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FUNDAMENTALS OF RADAR 
2. Night Fighter Equipment : Relation Between Power, 

Beam Width and Range 

THE radar warning system 
round the coast provided, 
in its full form, the informa- 

tion required for defence against 
day raids. Night raids presented 
a more serious difficulty, for while 
in dealing with day raids it was 
sufficient to direct the fighters to 
within a few miles of an enemy 
formation, it was necessary to 
bring a night fighter to within a 
few hundred yards of a single 
enemy bomber if a successful 
interception was to be made. At 
first it was necessary to rely on 
ground radar alone to advertise 
the position of the enemy aircraft. 
Two ways of doing this were used : 

one was the use of radar -con- 
trolled searchlights, which exposed 
their beams only when the search- 
light would light up the bomber 
immediately without further visual 
search. The Searchlight Control 
(SLC) equipments were very 
simple and differed little in prin- 
ciple from the Air Interception 
(AI) equipments to be discussed 
below. 

Another way of. indicating the 
position of a bomber to a patrolling 
night fighter was to shoot at it 
with radar controlled guns. If 
the shells burst sufficiently near 
the enemy bomber, the assistance 
of the night fighter was not 
required : if, as usually happened 
with the early gun -laying (GL) 
control, the bursts were near but 
not near enough, the fighter could 
fly into the indicated region and 
then hope to see the bomber. 
Close co- ordination was required 
so that the guns could be stopped 
when the fighter approached, and 
only occasionally did listeners to 
the R/T channels hear voices 
complaining, more in sorrow than 
in anger, that they themselves 
seemed to have become the 
gunners' target. The final inter- 
ception usually depended on the 
eyesight of the fighter pilot, and 
obviously this was not enough. 
Fortunately steps had already 
been taken towards the solution 

of the night interception problem. 
The first really practical air 

interception radar equipment 
worked in the z i metre band. An 
aerial mounted on the nose of the 
aircraft floodlit the sky in front of 
the aircraft with radar energy. If 
there was a target within some 
2 or 3 miles of the aircraft, the 
reflected pulses were received in 
sufficient strength to allow the 
fighter to home on the target. 
Range could be measured in the 
usual way, by observing the 
separation of transmitted and 
reflected pulses on a calibrated 
time base. Direction had to be 
measured in azimuth and in 
elevation. 

Two pairs of receiving aerials 
were used 'for this purpose. One 
pair was used 
for azimuth de- 
termination and 
one aerial was 
mounted on the 
leading edge of 
each wing. The 
aerials were ar- 
ranged to look 
forward, that is, 
to have a single 
fairly wide lobe 
in their polar 
diagrams. They 
did not, however, 
look straight 

Fig. z. Polar dia- 
grams of trans- 
mitting and re- 
ceiving aerials for 
azimuth indica- 
tion in the 
metre AI AI equip- 

ment. 

signals will be stronger than the 
port aerial signals. The two eleva- 
tion aerials are arranged in the 
same sort of way, but one looks 
slightly upwards, while the other 
looks slightly down. To compare 
the signal strengths, a switch is 
used to connect each aerial in turn 
to the receiver with its cathode ray 
tube. One tube is used for azimuth 
display and the other for elevation 
display, the tubes being switched 
by the aerial switching mechanism 
The operator, by comparing tile 
amplitudes of the two received 
pulses appearing on each tube, 
could estimate the direction in 
space of the target and could thus 
direct the pilot to fly to within 
visual range in a suitable position 
for attack. Range, of course, 

CENTRE LINE OF 
TRANSMITTER 

POLAR DIAGRAM 

It 

/ 

PORT 
AERIAL 

POLAR DIAGRAM 

ahead, but had a slightly divergent 
squint. This is shown in Fig. z : 

a target at T1 reflects back pulses 
from the transmitter, and it is 
clear that the signal picked up by 
the port aerial will be very much 
stronger than that picked up by 
the starboard aerial. If the target 
moves to T , the starboard aerial 

i 
----STARBOARD 

AERIAL 
POLAR DIAGRAM 

could be determined from either 
tube. 

In this way the interception 
problem fell into three sections : 

the fighter was directed by the 
ground stations (GCI) to within a 
mile or two of the enemy bomber, 
and the navigator then began to 
use his AI ; by means of the AI 
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equipment he directed the pilot 
over the intercomm. to within a 
few hundred yards of the target ; 

final identification of the target 
was made visually by the pilot. 

