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1. FUNDAMENTAL CONSIDFRATIONS

The direction-finding methods adopted in radar rely almost entire-
ly an the use of an aerial system with known directional properties,
Consequently, one is conocernsd here, much more than in commmications, with
the theory end design of aerisl systems with specified directional perform-
ance. Again, in radar one is nearly always working with relatively weak
reoeived signals. Consequently, in the design of a radar set to give a
specified range of detection, ome requires to know the efficlency of the
aeriels in producing an electromagnetic field at the echoing object and in
collecting or receiving back the small return signal or Echo, This aspect
of aerlals is referred to as the gain. The directional performance and
gein are obviously closely connected; a highly beamed system will have a
large gain, PFinally, as in ccmnunications, cne is often concerned with
the impedance which the aerial presents to the trapsmigsion line connect-
ing it with the transmitter or receiver., Often, for example, one requires
an asrial whose impedance does not vary very mush with change of freguency.

There are, therefore; three points in which one 'is usualiy
interested when discussing an cerial: its directional properties, gain and

input impedance.

A quantitstive discussion of the working of the RF gide of a
radar system is best dome from the point of view of power relationmships.
One is not 30 much concernedi therefore with the mmber of amperes flowing
in the transmitting serdial is vith the mmber of watts it is radiating,
Indeed, the form of the aerials (mirror, borm, waveguide, etc) usually
makes” it difficult to decide the point where an “aerial ammeter® might be
connected, Also with receiving aerials ome is not usually comoerned with
the "effective height" or received field strength or voltage, but rather
with the “effective area™ relating to the amount of powsr which the
reoeiving aerial intercepts frcm the incident wave, Hence in what
follows cousiderable emphasis will be laid on power relationships, and a
minjmum of discussion will be given on the flow of RF current in the
aerisla.

TRANSMITTING AERIALS
2, Type of Wave Exnitted by a Transmitting Aerial

The radiated electremagnetio field, when observed in free spaoce
at a large distemoe from any aerial, is similar to the plane wave dis-
cussed in Chep, 5 Sec. 2, There 1s a transverse electric field E end
also a transverse magnetic field g which lie in the wave-fromt, at right
sagles to one smother and oscillating in phase, The wave-frovi travels
out with velocity ¢, where

o 3 x 105 metres/secamd ...eiceieenieiinenreenes (1)

The wavelength A is related to the frequency £ of the transmitter by
the relation

c = A r PPV GOB PRI OCBNENIOOINCNAIOIBERIIETSS (2)

The wave-front is, however, only approxrimately plane, In fact it is
sphericel , with the aerial at the centre of the sphere, At large dis-
tances a portion of the sphere can be regarded as plane, but due to this
spherical spreading the field becomes weaker as the distapnce r from the

aerisl increases.
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Chap.17, Sect.2,3

This spherical spreading of energy is common to many branches
of physics. The intensity depends on the surface area, the product of
intensity and area remaining constant. For -a sphere the surface area
is proportional to r2. Thus the law for such phenomens is termed the
Inverse Square Law. Hence the power P in an electramagnetic wave is

given by :~

Px 1 R R R R I R RN P R A Y RN Y RS A 2 N 2 ) (5)

2

However, the electric field E is proportionsl to./P (see Sec, 7). Thus
the electric field strength E follows the law :~

Ex l I E AR A A L R R A R R N I R R N R E S R R NS (4}

r

In what follows the electric field in a wave will usually be considered,
but it must be rememberedthat the magnetic field also is necesserily
present,

3« PField-Strength Diagram of an Aerial

v _
i

H
In Sec, 2 the variation of v
field with distance was discussed,

leading to equation (4). This

formule spplies when one travels out

from the aerial in a fixed direction.

It is desired now to consider how E Fig.741, - Method of taking
varies when the poini of cbservation field strength diagrams,

is maintained at a fixed distance from

the aerial but moves so that the line

from the aerial to the observer varies in direction. This means that
the point of observation P must be moved over a large sphere of radius r
with the aerial A as centre (Figl4l). The value of E is required at all
points on the sphere, In practice .ae often simplifies this by taking
two perpendicular great circles , as shown in Figlél, and observing first
round one circle (@ variation) and then round the other (ff variatiom).

As remarxed in Sec, 2, the radiated wave oconsists of E and B
et right angles. They determine the Polarisation of the wave, e€.g., -
borizontel polarisation if E is horizantal and vertical polarisation if E
is vertical. We can therefore choose the plan2 of one of the great :
circles in Pighl (say the plane of ¢-variation) to be parallel to the
direction of § and the other (plane of fevariastion) to be parallel to the

direction of H, The field strength diagrams are then said to be in the E-
plane and H planes respectively,

There is nearly alweys one particular position P, on the sphere
where the field strength is & maximm, since most aerials introduce a
certain amount of besming, It is convenient to make AP, (Fig®l) the
line of intersection of the great circles and to measure the angles © and
@ from this direction,

If the rield at P, is By, then E at any other point P on the
sphere vr.i.ll\ be expressible in the form

E=E £ (6,f) <ceercvcrsceercecrcnrcorsconcsensscse (5)

o
PR
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Chape.17, Sect.d

£ (8, #) is the ratio of the clectric ficld at any point (6, @) compared
with the electric ficld in the direction of maximum field strength.
The solid figure defined by r = £ (8, ¥) is termed the three-dimensional
polar disgrame In the plens@=0,0=0,r =7 (8, @) gives two-
dimensional poler diagrams in the E and H plenes respectively. These are
easily shom graphicelly and sr¢ indicative of the threé-dimensional
figure.

4. Field-Strength Diagram of Half-Wave Aerial

The helf~wave aerizl comsists of a wire half a wavel h 1
with a gap at the centre tc which a balanced feeder is attached Fiéll‘:;?
leading fram a transmitter, The current set up in the wire is not of
uniform amplitude, being zero at the ends and a maximum in the middle,
By analogy with standing waves on transmission lines or lecher bars, the
current distribution expected is sinusoidal, However, owing to feeding
and end-affects the distribution is only

epproximately sinusoidsl in amplitude and

the phasge is not wniform. The exact = X
results lead to difficult mathematical —_— ¢
manipulation and the sine~wave smplitude

distribution end uwniform phase give

results which are comparable with thoge

ottained in practice. It will be assumed

then, that the current has the same phase

all along the aeriel, the currents at

all points on the wire rising and falling pFi. 742, - -
together but to different amplitudes. te.742 f@ﬁf;::;:lcentre
Thig is illustrated in Figil43., The °
current in the wire arises from the

movement of electric cherges (e.g. electrons). In any small part of the
wire, such as the point P in Figi4i3, the charges are first moving upwards
then they are slowed down to reat, HNext they are moving downwards and
then brought to rest again., Consaider a charge moving upwards with
uniform speed (Figlh4); lines of

electric force will run out from this HIGH +VE
charge in all directions. Wherever the VOLTAGE
electric field is chenging it is
acconpanied by a magnetic field the
strength of which is proportional to
the rate of change of the electric
field. Now let the charge be

___________

L -TWIN-WIRE FEEDER

'
e
R

1A

L<<~<—¢”:~<—441

C=———====]

[H]
[NO CURRENT] [NO CURRENT]

brought to rest, i.e., decelerated, fiow

The electric lines will tend to go voLTAGE

on but will be pulled back by the

charge. "Kinks* will develop in 4 G Ve

the lines of force and will travel . VOLTAGE

Oﬂtmda, Straiwem'ng ou.t the ZTTSCE’ "4 CYCLE LATER "2 CYCLE LATER
lines of force to their correct

positior)zs reletive to the charge

(Figlh5). Ve may regard the lines Fig.743. - Current and

of force as being in temsion, with 8743~ Gurrort and voltags on

the tension greater in the kink

than in the line itself. The kink

is the seat of an intense field

and is travelling outwards to form the

elsotromagnetio wave radisted by the

oharge as itz velosity is redused to zero.

The radial electric field iz weak and

negligible at large distancea, but theb_

kink ia strong., The strongest sirete - ‘o Pield
ing ocours in the kink of a line suoch as ﬁgﬁn}ﬁﬂugl;gg;g igh
D (Pige 745) at right angles to AB, the wniforn spoed %
direction of deceleration, In any other e
direction CF, meking an angle @ with CD,
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Chap.'l?, Sect.l&

the kink iz less ronowwed. It is the componsnt of the kink at right
angles to the eleotric line whioh oonstitutes the radiated field, The
radiated fiald is therefore proportional to cos ©, this being the
eomponent of the deaeleration of the charge at right angles to the
eleotric lines CF, Note that when the movement of the charge is sinusoidal
instead of in Jerks as hitherto oonsidered the field is a maximm when

the eharge is at rest, i.e,, when the current is zero. Thus the

radiated field lags 90° on the current.

The oharges all along the wire are radisting and the £isld is
obtained by adding up the wavelets sent out by each accelerated (or
'%eeeaer:;;d) charge. Thus the following results may be deduasd

Fi‘o 7 B Sl

(1) 3ince the polarisation of the B
wave radiated from each charge
is such that E always lies in
? plane thzl;gx)zgh the aerial,

see Pig.7 the same \
condition holds for the resultant - °
wave radiated from the whole of
the half-wave dipole.

(1) sSince the dipole has axial
symmetry, the field~strength A
diagram is symmetrical % .

a line dr:!n through th:b::is Pig, 745, - Kinks in ele~
of the dipole; in other ctric lines due to a
words, the H-;\hm field~ deceleration of moving
strength diagrem is given by chargs,

E= EO ecssecsstssessecsscenee (6)

In polar co-ordinates this squation represemts a oircle,
The rediated field strength 5\0"

for each individual charge is

proportional to ocos ¢, 80

thet =ﬂ .
j gﬁ

(141)

B EO ocos O o.ooooo-oooooooo(7)

A similar result holds for
the dipole as a whole,
This result would be

@/;E

identical with (7) if we
could assume that the wave-
lets from differemt charges
along the aerisl add to-
gether srithmetically, In
fact, this is not exactly
true. The wavelets from
P), Py in Fig47 do not
arrive at a distent point P
quite at the same tine as a

wavelet fram the centre C

of the wire., The wavelet
fram Py errives earlier due
to the path differsmce (D
and that from P, arrives
the same amount later due to
the path difference PoF,
When we add together the
effects from Py and P, we

Fig.746. - Polarisation
of wave from half wave
aerial - E in plane of
paper and H perpsndiocu-
lar to plane of paper.

Fig, 74].- Phase diffe-
Tence between rays from
pairs of points on half-

must therefore make a
vector addition so as to

04

wave aerial,



Cheps1Ts Sected

allow for the phase
lead and lag (Figl8).

The resultant has the WAVELET LEADING
same phase as the wave-
let flz)'cm the mide RESULTANT - STANDARD OF PHASE

point of the aeriel so
that we may sey, first
of all, that the field
appears to cone from
the mid-point C of the fig.748. - Addition of

aerial, This point wavelets,

is called the Fhase

Centre., HNext we note

that the phase lead or lag is greater as we move Pl and P2

out to the ends of the aerisl. Failure to use the vector
method of additionm is therefore more serious for wavelets
from near the ends of the aeriel than for vavelets near
the centre. The latter are, however, more importent than
the former since the current is strongest rear the centre.
The phase difference between wavelets gebs larger as one
moves round fram @ = O t0 @ = 90%  The vave is therefore
rather less intense away from the @ = O posidion then one
would find simply by eritimetical addition of wavelets.

WAVELET LAGGING

If the effects due to each elemental length are
integrated over the length of the aerial the resultant
field~strength Wiagram for a A/2 aerial is given by :=-

o8 [T_r sin Q] 0000000000000t s00 PR (8)
2
= EO V. ! N L1100
0B O, -t
A A ;.EJ@,MM-;
4 T\ |SHAPE
A HAY T
It is convenient to 67 | | SORIR’ECT
denote the E-~plans y E3E A .
Field-Strength Factor ; H
of a A/2 aerial by a y il
sywbol., say D, /7 3!? W
7, i \Y
oos (1L sin 9) ¥ :
where D = & & 2 ‘
B cos @ -90 -60 -30 O +30 +60 +30
GOEGREES)

Fig.749, - Field strength diagram
of half-wave aerial.

-o-.f--o---o-.o-oooooo(g)

A plot of equation (7) is shown in Pigli9 with the curve corres-
ponding to the correct equation (8) indicated dotted. It will be seen
that the difference between the results for equations (7) and (8) is small.
It is frequently convenient for mathematical derivations to assume that
D = cos 8, the order of error being indicated. A plot in polar co-
ordinates is often used, the radius from an origin O being taken to
represent E at the appropriate angle, This method of plotting is shown
in Figsl50 and®1 for equations (8) and (6) respectively. The field at
a distenoe r measured out in any direction, not necessarily in the E -~ or
H = plane, 1s similarly indicated by drawing radii of lengths proportional
to E« The ends of these radii lie on a2 surface as shown in Figd52.
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Chap.17, Sect.5,6

oo O

Pig.750, - Field~-strength Fig,751,- Field-strength Fig.752,« Pield-st-

diagram of half-wave ae~ diagram of half-wave ae- rength diagram of

rial (E~plane}; aerial rial (H-plane}; aerial half-wave aerisl

in plane of paper. at right angles te plane {all direotions),
of paper.

5. Isotropic Radiator

Although the half-wave aerial is the simplest met with in
practioce, its field~atrength disgrem as shown in Fig.752 is still rather
complicated and as a standard of reference it is convenient to consider
8 hypothetical aerial which radiates equally in all directions. Its
field~strength diagram plotted in polar co-ordinates is a sphers,

This aerisl is sometimes called an Isotropic Radiator.

6. Energy Demsity in sn Electromagnetic Wave

The electromagnetic wave propagated from an aerial iz continually
cerrying away energy, which must be supplied by the trensmitter, Re-
calling again that the wave consists of an
electric field end a magnetic field, we see that

energy is divided into two parts, electric ewereid
energy cerried by the elsctric linea of force e AT
and magnetic energy carried by the magnetic g TR
lines, These two energies are equally

important and are in fact equel in magnitude
ir a plane wave. Electric energy by itself
is familisr from consideration of a
condenser charged up to a steady potemtial.
"Consider the condenser to be made of two plijle
plates each being one metre square, and v
placed one metre apart, with air dielectric;

(Fig.753). Pig.753% = Electric field

snergy,
Its capacity Ko is readily
calculable to be

-9
= 10 fmds P QA 2CGISEOST TGOV IPETODORVSSOS (10)
A 36T

The energy, W (electric) stored in the condenser when there is a potential
difference of V volts across the plates is given by the formula

W(eleotric) = ¥ K, V° joulem cevevecererscesscres (1)

Regarding the electric field E in the space between the plates as the seat
of this energy we may rewrite (11) as follows ;-

Since the distance beiween the plates is 1 metre, & potential
difference V volts means a field E volts/metre where

E = v (A XX R NARENESR RS A NS R AL RS SN AZ A A RN X 2 24 (12)

Also the volume of the apace between the plates is 1 cubic metre, Hence
(11) becomes 3~

¥y (electric) = £ K, B Joules/cubic metre eeeeseeesee (13)
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Chepe17, Secte.7

and we can apply (13) to give the energy density of any steady electric
field in air. Now in the wave, one is dealing with un alternating
electric field, The ssme formule (13) will apply, however, provided E
is taken to be the EMS value of the field strength. It has already
®een remarked that in a plane electromagnetic wave in space the magnetic
energy is equal to the electrical energy, Thus the total energy density
W_ for a wave whose electric field is E RMS volts per metre will be

twice expression (13); i.e.,

2

wv =K°E

= 10-9 E2 ;]oules/ctlbic MEETE covsvessescerccene (]-20-\
36

7« Power Relstions for a Plene Electromagnetic Wave

Consider a wave of cross-secticzal apea one sguare metre (Fig.
754)s Let an observer O sbtend neer A wetching the cross~section there.
The wave is supposed to be moving to the right with velccity c metres/
second given by equation {1). Now measure back frex &4  a distance
LB where

l€——-€ METRES-—]

4B = c metres ......(15) T | 1 METRE
° i T x
The energy den- ___'_LB_ _l?ffuisl,ﬂ_i___{‘ METRE
sity W, of the wave is S M
given by (14). BHence 0
the energy in the
portion AB is Pig.754, - Power carried by a wave

C.l.1,V, joules;

i.e., using (1) and (14)
the energy is

3x10% x10°9 x B2 joules
361
or, simplifying,

Ezﬂao"r me‘ .......Q.;...-"..Q.‘..'......-’.I (16)

In one second the section BA will have moved to the right so
that B is opposite the observer O, since B moves with speed c metres/
second, Thus the energy that has passed through the cross-section at
0 in one second is that comtained in the portion AB. This, with (16),
leads to the important expression for the power P‘ passing through a
square metre of wavefront -

E2/1.2011' joules/seo/meh'esa

EZ/.A.ZOTK Vattﬂ/hetrsz [ EERAEIE XX ISR A X AN T 2 (17)

Py

This equavion is quite analogous to the formula for the power P dissipated
in e resigcance R chms vwith an RMS voltege V across it 3=

P= VZ/R Watts coveevecesesrveecavcccsscocccncnse (18)

From a comparison of (17) with (18) it follows that the factor 1200 in
(17) must bave the dimensions of obms. This number is therefore some~
times called the wave impedance, denoted bwa,We thus have

ZW = 1201
= 377 Ohms 8 ' S OBENSLE TP EIBUTLIRIQRIPOERIBOROROOD (19)
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Ch.a.p.17, Secto8, 9
and

P& = Ez/z' PP ID 0000 POIB LGP NCRENRNEPIDNCISRINTS (20)

The relations of this and the preceding paragraph apply to waves in air
or free spaces If the dielectric constent K and permeability i of the
medium are not unity the expressions have to be modified slightly by the
introduction of K amd 4 into the equations.

