product of a cosine law and the polar 
diagram of a single dipole. 

The maximum field strength relative to a single dipole fed 
with the same total power can be determined from the curves 
of Fig. 3.23 on doubling the x scale and dividing the z scale 
by '\/2 (i.e. the distance between the dipole and the sheet 

OI5X 

corresponds to half the spacing between the anti-phase dipoles, 
while the fact that the “image” in this case is supplied with 
power decreases the field strengths in the ratio of \/2 : i). 
These curves show that even if the loss resistance is as low as 
0-5 ohm per dipole the spacing should not be less than o*iA. 
A practical value for the spacing is o-isA in which case the 
radiation resistance of each dipole is about 13 ohms; hence 
a reasonable estimate for the total input resistance is 15 ohms. 

The above input resistance is on the low side for efficient 
matching (especially if open wire lines are used) so that it is 
preferable to make each dipole of the “folded” type described 
in the next section. By using a three-wire folded dipole the 
input resistance may be increased by a factor of 9 (according 
to the Amateur Radio Handbook the input resistance is 180 ohms 
—^this is presumably a measured value in which case both 
the losses and the differences in the spacing would be taken 
into account). Whatever the exact value may prove to be, 
the system may now be matched to a 600 ohm open wire line 
by means of lines whose characteristic impedance has some 
v^ue lying between 400 and 450 ohms. A system of this nature 
is shown in Fig. 3.24 together with probable impxedance values. 
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The Yagi Array 

A dipole with several coplanar parasitic dipoles is commonly 
called a “Yagi”<^®®^ array. A typical array of this nature is 

0-25.X, IPX 

Direction 
of 

^ Moximum 
Rodiotion 

R A D D D D 

R*« reflector (length 

A ■ driven ontenno (length 4 V2 ) 

0 « directors (length < ) 

Fig. 3.25. A Typical Yagi Array 

shown in Fig. 3.25, which shows a single reflector and four 
directors—^for obvious reasons there is little to be gained by 
using more than one reflector. It is usual to set up such an 

Length of Arroy In Wavelengths 

Fig. 3.26. Maximum Gain of Idealized Yagi Array 
(Reid, Jour. LEJE.t Ft. IIIa, No. 3, March>May, 1946) 

array by “cut and try” methods, i.e. the reflector and the 
directors are added one by one and each time the dipoles 
already there are retuned. Actually this operation is quite 
simple to perform for the retuning required on the previously 
set-up elements becomes progressively less. A good clear site 
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should be chosen and if ground reflections cannot be avoided 
care must be taken to see that the direct and reflected rays 
do not vary their relative intensities appreciably as the polar 
diagram is sharpened by the addition 
of further elements. 

In view of the large number of 
variables, theoretical calculations on 
Yagi arrays are necessarily involved. 
For this reason some calculations on 
an idealized array of a sheet of ele¬ 
ments were made by Reid.^^*^®^ His 
curves show that the maximum pos¬ 
sible gain may be summarized as 
shown in Fig. 3.26. (To determine the “length’* of the array we 
may take the distance between the outer dipoles and add 0-2 A.) 
A detailed analysis of a number of cases has been made by 

© 
Direction 

of 
‘ Maximum 

Radiation 

Fig. 3.27. Closely-spaced 
Three-element Array 

Full Curve—Horlxentol Polor Ologram. 

Dotted Curve VertfcoY Polar OIa9rom. 

Fig. 3.28. Polar Diagrams of Three-element Array shown in Fig. 3.27 

(Walkinshaw, Jour. I.E.E.f Ft IIIa, No. 3, March-May, 1946) 

Walkinshaw.*”®’ His results show that whenever the system is 
tuned for maximum forward gain the input resistance is low, say 
20 to 40 ohms. A case of considerable practical interest, since 
it can be used for a short-wave rotatory beam, is shown in 
Fig. 3.27. For this array Walkinshaw shows that the maximum 
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power gain is just over 5, but since the corresponding input 
impedance is only about 4 ohms, a better practical combination 
is given by 

Power Gain Gji = 5 
Reflector Self-reactance -X’22 == + 40 ohms 
Director Self-reactance — 10 ohms 
Resistance of Driven Antenna Ro = 7 ohms 

The corresponding polar diagrams are shown in Fig. 3.28. 
The approximate lengths of the reflector and director may be 
found from Fig. 3.2—the driven antenna being exactly half 
a wavelength long. 

If the reflector in a Yagi array is replaced by a reflecting 
screen, the polar diagram is less sensitive to movements of 
personnel or objects behind the antenna. In Plate VI we have 
a number of such Yagi arrays serving as the radar antennae 
for searchlight control. It will be noticed that some of the 
driven antennae are of the folded dipole type; in this way the 
bandwidth of the combination is slightly widened and also the 
input impedance is increased to a value which permits direct 
matching to a coaxial line. 

3.4. VARIATIONS OF THE HALF-WAVE DIPOLE 

A number of antennae have been devised whose polar patterns 
are substantially similar to that of a half-wave dipole. They 
may therefore be classified as variations of the half-wave 
dipole. In some cases the polarization of the radiated energy is 
opposite to that of a dipole and this must be taken into account 
when the polar diagram in the presence of the ground is being 
calculated. The presence of the ground will also modify the 
radiation resistance, but unless the antenna is only a fraction of 
a wavelength over the ground this modification will merely be 
of minor importance. 

The Folded Dipole 

An ordinary half-wave dipole may be considered as an open- 
circuited transmission line which has been “opened out” so 
that the radiations from the two sides of the last ^4 section 
will augment each other. If we started with a short-circuited 
piece of line we should again have a standing-wave system, and 
this time the last ^2 section could be used by folding the wire 



Plate VI. Yagi Arrays with WiRE-NbTTiNo Reflectors 
FOR SEAucHiir.Hr Control 

(Courtesy of Fox Photos, Ltd ) 
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as shown in Fig. 3.29 (fl). An alternative way of viewing this 
folded dipole antenna is to consider it as an ordinary half-wave 
dipole the ends of which voltage feed a near-by half-wave 
dipole. 

The separation between the two radiators should be small 
compared with a wavelength (typical transmitting values are 
30 cm separation for A = 40 m and 20 cm for A == 20 m), then 
the radiation from the two is sensibly in phase for all directions 
so that the polar pattern is identical with that due to a single 
half-wave radiator. It follows that for a given input power 
the loop current must be twice as great in the single dipole 

\/2 X/’2 V2 

260 ohm» 630 ohms 

(o) (b) 
-element type 3-element type 4 

Fig. 3.29. Examples of Folded Dipoles 

1120 ohmi 

(c) 
-element type 

as in each limb of the folded dipole. This in turn means that 
the input resistance of the folded dipole must be four times 
that of the single dipole, i.e. of the order of 300 ohms. 

The virtues of a folded dipole are— 

(a) it can be fed via a 300 ohm open line, 
{b) it has a slightly greater bandwidth than that of a 

single dipole. 

Folded dipoles using three or four elements can be devised 
by arranging the elements as shown in Fig. 3.29 {b) and (c). 
The input resistance can be reasoned out on Ae same lines 
as before and proves to be n® times that of a single radiator 
where n is the number of elements. 

Intermediate multiplying factors may be obtained by using 
conductors of unequal thicknesses. If in a two-element type, 
the fed dipole is the thicker conductor then the resistance will 
be less than four times that of an unfolded dipole and vice versa. 
The actual ratio obtained depends on the spacing of the con¬ 
ductors as well as their relative thicknesses. Experiments by 
the author gave multiplying factors of 5*5 and 3*3 for diameter 
ratios of 3 to 5 when Ae separation between the centres of the 
conductors was equal to the sum cS their diameters. 
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A theory for the unequal diameter case has recently been 
developed by Roberts^^^i) gives a formula for the input 
resistance of the two-element type in terms of the resistance of 
the two elements connected in parallel to form a single dipole. 
Calling the latter value JS", the formula is 

where — characteristic impedance of a transmission line 
consisting of two conductors of the same 
diameter as the driven element and whose 
centre-to-centre spacing is the same as that of 
the actual element. 

/^2 = as for Zi> but the two conductors have diameters 
equal to that of the folded element. 

The formula presupposes that the elements are “well 
spaced.” Applying it to the above-mentioned experimental 
cases, we find that the theoretical RfR" ratios are 5-9 and 2-9. 
The length-to-diameter ratios of the elements employed were 
fairly large, so that the difference between R" and the resistance 
of a single element as a dipole (which was the criterion in the 
experimental case) would be quite small. We must therefore 
conclude that the differences between the experimental and 
theoretical values are due to the spacing in the present case 
being too close for high accuracy. 

Considered as a receiving antenna, the folded dipole has 
an effective height which is n times that of a simple dipole of 
equal length. Although this means that the induced e.m.f. is 
n times greater, it must not be forgotten that the resistance of 
the folded version is increased by a factor of tfi, i.e. the folded 
and the simple dipoles both abstract the same power from the 
incident field. 

The Terminated Dipole or “ Squashed Rhombic ” 

A further variation of the folded dipole which is akin to the 
rhombic antenna is shown in Fig. 3.30. In this form a ter¬ 
minating resistance equal to the characteristic impedance of 
the feeder line is employed so that the radiators carry travelling 
and not standing waves. The polar pattern is identical with 
that of a standing wave radiator of the same length (this point 
is discussed in connection with the scries phase array). A far 
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wider bandwidth is obtainable in this way (nearly a 3 : i 
frequency range can be covered) but at the usual expense 
inherent in such an aperiodic system, i.e. between one-third 
and one-half of the power is dissipated in the resistance. This 
type of antenna was described in an unpublished memorandum 

2 4 6 6 10 12 14 16 18 20 
Frequency in Mc/i 

Fig. 3.30. Input Impedance of a Terminated Dipole 

by W. L. McPherson, from which the experimental curves 
shown in Fig. 3.30 were taken. 

The Ground-plane Antenna 

Half-wave dipoles of the J-type or of the coaxial type have 
the advantage that the coaxial feeder can act as a support 
for the antenna, but unless a detuning sleeve is used the outside 
of the feeder is excited to some extent so that if the feeder is 
long the resultant polar diagram will be appreciably distorted. 
In order to overcome the latter disadvantage. Brown and 
Epstein*^®®’ devised the antenna illustrated in Fig. 3.31. The 
four horizontal rods form a virtual ground below the vertical 
quarter-wave rod and restrict the excitation of the feeder below. 

According to Hasenbeck<*^*’ an antenna which is some 12 per 
cent shorter than 0-251 will have an impedance equal to 
25 —_/35 ohms when the radials are exactly 0-25! long, but 
experimental results quoted by G. H. Brown in a letter to 
Electronics (Dec. 1943, p. 338) show values whose resistance 
component is distinctly lower than 25 ohms. In fact, for a 
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shortening of only 6 per cent Brown obtained a value of 
20 ohms. Experiments by the author gave good agreement 
with the latter figures since they showed that a 5 per cent 
shortening corresponded with resistance values of between 
20 and 21 ohms. Agreement was also obtained for the fre¬ 
quency at which the reactance is zero—this frequency is such 
that the counterpoise rods are then one per cent short of 0'25A. 

In order to convert the input impedance to a more suitable 
value for transmission lines the vertical portion may be folded, 
or a quarter-wave transformer may be added, or else a matching 

Fio. 3.31. Ground-plane Antenna 

stub may be used. An example of a “folded unipole” antenna 
is shown in Fig. 5.13, while the corresponding impedance 
curves are given in Fig. 5.14. If a stub is used (Fig. 3.31 [b)) 
the correct length of stub will be about o-iA. Since this stub 
is short-circuited at the end the whole antenna, including the 
centre conductor, can be grounded; in this way a static drain 
is provided as well as some protection against damage by 
lightning. 

Whichever method one uses, the bandwidth will prove to 
be only 3 to 4 per cent for a standing wave ratio limit of 
1-5 : I. This bandwidth is actually some 3 times less than 
would be obtained by a vertical quarter-wave rod of the same 
thickness above a large conducting sheet. 

If a parasitic reflector is added this takes the form of a 
quarter-wave rod grounded to the stub and spaced about O'lA 
away fix»m the vertical rod. In this way a forward gain of 
about 3 db may be obtained. 

A further variation of the ground-plane antenna is the 
“cartwheel antenna.” In this form the number of radial rods 
is increased to about eight while their outer ends are joined 



Plate VII Cartwhefi Type of Unipoif Antfnna as used for 

Railway Communications on Ulira-shori Waves 

{( ourtesy of t V/ and Television' ) 
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by a circular conductor. The cartwheel antenna has the 
advantage of being more robust—a photograph of one is given 
in Plate VII (facing p. 120), which shows the antenna mounted 
on the tender of a locomotive. 

The Alford Loop Antenna 

A loop antenna devised by Alford<^®®> consists of four radiating 
elements folded in the manner shown in Fig. 3.32. Each 

(q) Principle of loop. 
Dotted lines indicate 
relative current 
distribution 

Fig. 3.32. The Alford Loop Antenna 

element has a length of A/a, although shorter lengths may be 
used to give a more uniform polar pattern at the expense of 
overall efficiency. The ends of the four elements are folded 
together in such a way that the radiation from them is neutral¬ 
ized by the adjacent end. In this manner a loop of almost 
uniform in-phase current is obtained and when the loop is 
mounted in a horizontal plane the polar pattern is almost 
identical with that of a vertical half-wave dipole, but the 
polarization is horizontal. Unlike the half-wave dipole, 
however, the polarization remains constant for all positions 
in space. Because of these properties, the Alford loop antenna 
forms a convenient radiator for aircraft beacons and other 
systems where reliable polar patterns employing ground 
reflections are required. 

On account of the similarity mentioned above of the polar 
pattern with that of a half-wave dipole, the field strengffi for 
a given input power may be taken to be the same as that due 
to a dipole whose position is along the axis of the loop. 
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The radiation resistance of such a loop (referred to the 
current at the centre of one of the sides) is given by 

i? = 2o(jS/)‘ohms 

This formula gives values which are too high if //A is greater 

(a) (b) 
Loop of 2 half wove Loop of 1 half wave 

elemenii element 

Fig. 3.33. Simpler Forms of Alford Loops 

forms Conductor 
Outer Conductor 

Fig. 3.34. The Clover-leaf Antenna 

than about i/6. A better approximation is given by the 
semi-empirical formula 

• (3-13) 

In practice the loop is end-fed in the manner shown in 
Fig. 3.32 {b) where a resonant piece of transmission line is 
employed to cancel the large reactive component of the field. 
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A simpler version of this loop antenna is shown in Fig. 
3.33 (a) and a still simpler one in Fig. 3.33 (6). As the forms 
become simpler so the antennae become less efficient for a 
given degree of symmetry in the polar 
patterns. 

An Alford loop should be con¬ 
structed of strip metal to keep the 
characteristic impedance, and there¬ 
fore the losses, as low as possible. 
Consequently the whole structure be¬ 
comes very bulky at wavelengths 
greater than about 6 or 7 m, so that 
they find their chief application at the 
lower end of the ultra-short waveband. 

The Clover-leaf Antenna 

A recent type of magnetic dipole 
which is particularly suited to stacking 
on a mast is the “clover-leaf” antenna 
shown in Fig. 3.34. For an operating 
wavelength of 3 m the mast is about 
30 cm square, and forms the outer 
conductor. In view of the narrow 
cross-section of the mast a further 
supporting mast of greater dimensions 
is required if the antennae are to be 
mounted at an appreciable height. 

The inner conductor is a tube of 
7*5 cm diameter and the curved 
elements are fed directly from this 
tube, the return circuit being via the mast. At the corners of the 
mast are vertical wires to nullify the effect of induced currents 
which would otherwise produce vertically polarized waves. 

The power gain over a half-wave dipole is about o*6n, where 
n is the number of stacked elements spaced at intervals of 0*5 A. 

s-OU 
Diometer of 
Loops-O* USX 

Fig. 3.35. Open Form of 
Slotted Cylinder Antenna 

The Slotted Cylinder Antenna 

The loading of a transmission line with loops as shown in 
fig- 3-35 increase the phase velocity along the line to an 
extent which depends on the diameter of the loops and their 
spacing. In the figure the ratio of the wavelength along the 
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line to that in free space is 2 : i (i.e. = 2) so that the 
radiation from the loops is in phase over a distance of one free- 
space wavelength. The polar diagram of such a system is 
therefore that of a magnetic dipole except for the fact that 
the increased space ph2ising due to the physical length being 
doubled will sharpen the pattern in a vertical plane. 

This form of antenna is the “skeleton” version of the slotted 
cylinder type shown in Fig. 3.37. It will be seen therefore 

00» O-K) 012 014 0-16 0-18 

Diameter of Loop 

Fio, 3.36. Variation of Wavelength along a Parallel-wire Line 
WITH Size and Spacing of Shunt Loops 

(Alford, U.S.A. Pat. No. 641 699) 

that the loops may all be fixed to a metal mast, a suitable 
position for this purpose being the mid-points of each loop. 
In order to feed the antenna via a coaxial line the input 
circuit is fitted with a quarter-wave stub at the junction of the 
balanced and unbalanced lines. For tuning purposes we may 
vary the position of the shorting bar at the upper end of the 
balanced line. 

The above descriptions are given by Alford (U.S.A. Patents 
641 692 and 644 519) who also gives some experimental curves 
of the values of ^Ao to be expected. These curves are shown 
in Fig. 3.36; they include the case of a slotted cylinder which 
corresponds to sfa — o. 

The simplest form of slotted cylinder antenna is shown in 
Fig. 3.37 {a) in which the antenna is fed at the open end via 
a coaxial line which is brought up the inside of the cylinder. 
At the fed point die impedance is about 160 ohms in series 
with, a negative reactance. Al&rd recommends a diameter of 
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between o*i2 and 0*14^0, an overall length of about i-iA and 
a slot width equal to one-sixth of the diameter. With these 
dimensions an average power gain of i*6 over a half-wave 
dipole is obtained in the equatorial plane. 

If two of these antennae are placed end to end they may be 
fed in the middle and both ends can be closed with metal disks. 

(a) 
Sin9l€ Slotted 

Cylinder 

obout 
0-13A 

Cylinder open 
01 thi» end 

Current / 
Distribution 

Both ends 

Cylinder 
closed with IJ^Slot Width 
mctoliic conductor I about 0'02\ 
ot this end t 

Coaxial feeder. 
(Impedance at feed 
point 4* in 
series with a 
ne9ativc reactance) 

to mid point. 
(Impedonce at feed 
point ^ lOOxtin 
scries with a 
negative reactance) 

3*37« Two Forms of Slotted Cylinder Antenna 

Such an arrangement is shown in Fig. 3.37 {b) and results in 
an average power gain of 2*5. The corresponding polar 
diagrams are shown in Fig. 3.38. 

Finally it might be mentioned that the slotted cylinder type 
of antenna has also been called a “rocket” or a “pylon” 
antenna (the one in Fig. 3.38 is known as a “dual-rocket” 
antenna). 

3.5. WIDE-BAND ANTENNAE FOR TELEVISION 

In the case of a television service the total bandwidth of the 
transmission is several hundred times as wide as that of a 
normal communicadon channel. As a result it is no longer 
possible to neglect the variation of the antenna impedance 
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with side-band frequency. For present-day transmissions 
using both side-bands this means that a substantially flat 
characteristic over a range of fully i 5 per cent of the carrier 
frequency is required. 

The necessary degree of flatness of the antenna characteristic 
depends on whether it is being used for transmission or reception. 

Vertical Polar Dia9ram 

Fig. 3.38. Polar Diagrams of a Dual Slotted Cylinder Antenna 
(Alford, U.SA. Pat. No. 644 519) 

This difference (in what is otherwise a reciprocal relationship) 
occurs on account of the following considerations— 

(a) the maximum possible efficiency is required under 
transmitting conditions; 

{b) in the transmitting case the transmission line is likely 
to be very long. 

The first of these factors means that the bandwidth cannot 
be improved by a resistance in series (or the equivalent 
coupling circuit) when the antenna is used for transmitting. 
The second point results in the need for accurate matching of 
the antenna to the feeder line to avoid ghost images and this 
in turn demands a flatter impedance characteristic. 

As an example of the care needed to secure good matching 
in the transmitting case, we may take the case of the London 
Television transmitter**®*’. A view of the aerial system is given 
in Plate No. VIII which shows the two rin^ of eight full-wave 
dipoles round the mast. Each dipole consists of a three-wire 



Plate VIII Iplevision Mast at Alexandra Palace, showing ihf 
Two Groups of Eight Vfrtical Wire-cagl Dipoles 

{Courtesy of the B B C) 

w6 
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cage (15 in. spacing) together with an energized reflector 
between the dipole and the mast. 

Gage-type aerials have been described by Lutkin, Cary, and 
Harding^^^®^ together with the design of appropriate wide¬ 
band transmission lines. Their requirements necessitated even 

Percentage Frequency Deviation 

Fig. 3.39. Comparison of Bandwidths of Different Types of Dipoles 

(Garter, R,C,A, Rto., Oct., 1939) 

broader bandwidths than are required for present-day tele¬ 
vision purposes, but the principles involved are the same. 

Fig. 3.39 shows the reflection coefficients obtained experi¬ 
mentally for a number of different types of antennae. Antennae 
for which the reflection coefficient is less than 5 per cent over 
a frequency range of ± 5 per cent are suitable for transmitting 
purposes, while for reception reflection coefficients not exceed¬ 
ing 30 per cent are adequate for all types of coupling. 

An interesting form of transmitting antenna is the one which 
radiates the vision frequencies from the top of the Empire 
State Building. The antenna, which is described in an article 
by Lindenblad,^^^®^ consists of four quarter-wave elements in 
the form of a turnstile. Each element has a bandwidth which 
is not much inferior to that given by the double cone antenna 
shown in Fig. 3.39. When four such elements are arranged 
in the manner shown in Fig. 3.40 {a) the combined impedance 
characteristic is even smoodier; the same holds true of a 
turnstile of folded dipoles (Fig. 3.40 (A)). 

For simple dipoles whose length-to-diameter ratio exceeds 
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50, the following formula gives a useful approximation 
the Q;factor— 

^ A-R„ (3-14) 

where = frequency divided by total bandwidth, 

==: average characteristic impedance of dipole, 

Ri^ = loop radiation resistance (at resonance, to be 
precise). 

Supportin9 

Most 

Supportin9 
Molt 

(O) 
R.C.A. 9roun4€d 

qvortcr-wovc ellipsoid* 

(Empire Stole BuHdtn9) 

(b) 

R>C.A. folded dipoles 

for sound chonnel 

(Empire State Building) 

Fig. 3.40. Two Types of Turnsto-e Antenna 

The above formula is based on the fact that the reactance 
variations of the dipole about the first resonance point are 
only slightly affected by the radiation resistance. Assuming a 
lossless open-circuited line, then the reactance is given by 
X = — Zo cot /?/ which, in the neighbourhood of /§/ = w/2, 
may be written X = — Zo^l- 

The problem is shown in the form of a transmission line 
impedance diagram in Fig. 3.41 in which ^4 mark the 
extremes of the bandwidth (defined in the usual network way 
as the point for which |J5r| = R). From this diagram it is 
obvious that 

{^li — PI2) 

cot RirlZo 4= since 
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To take a particular example, let us suppose that we have 
a cylindrical antenna whose length-to-diameter ratio is 200, 
i.e. hja = 200. Then ohms (SchelkunofF’s method) 
or 516 ohms (Howe’s method)—the values may be obtained 
from the curves in Fig. 2.9. Taking a round figure of 70 ohms 
for Rir we therefore find that Q^ — 6-j or 5-8 according to 
the way in which we define Using the cuirves of Fig. 3.2 
we find that Q, = 6'0 for hfa = 200. 

Taking the latter figure and keeping to the biconical antenna 
method of defining characteristic impedance, we have the 
easily remembered trio of figures 
hfa = 200 gives Zo = 600 ohms 
and 0,= 6. For other ratios of 
semi-length to radius we may use 
the middle line of Fig. 2.9 and 
divide the value of Zo by one 
hundred to obtain the value of 

It happens that a Q. of 6 is also 
an appropriate value for a tele¬ 
vision receiving antenna. The Fio.3.41. Use of Transmssion-une 

case of a receiving antenna is Impedance Diagrams for Finding 

considered in detail in Chapter V. 
THE Q, OF AN Antenna 

3.6. FEEDING AND COUPLING CIRCUITS 

In many cases the same fundamental form of antenna has 
come to be known by different names which are really descrip¬ 
tive of the method of feeding and not of the antenna itself. 
Thus the “Zeppelin,” the “Windom,” the “Western Electric” 
and the “J-type” antenna are all essentially half-wave dipoles 
—the only differences lie in the methods employed to energize 
them. 

The positions of the antenna and transmitter output circuit 
are rarely such that direct coupling is possible. Some form of 
transmission line is therefore necessary to connect the two. 
Such lines may be either matched or unmatched (the two 
cases are also referred to as tmtuned or tuned respectively). 
The first mode of operation gives less radiation from the line 
itself and is to be prrferred whwiever possible; the unmatched 
method is sometimes more convement for small installa¬ 
tions, particularly when these use a long wire for multi-band 
worldng. 
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Half-wave Dipole Feeders 

{a) Matched Feeders 

If a half-wave dipole is open-circuited at the centre, it may 
be fed at this point via a transmission line of about 70 ohms 
characteristic impedance. In this way a perfect match may 
be obtained and at the same time discrimination against all 

Zo-70y^ 

(a) parallel wire fed 

(c.9. a twisted pair.) 

(b)cooxial tirte ted. 

gop"^ 
between line 

m 
iii % 

and sleeve •1 

r shorted to 
coaxiol line 

(c) coaxial line plus detuning 

sleeve to reduce unbalance. 

$ 

End View 

(d) slot fed dipole 

Fig. 3.42. Methods of Feeding a Half-wave Dipole 

odd harmonics will be given. The transmission line may 
consist either of a twisted pair (suitable only for low-power 
installations) or a concentric line. 

The concentric line method is particularly convenient at 
very short wavelengths when the outer conductor may be 
used as a means of support. This method of feeding causes 
a slight unbalance so that a certain amount of radiation takes 
place from the outside of the transmission line. The unbalance 
may be reduced to negligible proportions by adding a quarter- 
wave sleeving as shown in Fig. 3.42 (c), which introduces a 
high impedance to any currents flowing on the outer surfiice 
of the line. This refinement is usually only used on microwaves 
when the unbalance is liable to 1^ greater (owing to the 
relative increase in size of the line as compared with the 
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antenna) and when it is mechanically easy to add such a sleeve. 
An alternative method of balancing is by means of a “slot 

feed” as illustrated in Fig. 3.42 {d). The principle on which 
this works is that the dipole is excited by a TEn wave which 
can exist at the end of the line by virtue of the slotted sides. 
This wave is set up since, together with the original TEM 
wave, it satisfies the imposed boundary condition of zero radial 

!l 

ouur conductor of 
y/'UM joined to sleeve. 

\ 

r 
'9CIP between 
line ond sleeve. 

N.B. the dimensions do not include 
the shortening effect ~ this 
will vory with the conductor 
dimensions. 

% 
ii 

Ttr^ gop 

gop 

detuning 
sleeve. 

f sleeve shorted 
to coaxial line 
here. 

(0) (b) 
Simple Version. Coaxial dipole with 

detuning sleeve. 

Fio. 3.43. Coaxial Dipoles or “Sleeve” Antennae 

e.m.f. along the plug. In the plan view of the feeder the 
contributions to the radial e.m.f.’s in the vertical direction are 
shown by dotted arrows for the TE^i wave and by full arrows 
for the TEM wave. 

A neat way of feeding a half-wave dipole in which the 
coaxial feeder actually enters the inside of one limb of the 
antenna is illustrated in Fig. 3.43. This form of antenna is 
known as a “coaxial” or “sleeve” antenna. The field pattern 
produced in this way is more symmetrical than usual, especially 
if radiation from the feeder is reduced by adding a quarter- 
wave sleeving as shown in Fig. 3.43 (b). (The high-impedance 
end of this sleeving should be at a current antinode, i.e. at an 
odd number of quarter wavelengths from the bottom of the 
dipole.) This type of antenna is mainly useful for ultra-short 
waves and microwaves on account of mechanical considerations. 

A common method of matching which is suitable for all 
powers is the delta match shown in Fig. 3.44. With this system 
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the dipole is continuous and is matched to a parallel trans¬ 
mission line by fanning out the end of the line. This process 

(q) dclus matched dipotc (b) corrcspondln9 irammiiibn 
o^O ISX b*0*l3X Sn* arcult 

Fio. 3.44. Delta-matched Dipole 

is equivalent to tapping along the line of a dissipative trans¬ 
mission line (Fig. 3.44 (^))* For a 6oo-ohm transmission line 

characierittic hnpedme between 300 and 600 ohmik 

Fjo. 3,45, Four Methods of Matching a Dipole to a 
Parallel-wire Line 

the dimensions of the delta portion of Fig, 3.44 {a) are approxi¬ 
mately 

a = O'isA, b =»= o-isA 

The correctness of the match depends on the thickness <£ ^ 
wire mul on the he^ht above the ground^ so that in practice 
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it is usual to check this by measuring the standing wave ratio 
of the line current. 

Instead of fanning out the ends of the line a quarter-wave 
matching section may be used (Fig. 3.45 (a)), an open-circuited 
stub for centre feeding (Fig. 3.45 (i)), or a short-circuited stub 
for end feeding (Fig. 3.45 (c)). The correct matching condi¬ 
tions can be found quite easily with the aid of impedance 
diagrams as described in § 10.4. The method of Fig. 3.45 (c) 
is sometimes used for vertical radiators when the configuration 

H l-s^ nnMipIc o(^,itnp(dancc n Iggh H l~s^ multiple of ^,imp(donc( a low 

l«€vcn - - * * "teat . • ■ • • 

(a) Centre-fed (b) End-fed 

Fig. 3.46. UNMATC3HED FEEDER SYSTEMS 

appears as shown in Fig. 3.45 (rf) and is known as a “J” 
antenna. 

(b) Unmatched Feeders 

It is sometimes convenient to use unmatched feeders (e.g. 
in multiband working when the radiation resistance is not 
constant) provided the power used is low and the transmission 
line is not too long. The line should approximate to some 
multiple of A/4 to avoid an unduly great reactive component 
to the input impedance to the line. This assumes that the 
impedance at the input terminals of the antenna is also mainly 
resistive—which is true at the centre and ends of a resonant 
half-wave dipole. Therefore an unmatched line may be 
attached to a half-wave dipole as shown in Figs. 3.46 (a) 
and {b). 

The centre-fed case has the virtue of giving less radiation 
from the wire should the antenna not be correctly tuned. 
This is due to the fact that the currents in the two sides of 
the transmission line remain balanced under all conditions, 
viiereas with end-feed the free end of the line is necessarily a 
current node. 
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(c) Single-wire Feeder 

Another form of matched feeder is the single-wire feed 
illustrated in Fig. 3.47. The return circuit in this case is via 
the grouncl so that good ground conductivity is essential for 
reasonable efficiencies—^in fact, the antenna resembles a T-type 
antenna with an unsymmetrical top. The difference lies in 
the fact that when the system is correctly matched standing 
waves exist only along the horizontal portion. Even so the 

(«) 
DiQ9ram of Feed Syitcm 

t 
Ground 

77777777771 177777777^7777" 

(b) 
Diogrom of complete circuit 
including the ground imoge 

Fig. 3.47. Single-wire Feed to a Half-wave Dipole 

vertical portion will radiate for it carries a travelling wave the 
field from which is not neutralized by a nearby parallel return 
circuit. When used with a half-wave dipole the antenna is 
sometimes called a “Windom” and the distance of the tap 
from the centre is approximately one-sixth of the length of the 
dipole. The feeder wire shown leaves the antenna at right 
angles for at least a quarter of a wavelength to avoid coupling 
and should have no sharp bends. 

Coupling to the Transmitter Tank Circuit 

The coupling of the transmitting end of a feeder line to the 
transmitter output circuit is essentially a network problem 
and therefore will not be dealt with in the present volume. 
A wide range of such coupling circuits is given in the Amateur 
Radio Handbook and in the A.R.R.L. Antenna Book.^*^ The 
theoretical aspects of coupling circuit design are dealt with in 
various books such as Everitt’s Communication Engineering and 
Terman’s Radio Engineers’ Handbook.^^^ 



CHAPTER IV 

Microwave Antennae 

For wavelengths below i m the number of different types of 
antennae is particularly great. Many of these are only small 
variations of more general types. Nevertheless there are quite a 
number of essentially different types—thus at these wavelengths 
solid conducting surfaces may be used either as reflectors or 
as guiding surfaces; the radiation may emerge from a slot in 
a conductor; rods of dielectric can be used to produce a 
certain radiation pattern; finally all the types commonly 
employed at greater wavelengths can also be used. Only the 
grounded radiator is unknown at these high frequencies, but 
the equivalent form, in which a conducting sheet is used as 
an artificial earth, is quite practicable. 

Many of the antennae described below are highly directive 
and could therefore have been included in Chapter VI, but 
the present arrangement was considered more convenient. 
It will be assumed, however, that the reader is acquainted 
with the basic principles concerning the formation of directive 
patterns as given in § 6.i. In this section the directive proper¬ 
ties considered are those for radiation originating from discrete 
sources, whereas in microwave technique we are more often 
concerned with radiation from a continuous distribution of 
virtual sources. 

4.1. THE HALF-WAVE DIPOLE AND VARIATIONS 

The ordinary half-wave dipole was considered at some length 
in the previous chapter, where the induced e.m.f. method was 
employed for mutual impedance and the biconical antenna 
method for the variations of the self-impedance about the 
point of resonance. All these results are equally applicable to 
microwave antennae. 

In the present section some additional information is ^ven 
to aid in the design of very thick antennae. The difliculties of 

>35 
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the problem have already been stressed in Chapter V, Vol. I, 
where it was mentioned that only the spheroidal shape was 
capable of virtually exact analysis. 

Under-the heading of “variations” we shall include all 
antennae whose polar diagrams approximate to that of a 
half-wave dipole. 

Thick Half-wave Dipoles 

It is instructive to consider first of all the limiting case of a 
dipole which is so thick that its width is equal to its lengtli. 

Fio. 4.1. Three Modes of Oscillation for a Sphere and for 
A Linear Radiator 

A sphere which is excited across a gap through the equator 
would form such a dipole; this shape is, indeed, the only one 
amenable to calculation. 

In Fig. 4.1 are shown the electric lines due to the first three 
modes of vibration of a metallic sphere. These are on a 
spherical surface surrounding the sphere, for on the sphere 
itself the tangential electric intensity must be zero. A com¬ 
parison with &e modes of vibration of a linear radiator (shown 
in the same figtire) demonstrates that in the case of the sphere 
the successive modes are more closely grouped on a frequency 
scale than they are for the linear radiation. It is to this fact 
that the spheres (and thick antennae in general) owe their 
wide-band frequency characteristics. 

The problem of forced oscillations of a sphere has been 
Studied by Stratton and Ghu‘*'’ and they obtained the curves 
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shown in Figs. 4.2 (a) and (i>) for a sphere excited across the 
equator. From these two figures we can obtain a curve giving 

0 12 3 4 5 

/do —RodiM o1 Sphere in Rodions 

(O) 
Conductance Curves for First 7 Modes 

^ 12 3 4 5 

/So — Radius of Sphere m Rodions 

(W 
Susccptoncc Curves for Rrst 7 Modes 

Fig. 4.2. Conductance and Susceptance Curves for a Sphere 
Excited Across the Equator 

(Stratton and Chu, Jour, Af4>l. Phys.^ March, 1941) 

the series resistance and series reactance and this has been 
done in Fig. 4.3. The latter curves show the interesting feature 

/to * Rodiut of Sphere in Rodions 

Fig. 4.3. Input Impedance of a Sphsiib Excited Across the Equator 

(Stratton and Chu, Jeur. itpp/, iVpv., Mardi, 1941) 

that the input impedance remains capacitative for all fi:e- 
quencies—z fact which is also apparent firom the susceptance 



See Pla 5*18 for Dimensions’‘h*arut *o* 
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“ Length of Spheroid In Wavelengths 

Fio. 4.4. Conductance and ^usceptance Curves for a 
Prolate Spheroid 

(Stratton and Chu, Jour. Appl. Pf\ys.t March, 1941) 
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Fio. 4.5, Input Admittange of a Prolate Spheroid 

(Stretton and Qiu, Juur. Appl. Phpt.t March, 1941) 
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curves of Fig. 4.2 {b). It should be noticed that in dealing with 
forced oscillations across the equator only the odd modes can 
be excited. 

Stratton and Ghu also extended their work to deal with 
prolate spheroids for which they obtained the results shown 
in Figs. 4.4 and 4.5. In these figures the semi-minor axis has 
been called “a” (to conform with our use of this symbol for 
radii) and the semi-major axis “A” (to conform with our 

SOO 600 TOO BOO 900 lOOO IlOO 1200 

Zq—ChoracUrittlc lm|>c<$ancc tn Ohmt 

Fig. 4.6. Radiation Resistance of a Cylindrical Half-wave 

Dipole at Resonance 

symbol for the half-length of a dipole). It will be noticed that 
the thickest spheroid, whose total length is seven times the 
maximum diameter, is very nearly capacitative throughout 
the frequency range. 

The problem of the spheroidal antenna has also been studied 
by Page and Adams<®®> and by Ryder.Their deductions in 
the case of relatively thin antennae are as follows— 

where 0=2 log, — (4.3) 

Rir = loop radiation resistance of a half-wave dipole. 

The parameter O was first used by Abraham<“> and is also 
employed by Hall^nt®*> and King<“* in their work on cylindrical 
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antennae. In a booko*) of which he is part author, King has 
a rdsum6 of his work on cylindrical antennae which includes 
the calculation of mutual impedances allowing for the finite 
thickness of the antennae. Fig. 4.6 gives one of his curves and 
shows the input resistance at resonance for a half-wave dipole 
of varying thickness. On the same graph the corresponding 
values given by Schelkunoff are also shown—it will be seen 
that the values obtained by King are distinctly lower. 

Sometimes the results obtained for spheroidal antennae are 
adopted for cylindrical ^ntennae by assuming an “equivalent” 
cylindrical antenna whose length slightly exceeds that of the 
spheroid and whose diameter is slightly less. There is, however, 
no theoretical justification for such an equivalence. Brillouin*®’* 
is of the opinion that sharper edges lead to narrow bandwidths, 
in which case the spheroidal antenna would have the wider 
bandwidth for a given length-to-diameter ratio. 

The problem of the thick antenna is by no means settled, 
though the results quoted here will give the engineer an indi¬ 
cation of its properties. The reader who wishes to delve 
further into the problem will find the references mentioned 
above a useful starting point. 

Experimental Verifications with Dipoles 

Although it is quite simple to perform rough experiments with 
dipoles—for example one can easily measure the standing 
waves on the feeders to a moderate degree of accuracy—it 
becomes quite a difficult matter to do the experiment accu¬ 
rately enough to decide between two theories. For one thing 
an allowance must be made for the capacitance across the 
gap where the antenna is being fed in the case of relatively 
thick antennae. This has been done in some experiments by 
Essen and Oliver. The general shape of these curves is in 
excellent agreement with theory, so we shall merely quote the 
more critical points of the curves. 

The experiments were performed at a frequency of 432 Mc/s 
and employed No. 12 S.W.G. copper wire which was cut to 
different lengths. Consequently as a half-wave dipole the 
characteristic impedance ^ as given by equation (3.it) was 
550 ohms, while as a full-wave ddpole was 630 ohms. The 
corresponding C values as defined by equation (4.3) are ii*i 
and 12*5 respectively. From the curves by Schelkunoff^^’ and 
Kiugtu) can deduce the following figures. The table also 
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includes the corresponding experimental results obtained by 
Brown and Woodward*"* using a frequency of 60 Mc/s. 

Constants for Antenna whose Diameter = of a Wavelength 

(i.e. a == 0-002A) 

Experimental Results Theoretical Results 

Measurement 
(Essen and 

Oliver) 

i 

(Brown and 
Woodward) 

i 

Biconical 
Antenna 
Method 

(Schelkunoff) 

Cylindrical 
Antenna 
Method 
(King) 

Total length for zero react¬ 
ance at first resonance 
(half-wave dipole) o*465A 0-47A o*46.*iA 0’48A 

Maximum resistance near 
second resonance (full- 
wave dipole) I 400 ohms I 800 ohms I 500 ohms 2 ooo ohms 

at o*8gA at 0*91A at o*92A at o*95A 
Maximum reactance before 

second resonance . 520 ohms 600 ohms i 550 ohms 800 ohms 
at 0*81A at o-ySA at o*79A at 0-87A 

Total length at second 
resonance o*89A o*9oA o*9iA 0'95A 

10.0001 

500 •-«-1-1-1-1-1-«-> 
500 600 700 aoo 900 1000 noo 1200 1500 

—.ChoracUHttlc Impedance in Ohms 

Fio. 4.7. Rabiation Resistance at Full-wave Resonance aggordino 
TO THE BigONIOAL AntSNNA MbTKOD» WITH P0INT8 8H0WIN0 

Experimental Values 

(Sdaefietinoir, Pm. /JtR, SepL, 1941) 
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In the table on p. 141 the ‘‘biconical horn method’’ gives 
better agreement with experimental values. It has been noticed 
before<’*^ that the “cylindrical antenna” method gives high 
impedance values in the region of the second resonance. This 
docs not mean to say that the former method is essentially 
more correct. Neither method is exact, and it is possibly more 

a matter of good fortune that 
certain assumptions should prove 
to give better agreement with 

l2o experiment than others. 
As a further example of cor¬ 

relation with experiment, a curve 
given by SchelkunofF^'^®^ is shown 
in Fig. 4.7. This shows the vari¬ 
ation of the resonant impedance 

of a cylindrical antenna with the thickness of the antenna 
when operating as a full-wave dipole (the dots indicate ex¬ 
perimental values). The experimental values from the above 
tables have also been added and are shown as crosses. Owing 
to reading and reproducing inaccuracies there is a slight 
difference between the theoretical value as mentioned in the 

Fig. 4.8. A Thick Biconical 
Antenna 

200 400 600 800 lOOO 

Firtqutficy In Mek 

Fig. 4.9. Input Ibipedance Curves of a Thick Biconical Antenna 

(A » sa — !^*7 cm, Fig. 4.8) 

table (taken from the curves of Figs. 2.15 and 2.16) and the 
one indicated for — 630 ohms in Fig. 4.7. 

Thick Biconical Antenna 

Tlie biconical antenna method of calculation breaks down if 
the antennae are too thick, i.e. if the Icngth-to-maximum 
diameter ratio is less than about 50. Consequently the antenna 
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shown in Fig. 4.8 is not capable of calculation. Such an 
antenna has been measured by Essen and 01iver<^®’> with the 
results shown in Fig. 4.9 while Fig. 4.10 gives curves for the 
same antenna when operating with a single cone protruding 
from a reflecting sheet. The relatively small impedance 

100 I_I__J_I_1_\_I_I_I 
200 400 600 800 lOOO 

Frequency In Mclk 

Fig. 4.10. Input Impedance Curves op an Antenna consisting op 
A Cone and a Flat Conducting Sheet 

variations over a very wide frequency range are a striking 
feature of these curves. 

The polar diagram from such an arrangement must obviously 
become more directive at the higher frequencies. Indeed the 

A 

Cut>off 
frequency A B c 
90McA 45 60 50 333 

200MCA 23 33 36 150 

An dimensioni ore in centimetres 

Fig. 4.11. The "Discone” Antenna 

(Kandoian, Proc. J.RJE., Feb., 1946) 

antenna borders on being a biconical horn when the overall 
length exceeds half a wavelength. 

The DIscone Antenna 

An antenna whose lower half resembles a thick biconical 
antenna but whose upper half is a disk has been described by 
Kandoian<^**> under the name of “discone antenna.” A sketch 
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of the antenna is shown in Fig. 4.11 together with the principal 
dimensions for cut-off frequencies of 90 Mc/s and 200 Mc/s. 

Fig. 4.12 shows the standing wave ratio versus frequency 
for an antenna whose cut-off is at 200 Mc/s. The notable 
features of the curve are the extremely wide-hand character¬ 
istics of the antenna and the very sharp cut-off. In round 
figures a standing wave ratio of less than 2 is obtainable over 

£ 
w 

I 
1 ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ■ ohms ■ ■ ■ ■ ■ ■ ■ 1 H ■ ■ ■ 

lllllllihifei ■■1 
O 200 400 600 eoo 1000 

Frequency In Mc/s 

Fig. 4.12. Standing Wave Ratio of a Disgone Antenna 

(Kandoian, Proe. Feb., 1946) 

a 5 : I frequency range and of less than i J over a 4 : i fre¬ 
quency range. The characteristic impedance of the coaxial 
feeder line for these figures is 50 ohms. 

Over most of the frequency range the polar diagram of a 
discone antenna resembles that of a half-wave dipole, but at 
frequencies above three times the cut-off frequency, the lobes 
of die vertical polar diagram are directed at about 30° above 
the horizontal plane. 

Magnetic Dipole Antenna 

Any radiator whose polar diagram resembles that of a half¬ 
wave dipole but whose polarization is reversed (i.e. the polar¬ 
ization in the equatorial plane is horizontal instead of vertical) 
may be called a magnetic dipole. Since more than one form 
of antenna will give this result it is safer to give each form a 
separate name. We shall, however, refer to a dipole which 
consists of a rod of material of high permeability, together with 
a coupling loop round the centre, as a “m^^etic dipole.** 



Microwaoe Antennae 145 

The following antennae are all of the above-mentioned 
class— 

(a) The Alford Loop Antenna 
This was described in the previous chapter in § 3.4, since 

its original applications were in the ultra-short waveband. 
It is, however, equally suitable for microwave operation. 

{b) The Coaxial Loop Antenna 
Kandoian<^®*> has described a form of loop antenna which 

is a variation of the Alford loop. Three variations of the 
coaxial loop are shown in Fig. 4.13. 

I 600A 

••lOOA. 

-dAOt thit ptim 

(0) <b) (c) 
Sin9k dement loop 6*element loop 4-element squorc loop 

(At th« c«ntr« «• fow 

400/V tfnptdahCM m poralM 
ic lOOrv) 

Fio. 4.13. Three Forms of CSoaxial Loop Antenna 

By varying the characteristic impedance of the supporting 
input sections, the input impedance of the antenna may be 
given any value between 50 and 100 ohms. The bandwidths 
obtained are quite moderate, being only about 3 per cent of 
the operating frequency for a standing wave ratio of with 
a 4-element loop. If the system were matched at the operating 
frequency, the Q, of the antenna would be given by the limits 
for a standing wave ratio of less than a-6. On this basis the 
curve published by Kandoian shows that a 4-element loop 
has a ^of 20. 

For many purposes the loop is more conveniently made in 
the shape of a square—this can be done without any significant 
change in the radiation characteristics. Fig. 4.13 (c) shows 
such a loop and also indicates the approximate imp^ance at 
different p>oints in the feeder system. It will be seen that the 
loop consists essentially of four thick end-fed dipoles. 

Square loops of the above type may conveniently be mounted 
on steel towers and stacked one above the other with spacings 
of about one wavelength between adjacent loops (antennae 
of this type are described in publications issued by the Federal 
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Telephone and Radio Corporation). The power gain of such 
stacked loops is approximately equal to the number of loops. 

(c) The Slotted Cylinder Antenna 

A description of the slotted cylinder or “rocket’’ type of 
antenna is given in § 3.4. Although the first designs were for 
ultra-short-wave working, it is obviously quite a practical type 
of antenna for microwave operation. 

^Cyllftdfr of 
PrX ^ permeobUHy 

motcriol 

{d) The Magnetic Dipole 

What might truly be called a “magnetic dipole” has been 
studied theoretically by Page^®^^ in a recently published article. 

He arrives at the conclusion that a 
dipole of magnetic material as shown 
in Fig. 4.14 should have an effective 
height which is several times that of 
an electric dipole of equal length. It 

_ should be noted, however, that if the 
A Magnetic Dipole diagrams are the same (which 

they must be if the antennae are 
short enough) this increase in effective height is accompanied 
by a corresponding increase in radiation resistance. 

Page’s analysis shows an effective height whose ratio to 
that given by the equivalent electric dipole is expressed by 

pfck-up loop 
centre 

Fig. 4.14. 

MY 
jurra^ / 

(4.4) 

where jV = flux of induction through a cross-section of the 
cylindrical antenna. 

The curves given by Page of the bracketed term show that 
if Cr = 9, then the term has a maximum value of between 
3 and 4. For example, if ytt, = 25, then the term has a maxi¬ 
mum of 3'4 when XJa = 50, and if yWr = 100 the maximum 
value is 3*7 with kja = no. In general the higher the value 
of (i„ the thinner the antenna must be for optimum per¬ 
formance. 

If Sf = 25, the maximum values of the bracketed term lie 
between 6 and 7. Taking the optimistic values of e, = 25 and 
Hf — 100, then 

K'lK = 15 

The diameter of such an antenna would have to be 4 cm 
for a wavelength of 3 m. No experimental results appear to 
have been puWshed yet on such antennae. 
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{e) The ^'Electromagnetic" Dipole 

By adding a vertical conductor about A/4 long to the coaxial 
loop antenna, a radiator may be obtained which is, in effect, 
a combination of an “electric” and a “magnetic” dipole. 
With such a transmitting antenna the pick-up on a receiving 
dipole would be independent of the orientation of the receiving 

Fio. 4.15. Standing Wave Ratio of an “Electromagnetic” Dipole 

(Kandoian, Proc. LR.E.t Feb., 1946) 

antenna (provided, of course, it is kept in the plane of the 
wavefront). 

Kandoian<^®®> has described such an antenna and gives the 
curve of Fig. 4.15 as an example of its performance. It has a 
moderately wide bandwidth of about 10 per cent for a standing 
wave ratio of 1-5. 

4.2. PARABOLIC ANTENNAE 

General Features 

By placing a curved sheet of metal behind an antenna (Fig. 
4.16) and making the curvature follow a parabolic law, the 
field strength in the forward direction can be greatly aug¬ 
mented. Thd simplest version is shown in Fig. 4.17 (a) and is 
sometimes known as a cylindrical-parabolic mirror to dis¬ 
tinguish it from a full-parabolic shown in Fig. 4.17 (h), which 
is a paraboloid of revolution. We shall use the terms semi- and 
full-parabolic mirror whenever the distinction is needed. 

From the well-known properties of a parabola we know 
that rays (i) and (ii) in Fig. 4.16 may be considered to be 
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coming from sources at and Pj where these points are 
situated on the directrix. It is therefore permissible to consider 
an “equivajent plane” of sources on the plane of the directrix. 

This assumption will be in error if 
the angle ^ between the direction of 
the field point and the main axis of 
the mirror is great (greater than about 
± 30°); it will also be in error for 
a semi-parabolic mirror if the angle 
6 is appreciable (Fig. 4.17 (a)). A 
further inaccuracy arises if the an¬ 
tenna is close to the mirror, say less 
than half a wavelength, when the 
mutual impedance with the metallic 
surface modifies the optimum shape. 
It is apparent, therefore, that accurate 
theoretical calculations are out of the 
question for small mirrors, but for 

relatively large ones the theoretical estimates are quite satis¬ 
factory. This is not a serious limitation since for small systems 
(i.e. for apertures of less than i to 2 wavelengths) a corner 
reflector will function just as well and is easier to construct. 

Fio. 4.16. Diagram of a 

Paraboug Reflector 

The plan view of Fig. 4.17 shows that, for a fixed focal 
distance i, more and more of the radiated energy is directed 
forwards as the value of a is increased. However, the solid 
angle included by the reflector increases but slowly as the 
sides are extended beyond the focus. 
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Referring to the elevation views of Fig. 4.17, we see that 
in the case of a semi-parabolic mirror there is a zone from 
which the reflected rays interfere with those directly along 
the axis. This zone occurs when r > (A -f A/a). In the case 
of a full-parabolic mirror we see that the extension of the 
sides eventually leads to a reversal in polarization—i.e. a part 
of the surface of the mirror will have currents which tend to 
reduce the forward field strength. There is therefore hardly 
anything to be gained by extending the sides of a full-parabolic 
mirror beyond the focal 
plane. 

The simplest way of in¬ 
creasing the gain of a 
parabolic mirror is to 
place a reflecting antenna 
about a quarter of a 
wavelength in front of the 

(a) 
ParofHIc 

Rcfitctor 

driven antenna. A more . , 
elaborate method giving r dipoic 

slightly more g^-i^ is to ^ Reflector Systems for Increas- 

place a hemispherical re- ino the Energy Reflected from the 

flector in front of the Surface of a Parabolic Mirror 

dipole as shown in Fig. 
4.18. If such a reflector is too small, the impedance of the 
dipole will be seriously decreased; if it is too large it will 
obscure some of the forward radiation from the parabolic 
mirror. When the backward directivity of the antenna system 
at the focus is appreciable the optimum position for the focus 
is outside the opening of the mirror. 

Since the advent of horn radiators the question of how they 
compare with parabolic mirrors often arises. Restricting 
ourselves to full parabolics of several wavelengths aperture, 
the answer is that for a given aperture area the pau-abolic 
mirror has the slightly sharper beam but somewhat greater 
side-lobes. Mechanically, the parabolic mirror is more difficult 
to construct but possesses the distinct advantage of having less 
depth and therefore occupying less space. 

Semi-parabolic Mirrors 

For reasons mentioned above, semi-parabolic mirrors are 
restricted to sizes of about two wavelengths aperture, and 
fuithennore their polar pattmis mre not calculable with 



•—.A 
®0-27A 

1-5 X 

150 Antenna Theory and Design 

accuracy. A theoretical study of such mirrors has been made 
by Brendeh^^^^ who gives the following approximate power gain 

Gjj = i6(tan”i 2albY . . (4*5) 
This assumes a height of 2k (Fig. 4.17) which just avoids 

the destructive zones. The formula is optimistic judging by 
practical results. 

An interesting set of experimental results was obtained by 
Gresky^^®®^ using a wavelength of 3 m. His mirror, whose 
dimensions are given in Fig. 4.19, consisted of vertical wires, 

spaced at distances d apart. When d 
was equal to A/30 the lengths of the wires 
were relatively uncritical provided they 
were at least A/2 long. With d = A/7-5 
an optimum forward gain was obtained 
when the wires were o*43A long—the 
resultant polar diagram being much the 
same as with the closely spaced untuned 
elements. His curves of gain versus length 
of wire are shown in Fig. 4.20. In both 
cases the energy radiated backwards was 
about 2 per cent of the forward radiation 
and the main lobes had a width at the 
half-power points of approximately 44° 

(the tuned-wire case was only slightly inferior on both accounts). 
There is no doubt that equivalent results would be obtained 
in the microwave region and, since these experiments concern 
parabolic mirrors, it is convenient to mention them in the 
present chapter. 

Somewhat similar experiments were performed by Nagy^^®®> 
who also tried various configurations employing from i to 4 
parasitic elements. 

Full-parabolic Mirrors 

The first theoretical investigation into parabolic mirrors appears 
to have been made by Darbord.^^®®^ He showed that if an 
incident wave of intensity E' falls on an element da of the 
conducting surface {see Fig. 4.21), then the reflected intensity 
at P is given by 

E = cos 0 . . . (4.6) 

In deriving this formula the assumption is made that most 
of the reflected energy is concentrated in a relatively narrow 

Plon View 
Eoch wire is of len^ith 2h 

Fio. 4.19. Example of a 
Grid-type Semi-parabolic 

Mirror (Gain Curves 
given in Fig. 4.20) 
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Fio. 4.20. Gain Curves of Semi^parabouc Mirror Illustrated 
IN Fio, 4.19 

(GreaJcy, JZ^fOr ffoeht Nov,, 1988) 
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region around P and that all the incident energy is reflected. 
By means of this formula we can obtain an equivalent distri¬ 
bution of radiation which is assumed to be in die plane of the 
directrix. When the source at the focus is a doublet the 
equivalent distribution is as shown in Fig. 4.22 in which the 

Fig. 4.21. Diagram op Reflection from an Element of Surface 

contour lines join portions of the surface from which the 
intensities of the radiation per unit area are equal. The 
numbers indicate the relative field strengths from each contour; 
in particular the shaded areas are the destructive zones whose 
origin was discussed at the beginning of this section. The 

Tlw cofiloure in^icotc the cncr9y density of the 
HkiminaUon relative to that ot the centre 

Fig. 4.22. Equivalent Energy Distribution in the Plane of the 
Directrix for a Parabolic Mirror Excited by a Doublet at 

THE Focus 

corresponding plot of the lines of equal efficiency if we have 
a half-wave dipole at the focus is very similar to that shown 
in Fig. 4.22. 

By integration, Darbord found that the voltage gain of a 
parabolic mirror with a doublet at the focus is given by 

+ <**)• Hence the power gain over an omnidirectional 
radiator is 

• (4r7K 
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where p = distance from focus to directrix 
= twice focal distance, b, 

a = radius of aperture of mirror. 

The effect of replacing the doublet by a half-wave dipole 
is to increase the illumination in the central regions, thus 
broadening the major lobe a little but reducing the side lobes. 
The total forward gain with the half-wave dipole is therefore 
also given by equation (4.7) for all practical purposes (the 
formula is only moderately accurate in any case). If the focus 
is in the plane of the aperture we have a = 2b = p, and 
therefore 

Go — o-375/3*a“ 

= 1-5 (y) • • • (4-8) 

In § 5.1 it is shown how the gain of an antenna may also 
be expressed in terms of the effective area of cross-section, A,, 
and the corresponding effective area, Ao, of an omnidirectional 
radiator. 

Equation (5.4) shows that 

^ _ 4.irAt 
A* ~ TT 

Using the previous equation we therefore obtain 

A, = 0-375 ira^ - - • (4-9) 

i.e. the eflFective area is equal to f of the actual area. 
Equations (4.7), (4.8) and (4.9) all apply to the case of a 

single doublet at the focus. However, we may also apply them 
to the case of a half-wave dipole at the centre without an 
appreciable loss in accuracy. 

In the majority of practical cases the direct forward radiation 
is reflected back on to the mirror by means of a parasitic 
antenna or a hemispherical bowl.^^*^’ This results in a gain 
of 2’5 db in a well-designed mirror, which means that 

.d, = 0*667 ire* • • • (4**o) 
i.e. the effective area with a reflector is equal to f of the 
actual area. 

The corresponding gain formula is then 

• (4*11) 
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A convenient way of remembering the above equation is 
to note that Go is equal to | times the square of the circum¬ 
ference in wavelengths. Fig. 4.25 shows the above relationship 
together with some experimental points. The majority of these 
were obtained from Report 54-11 by the Massachusetts 
Institute of Technology, one is from a paper by Brewitt- 
Taylor*^*® and two are due to the author. The M.I.T. Report 
also gave experimental values which showed the gain decreasing 
with respect to the theoretical value as the aperture of the 
antenna was increased—^for apertures greater than 20 wave¬ 
lengths the experimental gain was only some 50 per cent of 
the theoretical value. There appears to be no obvious explana¬ 
tion for these anomalous results. 

Polar Diagram of Full-parabolic Mirror 

The contoured diagram of Fig. 4.22 also determines the polar 
pattern from the parabolic mirror, since it is a diagram of an 
equivalent current distribution of which all the elements are 
in phase and which is situated in the plane of the directrix. 
Therefore the vertical polar pattern may be found by dividing 
the equivalent surface into horizontal strips (the field intensity 
contributed by each strip being proportional to the total value 
of all the elements in that strip), while the horizontal pattern 
is given by considering the corresponding set of vertical strips. 
Obviously in each case the contribution from the strips reaches 
zero as we approach the boundary of the projection of the 
parabolic surface on the directrix. 

If we take the vertical strips, the resultant curve for the 
relative strengths for the equivalent distribution of sources 
along the x-axis hzis the form shown in curve {a) of Fig. 4.23; for 
horizontal strips we have curve {b). These curves give “equiva¬ 
lent line” distributions with a vertical doublet at the focus. 

The shape of such curves has been calculated by StaaF^'^* 
assuming a doublet at the focus, but even so the subsequent 
integral is unmanageable except by assuihing an approximately 
correct law. At this point we therefore proceed to assume 
some simple laws for the equivalent line distribution. These 
laws must show a reasonable fit with calculated curves whose 
derivation is based on a graphical integration of the contours 
of Fig. 4.22, which in turn are obtained from equation (4.6). 
The simplest approximation to curve (a) in Fig. 4.23 is a 
square law distribution while a usdiil 
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approximation to curve {b) can be obtained by simply assuming 
the linear distribution Ey = k^{i —yja). 

Whatever law is assumed, the polar diagram in either plane 
is obtained by taking pairs of elements on each side of the 
centre as shown in Fig. 4.24 and the total intensity at any 

(b) difCributiofi along th« y axis of 
Fig. 4.22 

Fig. 4.23. Equivalent Line 
Distributions for a Parabolic 

Mirror 

Fig. 4.24. Resolution of an 
Equivalent Line Distribution into 

Pairs of Sources 

point is the sum of the resultants of all such pairs. In this way 
the following formulae are obtained— 

Horizontal Polar Pattern 

E^ — { 2Eg cos {x sin 4) dx 

Vertical Polar Pattern 

Ee — ( zEy cos {y sin d) dy 

In the above formulae, we put E^ and Ey as functions of 
X and respectively. It is instructive to compare the linear 
and square law distributions with a uniform distribution and 
with one in which all the energy is equally divided between 
two cophasal sources whose separation corresponds to the 
diameter of the parabolic mirror. These distribution laws 
give the following formulae— 

Distribution Law 

Linear 

Square 

Constant 

Point Sources at ± a 

Formula for E^ or Ee 
sin» (ag/2) 

^ (a0/2)* 
^ sin (ad) — aO cos (ad) 

p _ sin (ad) 

Eg oc cos (a(9) 
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Although the above formulae are in terms of 0, they are 
just the same if ^ is the variable. It has been assumed that 0 
is small enough for sin 0 to be approximately equal to 0, 
i.e. a range of about ± 25® from the lobe maximum is catered 
for. Thus all the formulae are valid for the main lobe if 
a > and most of them are valid for appreciably smaller 
parabolae. 

From the above formulae we can find the beam widths 
which are given in the table below (the width between the 
half-power points can be obtained by integration). 

Distribution 
Law 

Width of Main Lobe 
(Radians) 

Ratio 

W/(4) 

Specimen Case 

(a) Between 
Null Points 

(b) Between 
Half-power 

Points 

Width between 
Half-power 

Points if a = 5A 

Linear . 2*0 X/a 0 637 A/fl 314 7-3® 
Square law 1-43 A/a 0-573 yo 2*50 6*54° 
(Constant I *0 Xfa 0-445 A/a 225 
Two point sources . 0*5 A/fl 0*25 A/fl 2*00 2-86*^ 

The above figures are very instructive for they show how 
the beam widtlui compare with the one due to two cophasal 
sources situated at the extremities of a diameter, i.c. separated 
by a distance equal to aa. The two-source case (which would 
produce a great many lobes of equal strength distributed over 
360°) actually gives a beam which, between the null points, 
is twice as sharp as that given by the constant distribution 
law and four times as sharp as for the linear law. 

A constant distribution cannot be obtained in practice since 
Eg is necessarily zero at distances of d: A graphical analysis 
shows that the Eg distribution when a = ^ is slightly more 
uniform than that given by the square law, while the Ey 
distribution is a fair approximation to the linear law. From 
these facts we can derive the following rules for full paraboloids 
whose radii are approximately twice the focal distance. 

Beam Width between Half-power Points 

In the plane of the dipole 
beam width = 37^a degrees . . (4.12a) 

In the equatorial plane of the dipole 
boimwiddin33^0degrees . . (4.12B) 
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The above beam width formulae may be regarded as giving 
the minimum values likely to be obtained. In particular, 
when a reflector is used the beam widths obtained in practice 

may be as much as 15 per cent greater. The dotted curve in 
Fig. 4.95 shows the beam width as given by equation (4.19B), 

while the crosses indicate experimental values. 
Hie nulls are more highly dependent on the precise current 

distribution than the half-power points, hence better corrdation 
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between theory and practice is obtained by referring to the 
half-power points. The latter are usually more significant 
in problem applications and have the additional advantage 
over the null points of never being ill-defined. 