SCAM 

LINO OF FLIGHT 

Fig. 2. Spiral scanning of a cone 
of sky in front of a night fighter. 

This system was later elaborated 
so that automatic comparison of 
the signal strengths by peak volt- 
meter circuits controlled the move- 
ment of the spot of the cathode 
ray tube so that the spot moved 
up and to the right if the target 
was above and on the starboard 
and so on. The navigator then 
had to direct the pilot so that the 
spot remained central and they 
could home directly on to the 
target. Of course, tactical require- 
ments affected the actual way in 
which the information was used 
in practice. Range was indicated 
by making the spot spread out 
into a line as the range got less ; 

in the early stages of a chase the 
navigator sought to keep the spot 
near the centre of the tube face. 
Then, as the target was closed, the 
spot " grew wings," which got wider 
and wider as the range was re- 
duced. Remembering that the 
approach was from the stern, the 
effect was that of a television 
picture of the target, growing from 
a spot in the sky to a line as the 
range shortened. 

The disadvantages of i j; -metre 
AI were two. The range was 
limited, and although at first sight 
it would appear that GCI control 
made this unimportant, in fact it 
meant that the GCI station had 
to spend too long on each customer 
before AI contact was established. 

Furthermore, it gave the " jinking" 
bomber a chance of getting out 
of AI range. In addition, as the 
radar energy was broadcast for- 
ward, quite a lot of downward 
radiation was produced, and strong 
echoes were received from the 
ground. The ground echoes began 
at a range equal to the height of 
the aircraft and an enemy bomber 
at 5,000ft. could only be found 
when the fighter had closed to 
within less than a mile. This 
meant more work for the GCI. 

At this stage, fortunately, centi- 
metre AI was developed. With 
centimetre AI the radar energy 
was radiated as a fairly sharp 
beam, and the effect of the ground 
became unimportant. In addition, 
longer ranges were obtained and 
more accurate direction finding 
was also possible. The concentra- 
tion of the whole radar aerial 
system in one place meant that 
the aircraft began to look less like 
a Christmas tree, and also that 
there were fewer projecting pieces 
to get distorted 
by the many air- 
men who swarm 
over an aircraft 
to put in petrol, 
oil and ammu- 
nition. The heart 
of the centimetre 
system was the 
magnetron and 
the reflection 
klystron. The 
one generated 
peak power of 
many kilowatts 
in spite of its 
small size ; the 
other was a low - 
power local oscil- 
lator which could 
be tuned to the 
right frequency 
for its partner 
magnetron. A 

Sutton reflection 
klystron and 
(right) the Randall 
and Boot mag- 

netron. 
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the sky in front of the aircraft. 
One method of scanning the sky 

was " spiral scanning." In this 
the beam started from the dead 
ahead position and described cir- 
cles of increasing radius until 
the surface of a cone of about 
45 degrees semi -angle was reached, 
when the radius was slowly dimi- 
nished again. In this way the 
whole cone was examined bit by 
bit. A radial time base on the 
cathode ray tube was used. The 
time base for any one transmitted 
pulse went out in the same direc- 
tion as the axis of the beam at that 
instant. If there was a target in the 
beam the time base was brightened. 
A target well off the line of flight 
produced a bright spot at a 
radial distance corresponding to 
the range and in a position cor- 
responding to the direction of the 
target. As the line of flight was 
altered to bring the fighter towards 
the target the spot became a ring 
round the whole tube, so the 
smaller spirals of the paraboloid 

single aerial was used for both 
transmission and reception, just 
as had been done in the CHL 
system. The aerial was mounted 
at the focus of a paraboloid, and the 
aerial array, dipole and paraboloid, 
could be swung about to search 

all lit up the target. Other 
presentations were also used, but 
this one was the only one giving a 
three- dimensional picture on a 
single tube. 

Centimetre AI completed the 
defence problem until the appear- 
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ance of the flying bombs. Here 
it was equally successful, but gun- 
nery also came into its own again. 
Centimetre GL equipment is simi- 
lar to centimetre AI in many 
respects. Magnetrons, parabo- 
loids and the use of a single aerial 
for transmission and reception are 
common practice. In the , GL 
equipment, however, the beam is 
swung in a small circle about the 
true axis of the system and, just 
as in the t 4 -metre AI, the re- 
flections at various points round 
the circle are compared to bring 
the axis of the cone described by 
the beam on to target. Range and 
direction can then be fed continu- 
ously to the predictors. 

