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U.D.C. No. 621.396.ll 538.566 T.R.X. TCHN=L NOT NO. 196

THE OURISATIDN CHACRISTICS OF CETAIN RAW ECHDW ON X-WA A

This note covers the design parameters and performance of a novel type
of circularly polarised radar. Any complex echo cm be resolved into two
circular and two orthogonal plane components, all components being available
simultaneously. By manipulation of those compononts, using a bridge technique,
it is possible to differentiate between different typos of target and obtain
protection fro some types of interference. It is concluded that the radar
forms a useful tool for the analysis of the polarization properties of radar
echoes, including those from aircraft.
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6.3 Ground Echoes
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7. Conclusions and Recommendations

8. Aclaiowledgement

I1• INTRODICTION

Much useful work has been done upon the echoing properties of aircraft and

other targets, chiefly directed towards measurement of their echoing areas;

but the effect of polarisatin upon the echo has perhaps not received all the
attention which it deserves. A uscful report by Goldstoin1 surveys the
problem in so far as it affects sea echoes and one by Clegg 2 shows clearly the
effect of two different polarisatlans under certain conditions on X band.
With more complex targets such as aircraft and ground echoes, the information
is confusing and often conflicting. In the spring of 1951 same qualitative
measurements were made of aircraft echoes on X band5 which indicated that the
cross polarised component of the echo was substantially less than the cnponent

-iallel to the transmitter polarisat~n which was either vertical or horizontal.
j.ther quantitative work by Robinson4 on Q band showed similar results and he
also observed that the difference between the cross-polarised and parallel
-ponents was reduced if 450 polarisation was used. Those latter measurements

h~ve Lean extended to X band rd appear to give results of the sawe order of
,,gitude. Previously White , woricLng on L band, and using an oquipment in
'oh the polarisation could be rapidly switched from vertical through circular

to horizontal, had estimated a loss of the order of 6 dB %when using circular
comparod with the two plane polarisations, and suppression of rain echoes using
circular polarisation of the order of 30 dB and sometimes more.

In the summer of 1951 a schano was suggested 6 extending the well-known
properties of circular polarisation as used. to reduce echoes from symetrical
targets such as rain, to make an analysis of the polarisation of any desired
incoming signal, and in certain cases to discriminate betwoon wanted and unwanted
targets.

-1-
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A radar met, built in the winter 1951-52 gave qualitative confirmation to
these predictions and it was therefore decided to build a radar capable of
making quantitative and repeatable measurements. It is the purpose of this
Teohmical Note to discuss the design of this radar and the results obtained
with it.'

2. PRINCIPLES OF OPERATION OF TME RADAR

The design principles have already boon described6 so that they will only
be outlined here.

Suppose that any conventional trananitter-rceivor, generating plane
polarised waves, be connected to a wavoguido system containing a ciroularising
section, and that it emits a right hand circularly polarised wave (C.P.W.).
Any incoming right hand C.P.17. will emerge from the circularising section
polarised parallel to the transmittcr-receiver (which we will call Channel A)
and can be displayed.

Any incoming left hand C.P.w. w-rill emerge from the circularising section
polarised perpendicular to the transmitter; in a conventional C.P. radar this
signal is normally rejected and lost. There is no reason, however, why it
should not be separated from the Channel A signal by a grating or other device,
and fed to another receiver which ve will call Channel B.

From a study of certain elementary targets, it is clear that the two
channels may be expected to behave very differently. For instance, symmetrical
targets, including metal or dielectric spheres (e.g. rain), plane sheets or
threeface corner reflectors, will return signals orthogonally polarised to the
incident radiation, and so will give a signal in Channel B and no signal in
Channel A. Twoface corners, knwn in the U.S.A. as di-planes, will return a
signal in which the direction of rotation is twice reversed and so give the
same direction of rotation as the radiated signal. They will thus produce a
signal in Channel A but none in Channel B.

Plane polarised targets or plane polarisod active jammers will produce
equal signals in both channels, since any plane polariscd-signal may be
resolved into two equal circular components rotating in opposite directions.

Signals from any complex target, large comnpared with the wavelength, will
in general be elliptically polarised,. and if the constituent parts of the
targets, which contribute to the echo, are moving relatively to each other,
the voltage ellipticity ratio, which corresponds to the relative magnitudes of
the A and B signals (see Sq. 1), and the orientation of the major axis of the
ellipse, which corresponds to the phase separation of the A and B signals, will
be cnstantly varfing. Such targets may be expected to produce signals in the
two channels of eual mean magnitude but which vary rapidly and independently.

Full information on the echo is not available unless we take note of the
phase separation of the two signals. If the signals are combined before
demodulation, there is one particular incoming polarisation which will bring
the two channels into phase and analysis shows that the orthogonal polarisation
will cause the two signals to cancel. A phase bridge has been produced which
acOepta signals A and B at intermediate frequency and produces two output
signals corresponding to the vertical and horizontal components of any incoming
signal.

By making different the gain in the two arms of the bridge, it is possible
to select an output corresponding to any desired ellipticity, and so to
ompensate for non-circularity introduced by slight defects in the waveguide
system. This phase bridge, referred to hereinafter as Channel C, would, it
va hoped, make the radar virtually independent of frequency change and of
manufaoturixg tolerances so far as Voltage Ellipticity Ratio was concered.

-2-
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It is worth emphasizing that an equipment of this sort makes no attempt
to measure absolutely either signal to noise ratios or the echoing areas of
targets. It is in effect a radio frequency bridge which compares two. or more
simultaneous signals. Such measurements ar, of course, fundamentally easier
than a number of successive absolute measurements which rely upon the stability
of the radar set and the repeatability of the target and the propagation
conditions.

A word of warning is also necessary in saying that the results obtained
on X band should not rashly be extrapolated to other frequoncies where the
echoing properties of targets may be different.

3. M EFFECT OF DESIi N PARALIETERS iOff ERRORS LN IA&JRJ .O T

3.1 In Section 2 we have assumed that the radar is perfectly designed so
that it radiates a perfect C.P.W., i.e., Voltage Ellipticity Ratio = 1. In
practice this will not be so and a measure of ellipticity will be introduced.

This ellipticity, which amounts to the genaration of a spurious signal of
the opposite sense of rotation, may upset the ratio of the two components which
we are trying to cmpare, and in particular vill render quite worthless any
measurement of the "cancellation" of rain unless the extent of the ellipticity
is known and controlled.

It has been shown 6 that an elliptically polarised wave of V.E.R. = k may
be resolved into two orthogonal circular components of amplitudes A and B,
governed by the relation:-

B I 1-k ... Eq.l
A I + I

which is vYjll knoys as the reflccted/transmitte6 anplitude relationship in a
line of V.S.W.R. = k.

This function is plotted on a decibel scale n j., and it should be
noted that in the practical case the Tnve passes im-ice through the system
before reaching the receivers. The o.uriou signal is thus approximately
doubled in voltage (vhen its ma;n4 tudc ua ssell con iaed with the desired
signal). This accounts for the lateral rszlacement o2 the cancellation
ratio/Voltage Ellipticity curve ty 6 de. I; ',ci c be seen that a high order
of circularity is needed to obtain goo6 cancollation and in particular a
cancellation of 40 dB, claimed by so;. iorkers calls for a V.E.R. of 0.99.

3.2 There are four principal ways in which ellipticity may be
introduced into the system. They arc:-

3.2.1 Mismatches at the orifice or el1rhar in the system.

3.2.2 Inequality in the tw plane ccmponents of the C.P.W.

3.2.3 Phase separation other than 900.

3.2.4 Imperfect separation of plane cnponentus.

3.2.1 Mismatches

2 shows the schematic diagram of a waveguide system intended to
produce circularly polarised waves. It consists of a transforner section
which converts the guide dimensions to a size large enough to support
propagation in both planes, a section in which the signal is effectively split
into two orthogonal plane polarised components; a circularising section in
which one of those components is delayed by 900 with respect to the other, and
an orifice section which couples the vmve to free space. Discontinuities may
arise in any of these sections, but whatever their magnitude and phase they can
be resolved into two reflected waves returning into the transformer, one
polarised parallel to the original polarisation, the other one perpondioular to
it. 3

S--CrRET"K 3
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The parallel polarised component will travel along the waveguide system
and will eventually reach the magnetron, vhere its effect will be entirely
conventional. Provided that its magnitude is kept down sufficiently to

_____ avoid frequency pulling, little harm will result, and any po'r roflooted off r
the magnetron will produce only circularly polarisod radiation of the original
direction of rotation. This will affect the magnitude but not the ellipticity
of the radiated signal.