8. Power and Field Relations for an Isotropic Radistor

The power from an isotropic radiator flows out equally in all
directions. Thus if the tranmmitter puts P watts into the aerisl it is
possible to calculate the power passing through a sqguare metre of wave-
froant at any distance, Suppose it is required to find the effect at
distance r metres from the aerial. Draw a sphere of radius r metres,
with the aerial as centre, The area A of the surface of the sphere is

A= 21-7(1'2 (AR EE RN RN B NN SR NS NN XN NI ENR XN ] (21)

The power P is passing out uniformly through this area. Hence P,, the
power per unit area of wavefront at distance r from this aerial, is given
by 2

Py = B/4 W r" watts/ square metre .eceveceaces (22)

Equations (17) and (22) enable the RMS field strength E to be expressed
in terms of the input power P and the distanoe r. We have

2
E° = P
120 L7r
or
E= —2;-?; RS voltS/metre secsesscesvece (25)

for an isotropic radiator.
9. Power and Field Relations for Any Aerial

Even the simplest serial, the half-wave aerial, does not
trangmit power equally in all directions, and in general, as remarked in
Sec, 3, there is a "best" direction into which most power is sent,
Suppose a .given aerial is required to produce a field strength E. at &
point distemt re The aerial is disposed so that the distant pognt lies
in the aerisl's best direction., It is then supplied with power P,
This power will be less than the power, P' say, required by an isotropic
radiator to give the same field at a distance r. The given aerisl is thus
more economical t0 use than the isotropic radiator and is said to have a
Power Gein g where

g= P'ﬁ 1860050000000 80000A0CRIELDIBIRISIRPLISISETSTS (21&)

(As mentioned in Chap. 3 Sece5,gain is usually expressed as the logarithm
of a ratio, whereas here it is simply the ratio) The power gain of an
aerial can be measured experimentslly or, in a few cases, it may be
calculated. If the power gain is known, then the performance of the
serial in its best direction is equal to that of an isotropic radiater,
supplied with g times the power. Hence the field strength et distance r
from sn aerial supplied with power P is given by (23) after replacing P
by gF, 1., .

E, = v_;g_g&_ RMS volts/metre .....ieeeacacees (25)
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for an aerisl of gein g, in its best direction.

Example

A highly beamed aerial used in a radar set has a power gain of
300, The power output is 100 kilowstts. What field strength woul’ be
detected by an enemy listening station 50 kilometres away ?

(a) From equation (25) we have

E, = #/__30,100,000,300
50,000

= 0«6 RMS volts/metre,

(b) The enswer may elso be obtained from first principles,
using the result that power per square metre is /1201

Thas =
Suppose that an isotropic radiator is fed with 100
Klowatts. Consider a sphere of radius 50,000 metres.
The area of the surface of this sphere is

LT + 25. J.O8 square metres,

Hence the power per square metre at the surface of this sphere is

10°
—_—
LT .25. 10

= 1075/ watts/square metre
With a gain of 300 we should obtain
-5
_LOO_;_&_ watts/square metre,

Hence required field strength E, is given by

B2 | 30zx10%
120K T

i.e., E2 = 0,36

or E = 0°6 RMS volts/metre,

10. Power Gain of Half-Wave Aerial

The field-strength diagram of a half-wave aerial gives the
variation of field strength E at a given distance r as the direction of
the cbservation point is varied.Knowing the field-strength diagram of any
aerial on¢ cam, in theory at least, deduce the gain in the following
manner, Draw a sphere of radius r with the aerial at the centre and
divide the swface up into small areas such as dA. Find from the field~
strength diagram the field strength E at any smell area on the sphere.
The power flowing through the area is proportional to E2.3A and so a
measure of the power coming from the transmitter is obtained by inte-
grating E“.dA over the surface of the sphere. Now obtain from the field-
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Chap.17, Sect.10,14

strength diagrem the field strength E, in the best direction (and using
the same units as before). From an isotropic radiator one would obtain

all over the spherets surfa and the power required to maintein this
would be proporticnal to 4T Eo « The ratio of this to the power
required by the given aerial gives the power gain., For the half-wave
aerial we have approximstely

E=E, cos ©
where E, can be taken as unity. Thus the power required is proportional

’ [f cos? 0 aa

the integration being over a sphere of redius r. This giveas 8§77 2 and,
3

dividing into 4 T r2, we obtain the result that the gain of a half-wave
aertal is 3/2(1+8 dh.S The gain is in fact a little greater than 15
sinoe the field-strength is rather sharper than ocos @. An integration
using the exact formula gives the correct result as 1+6 (or 2°04db).

In general, for any aerisl, we may write
Edf (o, g) ([ ZZ 2 A RS X RS RSN R AR AN R RS R R 2 23 (26)

vhere £ (0, ) = 1 in the best direction, Then
2
xr

g= Tj"?‘ztlt'(m seessenseessessrcsecnsne (27)

the integration being over a sphere of radius r. Equation (27) can also
be written

g= AT
JIE 6, 9 a0

where dW is the element of the solid angle = dA/rz.

Since the radiated wave carries power away from the transmitter
an aerisl can often be simuated by an impedance R, + jX.. The resistive
part Ry of the dummy aerdsl must dissipate es heat the seme smount of
power as ithe aerizl radiates. It is ususily colled the Radiation
Resistance . The reactive part X. corresponds to the storage of field
energy in the vicinity of the aerial in the ssme way as energy is stored
in a condenser or coile Such stored energy near the serial does not
travel out into space like the radiated energy., Unlike the energy in
a plane wave propagated out into space, the energy in the reactive
storage field is not necessarily equally divided into electric energy
and magnetic energy, and the aerial reactance msy be capacitive or
inductive according to which type of stored energy predominates. By
special design, however, the two may be made equal and then the reactive
term becomes zero., An aerial which is designed so that it has no re=-
active component of input impedance is termed a rescnant serial., The
factors determining the resonant length are discussed later (Sec, 13).
The shortest resonant length for a centre-fed aerial is just less than

A/2. It is usual to talk of & A/2 aerial when the rescnant length
aerial is meant, The value of the radiation resistance is calculated
from the current at the terminsls and the power radiateds This involves
a fairly detailed investigation and the result for the centre-fed half-
wave aerial in free space is 73 olns.

SPBNOVOPEINNSISORNITIORDS (28)
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Pigdh3 shows that the centre-fed half-
wave aerial is being driven at a place where = | M oo »{
the current is high and voltage low, and the }
radiation resistance would be expected to be
comparatively low, This type of aeriel is
said to be Current-Fed, If, however the | _——— TWIN WIRE FEEDER
feeder is attached to the end of the serial as
in Fig.755 it is fed at 2 place where the
voltage is high and the current low. This
method of End-PFeeding is therefors referred to .
as Voltage-Feed. The input resistance for a ioigﬂzgg:,mz:l::ﬁieed
voltage-fed half-wave aerial is very high, its *
exact value depending on the thickness of the
acrizl wire or tube, A voltage-fed half-
wave aerial shown connected as in Fig.755
vrbalances the feeder, Voliage-fed aexials
are therefore often uvsed in pairs, one on each side of the feeder, as shown
in Fige756s The pair is sometimes referred to as a Full-Wave Aerial or
better, as an End-Fed Peir, The radiation resistance of such a pair of
voltege-fed (or end-fed) half-wave aerisls is given in the following table.
Theose results have been verified by experiment.

Radistion Resistance of a Pair of Voltage-Fed
Helf-Wave Aerials made of Cylindrical Tubing

(Fig.756)
Wavelength/diameter Resistance in olms
100 920
200 1300
300 1500
400 1700
600 2000
800 2200
1000 2400
2000 3000
3000 3300
4000 3600
6000 L0QO
8000 4300
10000 4,600
em=Mo oo - *’2-—:
The field-strength diagrem
and power gain of the pair is | —==—TWIN WIRE FEEDER
different from that of a single half-
;n.ve serial and is discussed in Fig.756 - Pair of half-wave aerials
ece 30. voltace fed (eni-fed pair).

12, g-Factor of e Rescnant-Length Aerial

Only when it is cut to resonant length, i.e., a little less than
A/2, is the input impedanes of a centre-fed aerial egual to a resistance
of 73 olms without reactance. When it is longer than the resonant length
the impedance is inductive and when shorter it is cepacitive., This may
be deduced by comparing the half-wave aerial with a short section of open-
circuited transmission line approximately A in length (Chap. 4 Sec. 14).
L

Thus if the aerial is cut to be a resonant length for a certsin trans-
mitter frequency £, and then the frequency is raised higher than fo the
aerial becomes inductive,and if lower it becomes capacitive. The aerial
thus bshaves like a series tuned oircuit, consisting as in Fig.757 of a coil
L, condsnser C and resistance 73 ohms.
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The values of L and C are such that at frequency f their reactances are
equal and opposite so that they cancel out and the® cimit sppears like

a resistance of 73 oms. The input

impedsnce (magnitude snd phase) of the

resagant length aerial is therefore of

the form shown in Fig.s758. One is L C  73a

usually interested in the selectivity mu J

or sharpness of the impedance curve,

i.e., the Q-factor of the aerial,

It is found that this depends on the

thicimess of the tubing or wire from Pig,757.- Bauivalent cireuit
which the aerial is made. Thin aerials of ocentre-fed half-wave aerial,
have a higher Q than thick ones, The

Q-factor of a resonant length aerial

is given in the following table,

This is based on theory, the results

applying to either centre-fed or end-fed serials, Few figures are
available on the practical side but the values of Q obteined experimentally
sppeaxr to be rather higher than the theoreticel ones,

Theoretical g-Factor of a Resocnant length
Aerisl mude of Oy Tubing

Vavelength/dismeter <]
10 1.6
25 2-7
50 35
100 43
200 5e2
300 57
400 60
600 65
800 68
1000 7+0
2000 7+9
3000 8el,
4000 8e7
6000 9e2
8000 95
10000 9+8

IMPEDANCE

PHASE OF

I
o,

+4 INDUCTIVE

MAGNITUDE
OF IMPEDANCE

fo  FREQUENCY

CAPACITIVE/ {-45°

73 OHMS

fo  FREQUENCY

Fig.758. - Magnitude and phase of input impedance near resonance,

13+ Factors Affecting the Resonant Length

As indicated previously, a oentre-fed aerial in free space
(ceg. suspended by fine strings from a high beam) is found to have a nom-
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reactive input impedance for a length rather less than 0.5 A. This
sppears to be due to the fact that the curremt distribution along the wire
is not quite sinuscidal especially near the extremities. It is usually
found that the non-

reactive impedance occurs

vwhen the length is about

Oe8 N . Cuxves of

variation of Rr (for 600 —~ ; I l {
two velues of the ratio : .
wavelength to diemeter) 500 Ll ll L]
and X . (for three ‘
values of the ratio) 2
ageinst length of aerial  3°° 7]
are given in Figs.759 z ‘ y
and 60, respectively. §3oo i\ e
Note that the radiation z i “SANETER —
resistance varies, bug 2 200 f =200 |
not so critically as the & A
reactance. This J} l " GlawTeR ~2090C
variation in resistance 100 = o 1
urobably accounts for =] T —
the fact that the values o L
of Q given in Sec. 12, o4 os oe LENGT
end based on a constant WAVELENGTH
resistance, are 10% to
20% too low,
Pig.759.~ Besistance of centre-fed aerial,
In practice
insulators have often to
be used, and it is 8oc n —— :
clesy that an insulator } BIAMETER |
fixed to an aerial at a 00 '2°*°°£ ) [l ;
place where the current ,1 H 1
is high and voltage amell 600 i
bas little effect on the / Bl
serial, Thus end-fed . 7 B
resonant length aerials T
are usually supported at ‘ T [/ WavELENGTH _
their oentres (Fig.756). 400 : g D'A"’js” ‘2900
An insulator fixed where 7 L }
the voltege is high will 300 A |
load the aerial like a P WAVELENGTH , 200
condenser and maks its 200 ./ -
effective length greater ¢ VA Jr |
then its physical length. 3 oo % J Jl
For this reason aerials . 1 |
are often out shorter ¢ ° : | J‘ ‘LENGT}_‘_
thsn the resenant 1engt.h E o4 4/ os o‘e ! o7 WAVE}.ENGTH
8o as to allow for insu- 8 s i [
lators at their extremities, |7/ ] {L
/| RN
RECEIVING AERIALS ~200 — e
1. General / T :ﬁ .
~300
| |
N
It is -400 1 J L
emphasised in Seo, 2
that the wave emitted Fig.760.~ Reactance of centre-fed aerial,

from a trensmitting

aerial has a spherical

wave-front but at large

distances a small portion

of the wave~-front is

effectively plane, Thus & receiving aerial is usually subject to the
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incidence of a plane electromagnetic wave. This wave sets up an EMF in
the receiving aerial. The EMF for a given incident field strength depends
o the direction from which the wawe is incident, and a plot of this RMF
against direction gives the field-strength disgram of the receiving aerial.

In order to utilise the BMP v, a load 37 is attached to the
terminalas of the aerial. Current then flows in the load, However, this
current also flows in the aerisl, which consequently radiates some power
away. Thus the curremt i in the load is not equal to »__ , but is glven
by z¢

i X

z£+zr

where sristheimpedanoeoftheaerial. The
equivalant circuit of the receiving aerisl
corresponding to equation (29) is showm in
Fig,76l.  The useful power, i.e., the power .
in the load, is a maximun when the load is e

matched to the aerial impedance, This means,

if the aerisl hes impedence R,, that the :
load should be equal to R.. If the aerial r
has a reactive ccmponent and impedsnce R,

+ J%., then the loed impedance should be
equal t0 Ry = jXr. (See Chap. 3 Sec. &4).

([ AA A NI AL A AL T RS AR A R A A AR R A KN X X (29)

Under mstched conditions, half the power Fig.761.- Equivalent
is obtained in the load and half ig re= oircuit of receiving
radiated, In what follows it will slways aerial.

be assumed that the load is matched to the
receiving aerial,

. For a given incident field strength one is interested in how
much power the aerial passes to the load. Owing to the non-uniformity of
the field=-strength diegram there is an optimmm directiom from which to have
the wave incident. It is possible to oompare matched receiving aerials
by observing how much power is obtained in the load of each aerial when it
is subjeot to a given incident field strength in its optimum direction,

A bypothetical aeriel which receives equally from ell directions is taken
as standard (Isotropic Receiver) and the ratio of the power picked up by
the aerial to the power picked up by the isotropic receiver is the power
gain of the aerial in reception.

Thus receiving aerials, like tranamitting serials, have a field-
strength diagram, impedance and power gain, It has long been realised,
almost intuitively, that these three propsrties of an aerial are the same
when the gerisl is used for reception and for transmission . A proof
osn be given, bagsed on Maxwell's equations, and it is generally referred
40 as the Reciprooity Theorem.t In dealing with the properties of
particuler aerials one ususlly treats the aerisl as a transmitter. The
results are applicable also when the aerial is used for reception.