The CH, CHL and GCI warning 
system with SLC, GL and AI as 
aids to defence, complete the first 
half of the radar story. In the 
next part the offensive use of 
radar will be discussed. There 
are, however, some more funda- 
mental problems to be examined. 

It is important 
to be able to assess 
the effect of 
changes of power, 
beam width and 
wavelength on the 
maximum range 
of a radar system. 
As we saw last 
month, a narrow 
beam imposes 
some limitations 
on the use of a 
radar system, 
especially when a 
long range is 
expected, for the 

Mechanism for spi- 
ral scanning with a 
single paraboloid 
reflector in the 
centimetre -wave 

AI equipment. 

is generally correct for CHL. 
The attenuation of the wave in 
free space may be neglected in 
this calculation. Considering the 
flow of energy out from an omni- 
directional radiator of power W, 
the energy crossing the surface 
of a sphere of radius R will be' 

S = W /4 7TR1 watts /(metre)2 
If the polar diagram of the 

aerial system is such that the 
aerial is said to have a power gain 
GT, we mean by this that at beam 
maximum the energy crossing the 
spherical surface is GTW /4nR2 
watts /(metre)'. This energy falls 
on the target and induces currents 
in it. These currents in turn 
radiate energy, and the scattering 
cross -section of a target is defined 
as the ratio of the scattered energy 
per second to the energy density 
of the incident wave.' 

Writing the scattering cross - 
section of the target as Q, a term 
which includes the power gain or 
loss due to any directional pro- 

long range limits the pulse repeti- 
tion rate, the narrow beam limits 
the sweep angle between pulses 
and, as we should expect, a narrow 
beam increases the range for a 
given power. 

In this discussion it is assumed 
that the propagation is in free 
space, so that the attenuation 
due to transmission over ground 
or sea does not appear. This 
assumption becomes completely 
justified for AI equipments and 

pet-ties of the scattering polar 
diagram, we now have a source 
of power GTWQ /4vR2 watts. The 
dimensions of Q are (metres)'. The 
flux of energy across a sphere of 
radius R with the target as centre 
is therefore 

GTWQ /16n2R' watts /(metre).= 
The receiving aerial system has 

a power gain in the direction of 
the maximum of GR GCAR /A2, 

"fikctromagnetic Theory," Stratton, Ch. 8. 
* loc. dt. p. 56g. 

where AR is the area of the re- 
ceiving aerial array and A the 
wavelength, so that the energy 
reaching the receiver is A2GRGTWQ/ 
16R' watts. 
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Fig. 3. Relationship between 
'power and range of radar equip- 

ment. 

2O 

The maximum range is obtained 
when this falls to the level deter- 
mined either by noise or by the 
sensitivity of the receiver. If 
the least energy which will give 
an indication of an echo to the 
operator is W,,, the equation can 
be rearranged as 

W GR GT 
metres. W 16v2 

From this it is seen that the 
range increases only as the fourth 
root of the transmitted power. 
Thus if a too kW. station can 
detect a particular target at 
too miles, the effect of putting 
up the power to 500 kW. will 
be to increase the range by only 
5o miles. This is shown in Fig. 3. 

The range is also proportional 
to (GRGTA2)1. If the same array 
is used for reception and trans- 
mission, obviously GT = GR = G, 
so that the range is proportional 
to (GAP. An array of area A will 
have at wavelength A a power 
gain G proportional to A /A', and 
thus we have 

RGC(GA), and also Roc(A /A)l 
If we consider the first form, we 

know that the beam width and the 
power gain are only different ways 
of expressing the same thing. If 
therefore two systems of equal 
beam width at different wave- 
lengths are compared, the range 
increases with the wavelength, 
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being in fact proportional to the 
square root of the wavelength. 
On the other hand, if the area of 
the array is kept fixed, the range 
decreases as the wavelength is 
increased, again depending on the 
square root, but this time with 

Fig. 4. Relationship be- 
tween relative wavelength 
and range with constant 
beam width or constant 

aerial dimensions. 

4 

3 

2 

the range is proportional to the 
square root of the linear dimen- 
sions. Thus a paraboloid of twice 
the diameter will give 4o per cent. 
increase in range. 