The full lines in Fig. 4,26 show the theoretical polar diagrams 
obtained assuming linear and square law distributions; the 
dotted lines show experimental polar diagrams obtained with 

a - Polor diagram In th< ckctric plane of the dipole 
b * Polar dia9rQm In the fnQ9netic plane of th^ dipole 

Fio. 4.26. Theoretical and Experimental Polar Diagrams of a 

Parabolic Mirror of Ten Wavelengths Aperture 

a mirror whose radius was 5 wavelengths and whose aperture 
was 4 times the focal length (the operating wavelength was 
6-35 cm). 

Tilting the Beam from a Parabolic Mirror 

If the dipole is displaced sideways from the focus as shown in 
Fig. 4.27 (a) the equivalent sources on the directrix are no 
longer in phase but have a phase relationship as shown in 
Fig. 4.27 (i). As a result the beam from the mirror is slewed 
in the opposite sense to that in which the dipole has been moved. 
Such tilting of the beam has important radar applications, 
although the principle was probably first used for producing 
overlapping patterns for aircraft guidance. 

The calculation of the tilt produced is formidable if an 
attempt at any exactness is made. As a rough guide we may 
assume a linear phase shift with distance along the directrix 
(shown by the dotted line in Fig. 4.27 (^)). For a typical 
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distribution law the field at a distant point along the axis 
would have components as shown in Fig. 4.27 {c). 

On moving away from the axis, the field vectors begin to 
spin at a rate which is proportional to their distances along 
the x-axis from the centre. Since their relative phases are 
proportional to this distance, this rate of spin is also propor¬ 
tional to their initial phase displacement. If we therefore 
explore the field on the side of the axis on which the beam 
maximum is situated, the field vectors in Fig. 4.27 (c) “fold 

(a) 
AfHmo displaced 
•Idcways by ongular 

from the focus 
cqwvolcnt fine ^stribulion 
of sotrccs 

Fio. 4.27. Diagrams Illustrating the Suewino of the Beam from 

A Parabouc Mirror 

up” until they are all in phase along the perpendicular, for 
some exploring angle <f>n. This is the angle at which the lobe 
maximum occurs. 

In “folding up” the outermost vectors have travelled 
through an angle (f>o, where <f>o is the angular displacement of 
the dipole. This phase movement of the outermost field vectors 
is equal to fia sin radians which, since we are dealing with 
small exploring angles only, is equal to Hence the lobe 
maximum is reached when 

For example, if the displacement were «f>o = radians) 
and a = = i on radians) then = 0-05 radians, or 
2-86°. 

It can be seen from Fig. 4.27 (c) that a change in the law 
for jE,| will not affect the result, provided only that the distri¬ 
bution is symmetrical about the centre. But the departure 
of the phase law from the simple linear case assumed above 
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docs not aflFect the value of 4>m- For mirrors whose radius is 
twice the focal distance (a = zb), rough calculations show 
that the departure from the linear phase relationship is such 
as to increase the tilt to about i -4 of the value calculated above, 

Degrees 

O 
Fio. 4.28. Example of Slewed Beam obtained by a Sideways 
Displacement of o-25A of the Dipole in a Parabolic Mirror 

e.g. if = V4 a = 5A as before, then i*4 X 2-86 
= 4*0®. 

Fig. 4.28 shows an experimental result in which a slew of 
3-6° was obtained; this corresponds to a multiplying factor 
of 1*26. The parabolic mirror had a radius of 1-5 m, the focal 
length was i m and the operating wavelength was 0’3 m. 
The mirror in question was one of those used on the cross- 
Channel link and is shown in Plate IX. The results of Brewitt- 
Taylof*^*® also show a similar law for the tilt angle. In his 
case the factor proved to be 1*3. We may therefore give the 
following formula for the dlt produced by displacing the 
source sideways by ^ radians— 

= I *3 ^ radians or 75 - degrees . (4.13) 

where x = displacement in the same units as 



Plate IX. Parabolic Mirrors with Hemispherical Reflectors at the 

Focus —USED for Cross-Channel Communication on a Wavflength 

of 17 cm in 1931 

{Courtes\ of Standard Telephones & Cables, Ltd.) 
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Cheese Antennae 

If a fan-shaped beam is required this may be produced by a 
section of a parabolic cylinder bounded by two flat surfaces. 
This type of radiator is known as a “cheese antenna” and is 
particularly suitable for radar on ships, since it gives a narrow 
beam in the horizontal plane together with a moderately wide 
one in the vertical plane. The frontispiece shows a cheese 
antenna for radar on board the R.M.S. “Queen Elizabeth.” 

Between the two flat surfaces the wave is transmitted as in 
a waveguide; consequently (assuming the surfaces to be 
horizontal) the vertical polar pattern will depend on the mode 
of propagation as well as on the height of the “cheese.” In 
order to reduce the variations with frequency a specific mode 
should be chosen at the source. Apart from the TEM mode 
the two simplest modes of excitation are as shown in Fig. 4.39, 
in which the distribution between the sides of the waveguide 
corresponds to the distribution between the flat surfaces. The 
TEjo mode in Fig. 4.39 {a) would then produce horizontal 
polarization while the TM^, mode in Fig. 4.39 [b) would 
result in vertical polarization. 

To calculate the horizontal polar pattern we start by taking 
an equivalent line distribution on the directrix, tihe said 
distribution being given by a horizontal section through a 
diagram of the type shown in Fig. 4.22. The vertical polar 
diagram will be similar to that produced by the radiation 
from the open end of a waveguide excited in the corresponding 
mode and considered in the corresponding plane. 

A cheese antenna is usually fed via a “hoghorn” which 
consists of a waveguide flared out in the vertical plane to a 
cylindrical parabolic reflector which then reflects the energy 
into the main antenna. The back of this small parabolic 
reflector may be seen in the middle of the aperture of the 
“cheese” shown in the frontispiece. 

4.3. CORNER REFLECTORS 

General Features 

Antennae of the type shown in Fig. 4.29 were termed “corner 
reflectors” by Kraus,who published curves for reflectors 
with comer angles of 60° and 90°. This type of antenna is' 
also known as a “V reflector” type, but since this terminology 



162 Antenna Theory and Design 

is liable to cause confusion with V-type wire antennae, the 
former name seems more serviceable. A corner reflector 
provides a-highly convenient method of obtaining gains of 
10 to 12 db over the half-wave dipole. 

The work of Kraus showed that, provided the sides were at 
least one wavelength long, very satisfactory agreement could 

Fio. 4.29. Diagram of a 

CSoRNER Reflector 

Fio. 4.30. Image Diagram for 

A 90° Corner REFLEOroR 

be obtained between experimental polar diagrams and those 
calculated on the assumption of simple image theory with 
sides of infinite extent. Actually the experimental curve may 
be either slightly narrower or slightly wider than the “ideal*’ 
curve obtained by calculation using the above assumptions— 

(En it the ficM con^onem 
due to ima9C n) 

0-30’ 

9 
E2 

45* 

Fio. 4.31. Fmu) Components in Fio. 4.30 with d — o-jA 

examples showing such deviations from the ideal are given in 
an article by Moullin.<“*> 

The theoretical curve is easily obtained if the comer angle, 
y), is equal to i8o°/n where n is an integer. When « = 2 we 
have the plan view shown in Fig. 4.30 in which the driven 
anteima is denoted by i and the three images by 2, 3 and 4. 
If 0 is the reference point from which the space phasing of 
the four sources is to calculated, and if the reference phase 
at 0 is equal to the time phase of the driven antenna, then 
vector diagrams of the field components at a distant point 
take the form shown in Fig. 4.31. In these diagrams the 
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particular case of = A/2 has been taken, both for simplicity 
and because such a spacing gives a very practical solution. 

When <f> = 0° all the field components are in phase; for 
^ = 30° they are as shown in Fig. 4.31 (b) and their resultant 
is less than half the maximum value; for <f> = 60° the resultant 
has changed sign (which indicates that a new lobe has started) 

O 
Full Llncf - Corner Angle ■ 90 

Dotted Lines - Comer Angle « 60^ 

O® 30® 60® 

90® 

-.0 •■/’ip O 30 60 

Fio. 4.32. Theoretical Polar Diagrams for Corner Reflectors 

WITH Angles of 6o® and 90® 

but this value does not appear in practice since the reflector 
limits the radiation to <^ = d: 45'’' 

It is obvious from Fig. 4.31 that we may simply take the 
algebraic sum of the two pairs of field components; hence the 
total field is given by 

E = 2£'i[cos (/3rf cos <i>) — cos {^d sin ^)] (4.14) 
(v-90”) 

The polar diagram given by the above equation is shown 
in Fig. 4.32, together with the corresponding pattern for 
ip = 60®. TTie latter is given by 

E — aK sin f — cos o) 
(■-60°) \ 2 / 

l^cos cos 0 j — cos ^y^/^^sin 0^J . (4.15) 

It will be noticed that in both equations (4.14) and (4.15) 
the trigonometrical expressions involved are of the type 
cos (* cos 0). These correspond to the formulae for the height 
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factor curves of Figs. 3-7 and 3-8 (they also cover the forms 
cos (a; sin 6) and sin {x sin 6) by simply reversing the angle 
scale). Multiplication of these curves can be performed 
directly on tracing paper in the manner outlined in §3.1, 
but the additions must be performed separately. 

Calculation of Gain 

The value of is not, in general, that given by the field from 
an isolated dipole, since the induced currents on the reflecting 

01 02 03 04 os 
Distance from Apex In Wavelengths 

Fig. 4.33. Input Resistance of the Dipole in a Corner Reflector 
FOR Different Spacings and Corner Angles 

(Kratu, Proc. J.R,E., Nov., 1940) 

surfaces will modify the input resistance of the dipole. These 
modifications can be taken into account by allowing for the 
mutual impedance between the images and the driven dipole. 
If the field due to an isolated dipole is denoted by Eo, then 

+ 2^12) ’ ■ 

where R„„ — mutual impedance between antennae « and m 
(obtainable fix>m Fig. 3.15). Curves showing the input resis¬ 
tance of the dipole, (i^ + -^4— 2/Zig), are given in Fig. 4.33 
for ip = 180°, 90°, 60° and 45®. Combining equations (4.ifi5 
and (4.14) gives 

(-^11 + 

[<»s {pd cos 4) — cos {pb sin ^)3 (4-17) 
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The expression for is given by equation (1.3) if the actual 
field strength is required. Kraus<^^2) j^^s calculated the above 
expression with the result shown in Fig. 4.34 in which the 
corresponding curves for \p == 45*^ and 60^ are also shown. 
Furthermore he also took into account the effect of some dead 
loss resistance at the dipole terminals and this has the effect 
shown by the dotted lines in Fig. 4.34. 

The conclusion which is to be drawn from these curves is 
that there is a definite optimum range of values for d. Below 
this range the effect of loss resistance becomes serious, above 

Pull lines assume loss resistance of i ohm 

Dotted lines ore for zero loss rcsistoncc 

Fig. 4.34. Variation op Gain with Spacing of Dipole in a Corner Reflector 

(Kraus, Proc. LR,E,, Nov., 1940) 

this range the beam will be split into two lobes, one on either 
side of the centre line. The following ranges are suggested 
by Kraus— 

Angle Distance d 
180° 0*1 -0-3 A 
90° 0-25-0-7A 
60° o*35-0'75^ 
45** 0-5 -I'oA 

Suitable dimensions for the sides are h = d X/2 and 
/ = d + A. 

The theory of the corner reflector has received further 
treatment by Moullin,*^**’ who uses the method of expanding 
terms such as cos {^d cos into a Fourier series whose coeffi¬ 
cients are Bessel functions of the first kind. One of the results 
of this method of analysis is to show that the polar diagram is 
indistinguishable from a sine curve (when the angles are 
plotted on a linear scale) if the drcun^orential width at the 



166 Antenna Theory and Design 

dipole does not exceed A/2; even if this circumferential width 
is as great as 3 A/2 the departure from a sine curve is not 
appreciable. 

Some Experimental Results 

In addition to the experimental results of Kraus and Moullin 
an interesting set was obtained by McPetrie, Ford and 

Full lines - d»O S X 
Dotted lines • d*0*2SX 

X • SOems 

Fig. 4.35. Experimental Polar Diagrams of Corner Reflectors 

(MePetrie, Ford and Saxton, Wir. Eng., June, 1945) 

Saxton. The polar diagrams of Fig. 4.35 have been 
selected from their results, while Fig. 4.36 shows the gain 
characteristics of their reflectors. 

A convenient and easily remembered set of dimensions is 
f = 90°, d — ^2, h — k and / = 1*5^ (the dimensions for 
h and I are not at all critical, while those for f and d are 
moderately uncritical). 

Both Kraus and Moullin found that the sides could be made 
of wire netting or else of parallel rods whose spacing was about 
O'll and whose total lengths were in excess of 0*5^. Oile of 
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the results of some similar experiments is shown in Fig. 4.37. 
It was found that the spacing of the rods for a grid-type corner 

Fig. 4.36. Experimental Curves showing Power Gain of Corner 

Reflectors 

(McPctrie, Ford and Saxton, Wir. Eng., June, 1945) 

reflector could be reduced to A/4 before the forward gain was 
reduced by as much as 3 db, while with a spacing of A/8 the 

PmII llAci*-Wlrc mesh reflector 
Dotted lines «*Grfd type reflector 

Fig. 4,37. Experimental Polar Diagrams op a Grid-type Corner 
Reflector 

gain was within 1 db of that given by a solid sheet The effect 
of varying the lengths of the parasitically excited rods was 
similar in principle to that observed by K6hler<^*^> for semi¬ 
parabolic mirrors, i.e. with the wider spacing the tuning was 
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in the region of / = A/2 but for the A/8 spacing a maximum 
was obtained with greater lengths, the adjustment of the 
lengths being quite uncritical. It is obvious that, when rela¬ 
tively widely spaced tuned parasitic elements are used, the 
most favourable disposition is given by a Yagi type of array 
since the end elements of a grid-type corner reflector are not 
very effective. 

4.4. HORN RADIATORS 

Since an electromagnetic horn is essentially a flared-out wave¬ 
guide, a discussion of such horns involves reference to wave¬ 
guide properties and terminology. The subject of waveguides 
has been dealt with quite extensively in recent literature (see, 

for example, references (14), 
(18), (20), (21) and (24)), but 
we shall commence with a very 
brief outline of their properties. 

Tht fuR and dotted lines npreaem 
the direction ol propo90tion of W&Ve£UideS 
two distifi^ plane warn ^ 

Fig. 4.38. Waveguide Propagation 
Viewed as Successive Reflections by 

Two Intersecting Plane Waves 

An instructive way of viewing 
the action of a waveguide is to 
consider the case of a rect¬ 

angular guide in which two waves are being propagated in 
the manner shown in Fig. 4.38. The two sets of waves make 
equal angles with the line of the guide and are reflected from 
the walls at equal angles. 

The wavelength must be such as to give the correct boundary 
conditions, i.e. there must be no tangential electric intensity 
at the conducting surfaces of the guide. Conversely if the 
wavelength is fixed the angle of intersection of the two sets of 
waves must be such as to give this boundary condition. The 
phase velocity of the resultant wave is directly related to the 
angle at which the two sets intersect, and becomes infinite at 
the cut-off frequency. As this condition is approached the 
two component sets of waves suffer a greater and greater 
number of reflections for a given distance along the guide 
until at the cut-off frequency they are striking the walls at 
right angles. 

The structure of the resultant wave down the guide is such 
that it either has a longitudinal component of electric intensity 
(when it is called an E wave) or else it has a longitudinsU 
component magnetic intensity (an H wave). The first case 
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would arise if the polarization of the component waves in 
Fig. 4.38 were in the plane of the paper, and the second case 
if the polarization were at right angles to the paper. Fig. 4.39 
shows the simplest configuration of lines of electric intensity 
and magnetic intensity which can result in the two cases— 
examples of two higher modes are given in Fig. 4.40. It will 
be noticed that the method of classification is such that an 

Full Linci — Electric iMeniHy 

Dotted Line* ~ Mo9nctic Intcniity 

TE«:> or Wove TM^ or E» Wove 

Fio. 4.39. Simplest Field Patterns for £ and H Waves in a Guide 
OF Rectangular Cross-section 

Full Linet — Electric Intensity 

Dotted Lutes Mo9netic Intensity 

(a) (b) 

TE» or H, Wm TM,. or E, Wove 

Fio. 4.40. Examples of Hiohbr Modes in a Rectanovlar Wavbodidb 

wave has m half-sinusoids in the distribution of electric 
field intensity along the side a, and n half-sinusoids along the 
side h. It is usual for m to refer to the longer side, though 
sometimes the opposite convention is used. When n = o die 
length of the short side is immaterial. 

Kxi alternative designation for £ and H waves is to call 
them transverse magnetic, or TM, waves, and transverse 
electric, or TE, waves respectively. This form of classification 
is also shown on Figs. 4.39 and 4.40, It has the advantage 
that the suffixes then r^er to the half-sinusoids of the same 



170 Antenna Theory and Design 

type of field as the symbols to which they are attached, i.e. 
a TEio wave has one half-sinusoid of electric field distribution. 
A TEM wave, that is a transverse electromagnetic wave, has 
no longitudinal components of either form and therefore 
represents the case of a normal wave propagation in space. 

(a) (b) 

Fig. 4.41. Two Methods of Excttino TE^o Waves in a Rectangular 
Waveguide 

Excitation of Waveguides 

Fig. 4.41 shows two methods of producing a transverse electric 
wave in a rectangular waveguide when the energy is fed via 
a coaxial line. The guide may also be excited directly by the 

(a) 4 (b) 
TC, Wove Pattern Method of Exciting 

Conicol Horn in TEh mode 

Fig. 4.42. Excitation of TEu Wave in a Guide of Circular Gross*segtion 

electron stream of the generating valve in which case the 
generator and the guide are built as one unit. 

The matching conditions with the coaxial feed are compli¬ 
cated and must, in the main, be determined experimentally. 
For this purpose one can employ either two tuning stubs or 
else one tuning stub with a variable piston at the back of the 
guide. A tuning arrangement on the latter lines is shown in 
Fig. 4.42, in which the application is the excitation of TE^ 
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waves in a guide of circular cross-section. The field distribution 
of this particular mode is also shown and it will be noticed 
that it resembles that of a TE^ mode for a rectangular guide. 

The difference in the suffees is due to the fact that 
the solutions in the case of the circular guide are expressed 
in cylindrical co-ordinates. TE^i and TM^j modes are possible 
in circular guides, the corresponding field distributions of E 
and H being concentric circles; these modes therefore have 
the useful property of circular symmetry. Of the two forms 
the TMoi is more convenient since the critical wavelength is 
I-3id, whereas for the TE^j mode it is only o-Sad (d being the 
diameter of the tube). 

Radiation from Waveguides 

The simplest theoretical approach is to apply Huygens’ prin¬ 
ciple to the wavefront at the mouth of the guide. This involves 
considering each portion of the wavefront as a secondary 
source of radiation whose amplitude and phase are given by 
the general pattern of the wave as it exists in the waveguide, 
i.e. the pattern is assumed to be substantially unaltered in the 
region of discontinuity where the wave is being launched into 
free space. As is well known in optics, the secondary source 
must be assumed to have a polar characteristic which is zero 
in the reverse direction to that in which the wave is travelling 
—in this way we can account for the fact that the radiation is 
not also propagated backwards from the secondary sources. 
This polar characteristic is called the “obliquity factor” and is 
given by 

F(^) = I-f-cos ^ . . . (4.18) 

where <f> = angle with the normal to the wavefront at the 
secondary source. 

There are a number of difficulties associated with the formu¬ 
lation of the correct boundary conditions (for a discussion of 
this problem the reader may consult Baker zmd Copson<*>) 
but from an engineering point of view this fact may be over¬ 
looked. Indeed even the obliquity factor may be neglected 
to a first approximation in considering the main forward lobe. 

The radiation from the open end of a waveguide is fairly 
directive because the guide is at least half a wavelength wide 
in one of its dimensions. If the sides of the waveguide are 
several wavelengths long the polar diagram will be quite sharp. 
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We shall consider first the forward gain of a uniform sheet of 
current or secondary sources: this can be shown to be<“> 

^ 

where A = surface area of sheet. 

This result is true for both rectangular and circular surfaces 
but their area should be at least half a square wavelength. 
The denominator has been left in the form which indicates that 
it equals the area of a circle whose circumference is equal to one 

Fio. 4.43. Diaoram of a Sectorai. Horn 

wavelength. This is also the cross-sectional area of absorption 
of an isotropic radiator as is shown by equation (5.3). 

Schelkunoff*’’* has shown that for a rectangular waveguide 
excited in its dominant mode, the gain of the radiation pattern 
from an open end is given by 

Comparing this with equation (4.19) shows that the opening 
has an effective area of as much as 8/fr* times the actual area. 
As a numerical example, we may consider the radiation from 
a guide whose sides are a = 3A and b — 0*5^; then the forward 
gain is Go = 15*3 (i.e. 24 db). 

Using the open end of a large waveguide as a radiator has 
two disadvantages. One is that the actual size of such a guide 
is imdesirably large; the other is that if the guide is lai^e it 
will also have higher transmission modes and these will cause 
irregularities in ue polar diagram. Both these objections can 
be overcome by the use of a flared waveguide, or horn radiator 
as it is more commonly called. Such radiators may'be iui> 
divided into sectmral, pyramidal, conical and blconkal honis. 
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The Sectoral Horn 

173 

The sectoral horn is flared out in one dimension only and 
therefore has a beam which is sharp in the plane of the flaring 

Full line—electric field 

Dotted line—ma9nciic field 

Co)TE|omodc of excitation 

Full line—electric field 

Dotted line—mo9netic field 

Trontverte 
Section 

(b) TEq, mode of excitotlon 

Fio .4.44. Field Distrxsotion in a Sectoral Horn 

but relatively broad in the other plane. To keep the size as 
small as possible the horn is normally excited in the TE^g 
or TEgi modes, as illustrated in Fig. 4.44. 

The dimensions of the horn will be specified in the manner 
shown in Fig. 4.43. An important difference, arises in 
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comparison with the case of a uniform waveguide, and that is 
that the attenuation of the wave in the guide is no longer 
uniform but decreases as the wave travels towards the opening. 
It was shown by Barrow and Chu‘^*®’ that the attenuation of 
the higher modes persisted over a greater radial distance than 
that of the simplest mode. Hence the horn acts as its own 
filter by producing extra attenuation on the higher modes. 

Fig. 4.45. Variation of Phase Velocity with Distance along Horn 

(Barrow and Chu, Proc, LR.E,^ Jan-. *939) 

In the attenuating region the phase velocity ^ is less than 
the corresponding free-space value (in most other parts of 
the book the distinction is not needed and jffo has been written* 
without the suflSx). The variation of yS with radial distance 
along the horn is shown in Fig. 4.45 for various flare angles 
and transmission modes of the type TE„<,. The border line 
between the attenuating and transmission regions is indicated 
by the dotted curve (the transition does not, of course, occur 
at a sharply defined radius). Suppression of higher modes of 
the type TE,,, may be obtained by choosing a value for b 
which is intermeifiate between the values ^2 and 3^2. The 
TEo, wave is then strongly attenuated, while to discriminate 
between the TEog and other even modes a symmetrical exciting 
system should be used. 

Fig. 4.46 shows some of the experimental polar digrams 
obtained by Barrow and Lewis<^*’> using a sectoral horn whose 



Microwave Antennae 175 

flare angle could be altered. A curve of the power gain (Fig. 
4.47) shows that this reaches a maximum value of 16 when 

Fig. 4.46. Experimental Polar Diagrams for Various Angles of Flare 

(Barrow and Lewis^ Proc. Jan., 1939) 

O 30 60 90 

Flore An9lc In Oc9r«ft 

Fio. 4.47. Power Gain of Sectoral Horn 

(Bairow and Lewis, Proc. IM.E,, Ja*>., 1939) 

V =7= 50°. (The gain figure is approximately that referred to 
a half-wave dipole, i.e. it is roughly equal to Gjj.) 

The reason for this optimum value of flare angle is easy to 
see; for small angles the gain is low, due to the smallness of 
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the width a, while for angles approaching 90"^ the wavefront 
at the mouth of the horn has become so nearly spherical that 
the radiation components from the secondary sources on this 
wavefront are not in phase at field points along the axis. This 
latter state of affairs is illustrated in Fig. 4.48. A convenient 

Fig. 4.48. Diagram showing Phase Slip in Horns 

rule of thumb giving the greatest permissible “phase slip” 
without noticeable loss of gain is that the distance s in Fig. 4.48 
should not exceed A/4. 

Barrow and Lewis also measured the field distribution across 
the mouth and found that as y> approached 90° the distribution 

—Vtrtleal Aperture In Wsrelen^ht 

Fig. 4.49. Dependence of Vertical Beam Width on Height 

OF Sectoral Horn 

(Ghu and Barrow, Trans. AJ.E,E.t July, 1939} 

became very uneven and that this had its counterpart in the 
jaggedness of the corresponding polar diagram. These distribu¬ 
tion diagrams corresponded to the “equivalent current 
distributions” in the plane of the directrix as discussed in the 
section on parabolic antennae. If the intensity distribution is 
reasonably cophasal the resultant polar diagram may be 
arrived at in exaedy the same manner as described for parabolic 
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^^—Horheontql Aperture In Wiivclen9thA 

Fio. 4.51. Variation of the Horizontal Beam Width with the 
Aperture of a Sectoral Horn 

(Ghu end BerroWf Trmu, Ju!y» 1939) 

be inte^ated. Barrow and Lewis obtained reasonable agree¬ 
ment with experimental results for flare angles up to 50® by 
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simply assuming a sinusoidal distribution of cophasal sources 
across the mouth of the horn. 

Chu and Barrow*^*®* have given a detailed set of design 
curves for the sectoral horn, some of which are reproduced in 
Figs. 4.49 to 4.52. The beam width referred to is defined as 
the angle between the direction for which the field is 10 per 

Ca) Horn excited in TE^mode 

Horizontal Aperture in 
Wovelengthi 

(b) Horn excited In TE^, mode 

Fxo. 4.52. Variation of Power Gain with the Aperture of 
A Sectoral Horn 

(Chu and Barrow, Tram, AJ.E.E,, July, 1939) 

cent of its maximum value. Also side “a” is the horizontal 
side for these figures, i.e. the horn is flared in a horizontal plane. 
The figures are self-explanatory but one or two observations 
are of interest. 

Fig. 4.50 shows that sharper beams are obtainable with the 
smaller flare angles, but it should not be overlooked that the 
horns become excessively long at small angles. It is to be 
expected that the vertical polar diagram would be sharper 
for the TEio mode than for the TEoi m^e (Fig. 4.49), since in 
the former case the field distribution in the duwtion of b is 
uniform whilst in the latter case it has a sinusoidal variation 
of amplitude. This extra concentration in the vertical plane 
accounts for the higher gains obtainable with the TEjo mode. 
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The Pyramid Horn 

A pyramid horn is one which is flared in both planes. The 
design features of such horns are largely covered by the previous 
discussion on sectoral horns. This follows from the fact that 
a flare in the vertical plane for a TEjq mode corresponds to a 
flare in the horizontal plane for a TEjj mode and vice versa. 

The same maximum permissible phase slip may be assumed 
as was given for sectoral horns, i.e. the middle of the spherical 
wave at the mouth should not be more than one-quarter of 
a wavelength in front of the plane of the mouth. By inserting 

Fig. 4.53. Baffles for Correctino Phase Slip in Horns 

correcting plates in the horn as shown in Fig. 4.53 this phase 
slip can be corrected since the phase velocity is increased at 
the ends by their presence. In this way the forward gain of 
large horns can be appreciably increased (the alternative would 
be to make the horn exceedingly long—which is not practicable 
in most cases). Correcting baffles of this nature have been 
described by Rust<^^> and are essentially for very large horns 
whose apertures are large enough to permit such subdivisions. 

The Conical Horn 

Conical horns are flared-out waveguides of circular cross- 
section; hence the most suitable mode of excitation is the 
TEji mode shown in Fig. 4.42. A detailed experimental study 
of such horns was made by Southworth and King.‘^^®> Their 
results showed that for a conical horn whose sides have a 
length of about 3/I the optimum flare angle is about 50°. 
Another set of experiments demonstrated that if the flare angle 
was kept fixed at 40°, then the forward gain wtis not increased 
appreaably for side lengths exceeding 4A—up to such a 
length the power gain increases directly as the area of the 
aperture. 
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Fig. 4.54 shows the effect of varying the flare angle when 
the length of the sides is kept approximately constant, while 
Fig. 4.55 shows the polar diagrams for the opposite change in 
the variables. 

The Biconical Horn 

The biconical horn of Fig. 4.56 may be considered either as 
a particularly thick biconical antenna (in which form it is 

ITTZ: 
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Fio. 4.54, Polar Diagrams of Conical Horns with Various 
Angles of Flare 

(Southworth and King, Proc. I.R.E., Feb., 1939) 

mentioned in § 4.1) or as a horn of revolution about the 
central axis. 

There are two main modes in which such an antenna may 
be excited. The first is the TEM mode which gives vertical 
polarization and is equivalent to an electric dipole and the 
second is the TEg^ mode which gives horizontal polarization 
and therefore is related to the magnetic dipole—^in both cases 
the vertical polar diagrams may be considerably sharper than 
those obtained with the related form of dipole. 

A theoretical analysis of the two cases has been given by 
Barrow, Chu and Jansen<“*> who obtained the curves shown 
in Fig. 4.57. The TEM mode may be excited by feeding tlie 
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antenna as shown in Fig. 4.56 (i.e. by treating the horn as a 
simple centre-fed antenna), while the TEq! mode is obtained by 
placing a small “magnetic dipole” between the two apexes 

CC 
L • 141 cm 
0* 27*0 cm 

A* ^6X* 

L*345cm 
0« Wcm 
A« 5-2X* 

^ ^ ^ Pull lines Indicate electric plont 

X • 15 3 cm OotUd linci Indicale mo9nclic plane 

Fig. 4.55. Polar Diagrams of CJonical Horns op Different Lengths 

(Southworth and King, Proc. Feb., 1939) 

of the cones which then act as unconnected guides. The 
magnetic dipole may take the form of any of the loops of the 
Alford type or of a coaxial-loop type of antenna. 

The sharpness of the radiation pattern in a vertical plane 
may be determined from the sectoral horn of corresponding 
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flare angle and mode of excitation. Provided the phase slip 
is less than 90° (which is true if the length does not exceed 
the optimum for the flare angle in question) the polar diagram 
can also be calculated by the methods described for parabolic 
mirrors and the sectoral horn. We assume an equivalent 
source distribution across the aperture of the horn and inter¬ 

polate from the calculated distributions 
given on page 156, The assumed dis¬ 
tribution will depend on the mode of 
excitation—^for the TEM mode it will be 
a constant, and for the TEqi mode it will 
be sinusoidal. 

In order to discourage the generation 
of higher unwanted modes, the spacing 
between the apexes should be kept to a 

Fio. 4,56. Biconical small fraction of a wavelength; also for 
Horn ™ the TE^i mode the exciting antenna should 

be as symmetrical as possible. Barrow, 
Chu and Jansen found in their experiments that a spacing of 
about A/12 gave best results for the TEM mode. 

4.5. SLOT ANTENNAE 

General Principles 

The current distribution around a slot may be obtained by 
first considering the radial distribution of electric intensity 
along a metallic antenna of similar dimensions. Such an 
antenna is a half-wave dipole in the form of a strip which 
would just fill the slot. The distribution of electric intensity 
in the immediate neighbourhood of this dipole varies through¬ 
out a cycle in a manner similar to that shown in Fig. 1.3, for 
a thin dipole- If we consider the conditions during the part 
of the cycle shown in Fig. 1,3 by 1/8/', then the electric field 
has the direction corresponding to the dotted lines in Fig. 
4.58 {a). In the latter figure, however, they represent the 
magnetic lines round a slot, i.e. we have interchanged magnetic 
and electric lines on going from the case of a half-wave strip 
to a half-wave slot. Now the currents around the slot are 
everywhere at right angles to, and proportional to, the magnetic 
intensity at the surface and hence they have the distribution 
shown by the arrows in Fig. 4.58. 

The above parallel which we have drawn between dipoles 
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and slots serves, amongst other things, to give an estimate of 
the size of the conducting surface that we must have around 
the slot—the surface must be of such a size as to embrace 
most of the .static and induction fields that would exist around 
the complementary dipole. This criterion indicates a wide 
conductor of at least one-fifth of a wavelength around the 
edges of the slot. 

A complete statement of the complementary nature of slots 
and strip dipoles can be obtained with the aid of Babinet’s 
principle. For a discussion of this principle as applied to radio 
frequencies the reader may refer to the article by Booker. 

(n' (b) 
Plan view of slot £nd-on cross-sectbn 

of slot 
Arrows represent current flow. 
Dotted lines are lines of magnetic force 

Fio. 4.58. A Slot Antenna 

The principle may be stated by considering a source of electro¬ 
magnetic waves (or a distribution of sources) and a plane thin 
sheet of metal which is pierced by any arbitrary configuration 
of holes. The field in the vicinity of the metal screen will be 
modified by its presence. 

If we now replace this conducting sheet by a complementary 
screen (one which has obstructions where the other had holes 
and vice versa) then the new field distribution will be such 
that if added to the former field the resultant will exactly equal 
the field distribution obtained in the absence of any screens. 

An important point is that the complementary screen must 
cither be a perfect conductor of magnetism (a purely hypo¬ 
thetical case) or else the system of sources must be replaced 
by a conjugate system of sources which consists of elementary 
magnetic dipoles in place of the former elcmcnttiry electric 
dipoles. In either case the object is to interchange the electric 
and magnetic fields beyond the screen. 
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A direct application of the above principle is shown in 
Fig. 4.59. Figure {a) represents an array of half-wave dipoles, 
while {b) is the complementary screen in which the slots have 
been rotated through 90° to interchange electric and magnetic 
quantities. In the first case the “screen” acts as a band-stop 
filter to the incident wave, while in the second caa^ the screen 
behaves as a band-pass filter. 

Input Impedance of Slot Antennae 
The application of the above principle to slot antennae is 

shown in Fig. 4.60, in which {a) represents the case of an 

<a) ” (b) 

Curtain of Half-wave Array of complementary 
dipoles forming Band slots forming Band-Pass 
-Stop Filter RItcr. (Note that stots 

are turned throu^ SO® 
with respect to dipoles 
h (Q))^ 

Fig. 4.59. An Application of Babinet’s Principle 

elec^c dipole and {b) that of a magnetic dipole. In the 
electric case E is normal to the strip and the generator is 
inserted between two points the impedance between which is 
zero; in the magnetic case H is normal to the strip and the 
generator is a loop of current inserted along a path of infinite 
impedance. 

We now place a perfectly conducting screen of infinite extent 
around the magnetic dipole of Fig. 4.60 {b) and this state of 
affairs is illustrated in Fig. 4.60 (c). It will be noticed that 
the fields are unaltered by this addition since the condition 
that E should be normal to the sheet is already fulfilled. 

On reversing the direction of one of the generators the field 
obtained becomes as shown in Fig. 4.60 (c). We may now 
remove the perfect conductor of magnetism, which simply 
leaves a slot in the conducting sheet across which are a pair 
of current generators connected in parallel. This change does 
not affect the field since there was no discontinuity in at 
the strip of magnetic conductor. 
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The field of figure {d) is therefore identical with that of 
figure (a) except that 

(i) the electric and magnetic components are inter¬ 
changed, ■ 

(ii) the sense is changed as we cross the boundary made 
by the conducting sheet. 

(c) 
Case (b) with conductin9 sheet 
around the ma9nctic dipole 

E 

Case (c) but with one of the 
current 9cncrators reversed. 

If the perfect mQ9netic conductor 
is now removed we ore left with o 
slot antenno 

H 

Fig. 4.60. Derivation of a Slot Antenna from the 

Complementary Dipole 

All the above arguments assume a sheet of infinite extent. 
With the practical case of a finite sheet, the reversal in sense 
causes the field in the plane of the sheet to be zero (Fig. 
4.61 (a)). If, however, one side of the sheet is enclosed (Fig. 
4.61 (b)), then the field in the plane of the sheet is approxi¬ 
mately half that obtained with the corresponding dipole—the 
precise polar diagram involves taking into account the effects 
of diffraction and of currents round the edges. 

The input impedance of the slot may be determined as 
follows— 

Fig. 4.62 may represent either 

(1) a strip-shaped dipole, or 
(2) a slot in a large metallic sheet. 
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In case (i) we have 

= SxYz^i == SxT^z^i 

h ~ Sabcb^a^i ~ ^Sabc^i ^ • 

zero 
rodiallon — 

zero 
^rodiation 

(q) Sheet open both sides (end*00 view) 

187 

(i) 

(ii) 

field slren9th 

half thot ^_ 
9iven by the 
complementary 
dipole 

MLJM _ 

(b) One side of slot boxed in 

Fio. 4.61. Slot Antennae with Conducting Sheets of 

Finite Dimensions 

In case (2) we have 

Fg = f_4BC^2 = SaB^C^2 

^2 ~ SxTZY^X^2 ^ == ^SxYZ^2 ^ 

From the conjugate properties discussed previously it follows 
that 

ixYz^i ^ “ ^ooixYz^2 ^ 

SaBC^2 ds — Zooiabo^i ^ 

BorY 

Fio. 4.62. Diagram for Calculation of Slot Impedance 

Using equations (i) and (iv) in (v) we find that 

Vi — \ZooIz 
Also from (ii), (iii) and (vi) we have 

f^a ~ \ZooI-i 
Equations (vii) and (viii) give 

■‘i-'s 

(vii) 

(viii) 

Hence (4.21) 
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The geometric mean of the input impedance of a slot and 
its complementary dipole is therefore equal to half the intrinsic 
impedance of free space (i.e. to 377/2 ohms). Assuming a 
resonant impedance of 70 ohms for the dipole, we therefore 
have 

^2 = 503 

= 500 ohms 

Practical Versions of Slot Antennae 
It is normally desirable to box up one side of the slot so as 

to radiate over a hemisphere only. The effect of this on the 

Fio. 4.63. A Folded Fig. 4.64. Example of Slot Antenna at the 

Slot Antenna Focus of a Parabolic Mirror 

input impedance is to double the resistive component making 
it approximately i ooo ohms. 

This rather high input resistance can be reduced by using 
the equivalent of a folded dipole which, in its slot form, is 
illustrated in Fig. 4.63. Whereas a folded dipole has an input 
impedance which is four times that of a simple dipole, the 
folded slot has an input impedance which is one-quarter that 
of the simple slot. Hence a folded slot which is boxed up on 
one side will have an input resistance of about 250 ohms. 

An interesting application of slot antennae has been men¬ 
tioned by Ratcliffe<®**> and is shown in Fig. 4.64. In this case 
the slot is cut into the side of the cylinder which is mounted 
at the focus of a semi-parabolic mirror designed to give a 
sharp beam in the horizontal plane. As a result good illumina¬ 
tion of the reflecting surface of the mirror is obtained with 
horizontal polarization. Under the same conditions a hori¬ 
zontal dipole would fail to give adequate illumination of the 
edges of ^e mirror. 
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An array of slots can be obtained by making a series of 
slots along a waveguide; if these slots interrupt the lateral 
currents in the guide they will effectively be in parallel. This 
mode of operation may be obtained as shown in Fig. 4.65 (a) 
which shows “shunt-displaced” slots, or else the “shunt- 
inclined” method of Fig. 4.65 {b) may be used. The former 
method has the advantage of negligible mutual coupling 
between the slots, while the latter is more easily constructed 
if the operating wavelength is less than 3 cm. 

In order to minimize secondary lobes the cophasal sources 
should be as close together as possible. This means in practice 

(a) 
Shunt ~ inclined Arroy 

(t>) 
Shunt-duploccd Arroy 

Fio. 4.65. Two Types of Slot Arrays 

that the slots are spaced every half-wavelength along the guide 
and adjacent slots are excited in the opposite sense. For this 
reason adjacent shunt-displaced slots are spaced on opposite 
sides of the centre line, while adjacent shunt-inclined slots are 
inclined in the opposite sense. For details on the design of slot 
arrays the reader is referred to a recent book by Watson. 

4.6. DIELECTRIC ANTENNAE 

As the wavelength of the shortest radio waves generated has 
decreased, so the techniques employed have come nearer to 
those used in optics. One of these steps has been the use of 
dielectric material to obtain a lens action or its equivalent. 
Two examples of the use of dielectrics are shown in Fig. 4.66, 
both of which have the object of matching the wave impedance 
in the interior of the born to that in free space, thereby simpli¬ 
fying the tuning adjustments. Antennae of this type were 
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investigated by Mallach whose work is described in Evaluation 
Report No. 273 of the British Ministry of Supply. 

A more direct use of the dielectric is to make it in the form 
of a rod (Fig. 4.67) one end of which is excited by a small 

<o) (b) 
Conicol Diffuser Quorter-wove Matching Section 

Fig. 4.66. Use of Dielectric Material in Horns to Improve Matching 

antenna. This form of dielectric antenna is commonly called 
a ‘‘polyrod” antenna, since the dielectric material is often 
polystyrol. The rod in this case may be considered as a leaky 
waveguide which results in a continuous endfire array. The 

beam width of a polyrod varies with the length of the rod in 
the manner shown in Fig. 4.68. This figure suggests that a 
length of three wavelengths is a useful compromise between 
good directivity and reasonable size. 

The effect of tapering the rod is shown in Fig, 4.69, from 
which it can be seen that tapering reduces the secondary lobes, 
but the beam width of the main lobe is slightly increased at 



Fig. 4.68. Variation of Beam Width with Length for a 

Typical Uniform Polyrod Antenna 

Fio. 4.69. Beam Width and Side Lobes of a Polyrod Antenna 

FOR Various Degrees of Taper 

(Mallach and Zinke, VOnd* Oct., 1946} 
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the same time. Overall bandwidths of 30 per cent of the 
mid-frequency are obtainable for changes in input resistance 
of 2:1 while the input impedance may have any value between 

Fio. 4.70. Variation of Wavelength along a Dielectric Rod 

WITH Diameter of Rod 

(Mallach and Ziake, VOndt ELt Oct., 1946) 

10 and 300 ohms according to the dimensions of the input 
circuit. 

If we measure the wavelength along a dielectric rod in terms 
of the free-space wavelength we obtain a curve of the type 

L 

Metal Ca«in9 

n 

-4- 

Several Wovclen^tht 

♦ 
Input 

About 
U 

Fio. 4.71. Sketch of a Hollow Polyrod Antenna 

shown in Fig. 4.70 in which the diameter of the rod is the 
independent variable. From this curve we see that when the 
diameter is less than about one-third of the free-space wave¬ 
length then ^ == Ao. Mallach and Zinke<^“> have obt^ed 
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the following empirical formulae for determining the cross- 
sectional areas of a polyrod (the cross-section may be either 
circular, square or rectangular). 

T • • 1 -A ^ initial cross-section A-, = —7-r 
4(er-i) 

Final cross-section = —7—^-r . (4.22) 
^ io{Er— i) ’ 

To avoid appreciable dielectric losses the power factor of 
the material should not exceed 50 x io~^. 

Fio. 4.72. Variation of Beam Width with Length of a Hollow Polyrod 
(Mallach and Zinke, UOnde El., Oct., 1946) 

Hollow tubes may also be used for dielectric antennae 
(Fig. 4.71). For example, Mallach made an antenna con- 
sisdng of a hollow cardboard tube (e,. == 4) some 12 A long and 
this gave a beam whose width at the half-power points was 
20°. Fig. 4.72 shows the variation of the beam width with the 
length of the tube. 

Hollow polyrods should be about a wavelength in diameter 
and have a thickness which is given by 

where Xo = wavelength in free space. 

• (4-23) 
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The bandwidth of a hollow tube is rather wider than that 
of the solid polyrod—a total band of 40 per cent can be covered 
for a standing wave ratio limit of 2 : i. Since with the hollow 
rod a smaller proportion of the total energy travels in the 
dielectric, a greater power factor can be tolerated so that 
materials with a power factor of as much as 200 X io“* may 
be used. 



CHAPTER V 

Receiving Antennae 

In the previous chapters the discussion on antennae has been 
confined almost entirely to their properties as transmitters of 
energy. For this purpose an antenna is excited at a pair of 
terminals situated in most cases at the base or at a current 
antinode. On the other hand, if an antenna is functioning as 
a receiver of energy the applied e.m.f. is distributed throughout 
its entire length, though in all other respects the system is 
essentially the same. We should therefore expect a close 
similarity in the properties of an antenna whether used as a 
transmitter or as a receiver of electromagnetic energy. The 
theoretical reasons for these similarities are given in Vol. I, 
§ 4.6, while the following section contains a summary of the 
physical results. 

Since the ultimate performance of a receiving system depends 
on the signal-to-noise ratio, an appreciable proportion of this 
chapter is devoted to noise considerations. When noise limita¬ 
tions are taken into account, the efficiency of an antenna rarely 
proves to be of any importance and hence receiving antennae 
may be designed without paying special attention to joulean 
losses. In the case of long- and medium-wave reception the 
losses in the input coupling circuits are also immaterial— 
provided that the transmission loss is not excessive and that 
the first valve is not unduly noisy. 

There are two other respects in which the design of a re¬ 
ceiving antenna may differ from that of a transmitting antenna 
—one is that strict economy must often be practised, and the 
other that the reception is usually desired over a very wide 
range of frequencies. 

It is only in the case of direction finding, where the position 
of the loop antenna for minimum pick-up is utilized, that the 
joulean losses become important. This case is discussed in 
detail and illustrated by examples on pages 326-34. 

m 
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5.1. GENERAL PROPERTIES 

Relations between Transmission and Reception 

In Vol. I, § 4.6, it was shown that the following characteristics 
of an antenna are identical for both transmission and recep¬ 
tion— 

(a) the impedance, 
(b) the polar diagram, 
(c) the effective height. 

In applying these results it must be remembered that the 
impedance is measured between the same pair of terminals in 
both cases. Furthermore the equality of the polar diagrams 
assumes that the generator impedance of the transmitting case 
is replaced by an equal load when the antenna is acting as a 
receiver. The equality of the effective heights depends only 
on a uniform field for reception and is independent of ground 
constants or height above the ground. 

Owing to the fact that in reception the applied e.m.f is 
distributed over the conductor, the current distribution is not 
necessarily the same as in the transmitting case. This fact 
was first pointed out by Korshenewsky‘®^> and has been 
elaborated by Colebrook.'^®** 

Equivalent Circuit 

Since the impedance of a receiving antenna is independent of 
the field distribution we may replace the antenna by the 
equivalent circuit shown on the left-hand side of the dotted 
line in Fig. 5.1. In the case of a plane wavefront parallel to 
a straight antenna and polarized in the same direction, the 
equivalent series e.m.f. is given by 

e=^Eh, . . . (5.1) 

where E — field in volts/metrc, 
h, = effective height of antenna in metres. 

If £ is the r.m.s. value of the field, then e will also be the 
r.m.s. value. In the more general case in which the electric 
vector in the wavefront makes an angle B with the antenna, 
the induced e.m.f. will be equal to Eh, cos B. 

The concept of effective height was discussed in VoL 1, 
§ 4.3, where it was shown that for a simple vertical antenna 
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whose height h is less than Xfio the effective height is 0-5 times 
the actual height. By providing some form of capacitance 
loading at the top, this value may be increased in practical 
cases to about 0-7 or 0'8 times the actual height. For a half¬ 
wave dipole the effective height is A/w. 

It will be noticed that the only difierence between the 
equivalent circuit in Fig. 5.1 and the corresponding circuit 
for transmission is that the series e.m.f. is on the left-hand side. 

Zq impcdonc« of ontcnno (determined 
ift the some woy os in th< 
tronsmittin9 cose) 

e m induced c m.f (^iven by equcfion t0.l} 

Fig. 5.1. Equivalent Circuit of a Receivino Antenna 

whereas for the transmission case it would be on the right-hand 
side (and Zr would represent the generator impedance). 

Noise Considerations 

In the transmitting case the main requirement is to radiate 
as much of the available energy as possible, whereas in the 
receiving case the chief consideration is a good signal-to-noise 
ratio. These requirements lead to the same design if the condi¬ 
tions are such that even in the receiving case the joulean losses 
have to be kept low. 

However, if the atmospheric noise together with the noise 
associated with the radiation resistance is high in comparison 
widi the thermal noise generated by the dead-loss resistance, 
then the efficiency of the receiving antenna is quite unimpor¬ 
tant. This condition applies to all antennae operating on 
wavelengths above about i m, and hence it would appear 
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that it is only with microwave receiving antennae that any 
care need be taken with regard to joulean losses. With the 
present valvts, however, the noise due to the first valve is 
relatively high at wavelengths below i m so that even at these 
wavelengths the noise due to joulean losses in the antenna will 
be negligible (but in this case long transmission lines or other 
‘4ossy’’ input circuits must be avoided). 

On the other hand it is always an advantage to use a directive 
antenna for reception. For a given radiation and loss resistance 
the received noise power will be the same (assuming both 
thermal and atmospheric noise to be uniformly distributed) 
but the directive properties of the antenna cause a greater 
power to be abstracted from the wanted signal and hence the 
signal-to-noise ratio is improved. A similar reasoning applies 
to cases in which valve noise is appreciable. 

A detailed consideration of the various factors which arise 
is given in the next two sections—the situation is summarized 
to some extent by the curves in Fig. 5.6. 

Effective Area of Absorption 

A convention which is often useful, particularly with micro- 
waves, is the definition of the receptive properties of an antenna 
in terms of an effective area of absorption. This area is equal 
to the area of the wavefront over which complete absorption 
of the radiated energy must take place in order to abstract 
a power equal to the available power obtained at the antenna 
terminals. When applied to the case of a doublet we have 
the following results— 

Maximum available power from a doublet is given by 

where e == equivalent series e.m.f., 

Rr == radiation resistance. 

The factor 4 arises out of the fact that for maximum power 
absorption the load is equal to Rf^ so that the voltage across 
the load is half the induced e.m.f. The power lost in the 
generator impedance takes the form of re-radiation and is not 
therefore a part of the absorbed power. 

If the doublet is of length / and the incident field strength 
then in the direction of maximum pick-up we have e ^ El. 
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The radiation resistance is given by equation (4.44), Vol. I; 
hence 

The energy in the wavefront is given by Poynting’s vector 
which is 

S = £ X H watts/square metre 

i.e. ^ = E^lzoo 

{N,B, In the present case we are keeping to r.m.s. values 
throughout; hence the use of the complex form of Poynting’s 
vector is unnecessary.) 

If .42) is the effective cross-sectional area in the direction of 
maximum pick-up, then 

On equating this with the previous equation we obtain 

Ad — 3i* 
877 

(5-2) 

The maximum gain of a doublet over an isotropic radiator 
is 1-5; therefore an isotropic radiator has an effective cross- 
sectional area given by 

Aq i! 
477 * 

(5-3) 

Consequently if the gain of an antenna system over an 
isotropic radiator is Go, it will have an effective cross-sectional 
area of A„ where 

Af — GoAo 
_ GoA» 

4»r (5-4) 

In the case of a half-wave dipole the gain in the equatorial 
plane is i'64 and hence the effective area is 

Aff = 0-I3A* (5-5) 
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The above formula shows that the effective cross-section is 
approximately equal to a rectangle whose length equals that 
of the dipole and whose width is equal to half the length of 
the dipole. This result may seem strange—it would appear 
more logical to suppose that Poynting’s vector should be 
integrated over the cross-sectional area which the dipole 
presents to the wavefront. But it will be noticed that, if the 
above simple idea were true, then a very thin dipole would 
absorb far less energy than a relatively thick dipole of the 
same length! There aie, in fact, difficulties in interpreting 
Poynting’s vector under all circumstances. These difficulties 
are also commented on by King<^®> and by Stratton.*®*’ 

5.2. SOURCES OF NOISE 

The noise output from a receiver will be due partly to external 
and pardy to internal sources. Under these headings we may 
list the following specific causes— 

External Sources 

Atmospheric noise, cosmic noise, precipitation static, man¬ 
made static, noise associated with radiation resistance. 

Internal Sources 

Ohmic resistance of the antenna, resistance of input circuits, 
shot noise in the first amplifier or mixer. 

The above division is not, however, the most suitable for 
discussion: for this purpose it is better to consider noise under 
the following headings— 

(a) thermal noise, 
{b) cosmic noise, 
(c) atmospheric noise, 
{d) man-made static, 
{e) valve noise. 

(a) Thermal Jloise 

Owing to the thermal agitation of the charges in a conductor, 
there is a certain amount high-frequency energy present 
which may be regarded as being uniformly spread over the 
whole cS the radio-firequency spectrum. The formula giving the 
e.m.f. resulting from this eneigy was obtained by Nyquist****’ 
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and verified experimentally by Johnson. Nyquist’s formula 
is as follows— 

<2 = . . . (5.6) 

where e — r.m.s. value of noise voltage, 
k = Boltzmann’s constant 

= 1-37 X Io“28 joules/degree, 
R = resistance of conductor in ohms, 
T = temperature in degrees Kelvin, 
B = bandwidth in cycles/second. 

This noise e.m.f. is to be regarded as acting in series with 
the resistance R of the conductor producing it. We therefore 
have a noise generator of internal resistance R, so that the 
maximum available power from this generator is equal to 
«2/4J2 watts. If we denote the available noise power by W„, 
then equation (5.6) may be rewritten as 

W^^kTB . . . {5.7) 

It will be noticed that in the above form the actual value 
of the resistance is not present; for this reason the definition of 
noise parameters is preferably made in terms of ‘^available power” 
rather than in terms of e.mf.'s. A convenient figure to remember 
in microwave calculations is that if T = ago^K (i.e. i7‘’G) 
then 

Wn = 4'io~“ watts/megacycle bandwidth 

The bandwidth in question is the total “energy bandwidth” 
of the amplifier following the resistance and this is given by 

B = 
jGdf 

Gu 
where (?/, = available power gain at mid-frequency fo, 

G = available power gain at frequency f 

(5-8) 

For most piuposes B is given sufficiently accurately by the 
bandwidth between the half-power points of the amplifier 
response. 

The noise power discussed above is present in all the resistive 
components of the input circuit (sec, for instance, the example 
in § 7.2, which includes a calculation allowing for the effects 
of a sli^tly dissipative line). It is also present in the radia¬ 
tion resistance of the antenna, but in tlm case the effective 
noise temperature is not necessarily equal to the ambient 
temperature. 



202 Antenna Theory and Design 

The reason for this is perhaps best appreciated by invoking 
the theorem of reciprocity, i.e. by first considering the antenna 
as a transmitter. When transmitting, the radiated energy will 
be absorbed in various regions of the surrounding space, the 
amount absorbed in any region being dependent on the 
distance from the source and the electrical properties of the 
region as well as those of the intervening space. For many 
frequencies this energy will be absorbed in the surrounding 
countryside and in the ionosphere, but for very high frequencies 
a fair proportion of the energy will travel much farther into 
space. The degree to which the various portions of the space 
surrounding the antenna absorb energy from it is also a 
measure of the radiated noise energy which these portions will 
deliver towards the antenna when considered as a receiver. 
This radiated noise from the surrounding space is the radio¬ 
frequency component of the thermal radiation and therefore 
is a function of the absolute temperature of the surrounding 
medium. Consequently the effective temperature which is to 
be associated with the radiation resistance depends very much 
on the frequency and the polar diagram of the antenna; for 
example, with a microwave antenna pointing skywards the 
effective temperature may be only a few degrees absolute, 
whereas for a directive lo m array pointing towards the Milky 
Way it would be about 120 ooo°K. 

Burgess<297) shown that this thermal noise from the 
absorbing region surrounding the antenna may be derived 
from the Rayleigh-Jeans law which leads to the result that 
the mean-square e.m.f. induced in the antenna is given by 

e^ = ^kRfTrB 

where Rr = radiation resistance of the antenna, 

T,. = absolute temperature of the sources of thermal 
radiation. 

This is identical in form with (5,6) and therefore justifies 
the inclusion of the radiation resistance in the value for 
R—assuming that the appropriate absolute temperature is 
taken for that fraction of R which is due to the radiation 
resistance. 

The value of T,. may be conveniently expressed in terms of 
To, where To is the ambient temperature of the antenna and 
is assumed to be 2go°K (in America the “standard” v«due is 
often taken as soo^K). 
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Typical values for are as follows— 

The surface of the earth T^ = To 
E region of the ionosphere T^ = i*2 To 
F region of the ionosphere T^ == 3 to 4 To 
Parts of the Milky Way T^ = 400 To 
Outer space in general T^ = (P/i5)To (A == 2 to 16 m) 

The last value is based on a report on cosmic noise by Scott 
quoted by Norton and Allen. More accurate values are 
given by Moxon.^^^^^ 

Cosmic noise is discussed separately in the next paragraphs, 
though it is possibly only another form of thermal noise. 

(i) Cosmic Noise 

In 1932 Jansky^®®®^ published an account of some studies 
on the reception of noise at a frequency of 20-5 Mc/s which 
indicated clearly that a certain portion of the noise was arriving 
from some region outside the earth’s atmosphere. Subsequent 
experiments^^®^^ showed that the direction of arrival coincided 
with a sidereal day and not a solar day—that is, the direction 
showed a period of rotation which was 4 minutes less than a 
solar day—and furthermore that the origin was in the direction 
of the Milky Way. A number of other investigators have con¬ 
firmed these results using still higher frequencies (the lowest 
frequency on which cosmic noise is observable is about 15 Mc/s). 

The origin of the cosmic noise may well be due to thermal 
agitation in which case such noise is a special case of thermal 
noise and can therefore be treated on the lines indicated in the 
previous paragraphs. Thomas and Burgess^^^’’'^ have done this 
and arrived at the conclusion that the maximum value of T^ is 
equal to 400 times To, i.e. that the source of noise in interstellar 
space may have a temperature of 120 ooo'^K. Judging by the 
known experimental results this applies only with frequencies 
between 18 and 30 Mc/s, for at higher frequencies the effective 
value of T,. appears to drop until at 160 Mc/s it is only of the 
order of 5 To. It is considered that this drop may be due to 
absorption of the higher frequencies in interstellar matter. • 

It should be remembered that these cosmic noise fields apply 
only to highly directive antenna systems which are pointing 
towards the Milky Way (the centre of which has a Right 
Ascension of 17 hr 30 min and a Declination of — 30®). Only 
under such conditions will the temperature of the source of 
the noise radiation average as high as 400 T© over the whole 
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of the polar diagram of reception. In other cases the value of 
T, will be much lower, being an average of the “hot” and 
“cold” sources of noise. 

An idea of the directiveness of this noise can be obtained 
from Fig. 5.2, which shows a curve obtained by Franz<*®*> in 
which the ordinates are in terms of T,/To. 

X* IOm«tre» 

Fio. 5.2. The Effect of the Milky Way on the Temperature of 

THE Radiation Resistance 

The average value over the range A = 2 to i6 m has been 
shown to be approximately as follows— 

T,= (AVi5)To . . . (5.9) 

This expression shows that T, decreases rapidly as we 
approach the microwave region; for example, if A = i m, 
then T, = 0-067 To == 20®K. Measurements made on micro- 
wave radar sets beamed on to the sky do, in fact, indicate very 
low temperatures of only a few degrees Kelvin. 

(c) 'Atmospheric Noise 

The currents caused by flashes cS lightning are such 
intensity and short duration that they produce a continuoas 
spectrum of energy throughout the range of radio irequencies> 
When these flashes are intennittent they g^ve rise to impulse 
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noise in a receiver, but the combined field of many flashes in 
a short space of time will show as fluctuation noise. (It has been 
estimated that about two thousand thunderstorms are taking 
place over the globe at any one moment.) 

Analysis of the pulse, or rather pulses, of current due to a 
lightning discharge shows that the lower radio frequencies will 
contain the greater energy for a given bandwidth. On the 
other hand the higher frequency components propagate over 
longer distances so that on short-wave bands the atmospheric 
noise is the sum of the noise due to a large number of 
storm centres. Even so the noise on short waves is lower 
than on medium and long waves, and in particular the 
atmospheric noise at wavelengths of less than 10 m is usually 
negligible. 

Thunderstorm activity is known to vary with the sunspot 
cycle, but since this variation is less than 20 per cent it may 
be neglected for ordinary estimates in radio communication. 
An indication of the order of magnitude of atmospheric noise 
is provided by Fig. 5.6, in which the curves for such noise are 
based on the summary made by Thomas and Burgess.*®”* 

Another form of atmospheric noise is that due to discharges 
taking place in the immediate vicinity of the receiving antenna. 
This form of noise is known as “precipitation” static for it is 
due to charges being built up in the first place by electricadly 
charged particles which may be raindrops, hailstones, snow, 
or dust clouds. 

The conditions most favourable to their accumulation occur 
in aircraft, when the effect can be serious—for the noise field 
may reach values as high as 10 mV/m on medium wavelengths. 
For a description of tests made on aircraft the reader may refer 
to an article by Hucke*®®®* and also to the U.S.A. Army-Navy 
investigations.*®*®* The measures taken to minimize the efiect 
consist of screening all loop antennae and using an insulated 
trailing wire joined by a high resistance to the fuselage. From 
the end of this trailing wire a relatively smooth corona discharge 
can take place. 

(d) Man-made Static 

Under the heading of man-made static we include all noise 
sources due to electrical machinery and appliances. The 
obvious cure is to mount the receiving antenna as far away as 
possible from sudi noise sources and to use a screened lead-in. 
This is quite feasible in point-to-point communication systems 
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but it is not so easy in normal broadcast reception (for instance, 
in tropical towns much interference is caused by electric fans 
during the summer months). 

Electrical machinery such as generators, rotary converters 
and also neon signs or contact breakers have an interference 
zone of about loo m radius. Overhead lines such as trolley 
bus wires or high-voltage lines have a greater range of inter¬ 
ference—something of the order of i to 2 km. Noise due to 
ignition systems has a value which is intermediate between the 
two values given above. These values, which are based on 
data collected by Thomas and Burgess<®^’* all apply to un¬ 
suppressed systems—if efficient measures are taken to suppress 
the unwanted radiation the range of interference can be greatly 
reduced. 

. A study of the noise fields due to motor-car ignition systems 
has been made by George. In particular he studied the 
noise field due to motor vehicles 30 m away from a receiving 
antenna 10 m high. This represents the order of height and 
distance involved in the majority of television receiving con¬ 
ditions. Under these conditions it was found that the average 
noise field (for a 10 kc/s bandwidth) due to a single motor 
vehicle was about 50 fiVjm at 40 Mc/s and that this value 
varied by less than 2 : i throughout the range of 40 to 450 
Mc/s. These figures may be taken to apply to either vertical 
or horizontal polarization. Maximum noise fields were about 
ten times the average and minimum fields about one fifth of 
the average. 

By fitting interference suppressors to the ignition system, 
improvements of the order of 30 db are obtainable. 

{e) Valve Noise 

Owing to slight irregularities in the current streams in a 
valve, the valve itself acts as a source of noise. The noise 
generated in this way is often known as “shot noise,” and has 
been the subject of many investigations (those by Harris*®®** 
and Moxon*®^®’ are suggested as convenient starting points to 
the literature on the subject). 

At frequencies below about 10 Mc/s the contribution to the 
total noise made by the valve is usually quite small and esti¬ 
mates of this contribution may be conveniently made by the 
use of a fictitious equivalent resistance in series with the grid. 
This equivalent resistance is one which, at the normal ambient 
temperature, would give the same noise output as the valve 
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does. For ordinary triodes the following formula^^®^^ gives a 
rough approximation to the value of this resistance— 

R„ = ^ . ■ ■ (5.10) 
sm 

where = transconductance of valve in mhos. 

If, for example, were equal to 2 500 micromhos, then 
would be equal to i 000 ohms and hence, by equation (5.6), 
the series noise e.m.f. for a bandwidth of lokc/s would be 
0*4 //V. 

The equivalent noise resistance of an ordinary pentode is 
some 3 to 5 times greater so that, for a given transconductance, 
the noise from a pentode is distinctly greater. 

If the valve is a frequency changer, then the low conversion 
transconductance leads to correspondingly higher equivalent 
noise resistance, but in addition a factor of anything between 
2 and 10 must be included. Consequently the equivalent noise 
resistance of a mixer valve may be as high as 250 000 ohms (it 
should be noted that the equivalent resistance should be 
compared with the dynamic impedance of the input circuit when 
assessing the relative noise contributions from the input circuit 
and the valve). 