The perpendicular component cannot bo propagated beyond the transformer,
so it will be reflected in entirety towards the orifice, being converted by
the circulariser to circular polarisaticn of the opposite hand. This is
liable to have a serious effect on the V.E.R. to an extent shown in Fig. 1.
If we make the reasonable assumption that any discontinuities occurring after
the circulariser are equal and coincident for the two planes, virtually all
the power reflected will return to the transformer cross polarised and will
emerge for a second time. Under these circumstances, the Voltage Standing
Wave Ratio at the orifice corresponds exactly to the V. R. produced, since
each correspond to the same power ratio. To return to our earlier example,
a suppression of 40 db on symmetrical targets calls for a match at the orifice,
including reflections from any paraboloid which may be used, of 0.99 or better.

Since this is not easy to achieve over a wide frequency range, steps must
be taken to eliminate the cross polarised component before it can do any harm.
White5 and others have used lossy material to line those wlls of the guide
parallel to the initial plane of polarisation, between the transformer and the
45' transition. This material Trill have little or no effect on the outgoing
signal but will effectively absorb most of the cross polarised component. If
we suppose that the orifice mismatch is not worse than 0.8 and that the match
of the lossy section is the same, wo have a l" power reflection twice repeated
and the overall V.E.R. is improved to 0.98.' It is possible to improve on these
figures. A

This arrangement is not open to us in the radar to be described, but
comparable arrangements have been made to absorb any cross polarised signal
reflected while the T.R. cells are striking (see Parc. 4.8).

One further effect of mismatches is worth mentioning, though its effects
are of a second order only; and that is the pcwcr lost by reflection. A
V.S.W.R. of 0.8 corresponds to a power loss of about I, so that the outgoing
voltage is reduced by 0.5r. This could produce a V.E.R. of 0.995 if the
reflection was in one plane only. This is trivial enough, but the effect is
still further reduced by the fact that it is customary to make symetrical
those partc. of the waveguide system after the circularising section.

3.2.2 Inequality in the two plane components of the C.P.W.

It is customary to start with plane polarisation and to resolve it into
two components, one 450 to the left and one 450 to the right. Inequality in
these components can come either from a differential mismatch of the
circulariser to these two plane corponents or from a departure from 45c of this
angle. The first of these errors is virtually the same as that discussed in
the last paragraph of 3.2.1 above, where a differential mismatch of 0.8 is
shown to produce a minimum V.E.R. of 0.995. The effect of an angle other than
450 can be readily calculated as the V.E.R. follows a simple tangent law. The
results, for angles between 40' and 450 are plotted in Fig. 3. To meet our
self-appointed specification of V.E.R. = 0.99 vm need an angular accuracy of
the order of 20 minutes of arc. This is not difficult to achieve and is, of
ocurse, independent of frequency.

3.2.3 Phase separation other than 900

When a C.P.W. is compounded from two equal orthogonal plane waves 6 of
phase separation 8, the V.E.R. = k is governed by the relation:-

tan 8 = 2k... Eq.2
1 - k2

-4-
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This is potted on Fig. 4. The relationship is nearly linear for values
of k between 0.8 and 1.0 and for a V.E.R. of 0.99 we need a phase separation of
900 + 0.60. This seams likely to be the most critical of the parameters vY-
have so far discussed, because most phase shifting devices are sensitive to
frequency. Fortunately for the purposes of this investigation, no very great
band width is needed and a simple phase shifter of rectangular guide was
thought to be sufficient. The guide dimensions wore chosen to be 0.8" x 0.9",
as this seemed to be a satisfactory ocmpromiso bottiocn the tolerances required
and a reasonable length. Ignoring mismatches, and ohoosing a length to
produce the requisite phase shift at a frequency of 9375 Mo/s, a calculation
was made of differential phase change as a function of frequency. This is
plotted in Fig. 5, and shows that a band vridth of approximately 50 Mo/s should
be obtained for a V.E.R. of 0.99. This is adequate for our purpose.

The phase separation of the two components will be affected by tolerances,
not only in the phase shifter but in any =avoguido part in the system where
both camponents exist. Taking waveguide 0.9" x 0.9" for example, and studying
the effect of small variations in the dimensions Tio obtain the relationship
plotted in Fig.6. We note that with guide of standard tolerances of + 0.001",
there is a possibility of our arbitrary tolerance of 0.60 phase being produced
in a length of guide of It". It is clear that the circularising section and
any components subsequent to it will have to be manufactured to very close
tolerances. If, for any reason, this does not prove practicable, there is a
case for a small adjustable phase shifter covering a range of say ± 20. If
the orifice Yas made circular, in order to achieve a symmetrical primary
diagram, this extra phase shifter might take the for of a squeeze section
extending over one inch near the mouth. The extent of the squeeze in this
case would not need to exceed + 0.005", and if the orifioc was elliptical to
this extent, the effect on the radiation pattern would be quite inappreciable.

3.2.4 Imperfect separation cf plane canpononts

When the incoming signals have passed through the circularising section
and exist in square guide as two orthogonal plane polarised components, they
still need to be separated. The device used is discussed in Section 4 and
makes use of the properties of a grating. Thereafter complete separation can
be effected by reverting to standard waveguide which can propagate in only one
plane. If, however, the grating is capable of producing a cross polarised
coponent, this will continue to be treated by the system as would any
authentic signal and cannot thereafter be removed.

Suppose vie imagine one element o' Tnu grating to be lying at a small
angle 9 with the direction of the E vector of the incident polarisation. The
coupling with the E vector will therefore be a function of cos 9. The
element can no' be regarded as radiating in its lvn piane and will therefore
produce a cross polarised cnpoanent f (cos 9 . sin 9). As cos 9 3 , the
cross polarised component may be taken as f (sin 9) and, to take a practical
case, the component is unlikely to exceed a level of -41 db if the angle of the
grating elements does not depart by more than 0.50 from the incident plane of
polarisation.

In fact, the situation is likely to be better than this because the
re-radiated power will travel outwards fion the grating in both directions,
only half of it entering the receiver in Channel A. A difference of 0.50
between the orientation of the guide and of the grating may therefore produce
a spurious signal of level -44 db. Results will be similar if the polarisation
is allowed to rotate relative to the guide or vice versa. Experiments were
carried out which confirmed that the polarisaticn makes little attempt to
follow a gentle twist in square guide, so that the original axes, dictated by
the first standard-to-square wavoguide trctisformor must be rigidly enforced if
the best results are to be obtainnd. There is reason to believe that for
small random variations of each lorecnts of the grating, the cross polarisod
omponent will be very small.
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3.3.1 Addition of errors up to waveguide orifice

Suppose we assume that each of the first three causes of error discussed
in Section 3.2 is capable independently of producing a V.E.R. of 0.99. A
resultant V..R. of 0.97 might be produced if the orientations of each
ellipse were identical but this cannot be so since the orientations are
governed by the cause of error. The error due to mismatches can produce
ellipticity with the major axis lying at any anglo, since this anglo is a
funticm only of the phase of the tWo interfering signals. When the error

is due to inequality in the two components, the major axis of the ellipse
will be at 450 with respect to the initial polarisation, but when it is

due to a phase error in the circularisor it rill be parallel or perpendicular
to the initial polarisa-ion. The two ltLLu- erroxs therefore cannot cancel
nor can they completely add. As a close approximation therefore we may take
the total probable spurious voltage to be the square root of the sum of the
squares of the individual voltages, leading to a probable V.E.R. of 0.963 and
a corresponding suppression of perfectly symmetrical targets of 36 db.

3.3.2 Effect of aerial

We have discussed so far only the effect of errors in the waveguide
system. If a perfectly symmetrical orifice is used as a primary feed for a
perfectly symmetrical secondary radiator, no ellipticity should be produced in
the centre of the beam. This, of course, is not a practical possibility and
the effect of errors of manufacture and of design imposed by practical
requirements are difficult to estimate and extremely tedious to compute. To
these must be added the operational difficulty of ensuring that the target is
in the correct part of the beam during any measurements and the effect of
multipath transmissions and reflections on the polarisation.

It was decided therefore to concentrate on a good perfonance up to and
including the primary source, and then to measure tho V.E.R. in the centre of
the secondary beam and the polar diogi-am in both planes. It is not possible
to make a very close estLmatc of t he ollipticity from a study of the polar
diagrams, particularly at points -vhere the slopo is steep. The ellipticity
was checked directly by means cf a plane polarisod s'.urce (actually an echo
box) and by noting the fluctuations in ho tr'o outpus as the C.P. aerial was
moved in azimuth and elevation. Then. ,moving tb operational conditiona of
each experiment, an estimate coul"d be raached of the limitations of the
equipmont under those particular ocrnitions.

