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U.D,C. NO. 621.396.11 : 538.566 T.R.E. TECHNICAL NOTE NO. 196 s |
THE FOLARISATION CHARACTERISTICS OF CERTAIN RADAR ECHOES ON X-BAND R )
%
! SR
This note covers the design parameters and performance of a novel type
of ciroularly polarised redar. Any camplex echo cen be resolved into two
» clrcular and two arthogonal plane components, all components being avallable
simultaneously. By manipulation of those compononts, using a bridge tochnique,
it is possible to differentiate betwoen differont types of target and obtain
protection from somo types of interferonoe. It is cancluded that the radar
forms a useful tool for the analysis of tho polarisation proporties of radar
echoes, including those from aircraft. ‘
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1. INTROIWCTION -
Much useful work has been donc upon the echoing propertica of aireraft and N

other targets, chiefly directed towards measurcment of their ccholng aroas;
.- but the effect of polarisation upon the ccho has perhaps not roceived all the
- attention which it deserves. i usclul report by Goldstoint surveys the —
problem in so far as it affects sea cchoes and one by Clegg® shows clearly the
effcct of two different polarisations under certain conditions an X bana.
With more oomplex targets such as aircraft and ground cchoes, the information
is confusing and often conflicting. In the spring_of 1951 some qualitative
measurements were made of aircraft cchocs on X band> which indicated that the
oross polarised campanent of the echo was substantially less than the camponent
sazlel to the tranamitter polarisation which was either vertical or horizontal.
Juvither quantitative work by Robinson™® on @ band showed similar results and he
~also observed that the differcncc between tho cross-polarised and parallel ,
sponents was reduced if 45° polarisation was wsed. Those latter measurements ;
" heve reen extended to X band gnd appear to give rcsults of the same order of
+opnitude.  Previously White?, working on L band, ond using an equipment in
wioh the polarisation could be rapidly switched from verticol through circulor
to horizontal, hod estimated a loss of the order of 6 dB when using circular
canparcd with the two plane polarisations, and suppression of rain echoes uaing
. ciroular polarisation of the order of 30 dB and sametimes more.

In the sumer of 1951 a schamo vms suggos‘ccd6 cxtending the well<mown
properties of circular polarisation as uscd. to rcduoe cchoos from symmetrical
targets such as rain, to make an annlysis of tho polarisation of any desired
| incoming signol, and in certain coscs to disoriminate batwoon wonted and unwanted
targots.
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A radar set, built in the winter 1951-52 gave gualitative confirmation to
these predictions and it was therefore decided to build a radar capable of
making quantitative and repsatable measuremonts. It is the purpose of this
Technical Note to dlsouss the dosign of this radar and the results obtained
with it.'

2. FRINCIFIES OF OPERATION OF THE RADAR

The design principles have already been descx‘ﬂ.bed6 so that they will only
be outlined here. :

Suppose that any conventional tranamitter-receiver, gencrating plene
polarised waves, be cannooted to a wovoguide system containing a circularising

- section, and that it emits a right hand ciroularly polarised wave (C.P.W.).

Any incaming right hand C.P.V. will emcrge from the circularising section
polarised parallel to the transmitter-receiver (which we will call Channel A)
and can be displayed.

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

Fran a study of certain eclementary targets, it is clear that the two
channels may be expected to behave very diffecrently. For instance, symmetrical
targets, including metal or dielectric spheres (e.g. rain), planc shects or
threeface comer rcflectors, will return signals orthogonally polarised to the
incident radiation, and so will give a signal in Channel B and no signal in
Channel 4., Twoface corners, knowm in the U,S.A. as di-plancs, will return a 4
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.

Flane polarised targets or planc polarised active Jammers will produce
equal signals in both channels, since any planc polariscd-signal may be
resolved into two equal circular componcnts rotating in opposite directions.

Signals from any complex target, lerge comparcd with the wavelength, will
in general be elliptically polarised, and if the constituent parta of the
targets, which contribute to the echo, are moving rclatively to each other,
the voltage cllipticity ratio, which corrcsponds to the relative magnitudes of
the A and B signals (see Eq. 1), and the oricntation of the major axis of the
ollipse, which corresponds to the phase separation of tho A and B signals, will
be emnstantly varying. Such targets may be cxpected to produce signals in the
two channels of equal mean magnitude but which vary rapidly and independently.

Full information on the echo is not available unless wo take note of the
phase seporation of the two signals. If the signals are cambined before
demodulation, there is one particular incoming polarisation which will bring
the two ohannels into phase and analysis shows that the orthogonal polarisation
will ceuse the two signals to cancel., A phasc bridge has beon produced which *
acoepts signals A and B at intermediate frequency and produces two output {
lﬁl corresponding to thc vertical and horizontal components of any incoming
. .

By making differont the gain in the two ams of the bridge, it is possible
to select an ocutput corresponding to any desired ollipticity, and so to
oampensate for non-circularity introduccd by slight defcots in the wavogulde
system. This phase bridge, roferrcd to horeinafter as Chamol C, would, it
was hoped, meke the radar virtually indepcndant of frequenoy change and of
manufaoturing tolerances so far as Voltage Ellipticity Ratio was conoemed.
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It is worth emphasizing thal 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 are, of courso, fundamentally easier
than a number of successive absolutc measurements which rely upon the stability
of the radar sct and the repeatability of the target and the propagation
conditions.