Above frequencies of about 10 Mc/s the noise contributed 
by the valve varies with frequency, so that no single value of 
equivalent noise resistance can be stated. The overall noise 
contribution is then expressed in terms of a “noise figure’’ 
which is a function of the frequency of operation. The use of 
“noise figures” is discussed in the next section. 

5.3. SIGNAL-TO-NOISE RATIO CONSIDERATIONS 

Limitations Imposed by Signabto-noise Ratios 

Provided the receiver is capable of a sufficiently high degree 
of amplification, the ultimate performance of a receiving 
system depends entirely on the signal-to-noise ratio obtained 
at the output terminals. In order to put different types of 
receivers on a comparative basis, it is customary to measure 
this ratio immediately before the detector stage using an 
unmodulated carrier. Thus the final signal-to-noise ratio will 
depend on the depth and type of modulation. For example, 
with fi’equency modulation an improvement over amplitude 
modulation of y's times the deviation ratio is obtainable. 
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Additional improvements are possible by the use of pre¬ 
emphasis and more favourable methods of transmitter modula¬ 
tion, so that existing F.M. systems, which use a deviation ratio 
of 5, can show as much as 25 db improvement over A.M. 
systems using the same output power for the unmodulated 
carrier. 

There is naturally some difficulty in defining the minimum 
signal-to-noise ratio required for any type of reception, but 
the column of figures quoted below will provide a rough guide 
—the figures are based on a number of experimenters’ results 
and are quoted by Thomas and Burgess. The values given 
for radar are merely typical since they depend both on the 
pulse width and on the repetition frequency. 

Type of Transmission 
(Full amplitude modulation assumed) 

Minimum 
Siffuil-to-noise 

Ratio 
Telegraphy (recorder) - 6db 
Telegraphy (aural) 0 db 
Telephony . . , . . + 20 db 
Television (high quality) + 30 db 
Broadcasting (high quality) -f 40 db 
Radar (A-scope presentation). 0 db 
Radar (PPI presentation) + 20 db 

In taking practical measurements the results are highly 
dependent on the time constants of the circuits involved and 
also on the type of noise. A satisfactory meter circuit has been 
described by Burrill<®**> who also correlated its readings with 
listening tests using three types of noise. His results are shown 
in the graph of Fig. 5.3, together with the appropriate circuit 
constants. 

The actual effect of noise on reception dep>ends both psycho¬ 
logically and analytically on the average rate of repetition 
and on the waveform. When the noise pulses occur at long 
intervals they are known as impulse noise, but when they occur 
at intervals distinctly shorter than the inverse of the receiver 
bandwidth they are referred to as fluctuation noise. 

It has been shown both theoretically and experimentally 
tiiat fluctuation nmse has a peak value between 3*5 and 4*5 
times the r.m.s. value; also both peak and r.m.s. values are 
proportional to the square root of the bandwidth. On the 
other hand, a unit impulse has a peak value which is directly 
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proportional to the bandwidth, though the r.m.s. value still 
remains proportional to the square root of the bandwidth. 

Because of this variation in the total noise energy with 
bandwidth, it must be understood that in all general remarks 
on noise it is assumed that the bandwidth is constant. In 

Cioisificotion ef Gropes 

5 Entirely sotiitoeUry 

4 Very good~ bodtfround wnobtrusivc 

3 Folrly Mtlsfoetory^ bockground ploinly evident 

2 Background very evident, but speech costly understood 

I Speech understondoblc only with severe conceotrotion 

in Dbs as shown by Noise Meter 

CR 600 mllllsecs (dischorging) 

Cr * 10 mllllsecs (chorgln^ 

Meier time constont-«200-400mlllIsccs 

Fig. 5.3. A Noise Meter Circuit and its Calibration Curve 

(Bturill, Froc, LR.E,f Aug., 1941) 

practice this means that receivers for the higher frequencies 
are more subject to noise than they would otherwise be, for 
in most cases such receivers have appreciably wider band- 
widths than are employed at, say, broadcast frequencies. 

Noise Figures 

The deterioration in the signal-to-noise ratio caused by inserting 
an amplifier (or any 4-terminal network for that matter) 
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between a source and its output terminals may be expressed 
in terms of a ‘‘noise figure.’* This figure may be defined as 
follows— , 

^ Available output noise power with actual receiver 
Available output noise power with ideal receiver 

In both cases the source is a dummy antenna whose im¬ 
pedance equals that of the actual antenna and whose tem¬ 
perature is equal to the ambient temperature (standardized 
at 290°K), By stipulating a dummy antenna we cut out any 
external sources of noise, neither is the effective noise tempera- 

Fig. 5.4. Diagram for Discussion of the Effect of Matching 

ON THE Overall Noise Figure 

ture of the radiation resistance involved. For calculation 
purposes the definition may be rearranged as follows— 

fVno 

Mo (5-") 

where == available signal power at input, 
= available noise power at input, 

fVgo == available signal power at output, 
fVno = available noise power at output. 

On account of the definition being in terms of available 
powers the noise figure is independent of the output load 
impedance of the amplifier. It is not independent of the 
matching conditions between the generator and the input 
impedance of the amplifier; hence the need for simulating 
the actual antenna by a dummy antenna of similar impedance. 
If, however, the input impedance of the amplifier is high in 
comparison with the generator impedance, then the noise 
figure is virtually independent of the generator impedance. 

Let us suppose that we connect a simple resistance Ri to a 
generator of internal resistance Rg as shown in Fig. 5.4. The 
generator has signal and noise c.m.f.’s equal to and 
respectively. Then 

A f? Mi 
2 
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In the particular case Ri = Rg 

Using equation (5.11) we have 

N=^ 2 (for R^ - Rg) 

The matched load has therefore caused a 2: i deterioration 
in the signal-to-noise available power ratio. If we followed 
this network by an ideal noise-free amplifier we should still 
have an overall noise figure of 2 due to the presence of Ri. 

In the above example = j^kTRgB^ but the available noise 
power is given directly by equation (5.7) and is obviously 
independent of the resistance. Consequently in Fig. 5.4 we 
have Wni = == kTB for all values of Ri and Rg. In 
general if Ri = nRg then ^ == (n + i)/n. 

The addition of an ideal amplifier produces an overall 
noise figure which depends on the ratio of Rg to Ri and only 
if Ri > Rg is the combination “noise free.’^ With practical 
amplifiers the best matching conditions will depend on the 
input impedance and the effective noise temperature of the 
source—in general these optimum conditions will not coincide 
with those for simple power matching. 

The power gain of an amplifier as expressed in equation (5.8) 
is given by 

Using equation (5.11) we may therefore express the available 
noise output power as 

^NGkToB . . . (5.12) 

Of the above amount the signal generator contributes GkTB 
watts so that the contribution by the amplifier is given by 

{W^- GW„t) = (JV^- i) GkToB 

If the source were not at the standard temperature To but 
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at an effective noise temperature of T„ then the total noise 
output power would be modified to 

WJ = GW,, 

= (^- I + GkToB . . (5.13) 

Comparison with equation (5.12) shows that the effective 
noise figure is now 

j\r'= j\r_ I + ^ . . . (5.14) 

The change in the noise figure when T, ^ To is due to the 
fact that this figure is based on a standardized temperature so 
that in all cases W,, — kT^B. For this reason it would seem 
preferable to use the expression “noise figure” rather than 
“noise factor” (an expression which is also often used). The 
use of the word “factor” is inclined to give one the idea that 
the total noise output power is obtained by simply multiplying 
the noise power at the source by this factor and the power gain 
of the amplifier. Equation (5.13) shows that this is true only 
if T, = To. 

In cases where the gain of a stage is low, the subsequent 
stages may also add an appreciable amount of noise power to 
the output. If, as is mostly the case, the overall bandwidths 
as measured at the various stages in the chain are virtually 
equal, then the overall noise figure is given by 

where = noise figure of stage n, 
G„ = power gain of stage «. 

It should be noted that the noise figure of any stage depends 
on the output impedance of the preceding stage for reasons 
previously mentioned with regard to a single network. 

An example of considerable practical importance arises in 
the case of a chain of relay stations whose overall 8ignal*to*noise 
ratio must be kept high. In such cases the power gain per 
“stage” is generally of the order of unity. 

The diode mixer provides an example which involves both 
the stage gain (in this case the “gain” is actually a loss} and 
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an effective source temperature. These two factors together 
give the overall noise figure as 

I + TJTp 

where JV*/ = noise figure of intermediate frequency amplifier, 
T„ = effective temperature of diode, 
Gm = conversion gain of diode. 

Frequency in Mc^% 

Fio. 5.5. Noise Figure Curves of some Typical Valves 

(Moxon, Jour. Pt. IIIa, No. 6, Mar.-May, 1946) 

With crystal mixers the values for T„, range between i-a 
and 4 To, while for G„ the range of likely values is o-i to 0*3. 

Noise Figure of Valves 

The noise figure of a valve does not vary appreciably from the 
optimum with variations in matching conditions, particularly 
if we let the input impedance give the necessary damping and 
bandwidth. Therefore it is possible to associate a noise figure 
with the valve for any operating frequency. 

Fig. 5.5 shows the noise figure versus frequency curves for 
four commonly used valves—the values are based on those 
given by Moxon**^*’ and also Norton and Allen. The 
following example will serve to show the application of such 
data. 

Example 

A television receiving system consists of a half-wave dipole 
followed by an amplifier whose first valve is an EF 50. 

If A as 7 m, what is the minimum field strength needed for 
reasonable reception? 
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The criterion for high-quality reception is given in the table 
on p. 208 as a signal-to-noise ratio of 30 db, but quite reason¬ 
able reception is obtainable with a ratio of only 20 db. As a 
matter of fact the television camera itself may not have a 
better signal-to-noise ratio than 20 db, for the signal-to-noise 
ratios of such cameras vary in value between 20 and 40 db. 

For the purpose of this example, we will assume a camera 
with a ratio of 30 db while the final signal-to-noise ratio is to 
be 20 db. 

According to equation (5.9) the average effective noise 
temperature of the radiation resistance is given by 

T,. = 22-8 To 

From Fig. 5.5 the noise figure for an EF 50 is equal to 3-4 
when A = 7 m. The effective noise figure of the receiver is 
given by equation (5.14) and is 

jV' = 3-4 — I -f- 22-8 

= 25-2 

For present-day television we may assume a bandwidth of 
3 Mc/s, and since k = 4 x io~^® watts per megacycle band¬ 
width, we find that equation (5.12) gives 

^no = 25-2 X G X 12 X 10“^® watts 

To this we must add the camera noise output, fV„o", which 
is equal to 0-00316 X G, where fT,,- is the available signal 
input power. Therefore the total noise output power is 

= ^(25-2 X 12 X io“^® + 0-00316 

The output signal power, fV,o, must be 100 times as great 
and, since it is equal to GfV,{, we have 

= 25-2 X 12 X 10“^® + o-3i6fF„- 

Therefore 
= 44-2 X 10“^® watts. 

This power is to be absorbed by an antenna whose eflFcctive 
cross-sectional area is given by equation (5.5) and is 

As = 0-13 X 7® = 6-37 m® 

The power absorbed is equal to the product of this area 
and Poynting’s vector, that is 
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The required field strength is therefore 

= 51 ftWIm 

The above calculation takes no account of ignition noise or 
other man-made interference. From the results quoted on 

E -0106 /T. /n 
* ~rvty ®“/. 

A—Wavelength In metres 

Fio. 5.6. The Distribution of Noise over the Radio Spectrum 

p. 206 we can deduce that with a 3 Mc/s bandwidth the noise 
due to an unsuppressed car passing at 30 m from an antenna 
10 m high will be of the order of i mV/m. It is clear, therefore, 
diat the universal fitting of suppressors would considerably 
increase the area over which satisfactory television reception 
could be obtained. 

Typical Noise Fields over the Radio Spectrum 

The chart in Fig. 5.6 gives some indication of the noise fields 
which may be expected at different wavelengths. In all cases 



2i6 Antenna Theory and Design 

the bandwidth has been assumed to be i per cent of the 
operating frequency; for example, if A = 300 m, 5 = 10 kc/s; 
if A = 3 m,.J5 = I Mc/s. 

The eflFective noise field due to radiation resistance has been 
calculated on the assumption that the receiving antenna is a 
half-wave dipole; the result is therefore approximately correct 
for any antenna whose effective height is of the order of half 
the actual height. 

The thermal field is given by 

p__ 'V/(4^-^rTrf?) 
h.~ h. 

For a half-wave dipole, A* = A/w and = 73 ohms, hence 

En = /.V/m . . (5.17) 

The horizontal line in Fig. 5.6 is based on the assumption 
that T, = (A®/i5)To, while in the short-wave region it is 
assumed that T, = 4 To (a smooth join has been made between 
the lines given by these two laws). It will be noticed that 
below A = 10 the value of is constant—this is simply due 
to a compensating effect arising from the fact that we have 
stipulated a constant percentage bandwidth. 

As the wavelength decreases below 1 m the value of T, 
becomes an increasingly small fraction of To until only quite a 
small amount of loss resistance (which is essentially at ambient 
temperature) will produce an even greater noise power than 
that due to the radiation resistance. Also the antenna may 
not be beamed entirely skywards, in which case a small per¬ 
centage of the incident thermal energy will be associated with 
the temperature of the ground. In order to show the effect 
of such factors the dotted curve marked T, = o-oi To has 
been added. It is obvious from this curve that only a small 
percentage of the total thermal noise field need be at a tem¬ 
perature of To in order to cause quite big increases in the 
effective noise field at the shortest wavelengths. 

Nevertheless we are spared the trouble of taking any elab¬ 
orate measures to reduce the inherent noise due to dead-loss 
resistance in the antenna because the noise due to the valve 
predominates in microwave systems. This is shown by the 
chain dotted line which assumes the noise figure curve given 
for the GL 446 valve in Fig. 5.5. 



Receiving Antennae 217 

At wavelengths for which valve noise is negligible, we find 
either that the noise due to radiation resistance is far greater 
than that due to loss resistance (cases for which T, > To and 
Rf > R^, or else that the atmospheric noise predominates 
(in these cases T, == To, Rr < Ra but -s/BIX is small). The 
net result is that a receiving antenna need not be designed 

Fig. 5.7, Experimentally Determined Resistance Values of 
AN Inverted-L Antenna 

(Colebrook, Jour. I.E.E., July, 193a) 

with any particular attention to efficiency whatever the oper¬ 
ating frequency may be. This deduction is mainly of interest 
with long- and medium-wave receiving antennae, for in such 
cases quite elaborate measures would be needed to obtain a 
reasonable efficiency. 

5.4. NON-DIRECTIONAL RECEIVING ANTENNAE 

Long-wave and Medium-wave Antennae 

The antennae used for non-directional reception on long and 
medium waves are mosdy of the T or inverted-L type and the 
same methods as were described in Chapter II may be used 
to determine their characteristics. In the majority of cases 
the anteima will be quite short in comparison with a wave¬ 
length, consequently the capacitance of the antenna is equal 
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to the static capacitance, while the radiation resistance is 
negligible. The input resistance is therefore due almost entirely 
to earth losses, etc., and since no special measures are normally 
taken against such losses, their magnitude cannot be predicted 
with any accuracy. 

An extensive analytical investigation on the grounded 
receiving antenna was carried out by Colebrook.<^®^^ He 
employed the equivalent transmission-line method and obtained 
typical values for the attenuation constant, a, and the effective 
total distributed resistance, Rh^ experimentally. Fig, 5.7 is a 
reproduction of one of his curves (the corresponding reactance 
curve is of the form shown by the dotted line in Fig. 2.1). 

The base resistance was found to vary according to wire 
gauge and earth system in the following manner— 

Frequency = 842 kc/s (A = 9-4 h) 
Radiation Resistance = 0*5 ohm 

Earth System Antenna Wire Base Resistance 

(a) Buried copper plate No. 47 S.W.G. 138-5 
(^) >) if No. 34 S.W.G. 33B 
(^) if n if ' S.W.G. 30 
(d) Parallel wire i m high ff ff 9 
(e) Wire lowered on ground if ff 108 
(/) Small earthing pin ff ff 150 

The parallel-wire earth referred to above was run under¬ 
neath the horizontal portion of the antenna—in the one case 
at a height of i m and in the other on the surface of the ground. 
The effectiveness of a counterpoise earth is clearly demon¬ 
strated, while the lowered-wire case shows the great increase 
in losses due to the field round the earth wire being in the 
immediate neighbourhood of a lossy medium. Wire losses are 
obviously small except for extremely thin wires. 

Let us consider the thermal noise introduced by the loss 
resistance, taking as examples cases {d) and (/) since the first 
represents a highly efficient earth system and the second a 
typical simple earth. A reasonable assumption to make is 
that in equation (5.6) R = Ri, and T = 290®, then on putting 
the overall bandwidth B equal to 10 kc/s we have 

(d) en — 0-038 idV 
if) fn =0*155 
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From the curves of Fig. 5.6 it can be inferred that the 
minimum atmospheric noise field at 842 kc/s would be about 
5 /iV/m, whilst the worst case is about 100 /^V/m. The effective 
height of the antenna is approximately 5 m, consequently the 
induced atmospheric noise e.m.f.’s would have minimum and 
maximum values of 

= 25 juV (winter day) 

— 500 juV (summer night) 

It will be seen that even the lowest value of atmospheric 
noise is many times the noise e.m.f and this for a case which 
represents an indifferent earthing system. Hence on medium 
wavelengths atmospheric noise will predominate over antenna 
circuit noise even when the earthing 
system is poor. A good earth system 
is, however, of assistance in reducing 
noise which comes in via the power 
cords—this type of noise is con¬ 
sidered below. 

Noise Reducing Antennae Fig. 5.8. Injection of Noise via 
THE Power Cords with a 

In practice an appreciable amount Simple Input Circuit 

of noise can enter the receiver as 
a result of noise e.m.f.’s which are induced between the 
chassis and the earth by the power cords. The normal 
antenna input circuit is shown in Fig. 5.8, from which it can 
be seen that the noise of this nature is applied to the grid of 
the first valve. The cure lies in adopting some form of balanced 
injection for the wanted signals. This can be done by using 
a balanced transmission line as shown in Fig. 5.9 (a). Such 
a system also permits the antenna to be located in some position 
which is relatively noise free. 

The circuits of Fig. 5.9 (b) and (c) are described by Landon 
and Reid^^®®^ and are based on the bridge circuit of Fig. 5.10. 
In this bridge circuit the balancing condenser Cg is adjusted 
to give minimum power-line noise in the primary coil. To 
keep the adjustment relatively insensitive to frequency, the 
top-end capacitance of the input transformer must be kept low. 

Fig. 5.9 (i) shows the applications of this principle to an 
inverted-L or T antenna—^practical dimensions are 25 m total 
antenna length and a counterpoise of half this length spaced 
15 cm away. An all-wave version is shown in Fig. 5.9 (c). 
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All-wave Antennae 

The general.principle of all-wave antennae is to use some form 
of balanced antenna for the short-wave bands, and let the 

(a) Botonccd input circuit with 

ficctrostotic icrccnt 
(b) input bolonced by meant of 

counterpoise ontenno and 
small odjustoble condenser 

(c) An oil -wove 

version of fi9ure (b) 

Fio. 5.9. Input Circuits for the Reduction of Power-cord Noise 

(Noise) 

CA«Antenno oopocitonce Cc* Counterpoise copocHoncc 

6olancin9 eopoetUmce CowCopocitonce between 
lo<wer end of prim^ 
winding ond ctios^ 

Fio. 5.X0. Frinoxfle on which Power-line Noise is Balaj^Cxo Out 

downleads form an unbalanced antenna for the broadcast bands 
(when the top portion acts as a loading capacitance). An 
antenna designed on these lines to cover the range 0*54 to 
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18 Mc/s has been described by Wheeler and Whitman*^*®* and 
is shown in Fig. 5.11. 

The top portion is a double-V antenna which covers the 

15 m 

Fig. 5.11, An All-wave Receiving Antenna System 
(0-54-18 Mc/s) 

(Wheeler and Whitman, Proc, Oct., 1936) 

4 6 6 10 12 14 16 16 20 

Frequency In Mc/» 

Fio. 5.12. Impedance Curve for the Short Wave Range of the 

Antenna shown in Fio. 5.1 i 

(Wheeler and Whitman, Proe. LR.E,, Oct, 1936) 

range 6 to i8 Mc/s. On account of the diverging wires the 
impedance characteristic is relatively flat (see Fig. 5.12); in 
jMirticular at the full-wave resonance point the impedance is 
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about one-half that of a single dipole. At 5 Mc/s the arrange¬ 
ment acts as a mixed balanced and unbalanced antenna, while 
at still lowen frequencies the mode of operation is entirely 
unbalanced (the transformer for this case, marked has an 
iron-dust core). The presence of the 500 ohm resistance to 
ground is to damp out resonances. 

An overall loss of only i to 5 db is claimed for this all-wave 
circuit (this figure is exclusive of transmission-line losses). 

At all frequencies the transmission line to the receiver will 
be balanced; hence all the noise-reducing advantages of the 
circuit shown in Fig. 5.9 {a) can be obtained on employing 
an input transformer with an electrostatic shield. 

Short-wave Antennae 

The simplest type of short-wave receiving antenna is a vertical 
rod or wire about one-quarter of a wavelength high. When 
reception is required over the whole of the short-wave band 
the antenna should avoid the half-wave resonance condition 
at the high-frequency end of the range, i.e. it should not be 
more than 4 to 5 m high. 

The disadvantage of the vertical wire is that it has a poor 
pick-aip for sky waves originating from transmitters within, 
say, 100 to 200 km radius (the distance varies according to 
whether E or F layer reflections are occurring). For any 
particular transmission this shortcoming can be mitigated by 
inclining the wire away from the direction of the transmitter. 
A further disadvantage of a vertical antenna is that it is more 
susceptible to locally generated noise—a feature which is largely 
due to the propagation differences between vertically and 
horizontally polarized waves over short distances. 

An elevated horizontal dipole is therefore to be preferred 
and to obtain broad-band characteristics it may be used with 
a resistance termination as described on p. 118. Such a 
dipole is more omnidirectional than one might at first suppose 
since, except for very distant sky waves, the angle of the down- 
coming wave is such that not more than about 10 db are lost 
for reception in line with the dipole (the polar characteristics 
of an elevated horizontal dipole are shown in Figs. 3.11 and 
3.12). The omnidirectional qualities may be improved by 
employing two dipoles at right angles. An arrangement of this 
type in which a transmission line end-feeds the two dipoles is 
described by Wells. 
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It is sometimes an advantage to place a horizontal dipole to 
point in the East-West direction since the amount of atmo¬ 
spheric noise received from the tropics may thereby be reduced. 
This may seem strange at first, but the fact is that often more 
noise is picked up in the end-on position for, with signals 
coming in nearly at grazing incidence, the vertically polarized 
signals from the sky strike the antenna in phase with those 
reflected from the ground; consequently their sum may 
actually exceed that of the horizontally polarized noise signals 
which are picked up in antiphase in the broadside-on position. 

Assuming that the polar diagram of the dipole alone follows 
a cosine law, it is a simple matter to show that for antenna 
heights of less than A/6 the end-on pick-up will exceed the 
broadside-on pick-up for low-angle noise. Ground constants 
also affect the result to some extent, but in general one may 
say that the East-West orientation is preferable for dipoles 
suspended less than a sixth of a wavelength above the ground. 

Ultra-short-wave Antennae 

At wavelengths below 10 m there is no great mechanical 
difficulty in erecting half-wave dipoles whether vertical or 
horizontal. Since sky waves cannot be relied upon at these 
wavelengths, a horizontal dipole is no longer sensibly omni¬ 
directional as on short waves; it must therefore be roughly 
broadside on to the direction of the transmitting antenna. 

If truly omnidirectional reception is required with horizon¬ 
tally polarized waves either a pair of crossed dipoles or some 
form of folded-loop antenna (such as the Alford loop or coaxial 
loop) is required. 

Perhaps the most common form of ultra-short-wave antenna 
is the television antenna. For this reason the following example 
is given as an illustration of the calculation of the thickness 
required to give a sufficiently wide bandwidth. 

Example 

If we set ourselves the limits suggested on p. 127 of not 
more than 30 per cent reflection at ± 5 per cent off tune, 
what is the necessary diameter of a half-wave dipole working 
on a wavelength of 7 m? 

From equation (10.43) we see that a 30 per cent reflection 
corresponds to a standing wave ratio, />, of i*86 (since 
\B\I\A\ = 0*3). As a first approximation we may assume 
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that the resistance of the antenna remains constant at 70 ohms, 
then from Fig. 10.15 reactance may vary 
by approximately ± 0'6 .^0 before the p = i’Q6 circle is 
reached. With equal to 70 ohms this means a reactance 
variation of ± 42 ohms. 

This variation must take place over a frequency range of 
± 5 per cent. From Fig. 3.2 we find that +J42 corresponds 
to A = 0-25 A for all curves. The lower limit will be about 
10 per cent less, i.e. 0-225A, and at this length we require a 
reactance of—742 ohms. 

Interpolating from the curves of Fig. 3.2 gives —742 ohms 
at 0-225A for an hja ratio of about 200. Tins is the ratio of 
half the length of the dipole to the radius and is therefore the 
same as the length divided by the diameter. 

Since A/2 = 3-5 m we have— 

Diameter of antenna = i‘75 cm 

Actually the bandwidth of a dipole varies only slowly with 
the diameter of the conductor. From equation (3.14) we see 
that the bandwidth of the dipole is inversely proportional to 
Zo, the characteristic impedance of the dipole. 

We may determine the characteristic impedance by doubling 
the value given by equation (2.4) to allow for the fact that 
the present case is a centre-fed conductor in free space. In 
this way we find that 

Zo = 120 log, (y- i) 

If, therefore, the diameter of the dipole were decreased to 
I-2 cm the bandwidth would be decreased by only 7 per cent. 

Limiting the maximum reflection coefiicient has a twofold 
purpose: it ensures a wide-band response and also it reduces 
the possibility of “ghost-images” due to reflections at both 
ends of the line. Actually the likelihood of ghost images from 
this cause is quite small. If the input impedance of the receiver 
is matched to the characteristic impedance of the line no such 
images will be formed, and even where mismatching exists the 
length of feeder line would have to be more than 10 m for the 
images to be visible. 

In the majority of cases we can tha-efore consider the fre¬ 
quency response only, and this is conveniently expressed m 
terms of the 3 db points. With this criterion it can be shown 
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that the diameter of the dipole is quite immaterial if the line 
is correctly terminated. To illustrate this, let us assume as 
before that the radiation resistance of the dipole remains 
constant at 70 ohms and also that the induced e.m.f. is constant. 
The characteristic impedance of the line and the input im¬ 
pedance will also be taken to be 70 ohms. 

At any given frequency the voltage across the input resist¬ 
ance will be independent of the length of line (this follows at 
once from power considerations). Hence the input voltage 
versus frequency characteristic is the same as that for zero 
length of line and taking this simple case we see at once that 
the response will be 3 db down when the antenna reactance is 
±140 ohms. From the curves of Fig. 3.2 it is clear that the 
necessary bandwidth can be obtained even with a thin wire. 
The corresponding standing wave ratio can be found from 
Fig. 10.16 which shows that impedances of ^0(1 + 72) give a 
standing wave ratio of 6. 

Going to the other extreme and assuming either a very high 
or a very low input impedance, we find that the voltage will 
vary as the square root of the resistive component of the 
generator impedance as viewed through the line. Consequently 
the response will be confined within the limits ± 3 db if the 
standing-wave ratio does not exceed 2, i.e. if the antenna 
reactance is within the range ± These limits are much 
the same as those obtained with the 30 per cent reflection 
coefficient stipulation, which means that a diameter of nearly 
2 cm would be required under these conditions. 

The above observations make it clear that considerable 
liberties can be taken with the length-to-diameter ratio of the 
dipole if the resonant impedance of the antenna, the charac¬ 
teristic impedance of the feeder line and the input impedance 
of the receiver are all matched. 

The situation is considerably more complicated if a director 
or reflector is used, for in such cases not only is the impedance 
versus frequency characteristic dependent on the initial choice 
of spacings and antenna lengths, but the polar diagrams will 
also vary with frequency. The former may be regarded as 
changes in the internal impedance of a generator, while the 
polar diagram variation corresponds to the generator e.m.f. 
varying with frequency. 

Because of the above complications it is usual to place the 
parasitic element about 0*25^ away from the dipole for, 
although slightly greater gains can be obtained with say 0*15 A 
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spacing, it requires more careful design work to obtain a good 
performance from more closely spaced arrays. 

Fig. 5.13 (b) shows the dimensions of a typical dipole plus 

(a) (b) 
Bolonccd Dipole Folded Unipole for 
plus Reflector Single Side-bond Rcceptioo 

Fig. 5.13. Two Examples of Television Antennae 

reflector array with 0-25.^ spacing, while Fig. 5.13 {b) shows a 
folded unipole antenna which is suitable for mounting in an 
attic. The latter antenna is designed for single-side-band 

O-S <ya OM 02S 0-26 

Length of Countcrpolic Rode in Wovelengthi 

Fig. 5.14, Impedance Curves of Antenna shown in Fig. 5.13 (^) 

working and owing to the folding of the quarter-wave element 
it actu^y has substantially the same pick-up as a full half-wave 
dipole. Impedance curves of the folded unipole are given 
in Fig. 5.14. 
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Built-in television antennae have been described by Carl- 
who tried a loaded dipole and also a small loop antenna. 

Unfortunately it will be found that whenever the antenna is 
actually in the room, the movement of people in the room will 
cause the picture to fade and even to come out of synchroniza¬ 
tion. For this reason it is far more practicable to have the 
antenna at some distance from the set—either above the roof 
or, if in the attic, with a counterpoise earth system. 

Microwave Antennae 

Practically all microwave receiving antennae are directional 
since reception is normally required from one direction only. 
For this reason the single half-wave dipole or the corresponding 
loop antenna are not used for reception at these wavelengths. 

Among the least directional of microwave antennae is the 
receiving antenna for a radio altimeter. This usually consists 
of a dipole mounted a quarter of a wavelength below the 
metal body or wing of the aeroplane. In this way a polar 
diagram approximating to half a figure 8 is obtained—the 
objection to higher directivity is that on banking the aero¬ 
plane would lose the ground reflected signal. 

The “ Capacity Antenna 

A form of antenna known as a “capacity antenna” (or some¬ 
times as an “all-wave antenna”) can often be found for sale 
in radio shops. Such antennae make use of the pick-up on 
the earth lead, and contain nothing more than a capacitor 
of 0-001 //F or thereabouts. A diagram of such an “antenna” 
is shown in Fig. 5.15 [a) in which A and E are the antenna 
and earth terminals of the set respectively—it will be seen 
that the antenna terminals of the set are connected to earth 
via a 0*001 /^F condenser. A third lead is usually provided 
for insertion in the earth terminal, in which case the lead 
will be found to make no electrical connection at all in the 
antenna box. 

Only in the case of a long earth lead will such an arrange¬ 
ment have any pick-up. Fig. 5.15 (i) illustrates the action 
which, it will be seen, is tantamount to placing the receiver 
input terminals at the top end of a capacitance-loaded antenna 
(the capacitor being the receiver chassis and the antenna the 
long earth lead). This arrangement will therefore give some 



228 Antenna Theory and Design 

results when the receiver is in a room above the ground floor, 
but near the ground the pick-up is so poor that an antenna 
consisting of i m of vertical wire would give far better results. 
It should be remembered that Fig. 5.15 {b) represents an 
idealized case, in practice the “antenna” formed by the 
earth lead will be very poor indeed owing to the lead running 
alongside walls, etc. If it were thought that such a system 

(a) 
Sketch of o ^opacity antenna 
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(b) ^ 
Principle of the *capocity ontenno* 

Fig. 5.15. The So-called “Capacity Antenna” 

might serve for the stations whose reception was required, it 
would be simpler (and cheaper) to insert the earth lead into 
the antenna socket directly. 

5.5. DIRECTIONAL RECEIVING ANTENNAE 

The Wave or Beverage Antenna 

In 1923 there appeared an important article by Beverage, Rice 
and Kellogg*^®’ which described a novel form of directive 
antenna for long-wave reception. The type of antenna they 
described consists in its fundamental form of a single horizontal 
wire, several kilometres long, supported on wooden poles at 
a height of some 5 to 8 m above the ground. Fig. 5.16 (a) 
shows such an antenna diagrammatically and indicates that 
one end of the wire is terminated by a resistance (equal to 
the characteristic impedance of the line) while the other end 
goes to the receiver input terminals. 

Reception takes place owing to the fact that the waveflxmt 
of a surface wave has a forward tilt and hence a horizontal 
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component of electric intensity. This component causes an 
induced current in the wire and, since the velocity of propaga¬ 
tion along the wire is approximately equal to that in air, this 
current is continually augmented as the incident wave sweeps 
over the wire. The action is illustrated in Fig. 5.16 (i), which 
shows a wave travelling towards the receiver end of the wire. 
A similar build-up of current takes place in the reverse direction 

(a) ^^ ► Direction of 
0io9rom of ^ p ^ A 
Wove Antenna. B_, ^ lncomin9 Wave 

^ ^R-Z.of line 

777777rZ777777/7777y7/77777777777”’ 
Ground 

(b) 
CjKo9ram 
tuitd up 
aion9 the 

Fig. 5.16. The Wave, or Beverage, Antenna 

but it is dissipated in the terminating resistance—without this 
resistance the antenna would be bidirectional. 

The currents induced by a wave travelling from A to B 
(Fig. 5.16 (a)) may be calculated in the following manner— 

Let E' be the horizontal component of the incident wave 
(£' will be equal to £ tan 6, where E is the total field strength 
and 6 is the tilt of the wave as given by the curves in Fig. 9.2). 
Then the instantaneous induced e.m.f. in an element of length 
dx is given by 

= E'dx sin cot 

where E' is the peak value of the horizontal field. 

The time taken for the wave to travel from .4 to P is equal 
to xjc seconds. Multiplying this time by the angular frequency 
gives the phaise lag of the induced voltage at P which is therefore 
given by 

ep — E'dx sin o>{t — xfc) 

The induced e.m.f., ep, in this element of length acts as a 
generator which causes currents flowing towards both A and 
B, If both ends of the wire are terminated by its characteristic 

__Direction of 
Wave 

Sloptn9 lines 
show cquiphasc 
plonts of wove 
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impedance Zo then the induced e.m.f. is feeding into a load 
impedance of 2^05 and hence the current set up by this e.m.f. is 

E dx . 
—sin CO 
2^0 

{t - xfc) 

Assuming the attenuation of the line is negligible, then the 
resulting currents at A and B are given by 

E'dx . . , , . 
dij^p = sin (o{t — xjc — xlv) 

where v = velocity of propagation along the wire. 

By integration over the entire length, /, of the wire we obtain 
the following values for the total instantaneous currents at 
A and B— 

E' 61 
+ 4) 7 (■ + • (s-'S) 

= Zfiif- vie) »“!'(■- *) ■ (5-'9) 

where P = phase constant of the line 

= 27r/A, 
A = wavelength along the line 

= »//> 
and Ao = wavelength in air 

= clf. 

In the idealized case of » = c, we find that = £'112^0, 
i.e. the current at B is proportional to the len^ of the wire. 
The value of oscillates with the length of wire as shown in 
Fig. 5.17, which illustrates the currents for the case v = c, 
Ao = 12 km, E' = 10 fjiV/m and Zo = 500 ohms. 

In practice v is approximately equal to o-8r which changes 
the Ig curve to the one shown by the dotted line. This dotted 
line attains a maximum value at / = 2A0, owing to the fact 
that if » < c, then the induced e.m.f. becomes out of phase 
with the propagated currents for wires whose lengths are 
several wavelengths. There is therefore a practical limit to 
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the length of wire which may be employed—practical forms 
of wave antennae have lengths varying between 0-5^0 and 2X0. 

A further modification which occurs in practice is that the 
curve for oscillates very slightly due to the effect of attenua¬ 
tion in the line. 

When the direction of the incident wave makes an angle 

Length of Antenna In Kilomeiret 

Fio. 5.17. Dependence of the Current at the Ends of a Wave 

Antenna on the Length of the Antenna 

with the wire, the value of E' must be replaced by E' cos 6, 
and the ratio v/c by (vfc) cos 6. The equation for is then 

, E' cos d . pi, / , ^ ^ 
I ft — -=-57-7-n-ST sin — (I — (v/c) cos d) (5.20) 
" JZoPil — (v/c) cos 0) 2 ' ^ / 

If in addition we allow for the attenuation constant, a, of 
the wire the equation becomes*^®®* 

E' cos _ g-cd-mi-(fh)oo»e)'^ 
+ W«)«>ie)) (5-2*) 

Beverage, Rice and Kellogg found that a typical value for 
the attenuation constant using wires of some 2*6 mm diameter 
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and lengths of 7 to 25 km was 0*4 db per km. Fig. 5.18 shows 
the polar diagrams in rectangular co-ordinates of three different 
lengths of wire using typical attenuation and phase constants. 
It is apparent from these curves that a wave antenna, in 

Fig. 5,18. Theoretical Polar Diagrams of Wave Antennae of 
Three Different Lengths 

(Beverage, Rice and Kellogg, Trans, AJ.E.E., Feb., IQSS) 

common with other long-wire travelling-wave systems, can be 
used over quite a wide range of frequencies. 

The effective height of a wave antenna depends on the 
ratio of E’ to E, i.e. on the tilt of the surface wave. For moderate 

Fig. 5.19. Twin-wire Wave Antenna with Reflection Transformer 

ground conductivity {g — 0-005 mhos/m), the effective height 
would be 8 per cent of the len^ if A = 5 000 m or 8 per cent 
of the length if A = 500 m. 

A useful feature of the wave antenna is that it is possible to 
produce a null in the polar diagram in any desired direction 
in the rear (i.e. for angles lying between jt — 90® and 
ITie necessary adjustments consist of tuning the terminating 
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impedance and balancing some of the current through this 
with a portion of the current at the input terminals. The tuning 
operations can be more efficiently carried out if the receiver 
input is at the same end of the wire as the terminating resistance. 
Such an arrangement can be obtained by the circuit shown in 
Fig. 5.19 and was described by Beverage, Rice and Kellogg. 

In Fig. 5.19 the single wire is replaced by a twin wire along 
which the induced currents flow in parallel. The “reflection” 
transformer at the end B returns the signal to the wire in 
push-pull, and the returned signal is applied to the receiver 
input terminals via a transformer at A. This arrangement 
therefore brings the receiver input and terminating impedance 
together so that it becomes a simple matter to fit a balancing 
circuit between them. 

Medium-wave Loop Antennae 

In spite of their low effective height, small loops can make 
quite good receiving antennae. When used in the position of 
maximum pick-up, the received atmospheric noise will still 
exceed the noise due to loss resistance—hence the extreme 
inefficiency of the loop antenna is not a serious matter when 
the loop is used for reception. Loops have a polar diagram 
which is a figure 8, and this directional quality can be useful 
in discriminating between wanted and unwanted signals. 

Loop antennae are discussed in some detail in Chapter VII 
and will therefore not be enlarged upon here. There is one 
point of interest, however, which it is appropriate to mention 
in the present chapter—it is that the fading on loops is greater 
than on vertical antennae. 

The distinction between the two cases is due to the fact that 
on medium wavelengths the ground acts as an almost perfect 
reflector to the sky waves. Hence the effective sky-wave field 
to a vertical wire is zE sin 0 (where 0 is the angle between the 
downcoming sky wave' and the vertical) whereas for the loop 
it is simply aE. The interfering sky-wave signal on a vertical 
antenna is therefore smaller by a factor of sin 0 than that on 
a loop antenna of the same effective height. The extent to 
which this difference is noticeable depends, of course, on the 
relative strengths of the ground and sky waves. This difference 
between the behaviour of loop antennae and vertical wires 
was used by Appleton and Barnett***®* to determine the height 
of the Heaviside layer. 
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Diversity Reception 

Except in tropical countries, reception on short waves is 
not seriously handicapped by noise. A more vital problem is 
that of fading due to variations in polarization of the sky wave 
and variations in its intensity. To reduce these variations 
some form of diversity reception is often used, the principle 
being to combine the rectified output from two or more 
receiving antennae on the assumption that severe fading rarely 
occurs simultaneously in all antennae. By having some form 
of automatic gain control operated by the strongest signal, 
the combined signal can show a distinct improvement over 
that due to a single antenna only. The various forms of 
diversity reception are as given below. 

{a) Polarization Diversity 

The receiving antenna system may consist of a vertical and 
a horizontal antenna or two horizontal antennae at right 
angles. The choice depends on the site conditions and the 
probable angle of the downcoming rays. Polarization diversity 
has the advantage of a compact antenna system but is less 
effective than space diversity. 

{b) Space Diversity 

In space diversity reception the antennae are separated by 
a distance of up to ten wavelengths (the greater the separation 
the better). As might be expected, the improvement obtained 
by increasing the number of antennae from one to two is greater 
than that obtained by making an increase from two to three. 
Consequently dual diversity is usually used for telegraphy, 
whilst treble diversity is employed for telephony where the extra 
expense is more justified. A diversity system is useful with any 
type of antenna, but since a large amount of ground is involved 
it is mostly used with large directional antennae of the rhombic 
or fishbone variety. 

(r) Miisa System 

The Musa system^^®^^ (Multiple Unit Steerable Antenna) 
is an extension of the diversity principle in which all the signals 
from a line of six antennae are combined so that the antennae 
have a joint directivity which is in the direction of the 
strongest sky wave. This overall directivity is obtained by 
phasing circuits and, since several such circuits may be put 
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in parallel, the system can be made to have more than one 
directivity. The other circuits are used for monitoring or for 
picking out the direction of the second best reception. The 
system would obviously not be practicable if there were not 
certain preferred angles to the vertical for reception and if 
these angles were not relatively stable. 

There are other methods of reducing the effects of fading 
such as frequency diversity, single-side-band working, carrier 
shift keying, special telegraphy codes, etc., but these are outside 
the scope of this book. References to such systems will be 
found in Terman’s Radio Engineers^ Handbook 

The Rhombic Antenna 

The calculation of the polar pattern and gain of a receiving 
rhombic may be carried out by assuming that it is transmitting 
energy, and therefore all the equations and methods described 
in § 6.5 will apply to the receiving case as well. The polar 
diagram of the antenna should not be too sharp since the angle 
of the downcoming sky waves may vary between fairly wide 
limits—an example of such variations is given in Fig. 9.23. 

It will be noticed that since the overall length of a rhombic 
antenna is of the order of a few wavelengths, an antenna of 
this type has inherently some ‘‘space diversity” effect. Never¬ 
theless in important installations it is desirable to use two or 
three spaced rhombics and to combine the outputs from them. 

In reception the accuracy of the matching between the 
antenna and its transmission line is of minor importance, so 
that for this reason a rhombic with single-wire sides is adequate. 
On the other hand, tests have shown that a multiple-wire 
rhombic can have certain advantages for reception. In the 
results quoted by Harpera signal gain of about i db was 
obtained with a three-wire rhombic; also during periods of 
precipitation static the noise level was some 9 db lower 
(the latter feature is more significant than the small increase 
in gain). 

To reduce the pick-up of local noise a buried coaxial line 
should be used for coupling the antenna to the receiver. The 
necessary impedance conversion—and the transition from 
balanced to unbalanced working—can be readily obtained by 
means of a shielded transformer with a toroidal iron dust core. 
A well-designed transformer of this nature will have a response 
which is level to within ± i db over a frequency range of 
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3 to 20 Mc/s. The centre of the balanced side of the trans¬ 
former should be provided with a d.c. path to ground so that 
there is no afccumulation of charge on the wires of the rhombic. 

Both the input transformer and the terminating resistance 
should be mounted as near to the ends of the antenna as 
possible. They are therefore housed in small weatherproof 
boxes at the tops of the two masts supporting the extreme ends 
of the rhombic. 

The Fishbone Antenna 

The fishbone antenna consists of a series of non-resonant 
antennae which are loosely coupled to a transmission line 

Fig. 5.20. Diagram op a Fishbone Antenna 

some three or more wavelengths long, the end of which is 
terminated by a resistance equal to its characteristic impedance. 
A wave approaching in the direction shown in Fig. 5.20 will 
induce voltages along the line which are in the correct phase 
to cause a travelling wave to be set up in the same direction 
as the incident wave. This could only be so if the coupling 
between the side collectors and the line were weak, since it 
presupposes that the phase constant of the line would be 
substantially unaltered by the presence of these side elements. 
In practice a reduction in the phase constant of as much as 
10 per cent can be tolerated. The system is therefore inefiicient 
from the transmitting point of view (the array is sometimes 
known as a high-frequency Beverage antenna—a name which 
suggests its equivalence to the long-wave Beverage antenna). 

A fishbone antenna is essentially an end-fire type of array 
and therefore is highly directional in a vertical plane but not 
in a horizontal plane. For this reason two units are often 
ranged in parallel. In this form two arrays each five wave¬ 
lengths long wUl have a gain of some 30 db over a single 
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dipole, i.e. the signal-to-noisc ratio will be improved by this 
amount if the noise is uniformly distributed. Even a single 
antenna, one wavelength long, will provide a useful degree of 
discrimination against noise or unwanted signals from the 
reverse direction. 

At the optimum working wavelength the collectors have a 
length of about 0*3 A and are spaced at intervals of about A/12. 
The coupling capacitances have a value of approximately 
3 /i/iF if A = 30 m and may be simple insulators with metal 
foil added to give the right capacitance. 

The frequency range is limited at the higher frequencies by 
the fact that the collectors become resonant and at the lower 
frequencies by the fact that they become relatively short. A 
frequency range of 0*5 to r2 times the optimum frequency is 
the aceepted working range (a frequency range of 1: 2’5 is 
typical of non-resonant long antennae). 



CHAPTER VI 

Directional Antennae and 
Arrays 

The various types of antennae described in the present chapter 
are used mostly in short-wave transmission. Directional 
antennae of the type peculiar to microwave transmission are 
described separately in Chapter IV. These divisions are 
merely ones of convenience for the same fundamental principles 
apply in each case. The account given below on general 
principles therefore applies to all types of directive antennae. 

Formulae have been derived (see, for example, refs. (20) 
and (176)) for determining the polar diagram of any sym¬ 
metrical array of radiating elements. In practice, however, it 
is advisable to approach the problem from a synthetic point 
of view by acquiring a geometrical picture of the contribution 
of the various elements to the polar pattern. Such a line of 
approach is particularly useful in investigating problems in 
which the actual antenna system is initially unspecified since 
it gives an insight into the problem which is unobtainable by 
purely algebraic analysis. 

6.1. GENERAL PRINCIPLES 

Derivation of Polar Diagrams 

To obtain a directive polar pattern the radiating elements 
must occupy an area of which at least one side is an appreciable 
fraction of a wavelength. This results in “space phasing’’ 
between the radiation from the various elements, i.e. die 
electric intensities from each element have relative time phases 
which depend on the differences in the path lengths from the 
elements to the field-point. 

The elements to which we have referred may be half-wave 
dipoles, subdivisions of a long-wire system, parasitically-cxcited 
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portions of a metallic screen, or even the various portions of a 
wavefront such as exist at the mouth of an electromagnetic 
horn. In all cases the space-phasing principle applies. 

Suppose we have three antennae, A2 and A^, with currents 
/i, /g and /g whose relative magnitudes and phasings are as 
shown in Fig. 6.1. Then at a distant point P they cause fields 

£2 whose magnitudes are proportional to their 

Vector diagrom of 
field con^onenU at P 
E, E2 and E) ore 
proportional to the 
omplitudCA of 1,1] ond 1, 
respectively 

A3 

Fio. 6.1, Diagram for Calculation of Polar Patterns 

respective currents and whose phases depend on the current 
phases together with the path differences between Ai, and 
Ag to the point P. Taking some reference point 0 in the 
antenna system, then all the space-phase differences may be 
referred to this origin by considering a radiation from 0 to P 
as having no phase shift. It is obvious from Fig. 6.1 that 
antenna A^, for instance, has a phase advance equal to OB^ 
(in addition to whatever phase difference the current /j may 
have with regard to the arbitrary standard phase at 0). 

The distance of P from 0 is such that A^F and OF are 
approximately parallel so that OB^ — cos radians. If 
we rotate P about 0, the space-phasing OBi goes through the 
values -f o, — o and back to 4- as the angle 
{<f> + ai) takes on the values 0°, 90°, 180°, 270° and 360° 
respectively. Let us suppose that ^ = 0-3752, then = 3«/4 
radians or 135°. Consequently the vector will rotate as 
shown in Fig. 6.2 as {<f> -f oq) varies from 0° to 360°. In this 
figure the phase change in is shown for every 10° change in 
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{<l> + a^). It is apparent that the phase of varies slowly at 
0° and 180° (when P is in line with OAi) but rapidly at 90° 
and 270° (when P is at right angles to the line OAj). At 90° 
and 270° the space-phasing between 0 and Ai is zero so that 
the angle shown in Fig. 6.2 represents the initial phase of 
El with respect to the standard phase from 0. 

m phaM of I, with respect to 
some standard phase ot the 
origin O 

Fio. 6.2. Variation of the Time Phase of Ei (Fio. 6.i) with 

Exploring Angle ^ 

The above considerations show that in the general case the 
resultant field £ at P due to n coplanar elements is given by 

n 

E = ^E„ (vector sum) 

= L [360° (rfJA) cos 4- «n) + /5n] (6-l) 
1 

where k — & constant depending on the distance to the field 
point and &e frequency of the radiation, 

/„ == current in antenna n, 
d„ = distance of antenna n from the origin, 
oc„ = angular position of antenna, 

relative phase of antenna current, 
^ exploring angle of polar diagram. 



Directional Antennae and Arrays 241 

The symbols a„ and should not be confused with a and 
the attenuation and phase constants of a medium or a trans¬ 
mission line. 

A machine described by Wilhams*®*** performs the summa¬ 
tion given by equation (6.1) for values of n up to 5, up to 2 A, 
and any values of a„ or The principle of the machine, 
which employs “Selsyn motors,” is such that it permits exten¬ 
sion to greater values of n and —the sole limitation being 
one of accuracy in manufacture. Recently a purely electronic 
machine has been described by Brown and Morrison<®®®> in 
which the polar diagram is shown on a cathode-ray tube. 

In the foregoing account it has been assumed that the radia¬ 
tion from each element is omnidirectional (i.e. the polar 
diagram of a single element is a circle) in the plane of explora¬ 
tion. When this is not so, but all the elements have the same 
individual polar diagram, then the combined diagram may 
be obtained by first assuming omnidirectional antennae and 
then multiplying the resultant pattern by the particular 
pattern of a single element. 

Height Factors for Positive and Negative Images 

An important form of equation (6.1) arises in the case of an 
antenna (or antenna system) which is situated above the 
ground and for which a positive or negative image may be 
assumed. The assumption of a positive image applies to the 
case of vertical radiating elements and that of a negative image 
to horizontal elements. Both forms are shown in Fig. 1.8. 
The validity of these assumptions is discussed in §3.1 where 
it is pointed out that only in the case of horizontal polarization 
is the image as stated. With vertical polarization on short 
waves and with small angles of elevation from the ground, it 
is actually more correct to assume a negative image as is done 
for horizontal polarization. The border line depends on the 
Brewster angle and this is discussed in § 9.5 (and § 3.5, Vol. I). 

Although it is inaccurate to assume a positive image for 
low-angle short-wave radiation, curves based on the assumption 
of a positive image are of value, since they serve to determine 
the radiation pattern of pairs of cophasal elements in an array. 
In fact these “height factor” curves apply to any case in which 
we have a pair of identical antenna systems that are either 
cophasal (the positive image case) or in antiphase (the negative 
image case). 
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In Fig. 6.3 the following special cases of equation (6.1) are 
obtained, putting — — o 

Positive Image 

Ox = o Pi = o 

OLi = V = o 

Using radians instead of degrees, i.e. using p = aw/A to turn 
lengths into radian measure, we have 

E — A[/i /_ {pH cos 6) + 4 Z. {pH cos (6 + tt)}] 

= ikii cos {pH cos 6) 

(a) Positive Imoje (b) Ncfdtive Iina9< 

Fio. 6.3. Diagrams for Calculation op Height Factors 

It is convenient to define a height function Fi {H, $) whose 
value gives the relative amplitude of the polar diagram in a 
vertical plane. This may be done by putting akii equal to 
unity in the above equation, which gives 

Fi {H, 6) = cos {pH cos 6) (positive image) (6.2) 

or Fi {H, A) = cos {pH sin A) 

where A == angle of elevation. 

Negative Image 

04 = 0 

a, = »r 

Pi = o 



A-Angle of Elevation in Degrees 

Fio. 6.4 (a). Height Factor Curves for Positive Images 
R^OE H — IA TO 2A AND A = 0° TO 30° 

30 40 50 40 70 40 90 
A - Angle Af Elevation in Degrees 

Fio. 6.4 (b). Height Factor Curves for Positive Images 
Range if = iA to aA and A = 30® to 90° 
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A ~ Angie of Elevation in Degrees 

Fio. 6.5 (a). Height Factor Curves for Positive Images, 
Range // = 2A to 3A and A = 0° to 30® 

Fio. 6.5 {b). Height Factor Curves for Positive Images^ 
Range H » aA to 3A and A *“ 30® to 90® 
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Fig. 6.7 (a). Height Factor Curves for Negative Images, 
Range // = 2A to 3A and A = 0° to 30° 

h - Angle of Elevotion in Degrees 

Fig. 6.7 (b). Height Factor Curves for Negative Images, 
Range =* 2A to 3A and A = 30® to 90® 
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Proceeding on the same lines as before we find 

[H, d) = sin (/S/Zcos 6) (negative image) (6.3) 

or (iZ, A) = sin sin A) 

where A = angle of elevation. 

The curves given by equations (6.2) and (6.3) find a great 
number of applications. They have therefore been given in 
Figs. 6.4 to 6.7 for various values of H ranging between lA 
and 3A, while the curves of Figs. 3.7 
and 3.8cover the range of o*25Atoi A. 

Analysis of Polar Diagrams by 
Vector Diagrams 

The analysis of two typical polar ^ 
diagrams is considered below to 
illustrate the geometrical method ^ ^ ^ ^ 
which views the time phases of the Antennae fed with Equal but 

field components as rotating vectors. Anti-phase Currents 

Such a viewpoint will be found 
superior in most cases to the more usual method of con¬ 
structing a polygon of the vector components. For example, 
problems involving the course width of aircraft beam-approach 
systems can be solved very easily by a consideration of rotating 
vectors. 

(a) Two Antennae in Anti-phase 

Fig. 6.8 represents a plan view of two vertical dipoles A^ 
and ^2 180® out of phase, or the side elements of a vertical 
loop as considered in a horizontal plane. It is always easier 
to choose symmetrical conditions for the reference point and 
the line of zero angular direction; in this case, therefore, the 
reference point 0 is taken midway between A^ and A^ and 
^ = o is along OPq which is the right bisector of A^A^. 

Along the path OPq the electric field vectors and £2, due 
to and A^ respectively, are in anti-phase as shown in Fig. 
6.9 (a). As ^ increases positively in an anti-clockwise direction, 
the phase of is gaining with respect to a standard reference ghasc at 0, while that of is losing; consequently the vectors 

egin to spin as shown. 
The rate of spin for equal increments in 6 is at first quite 

uniform since the path difference is fid sin which for small 
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values of equals pd4>. In fact, the resultant increases linearly 
with 4>. Thus a plot of field strength versus angle would 
commence as an Archimedian spiral, and this has the same 

E, 

^ )ncrfotin9 nc9Qiivciy 

'a:! 
0 lncrcosin9 positively 

tin0 

(0) Spin of field components 
with exploring on^ 0 (b) Resultonl Polor Oiogrom 

Fio. 6.9. Polar Diagram of Anti-phase Sources shown in 
Fig. 6.8 when d = 0-25^ 

shape as a square law curve over a small range of angles near 
the origin. 

If </ = 0-25A, the total angular spin by the vectors as </> 
progresses from o to 90° will also be 90° although the rate of 

Fig. 6.10. Polar Diagram of Anti-phase Sources shown in 
Fig. 6.8 when d = 075A 

Spinning decreases as p approaches the value 90°. Because the rate 
of spinning varies with sin p, this decrease as ^ approaches 90° 
takes place whatever the value of d may be. Thus all beams are 
sharper if produced broadside than if produced end-on to an 
array. In the present ca$e the effect is to give solely a broad 
end-on beam as shown in Pig. 6.9 (b). 
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If the antenna separation were increased to, say, d = 0-75^, 
the rate of spin of the E vectors would be trebled for given 
increments in <j> and their total spin becomes equal to 270° 
as shown in Fig. 6.10 {a). The resultant of and E^ reaches 
a maximum when pd sin 4> = ’r/a and 377/2 and a minimum 
when pd sin <f> = tt. Sinee the speed of rotation is greatest 
for small values of <f>, the angular distance between adjacent 
maxima and minima is less in the region ^ ~ 0° than in the 
neighbourhood of <f> = ± 90°. Furthermore it is obvious that 

Pioft View End View 

Fio. 6.11. Array of Eight Dipoles for Example in the Synthesis 
OF Polar Diagrams 

the polar pattern will be symmetrical in all four quadrants. 
The complete polar diagram is shown in Fig. 6.10 (b). 

(b) Eight Horizontal Dipoles 

In Fig. 6.11 is shown an array of eight half-wave dipoles 
which are fed with equal current having the phase relationships 
shown diagrammatically by the current vectors. For the 
purpose of this example, the array will be considered to be 
in free space. The effect of the ground can easily be taken 
into account by the method of images. 

The polar diagram in a vertical plane is obviously given by 
the previous example on putting the half-distance equal to 
0‘I25A. In considering the vertical polar diagram it might 
appear that greater forward radiation could be obtained by 
increasing the separation between the rows to ^2; for then 
the electric field vectors due to the two rows would be com¬ 
pletely in phase when 0 — 90°, whereas in the present arrange¬ 
ment they are still 90° out of phase at this vertical angle. 
Actually the difference in the two cases is quite small for in 
the more closely spaced case the mutual impedance is such 
as to decrease the radiation resistance and thereby increase 
the current values for a given input power. 
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To evaluate the horizontal polar diagram it is easiest to 
consider the antennae in four pairs and to calculate the pattern 

r 

s E| & d*o* 

^ * 

♦ -90* 

E. 
X 

E4 
d*3o* d-30* 

(a) 
Oul«r Poir 

of Sources (d«0‘75X) 

♦ -90* 

E2 ^ E3 

E, 
♦ -30* 

Ej 
♦ •90* 

(b) 

Inner Poir 
of Sources (d«0*25X) 

Fig. 6.12. Field Vectors for Problem shown in Fig. 6.11 

of point sources at B^, B^ and B^^ each of which represents 
the centre of a pair of dipoles. Then the polar diagram of 
these point sources is simply multiplied by the polar diagram 

A * Simple dipole 
B - Pdr of omoWirectlonal 

sources at A, and A2(Fi9 H ID 

C - Product of curves Aand B 

O 30 60 90 

d ‘-Azimuthal Ai^le in Oe9reef 

(fl) 
Polar Di09rom of Poirs 

such os A, and A2 

A - Pair of Sources at B, and B^ 

B-Boir of Sources at Beef'dB^ 

C “ Sum of A and B 

O 30 60 90 

d - Azimuthal An9fe in Oe9reei 

(b) 

Polar Dia9rams of Pot’s situated at 

B| and B^^ond B^ and B^ 

Fio. 6.13. Polar Diagrams of Certain Pairs of Sources in Fig. 6.11 

of a single pair. The justification for this procedure lies in the 
fact that the resultants for each pair have exactly the same 
phase. 

The polar diagram of a single pair is obtained by regarding 
the centres of the dipoles as point sources and by multiplying 
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the result by the polar pattern of a single half-wave dipole. 
For both this and the previously mentioned multiplication, 
the simplest method is to perform the multiplications by means 
of logarithmic paper as described on page 97. Thus the 
pattern of a single pair can be obtained as shown in Fig. 6.13(a). 

In dealing with the point sources to an obvious choice 
for the origin 0 is the midpoint of the set, then the vector 

Polar Dia9ram in Cartesian Form 

(obtained by multiplyln9 to9Cthcr the 
two dotted curvet in Fi9 613^ 

CW 
Complete Polar Dlogrom In 

Polar Form 

Fio. 6.14. Complete Horizontal Polar Diagram of Fig. 6.11 

diagrams of the fields from these sources will take the form 
shown in Fig. 6.12. These diagrams show that the resultants 
of Ej and £4 and of and £3 are always in phase or anti-phase. 
Hence the resultants for each of the two pairs may be added 
as shown in Fig. 6.13 (A). 

The multiplication of the dotted curves in Figs. 6.13 (a) and 
{b) gives Fig. 6.14 (a), which is shown in polar form in Fig. 
6.14 {b), where use has been made of the fact that the diagram 
is the same in each quadrant. 

(c) Effect of Spacing in Arrays 

A number of the fundamental properties of a cophasal 
linear array can be readily deduced from vector diagrams of 
the component fields. Fig. 6.15 shows a simple example of 
such an array—^in this case we have five elements uniformly 
spaced at intervals of 0’5A. In addition, a number of diagrams 
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are given showing the relative phases of the field components 
for various bearing angles. 

When (f> — 0° all five field vectors are in phase, but as 
<f> increases they begin to “unfold” until when = 23-6° they 
are evenly spaced and hence their resultant is zero. A further 
zero resultant occurs when and have rotated through 

Fig. 6.15. Diagram for Illustrating the Properties of 

CoPHASAL Linear Arrays 

288° and £2 and £4 through 144°. These pairs retain their 
2 : I difference in rate of spinning all the time, since the 
relative rates of spin are determined entirely by the antenna 
spacing. Finally, when <}> — 90°, the resultant is one-fifth of 
its value at ^ = 0°. 

If we were to insert a large number of elements between the 
existing ones the array would be equivalent to a uniform sheet 
of current. On the vector diagram the angle between vectors 
El and £3 would contain a correspondingly greater number of 
field components and likewise for the angular space between 
£4 and £3. It is easy to realize that this ^1 hardly aftect tibe 
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main forward lobe of the polar diagram for values of <f> which 
are less than ± 10°. Neither is the remainder of the main lobe 
affected to any great extent, for instead of the first zero occur¬ 
ring at ^ = d: 23-6°, it will be at ^ — d: 30°, i.e. when and 
£5 have rotated through 180°. The “filling in” between the 
five original rotating vectors by further vectors corresponding 
to the extra antenna elements increases the uniformity of the 
vector distribution, with the result that for large values of ^ 
the resultant can no longer be as great. This is demonstrated, 
for example, in the direction <j> — 90°, for which the resultant 
is now zero instead of one-fifth of the maximum. 

The diagrams in the negative quadrant have been chosen 
to illustrate the fact that if we have two antennae only then 
the main lobe is twice as sharp as that caused by a uniform 
current distribution. In this case A-^ and have been chosen 
as a pair and it is obvious that the forward lobe becomes zero 
when El and E^ have rotated through 90® (which for these 
spacings means ^ = d: i4‘5°)- the intervening angular 
space were to be filled in by a large number of further vectors, 
they would have to rotate through 180° for the resultant to be 
zero (this occurs for ^ = d: 30°) • Hence the ratio of the 
beam widths in the two cases is very nearly 2:1. We have 
considered a pair of antennae separated by 2A; for wider 
spacings the approximation to this ratio would be even closer. 

In the above examples considerable use was made of sym¬ 
metry—a feature which should always be exploited as fully 
as possible. When dealing with unsymmetrical arrays the 
use of spinning-vector diagrams is almost essential. If, in 
addition, a calculating machine is available, the combination 
provides a very quick and flexible technique for the deter¬ 
mination of polar diagrams or, what is normally much more 
difficult, for the determination of a practical array to produce 
a given diagram. 

The “inverse” problem of determining the array to produce 
a given polar diagram has been considered in a number of 
articles among which that by WolflF'®*®’ is a good example. 
Assuming linear arrays he obtains the result in the form of a 
Fourier series which specifies pairs of antennae. From an 
engineering point of view it is nearly always simpler to make 
an approximate estimate of the required array and then to 
calculate a number of polar diagrams, based on practical 
configurations, after which the best compromise may be 
chosen. 
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6.2. GAIN OF DIRECTIVE SYSTEMS 

[a) A General Definition 

The gain of a directive antenna system may be defined on a 
power basis taking as our standard radiator a hypothetical 
omnidirectional antenna (sometimes referred to as an “iso¬ 
tropic” radiator). Then the directivity is given by the ratio 
of the power that must be supplied to the isotropic radiator 
to the power supplied to the directive antenna, when both 
antennae radiate the same power per unit solid angle in the 
direction of maximum radiation for the latter antenna, i.e. 
both antennae give the same field strength in this direction. 

