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ABSTRACT

The fundamental design considerations are given for
a radar capable of detecting a target of one square meter
within a cylinder of space 300 nautical miles in radius and
50 miles up, and providing range, bearing, and elevetion in-
formation at a rate of every four seconds, It is concluded
that this performance would be best accomplished by a system
having eight separate beams tilted progressively upward and
with the lower beams derived in groups of three from single
reflectors 18 x 35 ft, TFactors entering into choice of freguency
are analyzed and it is concluded that 1300 mcs. is most desir-
able. .

The power requirements are calculated snd found to
be about 7 megawatts peak for each of the beams and about 400
KVi average power for the entirp system. Presentation of in-
formation is discussed and it is shown that an elevation ac-
curacy of 10' is ccnoeivably pessible at the lower angles,
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INTRODUCTION:

Problem S1225X-S established by the Bureau of Ships calls for
development of a radar system capable of detecting, and supplying range,
azimuth, and elevation information at four second intervels on any likely
target within a radius of 300 miles and up to 50 miles. In development
of the design set forth in this psper the utilization of the resdar in-
formation has been kept in view with the intent that the system be
capable of supplying sufficiently sccurate target data to directly guide
counter missiles.

From consideration of present small long range missiles such
as the V-2 bomb and the Baka plane it has been concluded that the mini-
mum target to be expected will have an effective echo area of at least
cne sguare meter referred to an isctrope.

1. BASIC PAFAMETERS

Since such basic factors as frequency, pulse power, pulse
length and antenna beam width are inter-related it is first necessary
to consider practical limits and their bearing on these factors.

1-1. Scanning Time Limitations With full range of 300 n.
miles the two-way propagation time is .00366 second and if 805 maxi-
mum duty factor 'is assumed for the sweep circuits the meximum repeti-
tion rete is 220 per second. If the antenna rotation period is L
seconds then the number of pulses on 2 target per revolution per de-
gree beam width is

N=f&—§6%£9 = 2.44/rev./degree (1)

Sensitivity of e radar system decreases as number of pulses on target
decreases as a2 result of two separate effectst

(2) Integration factor on minimum observable signal.

It has been determined here and at other laberatcries
thet minimum detectable signal power varies approxi-
mately inversely as the half power of the number cof
pulses and applies whether the number is varied by change
of repetition rate or by chenge of arc length within
normal limits,

(b) Loss in effective zntenna gain due to antenna
movement during signal transit time. If during the
time required for the echo te return to the antenna

the beam has turned an zppreciable part of its width
then full sntenna gsin vill not be realized on maxi-
mum range signals. This loss varies with exact ezimuth
position of the target and is most severe when the

a na is aligned on target during transmission and

-1~
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hence off during reception, or vice versa.

These losses, omitting the effect of increased
gain due to the sharper beam, are shown &s a func-
tion of sntenna beam width on Plate I and pleinly
put en economic limit on decreasing beam width.

1-2. Meximum Range vs. Beam Width If pulse power, receiver
sensitivity, and target echeoing area are assumed constant then maxi-
mum detection range Bo is given by

1
R, o¢ (GA)Z (2)
where G = antenna power gain
A = wave length

Since antenna gein is inversely proportional to the product
of the beam widths in the electric and magnetic planes we may conclude

o TR 8
B, oc {‘5’;( ‘E"Hj (3)

Vertical beam width &y is determined by the high angle
coverage requirements and cannot be taken as a variable. On the cther
hand the horizontal dimension of the antenna is ultimately limited
by mechanical considerations so that horizontal besm width may de-
crease in proportion to decrease in weve length. Hence from egtn.

(3) with &, constant and all other factors neglected maximum range
will hot vary with frequency. However from the consideraticns of

Par, 1-2 it is apparent that maximum range will decrease with frequency
due to nerrowing of horizontal beam width.