A word of warning is also neccessary in saying that the rosults obtaincd
an X band should not rashly be oxtrapolated to other frcquoncies whore the
echoing propertics of targets may be different.

3. THE FEFFECT OF DESIGN PARAMETERS UrOd ERRORS [N IEASUREMENT

3.1 In Sectiom 2 we have assumed that the radar is perfectly designed so
that it radiates a porfect C.P.W., i.0., Voltage Ellipticity Ratio =1. In
practice this will not be so and a measure of cllipticity will be introduced.

This ellipticity, which amounts to the generation of o spurious signal of
the opposite semse of rotation, may upset the ratio of the two camponents which
we are trying to campare, and in particular will render quite worthless any
measurement of the "cancellation! of rain unless the extent of the ellipticity
is known and cantrolled.

It has been shorwn6 that an ellipticelly polarised wave of V,E.R. = k may
be resolved into two orthogonal circular components of amplitudes 4 and B,
governed by the relation:-

A 1+

B . 1-k ..o Bq.1

which is well kmown as the reflected/transmiticd amplitude relationship in a
line of V.S.W.R. = k.

This function is plotted on a decibel scale in Pip, 1, and it should be
noted that in the practical casc the tmve pnsses twice through the system
before reaching the veceivers, The o, urious signal is thus approximately
doubled in voltage (when its magnitude is spoll conaced with the desired
signal). This accounts for the latcral rlswlocement o2 the cancellation
ratio/Voltage Ellipticity curve ty 6 a3, I* will tc secen that a high order
of circularity is needed to obtain good cancellation and in particular a
cancellation of 40 dB, claimed by some -workers culls for a V.E.R. of 0.99.

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

3.2.1 Mismatches at the orifice or eluevherc in bthe aystem.
3.2.2 Inequality in the twn jplane ccmponents of the C.P.W.
3.2,3 Phase separation other than 90°.

3.2.4 Imperfecct separation of plane camponents.

3.2.1 Mismatches

Fig. 2 shows the achematic diagram of a waveguide systam intended to
produce circularly polarised waves. It consista of a transformer section
which converts the guide dimensions to a size large cnough to support
propagation in both planes, a section in which the signal is offcectively split
into two orthogonzl plane polarised components; a circularising section in
which ane of theae components is delayed by 90° with respect to the other, and
an orifioce seotian which couples the wave to frec space. Discontinuitics may
arise in any of these sections, but vhatever their magnitude and phase they can
be resolved into two reflected sraves retburning inte the transformer, one
polarised parallel to the original polarisation, the other one perpondicular to
it.

“3a
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The parallel polarised component will travel slong the waveguide system
and will eventually reach the magnetron, where its effect will be entirely
oconventional. Provided that its magnitude ia kopt dowm sufficiently to
avoid frequency pulling, little hamm will result, and any povor roflocted off
the magnetron will produoce anly circularly polariscd radiation of the original
direction of rotation. This will affect tho mognitude but not the ollipticity
of the radiated signal.

Tho perpendicular camponent oannot be propagated beyond the transformer,
so 1t will be reflected in ontirecty towards the orifice, boing converted by
the circulariser to circular polarisation of the opposite hand. This is
liable to have a seriocus effect on the V.E.R, to on oxtent shown in Fig. 1.
If we make the reasonable assumption that any discontinuities ocourring after
the circulariser are equal and coincident for the two planes, virtually all
the power reflected will return to tho transformer cross polarised and will
emerge for a secand time., Under theso circumstancos, the Voltoge Standing
Wave Ratio at the orifice corresponds exactly to the V.E.R. produced, since

. each corroapond to the same power ratio. To roturn to owr carlier e¢xample,

a suppression of 40 db on symmetrical targets calls for a match at the orifice,
including reflectians from any parsboloid 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 beforc it can do any ham,
Whited and others have used lossy matcrial to linc those walls of the guide
parallel to the initial plane of polarisation, between the transformer ond the
45° trangition. This material will have little or no effect on the outgoing
signal but will effectively abscrb most of the cross polarised component. If
wo 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 1/ " power reflection twice repeated
and the overall V.E.R. is improved to 0.98. It is possible to improve on these
figures, )

This arrangement is not open to us in the radar to be described, but
comparable arrangements have been mede to absorb any cross polarised signal
reflected while the T.R. cclls are striking {scc Para. 4.8).

One further effect of mismatches is worth mentioning, though its effects
are of a second order only; and that is the power lost by reflection. A
V.S.¥.R. of 0.8 corresponds to a power loas of about 157 so that the outgoing
voltage is reduced by 0.5%. This could produce a V.E.R. of 0.995 if the
reflection vas in one plane only, This is trivial enough, but the effect is
still further reduced by the fact that it is customary to make symoetrical
those parts of the wavegulde system after the circularising section.

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

It is customary to start with planc polarisaticn end to resolve it into
two oompments, one 45° to the left and one 45° to the right. Inequality in
these companents can come either from a differential mismatch of the
cdrculariser to these two plane camponents or from a doparture from 45° of this
angle. The first of these crrors is virtually the same as that discussed in
the last paragraph of 3.2,1 above, vherc a difforential mismatch of 0,8 is
shown to produce a minimum V.E.R. of 0.995. Tho effect of an anglc other than
45° can be readily calculated as the V.E.R. follows a sinplo tangent law. The
results, for angles between 4LO0° and 45° are plotted in Fig. 3. To meet our
self-appointed specification of V.E.R. = 0.99 we neod an angular acouracy of
the order of 20 minutes of arc. This is not difficult to achieve and is, of
course, independent of frequency.