It should be pointed out that the degrec of cancellatian discussed in the
last section is that possible ith a s~z'.glc receiver only and that it was hoped
that the high degree of cancellation :;sing tw'o receivers combined in Channel C
would be obtained for any value of V.E.R. of 0,7 or more (see Section 4.9).

4. IETAILS OF RADAR CONSTRJCTION

4.1 Transmitter

The radar transmitter was quite conventional, producing a power of 40 kW
an a radio frequency of about 9375 Mo/s. The modulator produced approximately
1000 pulses per second each of 1 microsecond duration. Aerial aperture was
36".

4.2 Plane Resolver

Fig. 7 shows a photograph and Fig. 8 a diagram of the plane resolver which

inoorporates a quarter wave stop transformer converting to a waveguide size of
0.9" x 0.9" (i.a.) and which serves to separate the two orthogonal oompanents
of the incoming signal. The transmitter signal is unaffected by the grating
and the slot and passes to the 450 transition section.

-6-
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4.3 450 Transition

(Figs. 9 and 10) The purpose of this is to cause the electric vector to
_-_ lie along the waveguide diagonal with a minimum discontinuity. If the

electric vector lies along the diagonal, then the elements of the ciroularising
section must be perpendicular or parallel to the walls of the circularising
guide, which cases calculation. Thor seems no other great advantage in using
this system compared with one using a perpendicular electric vector and a
diagonal phase shifter.

4.4 Circularisin& Seal-ion

As only a narrow frequency band had to be covered, the phase shifting
section could be quite simple. It was decided to use rectangular guide of
dimensions 0.9" x 0.8" to produce the differential phase velocity between the
two components. It was of all-metal constructian and so close tolerances
could be maintained by olectroforminrg or other techniques. These tolerances
were found necessary owing to a tendency for the component to generate a high
order E mode of propagation. This shovmei itself as a number of high Q
resonances in the curve of V.S.W.R. The coupling to the E mode vms severe
with the first model of the phase shifter because the design vms asymmetrical
(Fig. 11). With a symmetrical design (Fig. 12) results were much improved
and as the residual resonances vere very small in magnitude it vms decided to
inore them. A square-to-circular transition conplcted the waveguide run.

4.5 Aerial Feed

The feed to the paraboloid presented something of a problem, owing to the
difficulty of taking the signals round a bend in square guide and still
maintaining circularity. In the first model, a half paraboloid m-9 used and
the waveguide components offset in front of it. A reasonable circularity was
maintained on the axis of the bea- but rather serious departures from
circularity occurred in the skirts. Therefore recourse was had to a
symmetrical paraboloid and the square waveguide taken to it by two bends,
mutually at right angles (_see Fig. 1). It was hoped that the relative phase
shift between the two orthogonal voctors introduced by one bend would be
corrected in the next. To a first order, at any rate, these hopes have been
justified. That part of the waveguido run in the field of the aerial is
protected with radar absorbent material. anai in the interests of symmetry the
support right across the aperturc was sirLarly protected.

4.6 Plane Polurisud F-ed

In certain cases it .s of interest to radiate a plane polarised signal
and compare the parallel and perpendicular components of the echoes. A
convenient way of doing this is to add wa extra circularising section at the
orifice. The design adopted vas that reported by Sim.ons 7 and worked
satisfactorily. The componunt vwas . gcoo psh fit into the waveguide and the
plane of polarisation of thu rauiac:cd wrve could be continuously adjusted by
rotating the extra cireulariser, The "plane" wave Ec produced was, in fact,
elliptically polarised with a major-to-minor axis ratio 28 db. This was
adequate for the purpose intended, namely mea3urements on aircraft.

4.7 Channel A Receiver

The Channel A receiver, which is coupled into the "wavoguide run between
the transmitter and the plane resolver, ii conventional except that the valve
pins are soldered into circuit in the interests of gain stability. This
applies also to the Channel B re iver, The Channel A receiver accepts
signals of like polarisation to that radiated and in the case of circularly
polarised radiation these will herinafter be referred to as anti-symetrical
signals.

-7-
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4.8 Channel B Receiver

The Channel B receiver accepts signals orthogonally polarised to those
radiated and in the case of circularly polarised radiation these will be
referred to as symmetrical signals. This receiver is fed from the branch
of the plane resolver vhioh is illustrated in Fig. 8. Symmetrical signals
vi.Jl be polarised perpendicular to the initial plane of polarisation and
therefore parallel to the elements of the grating. This follows the
contours of an H plane corner and the resonant slot acts as a window across
the wraveguide. The branch is coupled to the Channel B receiver by a system
of TR cells similar to that used in a normal transmitter except that the
cells are arranged to connect the branch to a dummy load vhen the transmitter
operates. In order to achieve this, the usual ATR cell is replaced by a TR
cell, as the only pormar available to strike them is that reflected from the
various mismatches in the system. Tie have the rather unusual phenomenon of
a prohibited range of mismatches in the feed. For values of mismatch betweoen
0.7 and 0.9, there is enough pover in the branch to strike both R cells and
the resultant reflected signal contributing to ellipticity produces only a
second order error. For values of mismatch greater than 0.99, the reflectin
from the branch can be ignored, but the achievement of this figure scarcely
justifies the trouble. For values of mismatch betwe on 0.9 and 0.99 there is
a possibility that only one TR cell in the branch Yrill strike, producig a
serious mismatch. Under these circumstances the ellipticity will be largely
determined by the system mismatch and so may fall to 0.9. Steps have
therefore to be taken to see that the mismatch is not better than 0.9, and,
as may be imagined, this is not difficult. Higher transmitter powers and
other types of connection vill no doubt alter these figures.

4.9 Phase Bridge and Channel C

Mixing of the twio signals before phase is lo.t may be carried out either
at radio or intermediate frequency. The advantages of doing it at radio
frequency lies in the improved signal to noise ratio, since noise from only
oe mixer is involved. The advantages of I.F. mixing are increased
flexibility, a possibility of a number of simultaneous outputs and non-
interference with the normal operation of Channels A and B.-- -For a measuring
equipment, the increased noise level of up to 3 db -us no handicap, so this
latter system of mixing was adopted.

The principles of operation are shown in F and are quite straight-
forward. Signals from the two head amplifiers A and B are fed to two buffer
valves (V1 , V2 ) with independently variable gain. The anodes of each of
these valves are coupled to tuned circuits Ll and L2. The two circuits are
identical except that in one case one of the coupling windings is reversed in
phase. It is clear that if the A and B signals are in phase, in one of the
output coils the signals will add, in the other they vrill cancel. If the
phase of A or B is altered by 1800 then the two outputs -ll be reversed. By
means of a phase shifter in the local oscillator circuit of one channel, the
relative phase of A and B can be adjusted to some suitable value, and as
normally set, the bridge outputs correspond to the vertical and horizontal
ccmponents of any complex echo. These two signals may be referred to
collectively as Channel C because they take note of the orientation of incoming
polarisation. The magnitudes of Channels A and B, hovever, are governed by
the degree of ellipticity, but not by the orientation of the- ellipse. By
making gains of the two arms of the bridge unequal, and by suitable adjustment
of the phase shifter, Channel 0 may be adjusted to select or reject any chosen
elliptical component of the echo. The chief value of this facility is to
eliminate the spurious signal from a perfectly symetrical target introduced
by departure from circularity in the radar (see Sect. 3). This signal in
Channel A can be effectively balanced out by feeding in some Channel B signal
out of phase. Under these conditions, the gain of V1 in the phase bridge is
at maximum and the gain of V2 is vor-y low. This of course, -will only deal

vrith constant ellipticity such as that produced by the radar; varying
ellipticity introduced by the target will be quite unaffected. IAn alternative
tay of looking at this operation is to regard it as cancellation obtained by
using two orthogonal elliptical polarisations, one for transmission and one for
reception.

SCRET



The two Channel C signals coming from the bridge were fed to two I.F.
amplifiers writh detectors.

___4.10 Algebra Unit and Display

A video frequency amplifier unit was constructed to which could be fed
two input signals, A and B for example. The unit produced four output
signals corresponding to A, B, A - B and m A + n B vhere m and n could be
adjusted to any value between + 1 and - 1.

These four output signals together Yrith ne of the Channel C signals as

a cross-oheok, were displayed as Y deflections on five cathode ray tubes
(Fig. 15) which could be photographed on 16 mm. film at 16 frames per second.
Time base ranges wtere 5, 10, 20 and 40 miles.

As we have sho'n in Sect. 2, A and B correspond to the anti-symmetrical
and symmetrical components respectively of the echo. The A - B display has
a number of interesting features. It is very insensitive to plane polarised
signals, since such signals by definition produce equal A and B amplitudes.
Deflection up or down would shew the tendency towards A or B in the target;
and the rapid boating between A and B which was expected from a moving target
offered some possibility of differentiating between man-made structures and
rural terrain echoes vhere wrind movement of the trees and leaves might be
expected to have an effect.

