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THE RADIATION AND DIRECTIVE 
CHARACTERISTICS OP ANTENNA ARRAYS

Introduction
An understanding of the mechanism by which energy is 

radiated from an antenna is the purpose of this thesis#
It was generally believed, until 1920, that radio waves 

traveled in an ever expanding circle, like the ripples created 
by a pebble falling into still water. If left to their own 
devices, radio waves from a vertical antenna will travel in 
this manner, but as the number of broadcasting stations in
creased it was necessary to control these radiations. Ways 
have been devised to make the waves travel in the form of a 
shamrock, a four-leaf clover, a double watermelon, or an air
plane propeller. These are only a few examples of what are 
called field patterns. A radio engineer named Southworth 
explored this field and discovered 60 possible patterns for 
a two tower antenna installation. This same man worked out 
all the possible combinations up to 48 towers, and in this 
work discovered that a pencil of radio energy no wider than 
a highway which stretched for thousands of miles could be form
ed. This system is now used in trans-ooeanlc broadcasting 
service#

In 1927 the United States Government, by the creation of 
the Federal Communications Commission, placed restrictions 
as to frequency and power on all broadcasting stations within 
the territory belonging to the United States.! This action 
resulted In an Incomplete coverage of the broadcasting sta
tion’s territory. Increasing power was out of the question



so the only way was to use a more efficient directive antenna* 
In the fall of 1933, WIID, at Gary, Indiana, was the se

cond station in the United States to use a directive antenna* 
The purpose of the antenna was to concentrate as much energy 
as possible in Chicago, and not waste it covering Lake Michi
gan, Mae system worked well and established definitely the 
value of directive antennas.

The merit of a directional antenna is most conveniently 
measured in terms of the antenna gain, which is defined as 
Hthe power that must be supplied to a standard comparison 
antenna to radiate a given field strength in the desired direc 
tion, divided by the power that must be supplied to the direct 
ive antenna to accomplish the same result," A gain of 100 
means that the directive antenna requires only l/lOO as much 
power to produce a given field strength in the desired direc
tion as does the comparison antenna. The comparison antenna 
is usually taken either as a wire one-half irave length long 
and at an arbitrary orientation and height above the earth, 
or as a very short vertical wire.

The directive antenna is the direct cause of the very 
short wave transmission we have today. Wave lengths shorter 
than 20 meters have the property of puncturing the Heaviside 
layer,2 and thereby becoming lost. This was overcome by dir
ecting the waves along the surface of the earth by means of 
directive antennas. Amateur radio operators organized under 
the American Radio Relay League are the leaders in this field, 
On November 21 and 22, 1935, at W2Jn Montclair, N.J., and



W2QUZ at Yonkers, JU Y., did what was considered Impossible. 
Using directive antennas and normal medium-powered 56me.*(5 
meter) transmitters, signals were directed to Boston without 
the use of airplanes or mountain tops at either end* Contact 
between W1XW and WlHbd at Hartford, Cornu, was established 
during the month of Aprlfc, 1935 on 120 me. (2-| meters) due to 
directive antennas* Practical communication on l£ meters has 
been obtained between W1A1 and W9Boe at a distance of 75 miles.3

In order to correctly understand how an antenna functions 
we must realize what type of current it contains and the pheno
mena produced by this current* The current in an antenna is 
alternating current, that Is, it changes its direction, flow,
and strength periodically*

Alternating CurrentsIf an alternating current is applied to a resistor, the
relation of the voltage and corresponding current at any in
stant will be exactly in accordance with Ohm’s Law (I » E/R)*
The opposition which a circuit offers to the flow of current 
through it, merely because of the natural resistance proper
ties of the material of which it is made, is called ohmic 
resistance*

When a current flows through a conductor a magnetic field 
results. If the current varies in any way the field around 
the conductor varies In the same manner. This causes a self- 
induced electro-motive force (e«m*f.) in the opposite direc
tion of the current which produced it. This opposition to 
the current flow caused by the self-induced e«m*f* in the 
alternating current circuit is called Inductive reactance.