3.2.3 Phasc separation other than 90° ’

When a C.P.W. is compounded from two equal orthogonal planc vavoab of
phase seporatian &, the V.E.R. = k is governcd by the relation:-

ton § = X vee Eq.2
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This is plotted 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
90° + 0,60, This seems likely to be the moat oritical of tho parameoters we
have so far dlscussed, because most phase shifting doviocs aro sensitive to
frequency., Fortunately for the purposcs of this invostigation, no very great
band width is nooded and a simple phasc shifter of roctangular guide was
thought to be sufficient. Tho guldo dimonsiong wore chosen to be 0,8" x 0.9%,
as this scomed to be a satisfactory compromisoc botvoon the tolerances required
and a reasonable length. Ignoring mismatchos, and choosing a length to
produce the requisite phase shift at a frogquency of 9375 Mo}s, a caloculation
was mado of differential phasc change as a function of froquency. This is
plotted in Fig. 5, and shows that a band width of npproximatoly 50 Mo/s shouléd
be obtained for a V.E.R. of 0,99, This is adcquato for our purposo.

The phase separation of the two compononts will be affected by tolerances,
not only in the phasc shifter but in any waveguido part in tho system where
both components exist. Toking waveguide 0.9% x 0.9" for example, and studying
the offcot of small variations in the dimcnsions v obtain the rolationship
plotted in Pig. 6. Ve note that with guide of standard tolerances of + 0.001",
there 1s a possibility of our arbitrary tolerance of 0.6° phase being produced
in a length of guide of 13". It is clear that the circularising section and
any camponents subscquent to it will have to be manufactured to very close
tolerancea. If, for any roason; this docs not prove practicable, there is a
cago for a small adjustable phasc shifter covering a range of say + 29, If
the orifice wms made circular, in order to achiceve a symmctrical primary
dingram, this extra phase shiftcr might take the form of a squocze scction
extending over one inch near the mouth. The extent of the squeeze in this
caso would not need to excced + 0.005", and if the orifice was olliptiecal to
this extent, the effect on the redintion pattern would be quite inappreciable.

3.2.4 Ipgperfect separation ¢f planc camponents

When the incoming signals have passed through the circularising section
and exist in square guide as two orthogonal planc polarised components, they
still need to bec separated. The device used is discussed in Scction 4 and
makes use of the propertics of a grating. Thercafter conplete separaticn can
be effected by reverting to standard smveguide which can propagate in mly one
plane. If, however, the grating is capable of producing a cross polarised
companent, this will continue to be treated by the system as would any
authentic signal and cannot thercaficr be removed.

Suppose we imagine one clament o tne grating to be lying at a amall
angle © with the direction of the E vector of the incident polarisation. The
coupling with the B vector will thercfore be a function of cos 6. The
element can now be regarded as radiating in its own planc and will therefore

‘produce a cross polarised caaponent f (cos © . sin 8). As cos 0= 1, the

cross polarised campoment mey be taken as f (sin 6) and, tc take a practical
case, the component is unlikely to cxceced a level of -41 db if the angle of the
grating clements does ncot depart by more than 0.5° from the ineident plane of
polarisation.

In fact, the situation is likely to be beiter than this because the
re-radiated pover will trovel outwards from the grating in both dircctions,
cnly half of it entering the recceiver in Chamncl A. A difference of 0,50
betwecn the orientation of the guide and of the grating may therefore produce
a spurious signal of level =44 db. Results will be similar if tho polorisation
is allowed to rotate relative to the guide or vice versa. Expcriments wore
carried out which confimed that the polarisation makes little attempt to
follow a gentle twist in square guide, ss that the original axes, diotated by
the firat standard-to-square waveguide treasformer must be rigidly enforoced if
the best results arc to be obtainzd. There is reason to belicve that for
small randam variations of each cloments of the grating, the cross polarised
oomponont 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
roaultant V.E.R. of 0,97 might be produced if thc orientations of each
ellipse were identical but this cennot be so since the orientations are
governed by the cause of error. The orror due to mismatches can produce
ollipticity with the major axis lying at any anglec, aince this anglec is a
funotion only of the phase of the two intorfering signals. When the error
is due to inequality in the two oomponents, the mnjor axis of the ellipse
will be at + 450 with respect to the initial polarisation, but whon it is
due to a phase orror in tho circulariser it vill be parallel or perpondicular
to the initial polarisation. The two laiiuvr crrucs therefore cannot cancel
nor can they completely add. As a closc approximation thorofore we may take
the total probable spurious voltage to be the squarc root of the sum of the
squares of the individual voltages, lcading to a proboble V.E.R. of 0.963 and
a corresponding suppression of perfectly symmetrical targets of 36 db.

3.3.2 Effect of acrial

We have dlscussed so far only the effect of errors in the waveguide
systam. If a perfectly symmctrical orifico is uscd as a primary feed for a
perfectly symmetrical sccondary radiator, no cllipticity should be produced in
the centre of the beam., This, of course, is not a practical possibility and
the effect of errors of manufacturc and of deasign inposed by practical
requirements are difficult to cstimate and extremely tedious to compute. To
these must be added the operaticnal difficulty of cnsuring that the target is
in the correct part of the beom during any measurcments and the effect of
multipath transmissions and reflections on the polarisation.