4.11 When the mA and nB signal was adjusted so that m = n = 1, it was
hoped that some of the power lost by splitting the aircraft echo into two
nearly equal parts muld be regained. The reasoning is as follows: -

Type of Radar Remarks Expected

Loss

Ideal Plane Polarised Radar All energy returned from 0 db
target accepted by receiver

Practical Plane Polarised - db lost in cross 4 db
Radar (X band experiments polarised component
Ref. 3)

Circularly Polarised Radar r - Channel A -3 db
(Power is split equally
between channels A and B) - Channel B -3 db

The results of post detector addition of the two signals has been
sumarised by P.M. Woodard.

Sig. Powcr at Input = L ... Eq.3
Noise Power N

Signal mplitude at Input = ... Eq.4

MiS Noise N

Signal Amplitude after detection = -. P << N ... Eq.5

RatS Noise (Ref. 8) 1 P p >>N ... Eq.6

Addition after detection increases the above values by a factor of J2 beaause
the signal adds coherently.

-9-
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We have therefore:-

si84 P/J- P < < N ... Eq.7Sigal amplit ude =N

ANoiseP %FP Nois P >>N ... Eq.8

The Pover Loss in A + B is therefore:-

1 db when P'e<N

0 db when P>> N

When P - N, some intermediate figure may be expected to obtain, say 1 db.

These figures refer to the ideal plane polarised radar and should be
improved by - db vhen compared vath the Wractical plane polarised radar, giving
a nett value of - db loss on A + B, which display can be used for maximum range
when there is no rain or other interference. We may also expect the proportinal
fluctuations in auplitude to be reduced by the addition of t=ro independently
fluotuating signals. This applies particular-r to signals at or near zero.

4.12 Similar results can be obtained by feeding to the Algebra Unit
signals V and H corresponding to the vertical and horizontal components
respectively of the echo vhen illuminated Yvith a C.P.W. Here the V-H display
is likely to be the most interesting, inspection immediately showing a target
which has an echoing area predcminently vertical or horizontal. Adjustment
of gain in the two channels till the signal is balanced, gives a measure of the
difference. The V-4i channel, incidentally, eliminates both symmetrical and
anti-symmetrical echoes.

5. C JiIBRATION AND 0 i'TION

The following measurements were carried out on the equipment, in order
to test its capabilities.

5.1 Measurement of aerial polar diagrams

5.2 Measurcment of degree of circularity of radiated wave on beam axis

5.3 Measurement of circularity on beam axis, using aerial as receiver

5.4 Setting up and monitoring

5.5 Check on circularity at other points on the polar diagram

5.6 Measurement of V.S.W.R. of the waveguide system

5.7 Measurement of degree of cancellatiom obtainable on plane polarised
test signal using phase bridge

5.1 Polar Diagrams

Fig. 16 shews the aerial polar diagram. The azimuth diagram agrees very
closely vuith that expected fron the primary pattern, but the elevation 'diagram
has more and higher side lobes, due probably to the support to the feed. They
are of little significance for our purpose, as the main lobe is very similar to
that of Fig. 16.

-10-
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5.2 Circularity of Lerial used as Transmitter

This was measured directly using a detector and meter. By a suitable
choice of sites, one can eliminate errors due to multiple path transmission,
and the boam T-rdth at the point of reception is sufficiently broad to
accommodate same lateral movement of the receiving aerial if the spatial
soparation (about 110 yds) is large enough. The detector operates under
square law conditions and thus omphasises departures from circularity. The
moter could be read to W so that measurements of circularity could be made
up to within + 0.01, for values above 0.9. For lvimr values, the motor
calibration is of significance and accuracy is somewhat reduced.

The results obtained arc showm in Fig. 17 and are quite satisfactory.

5.3 Circularity of Lrial used as Receiver

1Eatching conditions arc quite different during reception from those
obtaining during transmission because of the T.R. coll arrangements. The
reciprocity theorem does not therefore hold and the circularity must also be
measured under receiving conditions. The effective circularity may be measured
by picking up a perfect circularly polarised wave and by noting the magnitude of
the orthogonal component generated in the aerial. The relative magnitude of
the L and B signals gives the effective circularity directly in accordance with
Fig. 1. : more convenient, if less elegant, way is to pick up a plane
polarised signal and note the relative magnitude of the two orthogonal circular
components as the initial plane of the polarisation is slowly rotated. This
method was in fact used and produced the results shoin in Fig. 18. The exact
method adopted served also to nonitor the stability of the equipment during
operation and as a quick means of setting it up. The test signal was radiated
from a slot in the end of a waveguide located at the apex of the mirror, and
the wavoguide could be rotated about its ovn axis. The gain of the two
channels was adjusted until the signals Trere equal (i.e., A - B = 0). There-
after the plane of polarisation of the test signal was rotated and the
orientation plotted against the differential gain necessary to keep i. - B = 0.
The effective circularity is therefore of the order of 0.95 during reception.
In these measurements it was verified that there wvro no interference effects
betvnen the radiating slot and the receiving aperture. Of course the wasure-
ment applies only to the primary radiator, but the almost complete symmetry of
the mirror system probably justifies an assumption that cross polarisation due
to the mirror falls to zero at the centre of the bem. There may be aome
slight asyrmotry due t: obstruction of t..o bean by the waveguide, but this was
minnirised by shielding the waveguide with radar absorbent material. A "hole"
in the amiplitude distribution will have much less effect than reflected waves,
which will be incorrectly phased, and any resulting asymmetry is too small to
have significant effect on the measurements.

5.4 Setting up and Monitoring

It is clear that the test pulse can be radiated throughout any operation
and provides confirmation of the stability of the equipment. Departure from
balance in the appropriate channel imriediately renders the results suspect.

The setting up procedure is very straightforward. When radiating
circular polarisatin and comparing the symmetrical and anti-symmetrical
components, the gain of the two receivers is adjusted until the A-B display has
zero deflection. Thereafter the polarisation of the test pulse is rotated to
confirm that the balance on the 4-B display is maintained to within + 0.5 db.

When radiating circular polarisation and comparing two plane components
in a Channel C display, the procedure is scarcely longer. The test pulse is
adjusted to vertical polarisation (say) and the phase shifter and gain of the
phase bridge set to give zero deflection on the H display. The test pulse is
rotated to horizontal and it is confizTod that there is no signal on the V
display. The test pulse is now turned to 45° and the gain of the two receivers
is set to a suitable level and so that V -H = zero.

4=T
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A similar adjustment takes place *hen transmitting plane polarisation and
comparing the parallel and perpendicular components of the echo. The only
difference is thai the use of the phase shifter is replaced by physical
rotation of the decircularising section used in the orifice for this type of
measurments (see Section 4.6).

5.5 Check on Circularity at Other Points on the Polar Diagrm

An echo box technique was used for this measurement as the deduction of
V.E.R. fram polar diagrams is unlikely to lead to accurate results owing to
the steepness of the slope. ;n error in azimuth of 1/10 degree can produce
an error of 0.5 db in level of polar diagram. If this error is oppositely
phased in the two diagrams to be compared, perfect circularity can appear as
a V.E.R. of 0.9, and vice versa. In addition, the polar diagrams will in
general be only in two planes and using two polarisations unless a lot of work
is to be involved, and the effect of ground reflections may not be the same
during the polar diagram tests as during operation.

A plane plarised aerial connected to an echo box vas placed in the beam
of the transmitter. The A and B signals returned from this target wore
equalised at some chosen range, and when the target was on the centre of the
beam. Thereafter the transmitting aerial wms scanned and the resultant
unbalance was noted. As in the previous section, an unbalance of 1 db is
equivalent to a V.E.R. of 0.95. This is the difference from that at the
centre of the beam. No account is token of the axis of the ellipse, unless
a V - H display is also used. In view of the magnitude involved, there seemed
little purpose in this.

The results ar shem in Fig.

5.6 V.S.W.R. of Waveguide Components

A number of new maveguide components have had to be developed, but their
design was on the whole straightforward; overall ro,-.its are shewn in Fig. 20.
Great emphasis was placed on symmetry and so far as was possible all the
components wore made symmietrical. There were exceptions, -of course, two of
which have already been mentioned. They were the circularising phase shifter
and the aerial feed. In the first case the reduction in guide dimensions from
0,9" x 0.9" to 0.9" x 0.8" was achieved by bringing in both guide walls by
0.05" and each end of each section was matched with a quarter wave step.
There are still some traces of resonances believed to be due to the gencration
of a high order E made, but they are comparatively harmless. It is believed
that they would disappear, entirely if tighter manufacturing tolerances were
achieved by elcotroforning or other means.