Inductive reactance not only impedes or opposes the current 
flow, hut it also makes the variations in the alternating 
current flow, lag behind the corresponding variations in the 
applied e.m.f. The effect on a given e.m.f. of self induction 
of impeding the flow of current is equivalent to a certain 
number of ohms resistance which would have exactly the same 
effect. This effect of self induction on the flow of current 
is known as Inductive reactance. It is not the same as resis
tance although they both oppose the flow of current} ohmic 
resistance is independent of the frequency of the current 
while reactance increases directly as the frequency. Induc
tive reactance is given by

Xl - 2Jf£L,

where L is the inductance in henries. The combined effect 
of the reactance and resistance in the circuit is called the 
impedance, where

Z J r 2~4. x£.
A condenser, if connected in an alternating circuit, 

oauses what is known as capacitive reactance. Capacitive 
reactance has the opposite properties of inductive reactance 
in that it causes the current to lead the applied e.m.f. 
Capacitive reactance in ohms is given by

X0 . l/2 7ffO,
where C is capacitance in farads and f Is the frequency in 
cycles per second.

Capacitive reactance, inductive reactance, and resistance 
are related by the Pythagorean theorem, that is, the hypotenuse



squsired, of a right triangle is equal to the sum of the other 
two sides squared. Pig. 1 clearly shows this relation*

-5-

Pig. 1
Since capacitance and inductance have the opposite effefet 

on an alternating current circuit, the net reactance (X) is 
equal to the arithmetical difference between the inductive 
reactance (XL ) and the capacitive reactance (X0). The impe

dance of a circuit containing Inductance, capacitance, and 
resistance, is equal to the square root of the sum of the 
squares of the resistance and the reactance, that is,

Z ♦ (XL - Xc)2.
The effects of capacitive reactance, inductive reactance, 

and resistance on the applied e,M.f. and the current are 
shown in Pig. 2. Pig. 2 (a) represents an inductive circuit 
where the current variations are lagging the e.m.f. variations.

   .

/> ̂_ I I_
'icjtay \

Pig. 2
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Plg* 2 (b) represents a capacitive circuit where the current 
variations are leading the e.m.f. variations. In Fig. 2 (c) 
we see a resistance circuit where the current and e.m.f. 
variations are exactly in phase.

From the foregoing considerations it can be seen that
Ohm*s Law for alternating circuits is_____

E = i / r 2 - (2 77fL - 1/2 TftC)2 .

The power in a direct current circuit or in an alternat
ing current circuit containing resistance only can be found 
by multiplying the current by the applied e.m.f. In an alter
nating current circuit in which the current lags behind or 
leads the voltage, the true power in a circuit is less than 
that given by the equation

P - E I .
When the current Is 90 degrees out of phase with the 

applied e.m.f. the power is zeroj this Is called a ’’wattless” 
current. If we consider Fig. 3 we see that any point (x^, y^)

( ? • * * *  P  1 c  a  f tI ToWER ^PowER

\ . F .

L_Jy / :M T U
\

.«t S I yf “ "■■"•T! ""Nl'
K • ' p jr*

A
*<■ * *  Xc t  h

A.  f i .  C.

Fig. 3
on the power curve is equal to the value of the current curve



at x a X]: times the y value of the e.m.f. curve at x as x^.
The actual power in the alternating current circuit can 

be found from the expression
P a 51 cos. 6,

where P is the apparent power and cos © is equal to R/Z.
The term cos 9, i*e«, the cosine of the angle of lag or 

lead between the current and the e.m.f. variations, is called 
the power factor.

An alternating circuit is at resonance when the capa
citive reactance is equal to the impedance reactance, i.e.,

2 I t f L  =  1 / 2  rf T O . *

Then Z reduces to R and the total opposition to the current 
flow is equal to the resistance. Therefore the maximum cur
rent flows through the circuit. Prom equation («•) we find that

f = l/2]ryLC^ (2)
where f is the frequency in cycles per second, L the induc
tance in henries, and C the capacitance in farads. If L is 
expressed microhenries and C in microfarads, equation (2) may 
be written

f a 159,000//Io.
Resonance can be of two types, parallel and series. In 

a series-tuned circuit as in Pig. 4. A., a stream of electrons 
is rapidly surging through the coul and into and out of the 
plates of the condenser, by way of the line circuit and the 
lamp. The light in this case burns brightly, as the Impedance 
due to the condenser and the inductance is zero. A condenser 
and coil are connected in parallel (Pig. 4. B) and then placed



in aeries with the line oircult and the lamp. In this case 
the electrons surge back and forth through the coil, and into 
and out of the condenser plates as before, but now the lamp 
la not in this stream of electrons*

Electrons are oscillating back and forth through the 
coil and condenser, but the line current approaches zero as 
the condenser and the inductance are tuned through resonance. 
At resonance a parallel-tuned circuit offers very large im
pedance to the external circuit*

In a parallel circuit at resonance the capacitive reac
tance is equal to, and opposite the inductive reactance as
in the case of series resonance.