To compute this ratio it is convenient to surround the 
antenna by a sphere—a hemisphere when the ground is taken 
into account—and to calculate the power per unit area trans¬ 
mitted through this sphere over the different parts of its 
surface. This power is given by Poynting’s vector S which, 
in the M.K.S. system, is in watts per square metre. If the 
field strength E is in volts per metre, then 

|S| = E^jzoo = 0*00265 JE? . . (6.4) 

By integration the total power may be found, the expression 
being of the form tV — jS da. This value is compared with 
the value that would be obtained if the whole surface of the 
sphere were transmitting a uniform power density where 
Sm is the value of the Poynting vector at the point of maximum 
radiation and equals EJ^jzoo- The power Wq obtained in this 
way is that required for the isotropic radiator. Hence the 
power gain with respect to an omnidirectional antenna is 
given by 

ISr^da 
iSda • (6.5) 

There is obviously no need actually to calculate the powers 
involved; all that is required is that their ratios should be 
determined. 

As an example we may take the simplest of all cases, that 
of a doublet in free space. Such an antenna has a polar diagram 
as shown in Fig. 6.16 (a) in the plane containing the dipole 
and a circular pattern in the equatorial plane. The power 
radiated is everywhere proportional to JE*, but Fig. 6.16 (a) 
cannot be used directly since the surface area of the surrounding 
sphere decreases towards the poles for a given element of 
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angle 66. This decrease is proportional to sin 6. Hence by 
weighting the values of S da by this amount we arrive at the 
correct total power radiated, but for making a calculation of 

0 meridian plane 

(b) Power OUtnbutiofi Diagram 

Fio. 6.16. Diagrams for the Integration of the Total Power 
Radiated from a Doublet 

the gain we require only the total power relative to that in the 
maximum dir«;tion and this may be obtained by taking the 
square of the relative field strengths. 

The proportioning by sin 6 can be done by drawing a power 
distribution diagram in which the lines of latitude are equally 
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spaced Jind the lines of longitude follow a sine law. A diagram 
of this nature is shown in Fig. 6.16 (i), and it embraces one- 
quarter of the whole sphere. In a complicated case, such as is 
shown in Fig. 6.58, the total power evaluation can be carried 
out by a planimeter to a degree of accuracy depending on the 
number of subdivisions, but in this simple example we have 

8 
IT = sin QdB 

^00 Jo 

-Coo 

•w/2 

sin® 6 dQ 

The total power that would be radiated if the field strength 
were everywhere equal to the maximum field strength, is 

Wo 
Zoo 

8 

r”/2 

I ^ sin Q do 

Zoo 

Hence the power gain of an elementary dipole is 

W 
= 1-5 (i.e. 1-76 db) . . (6.6) 

Similarly it may be shown that the power gain of a half-wave 
dipole is 

Go = I’64 (i.e. 2'i5db) . . (6.7) 

The latter figure is based on the assumption of a perfectly 
sinusoidal current distribution and corresponds to a figure 
for the loop radiation resistance of 73-13 ohms. 

■ The power gain for various directive antennae is given in 
the following sections. For a large array of the type shown in 
Plate No. XI (facing page 302) the gain is 150, i.e. 21-76 db. 

With a directive microwave antenna, ^e gain may be 
measured in a relatively simple manner by pointing the 
antenna towards a large reflecting sheet (which is a few 
wavelengths away) and then measuring the standing wave 
ratio along the feeder to the antenna. It is essential that in the 
absence of the reflecting sheet the antenna should be correctly 
matched to its feeder. The method appears to have been first 
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devised by E. M. Purcell, of the Massachusetts Institute of 
Technology, and is described in an article by Pippard, Burrell 
and Cromie,*’^* who also show that the results are liable to 
errors of up to 10 per cent unless the influence of re-radiation 
is allowed for by taking a series of measurements at varying 
distances. 

The reflecting sheet should be far enough away for the 
wavefront striking it to be sensibly plane—i.e, the greatest 
departure from planarity should not exceed A/4. If we take 
the gain of the antenna to be Go, then the gain of the image 
will also be Go, so that Poynting’s vector at the image will be 

. GolV 

where x = distance between antenna and reflecting sheet, 

fV = total power radiated. 

This power density is, of course, that received at the antenna 
itself and hence the power reflected back into the antenna is 
given by 

“ 647r^x^ 

where A, = effective area of absorption as given by cqn. (5.4) 

_ GoA» 
47r 

The voltage reflection coefficient, \B\I\A\, is given by dividing 
the reflected power by the radiated power and taking the 
square root of the resultant. Hence 

Go X 
Sttx 

The reflection coefficient is obtainable directly from a 
measurement of the standing-wave ratio along the feeder {see 
equation (10.43)) application of the above equation will 
give the power gain of the antenna. 

{b) A Practical Definition 

In some cases it is more instructive to know the gain of a 
system as compared with the simplest practical form of 
antenna, i.e. a half-wave dipole. The latter is therefore often 
used as a standard for comparison using the field strength in 
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the equatorial plane of the dipole. This comparison is some¬ 
times made in the form of a field strength ratio which may 
lead to copfusion with power ratios; but if the result is ex¬ 
pressed in decibels then no error can arise on that account. 
It will be noticed from (6.7) that if the gain is referred to a 
half-wave dipole (which we shall call Gjj) then 

G^ = Go—2'i5db . . (6.8) 

Unfortunately there are also other practical definitions 
which are sometimes used and for these a horizontal dipole is 
taken to be some specified height above a perfect earth. The 
height is either A/a or that of the centre of the antenna system. 
In the latter case no comparison can be made with the previous 
definitions, but for the half-wave dipole A/a above the earth 
we have Go = 8-2 db. Obviously standards which include 
earth reflections—even if assumed to be from a perfectly 
conducting earth—can claim to be more “practical” than 
any free-space standard. Nevertheless it is less confusing to 
keep to free-space definitions and in this chapter we shall use 
Gg as our measure of gain. 

Correlation between Mutual Impedance and Gain 

If the real parts of the mutual impedance between the elements 
of an array are known, the gain may be determined without 
integration over a sphere. In such cases we simply compute 
the input power to each element knowing the currents in the 
system (these must be known in the first place to derive the 
polar diagram). The mutual impedance between the elements 
of an array may be determined by the induced e.m.f. method 
described in Vol. I, § 5.2, so that such a gain calculation is 
equivalent to integrating over the surface of the conductors 
in the system instead of over the surface of a surrounding 
sphere. 

The correlation between mutual impedance and gain is 
illustrated by the following simple examples. 

(a) Two Parallel Dipoles Fed in AtUi-phase 

In Fig. 6.17 we have the case of two parallel dipoles fed 
with equal currents in anti-phase which results in the familiar 
figure-of-eight polar pattern in the equatorial plane of the 
dipoles. When the spacing is small, say not greater than A/ro, 
the pattern follows a simple sine law whatever the sparing 
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may be. Looking at the vector diagram of Fig. 6.17 {b) we 
see that if the spacing is halved the resultant of and £3 
also halved for all values of <^. Yet if there are no dissipative 
losses in the system the total radiated energy must be the same for 
cases (i) and (ii). It follows therefore that the magnitudes of 

and E^ in case (ii) must be double their values in case (i), 
i.e. the currents in the two antennae are doubled for the same 

(a) 
Plon view and polar dici9romi 
Of two closely spaced dipoles 
A, ond A2 in antiphase 

some antenna currents in both coses 

(b) 
Field components E| and 
due to A, and A, respectively 

(o) <J«0*-ony spacing 

(b) 0 * 9Cf- totol spocin9 « 

(c) ^■»9cr- *• * 

I0 
Fig. 6.17. Diagram for Illustrating the Correlation between 

THE Mutual Impedance and the Scale Factor of a Polar Diagram 

input power. Hence the radiation resistance of each antenna 
must be one-quarter of the value it has in case (i). 

In general, the radiation resistance of each antenna decreases 
with the square of the distance of separation at close spacings. 
The case of a horizontal half-wave dipole above a perfect 
conductor is just like the above example except that energy is 
radiated over a hemisphere only, and from Fig. 3.14 we see 
that the radiation resistance varies in the expected manner 
for heights which are a small fraction of a wavelength. 

If the half-wave dipole is situated at a height of A/a the 
radiation resistance is approximately the same as that in free 
space; in which case the maximum field is double that of a 
free-space dipole because of the image in the ground, and 
since Go = 2-i5db for a half-wave dipole the total gain is 
8-15 db. (Making an allowance for the slight difference in 
radiation resistance brings this figure up to the previously 
mentioned vzilue of 8-2 db.) 

{b) Two Parallel Dipoles Fed in Phase 
For this simple case it is apparent that, as the dipoles are 

brought closer and closer together, the radiation pattern 
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becomes a circle in the equatorial plane, thus being identical 
with the single dipole pattern. Consequently the current in 
each of thq two dipoles must be half that of a single dipole 
fed with the same total power; therefore the radiation resis¬ 
tance of each dipole is doubled as the antennae are brought 
together. This conclusion is substantiated by the curve of 
mutual impedance given in Fig. 3.15. 

If the dipoles are separated by a large number of wavelengths 
the polar diagram has the form shown in Fig. 6.18 {b). When 

(a) (b) (c) 
Dipoles seporaUd Oipotcs seporoud Rcctonguior form of 
by Q froction of by o number of cose (b) 
o wavelength woveien9ths 

Fig. 6.18. Diagrams for the Discussion of the Mutual Impedance 

BETWEEN Two Ck)PHASAL DiPOLES 

the number of lobes is very high each one follows almost a 
perfect sine law on plotting field strength versus angle of 
exploration—this can be appreciated from a consideration of 
spinning field vectors, for in this case the number of complete 
revolutions is so high that the rate of spin of the vectors is approxi¬ 
mately uniform over any one complete revolution. 

Thus the lobes have a pattern in rectangular co-ordinates as 
shown in Fig. 6.18 (c). In evaluating the total power according 
to the methods described on antenna gain, the increase in the 
relative widths of the lobes as ^ 0° and also the decrease in 
surface area of the surrounding sphere of integration can both 
be neglected (the number of lobes is supposed to be great 
enough for uniform conditions to prevail over any small sample 
of sohd angle). Hence the total power radiated equals the 
power per unit solid angle along a direction of maximum 
radiation multiplied by the r.m.s. value of a sine wave. That is 

Go = \/2 (i.e. 3 db) 

The lobe maxima represent directions for which and E, 
are in phase. Therdbre (/j -4- /*) = where I is the 
current in a single dipole by the same total power. We 
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can therefore deduce immediately that and the radiation 
resistances of the two dipoles, must both equal /?, the radiation 
resistance of a single dipole. 

The above result was, of course, only to be expected, but the 
correlation with the polar diagram should be noted. We can 
now picture why the mutual impedance between two dipoles 
follows the curve shown in Fig. 3.15. The oscillations in this 

(c) spocing«r)X (d) COM tnicrmcdioU bciwceri (c) 4 (o) 

The obovc dio9romt ore enlarged 
portions of Fig. 6«i8(c} when the 
spacing is several wavelengths 

Fio, 6.19. Diagrams for the Discussion of the Correlation between 

THE Mutual Impedance and Polar Diagrams 

curve are directly related to the formation of further lobes 
which “come in” from the direction of ^ ± 90° as the 
separation is increased. This may be explained in the following 
manner. 

Whenever there is an integral number of half lobes in the 
plot of E versus ^ in the range of ^ == 0° to 90®, the radiation 
resistance of each dipole equsils that of a single dipole (i.e. 
the mutual resistance is zero). At ^ = o® there is always a 
lobe maximum; hence for zero mutual resistance there must 
be either zero radiation or a lobe maximum at the point 
^ = 90®. The first condition, namely of zero radiation, is 
shown in Fig. 6.19 (a); this occurs when the spacing is an 
odd number of half wavelengths. As the spacing is increased 
(Fig. 6.19 (ft)) a new lobe commences—the others being 
i^ueezed up a little more—and the mean power is decreased 
for a given peak value of E\ thus R-^ and R^ are decreased, i.e. 
the mutual resistance is negative. Increasing the spacing still 
fiuther completes half a lobe so that the mutual resistance is 
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again zero; this occurs when the spacing is an integral number 
of wavelengths. Further spacing (Fig. 6.19 {d)) increases the 
mean power and the mutual impedance becomes positive. 

Gain of Linear Arrays 

Provided the elements of an array have negligible mutual 
coupling, the power gain in the direction of maximum radia¬ 
tion (assuming that all the field components are in phase in 
this direction) is simply equal to the number of elements. For 
instance, if the number of elements is n and each carries a 
current of strength /, then the power radiated is 

= nRI^ 
where R is the radiation resistance of each element. To obtain 
the same total field strength from a single element the current 
would have to be equal to w/, and hence the power radiated 
would be 

= R{nl)^ 

Consequently the power gain of such an array is given by 

WJW^ = « . . . (6.9) 

In most practical arrays, however, there is appreciable 
mutual coupling between the individual elements, in which 
case the above formula will no longer be true—unless the 
algebraic sum of the mutual resistance components happens 
to be relatively small (a state of affairs which is true of a 
Kooman array, for example). When an ‘‘averaging out’^ of 
the mutual resistances does not occur, a correction factor must 
be applied to equation (6.9). 

However, a knowledge of the mutual impedances is not 
essential since the gain may be determined from the polar 
diagram by using the method of integration of the polar 
diagrams. In this way Sterba^^’^^ obtained valuable curves 
showing the gain of various linear arrays and combinations 
of such arrays. Fig. 6.20 (a) shows the gain of broadside arrays 
of varying lengths for different spacings between the elements, 
while Fig. 6.20 {b) shows similar curves for end-^re arrays— 
the division into “broadside^’ and “end-fire’' arrays is obvious 
from Figs. 6.21 {a) and 6.21 (A), which show t)mical cases. 
The gain curves in both figures assume that the elements are 
doublets; therefore they are only approximately correct if 
half*wavc dipoles are used. 
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fa) Broadside Arrays 

(b) End'fire Arrays 

Fio. 6.SO. Power Gain Curves for Arrays of Doublets 
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A notable feature of these curves is that the gains for broad¬ 
side and end-fire arrays of equal length are very nearly the 

'' Spocin^ between rows 0*5 X 
Spocing between elements in eoch row m 0*5X 

Number of Rows 

w 
Fig. 6.20 (c). Gain Obtained by Stacking Broadside Arrays op 

Doublets whose Spacing is 0*5^ 

(A row must consist of at least three doublets) 

same. There is an appreciable difference, however, in the 
widest spacings which may be employed whilst still obtaining 
the maximum gain for any given length of array. With end-fire 

arrays a spacing of 0-375A is needed, but for broadside arrays 
a spadng of 0-75^ will sufl&ce. (In this connection it is interest¬ 
ing to recall some observations made in the previous .sectipn 
on the changes in the polar diagram caused by increasing the 
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number of elements per unit length in a cophasal array (i.e. 
a broadside array)—it appeared that the main lobe altered 
relatively little as the spacing between adjacent elements was 
decreased from the initial value of 0-5^ and this fact alone shows 
that the gain remains approximately constant for close spacings.) 

For broadside arrays a spacing of O'sA is particularly con¬ 
venient since the right phase relationship is easily obtained 
by the feeder lines; also the total impedance is easy to estimate 
since the elements are all in parallel. Fig. 6.20 (r) shows the 
approximate increase in gain for arrays of this spacing when 
several rows of elements are stacked one above the other. 
The increase actually depends on the number of elements in 
a row, but the gain curve is sufficiently accurate to make 
initial estimates. 

At a distance of a wavelength or so from a rectangular array 
the field will be approximately that due to an infinite sheet 
of current. By making an exact calculation of the field it 
would be possible to monitor the whole array at short distances 
in front of it and at ground level. Calculations of this nature 
have been made by Moullin*^’®* who shows the departure 
from the infinite-sheet value for various arrays. 

Maximum Gain of Linear Arrays 

Theoretically the gain of an array of given dimensions can be 
increased without limit, but as the gain is increased so the 
radiation resistance of each element is decreased, so that in 
practice the dead-loss resistance becomes such a large pro¬ 
portion of the total resistance that the gain actually decreases. 
The principles involved are not without interest, however, and 
they can be demonstrated in the following simple way. 

In Fig. 6.22 (a), Cj and are the two end elements of an 
array, while close to them are the pair and which are fed 
with slightly weaker currents in antiphase. Fig. 6.22 {b) shows 
the two main lobes produced by each pair of elements and, 
since they are in phase opposition, it is obvious that the 
resultant forward lobe has a narrower beam width than either 
of the ^o component beams. The side lobes can be reduced 
by adding further pairs of elements in between the outer pairs, 
which means that for a given power input the gain of the 
forward lobe will be considerable. With this state of affairs 
the end elements carry considerable currents since even the 
difference current, SI, must be great. It should be noted that 
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the radiation resistance of each element will be very low, for 
here we have the case of closely spaced elements with almost 
equal currents in antiphase. 

The corresponding continuous distribution of current is of 
the form shown in Fig. 6.22 (r). If one could only achieve such 
a distribution with a vertical radiator above the ground (the 
image in the ground forming half the array in this case) then 
the service area of a broadcast station could be considerably 

Two polrs 

of »our€f» (b) 
Mo in lobtft of 
toufcct in (o) 

!■ 

(c) 
Example of 

continaoue current 
diitribution 

Fig. 6.22. Diagrams for Illustrating the Maximizing of the 
Gain from Linear Arrays 

increased. A mathematical treatment of the problem has been 
given by Bouwkamp and de Bruign‘®®> and by SchelkunofF.<**®> 

6.3. LONG-WIRE ANTENNAE 

The radiation from a wire which is several half-wavelengths 
long is highly directional on account of the appreciable space 
phasing which exists between the extremities of the wire. 
The polar diagram obtained will be bidirectional if the wire 
carries a standing wave system (i.e. if the wire is open- or 
short-circuited) or unidirectional if the wire carries a travelling 
wave (i.e. if the wire is terminated by a resistance equal to 
its characteristic impedance). It is therefore convenient to 
consider long-wire antennae in two groups according to 
whether the radiator is resonant or non-resonant. 

Resonant Long Wire 

The radiation from resonant wires which are not an integral 
number (rfhalf-wavelengths long has been analysed by Alford.*”* 
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We shall confine ourselves, however, to the simpler case in 
which the wire is m half-wavelengths long, i.e. it is being 
excited in its mth mode. 

With this proviso we find that the polar coefficient can 
readily be obtained in the same manner as was described in 
Vol. I, § 4.4, for the single half-wave case—all that needs to 
be done is to change the limits of integration. The integration 
leads to the following formulae— 

cos ( — cos 6 
p{e) == — 

V 2 } 
sin 6 

(when m is odd) (6.10a) 

r\ sin 1 — cos 0 ) 

m = — sin 6 
(when m is even) {6.10b) 

In either case the electric intensity is given by equation 
(4.49), Vol. I, so that 

E, = ~i,Pie) . . . (6.11) 

where Ee = field strength in volts/metre, 
r = distance in metres, 

11 = loop current in amperes. 

It will be noticed that the numerators of the equations for 
P{d) resemble the height factors F {H, d) as given by equations 
(6.2) and (6.3). The only difference is that in the case of long 
wires we are mainly interested in values of 6 ranging from 
o° to 30° whereas for height factors the interesting range for 
d is from 60° to 90°. Equations (6.10a) and {6.10b) may 
therefore be obtained from the height factor curves on dividing 
by sin 0. The latter step may be performed by using logarithmic 
graph paper in the manner described in § 3.1. 

Fig. 6.23 shows the polar diagrams for m = i, 2, 3 and 4, 
together with the corresponding current distribution. Due 
to feeding the antenna at one point only, the current distribu¬ 
tion is not quite uniform in practice. This results in a certain 
amount of asymmetry in the polar diagram—an effect which 
was examined experimentally by Bergmann,<**> but the more 
r^ent experiments of McPetrie and Saxton*^^** show very 
little asymmetry on this account. 

As the length of the wire is increased so the main lobe comes 
nearer to the axis of the wire. The angle at which this lobe 
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Resonant Wires 

268 



Directional Antennae and Arrays 269 

occurs and also the angular position of the other lobes may be 
found from the curves of Fig. 6.24. 

The radiation resistance for a wire which is an integral 
number of half-wavelengths long may be obtained by the 
same methods as were used to derive equation (5.19), Vol. I. 
Proceeding on these lines we obtain 

i?,, = 3oC(2;8/) . . . (6.12) 

If / > X, the cosine integral part of C{2^1) may be neglected, 
so that the radiation resistance is given simply by 

Ri, = 17-32 + 30 log. 2/9/ 

or 72-45 + 30 log. m 

where m = mode of excitation, i.e. the number of half¬ 
wavelengths. 

To determine the gain of the major lobe we evaluate equa¬ 
tion (6.5) by substitution for according to (6.11) and using 
the input power for the denominator of (6.5). If d„ is the 
angular direction of the maximum radiation then 

Then the gain over an omnidirectional source is given by 

30 
Go — 4'n’r* 

I,^Rz 

. . . (6.13) 

Fig. 6.25 shows both the radiation resistance and the value 
of Gjj for values of m from i to 14. The power gain, Gjj, is 
expressed with respect to a half-wave dipole (a more practical 
comparison than that given by an omnidirectional source) and 
is given by Gg = 0-61 Go- 

For lengths of wire which are not an integral number of 
half-wavelengths, the radiation resistance varies according to 
the position of the input terminals. In practice the resonant 
lengths are slightly shorter than mA/2. An approximate formula 
for the resonant length is 

/=(m —o-05)^2 . . . (6.14) 

In spite of the fact that the resonant frequencies 3TC therefore 
not exact multiples of each other, long-wire antennae make 
good radiators at harmonics of the lowest operating frequencies. 
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Thus a 40 m wire, which is a resonant half-wave radiator at 
3‘5 Mc/s, will operate as a long-wire radiator on the 7, 14 
and 28 Mc/s bands. With such multi-band working, the 
feeder line cannot be matched at all the operating frequencies, 
so that the system requires a tunable transmission line. 

All the formulae given above are for free-space conditions 
and in practice the effect of ground reflections must be taken 

0 2 4 6 » 10 12 14 

Lcn^ of Antenna In Wavcltnjtht 

Fig. 6.25. Loop Radiation Resistance of a Resonant Wire 
Antenna and Power Gain of Major Lobe 

into consideration when calculating the overall polar diagram. 
This can be done by means of the height factor curves of Figs. 
6.4 to 6.7. Although there is no radiation in a direction along 
the actual axis of die wire, for short-wave communication the 
wire is pointed towards the other station, since the required 
radiation is at an angle of, say, 20° to the horizontal. 

The radiation resistance is also affected by the ground, but 
no appreciable change is caused if the height of the wire is 
greater dian about 0*3 A. The variation of radiaticm resistance 
with height is shown in Fig. 6.26 for / — 4A and 8A. These 
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curves were obtained with the aid of the mutual impedance 
curves given by Carter/^^^ 

It should be remembered that the polar diagrams given 

o 02 0*4 0-6 0*8 10 

Height above Ground In Wovciengths 

Fig. 6.126. Variation of Loop Radiation Resistance with Height above 
THE Ground for Resonant Wires of Lengths 4A and 8A 

(a) 
Fed Qt current ontinodc 

(b) 

Fed oi ^ from 

one end 
Fed at the mid-point 

Fig. 6.27. Variation of Polar Diagram of a Wire 2A Long with 
Position of Feed Point 

by Figs. 6.23 and 6.24 apply only if the antenna is fed at a 
current antinode or at an extreme end. The latter form of 
feeding is popular with amateurs since it permits multi-band 
working. As an example of the variations in the polar diagram 
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caused by feeding at different points, we may take the case 
»i = 4 which is illustrated in Fig. 6.27 for three different 
input terminals. 

Resonant Wires with Alternate Phases Suppressed 

The simple resonant wire tends to concentrate the radiation 
along the axis of the wire, but if the alternate phases are 

Dotted lines show current distribution 

Fio. 6.28. Examples of Three-section Franklin Antennae 

suppressed the opposite effect occurs, i.e. the radiation is 
concentrated in the equatorial plane. Fig. 6.28 shows two 
such cases, the suppression being obtain^ in case [a) by 
means of quarter-wave stubs and in {b) by loading coils. 
The concentration in the equatorial plane is illustrated by 
Fig. 6.29, which shows the polar coefficients for « = i, 2, 3 
and 4, where n is the number of half-wave elements. 

This type of antenna is known as the Franklin antenna and 
has been employed frequently by the Marconi Company in 
the form of arrays of such antennae. The Franklin antenna 
would also form an ideal radiator for medium-wave broadcast 
purposes, were it not for the mechanical difficulties of erecting 
sufficiently high masts at these wavelengths. 

Assuming ffie idealized case of equtd current loops spaced 
exactly hatf a wavelength apart, it can be shown**®' that tl^e 
loop radiation resistance is given by 

Rif = (~ i)""^30[C(2/J/) - 4C(2)8f- fiX) 
-h8C(2/?/-2i8A)-. . .] (6.15) 
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The values of Rir for n = i to lo are shown plotted in Fig. 
6.30 together with the figure of merit of such a radiator when 

n*l n»2 

n*3 

n* mimbcr of half*wove clemcnU 

Fig. 6.29. Vertical Polar Diagrams of Franklin Antennae 

n^Numbcr of Holf*WM Elements 

(Crones show free spooc values of Rir.for n*2 the freespoeeX 
ft grounded ontenno values ore almost identical ) 

Fio. 6.30. Loop Radiation Resistanob and Figure of Merit op 

A Franklin Antenna 

placed vertically above the ground (the latter values are based 
on a curve given by Brown<®^>), When a Franklin antenna 
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consisting of one or two elements only is placed above the 
ground, the radiation resistance is somewhat modified. These 
modified values are shown by crosses in Fig. 6.30. 

The polar diagram of a Franklin array in a vertical plane 
can be calculated by multiplying the dipole pattern by that 
produced by a line of cophasal sources whose separation is 
half a wavelength. This multiplication may be performed by 
using the appropriate height factor curves in the manner 
described in §6.1. Alternatively the formula for a row of 
collinear cophasal sources may be used; if the number of 

The wire U shown divided into 12 portions 
for purpose of illustration (see Fi9.6.32) 

Fig. 6.31. Diagram for the Analysis of a Travelling-wave Radiator 

sources is n and the distance between adjacent sources is ^2, 
the polar pattern is given by 

F{d) = 
sin [niT cos 6) 

(6.16) 
sin ((w/2) cos 0) 

where « = number of half-wave elements (the effective number 
is 2n due to the images in the ground), 

6 = zenith angle. 

Non-resonant Wires 

The directive antennae described so far have aU been excited 
by standing waves, but this is not an essential condition since 
travelling-wave systems also produce radiation. Their dis¬ 
advantage lies in the fact that some form of terminating 
resistance is required, for without such a termination reflections 
would take place, thereby bringing us back to the case of 
a standing-wave antenna. Because of their termination, 
travelling-wave systems dissipate about half the total power 
in the form of heat. Nevertheless, they have a conuderable 
number of uses, for they possess the virtue of exceptionally 
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from each element of length is proportional to sin 6 so that the 
polar diagram is the full curve in Fig. 6.33. 

Were we to take any other length of conductor the radiation 
(neglecting the sine law for the moment) would always be a 
maximum in the direction in which the wave is travelling and 
zero, or very low, in the opposite direction. Fig. 6.34 shows 
the polar diagram for conductor lengths of lA and 4A. The 
angle of the main lobe for wires of several wavelengths is much 

the same as in the corresponding stationary wave case. Even 
for a IA line the difference is not great (6 = 45® instead of 54° 
as in the stationary case). 

In practice, the current is attenuated along the wire because 
of radiation losses, but this effect can be neglected without 
appreciable error. If the r.m.s. current at the input is /, then 
the field at a distance r due to a travelling wave along a wire 
of length / is given by equation (4.54), Vol. I, which is 

The polar coefficient is therefore 

= (T^-'^sT) [f ~ 
This expression may be compared with those given for 

stationary waves on wires of odd or even number of half- 
wavelengths (equations (6,ioa) and (6.io^)). When 9 is small 
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the polar coefficients of all three reduce to 0“"^ sin (m7r674)» 
which demonstrates the statement that the major lobe occurs 
at the same angle for both cases if the wire is several wave¬ 
lengths long. The angle at which the major lobe occurs is 
given in Fig. 6.35, together with the radiation resistance. 

01234567890 
Lcn9th of Wire In Wovclcn9<li3 

Fig. 6.35. Angle of Major Lobe and Radiation Resistance of 

A Wire carrying a Travelling Wave 

The radiation resistance is given by (see, for instance, 
refs. (20) and (27)) 

R, = 60 [C(^0 - I + . . (6.19) 

Since the wire carries a travelling wave, the radiation resis¬ 
tance is the same at all points along the wire (the attenuation 
of the current due to radiation being neglected). When I > X, 
the above formula simplifies to 

Rf = 6o[log, 2/3/ — 0-423] . . (6.19a) 

It should be noted that for a practical application of the 
non-resonant wire, arrangements must be made to permit a 
return current, the radiation from which must not cancel that 
from^ the outgoing current along the wire. One way of doing 
this is to puU the two sides of a terminated transmission line 
apart until the line has a diamond shape (dius producing a 
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rhombic antenna); another way is to lift up the middle of a 
line using the ground for the return circuit (this leads to the 
inverted-V type of antenna). 

6.4. LONG-WIRE ARRAYS 

Under this heading we shall discuss various combinations of 
long-wire radiators (whether resonant or non-resonant) except 
for the rhombic antenna which, owing to its wide application, 
is considered in more detail in the next section. 

The Echelon Antenna 

If a number of long wires are arranged in echelon formation 
(Fig. 6.36) the combined radiation can be made to be sub¬ 
stantially unidirectional. 

To analyse such an array it is simplest to consider first of 
all the case of only two parallel wires of equal length as shown 
in Fig. 6.36 (a). The wires carry standing currents and are 
fed 180° out of phase; also the degree of stagger between them 
is such that the line joining their ends makes an angle of 
(90° — 6„) with the central axis where = angle of major 
lobe for a single wire. There would therefore be strong radia¬ 
tion in the direction marked B were it not for the fact that 
the currents at corresponding points on the wire are out of 
phase. Consequently the radiation towards B is sensibly zero 
and the same holds true for the reverse direction B'. 

On the other hand we wish the radiation towards A and A' 
to be additive and this can be done by so spacing the wires 
that the distance b equals half a wavelength. Thus the required 
characteristics are given by making 

s = (^4) sec Om • ■ ■ (6-2o) 
d = (A/4) cosec d„ 

If we take the particular case I = 8A, then = I7'5° so 
that the values of s and d are 0-26A and 0-82 A respectively. 
A more practical size for small installations is / = 3A, which 
gives = 30°, s — 0’29A and d — o*5A. 

In major installations it is desirable to remove one of the 
main lol^ so that the system becomes unidirectional instead 
of bidirectional. This can be done by adding a second pair 
of wires in the manner shown in Fig. 6.36 {b) where and Xj 
denote one pair and X3 and L^ the other pair. The second pair 
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of wires are fed with 90° phase difference with respect to the 
first and since the spacing along the direction 6^ is equal to 
A/4 (i.e. half that between the two wires of a pair) the phases 
of corresponding current elements will add in the direction A 
and cancel in the direction A'. In fact we obtain a system in 
which corresponding current elements are 90° behind that 

Two-wire version 

Four-wire version climinatin9 
the beam in the A' direction 

Fig. 6.36, The Echelon Antenna 

in the previous wire when considered in direction A, this 
phase difference being neutralized by the space phasing of 90°. 

A further refinement is to neutralize the radiation from the 
feeders to the wires (on account of the appreciable spacing 
between pairs of long wires this radiation is not negUgibie). 
This can be done by the addition of extra branches to the 
feeder system as shown. 

Fig. 6.37 (a) shows an application of the above principles 
to an array set up in a vertical plane and therefore giving a 
vertically polarized wave at a distance. In order to lower the 
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beam produced, the wires themselves are not horizontal but 
are inclined at an angle of 5°. This type of antenna is a 
development by the Radio Corporation of America and is 
described in detail together with other long-wire antennae in 
a comprehensive article by Carter, Hansell and Lindenblad.<^*^* 
They designated this particular form by the title “Model B.” 

An9i< of 

R.C.A, Type C Arroy 
(the wire* lie in o vertkol plone) 

Fig. 6.37. Two Forms of Echelon Antenna 

(Carter, Hamell and Lindenblad, Proc. LR.E,, Oct, 1931 

The R.C.A. Model C is shown in Fig. 6.37 (i) and is the 
horizontal variation of Model B. Model C is an odd number 
of half-wavelengths long, so that it may be fed at the centre 
as shown. Receiving tests conducted with Model C showed 
that it should be at a height of at least one wavelength above 
the ground in order to obtain full gain from the array. 

The polar diagrams and the gains of these echelon antennae 
may be deduced from the corresponding values for each single 
wire. To make the calculation more exact, the mutual im¬ 
pedances should be allowed for. A discussion of this tyx of 
calculation is given by Carter,who deduces that kwp a 
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four-element array with / = 8A the power gain Gg = i6'4 
(the gain of a single wire of the same length is 4-42). 

Experimental values obtained by Carter, Hansell and 
Lindenblad<^®*> on the antennae of Fig. 6.37 are as follows— 

Model B Gg = 16 (i.e. 12 db) 

Model G Gg = 17-5 (i.e. 12-4 db) 

With an array of such units the power gain is approximately 
proportional to the number of units. 

Resonant-V Antennae 

If two long-wire antennae are arranged in a horizontal V shape 
as shown in Fig. 6.38 and fed in anti-phase at the apex, the 
resultant polar diagram is horizontally polarized in the plane 
of the V and also in the plane of symmetry through the bisector 
of the V. At all points outside these planes the polarization 
is elliptical. The geometry of the field from such an arrange¬ 
ment of wires is considered in detail in the next section in 
regard to radiation from rhombic antennae which are essentially 
two V’s joined end to end. (The fact that rhombics carry a 
travelling wave instead of a standing wave does not affect the 
polarization.) 

It is obvious that in order to secure the greatest possible 
forward radiation the semi-angle between the wires should 
equal the angle of the major lobe from each wire. The latter 
may be obtained from Fig. 6.24 for any specific length of wire. 

The main difference in the two cases is that whereas the 
rhombic radiates a strong signal in one direction only, the 
resonant-V antenna is bidirectional. The bidirectional charac¬ 
teristic of the V antenna follows from the fact that a distant 
point whether directiy in front or directly behind the V has a 
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field which is derived from the same effective configuration 
of radiating elements. This can be appreciated by moving 
one wire parallel to itself until a new apex is formed by the 
meeting of the ends which were formerly at the extremities 
of the V. 

A bidirectional characteristic is seldom required; for a 
single point-to-point service it is both wasteful and liable to 
cause echoes at the receiving station due to signals which 
travelled via the longer great circle path. To make the beam 
unidirectional a second V may be mounted at an odd number 

Direction 
of Maximum 

Radiation 

tiumper* Wtrc» 
Points c and b ore fed m phase shown dotted 

c - d - 

a - c - with *0** 90* in advance 

Fig. 6 39 An Omnidirectional Array 01- Four V Antennae 

of quarter-wavelengths behind the first. This second V is fed 
with a current whose phase is at 90° with respect to that at 
the terminals of the first V. If the spacing were equal to 
(A/4 4- «A), where n is any integer, then a phase lead of 90° 
in the second antenna would give forward directivity and 
negligible backward radiation; if the spacing were (3 A/4 + nX) 
the same phasing would reverse the directivity. 

A complete unit of V antennae as used by the R.C.A. consists 
of four V’s arranged as shown in Fig. 6.39, In each case the 
lower antenna is about half a wavelength below the upper 
one and is fed in the same phase. This layout can be readily 
adapted for de-icing by adding “jumper” wires (shown by the 
dotted lines in Fig. 6.39) which give a d.c. path through the 
system and thereby permit a heating current of frequency 50 
or 60 c/s to be passed through the antenna wires. The radiation 
from a jumper wire is negligible since the high-frequency cur¬ 
rents flow in opposite directions toward the centre of the wire. 

The power gain of the unit shown in Fig, 6,39 over a half¬ 
wave dipole is about 40, i.e. = 16 db. For a number of 
units arranged side by side the power gain is proportional to 
the number oS units. 
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The polar diagrams of two V antennae of lengths A and 8A 
are shown in Fig. 6.40 for both the vertical and the horizontal 
planes. In the case of the pattern in the horizontal plane, the 
field strength is best expressed in terms of the field due to each 
individual leg as given by equation (6.11); this leads to—{see 
Carter, Hansell and Lindenblad^^®^^)— 

Fig. 6.40. Polar Diagrams of Resonant V Antennae of Lengths 

lA AND 8A 

E == — ^EaEj, cos (/?/ sin ip sin <^)] (6*21) 

where £*<,, E^ = field strength due to wires a and b respectively, 
tp = semi-angle between wires, 
^ = azimuthal angle (Fig, 6.38). 

The field strength in a vertical plane through ^ = 0° is 
given by 

(t cos y sin a) sin v'"! 
r. \ . “I sin I — cos y sin A ) sm f 

r L 1 — sin^ A cos* f _ 
(6.22) 

where /j = loop current in amperes, 
r = distance in metres. 

A = angle of elevation. 

Non-resonant Inverted-V 

If a long wire carrying a travelling wave were inclined to the 
ground it would give maximum radiation along the ground if 
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the angle the wire made with the ground were equal to the 
angle of the major lobe as given by Fig. 6.35. By combining 
two such wires as shown in Fig. 6.41 we obtain accessible 
terminals for both the generator and the load. Inverted-V 
antennae of this type were described by Bruce^^®^^ and are 
sometimes known as Bruce antennae. Unfortunately confusion 
can arise out of the fact that rhombic antennae are also some- 
tinxes named after him (rhombic antennae are closely related 
to mverted-V’s and are also described in the aforementioned 
reference). 

A simple rule to remember with inverted-V antennae is that 
the leng^ of each wire should exceed its projection on the 

of 

wire 

Fig, 6.41. A Non-resonant Inverted-V Antenna 

ground by half a wavelength. The basis for this rule may be 
reasoned out from a consideration of induced voltages in the 
receiving case. The very wide bandwidths obtainable with 
a long V antenna are obvious from a study of Fig. 6.35, which 
shows that the direction of maximum radiation varies very 
little with moderate changes in frequency if / is greater than, 
say, six wavelengths. 

The inverted-V antenna may be thought of as a rhombic 
of which one-half is provided by the image in the ground. All 
the formulae applicable to rhombic antennae could therefore 
be used for the inverted-V, were it not for the finite ground 
conductivity which modifies the polar pattern in a vertical 
plane. This modification is very dependent on the ground 
conductivity since the radiation in the main direction of the 
inverted-V is vertically polarized. 

One of the uses of an inverted-V antenna occurs when 
rhombic antennae are being used on the same site and it is 
desired to keep the interaction as small as possible. Plate X 
shows one end of the Belfast-Stranraer radio-telephone link, 
which uses arrays of rhombics and also arrays of invert^-V 
antennae at eac^ terminus. 
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6.5. RHOMBIC ANTENNAE 

Free-space Conditions 

Four wires arranged in a diamond shape, as shown in Vol. I, 
Fig. 4.10, form a rhombic antenna and are the free-space 
equivalent of an inverted-V antenna with its image in a 
perfectly conducting ground. The radiation pattern of each 
side is shown by the small polar diagrams in the figure and 
with correct phasing four of the main lobes would augment 
each other in the direction shown. This phasing is automatic¬ 
ally secured when the wires are fed with a go-and-return 

Fig, 6.42. A Perspective Sketch of a Rhombic Antenna 

current in the manner shown. The directing of the main 
lobes along the central axis is a separate problem and is 
considered later under the heading of “optimum dimensions.” 

In practice a rhombic antenna is mounted above the ground 
as shown in Fig. 6.42 at heights varying between one-third 
of a wavelength and one wavelength or more. With this type 
of antenna, gains of the order of 20 db over a half-wave dipole 
in free space may be obtained, the corresponding beam angle 
being about 10° to 15° above the horizontal. Rhombics also have 
the advantage that as the frequency is decreased so the angle 
of fire is automatically increased, and this happens to be just 
what is required for long-distance short-wave communication. 

The equations for the radiation pattern and gain of rhombic 
antennae are developed in § 4.5, Vol. I, for the free-space case. 
When a rhombic is mounted horizontally above the ground 
it may be considered to have a negative image below the 
ground and the combined field strength is double that of the 
free-space case multiplied by the height factor for negative 
images as given by equation (6.3). Hence the total field 
strength is given by the following formulae which use the 
symbols shown in Fig. 6.43. 
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(a) Field Strength and Polar Diagram in a Vertical Plane through 
(A> the angle of elevation, is the independent 

variable) 

(6.23) 

If the characteristic impedance of the rhombic is 600 ohms 

• • • (6.24) 

also the power gain is then 

= . . (6.25) 

In the above formulae 

E — field strength in volts/metre, 
E^y “ field strength in millivolts/metre, 

/ = current in amperes, 
P = input power in kilowatts, 
r = distance in metres, 

D = distance in kilometres, 
== height factor (equation (6.3)), 

Fg == asymmetry factor (equation (4.59), Vol. I), 
F3 = length factor (equation (4.59), Vol. I), 

Gjj = power gain over half-wave dipole in free space. 

The three functions and F3 are given in Figs. 3.8 
(or 6.6), 6.44 and 6.45 respectively—in each case the ordinates 
are plotted on a logarithmic scale and furthermore these scales 
are equal. Consequently the three factors may be multiplied 
together by simple addition on tracing paper (the method is 
described in § 3.2). 

{b) Field Strength and Polar Diagram in a Plane through A = con¬ 
stant (^, the azimuthal angle, is the independent variable) 

E = . . . (6.26) 

If the characteristic impedance of the rhombic is 600 ohms 

E„ = ^^^Fy_FJF,. . . (6.27) 

also the power gain is then 

Gh = [2-8FiFA? • • (6.28) 

In the above formulae, 
F^ = asymmetry factor (equation (4-61), Vol. I), 
Fj = length factor (equation (4.61), Vol. I). 



(a) Pion View 

Ground 

(b) Etcvotion 

Fig. 6.43. Diagrams showing Co-ordinates and Dimensions for 

A Rhombic Antenna 

A * Angit of Elevation In Degrees 

Fig. 6,44. Asymmetry Factor F,( y, A) for Determining the 

Vertical Polar Diagram of a Rhombic Antenna 
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Again the product of the factors may be determined graphic¬ 
ally, We use Fig. 6.46 for and Fig. 6.47 for —the height 
factor F^ is obtained from either Fig. 3.8 or 6.6 as before. 

Dotted lines -A-IO^ 

# • Azimuthd in Degrees 

Fio. 6.46, Asymmetry Factor F* (v^, A> 4>) por Determining the 
Horizontal Polar Diagram of a Rhombic Antenna 

The graphs for F^ and F^ are plotted for two typical values 
of A> namely 10® and 20®. The appropriate value in any 
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particular case can be determined by inspection of the vertical 
polar diagram. Actually the “horizontal” polar diagram 
varies relatively slowly with varying values of A? so that it is 

y = 50® 
Dotted lln« -A-IO*" 

Full llnei - A - 20* 

Fio. 6.47 (a). Length Factor Fg (/, % A, 4*) for Determining the 
Horizontal Polar Diagram of a Rhombic Antenna, tp = 50® 

sufficiently accurate to take either io° or 20° for A according 
to which is the nearer to the angle of fire. 
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It will be noticed that if we put A = 0° the height factor 
becomes zero. By selecting some value of A which corre¬ 

sponds roughly to the angle of fire we obtain a more accurate 

Ootltd lines - A • lO* 
Frfllta,, .4.20* 

O 4 a 12 14 20 24 28 
^ Aslmiithal An^k In Oc9rcct 

Fig. 6.47 (b). Length Factor Fg (/, y, A» for Determining the 
Horizontal Polar Diagram of a Rhombic Antenna, yf« 60® 

horizontal polar diagram as well as avoiding the o 
difficulty. The increase in accuracy is not great since the 
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polarization is only truly horizontal in the planes for which 
^ — 0° and iff — 0°. 

Experimental verifications of the rhombic equations were 

Ur *■ 70^ Potted lines - A ■ lO^ 
^ Full lines -A-ad* 

Fio. 6.47 {c). liENGTH Factor (/, A> Determinino the 
Horizontal Polar Diagram of a Rhombic Antenna, yt =* 70** 

obtained in an important paper by Bruce, Beck and Lowry.<^®*^ 
Fig. 6.48 shows some of their results. 
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Design of Rhombic Antennae 

If the .height, //, above the ground, the length, /, of each side 
and the semi-included angle, are all known, then equations 

O 4 0 12 16 20 24 28 
i -Azfewfthal Af>9te in Oegract 

Fig. 6.47 {d). Length Factor F* (/, yf, A, <t>) for Determining the 
Horizontal Polar Diagram of a Rhombic Antenna, ip = 80* 

(6.25) and (6.28) give both the polar diagrams in the two 
important planes and the gain over a half-wave dipole in free 
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space. The power gain obtained in this way is based on a 
nominal value of 600 ohms for the characteristic impedance 
of the wires composing the rhombic. With most designs the 
characteristic impedance has a value somewhere between 
600 and 800 ohms, the power gain being inversely proportional 
to the value of this impedance. 

When the actual field strength in a given direction is required 
we use equations (6.23) and (6.26) or equations (6.24) and 

Oimcniions of rhombic lm5*25X 

V-se® 
H MO SxCcurvt 

* 1-0 X(curvc 1^ 

— An9lc of Elcvotion In Degrees 

90 00 70 60 SO 40 30 

Relative Field Strength 

Full lines ore Circles give 

thcoretleol curves experimentot points 

Fig. 6.48. Vertical Polar Diagrams of a Rhombic Antenna 

(Bruce, Beck and Lowry, iVor. Jan., 1935) 

(6.27), according to whether the input current or input power 
is known. In the latter case a correction for the characteristic 
impedance may be needed if this differs appreciably from the 
assumed value of 600 ohms. 

With a little experience, one can soon select appropriate 
values for H, y and I from the curves provided. In most 
problems the angle of fire is known and also the horizontal 
beam width. The problem may then be approached by taking 
the optimum value for H (as determined by Figs. 3.8 or 6.6) 
and then selecting y and I so that not only is the correct angle 
of fire given, but also the beam width obtained from equation 
(6.26) IS adequate. 
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The above procedure may appear to be too much on a 
“cut and try” basis, but the fact remains that in practice one 

* A-Angle of Elcvotion in Ocgrcci 

Rclotivc Field Strength 

Fig. 6.49 (a). Theoretical Vertical Polar Diagrams of a Rhombic 

Antenna for Three Different Wavelengths 

is often restricted in one dimensipn or another. In^'any case 
rhombics are usually required to work over a range of fre¬ 
quencies so that optimum dimensions are only possible over 

4 -Azimuthol Angle in Degrees 

90 60 30 20 

Fio* 649 (^). Theoretical Horizontal Polar Diaoraxis of a Rhombic 

Antenna for Three Different Wavelengths 

part of the working range. When operation over a band is 
required, a good rule is to design the rhombic for the geometric 
mean of the extreme frequencies. The frequency range which 
may be covered varies with the size of the antenna—If the 
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sides are one or two wavelengths long a range of 2 : i is the 
limit, but if the sides are several wavelengths long a range of 
3 : I becomes practicable. Fig. 6.49 gives the performance of 
a typical rhombic antenna over a range of frequencies. 

Optimum Dimensions 

To obtain the maximum gain at a given angle of elevation 
the functions Fi, and in equation (6.25) are differentiated 
with respect to A* This leads to the following formulae— 

H = • 
4 sm A 

y) == sin~^ (cos A) 

/ ' 
2(1 — cos A sin xp) 

(6.29) 

(6.30) 

(6.31) 

The value for H is the lowest optimum height (it is only on 
ultra-short waves that one of the higher order optima might 
be used), and I is maximized for the major lobe of the polar 
pattern. From the second equation we see that the optimum 
angle of inclination, y)^ is the complement of the angle of fire, 
a feature which is quite independent of H but not of /, since 
equation (6.31) was used in the derivation of this relation. 

Substituting (6.30) in (6.31) gives 

X 
2 sin^ A (6.32) 

For any given angle of fire we can therefore maximize //, 
y) and I by the equations given above. On doing this and 
taking the complete vertical pattern we find that the lobe 
maximum is actually below the chosen angle [see Fig. 6.50). 
In order to obtain the lobe maximum at the angle of fire, the 
differential coefficient of E (equation (6.23)) with respect to 
A must be zero. This occurs when 

j _ o-37tA 
I — cos A sin tp 

Substituting this value in the equation for E and maximizing 
with respect to xp gives 

sin V = cos A 

Consequently the desired result can be obtaihed merely 
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by decreasing I to 74 per cent of its previous value, the 
“alignment” value for I being 

/ = (6 

Strangely enough the alignment design results in a decrease 
in field strength at the angle A> the decrease being of the 
order of 15 per cent. The origin of this anomaly lies in the 

(O) Vertical polar diagram if 
designed for maximum gain in desired direction 

(b) Vertical polar diagram if 
designed for alignment in desired direction 

Fig. 6.50. Comparison of Alignment Design and Maximized 
Design for a Rhombic Antenna 

cupped shape in the region of small A values of the length 
factor curves in Fig. 6.45. The alignment design is therefore 
of more use for receiving than for transmitting rhombics. 

The optimum dimensions as given by equations (6.29) to 
(6.33) are shown plotted in Fig, 6.51 for angles of elevation 
between 0° and 45°. From these curves it is obvious that when 
the angle of fire is small, say 10° to 15°, the optimum side length 
will be too great for practical erection. (The practical limit 
for sides suspended between two poles is about 150 m.) 

Some General Features of Rhombic Antenna Design 

The following paragraphs outline a few of the more secondary 
considerations in rhombic antenna design. For a full account 
of rhombics, including mechanical design features, the reader 
may refer to Rhombic Antenna Design, by A. E. Harper.**’ 

(a) Use of Multiple Wires 

In the analysis given above it has been assuihed that the 
characteristic imp^ance of a rhombic antenna is uniform. 
Obviously this cannot be true, since the spacing between the 
wires is far greater in the middle (on account of the logarithmic 
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form of the formula for the characteristic impedance, the error 
is not so great as might be supposed). A more uniform charac¬ 
teristic impedance may be obtained by making the sides of 

^-^Scml-Included Angle 

A- Angle of Fire 

Fig. 6,51. Dimensions for Optimum Design of a Rhombic Antenna 

FOR A Given Angle of Fire 

two or more wires which are together at the input and output 
ends but which diverge towards the middle, as shown in 
Fig. 6.52. A suitable spacing between the outermost wires at 

Fio. 6.52. Rhombic with Treble-wire Sides for Improving the 
Uniformity of Input Impedance over the Working Range of 

Frequencies 

the middle is about 20 per cent of their mean height above 
the ground. 

By using multiple wires the input impedance can be kept 
constant to, say, 600 ± 50 ohms over a 3 : i range in frequency. 
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whereas the same antenna with single wires would show an 
impedance range of about 700 ±100 ohms over the same 
range (the higher impedance values occur at the low-frequency 
end of the working range). 

[b) Terminating Resistance 

The best value for the terminating resistance must be found 
experimentally if a particularly even input impedance charac¬ 
teristic is desired. In general the value required will be some 
100 to 300 ohms greater than the input resistance—the smaller 
increase occurs with the bigger rhombics. Thus to achieve 
a mean input resistance of 600 ohms a terminating resistance 
of about 700 ohms would be required for a single-wire rhombic 
for which I == 150 m, = 75°, whereas a value of about 
900 ohms would be needed if / = 50 m, y) = 50°. 

For receiving antennae a simple resistor will suffice, but for 
transmitting antennae it is impracticable to use resistors if 
more than about 2 kW are to be dissipated in the termination. 
Hence for greater powers open dissipative transmission lines 
must be used; these may consist either of iron wire or, what 
is preferable from a weathering point of view, of stainless steel 
wire. The necessary data for calculating the performance of 
such dissipative lines will be found in §§ 10.4 and 10.6. 

{c) Supporting Masts 

It is immaterial whether wood or steel masts are used. 
Furthermore the supporting guys need not be insulated, but 
in this case care should be taken to ground the wires efficiently 
or else a noticeable change in the polar pattern will occur. 
If wooden posts are used these are normally thick enough not 
to need guys except for a back-stay. 

6.6, ARRAYS OF HORIZONTAL ELEMENTS 

Over a perfectly conducting earth vertical radiators would be 
preferred for long-distance transmission, whether it be for 
direct transmission or for propagation via the ionosphere. In 
actual fact the finite conductivity of the ground greatly reduces 
the radiation at grazing angles as shown, for example, by the 
curves in Fig. 3.13. Even at angles of elevation of the order 
of 10® to 30"^ (as used for long-distance sky-wave transmission), 
the radiation with vertical polarization is more likely to be 
less tihan that obtained with horizontal polarization. 
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Experiments carried out by the on long-distance 
sky-wave transmission lead to the conclusions that horizontal 
radiators give both better field strength and less fading. (There 
appears to be no theoretical justification for the improvement 
in fading.) Nevertheless vertical radiators have been used 
with success in many installations and such arrays will be 
considered in the next section. 

Kooman Arrays 

The above name is often given to arrays of horizontal half-wave 
dipoles, on account of their being patented by Kooman in 
1927. They were originally used by the Netherlands P.T.T. 
and also by the Telefunken Company, who called them 
“tannenbaum’’ (pine-tree) arrays. 

The dipoles are normally end-fed; hence they might also be 
considered to be arrays of centre-fed full-wave dipoles. For 
the sake of economy two or three complete arrays are usually 
suspended together between two masts. The combined system 
may then be referred to as a “curtain” of antennae. Some 
engineers reverse this terminology and call the whole system 
between two masts an “array” and the individual sets of 
antennae a “curtain”—we shall keep to the former definitions. 
A typical curtain of Kooman arrays is shown in Plate XI, 
in which a curtain of reflectors carries a parasitically excited 
dipole one-quarter of a wavelength behind each driven dipole; 
the arrangements are such that the roles of reflector and driven 
antenna may be reversed. 

A convenient classification of these arrays has been devised. 
The first letter of the code is an //, indicating horizontal 
elements; the second is R to indicate a reflecting curt2tin; 
the third letter is another R if the reflector can be reversed, 
and the fourth (or third) letter an S to indicate that the beam 
is slewable electrically. The figures which follow indicate 
firstly, the number of half-wave dipoles in a horizontal plane, 
secondly, the number in a vertical plane, and thirdly, the 
height in wavelengths of the lowest dipoles above the ground. 
Thus assuming the antennae in Plate XI are reversible and 
slewable both arrays would be coded HRRS4/4/1. 

Fig. 6.53 {a) shows an H2/4/1 array. This configuration is 
particularly useful since the impedance of a thin full-wave 
dipole fed at the centre is about 4000 ohms; hence four 
full-wave dipoles in parallel give an impedance of about 
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500 ohms, which is a suitable value for feeding by two-wire 
fines. It should be noted that the antennae may be considered 
in parallel, since they are spaced at intervals of A/2 along the 
feeder; also the feeder is twisted round between each full-wave 
dipole so as to obtain the correct phase relationship for broad¬ 
side radiation. 

Two such arrays side by side form an H4/4/1 array as shown 
in Fig. 6.53 {b), whereupon a transmission line feeding them 

(a) An H 2/4/1 orroy (b) An H A/4/i orroy 

If the input it connected 
(a) to the pointt X.thc beam it tiewed to the ri^t 
(b) - - - Y,.kfi 

Fig. 6.53. Arrays of Horizontal Dipoles (or “Kooman Arrays’*) 

both should have a characteristic impedance of the order of 
250 ohms, i.e. a four-wire line would be more suitable. The 
beam produced by a 4/4/1 array may be slewed horizontally 
to either side by altering the phase relationship between the 
two halves. Consideration pf the component vectors shows 
that such slewing will cause a large secondary lobe to appear 
on the opposite side to which we are slewing the beam. In 
fact, if the relative phases of the two halves are altered by 
± 90® from the equiphase position, two lobes of equal magni¬ 
tude will appear on either side of the main direction. 

(a) Horizontal Polar Diagram 

The polar pattern in a horizontal plane is given by the 
curves of Fig. 6.54 which are for n dipoles spaced A/a between 
centres (for other spacings similar curves may be constructed 
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:ribed in the pre^ 
for A/2 spacing a; 

cos ((tt/s) sin <f>) 

304 

by the method described in the previous section). The corre¬ 
sponding formulae for A/2 spacing are as follows— 

cos ^ 

cos^ ((7r/2) sin <j>) 
cos ^ 

„ ^pfjy cos ((77/2) sin 
« = 3 ^(9) ==--[$ + f cos (tt sin <f>)] 

cos^ {{n/2) sin <f>) 

+ 

cos <fi 

COS ({rr/2) sin <^) 

cos ^ 
COS (f TT sin J 

To find the degree of slewing obtained by varying the 
phasing we find the polar diagram of two point sources situated 
at the centres of the two halves and phased according to the 
new phase relationship; then this diagram is multiplied by the 
diagram of half the total array. The maximum possible slew 
is not great, in fact, with a phasing of ± 90° the slew of two 
sources separated by lA is only 30° and this is reduced to 
21^® after multiplication by the n = 2 curve. Fig. 6.55 gives 
two examples of a slewed polar pattern and Fig. 6.56 shows 
an experimental curve obtained by Page.<^^^^ 

(i) Vertical Polar Diagram 

The vertical polar diagram of the array in free space may 
be readily determined by the methods given in the beginning 
of this chapter. The complete diagram is then obtained by 
multiplying the free-space curve (which is sometimes referred 
to as the “frame factor”) by the appropriate height factor 
curve of Figs. 6.6 and 6.7, where the height in question is that 
of the centre of the array. 

Thus for an H4/4/1 array the height would be 1*75A and 
the vertical polar diagram as shown in Fig. 6.57. 

This simple multiplication of the frame factor by the height 
factor is only possible because polarization is horizontal. 
Consequently the errors made by assuming perfect reflection 
are quite small—^particularly at low angles of elevation where 
the major4obe is formed. 
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Degrees off Maximum in Unsiewed Conditions 

Fio. 6.55. Horizontal Polar Diagrams of Slewed Kooman Arrays 
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Dotted line • iheercUcof curve 

Full lineaB eeperimentol curvcCthc ground slope of 2*3^ 
has been allowed for) 
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{c) Gain of Array 

The gain of a Kooman array may be obtained by preparing 
a power distribution diagram as described in the previous 

o 5 10 15 20 25 30 35 
L • An9lc of Elcvotion In Dcgrcu 

Fig. 6.57. Vertical Polar Diagrams of Hm/4/i and Hm/4/i*5 Arrays 

section and illustrated in Fig. 6.16 for ah elementary dipole. 
The corresponding diagram for an H4/4/1 array is shown in 
Fig. 6.58. This is based on a diagram given by Hayes and 
MacLarty<”®> who obtain a gaiin of Go = 19 db by integration 
on this diagram. 

Alternatively the gain calculation may be based on the 
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determination of the radiation resistance of each dipole using 
the table of mutual resistances given on p. 105. 

If this is done for an H4/4/1 array the total radiation 
resistance of the whole array proves to be 34-2 ohms in excess 
of that for sixteen half-wave dipoles widely separated in space. 
Thus the values of all the antenna currents are reduced by a 
factor of 0-986 on account of the mutual resistances. This 
means a power loss of only 0-012 db, so that the mutual terms 
obviously tend to balance out and can be neglected. This 
feature applies only in certain cases and is due in the present 

^ * Axfmuthal Angle in Degrees 

Fio. 6.58. Power DiSTRiBtmoN Diagram of an H4/4/1 Array 
(Hayes and MacLarty, Jour. Sept., i939) 

instance to the fact that the mutual resistance of adjacent 
collinear dipoles is positive while that of broadside or diagonally 
placed dipoles is negative by roughly the right amount to give 
cancellation. The mutual impedances may therefore be 
neglected for arrays in which the spacing is 0-5 A if the array 
has both rows and columns and if the total number of dipoles 
is at least 4. 

The above rule makes the gain computation quite simple. 
In terms of power, Gg is equ^ to the total number of half-wase 
dipoles multiplied by 4 (the factor 4 allows for ground reflections). 
The value thus obtained is reduced by some quite small factor 
which is given by the vertical polar diagram. The reduction 
factor is simply due to the fact that, for the angle of elevation 
at which the frame and its image are in phase, Sic frame polu 
diagram is no longer quite at its maximum—the reduction is 
given directly on obtaining the vertical polar diagram by die 
graphical means previously described. 
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For example an H4/4/1 array has a power gain of 4 X 4 X 4 
which is reduced by the factor (0-91)® as obtained from the 
vertical polar diagram of Fig. 6.57. Hence 

= 64 X 0-828 
= 52-9 (i.e. 17-2 db) 

Using equation (6.6) gives the gain over an omnidirectional 
antenna as 

Go = 19-35 db 
which is in good agreement with the value given by Hayes and 
MacLarty. 

The above method therefore provides an extremely simple 
way of determining the gain of an array. Indeed to a first 

Fig. 6.59. A Horizontal Sterba Array 

approximation the power gain is simply 4^, where n is the 
total number of elements. 

The increase in gain obtained by adding an array of re¬ 
flectors behind the driven array may be taken to be 3 db, 
i.e. the forward field strength is increased by : i. This 
figure represents the theoretically ideal case but it is also 
closely approximated to in practice with a large array. 

On slewing the beam the gain is reduced by a factor which 
can readily be deduced from the horizontal polar diagram. 
Thus slewing an H4/4/1 array by ii® (corresponding to a 
phasing of ± 30°) will reduce die gain by 0-35 db. 

Horizontal Sterba Arrays 

The horizontal Sterba array is closely allied to horizontal 
dipole arrays since it is virtually a set of such dipoles connected 
in the form of a continuous loop (Fig. 6.59). To obtain 
correct phasing at the ends quarter-wave sections must be used 
—thus points (a) and (A) in Fig. 6.59 are current nodes. The 
complete loop is fed at a current andnode. 
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In view of the continuous d.c. path provided by such an 
arrangement the whole set of elements can have a d.c. or 
low-frequency current passed through it for de-icing purposes. 
A complete array might consist of two complete loops separated 
by a vertical distance of A/2. 

The polar diagram of such an array is obviously very nearly 
the same as that of a Kooman array of the same overall 
dimensions, the only differences being due to the existence of 

the quarter-wave elements at the ends which would tend to 
make the horizontal polar diagram just a little more directive. 

A reflector curtain consisting of an identical set of elements 
and spaced a quarter of a wavelength behind the driven 
elements is normally used. The resultant gain is of the order 
of 3 db. 

The Walmsiey Array 

This type of array is used by the British General Post Office 
and ta[kes the form shown in Fig. 6.60 for a four-unit array. 
A single unit by itself has an appreciable radiation from the 
half-wavelength sides—about 16 per cent of the total power is 
lost in this way. If a row of such units were arranged horizon¬ 
tally the radiation from the sides would tend to be neutralized 
(apart from the end elements). With a set of vertical units as 
shown in Fig. 6.60 this is not so, and steps have to be taken to 
reduce this undesired radiation. 

Walmsley^^^®^ describes how this was done by placing 
parasitic elements alongside the offending elements so that the 
power radiated in this way was reduced to 17 per cent of its 
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former value. To achieve this the parasitic wires were placed 
A/16 away from the side elements and had a length of approxi¬ 
mately A/2. 

When this radiation from the shorter sides has been made 
small each unit may be seen to consist of two full-wave dipoles 
spaced half a wavelength apart. The impedance at the feed- 
points is therefore of the order of a few thousand ohms—hence 
the need for feeding four units in parallel from one transmission 
line. A large array may consist of as many as forty-eight pairs 
of full-wave dipoles. 

These arrays are best suited to operate as a bidirectional 
beam, for the spacial distribution of the radiating elements is 
such as to make any reflector curtain relatively inefficient. 

6.7. ARRAYS OF VERTICAL ELEMENTS 

Any of the previously mentioned arrays can be arranged so 
that their radiating elements are vertical. Such an arrange¬ 
ment is uncommon for a Kooman array but Sterba arrays are 
quite often used in the vertical form. 