/7 /
For low side lobes the relation between beam width (3 9% pis)
and antenna sperture (D) may be teken

e = _195h- aegrees (4)

Considering the high turning rate of 15 r.p.m. it does ncot appear
feasible to plan on a horizontal sntenna dimension greater than forty
feet. Beam widths obtainsble for various frequencies are then as
follows:

f (mcs.) o (degrees)
600 2.86
1200 1.43"
2000 .86
Q«? 3000 .57
e
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From this table and the data of Plate 1 the scanning loss is plotted
as a function of frequency in Plate 2. Curves for 7.5 end 10 as well
as 15 r.p.m. antenna rotation are plotted to show the relative effect.

These curves present considerable inducement for cheice of
a low frequency and show that, =t least for the casc of one antenna
continuously revolving at 15 r.p.m., the loss at S band is prohibitive.
Other factors must be considered however. The vertical dimension of
the antenns must increase linearly with wave length, wave-guides and
r.f. plumbing may become excessively large, czimuth accuracy and dis-
crimination decresse, and jemming and interception become more feas-
ible. Before making more definite conclusions as to frequency it
appears desirable to examine genersl characters of possible systems,

2, POSSIBLE SYSTEM TYPES

For achieving the required solid coverage out to 300 miles
and up to 50 miles with height finding several different methods are
presented. It is taken as a requirement that any target within this
cylinder of space surrounding the radar must be presented on each sweep
of the beam without the gops or nulls characteristic of present search
radars. The various proposals are set forth below with letter desig-
nations end sre subsequently analyzed with reference to the letters.

A. A single beam sufficiently broa® »nd disterted (Csc®)
in the verticsl plane o~nd tilted up-so =s to nearly
eliminate lobing from surface reflection.

B. A vertically broad horizontally polarized beam with
s second less broad vertically polarized beam on slightly
different frequencies, Low frequency.

C. A series of vertically narrow beams separately fed
and tilted progressively upward so =s to overlasp and
provide essentially solid coverage.

D. Vertical Scanning with one or more beams.

2-1, The Single Beam System(&) Such a system is incapable
of giving height information and is extremely uneconomic in the use
of power. It is presented here as a basis for comparison. Free space
propagation applies. Although the beam would be distorted in the ver-
tical plane it sppears that an equivalent width of at leasst 15° is re-
quired.

2-2. Dual Polarized Beam System with Surface Reflection (B)
Here it is proposed to make use of the factor of 2 on renge obtained
from surface reflection, The most likely method of gap filling appears
in the use qggboth vertical and horizontal polarization, but this is

Q\
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effective only if the frequency is below about 300 mcs. This method
of gop filling is well discussed in Reference (1) and the Canadian

ZPI System using elliptical polarization at 150 mcs. is described in
Reference (2). The minimum vertical width of the horizontally polar-
ized beam for the required coverage is about 28° with 10 db first side
lobes or shoulders. For gein compsrisen purposes the equivalent beam
width mey be taken as 30°. For vertical polarization in the neighbor-
hood of 200 mcs. the reflection coefficient is about 0.5 (Ref, (3))
hence for the same peakerange as with the horizontally polarized beam
# beam width of (1.5/2)° x 30° = 17° must be used. Appreciable gaps
will then be present at angles above 10° and for true grp filling a
third split beam must be added. Equal power would be fed to e=ch of
the beams and since for a given meximum range with other parameters
being constant the transmitter power varies s the square of the an-
tenna beam width we can conclude that the total power requirement of
the system as described will be roughly three-quarters thst of system
A,

Target vertical angle might be determined with such a system
by deriving zn e.m.f. from the increase in echo pulse length over
transmitted pulse length due to the difference in reflected and direct
paths, Techniques for accomplishing this have not been developed and
present severe difficulties.