Antennas
Antennas are, for all practical purposes, of two dis

tinct typesJ the Marconi and the Hertz antennas. The Marconi 
antenna uses the groundas an essential part. This ground 
effect increases the current distribution throughout the an
tenna, that is, it has the same effect as increasing the 
length of the antenna.4 The Marconi antenna can be connected 
directly to the ground, or it may use an extensive counter
poise of wires suspended directly below the antenna. The



connection to the ground Is obtained by a capacity effect be
tween the ground and the counterpoise.

In the Herts antenna, the ground does not play an essen
tial part. In its purest form the Herts consists of a single 
wire suspended sufficiently high above the earth to have an 
inconsequental capacity to ground effeot. The great variety 
of antenna systems seen in operation can be reduced essen
tially to the Herts or Marconi antennas.®

A single wire such as that found in the Hertz antenna 
has inductance, capacity, and resistance. It is an oscilla
tory circuit having a natural frequency in the same way as the 
tuned circuits of transmitters or receivers. The chief differ
ence is that in the antenna the inductance, capacity, and re
sistance are distributed throughout its length, whereas in 
transmitters and receivers they are lumped together. The 
Herts antenna is known as an open oscillatory circuit which 
has the ability to radiate the energy oscillating in it.®

The Hertz antenna is sometimes known as a doublet or 
half-wave antenna. These names arise from the property that 
the Hertz antenna has of having its natural wave length 
(the highest wave length at which it will oscillate) approx
imately twice the length of the antenna in meters. If the 
velocity of an electric wave on a wire were always 300,000,000 
meters per second, which is the approximate velocity of a 
radio wave in free space, the natural wave length of the 
wire would be exactly twice the length of the wire in meters. 
The velocity of a wave on a wire Is always something less
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than the velocity in free space. We therefore must use a 
multiplying factor between 2.07 and 2.1.

The Herts antenna has the property of oscillating at 
frequencies other than the fundamental frequency. These 
frequencies are multiples of the fundamental frequency and 
are called harmonic s. Thus, an antenna with Che fundamental 
frequency of 3,550 ko. will have harmonics at 7100 ko., 14200 
ko«, 23400 ko., etc. These harmonics would be called the 
second, third, and fourth harmonics, etc. The antenna opera
tion at its fundamental frequency would be considered half
wave operation as it would have a half wave standing upon It.

rtAt its second harmonic the antenna would have two waves on It.'
There will always be a definite number of waves on the 

antenna when it is oscillating; no odd quarter or eighth 
waves will be left over. The voltage at the ends of the an
tenna reaches its maximum and the current its minimum value 
as can be seen from Fig. 5. A knowledge of the location of 
the maximum and minimum points of both current and voltage 
is of great importance in feeding the antenna.9

3 -nJ>. frAHrAoNiC $

^CuARENT
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J VVAr£ ON A N T E N H A  %  W A V E  o»i  r *  & A M T Z k H A

Fig. 5
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The resistance of an antenna is composed of the sum of 
two separate resistances* the ohmic resistance offered by 
the wire and the radiation resistance.^ The radiation re
sistance is equal to the energy dissipated by the antenna*
It can be found by the use of the relation

radiation resistance .  sterna, ppwar (wattai,.
current43

The resistance of a Herts antenna in free space is 
approximately 73 ohms* This is pure resistance and is measur
ed at the center of the antenna. The radiation resistance is 
equal to the antenna impedance which is a minimum at the cen
ter. This resistance increases toward the ends of the an
tenna to approximately 12*000 ohms.

The radiation from a Hertz antenna is not uniform in all 
directions but varies with the angle with respect to the wire.*0 
If the vertical radiation angle is zero the field strength 
pattern looks like than shown in Pig. 6 (a). Pig* 6 (b) 
gives the field strength pattern for a vertical angle of 9*
15, and 30 degrees.