The best known of all vertical arrays is the Franklin array, 
of which a photograph is shown in Plate XII. 

The Franklin Array 

The principle of the Franklin antenna (also known as the 
Marconi-Franklin antenna) was discussed in § 6.4 and illus¬ 
trated in Fig. 6.28, which shows a set of vertical half-wave 
dipoles whose currents are all in phase. To obtain this phase 
relationship by feeding each column of antennae at the base 
only, the collinear elements must be joined by a phasing device 
which is equivalent to half a wavelength of conductor and 
this may be either a phasing coil or a quarter-wave line. There 
is a third type of connection which leads to what is known as a 
folded Franklin antenna and this has the advantage of being 
easier to erect as well as having greater radiation efficiency. 
A sketch showing typical dimensions of the folded type is given 
in Fig. 6.61, from which it can be seen that it consists effectively 
of a column of overlapping half-wave dipoles whose centres 
are 0’35 to 0*4^ above each other and whose ends are connected 
by a folded wire ^2 long. 

A large array may consist of six dipoles to each column and 
six columns spaced ^2 apart, when quite a good approximation 
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to a uniform sheet of current is obtained. To improve the 
forward directivity a curtain of reflectors may be added 
one-quarter of a wavelength behind. Such reflectors are 
spaced at intervals of only X/4 and help to broaden the tuning 
of the array {see Ladner and Stoner<^®'). 

For a small array of, say, four columns each 30 m high, the 

Fio. 6.61. A Folded Franklin Antenna 

spacing between the energized columns may also be reduced 
to ^4. 

Franklin arrays are easily fed by coaxial lines for which 
purpose coupling units of the type indicated in Fig. 6.61 can 
be used. 

The Series Phase Array 

A series phase array is one which carries a travelling wave and 
is folded at intervals to produce radiating elements as shown 
in Fig. 6.62. These elements radiate with the same polar 
diagram as a standing-wave antenna of the same height. 
Arrays formed in this way are very flexible since, by a suitable 
choice of phasing between adjacent elements, the polar diagram 
of the system as a whole can be made to give a variety of both 
broadside and end-fire patterns. In their usual form they 
function as end-fire arrays of vertical elements, in which case 
the radiation from the wires joining the elements is small due 
to tkear ptoidmity to the ground. 

The ladiation from a folded wire carrying a tmvitdBn§ wave 



PiATt XII Array of Franklin Antennal at Bodmin Cornwall 

(Courtesy of Marcom Wireless Telegraph Co ltd) 

31^ 
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may be studied by means of Fig. 6.63, which has vector 
diagrams giving the phase relationships of the currents along 
the wire. The dotted vectors on the right-hand side show the 
phase relationship as it would be were it not for the reversal due 

The arrows only indicate the direction in which the 
current it travciiin9, The octuol relative phoses at 

any one moment depend on the dimensions of h ond s 

Fio. 6.62. A Series Phase Array 

io the current travelling in the opposite direction. The effective phases 
from the point of view of radiation are shown by the full 
vectors. These indicate that the net effect is just as if there 
were a standing wave on the wire with a current antinode at 
the top. This is true whatever the length of folded wire may be. 

n 
\ 

1 j" 
\ y 

, « ^ . 

Full orrows 
on this side 
show effective 
phase relationships 
on allowing 
for the reversal 
in the direction 
of the current 

Arrows indicate current phases 

(but not amplitude) 

Fio. 6.63, Diagram Illustratino the Current Phases along 
A Folded Element op Length A/2 

The phase relationship between adjacent wires is obviously 
dependent on the length 2h as well as on the spacing d. 

Since it is also possible to make the electrical length of the 
feed between each radiating element differ from the free-space 
distance, a great variety of arrangements is possible. Exam¬ 
ples of some of these arrangements are tabulated on page 314 
for the case of four elements spaced at intervals of ^4. 

A comparison of cases {b) and (e) shows how an end-fire 
beam may be reversed. 

The case in which the time phasing equals the space phasing 
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Diagrammatic 
Time Phasing Representation 

(a) All in phase 

(b) Equal space phasing 

{c) Equal (360® — space phasing) 

(d) Alternates by 180® 

till 

Polar Diagram 

is met in practice by any array of folded elements whose heights 
are A/2 and whose feed wires run straight from one element to 
the next. Such elements therefore provide a convenient basis 
for end-fire arrays. 

As is usual in the case of linear arrays the spacing between the 
elements is not at all critical—suitable values are d == A/4 or A/6. 

Fig. 6.21 {b) shows the horizontal polar diagram for an eight- 
element array for which d = A/45 i.e. the overall length is 
i*75A. In practice the attenuation of the travelling wave due 
to radiation alters the theoretical polar diagram a little. 
The changes to the major lobe are small—only the minor lobes 
are appreciably altered, the effect on them being an “averag¬ 
ing out” process, i.e. the nulls disappear and the maxima are 
reduced. Fig. 6.21 [b) is valid for any height of antenna, but 
the vertical polar diagram depends not only on the height but 
also on the ground conductivity and the wavelength. 

Assuming a perfectly conducting ground, the vertical polar 
diagram may be obtained by multiplying Fig. 6.21 {b) by the 
vertical polar characteristic of each element. An indication 
of the modifications introduced by the finite conductivity of 
the ground can be obtained from Fig. 3.13. 

The following typical gain figures obtained in practice with 
the end-fire system are given by Ladner^^^^^— 

Length of Array = 4A 

Single array = 10 db 
Two parallel arrays Gjj = 14 db 
Four parallel arrays = 18 db 



CHAPTER VII 

D.F. Antennae 

The art of position and direction finding by means of radio 
waves has been developed so much in recent years that we 
now have a great variety of different systems for this purpose. 
It is possible to classify all these systems in four distinct cate¬ 
gories. These are as follows— 

(a) reception of minimum signal (‘‘null” methods), 
(b) reception of maximum signal, 
(c) reception of equal signals from two different polar 

patterns, 
{d) time or phase measuring systems. 

As far as the antenna design of these systems is concerned, 
the problem is mainly one of obtaining suitable polar patterns. 
For null systems the most common polar pattern is a figure-of- 
eight and this is readily obtainable by means of a loop antenna 
or two spaced vertical antennae. The present chapter is 
limited entirely to antennae of this type for even a brief 
discussion of direction-finding systems in general would be 
unduly long. 

Since a full account of the principles underlying the deriva¬ 
tion of polar patterns has been given in § 6. i, no further 
discussion of the principles as such will be included in the 
following sections. 

7.1. THE LOOP ANTENNA 

Characteristics of a Small Loop 

A single loop antenna whose diameter is but a small fraction 
of a wavelength has a polar diagram as shown in Fig. 7.1 (c). 
The reason for this pattern is easily appreciated if we consider 
the case of a square loop as shown in Fig. 7.1 (a) along the 
vertical sides of which flow currents and (the currents are 

315 
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equal because the sides of the loop are only a small fraction of a 
wavelength long). Hence the field at a point in the horizontal 
plane is given by the vector sum of and which represent 
the electric field intensities due to ia and 4 respectively. Along 
the axis of the loop {ij> = o° or i8o° in Fig. 7.1 (c)) the two 
field components will be in antiphase since the currents flow 
in opposite directions—therefore the resultant field is zero. 
In other directions the resultant E has a value which is given 
by 2£a sin [[pdjz) sin 4>] and when ^ = 90° or 270“ this has a 

(g) diagram of loop (b) composition of (c) polar diagram 
field due to loop of loop (plan view) 

Fig. 7.1. Characteristics op Loop Transmitting Antenna 

maximum value of Ea^d, where ^d is the distance between the 
sides in radians. 

The field strength in a horizontal plane due to a given 
current flowing round the loop may be found quite readily by 
means of equation (4.41), Vol. I. From this equation we see 
that the field in the equatorial plane due to a short filament of 
current of moment Id is given by 

where r = distance to the field point in metres, 
/ = r.m.s. current in amperes. 

The total field E due to both sides of the loop is E^d at 
the maximum points and is proportional to sin hence 

E = 
12017®/ . . . 
-rs-A sm ffl . 

A* r ^ (7-0 

In the above equation all the units conform to the M.K.S. 
system and A is the area in square metres. If the loop coi^ts 
of n turns, all carrying equal currents, then the value oS'E is 
multiplied by n. The formula is also true lor any shape of 
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loop, provided the dimensions are small in comparison with 
a wavelength. 

When the loop is acting as a receiver of energy, the phases 
of the induced currents in the sides are best considered with 
reference to the phase that a current induced in a vertical 
antenna would have if placed at the centre of the loop. Thus 
the current phases in the presence of an incident wave are as 
shown in Fig. 7.2 (i). 

Since ia and z*, act in opposition around the loop the phase 

nil 

Fio. 7.3. Reception Diagrams for Loop Antenna 

of one of them must be reversed in the vector diagram in order 
to obtain the correct resultant. 

It will be observed that the resultant loop current is in 
phase quadrature with the current in the reference antenna. 
This property may be used if ia and arc slightly unequal 
(in which case the resultant has a small component in phase 
with *,) by injecting just sufficient current in antiphase from 
a vertical antenna to balance out the component along — 
this results in a second order inaccuracy in the direction of 
zero loop signal, an effect which is, however, preferable to a 
broad minimum. 

The induced e.m.f.’s in the sides are both equal to Ed where 
E is the field strength of the incident wave, and since /?</ < 2it 
their resultant is given by 

e =s <i Ed sin 

SSB 

2ir 
T AE sin (ft (7-2) 

The loop e.m.f. is therefore proportional to A, the area of 
the loop, and to sin This is true for all small loops whatever 



3i8 Antenna Theory and Design 

their shape may be, since their cross-section may be subdivided 
into small squares. If the loop has n turns, then the right-hand 
side of (7.2) is multiplied by n. Consequently the effective 
height of such a loop when in the position of maximum recep¬ 
tion is given by 

K='^nA . . . . (7.3) 

A further useful loop parameter is the “pick-up” factor; 
it is the ratio of the voltage, V (produced at some specified 
terminals) to the field strength, E, The terminals chosen are 
those across the first tuned circuit; they are therefore likely 
to be the input terminals to the amplifier. In the case of a 
tuned loop, the pick-up is simply given by the product of the 
effective height and the magnification of the frame inductance, 
that is 

-K(l 

= ^nA(l . . . (7.4) 

The pick-up factor may be increased by an iron-cored loop. 
This type of loop has been discussed by Burgess,who arrives 
at the following conclusions— 

(a) the permeability of the iron dust should be as high 
as possible; 

(i) the core should be elongated in the direction of the 
axis of the loop; 

(c) the core may be hollowed to an appreciable extent 
without a significant reduction in the performance; 

(d) the loop should be slightly spaced from the core to 
prevent excessive dielectric losses; 

(e) stranded wire helps to reduce the copper losses with 
the core inserted. 

As an example he quotes the D.F. loop used on German 
aircraft. This had a hollow spheroidal core (the ratio of the 
two axes being 4:1) whose permeability was 50. With a hole 
occupying 40 per cent of the central cross-sectional area the 
pick-up factor was increased by ten, due to the core. Had the 
core been solid the increase in the pick-up would have been 
10*6 instead of 10; thus the loss in pick-up due to hollowing 
the core is quite small. 

V 
£ 
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Directloh Finding Properties of a Loop 

The polar diagram of a loop shows the greatest rate of change 
of signal with angle of rotation in the regions ^ = o° or i8o° 
(Fig. 7.1) so that if the loop is used to obtain the bearing of 
some transmitter the greatest accuracy is obtained by turning 
the loop until the received signal is a minimum. 

On performing this operation there remains an ambiguity 
of 180° in the direction, but this may be resolved by adding 

(a) (b) (c) 

Vcrtkol XQnol 

Loop $*9001 

0 b 1 c 

<1 1 >\ 

Fig. 7.3. Modification to the Polar Diagram of a Loop Antenna 
DUE TO THE PRESENCE OF AN In-PHASE “VERTICAL** SiGNAL 

a signal which is received on a simple vertical antenna. When 
this “vertical” signal has the appropriate strength and has 
its phase changed by 90°, the polar diagram is transformed 
from a figure-of-eight to a cardioid as shown in Fig. 7.3 {b). 
The null point of this cardioid is at right angles to the two 
nulls given by the loop itself. The direction of the right angle 
with respect to the actual bearing depends on whether the 
phase of the vertical signal has been advanced or retarded 
by 90°. The phase relationships are shown in Fig. 7.2 {b). 

The desired 90° phase change to the signal from the vertical 
antenna can be obtained in a number of ways in the circuits 
coupling the loop and the vertical antenna to the grid of the 
first valve. For details of such circuits the reader may refer 
to the two books mentioned in the introduction. 

“ Antenna Effect ” or “ Vertical ” 

In addition to the signal caused by the phase difference 
between the two sides of the loop, there will also be a signal 
whose phase is the same as that obtained in a vertical antenna 



320 Antenna Theory and Design 

situated at the centre of the loop, i.e. the loop as a whole acts 
as a vertical receiving antenna. The signal obtained in this 
manner is obviously independent of the orientation of the 
loop so that the directional properties of the loop are impaired. 
This phenomenon is known as “antenna effect” or “vertical.” 

The effect on the polar diagram of the loop depends on 
whether the “vertical” component is in phase or in phase 

quadrature with the loop signal. In the 
former case the resultant pattern is as shown 
in Fig. 7.4, in which the zeros are replaced 
by broad minima; in the latter case the 

Fio. 7.4. Broadening pattern is given by Fig. 7.3 (fl) which shows 
SionaT” minima have been displaced 

IN Phase-qu^rature in opposite directions. 
In practice the undesired vertical signal 

will have some intermediate phasing so that the bearings become 
both inaccurate and less distinct. The reduction of the antenna 
effect in a loop is therefore of prime importance, especially for 
small loops—since the vertical signal is proportionzil to the 
height of the loop, whereas the loop signal is proportional to 
the area of the loop. 

To reduce the vertical component, the loop should be 

balanced with respect to earth and this can be done in a 
numl^r of ways of which three are illustrated in Fig. 7.5. 

Another method of reducing vertical is to enclose the loop 
in a shield which completely surrounds it except for a smdl 
gap (Fig. 7.6); in this way the loop itself is enclosed in an 
electrostatic sUeld. A screen of mis nature prevents the 
pick-up of vertical signal in the loc^ but makes no difiacence 
to the loop signal. 

To understand the effect <rf the screen it is probaWy eadest 
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to consider the loop from a transmitting point of view. Thus 
in Fig. 7.6 [b) we have a loop current in the centre conductor 
of e'a' or zV according to which side of the gap we are considering. 
Since the centre conductor is continuous = W* 

Boundary conditions inside the shield (which, with the loop, 
forms a coaxial line) demand that the currents on the inside 
of the screen must equal those in the corresponding portions 
of the inner conductor, hence == ia and ^ so that 
we have ia" = zV'* The currents on the outside of the shield 

Fig. 7.6. Shielded Loop Antenna 

must equal those on the inside, for the currents round the edges 
must be continuous, i.e. i/" = */' and tV" == h". Conse¬ 
quently ia" = it'" and therefore the current is continuous 
around the outer surface of the screen just as if the gap were 
non-existent. We have, in fact, got unity coupling between 
the inner loop and the outside of the shield. 

For the loop to be acting as a vertical antenna there should 
be lines of electric force from the loop to the surrounding 
earth, i.e. the inner conductor should play the same role as 
the vertical conductor shown in Fig. 1.5. This is clearly im¬ 
possible because of the surrounding electrostatic shield. In fact, 
if we were to excite the loop with respect to earth (and there¬ 
fore with respect to the earthed shield), the lines of electric 
force would be confined entirely to the space between the two 
conductors. The two modes of operation correspond to placing 

(a) a generator in series with the loop, or 
(^) a generator between the loc^ and the shield. 

Of these only the first mode is capable of external radiation 
for die reasons given above. Hence, in view of the reciprocity 
htttweoa transmueicHi and reception, a screened loop will be 
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responsive to the circulating current due to the vector difference 
between the induced e,m.f.’s in each side of the screen, but it 
will not have any pick-up due to the vector sum of such e.m.f/s. 
It will be noticed that, although Fig. 7.6 shows the gap in the 
screen as being at the top of the loop system, the above argu¬ 
ments hold for any other position of the gap. 

Crossed-loop Antenna 

In order to obtain a high sensitivity on a loop direction finder 
the area of the loop should be as great as possible, but this 

To respective stator 
coils of goniometer 

Direction of 
incident 
wove 
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stator 
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coils 
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Fig. 7.7. Bellini-Tosi 

Crossed Loops 

Fig. 7.8. Angular Position op Goniometer 

Coil with respect to the Direction of 

THE Received Signal 

leads to loop sizes which cannot be designed for rotation. 
This difficulty is avoided by the Bellini-Tosi system which 
employs two fixed crossed loops at right angles as shown in 
Fig. 7.7. Each loop is in series with a coil and these two coils 
are at right angles to each other while between them is a 
rotatable search coil. Bearings are taken by rotating the 
search coil as if it were a rotating-loop antenna. The coil 
assembly as a whole is known as a “radiogoniometer” or 
simply a “goniometer.” The currents flowing in the two fixed 
coils of the goniometer are equal to the loop currents and these 
are proportional to the sine and the cosine of the angle the 
incident wave makes with one of the loops (Fig. 7.8 (a)). If 
I„ is the current in a single loop when the loop is in the plane 
of the incident wave, then the loop currents are /„ sin ^ and 

cos The search coil is therefore in a magnetic field which 
has two components at right angles proportional to 4, sin ^ 
and 4, cos In the position of maximum flux linkage the 
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total flux through the search coil is proportional to sin^ ^ 
+ cos^ and this expression equals Hence the 
maximum pick-up of the search coil is independent of ^ and 
depends only on the strength of the incident field. The 
minimum pick-up is at right angles to this position and should 
theoretically be equal to zero. 

As a result of the extra coils and the imperfect coupling 
between them and the search coil, the pick-up of a Bellini-Tosi 
system is such that each of the crossed loops must have an 
area of more than twice that of a single loop antenna in order 
to have an equal sensitivity. The two loops may be tuned 

To receiver 

Fig. 7.9. Aperiodic Goniometer System 

separately, but this necessitates careful balancing of the two 
tuned systems to avoid amplitude and phasing errors which 
would give blurred minima or false bearings or both. An 
aperiodic system in which only the search coil is tuned is 
therefore to be preferred. 

Fig. 7.9 shows the goniometer circuit for an aperiodic system. 
The two mid-points of the fixed coils are joined together and 
earthed, while the search coil is surrounded by an electrostatic 
shield (which must not form a complete loop). These two 
measures considerably reduce the antenna effect in the system. 

To obtain a good signal-to-noise ratio, tight coupling must 
be employed between the search and field coils and this in 
turn introduces errors due to the non-uniformity of the field 
in which the search coil is immersed. The error will obviously 
be zero when the search coil is in the plane of either field coil 
or at 45° to the field coils. It is therefore zero in eight positions 
and attains maximum values between these positions; hence 
this form of coupling error is known as “octantal error.” 
The errors may be reduced to less than by winding the 
field coils in a special non-uniform manner; at the same time 
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the coefficient of coupling can be maintained to a value as 
high as 75 per cent. 

Errors Due to Polarization 

When dealing with a wave travelling horizontally {E^ in 
Fig. 7.10) a receiving loop rotated about a vertical axis gives 
the correct bearing even rf there be some horizontal polariza¬ 
tion present; but should the wave be incident at some angle 
other than 90° from the vertical, then the presence of a hori¬ 
zontal component will cause false readings. Thus and E^ 

in Fig. 7.10 make no difference to the 
reading but E^ does produce a resultant 
e.m.f. round the loop. These facts can 
be appreciated either by considering the 
sum of the induced e.m.f.’s round the 
sides, or by considering the magnetic 
flux threading the loop. It is apparent 
that in the extreme case of £4 greatly ex¬ 
ceeding all the other fields, the plane of 
the loop would have to be at right angles 
to £4 for minimum pick-up, i.e. the bear¬ 
ing obtained on Ej would be go° in error. 

In practice, a field such as E^ can arise from the horizontal 
component of a sky wave which has suffered reflection and 
changes in polarization from the ionosphere. This particular 
form of error was first observed on medium and long waves for 
which ionospheric reflections are only appreciable at night and 
hence the phenomenon came to be known as “night effect.” 

Undesired horizontal polarization of the above nature can 
also occur when taking bearings of an aeroplane which is 
using a trailing wire antenna. In this case the abnormality is 
called “aeroplane effect.” 

If bearings are taken on an aeroplane, polarization errors 
due to night effect are less than on the ground, provided the 
transmission is over a fairly long distance. This is due to the 
improved signal strength of the ground wave at greater heights. 

Si<l« vkw 
of loop 

Fig. 7.10. Diagram for 

Polarization Errors 

Standard Wave Error' 

In Older to provide a simple basis for comparing die relative 
freedom of different D.F. antomae from polarization errenn^ 
a standard form of incident wave of mix^ TOlarization has 
been adopted (it was originally used in a paper by fiarfi^*^’). 
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This standard wave has an angle of incidence of 45° while 
the horizontal and vertical components are of equal intensity, 
for example in Fig. 7.10 the angle d would be 45°, £3 and E^ 
would be equal. The relative phases of the two components 
are such that the e.m.f.’s induced by them are in phase. This 
definition has been chosen simply for convenience. It means 
that the incident wave must, in general, be elliptically polarized 
—^for the horizontal and vertical components undergo different 
phase changes on reflection from the surface of the earth. 
The error resulting from such a standard wave is known as 
the “standard wave error” and for the case of a simple loop 
is equal to 35-3.° 

The standard wave error is a function of the wavelength 
and the ground constants, though it so happens that in the 
case of a simple loop the departure from the value of 35° is 
relatively small under different conditions—provided the 
diameter of the loop and its height above the ground are both 
small in comparison with a wavelength. 

7.2. PERFORMANCE OF D.F. LOOPS 

The performance of all receiving systems is limited by signal- 
to-noise considerations. This is particularly true of D.F. loops 
since they are operated in the region of minimum received 
signal. A convenient criterion to adopt is to specify the field 
strength required to equal the noise level when the loop is 
rotated to i 1° from the zero signal angle. Assuming that a 
signal is just audible when it equals the noise level (or rather 
that the L.F. modulation of this signal is audible), then this 
field strength will result in a silence zone of ± 1°. We shall 
call this figure the “sensitivity” of the system and denote it 
by the symbol E,. 

If the received wavelengths exceed 10 m the noise due to 
the first valve may be neglected; in this case the value of E, 
depends entirely on the antenna and input circuits (for a given 
overall bandwidth). Furthermore the thermal noise is due 
solely to the ohmic resistance of the loop for the radiation 
resistance is negligible in comparison. 

The radiation resistance of a loop whose diameter is small 
compared with a wavelength is given by 

Rt = 790 (j) • • • ' (7-5) 

where ht — eflfective height d'loop as given by (7.3). 
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This value is obtained from equation (4.44), Vol. I, on 
substituting the effective height for the length of the linear 
radiator carrying a uniform current, since the radiation 
patterns of the loop and the short linear radiator are identical 
in shape. With typical loops for long and medium wavelengths 
the value for is well below one thousandth of an ohm. 

Calculation of Signal-to-nolse Ratio 

The thermal noise voltage in the loop is given by equation 
(5.6), which shows that the series noise e.m.f is given by 

= '\/{4kTRB) volts . . (7.6) 

At normal temperatures the value of this thermal e.m.f. 
becomes 

Cn = 0-004 VWr fiV . . (7.7) 

This value has to be compared with the induced signal e.m.f. 
in the loop which can be expressed (by means of equations 
(7.2) and (7.3)) as 

Cs = hfi sin <f> volts . . (7.8) 

where — effective height of loop 

277 

T nA 

In the position of maximum pick-up ^ = 90°, 
signal-to-noise ratio becomes 

eg __ 27TnA j (QJ) E 
e^ K fsj {(JoL) y'(4ATi?) 

so that the 

(7.9) 

It is apparent from the above formula that, for a good 
signal-to-noise ratio, both and nAj y/L should be as large as 
possible. The latter quantity has been discussed by Burgess,<®’®> 
who introduces the idea of an “electrical volume” which is 
given by 4.1771^AyL. From such considerations he deduces that 
the optimum solenoid is one whose ratio of length to diameter 
is 0'45, and also that two windings connected in parallel can 
give an improvement (due to the increased number of turns 
for a given inductance). 

It was pointed out in § 5.3 that atmospheric noise pre¬ 
dominates over the thermal noise in the antenna cir<;uit on 
long and medium waves, and this is more or less true even 
for loops if they arc used in the position of maximum pick-up. 
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But for D.F. purposes we use loops in the region of minimum 
pick-up and under these circumstances the thermal noise in 
the loop and the coupling circuits is mostly the more important 
factor. With this in mind we may base our calculations on 
equation (7.9) after due allowance has been made for the 
pick-up position of the loop. 

What is of particular significance is the sensitivity, Eg, of 
the system as defined in the beginning of this section. To 
illustrate the calculation we will take the case of a typical loop. 

Example 

A loop consists of twelve turns of 60 cm diameter and has a 
12, of 100. The loop is tuned by a capacitor (whose losses we 
may neglect) and together they form the input circuit to the 
first valve. We wish to find the field strength E, at which 
the S/N ratio is unity when the loop is i ° off the true bearing. 
The carrier frequency is 300 kc/s and the receiver bandwidth 
is ih 2 kc/s. 

The effective height of the loop at 300 kc/s is given by 

, 2iT X 12 X 0-263 
hg =-—-^ m = 2-0 cm 

I 000 

The noise e.m.f. is given by (7.7) on inserting 4 kc/s for 
B and 4-24 ohms (equals (oLjQA for R. Hence 

e„ = 0-004 Vii X 4'24) 
= 0-0165 fiV 

This must equal the induced signal e.m.f. as given by 
equation (7.8), therefore 

hgE sin <j) — 0-0165 

Putting <f> = 1° and writing E, for E, we have 

E, = 0-0165 X 57 X 50 

47 /“V/m (/ = 300 kc/s) 

In general, any value below 50 ittV/m is satisfactory. At 
higher carrier frequencies the value of E, will decrease since 
enCC\/f and #,oc/ while the (2,of the frame is roughly constant. 
If 12, is constant then Egocij^f, e.g. at twice the frequency we 
have 

Eg = 33-1 /iV/m (/ = 600 kc/s) 
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It should be noticed that for the above simple case the S/N 
ratio is determined directly by the series e.m.f.’s since both 
e^ and are multiplied by The value of (^only enters into 
the calculation of the series resistance R. 

Effect of Goniometer on Signal-to-noise Ratio 

When a goniometer is introduced between the pick-up loops 
and the grid of the first valve the signal-to-noise ratio is bound 

L 

R 

«• 

Z, «total primary impedance 

■ (R+r)4jw(L+l) 

Fio. 7.11. Equivalent Circuit of Grossed Loops and Goniometer 

FOR Signal-to-noise Calculations 

to deteriorate. This deterioration may be measured in terms 
of “noise figures” as defined on p. 210. If the available signal 
power at the antenna terminals is fV,a and that at the grid 
terminals is then the noise figure of the coupling network 
is given by 

N=WJW„ . . . (7.10) 

The available noise power is unchanged by the addition of 
the network. This follows from equation (5.7) when taken in 
conjunction with Thevenin’s theorem. Indeed for all passive 
networks whose resistive elements are at the same ambient tem¬ 
perature, the above simplified form of equation (5.11) applies. 

In dealing with a goniometer we have two crossed loops 
as the source of signal, but since both the induced e.m.f’s in 
the loops and the induced e.m.f.’s in the field-coils of the 
goniometer foUow a sine law for one loop (or field-coil) and 
a cosine law for the other loop (or field-coil), the equivalent 
circuit may be greatly simplified. This simplification is effected 
by considering the crossed loops as a single loop and the 
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field-coils as a single coil whose coupling with the search coil is 
constant. The equivalent circuit therefore becomes as shown 
in Fig. 7.11. 

Referring to this figure we have 

in. 

Rx 4- 
<€1 

(oM R, 

R 

= I + r/R + RJR 

On making the following substitutions 

, _ ^ n — "^2 
V{L4y ^ “ r’ Rj 

we obtain 

N= I + 
k^talQ^^R 

+ 
Oil {\ 

R\g 
+ + 

(7-”) 

Examination of the above expression shows that A:, q and 
0,2 should all be as large as possible for the best results. These 
conclusions are quite consistent with simple physical arguments, 
as is also the fact that N is independent of Cg. 

An interesting deduction from (7.11) is that for given values 
of A;, q and there exists an optimum value of wl which is 
given by 

■fV. = 1^1 ^ ‘. . (7-I2) 

The term ijq^ may be neglected in the above expression, 
and since (ol^ R we have 

== V(i + k^dJg) ■ ■ 
The expression for /opt is therefore independent of frequency. 
In practice is likely to be about four times greater than 

g (due to the shape of a goniometer the magnification values 
of the coils are essentially low). As for k^, a likely value is 0*7. 
Hence the value of /opt will generally prove to be equal to 
about Z/s. 

The direct application of the above results is limited to cases 
in which there are no transmission lines between the loops 
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and the goniometer. In the majority of cases, however, trans¬ 
mission lines-are used so that the problem is more complicated. 
We will consider first of all the insertion of a line whose 
attenuation constant is zero. 

Insertion of Lossless Line 

If a transmission line is added as shown in Fig. 7.12 the im¬ 
pedance of the loop will be transformed from Z Z'- The 
transformation is given by equation (7.15), or, alternatively, 

lI d 
k 

1 (0) (b) iIIL: (c)'' 
R| Charocleristic 

«i 9 Impcdonce » Zq 

_Jr’ 

N* noise fi9ure between terminals (o) and (b) 
" (b) ond (c) 

Fig. 7.12. Equivalent Circuit of Grossed Loops and Goniometer 

WITH Transmission Line Inserted 

a circle diagram of impedance as described on p. 457 may be 
used. 

As a result of this transformation the loop may be found to 
resonate within the band of operation. For instance, if 30 m 
of line were used, the loop specified in the previous example 
(p. 327) would have to be reduced from twelve turns to six 
turns to keep the resonant frequency above 600 kc/s. On the 
other hand, too few turns would result in a serious decrease 
in the overall signal-to-noise ratio. 

It will be found that with some combinations of loop and 
line the presence of the line actually improves the signal-to- 
noise ratio at the grid. This is due to the transformer action 
of the transmission line which, in the present instance, has 
been assumed to be lossless. 

Insertion of Line with Losses 

The general observations made in the previous paragraphs 
with respect to a perfect line still apply when the line losses 
are taken into account. The impedance transformation will 
diflfer only slightly, but the line losses will result in a noise 
figure which may be calculated according to equation (7.10)* 
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Using the same notation for the line constants as emplbyed 
in Chapter X, we have the following relationships (Fig. 
7.12)— 

^ z. 
= cosh Pd ~ sinh Pd . . (7.14) 

where e' ~ voltage at goniometer end of line, 

D. , . v/ ~ ^ cosh sinh Pi , 
= (7-5) 

where Z' “ impedance looking left from goniometer. 

It is only the resistive component of Z' which determines 
the available signal power, and if the imaginary part of Zo does 
not exceed ± 2 per cent of the real part the value of this 
component is given by 

, , . Sinh2a^/^ . \ Zm 
cosh 2a<5f + 

The noise figure of the transmission line is therefore given by 

, l-€|sinh2ai/^o , 
^ -(?) (■sj“coshw + —+ 

(7.16) 

If a = o then the above equation gives jV* = i which is, 
of course, correct on physical grounds. When arf is small, 
i.e. less great than 0*1, there is no need to use hyperbolic 
tables since we then have 

cosh 20Ld = 1 
sinh 2(xd ^ 2oLd 

However, in calculating Z' which replaces Z equations 
(7.11) and (7.12), the exact transmission-line formula as given 
in equation (7.15) must be used. 

If 1^1 = in addition to arf being less great than o-i, 
equation (7.16) reduces to 

JV' = (i + (ulQS) . . . (7.17) 

The interpretation of the above expression is interesting, 
for it shows that a large Qr^alue is detrimental to a low 
jV-value. On the other hand a low Q;value is detrimental to 
a good signtd-to-noise ratio at the antenna terminals! There 
is no way out of the impasse—the only compensation is that 
the signal-to-noise ratio at the goniometer end of the line is 
very insensitive to variations in the Q^-values of the loop. 
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In the following example the above approximate formula 
has not beerl used, though it could have been employed without 
introducing appreciable error. 

Example 

Each of the crossed loops has the following characteristics 
(they will be considered as if they were one loop for the reasons 
given on p. 328—hence Fig. 7.12 applies for this example). 

Radius a = 30 cm 
Number of turns k = 6 
Inductance L — 56-2 //H 
Magnification Q, = 100 

The loop is followed by 30 m of twin coaxial line whose 
characteristics are— 

Characteristic impedance Zo — 140 ohms 
Attenuation constant a = o-oi2 db/m at i Mc/s 
(over moderate ranges of frequency a varies as v/) 

The characteristics of the goniometer are as follows— 

Stator coils 9 = 30 
Rotor coil 0,2 = 30 
Stator inductance / = 70 

From the value of a given above we can deduce that a 
= 0'00i07 nepers per metre at 6ookc/s. Therefore at a 
frequency of 6ookc/s, equation (7.16) gives 

jV' = cosh 0-0644 + 50 sinh 0-0644 
= 8-0 

From equation (7.15) we have 

Z' — 108-5 +^658 ohms 

(the corresponding lossless line formula would have 
given a value of Rf which was 7 times too small) 

On substituting Z' for Z equation (7.11) we find that 
the noise figure for the second stage is 

P!" - 2-5 

The overall noise figure is given by equation (5.15) which 
in this case reduces to JV = jV'JV" since == i/Gj = JV'. We 
therefore have 

jV» 20 
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The value of the initial signal-to-noise ratio is the same as 
that obtained in the previous example on p. 327, in spite of 
a change in the number of turns. This is because we have 
assumed the same and area of cross-section whereupon h, 
and y/R both vary directly with «. Therefore 

E, = 33'i X Vso 
= 148 /uV/m (/ = 600 kc/s) 

The table below affords a direct comparison of the sensitivity 
figure E, for different circuits (all refer to the loop, line and 
goniometer stipulated in the above example unless otherwise 
stated). 

Sensitivity E, in ^aV/m 

Type of Circuit 
300 kc/s 600 kc/s 

(a\ Loop directly on grid of first valve . 47 33 
{b) With goniometer and 30 m of lossless line . 249 114 
U) As for {b) but allowing for line losses 27A 140 
(a) With goniometer but no line 268 
W As for {b) but q and Q.* doubled 179 84 
(/) As for (e) but Q, also doubled . 176 1 82 

The conclusions to be drawn from the above figures are— 
1. The introduction of a goniometer of typical Q^-values 

increases the value of E, appreciably—in the above case by as 
much as five times. Even if the goniometer has exceptionally 
high j2,-values, E, is increased by a factor of about 3. (The 
relatively poor magnification factors of goniometer coils are 
partly due to the need of spacing the windings to compensate 
for octantal error.) 

2. The insertion of a transmission line makes relatively 
little difference to the sensitivity figure even when the attenua¬ 
tion of the line is taken into account. Indeed the transforming 
action of the line may cause some lowering of the value of E,. 

3. Once a goniometer has been introduced there is little 
to be gained by striving for higher magnification factors in 
the loop coils themselves. 

4. If a goniometer is added, the only way of restoring the 
original signal-to-noise performance of the receiver is to increase 
the diameter of the loop. If we assume a loop whose radius 
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is large compared with the width across the windings, then 
for a given* value of inductance an^ is constant. By further 
assuming that Q^is constant, we find the signal-to-noise voltage 
ratio at the antenna terminals varies as This indicates 
that the signal-to-noise ratio varies at least in proportion to 
the diameter of the loop but not by as much as the area of 
the loop. 

7.3. ADCOCK ANTENNAE 

General Principles 

Polarization errors could be avoided if we omitted the hori¬ 
zontal members of the loop and used only two spaced vertical 

(a) 
0K}9ram ot induced current* 

Fun arrows indicate currents due to verticoi field 
Dotted • « - . horizontol - 

I 4 

(b) 
Current throu9h coil due 

to unboionce of loops 

‘c > ‘e 

•f >'c 

Fig. 7.13, The Principle of the Adcock Antenna 

antennae. Systems based on this principle are known as 
Adcock antennae, after the name of their inventor. 

The signals in the two vertical members must be brought 
together in some way without introducing pick-up from 
horizontal electric fields; this requirement may be fulfilled 
to a large extent by using parallel or cozixial transmission lines. 
A basic form of Adcock antenna system is shown in Fig. 7.13 (a), 
together with arrows indicating its response to vertical and 
horizontal fields. 

In the case of the vertically polarized field the currents 4 
and 4 obviously flow in opposition through the coil so that 
the output is a measure of the difference signal and thereby 
resembles the case of a loop antenna. With a horizontal 
electric field the currents are such that 

4’" ^0 "-I - I ^ 
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provided the spacing between the two conductors of the trans¬ 
mission line is small enough in comparison with a wavelength 
for the phase differences in the induced currents in the two 
sides to be negligible. If the system is completely balanced 
(as would be the case if it were far removed from neighbouring 
objects or the ground), then 4 = and there can be no output 
due to the horizontal pick-up. If, however, the system is 
unbalanced so that i^, > then if > and we have a resultant 
current through the transformer as shown by the dotted arrow 
in Fig. 7.13 (i). This is equivalent to saying that the “loop” 
current in the lower half of the system is greater than that in 
the upper half. Such a situation arises in the presence of the 
ground when the capacitance to ground of the lower elements 
permits an increase in the circulating current in that portion 
of the system. 

From the above considerations it is apparent that an “H” 
type of Adcock system should be balanced as far as possible, 
and that loop currents should be kept as low as possible. 
For ultra-short-wave reception elevated half-wave dipoles are 
quite easily erected, but for medium- and long-wave reception 
it is more convenient to use the upper half of the configuration 
shown in Fig. 7.13 {a) and to mount this just above the ground 
as shown in the table on p, 336—the antenna is then referred 
to as a “U”-type Adcock antenna. 

If the earth were a perfect conductor the “U”-type would 
have no polarization error at all apart from a very small 
amount due to the finite height of the horizontal link above 
the ground. In practice the finite ground conductivity causes 
this type to have standard wave errors ranging from 10° to 
30° over soil and from 1° to 7° over sea water (for wavelengths 
between 10 and 10 000 m). The smallest errors occur for 
wavelengths of the order of 100 m and the greatest at the 
extremes of the aforementioned range. 

Comparison of Different Types 

Various modifications of the simple “U”-type Adcock antenna 
have been devised with the object of reducing the standard 
wave error still further. These are shown diagrammatically 
in the second column of the table on p. 336. The experimentail 
results given in this table were obtained by Barfield^^®^^, who 
carried out an extensive investigation into the relative merits 
of the different systems. 
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Type Diagram 

Height of 
Horizontal 
Members 
in Metres 

Standard 
Wave Error 
in Degrees 

Pick-up 
Factor m 

Metres 

Loop rn 
rTTPTTTTZfTTTTTVTTTJ 

1 
<A 35 10 to 20 

1 
V7 

■ ■ -vQQQQQ y. J 
TTr 

0-5 12 100 to 200 

Screened 

i 
—V QOQAfi — 

1 
0*5 6 100 to 200 

Elevated or 
“H** type 

1 
1 

rr- 

J 
1 
rrr 

15 2 100 to 200 

Coupled 1 m \ 

1 
I 

0-5 1 50 to 100 

Balanced 
1 

1 
.-TT - i00000] a 

'rv77''77r^777:!f? t 
2*0 6 100 to 200 

Balanced 
Coupled 

l 
c 
c 

1 ^ 
i 

^ 

1 1 
» i 

1 
> > > 2-0 < I 50 to 100 

(Expjerimcntal comparison of loop and Adcock systems for A =» 300 m, ^ 0‘0i 7 
(after Barfield, ref. (181)). The loop is i metre square and all me other fystcms 
are 34 m high. For further information see text.) 
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Neither the loop antenna nor the elevated-type Adcock show 
appreciable changes in the standard wave error for different 
soil conductivities. The screened U-type must have the screen 
earthed at both ends—if the screen is left unearthed no im¬ 
provement at all is obtained. 

The pick-up factors quoted are defined on p. 318, and for a 
simple loop the factor is given by equation (7.4). For a given 
frame area this factor will not vary much when designed for 
different wavelengths, since the of the frame will be roughly 
the same at different wavelengths while the number of turns 
tends to be proportional to X. 

The pick-up factors for the Adcock antennae represent 
favourable cases, particularly since the factor is a maximum 
in the region of 300 m with normal practical heights and 
spacings. The antennae themselves are untuned and the 
voltage is measured across a tuned secondary. For a given 
antenna the pick-up factor will vary as the cube of the frequency 
(or the fourth power in the case of a coupled system) whereas 
with a loop antenna the variation is only with the first power. 
To counteract these variations with frequency in an Adcock 
system, coil changes should be made at fairly frequent 
intervals. 

A variation of the screened U-type is the buried U-type 
Adcock antenna in which the horizontal members are buried 
a metre or so below the ground. Such a system can give a 
better performance than the screened type, but owing to the 
penetration of radio waves into the earth the shielding is by 
no means perfect (a wire screen on the surface of the ground 
may be used to improve the shielding). 

The coupled type owes its good performance to the fact 
that the impedance presented to loop currents is high. To 
keep this as high as possible the capacitauice between the 
windings of the transformer is made small or else an electro¬ 
static shield may be used. Still further improvement may be 
obtained by also balancing the system with capacitors as shown 
in the last diagram of the table on p. 336. A balanced circuit 
of this nature is only strictly correct for one frequency, 
but satisfactory balancing is obtained over a frequency range 
of 4 : I. 

Spaced-loop Antennae 

A spaced-loop antenna system as shown in Fig. 7.14 will have 
the same virtues as an Adcock system when taking bearings 
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along a line AA' or vice versa. In these directions the phase- 
opposite connection of the two loops will cause a zero in the 

Fig. 7.14. The Spaced-loop Antenna 

• SpQc«d*loop D.F 
X X Adcock D.F 

Greenwich Mean Time 
(110 40) 

Fig. 7.15. SiMULTANEOXJS Bearing Observations on a Spaced-loop 
AND AN Adcock Direction-finder 

(Ross, Jour, Mur,, 1947) 

polar pattern despite the fact that each loop in itself has a 
maximum pick>up. At the same time the loops are obviously 
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insensitive to horizontal polarization. The polar diagram also 
has two zeros in the directions BB' and B'B, but for both these 
cases there is no protection against horizontal polarization. 

This system has the advantage that—unlike simple vertical 
antennae—the spaced elements have a pick-up which does not 
vary with the angle of incidence of the oncoming waves. 

As a result the polarization error does not increase rapidly 
with decreasing angles of incidence as is the case with an 
Adcock antenna. The spaced-loop system is therefore particu¬ 
larly useful when bearings are being taken of sky waves which 
have originated from transmitters less than 500 km away. 

This type of direction-finder has been discussed recently by 
Ross,'“®* who gives the results shown in Fig. 7.15. 



CHAPTER VIII 

Antennae for Ships, Aircraft 
and Automobiles 

Although the principles of design remain fundamentally the 
same, various special considerations come into play when an 
antenna is mounted on a moving structure such as a ship, an 
aircraft or an automobile. The problems involved are often 
made more difficult by the fact that very little concession can 
be made to the requirements of the radio engineer. In this 
chapter we shall therefore consider some of the particular 
problems which arise when antennae are used under the above 
conditions. 

8.1. D.F. LOOPS FOR SHIPS 

Influence of Ship’s Structure on D.F. Bearings 

Even in the most favourable positions aboard a ship, the D.F. 
antenna will be affected by the presence of induced currents 
in the rigging, masts, hand-rails and other metallic parts of the 
ship’s structure. These currents cause secondary fields whose 
effect on the D.F. antenna varies with the heading of the ship. 
As a result the D.F. bearings obtained are inaccurate unless 
steps are taken to mitigate the effect of these secondary fields. 

The measures that may be taken to reduce the errors consist 
in breaking up the offending wires by means of insulators, 
bonding the structure to the hull of the ship, or the erection 
of some compensating loop. Even when such measures have 
been taken, there often remains a residual error and this may 
be further decreased by the provision of a cam to the indicator 
mechanism or by the use of calibration charts. Whatever 
measures may be adopted they should be tried under conditions 
which represent as far as possible the normal sea-going state 
of the ship, i.e. rigging, cranes and other movable structures 
should be in their sea-going positions. 

340 
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The interfering secondary fields may be divided into two 
groups according to whether they are mainly in phase quadra¬ 
ture or mainly in phase with the primary field. When the 
structure responsible for the secondary field is distinctly off 
tune, it will give a phase quadrature field if it is a vertical 
radiator but an in-phase field if it is some form of loop. The 

The orpowi Indicotc 

Fig. 8.1. Semicircular Error 
DUE TO Reradiation from a 

Vertical Wire or Mast 

The arrows indicoU 

the directions for 

which the deviotion 

is zero 

Fig. 8.2. Quadrantal Error due 
TO Reradiation from a Loop 

Structure 

former type of field leads to broad minima which can be 
compensated for by the balancing control (the setting of the 
control will, however, vary with the bearing) whereas an 
in-phase field causes deviation errors. The situation may be 
summarized by the table shown on the next page and by Figs. 
8.1 and 8.2. 

Since the errors due to a loop repeat every quadrant the 
loop gives rise to what is known as “quadrantal error.” An 
important point with regard to quadrantal error is that the 
signs of the errors in each quadrant are reversed if the tuning 
of the loop is made to fall on the opposite side of f. Thus the 
errors due to an open loop tuned to a frequency above f (the 
mast-hull structure forms a notable example of such a loop) 
may be compensated for by the deliberate provision of a closed 
loop tuned below f. (In the foregoing remarks it is assumed 
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that the loops in question are in the same plane, since turning 
a loop at right angles will, in itself, alter the signs of the errors.) 
Fig. 8.3 shows a compensating loop circuit. 

The provision of compensating loops is discussed by Solt^^^®^ 
who, among his examples, gives the curves shown in Fig. 8.4, 
which indicate the very useful degree of compensation obtained 
in this way. In practice the addition of a compensating loop 

Fig. 8.3. Compensating Loop to Counteract Mast-hull 
Circulating Currents 

must be made with some care, since any resonance within the 
band of operating frequencies would completely spoil the 
compensation. 

Secondary 
Field 

Source of 
Secondary 
Radiation 

Natural 
Frequency 

of Secondary 
Radiator 

Errors 
Repeat 
every 

Type of 
Error 

In phase quad¬ 
rature 

Vertical | 
conductor! 

Open loop 

Above/ 1 
Below/ / 
At/ 

Semicircle ) 

Quadrant ' 

Indistinct minima 
(correct by bal¬ 
ancer control) 

In phase Vertical 
conductor 

Open loop { 

Qosed loop 

At/ 
Above /. ) 
Below/ > 
Below/ j 

Semicircle \ 

Quadrant j 

Bearings deviated 
from true posi¬ 
tion 

(Frequency of incident wave = /c/s) 

The effects of vertical conductors and loops are not quite 
so simple as the above table might lead one to believe. 
For one thing, the phasing will be modified by the distance 
between the secondary source and the D.F. loop; also the 
effect of such phasing will vary with frequency. Another point 
is that the loop circuits will also exhibit some antenna effect. 



Plate XIII. The Crossed-loop D F. Antenna on S S. “Orion” 

{Courtesy of Marcom Internattonal Marine Comm Co , Ltd ) 
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Indeed, in the directions of the greatest quadrantal error the 
minima may suffer appreciably owing to an in-phase field 
component. This obscuring of the minima in the regions of 
maximum deviation is also cured to a large extent by the 
provision of a suitably designed compensating loop. 

Whenever the D.F. loops are small enough to be screened 
this should be done, since screening has the advantage of 

Fig. 8.4. Reduction of Quadrantal Error by Means of a 

Compensating Loop 

(Solt, Proc. LR.E.t Feb., 1932) 

reducing antenna effect and precipitation static as well as of 
providing a weatherproof housing. An example of a pair of 
screened crossed loops is shown in Plate XIII; they are 
essentially a small form of Bellini-Tosi loops, though one usually 
associates the name with large unscreened loops. 

Bellini-TosI Loops 

All the early direction finding on ships was done by crossed 
loops of considerable size (on large ships each loop might have 
an area of some 50 m*). Such loops are known as Bellini-Tosi 
loops and have the advantages of a better pick-up factor and 
greater freedom from quadrature effect. 

The essential features of such loops are that they should have 
equal areas, be at right angles to each other, and that each 
loop should be symmetrical about a vertical axis. The loops 
need not have similar shapes, neither do they need to have 
the same central vertical axis. It is obvious therefore that a 
great variety of loop arrangements could be devised—^for a 
selection of such arrangements the reader may refer to the 
book by Keen<^^> who deals at some length with Bellini-Tosi 
loops. 
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Whatever site is selected on the ship, the stray capacitances 
should be both as small and as symmetrical as possible; also 
it should not be necessary to move the loops when taking on 
cargo. A rotating loop (or a pair of small crossed loops as 
shown in Plate XIII) is therefore an obviously much more 
convenient structure, particularly on board relatively small 
ships. Provided the quadrantal error of a small loop can be 
compensated for and the signal-to-noise ratio be kept low 
enough, there is nothing to be gained by the use of large 
unscreened loops. Consequently large loops are rarely used 
nowadays. 

8.2. COMMUNICATION ANTENNAE ON SHIPS 

The provision of suitable antennae for communication purposes 
on board a ship raises more difficulties than on a land station. 
On the whole it is the receiving antennae which are the most 
difficult to design and locate; this is because they will have 
currents induced in them both by the transmitting antennae 
and by the electrical machinery on board. In particular, when 
sailing in tropical regions the large number of fans operating 
can raise the noise level to a serious extent. 

On large ships the problem of separating the transmitting 
and receiving antennae is fairly simple. Fig. 8.5 shows the 
layout of the antennae on the Queen Mary, As usual, the long- 
and medium-wave transmitting antennae are of the T or 
inverted-L types and their top portions are suspended between 
the two masts, ^or short-wave transmission inverted-V 
antennae are mainly use^ the top ot the aft funnel forming 
one point of support. The short-wave receiving antennae are 
horizontal dipoles suspenffeS” between “the first two funnels, 
while^ those fofnSng” and medium waves lire sloping wires 
bet^^a^li llie same ivvo ft^ds.X** -- 

In spite of the advantages of inverted-V transmitting 
antennae—they are so obviously suited to mounting on a ship 
—they have since been superseded on the Queen Mary by 
horizontal dipoles. The reason for this is that the inverted 
V’s were found to be too directional, (jn addition it has been 
found that horizontal antennae are less subject to los^fe and 
distortions to the polar diagram, since the induced currents 
in the neighbouring metallic structures are not so great.^ 

a sm^ship it is often necessary to use the same antenna 
for both transmission and reception, A further simplification 
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consists of making the antenna in the form of an all-wave 
antenna, the t^ portion acting" as ^ top capacitor-cm long 
and medium wa^s but as af double-wire dipole feeding to a 
transmission line on short waves3 

8.3. AIRCRAFT ANTENNAE FOR D.F. AND LANDING 
SYSTEMS 

The design of D.F. loops for aircraft has followed the same 
course as in the case of ships, i.e. the use of large loops has been 
superseded by small screened loops. With aircraft, however, 
the trend has been even more definite since the modern all- 
metal plane precludes the use of large loop structures. 

In the days of wood and fabric biplanes, the wires for a 
loop antenna could be run along the top wing, down an end 
strut and back again via the lower wing and a strut at the 
farther end. If the aircraft were heading towards the trans¬ 
mitter, the loop would be in a position of minimum pick-up; 
thus it was necessary to slew the plane from side to side occa¬ 
sionally to verify that the heading was correct. The method 
was improved upon by providing a small auxiliary coil whose 
plane was in the line of flight; hence when heading towards 
the transmitter this coil was at maximum pick-up. On adding 
the signals from the larger main loops, first in one sense and 
then in the opposite sense, an overlapping pattern of reception 
was produced which made it unnecessary to slew the plane. 
The smaller loop acted virtually as a sense-determining loop 
and was usually termed the ^‘main” loop, i.e. the normal 
terminology with regard to ‘‘main’’ and “auxiliary” was the 
reverse of that given above. 

The slow speed of early aircraft also made it possible to 
mount Bellini-Tosi loops on top of them. On biplanes the 
crossed loops were mounted between the wings, while on 
monoplanes one loop was fixed in the plane of the fuselage 
and the other along the wing—the central support for both 
loops being a short mast. 

Present-day practice is to mount a screened rotatable loop 
either above or below the fuselage. The former position is 
convenient for small aircraft of the private type, while the 
latter is more suitable for commercial airliners. Plate XIV 
shows a typical D.F. loop mounted below the fuselage. An 
extra advantage of the rotatable screened loop is that it may 
be used for ordinary reception purposes when precipitation 
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static is marring the reception on other antennae. Indeed this 
ability to be able to use the loop for normal reception is a 
regulation requirement in some countries. 

One trouble that may beset a rotating loop is that heavy ice 
formation can freeze it to the fuselage. For this reason loops 
have been mounted in the nose of some commercial aircraft 
(the nose being non-metallic), in which position all aero¬ 
dynamical drag is also eliminated. Unfortunately such nose 
installations are subject to large deviation errors. Another 
method that has been used to combat ice formation and drag 
is to make the whole loop retractable. An example of a 
retractable loop is given in the book by Keen<^^^ in which is 
shown a picture of such a loop of 13 in. diameter as fitted to 
an Imperial Airways flying-boat. Yet a further method is to 
fit the loop in a bulge in the perspex dome over the cockpit. 
This arrangement is employed in the De Havilland ‘‘Dove,” 
of which a sketch is shown later, in Fig. 8.10. 

As in the case of ship installations, the D.F. loops on aircraft 
are subject to deviation errors. If the loop is mounted below 
the fuselage a calibration on the ground is useless, but if it is 
mounted on top of the fuselage a ground calibration will give 
useful—though not necessarily quite accurate—indication of 
the deviation errors. 

Homing Systems and Automatic Direction Finders 

The method described in the previous paragraphs of obtaining 
a right-left indication from a transmitter received a number 
of extensions which resulted in “homing devices” in which the 
indication was given in the form of a pointer (such a system 
has also been called a “radio compass”). In order to take 
bearings of transmitters at any angle with respect to the aircraft 
it becomes necessary to rotate the loop in some manner; the 
system is then known as an “automatic direction finder.” 

The required polar patterns for a homing device are obtained 
by forming two cardioid polar diagrams as shown in Fig. 8.6. 
Each of these is obtained by the usual device of adding an 
in-phase signal from a vertical antenna to the loop signal. 
By either mechanical or electrical commutation the phase of 
one of the component signals is changed by 180° at regular 
intervals, thereby producing the complementary pattern. 
Such a homing device is particularly suited to small aircraft, 
in which case the loop projects above the pilot’s cabin. When 
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used for homing, the loop is fixed with its plane at right angles 
to the direction of flight. 

The disadvantage of a homing device is that, in the presence 

of a cross wind, the aircraft will follow a curved course over 
the ground as shown in Fig. 8.7. With care the additional use 
of a magnetic compass can minimize this drifting off the 

Wind 

Fig. 8.7. Path followed by Homing Aircraft in presence of 

A Side Wind 

straightest course, but this detracts from the simplicity of the 
original idea. 

The functions of the radio compass have been extended in 
an interesting manner by Busignies to provide an automatic 
direction finder. The system works on the principle of rotating 
the loop at, say, 300 r.p.m. This causes the signal strength of 
the station to which the receiver is tuned to vary cyclically 
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with the loop rotations—the maximum pick-up occurring when 
the loop is in line with the station and the minimum when it is 
at right angles. The rectified output therefore varies cyclically, 
so that by comparing the phase of the output with the phase 
of the a.c. generator used for rotating the loop we obtain a 
direct measure of the bearing with respect to the aircraft. A 
discussion of the phase comparison and of the method of 
resolving the 180° ambiguity is beyond the scope of this book 
—the reader will find them described in an article by 
Busignies*®®*’. 

An automatic direction finder used extensively in America 
is one in which the loop is driven by a motor which causes the 
loop (and therefore the keyed cardioid patterns) to rotate 
until the equi-signal direction is found. This position is 
registered by a pointer geared to the motor. 

Radio Altimeter Antennae 

The principles of the radio altimeter have been discussed in 
a number of articles in recent literature, in particular a descrip¬ 
tion will be found in the book by Sandretto.*^*’ From the 
antenna point of view, the main requirement is a wide band¬ 
width—a typical frequency excursion for the transmitter is 
± 25 Mc/s with a mean of 500 Mc/s. Thus the required 
bandwidth exceeds that obtainable by ordinary thick antennae. 

In order to meet the requirements a tuning stub must be 
used and this may be calculated in the manner described in 
§ 10.7. The tuning stub was incorporated in the antenna in a 
very neat manner by the Western Electric Co., who used the 
circuit shown in Fig. 8.8. To reduce the effect of icing, a 
perspex casing was fitted over the radiating portion. An 
alternative form can be made by filling a tuning stub of 
appropriate length with polythene and surrounding the feed 
point with the same material; this gives a weatherproof 
construction of small dimensions. 

The polar diagram of an altimeter antenna of the type shown 
in Fig. 8.8 is almost ideal since all the energy is directed down¬ 
wards, yet the beam it produces is not too narrow (a narrow 
beam would cause the signal to be lost if the plane banked 
sharply). The transmitting and receiving antennae are usually 
identical; they are either mounted one on each wing, or 
separated by about 2 m under the belly of the aircraft. The 
exact spacing depends on the degree of coupling required 



350 Antenna Theory and Design 

between them. In cases where direct injection is employed, 
this coupling is made as weak as possible. 

An obvious improvement on the above type of antenna 
would be obtained by the use of two slot antennae. Actually 

x/2 

\ 

mmmmrnm ■H / 

1 * Polystyrene 
Seal 

^/4 

Skin of Aircraft 

///////////Z ////////////// 

Fig. 8.8. Altimeter Antenna with Quarter-wave Stub incorporated 

IN One Half of the Dipole 

this is not quite so simple as it sounds, for the box behind the 
slot must take up an appreciable space; moreover, the slot 
may weaken the skin stressing. Consequently the provision 

S.W. Antenno 

Fio. 8.9. Typical Antenna Layout on a Small Aircrafi’ 

of slot antennae cannot be introduced as an afterthought— 
they must be fitted in with the general design of the aircraft. 

Marker Beacon Antenna 

Marker beacons operate on wavelengths between 2 m and 8 m, 
and their transmitting antenna is a horizontal dipole (or an 
array of dipoles) lying in the direction of approach for the 



Antennae for Ships ^ Aircraft and Automobiles 351 

aircraft. Reception is obtained conveniently therefore on a 
half-wave dipole consisting of two lengths of wire which are 
suspended below the fuselage on short masts some 30 cm long. 
The dipole is therefore quite near the body of the plane; hence 
its input impedance is low, but this is unimportant compared 
with the aerodynamical advantages gained. 

Antennae for Approach Systems 

A simple vertical rod i m high forms an effective antenna for 
approach systems using vertical polarization and working on 
wavelengths of about 8 m. Beam approach systems on about 
3 m wavelengths are often horizontally polarized, in which 
case one of the simpler forms of loop antennae [see Fig. 3.28) 
may be used, the mounting position being somewhere above 
the control cabin, as in the case of the vertical rod. 

For the B.A.B.S. (beam approach beacon system) method of 
landing a ground beacon is interrogated from the plane and 
the return signal is received on two keyed antennae whose 
polar patterns overlap in the forward direction. To achieve 
the correct pattern the two receiving antennae are mounted 
on either side of the nose of the plane together with director 
elements. Plate No. XV shows the port-side receiving system 
and also the quarter-wave transmitting antennae under the 
nose of a B.O.A.C. “York’’ aircraft. 

8.4. AIRCRAFT ANTENNAE FOR COMMUNICATION 
CHANNELS 

The antennae used for communication purposes fall into four 
main groups: (i) trailing wires for long, medium and short 
waves, (2) a wire from a short mast near the nose to the tail 
fin for short waves, (3) whip antennae for ultra-short waves and 
(4) antennae formed by exciting some portion of the metal 
skin of the aircraft. The various forms are illustrated in 
Figs. 8.9 and 8.10, together with the other types of antennae 
normally found on such aircraft. 

Trailing-wire Antennae 

The trailing-wire antenna formed the earliest solution to a 
transmitting antenna for long and medium wavelengths. A 
typical installation is shown in Fig. 8.11, from which it can 
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be seen that for a speed of 250 km per hour (about 150 m.p.h.) 
the distance of the weighted end below the aircraft will be 
roughly one-third of the length of the wire. 

It will be noticed that the farther away from the aircraft 
one goes, the more vertical the wire becomes—at the same 

Fig. 8.10. Example of Antenna Layout on a Commercial Aircraft 

time the current in the wire diminishes. Consequently the 
effective height of the antenna is only about one-quarter of 
the actual height, i.e. in Fig. 8.11 the effective height will be 
about 4 m. 

The wire itself is made of stranded steel about 1-25 mm 

(50 thou.) diameter and is wound out through a “fairlead’’ 
which is an insulated tube projecting some 0*5 m below the 
fuselage. An obvious position for the fairlead is at the front 
of the aircraft below the radio gear. Unfortunately this position 
causes the antenna to run roughly parallel to the fuselage for 
some distance (particularly at high speeds) with the undesirable 
results of increasing the capacitance at the base of the antenna 
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and increasing the losses due to induced currents in the aircraft. 
There is therefore some advantage to be gained by placing 
the fairlead about midway down the fuselage if such an arrange¬ 
ment is not mechanically too inconvenient. In Plate No. XV 
the fairlead can be seen under the nose of the aircraft on the 
port side. 

Experiments by Bovilh^®®^ indicated that at a wavelength 
of 900 m the capacitance of a trailing antenna of 60 m (200 ft) 
varied between 350 and 450 /^/xF according to the type of 
aircraft. At the wavelength in question the capacitance would 
differ very little from the static capacitance since the total 
length of the antenna would be about A/15. static capaci¬ 
tance of the wire in free space may be found directly from 
Fig. 2.6; in this case IJa = 96 000, so that C = 305 ^fxF. The 
measured values exceed this owing to the proximity of some 
of the wire to the body of the aircraft. 

The radiation resistance at a wavelength of 900 m is but 
a small fraction of an ohm, but measurements show that the 
total resistance lies somewhere between 5 and 20 ohms. Hence 
the antenna is inherently very inefficient. These high losses 
cannot be attributed to the use of steel wire but appear to be 
due to losses in the fairlead and the body of the aircraft. 

At a wavelength of 600 m (which is used for distress signals 
over the sea) the antenna capacitance will be slightly greater, 
while the total resistance tends to decrease in spite of the radia¬ 
tion resistance being doubled. This decrease in the total 
resistance continues with decreasing wavelengths until, in the 
case of a 50 m wire, a minimum is reached at about 700 kc/s 
(430 m). For still shorter wavelengths the total resistance 
increases again owing to the fact that the radiation resistance 
now becomes appreciable. A typical curve is shown in Fig. 
8.12; this was obtained by interpolation from the experimental 
results of Hyland. At the quarter-wave resonance condition 
the resistance is between 10 and 20 ohms, the value being such 
that it lies between that obtained with a resonant fixed aircraft 
antenna and that obtained with a vertical quarter-wave 
antenna above the ground. The net result is to give a total 
resistance which does not vary very widely over the whole 
wavelength range of 200 to 900 m. 

If the wire can be let out to various lengths the matching 
problem over a wide range of frequencies is simplified, so 
that the trailing antenna can then also be used for short-wave 
transmission. An ideal arrangement is to provide an automatic 
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motor mechanism which lets out just the right length of wire 
to suit the selected wavelength. However, such a refinement 
is only economical on a commercial airliner but these are 
tending to give up trailing wires for the reasons mentioned 
below. 