The sane type of resonance appears in the plot of the standing wave
ratio of the bonds. Preliminary calculations indicated that the radius of
the bend in square guide would have to be extremely large, if the amplitude of
the signal propagated by the spurious mode was to be kept acceptably low.
The out-off wavelength of the spurious mode was expected to be equal to AJF2
whore A is the width of the waveguide and it was suggested that the dimensions
of the guide be reduced to 0.85" x 0.85" over the bond. Two bends were
therefore made, each two wavelengths lang. The spurious resonances were much
reduced in amplitude and the overall results were acceptable for the
comparatively narrow frequency band required (9375 + 25 Ms). However, the
problem is not yet solved for wide band operation and a basic investigation
into methods of dealing with circularly polarisod waves would be worthwhile.

The only port of the system, apart from the bands in square guide, which
is sensitive to frequency, is the resonnt slot in the cross-polariad branch
of the plane resolver. Once again, the band width is ample from the point of
view of this particular equipment, as the match has to be no better than 0.8
($ pomr reflection). This figure, in conjunction with a straight through
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match (during transmission) of 0.8 is sufficient to keep the twice reflected
power to a value of 1% x l = .01%. This cannot produce an ellipticity
worse than 0.98. Similarly, the figure of 0.8 in the receiver implies a loss
of received power of 0.1 db which is of trivial importance for our purpose.
As mentioned in the previous section, some vork on the broad banding of this
type of component would be profitable.

The other waveguide components wiere in general synmetrical and presented
little problem. The orifice sections vere something of a compromise, as a
small orifice is needed to produce a broad primary pattern, and a large
orifice presents a better match. Once it was found that the matched arm of
the plane resolver was working satisfactorily, the V.S.U.R. of the system was
not critical and a small orifice was chosen.

A photograph of some assorted waveguide components is shown in Fig. 21.

5.7 Degree of Cancellation obtainable on Plane Polarised Test Signal
using Phase Bridge

This vas measured directly by noting the differential gain necessary to
equaliso the parallel and perpendicular components picked up from the test
slot. By very careful setting up, a figure of 40 db was obtained, the limits
being set by the spectrum of the test pulse and the fact that the I.F.
responses of the head amplifiers and bridge circuits vere not identical at a
level of less than 1% voltage. Vhen the plane of polarisatin of the test
signal vms rotated, the balance n the other polarisaticn was rather better
than 30 db. This figure is taken therefore as the minimum cancellation
obtained. It is worth noting that the best protection from circularly
polarised =nivinted signals is better than this figures, by an amount
depending on the waveguide system, which itself affords considerable
protection. This improvement is of the order of 20 db if we assume a
circularity of 0.9, so wo may conservatively assume that cancellation measure-
ments on symmetrical targets are valid up to a value of 30 + 20 = 50 db
provided that the target is small compared with the ben width. This is not
so in the case of rain, and the effect is discussed in Section 6.1

6. M1iCTICIAL IRSULTS

A useful amount of information is available from a device of this sort
by simple inspection and adjustment. With some soxts of target there is
little need to go further, but wtith others the useful information only appears
as a result of mathematical analysis. This information will no doubt be the
subject of a further ccmnunication if results warrant it. In the meantime
certain results are sufficiently interesting and unambiguous to be recordod
bore.

6.1 Rain Echoes

As mentioned in the previous section, the following figures vere obtained
Mn the performance of the equipment.

Outgoing circularity 0.99
Receiving circularity 0.95

6.1.1 The latter is likely to be the liniting factor, and produces a
theoretical cancellation on perfectly spherical rain of about 32 db. In fact
the rain cloud is a diffuse target, often larger than the beam diameter and
the ellipticity of the radiated wave vrill vary over the beam. This
ellipticity amounts to the addition of an orthogonal circular component, of
amplitude zero in the centre of the beam and increasing towards the skirts.
The phase is such that the axes of the ellipse are symmetrical with respect
to the centre of the beam. This component, superimposed on an already
elliptically polarised wave will improve the circularity in one direction
moving from the centre and cause it to degenorato in the other direction. As
the effect on the echo will be reduced by the lowered response cn the beam
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skirts, it will have only a second order effect on the cancellation obtainable,
which can still be of the order of 30 db.

6.1.2 This varying ellipticity Trill also reduce the degree of
cancellation obtainable in Channel C, even if the cancellation of a point
target in the centre of the beam is 50 db or more. Rain in the outlying
parts of the beam will return relatively more power into Channel A than will

-rain in the oentre, to an extent shevrn in Fig. 19. At the -10 db point,
for example, the V.E.R. averages 0.96, corresponding to a cancellation of
28 db. The actual signal return Trill, of course, be down by 20 db, so the
spurious signal from a unit volume of rain in the skirt Till make a relatively
small contribution tc tha totc. 'ri'.c .

Integrating the wanted and unmnted power over the solid angle involved
reduces the cancellation obtainable, but still leaves a possibility of the
order of 40 db. The position would probably be somewhat worse with an aerial
producing an asymmtrical beam.

6.1.3 The extent of the cancellation achioved in Channel A alone is
measured by setting up the system to display A, A - B, and B, with gain
equality shevmn by the test signal. A variable R.F. attenuator in the
Channel B arm is then adjusted to make the vestigial rain signal in the A - B
display symmetrical about the bare line (i.e., A = B). The attenuator
reading is then directly equivalent to the degree of cancellation. Setting
accuracy is estimated at + 1 db, and, with small errors in gain adjustment etc.
producing a further + 1 db, the total MS error is thought to lie within + 1.5
db. The very rapid beat rate of the rain echoes assists this type of
measurement.

6.1.4 The improvement which Channel C provides over Channel A can be
achieved similarly by displaying A - C, and adjusting the Channel 1 receiver
gain to make the rain signals symmetrical with respect to the zero line.

This measurement is not as accurate as that of the first order cancellation as
the receiver noise is attenuated together with the "wanted" signal, but, if
care is taken, the errors are not serious. The principal difficulty is to
find any rain giving a sufficiently intense echo to be 40 db or more above the
level of the receiver noise and sufficiently spherical to -permit cancellation
of this order. A higher transmitter power and increased aerial gain wiould
help in this respect.

6.1.5 Rain measurements

It is difficult to generalise on te results because they vary
considerably from time to time and Lvn for different rain clouds seen at the
same time. The following results re considered sufficiently reliable to be
worth quoting.

Bright band: The briot bt.nd io tle nmco given to the enhanced echo from
that part of the cloud rhore x anow ic Just starting to melt and has the high
dielectric constant of wrator cctbi~cewith the large dimensions and non-
spherical shape of the srnr- 'lakce i is charactorised by the fact that it
appears on the Channel A display, o,,herwisc free or nearly free of rain and by
the fact that adjustnent of the gain and phaso controls in Channel C effect no
further improvement. The lia'itttion lies entirely in the shape of the
precipitation particles. The degree of cancellation obtainable usually lies
within + 1 db of 17 db but occasionally dopar+s from it in either direction.
There has been observed a correlation between this figure and the type of
wmather; the cancellation improves to about 20 db under conditions of fine
steady drizzle with little wind, but deteriorates ruder thunderstorm conditions
when the precipitation is local and turbulent and consists of very large
particles. On 15th June 1953 it fel1 as lo0w as 13 db for one particular
shover. There is just a chance that this last figure was connected with sme
speoular reflection from wot roofs in Cront of the radar site. Possibility of
further trouble has now been removed but it it not worth while to delay
publication till after further thundcrstorms.

-14-
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The degree of cancellation obtainable using crossed plane polarisatiW-
has not been measurqd very often but is consistently somewhat better than that
obtainable using circular polarisation. The difference is of the order of

_2 db and is consistent with the following reasoning.

The rain cloud may be regarded as composed of drops of varying
ellipticity and of random orientation. Suppose we consider, at first, just
those drops of a certain ellipticity. The echo from each of these will be
elliptioally polarised to the same extent but with an axis in an aribtary
direction, being a function of the orientation of the major axis of the drop
Itself. The echo from each drop can therefore be resolved into a circularly
polarised component and a plane polarised component of arbitrary orientation
and constant amplitude. The circularly polarised component can be oompletely
eliminated by the radar, leaving only the residuum which clearly behaves like
a number of arbitrarily orientated dipoles, each of the same length.

The behaviour of such a cloud of dipoles is also of interest in
estimating the behaviour of a Window cloud (provided that due allowance is
made for the fact that the orientation is not random) and can be ascertained
by considering and integrating the echo from one dipole as it rotates.