Pig. 6
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The Hertz antenna may be placed vertical to the ground 
or may be hung in a horizontal position. The effects on the 
field field strength pattern can be seen in Pig. 7 (a & b). 
The antenna# whether it is placed in a horizontal or a verti
cal position# has characteristics in one plane or the other.

The directional characteristics of a simple antenna de
pend principally upon two factors* the height above ground 
and the length of the antenna. An antenna located near the 
earth has its directional characteristics affected by the 
presence of the earth because the radiation downward is re
flected with a change in phase of the electrostatic field, 
so that it will either add or subtract from the direct 
radiated field according to the relative phases.12

This action can best be seen if we consider the ground 
to act as a reflecting antenna.13 The combined field pro
duced by this image antenna and the antenna result in the 
actual field of the antenna. (Pig. 8}

11



The principles for setting up the image antenna are?
“The image antenna has the physical configuration that is 
the mirror image of the actual antenna.

"The currents in the corresponding parts of the actual 
and image antennas (i.e., parts lying on the same vertical 
line and at the same distance from the earth’s surface) are 
of the same magnitude and flow in the same direction when the 
corresponding parts are vertical and in the opposite direc
tion when they are horizontal. The direct and indirect paths 
of a ray to a distant observer differ in length by an amount 
that depends upon the height of the antenna above ground and 
the angle of elevation involved. The phase with which the 
direct and reflected waves will combine will depend upon the 
height of the angle of radiation above the horizon as well 
as the phase of the image currents and the antenna currents

Prom Pig. 8 we see that the difference between the two 
antennas is 2H sin 8. This corresponds to a phase difference 
of 2 (2H/ ) sin 8 radians. Then
actual radiation in the 0 nna t*5*16 radiation ofpresence of ground * 1 %  1 the antenna in (3)

free space)
When the current in the image antenna is in the opposite 

direction, that is, when it is of opposite polarity to the 
current in the radiating antenna, we have what is known as 
& negative image* Then
actual radiation in 2 sin 1271k/ sin 6) ^•he radiation of presence of ground*" \L the antenna in (4)free space)

When the antenna is grounded (the Marconi antenna) the
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liaage of the image antenna is a positive image«
Equations 3 and 4 {p. 13) give the primary difference 

between the Hertz and the Marconi antennas#
The current distribution in the two types of antennas 

and their images can be seen from Pig# 9.
Grounded Antennas ('Marconi)

A  A

9 T*
Y

I

t

"Ongrounded Antennas (Hertz)

>/

K
f :m '■ 5 „ „ t-j ; I*

vr Pig. 9
In Pig. 9, we see that a grounded vertical has an odd 

number of half waves standing on it, and that the current in 
the image antenna is in the same direction as the current in 
the real antenna. In this type of antenna, in order to ob
tain the effect of the ground, we must use the formula for 
ungrounded antennas.

The relation between the height above ground and the 
field pattern can be seen from Fig# 10, a, b, o, d.
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«

. , a
W  = 'i * s
)

a b o d
Pig* 10

Eotlce the energy wasted by high angle radiation In oases 
a and o of Fig. 10*

The length of the antenna causes a variation In the field 
because the current in a long wire may not be In the same phase 
due to the impedance found in all antennas.15

The distance from a remote point to various parts of 
the antenna will differ and thus cause a variation in the 
field pattern. In a full wave antenna (Fig. 11) an observer 
at the point P receives no radiated field because he is equi
distant from the two halves of the antenna which carry cur
rents of opposite phase. The radiated field from the two 
halves of the antenna cancel each other.

0

Fig. 11
An observer at the point Pg would likewise receive no 

radiated field because an elementary length radiates sero

~ _ w
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fleld in the direction of the axis of the antenna. At the 
point the field is strong because its distance from the 
two halves of the antenna is not the same and cancellation 
does not take place although the radiations from the two 
halves of the antenna start out in this direction in opposite 
phase.

If the length of the antenna is increased from a half 
wave length to five wave lengths* a change in the field patt
ern results as can be seen in Pig. 1 2 , a, b, c, d* and e.16 
Yfhon the length is increased the Herts antenna has not been 
changed in any manner whatever; it is being operated on one 
of its harmonics.

j - .

a b c d e
Pig. 12

Pig. 12 is intended principally to illustrate radiation 
patterns In the horizontal plane. It should be pointed out 
that the radlational pattern in the vertical plane is simi
larly affected by increasing antenna length in terms of wave 
length. A vertical type antenna would give excellent low 
angle radiation when operating on a harmonic.