It will be seen that the increase 
in range produced by a proper 

9EAM 
D= 

am om -.mil 

r' STANT ARRAY DIMENSIONS 

inverse proportionality. These 
two results are shown in Fig. 4. 
If the wavelength is kept fixed, 
the range increases as the size of 
the array is increased, and, if the 
shape of the array is unchanged, 

2 4 s s 10 12 14 Is is 20 

RELATIVE WAVELENGTH 

as 
06 
04 
02 
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choice of wavelength and array 
size is much more rapid than that 
produced by an increase in power, 
and aerial design plays a very 
important part in the planning of 
a radar system. 

"WHAT IS RADAR?" 
Sir Robert Watson Watt's Views 

IT would be pedantic, unrealistic 
and unhelpful to restrict " radar " 

to the " location of an object with- 
out active co- operation from that 
object." 

s s 

Radar in war fell into three con- 
venient categories, each of which has 
come to stay in the peace. 

Primary radar is that form of 
radar which " does not require the 
co- operation of the object to be 
located." It is useful against ice- 
bergs and enemies generally ; it is an 
extravagance when used against 
friends. 

Secondary radar requires that 
small measure of co- operation which 
is involved in the fitting and switch- 
ing on of an otherwise automatic 
responder. The responder sends 
back, when interrogated by radar 
pulses, reply pulses on a different 
wavelength - so that " ground 
clutter " disappears from secondary 
radar -coded with information about 
the " personal identity " of the 
craft carrying the. responder, and 
about its flying height if it is an air- 
craft. 

Radar navigation does not depend 
essentially on the return of an echo, 
amplified or unaltered, from the 
craft to be located. It may in some 
special cases like " Oboe " find that 
convenient ; in some other and more 
frequency cases like " G -H " and 
" Babs " (Blind Approach Beacon 

System) and " Rebecca -Eureka " 
utilise coded responses sent back by 
a ground responder -beacon in reply 
to pulses from an airborne or ship - 
borne interrogator. And in " Gee " 
and " Loran " and related systems 
it will depend on a measurement in 
the craft of the time- difference of 
arrival of primary pulses from 
synchronised ground stations in 
accurately surveyed positions." - 
Extracts from an article on " Radar 
in War and in Peace, " by Sir 
Robert Watson Watt in the Septem- 
ber 15th issue of " Nature." 

[These views may be compared 
with those expressed Editorially in 
our last issue; we suggested that the 
terms radar or radiolocation should 
be confined to systems involving the 
use of an echo. Support for this 
view is given in the U.S. official 
publication Radar, which mks: 
" The British early developed and 
installed a new type of navigation 
system, which has been referred to 
as radar, because it uses pulses, but 
is not really radar, because it does 
not use echoes. " -ED.) 

This complete radar " office " is one 
of a thousand prefabricated units 
built by W. H. Smith and Co. (Elec- 
trical Engineers), of Manchester, for 
use by the Royal Navy and Mercantile 
Marine. An interior view appears 
on our front cover. This is equipped 

with PPI and IFF gear. 

329 

G.P.O. WAR WORK 
SOME of the Post Office Engineer- 

ing Department's communica- 
tion activities during the war years 
were described by A. H. Mumford, 
the, new Chairman of the Radio Sec- 
tion of the Institution of Electrical 
Engineers, in his inaugural address 
on October loth. These range -go- 
ing up the frequency scale -from 
the installation at short notice of 
a stand -by high -powe? transmitter 
for the 16 kc /s Rugby (GBA) sta- 
tion, to the development of multi- 
channel VHF communication links 
with FM transmission. When Eng- 
land was threatened with invasion 
and the interruption of some of her 
communications, means were de- 
vised for superposing several tele- 
graph channels on the long -wave 
transatlantic single sideband radio- 
telephony circuit. 

On the short wavebands, equip- 
ment was developed for producing 
" synthetic fading," for use in test- 
ing receivers as used in long -distance 
circuits. The MUSA station at 
Cooling, Kent, came into commer- 
cial operation in 1942. Comparative 
tests show that reception by the 
MUSA system was, for 70 -8o per 
cent. of the time, distinctly better 
than by means of the normal single - 
sideband receiver. 

PREFABRICATED RADAR 

! =t 