15. Power Relations for an Isctropic Receiving Aerial

The hypothetical isotropic receiving aerial is supposed to have
a matched load attached to its terminals., If a plane wave of field-
strength E RMS volts/metre is incident on the aerial, an BMF is set wp
in it and power is transferred to the load. As stated in Sec, 7, the
power flow in the incident wave is (equation (17)),

P& = E2 'ﬂt‘tS/Bw MELY® cevescsescescece (50)
1207

Effectively, therefore, the serial is intercepting some of this power and
T See Chap. 1 Sec. 7. 714
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transferring it to the load, - The aerial can therefore be represented by
an area placed normal to the direction ot the wave and of such a size that
it intercepts the same smount of power as is found in the load. This is
called the Effective Cross-Sectiomal Area of the aerial for absorption.
Denoting it by Ao square metres, the power P, in the loed is given by :-

PO = Pa AO watts 00 C0000RREOOINOGRIOITIOIIOIOCIRIYOIOURS (51)

It can be shomn that the effective cross-section of the isotropic
absorber is given by the formula :-

AO = 2\ 2/)‘_’“ SQUAre MELICS cecessecscsees (32)

Thus the power in the load of an isotropic receiving aerial under the
incidence of a field E i.s from (30), (31) and (32) :-

PO = Pa Ao

120 4T

’%225(-%5‘—)2 WALES oeeer soreveseovesasscsscces (33)

16, Power Relations for any Receiving Aerial

Even the simplest aerial, the half-wave aeriel, does not receive
equally from all directions. In its best direction it has a power gain
of 1°6 over an isotropic aerial. In general, if am aerial has a power
gein g , and if the wave is incident from the best direction, then the
power in the load is g times the power in the load of an isotropic
receiving aerial subject to the sane wave, Alternatively ome may sey
that the effective aross section A of the receiving serial is g times
that of the isotroplc receiver A, Hence we have

A = gho,

or, using (32),

2
A = _Lk‘— (I XXX RIS AR NS RERASR TR S 2 X 2 4 (3)")
LR

The power P in the loed for an incident field strength E RMS volts/
metre is given by

P= PaA
2 A )2
%( "é"i"') WAttB ceevccscecsssensocee (35)

Formula (34)(and also (32)) giving the effective cross-section for
absorption by a receiving aerial is of great importance.

17. TRANSMISSION AND RECEPTION

The arguments of Secs. (9) and (16) enable one to solve the
problem of calculating the power received from a distant transmitter
Tx (Fig.762). Let the distance between transmitter and receiver be
r metress Let Pp be the transmitted power, gp the gain of the trans-
mitting aerial gg the gain of the receiving aerial, The power
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passing through unit area of wavefromt at distasnce r from the trensmitter,
in the best direction of the

trananitting aerial, is
b
i watts/square metre 00 o 7omomoe
b T2 i

Tx o Zy Zp PITREC_I
ooouco;o-o‘.'(js) -

The effective sbsorpticn cross- Pig, 762, Tranamitter and receiver,
section of the receiving aerial

in its best direction is

(see equation (34))

&p Az

sgquare MEUYCB scesececsrseccsssonsocsoses (37)
4N

Hence the power Fy in the receiver is given by the product of (36) and
(37) :-

2
PR:. T gr.gRK

tt I XX I EEA R A NRRY AN NREN N N N X 3
16T &2 e (58)

This power ¥y is conveyed by feeder or waveguide to the receiver teminals
(Pig.762)s If the impedeance looking into the receiver texminals is a
resistance, R;j olms, then the voltage Vp across the receiver terminels is
given by

2
PR= YB <

or VR m— RMS volts svecseersvEnoseersonosOsny (39)
Example

A radio altimeter works on a frequency of 5,000 Mc/s., with a
power output of % watt. The transmitting aerial has a gain of 100 and
is fitted under the aircraft and directed vertically downwards. If the
aireraft is flying st a height of 3,000 metres find what signal would be
detected by a man on the ground equipped with an aerial whose gain is
500.

Using formula (38); or from first principles, we have

Pp=Pp g g A

(47T )2
Here PT zi-, &p = 500, A= 0+06, r = 3,000.
Substituting, we find
- 2 -
B = (5:107).(10%).(5.10%). (36,107%)
(16 7% 2)(9.20°)

-8
32'%‘1— watts

0+06 microwatts
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If the receiver input resistance is 80 olms, what eignal voltage would be
obtained at the receiver ?

We have V2 = 25.10‘8

80 4
v - 5107
VvV = 22,1073 RMS volts

= 2+2 RMS millivolts ,

PROPAGATION AND RECEFFION OF SHORT WAVES

18. Scattering by sn obstacle

Consider a metallic obstacle, such as an aircraft, in the path
of a radio wave, The obstacle acts as a receiving aerial and intercepts
part of the power in the wave, A receiving aerial is usually matched to
a load (Sec. 4), in which case half of the power intercepted goes to the
load and half is re-radiated., VWhen there is no load, as in the case of
a perfectly-conducting metallic obstacle, all the power intercepted is
re-radiated. The re-radiated power may be picked up by a receiving aerial
placed near the original transmitter and this arrangement is then an
example of radar.

The obstacle scots as a kind of relsy transmitter between the
actual trensmitter and recelwer. 1In practice most obstacles have
complicated field-strength diegrems, but for simplicity it has become the
custom to consider each aspect separately, €.g., for an aircraft,the
teil-on, head=on and side-on aspects, Fixing on one aspect one notes
the power received and assunes then that the obstacle is tranamitting
back to tae receiver like an isotroplic redistor. This simplifies cal-
culations,.

The result is that an obstacle, in a given orientation relative
to the radar station, is assumed to intercept smme fraction of the power
incident on it and to re-rediate this power back to the radar station as
if the obstacle were an isotropic radiator. If P_ is the power per
square metre in the incident wave expressed in wat%a/squm metre and
P watts is the power re~radiated by the obstacle (considered as an
isotropic radiator) then the effective area of the obstacle, its Echoing
Ares (or Equivalent Echoing Area) is A, square metres where

P:Pl Ae (2R RS REE NN R AR SR AR NN R AN RASR Y]] (w)

(compare equation (31)).

In radar, the wavelength is usually smell compared with the
dimensions of the scattering obstacle, This being so, the echoing axrea
4, of a flat metal plate of area A nomal to the wave is given by :=

A = ATC(A/A) eeveeeeeerrernncesennensessenes (41)

It increases as A , the wavelength, is decreased, On the other hand,
most obstacles such as aircraft are curved. In this case the deneficial
effect of reduction in wavelength is neutralised by the curvature be-
coming more important at smeall wavelengths. On the whole there is no
simple relationship between A, and A . For a medium bomber A, is

about 20 square metres for centimetre wavelengths.

Exsmple
A radar set works on a wavelength of 10 cm with peak pulse
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power of 100 kilowatts, The seme aerdal is used for tranamitting and
receiving, its being 250, The minimua power detectable by the
receiver is 107< watts. Vhat is the maximum range of detection on a
mediuwn bomber?

The flux of power at range R metres from the transmitter is given
(equation (36)) by

P, = @ar B.['

LT R?

= 22. 05
LA R

= i’_zﬂép_i watts/square metre .

The echoing area is assumed to be 20 square metres (see Sec. 18).
Hence the power Pp re-radiated is

Py = 6025.10°, 20

""'"""“"z"“‘— R R E R RN R R NN RNy R
T ® (2)
= 125,408

T R watts

If this is radiated isotropically, the power flux from the
aircraft at the receiving aerial is

PI'
2 watts/8quare metre® .s.ecceccssscnsecsvecnce (10-3)
4T R
The gain of the receiving aerial is 250, 80 its effective area ls
25002
4T
i.e. 6'22 SqUATE MEtTeS scesvce00s0c0tcrerssccnsess (llll-)
10K

The power received is the product of (43) end (44); i.e.,

Pr__ . 625
4TC R 107

= 1'22,%%80 6'_2_5
e 101

= _5;&-1;1_95_. watts .

R
This is to be equal to the minimum detectable signal of 10732 watts.
Thus
624,105 = 10712
o -
s0 that Rl* = 5-1,,,1017

and R 28000 metres = 28 km & 171 miles.
19. Range of a Radar Set

The above example illustrates the method of caleulating the
maximm range of a radar set, The general formula is obtained as

follows := 7 1 8
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Let P be the transmitted power in watts, A the wavelength in metres, and
g the gain of the seriel (used for transmitting and receiving). Then at
range R metres the flux of power P, is given by

Pas -—2-—2—- ntts/square metY® ceeocvcrcscrccane (4-5)
yU R

(mpm (22) and Sec. 9).:

Now let the echoing area of the target be A, square metres, Then the
power P' re-radiated by the terget is :~-

\l
= Py Ae
= ‘it——;‘ir -“tts (AR R RN NI REAREAARE SRR RN R RN NN 2 J (l"6)
The flux P} of power, back at the receiver, distant R metres from the
target is
Py =_P
LR

= &4, watts/s
quare metre® ceccocecccece (h‘?)
(&7 B)2

The effective cross=section A of the receiving aerial is given by (34),
ioeo'

2
A= i%—‘-—- square metres.

Thus the power P'! reoceived is
P‘l - Apé
= 8 AZ P,

tte .
(1,.1[)331«- watts

v
If the minimua detectable power is P, then the maximumm range of detection
N
R is Ziven by the equation

; = “e P Az
ETRLET
or R = 2% (BA% . AN g, (bT0) “F metres ceuue. (48)
The serial is often a circular mirror of diameter 2r and area ‘)'I(Zr)z/h..

For such a mirror it csn be shown (equation (76)) that

LT . T (2r)2
NE %

3%32"[:'

8 =

Thus we find that
,ﬁ: Ae% . (P/g,)% 20 . AE . (X /61..)% netres ceseses (49)
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It is remarkable that the maximum renge increases only as the fourth root
of the trinsmitted power. It is directly proportional to the diameter
of the mirror.

20. Reflection from Ground and Sea

In most of the preoceeding sections it has been assumed that the
aerial has been in free space, i.e., entirely independent of its position
with respect to the ground or sea., It will be shown in the following
sections that the field-strength diagram of any aerisl can be considerably
modified by reflections from the ground or sea., In order to investigate
the behaviour of radio waves incident on the ground cne must lnow the
electrical properties of the earth. Consider & condenser made up from
two metal plates with the space between filled with soil, The earth is
not a very good insulator and the arrangement is most simply represented
as a resistance or, better, a conductance G in shun with a capacitanoe,
C. VWhen a high frequency alternating current is applied to the plates
the admittance is given by

G + j wc SHRCHOBOETOORNBENEEBVIIPRGENOGCEBIOSIES (m)

where W/2X is the frequency., It follows from expression (50) that for
1~w frequencies the term G will be bigger than the term C esnd thus the
earth behaves like & metal at low frequencies. On the other hand at
sufficiently high frequencies WC will be bigger than G and the earth
will behave as a dielectrie.

The conductivity of the earth varies considerably depending on
the dempness and type of the soil or rocks, However, when average
values are substituted in (50) it appears that for all wavelengths used
in radar, the W0 term predominsates and thus the earth can be considered
to be a dielectrio, The dielectric constant is generally taken to be

10.

Now consider the case of the sea, Agsin one tekes a oondenser
with sea water between the plates end arrives at expression (50) for the
sdmittence. The conductivity of the sea is much higher than that of
land and the G term is therefore much larger. The frequency at which
the conductive and susceptive terms of (50) are equsal is approximately
1000 Mo/s (wave length 30 cm.). For frequencies well below this value
the sea behaves like a metal whilst for much higher fregquencies it
behaves like a dielectric, Broadly speaking, on metre wavelengths the
sea acts as a metel and on centimetre wavelengths the sea acts like a
dielectric, The dielectric constant is El.

21, Horizontally Polarised Waves Incident on Groumd

As explained above, the ground acts as a dielectric for radsr
wavelengths, The incidence of a wave on the ground is thus similar to
light falling on & glass surface, Part of the wave is reflected and
part refracted. For normal incidence the well-imown optical law,

fraction reflected = n=l
n+l

applieg, n being the refractive index, The index of refraction of glasa
ig 15 and of the earth 3+2 (square root of dielectric constent).
Consequently, reflection of radio waves from the surface of the earth

is more pronounced than that of light weves from glass.

Suppose now that the wave is polarised wit: the electric vector
horizontal. At the point of incidence of the ray c: the earth, we have

%3
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— —
three electric fields E (In), E(Refrac)
and E(Reflec), for the incident,
reflected and refracted rayse The two
Just above the surface must add to- Qﬁ‘:ﬁ;’;ﬁ o

gether to equal the one just below the REFRACTION 3-2)
surface (Fig.763), i.e,

Pig.763. - Horizontally polarised
radar waves incident on earth,

-E(In) + -ﬁ.(Reﬂec) = -l:(Refra-Q) *sseses0s0sssengesses (51)

Owing to the high index of refractiom, most of the wave is reflected and
E(Refrac) is small, so that we have approximately, from (51),

E(Reﬂec)= ':E—(In) CessecssssveneessssssINECIT TSy (52)

There is thus a sudden phase change of sbout 180° on reflectica and the
reflection coefficient iz practicelly unity. Reflection is most
camplete when the rays strike the surface at a small glsncing angle, and
falls off as one approaches normal incidence, The fraction reflected
at normal incidence is sbout 50%.

22, Horizontally Polarised Waves Incident on Sea

Take first the case of centimetre wavelengths, A= explained
in Sec, 20, the sea then acts like a& dielectric, and similar considerations
arise as in the previocus paragraph. Reflection is, however, more
camplete owing to the very high index of refraction, viz., /81 or 9.
Even at normal incidence the reflected ray is 90§ the smplitude of the
incident,

In the case of metre waves the sea behaves svbstantially
metal, Take an incident and reflected wave as shomn in Fig.764e The
resultant electric field at the surface must be smell (Chap. 5 Sec. 3).
Hence the eleoctric fields of the incident and reflected waves must be
roughly equal and opposite. The reflection
coefficient is about unity and there is a
phase change of 180° on reflection.

Thus, with horizontally polariged -
waves of any radar freguency, incident on : AIR
the sea, the reflection coefficient can be SEA (METAL)

tssgned to be unity with a phase change of ]

180°  The sea is lisble to be rough and, Fig.764, - Horizontally po-
for short wavelengths, the roughness is of larized metre waves inc:ltxl
the same order as the radio wavelength. dent on sea,

Reflection is not then specular and a ’

definite reflected wave may not be found.

23, Reflection of Verticelly Polarised Waves

v&“("“
o

Em, Enert En 1’€v.°
AIR AIR

E EARTH E DIELECTRIC
e DIELECTRIC RerR
WITH INDEX OF
REFRACTION 3-2)

Pig, 765, = Vertically polarised ra- Pig. 766, - Brewster angle,
dar waves incident on earth,
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The reflection of horizontally polarised waves discussed in
Sec, 21 and 22 is comparatively simple, and the general result is that
reflection is nearly always practically complete but with 180° phase change.
When the electric field of the wave is vertical the situation is more
complex, In this case the electric vectors in the incident, reflected
and refracted waves are not parallel to the surface (Fig., 765 ) and the
fitting together of the fields across the boundary is a comparatively
difficult process,

Take first the case of any radar waves incident on the earth or
of centimetre waves incident on the sea. The medium then behaves like a
dielectric. At one particular angle of incidence the reflected and
refracted rays sre at right angles and the electric field E (Refrac)of

the refracted wave is parallel to the direction of the reflected ray
(Fig. 766 ). The electrons in the dielectric, oscillating under the
influence of E (Refrac) radiate nothing along the direction of E (Reflec)

and s0 the reflected wave is zero, This is the Brewster Effect, the
appropriate engle of incidence being called the Brewster Angle., Measured
from the horizontal it is sbout 17° for earth and 65° for sea. The
Brewster effect will occur when the earth or sea is behaving like a
dielectric, i.¢s, for sll radar wavelengths incident on earth and for
centimetre wavelengths incident om sea. At anglcc to the horizomtal
below the Brewster angle, the reflection takes place with phase reversal
(Fig., 767 ); above the Brewster angle, withouS puase change (Fig. 768 ).