The trailing-wire antenna has a number of disadvantages 
which are tending to make it obsolete except for emergency 
use or for communication with ships. It causes considerable 
dynamical drag (a feature which cannot be overlooked in 

300 500 700 900 IIOO 1300 1500 1700 

Frequency in Kc/t 

Fig. 8.12. Resistance of a 50 Metre Trailing-wire Antenna 

(Hyland, Proc. LR,E.y Dec., 1929) 

high-speed aircraft); the strains on the wire are such that 
renewals are frequent; it has sufficient horizontal polarization 
to cause bad D.F. errors (this type of error is known as “aero¬ 
plane effect”); in concentrating on landing, a single pilot 
can easily forget to wind the antenna in; the tail end of the 
wire is very susceptible to icing. 

Since the intr^uction of short and ultra-short waves for 
communication purposes the main advantage of the trailing 
wire—namely that of a better effective height for mediuih 
waves—^is no longer so important. Also the increased size 
of commercial aircraff has made the provision of reasonably 
efficient fixed antennae easier, so that even on medium waves 
a serviceable result can be obtained with a fixed wire. Of 
course, for reception purposes the difference between trailing- 
and fixed-wire antennae may be negligible, since the signal- 
to-noise ratio then becomes the important consideration and 
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this seldom depends on antenna efficiency when medium waves 
are concerned. 

Fixed-wire Antennae 

Because of the disadvantages of trailing-wire antennae men¬ 
tioned above, fixed antennae stretched along the length of 
the fuselage at a height of about i m have been tried instead. 
With such a fixed antenna the range of communication with 
100 W into the antenna is reduced to perhaps only 100 km, 
which is half the range possible with a trailing antenna; 
nevertheless the convenience of the fixed wire makes it an 
attractive proposition. 

The effective height of the fixed wire is roughly equal to 
its height above the fuselage, and since this is limited to i m 
or so for aerodynamical considerations, the effective height is 
only one-third or one-fourth that of a trailing-wire antenna. 
Also the capacitance of the wire is reduced by about the same 
amount as compared with the trailing type. As a result of the 
low capacitance values, the peak voltage at the antenna input 
may have values as high as 20 000 V. The fixed-wire antenna 
is therefore a highly inefficient form of radiator for medium 
and long wavelengths. 

At short wavelengths, however, the fixed-wire antenna is 
not nearly so inefficient and it is at such wavelengths that the 
fixed-wire type finds its main use. Two typical installations 
are shown in Fig, 8.13, together with the corresponding typical 
impedance curves. 

Case A is that of a small and relatively slow aircraft in 
which a tall mast of i m to 2 m is used, the total length of 
wire being about 6 m. This results in an inverted-L antenna 
for which the quarter-wave resonance occurs at wavelengths 
of about 4*2 times the length of wire, i.e. the resonant frequency 
fo is in the neighbourhood of 12 Mc/s. 

The radiation resistance of such an antenna could be calcu¬ 
lated to a useful degree of approximation by treating it as 
an inverted-L antenna whose ‘"ground” is the metal fuselage 
of the aircraft. The appropriate curves for this calculation 
are given in Fig. 2.5. With a metal fuselage the ground is so 
highly conducting that the base resistance, jR^, is hardly any 
greater than the radiation resistance (at least for frequencies 
above 0-4^). 

To estimate the base reactance X,, one can assume tenta¬ 
tively a characteristic impedance of 500 ohms and then apply 
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equation (2.1). Such a value for the characteristic impedance 
will lie between the free-space value and that which would be 
obtained if the top of the fuselage were an infinite conducting 
sheet. 

Case B of Fig. 8.13 represents the long sloping wire as used 
in many commercial aircraft to-day. The length of wire would 
be about 15 m, so that the resonant frequency is of the order 
of 5 Mc/s. Owing to the close proximity of much of the wire 
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Fio. 8.13. Average Characteristics of Fixed Aircraft 
Antennae 

to the fuselage, the characteristic impedance of the wire is 
lower and hence the reactive impedance is also lowered. The 
absence of a mast at the front end decreases the radiation 
resistance in comparison with case A for corresponding 
fractions offo. 

With a sloping antenna the radiation resistance may be 
estimated by considering an equivalent antenna whose vertical 
and horizontal portions are about 0*8 times the vertical and 
horizontal projections of the actual antenna. A more refined 
approximation on these lines may be found in the book by 
Sandretto.<”> For estimating the reactance, a characteristic 
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impedance whose value lies between 300 and 350 ohms may 
be assumed. 

In view of the different shapes of aircraft it is impossible to 
give fairly exact figures on the antenna characteristics. When 
the aircraft has a double tail the antenna may be constructed 
with a V top, thereby increasing the antenna capacitance and 
broadening the bandwidth. An antenna of this type is shown 
in Plate No. XIV. 

Another form of fixed-wire antenna is one which runs along 
the length of the wing in the manner shown in Fig 8.14 (a). 
The general form is that 
of a low T-antenna and 
the impedance character¬ 
istic is roughly the same 
as that of a sloping-wire 
antenna (type B, Fig. 
8.13) whose length is 
some 30 to 50 per cent 
longer than half the top 
of the T. 

There is some difficulty 
in measuring the polar 
diagram of an aircraft 
antenna; measurements 
on the ground cannot be 
relied upon, while flight 
tests are costly and their 
results require careful 
interpretation. For this 
reason Haller^^w) con¬ 
structed a high platform 
on which one-tenth scale models could be placed (the wave¬ 
length used for the tests was also one-tenth of the working 
wavelength). When performed with a fixed antenna along 
the length of the fuselage, these tests showed that at frequencies 
up to about the quarter-wave resonant frequency the hori¬ 
zontal polar diagram was substantially a circle and the 
polarization predominantly vertical. At higher frequencies the 
increased radiation from the horizontal portion introduces an 
appreciable proportion of horizontal polarization in certain 
directions, but for communication purposes the antenna may 
still be considered as an omnidirectional radiator of vertically 
polarized waves. 

CQ> 

Sloping T- type Antenna 

Cb) 
Shunt‘Excited Metal Win9 

Metal Wln9 Excited by Coil in Cut -away 
Portion Covered with Dielectric 

8.14. Three Types of Wing Antennae 
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Finally a few mechanical points might be mentioned. With 
fixed-wire antennae, the diameter of the wire is about i to 
1*25 mm (40 to 50 thou.) and the material is stranded steel. 
It is advantageous to use copper-clad steel since the resistance 
reaches quite low values on some parts of the short-wave range. 
Special streamlined insulators are available for aircraft use; 
these both decrease the wind resistance and reduce the possi¬ 
bility of icing. 

Shunt-excited Wing 

An obviously attractive idea is to use the actual wing of an 
aircraft as the antenna. Since it is impracticable to insulate 
the wings from the fuselage, the wing antenna may be shunt fed 
in the manner shown in Fig. 8.14 (6). 

The impedance curve of such an antenna has a resistance 
component which is rather similar to curve A in Fig. 8.13 (the 
corresponding fixed antenna has a length equal to one-half 
of the wing span). The reactive component, however, is quite 
different and is inductive for all frequencies below the full-wave 
resonant frequency. For example, the curves given by Haller<211) 
showed an inductive impedance of 600 ohms when the whole 
wing was at half-wave resonance. An inductive input im¬ 
pedance at the first resonant point is quite normal for all 
shunt-fed antennae—whether grounded or not—and calls for 
a series tuning capacitor. 

Nowadays commercial aircraft are often designed for flying 
speeds in the region of 500 km/hr and at such speeds even the 
wire feed shown in Fig. 8.14(A) is objectionable. In such 
cases the feeder system may be completely suppressed by using 
a loop for excitation where this loop is inside either the leading 
or trailing edge of the wing. For this purpose the portion of 
the wing which encloses the loop must be non-metallic {see 
Fig. 8.14 (c)). The area of the loop would be about 0-2 m^ 
for an aircraft of the size shown in Fig. 8.10 and might consist 
of, say, three turns of copper tubing in which case the input 
impedance would be of the order of 5 + jioo ohms. 

It is interesting to note that with the above form of excitation 
the fuselage must also be excited to some extent; in fact we 
have virtually made a horizontal turnstile antenna out of the 
surface of the aircraft. Nevertheless practical tests indicate 
that there is also an appreciable vertically polarized field from 
such antennae. For further information the reader may consult 
a paper by Johnson. 
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Whip Antennae 

The use of ultra-short waves for communication has made it 
possible to use a very simple form of omnidirectional radiator 
which consists of a non-rigid vertical rod projecting above the 
fuselage. At a frequency of 
125 Mc/s the length of such a 
rod will only be about 60 cm. 

A typical requirement for 
such an antenna is that it 
should cover a range of ± 
10 Mc/s without being re¬ 
tuned. This may be achieved 
by means of a tuning stub 
in the manner described in 
§ 10.7. In this way the input (a) 
impedance about the quarter- 
wave resonance point may be 
kept reasonably constant. 

If the whip is mounted too 
near the tail fin, a serious 
decrease in the backward 
radiation may occur, but this 
is not a favourable position 
unless the transmitter is moun¬ 
ted in the tail of the aircraft 
and remotely controlled. A 
very convenient position in 
practice is just at the back of g UmPotB Method of 

the cockpit, m which case an Excitino a Tail Fin 

appreciable portion of the 
“ground” below the whip may consist of the plastic dome 
to the cockpit. If this is so, all calculations based on the 
assumption of a quarter-wave rod above a large conducting 
sheet are invalidated and the impedance characteristics must 
be determined experimentally. 

It is to be expected that, for certain positions in flight, the 
structure of the aircraft would screen off some of the radiation 
from the plane. Although this effect has been observed, it 
does not appear to be an important limitation. For a recorded 
case of such screening, together with some curves showing 
relative field strength versus distance, the reader may consult 
tiie book by Sandretto.<^*> 
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A suppressed form of ultra-short-wave antenna nlay ht 
formed .by exciting the tail fin or some portion of it. For 
^xample^ if the tail is of plastic material the leading edge may 
be covered with copper foil. By making a vertical recess in a 
feaetallic fiti as shown in Fig. 8.15 the whole fin can be excited 
as if it were half a folded dipole (the other half being supplied 
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Full curves - Flight meosurements 

Dotted curves - Ground measurements 

Fio. 8.16. Experimental Impedance Curves of a Three-wire Fan 
Antenna 

(Bennett, Coleman and Meier, /Vor, Oct., 1946) 

by an internal quarter-wave stub in series with the vertical 
feeder). The vertical feeder should be enclosed in polythene 
to aid the streamlining and to reduce precipitation static. 

At distances of over 20 km from the ground station the field 
strength may be calculated by means of the ordinary ray 
theory as outlined in § 9.5, but, nearer in, the field strength is 
less predictable due to the structure of the aircraft modifying 
the radiation pattern. Fortunately at short range the field 
strength is high enough for the fluctuations in signal strength 
to be unimportant. 

Fan Antennae 

In order to obtain even wider bandwidths than is possible with 
a whip antenna and tuning stub, a set of wires spread out 
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fanwise may be used. Such an arrangement is the practical 
equivalent to a “thick” antenna which, as is well known, results 
in a wider bandwidth. 

Fan antennae are described (among others) in a detailed 
article by Bennett, Coleman and Meier.Their prototype 
fan antenna is shown in Fig. 8.16, together with impedance 
curves for both ground and flight measurements. Fig. 8.17 
shows a three-wire fan antenna as installed on the tail of a 

Fig. 8.17. Fan-type Antenna Mounted on Tail of Aircraft 

large eiircraft. With this type of antenna, bandwidths of 
±15 per cent are realizable for a limiting standing wave ratio 
of I -5 to I (the authors take 2 : i as their criterion, for which 
value bandwidths of over ± 20 per cent are feasible). 

8.5. AUTOMOBILE ANTENNAE 

^n long and medium waves the effect of the metal body of a 
car on the field distribution is not very great. I'his is to be 
expected, for the dimensiops of the car are small in compaiison 
with a wavelength so that no resonances can be set up. I he 
maximum differences due to the body are about rtr 50 per cent 
on the ongmal held strength; is ot im importance for 
communication purposes ^t neecS considera^n if accurate 
fi^d strength measurements are reqmred^ 

Figs. 8 .]^ and 8.19 show some ot me results of tests conducted 
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by DeWitt and on the influence of a car body on 
the field strength, (it will be seen that above the roof the field 
is actually some 10 to go^per cent greater, depending on the 
orientation of the car> while atthe sides tH^ere is a diminution 
of soiTYg"45^er cent along those sides whirh are right angles 
to the plane ot' the wavefront. These chains tp^the^JBeid were 

Direction of 
♦to 

Fig. 8.18. Percentage Change in Field Strength on Medium 
Waves due to Presence of an All-metal Truck 

(DeWitt and Omberg, Proc. LR.E.f Jan., 1939) 

found to be independent of frequency within the broadcast 
l^nd; they can ^e attributed to induced currents in the 
metallic surfaces Tor continuous loops of metal). The ^rength 
and direction oFthese induced (Currents foltew the same general 
laws as those appTicable to a D.F. loop, i.e. an isolated surface 
which was parailel to the ground or to the plane of the wave- 
front would not Have any induced currents. S 

The four main positions for car antenfiae are shown in 
Fig. 8.20. Of these only the under-car type has the advantage 
of being concealed but in other respects it is the worst form 
of antenna. That such a form of antenna is at all practicable 
is due largely to the fact that medium waves penetrate for a 
distance of some metres into the ground, so that from a 
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pick-up point of view it is ^almost imraate»a4-if the antenna 
is th^ car. {Th^*g st^^^rnp.nt is not true for very 
wet or reinforced concrete roads for which the pick-up is 
sometimes reduced to about one-third of its normal value.) 
a n junHer-car _lype of antenna is very liablc-la-damage 

unless^it is strongly made and suspended by means of flexible 
rubber straps, Hut its greatest disadvantage is lhat-itis-situated 
m a regioh of Ei^ noise fields. The noise fields are partly 

Fio. 8.19. Percentage Change in Field Strength on Medium 

Waves due to Presence of an All-metal Truck 

(DcWitt and Omberg, Pro€. I.R.E., Jan,, 1939) 

due to the ignition system and partly to the discharges of 
static fields set up by the action of the rotating wheels. The 
mechanism of this “tyre static” is that the tyres become charged 
by the rubbing action on the road, whereupon these charges 
leak on to portions of the wheel which are insulated from the 
main body of the chassis by virtue of oil films. The noise field 
is generated when such capacitors are discharged either by 
the potential being great enough to puncture the oil film, or 
through causes such as sparking across to the brake drums. 

A further type of noise to which the under-car antenna is 
especially prone is intermittent contact noise caused by poor 
bonding of the metal portions of the car. Intermittent contacts 
are liable to result in changes in the effective height and 
therefore in the pick-up of the antenna. 

^th the scuttle and byrnp^r nf nmnl nrr nnfnvmirnhly 
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situated with regard to local noise fields. They both have a 
^e^r ^It'ective height than the normal type of over-car 
antenna, but this is counteracted to some extent by the capa- 
citance of the lower portion to the body in the case of the 
scuttle type, and by the capacitance of the input leaTlh the 
case of the reaF bumper version The performance of the 
bumper antenna can be improved by fitting the radio in the 
rear of the car but this leads to complications in the desijgn of 
the contr^ forlEe radio equipment 

The over-car antenna has everything to recommend it from 
an electrical point of view, furthermore the characteristics of 

ScuttIt 

such antennae may be predicted to a satisfactory degree by 
standard theoretical methods. For instance, the capacitance 
of the horizontal portion may be calculated by taking double 
the capacitance of a parallel-wire line of equal length and 
of spacing equal to that between the horizontal portion and 
its image in the metal roof. Also the effective height is approxi¬ 
mately equal to the actual height as is the case with a normal 
inverted-i antenna whose top is long relative to the vertical 
portion, ^htis a tvp^l over-car antenna will have a capa- 
cij^ce of^hnnf and aji efTeotve heieKTof J 
Sometimes an over-car antenna t^es tEe forgi of a short 

vertical rod some 30 to 40 cm high without any horizontal 
p(^on. In such-cases the anteima will have a (:;apacitance o^ 
about 5 jUjuF and an effective height of half the actual height 

The reduction of the local noise field surroimdmg a c^ is 
a complex problem and involves some trial and error with 
regard to the running of leads, bonding, etc.; but the most 
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effective single measure that can be taken is to fit non-inductive 
resistors of about 10000 ohms resistance in series with each 
sparking-plug lead. In this way the sparking current is made 
to take the form of a highly-damped pulse instead of having 
the usual oscillatory waveform. 



CHAPTER IX 

Propagation of Radio Waves 

Broadly speaking, we may divide the propagation character¬ 
istics of radio waves into three groups—those for which the 
ground is a good conductor (long and, to a lesser degree, 
medium waves), those which are reflected efficiently by the 
ionosphere (short waves), and those for which the ground is a 
dielectric (ultra-short waves and, to a greater degree, micro- 
waves). These characteristics are used to obtain good radiation 
along the surface of the earth in the case of long and medium 
waves, long-distance transmission via the ionosphere on short 
waves and quasi-optical transmission on the still shorter 
wavelengths. 

General solutions of the propagation of radio waves (ex¬ 
cluding the effect of the ionosphere) have been given by 
Norton<27i) ^^d Burrows and Gray.^^®^^ These solutions deal 
with antennae of either form of polarization and of any height, 
wavelength, or ground constants. The calculations are neces¬ 
sarily involved, but fortunately in the large majority of practical 
cases a much simpler analysis will suffice. This is due to the 
following facts— 

(a) on long and medium waves the antenna is normally 
a vertical radiator on the ground, 

(b) on short waves ionospheric propagation is usually 
required so that the surface wave at the point of reception 
is negligible, 

(c) on ultra-short and microwaves the surface wave is 
negligible at even short distances. 

The five sections which deal with propagation at specific 
wavelengths arc preceded by one outlining the analysis of the 
wave into surface, space and sky waves. An appreciation of 
the general principles of this resolution is essential for an 
understanding of field strength formulae* 

see 
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9.1. SURFACE, SPACE AND SKY WAVES 

In general, the field strength at any point may be resolved into 
three distinct components—these are (a) a surface wave, {b) a 
space wave, and {c) a sky wave. The second of these com¬ 
ponents can be further resolved into a direct ray and a ray 

Full lines show cqui-phase planes 

Dotted lines show equi-omf^itudc planes 

Fig. 9.1. The Structure of a Surface Wave 

reflected off the ground. To make this classification clearer 
it can be put in the form of a family tree— 

Total Field 

Surface Wave Space Wave Sky Wave 

Direct Ray Reflected Ray 

In the great majority of practical cases at least one of these 
components is either negligible or non-existent; this simplifies 
considerably the field strength calculations. The properties of 
these components may be summarized as follows— 

(a) The Surface Wave 

This component consists of a wave which travels along the 
ground in a tilted manner as shown in Fig. 9.1. 

It might appear from this figure that there ought to be a 
reflected ray off the ground. Actually there is not, for the 
surface wave is a non-homogeneous wave, i.e. the equiphase 
planes do not coincide with the equi-amplitude planes. As a 
result the wave is capable of travelling along the ground 
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without reflection, but a certain proportion of the total energy 
is continually propagated into the ground. This proportion 
depends on the horizontal component of the electric vector 
which is elliptically polarized. The polarization of this vector 
for different wavelengths is shown in Fig. 9.2, while Fig. 2.25 

(Norton, Froc, Sept., 1937) 

gives the depth of penetration of the wave into the ground for 
various conductivities. 

The field strength decreases exponentially both above and 
below the surface of the earth. Below the ground the reduction 
in field strength becomes appreciable in a fraction of a wave¬ 
length, while above the ground a similar reduction takes place 
in a few wavelengths. These variations in field strength are, 
of course, superimposed on a general reduction in field strength 
as we move farther away from the source. 

The surface wave from a vertical antenna is far stronger 
than that from a horizontal antenna at the same height, 
^ both cases it decreases with the height of the antenna above 
Ae ground. Thus with a half-wave dipole the surface wave 
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may be neglected at a distant point if the dipole is vertical 
and at least one wavelength above the ground; but if it is 
horizontal, the dipole need only be about one-eighth of this 
height above the ground. 

In practice the surface wave is the only component in 
which we are interested when dealing with the reception of 
local broadcasting on medium waves. At greater distances 
the sky waves must also be taken into consideration, until 
at distances above, say, 300 km, it is only the sky wave that 
counts. 

As the wavelength becomes shorter, so the surface wave 
becomes weaker. For example, even with a vertical antenna 
a range of only 30 km is obtained on a wavelength of 60 m, 
whereas if the wavelength were 550 m the range would be 
ten times as great (these remarks assume a received field 
strength of 100 ^uV/m). The surface wave is therefore rarely 
relied upon when using short wavelengths and not at all in 
the case of all ultra-short or microwaves. 

{b) The Space Wave 

The space-wave component consists of the sum of the direct 
ray and the ray reflected from the ground. These rays are 
shown in Fig. 1.9, which gives the geometry of the space wave 
at a point P when the radiation is due to an element of current 
ds. For a perfectly conducting ground the image of dr is in 
phase for vertical elements and out of phase for horizontal 
elements, but in the general case of finite conductivity the 
complete reflection coefficients as given by Fresnel’s formulae 
must be used. 

To find the field due to a complete antenna, we have to 
calculate the sum of the field strengths due to all such elements 
and, in general, this would involve different reflection co¬ 
efficients according to the angle of incidence of the reflected 
ray. Fortunately in most practical problems the antenna can 
be assumed to be a point source (whose polar diagram is that 
of the actual antenna) so that the reflection coefficient varies 
only with the angular position of the field point and not also 
for each element of current. 

Space-wave calculations find their main use in ultra-short 
wave and microwave propagation. At such wavelengths the 
sky wave is normally non-existent, and in addition the surface 
wave is negligible except in' the inunediate neighbourhood of 
the antenna. 
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At medium wavelengths the space wave must be taken into 
account for all angles greater than a degree or so above the 
ground. A typical polar pattern of a grounded vertical radiator 
is shown in Fig. i.io in which the dotted line indicates the 
total field obtained on including the surface wave. Near grazing 
incidence the space wave is proportional to (i -j- i?„), where 
i?, is the reflection coefficient for vertically polarized waves 
and equals — i when 6, the angle of incidence, is 90°. If, 
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Attenuation Factor A, 

Fig. 9.3 (a). The Field due to an Elevated Vertical Doublet 

ABOVE A Ground of Finite Conductivity 

(Norton, Proc, LR.E,, Sept., 1937) 

however, the conductivity were infinite, then would equal 
+ I when 6 ~ 90° so that the space wave would be a maximum 
along the surface. 

The surface wave, on the other hand, is proportional to 
(i — i?,). Consequently it has a large vzdue for finite con¬ 
ductivity, but is zero for infinite conductivity; hence for the 
latter case the space wave gives the whole of the radiation 
pattern. 

The relative values of space- and surface-wave components 
for an elevated doublet are shown in Fig. 9.3 for various 
wavelengths. It will be noticed that in some cases the combined 
field is actually less than that due to the space wave alone— 
this effect was also found by Wwcndensky.‘®**> 

On accoimt of the water vapour content in the earth’s 
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atmosphere, a horizontally-propagated radio wave follows a 
curved path which partially compensates for the earth’s 
curvature. To allow for this in space-wave calculations it is 
usual to assume that the paths of the rays are straight but 
that the radius of the earth is 33 per cent greater than the 
true radius. 

The use of this “apparent radius” of the earth gives correct 
results for average conditions when atmospheric refraction is 
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Fig. 9.3 (6). The Field due to an Elevated Vertical Doublet 
ABOVE a Ground of Finite Conductivity 

(Norton, Proc. LE.E., Sept., 1937) 

“normal.” Under certain atmospheric conditions, however, 
considerably more bending of the rays may take place and it 
is even possible for the rays to follow the curvature of the earth. 
The nature of this phenomenon (which is discussed on p. 428) 
is such that only microwaves and ultra-short waves can be 
affected in this manner. 

(c) The Sky Wave 

It is well known that the upper atmosphere contains two 
main ionized regions which are capable of reflecting radio 
waves. The lower one is the E layer (at a height of about 
100 km) and is normally capable of reflecting waves at vertical 
incidence up to frequencies of the order of 2 to 5 Mc/s. The 
upper region is known as the F layer—or more precisely as 
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the Fa layer—and is situated at heights which vary between 
250 and' 400 km. The Fj region is capable of reflecting waves 
whose frequencies are as high as 3 to 12 Mc/s. In both cases 
the reflecting powers of the layers show marked diurnal, 
seasonal and yearly variations. These variations can be 
correlated with solar radiation and sunspot activity. 

When the radio wave is incident at some oblique angle to 
the reflecting layers, the maximum frequency which can be 
reflected is increased by a factor of as much as 5 for the E layer 
and 3'5 for the F2 layer, the corresponding skip distances being 
about 2 000 km and 3 500 km respectively. 

The sky wave is a disadvantage on medium-wave broad¬ 
casting systems for it interferes with the surface wave, thereby 
causing fading at distances between 100 and 200 km. This 
interference is not apparent in the daytime owing to strong 
absorption of the sky wave in the lowest regions of the iono¬ 
sphere. At night time, however, the sky wave is appreciable 
at broadcast frequencies so that, in addition to the region of 
fading referred to above, there is a secondary service area of 
relatively inferior reception which lies between radii of roughly 
250 km and 750 km from the transmitter. 

For wavelengths from 10 to 100 m the sky wave is of major 
importance since it provides the mechanism by which long¬ 
distance short-wave propagation takes place. An important 
feature of such propagation is that the attenuation may be 
hardly any greater than that for free space (i.e. the attenuation 
of the field strength is of the same order as the inverse distance 
law); consequently a reasonable field strength may be obtained 
with moderate powers over very great distances. 

Reflections sometimes take place at frequencies in excess of 
30 Mc/s; in fact the reception of television signals from 
Alexandra Palace (whose frequency is 47 Mc/s) has often been 
reported in the United States of America, but such propagation 
conditions are unreliable. It is therefore convenient to regard 
a wavelength of 10 m as forming the lower limit in wavelength 
for sky-wave propagation. 

Finally it might be added that an entirely different form of 
reflection has been observed at wavelengths of the order of a 
few metres. The reflection in this case has ta]£:en place in the 
troposphere and is believed to be due to reflections firam thin 
“clouds” of water vapour whose boundary forms a sufficiently 
sharp discontinuity of dielectric constant to give a weak but 
distinct reflection. 
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9.2. LONG WAVES 

For long waves, in particular for wavelengths exceeding 
5 000 m, the ground attenuation is very small, so that excellent 
long-distance propagation is possible. In addition, such waves 
suffer reflection at the lowest levels of the ionosphere (about 
70 km) which, together with the ground, forms a sort of 
waveguide for the low-frequency radio energy. Inside this 
waveguide of two concentric spherical shells the waves propa¬ 
gate fairly efficiently, the only losses being those due to the 
spreading of the energy and to the attenuation at the two 
boundaries. 

The theoretical treatment of such a case is exceedingly 
complicated for even the simpler case of diffraction round a 
spherical earth is quite difficult. The latter problem was 
examined in a number of investigations at the beginning of 
the century, of which that due to Watson**®®* is particularly 
important. Such investigations showed that the attenuation 
would take the form— 

where 6 = angle subtended at the centre of the earth, 
a = an attenuation constant of the order of 0-003, 

D — distance in kilometres, 
n = a fractional index of liie order of 

A considerable amount of experimental work was done by 
Austin***** and others which resulted in an empirical formula 
of the same type as given above. This formula is known as the 
Austin-Gohen formula and, for day-time propagation over 
sea-water, is given by 

where E = field strength in millivoltsImtixe, 
h, = effective height of antenna in kilometres, 
X = wavelength in kilometres, 

D = distance in kilometres, 
Q =» angle subtended at centre of earth in radiatns, 
I as antenna ctirrent at the base in amperes. 

The relative attenuation for different wavelengths as given 
by the Austin-dohen formula is shown in Fig, 9.4. In practice 
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the field strength is liable to vary within limits of one-half to 
twice that given by (9.1) particularly when there is an appre¬ 
ciable amount of land in the transmission path. Over land 
a is believed to have a value about double the sea-water value. 

Effective Hci9ht of Antenna ■ 200m 
CffTfcnt jn Amp,s , ^ 

Wavelength in Km 

Fio. 9.4. Field Strengths over Sea-water of Hioh-power Long-wave 

Transmissions as given by the Au8Tin-C!ohen Formula 

At distances less great than i ooo km the fidd strength will 
oscillate about the calculated values, for then the surface and 
sky waves will interfere in a manner indicative of ordinary 
ray theory rather than following a waveguide mode 6f propaga¬ 
tion. This effect was demonstrated by Hollingworth,***** one 
of whose curves is reproduced in Fig. 9.5. 



Olftoncc fromTrantmitUr(St.Astisc) 

X-* 14*35 Km H»75Km 

Fig. 9.5. Oscillations in the Field Strength Curve of a Long-wave 

Transmission at Medium Distances from the Transmitter 

(Hollingworth, Jow. LE.E.y May, 1926) 

Daylight Parlioi Darkneu Total Darkness Partial Dorknm Daylight 

Fio. 9.6. Fxbld Strenoths of Transatlantic Long-wave Transmissions 
(Eipemchied, Andencm add Bailgy* Froc., Feb., ios6} 
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One would adso expect the field strength to vary with the 
ionospheric conditions and to show greater variations at the 
higher frequencies. Both these effects have been observed 
and are shown in Fig. 9.6, which is based on the experimental 
results of Espenschied, Anderson and Bailey<®’> (their curve 
for 57 kc/s has been doubled in height to give the field strength 
that would be obtained with twice die current, thereby bringing 
this curve in line with the other two cases; it is not clear, 
however, whether the same effective antenna height was used 
in all three cases). The highest frequency shows a distinct 
diminution of field strength during the daylight hours; this 
is, no doubt, due to the increased absorption experienced in 
the lower regions of the ionosphere. 

The relationship between the Austin-Cohen formula and 
that for propagation over a perfectiy conducting flat earth is 
worthy of note. To start with we may obtain the free-space 
field strength of an element of current from equation (4.41), 
Vol. I, which (omitting the phasing term and putting 0 = 90°) 
gives 

4w£f 

M is the dipole moment and equals illjw, where i is the 
instantaneous current in amperes zmd I the length of the 
current element. Therefore the magnitude of the field strength 
is given by 

where 4:00 = intrinsic impedance of firee space, 
= 12077 or 377 ohms. 

In the above formula all the units are in the M.K.S. system 
{Zoo has been substituted for ^jeoj). The same element of 
current above a perfectiy conducting earth would give twice 
the field strength—^not -y/a times as for the constant power case, 
since keeping the current constant has doubled the radiation 
resistance and the power. For the general case of a vertical 
antenna carrying an r.m.s. current of I amps at the base and 
of effective height k„ we substitute for U, whereupon E is 
in r.m.s. volts and is given by 

Ih 
E — 377 volts/metrc . . (9.2) 
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On making due allowance for the use of metres in the above 
equation instead of kilometres, it is apparent that the Austin- 
Cohen formula is identical with (9.1) for short distances. It 
should be noted, however, that the Austin-Cohen formula is 
not accurate for short distances because of the oscillations in 
the field strength versus distance curves due to the sky wave. 

9.3. MEDIUM WAVES 

There are two important requirements for the propagation 
characteristics of long- and medium-wave transmitters— 

(a) that the field strength from the surface wave should 
be as great as jwssible, i.e. the highest possible horizontal 
figure of merit is desired, 

(If) that the ratio of the field strength of the surface wave 
to that of the sky wave should be as great as possible. 

The first of these requirements obviously indicates the need 
for a high antenna efficiency and as much input power as the 
economics of the situation will permit. It is important that 
the available radiated energy should be directed along the 
surface of the earth as far as possible and this may be achieved 
by using a vertical radiator whose height is 0-64^ (see Fig. 2.28). 

The second requirement is usually more important than the 
first for, with radiated powers in excess of, say, i kW, the 
service area is limited by fading due to interaction between 
the surface and sky waves rather than by lack of adequate 
field strength. In order to obtain the greatest ratio of surface 
wave to sky wave, the polar characteristics of the antenna 
should be such that the radiation at angles of about 30° from 
the vertical should be as low as possible. This condition is 
fulfilled by vertical radiators whose heights lie between 0-52 A 
and 0'57A (Fig. 2.29). The actual height employed depends on 
the ground characteristics and the wavelength. 

It will be noticed that the optimum anti-fading height is 
not very different from the optimum height for horizontal 
radiation. The two requirements must obviously lead to much 
the same answer. 

Field Strength along the Ground 

The field strength along the ground is entirely due to the 
surface wave which, for a large number of practical cases, is 
given simply by equations (1.5) and (1.6). 
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Combining these two equations, we find that the field 
strength due to a short verticd radiator is 

— 

300 y/f,. 
D 

A,. (9-3) 

where E„y = field strength in millivolts/metre, 
Pr — radiated power in kilowatts, 
Z) = distance from radiator in kilometres, 

= Sommerfeld’s attenuation constant 

^ 2 + 0-3P 
• 2 + p + 0'6p® 

p = numerical distance 

• I2oA^ 

The attenuation constant, Ai, is given by the full curve of 
Fig. 9.7, while the dotted curve in the same figure shows the 
approximation to it as given by Van der Pol’s formula. These 
curves are valid only when 60A5 is at least twelve times (c, + i), 
but this is true for virtually all cases in which the wavelength 
exceeds 200 m (abnormally rocky districts provide the sole 
exception). The more general case may be treated according 
to the methods of Norton**’^’ and Burrows and Gray,*^®** who 
use a modification of Sommerfeld’s numerical distance. 

If the radiator is not short, the factor of proportionality 
given by Fig. 2.28 must be used. This factor shows an increase 
of 4'3 per cent for a ^4 antenna {hf.B. equal radiated powers 
are assumed; in practice the efficiency of a short antenna will 
be low). Short antennae give a simple cosine law for the 
vertical radiation pattern and form a convenient standard for 
field strength curves. 

Taking the general case of a simple vertical antenna whose 
efficiency is jy leads to the following modification of equation 

(9-3)— 

E.r = . • (94) 

where P = input power in kilowatts, 
T] — antenna efficiency 

Itr 
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Rr and = radiation and dead-loss resistance respectively 
measured at the same point (e.g. at the base 
or at a current antinode), 

F{h) = relative horizontal field strength for antenna of 
height “A” when r] = 100% (Fig. 2.28). 

Full line curve * Accurate attenuation factor 

01 I 10 1C 

p- Numerical Distance 

Fio. 9.7. The Sommerfeld Attenuation Constant as a Function 

‘ of the Numerical Distance 

An example which illustrates the application of the above 
formula is given on p. 381. 

For both equations (9.3) and (9.4) the earth has been 
assumed to be flat. The validity of tWs assumption depends 
on the wavelength, for longer waves' will be diffracted more 
easily round the earth. The maximum distance for plane 
earth conditions to hold may be taken to be equal to I2(^)» km. 
This function is shown plotted in Fig. 9.8. 

It happens that the radius at whach fading commences at 
night time is roughly the same distance as the maximum 
distance for the plane earth assumption. Equation (9.4) may 
therefore be us^ with reasonable accuracy for all places 
within the normal service area of a medium-wave broadcast 
station. 
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The example given in Fig. 9.9 shows experimental points 
obtained from the Delhi transmitter {Report on the Progress of 
Broadcasting in India, Delhi, 1940), together with a calculated 
curve assuming a figure of merit of i 600 mV/m at i km and 
a ground conductivity of 0-0145 mhos/m. The figure of merit 
was obtained from the reference cited and the conductivity 
figure was selected to give the best fit. 

Spherical Earth and Refraction Effects 

On long wavelengths we are often interested in the field 
strength at considerable distances from the transmitter, where¬ 
upon it becomes necessary to allow for the burvature of the 
earth. This may be done by multiplying (9.4) by a “shadow 
factor,” A^, which is a function of the wavelength, the distance 
and the radius of the earth. In particular is a function of 
the spherical earth distance parameter, 5, which is given by 

Bt 
^ "" ^’43 X io-®A-*r . . (9.5) 

or 4-43 X io~®A“*i) 

where a is the radius of the earth and A: is a factor of 4/3 to 
allow for refraction as mentioned on p. 416. All lengths awe 
in metres except D which is in kilometres. 

Introducing the shadow factor modifies equation (9.4) to 

E,,y = ^^^Fih)A,A^ . . (9.6) 

The curves of Fig. 9.10 show the shadow factor A^ for two 
extreme cases. Curve (i) is for a perfectly conducting earth 
and curve (2) for a perfect dielectric earth (curve (2) also holds 
for horizontd polarization with all types of earth). Intermediate 
cases are difficult to derive though a set of graphs from which 
the shadow curves of such cases may be deduced have been 
published by Burrows and Gray.‘**** The situation may be 
summarized as follows (vertical polarization is assumed in 
all cases)— 

(i) Curve (i) is accurate for long waves over sea-water. 
(ii) Curve (i) is fairly accurate for long waves over good 

conducting ground or for medium waves over sea-water. 
(iii) Curve (i) is a rot^h approximation for long waves 

over badly comlucting ground, or for medium waves over 
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good conducting ground. (In such cases the exact curve 
does not necessarily lie between curves (i) and (2), but may 
lie outside the (i) curve in some regions.) 

(iv) For medium waves and poor ground conductivity 
the exact curve lies between (i) and (2). 

(v) For short waves curve (2) is a fair approximation. 
(vi) For ultra-short waves curve (2) is almost exact. 

(1) Vertical Polarization If earth It perfect conductor 
(2) Vertical Polarization If earth is perfect dielectric 

or Horizontal Polarization for any 9round constant 

Fio. 9.10. Shadow Factor Curves for Idealized Earth Constants 
(Burrows and Gray, Froc. I.R.E., Jan., 1941) 

Fortunately the shadow factor is mainly required for 
medium- and long-wave propagation over sea water, in which 
case curve (i) applies with good accuracy. 

Field strength curves allowing for the curvature of the earth 
were published by Norton**®®* and are reproduced here in 
Figs. 9.11, 9.12 and 9.13. In every case the antenna is assumed 
to have a horizontal figure of merit of 300 mV/m at i km— 
this corresponds to the case of a short vertical radiator 
(A < ^10) whc«e dead-loss resistance is negligible in com¬ 
parison with the radiation resistance. The ground conductivity 
may be estimated from the table given in Appendix I, p. 475. 



6^«80 9* 5 mho»/mctrc 

I Z 5 to 20 SOI00200S00700 
OUtancc In Km 

Fio. 9.11. Field Strengths of a Vertical Radiator-—Transmission 
OVER Sea*water 

(Norton, Fnc. Ocu, 1936) 
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Calculation of Fade-free Radius 

In order to make an estimate of the probable fade-free radius 
of a broadcasting station, some assumption must be made as 
to the minimum permissible ratio of direct to indirect radiation. 
The highly arbitrary nature of such an assumption will be 
realized when one considers that the true criterion is whether 
or not the average listener would notice the fading—a feature 
which depends on the receiver, the receiving antenna, the 
ground constants and a number of other factors—quite apart 
from the psychological aspects of the problem. 

It is therefore customary to take some arbitrary ratio such 
as 2 : I or 3 : I for the minimum direct to indirect field 

D 

(a) (b) 
Path token by sky wove Local reflections at the 

receiving end 

Fig. 9.14. Geometry of Sky Wave for Fade-free Radius Calculations 

strengths. It will be found that the calculated fade-free radius 
does not vary much with the assumed ratio, for the field 
strength along the ground falls off fairly rapidly at such dis¬ 
tances whereas the sky-wave signal increases rapidly in the 
same region. 

A more precise criterion is obtained by considering the 
induced e.m.f.’s in the antenna, in which case the effective 
field strength of the sky wave is doubled and multiplied by 
sin 6 (when Z) = 100 km, 6 = 30°, and the two criteria 
coincide). This process allows for the ground reflections from 
the sky wave (such reflection is absent in the case of the surface 
wave). The geometry of the problem is shown in Fig. 9.14 (a) 
and {b). If the receiving antenna is short in comparison with 
a wavelength, the direct and reflected components of a verti¬ 
cally polariz^ sky wave augment each other in a vertical 
direction but caned in a horizontal direction. The correctness 
of assuming that the reflected ray is due to a “positive image’’ 
can be judged by an examination of ffie curves in Figs. 9.34 
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and 9.35. From these curves we see that this is a reasonable 
approximation for wavelengths above 200 m and values of 0 
below 75®—provided the ground conductivity is not very low. 

The case of a vertically polarized sky wave giVes the greatest 
possible interference, and in these circumstances the induced 
e.m.f. due to the sky wave is given by 

^2 = sin 0 

where £2 = strength of sky wave, 
= effective height of receiving antenna. 

The corresponding surface wave e.m.f. is 

where E^ = field strength of surface wave. 

Hence 
£1 ^ £1 

^2 2^2 sin d (9-7) 

If we take our definition of fade-free radius to be such that 
eje^ = 2, then the worst possible fluctuations in the total signal 
strength will be 3 : i. 

The relative strength of the sky wave is determined from 
the vertical polar pattern of the transmitting antenna, and 
a reflection coefficient of unity may be assumed for the E layer 
in order to take the most unfavourable case. 

The polar pattern of the transmitting antenna is given by 
the curves of Fig. 2.29 so that the induced e.m.f. due to the 
sky wave is 

Cj = F{h)F{e) sin® 0 A, milHvolts (9.8) 

where F(A) = relative horizontal field strength (Fig. 2.28), 
F{B) — standardized polar coefficient (Fig. 2.29), 

d = angle of incidence (Fig. 9.14). 

Of the two “sin 0” factors in the above equation one is due 
to the resolution in a vertical direction, the other is due to 
the total path length being equal to D cosec 0. Taking the 
£ layer to be 100 km high and assuming a negligible path 
length in the layer itself, we have the simple relationship 

0 = tan~^ 
200 (9-9) 

, This is shown plotted ,in Fig. 9.15 over the range which is 
of interest in practical computations. 
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The surface-wave induced e.m.f. corresjjonding to (9.8) is 

millivolts . (9.10) 

Since the determination of the fade-free radius depends on 
the ratio of (9.8) to (9-10), it would be possible to eliminate 
the common factors in these two expressions, but we are also 
interested in the absolute field strengths so that in practice it 

S 062025303540 

0' Angie of Incidence in Degrees 

Fio. 9.15. Angle of Incidence of Sky Waves Reflected 
FROM THE £ Layer 

is preferable to work out both equations expressing the results 
in effective field strengths, Le. we put A, = i m. A useful 
short cut, however, may be taken when comparing different 
anti-fade antennae by keeping F{h) constant. This does not 
cause much error in the field strength curves and has the 
adyantage that the ground-wave curves need not be redrawn 
for every small change in antenna height. 

The curves of Fig. 9.16 give the ground- and sky-wave fields 
for determining the fade-free radius of a transmitter working 
on a wavelength of 550 m and a radiated power of i kW. 
All the curves are based on a value of F{h) of i'33, i,e. 
EnyDf^P se 400, SO that the absolute scale is 25 per cent 
too high for a short antenna and a few per coat too low for a 
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0*57^ antenna. In order to determine when the ratio of 
ground to sky wave is 3 : i, the effective value of the sky wave 
should be multiplied by 3, then the fade-free radius for the 
given conditions is determined simply by the intersection of 

All curves based on EmvD « 400 
4P 

XbSSO metres 

D* Distonce In Km 
Fig. 9.16. Propagation Curves showing the Variation of Fade- 

PREE Radius with Ground (>>NDucrnviTY, A = 550 m 

the ground- and sky-wave curves. It should be noted that these 
curves assunte 100 per cent reflection in the ionosphere—^in 
some publications 33*3 per cent or 50 per cent reflection is 
assumed, in which case the stipulated ratio is made corre¬ 
spondingly higher. 

The great increase in fade-firee radius resulting from the use 
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of antennae of heights of the order of 0-55^ is at once apparent 
from these curves. Also it will be noticed that when the ground 
conductivity is high, the best anti-fade antenna has a height 
of 0-57^, but for poorer ground conductivity such a height 

All curve* baaed on En^/D • 400 

Fio. 9.17. Propagation Curves showing the Variation op Fade-free 
Radius with Wavelength, g = o-ot mhos/h 

actually results in a decrease of the fade-free radius in com¬ 
parison with a 0-53^ antenna. The optimum height therefore 
depends on the ground conductivity. 

At the other extreme of the medium-wave broadcasting 
band the fade-free radius is much decreased due to the in¬ 
creased ground attenuation, and the optimum antenna heights 
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are lower for a given ground conductivity. Both these charac¬ 
teristics are illustrated by the curves of Fig. 9.17, which are 
for various wavelengths between 200 and 600 m. 

The sky-wave curves in Figs. 9.16 and 9.17 assume a uniform 
mast radiator whose length is at least 50 times its breadth. 
With an idealized sinusoidal current distribution a typical 
sky-wave curve would resemble the dotted line in Fig. 9.18, 

Dotted curve'-antcnno with sinusoidal current distribution 

Full curve ' thin wire type ontcnno 

Chain dotted curve - thin lattice type antenna 

50 KX^ ISO 200 

D* Distance In Km 

Fio. 9.18. Ck)MPARISON OF Skv-wave Curves for Sinusoidal and 
Practical Antenna Current Distributions 

but with a practical current distribution the curve will be 
modified as shown in curves {b) and (c). These show that 
the zero in the dotted curve is filled in to an extent depending 
on the type of mast. 

Sky-wave Propagation 

Beyond the region of fading due to interference between the 
surface and sky waves there is a region served by sky waves 
only. This may be termed the far-zone (the near-zone being 
the region of good surface-wave field strength). In this zone 
the broadcast service is only of second-rate quality though 
even tWs can be of distinct value in large sparsely populated 
countries. The various zones arc illustrated in Fig. 9.19. 
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The far-zone comes into operation only during the night 
time for during the day the medium waves are strongly 

D- Distance in Km 

Fig. g.ig. The Service Zones of a Typical Broadcast Station 

absorbed in the lower regions of the ionosphere. A scale 
drawing of E layer reflections is given in Fig. 9.20, in which 
an allowance has been made for the fact that the waves 

L—Angle of Elevollon 

penetrate into the ionosphere to varying degrees, depending 
on the angle of incidence. 

A good deal experimental data has been collected on the 
field strengths of the sky wave and this has been summarized 
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by the C.G.I.R. (International Radio Consultative Com¬ 
mittee). The summary is shown in Fig. 9.21, together with 
two ground-wave propagation curves based on an earth 
conductivity of^^ = o*oi mhos/m. 

The sky-wave curves are for “quasi-maximum” values, 
that is to say, they give the value which is exceeded instan- 

O SOO KXIO 1500 2000 2500 

O - Distance In Km 

Fio. 9.21. Night-time Field Strengths in the Far Zone of a 

Medium-wave Transmitter 

(G.G.I.R. Report, Froc, hR,E.^ Oct., 1938) 

taneously about 5 per cent of the time. The “ medium values,” 
which are defined as the field strengths exceeded instantaneously 
50 per cent of the time, are about 0-35 of the quasi-maximum 
values. 

There are two sky-wave curves, one for propagation not 
close to the magnetic poles (mostly north-to-south trans¬ 
missions), the other for propagation near the magnetic poles 
(mostly east-to-west transmissions). 

It will be noticed that between 500 and i 000 km the sky 
wave actually exceeds the values given by the inverse distance 
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law. This apparent violation of the fundamental laws of 
propagation is due to the trapping of the waves between the 
ionosphere and the ground which prevents the wavefront 
from expanding in the normal manner. Another way of 
looking at the phenomenon is to consider the increase in the 
effective field due to ground reflections (as was done in deriving 
equation (9.7)). This point of view also indicates in a crude 
way the range over which the inverse square law is likely to 
be exceeded since— 

(a) at distances of less than 500 km the vertical resultant is 
smaller and also the radiation from the antenna is somewhat 
less; 

(d) at distances in excess of i 000 km the angle of incidence 
is as great as the Brewster angle or even greater, so that the 
ground reflections no longer augment the downcoming rays. 

9.4. SHORT WAVES 

With but few exceptions, radio waves whose wavelengths lie 
between 10 and 100 m are used for propagation via the 
ionosphere. This is because at these wavelengths the surface 
wave is weak (even with vertical radiators) while, on the other 
hand, it is not feasible to erect antennae which are several 
wavelengths above the ground—as is done at still shorter 
wavelengths. In short-wave propagation the earth is therefore 
used merely as a reflector to aid in projecting the radio beam 
upwards at some suitable angle. Also, in the case of multiple 
hops, the earth acts as the lower reflecting surface between the 
points of transmission and reception. 

For the few cases in which short-wave transmissions are used 
with vertical radiators to obtain as good a surface wave as 
possible, the range may be determined in the manner outlined 
in the previous section for medium- and long-wave trans¬ 
missions. 

The design of a long-distance short-wave system requires a 
knowledge of the following— 

1. The great-circle distance between the points of trans¬ 
mission and reception. 

2. The bearing of the point of reception. 
3. An estimate of the angle of fire in the vertical plane to 

give a downcoming ray directed at the point of reception. 
4. The horizontal beam width needed to give adequate 

coverage of the district over which recej^tion is required (or, 
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in the case of point-to-point communication systems, to give 
sufficient margin to allow for deviations from the great-circle 
route). 

5. The critical frequency of the ionosphere or, what is the 
practical equivalent, the maximum usable frequency for the 
range in question. In either case the values are those at the 
point of reflection. For multihop transmission the lowest critical 
frequency at any of the points of reflection is the required value. 

Great-circle Distances and Bearings 

It is not possible to develop the surface of a sphere on a flat 
sheet of paper—that is to say, if the surface of a globe could 
be cut and detached it would not be possible to lay any finite 
portion of it on a flat surface. Therefore the basis of all map 
construction is the projection of the sphere on a surface which is 
capable of development. A suitable surface is a conical one 
and this is usually used in a modified form called Lamberts 
Projection in which the cone passes through two lines of latitude 
(known as the ‘‘standard parallels”). The standard parallels 
are naturally chosen to lie towards the top and bottom 
of the area which is to be charted. The compromise thus 
effected is very satisfactory for areas even as large as the 
United States, for which the maximum scale error is less than 
3 per cent, and generally less than \ per cent. Moreover, a 
straight line on this projection may be taken as a great circle 
for maps up to the size mentioned above. 

If the distances involved are too great for a map to be used, 
both great-circle distances and bearings may be found from a 
gazetteer by the use of spherical trigonometry. The appropriate 
formulae are as follows— 

cos = sin Lj^ sin + cos Lj^ cos cos LOj^^ (9*i i) 

sin = cos Ljq cosec sin , (9.12) 

sin = cos cosec sin • (9-^3) 

where = great-circle distance in degrees and minutes 
(i minute = i nautical mile == 1*853 km), 

B = latitude of station A or B (positive for N and 
negative for S latitudes respectively), 

LOjis = difference in longitude between A eind B 
(positive for bearings E of N), 

Rab^ BA = bearing of B from or of .4 from B (positive 
direction being clockwise). 
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Taking, for example, London (51° 31' N, 0° 6' W) and 
New York (40° 43' N, 74° i' W), we have 

London to New York = 50° 7' = 5 570 km 
Bearing of New York from London = 288° 24' 
Bearing of London from New York = 51° ii' 

For many purposes it is convenient to use a globe and paste 
a transparent piece of material marked out in degrees over 
the point of transmission, then both great-circle distances and 
bearings may be found roughly, but very quickly, with the 
aid of a piece of string. By such means it is easy to observe 

the coverage obtained for broadcast services with different 
degrees of horizontal beam width. 

A globe also has the advantage that the local time at the 
point, or points, of reflection can readily be noted—^for they 
are usually marked with meridian lines every 15°, i.e. at 
intervals which are equivalent to one-hour intervals in time. 

The range of the ionosphere wave can be noted directly 
on the globe by means of a piece of cardboard cut out and 
marked as shown in Fig. 9.22. 

Angle of Fire in the Vertical Plane 

The angle of fire in the vertical plane is given by Fig. 9.22, 
which also has a curvature suitable for a 19 in. diameter globe. 
These ranges are based on the assumption of a reflecting layer 
at a height of 300 km, and an allowance based on the work of 
Appleton and Beynon‘***> has been made for the distance 
travelled in the ionosphere itself. For short distances no great 
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error is made by assuming immediate reflection at the ionized 
layers. 

On long-distance transmissions the strongest signal may 
actually be due to a ray which has made several hops. This 
would be noticed by a high angle of arrival for the maximum 
signal. Studies of the angle of arrival have been made and 

01020-5I 2 S 10 20 40 60 80 90 95 98 99 99« 

Pcrcentoge of Time Signal Is below Indicated Angle 

Fio. 9.23. Angle of Arrival of Transatlantic Short-wave Signals 

(Friis, Feldman and Sharpless, Froc. I.R,E,y Jan., 1934) 

graphed on a statistical basis of which Fig. 9.23 is an example. 
In the latter figure it is apparent that the lower frequencies 
tend to arrive at higher angles—a feature which happens to 
be allowed for automatically in the polar characteristics of a 
rhombic recemng or transmitting antenna. 

In view of the uncertainty of the optimum angle of fire and 
the variations which take place in the ionosphere, the beam 
width in a vertical plane of the polar diagram of transmission 
should not be too narrow. The beam produced by a typical 
rhombic antenna with sides a few wavelengths long is quite 
sharp enough for practical purposes. 

For reflections from the E layer (at a height of 100 km) the 
corresponding curves to those of Fig. 9.22 are given in Fig. 9.20. 
In long-distance transmissions £-layer reflections come into 
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play only over a period of a few hours on either side of a 
summer -noon, when the effect is to increase the maximum 
usable frequency by 10 to 30 per cent for distances between 
500 and I 500 km. Use of the E layer demands a shallower 
angle of fire for the best results, but this angle is usually fixed 
for a given antenna system at a given frequency, so in practice 
nothing can be done about it since the overall design will be 
based on Fg layer reflections. 

Horizontal Beam Width 

Even when point-to-point communication is desired, the hori¬ 
zontal beam width of the transmitted radiation must not be 
too narrow. It has been found in practice that the horizontal 
angle of arrival of long-distance signals can show appreciable 
departures from the great-circle path. Observations made by 
Feldman<247) showed that during periods of severe magnetic 
storms (which, almost invariably, have their counterpart in 
the ionosphere) the best signals from England arriving at 
New York were received from a south-easterly direction. The 
explanation lies in the fact that scattering of signals can take 
place from the ionosphere at such angles that the transmission 
“turns comers’’ and so arrives at the receiving end from an 
entirely unexpected angle. Such scattering is normally far 
too weak to rival the main signal, but during periods of great 
absorption on the great-circle path the scattered signal may 
actually be stronger. In the case quoted the great-circle path 
was nearer the polar regions where magnetic storms are more 
intense and frequent than elsewhere. 

When a broadcast service over a whole country is required, 
the horizontal beam width is made wide enough to cover the 
whole area with only a few decibels of attenuation in that part 
of the polar pattern which is directed at the angular extremities 
of the country. The final choice of polar pattern depends on 
the distribution of the population in the country to be served 
and a number of other factors of an economic nature. 

Maximum Usable Frequency 

The term maximum usable frequency was explained in § i .4, where 
it was defined as the highest frequency for which a single-hop 
transmission could be secured between two stations. This 
frequency,/,,!, is related to the critical frequency,/, for vertical 
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incidence at the mid-point of the transmission path by the 
secant law, that is ^ ^ o , , 

/« =/c sec e . . . (9.14) 
where 6 = angle of incidence at the ionized layer. 

The relationship between 6 and Aj the angle of elevation 
of the transmitted ray, is given by 

= (■ + 5)* 
where A = height of reflecting layer, 

a = radius of earth in same units as A. 

cos A sin 6 (9-15) 

O 10 20 30 40 so 60 
L * An9k of Qcvotlon in Dc9rtts 

Fig. 9.24. Angle of Incidence at a Reflecting Layer in the Ionosphere 

FOR A Ray having a Given Angle of Elevation from the Ground 

Fig. 9.24 shows the relationship for different values of A, 
from which we see that even if a radio beam is transmitted 
tangentially to the earth the maximum angles of incidence 
for the E and layers are 80° and 73° respectively. 

The range of transmission, D, is related to A and 6 as follows 
{see Fig. 9.25)— 

cos B - I T\9M . • (9*^^) (A + DySa)^ + 2)2/4 

In evaluating the above expression, use has been made of 
the fact that for all practical values of 2) we can put sin 2)/2a 
== Dfza. Together with (9.14) we have all the relevant data 
for obtaining in terms of/«, D and A. The relationship in 
terms of D is shown by the dotted lines of Fig. 9.26 for A = 100 
and 300 km. 
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The above theory would be complete were it not for the 
fact that in practice—except for the case of sporadic E reflec¬ 
tions—the reflecting boundary is never sharp. Therefore the 

Fig. 9.125. Diagram for Equations (9.15) and (9.16) 

rays actually travel for some distance into the ionized layer. 
In order to take account of this fact it is necessary to postulate 
some law for the vertical distribution of ionization—a suitable 
choice is a parabolic distribution. With this assumption 

3 

I 

Rili Curves - Parabolic Distribution 
of lonisotlon 

Dotted Curves - Ionisation Concentrated 

O KXO 2000 3000 

D* Distance )n Km 

Fio. 9.26. Variation of M.U.F. Factor with Distance 

(Appleton and Beynon, Prw, Phys. July, 1940) 

Appleton and 3cynon<“®* have obtained sets of curves showing 
the M.U.F. factor (i.c. fJlf«) for diflferent distances. Two 
typical curves of theirs are given by the solid lines in Fig. 9.26. 

Multiplying the M.U.F. factor by the measured or predicted 
critical frequencies gives the final practical form of such curves 
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as shown in Figs. 9.27 to 9.31. The critical frequency varies 
not only with time but also with latitude and even with longi¬ 
tude. Only recently has sufficient data been acquired to give 
a fair indication of these variations with location. In Fig. 9.31 
the curves are based on a study of available data showing the 
relative values of the critical frequencies (and therefore of the 
M.U.F.) at different latitudes. These curves are only a rough 
guide and as such will serve for all periods of the sunspot cycle. 
The variations with longitude are apparently due to the axis 
of the earth’s magnetic field not coinciding with the axis of 
rotation, and at present the available data is too slight to 
permit generalizations. 

The scale of relative critical frequencies in Fig. 9.31 has 
been chosen so that all curves pass through unity at latitude 40®. 
This is because for the majority of long-distance transmissions 
the latitude of Washington (39^^ 02' N) is a better approxima¬ 
tion than that of London. The Washington figures as given 
by the National Bureau of Standards have therefore been 
quoted in Figs. 9.27 to 9.30. They are reproduced here on a 
logarithmic scale, since it is very easy with such a scale to take 
any percentage of the M.U.F. Whenever the latitude at the 
point of reflection is appreciably different from 40"^, a corrected 
curve should be prepared using Fig. 9.31 (for places in the 
Southern Hemisphere the reversal in the seasons must naturally 
be taken into account). 

To use the M.U.F. curves we determine the difference 
between the local time and the time at the mid-point of the 
transmission path, then trace out the appropriate distance 
curve, having moved the top sheet bodily sideways by an 
amount equal to this time difference and upwards according 
to the percentage of the M.U.F. we wish to take. 

Operating at the maximum usable frequency itself will cause 
the signal to be lost on some occasions. By taking 85 per cent 
of the M.U.F. greater certainty of communication is achieved, 
and by taking 50 per cent complete certainty could be obtained 
were it not for absorption limitation setting in. We therefore have 
to choose some percentage between the two limits mentioned 
and bias the choice according to the individual circumstances 
of the case. In order to show both 85 per cent and 50 per cent 
limits we draw in two sets of curves appropriate to these limits. 
When more than one hop is concerned we do the same thing 
for each point of reflection and finally take the lowest 
frequencies of the combined curve (i.e. where more than one 
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Fig. 9.27. The Diurnal Variation of the Maximum Usable 

Frequency for Latitude 40° N, Summer, Sunspot Maximum 

(National Bureau of Standards, 1940) 
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Fio. 9.28. The Diurnal Variation of the Maxuiium Usable 

Frequency for Latitude 40° N, Summer, Sunspot Mxnxmuai 

(Natkttial Bureau of Standards, 1940) 
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9.29. The Diurnal Variation of the Maximum Usable Frequency 

FOR Latitude 40° N, Winter, Sunspot Maximum 

(National Bureau of Standards, 1940) 

00 02 04 06 08 10 12 14 16 18 20 22 24 

Local Time in Hours 

Fio. 9.30. Th]& Diurnal Variation of the Maximum Usable Frequency 

FOR Latitude 40® N, Winder, Sunspot Minimum 

(National Bureau of Standards, 1940) 
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frequency is indicated the lowest is chosen). Whenever the 
combined curves show an appreciable range in frequency for 
some time of the day it is obvious that the transmission will be 
inferior—^for when the selected frequency is reflected from the 
point which has the highest M.U.F. there will be appreciable 
absorption. 

The published M.U.F. curves always refer to the ordinary ray. 
Thus a margin of safety is provided in the case of Fg layer 

WINTER Time of Ooy SUMMER 

Latitude in Oeqrcct Latitude In Dcqrecs 

Fig. 9.31, Latitude Correction Factors for Critical and Maximum 
Usable Frequencies 

reflections, since the critical frequency of the extraordinary 
ray in the Fj layer is about 0-7 Mc/s higher than that of the 
ordinary ray. The exact relation between the critical fre¬ 
quencies is given by the, following equation— 

fotC? —fext^ —fextfs 

wherefs = gyro-frequency (i-3 Mc/s over England). 

The extraordinary ray is much weaker with E-layer reflec¬ 
tions because of the relatively high absorption due to the 
critical frequencies being nearer the gyro-frequency. 

9.5. ULTRA-SHORT WAVES 

General Features 

At wavelengths below 10 m the propagation under normal 
circxunstances is due entirely to the space wave, for the surface 
and the sky waves are either negligible or non-existent. 
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The criterion as to whether or not the surface wave may be 
neglected depends on the heights of the transmitting and 
receiving antennae. The surface wave may be neglected if 
both the heights exceed the following values— 

Vertical Polarization A* > ~ |«'|* • (9*17) 

A 
Horizontal Polarization Ay, > - |e'|“* . (9.18) 

4 

where Ay and A^ = height of transmitting and receiving antenna 
respectively, 

e' = complex dielectric constant of the ground. 

The above expressions are based on the work of Norton**’^* 
and are sufficiently accurate for practical work. They may be 
further summarized into the following rules of thumb— 

1. For vertical polarization the surface wave may be 
neglected over all types of soil if both the transmitting and receiv¬ 
ing antennae are at least one wavelength above the ground. 
The surface wave may also be neglected over sea-water if both 
antennae are at least x wavelengths above the water, where 
X is the wavelength in metres (the minimum height for any 
frequency is 2 wavelengths). 

2. For horizontal polarization the surface wave may be 
neglected over all types of ground (including sea-water) if both 
transmitting and receiving antennae are at least one-eighth 
of a wavelength above the ground. 

In all cases where the above conditions are fulfilled and 
there are no sky waves present, only the evaluation of the 
space wave need be considered in order to determine the field 
strength. This evaluation may be based on the methods of 
geometrical optics in many practical cases, and this involves 
finding the vector sum of the direct ray and the indirect ray 
which hiis been reflected off the ground. When such methods 
fail (i.e. for line-of-sight and below line-ctf-sight propagation) 
the calculation must take into account the diffraction round 
the earth’s curved surface. A discussion of the field strength 
under these conditions is given in the next section. 

The simple ray method becomes inaccurate if the angle the 
reflected ray m^es with the ground is less than (A/ania)^ 
radians, where ka is the apparent radius of the earth on allowing 
forreflractionandequ^8'5 X 10* m. This function is plotted in 
Fig. g.32. The ray calculation will not be seriously in error for 
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angles which are only 6o per cent of those given by the above 
curve, but for still smaller angles the error becomes appreciable. 

By way of example, it might be mentioned that in the case 
of the television service from Alexandra Palace (A = 7-2 m, 
height of transmitting antenna = 100 m) the ray theory is 
accurate for all heights of receiving antennae up to a radius 
of 20 km. At a radius of 30 km, which represents roughly the 

X In metres 
Fig. 9.32. Graph showing the Smallest Angle of Elevation for 

WHICH Ray Theory may be Assumed 

boundary for first-class reception, the ray theory still gives 
useful results. 