2-3. Stacked Beam System (C) Here it is proposed to utilize
a series of independent beams tilted progressively upward snd becom—
ing broader es the coverage requirements permit. The eccnomic merit
of this scheme is demonstrated if we assume any verticel angle sector
© in which full coverage to a given range is desired. DNow if M stacked
beams are used instead of a single beam, the range depends on the power
in one beam, i.e., P/n(P being the total power) =s well as on the width
of one beam, i.e., 8/n, according to the formula

&
ES

{P/n)% {(nP)
R, ©< el = L S
8/n)z 6=

thus if © and Ro are constant, then P o 1, That is, the total power
required is inversely preoportionsl to th® number of stacked besms
employed, arising simply from the fect that while the number of trans-
mitters increases directly as the number of beams used the antenna
gain, which is squared for the system, zlso increases directly snd
hence the power required in each beam varies inversely as the square
of the number of beams,

The most desirable number of beams must result from a com-
promise between complexity =nd antenna size on the one hend =nd aver-
age power and quality of informotion on the other. Eight beams ap-
pears as a likely compremise and with 3 db pattern crossover the lower

<%
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beams would then be about 2°.

o-l. Vertical Scanning System (D) In order to avoid ex-
cessive scenning loss there should be at least two pulses during the
intervel in which the angular vertical deflection of the beam is equal
to its width. Also the vertical scan cycle must be accomplished in
the intervel in which the horizontzl angular deflectiocn of the beam
is equal to its width in this plane. If the verticel scenning angle
is ?00 snd horizontal besm width is teken as the dependent variable
we have

L 38 2 Jéo
=g * e = % 7

Then if 6, is made 20 oy must be 28,4° if only one beam is used and
the total power would then be (28.1_4»/1.14-3)8 x 1/8 = 49 x that required
by the eight besm system (C) on 1200 mcs., and this without taking
account of a greater scanning loss. Both agimuth sensitivity and total
power might be improved by using ¢ lsrge number of beams shooting in
different directions with the rotation speed, i.e., nzimuth scenning
speed, proportionstely reduced. The jndividual ontennse might then
scan nzimuth sectors only and the entire system would net heve to
rotate. But if Oy is reduced to 1.43° for comperisen with system Cc
then some 20 sntennae nre required s~nd the relative total power is
20/8 = % times. However, on this basis the scanning system would
have an upward range of 300 instead of 50 miles. Reduction of trans-
mitter power s the besms swing upward does not sppear feasible but
economy of both power and number of antennae might be obtezined by em-—
ploying non=linear verticsl scan, the angular velocity increasing
with vertical sngle. The verticcl angle accuracy and discrimination
would then degenerate with high ongles as in the case of system C.
The ratio of range being 300/50 = 6 permits loss of sensitivity
equivalent to a power reduction of 32 db. The worst case occurs when
the sntenns is pointed directly on target at the instent of transmis—
sion and is consequently off target by the deflection angle o< at
instant of reception, or vice versa, The deflecticn angle for the
interval .003066 sec, may then be the 32 @b point on the entenna pattern.
This sngle will of course depend on the particular pattern but an
assumption of twice the beam width sppears reasonable with a widely
tapered illumination. Hence at high sngles the deflecticn velocity
may be about four times that at low angles, ond with a 2° veam these
velocities would be about 1092°/sec and 273°/sec. Taking the mean
and sallowing an arbitrary factor of 1.2 for reversal time gives .27
seconds for the scenning cycle or a rate of 220 per minute, which is
impracticably high for such a large structure,

—1

(7)

2-5. Summary on System Type

From the foregoing rather rough snolyses it appears
that a stacked beam system is the best choice of the types considered
since it givqﬁa}etter height information without ambiguities and

\

T 5

il

DECLASSIFIED



requires much less total power then the other fixed beam systems »nd
since it appears much more feasible mechanicaelly than a2 scanning beam
system.