—} _—"am \\{}/Am

v DIELECTRIC DIELECTRIC

Fig.767.- Reflection of vertical-  Pig.708.~ Refleetion of vertical-
1y polarised waves below Brewster 1y polarised waves above Brewster
angle (Note: The refracted ray is angle {Note: The refracted ray is
not shown), not showm),

In general, subject to certain rescrvations discussed in Sec,26,
vertically polarised metre waves are reflected from the sea without phase
change and with practically perfect reflection. The resultant field parall-
el to the surface at the point of incidence is zero, the sea acting like a metal
for these wavelengths,

24, Effect of Flat Earth on Field-Strength Diagram (Horizontal Folarisstion)

Consider a horizontal half-wave aerdel A —laced height h
above flat ground; (Fig. 769 ). Toke a roy going off at an angle &
above the horizontal and another at an angic & below the horizontal,
These rays sre equsl in strength. The dowi-going rey hits the earth or
sea and as indicated in Sec. 21 and 22 it may be assumed to suffer 100%
reflection with 180° phase change if the angle of incidence is not near
the perpendicular direction. At a far distawt point P the direct ray
AP and the indirect ray ABP come together and hsve to be added

12
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vectorially. Draw AN perpeniiculer to the surfaces and produce to A
with A'N = AN and join A'B. Then from the Fig, 769,

A'3 = AB,

P(#T VERY

LARGE RANGE)
A -
: AIR

- B EARTHorSEA

£
\P[R/a

erders

>“f --3

Fig,769.- Horizontal half-mave eer~ Fig,770.~ Isotropic radiator
ial and image, * and image,

Thus, so far as the path length is concerned, the ray ABP cen be replaced
by the path A'BP. Indeed one can put an Image source at A', consisting
of another half-wave aerial fed with equal power end imagine the earth
to be removed. Since the ray ABP suffers 18C° phase change at B, the
image source A' must oscillate 180° out of phese with A (Fig. 769 ).

Consider now an isotromic source a height h above a flat earth
snd radisting horizontally polarised waves, The image is a depth h
below the earth. The field-strength disgrsm of the pair is found by
taking e pair of parallel reys, from the sowrce and its image, making an
angle « with the horizontal. The fields are added vectorially at a
distant point, Referring to Fig.770, AN is drawn from the source A
perpendicular tb the lower ray. The path difference of the two parallel
rays is A'N; in addition there is the fixed phase difference of 180°
between source and image.

When the angle @ 1is very small the path difference A'N is
algo snall and the total phase difference is 180° so that the resultant
is zero. Thus no wave is propagated in the direction of grazing in-
cidence along the earth's surface, As the angle <« is graduelly
increased from zero the total phase difference between the two rays
increases from 180° towards 360°, at which the two rays are in phase and
reinforce. This condition ardises when A'N is AN /2, TFor a given X
if the distance 2h between the source and image is very large, o¢ the angle
need not increase greatly from zero in order to make A'N = A2 ’
The bigger the base-line, 80 to speak, the sooner the path difference

develops.

Pig, 771, ~Field Strenzth dlagram Pig, 772, - 7"ield Strength diagrem
for aerial distance A/4 avpove for aerial distance A/2 above
earth, earth.
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To take a few exsmples, suppose h = A/4, then & must increase
to 90°, with the rays shooting straight up, before a total phase difference
of 360° is achieved, The field-strength diagrem in polar co-ordinates
is then as shown in Fig, 771 . TWhen h = A /2. the vhase difference-
is 180° for rays shooting straight up, and the field strength diagrem
is as illustrated in Pfig.7/2 + As the height is increased, more and
more lobes appear, there being a lobe between 0° and S0° for every A/2
of height above the ground, These are often called Interference lLobes.
For an aerial system 7N above the earth there will be 1 lcbes as
ghown in Fig. 773 . The lobes st Jow angles are approximately equally

- spaced in angle and occur at 2°, 6°, 109 14° ... but at high angles the
angular spacing opens up, with the lobes more widely separateds. or 1N
height above the grownd, the first lobes would be at 1°, 3°, 5%, 7° .....
and so on., The angular, difference between the lowest lobes is in~-
versely proportionsl to- the height of the phase~centre of the aerial
system.

When the besming of the
seripl system is not teo strong,
s0 that the first interference lobe
occurs near the meximum of the
free-gpace field-strength diagram,
the field strength at a given
distence in the direction of the
first lobe is twice the free-space
value, Thus by equation (25) the
power gain g , of the system is
four times the power gain of the
serial in free space and the maximum
range of detection of a ground
radar system is twice the free space
value; (see equation (48)).

25, Effect of Flat Earth on Field Strength Diagram (Vertical Polarisatiom)

From the results of Sec. 24 and 23 we deduce the following
facte for vertically polarised radar waves incident on ground, Up to
the Brewster angle (17°), the effects are similar to those for horiszont-
ally polarised waves, with lobes depending on the height of the aerial
system above the ground and as in Secs 24+ Near the Brewster angle the
reflected ray dissppears, Above the Brewster angle reflection takes
place without phase change, and broadly speaking, maxima and minims .in’
the field-strength diagram sre interchanged from their positions in the
horizontally polerised cage (Fig.774 ).

v

Fig,773.- Field Strength diagram
for aerial distance 7A above
e’&rth. i

For vertically polerised centimetre waves incident on a amooth
sea the same results hold but the Brewster angle is now 63°.

For vertically polarised waves of several metres in wavelength
incident on the sea, there is no phase change on reflection. The
maxime and minime of the horizontally polarised case are here inter-
changed and, in particular, there is a lobe at sea level (Fig. 775 ).
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BREWSTER ‘ BREWSTER
ANGLE \ -~ ANGLE

Pigy774.~ Field Strength diagram Fig,775.~ Field Strength diagram

(vertiocally polarised waves) - {vertically polarised metre
for aerial distance 7 A above waves) for aerial distance 7A
sarth, above sea,

26. S of Effect of Flat Surface

The following table shows the lobes in the vertical field-
strength diagram of an isotropic radiator placed 14dA above earth or
sea and summarises the results of the two preceeding paragraphs :-

Polarisation VWavelength Surface Lobes
Hordzantal Any radar Land 1°, 3°; 5° and s0 om,
y o ,0 O
Horirontel Any radar Sea 1 ,/3 » 5 and so on.
Vertical Any radar Land 19, 3°, 5° up to 17°

then change over to
18° , 20°, 220 and so on.

o
Vertical Centimetre  Sea 1°, 3°, 5° up to 65°
then change over to
89, 10°, 12" and so on.

Vertical Metre Sea 0%, 2°, 4°, €°, 8° and
80 on,

Thé free-space field-strength diagram is split up into lobes depending on
the height of the phase centre above the earth's surface. Mathematically,
the free-space field-strength factor must be multiplied by

sin[(}SOo h Bin C&)/?ﬂ 0000080890020 0e00cLtss0c0ebIe (55)

or

cos[(jéoo h sin a)/?x] vecsssesessnarscesassecesves (5h)
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according to whether there is or is not change of phase at reflection.
Although the maximm range of detection is increased by the presence of the
lobes, the zerovs in between the lobes give gaps in the radar coverage.

Generally speaking, reflection is more complete and the
formation of maxima and minims is more straightforward with horizontally
polarised than with vertically polarised waves, With the metre waves
used in radar, one is inevitably working over the wavelength band in which
the sea is changing from a "metal®™ to a "dieleotric". This changeover
does not teke place suddenly and so the simple treatment given above shows
only the essential details of the effect of the sea on vertically polarised
Waves,

To teke an example, suppose we are dealing with 3-metre waves,
vertically polarised, and incident on the sea. A detailed investigation
shows that there is a pseudo-Brewster angle at 29  The lobe at sea level
is thus unlikely to be well developed. For wavelengths of a metre and
upwards this pseudo-Brewster angle is inversely proportional to the
square root of the wevelength - at 30 metres it would be about 2/3° - and
only on quite long wavelengths will the sea give exactly the effects of
a good conductor at very low angles of elevation.

The choice of polarisation for a coastal or sea-borne radar
using metre waves to detect low=flying aircraft has been a matter of some
controversy., Observations show that with vertical polarisation there is
considersble sea-clutter (i.e., scattering back from sea-waves) up to.
ranges of about 20 miles, but with horizontal polarisation sea clutter
is small., On the other hand the ranges of detection of low-flying air-
craft are sbout the same for either polarisation., It appears therefore
that there is more field strength at sea level with vertically polarised
waves, but a little above the sea the field strength of horizontelly
polarised waves soon becomes apprecisble. The results obtained clearly
depend on the height of the aerials above the sea, and the matter is thus
further complicated. Most British radar sets for sircraft and ship
detection use horizontally polarised waves,

27. Gap Filling

One method of filling the gaps in the vertical field-strength
diegram is to employ two aerial systems at different heights above the
ground, These can be arranged so that many of the gaps in one field-
strength diagram are filled by the lobes of the other and, by switching
as required, a target may be followed continuously.

Anotner method is to use a combined array of vertically and
horizontally polarised aerials. From the previous paragraphs the maxima
and zeros are interchanged for angles above the Brewster angle when the
polarisation is changed.

28, Effect of Rarth's Curvature : Refraction

Consider an aerial system A at height h feet above the earth's
surface. The earth is aporoximately a sphere of radius 4,000 miles and
the geometric horizon for this aerial system is at the point P in
Fige776. Although radio waves of large wavelength are diffracted easily
round the earth's curvature, short waves as used in radar do not diffract
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appreciably .into regions beyond and
underneath the optical horizon.

o

Strictly speaking the
horizon is slightly more distant P
for redio waves than the geometric
point in Pig.776. This is due to
the fact that thesé waves are bent
or refracted in the earth's atmos~-

phere, Fig.776.- Optical horizon,

Under normal conditions,
the dielectric constant of air is
1°00055. Higher up in the atmos-
phere the air becomes legs dense
and the dielectric constant approaches more nearly to unity. Thus a ray
travelling up into the atmosphere is continually passing from more dense
to less dense regions in the optical sense., In accordsnce with the
principles of refraction, the ray is therefore continuelly bent away from
the normel. The effect is very smell but is made more appreciable by the
presence of water vapour in the atmosphere. Owing to its molecular
structure, water vapour has a dielectric constant of 1+0l at normal
temperatures Thus, slthough the emount of water vapour in the atmosphere
is only lei%, its efficacy as a refracting medium is comparsble with thet
of the air itself, The percentage of water vapour decreases as one as-
cends into the atmosphere so that again we have the effect of bending the
radio rays. A ray starting out at a smell angle to the horizontal is
therefore slowly bent round and can reach a point more distant than the
geometric horizon. It is found that this can be allowed for approximate-
1y by assuming the radius of the earth to be 6,000 miles instead of
4.,000.

The effect just described is normel refraction. Occasionally
in tropical climates the water vapouwr content is high, and varies very
rapidly with height. 1In this case Super-Refraction takes place, the
rays may even bounce several times froa the earth's surface, and con-
siderable penetration takes place into the region beyond and beneath
the geametrical horizon. This phenomenon is elso termed Anamalous
Propagation or briefly Anoprop.

COMMON TYPES OF AFRITAL ARRAYS

29. Broadside Array

An arrsy is an aerisl system built up from a nuuber of elements,
and srranged to give a field~strength diagram of some desired form. In
the case ofa broadside array the elements are arranged in a plane so as
to give a sharply beamed lobe in a direction normal to the plane of the
srrey. The elements are usually half-wave aerials and such arrays are
mainly used on metre wavelengths. As desoribed in Sec. 4 a half-wave
aerial radiates a sphericel wavefront with the mid-point of the aerial
as phase centre, i.e., as centre of the sphere, The field strength
varies, at a given distance, according to E, D(9), given in equation (9),
in the plane of the aerial. In working out the field-strength diagram
of an array it is convenient and correct to ignore this field strength
veriation in the first place and simply replace each half-wave aerial by
an isotropic radiator or "point source" placed at the mid-point. The
correction factor (g) can then be introduced when the field-strength
diagram of the array of isotropic souwrces has been evaluated.

30. Linear Broadside Array

This is a broadside in which there is only a single row or
colunn of elements fed in phase. Thearray may take four different forms
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in practice according as the elements are horizontal or verticel and
stacked vertically or horizontelly., . The four cases are illustrated in
Figs.777 to780. Replacing the elements by point radiators as expleined
in the previous paragraph, one obtains either a row or colum (i.c., a
line), of point radiators.

«-2a-» ‘?
¥
Y

Fig,77].~ Vertical Pig,778.~ Vertical
astack, line,

Pig.T]9, - Horizental line, Fig,780.~ Horizontal row,

The field-strength diagram of such a line of isotropic radiators
is obtained by adding up the waves, sent out in any direction, from all the
radiatorse In this section we shall limit discussion to arrays in which
all the elements are equally energised.

Consider first the field-strength diagram in the plane through
the line of radiators, i.e., the plane of the paper in Figs781l, Take
parallel rays going out from each radiator making sm angle & with the
normal direction, Consider the ray from the cenire radiator as standard
if the number of elements is odd; if the number is even, introduce as
standard a further hypothetical rsy from the geometrical centre of the
line of elementa, Now the rays from the elements can be grouped in pairs
on either side of the standard, one ray of the pair leading and the other
lagging, by the ssme amowunt, on the standard, Such a pair is indicated
by AB, @ in Fig,81 with phase lead GF and phase lag CJ respectiwely,

By the same argument as in Sec. 4 (See Figli8) the resultant field from
such & pair has the same phase as the standard ray. Thus, the phase
centre of the array is its mid-point. At a great distance it appears as
if & spherical wavefront were spreading out from this point.

The variation of

A G C
the strength of the wave as h 1
the direction @ varies ia N A g |
found by adding up all the
B D

i

i

1
rays. This is conveniently STANDARD Y
done simply by taking them in RAY !
turn from left to right and '
adding vectorislly. The
vector addition ean be done Fig,781,~ Line of isotropic radiators,
either graphically or alge-
braically., The result 7 2 8
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depends on the spacing between the point radiators. This spacing is
nearly slways A\/2 in practice, and the field-strength diagram is then
given by t-

&mﬂ*— I ZX TR EN RS SARSR RSN Y X 3
Ewain [%° uin 0] (55)

where n is the nuuber of elements in the array. Expression (55) is
often called the Beaning Factor and sometimes the Grating Faector. De-
noting it by B(@) we have therefore :-

pe-Balotastaal L (56)
sin [90° ein @ ]

This is plotted forn = 2, 4, 6 and 10 in Figs782,783,784, and785. It
must be multiplied by the field~-astrength factor of the individual element
in this plane in order to obtain the actual field-strength distribution

of the array.

The field~-
strength factor for ,/
the array, in a A
plane through the
centre of the line
of elements and per-
pendicular to its 7
length (i.e. a
plane through G in Vi
Fig,781 end per-
pendiculer to AGC
is oonstant, There ] [
is no change in the -90 -80-70-60 -50 ~40 -30-20 -10 [0 10 20 30 40 50 60 70 80 90
f£ield strength as DEGREES.
one goes round the
line of isot (-]
sources at ‘rcg);.. Fig,782, - Beaming fuctor for two aerials spaced
stant distence in M/2 apart,
this plane, In
the case of the
actual array, however,
the field-strength
factor of each in-
dividual element must
be multiplied in.

Referring
to the arrsys illust-
rated in Pigs777,778,

779 and780, it is now
possible to obtain
their field-strength

/

.
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56), and D,
gy () e -
BE~-plane is taken as

the G-plane and H-plane
as the @-plane in Pig.783.- Beaming factor for four aerials

sccordsnce with Sec. 3. spaced A/2 apart,
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Fig.784. - Beaming factor for six aerials apaced A/2 apart,

Figure

71

778

779

780

axlal s

yametry
D(@) is replaced by the appropriate field-strength factor. .

Description

Horizoutel Half--Wave Aerials
in Vertisal Stack with Half-
Wave spacing,

Vertical Half-Wave Aerials
in Vertical Stack tip=-to~
t+ip.

Horizontsl Hulf-Wave Aerials
in Borisontal Row tip-to~tip

Verticel Half-Nave Aerdials
in Horizontal Row with Half-

Wave spacing

Flane

Vertical or
H-plane

Horizontel
or E-plane

Vertical or
E-plene

Horizomtal
or H-plsne

Vertiecal or
H~plane

Borizontal
or E-plane

Vertical or
E-plane

Horizontal
or H-plane

Resultant
Field-Strength
Factor .

3(g)
(B (@) means
that @ in
equation (56)
is aced
by 7.

(e)
B(9).D(9)
constant
constant
B(8).D(8)

D(®)

B(¢)

If elements other than half-wave aerials, but yet posaessing
s are euployed, than the above tsble osn be applied provided
The main

features of the beaming factors shomn in Figs782,783,784, and785 are as

follows :-
right sngles to the Iine of the array.

730

There is » large maximum or Main Beam in the direction at
The direction of this msximun
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is sometimes called the Line of Shoot. Besides this there are a number
of smaller maxima
or 3ide Lobes.