It was decided therefore to concentrate an a gocd perfomance up to and
including the primary socurce, and thca to measure the V.E.R. in the contre of
the secaondary beam ond the polar diogram in both plancs. It is not possible
to make a very close estimatc of “he cllipbticity from a study of the polar
diagroma, particularly at points vhere the slope is steep. The ellipticity
was checked directly by means cf o planc polarised s.urce (actually an echo
box) and by noting the fluciuations un “he tvo outpu’s as the C.P. acrial wos
moved in azimuth and elevaticn, Then, snowing th2 operational conditicns of
each experiment, an estimate could be reached of the limitations of the
equipment under thosc particular cenditions.

It should be pointed out that the degrec of cancellation discussed in the
last section is that possilble vith a sirgle rcceiver only and that it was hoped
that the high degree of cancollation uzing two receivers combined in Channel C
would be cbtained for any valuc of V.E.R. of 0,7 or more (sco Secticn 4.9).

4. IETAILS OF RADAR CONSTRUCTION

4.1 Transmittor

The radar trongmitter was quite conventional, producing a power of 4O KW
on a radio frequency of about 9375 Mc/s. The modulator producod approximately
1C6JOO pulses per sccond cach of 1 microsccond duration, Acrial aperture was
36", -

4.2 Plane Reaolver

Fig., 7 shews a photograph and Fig. 8 a diagram of tho planc resolver which
inoorporates a quarter wave atep transformer converting to a waveguide sizoe of
0.9" x 0.9" (1.d.) and which serves tc separatc the two orthogonal components
of the incoming signal. Tho tranamitter signal is unaffectod by the grating
and the slot and passes to the 45° transition scction,

e
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4.3 45° Transition

. (Figs. 9 and 10) The purpose of this is to cause the electric vector to
lie along the waveguide diagonal vith a minimum discontinuity. If the
eleotric veotor lies along the diagonal, then the elements of the circularising
section must be perpendicular or parallcl to the walls of the circularising
guido, which cascs colculation. Tuerc secoms no othor great advantage in using
this system ocompared with onc using a perpondicular clectric vector and a
diagonal phase shifter.

4.4 Circularising Section

As only a narrow frequency band had to be covercd, tho phase shifting
section could Le quite simple, It was decided to use rectangular guide of
dimensions 0,9" x 0,8" %o producc the diffcrential phase velocity between the
two components. It was of all-mctal construction ond so close tolerances
oould be maintained by electroforming or other technijques. These tolerances
were found necessary owing to a tendency for the component to gencrate a high
order E mode of propagation. This showsd itself as a number of high Q
resonances in the curve of V.S.W.R. The coupling to thc E mode vms severe
with the first model of the phase shifter becousc the design was asymmetrical
(Fig. 11). VWith a symmetrical design (Fig. 12) results werc much improved
and as the residual resonances were very small in magnitude it vms decided to
ignore them. A square-to-circular tronsition completed the waveguide run.

4.5 Aerial Feed

The feed to the paraboloid prescnted something of a problem, owing to the
difficulty of taking the signals round a bend in squarc guide and still
maintaining circularity. In the first model, a half paroboloid was used and
the waveguide camponents offsct in front of it. A reasonable circularity was
maintained on the axis of the bean but rather seriocus dcpartures from
circularity occurred in the skirts. Therefore recourse was had to a
symmetrical paraboloid and the squarce waveguide taken to it by two bends,
mutually at right angies (sece Fig. 13.2. Tt wos hoped that the relative phase
shift between the two orthogonal vectours introduvced by one bend wrould be
corrected in the next. To a first order, at any rate, these hopes have been
Justified. That part of the waveguide run in the fic¢ld of the acrial was
protected with radar absorbent material, and in the interests of symmetry the
support right across the aperturc vms similarly protected.

4.6 Plane Polurised Foed

In certain cases it s of interest to radiate a plane polarised signal
and compare the parallel and perpendicular components of the echoes. A
convanient vmy of doing this is to ald an extra circularising section at the
orifice. The design adcpted was that reported by Sirmons? and workead
satisfactorily. The componuat vas &« good wush £it into the waveguide and the
plane of polardsation of the raliaved weve could be continuously adjusted by
rotating the extra circulariser., The "planc" wave ec produced was, in fact,
elliptically polarised with a major-ito-minor axis ratio 28 db. This was
adequate for the purpose intended, namely measurements on aircraft.

4.7 Channel A Receiver

The Channel A receiver, which is coupled into theé ‘woveguide run between
the tranamitter and the planc resclver, is convontional oxcept that the valve
pins are soldered into circuit in the in*crests of gain stability. This
applios also to the Channel B rez:iver, The Channel A receiver acoepts
signalg of like polarisation o that radiated and in the case of ciroularly
polorised radiation these will horcinaftsr be referred to as anti-symmetrical
signals.
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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 vill be
referred to as aymmetrical signala. This receiver is fed from the branch
of the plane resolver vhich is illustrated in Fig. 8, Symmetrical signals
vw.il 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 waveguide. The branch is coupled to the Channel B receiver by a system
of TR cells similar to that used in a nommal transmitter except that the
cells arc arranged to comect the branch to a dummy load when the transmitter
operates. In order to achicve this, the usual ATR cell is replaced by a TR
cell, as tho only pover available to strike them is that reflected from the
various mismatches in the system. Ve have the rather wnusual phenamenan of
a prohibited range of mismatches in the feed. Tor values of mismatch betvoen
0.7 and 0.9, there is cnough power in the branch to strike both TR oclls and
the resultant rceflccted signal contributing to ellipticity produces only a
scoond order error. For values of mismatch greater than 0.99, the reflection
fram the branch can be ignored, but the achievement of this figure soarcely
Justifiecs the trouble. Tor valucs of mismatch between 0.9 and 0.99 there is
a possibility that only one TR ccll in the branch vdll strike, producing a
serious mismatch. Under these circumstances the cllipticity will be largely
dotermined by the system mismatch end 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 s7ill no doubt alter thesc figures.