2.6. TF.M. vs. Pulse iocdulation

Since the foregoing ccnclusions are based on time-
space distribution cf energy they should apply equally well for F.i.
as for pulse modulation. The Armstrong F.M. system derives an 2d-
vantage over the pulse system from its greater sbility to integrate
effectively over » long period of time, but when a rapid scan is re-
quired, ~s in this case, the adventege is completely lost. To avoid
scanning loss the mcdulation cycle can be no longer than the repeti-
tion period of the pulse system and for the same range discrimination
the time during which echo energy passes to the T receiver can be no
longer than the pulse length in the pulse system. Accordingly the
same receiver band width is required in either system end for the same
system sensitivity the same peak transmitter power is required. But
the average power required by the FM system will then be roughly 150
times ns grest, and this factor can be reduced only by increasing
scanning time or range resolution.

2-7. Antenna Arrangement

The stacked beam system requires relatively little
transmitter power because it utilizes to full advantage & very large
antenns. area. Provision of separate antennae for gsch of the besms
would result in a mechanical monstresity and the system is feasible
only because several beams may be obtained from cne reflector by using
verticelly off-set feeds. Reference (4) shows that with a parabolic
reflector off-set of feed up to somewhat more than one beam width will
not produce appreciable degeneration of the beam shape. The coverage
of one possible eight beam system is shown in Plate 3, & target cn
which the peak range of the lower beams is 300 miles is sssumed and
all parameters other than antenna gain are taken to be equal for the
eight channels, Cross~over of the lower beams is et the 2 db field
strength points. The beam widths #nd elevation and displacement angles
are as follows

Beam Number Width Elev. L Displ. L
1 2.5° 3
2 2.5 3 2e
3 2,5 5 2
4 2.5 7 2
3 3.0 9,2 2.2
6 4.9 13 3.8
7 11.5 20 7
§¥ 35 35 15
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Another pattern, obtained with eight beams of the same unit
sensitivity as above but with crossover of the lower beams at the
three db points is given by Plate L, Better high angle coverage is
shown but the signal depression areas are more Severe, The besm widths,
elevation, and displacement angles for this case are:

Beam Number Width Elev. Displ.
1 2.5° 1.25°
2 2.5 3.75 2.5°
3 2.5 6.25 2.5
L A 9.0 2.75
5 4.o 12.5 3.5
6 8.8 19.3 6.8 .
7 20,4 30 10.7
g L6 52 22

Since the displecement sngles do not exceed the beam widths
in any instance it should be electrically feasible to derive the first
three besms from one reflector and the second three from a second
reflectcr.

2-8. Frequency Assuming an eight beam system with a ver-
tical width of the lower besms 2.5 degrees snd the first three and
second three beams obtained from single reflectors then for a frequency
of 1300 mcs. the vertical aperture of these reflectors must be about
18 feet. To obtain the seme coverage with a frequency of 3000 mcs.

a compromise between antenna gain snd scenning loss, as indicated

in Section 1-2, must be worked out and the reflectors might be 16 x
22 feet. But the number of beams required would then be sixteen or
seventeen snd the power required for each would be the same as for

the eight beem system at 1300 mcs, Since the maximum power that can
be generated in a magnetron or other tube or transmitted by a wave
guide increases roughly as the square of the wave length it is appar-
ent that increasing frequency is decidedly unprofitable. On the other
hand decreasing frequency below the assumed 1300 mcs. does not. appear
so unattractive. Operation at 650 mcs. with the same maximum range,
power, etc. per beam and the seme horizontal antenna aperture should
give a 2,5 db reduction in scanning loss (Plate 2). The vertical
aperture required is therefore 1% times or 27 feet and the lower beam
widths would be 3.3° vertically. Six beams might then be used instead
of eight so a 25% reduction in totsl power is obtained. Bzlanced
against this, however, in additicn to the increased antenna size, is
the bulkiness of 650 mcs. weve guide, and fittings, the mechanical
difficulty, if not impossibility of providing the multiple antenna
feeds, the loss in azimuth accuracy and discrimination, greater wvul-
nerability to jamming, end some likelihood of lower effective reflect-
ing area with small targets.

B
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It is therefore concluded with some reservations that the
present band of 1150 to 1350 megacycles is most desirable for the
proposed system.