An Important means of obtaining directivity is by com-
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blning the radiation from two or more spaced antennas.^ 
Consider, for example, two vertical antennas spaced a quar
ter wave length apart, carrying equal currents, and excited 
so they are 90 degrees out of phase. (Pig. 13)

A

V ’- H
I f o

o .* >-
S f A C  I N O  *■

Pig. 13
The radiation from the two antennas (Pig. 13) towards point 
P3 add together and an observer at this point receives the 
sumatlon, although the radiation leaves antennaA a quarter 
of a cycle ahead of the radiation from antenna B. An ob
server at point P^ receives no radiation because the radia
tion from antenna B starts a quarter of a cycle late and looses 
an additional quarter cycle in traveling to A, thereby can
celling the radiation that is starting out from A to P^# An 
observer at the point Pg is equidistant from the two antennas, 
and sinoe the radiations start out with a phase difference 
of 90 degrees, they will add up in quadrature at Pg and give 
a result that is two times the field radiated from a single 
antenna. By changing either the spacing, the relative phase, 
or both, the direction patterns Illustrated in Pig. 13, b. 
are obtained.



Propagation of Radio Waves
In radio transmission there are three essentials: a

sending station to create a disturbance; a medium to carry 
this disturbance; and a receiving station to detect the dis
turbance. An analogy closely related to radio transmission 
can be seen in the water of a still pond. If a rock is dropped 
into the center of the pool, waves are set up which go to 
every part of the pool in ever widening circles. If a board 
is placed on the water the waves will cause it to bob up and 
down. It is easy to see, if two persons have agreed on some 
sort of code, that a message can be sent from one person to 
the other. They have all the essentials of a wireless; the 
rock creates the vibrating waves; water is the medium; the 
board acts as the receiving station.

In a radio sending station electricity is vibrating or 
oscillating in an electric circuit. The essential part of 
this circuit is the aerial. The energy oscillates up and 
down the aerial and disturbs the ether about it. If this 
energy cuts a similar aerial an electromotive force Is set 
up in It that corresponds to the energy in the transmitting 
antenna.

These radio waves not only travel along the surface of 
the earth for short distance communication, but they also 
travel through the upper atmosphere. These waves would be 
lost If it were not for the fact that an Ionized sphere of 
air molecules surrounds the earth. This sphere which was 
proposed by A. E. Kennelly and Oliver Heaviside in 1902 is



responsible for the return of these «aves* The waves are
bent by refraction in the saps manner as light waves are bent 
when they enter a different medium. The sharpness with whioh 
the bending occurs is proportional to the frequency of the 
wave. The degree of bending is also a function of the degree 
of ionisation. It is shown by Pig. 14 that the bending at 
a given frequency is also determined by the angle at whioh 
the wave strikes the ionized region.

Fig. 14 shows a single hop with an exaggerated vertical 
height (h). The earth*s radius is shows as (r), and the ver
tical angle above the horizon as (v). D is the angle at the 
earth»s center, which, expressed in minutes, gives one-half 
the distance between transmitter and receiver. Thus

where the height of the Heaviside layer Is from 40 to 250 
miles.

From the consideration of the geometry of a radio wave’s

Fig. 14

sin x  m r cos v/ r h, 
v x d • 90 degrees,



path we realize the importance of low vertical angle radia
tion •relationahlp.

The velocity of any wave depends upon the medium and not 
upon the source of disturbance. Light waves and radio waves 
are ether waves, therefore they have the same velocity. The 
velocity of light and radio waves is found to be three hun
dred million meters per second. From this fact we see if 
the velocity of the radio wave is divided by the number of 
waves per second we can obtain the length of the wave In 
meters. The number of waves that are transmitted every se
cond Is the frequency of the waves. This Is usually given 
in kilocycles.