4.9 Phasc Bridge and Channel C

liixing of the two signals before phase is lost may be carried out either
at radio or intermodiate frequency. The advantages of doing it at radio
frequency lies in the improved signal to noisc ratio, since noise from only
ane mixer is involved. The advantazges of I.F. mixing arc increased
flexibility, a possibility of a number of simultaneous outputs and non-
interference vwith the normal operation of Chammels A end B.-- -For a measuring
cquimment, the increased noise level of up to 3 db wos no handicap, so this
latter system of mixing sma adopted.

The principles of operation are shown in Fig. 14 and are quite straight-
forward. Signals from the two head amplifiers A and B are fed to two buffer
valves (Vl, V,) with independently variable gain. The anodes of each of
thesc valves arc coupled to tuned circuits Ll and LZ. The two circuits are
identical except that in one casc one of the coupling windings is reversed in
phase. It is clear that if the 4 and B signals are in phase, in one of the
output coils the signals will add, in the other they vill cancel. If the
phase of A or B is altercd by 180° then the two outputs will be reversed. By
means of a phase shifter in the local oscillator circuit of one chamnel, the
relative phase of & and B can be adjusted to some suitable value, and as
normally set, thc bridge outputs correspond to the vertical and horizontal
canponents of any complex ccho. These two signals may be referred to
collectively as Chamnel G becausc they take note of the orientation of incoming
polarisation. The magnitudes of Charnels A and B, however, are governed by
the degree of ellipticity, but not by the oricntation of the ellipse. By
making gains of the two ama of the bridge unequal, and by suitoble adjustment
of the phase shifter, Channel C moy be adjusted to select or reject any chosen
olliptical component of the echo. The chief value of this facility is to
eliminate the spurious signal from a perfectly symmetrical target introduced
by departurc from circularity in the radar (sec Sect. 3). This signal in
Channel & can be cffcctively balanced out Ly foeding in some Channel B signal
out of phasc. Under these conditions, the gain of V1 in the phose dbridge is

at maximum and the gain of V2 is very low. This of course, will only deal
with constant cllipticity such as that produced by the radar; varying
ellipticity introduced by the target will be quite unaffected. 4n altornative
wny of looking at this operation is to rcgard it as cancollation cbtained by

using two orthogonal clliptical polerisotions, one for tranamission and one for
recoption, 8
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The two Channel C signals coming from the bridge were fed to two I.P.
amplifiers with detectors.

4.10 Algebra Unit and Display

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

These fowr output signals together with one of the Channel C signeals as
a cross-check, were displaycd as Y doflections on five cathode ray tubes
‘Fgg. 15) which oould be photographed on 16 mm. f£ilm at 16 frames per second.
Time base ranges were 5, 10, 20 and 4O miles.

As we have shovm in Sect. 2, 4 and B correspond to the anti-symmetrical
and symmetrical components reapectively of the echo, The A - B display has
a number of interesting fcatures. It is very insensitive to plane polarised
signals, since such signals by definition produce equal A and B amplitudes.
Deflcction up or dovmn would shew the tondency towards A or B in the target;
and the rapid beating between A and B which was cxpected from a moving target
offorcd some possibility of differontiating between man-made structures and
rural terrain echoes where vind 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 cqual parts would be regained. The rcasoning is as follows:-

Type of Radar Remarks Expected
Losas
Ideal Plane Polarised Radar All cnergy retwned from 0 db
target accepted by receiver
Praotical Plane Polarised - % db lost in crosas -'ir db
Radar (X band oxperiments polarised component
Ref. 3)
Circularly Polarised Radar - Chonnel A =3 db
(Power is split oqually
botween channels A and B) - Channel B -3 db

The results of post detector addition of the two signals has boen
sumariged by P.}K. Woodward.

Signal Power . A
Noise Power at Input " %{2 vee B9
Signsl Amplitude .4 Trout = ﬂ E
RMS Noise ? N e B
.
P .
Signal AMPLItude ,evo . actestion = 5% PN .. Eq5
RMS Noise

(Ref. 8) P

Addition after detcotion inoreases tho above values by a faotor ofﬁ because
the signal adds coherently.

-9-
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We have therefore:-

Signal amplitude
RS Noise
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PA2
N

e

The Powei' Loas in 4 + B 'is therefore:-

P<<N «se Bq.7

P>>N ... Eq.8

11 db when P< < N

O dbvhenP>>N

Yfhen 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 7 db when compared vdth the practical plane polarised radar, giving
a nett value of 3 db loss on 4 + B, which display can be used for maximum range
when there is no rain or other interfercnoe.
fluctuations in auplitude toc be reduced by the addition of two indopendently
fluctueting signals. This epplice particularl~ to signals at or near zero.