Calculation of the Space Wave by Ray Theory 

If ids is one of the current elements of an antenna (Fig. 1.9), 
then the field strength at P due to this element is given by the 
vector sum of the direct and indirect rays. In most practical 
cases, the diflFerence in attenuation between the two rays due 
to their diflFerent path lengths is quite negligible; furthermore, 
the slight difference in their direction of polarization at the 
receiving end may also be overlooked. Consequently the field 
strength at P is given by 

£ = £0(1 + «-*’) . . (9.19) 
where Eo = field strength due to direct ray, 

Rv,k — reflection coefficient for vertical or horizontal 
polarization respectively, 

= numerical value of phase difference (in radians) 
between direct and reflected rays due to 
difference in path lengths. 
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The integration of the component field strengths due to 
each of the current elements may be simplified by assuming 
that the reflection coefficient does not vary with each element, 
i.e. by assuming that the source of radiation is concentrated 
at the centre of the transmitting antenna. With this assump¬ 
tion, equation (9.19) applies equally to the field due to the 

' antenna as a whole if Eo is the direct field due to the whole 
antenna. The polar pattern of the antenna must, however, be 
taken into account in cases where the directivity of the antenna 
system is great. Whether or not this latter refinement is 
necessary can easily be judged by computing the angular 
directions of the direct and reflected rays and noting the 
corresponding relative intensities of the vertical polar diagram 
of the antenna. 

The value of ^ is given in VoL I by equations (3.52) and 
(3.53) for vertically and horizontally polarized waves respec¬ 
tively. Curves based on these formulae are shown 1%^ Figs. 
9.33, 9.34 and 9.35 for ground conductivities similar to those 
used in Figs. 9.11 to 9.13. 

In every case the value of or Rj^ has phase as well as 
magnitude and may be expressed in the form or 
Rh == The phase angles are shown to a scale which 
represents the phase advance of the tangential component of the 
reflected electric field—the advantage of this convention is 
that it causes less confusion when dealing with field strength 
formulae. Another way of expressing the phase is to represent 
it as a phase lag on the perfect earth case (for which the hori¬ 
zontal electric components of incident and reflected rays are 
always 180° out of phase). The latter convention has the 
merit of being easier to remember since on purely physical 
grounds we should expect the phase to lag with imperfect 
conductivity, i.e. the charge movements on the surface lag 
with respect to the incident field when the conductivity is 
finite with the result that the re-radiation from them also lags. 
Diagrams illustrating the time phases of the electric vectors 
are given in VoL I in Figs. 3.4, 3.5 and 3.6. 

Although in Figs. 9.33 to 9.35 the phase angle of R^ is 
shown as approximating to o® as 6 90"^, the geometry of 
the case is such that the direct and reflected waves are actually 
tending to cancel each other (see, for example, Vol. I, Fig. 
3.5 (A))* Thus for both vertically and horizontally polarized 
waves the reflection coefficients approximate, in effect^ to — i 
at angles neai^^ grazing incidence. This fact permits a useful 
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approximation to be made and leads to the simple field strength 
formula of equation (9.25) which is valid for a great many 
practical cases. 

The geometry of the problem is shown in Fig. 9.36, from 
which we see that 

+ ^12)^ 

Fig. 9.36. Diagram for Space-wave Calculations over a Plane Surface 

If r > + A/2, which is true for most cases of practical 
interest, we have 

Hence 

W 

r. = r + 1 <*>■ - 

,, = r + i 

o,'„ _ \ 0 __ 
pi^i — h)=P J. or ■ (9-20) 

> Ay + Ajj, we may write 

a + ^je 
COS V — • • 

r • (9-21) 

Example 
The following example has been chosen to illustrate the 

application of the above formulae— 
Let us suppose that in Fig. 9.36 T and R are vertical dipoles 

and that == 10 m, = 5 m, r == 500 m, A = 3 m, power 
radiated, W = 2 watts. 

Ground constants (sea-water) = 80, ^ = 5 mhos/m. 

Then equation (9.20) gives 

y = 1*26 radians, or 72° 

From (9.21) we find that 

6 = ~ — 0*033 radians 

^88*1^ 
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. The complex dielectric constant, as required for equation 
(3.52) of Vol. I, is {ef—j6oXg) which in this case equals 
(80—jgoo). Evaluating this equation or alternatively using 
the curves of Fig. 9.33 shows that [i?,! = 0’39 and /_ = 80°. 
The phase angle should be interpreted with care, for the 
geometry of the problem has to be taken into account. If 
the phase angle were in the region of zero, then Fig. 3.5 {b). 

(o) Phase relationships at the 
point of reflection 

E; • incident roy 

E^ai reflected roy occordi^ to 
the cofwcntion referring to 
the ton^entiof eomponente 

effective phase of reflected 
roy Mfhcn the ISO* shift due 
to the geometry of the 
proWcm hos been token 
into occount 

(b) Phase relationships at the 
point of reception 

Eq* direct roy 

E', IB reflected rov not oilowing 
for path difference 

E|B reflected roy (path difference 
token into occount) 

E * rcsttitont of E^ ond E, 

Fio. 9.37. Phase Diagrams of Field Intensities in Example 

Vol. I, would represent the conditions, i.e. the effect would 
actually be that the reflected ray was in anti*phase (it is 
pointed out on p. 407 that a difficulty arises whatever 
convention one adopts). With the convention adopted here 
the 80° is taken positively with respect to the phase of 
the incident ray, and then the vector is reversed to allow 
for the geometry of the problem. The phases arc shown in 

Fig- 9-37 («)• . 
In conjunction with the fact that rp = 72° is the phase lag 

due to ffie path difference, we obtain the phase dia^m 
shown in Fig. 9.37 {b) in which the magnitude of the 
resultant, £, is 0-62&. The direct field Eo is given by equation 
(1.2) and is 

Eo 
Jy/W 

— 19-8 mV/m 

-E == 12*3 mV/m Therefore 
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Field Strength Formulae 

The example given above was purposely chosen to be as 
general as possible, since the application of the simplified 
formulae based on equation (9.19) which are given below will 
lead to incorrect results if the qualifying conditions are not 
satisfied. 

In a great many czises y is small enough to write e~^ 
= (i —jf). This condition is equivalent to stipulating 
sinip = y> and modifies (9.19) to 

E = £0(1 + Rr,k-Rv.hjf) 

Provided a| is approximately equal to unity and Z. Rv,h 
approximately equal to i8o® (this takes into account the 
geometrical reversal in phase for vertical polarization) we can 
put the phase quadrature term equal to jip so that 

E = Eo{i + Rv,h+jw) • • (9-22) 

On account of the approximations cos 6 = (Ay -)- Aji)/r and 
sin 6 = I, we may neglect e' cos 6 in comparison with {s' — i) 
in the denominators of equations (3.52) and (3.53), Vol. I, 
for i?, and and write 

e' cos 6 — \/{e' — i) 

^ _ cos 6 — 'f{e' — 1) 

where the negative sign in front of i?, has been dropped to 
allow for the geometrical reversal in phase. Inserting these 
values into equation (9.22) and using the values for yt and Eo 
as given by (9.20) and (1.2) respectively, we have 

7'v/H^r2e'(Ay + fis) , . 
r» L V(e'-i) A 

TVW r2(Ay + Ajj) . 4'ffAyAj;'] 

(9-23) 

p T‘\/WT2{h>i< + (r,-,A\ 
Eh - +J —r~J • 

For many cases which arise in practice, only the second term 
in the bracket is of importance; then E, = Eh (for horizontal 
polarization it is assumed that the transmitting and receiving 
antennae are broadside on), so that we are left with the simple 
expression 

£,.* = 88VW^^ . . (9.25) 
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In all three previous formulae the units are those of the 
M.K.S. system, i.e. 

E = field strength in volts/metre, 

W — power radiated in watts, 

r = distance in metres, 

hT, R = height of transmitter or receiver in metres, 

X — wavelength in metres. 

Equation (9.25) is particularly simple and is much used in 
practice. It is therefore worth enumerating the conditions 
under which it may be used; they are as follows— 

(fl) Ajj >-g 

hxi X 
> 2A or X^ 

whichever is the neater 
(A in metrc^ 

{h) r > 10 (Aj. + Ar) 

r > 100 (Ay + A/e) 

(for horizontal polarization) 

(for vertical polarization over land) 

(for vertical polarization over sea 
water) 

(for horizontal polarization) 

(for vertical polarization) 

(^) r < 12 000 

(^) 
hf -j" hji 

> f-T _27rrJ 

Condition (a) is discussed at the beginning of this section 
and is the requirement for neglecting the surface wave. Condi¬ 
tion (A) ensures that the reflection coefficient approximates 
to — I, (c) that tp = sin y>, and {d) that plane earth conditions 
may be assumed. Finally, {e) stipulates the necessary condition 
for the use of ray theory—^for, if the angle made with the 
reflecting surface is too small, the effect of diffraction cannot 
be neglected and ordinary ray theory becomes incorrect. 
Condition («) is shown plotted in Fig. 9.32. 

Of course in each of the above limitations the border line 
does not occur suddenly. As a rough guide one can say that 
any one of the above limits can be overstepped by 50 per cent 
or so without appreciable error, but if several of the limits are 
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exceeded simultaneously it is wise to consider the problem 
from first principles. 

The use of equations (9.23) and (9.24) relaxes the second 
of the above limitations to r > 3 {Jirp + for horizontal 
polarization, and r > 10 (Ay + hf) for vertical polarization. 

CO Vertical Polarization Cray theory) 

(2) ■ " Cc®”'P**** theory) 

C3)Horlzontol Polarization Cray theory) 

O’l 0*2 0*5 I 2 5 10 

h^(-h V-Hel^ht of TrantmlticrOBHl.of Receiver) 
" In metres 

Distance from tronsm. to receiver • 4500 m 

Fio. 9.38. Theoretical Field Strength Curves for Transmission 

ON A Wavelength of 7-5 m using an Elevated Dipole 

(MePetrie and Stickland, Jour. J.E.E,^ Aug., 1940) 

Furthermore, for vertical polarization the neglect of the surface 
wave will not prove important even if hg < A, provided 

hg> - and hj, > 3A (Aj. and are interchangeable in these 
4 

remarks). 
An indication of the degree of error made by the use of 

these three formulae is given by Fig. g.38, which is reproduced 
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from some curves by McPetrie and Stickland.^*®** The in¬ 
creased field strength near the ground with vertical p>olarization 
is a notable feature of these curves. Fig. 9.39 shows some of 
the experimental field strengths obtained by McPetrie and 
Saxton,*^®®’ together with a curve based on equation (9.25). 

Full line IS theoretical curve 
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wave is as shown in Fig. 9.40. By finding the position of the 
tangent plane and using this as the new earth/’ the method 
of calculation is reduced to that used for a plane earth. The 
only difference is that the reflected ray is decreased in magni¬ 
tude by a divergence factor which allows for the fact that 

R 

When atmospheric refraction it token into account, 
effective radius of earth* ^3 x (octual value)* 8,500Km 

Fig. 9.40. Diagrams for Space-wave Calculations over a 
Spherical Surface 

reflection is taking place from a curved surface. Thus the 
fundamental equation for the space wave (p. 406) is modified to 

EEo{i. . (9*26) 

where S = spherical surface divergence factor. 

1/5* = I + 

^ j 4. ^^t^r 

' kar tan A (9-27) 

The first mentioned formula for S is usually more convenient 
for computation; the second indicates more clearly the degree 
of the dependence of S on the effective radius of the earth and 
on the distances involved. 

In general, (9.26) must be solved according to the method out¬ 
lined in the example at the beginning of this section, but where 
the appropriate simplifying conditions apply, the field strength 
can be obtained directly from equations (9.23), (9.24) or (9.25). 

For all cases which arise in practice, the height of the tangent 
plane (Fig. 9.41) above the earth is given by 

f* 
A =s — (without refraction) 

f* 
or ^ (allowing for atmospheric refraction) 
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Taking the form which allows for atmospheric refraction, 
and putting the distance in kilometres, we obtain the following 
simple formula— 

^metres = — km . . . (9.28) 

The values of and are given by the above equation 
for h on inserting and respectively for the distance D. 

12 4 10 20 40 100 200 400 1000 2000 4000 I0( 
h • HCI9M in Mclrci 

Fig. 9.41. Relation between Height Above the Ground and 

Distance to the Horizon 

In a practical case ry and are at first unknown, though 
Ay, hn and r will be given. The simplest way out of this diffi¬ 
culty is to use the curves of Fig. 9.42, which show the values 
of tan A and the distance to the horizon for various values of 
height. For any two given height values we add the corre¬ 
sponding distances for equal values of tan A) thereby producing 
a combined curve from which we can read off the appropriate 
distance values. In Fig. 9.42 the limiting angles for which the 
simple ray theory holds are also indicated. This limitation 
corresponds to condition (e) on p. 414, and is shown as a 
complete curve in Fig. 9.32. 

The above method of procedure is suitable for calculations 
concerning the received field strength in aeroplanes and also for 
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the transmission from one hill-top to another. In the latter case 
any local reflections on the hills have been allowed for in the 
effective polar diagram of the antenna system although in 
microwave work the directivity of the antenna system may be 
so high that the local hill reflections are negligible. In the 
following example the effect of local reflections has been 

IE 5 10 20 so 100 200 

(o** ffl) “ Distance to Horizon In Km 

Fig. 9.42. Relationship between (or and A in Fio. 9.40 

included; whether or not such reflections are present must be 
decided in any individual case by considering the polar pattern 
of each antenna in relation to the elevations along the trans¬ 
mission path. 

Example 

In Fig. 9.43 is shown an example of hillside-to-hillside 
transmission using horizontal polarization. From the curves 
of Fig. 9.42 we find that ry = 40 km, = 30 km, also 
tan A = 0*005. These values enable us to construct Fig. 9.44. 
(It should be noticed that exaggeration of the vertical scale 
has made the heights appear to be taken obliquely to the 
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tangent plane—in actual fact the departure from the vertical 
is negligible.) 

The direct ray makes an angle of tan”’^ {h^ — hji')lr with 
the tangent plane and this in turn makes an angle of rfka radians 

hy«400m Qbow€ SCO tevd, 300m obo¥« ttrroin in the rc9ion of reflection 
hn«300m • • • 200m • • • • 

Profile mq) with 
vertical scale exaggerated 

Earth from Hillside to Hillside 

with the horizontal at the transmitter. Both these angles are 
very small so that the ratios may be added directly. This gives 

Fio. 9.44. DiAORAM SHOWlNO THE DiUBNSIONS FOR CaLCULATINO THR 
Example in Fig. 943 

the angle of the direct ray to the horizontal as 0*009 radian 
or 0*51°. It is apparent that the best possible transmission is 
obtained when the beam due to the elevated transttutting 
antenna makes this angle below the horizonUd. This optimum 
ang^e of fire is very nearly horizontal as, indeed, it proves to 
be in the majority practical cases—^die main exceptions 
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occurring when transmissions to or from aeroplanes are 
concerned. For reception conditions the same considerations 
again apply, so that here also the polar diagram of the antenna 
should exhibit a maximum along the horizontal. 

In our example, the polar patterns of the transmitting and 
receiving antennae would show a maximum along the hori¬ 
zontal if — 3 7 m and = 2 8 m. The antennae have 
therefore been placed at these heights and, since the polariza¬ 
tion is horizontal, the full gain of 6 db along the lobe maximum 
may be assumed (neglecting any change in antenna impedance 
due to the presence of the ground). The field strength due to 
the direct ray is therefore given by twice the value in equation 
(1.2), i.e. 

Eo = 2 X 
70 000 

V/m 

= 0-663 mV/m 

At both the transmitting and receiving ends the angle 
between the direct and reflected rays is so small in comparison 
with the beam width of the polar diagram that it may be 
neglected. Also for horizontcil polarization at such grazing 
angles we may safely assume = — i. Hence the reflected 
ray produces a field intensity given by 

El = — SEoe-^ 

Here 
4ir X 200 X 150 

5 X 70 000 
= I'08 = 62° 

1/^=1 + 4 X 100 X 30 OOP 

200 X 70 000 
= 2-17 

Hence = - o-68 - ^^^Eo 

The vector sum of £0 and E^ is such that 

E — o-6o mV/m 

Allowing for the directivity of the receiving system and for 
the effective “height” of the receiving dipole gives the induced 
series e.mX as 

'« = 2 X o-6o X - X 5 
TT 

= 3-8 mV 

The above example shows the new features introduced by 
sdlowing for the es^’s curvature, but it is simple in other 
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respects for, in general, it will be necessary to find the exact 
values for (or R^) for the local earth reflections as well as 
for the main reflection. In practice the effect of normal ground 
irregularities is often small; for instance, tests made with radio 
altimeters over reservoirs and over ordinary country show 

AltHudf* 8000 ft A«4'3m 

Fig. 9.45. Relative Field Strengths on an Aeroplane Flight 

(Englund, Crawford and Mundbrd, Proc. Mar.» 1933) 

differences which are usually within 6 db after allowing for 
the differences in the dielectric constants. The experiences of 
Selvidge**®** may also be mentioned in this connexion; whilst 
carrying out diffraction experiments on ultra-short waves over 
sea water he found very little difference between calm condi¬ 
tions and those for wluch the waves were comparable with 
a wavelength. 

Fig. 9.45 shows an experimental curve obtained by Englund, 
Cra^ord and Mumford‘®**> for an aeroplane flight at an 
altitude of 8 000 ft. The agreement with the calculated values 
is particularly good when atmospheric refraction is taken into 
account. At distances of less than 40 miles the correspondence 
is not so good and the oscillations of field strength about the 
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free-space value are ill-defined. These oscillations are, of 
course, due to the aeroplane flying through the maxima and 
minima of the lobes produced by the direct and indirect rays; 
where these rays reinforce each other the increase above the 
free-space value is 6 db if the reflection coefficient is unity. 

9.6. MICROWAVES 

For many of the cases which arise in practice, the propagation 
of microwaves may be calculated on the basis of ray theory 
in precisely the same manner as was described in the previous 
section for ultra-short waves. Indeed, the range over which 
the simple ray treatment can be applied is increased, for the 
method applies to reflections whose angle with the ground is 
even smaller than for ultra-short waves {see Fig. 9.32). 

The only difference that is likely to occur in the calculations 
is due to the fact that with microwaves the antenna system 
may be directive enough to make it necessary to allow for the 
polar diagram of the antenna when comparing the field 
strengths of the direct and reflected rays. 

Field Strength Beyond the Optical Horizon 

It is a well-known fact that the amount of diffraction round an 
obstacle of a fixed size is a function of the wavelength and 
that the diffraction decreases with decreasing wavelengths. 
Hence we should expect less diffraction on microwaves—a 
statement which is, of course, equivalent to the previously 
mentioned fact that the ray theory can be applied over a 
greater range of angles. The problem of diffraction has been 
studied by Eckersley<®®®> and also by Van der Pol and 
Bremmer.**’** The latter authors have made a com¬ 
prehensive study of the propagation of radio waves from a 
vertical doublet round a spherical earth of finite conductivity. 
(A summary of their work is contained in the book by Bergmann 
and Lassen*®*.) 

Van der Pol and Bremmer express their results in the form 
of the ratio of the Hertzian vector potential to that obtained 
under free-space conditions. For all practical cases this is 
equivalent to the ratio of the electric field strength, Ey to the 
field strength, £(», which would be obtained under free-space 
conditions. Two of their sets of propagation curves are shown 
in Figs. 9.46 and 9.47—^in each case the ordinates are in terms 
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of EjEo, These curves show that if both transmitting and 
receiving antennae are raised well above the ground then the 
shorter wavelengths give the greater values of EfEo at the 
optical horizon; on the other hand, if one antenna is on the 

Fio. 9,46. Field Strengths of Vertically Polarized Radiation 
OYER A Spherical Conductino Earth, Case =* 100 m, = o 

(Van der Pol and Brnmner, PHI, Mag.^ Mar., 1939) 

ground the converse is true. In either case the slope of E/Eo 
in the difiraction zone increases as the wavelength is decreased. 

The work of Domb and Pryce*®**> has considerably simplified 
the majority of field-strength calculations over a spherical earth. 
Their methods apply to horizontally polarized waves and to 
vertically polariz^ waves over land if the wavelength is less 
than 50 m and over sea-water if the wavelength is less than i m. 

Fot the antenna heights which occur in practice a good 
approximation to the attenuation d the field in the difiraction 
zone is given by 

26 000 
Attenuation of E^Eo *= db/km . (9.»9) 

where a as radius of curvature in nretres. 
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This formula was confirmed experimentally by McPetrie 
and Ford^^®®^ for wavelengths between 9 cm and 12 m using 
hills whose curvatures ranged from 400 to 4 000 m. A com¬ 
parison of this formula with the curves shown in Figs. 9.46 

Fig. 9,47. Field Strengths of Vertigajuly Polarized Radiation 
OVER A Spherical Conducting Earth, Case = loo m, = loo m 

(Van der Pol and Brenuner, PAt7. Mag.t Mar., 1939) 

and 9.47 (in which a — 6'37 X 10® m) shows very satisfactory 
agreement at all wavelengdis. 

If “a” is put equal to the average effective radius of the 
earth, namely 8*5 x 10® m, we obtain the following useful 
formula— 

0*62 
Attenuation of E^Eo = -jj- db/km . (9.30) 

Equation (9,30) makes it possible to construct a reasonably 
aoourate versus distance** ciuve for various antenna 
heights by quite simple methods. We first calculate the curve 
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in the region over which ray theory holds (such calculations 
are discussed in detail in the previous section), and then add 
the curve given by equation (9.30) to give the best join with 
the ray theory curve. This process is greatly simplified if the 
EJEo scale is logarithmic—as shown in Figs. 9.46 and 9.47 
—^for then the diffraction field curve is a straight line. To set 
the diffraction zone line at the right height we make it pass 
through the point representing the value of EJEo at the optical 

001 005 O’t 05 I 5 10 50 100 5001000 

- Rccdvcr Hci9ht in Term* of 

FicM .strengith at the optical horizon Is 9lvcn by E > ^A,r/r, 

Fio. 9.48. Chart for Computing the Field Strength at the 
Optical Horizon 

(Domb and Pryce, Jour. LE.E,, Sept., 194?) 

horizon. Domb and Pryce^*®** have given a chart which greatly 
simplifies the calculation of this point. This chart is reproduced 
in Fig. 9.48 and is expressed in terms of a standard height, 
h„ and a standard distance, r,; these are given by. 

= . . . (9.31) 

r, = (fl»A/7r)* . . . (9.32) 

The chart gives the value of an attenuation factor which we 
shall call in terms of which the field strength relative to that 
in free space is given by 

E/Eo — rjr^^ . . . (9.33) 



Propagation of Radio Waves 427 

It will be noticed that varies very little with change in 
height in the region == Taken in conjunction with 
the fact that Eq cc r this means that, for a given antenna 
system and radiated power, the field strength at the optical 
horizon is roughly constant for different combinations of dis¬ 
tance and antenna heights. This feature can be observed in 

Q,| I_I_I_I_I_I—_xj—ai-j 

O 10 20 304050607080 
D • OWoncc In Km 

Radiated power The ctreks denote 
equivalent to IKW the field strength 
ffxxn half-wove pole at the optical horizon 

Fig. 9.49. Theoretical Field Strengths for Different Heights of 
Transmitting and Regeivino Antennae using a Wavelength of 6o cm 

the curves of Fig. 9.49, which have been calculated by the 
method described above. 

Although the propagation of microwaves is less favoured by 
diffraction phenomena, waves below i m wavelength are more 
favoured by the effects of refraction. Under special circum¬ 
stances microwaves may be propagated over quite long dis¬ 
tances. These circumstances are considered in the following 
paragraphs. 
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Super-refraction 

In the course of propagation experiments with radar systems, 
it was found that centimetre waves occasionally gave ranges 
well beyond the optical horizon (for example a 50 cm radar 
on Malta has been known to give echoes from the coastline 

(o) 
Diagram showing condition 
of temperature excess at 
heights of a few hundred 
metres 

(For radio duct effects 
excess should be 
or more.) 

O 12 14 16 
Icmpcraturc in degrees Cer^igradc 

|400f- 

f 

(6) 
Diagram showing condition 
of humidity deficit at heights 
of a few hundred metres 
(For radio duct effects the 
deficit should be 5g/Kg 
or more.) 

Fio. 9.50. Atmospheric Conditions for Producing Super-refraction 

(Booker, jfovr. LEM., Pt. Ill, No. i, Mer.-Msy, 1946) 

of Greece). The same effect was also observed on metre 
wavelengths but less frequently. 

This phenomenon, which is called super-refraction, has been 
explained in terms of waveguide theory since the propagation 
is along a “radio duct” formed by the varying refractive index 
of the air next to the surface. A dielectric waveguide of this 
nature must have a d^th of some 100 wavelengths or more 
and therdfore differs in this respect from waveguides formed 
by metallic boundary surface (in which case the necessary 
depth is of the ordO' oS i wavelength). Since ridib ducts are 
usually confined to heights between so and soo m, this mesms 
that radio duct pr(4>agation is fiur more probable on micro* 
waves than tm metre waves. 
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The necessary atmospheric conditions for the formation of 
these ducts are shown in Fig. 9.50 (a) and {b), which are based 
on data given in an article by Booker.*®®’* Under normal 
circumstances the temperature of the atmosphere decreases by 
9°C per kilometre of height, while the specific humidity (which 
is the ratio of the mass of water vapour to the mass of the 
volume of air containing it) is independent of height. It is the 
degree of the departure from the normal conditions which is important 
in this anomalous propagation; that is to say, it is the tern- 

Fio. 9.51. Examples of Transmission Inside, Along the Boundary of, 

AND Outside a Radio Duct 

perature excess and the humidity deficit shown in the above 
figures which are the determining features. 

The top surface of a duct may be defined as the height at 
which a radio wave of given frequency just follows the curvature 
of the ejurth. This is illustrated by a ray propagated from T, 
in Fig. 9.51. Above this height the curvature decreases until 
it is simply that due to normal refraction, while below this 
height the ray is trapped entirely within the duct (these cases 
arc shown by and T", respectively in Fig. 9.51). 

According to Booker,*®®’* the radius of curvature with normal 
refraction should be five times and not four times the radius 
of the earth. The figure of four times (which leads to the well- 
known value of 8 500 km for the apparent radius of the earth) 
indicates too great a bending of the waves for perfectly normal 
conditions and is really a compromise figure which msikes some 
allowance for the abnormal conditions which often arise. 

It should be noted that the effects of super-refraction are 
observed more readily with one-way communication systems 
than with radar systems. The latter are essentially two-way 
devices and therefore require a much greater increase in field 
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strength below the geometrical horizon to make the effects 
of super-refraction apparent. 

The conditions leading to super-refraction and radio ducts 
are obviously determined by the prevailing weather conditions. 
If the lower atmosphere is well stirred up by wind then super¬ 
refraction is impossible. Warm, dry weather is the most 
favourable on the whole. In particular, super-refraction occurs 
readily over sea regions which are to the leeward of land masses. 
Under these circumstances the atmosphere over the sea can 
acquire an upper layer of warm, dry air which has drifted 
over from the land mass and is therefore most effective in the 
early evening. 

The Radar Equation 

The advent of radar, or radiolocation, as it was previously 
known, has greatly increased the interest in microwave propaga¬ 
tion. In particular, it has created the problem of determining 
the range which can be obtained with a two-way transmission 
when the return signal is merely the reflected energy from 
some object. The equation expressing this range is commonly 
known as the radar equation and the first information to be 
released on this subject appears to have been an article by 
Fink.<*«> 

If the transmitted energy is Wt watts and the antenna power 
gain over an omnidirectional radiator is Go, then the magnitude 
of Poynting’s vector at a distance r from the transmitter is 
given by 

GqW, 

477r® 
watts/square metre 

The target will reradiate some of the incident energy back 
towards the transmitter and thus acts as a secondary source 
whose radiated power is a Sf, where a is the effective cross- 
sectional area of the target for that particular direction. This 
effective area will be independent of the wavelength if the 
target size is large relative to one wavelength. The value of 
Poynting’s vector at the radar station due to the reflected 
signal is therefore 

aSt 

4fl-r® 
watts/square metre 

If the radar equipment has a receiving antenna whose 
efiective area of ab^rption is A, square metres, then the 
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received power will be Wf = watts. On substituting for 
Sf and S^ and rearranging we obtain 

metres (9-34) 

When one antenna serves for both transmission and recep¬ 
tion, as is often the case, then by equation (5.4) we have 

Under these circumstances equation (9.34) becomes 

(9-35) 

In a radar system will represent the peak power; hence 
it would appear that if the same total power were concentrated 
in a narrower pulse the range could be increased. This is not 
so, however, for with narrower pulses a greater receiver band¬ 
width is required and this results in an increase in the noise 
level. To overcome this increase in noise it is necessary to 
obtain a greater signal input power. 

The optimum bandwidth for a pulse whose duration is equal 
to d microseconds is i*2/rf megacycles. Equation (5.7) shows 
that the available noise input is 4 X io“^^ watts per megacycle 
bandwidth and this becomes jV* x 4 X lO”"^® on allowing for 
the noise figure of the receiver (specimen noise figures are 
given in Fig. 5.5). Thus the total available noise input for a 
pulse duration of d microseconds is 

X io~^^ 

If we denote the minimum detectable received signal power 
by then W^in will be some multiple of depending on 
whether the beam is scanning the target, and on losses between 
the antenna and first valve. With P.P.I. presentation 
may be a1x)ut 10 times but when the target is not being 
scanned we may put W^in = as representing the best 
possible case. Making the latter assumption we find that the 
maximum range under free-space conditions is 

r„a.-^L47rA«4-8JV‘^ J 
X 10-^ (9.36) 
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A notable feature of the above equation is that r,*** varies 
as i.e. as the fourth root of the product of the peak 
power and the pulse duration. Thus the range is determined 
by the fourth root of the total energy content of the pulse. 

The repetition frequency of the pulses will also affect the 
range to some extent, since a higher rate of repetition on the 
oscilloscope tends to improve the discrimination against noise. 

As a guide to the order of the values of a to be expected, 
one may take the following figures (those for shipping were 
obtained from an article by Byrnes<*®^>)— 

a in square metres 

Buoy .... I 

Motor-boat . 7 
Twin-engined aircraft . 30 
Four-engined aircraft 80 
Small two-masted vessel 150 
Freighter or tanker . 2500 

The value of a may vary considerably with the aspect of the 
target, so that the above figures must be taken to represent 
quasi-maximum values. 



CHAPTER X 

Transmission Lines 

Except in the case of microwave transmission, when wave¬ 
guides are often used, antennae are almost invariably coupled 
to transmitters by means of transmission lines. Such lines form, 
therefore, an almost integral part of the antenna system. 

When the line is used as a feeder, the normal aim is to 
“match” it so that there are no standing waves, or rather so 
that the standing wave ratio is below some stipulated value. 
The process of matching consists in supplying a load which is 
equal to the characteristic impedance of the line. Failure to 
do so will make the input end of the line appear reactive as 
well as resistive, but this may not matter (or can be compen¬ 
sated for); moreover, an appreciable mismatch can be tolerated 
before the increase in the line losses becomes excessive. All the 
same, an unmatched feeder is never to be preferred, since the 
input impedaince will then vary with the length of line and the 
frequency; also the voltage antinodes may cause flash-over, 
and finally the heat generated at the current antinodes may 
exceed the safe rating. 

Apart from their use as feeders, transmission lines may be 
employed as matching devices in the form of stubs or quarter- 
wave transformers; they may be used as filters or phasing 
sections, or they may be designed to provide an artificial load. 
The parallel line is simpler to construct and easier to test in 
the field but has the disadvantage of having a slight radiation 
field and somewhat greater attenuation. The coaxial line is 
particularly suitable for microwaves when the outer conductor 
may be a part of the supporting system. 

10.1. BASIC TRANSMISSION-LINE EQUATIONS 

An electromagnetic wave may be guided along two conductors 
in such a way as to cause but little attenuation with dis- 
mnce and to confine the transmitted energy to the immediate 

433 
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neighbourhood of the conductors. When the separation between 
the conductors is a small fraction of a wavelength only one 
mode of propagation is possible—one in which all the lines of 

Parallel wire transmission line 

Full lines represent tines of electric intensity 
Dotted lines represent lines of ma9netlc intensity 

Coaxial 

(b) 

tronsmissiop line 

Fig. io.i. Field Distributions for Parallel-wire and Coaxial 
Transmission Lines operating in their Principal Modes 

electric intensity start on one conductor and finish on the other. 
Field patterns of this nature are illustrated in Fig. lo.i, 
which shows the field distribution for the two most common 

forms of transmission lines. This mode of 
transmission is known as the “principal” or 
“dominant” mode and is uncritical as^to the 
frequency transmitted. On the other hand a 
higher mode of transmission such as is shown in 
Fig. 5.11 {b)y Vol. I, cannot be propagated 
unless the dimensions of the line exceed a 
certain minimum value which is a function 

Fig. 10.2. Diagram of the frequency. 
10.2 illustrates a ^rtion of a pardlcl- 

EauATioiM Wire line which is supposed to consist of perfect 
conductors. In determining the equations 

for a transmission line excited in its principal mode we 
use the fact that the configuration of tJie lipes of electric 
and magnetic force will be identical in magnitude and shape 
for both the sections shown. Consequently in evaluating me 
line integral of either E or H round a minute rectangle £is 
shown in the figure (P and Q, are coire^Koiding points on the 



Transmission Lines 435 

two surfaces) the only components will be {dEfBx)dx or 
{dHldx)dx respectively. 

In both cases the curl of £ or H is found by taking the limit 
of the line integral divided by the area. To obtain the value 
of curl £ the rectangle must be rotated to thread the maximum 
number of flux hnes, i.e. PP' and QjQ^ are along lines of electric 
force, whereas to evaluate curl H the sides P/*' and QjQ^ are 
along lines of magnetic force. Maxwell’s equations curl £ 
— — B and curl H = J + D therefore reduce to 

dx 
= -/iH 

and - — + D 

= gE + sE . 

(10.1) 

(10.2) 

From a practical point of view it is easier to determine the 
voltage or the current than it is to find £ or H. Now the 
instantaneous voltage, v, between the conductors is given by 
the fine integral of E taken from one conductor to the other, 
in which case B refers to the total flux between the conductors 
and this total flux is, by definition, equal to the inductance 
between the lines multiplied by the instantaneous current i. 
If L is the inductance per unit length then this product equeds 
Ldxi, whereupon, on taking limits, we arrive at the line integral 
version of (lo.i) which is 

_ di 
(io-3) 

Equation (10.2) can be transformed by taking the line 
integral of H round the wire which gives the total current t. 
On the right-hand side we transform the current density term 
to the total transverse conduction current which equals the 
transverse conductance, G, times the voltage, z'; also the total 
displacement current is given by Cv, where C is the capacitance 
per unit length. With these substitutions the equation becomes 

The development of (10.3) and (10.4) has allowed for a 
leakage between the lines but not for resistance in the con¬ 
ductors. To allow for this resistance we may say that the 
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effect on the transverse field pattern is negligibly small but 
that there is a small tangential e.m.f. along the surface of the 
conductor. These assumptions leave equation (10.4) un¬ 
changed but add an e.m.f. to the right-hand side of (10.3) 
which may be expressed as the product of the conductor 
resistance per unit length and the current. We therefore obtain 

5L=-(jei + z|) . . (,0.5) 

where R is the combitud resistance per unit length of the two 
conductors. 

On making the usual assumption that the voltage and the 
current vary harmonically with time, i.e. that v = and 
i = le^, we find that equations (10.4) and (10.5) become 

"__(G+>C)F . . (10.6) 

. . (10.7) 

These two equations were solved in Vol. I, § 3.3, where it 
was pointed out that their solution was analogous to that of 
the wave equation. The solutions are 

F=Fo«-^* . . . (10.8) 

I = Io0~^* . . . (10.9) 

where P ~jtoL){GjeoC)] . . (lo.io) 

= « .(lo.ii) 

P is known as the propagedion constant^ its real part, a, as the 
attermation constant, and its imaginary part, as the phase 
constant. 

The attenuation constant is a measure of the attenuation of 
the voltage or the current along the line and has the dimensions 
of nepers per unit length (to convert nepers to decibels, multiply 
by 8'686). The unit of length is the same as that used for 
R, L, G and C and would normally be the metre, but for lines 
of low attenuation the kilometre results in a more convenient 
value for a. 

Points at which the voltage or the current has. equal phases 
occur at intervals for whh^ fix = an, and the distance between 
such points is equal to A, the wavelen^ the dlectromagiKlic 
wave in the m^ium between the wires. Hae fdtase constant 
is therefore equal to air/A. 
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Hic most general solution to the transmission-line equations 
involves two arbitrary constants, so that instead of (10.8) 
we have 

V = Atr^^ . . . (10.12) 

To obtain the corresponding current equation we may use 
(10.7) which gives 

^ {Ae~ ^ — Be^*) . . . (10.13) 

who* =y(§^^) . . (10..4) 

Zo is known as the characteristic impedance of the line and is, 
in general, a complex quantity, but for most practical cases 
R <jo)L and G ^jcoC whereupon Zo virtually a real 
quantity. In this book the designation Ro is used for the 
real part of Zo whenever Zo is definitely complex and we 
wish to refer specifically to the real part of the characteristic 
impedance. 

Comparing (10.12) and (10.13) shows that if 5 = o, then 
V V 
-j = Zfl) but if A — o then -j = — Zo- The former case 

represents conditions for which there is only a forward-travelling 
wave, whereas in the latter case there is only a backward- 
travelling wave. The difference in the sign of Zo. for the two 
cases is due to the fact that with the forward-travelling wave 
we are looking into a load, but with the backward-travelling 
wave we eirc looking into a generator (in practice the “gener¬ 
ator” will be due to the reflection from an unmatched load). 

10.2. TRANSMISSION-LINE CONSTANTS 

(a) Cepacitmtce per Unit Let^th 

The simplest case to calculate is that of a coaxial line as 
shown in Fig. 10.1 {b) because the symmetry of the field permits 
direct application m the divergence law. 

We may imagine the inner conductor to be surrounded by 
a concenrifc cylinder of radius r such that a <r <b {see 
fig. 10.3); then the lines of electric force are everywhere 
noxmal to the surfiice of cylinder. Hence if the chaige per 



438 Antenna Theory and Design 

unit length is q, the electric intensity E at the surface of the 
cylinder is given by {see Vol. I, §2.1) 

2TnE = qfe 

The potential difference between the outer and inner con¬ 
ductors is therefore given by 

V = f W = log,4 
Ja 

^-1 
<0 

(a) 
Parattel wire Ifnc Coaxtol line 

1 

(c) 
Dimensions for ¥oita9c and current equations 

Fio. 10.3. Diagram showing Dimensions used in Transmission- 
line Formulae 

Hence the capacitance per unit length of a coaxial line is 

C = 
2rr€ 

log, bja 
farads/metre (10.15) 

The corresponding formula for the two-wire case of Fig. 
10.1 (a) cannot be derived quite so simply. The result, 
which is a two-dimensional solution of Laplace’s equation, is 
as follows— 

^ ^ cosh-i {d/2fl) • • • ^*°**®^ 

l£d> a, which is often tibc case in practice, this becomes 
f 

^ “ ioin^ 
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In the case of a parallel-wire line the presence of the ground 
will modify both the capacitance and the inductance per unit 
length. According to Terman,‘*®> the capacitance of a parallel- 
wire line whose height above the ground is h, is increased by 
an amount which is the same as would result if the spacing, d, 
were decreased to -h (af/aA)^]. 

(Jb) Inductance per Unit Length 

It can be shown {see ref. i) that the capacitance and 
inductance per unit length of a transmission line are related 
in a simple manner to the velocity of propagation in the 
dielectric surrounding the conductors. If the aforementioned 
quantities are denoted respectively by C, L and i', the relation is 

- ^{LC) 
In the above equation L is the external inductance, the internal 

inductance of the conductors not being included. This makes 
no difference in the case of conductors of low permeability, 
but with a line consisting of, say, a pair of iron wires the 
internal inductance would make a small but distinct contribu¬ 
tion to the total inductance. 

The velocity of propagation is also given in Vol. I by equa¬ 
tion (3.38) as 

I 

The inductance per unit length is therefore given in terms 
of the capacitance per unit length by the following equation 

L~^ . . . (10.18) 

It should be remembered that (i and e are in M.K.S. units. 
For air dielectric, we have ft = fio = 4^ x io~’ H/m, and 
e = Eo~ (i/sbrr) X io~* F/m. 

Using equations (10.15), (10.17) and (10.18) we obtain the 
following values for inductance per unit length— 

Coaxial line 

Z = ~ log, f-) henrys/metre . . (10.19) 

ParaUH-wire line 

Z ” log, henrys/metre . . (10.20) 
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The inductance of a set of parallel wires may be found 
directly by means of a “Stream function” which is a vector 
potential taken in one direction only. For examples of such 
calculations the reader may refer to Sdhelkunoff’s Electromagnetic 
Waves. 

(c) Resistance per Unit Length 

At high frequencies the depth of penetration of the current 
into the conductor is small in comparison with the radius of 
the conductor. It is then justifiable to make the assumption 
that the eflfective resistance is equal to the d.c. resistance of a 
cylinder whose outer radius equals that of the conductor and 
whose thickness is equal to the “skin depth.” Using the results 
of Vol. I, § 3.4 (c), we find that R, the resistance per unit length 
of a single wire whose circumference is aira, is given by 

R = R^2'na 

= ^^^^ohms/mctre . . (io.2i) 

In the case of concentric lines, the current distribution is 
unaffected by the presence of the symmetrically disposed outer 
conductor, so that the total resistance per unit length is 
given by 

ohms/metre . (10.22) 

where a = radius of inner conductor in metres, 
b — inner radius of outer conductor in metres. 

With parallel transmission lines the current distribution is 
slightly modified (a phenomenon which is known as “proximity 
effect”), but for jdl practical purposes it is legitimate to n^lect 
this, so that the total resistance per unit length is 

R 
J? = — ohms/metre . . {10.23) 

(d) CondtwUmce per Unit Length 

Parallel transmission lines usually have air as the dielectric 
and have as few insulators as possible. In these ciicum* 
stances the conductance losses are not a major &ctor. With 
concentric Imes, however, aol«i dUdectrios are cdten used where 
the power to be transmitted does lu^ ejEceed a Idlowatt or ao. 
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If the conductivity of the dielectric is g we find, for the con¬ 
centric line case, that the conductance is 

0 

G = ^ mhos/metre 

log,j 

In practice the characteristics of a dielectric are usually 
expressed in terms of a “power factor” which equals G/cdC 
when G < coC, and is therefore the inverse of the (L of the 
medium. On inserting the value for C according to equation 
(10.15) then have 

wC 

a 
Qncoe 

aios.| 
. (10.24) 

where e = dielectric constant of medium in M.K.S. \mits 
= Sf-So 

{e) Attenuation Constant 

It is apparent from equations (10.8) to (lo.ii) that the 
voltage and current along a transmission line are attenuated 
by a factor er where a is the attenuation constant and x the 
distance along the line. When etx is equal to unity the attenua¬ 
tion factor is 1/2-7, i-®- ^ neper or 8-686 decibels, hence a is 
the attenuation in nepers per unit length. At radio frequencies 
the primary constants are such that mL > R Jind osC >• G; 
comequently the evaluation for a from equation (10.10) gives 

a 
R /C,G IL 

^ zJc 
R 

2^ + ^z> . (10.25) 

In the latter expression we have used the fact that is 
real and equal to y/{LfC) under the conditions stipulated above. 

equaticHi shows that the relative contribution of the 
conductance to the total attenuation increases with the charac- 
terisde impedsuux. To quote a practical case****’ involving 
4«wire lines, the leakage losses at 20 Mc/s were 67 per cent of 
Ihe C(^p«r losses for ^ as ohms, and 39 per cent for 
Zt ^o ohms. It dioukl be noted that these increases above 
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the copper loss figures included the whole of the extra losses 
and that with perfectly clean, dry insulators the losses would 
be smaller. In general an assessment of the copper losses will 

Copper Wire Parallel Line 
Zq • 600 Ohms 

Frequency in Mc/s 

Fio. 10.4. Attenuation Constant of Parallel-wire Copper Lines 

either suffice or give a first approximation to the total losses; 
the attenuation constant is then given by 

a = —^ nepers/metre . . (10.26) 

a-naZa 
(parallel lines) 

or ^ (concentric lines) 

The value of a given above is the attenuation constant for 
sme fiartiader hransmissim4ine cotif^aim; it iffiould not be 
confused with the attenuation constant cd! the nudism which is 
the real part of the ‘‘intrinsic propagation constant” discussed 
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in Vol. I, §§ 3,3 and 3.4. The equation for given in Vol. I, 
equation (3.42) and again in (10.21) shows that varies as 
the square root of the permeability of the metal. 

Consequently iron and steel wires have appreciable attenua¬ 
tion and are therefore suitable for dissipative lines such as 
terminating networks for rhombic antennae. Typical values 
are as follows— 

Copper ivire 
Rm = 2'6i X ohms 

Iron wire 
= 8-89 X io~^y/f ohms 

Stainless steel wire (USS12) 

Rm — i'i6 X io~®-v/ohms 

where f = frequency in cycles/second. 

Inserting these values in equation (10.26) gives the curves 
shown in Figs. 10.4 and 10.5, in which the attenuation is given 
in db per kilometre. 

The presence of standing waves (which are discussed in the 
next section) increases the total losses. If the line has a standing 
wave whose ratio is p, then the current at a distance x from 
a current minimum is given by 

72 _ ra ^ 
-^min tanV* + /> 

By finding the losses for a small element dx, and by inte¬ 
grating between x — o tind ^4 (thereby obtaining a complete 
sample of the r.m.s. current variations) we obtain the following 
ratio— 

Attenuation for standing wave 
Attenuation for travelling wave =J (p + (xo.27) 

For example, with standing wave ratios of i*i and i’5 the 
percentage increases in losses are 0*45 per cent and 8*3 per 
cent respectively. 

It should be noted that equation (10.27) applies to a line 
which is not in itsdf highly dissipative, i.e. the value p is 
fairly uniform along the line; a practical case of this nature 
is that for a trsmsmission line feeding an antenna array. If a 
highly dissipative line were used (e.g. the terminating load of 
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a rhombic) the value of /> would vary greatly along the line. 
Equation (10.27) assumes that the line is an appreciable 
number of quarter-wavelengths long. 

For a given conductor material there exists an optimum 
characteristic impedance for which the attenuation constant 

Dotted Line * Iron Wire 

Fre^ucoqf In 

Fio. 10.5. Attenuation Conitant of Parallel-wire Iron and 
Steel Lines 

is a minimum. In the case of copper and concentric lines this 
value of is 77 ohms (corres^nd^ to a ratio of 3*6 for bja); 
however, the attenuation is within 5 per cent of the minimum 
value throughout the range ^ ^ 57 to 100 ohms, i.e. the 
optimum design is quite uncritical. lA^th air-spaced parallel 
lines minimum attenuadon occurs when ^ 175 omns {see 
ref. g), but again die values mt uncridcal. In practical cases, 
whm« fhe leedkg of enei^ to an^oanae is involved, die 
caadittons for mimmum suttenuadon with cross-secthm do not 
even come into condderathm ihiee good dtort 
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lengths and adequate power-handling capacity are more 
important features. 

(/) Phase Constant 

The expansion of the right-hand side of (10.10) in terms of 
RjmL and G/wC gives high powers of these ratios for the 
imaginary component. Therefore the value of the phase 
constant, p, is given to a high degree of approximation by 
/3 = ^^/{LC) when R < <oL and G < toC. The value of 
y/{LC) is equal to the velocity of the waves in the dielectric 
surrounding the wires; hence = ztt/A, where X is the wave¬ 
length in the dielectric. 

Reference to equations (10.8) and (10.9) shows that if the 
attenuation were zero the voltage and current values would 
repeat thpp^^:elves in phase and magnitude at intervals for 
which e~ equals 2w, i.e. at intervals for which 
(xj — Xj) = X. At intervals of Xji the magnitudes are equal 
but the voltage (or current) is in antiphase. 

{g) Propagation Constant 

The propagation constant is defined by equation (10.10) 
as the square root of the product of the series impedance and 
the shunt admittance per unit length. In general P is complex, 
the real part being the attenuation constant and the imaginary 
part the phase constant, as shown by equation (lo.ii). 

{K) Characteristic Impedance 

Equation (10.14) shows that the characteristic impedance 
is given by the stjuare root of the ratio of the series impedance 
to the shunt adnuttance. At high frequencies Zo is substantially 
a real number whose value is given by ■\/{I^C). We obtain 
therefore the following values for the characteristic impedance 
of a transmission line (the dimensions are shown in Fig. 10.1) 

Coaxial line 

J{f) 
s 60 log* ~ (air dielectric) 

or 
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Parallel-wire line 

= 120 loga ~ (air dielectric) 

or 276 logio ^ 

In the above expressions we could have substituted Za, the 
intrinsic impedance of the medium, for but the form 

given above shows the dependence of on and e more 
clearly. Graphs of are given in Figs. 10.6 to 10.9 for 
concentric lines, two-wire parallel lines and two forms of 
four-wire lines. 
\ When dealing with transmission lines of unusual cross- 
\ction the characteristic impedance may be deteianined 
Vfoically by plotting the electric and magnetic lines of force. 
^ field plotting technique is describe in a paper by 

Wghby'*®> who gives the examples shown later in Figs, 
^^d 10.12. 
^Nscntial feature of such plotting is diat we fill the area 
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of cross-section occupied by the dielectric with “curvilinear 
squares,” that is, with curvilinear cells which on further sub¬ 
division tend to become perfect squares. To illustrate what 
is meant by a curvilinear square, consider a cell (which must 
be a portion of an orthogonal system) as shown in Fig. 10.10 (a). 

■XI' - I II" 

4^ In cm 

(d,-2dj) 
Fio. 10.9. CKAKACmumO IlCraDANCS OF FooR-wntB Ijn» 

On sub-dividing such a qell into equal portions, we see that 
the ultimate fi^ire is a rectangle. If, Imwcver, this is done 
with the cell shown in Fig. 10.10 {b) the ultimate shape is a 
square, hence the cell is a curvifinear square. 

When the dielectric is air, each curvihnear square r^presimts 
an impedance a£ 377 ohms. If t^ such cdh are in series, 
i.e. ^ the comimm hotmdary line is a line magiiCCic 
then their comyned impedance is twice 377 dtim. For two 
cells in paralld, i.e. vdbere die conuam bcmndaiy hne is a 
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line of electric force, the combined impedance is half of 377 
ohms. So for any configuration of cells we determine the 

Fig. 10.10. 

(a) (b) 
A curvlfnear rectarxite A curvilinear souarc 

Illustrations of Curvilinear Rectangle and Square 

impedance simply by multiplying 377 by the number of series 
elements and dividing by the number of parallel elements. 

Fko. 10.11. Field Dutribution in the Gross-section of a 
Trahsiossion Line oonsistino of a Cyundiucal Conductor 

AND l^SXANOULAR TrOUOK 

Havhig sketched the principles of the method, let us take 
a ^}edfic examjfde. In 1%. lo.i x will be seen the cross-section 
of a transmissKm line consisting of an angle piece and a 
cixoilar rod. 
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We know that the lines of E and H must satisfy the boundary 
conditions as discussed in Vol. I, § 3.2. Since inside the metal 
conductors the electric intensity is exceedingly small and 
furthermore the tangential electric intensity is continuous across 
the boundary, it follows that the tangential components of £ 
are negligible. Consequently, the lines of electric intensity 

AH dimensions ore Strip Transmiiflon Line 

In centimetres N** 4x7*25 
V- 8 

Z -377 X 8/^^ v 108 ohms 

Fio. 10.12. Field Distribution in the Cross-section op a 
Strip Transmission Line 

alight normally on the conductors. As for the lines of magnetic 
force, they must form an orthogonal system with the electric 
lines. 

The procedure is therefore to sketch in tentatively some lines 
of £ and then an orthogonal system ofH lines. The cells formed 
in this way should be curvilin^r squares. If they are not, we 
must re-proportion our distribution of lines. There is no 
objection to being left with some fiactwnal value of a curviliiiear 
square, fto* such fiactions are simply included in the iSnal rado. 
Gan^dng out t^ pre^s producm the family of curves shown 
m Fig. 20.1 r, in whiph me ftiU lines diow 15 sets of edb in 
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parallel and 5 sets in series. Thus we find that the characteristic 
impedance is 

Zo = 377 X A 
= 126 ohms 

To achieve greater accuracy a finer sub-division is needed, 
but eventually the necessary drawing accuracy becomes too 
difficult to attain. 

It is actually quite easy to obtain a result accurate to 5 per 
cent by this apparently crude trial-and-error method, while 
with care an accuracy of 2 per cent may be obtained. Field 
plotting therefore provides a convenient method for calculating 
the characteristic impedance of a line of uniform cross-section. 
A further example of field plotting is shown in Fig. 10.12. 

10.3. REFLECTION, VOLTAGE AND CURRENT 
EQUATIONS 

Reflection Coefficients 

In equations (10.12) and (10.13) the constants A and B are 
proportional to the amplitudes of the forward- and backward¬ 
travelling waves respectively; consequently the reflection co¬ 
efficient of a line terminated by some arbitrary impedance, 
Zji, is given by the ratio BJA, The impedance in the general 
case is obtained by dividing (10.12) by (10.13) which gives 

I, ~ '^Ae-P*-Be^’ 
(10.30) 

If the line is cut at a point x — I and a terminating im¬ 
pedance, Zb> inserted then 

^ ^Ae-^^ + Be^ 
<R - 

On rearranging this expression we obtain 

Zh-Z> 
Ae-^~ZB + Zo • 

. (10.31) 

By putting / = o we find that the voltage reflection coeffi¬ 
cient is given by 

B Zb- 
A ZTTZ . (10.32) 
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The corresponding current reflection coefficient is given by 
— B/A and is therefore the negative of the above expression. 

It is apparent that in general ^ ^ complex number. 

Impedance of Terminated Line 

If a line is terminated as shown in Fig. 10.3 [c) the input im¬ 
pedance is given by putting x equal to zero in equation (10.30) 
thereby giving 

On using equation (10.31) we have 

Zil) = z> 
I + 2PZ 

ZPl 

This expression may be put into a more convenient form by 
using hyperbolic functions, when the following well-known 
formula is obtained— 

A ^ Zr cosh PI -{■ Zf> sinh PI 
Zb sinh PI + Zf> cosh PI (10.33) 

Two useful derivations from the above formula are obtained 
for the cases Zb — ^ (short-circuited line) and == 00 
(open-circuited line). They are as follows— 

(a) -Cb “ o 
-^(0 = Zfi tanhP/ . . . (10.34) 

{b) 
Z{^ = Zfi coth PI . . . (10.35) 

If the transmission line has no dissipation, a » o, so diat 
P and the above formulae reduce to tiigonmnetiical 
functions as follows— 

(«) Zb 

(Jb) Zb ** CO 

Z(0 ^JZ»taafil . 

n, “* cot 

, <10,3^ 
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For a non-dissipative line Zo is necessarily real, and therefore 
the above two formulae result in pure reactances. A plot of 
the reactive impedances is shown in Fig. 10.13 io*" ^ = o to 
/ = A. It will be noticed that a line which is one-quarter of 
a wavelength long is a short circuit at its input end if the 
termination is an open circuit and vice versa. This property 
of a A/4 line is often used for keying arrangements in which 
the termination is keyed from the open- to the short-circuited 

Full lines — open-ctrcuiUd line (Z||»oo) 
Dotted lines — short-circuited line (Zn« O) 

Fio. 10.13. Reactance Curves for a Non-dksipative Line 

conditions by meems of a relay or a spau-k gap. In radar 
circuits, for instance, a spark-gap method may be used to 
switch the anteima system either on to the transmitter or on 
to the receiver in extremely short intervals of time. 

Whether there is dissipation present in the line or not, we 
have the following simple relationship between the short- 
circuited input impedance (^/«) and the open-circuited input 
impedance {Z^ 

Z^cZ>lc=Zo* ■ • .(10.38) 

This relationship provides a method of measuring the 
characteristic impedance of a Unc experimentally. 

Voltage and Current Equations 

The volta^ and current at any point along a transmission 
line (see Fig. 10.3 (c)) may be expressed in terms of Vs, the 
voltage at the sen<mg end. They may be deduced from 
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equations (10.12), (10.13) and (10.32), which give the following 
formulae— 

Zr cosh P{1 — x) Zo sinh P{1 ■ 
(10-39) ® Zr cosh PI -f Z> sinh PI 

Vr Zr sinh Pjl - x) + Zo cosh P{1 - x) 
* ” -Co Zr cosh PI -+- Zo sinh PI ^ 

When standing waves are present the voltage and current 
values go through maxima and minima (a voltage maximum 
corresponding to a current minimum and vice versa). For a 
non-dissipative line these are related zis follows— 

V V . ^ max ^ min 

7 7 max * mxn 

Since Zfi is real, the impedance at the points of maxima and 
minima will also be real and given by 

= />.eo and ^ . . (10.41) 
^min ^max P 

where p = standing wave ratio 
V I ^ max •‘■max ■y — or j— 
“ min *■ min 

(10.42) 

Standing Wave Ratio 

Equation (10.12) showed that the voltage F* across any part 
of the line was due to the sum of a forward wave Ae~ and a 
backward wave Be^*. If the line is non-dissipative these 
components become Ae~^^ and Be^, showing that the moduli 
of the two components are unaffected by the value of x which 
is a measure of the distance along the line. F. also has a time 
variation of the form for the instantaneous voltage is 
p, = F«e^, of which we take either the real or the imaginary part 
to give a harmonic variation in time. Somewhere along a 
sufficiently long line, therefore, the sum of the forward and 
backward waves must give voltage maxima and minima spaced 
at intervals of A diagram illustrating this for two chosen 
intervals of time is given in Fig. 10.14. 

It is apparent from such a diagram that the standing wave 
set up has a peak amplitude of ]A| -f i'^i at the voltage maxima 
and \A\ — {n| at the voltage minima. Hence the standing wave 
ratio is 

\AI-\B\ . {10.43) 
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I Dl 

The ratio is given by equation (10.32) if Zr Kp 

both real. If Zr is the impedance at a voltage maximum then 

The dotted Unct mdfeou the mm of the t«o worn 
A m omphtude of mddent wove 
6 m omptitude of retketed wove 
A *26 

Fio. 10.14. Diagrams showing Formation of a Standing Wave 
FROM Two Traveluno Waves 

Zb is real and may be written R^. We therefore obtain (on 
putting = -Ro to show that Zo is real) 

P = Ro 
. (10.44) 

Hence the standing wave ratio is equal to the ratio of the 
impedance at a voltage maximum to the characteristic im¬ 
pedance. If the impedance at a voltage minimum is considered 
instead, then the inverse relationship holds. 

10.4. IMPEDANCE DIAGRAMS 

Rectangular Form of impedance Chart 

In most practical cases sufficient accuracy can be obtained 
by the use of a transmission4ine impedance chart as shown 
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in Fig. 10.15, which is known as the circle diagram of im¬ 
pedance. This particular form uses rectangular co-ordinates 
for the real and imaginary parts of the series impedance, but 
the polar version as shown in Fig. 10.16 (it is described by 
Smith<®®*> and also by Willis Jackson and Huxley<“^*) is even 
more convenient if a separate rotating arm is available. In 
addition, the polar version has the merit of catering for dl 
values of impedance. 

The circle diagram is standeu'dized in terms of Zo) so that 
an impedance of, say, 900 — J480 would be read as f5 —jo-6 
if Zo were 600 ohms. 

It can be shown*®' that the circles which have the real axis 
as a diameter are circles of constant cd (where cd is the total 
one-way attenuation along a « •vmi.i / 
line of length /, while those ” '* 
which pass through the point o-34X 
I -j- jo and have the imagin- __, 
ary axis as a diameter are Zi-» IwaOo. 
circles of constant fil (where /?/ ----t 
is the distance along the line Zo“6ooa 
in radians-it should be noted 

ary axis as a diameter are Zi-» 
circles of constant fil (where /?/ ----t 
is the distance along the line Zo“6ooa 
in radiam-itAould bn noted 
that the value of pi changes 
by Tr/a on passing toough I + Jo). It is therefore convenient 
to refer to them as the “a/” and circles respectively. 

If a line has no attenuation, the input impedance is foimd 
by travelling along one of the od circles for a distance equal 
to the length of fine, the said distance being given by the 
difference in the values. The process may be appreciated 
by the following example— 

Example 

In Fig. 10.17 we have a line of characteristic impedance 
600 ohms, whose length at 30 Mc/s is 0*34 of a wavelength. 
It is terminated by a resistance of i 430 ohms in series with a 
capacitance of 13*6 fipF. 

The impedance of C at 30 Mc/s is 390 ohms. Hence the 
terminating impedance is given by 

I 430 — J390 ohms 
=* 8'38 — Jb*65 in terms of Zfi 

Reading on the diagram Fig. 10. shows that this 
represents a point vAdm is given by the intersection of the 
pi curve of o*oaJi with the td circle which passes through 
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RJZo == 2*6 on the real axis. We follow this a/ circle in a 
clockwise direction until it is intersected by the curve whose 
value is (o-02A + 0*34^). At this point we find that R = 0*58^0 
and X = 0*64^0, i-e. R == 346 ohms and X = 384 ohms. 
Hence 

Zi = 346 +^384 ohms 

Had the length of line been o*23A or 0*48^ the impedance 
would have been purely resistive, the values being R = 0*384/^0 
and R = 2*6/^o respectively. It is apparent that whatever 
length we make the line the impedance will never be less 
than 0*384/^0 and never greater than 2-6/^o. Also at such 
points the input impedance is purely resistive and the r.m.s. 

voltages are a minimum and a maxi- 
2*-V. mum respectively, while the currents 
^—V \ are a maximum and a minimum. 

^ /,—J J^ Since the line itself dissipates no power, 
it follows that equal powers are dis¬ 
sipated in either case; hence the ratio 

o T ^max/^min Of ^max/^min equal tO 
DiIo^^kok 2-6. In the previous section these 

Tranimbsion Line ratios were denned as the standing 
wave ratio; so we come to the con¬ 

clusion that the standing wave ratio, p, is given by the intercepts of 
the cd circle with the real axis. 

Hence the ad circles might also be termed circles of constant 
standing wave ratio, and this is perhaps the better definition, 
for the attenuation constant of the line itself is zero if we keep 
to a given circle—the value of cd has really been derived for 
some imaginary length of attenuating line whose input im¬ 
pedance equals that of the termination Zr- transmission 
line under consideration were not non-dissipating then, instead 
of travelling on a constant ad circle, we should have to spiral 
inwards, cutting across circles whose values of ad became greater 
and greater as we came inwards. A spiral of this nature is 
shown in Fig. 10.18, while in Fig. 10.19 shown the formulae 
for determining the ad and fil circles. For a fiiUer account (in 
which the derivation of these curves is also given) the reader 
may refer to the book by SIater<“*. 

Exactly the same curves may be used for admittances of 
die form G 4- jS, where is the conductance and B the 
suscqptance. In ^ case the values will be stam&urdixed in 
te^ms of the characteristic admittance of the line, where 
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Yo — ^IZo- advantage of the admittance form of the 
circle diagram is that the value of a stub which is in parallel 
across the line can then be readily calculated, for, as is well 
known, admittances which are in parallel may be added 
together. 

Yet another virtue of the circle diagram is that it may be 
used for converting impedances into admittances. For this 
purpose we use the impedance inverting properties of a quarter- 
wave length of line. Thus the impedance RfZo j^IZo 
equal to the admittance GjYo jBJYo where G/To and BjYo 
are given by travelling round an al circle for a distance of 

= 0*25A and then reading the chart as an admittance 

a m cosech 2o(l 
b - cos 2 /SI 
C -r coth 2 ot I 
d • -cot 2/81 

(all in radion measure) 

Fio. 10.19. Construction of Cartesian Form of Impedance Diagram 

diagram. The method will be illustrated by the following 
example. 

Example 

Let us suppose that in the example of Fig. 10.17 we wish 
to find the length of line which will tune out the reactance of Zo 

From the point 0*58 + jo-6^ which represents Zt and is on 
= 0'36A we travel along the ad circle (in this case the circle 

passing through R — 2'6Zo) until fil — 0*36^ -f- 0-25^, which 
equals o-iiA on subtracting half a wavelength. (It should be 
noted that since the impedance conditions repeat themselves 
every half-wavelength, such a subtraction cam always be 
performed. ) 

The new point is 0-77 — jo’85 and this equals GfTo -f- jBfYo, 
so that G + = (1*28 — ji*42) 10”® mhos on putting Ya 
« ilZf» To reduce the reactance to zero, we must therefore 
add an admittance equal to x io“®mh<», i.e. an 
impedance equal to —jjoy dhms or -‘ji’iy^Zo- 
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At a frequency of 30 Mc/s such an impedance would be given 
by a capacitance of 75 n/iY. 