Electromagnetic Components
In order to charge an aerial it must be fed by an al

ternating current. Because of this alternating current an 
electromagnetic field results. This field is cosmosed of an 
eleotrlo field and a magnetic field as the name indicates.
It is usually thought that the eleotrlo field is vertical to 
the earth and the magnetic field is parallel to the earth; 
both of these fields are perpendicular to the direction of 
the velocity of the wave. The electrlo field (E) is at its 
maximum in the same place as the magnetic field (H). E and 
H are two vectors which constitute an electromagnetic wave.
If the electromagnet wave cuts an aerial of height (h), an 
E.M.F. will be set up in the aerial e m Eh, or e *  Hvh,
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where v Is the velocity of the wave* If we reverse either 
E or H the direction of the wave will he reversed. This is 
what occurs when a wave is reflected.

aerial to he the same as a magnet or coil. It is known that 
the field about a magnet or coil, when energised with a con
stant current is equal to the negative space derivative of 
the potent al, H «* - The field due to a coil at a point
(P) is H ** MiL which is the negative space derivative of IA/x2, 

* x3the potom 1 at the point P.
The field due to a free magnetic pole ia H • d/dx (ay'x) 

as a/x2. The field at a point can he calculated hy taking the 
vector sum of all the fields m/x2 or one can determine the 
potential due to all the poles and take the negative space 
derivative of the potential.

The field in a coil due to a current or currents can he 
calculated from the equation, H - I dl/ r2 cos 9, where r 
is the distance from the point of reference to the observer 
at P, © the angle between the line ds, P, and the normal, 
hy taking the sum of the various components.

In order to find the value (H) we will consider the

~M

P
/

Pig. 15 Pig. 16
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A much ©ore simple method consists of taking the curl 
of the vector, I dl/r.

Hx ■ A (I w / * )  ** « (I }Hy = £  (I dX/r) - dZ/r) \ =  ourl (I dl/r), where I dl
/  - I fT /t 5aILthe opponents I « ,’ dx/r) * (I <3X/r) ) i QY, and 1 dZ as in FigllS•

In an aerial the current is usually assumed to be flow
ing in the vertical of Y direction# In this case there is 
no current in the X or Z direction# Thus I dX/r and I dZ/r 
are both sero. It la also assumed that the wave is travel
ing in the X direction and the field is perpendicular to the 
direction of travel# Hx «* ^ { 1  dY/r) m 0. Hie curl equa
tion reduces to Hz a ^  { I dY/x). If the distance is large 
this can be written H s  Ih/x), where h is the height of 
the aerial# This equation is known as Dellinger*s vector 
potential, Ih/x.

So far it has been assumed that the current in the an
tenna is direot current; we therefore must make the necessary 
changes to accomodate the alternating current that is found 
in all aerials# In order to accomplish this it is necessary 
to replace I by IQ sin , but again if we use this value 
for I in the expression for V and take the space derivative 
and use the "root mean square" we will get the same value 
for H as before. This la the field that is called induction 
as is found in transformers and coils. Due to this induc
tion, energy is stored up In the field when the current is 
inoreasing to its maximum and is realised into the circuit 
as the current is decreasing. In a pure inductive circuit



that oarries alternating current,no energy is radiated in
to space, but in the aerial we know that the field at any 
given instant is different at different points. The field 
at a given time and point is due to the current which was 
in the aerial a fraction of a second before* The current 
may have reversed several times in the meantime. To account 
for this we must change the equation for the current to 
I m I0 sin w(t - t 1)» where t* is the time it takes for the 
wave to travel from the aerial to the point in question.

t« » x /v $ v » velocity of light 
The vector potential is

hIQ sin (t - x / v }
 x ---------------------

H ** d/dat (hip sin w(t - at/v))
x

H *s " sin w (t - Vv) " !?.0 * cos w (t-x/v).**8 xv

We see that the field consists of two partsj the first is the 
field obtained by considering the current to be constant, or 
if we consider the current to be alternating current the field 
is Independent of the sin of the angle. This Is the same as 
the field due to a direct current.

The second part we consider the angle to be dependent 
on the distance x. Prom our discussion on alternating cur
rent we see that the two parts are out of phase by 90 de
grees*

The virtual value for the field can be found by consid
ering the sine and cosine to be unity and placing I in the



equation for the virtual current.
Induction, H as hl/x2.
Radiation, H m hlw/vx.

If I is measured in amperes, 1/lG will give the value
for I to make the field in lines per square centimeter,

w/v « 2 V r »
••.radiation, H - hI2 /10 x.