Vie may also expect the proportiommal

4.12 Similar results can be cbtained by feeding to the Llgebra Unit
signals V and H corresponding to the vertical and horizontal components
rcspectively of the echo vhen illuminated vith a C.P.W. Here the V4 display
1s likely to be the most interesting, inspection immediately showing a target
vhich has an cchoing area predominently vertical or horizantal. AdJjustment
of gain in the two channels till the signal is balanced, gives a measure of the
difference. The V-4 channel, incidentally, climinates both symmetrical and

anti-symmetrical cchoes.

5. CaLIBRATION AND OPERATION

The follewing measurements were carried out on the equipment, in order

to test its cepabilities,

5.1 Mcasurcment of aerial polar diagrams

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

5.3 Meoaurement 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 Measurcment of V.8.7.R. of the waveguide system

5.7 Mcasurcment of degree of cancellation obtainable on plane polarised
test signal using phase bridge

5.1 Polar Diagroms

Fig. 16 shews the aerial polar diagram.
closely with that expected from the primory pattern, but the clevation ‘dlagram
has more and higher side lobes, due probably to the support to the feed. They
are of little aignificanoce for our purposc, as the main lobe is very similar to

that of Fig. 16.

<10-
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5.2 Ciroularity of ..erial used as Tranasmitter

This vwns measured directly using a detectar and meter., By e suitable
choice of sites, cne can eliminote errors due to multlple path tranamission,
and the beam width at the point of reception im sufficiontly broad to
acocommodate scme lateral movement of the roceiving aerial if' the spatial
soparation (about 110 yds) is large ocnough. The dotectar operates under
square law conditions end thus omphasises doparturcs from ciroularity. The
moter could be rcad to 2% so that moasurcments of oircularity could bo made
up to within + 0.01, for valucs sbove 0.9. For lover valucs, tho meter
calibration is of significanco and accuracy is saméwhat roduced.

t

The rcsults obtained arc shown in Fig. 17 and aro quite satisfactory.

5.3 Circularity of Jjcrial used as Receiver

Matching conditions are guite different during rcception from those
obtaining during transmission because of the T.R. ccll arrangementa. The
reciprocity theorem does not therefore hold and the circulardity must also be
mepsured under receiving conditions., The effective circularity may be measured
by picking up a perfect circularly polariscd wave and by noting the magnitude of
the orthogonal camponent generated in the aorial. The relative mognitude of
the L. and B signols glves the effective circularity directly in accordance with
Pig. 1. . norc convenient, if less clegont, way is to pick up 2 plane
polariscd signal and notc the relative magnitude of the two orthogonal circular
conpanents as the initial plone of the polarisation is slowly rotated., This
pcthod was in fact used and produced the results showm in Pig, 18. The exact
method adopted served also to monitor the stability of the equipment during
operation and as a quick mecans of setting it up. The test signal was radiated
fron a slot in the end of a waveguide located at the apex of the mirror, and
the waveguide could be rotated about its owm axis. The gain of the two
channels was adjusted until the signals were equal (i.e., A -B =0). Therc-
after the planc of polarisation of the test signal was rotated and the
oricntation plotted against the differcential gain neocssary to keep 4 -~ B = 0.
The effeetive circularity is therefore of the order of 0,95 during reception.
In thesc ncasurcnents it was verified that there wore no interference effects
between the radiating slot and the receiving aperturc.” Of course the measure-
ment applies only to the primary radiator, but the almost complete symmeiry of
the mirror systen probably Jjustifics on assumption that cross polarisation due
to the mirror falls to zero at the centre of the beam. There may be same
slight asyrmotry duc t: obstructicn of thi2 beam by the wavegulde, but this was
minimiscd by shiclding the waveguide with rodar absorbent material. 4 "hole"
in the amplitude distribution will have much less effect than reflected waves,
which will be incorrcctly phased, and any rcsulting asymmetry is too amall to
have significant offcct on the measurements.

5.4 Sctting up and ¥anitoring

It is clear that the test pulse can be radiated throughout any operation
and provides confimation of the stobility of the cquipment. Doparture fram
balence in the appropriate channel immediately renders the rcsults suspoot,

The setting up procedurc is very straightforward. When radiating
circular polarisation and comparing the symmetrical and anti-symmetrioal
copponents, tho gadn of the two receivers is adjusted untdl tho 4L-B display has
zoro deflection, Theroafter the polarisation of the test pulse is rotated to
confim that the bolanco on the L-B displey is maintaincd to within + 0.5 db.

When radiating circular polarisation end comparing two plane componentas
in a Channel C display, tho procedure is soarcely longer. Tho tost pulse is
ndjusted to vertical polarisation (say) and the phase shiftor and gain of the
phase bridge set to give zoro dofloctiom on the H display, The test pulse is
rotated to horizmtal and it ig confirmed that there is no signal on tho V
display. The tcat pulsc is now turned to 45° and the gnin of the two roceivers
is sct to a sultable level and so that V - H = zoro.

-11l-
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& similar adjustment tokes place when tronamitting plane polarisation and
camparing the parallel and perpendicular components of the echo. The only
difference is that the use of the phase shifter is replsced by physical
rotation of the decircularising sectian used in the orifice for this type of
measuraments (see Section 4.6).