The phase
Jumps 180° az the
eangle varies through
the position of zero
amplitude from ome
side-lobe to the
next, An exception
may occur between
adjacent lobes at
right angles to the
main besm. The N
width of the main A /
beam decreases as the 90 80 70 6 ‘qs ' 30 20
nunber of elements {7/
increases, The N/
Beam Width is usually
defined as the number
of degrees across the
beam at helf-maximm Fig.785.~ Beaming factor for ten aerials spaced
smplitude. This is N/2 apart,
plotted as a function
of the number of '
elements in Fig.786. A rough rule, valid for a large nuuber of elements,

Do &

~

e ——

&

O,
d
_—

o=
“

FIELD STRENGT!

N\
/ 1\ g
lp\zolsp \»o;d e %e s
\‘_’[ .

= 0= O d— =

»n

~

is
beam width in degrees = ZQ X nvelm sseeevcsececsee (57)
width of array '
The field-str disgram of the individual elements, being rather

brosd, (Pig.749) hardly affects the besm-width when the number of elements
is laxrge.

When

the nuaber of
elements is

lerge, the 100r
first side-lobe
is about 21% of A AN
the amplitude AN
of the main ‘\
maximun, AN

The
{equation 2
))a as oan

argwments
given later,
is sbout three
times the len-
gth of the
array expressed N
in wavelengths. \\

choice of fﬁ: 2k s :57"3" g i
serial system B NIBTH 1IN WAVELENGTHS
for any parti-

cular function Fig.766.~ Beam width of broadsids,
can be made

from the table 7 3 1

DTHR (DEGREESR)
yd

3
L

o oo

L
#

'll's (HALF-WAVE BPAGING
15 %0 25

sbove, A
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beacon aerial, required to radiate all round and besmed in the vertical
plane to prevent radiation being wasted by going vertically uwp into the
sky would be best taken from Fig. 778. 4An aerial required to receive
signals from & particular direction but from sircraft at any height would
be as illustrated in Fig.779or Fig.780

ey e e = e

e [

e o [ ] Led 11

e [
Pig,787.~ Complete broadside Fig.788, ~ Complete broadside
with horizontal polarisation, with vertical polarisation,

31, Complete Broadside Array

The complete broadside has elements in colums snd rows fed
equally and in phsse, The elements will usually be half-wave aerials
arrenged either horisontally (Fig.787 ) or vertically (Fig.788 ), with
centre spacing N/2, To obtain the field=girength diagram of the broade
side one first replaces the elements by point sources as in the previous
paragraph. One then takes, say, & horizontal row of point sources and
finds its besming factor By (0), by the method adopted for the linear
arrsy. Its phase centre is at its mid-point so that the whole hori-
zontal row may itself be replaced by a point source at its mid-point
radiating a spherical wavefront and with beaming factor Bp (0) in the
horizontal plane end constant in the vertical plane, Doing the same
for all the horizcntal rows, one finishes with a vertical line of point
radiatorss Assume now that thease rediate isotropicslly, The phase
centre is at the mid-point, i.e., at the centre of the whole array. The
beaming factor in the horizontal plane is constante In the vertical
plane there is a beaming factor B, (f). For the whole array one takes
the produgt of all the factors, Henos for horizontal polarisation we
f£ind :-~

Half-Wave dorizomtel Vertical VYhole
Aerial Row Row Array
Horizontsl D(8) By (o) constant D (8). By (o)
Flane
Vertical comstent constant { B
Flane B @) v )

The corresponding results for vertical elements are cbtained by reading
“vertical® for "horizontal™ and vice versa everywhere in the sbove {able.

If there are n elements in a bhorizortal row end m elements in
the vertical column, with &/2 spacing betwesn centres, then

By (6) = =a(00mnsin®) . .i.ccceceeen. (58)
gin(90° sin 6 )
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= in (00 main@) L ieieererenes
B, (#) S (205 s ) (59)

The field-strength diagrams of Figs182,783,78% and785 can thus be used to
find the horizontal and vertical beaming factors of the complete brosdside,
When the beaming is great, with a large mumber of elements, the D(8) factor
of the individual elements hardly affects the beam width.

This type of aerial, the complete broadside, is used to obtain
greater beaming in the two plsnes than is possible with a linear array.

32, Use of Reflecting Soreen behind Broadside Arrsy

The broadside arrays
described above radiate both
in front and behind as shown

in Fig.789 . 1This is
objectionable for most radar
purposes and a reflecting

metal screen mey be positioned

behind the array. This has Fig.789.- Broadsids without re~

the effect of blocking out flector (polar plot).

the backward radiation. In

order to investigate the effect

of the screen in greater de~

tail consider a single half-wave aerial a distance a in front of 2 metal

sheet; (Pig.790 ). As is well known, there can be no electric field

along the surface of a good conductor zthis is sometimes referred to as

a boundary condition). Hence there can be no electric field along the

line AB in Pig.790 »

Now remove the metal

sheet and place a A £ A

half-wave aerial a P

distance 2a from the - 4 +

first, fed with the ﬂ+ ﬂ ﬂ
e

same power but driven
anti-phase (Fig.791).
At a point P on the e He-a-->
line AB there is an B

electric field E due

to each dipole and Fig, 790, - Aerial
because of the anti- and matal reflector, Fig, 791, = Aerial and
phase relationship image,

these are as shown

in the diagrem,

Their resultent is

at right angles to

AB, i.e. the electric

field due to this combinastion is zero along AB. Thus the field is zero
slong AB in both cases Fig. 700 and Fig.791. By such arguments it
follows that, 80 far as the field to the right of the screen is concerned,
the two arrangements are equivalent, This is indeed just the principle
of images, well known in optics and already discussed in Sec, 24.

Now consider the brosdside erray with a metal screen behind it.
The phase centre of the broadside without the screen is at the centre of
the srray; (Sec 31). Repleoe the metal reflecting screen by an image
source, snti-phase but of the same strength (Fig792). The radiated
field to the right of the srrsy with screen is cbtained by multiplying
the field-strength factor of these two anti-phase isotropic sources by
the beaming factor of the arrsy alone., The beaming factor of the array
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is elready known from Sec. 3l. The field~strength factor of the pair of
antiphase sources depends on their distance apart, 2a. In practice a is
ususlly A /8 so that the source and its image are A/4 apart. The field~-
strength diagram of such an srrangement can be given by the formula &~

z &
o w
E § P P
] P P .
S 5 . -~ Pig.792, - Array with image,
mace o= [ opusscenmme !
PHASE CENTRE. | =~ OF ARRAY
«SpHe-2p->
1IN
de
|
07
7 Rds N
Fig.793.- Beaming fac- / §J= N
tor due to metal sheet / Sda \
placed A/8 behind array. / ads \
¥,
1
ol
|

-30-80 -70-60-50-40-30-20 -10 O 10 20 30 40 50 60 70 80 90
DEGREES

E DA/ 2 s8in (h.so cos © ) P YRS Y RN N YR SRR XL 2 (&)

which is plotted in Fig.793. Due to this factor there is a slight sharp-
ening of the beam, and a slight reduction in side lobes, because of the
reflecting screen. The phase centre of the arrangement is in the plane
of the screen. Formula (60) applies only in fromt of the screen, i.e.,
fram © = =90° to @ = +50°. Behind the screen the field is always 2ero,
Finally it is emphasised that the beaming giwen by (60) epplies not only
in the @-plane but in all planes normal to the screen.

33. Wire Netting Reflector Screens

In practice, s complete metal sheet is objectionable sinoe it
would have a high windage area., The reflecting screen is normaelly made
of wire netting. Some radiation thus leaks through the back of the
gscreen., Suppose the sereen to be made of wires placed vertically and
horizontally, forming a squere or rectangular network. It appears then
that the wires effeotive in reflecting back the wave are those lying
parallel to the electric field, and the spacing and thickness of these
wires is the dstermining factor in judging how much radiation leaks
through. Let the wires parallel to the electric field be of diameter 4
end spaced s apart; (Fig.794). Then the amplitude of the electrio
field leaking through the netting is given, approximstely, as a fraction
of the incident electric field, by the expression :-

eBvscssssvIIIIERISIREBOIRORRR TS (61)

5 - logg(3r)

the quantities s, A and d all being expressed in the seme units, The
factor 2s/A shows that the main requirement to ensure small leakage is
that the spacing s of the wires shall be quite small compered with the
wavelength. In addition, the logaritimic factor shows that thick wires
are preferable to thin ones, Wire netting is often made with a
hexagonsl mesh and, due to the method of twisting together, some aets

of wires are thicker than others; (Fig.795). Clearly this netting
should be oriented so that the thick wires are parallel to the electric
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111
%

=
=

A\

Pig, 794, - Wave incident on
wire netting,

Fig,795. - Bexagonal wire netting,

As an example of formula (61), to give orders of magnitude, let
us assume

8=3% d=1/16" and A= 60". Then

E (le 8) =2+ .1 3
E(incidemt) & = Eqi )
‘16

g - (0o%)

= 1°6 per cent.

If 4 = 1/32", the snswer is 2¢7 per cent. The wire must be a reasonably
good canductor for RF and thus iron wire should not be used unless coated
over campletely by some other metsl such as zinc or tin,

In theory, a reflecting screen behind sn array should be infinite
in extent. If it is not sufficiently extended beyond the aerials at the
.sides of the array, radiation will leaek round the edges of the screen and
shoot out behind, 1In practice it appears that the screen need not extend
more than A/2 beyond the centre points of the outermost helf-wave aeriels,
and indeed an axtensiom of only /4 from the centresof these aerials is
often found in practical installations, without, apparently, resulting in
any appreciable loss.

34. Power Gein of Broadside Array

Since a broadside of half-wave aerials has a considerable beaming
in its field-strength disgram, the power gain is high, The calculation
of the power gain by the method of integration of power flow across a
sphere is difficult., An approximate answer can be obtained as follows:-

Assune that R, is the radiation resistance and I the RMS current,
both measured at the oentre of each half-wave aerial, (In practice all
the aerials do not have the same radiation resistance due to mutual
coupling, Neglect of this variation does not appreciably affect the
acouracy in most cases)., The power in each serial is I end, if there
are N aserials sltogether in the broadside, the total power P is given

by
Psm%r R X XXX XY NN EUA NI Y NN N RN NN R X X ) (62)
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At a distant point in the best direction, the fields fram ell the aerials
in the array add up together. The array thus gives the same field at
this point as would arise from a single aerial cerrying current NI at its
centre, i.e., supplied with power P! given by

P' = (NI)ZRr e 000 0SROICEOIBOISIOICTOICOIRIROEROOOYS (63)

Thus the power gain g of the array relative to the half-wvave aerial
is given by .

g = P /P
= N 200000000 ELPEIOERCEICEEPNOINIOOISIOIIOLITDS (&I-)

The power gain g relative to an isotropic radiator will (by Sec. 10) be
1} times this, i.e,,

g=5N/2 9920000880400 0sc00080s8r0000000008 (65)

If a reflecting sheet is used behind the array, the gain is approximately
doubled, so that finally, for a broadside of N aerials with reflecting

screen,
g= 3N OB SOV GIOVRCOPIRRNIENECOOBOeNOeREY (66)

The effective croas-sectional area A of an srray of N aerials with &/2
spacings is rather indefinite since the reflecting soreen projects beyond
the aerials. With the practical extensions of the soreen disoussed in
Sec. 33, each aerial, including the outermost ones, is accounting for an
ares. A\/2 square, Thus, assuming that this still holds for each aerial
in the array, A is given by :-
A=N A (2
%)

LA AN A ERAE AR E N RN RN RSN Y Y 3 J (67)

=N__K_2
T

Substituting for N in (66) and (67) we obtain

g = EAQB .

A more accurate calculation, for a lsrge broadside, gives

g = &-M 2000003000000 00RO ORILY (&)
A2

snd this latter is the formule which should be used, It will readily be
apparent that these results depend rather much on the agsumption of A/2
centre-to-ocentre spacing between the aerials. It appears that this is a
reasonable spacing to adopt and very small or very large spacings should
be avoided, With close spacing, interaction hetween aerials becomes more
pronownced and nullifies the increase in gain which would otherwise be
expected., For spacing much grester than A/2 side lcobes are introduced
with a consequent waste of energy.

The general idea of the "area approach® to broadside arrays
should be noted :=-

A given area or aperture A is available from space, mobility

and other considerations. It should then be possible to obtain a power
gain g given by the squation (68}, This is done by £illing the space
with half-wave asrials placed about M/2 apart and backing the space by a
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reflecting screen; (Fige796 ). The
beam width in the horizontal plene is
dependent on the horizontal width of
the array, and in the vertical plane
dependent on the vertical dimension.

35. Feeding Arrangements for
Broadside Arrays

The first requirement in
feeding a broadside array is to ensure
that the elements are radiating in

phase. This will be so if the Pig.796.- Schematic diagram of
elenents are placed at intervals 9f broadside array backed by re~-
A /2 along the feeder, provided it flector sheet.

is an open wire feeder and that the
feeder is crossed over between each
aerisal, The velocity of propagstion
in polythene-filled feeders is about
2/3 that in free-gpace and A in such
a feeder is 2/3 of the free-space
wavelength, and allowance must be
made for this, The next requirement
is to obtain reasonable matching
between the aerials and feeders,
Centre-fed hslf-weve aerials sre un-
suitable because, when several are
parslleled, the load on the feeder is
susll (73/N olms, where N is the
nusber of aerials.) Most open wire

feeders have a characteristic ADJUSTABLE TAPPING
impedance of from 300 to 600 olms. AouusTagLe ]
It is therefore more convenient to . SHORTING BAR
end-feed the half-wave aerials (Sec.

11) and 80 obtain loads of the order Fig,797.- Bay of half-wave

of the feeder impedence. A slight aerials,

mismatch can be removed by the use of

stubss In practice, therefore, brosde

side arrays are often built up in

bays - each bay consisting of two

stacks of half-wave aerials, end-fed

(Fig.797). The bays must all be fed in phase and with the ssme smount of
power, This is ensured by careful cutting of the feeder lengths and by
matching each bay to its feeder,

The input resistance of a pair of half-wave aerisls has been
given in Sec, 11, However, due to coupling between the aerials and the
praximity of the reflecting screem, the input resistance may differ consider-
ably from the free-space value, This neglect of interactions between
the aerials affects the theoretical arguwents of Sec, 34, but the final
results (65) end (68) are probably not far wrong owing to compensating
factorse.

36e Example of a Complete Broadside Array

A broadside array measures 25' x 10' and consists of 40 half-
wave aerials arranged with A /2 spacing between their ocentres, the wave-
length being 5'. The array is backed by a metal reflecting screen,
Find the power gain and the beam widths in the two principal planes.

From (68) we have
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g= 4L A
A2

52
= 126

or 20 db,

In the plape thro the long dimengion there are ten aerisls in @ line
and hence from (57

beam width = J0,5°
25

= 10,
Alternatively the seme result may be obtained from Fig.786.

In the plane through the short dimension there are fowr aerials
in a line and, from Fig.796, the beam width = 34°.

Formula (57) gives 70 x5 . 350,
10
37. Tapered Feed to linear Broadside Arruys

Returning to a consideration of a line of radiators (see Sec.30)
the field=-strength disgrams shown in Figs.782, to 785 have an objection-
able feature, namely the small side lobes on either side of the main besm,
Sometimes difficulties and mistekes srise in radsr due to signals belng
transmitted and received back via the side lobes, as well as by the main
lobe, Side lobes may be eliminated by Tapered Feeding which may be
explained as follows :=

Take two half-wave aerials placed A/2 apart snd fed equally
and in phase, Neglecting the field-strength factor of the individual
aerials, which may be introduced as a correction factor at a later stage,
the field-strength disgram is as shown in Pig.,782 . There are no side
lobes, but the main besm is, of course, very wide, The field~strength
factor obtained from (56) withn = 2, is

sin ¢ 180° sin @ ’
. 008 0000800008020 00RVNRCORS 6
sin 2 90° sin' @ ; (69}

A plot in polar co~ordinates is shown in Fig,
798. The phase centre X is half-way betweex
the aerials s and they msy be replaced by a
source poaitioned at that point. Now take
another similsx pair of aerials fed with the
same currents &z the first, and place the
two pairs together as shown in Fig.799.
Eech pair is replaceable Dy a source at its
mid=point so thet the arrangement of

Fig. 799 is equivslent to that of Fig.780,
i.ee two sources A/2 epart. The field-

strength diegrem of these two sources is Pig, 798, - Field-strength
the same as the original, Hence the diagram of two aerials spa-
resultent field~strength diagram of the ced N/2 apart and fed in .
arrangement of Fig,799 is equivalent to phaase,

that of three aerials fed with currents
1, 2, 1 uvnits respectively (Fig.801 ),
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The phase centre of these three aerials is at their mid-point. The resul-
tant beaming factor is the square of that given in Pig.782, for the two
aerials only. Continuing this process, combine t, 2, t units with another 1,
2, 1 units placed so that the mid~pointe or phase, centres ars A/2 apart,
Then the original beaming factor (69) again arises for this pair and the
resultant beaming fastor is the cubs of the original one, This arrangement
is equivalent to four aerials fed with currents 1, 3, 3, t units, The
phase cgentre is at the mid-point.