If we equate the two values H and solve for x we find
that the two components of H are numerically equal when
x s* /2 • Closer to the aerial the value of H is nearly
all Induction and diminishes as the square of the distance.
Beyond this point the field is nearly all radiation and
varies inversely as the distance.

Equation of Field 
Let us represent the field due to radiation hy E, then 

from the second part of equation (3)
E m 6 0 < 1  U O  Iq cos w ( t-d/e) cos © (4)

Where
E is the strength of the wave in volte per meter.
XIis the length of the wire in meters from which the radiation 
takes place.

d is the distance from p in meters to the antenna.
© is the angle of elevation of point at which the field is 
desired.

f is the frequency of the current in cycles per second.
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t Is time in seconds, 
e is the velocity of light. 
Xia the wave length. 
Example:

It is desired to calculate the radiated field produoed 
by an antenna a half wave length long carrying a current Ic

at the center of the antenna and located in space remote 
from the ground.

Taking the midpoint of the antenna as the reference 
{x  m 0), the the current distribution Is given by the 
equation

Referring to Fig. , the field radiated from an element 
dx of the antenna in the direction P*has from equation (4) 
a magnitude» dE, which la given by

i a« X0 cos 2 x  %  > ( cos wt - 90°)

dE m 63 / d> ( dx) I0 cos 2 x j  COS 9 •

IX

Fig. 17



Considering the field radiated fro» the mid-point as 
the reference phase# then the radiation from an element dx 
at a distance x from the mid-point reaches a distant point P 
sooner than does the radiation from the mid-point# because 
the distance is less by x sin 9, whioh corresponds to { 2 x / y )  

sin 9 radians advance in phase. The in phase and quadrature 
components of d£ are

component ~ 60^/ dv x© (dx) <oos 2ux/>) cos 9 cos {2frx/> sin 9)(5)

— °r  =  6 0 ’r/ d > < d x ) I o  (0 0 B  1 00 8 8 s i n  ( ^  # )

The total field resulting is obtained by intergrating
equations (5) and (6) from x «• — /4 to x as /4.
Accordingly, in phase component

- 60 V  d V I cos 9- Cos ( 2/ht A. ) oos (
sin 0 ) dx,

60 /d I0 oos ( Tf/2 sin 9 ) / oos 9.
"Formulas for calculating the radiated field and direc

tional characteristics of common antenna systems are given 
below.

1. Radiation from an elementary length of wire in the 
absence of grounds

£  - gojjr 1 (JO cos 9 (7)
where
<£_ is the field strength in volts per meter 
d is distance to antenna in meters
•is angle of elevation with respect to plane perpendicular



27

to antenna wire 
%ls wave length of radiated wave in metere 
31 Is length of elementary antenna in meters 
1 is ourrent in antenna.

2. Radiation from a resonant wire remote from ground*
a. When the wire is an odd number of half wave lengths long,

c60I oos^ o o a 8
£  “ “3-H n e   (8a)

b. When the wire is an even number of half wave lengths long»

Tsin ̂  cos ©f_ - 601 * . .-a--- sir©  (sb)
where
d is field strength in volts per meter 
D is distance to antenna in meters 
I Is current in amperes at a current loop 
L is length of antenna in meters 
\ is wave length in meters
© is angle measured with respect to wire axis*

3. Radiation from vertical grounded wire» assuming a 
perfect earth*

rnT w cos 2l7x  ~ 0Q* (  f  «  c o i f ___________ A ..  ̂  A. /Q\C  cos ©
where © is the angle of elevation with respect to ground, and 
the remainder of the notation is as in Bq« (8).

4. Radiation from a non-resonant wire remote from 
ground*
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m d" yjVfcypg TT~‘!,jrool'q) (1 -  2 X  ̂ «oe pl>* do*)
where
£ Is field strength in volts per meter 
I0 is current entering the line 
d Is distance to antenna in meters 

is attenuation constant of line 
p is (2 )(1 - cos ©)
© is angle with respect to wire axis 
L is length of wire in meters
Xis wave length in meters (assumed same on wire as in space). 
In the special case where the attenuation can be assumed 
zero (i.e., when the wires are so short that the current 
can be considered to be constant)#

£  =  t t *  r - h l v  a  -  0 0 8  # )  U o b )