5.5 Check on Circularity at Other Points on the Polar Diagram

4n echo box tochnique was used for this measurement as the deduction of
V.E.R, from polar diagrams is unlikely to lcad to accurate rcsults owing to
the stecpness of the slope. .n error in azimuth of 1/10 degree can produce
an crror of 0.5 db in level of polar diagram. If this crror is oppositcly
phascd in the twe diagrams to be compared, perfect circularity can appear os
a V.E.R., of 0.9, and vice versa. In addition, thc polar diagroms will in
general be only in two planes and using two polarisations unless a lot of work
is to be invelved, and the cffect of ground reflections may not be the some
during thc polar diagram tcsts as during operation,

1. planc polarised acrial connccted to an ccho box was placed in the beam
of the transmitter., The 4 ond B signals retumed from this target vore
equalised at some chosen range, and when the target was on the centre of the
beam. Thercafter the tronamitting aerial vas scanned and the resultant
unbalance was notcd. As in the previous scetion, on unbalance of 1 db is
equivalent to a V.E.R. of 0.95. This is the differonce from that at the
centre of the beam. No account is taken of the axis of the ellipse, unless
aV -~ H display is also used. In view of the magnitude involved, there secomed
1ittle purposc in this.

The results arc shevn in Pig. 19..

5.6 V.3.W.R. of Vaveguide Components

A number of new waveguide components have had to be developed, but their
design wms on the whole straightforward; overall rv:ults are shewn in Fig. 20,
Great cmphasis vas placed on symmetry and so far as was possible all the
campanents were made symmetrical, There were exceptions,-of course, two of
which have already been montioned. They were the circularising phase shifter
and the aerial fced. 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 wms matched with a quarter vmve step.

Therc arc still some traces of resonances believed to be due to the gemcration
of a high order E made, but they arc camparativoly harmless., It is bolieved
that they would disappear.cntirely if tighter manufacturing tolerances were
achicved by elcctroforming or other means.

The same type of rcsonance appears in the plot of the standing wave
ratio of the bends. Preliminary calculations indicated that the radius of
the bend in squarc guide would have to be cxtremely large, if the amplitude of
the signal propagated by the spurious mode wns to be kept acocptably low,

The cut-off wovelength of the spurious mode was expected to be equal to Az
where 4 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 bend. Two bends were
therefore made, cach two wavelengths lang. The spurious resonances were much
reduced in applitude and the overall results were acceptable for the
camparativoly narrow frequency band required (9375 + 25 Mo/s). However, the
problen is not yot solved for vide band operntion and a basic investigatian
into methods of denling with circularly polarised waves would be worthwhilo.

The only part of the system, apart from the bends in square guide, which
is sensitive to frequency, is the resonmt slot in the cross-polarised branch
of the plane resclver. Onco again, the band width is amplo fram the point of
viow of this particular oquiment, as the match has to be no bottor than 0.8
(1% powor refloction). This figurc, in conjunction with a straight through

-12-
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match (during transmission) of 0.8 is sufficient to keep the twice reflected
power to a value of 1% x 1% = .01%. This ocannot produce an ellipticity
worae than 0,98. Similarly, the figure of 0.8 in the receiver implies a loas
of received power of 0.1 db which is of trivial importance for our purpose.
As mentioned in the previous section, some work on the broad banding of this
type of companent would be profitable.

The other waveguide components were in general symmetriocal and mesented
little problem, The orifice sectiona werc samething of a compromise, as a
small orifice is needed to produce a broad primary pattern, and a large
orifice prosents a better match., Once it vas found that the matched arm of
the plane resolver was working satisfactorily, the V.8.W.R. of the system vas
not critical and a small orifice was chosen.

A photograph of some assorted waveguide companents is shewm in Fig, 21.

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

This was measured directly by noting the differential gain neoessary to
equalisc the parallel and perpendicular components picked up from the test
alot. By very careful setting up, a figure of 40 db was obtained, the limits
bYeing set by the spectrum of the test pulse and the fact that the I.F.
respanses of the head amplifiers and bridge circuits were not identical at a
level of less than 1% voltage. ¥hen the plane of polarisation of the test
signal wms rotated, the balance on the other polarisation was rather better
than 30 db. This figure is taken therefore as the minimum cancellation
obtained. It is worth noting that the Lest protection fram ocircularly
polarised wvmnted signals is better than this figures, by an amount
depending on the waveguide systom, which itself affords considerable
protection. This improvement is of the order of 20 db if we assume a
circularity of 0.9, so we may conservatively assume that cancellation measurco-
ments on symmetrical targets are valid up to a value of 30 + 20 = 50 @b
provided that the target is smell compared with the beam vidth. This is not
50 in the case of rain, and the effect is discussed in Section 6.1

6. PRACTICAL RESULTS

A& useful amount of information is available fram a device of this sort
by simple inspection and adjustment, With some sorts of target there is
1ittle need to go further, but with others the useful information anly appears
as a result of mathamatical analysis. This information will no doudt be the
subject of a further communication if results warrant it. In the peantime
g:rtain results are sufficiently interesting and unambiguous to be recorded

re,

6.1 Rain Echoes

As montioned in the mprevious section, the following figures were obtained
on the performance of the equipment.