0_
X
-0 0-

X
-0
X
x
0—
©w
©

Pig, 799.~ Combination Fig.800, - Beplacement Pig,801,- Two pairs com-
of two pairs, of pairs by sources . bined te form three aer-
at phase centres, ials fed in ratio 1:2:1,

It is clear that the process can be extended and the required
ourrents in the aerials will be as showni~

Humber of
Aerisls Currenta Beawing Factor

’ 1 T - sin (280° sin @
2 21 (e) sin { 900 sin o;

b 1,3,3,1 ﬁ '(9y3

5 1, 4,6, 4,1 /71' (9y4

6 1,5,10,10,5, 1 Z-, (9_’]5
n

n+l l, n, nlgn-a-l), n_(_ﬁ_']_-%lg;_?l » veeeny 1 [(0) 7

As the original beaming factor is raised to higher powers, the
beam becomes sharper,. ° For exsmple, consider eleven aerdals fed with
" currents

1, 10, 45, 120, 210, 252, 210, 120, 45, 10, 1,
and spaced A/2 apart. The beaming factor of this arrangement is

[ sin (180° sin (6 ] 10
#in "'i"ﬂo #n 'H'

and the corresponding field-strength diagram is plotted in Fig.802 .

There are no side lobes but the beem is much wider than one would obtain
with a similer number of aerials fed with equsl amplitudes. Camparison
with Pigs.783,784 and785illustirates the effect. The beam width at helf
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smplitude in Fig.802 is 26° s Whereas if eleven equally fed aerials were
used the beam width would )
be (fram formle (57)

or Fig.786) about

6°. If the two end

aerials of the present 9

arrsngement were f—+

omitted the field- Al

strength diagrsm o

would not be altered 1 eet

much, since they H los

are carrying so Bl

little curremt, but B T

even then (nine NS

elements) the beam o

width is much y, S T,

greater than thet =N

for the ssme number 290 60 -70 ~60 -50 -40 3O ~20 - 10 20 30 40 50 e:tg:“:o 90

of equally fed

aerials, Pig.802. - Beaming factor for eleven aerials
spaced A/2 and with binomial dis-

The tribution,

method of feeding

described above

involved high

ourrents in the centre elements, tepering off to smell values at the end
elements, It is therefore called Tapered Feed. Since the numbers
representing the currents in the elements are also the ocoefficients of x,
in the expansion of (1 + x)®, the distribution of cwrents is scmetimes
called s Binomial Distribution. (As n becomes increasingly large the
binomial tapering tends towards the Gaussian distribution familisr in the
theory of probability).

At the moment of writing this type of array is not in use, but
it may be found in future developments at very short wavelengths. In any
cage, the principle.is of importance in comnection with the illumination

of mirrors (see Sec. 48).

38. Beam Swinging with Linear Broadside Array

Instead of feeding
the elements in phase as in
Sec. 30 one may introduce a
progreasive phase difference
in the radiating current
elements, This may be done
to any desired smount by
having adjustable line-
lengtheners in the feeder
leads. - Consider a set of
radiators in a line, spaced

Kﬂ apart as in Sec. 300 Fig.soj.‘ Swinging of beam by progresa~
Suppose that each radiating sive phase lag,
element has the same :
smplitude but that the ghase
of each elemert lags 90° on the element on its immediate left-hand (Fig.803)
Take rays going out from each element at an angle of 30° with the normel
to the line of radiators. The ray from A in Fig.807 has a spa.tigl lag
of smount AC on the rsy fram B, Sinoe AB = A/2 and CAB is a 30 right-
angled triangle with sides in the ratio 1:23/3, the spatiel lag AC is
A/4, i.e. 90° of phase lag, However, A is being driven %0° of phase in
advance of B, so that on the whole these rays from A and B arrive in phase
at a distant point. The main beam of the array is thus directed at an
angle of 30° to the normal, due to this method of feeding with a progress-
ive phase advanoe of 90°. 1In the case of a progressive phase difference
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bf ¢ degrees between neighbouring elements the angle & which the beam
makes with the normal, is given by :-
si-na =¢ﬂw 000 00 0P ¢RI CIBIRNTSIPIGEROEBESOOSIPODN (70)
This applies when the centres of the elements are spaced A /2 apart.
When the spacing is not A /2, but, say, A/x, then & is given by

xg
Sinw =3-é-0- 0000000000000 00:000000000008¢000DTES (71)

The complete field-strength diagram is given in Fig.804 for the case o2
six aerials,

59. End-Fire Arreys

: I T ] ] T T
N C: ¥l !

If the e S 1 Y e vevwn s s o
phasing of the [ Shis I uEN —— -
elements of a —+ L1 - 4 7 I +N+._+_' AA___¢__.T__HT_Y_‘
linear array is Ej #fj: = IJ E., NG | N
arranged so as to f et ii; +t2hs 1’ ! B T
swing the bean S T AL
round through 90° - e e R
from the normal, sn ; - oo Take 4L - ;ﬁ_\*’ -
End-Fire Array is TN J\_,_.:_‘f,w \¢ ‘
obtained, TFor this AN AAUNET T RS-
to occur, with A/2 x ‘ Y -+ A\

- =7 5 -38 [-20 |- 0 0 ¢ )
spacing, the phase 5050 70 00400 [20 0 T o] fio 2030120 30 I
difference between TN AT / ] [ A\ IDEN
the cwrrents in T HNF T 1 »

successive elements

)
must be 180)‘7x fh":' Fig.804, - Beaming factor for six aerials
spacing ’ spaced A/2 apart and fed with a pro-

ghaae egigm“ gressive phase change of 9(P.

elements must be

equal to the phase

corresponding to the spacing, so that the rays going out from the elements
in a direction along the line of the array are in phase; (Fig.805)

The optimum spacing of the elements is probably something less
than 3 ; end the corresponding gain relative to a single element is
8

about three times the length of the srrey expressed in wavelengths, If
the elements are half-wave aerials, each of gain 1}, the overall gain g
relative to an isotropioc radiator is’

RAYS ADD

TOGETHER LINE OF

IN PHASE ARRAY
P VIR

PHASE oOf CURRENT-O”  -360° -2s360° -Dx6l’ -d300"

Pig.805, - End-fire array, Fig.806, - Beaming of end-fire arr-
ay with ten elements spaced A/4
apart,
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g= 45 (Length of BEnd-Fire Array in w‘mmgbh&) Xy (72)

A typical field-strength diegrem is shown in Fig.806. The side lobe is
about 21% of the main besm. A rough rule for the beam width at half
smplitude is

Beam Width in degress = W feeeernreennneennees (T3)

The besming takes place in both E- and B~planes, in contra~distinctiom to
the linear broadside array.

40. Comperison of End-Fire snd Brosdside Arrays

The most notable feature of the emd-fire array is the blumt end
of the field-strength diagrsm (Fig.806 ) compared with that for a broadside.
Consider a linesx array with elements fed in phase, Rays noxmal to the
arrey eaxre in phase. As=an as one takess a direction slightly inclined
to the normal, apprecisble phase differences srise (Pig. 807), and the
resultant field strength is &iminished from the velue in the nommal
direction, Now consider en end-fire asrray. The rays are in phase along
the sxTay. If one considers rays inclined at a slight angle to the line
of the array (¥ig.808) nardly any cheange in the phase difference is

, PHASE DIFFERENCE BETWEEN

PHASE DIFFERENCE RAYS
BETWEEN ARST _. e
& LAST PAYS — 4

PHASE CHANGE BETWEEN /"/

|NORMAL TO ARRAY FIRST & LAST RAYS

Pig.80], - Phase difference introduced Fig,808, = Phase change introduced

by slight deviation from normal, by slight deviation from line of
array (phase change between suce-
essive rays is too small to show
in this diagram),

introduced. The deviation from the line of the array must be quite large
before these phage differences become appreciable, Hence the end-fire
srrey produces a field-strength disgrem with a blunt end, The lobe can
be sharpened by meking the phase of the currents in successive elements
differ by sn amount greater thin the physical spacing of the elements,
Then in the direction of the line of the sxrsy rays are already out of
phase, and for the seme deviation as before a greater phase change is
obteained. The main besm is thus sharper, but since the maximum is not
now formed by adding rays in phase, the ratio of side to main lobes is
increased compared with what one would obtain from an end~-fire array fed
in the usual way.

41, Parasitic Director
One of the troubles of an end~-fire

arrey lies in arranging the feed of the —a
elements in correct phase. This can be Fig.809, - Driver
overcome to some extent by using parasitic . and parasite,

radiators in line with a single active serial. LI
Consider, for example, one A/2 aerial
connected to & transmitter and a second
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serisl, sbout A/2 long and short-circuited at its centre, placed A/} away,
as in Pig. 809 . This second aerial is excited by the fields associated
with the first, and is calied a Pu’asi::, the other being termed rthe
Driver, Suppose the cuwrrent in the ver ig i The field radiated
from the driver is lagging 90° an iy, (see Sec, 4). In travelling out
from the driver to the parasite the electric field suffers a further
phase lag of 90° due to covering the distance A /4. Hence the electric
field at the parasite, or the EMF v induced in the perasite, is 180° out
of phase with the driver current ip. The parasite is regarded as a
recelving aerial picking up from the driver. Owing to the fact that no
load is attached to the parasite (its terminals being short circuited),
@1l the power picked uwp is re-radiated. If the current at the centr- of
the parasite is ip and the radistion impedance zp, then using (29) in

Sec. 14 with z, = 0, we find

ip=
*p v iy
If the length of the parasite is about .
048 N , its rediation resistance will P
be about 73 obms and there will be no
reactance’ in zP. If, however, its Pig,810, - Phases of currents
_length is less than 0°48 A there will in driver and parasite and

EM P, in parasite when ac~

be & capactive term in zp; (Fig.810). ting a5 a Biroctor

Thus by shortening the parasite, ip
may be made to lead onwv. If the
length is suitably chosen a phase lead
of 45° may be obtained. The curremt o
in the perasite then lags on the current in the driver by 135 as shomn
in Fig. 810 This is seen to be an end~fire type of arrangement as
discussed in Sec. 40. The phase of the current legs by more than the
smount corresponding to the physical spacing of the elements. The fixld=
strength dlagram may be derived from

first principles by considering the

addition of .wavelets fraom the driver

and perasite; (Fig.8ll). At a

distant point slong the line AB of

the elements, the driver field leads

the parasite field by 45° aue to the L

driverts spatial lag of 90° ( A /4) :
and current lead of 135°, However,
a8 one moves round from the line AB
the spatial lag beoomes less, and
thus the field at a distant point
from the driver leads more and more
on the field from the parasite, so
that the resultant field gets less Fig,81t, - Para

and less. At sn sngle of 120° from B irasite acting as a
AB, the driver and parasite fields

are anti-phase and the field is a

minimum, The field-strength

diagrsm in the Heplane is of the

form shown in FPig. 812(polaxr plot)

with & main lobe in the line of the

elements and a sasll back lobe. There is a minimum at 120° but it is not
usually a zero in practice sinoe the current in the parasite is less than
the current in the driver and the two fields do not cancel.

A parasite used in this way, cut shorter thsn resomant length,
is called a director, since it helps to direct the radiation in the
direction from driver to parasite.
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The length of the
pearasite required to provide
a 45° phase difference between
EMF end current in the
parasite may be obtalned from
the theory of resonance applied
to the aerial as a tuned
circuit,.

From the results
given in Chap. 1 Sec. 19 ,

LINE FROM
tan g =2 Q§ DRIVER TO
DIRECTOR
where ¢ is the phase differ-
ence and b the fractionsl
detuning; it fcllows that
for @ to be 45°, 2Q5 must be
wnity. For a typical *half-
wave" aerisl of resonant
length O+48 X the ratio of
dismeter to wavelength is of
the order of 1/1000, so the Fig,812, -~ Pield~strength diagram of
Q of the resonsnt cirocuit is driver and dirsctor,

approximately 7 (see Sec. 12).
The fractiomal detuning § must
therefore be equat to 1/4 80
that the change in length is

o8  _ 0v035N.
1l

As mentioned in Sec. 12 the length must be ghorter than that
required for resonance if the impedance < +a be capacitive, Hence the

required length is
0:48 A - 0°035\
= Ol45N
The current ip then leads the BMFU by 45 .

Although a spacing of N/i wes used in the argument above, other
spacings msy be employed, Depending on the length of parasite and the
spacing, a variety of field-strength diagrams may bte obtained.

Normally.s it is as well to have the parasite fairly near to the driver
in order to obtain a lerge current in it.

42, End-Fire Arrey with Parasitic Directors gng_.}

By using a driver and
sewersl parasites of the type
described in Sec. 41l an end-fire
srray may be constructed; (Fig.8l13 ). | I I | |
Generally speaking, the phase lag
of the current in any element I I ] I I
relative to that in its lef't hand
neighbour is greater than the phase
" difference corresponding to the
element spacing in wavelengths. -

Hence this is not, strictly speak- Fig.813. - Yagl asrial.
ing, a simple ende-fire srray but
is of the type described in Sec.4O.
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The side lobes are large and the main beam fairly sharp,

‘This. type of array is called a Yagi Aerial. The gain g of a
Yeagi is probably not much different from that of a simple end~fire arvay,
the sharpening of the beam being campensated for by the unwanted power in
the side lobes. Thus using equation (62), we have, approximately,

g= lé (Length of Yagi in Wavelengths) seeesevssceree (74)

Higher gains than this are occasionally obtained by carefully varying the

spacing and length of the directors, particularly with short Yagli aerials.
When the Yagi is adjusted for maximum gain, the side lobes are sbout 30%
of the amplitude of the main beam and the beam width at half meximmm

amplitude is roughly given by

beam width in degrees = __130_ eese (75)
Length of Yagi in Wavelengths

It is emphasised that the Yagl beams in both E- and H-planes snd is
comparable in this effect with either a camplete broadside or a linear
snd-fire srray.

The spacing between directors is not critical and for a given
spacing the director length is adjusted by trial and error to give the
best result, The psrasites may all be supported at their centres by an
earthed metal rod (Fig. 813) =since the voltage at the centre of a

parasite is zero,
43, Parasitic Reflector

In Sec. 41 the effect of cutting the parasite less then resonsnt
length was discussed. It led to the result that the parasite curremt
was lagging on the driver current. By a similar argunent it can be
shown that the current in a parasite in thé same position as before but
slightly longer than resonant length is leading on the driver current, and
the maximumm of the field-strength disgram is in the direction fram
perasite to driver, The long parasite thus appears to reflect the wave
back in the direction of the driver and is called a parasitic reflector.
It is also called & tuned reflector since it musgt be cut to a special
length in order to work properily.

Parasitic reflectors are scmetimes used in place of metal or
netting screens behind brosdside arrays; each element of the broadside
has & parasitic or tuned reflector behind it. In contra-distinction
to the tuned reflector a netting screen is called an speriodic reflector,

Very often a Yagl aeriel has, in addition to several directors,
a reflector behind the driver. This reflector may be either a tuned
parsasitic reflector or a netting screen.

e Use of Folded Half-Wave Aerial

Due to the proximity of the parasites the input impedance at
the oentre of the driver of a Yagi is usually low, sometimes as small as
20 olms. Tranmnission lines seldem have a characteristic impedance much
less than 80 olms so that a quarter-wave matching trsnsformer or other
matching device ‘is required between driver and feeder, The use of a
folded dipole enables the transformer to be dispensed with.