3. THE PROPOSED SYSTEM

The foregoing discussion has led to the conclusion that
the system should operate in the 1150 to 1350 megscycle band with
eight, or perhaps nine, stacked beams, the lower beam widths being
about 2.5 vertically and 1.50 horizontally. It remains to estab-
lish the power required for the specified performance and the means
by which the radar information is to be presented and employed.

3=1. Pulse Power Requirements Anticipated power require-
ments and renge coverage can best be establish ed by extrapclation
from experimental results obtained with the Marine Corps AN/TPS-1B
system (Reference 5). This system has an antenna sperture L x 15
feet, pulse power of about 700 KW, pulse length of 2 microseconds,
repetition rate of 200 per sccond, and receiver noise factor of about
13 db. In the trials at the NRL Chesapeake Bay Stotion a peak range
of 195 n, miles was obtained with o B-24 target plzne. 1If the re-~
flecting area of this pleone is token as 57 square meters = very good
check between theoretical and actual performance is obtzined.

Compered with the AN/TPS-1B, the proposed system thus far
has »n advantage in antenna gain of (18 x 35)/(4 x 15) = 10-5 times
in power or 10.2 db. In terms of system power gsin this gives 20.4
dbe Since the minimum target has been taken to be one square meter,
compared with a B-24 this represents a power loss of 57 times or
-17 db, and since ses reflection was present in the AN/TPS-1B tests
whereas the propeosed system must operate under free spece conditions,
the latter has a 12 db disadvantage on this score. Also in the CBA
tests & narrow sector scan was used and this should give about 1 db
advantage on effective antenna gein and perhaps 3 db on integration
compared to. the porposed system with continuous rotation at 15 r.p.ms
In the proposed system it appears reascnable to expect that improve-
ments in crystals or tubes will result in at least a 3 db improve-
ment in receiver noise factor and by use of non-coherent c.,w. in-
jection possibly another 3 db cen be realized (Reference 7). If a
ten microsecond pulse proves feasible #n advantage of 7 db should
be had from this with perhaps 1 db gain from improved pulse length
to writing speed ratioc. Summing =11 these factors gives 20 + 3
+347+1-17 -12-1-U4= 0 db between the systems for the
same transmitter pezck power but with a B-2l4 target over water on
the one hand and one square meter in free space on the other. But
in order to have substantizslly solid acverzge out to 300 miles the
proposed system should have a peak range of 350 miles with eight
beams or perhaps 330 with nine besms. This intrcduces a factor of
(350/195)" = 10.4 in power and hence with a 10 microsecond pulse
the pulse power required is about 7 megawatts for each of the eight

&
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beams. The HP 10 V megnetron developed by Radiation Laboratories
(Reference 6) gave 2.5 megawatts peak and 1250 watts average power
at 3000 mcs. Since the maximum power obtainable with a given type
of tube is in general proportional tec the square of the wavelength
1% megawatts peak power cn L band appears pessible. However, the
duty cycle proposed with 7 megewatts is .0022 giving 15.4 KW average
power. Scaling the HP 10V would result in 6.6 KW average power out-
put so both anode and cathode cooling may present severe problems.
In delivering the power to the sntenna it is propecsed tc use 1%
frequency separation between the channels with feed through 6% inch
rectangular wave guide and appropriate filters and transducers inte
a common 8% inch cylindrieal wave guide with Tii.; propagation. The
rotary joint will be in the cylindrieal guide and redistribution
through another set of filters teo the individusl antenna feeds will
take place on the cther end. The peak power capacity of the rec-
tangular guide without pressurization is over 50 megawatts and that
of the cylindrical guide is at least 46 megawatts. Simultaneous
pulsing of the transmitters presents the possibility of 82 X e
450 megawatt peaks in the cylindrieal guide. However, by reascn

of mutual coupling the nagnetrons should start in phase snd in this
case this extreme peak will not occur within the pulse interval.
Lesser; but still excessive,peaks may well occur, but if this proves
an obstacle the pulses can be staggered in time. The filters pre-
sent a more serious break-down protlem which requires study, and
pressurizing with corona suppresscrs will undoubtedly be necessary.