Let us assume that the power returned from such a dipole when parallel to
the incident polarisation is P. Now if the dipole lies at an angle Q with the
incident polarisation it will extract the component of its own polarisation
from the incident radiation, and this in turn must be resolved parallel to the
incident polarisation. The voltage of the returned signal is therefore
reduced by a factor of cos2Q.

The returned Power PQ P . cos 4 9 ... Eq.9

The total pover returned as 9 varies between 0 and vr is given by

l8 0

Similarly the returned power, perpendicular to the incident plane of
polarisation from a dipole at angle 9, may be found by resolving the dipole
voltage perpendicular to the incident plane. The voltage reduction is
therefore cos 0. sin 9 and the resultant power return is

P = P cos 2 9 .sin ... 1.ll

The integrated poper perpendicular to the incident polarisatin is similarly

= P cos2esi00 sn -Xsin 4) .. q.12

In both those expressions the sin2Q and sin48 terms become zero and we have
the simple result

Pl - i... Eq.13
P 8

.Zq14
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If we radiate circularly polarised waves to a dipole target, the power
returned is independent of the orientation of the dipole, and the extent to

--_ which it is energised may be found by resolving the C.P.W. into two equal
plane components, one perpendicular to the dipole and which is completely
decoupled from it and one component para.llel to it. The power reduction is
clearly 3 db. The plane polarised component, re-radiated by the dipole, is
split equally between Channel A and Channel B and vi therefore may somiurise
the results in the following table.

Radiated Parallel Perpendicular Channel Channel

Polarisation Tar Component Com ent A B

Vertical Vertical Dipoles 0 db - 00 db - -

Vertical Horizontal Dipoles - 00 db - CO db

Vertical Random Dipoles -4.2 db - 9 db - -

Circular Vertical Dipoles - - -6 db -6 db

Circular Random Dipoles - - -6 db -6 db

450 Vertical Dipoles - 6 db - 6 db - -

The validity of this argument is not affected by the ellipticity of the
drops chosen, and the same ratios obtain when wve integrate the powier from all
drops, no matter what their ellipticity may be.

It is vorth noting that the total pcwer returned to the radar from the
random dipoles is half that which would be returned by dipoles parallel to the
incident polarisation (Z + R) and that the same total power is returned when

8 8
circular polarisation is used (L + ). The residual signal in the rain

4 4
cancelled channel is, however, 3 db less when using crossed plane polarisation
than Tohen using circular polarisation (.'9 db compared with -6 db), which agrees
reasonably with our observations. More than this amount is -lost, howaver, on
wanted targets. (Ref. 3).

Normal rain in Channel A: On nearly all occasions when measuremnts have
been made, other than in the bright band, the rain has been made to disappear
completely into the receiver noize. The' mcav-cments of the order of
29-30 db have been made during light rain but during thunder shovmers the ratio
has been less, falling (on 15th June 1953) to 23 db.

Normal rain in Channel C: As mentioned earlier, it has not been easy to
find rain which produces a sufficientl:, intense echo to make an accurate
measurement of the cancellation rat.o in Channel C, but there has been one
measurement better than 35 r'. Tha liaitation, as usual, was the reduction
of the rin signal to a level comparable to that of the receiver noise.
Further measurements are required Lefor confirmation is obtained of the
theoretical figure of 40 db qiotod in 6.1.4, and the practical results will, in
any case, depend on the sphericity of t -e raindrops. This does not seem to be
maintained during heavy thundor shovxr,

6.1.6 Comparison with other rcsult,

The most recent figures are those of I.C. Brcwle 9 at Cambridge working
on 3.2 cm. and N.P. Robinson 9 ,lO at 11alvern, working on 8 ms. For measurement
in the bright band, our fairly consistent figure of 17 db, using circular
polarisation, presumably corresponds to 19 or 20 db using crossed plane
polarisation. Brovino's figure of ',,.9 ± 0.3 db using crossed plane
polarisation is lower than our figure, though not inconsistent with some of our
extreme readings. The other discrepancy is the large spread of our readings
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cmipared with the small spread of Browne' s, and we are unwilling to attribute
this to variations in the equipment in view of its measured parameters, its

___performance on other targets and the fact that different olouds seen at the
samo time, gave dLfferent results. It is however possible that the "bright
band", which is not v ill defined during thunderstorm conditions, is not
striotly comparable to the violl defined band at uniform height normally
implied by the use of this term. Before any close oomparison can be made,
it is desirable to know more about the types of rain storm being compared,
and the relative performance of the two radars.

The improved cancellation on rain of 30 db in Channel A and up to 35 db
in Channel 0 lends support to the suggcstion that Brorvc' a limitation of
22 db + 0.4 db on rain was set by the aerial of the radar rather than the
nature of the droplets. Here again vio have been unable to repeat the
consistency of results of either Browne or Robinson.

Only one rough measurement has been made on snc"w, so it is unwise to
make any serious comparison with Browne' s figures. The snow took the form
of fine wet sleet at ground level, settling as swne at about 700 feet. For
what it is worth, a neasuremnt made at 3000 fact gave a cancellation of not
less than 26 db. Measurements in the melting band, presumably near ground
level, woere not possible owing to interference from permanent ground echoes.

Robinson's results on 8 mm, using cross polarised plane waves4'9 and
circular polarisatianI0 agree Till vrith each other but are clearly of a
different order to those on X band. The substantially lTer cancellation
(5-11 db for the melting band and 17 db for rain) are possibly due (as
suggested by Robinson) to the approaching resonance of the rain and snow
particles. This seems more likely in the case of the melting band where
there is a large statistical fluctuation, than in the case of normal rain
where a large number of Robinson's results agreed very closely. More
readings are undoubtedly needed on X band so -hat the consistency of
cancellation ratio can be measured.

The results on S band should be at least as good as bn X band and may
be somewhat improved as the frequency is farther from resonance.

6.1.7 Photographs of rain display

Fig. 22a and 22b are photographs of the normal display shewing Channel A
rain free, except for vestigial bright band signals and Channel B with rain.
The A + B display is of sane interest aa the test pulse can be seen, super-
imposed on the rain signals. This is an improvement over the conventional
plane polarised radar, which has a similar maximum range (see Section 4.11)
but in which saturation by rain signals cntirly prevents detection of the
wanted signal.

Fig. 22c shows a comparable display .th a plane polarised transmitter.
Channel A represents the parallel component of the echo mid Channel B, now
rain free, represents the perpendicular component.

Fig. 22d shows the case vhcre the vertical and horizontal components of
the echo are displayed and vhere the rain is illuminated Yrith circular
polarisation. The echo fluctuations effect primarily aplitude and not
circularity, so that the V and H ompanents fluctuate simultaneously. The
V-H display is therefore rain free. In passing, it might be noted that if
the Channel C phase shifter is now adjusted to replace V and H by 450 right
and 450 left respectively, wo have a display free simultaneously from
circularly polarisod, vertically polarisod and horizontally polarisod signals.
This is probably only of academic interest, as it represents a rural landscape
fran which most man-made targets have boon removed. The reverse process, is
unfortunately, not so easy.

-17-

SECRET



SECRET

6.2 Echoes from Window Jamming

_____ Vlhoreas rain echoes provide one sort of elementary target, namely a -
collection of dielectric spheres, the echo from the ideal -indow ju -er
provides another sort of elementary target, namely a collectIon of randomly
oriontated dipoles (see also 6.1.5). Ono would expect a target of this sort
to produce echoes composed of equal moan signals in Channels 1. and B, and with
all types of WTindow so far measured this is found to be so. More than 20
drops have taken place in a variety of vind conditions between 6 and 20 knots
on the ground and no difference has so far been detected bctieon the mean va3.iw
of Channel A and Channel B signals. About one minute after drop, the Window
cloud occupies more of the radar beam, so that the boat rate becomes very rapid
and the A - B display showrs a signal fluctuating symmetrically about the zero
line. The rate of beat becomes much faster than that of aircraft echoes (see
Section 6.4) vhich may also show an anti-s.ymmotrical or symmotrical tendency
for period of several seconds; and given time for integration, as with a
trackIcng radar for example, there seems little reason T/hy echoes from Window
Jamming should not be very greatly reduced in intensity compared with the
Twnted echoes. The value of this facility may be somewhat reduced by the
increase in fluctuation rate of aircraft echoes v/hon the aircraft is changing
its aspect rapidly. More detailed analysis will be required to settle this
point.

Of more immediate interest -.ere measurements made of relative horizontal
to vertical echoing area of the different types of Window. The fact that
tiero ims a preponderance of horizontal over vertical echoing area on all
oecasioms in no way invalidates the theoretical basis underlying t1e last
paragraph, as the excess horizontal dipoles can be regarded as producing a
horizantally polarisod signal which is balanced out on the L - B display,
leaving a collection of randomly orientated dipoles giving a smaller residual
signal symetrical about the zero line.