The required length of stub is given by equations (10.36) 
and (10.37) for short- and open-circuited stubs respectively, 
and if the characteristic impedance of the stub is the same as 
that of the line, we have for an open-circuited stub 

/?/ = cot-r (1*175) 
= 0*705 radians 

i.e. / = o*ii2A 

The calculation can be carried through entirely by means of 
the circle diagram, by making use of the fact that the imaginary 
axis corresponds to a circle of infinite radius for which ot/ = o. 
This provides us with a method of inverting susceptances and 
of finding the line lengths of stubs (assuming, of course, that 
the diagram happens to cover the values in question). Thus 
in the present case we take BjTo = — 70*85 and travel along 
the imaginary axis until the value of / is increased by 0*25 A, 
i.e. we go fi*om / = 0*138A to / = 0*388A. At the latter point 
we find XI^ and this equals -f 71*175. Hence the required 
stub has a reactance of—ji'iJsZo as previously calculated. 

The length of this stub is given by the value of I at the point 
XlZft = ~7i'i75‘ This value is such that I = 0*112A, which 

agrees with the previous figure. The stub in question is 
obviously open-circuited since for smaller /-values the negative 
reactive impedance increases. 

Matching Two Impedances 

It is apparent from the impedance chart that any two real 
impedances and can be matched by means of a quarter- 
wave section of line whose characteristic impedance is the 
geometric mean of the two resistances, i.e. Thus 
an antenna whose impedance is 72 ohms could be matched 
to a line of characteristic impedance 600 ohms by means of a 
^4 section of line for which Za = 208 ohms (Fig. lo.ao (a)}. 

Such a matching section is, hou^er, only accurate for one 
foequency, since at neighbouring frequencies the line is either 
dborter or longer than ^4. By i^^nning the matdiiii^ in tiira 
stqps a wider range of frequendes can catered for. ][n the 
example given am)ve we should use two sections Wving 
Zp =»= v'(7a X ao8) and Zn* ** (Vao® X 
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That an improvement is obtained can be appreciated by 
considering Fig. 10.21. If the frequency is on the high side, 
the first section is longer than A/4 so that we travel along the 
cd circle to a point p^. On considering the second section, the 
position of tends to compensate for the fact that the second 

X 372a 
208A 

Zp-dOOn 

(0) Single matching section 

Zp-600a 
Z^m3S3A 

Z^I22a 
372a 

(b) Two matching sections 

Fio. 10.20. Examples of Quarter- 
wave Matching Sections 

Fio. 10.21. Impedance Diagrams for 
Matchino Sections shown in 

Fig. 10.20 

section is also longer than A/4. Consequently the final im¬ 
pedance is nearer 600 ohms than it would be with a single 
section only. For lower frequencies we come to some point 
such as p2, and here again a certain amount of compensation 
occurs between the two sections. 

Considerations of this nature show that the best match over 
a band of frequencies is obtained by having a tapwring trans¬ 
mission line of slowly varying charac¬ 
teristic impedance (for the best results the 
line must be long in comparison with a 
wavelength). 

In the general case involving the match¬ 
ing of two complex impwdances, we con¬ 
struct a circle whose centre lies on the 
real axis and whose circumference passes 
through the two points Zs (^ig* 
10.22). Then ^ is given by the geometric 
mean of the two intersections with the 
real axis, and the length of line required is found either 
by g|M>metrical constructions based on die curves and formulae 
of Fig. 10.ig or by scaling the original figure to fit a given 
impedance chart. Ususdly it is better practice to tune out 
die reactances o£ Zr and Zb i^ore introducing a matching 
seetkm. 

Fig. 10.22. Impedance 

Diagram for Matchino 
Two Impedances 
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Tuning Out Reactances 

For any position on the impedance charts of Figs. 10.15 
10.16 it is possible to add a reactance whose value completely 
cancels that indicated by the point in question. If we use a 
line whose length is such that the real part of the impedance 
equals -Co, then on adding the cancelling reactance the final 
impedance is Zo- For example, in Fig. 10.23 "^0 ®t^rt with 
an impedance represented by the point P, add a length of line 
given by PP'\ then a reactance equal and opposite to that 
ofjP' brings us to Zfi- 

It must not be forgotten when dealing with the reactance 
and resistance values that the elements are in series. In practice 

Fio. 10.23. Tuning Out of 
Rjeactance as skown by 
THE Impedance Diagram 

I 

Fig. 10.24. Diagram of 
Single-stub Tunino 

Circuit 

it is often more convenient to introduce a shunt reactance and 
in this case the circle diagram should be used in terms of 
admittance. For example, if a line is shunted by a capacitance 
(due to a dielectric spacer, for instance) whose susceptance is 
4- jB (denoted byin Fig. 10.23), then on transversing about 
a quarter of a wavelength of line we arrive at the point P' 
where the addition of a similar shunt capacitance would bring 
us back to Gf To = 1. The correct spacing of line discontinuities 
can therefore result in compensating effects which leave the 
effective admittance of the line unchanged. In order to obtain 
better compensation over a range of firquencies either the 
capacitances of the spacers or their distance apart may be 
varied, or both factors can be varied. A number of such 
arrangements have been described in patent specificatimls. 

The input impedance of a line can always be made equal 
to if we have at our disposal an adjustable stub at an 
adjustable distance along the Ime. Refernn|p to Fig. 10.3^ we 
make *7” such that the conductance looking towiuds Zr ^ 
equal to To and adjust “s** so as to bine out the susceptance. 
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In most practical cases, however, it is inconvenient to provide 
an adjustable length of line so that extra tuning stubs at fixed 
positions are to be preferred. To cover all possibilities it is 
necessary to employ three stubs, but two will cover the majority 
of requirements; the latter arrangement is sometimes called 
a double-shunt tuner. 

The double-shunt tuner has been described by Slater,<21) 
whose method we shall follow in the explanations given below. 

In Fig. 10.25 {a) we have stubs at P' and P" separated by a 
distance L At P' the admittance is + j^i where is 

Fig. 10.25. Diagram of Two-stub Tuning Circuit 

adjustable by means of the first stub. Fig. 10.25 iP) shows the 
admittance diagram in which {a) is the point GJYo and (c) is 
the point GJYq + jBJTo. The admittance Tn is given by the 
point (b), which is such that (a) {b) represents a line of length 
equal to /. We draw a circle touching the admittance circle 
at the point (b) and also the imaginary axis, then all admittance 
circles cutting the line (a) (c) and the second circle will repre¬ 
sent a line of length I between the intercepts. For example, 
the portions (c) (d) and (e) (/) both represent line lengths 
equd to 1. 

In the diagram (d) is vertically above G/To = i, so that the 
appropriate ^unt admittance at this point will make rn equal 
to To. Therefore the first stub should have a length correspond¬ 
ing to (a) (r). It is apparent fix>m this diagram that the 
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matching cannot be carried out at all if the circle touching the 
imaginary axis is not cut by the vertical line through the point 
I +jo. A spacing between the stubs such that I = A/8 will 
cover a wide range of values for impedance matching. 

10.5. PRACTICAL CONSIDERATIONS 

The following paragraphs deal with some of the more purely 
practical aspects of transmission-line design. For further details 
the reader may consult papers by Sterba and Feldman/®*®’ 
Cork and Pawsey/®®*’ and McLean and Bolt.***®’ 

The relative merits of coaxial and open-wire lines are such 
that both types are still in use and both types have their 
protagonists. Broadly speaking, the coaxial type is to be 
preferred for medium-wave broadcasting, while open-wire 
lines function adequately on short-wave transmitting systems 
(“open-wire” lines would include lines such as an unbalanced 
6-wire line with a centre conductor—such lines form an 
alternative to a solid coaxial line). For reception purposes 
the coaxial line or the shielded pair are to be preferred on 
account of their freedom from pick-up of noise. 

Power-handling Capacity 

In order to reduce the likelihood of flashover or corona to a 
minimum, it is obviously an advantage to employ transmission 
lines whose proportions are such that the voltage gradient 
between the conductors is a minimum. With a given power 
input, this can be shown**’ to call for a ratio of bja of 1-65, 
i.e. ^ = 30 ohms (if a given input voltage is assumed bja = 2*72 
and Zo = 60 ohms). This ratio for the minimum voltage 
gradient is not critical. For a characteristic impedance of 
50 ohms the voltage gradient is only about 10 per cent greater 
than the minimum. In any case it must be remembered that 
these ratios are for perfectly smooth conductors. In practice 
the voltage gradient may be more a hmetion of the roughness 
of the surfaces rather than of the ratio of 3/a, hence the above- 
mentioned proportions are mainly of academic ipterest. 

From experiments at power frequencies it has been found 
drat discharges occur from the centre conductor if the peak 
voltage gradient exceeds about 30 kV/cm. This is le^n to 
bddeve mat at radio frequoncies the permUsible dlectrk stress 
is roughly the same. In practice the greatest stzotm ifidU 
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in the neighbourhood of the supporting insulators; for example, 
Sterba and Feldman^®^®' found that a line of 6 cm outer 
diameter broke down near the insulators with 9 000 r.m.s. 
volts. This represents a peak voltage gradient of only 6 kV/cm 
if based on the conductor separation. 

With parallel transmission lines it would appear from the 
results obtained by McLean and Bolt^®**^ that the corona 
breakdown voltage varies but little with spacing (their mini¬ 
mum spacing was 9 cm). Using No. 6 S.W.G. they found that 

2^-320 ohm$ 

N0.6S.WG. wires 

f«-Frcqucney In Mc/s 

For curve *0*23^f<^(copp€r loucs> 

For curve oc *0 S^^f^CopproK. formula for totol losses) 

Fio. 10.26. Attenuation of Four-wire Transmission Line 

(McLean and Bolt, Jour. May, 1946) 

the maximum working voltage was 30 kV peak between the 
two wires. Their results also showed that the same peak 
voltage is the approximate upper limit for 12 in. rod insulators 
(these were us^ to support the lines, there bein^ no spacers 
^tween the lines themselves) while the fitting of these rods 
with corona tings more than doubled this permissible voltage. 

With large transmission lines, dierefore, the choice of line 
rests on the pernussible attenuation rather than on limitations 
dia; to corona. Curves showing the attenuation for diiferent 
lines over a wide range of firequencies are given in Figs. 10.4 
and 10.5. t)ue to insulator and leakage losses the totd losses 
will be some 20 to 60 per cost h|ghef than dtose given in these 
figures. An example is shown in Fig. 10.26 which is taken 
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from the curves given by McLean and In their article 
it is also stated that the average length of open-wire line at 
B.B.G. short-wave stations is o-6 km, which results in a power 
loss of 18 kW per 100 kW at a frequency of 17*8 Mc/s. It is 
obviously advantageous to place the antennae that are working 
at the highest frequencies nearest to the transmitters; by 
doing this the B.B.G. keep the efficiency of all lines at approxi¬ 
mately 82 per cent. 

Radiation Losses 

The radiation from coaxial lines (or twin screened lines) is 
negligible and would be zero if the walls were perfect con¬ 
ductors. It is only from open ends that any radiation into 
space takes place. The radiation from an open end has been 
calculated to be^’’^ 

R Ir 

20tt^A^ 
(10.45) 

where A — area of opening. 

In practice X is usually many times the outer radius of the 
line, so that the radiation losses from an open end arc quite 
small. 

With open-wire transmission lines the radiated power is 
increased if standing waves are present, but to obtain any 
significant radiation losses the lines must be appreciably 
unbalanced. Sterba and Feldman*®*®’ give the power radiated 
from a balanced line carrying a travelling wave only as 

W = 160 (^ 7® (10.46) 

Hence the radiation resistance of the line is given by 
i?, = I 580 rf®/A* . . . (10.47) 

Comparing this with equation (4.44), Vol. I, shows that 
is equal to twice the radiation resistance of a uniform fila¬ 

ment of current of length d. This statement immediately 
indicates the minute amount of radiation from a parallel wire 
for which d <, X. The above formulae apply to any length of 
line provided only that d <o-iX and that the line length is 
greater than 2odjlL Fig. 10.27 shows the power radiated fix>m 
lines fOT which ^ = 600 when the transmitted power is i kW. 

If the line is balanced but carries a standing wave the radia¬ 
tion l(»s is increased to an extent depending on the amplitude 
of the standing wave and its position with rap<M;t to the ends 
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of the line. For a pure standing wave the radiation is a 
maximum when the current is zero at both ends. It is then 
given by 

W= i2o{^'^. . .(10.48) 

where = peak current in amperes. 

|L_J_I_\_I_J 
I 2 3 5 7 10 20 30 

X-.Wavelength In Metres 

Fio. 10.27. Radiation from a Long Parallel-wire Transmission 
Line whose Characteristic Impedance is 600 ohms 

(Sterba and Feldman, Proc, July, 1932) 

The radiation is a minimum when the current is a maximum 
at each end, and is then expressed by 

IF=4o(yyV. . .(10.49) 

If the line is unbalanced, the radiation may becomd appreci¬ 
able. Sterba and Feldman*®*** have shown that for lines whose 
height above the ground is k, the power radiated by an un¬ 
balanced current of/amperes (r.m.s.) is given approximately by 

W= BoP ]£h = XI^ . . (10.50) 
1^=125/* ifA = ;i/2 . .(10.51) 

The length of line should exceed four times the height in 
either case. In practice the losses have been found to exceed 
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these values and the extra losses are probably due to the 
imperfect conductivity of the ground. 

As an example let us consider a parallel-wire line of No. 6 
S.W.G. whose characteristic impedance is 600 ohms and which 
is transmitting 10 kW of power at a frequency of 20 Mc/s. 

Reading‘from Fig. 10.27, we find that the radiated power 
is i’6 X 10 = 16 watts. 

If the line were unbalanced so that the currents were 
5-0 amp and 3-2 amp, then the radiated power due to the 
balanced currents would be decreased by some 40 per cent 
but the unbalanced current of 1*8 amp would radiate about 
260 watts—a far greater loss than that due to the balanced 
components. 

Dissipative Transmission Lines 

When open-wire transmission lines are used as loads the two 
main requirements are that the input impedance should be 
sensibly resistive and secondly that the wires are not heated 
unduly. Both these requirements can be met by the simple 
expedient of using very long lines, but this would often be 
very uneconomical. It is good practice, therefore, to grade 
the line so that the power loss per unit length is approximately 
constant. For convenience the end of the line is usually left 
open-circuited or short-circuited (the reflected wave travelling 
back to the generator will be attenuated by the same amount 
as the forward wave). The total length required can be 
reduced if one goes to the trouble of making an exponential 
line; such a line has been described by Burrows.‘*“> 

The input impedance of a dissipative line is given by equa¬ 
tion (10.34) o*" (io*35)> according to whether the end is short¬ 
er open-circuited, and the corresponding impedance diagram 
takes the form of a spiral as shown in Fig. 10.18. As this spiral 
comes towards the centre it crosses the family of constant td 
circles whose intercepts with the real axis are shown in Fig. 
10.19. When calculating the attenuation we are not interested 
in the actual input impedance, so al can be calculated by its 
intercepts with me real axis and these are related directly with 
the standing wave ratio, p, as follows— 

p S3 coth od . . . (10.53) 

If we stipulate a certain value of p, then the V^ue of I can 
be obtained for a line vbose attmuadon coefficient Is Icnown^ 
The residtaat input impedance is not necessarily itsistive but 
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this is immaterial as far as the standing wave ratio is concerned. 
It will be realized that this particular standing wave exists only 
in the immediate neighbourhood of the input end of the line, 
since farther down the line the standing wave ratio increases. 

A point that must not be overlooked is that whereas p defines 
the input impedance (which lies on one of the ad circles) and 
therefore allows for the reflected wave as well as the forward 
wave, the value of ad refers to the attenuation for one-way 
propagation only. 

Example 

A line is required whose losses are such that the input 
impedance corresponds to a standing wave ratio of 2. (It does 
not matter whether the line is open- or short-circuited; in 
both cases perfect reflection occurs at the end.) From equation 
(10.43) we have 

P Ml-1^1 
where Ml = amplitude of forward-travelling wave, 

Ml = amplitude of reflected wave. 

Hence j^j 3* 

The two-way attenuation is therefore such that the voltage 
or current amplitudes are decreased by a factor of 3. This 
corresponds to an attenuation of 9*54 db. 

From equation (10.52) we have 
coth a/ = 2 

i.e. (d — 477 db 

This is the one-way attenuation value. 
The following table presents some figures of practical value 

as given by equation (10.52). Appropriate values for a may 
be obtained from the curves of Fig. 10.5. 

Standing Wave One-way 
Ratio p at Attenuation 

Input Tenninals in nq>ers 

i'05 t-86 
l‘IO 
113 1*33 
I'm IHO 

Onct-way 
Attenuation 

oi, in db 

Two-way 
Attenuation 

in db 
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Heat Dissipation 

When designing attenuating lines for loads (for example, the 
terminating load for a rhombic antenna) the temperature rise 
of the conductors must be taken into account in cases where 
the power dissipated is great. 

Fig. 10.28 shows the temperature of the wire for a number 
of different power dissipations with varying conductor radius. 

a — Radius of Wire In mm 
Fio. 10.28. Teupbratube of a Dissipativb Wire sttuated in Free Air 

These curves have been calculated from data given in an 
article by Bames<*^> and apply to wire with a matt surface 
(it is immaterial whether the conductor is solid or hollow). 

10.6. USE OF STUB TO INCREASE ANTENNA 
BANDWIDTH 

One of the most useful applications transmission lines to 
antenna design is in the use of a tuning stub at the input 
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terminals of an antenna to increase the bandwidth. Such a 
device is particularly suitable for ultra-short and microwave 
antennae; it should not be confused with a “detuning stub’* 
(as shown in Fig. 3.42) whose purpose is merely to provide a 
high impedance to waves travelling along the outside of the 
coaxial feeder. 

The action of a tuning stub is readily seen if we consider a 
half-wave antenna, such as the one shown in Fig. 10.29, and 
remember that the input impedance of the antenna is similar 
to that of an open-circuited but dissipative transmission line. 
A short-circuited transmission line of the same length will 
obviously tend to cancel the vari¬ 
ations in reactance with frequency 
—it is simply a question of figuring 
out a suitable length and character¬ 
istic impedance for this stub. The 
manner in which this may be 
done is illustrated in the following 
example. 

- Fig. 10.29. Use of Stub in 
Example Parallel with Input Terminals 

A whip antenna suitable for to Incre^^width of 

mounting on an aircraft to form 
a quarter-wave antenna (the fuselage being the “earth”) 
is required to operate over a band of frequencies in the region 
of 125 Mc/s. The length of the whip divided by the mean 
radius is equal to 200. Assuming that a standing wave ratio 
of 1*5 can be tolerated, it is required to find the bandwidth 
obtainable by means of a tuning stub and also the characteristics 
of the stub. 

By interpolation from the curves of Figs. 3.1 and 3.2 we can 
prepare an admittance diagram of the antenna as shown in 
Fig. 10.30 (the necessary inversions from impedance to admit¬ 
tance may be performed with the aid of a circle diagram as 
described on p. 457). With the same figures we also prepare 
the curves of conductance and susceptance plotted against 
fractions of a wavelength as shown in Fig. 10.31. 

On the admittance diagram the value of To is 0*02 mhos, 
since the characteristic impedance of the transmission line is 
50 ohms. The choice of 50 ohms lies in the fact that on reson¬ 
ance the antenna has an impedance of about 35 ohms, and 
this results in a standing wave ratio of 1-43, i.e. within the 
limit c£ 1*5. At frequencies on either side of the resonant 
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point the antenna impedance will be greater than the maximum 
tolerable impedance (assuming a purely resistive input), being 
75 ohms for a standing wave ratio of i-5. 

The standing wave ratio circle, p — i‘5, has been marked 
in on the admittance chart. So long as the admittance falls 
within this circle p will not exceed 1-5. From a study of the 

020 0-22 024 0-26 a28 0 30 

Vx 
Zq* 50 ohms Y^-O'OZmhos 

Fio. 10.30. Admittance Diagram of Whip Antenna 

full curve of Fig. 10.31, together with the corresponding curves 
of Fig. 10.30, it is apparent that the bandwidth is from 0*237^ 
to 0-247^, i.c. about ± 2 per cent 

If the susceptance is made equal to zero at the ends of the 
band, then the corresponding conductance values must be 
such that GlTo — | in order tlmt /> = 1*5. A convenient value 
to take is G = a>oi4 mhos, i.e. G/i^o = 0-7, We therefore draw 
a line at this value intersecting the conductance curve at the 
points (a) and (£), The corresponding susceptance values 
(c) and (</) and these are tuned out by two equal and opposite 
luscqjtances (d) and (d') due to die tuning stub. 

In drawing in the suscqxtance curve of the'tuning stub, use 
can be made of the fact mat cot jSf(tt/s jSf) in the region 



Transmission Lines 473 

of /9/ = 7r/2, hence a straight line may be drawn joining (c') 
and {d'). The susceptance of the stub is given by 

B' = To' cot 

= To'pi 

The value of To' is therefore given by the slope of (c') (</') 

O 0-5 10 1-5 20 

Fio. 10.31. Circle Diagram of Admittance for Whip Antenna 

and that of I by the intercept with the real axis. From Fig. 
10.16 we find that 

To' — O’123 mhos 

i.c. — 8-1 ohms 

I — 0’243A 

The combined susceptance curve is shown dotted and is 
marked B + B'. With the aid of this curve and the conduct¬ 
ance curve we can construct a new admittance curve as shown 
by the dotted curve of Fig. 10,31. It is obvious from this last 
curve that a fiu: greater proportion of the admittance charac¬ 
teristic now lies within i^e ~ 1*5 circle. From a study of 
this curve and the corresponding cwcvcs o£ Fig. 10.30 we find 
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that the limits are now 0*259 2*217^, i.e. about ± 8 per 
cent. 

The mid-point of this band is 0*238^ and this is to correspond 
to a frequency of 125 Mc/s. Hence the height, h, of the antenna 
is given by 

h — 0*238.^ = 0*238 X 2*4 m 

— 0*572 m 

Ai / ,# 0*238 
Also I = A/4 at 2*4 X —— m 

^ 0*243 
= 0*587 m 

A dielectric-filled line must be used for the stub in order to 
obtain the very low characteristic impedance. Consequently 

Fig. 10.32. Diagram of Whip Antenna designed with Stub for 

Widening Bandwidth 

the actual stub length will be shorter than the above calculated 
value by a factor of -v/e,. 

The results arc summarized in Fig. 10.32. 
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DIELECTRIC CONSTANT AND CONDUCTIVITY 
TABLES 

The figures in Table I are based on a survey of available data, 
together with some personal experience of the electrical 
characteristics of the ground. Ground constants have also 
been published in some of the books and articles quoted in 
the bibliography.<246) 

In calculating the complex dielectric constant e' from the 
equation e' = — j6oA^, X is the wavelength in metres and 
g is the conductivity in mhos per metre, but for purposes of 
comparison the conductivity is also given in e.m.u. 

Table I: Typical Ground Constants 

Relative 
Conductivity g 

Type of Ground Dielectric 
Constant Sf Mhos/metre E.M.U. 

Exceptionally well-watered pastoral 
land with rich soil 20 003 3 X 10“^* 

Pastoral land with good soil 15 0*01 I X lO^^* 
Pastoral land with low hills 
Hilly country with moderate vegeta¬ 

10 0-005 5 X 10'"^* 

tion ...... 5 0-002 2 X IO“^* 
Built-up urban districts . 
Exceptionally hard, i^ocky country. 

5 o-ooi I X XO~“ 

sparsely vegetated ^5 0-0002 2 X 10*"^® 
Sea water ..... 80 4 to 5 4 to 5 X lo”” 
Fresh water ..... 80 o-oi to O-OOI 1 X IO"“tO 

I X 10-^* 

Table II: Metals and Insulators 

Material Relative Dielectric 
Constant 

Conductitdty g 
in mhos/metre 

Copper .... 5-8 X 10’ 
Silver .... X

 

0 

Iron. . . . . i-o X 10’ 
Steel .... 0*5 to I X 10’ 
Porcelain .... 5 to 6'3 3 X io~^* 
Glass .... 6 too 

a-6 (3 Mc/s) 
4-3 (30 W») 

I X 10”” 
Pyrex glass < I X 10“” 
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Table III: Power Factors of Insulators 

Material 

i 

Relative 
Dielectric 

Constant, e. 

Power Factor Multiplied by lo* 

50 c/s 1 Mc/s 50 Mc/s 

Pyrcx glass 
Porcelain 
Steatite .... 
Frequenta, Calit or Calan . 
Quartz .... 

3*0 (approx.) 
5 fo 6*5 

5*5 to 6*5 
5*5 to 6*5 

4*7 

170 to 250 
25 to 30 
10 to 15 

1 

35 
70 to 120 
15 to 20 
3 to 5 

I 

2 to 3 

1*1 

(from Bruckmann^’^) 



APPENDIX II 

THE M.K.S. SYSTEM 

The M.K.S. system of electrical units was proposed by Giorgi 
in 1901 and adopted by the LE.C. in 1935 at a conference 
held at Scheveningen. The system uses the metre, the kilogram 
and the second as its fundamental units. It has the great 
advantage of replacing the three existing systems (the e.m.u., 
the e.s.u. and the practical system) by one system only which, 
moreover, is the same as the present practical system so far 
as the fundamental units are concerned. The sole exception 
is the unit of magnetic flux which in the M.K.S. system is the 
weber and equals 10® maxwells. 

Secondary units involving the primary ones per unit of 
length or area are necessarily different (e.g. volts/centimetre 
becomes volts/metre). 

There are no powers of 10 or of to remember, but the 
permeability and the dielectric constant must be included in all 
formulae. In the case of air or free space they have the values 

/4o = 47r X fo“^ henrys/metre 

£0 = X 10“® farads/metre 

For a full description of the M.K.S. system and of the 
modifications it introduces in the older forms of the electro¬ 
magnetic equations, the reader may refer to an article by 
Williams.The two tables below summarize the main 
features of the system. 

Tabla I: The M.K.S. System of Units 

Qjiantity Unit Dimensional 
Equivalent 

Laigth Metre 
Mats Kilogram 
time Second 
Eaoqgy Joule Volt-coulomb 
Power Watt Joule/second 
Force Newton Joulc/metrc 
Electric diarge Coulomb Ampere-second 
IMsplacement density Goulomb/square metre 
Electric current Ampere Coulomb/second 
Current density Ampere/square metre 1 

Electromotive ibroe 
Electric intensity 

Volt 
Volt/*nctrc 

Jouk/coulomb 
Newton/coulomb 
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Table I: The M.K.S. System of Units (contd.) 

Quantity Unit 
Dimensional 
Equivalent 

Impedance Ohm Volt/ampcre 
Ampere/volt Admittance Mho 

Inductance Henry Ohm-second 
Permeability 
Capacitance 

Henry/metre 
Farad 

Dielectric constant Farad/metre 
Conductivity Mho/mctrc 
Magnetomotive force Ampere 
Magnetic intensity Ampcre/metrc 

Volt-second Magnetic flux Weber 
Magnetic charge Weber Volt-second 
Magnetic flux density Wcber/square metre 
Magnetic current Volt 
Ma^etic current density Volt/squarc metre 

Table II: Relationship op Units 

Quantity 
Practical 

Unit 

Size in 
M.K.S. 
Units 

Size in 
c.m.u. 

Size in 
e.s.u. 

Energy . Joule I 10^ ergs 10^ ergs 
Power . Watt 1 10’ crgs/scc 10’ ergs/sec 
Electric charge Coulomb I I0~^ 3 X I0» 
Displacement Coulomb 10^ coulombs 

10“^ 3 X 10® 
density Square centimetre 47r m* 

Electromotive force. Volt I 10® 1/300 
Electric intensity Volt/ccntimetrc 10* V/m lO® 1/300 

1/(9 X io“) Impedance Ohm 1 10® 
Conductivity . 1 Mho/centimetre lo* mhos/m IO“® 9 X io*‘ 
Inductance Henry 

Farad 
I lO® 1/(9 X io“) 

Capacitance . I I0“® 9 X 10“ 
Current Ampere 1 10-^ 3 X 10* 

Magnetomotive Gilbert* 
10* 
— amp I 3 X 10” 

force 47r 

Magnetic intensity . Oerstedf ^ amp/m 
4Tr 
lO"* webers 

I 3 X 10** 

Magnetic flux Maxwell 1 1/(3 X io>*) 

* Although the gilbert has the same dimensions as current, it is numerically 
equal to ij^ir times the electromametic unit of current due to the relationship 
ifi. ds » 49r/. In the rationalizea M.K.S. system the unit of magnetomotive 
Ibrce is the amp>ere both dimensionally and numerically. On account of the 
presence of the 4tr factor in unrationalized versions, it is safer to refer to the unit 
of magnetomotive force as the ampere-tuni or abWpere-tum. The addition of 
the word **tum’* has no effect on the dimensions but serves to distinguish the 
unit fhun the unit of current. The main point to remember in converung from 
rationalized to unrationalized tmits is that the ratwnoHztd units of H and D (dis* 
placement) are 4tr times larger. 

t Formerly cidled the **gauss.” In the c.g.s. system the name **gauBS*^ is now 
reserved for use as the unit of magi^tk induction (mamoctic fiux density}* This 
change was made at the I.E.C. C^vention held at Oslo in 1930. 



APPENDIX III 
NOTES ON THE MECHANICAL DESIGN OF 

ANTENNA STRUCTURES 

The following notes deal with some of the considerations 
involved in designing antennae whose size is such as to require 
masts of appreciable height. By far the most common heights 
are those between 15 and 50 m (50 and 150 ft), since these 
heights are suitable for long- and medium-wave antennae of 
low heights, and also for short-wave antennae such as rhombics, 
inverted-V’s, horizontal dipoles, etc. Masts of such size are 
usually made of wood or tubular steel. In general, the taller 
the masts the more specialized is their construction. Therefore 
it becomes impossible to give any useful data in the space of 
a few pages on really tall masts of the type that are used, for 
instance, for broadcast purposes. 

In view of the fact that most British and American mechanical 
engineering firms use tons, feet, etc., and that wire tables are 
in such units, the metric system has not been adhered to in 
the following pages. 

Classification of Masts. The masts employed for radio an¬ 
tennae fall into two distinct classes. One of these consists of 
masts which are used to support radiating wires; the other 
class comprises masts which are in themselves the radiating 
elements. 

Typical examples of the first-mentioned class as applied to 
long- and medium-wave antennae are the following— 

(а) Guyed tubular steel masts, supporting a T or inverted-L 
antenna. In view of the relatively low heights of such masts 
they iire not normally constructed with insulation from the 
ground. 

(б) Guyed lattice steel masts, between two of which is 
supported a T or inverted-L antenna. The masts may be 
ei^er grounded or insulated. 

(c) Self-supporting lattice steel towers, performing the same 
function as those in group (a). These may also be either 
grounded or insulated. 

(d) Guyed wooden masts performing the same function as 
those in group (a). 

(e) Self-supporting wooden towers, -down the centres of 
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which are suspended radiating wires. This type is often fitted 
with a top capacitor. 

(/) Self-supporting wooden towers in which the upper 
portion contains a vertical dipole. In most cases the dipole is 
loaded at both ends by a capacitor to make a half-wavelength 
mode of oscillation possible. 

The self-radiating type of antenna mast or tower occurs in 
the following forms— 

(^) Self-supporting lattice steel towers. 
(A) Lattice steel masts of uniform cross-section, guyed at 

several heights. These may be with or without a capacitor 
at the top. 

(i) As above, but fitted with outriggers and vertical wires 
suspended from a crown at the top to attain a more uniform 
characteristic impedance. 

(j) A “cigar-shaped” lattice steel mast, guyed at the centre 
only. Such masts usually contain an extra extendable piece 
on top, commonly called a “flag-pole.” 

(A) Telescopic masts (unguyed). These are of low heights 
only, say 12 m (40 ft), but have the advantage of being trans¬ 
portable and speedily erected. 

Fig. III. I shows sketches of nine different types of antennae 
and mentions the typical heights of the masts in each case. 

Axial and Bending Stresses 

The loading on a guyed mast can be split into two components, 
namely the axial loading and the bending stresses. The axial 
loading is the downward thrust due to the weight of the super¬ 
structure plus the vertical components of the tensions of the 
mast stays, back stay, halyard, etc. The other component of 
the loading is given by the bending stresses produced by wmd 
pressure on the mast, the tensions of windward and leeward 
guys (which in wind are unbalanced), and by the extent 
of the horizontal movements of the mast at the guy points 
(such movements depend on the initial tensions ci &e guys 
and back stay). Horizontal movements at the guy points are 
equivalent to the settlement of supports in a horizontal con- 
'tinuous beam—in the case of larger masts this stress odis for 
careful adjustments of the initial tension of die guys. 

Since these bending stresses are accompanied by deflections 
of the mast, additional bending stresses will be produced by 
the effect (£ the axUd load cm such defiectioRS> 
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In some of the larger masts the steelwork provided for the 
attachment of the guys to the mast is designed so that the 
loading due to the guy tensions is balanced about the central 
axis; in this way the bending stresses are minimized. The 
bending stresses produced by the wind pressure on the 
mast, however, cannot be avoided, and if {Ilk), the ratio of 
length to radius of gyration of the mast section, is high, the 
effect of the axial load on the deflected mast section will 
cause an appreciable increase in the bending stresses. It is 
the aim of most designers to keep the projected area of the 
mast as small as possible with a view to reducing the wind 
stresses. 

The ratio of IJk is not unduly high in the case of a guyed 
lattice steel mast, probably varying between 30 and 60, and 
therefore the effect of the axial load on the lateral deflections 
is likely to be very small. In the case of guyed tubular 
steel masts Ijk will be much higher, somewhere between 
130 and 180 in fact (or even higher if the mast is a portable 
one). In such circumstances the applied bending moments 
may easily be increased by 40 or 50 per cent due to the axial 
loading. 

An approximate estimate of this increase for steel masts is 
given by sec {[o*25(//^) VC/c)] degrees}, where fe is the axial 
load in tons per square inch and the length I is measured 
between the points of inflection. The exact mathematical 
treatment for calculating the stresses in compression members 
subjected to simultaneous action of axial and lateral loads is 
given in ref. i. A more general treatment of the design of a 
light guy-supported steel mast will be found in ref. 2. 

Since the bending moments will vary throughout the section 
of a mast, the important value from a design point of view 
is the maximum value, i.e. the bending stress at the extreme 
fibres (sometimes known as the skin stress). 

The loading on a self-supporting tower is more easily calcu¬ 
lated than that on a guyed mast; moreover this type of 
structure may be treated as a cantilever and designed in 
accordance with the conventional methods of structural 
analysis. 

Calculatton of Wind Pressure 

Whatever type c£ mast is used it is clear that a very large 
propmtion of the loads and stresses will be due to wind pressure, 
and hence it is important to be able to estimate the pressure 
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due to various wind velocities. The formula most generally 
used for estimating this pressure is 

P = kV^ . . (III.i) 

where P = pressure of wind in pounds per square foot, 

k = a. coefficient depending on the aspect ratio of the 
structure or component, 

V = velocity of wind in m.p.h. 

When designing masts of medium height it is generally 
considered sufficient if a wind pressure of from about 25 to 
30 Ib/ft* is assumed, while the coefficient k is taken as 0-003. 
By equation (III.i) this would represent a wind velocity of 
from 90 to 100 m.p.h. (the velocity of a hurricane). 

It is known that the wind velocity is actually a function of 
height (see, for example, ref. 3, p. 43). The velocity at i 000 ft 
is, in fact, about one and a half times as great as that at 100 ft; 
consequently for heights of this order the assumed wind pressure 
would be increased to about 40 Ib/ft^. Furthermore in the 
case of a lattice structure the wind pressure is usually assumed 
to be acting on about one and a half times the projected area 
of the structure. 

To find the total wind pressure on sections which are not 
flat, we must multiply the coefficient of k by another coefficient 
“c.” In the case of a cylindrical body, the value of c is usually 
taken to lie between o-6 and 0-75. The latter value is approxi¬ 
mately equal to the theoretical value, but the former is more 
frequently used. 

Equation (III.i) then becomes 

P = ckV^ . . . (III.2) 

The value of 0-003 for k applies only in the case of a flat 
surface of low aspect ratio, i.e. surfaces for which the ratio of 
height to breadffi is approximately unity. When the aspect 
ratio is high the value of k should be increased to about 0-004. 
Thus equation (III.2) may be stated as follows— 

For mast sections (i.e. flat surfaces of high aspect ratio) 

P = 0'004r® . . . (III.3) 

For mast guys (i.e. cylindrical surfaces of high aspect ratio) 

P— 0-0037* . . . (111.4) 
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The variation of wind pressure with height may be allowed 
for by taking the following arbitrary rule— 

P = 25 Ib/ft* at ground level, plus 5 Ib/ft® for each 100 ft 
increase in height 

These wind loadings may be reduced by 25 per cent for 
the mast guys on account of their circular cross-section. In 
addition, the loading on the guys should be multiplied by a 
factor equal to sin* 6, where d = the angle between the guy 
and the direction of the wind (ref. 5, p. 94). 

General Features of Mast Construction 

For non-lattice masts a circular cross-section offers the advan¬ 
tage of a high weight-to-strength ratio because the material 
is then most favourably disposed for the resisting of extreme 
fibre stresses. Another advantage is that tubes can generally 
be obtained in high tensile steel which allows higher bending 
stresses and greater deflections without risk of permanent injury 
to the mast. Both these points are important in view of the 
high Ifk ratios usually found necessary when designing a mast 
of this type. A high Ifk ratio has the merit of avoiding an 
excessive number of guys with the corresponding increase in 
the sixial loading. 

In the case of lattice steel masts, angles, channels or other 
structural sections are generally used in preference to tubes, 
since such sections lead to more easily designed joints and 
connections. The advantage can also be claimed with these 
sections that all surfaces are visible for inspection. With a 
lattice steel mast a high weight-to-strength ratio can be obtained 
by the appropriate spacing of the comer legs and as a result 
the Ifk ratio can be kept very much lower than in the case of 
a tubular mast, with the result that a much higher aixial 
loading is permissible. At the same time it is important to 
ensure that the streng^ of the individual mast sections between 
panel points approximates to that of the mast section between 
guy points, otherwise failure might occur by local fliexure. 

In view of the foregoing mechanical design features it is 
common practice to construct the smaller masts (up to about 
150 ft in height) of single tubular sections guyed at each joint, 
and to use high tensile steel tube of about 35 to 40 tons/in.* tensile 
strength. Larger masts, or masts designed for heavy aerial 
loads, are lattice sted construction and employ ordinary 
mild sted s8 to 33 tons/in.* fennle strength. 
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When designing a mast the optimum size of section must 
be found by trial and error. If the stresses in a trial design of 
a guy-supported mast are found to be satisfactory this does 
not necessarily imply that if the mast were constructed with 
a smaller overall breadth then the stresses would no longer be 
satisfactory. The reason for this is that both the dead load 
and the wind loading are decreased by the reduction in 
breadth. It is therefore a good policv to prepare several trial 
designs before deciding on the general dimensions of the mast 
and guys. 

The individual sections of a guyed tubular mast are usually 
about 20 ft in length for practical reasons, such as ease of 
manufacture, handling, etc., while the overall diameter of 
the tube is generally between 5 and 7 in. If the base of the 
mast is fitted with a simple form of hinge pin this will greatly 
facilitate erection by means of the “falling-derrick” method. 
Plate XVI shows this method in operation, while Fig. III.2 
gives a fairly detailed drawing of a 95 ft transportable mast 
capable of taking an antenna pull of i ton. Such a mast is suit¬ 
able for T and inverted-L antennae and also for short-wave 
dipoles or rhombic antennae operating on wavelengths between 
60 and 120 m. 

As an example of lattice sections of a guyed mast, one may 
take the Rugby masts (ref. 6), which have a triangular “K” 
braced section whose sides are 10 ft, and are guyed at intervals 
of 162 ft (the sections themselves being built in lengths of 27 ft). 
It will again be noticed that the component lengths are limited 
to less than about 30 ft owing to manufacturing considerations 
and for easier transport and erection. 

The comer legs of these masts are built up of channel sections 
placed so that the ratio of the greatest to least radius of gyration 
is near to unity. In the case of smaller lattice steel masts, it is 
generally found more economical to use single angle legs. 
Although in this case the value of the radius of gyration will 
vary by approximately 2 to i for different axes, the extra 
weight of material involved to maintain the ratio Ifk will be 
ofiset by the greater ease in fabrication and erection. 

To avoid bending stresses at the bottom of a big mast, a 
large steel pivot may be used, consisting of a bsill and socket 
joint; obviously a joint o£ this kind is only possible on guyed 
roasts. This pivot is normally mounted above the base insulator. 

It is in^rtant that the mast structure should be protected 
agaipa corrosion. Opinions differ as to the best method of 



Fio» III.3. Example op a 95 ft Portable Mast 

486 



Appendix III 487 

protection; some prefer galvanizing the individual sections 
before they are erected, others prefer to have the steelwork 
coated with a good quality priming of red lead, followed by an 
undercoat, the finishing coat being applied on the site, after 
first touching up and making good any damage due to handling 
and transporting. The final coat should be applied after the 
mast has been erected. 

Painting is generally preferred in the case of lattice steel 
masts, and galvanizing in the case of the smaller tubular masts. 

Mast Stays. The choice of a suitable wire rope for the mast 
stays is important. A rope with a wire centre core should be 
used in preference to one with a fibre core, since flexibility is 
not required. A fibre core would tend to hold moisture and 
to increase the amount by which the rope would stretch under 
load; furthermore, a rope with a wire centre core has a higher 
breaking load than one with a fibre core. 

To obtain the maximum strength for the minimum projected 
area, a high-tensile steel wire rope should be used, say 
loo-i 10 tons/in.* galvanized “Best Plough Steel.” 

The properties of loo-i 10 tons/in.^, 7x7 construction, gal¬ 
vanized wire ropes are given in Table i, on page 488. 

The elastic stretch of a rope must not be confused with the 
constructional stretch. In the case of large masts, where the 
cost of setting up the stays is a point to be considered, it would 
be desirable to pre-stretch the stays to about one-third of their 
breaking load before the mast is erected. 

In the case of the small tubular masts, the cost of setting up 
the stays is not excessive, neither is this work carried out by 
highly skilled personnel, for these reasons pre-stretching is 
seldom thought necessary with small masts. 

It is usual to provide adjustments at the lower ends of the 
mast stays in the form of removable link plates as a means of 
compensating for slight irregularities in the ground levels. 
Tumbuckles or rigging screws are used for controlling the 
initial tensions of the stays. 

The dimensions of the concrete anchorages for the mast 
stays and of the concrete foundation for the mast both depend 
on the site and on the purpose for which the mast is required. 
Allowable bearing pressures on different types of soil are 
specified in most Engineers* Handbooks (see also ref. 10, 

P- 39)- 
Elaborate calculations are often necessary for estimating the 

appropriate initial tensions and the maximum tensions of mast 
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stays. Descriptions of such methods are given in refs. 6 and 7, 
which deal with the design of the 800 ft Rugby masts. Simpler 
methods are described in refs. 2 and 8, the latter reference 
giving a simple graphical method. 

Table I: Properties op 7/7 Construction Stay Wire (with 
Wire Centre Core), ioo-iio tons/in.*, Best Plough Steel 

The specified breakkig loads (m tons of & 240 lb) have been obtaixied by 
adding 1/7 to the breaking 1cm 6/7 cemstruedon rope a fibre eore« 

The ^edfied weight tt 1/9 greater than that of d/7 rinnitriiodoin mite with a 
fifafeeote* 

wheneitiinatiiw die elastic stretch of a 7/7 coiistnicdon rate with a whepefitre 
00^ ihe vdtite of the tteeis-esteositte tatio ntey be telteh as 

lliie hi table to whe loites of ftridih 
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In the case of the small tubular masts, which are generally 
erected by semi-skilled labour, it is satisfactory if the stays arc 
set up to initial dips of about f to i per cent of their span. 
Little is to be gained by initial dips of less than f per cent. 

Earth Systems 

Earth systems are of two distinct type-?, one employing buried 
wires, the other wires elevated above the ground. 

The depth of the wire below the ground in the buried wire 
system is of the order of i ft. In order to facilitate the laying 
of such wires, special wire-laying ploughs have been devised 
(ref. 6)—these are pulled by tractors and lay the copper wire 
directly. As has been pointed out in § 2.5, when the antenna is 
relatively low an efficient earth system is particularly useful. 
Unfortunately low antennae are usually used on account of 
simplicity and cheapness, so that an elaborate earth system 
would defeat this purpose. 

Elevated earth systems, i.e. counterpoise earths, are sus¬ 
pended from poles at a sufficient height to permit the passage 
of personnel and vehicles underneath them. To minimize 
cross-currents the pattern in which the wires are joined 
resembles that of a genealogical tree in which the head of the 
tree is at the base of the antenna. 

Antenna Pull 

Estimates of the pull exerted by an antenna slung between 
two masts vary quite considerably. The pull depends on 
many factors such as the number of wires, their modulus of 
elasticity, the initial dip, the movement of the masts, the 
stretching of the halyard and—to a very high degree—on the 
wind pressure. The figures usually assumed range from about 
I to I ton in the case of the small tubular steel masts, and from 
about 5 to 10 tons for the large lattice steel masts. 

The corresponding figures for the total axial loading would be 
of the oitler of 3 to 6 tons for small tubular masts of heights 
from about 80 to 120 fr, whilst in the case of the 800 ft Rugby 
masts with an antenna pull of 10 tons, the estimated total axiaJ 
loading k 400 terns. Therefore the antenna pull represents about 
one-si^ to one-fortieth of the axial loading, according to the 
hei^t and type of mast. 

Under severe idng conditioas the antenna pull may be 
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greatly increased. It is therefore good practice to terminate 
the halyard with a counterpoise weight so that the sag in the 
spaft can automatically increase under heavy loading condi¬ 
tions. In this way excessive antenna tensions are avoided. 

insulators 

It is common practice to arrange for the insulators to be under 
compression. Furthermore, in the case of guy insulators, the 
design of the insulator mounting should be such as to keep the 

Fio. III.3. Typical Characteristios of Ego Insulators 

wires from falling apart if the insulator failed. The simple type 
of egg insulator fulfils both these requirements, although for 
large structures elaborate insulator mountings are ofben used. 

Porcelain is by far the most common insulator material. 
An interesting exception is provided by the Rugby masts, 
which are mounted on large granite blocks as well as on 
porcelain insulators. These blocks were dried on site by 
radio-fi?equency currents and then coated to prevent subsequent 
moisture absorption. Preliminary tests for these masts showed 
that the Scandinavian granite was capable of standing 
6000 V^n. (rdf. 6). 

It is important that porcelain insulators should not be too 
thick, odierwise the vitnfication during firing will not be even. 
Gon^nently large insulators are m^e with holes through 
die miodie. Thp subsequent glazing also has an eifect on 
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both the mechanical and electrical properties. A well*made 
cylindrical porcelain insulator will stand loads as high as 
10 tons/in.* and R.F. voltages of 10 000 V/in. 

The dielectric strength of porcelain does not vary appreciably 
with loads up to 30 per cent of the ultimate compressive 
strength. Actually the dielectric strength increases by about 
10 per cent with ihe maximum occurring at 10 to 15 per cent 
of the ultimate mechanical strength (ref. 9). 

When using egg insulators it is most important to use an 
insulator which has grooves large enough to take the wire rope 
in order to avoid any wedge action. Such a wedge action on 
the groove of an insulator will completely ruin its ability to 
take a load. A graph of the mechanical and electrical loads 
of typical egg insulators is given in Fig. III.3, together with 
appropriate rope diameters. 
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APPENDIX IV 
LIST OF SYMBOLS 

The following list gives the symbols which occur most frequently 
in the text. As far as possible a consistent set of symbols has 
been used, but where exceptions occur these are indicated in 
the text. 

A diflBculty occurs in the case of multiples and submultiples 
of units. They may be indicated by suffixes (e.g. E^y for 
field strength in millivolts/metre) but this system can easily 
lead to formulae containing an excessive number of sufiixes. 
For this reason the frequently occurring dimensions of kilo¬ 
metres and kilowatts have been denoted by the symbols D 
and P respectively. 

A = magnetic vector potential in webers/metre. 
a — radius of circular or cylindrical bodies in metres. 
B = magnetic flux density in webers/square metre. 
B — susceptance in mhos. 
C(x) == log,X-f>—Ci(«). 

Ci[x) = 
cos z 

dz 

C as capacitance in farads—also capadtance/unit length of 
transmission line. 

c — velodty of light in vacuo in metres/second 
= 3 X 10* m/sec. 

O 3= displacement density in coulombs/square metre. 
D a= distance in kilontetres. 
i — distance in metres. 
£ = electric field strength in volts/metie. 
mix) =r a{x) 
0 = dectromotive force in volts. 
F{0) as Standardized polar coefildent. 
/ B frequency in cydes/sec(Hid« unless otherwise stated. 
G B amductancein mhos—also oonductanoe/uiut length of 

transmisskm line. 
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Gg = power gain over half-wave dipole. 
Go == power gain over hypothetical omnidirectional source. 
g = Qonductivity in mhos/metre. 
H = magnetic field strength in amperes/metre. 
H = height of centre of antenna system above the ground. 
A = height of vertical radiator above the ground or 

half-length of a dipole. 
/, = loop current, i.e. r.m.s. current at current antinode, 

sometimes it is the peak current. 

i = instantaneous current in amperes. 

J = current density in amperes/square metre. 
j = I. 

K ~ form factor. 
k = factor converting actual radius of the earth into 

“effective radius for radio propagation.” 

A = Boltzmann’s constant = 1*37 x iO“** joules/degree. 

L = inductance in henrys—also inductance/unit length of 
transmission line. 

M = moment of magnetic doublet. 
0 = the sufiix “o” is used with G, /x, a, p, A,/, co and Zo 

to denote free-space values where such a distinction 
is necessary. 

P{d) = polar coefficient. 
P = power in kilowatts. 
P = propagation constant of a transmission line 

= « 4-j/5. 
p = intrinsic propagation constant of a medium 

= a -t-J/5. 
R = resistance in ohms—^also resistance per unit length of 

a transmission line. 
Ri se resistance at the base g£ am antenna. 
Ru 33 base dead-loss resbtance. 
R^f base radiation resistance. 
Ri loop resistance, i.e. resistance at a current antinode. 
Rui 33; loop dead-loss redstance. 
Rif 33 loop radiation redstance. 
Rfi 33 real part of characteristic impedance in ohms. 
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r = distance to field point in metres. 
S = energy flow in watts/square metre (Poynting’s Vector). 
%) =Si{x). 

T = temperature in degrees Kelvin. 
U = magnetic potential in amperes. 
V = electrical potential in volts. 
W = power in watts. 
X = reactance in ohms. 
T = admittance in mhos. 
Z — impedance in ohms. 
Zo = characteristic impedance in ohms. 
Zo = intrinsic impedance of a medium in ohms, 
a = attenuation constant in nepers/metre. 
^ = phase constant in radians/metre. 
Y — 0*5772 (Euler’s constant). 
A == angle of elevation (complement of the zenith angle). 
e = dielectric constant in farads/metre, 
c, = dielectric constant relative to that of free space. 
b' — complex dielectric constant 

= Br 

r} = power efficiency. 
6 = zenith angle (complement of angle of elevation)—also 

angle l^tween field point and direction of current 
element. 

X = wavelength in metres. 
H =s permeability in henrys/metre. 
ir = 3*14159. 
a — surface charge density in coulombs/square metre. 
p ~ charge density in coulombs/cubic metre—also Som- 

merfeld’s numerical distance—also standing wave 
ratio. 
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SUBJECT INDEX 
Absorption limit, 401 
Adcock antenna, 334 
Admittance diagranLs, 472 
Admittance to impedance conversion. 

Aeroplane effect, 324, 354 
Aircraft, television from, 20 
Alford loop antenna, 121, 145 
All-wave antenna, 220 
Altimeter anteima, 349 
Angle— 

of arrival, 397 
of fire, 396 

Antenna— 
Adcock, 334 
Alford loop, 121, 145 
all-wave, 220 
anti-fade, 72, 77, 377 
automobile, 361 
Bellini-Tosi, 223, 322, 343 
Beverage, 7, 228, 236 
biconical, 142 
broadcasting, 52, 55 
cage type, 127 
“capacity,** 227 
cartwheel, 120 
cheese, 161 
clover-leaf, 123 
coaxial loop, 145, 223 
conical hom, 179 
comer reflector, 161 
crossed-loop, 322 
dielectric, 
discone, 143 
echelon, 270 
clcctroma^ctic dipole, 147 
fan, 360 
folded-top, 74 
ground-plane, 119 
half-wave dipole, 89, 135, 199 
Hertz, 8 
hom, 168 
inverted-L, 3a, 38,41, 44,48, 57, 61, 

71. 74. 9J7. ai9 
inverted-V, 278, 283 
loop, 233, 315, 340, 346 
low-velocity, 77 
magnetic dipole, 144,146 
Marconi, 9 
non-resonant wire, 274 
parabolic, 147 
polyrod, Dielectric) 
pylon {m Slotted cylinder) 

Antenna—{contd.) 
pyramid hom, 179 
reactance loaded, 32, 43, 55, 74, 77 
receiving, 217 
resonant long-wire, 266 
resonant-V, 281 
rhombic, 235, 285 
rocket, (see Slotted cylinder) 
sectionalized, 76 
sectoral horn, 172 
shielded loop, 320 
slot, 182 
slotted cylinder, 123 
spaced-loop, 337 
spherical, 136 
T-type, 3a, 34, 38, 41, 44, 48, 57, 61, 

71. 75. 83, 219 
tail-fin, 360 
trailing wire, 351 
unipole, 226 
wave, (see Beverage) 
whip, 359, 471 
wing, 357 

Antenna arrays— 
broadside, 264 
end-fire, 264 
fishbone, 236 
flat-top, 112 
Franklin, 10, 77, 272, 311 
Kooman, 262, 301 
M.U.S.A., 234 
scries phase, 312 
Sterba, 309 
Walmslcy, 310 
Yagi, 114, 168 

“Antenna effect,** 319, 342 
Anti-fade antenna, 72, 77, 377 
Apparent radius of ci^, 371, 405 
Appleton layer, (see F layc^ 
Atmospheric rcdraction, 416 
Attenuation constant of line, 441 
Attenuation— 

of 4-wire lines, 465 
of dissipative lines, 468 

Austin-Cohen formula, 373, 376 
Automatic direction finmng, 347 
Automobile antennae, 361 
Available noise power, 201, 210 
Axial stresses, 4&> 

Babinet’s principle, 184 
BA.B.S. antennae, 351 
Bandwidth, 127 
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Bcllini-Tosi antenna, 223, 322, 343 
Bending stresses, 480 
Beverage antenna, 7, 228, 236 
Bicoriical antenna, 142 

method, 51 
Boltzmann’s constant, 201 
Broadcasting antenna, 52, 55 
Broadside array, 264 
Brewster angle, 241 

Gage-type antenna, 127 
Capacitance, 

of circular disk, 43 
of horizontal wire, 36 
of parallel wires, 37 
of short antenna, 33 
of single wire, 37 
of transmission line, 435, 437 
of vertical wire, 35 
of wire cages, 40 
static, 33 

“Capacity” antenna, 227 
Cartwheel antenna, 120 
Characteristic impedance— 

of transmission lines, 437, 445 
of vertical radiator, 41, 42 

Cheese antenna, 161 
Glover-leaf antenna, 123 
Coaxial— 

fed dipole, 131 
line, 434 
loop antenna, 145, 223 

Compensating loop or wire, 342 
Conductance of transmission line, 435, 

Conductivity tables, 475 
Conical horn, 179 
Cophasal linear arrays, 252 
Comer reflector, 161 
Corona, 465 
Coupling circuits, 80, 87 
Critical frequency, 24 
Crossed-loop antenna, 322 
Current distributions, 6 

D LAYER, 28 
Dielectric— 

antenna, 189 
constant— 

complex form, 21 
taUes, 475 

Diffraction, 423 
Discone antenna, 14^ 
Dissipative transmission line, 458 
Diversity reception, 234 
Dominant mode, {se$ Principal mode) 
Doublet, 2, 198, 2^ 
Duct effect, {m Su^-^refraetkm) 
Dummy antenna, aiO 

E LAYER, 23, 371, 388, 392, 397 
Earth conductivity— 

effect on input resistance, 102 
effect on polar diagrams, 100 

Earth— 
currents, 62, 85 
curvature, 416 
resistance, 66 
systems, 68, 218, 489 

Echelon antenna, 278 
Effective area— 

of absorption, 198 
of target, 430 

Effective noise temperature, 203, 212 
Electrical volume of D.F. loop, 326 
Electromagnetic dipole, 147 
End-fire array, 264 
Energy bandwidth, 201 
Equivalent— 

noise resistance, 207 
transmission line, 5, 218 

Exponential line, 468 
Extraordinary ray, 404 

F LAYER, 23, 371, 396 
Fade-free radius, 386 
Fairlead, 352 
Falling-derrick method of erection, 485 
Fan antenna, 360 
Field-. 

electrostatic, 2 
induction, 2 
plotting, 446 
radiation, 2 

Figure of merit, 12, 70, 78, loi 
Fishbone array, 236 
Fixed-wire aircraft antennae, 355 
Folded-top antenna, 74 
Flat-top array, 112 
Form factor, 73 
Franklin array, 10, 77, 272, 311 
Frequency m^ulation, 207 
Fresnel’s formula, 369 

Gain— 

of cjjrective antenna, 254 
of hnear arrays, 262, 265 

Goniometer, 322, 328 
Ground-plane antenna, 119 
Gyro-frequency, 24, 404 

Half-wave dipole, 89, 135, 199 
folded type, 116 
for television, 223 
methods of feeding, 129 
power gain, 256 
terminated type, 118 
with parasitic dtjpole, 106 
with reflecting sheet, m 



Subject Index 

Heaviside layer, {see E layer) 
Height factor, {see Images) 
Hertz antenna, 8 
Homing, 347 
Horn antenna, 168 
Huygens’ principle, 171 

“Ideal” amplifier, 211 
Images, 14, 241 

negative, 97, 99 
positive, 96, 98 

Impedance chart— 
circular form, 457 
rectangular form, 455 

Impedance to admittance conversion, 

459 
Impedance of terminated line, 452 
Inductance of transmission line, 435, 

439 
Insulators, 465, 490 

power factors of, 476 
Interference suppression, 206, 215, 365 
Intrinsic impedance, 57 
Inverted-L antenna, 32, 38, 41, 44, 48, 

57» 61, 71, 74» 217, 219 
Inverted-V antenna, 278, 283 
Ionosphere, 18, 22, 366, 394 
Iron-cored loop, 318 
Isotropic radiator, 199, 254 

“J”-FED dipole, 133 

Kennelly-Heavtside layer {see E layer) 
Kooman array, 262, 301 

Lambert’s projection, 395 
Latitude correction factors, 404 
Linear radiator, 5 
Logarithmic scale, 97 
Loop— 

antenna, 233, 315, 340, 346 
dead-loss resistance, 45 
radiation resistance, 45 

Losses— 
conductor, 57 
dielectric, 58 
^ound, 6i 
joulean (or heat), 3 

Low-velocity antenna, 77 

Magnetic dipole antenna, 144, 146 
Magneto-ionic theory, 24 
Marconi antenna, 9 
Marker beacon antenna, 350 
Mast design, 479, 484 
Matching— 

of knp^ances, 460 
sections, 460 

Maximum usable frequency, 25, 398 
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Maxwell’s equations for transmission 

line, 435 
Milky Way, 202, 203 
M.K.S. system, 477 
Modes of oscillation, 136 
M.U.S.A. array, 234 
Mutual impedance, 106 

correlation with gain, 258 
of collinear dipoles, 104 
of parallel dipoles, 103 
of staggered dipoles, 105 

Nepers, 438 
Night effect, 324 
Night-time field strengths, 393 
Noise, 197, 200 

atmospheric, 204, 223 
cosmic, 203 
fluctuation, 208 
from jxjwer line, 219 
impulse, 208 
man-made, 205, 215 
thermal, 200 
valve, 206 
variation with frequency, 215 

Noise figure, 207, 209 
of diode mixer, 213 
of goniometer, 328 
of stages in cascade, 212 
of transmission line, 331 
of valves, 213 

Noise-reducing antennae, 219 
Non-resonant wire antenna, 274 

OcTANTAL error, 323 
Optical horizon, 418, 423 
Ordinary ray, 404 

Parabolic antenna, 147 
Parallel-wire line, 434 
Parasitic dipoles, 106 
Phase constant— 

of transmission line, 436, 445 
of a medium, 442 

Phase slip, 176 
Pick-up factor, 318 
Polar coefficient, 73, 75, 78 
Polar-diagram principles, 238, 247 
Polarization errors, 324 
Polyrod antenna {see Dielectric 

antenna) 
Power handling capacity of lines, 464 
Poynting’s vector, 199, 430 
Precipitation static, 205 
Principal mode, 434 
Propagation constant of line, 436, 445 
Pylon type antenna {see Slotted 

cylinefer antenna) 
Pyramid horn antenna> 179 
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Q-factor, 128 
Quadrantal error, 341 

Radar equation, 430 
Radiation losses of lines, 466 
Radiation resistance, 3, 45 

base, 46, 48, 50 
loop, 46, 47 

Radiator— 
grounded, 9 
standing-wave, 7 
travelling-wave, 7 
tuning of, 11 
ungrounded, 8 

Radio duct, 428 
Ray theory, 406 
Reactance-loaded antenna, 32, 43, 55, 

74. 77 
Reactance transformer, 82 
Receiving antennae, 217 

equivalent circuit, 196 
properties identical with transmis¬ 

sion, 196 
Reciprocity, 196, 202 
Reflecting sheets, 111 
Reflection coefficients, 406, 451 
Resistance of transmission line, 436, 440 
Resonant long-wire antenna, 266 
Rcsonant-V antenna, 281 
Rhombic antenna, 235, 285 
Rocket antenna {see Slotted cylinder 

antenna) 

Sectionalized antenna, 76 
Sectoral horn, 172 
Semicircular error, 341 
Sensitivity of D.F. loop, 325 
Series phase array, 312 
Shadow factor, 381 
Shielded loop antenna, 320 
Shunt feed, 80 
Signal-to-noise ratio, 195, 207, 326 

minimum values, 208 
Skin depth, 57, 64, 65, 440 
Skip distance, 27 
Sky wave, 19, 367, 371, 386, 391 
Slewing of beam, 158 
Slot antenna, 182 
Slotted cylinder antenna, 123 
Sneirs law, 26 
Sommerfeld’s attenuation constant, 376 
Sommerfeld*8 numerical distance, 378 

Spherical antenna, 136 
Space— 

phasing, 238 
wave, 15, 367, 369, 404, 406 

Spaced-loop antenna, 337 
Spherical surface divergence factor, 

417 
Spherical trigonometry formulae, 395 
Standard wave error, 324 
Standing wave, 443 

ratio, 454, 458, 468 
Stay wire table, 488 
Stays, 487 
Sterba array, 309 
Stub for wide-band antenna, 470 
Sun-spot cycle, 24 
Super-refraction, 22, 428 
Surface wave, 15, 16, 366, 405 
S.W.G., radii in mm., 470 

T-type antenna, 32, 34, 38, 41, 44, 48, 
57> 61, 71, 75. 83, 219 

Tail-fin antenna, 360 
Temperature rise in lines, 470 
Thunderstorms, 205 
Tilt of surface wave, 368 
Top pull on masts, 489 
Trailmg wire antenna, 351 
Tuning stubs, 462 

Unipole antenna, 226 
Units, 477 

Van der Pol^s formula, 378 
Vector diagrams, 247 
“Vertical,*’ {see “Antenna effect**) 

Walmsley array, 310 
Water vapour reflections, 372 
Wave antenna {see Beverage antenna) 
Waveguides, 168 
Wavelength— 

classification of, i 
free-space value, 2 

Whip antenna, 359, 471 
Wind pressure, 482 
“Windom** fed dipole, 134 
Wing antenna, 357 

Yaoi array, 114, i68 

“Zepp** feed, 94 