3-2. Average Power Requirements

With 15.4 KW aversge power per beam the total aver-
age r.f. power for the eight besms is 123 K, 4ssuning & magnetron
efficiency of 50% and a power supply modulator efficiency of 75%
the input power jumps te 330 KW. Adding to this 50 KW for blowers,
receivers, and auxiliaries and 1Q KW for rotation and stabilization
of the antenna a total power requirement of about LOO XKW is obtain-
ed. This figure is of course &an extremely rough approximation and
is presented only to indicate the order of magnitude to be antici-
pated.

3-3. Presentation and Use of Data

The performance and power calculations in Section
3-1 are based on the assumption that for primary detection of
targets the eight beams will feed individual P.P.I. scopes and will
not be mixed. This seems desirsble to avoid too great concentra-
tion of information. It is plenned then to have eight Pabils"8,;
each showing only onc vertical sngle sector. These would be pro-—
vided with one or more rough rsnge and azimuth gates and upen de-
tection of = terget the operator would immediately gate the signal
and this operation would put it alsc on an guxiliary B scope with
another operator. This second operator would then track the target

# -9-
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and supply the range and azimuth information to an autcmatic com=
puter which would in turn train a guide beam for a counter missile.
Information from the two adjoining beams would alsc be fed into an
interpolating circuit which would supply elevation angle information
to the computer and would provide sutcmatic switching of the B scope
with progression of the target through the separate besms. The
overall picture might be presented by photo cell or television camera
pick=up of the primary P.P.I,'s and video insertion of identifying
data could be provided by use of crayon marks on plexiglass screens
with edge lighting. The video information from the eight channels
would then be mixed and projected on a large central C.I.C. screen.
The signel noise ratio of this master would be 4.5 db below the
individual scopes because of combined noise, but weak signals might
still be shown by the video insertion marks.

3-4. Height Accuracy

It is not planned to give height directly but rather
elevetion angle as this is much more convenient and is the informa-
tion required by the computer and counter missile trainer. As in-
diceted in the above section occurate elevation angle information
will be obtained by comparison of the signal strength in the adjoin-
ing beams. Plate 5 shows & plot of typical 2.50 antenna patterns
with overlap at the 2 db points so as to correspond with the lower
beams of Plate 3. In view of the very wide dynamic range desired
it is probsbly best tec interpolate by ratio of signal strength.

The change in ratio for 15' steps has been plotted along the abscissa
of Plate 5 and is between 4 and 5 db. Hence with sufficiently
strong signals an accurascy of better than 10' might be achieved.

At high angles the accurscy would be considerably less and depend-
ent largely on the actual beam patterns, If the zntenna reflectors
are mounted back to back or as the sides of a rectangle ss is cer-
tainly very desirable from the structural standpoint it will be
necessary to hold over the interpolation operation for cne second
when the beams involved are in different quadrants. This should be
possible but will result in considerable error for high velocity
targets due tc the target movement in this interval. Possidly a
correction could be introduced by the computer from the rate infor-
mation,

3-5. I.F,F. It does not appear possible to provide i.f.f.
antenna feed in the system as described; certainly not until the
frequency and other characteristics of the i,f. system are known.
It is thought that a practical splution to this problem is the use
of slave antennae.

, CONCLUS ION

It is concluded that it is feasible to develop a radar system
capable of giving sccurate range, azimuth, and elevation information
at a rate of fifteen times a minute on any target having an effective
reflecting area of one square meter or more within 300 miles range

o
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and 50 miles height. VWhether it is feasible to make such o system
ship-borne has not been considered. Althcugh the system proposed
does not call for radicelly different components or techniques both
the peak and the average powers involved are of higher crders of
mognitude than in eny system heretofore developed and the problems
of generating and utilizing these powers are both difficult and
long term. An advantage of the proposed multi-beam system is that
step-by-step construction and test is possible. !
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