The Windo= signals, as they appear in the V - H type of display, are
shen in Fig. 23a-c. The unbalance is clearly due to the increased horizonta.
echoing area and can be removed by inserting a knowm attenuation in the
hcrizcntal receiver channel. This gives a measurement which is repeatable to
vithin 1.5 db at any one time, provided that 15 seconds has elapsed since the
drop. Before this tim, the fluctuation rate is slower and the V-li ratio is
changing from (presumably) 0 db, corresponding to the turbulent conditions in
+.hg slipstream, towards that value mbich is a function of the type of Window
ttself. The repeatability of this type of measurement can be estimated from
Fig. 30, vihich shows the H/V ratio for two types of Window, plotted as a functon
of time after drop.

Terminal values in the case of two different types of Window have been
found to be 8-9 db for RR.laVU and 13-15 db for WB/X/I. The former is
vmighted to make polarisation more random, but there is still clearly room for
improvement in this respect.

More recently, some drops have taken place of Window of different lengths
but otherwise idenvioal. Closo repetitive agreement has been found in the
Swults uhich arc as follcws:-

Length H : V Ratio

7 db
2

X 10 db

X/2 15b

In this measurement, no attempt was made to weight the material.
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Superficial exanination has been made also of the distribution of
material in Aiindovi clouds. Same minutes after dropping there has boon
recorded a difference of 3 db in the H/V ratio between the top and the
bottom of the cloud, the ratio being larger at the top. This differenoce
is more noticeable whon the wind gradient with height is stoop and the
'indow cloud needs different attenuator settings to balanoo it throvhout
its extension in range.

6.3 Ground Echoes

The radar was situated at a height of approximately 230 feet and was
used to' survey the terrain which sloped gently away from it. The ground
was fairly woll wooded but contained no appreciable built up areas. There
wore a number of isolated houses and farms.

Transmission Circular. Comparison of A and B: As with the rain, three
typos of measurement viorc made in order to investigate the nature of the
various echoes. The most important was the radiation of cirularly polarised
radiation and the comparison of the signal levels in Channela A, B and A-B.
It was found that echoes could be divided into three different types. The
overwhelming majority of the targets produced echoes of nearly equal moan
power, although the instantaneous power was fluctuating rapidly. The A-B
display therefore presents a confused mass of echoes beating on both sides of
the zero line. There appeared to be a slight general bias in favour of
symnotry, amounting to about i4 db, though of course the amount varied from
target to target. As the ground wind speed is reduced the beat rate falls
util dead calm is reached. Under these conditions the trace is almost
stationary, with each echo being polarised to an arbitrary ellipticity r.
dependent upon the fortuitous addition and cancellation of the constituent
components.

There appears to be a difference between wintor and suximcr behaviour,
in that in winter a wind velocity less than 8 knots or thereabouts permits
the beat rote to slow dovn and the individual echoes to develop a positive or
negative tendency. The corresponding wrind velocity in the summer is of the
order of 2 to 3 knots, presumably because the branches of the trees are then
in full leaf.

Among these randomly polarised echoes, certain others immediately stand
out on the A-B display. They are either symmetrical echoes or anti-
symmetrical echoes and are usually very steady in amplitude and independent
of wind velocity. It is reasonable to expect them to come from man-made
structures and those which have been physically investigated have, in fact,
done so. Owing to the limitations of the site, there have not been a large
number but it is of interest that all the symmetrical echoes located have
presented curved surfaces to the radar. Typical examples, a house with a
large bow front, and a corrugated iron barn-Viall are sheAn in Figs. 24a-24b.
It may be that a real plane sheet requires very close tolerances on viewing
angle, to be seen, so that the curved surfaces, though of snaller echoing area,
form a larger proportion of symmetrical targets seen. Change of radar site
will settle this point. One anti-symmetrical target was soon and located.
One associates this type of echo with a diplane and in fact the building had
several.

Transmission Plane. CTnIrison of Parallel and Perpendicular: This
last target was olso illtnintod with plane polarisation and behaved in an
exemplary manner. When the polarisaticn was vertical or horizcntal the echo
was predominantly parallel to the radiated polarisation. When, however, the
radiated polarisatian was 450 left or right, the echo was polarisod
predominantly perpendicular to the radiated polarisation. This is according
to theory, and it is interesting to note that a vertical or horizontal diplane
both behave identically in this respect and cannot be distinguished by any
radar mnleas the total path length is knoi to a fractin of a wavclength.
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Transmission Circular. Comparison of V and H: A V-H display of
permanent echoes also gave interesting results. The overwhelming proportion . r
of the echoes had no bias towards horizontal or vertical so that so far as
rural terrain is cncerned, there is no preferred polarisation on X band to
mirnsise permanent echoes. A small number of echoes stood out as
predominently vertical and are shem in Figs. 25 and 2. In the first case
the V/i ratio was no less than 26 db, and the reasons are quite clear from
inspection. Electricity pylons and church spires also produced echoes which
were steadi y polarisod writh a tendency to one particular plane, though usually
not more than several decibels. It is interesting to note that the lightning
conductor, which is presumably the chief source of echo in Fig. 25a, entirely.
masks any diplane tendency there may be.

Target discrimination

The comparative stability of the polarisation properties of echoes from
mancade targets offers a prospect of separating these from rural echoes under
the right conditions. Those conditions are threefold, and the first is that
the ground wind must have a force greater than a certain minima if the unwaiited
echoes are to be properly integrated and tend to zero. For X band the minimum-
is of the order of 3 knots in summer and 8 knots in winter. For higher
frequencies it is reasonable to expect the minimum usable wind speed to be
decreased and vice versa.

The second condition is that there must be time enough to integrate the
unwanted echo, and here again conditions favour the use of a high frequency.
In general, difficulty vrill be experienced with a scanning radar on this
account, unless the scanning rate is kept low. The fluctuation time will, of
course, vary vith Nind speed and appears to be of the order of 0.1 - 0.2
Scoends for this minimum usable speed.

The third condition is that inposed by the use of the radar in a moving
vahicle or aircraft. The reflection lobes of any complex target will
undoubtedly vary with polarisation, so that echoes -ill fluctuate as the
searching radar moves, even if the constituent components of the target ar
stationary. The rate at which the radar flies through the lobes is likely to
be considerably slower than the movement of the lobes from rural areas,
particularly if there is a large component of the aircraft velocity in the
direction of the target; and, except when the searching radar is close to the
target, it should be possible to choose a time constant which enhances echoes
from built-up areas compared with those from rural echoes. The position is
analogous to the case where an aircraft is seen from a ground radar. The
rate of echo fluctuation increases by an order or more vhen the aspect is
changing, compared with the rate when the aircraft is presenting a nominally
constant nose or tail aspect.

One might expect that the echo from a town might come primarily from
3aface coner reflector (two walls at right angles and the ground) and froi
diplanes (one wall and the ground). If this is so, there might be some
advantage to an H2S type of radar to transmit 450 right hand plane polarisation
and to receive 450 left hand plane. Such a system will reduce rural echoes by
about 10 db, a figure supported by practical measurement (Fig. 26) but echoes
from vertical or horizontal diplanos will be unaffected. The extent to which
these contribute to the echoing area of a tomn can only be towd by measurements
from a suitable raised site.

6.4 Aircraft Echoes

Those are the most difficult targets not only from which to produce
repeatable results but to produce figures at all, because the echoing properties
are a very critical function of the aspect which is constantly changing. We
have confined ourselves to measurements of a nominal nose and tail aspect but,
even under these conditions, the results may vary considerably from second to
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second. It would, of course, be possible to photograph the various
ocmpcnents of the echo which Ym wish to compare and then plot out pulse by
pulse the pover level in each channel. Integration gives the mean power in
the echo. Such a process would be extraordinarily tedious so a aborter
method was attempted. The echo was photographed for periods of the order
of seven seconds spaced arbitrarily during its run. For each frame (about
30 pulses) a note vas taken of whethcr A ras greater than, equal to or less
than B. It was then intended to repeat the runs with differential gain
settings until approximate equality between A and B vs achieved.

In practice this was not very satisfactory owing to the large
variations in results not only betv,ven runs, but at different times during
the run. Therefore a slightly different approach was adopted. A number of
permanent echoes wore photographed vith a succession of different differential
gain settings. The relative number of A > B, A = B and B > A frames was
noted and plotted as a function of the gain difference. All the curves were
of the same general shape, differing only in the position of the crossover
point, A sample curve is plotted in Fig. 27a, and this was used to give an
estimate of the relationship between differential signal power and the
proportion of excess or deficit A to B signals. The curve does not agree
with the theoretical curve (Fig. 27b) derived from the scalar difference
between two signals of varying differential power, each having a Rayleigh
distribution of amplitues; but departs from it by a factor of about two in
the decibel scale.