Take & centre~fed half-mave aerial with current i at its feed
point. Extend the left srm a further half wavelength as shown in Fig.8l4
By snalogy with transmission lines there is a cuwrrent =i at the centre of
the naded piece and the voltages are as showh., Bend the added piece round
80 as 1o ba very near the original aerial. We now have two components, each -

745



Chape17; Seot.45,46

Sinoe the folded part is very near the - -y e — g — —
driving part, the power radiated is - T T TS -
praoctically the same as that for a half- o
wave aerisl carrying curremt 2i. Let (@) eroRe FoLOINC

R be the radiation reslistance measured
af the input to the folded aerial, The .

radiation resistence of a half-wave » = -
serial is 75 olms. Thus,equating EG
powers,we have :- (Barmer FoLbinG

(21)2 73 = 3%,
0’0 Br = ‘1-075
= 292 olms

Fig,814,~ Polded dipole,

In general the imput impedance is guedrupled and thus a low imput
impedance is brought up to & suitable walue for direct matching to a
transmission line,

45. Bandwidth of Arreys

In Secs 40 a discussion was given of the Q-Factor of a single
half-wave aerial, The caloulation of the Q-factor or band~width of a
lerge arrsy is an extremely diffiocult task, The aerials in sn srray are
inter~ocoupled both by their fields and by the ocommecting feeder runs.
‘Generally speaking, therefore, an arrsy can seldom be used on any exoept
a parrow frequency bsnd. The following exsmple gives an ides of the
orders of magnitude; A six-element array, in wse, working em 30 Mo/s.
can operate at frequencies within sbout 500 ko/s. on either side of the
design frequency, Beyend this the operatiopal efficiency is very notice-
ably reduced, At highponrstheux!mdﬂisucnhulovuzooko/s.
owing to sparking snd brushing which arise om the feeders when the

frequency is changed. The elements of this arrsy are oconstructed of

thin wire (A/dlemeter & 1500). To improve the performance thicker
tubing might be used, or a really thick aerial eould be simulated by a
wire ocage type of oconstructiom. The sparking difficulty .could be
eliminated omly by widening the feeder spacing,

46, Bffect of Ground on Aerisl Arrays
In Seoc. 24 it was shown that a single aerial placed h above

grownd oould be replaced by two aerials seperated by 2h energised anti-
phase in free space, snd the resultant interference pattern obtained.

Conslder now an arrsy of horiszomtel

aerials seen end-om in Pig. 815 « Each aerial R
Ay By eeceucens osn be associated with its )
', eesssense 8nd the Smge of the OQA}
array is thus formed, as shown, to take account o4
of the presemocs of the earth. AR
P EARTH OR

In the general case illustrated in B SEA
Pig. 815 the free-space field-strength ‘dlagram Ba,?
of the serial system is not isotropic and the S

method of replacing each system and its image

by an isotropic radis as explained previously )

cannot be used, Usually, however, any serisl Pig,815.~ Image of array
systems in which ground reflections are import.- with horizomtal pola=-
ant are set up so that the field-strength risation,

diegrsm of the array (neglecting the effect of

ground) is symmetrical above and below the

horizontal (e.g. a broadside array when used
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in ground.radar systems). In this case the field strength is the same

for both direct and reflected rays at all angles of incidence and for the
purpose of finding the effect of the ground the system and its image may

be replaced by isotropic sources at their phase centres. The free space
field=-strength diagrem of the system cen be introduced later as a correction
factor. The table in Sec. 26 spplies t0 any'arrsy under this condition

of symmetry about a horizontal plane,

47. Gap~Filling by Means of Phasing

Suppose an aeriel system is split A
into upper and lower halves which are [
normally fed in phase. In order to fill
the gaps in the vertical field~strength [02
diagrem, a switching arrangement is

introduced in the feeders whereby the

helves mpy be fed antiphase, Consider

the aerial system AD, Fig. 816 , made of TIEREGRBIT

twoidentical sub-systems AB and (D. The

field~strength disgram in free space of Fig,816,- Aerial system

either of the sub-systems is a graph which split in halves,

might, for example, be one of the graphs

of Figs.782,783,784 or 789. Let Py

be the corresponding beaming factor. Suppose the sub-gystems to be fed

in phase and imagine them replaced by isotropic radiators at the phase
centres 01, 02. For the sake of srgument suppose the. distance between

51 and 02 is “ 2A . The fieldestrength diagram of the pair of isotropic
radiators is shown in poler co-ordinates in Fig.8l17 . Let P2 be the
corresponding besming factor, The beaming factor of the aerial system

AD is the product P, P,s There is a main beam in a direction parallel

to the earth's surfhos<and the whole disgrem is svmmetrical sbove and

below the horizontal. Reflections take place from the earth and interference
lobes arise in the way explained in sections 24 to 26 and 46,

o @ /
zai n; ORIZONTAL
1 ':6: \
Pig,817,~ Field-atrength dia~ Fig.818,= Pield-strength dia-
gram of Oy and 02 when fed in gram of 04 and 02 when fed in
phase, anti phase,

Next consider the sub-systems AB, CD to be fed antiphase,
Replace each sub-system as before by an isotropic radiator, the two
radiators this time being fed anti-phase, The resultent beaming factor
is P',, giving the field~strength diegrem shown in Fig. 818 . The
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beaming factor for the complete system AD ignoring the effect of ground
is the product P P2 o« Whatever the nature of Pl there will be no

redistion in the horizontal direction since Po' in this direction is zero.
In fact the zeros of Py' corresponl to the maxima of Pz and vice verss;
also the oorresponding lobes above and below the horizcntal are of
opposite phase for P.' and in phas: for P,e Henoe where these interfere
after reflection frc& the ground to cause zeros in one cagse they are
additive in the other.

Thus irrespective of the nature of 51 the change in the method
of feeding the two halves of the system fram in-phase to anti-phase causes
the gaps due to ground reflection o appear where lobes appeared before
and vice veraa. At the seme time the main line of shoot is tilted up at
an angle X 4 depending on the separation of the cemtres of the upper and
lower halves of the serial, For a separation A ,%, = 309 for 2A

o SUL% for 3N , X, =% AN » Xy = 74° and so ame
MICROWAVE AFRTALS

1'80 araboloidal @!

It has been emphasised in Sec. 34
that in order to attain a nsrrow beam and
high gain, the ru.duting sources must be
spread over as large an area A as possible,
In microwave work for wavelengths of 50 ams
or less, the paraboloidal mirror (#ig.819 )
enableg the effect of distributing the
sources to be attained without the use of
more than one radistor. The mirror is made
of metal such ss aluminium alloy or copper;
sometimes wire netting is employed. A
section of the mirror is shown in Pig,.820
The action of the mirror is similar to that
which occurs in ordinexy optics in the
case of reflecting pursboloida.

Fig,819,-
Parabolic mirro

<SR BN

The important point relating to a parabole is its focus ¥, If
rays of electromagnetic radiation strike the mirror, ell being parallel to
the axis FO, the rays converge at ¥, A focsl plane MFN through P and
perpendiculsx to OF usually coincides with the sperture of the mirror.
Suppose now that a radiating element is placed with its phase cemtre at-
F. Draw rays going out from F and being
reflected at the swrface of the mirror.
After reflection the rays are all parallel
to the axis OF. Further, if we consider
the focal plane MFN, then all rays starte
ing out from F reach this plene in the
seme time; i.e., in Pig.820all the paths
¥AB, FHG, FKL, are the seme length. Thus,
F being the phase centre of the radiator,
the rays crossing the plane MM are all in
phase so that MFN is an equiphase surfaoe,
We can regard this equiphase surface as
constituting a radiating area A fillled with
radiating sources, snd the field-s'rength
diagrem, etc., can be determined from a
knowledge of these sowrces just as in the
case of a broadside array.

Mig.820.~ Secti.
of paraboloid.

The strengths of these effective
sources distributed across the ciroular .
speriure MFN depend on the field-strength
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diagram of the primary sowrce at P, If the primary source produces a
wiform distribution of field strength across the aperture then the results
are comparable with what one obtains in the theory of broadside arrays.
There is a main lobe with side lodes and the gain g is given by formula

(58)
g = &Tt A $20000000024000000000000000000800 (76)
A2

The beam width at half amplitude is approximately
80 k/d. deErees cececercesevoccssssosancrnssse (77)

where d is the diameter of the mirror in the aperture plane (cf. formuls 57).
The first side lobes on either side of the main beam are 13% of the
meximum amplitude (ocompare Secs. 30 and_ 31 which give 21% side lobe).

Thus with the circular aperture, the besm is wider and the side
lobes less than from sn equal rectangular aperture, but the gain is the
8S8Mes

A uniform distribution across the aperture is never obtained in
practice due to the peculiar field-strength distribution which would be
required from the primery source at the focus., For example, referring
to Fig.820, rays FA, FC have beea drawn enclosing an sngle of 5° and
resulting in the illuwmination of a reglom BD in the aperture plsne,.
Another pair of rays FH and FK enclosing sn angle of 5° illuminate a
region GL in the asperture plane. It is clesxr from the figwre that IG is
about 1% times BD, Thus, if the aperture is to be equally illuminated,
less power must be sent out from the primary sowrce at F in the direction
FA (or PC) than in the direction FH (or FK). Indeed the primery source
must have a distribution such thai the field strength (at a given distence)
in the direction towsrds the edge of the mirror is vwice that (at the
ssme disteance) in the direction of the centre of the mirror. The power
demgity at the edge must be four times that at the centre,

Most primary sources give less field strength towards the edge
of the sperture plene than at the centre, The feed is thus tending to be
tapered (cof.Sec. 37) and this results in a reduction of side lobes and
broadening of the maln beam in the field-strength diagram from the mirror.
For a paraboloidsl mirror (circular aperture) of dismeter d the following
dats have been worked out asswwing the distfibution of the field strength
over the aperture to be part of a Geussisn curve (see Sec. 37):

Amplitude of field Bean Width Beam Width Power Amplitude
at edge of Aperture right across right Gein of First
divided by Amplitude between first across st g Side Lobe
at centre of Aperture %eTOs half max. expressed
(Gegrees) amplitude as percent-
(degrees) age of main
beam
1°00 (wniform o Na 80 Ma 1-00(ZH? 3¢
distribution) >
d
0°37 162 Ma 89 A/a 0-92(.‘7_;\..)2 8e5%
. A «76, X4
0-13 202 AJa 100 A/a 0 76(__?_(_)2 2e5%

These figures show well the broad:nﬁ.z'zg of besm, diminution in gein snd
reduction in side lobes associated with concentration of the distribution
towards the centre of the aperture plane,
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49. Primary Feeds for Paraboleidal Mirrors

(1) BResr Feed with Half-Wave Aerials

This is illustrated
in Fig. 821 . A
coaxial feeder passges

with parasitic

reflector. The field~ QAT e
strength diagram of COAXIAL

the primary sowrce is N e

different in the E-
snd H~plsnes, 1In the
E-plane more energy
is oconcentrated towards
the centre of the
mirror and the besm

from the mirror is Fig.821, - Half-wave aerial
broader in this than with reflector for feeding

in the BE~plane, Unlesas \
gt parabolie mirror,

transformer is used RP

currents flow on the

outside of the coaxial

due to cne leg of the aexrial being attached to this
outer omnductor. A quarter-wave oan (akirt or basocoks)
or other devioe is thersfore attached which ingerts an -
infinite impedance between the end of the ooaxial outer
ocnductor snd the end of the cane This decouples the
rest of the outer canductor from the feed point to the
aerial (see Chap. 4 Sec, 38). Instead of a parasitic
reflector, a musll metal sheet reflector is smetimes
used.

(11) Rear Peed with Waveguide and Half-Wave Aerisls

This is illustrated
in Pig,822, ' The
legs of the aerial
are fixed en either
side of a metal '

tongus projecting into
the guide so that the

eleotric field in the RECTMILAR

guide (Hg) - mods) ,

splits into two perts .

and exocites the legs as Porie gl

it emerges from the guide, 2

(141) Rear Feed with Wavegnide snd Slots

The guide terminates in
s small cavity in which

are two slots .82%). Pig,822, - Rear feed with
These slots “gn‘g the-;) waveguide and half-wave
radisting elements of the asrials,

primary souroce.
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RECTANGULAR
ST
WAVEGUIDE \ T L
' ATy
NARROW -
pmveNSION” 4

WAVEGUIDE

Pig,B823. - Bear feed with waveguide
and slots (long dimension of aslots
is perpendicular to the plane of

the paper), Fig.824, - Pront feed with wa-

veguide,

(iv) Front Feed with Vaveguide (Fig.824% )

The guide is brought round the edge of the mirror and the
open end of the guide acts as the primary source,

Iittle can be said about the field-strength distribution
from the primary source at the open end of a guide,

In genersl, the field-strength diagrem is wide in a
piane parallel to the narrow dimension of the guide and
narrow in a plene parsllel to the wide dimension.

In all the above types of primary feed, the phase centre is
wncertain and must be determined by. the designer in order that it may be
placed at the focus of the mirror. The gaims achieved in practice with
these feeds are usually about 50% of the gain obtained with a uniform
aperture distribution.

50. Beam Swinging with Paraboloidal Mirrors

The direction of the besm from a mirror cam, of course, be
altered by changing the direction of the axis of the mirror. This is
not alweys feasible, however, and the alternative method of altering the
phase distribution over the aperture is often used. If the aerial or
other primary source is supported at the focus by means of an axm FF
(Pig.825), and the axm is pivoted downwards through an angle © to the
position PP, the effect is to advance the phase of the rsadiation over

the lower part of the aperture and to retard that over the upper part,
80 that the beam is tilted upwards by an angle @ . For small angles of
£11t the relation between © and @« is

spproximately
CD= 0.79 00020000 C 20000080 (78)

It is not desirable to tilt the beam
by an angle greater than sbout % 5°

by this method, since the first side
lobe then becomea too large.

5l. Specially Shaped Mirrors

For some applications a
narrow circulsxr beam or pencil ia
not required but rather a besm which
is narrow in the horizontal plane and
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specially fanned out in the vertical plane., Thus, supose a radar set in
an aircraft flying at height H is required to give equal illwminations on
ships at different Renges; (Fig.826 )« Now, due to the spreading out
of thezapherieal wavefront from the tranmitter the power density falls off
as 1/BR“ (ses Sec.2]. In order to compensate for this factor, therefore,
one must sarrange for the field
distribution to be besmed more
stromgly in the direction of
distant ships. From Fig.826
we have in triangle ABC

HR = sine¢
or R = Hfain @ -

Fi Y ™ lminﬂ.
= H cose0 @ vecevsvconne (79) & 8% &Iilroraftfion of Bhipﬂ by

Thus, if the power varies as oosec29, the factor IL/R2 will Jjust be compen~
sated and wmiform illumination will be cbtainesd, Fower being proportianal
to the square of the field strength, the field-strength dlagram of the
aerial in the vertical plane must be of the form of cosec 8, To obtain a
cosec @ diagram the mirror must be suitebly shaped., It sppears that this
sheping can be derived approximately from geometrical optios, i.e. asswming
that the angle of incidence of each ray on the mirror is equal to the angle
of reflection, From this it may be deduced that the mirror should take the
form illustrated in Fig, 827.

Another method of shaping the radiation pattern in the required
memner is to split the mirror in halves and move the upper section a
little in fromt of the lower. The focus is not quite the same for each
half but the difference may be neglected and a “"mesn focus" F assumed;
(Fig. 828 )« Comsider two rays FAB and FCD, making equal angles with the

/

/
/,
4

Fig.B2], - Shaped mirror for  Pig,828,- Split mir=~  Pig,829,« Brtra pla-
for sosec, © beanm, ror for cosec, © te for cesec, O beam,
beam,

axis., The ray FAB arrives at B in the aperture plane before FCD arrives
st D, Now the aperture plane is considered as being the sest of a mmber
of radisting sources., The source at B is leading in phese on the source
st D. Thus theas sources reinforce in the direction corresponding to the
rays BH, DK, making an smgle with the sxial direction. The path
difference between the rays BH, DK, is the distance BG, and this path
difference must be Just equal to the path difference between FAB and FCD,
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This is epproximately equal %0 2 MN, where MN is the displacement between
the two halves of the mirror, The downward deflection of the beam is
more pronounced for peirs of rays near the centre of the mirror than for
those near the edge, For example, two dotted rays are shown in Fig.828.
In order thet their path differenoce FQ should equal 2 MN it is not neces-
sary to deflect the outgoing rays very far dommwards since these rays
start from a very wide base line, In practice, therefore, only the
centre portion is important for modifying the distribution in the
required manner and, instead of the psraboloid being split, an sdditional
metal plate XY is provided (Fig.829 )« This is attached by adjustable
screws (not shown in the figure) and its distence from the main mirror is
varied until the required distribution is.achisved,

The gain of a cosec @ mirror is only of the order of half that
of the undistorted mirror giving a pencil beam, Suoch a mirror Las a
field=strength diagram with no zeros., I{ was originally termed "An
Idesl Gepless Radar Aerial Array".