5. Radiation from a rhombic (diamond) antenna with charac
teristic impedance termination# neglecting the attenuation 
along the wires# and with antenna remote from ground*
Relative field ) _008 j M  . + , coe (» * 0 )strength ) * IT-cos ©sin(I - T r "  cos 8 W  {I +
X sin h i  - cos © sin (1 sin iJJ. 1 - oos © sin (« ^  ) (11)(X * ^
where
B is tilt angle of antenna
6  is bearing angle with respect to line passing through the

apex having the terminating resistance# and the diagonally 
opposite apex

T



9 is angle of elevation with respect to the plane of the 
antenna

X is the length of each side of the rhombus 
is the wave length.

6. Radiation from a resonant V antenna when the length 
of each leg Is an even multiple of a half wave length and 
the antenna is remote from ground*

where
£ and are radiation in desired direction from individual 

legs of antenna as given by Eq. (8) 
is length of leg 

"Vis length corresponding to one wave length 
^  is half of angle at apex 
5 is bearing angle with respect to bisector of apex. 
Radiation in vertical plane passing)

where
n is number of half wave lengths in each leg of antenna 

is half of angle of apex 
© is angle of elevation with respect to plane of antenna 
I is current at current loop 
d is distance to antenna in meters.

7. Radiation from an antenna array remote from ground

through bisector of apex angle



and consisting of parallel planes each made up of If para
llel columns where each column Is made up of n individual 
radiating elements radiating uniformly in all directions:

Relative field strength * 3 *,?.?.* g .PS.».A + - Mn sin (a cos ® cos 0 + b) /1*)
N sin;/-(A sin 2 cos © ♦ B)??sin (%sin & -+ £  }

where
n* N* and^are number of radiators along x ~ , y-* and z-axes,

respectively ' * *
a* A* and 11- are spacing of adjacent radiators along x-* y-#

and z-axos, respectively* measured in fractions
of a wave length 

b* B, and/£ are phase displacement between adjacent radiators
along x-, y-, and z-axes, respectively* measured
in fractions of a cycle 

6 is angle with respect to xy-plan® (angle of elevation)
i is angle with respeot to xz-plane (bearing angle).

8. Radiation from an antenna array in which the individ
ual antennas do not radiate uniformly in all directions Is 
obtained by calculating the directional characteristic using
Eq. (13) and then multiplying the result by the actual direc
tional characteristic of the individual antenna involved.

9. Radiation from an array of arrays is determined by 
first calculating the individual direotional characteristic 
of the elementary array. This is then multiplied by the 
directional characteristic of the array consisting of non-
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diroctional radiators located at» the centers of tne 5.ndivid—
ual arrays, using Eq. (13)«

10« Loop antennas are considered In a particular manner*
11. The effect of the ground In the case of ungrounded 

antennas can be taken Into account by the methods discussed 
above in connection with the above equations. The ground 
effect is already included in Eq. (9) for the grounded an
tenna.

Many properties of an antenna are the same when radiat
ing as when receiving* These reciprocal relations between 
the transmitting and receiving properties of an antenna are 
incorporated in reciprocal theorems, the most Important of 
whioh was discovered by Rayleigh and extended to include 
radio communication by John R. Carson. It is to the effect 
that, if a voltage E inserted at point A in antenna 1 causes 
a current I to flow at point B in antenna 2, then the voltage 
E applied at point B in antenna 2 will produce the same 
current I (both in magnitude and phase) at point A in an
tenna 1.

♦
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directional radiators located at the centers of the individ
ual arrays» using Eq. (13).

10. Loop antennas are considered in a particular manner.
11. The effect of the ground in the case of ungrounded 

antennas can be taken into account by the methods discussed 
above in connection with the above equations. The ground 
effect is already included in Eq. (9) for the grounded an
tenna.

Many properties of an antenna are the same when radiat
ing as when receiving. These reciprocal relations between 
the transmitting and receiving properties of an antenna are 
incorporated in reciprocal theorems» the most important of 
which was discovered by Rayleigh and extended to include 
radio communication by John R. Carson. It is to the effect 
that» if a voltage E inserted at point A in antenna 1 causes 
a current I to flow at point B in antenna 2» then the voltage 
E applied at point B in antenna 2 will produce the same 
current I (both in magnitude and phase) at point A in an
tenna 1.