I nlysis does not reveal any obvious reason for this factor of two but
a possible explanation lies in the stability of the signals being compared.
If the two signals wore constant in amplitude, the curve produced would be .a
step function (Fig. 27c). Actual targets arc likely to lie somewhere between
the limits of Fig. 27b and 27o, and aircraft, which presumably have a mller
number of echoing points, might on this reasoning lie betieen 27a and 27b,
i.e., the curve 27a gives a pessimistic impression of the amplitude
fluctuations in relation to the actual observations recorded. Such errors as
there are will be greater for large power differences and will tend to zero
when the powers in the two signals tend to equality.

With this tentative hy-pothesis in mind, it is possible to draw acm
conclusions from the preliminary results shown in Figs. 28 (a-d). An.
aircraft runs were nominally for nose or tail aspect, but the tolerance an
bearing at any one time was probably not closer than + 5c and may have been
rather more during some of the nose runs during conditions of bad visibility.
When the results have been integrated they are found to be clustered closely
about the 0 db mark (Fig. 29) with no very great difference between the mean
level of the A and B signals. The total spread is of the order of + 2 db,
whichocorresponds to a rain-free signal level between 1 - and 3'f db below that
obtained from a practical plane polarised radar of similar design parameters.

The shorter torm fluctiatas are, of course, more extensive, and our
figures show the result of integration over periods of the order of seven
seconds. The extreme ratios of A to B obtained 'were -7 db and +10 db, which
correspond to a rain free signal of -7T db and - db respectively ocmpred
with a plane polarised radar. The likely extremes are probably well within
those limits because the method of assessment gives undue proninonoe to steady
and extreme values.

Still shorter term fluctuations (e.g., pulse to pulse) have not yet been
studied with this equipment. Exposure at 64 frames per second, and reduction
of repetition rate, yields frames each the integral of five pulses. With
small Jet aircraft, which have an amplitude fluctuation rate slower than that
of piston ongined aircraft, there is little evidence of rapid pulse to pulae
fluctuations in the A to B ratio, unless the aircraft aspect is ohanizg
rapidly.
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In the measurements so far made of the ratio of vertical to horizontal
echoing area ('when illuminated rith a C.P.TI. ), again integrated over periods
of seven seconds, the fluctuation amplitude is appreciably lens than that of
the A to B ratio. For such periods, the V to H ratio seldom exceeds the
limits of + 2 db and for the integrated run, the difference betwn V and H

emholng area does not exceed 1 db for the aircraft so far measured,

This information gives some food for thought on the mechanism of

aircraft reflections and it is clear that our original gonoeption of an

airoraft as a randomly orientated collection of dipolesO must be abandoned.

While it is true that such a target could momentarily produoo signals uhich

are prodo inently anti-symmotrical, it is scarcely conceivable that the

aircraft could maintain its orientation for fifteen neoendor so, to such an

extent that the vertical-horizontal phase displacament in the complex echo

does not shift by more than + 900 (1.5 ca).

We must also regard with suspooion the theory that the aircraft may be

regarded as a number of discrete bounce points normal to the incident

radiation. The nature of any such point must be essentially symetrioal and

the addition of any number of similar points, though produoing fluctuations of

amplitudo, cannot alter the general nature of the polarisatin. The doiinance

of Channel B, which one -muld expect from this theory, is in no way supported

by the facts.

The substitution of a theory 'which fits in with the observations is, of

oggrao, more diffioult and at this stage suggestions must be regarded as

tentativo. One possibility is that diplanes do, in fact, make a significant

ocntribution to the echoing area of the aircraft. They would be broadly

directional and from certain aspects they might well produce largor signals

than those coming from the "symmetrical" parts of the aircraft, though

producing an amplitude interference pattern among themselves. Such diplms

might exist between the wings and the fuselage, the wings and the engine

naoo].las, land among the various protuberances around some older aircraft

ongines, It is not so clear whore they could occur when viewing from the

tail aspect, since the trailing edges of the wings, tailplane and rudder
usually have sharp edges. There is not yet enough statiatical baoking to
say that the slightly reduced tendency to anti-symnaetry in the tail aspect
supports this suggestion.

It is interesting to note that the apparently coarser scattering diagram

for the sysmtrical and anti-synmetrical components of the echo compared with

the vortial and horizontal components is consistent with the above hypothesis.

With the type of radar described, the A and B signals are separate and cannot
interfere with each other, v/ncrcas the vertical (say) components of both
symmetrtoal and anti-syninotrical parts of the target can so interfere.

A different treatent is to regard parts of the target such as the wings

as oohoznt electrical structures 'which have a scattering diagram consistent
with a particular induced voltage and phase distribution. It has been
suggested by J.D. Clar m , that if the radii of curvature over the surfaces arc

jrger omparod with the a-mvelongth, the scattering diagrams for vertical and
horizontal polarisation 'will not be very different, and the lobe width will be
slightly different for the tio polarisations. If there is a range of aspect

angles over which the 'width of the reflection lobes is constant for each
polarisation, there will bc angles covering several lobes where the V and H
lobes are in phase, and than after a gradual creep in phase, angles oovering

several lobes where the V and H lobes are out of phase. When using circular
polartsation, this corresponds to aspect angles of symmetry and anti- syneMotry
roueot~,vcl.

Radar Rosomroh and Developmoent Establishment.
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The oxperimnntal evidence so far obtained in inadequate to differentiate
bet7cen these two theories, and further work Trill have to be done. One
possibility is to add to the effective diplane content of an aircraft, by,
for example, putting dovsm air brakes, whorc those are of suitable shape.
Another possibility is to use polarisod light to examine the nature of
reflections from various aircraft surfaces, and a laboratory oxamination of
a painted diplano illuminated by 450 polarised light has oonfimed the
possibility of this method. It is hoped that both typos of investigation
Trill be carried out in the near future.

7. CONCLUSIONS LD RE]OMENDLTIOS

7.1 A radar of this sort is a useful tool in the analysis of the
polarisaticm properties of radar echoes of all sorts. Where there is reason
to suppose that the polarisation properties of the targets differs markedly
with frequency, there seems justification for building a similar equipimnt to
work at other frequencies.

7.2 The potential cancellation of precipitation echoes is considerably
in excess of the limits imposed by the precipitation itself. This is
achieved without necessitating close design tolerances or a high degree of
circularity in the transmitted wave. The usual limits are 17 db in the
"Bright Band" and 25 to 30 db with rain drops. The maximum range of the
radar is unimpaired rhen there is no rain. Extrapolating to S band, there
maybe some slight improvement in these figures.

7.3 When it is essential to use a plane polarised radar and when
interference from Window jamming is a dominant factor in choosing the
polarisation, vertical polarisation should be used. Vhere there is time to
integrate the signals received, there is the possibility that echoes frc
Window jamming can be reduce:] relative to aircraft echoes. Intensity
modulation of the display tube Trith V-H signals, will reduce window echoes
relative to aircraft echoes.

7.4 Wthen used on the ground, a radar of this sort offers hopes of
emphasizing echoes from man-made stationary structures relative to echoes
from rural terrain (e.g., trees, shrubs, etc.). The possibility of doing
this from the air is not ruled out.

7.5 Over a sufficiently large number of runs, there is little difference
between the symetrical and anti-syraetrical components of the echoes from a
number of aircraft, when viewed from near-nose or near-tail aspect. This
implies a "rain free" signal of level about 21 cb below that of a plane
polarised radar. Over periods up to seven seconds the difference has been
found to vary between -7 and +10 db. This implies a rain-free signal level
varying vetween 712 and 2 db respectively below that of a plane polarised radar.
These are extrai.e figures and it is possible that they exaggerate the
discrepancy. Both the short term and long term difference between the vertical
and horizontal echoing area of aircraft so far tested are less than the
corresponding difference betwmen symmetrical and anti-sayiotrical components.

7.6 The treatment of an aircraft either as a randomly orientated
collection of dipoles, or as a series of bounce points normal to the incident
radiation, is unsound. There is not yet sufficient evidence to substitute
another theory.

7.7 The equipmient should be made transportable so that an analysis can
be made of echoes from built up areas as seen frcm high ground, and also of
sea and marine echoes.

7.8 Consideration should be given to the possible identification of
aircraft from their polarisation characteristics. This would probably have
to be done at a lower frequency than X band and might take the form of the
rotation of the plane of polarisation of the transmitted wave in aynohronism
with a suitable cathode ray tube display.
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7.9 Measurements should be made no soon as possible an the newst
types of aircraft. Their echoing properties, including area, may well be

-- wol difterent from those aircraft in current service.
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