52. Cheese Type of Mirror

The cosec @ aerial discussed in the last paragraph is elaborate
and difficult to design. VWhen it is merely desired to cbtain a narrow
besm in one plene (say the horizontal) and a less strictly specified
wide beam in the other, the cheese reflector is probably simpler. It is
illustrated in PFig.830 , and oconsists of a metal perabolic cylinder with
flat metel top and bottom plates. The
aperture plane usually passes through
the focus, The sim is to £ill the
aperture forming the mouth of the cheese
with radiation and thus obtain a set
of sources distributed over this area.
The aperture then acts like a complete
broadside array of rectangular shape
and gives the appropriate field-
strength diagram, narrow in the plane
corresponding to the wide dimension
and widé in the other plemne, The . Pig.830. - Cheese reflsctor,
primary feeding srrangements very :
according to the polarisation of the
wave in the guides.

el

VWhen the polarisation is
such that the electric field (Hy -
mode) is parallel to the top and
botton (or roof and floor) plates of
the cheese, a flared rectangular
waveguide is used, This is

illustrated in Fig.831 . The gross secmioy .
flaring takes place gradually in the MIRROR K

wide dimension of the guide so that
- the -mode is still present at

the nSktn of the flare. — The width wor 3

of the mouth is made 2/3 the height DIMENSION WAVEGUIDE

of the cheese, It is shown in

Chap. 5 that the distribution of Fig,831,. - Flared waveguide feed
electric field in the Hormode across 10 cheess,

the wide dimension is sinusoidal in
smplitude, This is shown in the full
curve between the points C and D in
Fig.832. The mouth of the gulde

is O snd the aperture of the mirror
is AB, the distance between the roof
and floor. The sinusoidal curve
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between C and D can be resolved approximately into two sinusoidal curves
fitted into the portion AB, We may regard the cheese mirror as a type
of waveguide, There are two waves
present in it, the dotted curve
reprezenting the amplitude distribut-
ion for an Hol-wave and the dot-dash
curve representing that for an Hy,-
wgve, The algebraic sum of thes

two waves gives the original Hy, -wave
emerging from the mouth CD of

the flared guide, By the known
properties of waveguides, these waves
travel at different speeds, The
depth of the chesse and its height
are so adjusted that the two waves,
after reflection at the curved

surface of the cheese, arrive back Pig.832. - Distributien of
in the plene of the opening in field at mouth of flared
opposite phase. The resultant guide.

smplitude distribution is therefore
now given by the difference between
the dotted and dot=dash curves as
shown in Pig, 833 (full curve).

I{ is noticesble that the field is
now distributed right across the
aperture, but there is an undesir-
able dip in the centre. However,
it appears that, probably owing to
the presence of higher modes, the
dip is much less pronounced in
practice and a reassonably uniform
distribution of smplitude is
obtained across the opening of the
cheege mirror in the short

dimension.

The distribution of
smplitude aocross the long Pig,833. -Distribution of
dimension depends on the field=- field across narrow dimension
strength diagram of the waveguide of cheese aperture,

opening in this plane, By an

argument similar to that in Sec.iB

it can be seen that, for uniform

distribution across the opening,more power must be sent out fram the guide
in directions towards the edges of the cheese mirror, than towards the
centre, This is unlikely to be achieved in practice, so that one can
expect a tendency towards a tapered-distribution of power across the wide
dimension of the aperture with corresponding diminution in gain, broads-
ening of the beam and reduotion of side lobes in camparison with the
effects of wniform distribution across the sperture.

When the polarisation is such that the electric field is
perpendicular to the upper and lower (or roof and floor) plates of the
mirror, the pethod of flaring the waveguide feed does not apply. The
difficulty now is to obtain a good distribution of power across the long
dimension of the sperture since the waveguide is wide in this plsne and
directs the beam considerably into the centre of the cheese, Dielectric
lenses, fastened to the waveguide mouth and designed to diverge the beam,
have been used sucoegsfully,

53« Band-Width of Mirror-fiype Aerials

In general, the frequency band over which mirror-type aerials
will operate is much wider than that of broadside arrays. Consider first
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the primary source, and supp'ose for example that this is the open end of
a waveguide as in Fig.82%4 . 1In the absence of the mirror, the wave~
guide radiation into free space but there is some reflection at the open
end of the guide, If a narrow slot is cut in the wide side of the guide
and a probe inserted, a standing wave will be detected, The standing
wave may be eliminated by the insertion of an iris or other device near
the mouth of the guide. The standing wave ratio (SWR) is then 1:1.
This matching by an iris is performed at a single frequency. It is
found that the frequency can deviate by nearly 10% from this value with-
out the .SWR becoming worse than 1:2:1. Similar results are found with
other types of feed.

Now let the mirror be placed in position with the primary
source, matched to free space, at the focus, Some of the power after
scattering at the mirror comes back and is picked up by the primary feed
acting as a receiving aerial. A wave thus travels down the guide or
feeder and a standing wave is created due to the presence of the mirror,.
If the primary source is matched to free space then the SWR when the
mirror is in position is given by i~

S=1+ gA
2R a

where ¢ is the gain of the primary source and a is the focal length of
the mirrore The gein of most primary sources is about 6 or 7 As a
numerical example take the case of 2 mirror with diameter 70 au., and
consequently with focal length 70/4 or 17+5 am. If the wavelength is
3 cm., then the SWR produced by the mirror is

1 +> 6-3
2. X .« 17°5

= le2:l.

Smaller mirrors, with consequently smaller focal-lengths, produce a
greater effects, The free-space matching is now altered so as to eliminste
thias standing wave, However, it is seen that the effect of the mirror
is, in general, fairly small and depends linearly on the wavelength with

s small factor of proportionality. The final result therefore is that a
devigtion of the order of several per cent can be made from the mide
frequency without undue standing waves being created on the feeder or
waveguide,

The discussion above has centred round the question of the SWR
on the transmission system, This is the important quantity in assessing
the effect of the aerial on the transmitter valve (e.g. magnetron).
Provided the SWR is not more than about 1°5:1, reasanably efficient
operation is to be expected. )

The alteration of the SWR due to the introduction of the primary
feed into the mirror can be eliminated, This is done by placing a small
raised metal plate at the apex of the mirror of such size and such position
that the power scattered back to the foous is zero owing to interference
effects from different parts of the mirror and plate, This gives a
broader band of operation. Unfortunately this modificatlion increases
the side lobes and reduces the ggin,

Ske Slots in Waveguides

Consider a rectangular waveguide carrying en Hy)-wave,
Electric currents flow on the inside walls of the guide as shown in Fig.83%

Essentislly there are two directions of current flow, slong the centre
of the wide walls of the guide and transversely across the narrow wallse
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The longitudinal currents may be
regarded as carrying the power
along the guide end the transverse
currents as shunt currents which
help to sustein the wave pattern
but do not normelly take part in
the flow of power., If a thin slot
AB is cut along the centre of the
wide wall, the effect on the
currents is negligible and power -
continues to flow, Similarly a

thin transverse slot G aoross the
narrow wall does not affect the Fig.834.- Currents in walls of
flow. On the other hend a trans- rectangular guide.

verse cut EF across the wide wall

interrupts the currents, snd

radiation of power takes place from this slot. One may think of the
transverse magnetic field in the: wave pattern arriving opposite the slot
snd some of this magnetic field escaping. The magnetic field in the
radiated wave is parallel to the length of the slot, Because it intexr-
rupts the longitudinal currents in the guide, the slot EF is regarded as
series comnected; (see also Chap. 5 Sec. 40).

A longitudinal cut GH on the narrow side of the guide inter-
rupts the shunt currents, It redlates in a mammer similsxr to EF, being
excited by the longitudinal magnetic field in the weve pattern, It is
regarded as shunt-connected,

If only ocwrrents in the direction of propagation are inter-
rupted then the slot is series commected; if only currents perpendiculax
to the direction of propagation are interrupted then it is shwnt cormected.

Slots such as EF and GH would radiate very fiercely, that is
to say, they are tightly coupled to the guide and have, respectively, a
high resistance and high conductanoe, The coupling may be weakemed by
altering either the position or the inclination of the slot, FPositions
1, 2 and 3 in Pig.835 indicate sucosssive loosenings of the couwpling
for a shunt slot. Fig, 836 shows the ssme thing for alteration in
inclination,

\
- s\
Pig.835.- Shuit slot in guide - Fig.836.- Shunt slot in guide -
different positions. different. orientationg.

Quantitative results are available for some shunt slots, Such
slots sre regarded as shunt elements connected across a transmission line
whose characteristic impedance is teken as unity., The normalised conduct-
ance thereby obtained is then a measure of the power radiated,

In Fig.835 , if x is the displacement from the centre line and
t is the width of the broad side of the guide, the conductsnce is proport-

ionsl to gin? (180° x/b). For & 3" guide with slot 2" long snd 3/16"
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wide used for wavelengths of about 10 am., the factor of proportionality
is sbout %, 80 that the maximum effect, when x = b is that of an element

2
of reaistance 2 olms across a line whose characteristic impedance is 1 ohm.
Such a slot will radiate 1/3 of the power in a wave travelling in the guide,
the remaining 2/3 passsing-on. In Fig,836, if © is the angle of rotation
of the slot from the non-radiating position, the conductance is proportio-~
sl to sin%@. For a guide 3"x1" outside dimensions, of 18 gauge wall,
with slot 0.0625" wide used for wavelengths of about 3 cm., the factor of
proportionality is about 2.

55. Slotted Linesr Arrays

Based on the theory of the last section various kinds of linear
arrays have been constructed with waveguides, A simple example is shown
in Fig.837 with shunt slots, about a half-wavelength long, spaced half a
guide~-wavelength Ag along the waveguide., The end of the waveguide is
closed with a metel platedg/4 from the centre of the last slot.
Successive slots are on opposite sides of the centre line in order to
compensate for the reversal of phsse in the standing wave inside the
wavegulde, In designing this type of array the displacement of slots
from the oentre line is chosen so that on the whole the guide is roughly
matched, -no power being reflected back, Variants of this arrsy have the
slots on the centre line and screws at the edge of each slot to distort the
field inaide the guide, causing the slot to radiate, Generally speaking,
screws are troublesome due to their tendenoy to spark,

Pig.837.- Slot array with Pig.838, - Arrangsmants of slots
transverse polarisation. fin waveguides.

The type of slotted srray in most favour at the moment employs
cuts in the narrow side of the guide (Fig.838 ) inclined so as to give the
required coupling. These are sgain shunt aslots. At the same time a
non-resonant design is edopted. The waveguide axray as described earlier
in this paragreph has a metal piston at the end and there is a substantial
standing wave ingide the guide, Such a system is said to be resonant
and suffers from the defect that when the frequency deviates slightly
from its correct value, the matching and the radiation pattern deteriorate
appreciably. For a 50-element arrsy the oversll frequency bandwidth is
1% of the mid-frequency; for 200 clements it is %. In the non-resonant
design sn attempt is made to produce a single travelling wave along the
guide and no reflected wave., This is effected by making the centre-to-
centre spacing of the slots a little different from A /2 (e.g. 200° of
phase instead of 180°), Then waves reflected at the slots do not rein-
force one another to create a standing wave but rather tend to cancel one
another out. The ocoupling of the slots is gradually tightened as the
distence along the guide from the input end is increased in such & manner
that all the slots radiate the seme power, The small emount of power
left in the guide after the last slot is often absorbed in a non-reflecting

dumy loade
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The following points are of interest regarding non-resonant
arrays with slots on the narrow side :-

(1) There is wnwanted polarisation in the beam owing to the
inclinations of the slotx. This is said to be amall in
practical installations,

(i1) The alots have to be cut carefully at the correct angle,
snd the fact that the angle is different for every slot
introduces manufacturing difficulties, The difficulty is
overcome to some extemt by allowing the slots to be arranged
in a succession of amall groups with all the slots in a
group inclined at the same angle,

(ii1) Sinoe the slots are not being driven in phase (not being
spaced st intervals of N/2) the beam is swng away from
the normal to the array (see Sec. 38); in fact the besm
forms part of a ocone with the array as axis: this is
sometimes undesirable and is eliminated adding two
triangulsr-sheaped metal sheets (Fig. 839 ) which confine
the waves radiated from the slots for appropriate distances
so that they emerge in phase into space.

56, Slotted Wavegulde with Mirror

The rays emerging fram the
slotted waveguide srray form a
narrow.beam radiating epproximately
at right sngles to the axrray, and
8ll the considerations of Sec. 30
and Pig, 786 apply. In the plane
at right angles to the array the
besm is very breed. By directing
the radiation from the waveguide
into a mirror (e.g. a parabolic
cylinder of about the same length as
the array (Fig.840 ), the original
besming is retained and; due to the
mirror, beaming is also introduced
in the other plane.

Pig.839.~ Addition of triangular
plates to slotted waveguide array.

57. Microwave Bescon Aerials

As remarked at the end
of Sec, 30, a beacon seriel is
usually required to radiate all
round gut vith a given vertical Fig.840, - Waveguide array feeding
coversge. An esrly type of miaro- parabolic cylinder.
wave beaoon serial was the Bioonical
Born (Fig.841 ) excited by a small
vertical aeriel at its apex., Vertical linear arrays are, however, coming
into use, For horizontal polarisation groups of three half-wave centre-
fed aerisls are placed every half-wavelength up the length of a coaxial
feeder, Probes protruding through holes inthe outer of the coaxisl line
are used to excite the aerials (Fig.842). The serials stand off about
quarter of a wavelength from the coaxial, Provided the point A in Fig.842
is at a low voltage, the quarter~wave stub BAC tends to make the vdliages
at the points B and C oscillate antiphase, Thus the point C tends to be
excited by the energy in the probe, The point D is connected {o G,
Thus, D and B are excited antiphase, power travels out between BA and DF
and the left end right hend parts of the aerial are energised. Similer
considerations apply to the other aerials, The resultant field-strength
distribution is «imost wniform in a horizontal plane.

758



Chape17, Sect«58,59

Pig,842, - Aerial array giving

Fig,841, - Biconal horm, bhorizontally polarised field and a
uniform field strength distribution
in a horizontal plans,

58. Effect of Ground on Microwsve Aerisls

In Sec, 46 it was shown that the radiation from an array of
aerials is affected by proximity to ground. A mirror which gives
horizontally polarised waves can be replaced by an equivelent array of
resonant aerials; hence its associated image can be deduced; (Fig.843 ).
In some applications a cheese mirror (not elevatable) is used, which gives
a field~-strength diagram (neglecting the effect of ground) symmetrical
above and below the horizontal. Let
the corre beaming factor be
denoted by B( @ ). Such a system can
be replaced by isotroplic sources at (
the aerial snd image phase centres,
and the effect of the ground deduced AIR
from the interference pattern of the 77777 T EARTH OR
two sources . For swh a mirror SEA
the results of Sec.26 would hold. (

If the system is many wavelengths
above ground there will be a large
number of maxime and minima in the !

vertical field-strength diagrem. Fig.843.~ Image of mirror
asrial with horizontal

polarisation,

59. CONCLUSION

In this chapter there hes been sn attempt to describe a mumber
of types of aerial systems, and in addition to formulate the general
principles of transmission and reception, Emphasis has been laid on the
broadside array and its centimetre-wave counterpsxt, the paraboloidel
mirror; also on the end-fire serial, including the Yagi, There are,
however, other serials to be found in use with pulse systems and some of
these are now mentioned briefly :-

The V-reflector aerial is one in which one uses a Vwshaped
instead of a parabolic reflector. The area of the aperture of the mouth
" of the V and the efficiency with which it is filled with radietion from
the primery souroe are the factors determining the performence,

The polyrod or dielectric aerial is coming into use. It is an
end-fire type of aerial formed by a dielectric rod along which power
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travels, as in a waveguide, but at the ssme time a fraction of the power
leaking out into spaoe all along the surface of the rod.

The slot aerial is sometimes used as a single element. Slots
in waveguides have already been discussed in Secs. 54 and 55, A single
A/2 alot appropriately placed in the wall of any kind of cavity will
act a8 a radiator, the plane of the magnetic field in the radiated wave

being parallel to the length of the slot,.

The long-wire travelling-wave aerial, sometimes used on metre
wavelengths, is already familiar, being described in detail in standard

works on radio,
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