Outgoing circularity 0.99
Receiving circularity 0.95

6.1.1 The latter is likely %o be the limiting 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 will vary over the beam. This
ollipticity amounts to the addition of an orthogonal ciroular component, of
applitude zero in the centre of the beam and increasing towards the skirta.
The phasc is such that the axes of the ellipse are symmetrical with reapect
to the centre of the Leam. This camponent, superimposed on an already
elliptically polariscd wave vill improve the ¢ircularity in one direction
moving from the contre and cause it to degencrate in the other direction. A4s
the effect on the echo will be reduced by the lowered responsc an the bean
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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 will 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 Chamel A than will

«rain in the ocentre, to an extent shevm in Fig. 19. At the -10 d point,

for example, the V.E.R. averages 0.96, corresponding to a cancellatiam of

28 @b. The actuel signal retumn will, of course, be dorm by 20 db, so the
spurious signsl from a wnit volume of rain in the skirt vwill make a relatively
small contribution tc *th> totol ~pwrim yorow,

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

6.1.3 The extent of the cancellatiom achicved in Charmel A alone is
measured by setting up the system to display A, A - B, and B, with gain
equality shewn by the teat 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 baco line (i.c., A =B), The attenuator
reading is then directly cquivalent to the degrec of cancellation. Setting
accuracy is estimated at + 1 db, and, with small errors in gain adjustwment etc.
producing a further + 1 db, the total RKS 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 sthich Channel C provides over Channel 4 can be
achieved similarly by displaying i - C, and adjusting the Channel A receiver
gain to make the rein signals symmetrical with rcapect to the zero line.

This mcasurement is not as accurate as that of the first order cancellation as
the receiver noise is attenuated together with the "™wvented" signal, but, if
care 1s taken, the errors arc not serious, The principal difficulty is to
find any rsin giving a sufficiently intensc ccho to be 40 db or more above the
level of the receiver noise and sufficicntly spherical to permit cancellation
of this order. A higher tranamitter power and increased aerial gain would
help in this respect.

6.1.5 Rain measurements

It is difficult to generalise on tre resulis becausc they very
cansiderably from time to time and cven for different rain clouds scen at the
same time, The followving rcsults «re considered sufficiently reliable to be
worth quoting.

Bright band: The bright bond i tie noie given to the enhanced echo from
that part of the cloud where sr2 sncw is just starting to melt and has the high
diclectric constant of water canbiice with the large dimensions and non-
spherical shape of the srow ~lake. Ii is characteorised by the fact that it
appears on the Channel A display, otherwise free or nearly free of rain and by
the fact that adjustment of the gein and phass controls in Chamnel C effect no
further improvement. The limittion lies entirely in the shape of the
procipitation particles. The dsgree of cancellation cbtainable usually lies
within + 1 db of 17 db but occasimaliy departs from it in either direction.
There has been observed a corrclation between this figure and the type of
woather; the cancellation improves to about 20 & under conditions of fine
steady drizzle with little wind, tut deteriorates :mder thunderstorm conditions
when the precipitation is locol and turbulent and consists of very large
particles. On 15th June 1953 it fell as low as 13 db for one particular
shower. There is Jjust a chance that this last figure was connected with same
speoular reflection from wet roofs in front of the radar site. Possibility of
further trouble has now been removed but it it not worth while to delay
publication till after further thimdersiorms.
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The degree of canoellation obtainable using orossed plane polarisation
has not been measured very often but is consistently scmewhat 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 varylng
ellipticity and of random orientation. Suppose we consider, at first, Just
thoss drops of a certain ellipticity. The echo from each of these will be
elliptically polarised to the same extent but with an axis in an aribtary
direction, being a function of the oriemtation of the major axis of the drop
1tsolf, The echo fram cach drop can therefore be resolved into a circularly
polariged component and a planc polarised compenment of arbitrery orientation
and oonstant amplitude, The circularly polerised component can be campletely
eliminated by the radar, leaving enly the residuum which clearly behaves 1like
8 number of arbitrarily orientated dipoles, each of the same length.

The behaviour of such a cloud of dipoles is also of Intereat in
estimating the behaviour of a Window cloud (provided that due allowanoe is
made for the fact that the orientation is not random) and can be asocertained
by oconsidering end integrating the echo from one dipole as it rotates,

Let us assume that the power returmed from such a dipole when parallel to
the incident polarisation is P. Now if the dipole lies at an angle © 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
inoident polarisaticn., The voltage of the returned signal is thereforo
reduoced by a factor of cos<.

The returned Pover PO = P. cosl"o .0s Bq.9

The total power returned as @ varies between O ond w is given by

1

T oalt
P =PfcosOdG
o}

g
P . - .
11¢ 3 (30 + 2 5in 20 - {sin b,O)o ..« Bq.l10

Similarly the returned power, perpendicular to the incident plane of
polarisation from o dipole at angle 6, may be found by resclving the dipole
voltage perpendicular to the incident plane. The voltage reduction is
therefore cos @, sin © and the resultant power return is

P, = P cos26 , 3in%0 ... Eq.11

Tho integrated power perpendicular to the incident polarisation is similarly
L 5 T
P, = P| 00s°@ sin%0 a6 = L (6 - ain 40) ... Eq.12
-'L o 8 -

In both theso expressions the 3in20 and sini® terma beoome zero and we have
the aimple result .

1 3
5 <% .es EQ.13
P
i .1
= 3 .eo BQ.1y
]l 5=
SECRET




-

Sy

SECRET

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
vhich it is energised may be found by resolving the C.P.W. into two equal
plane camponents, one perpendicular to the dipole and which is completely
decoupled from it and one component parecllel to it., The power reduction is
clearly 3 db. The plane polarised component, re-radiated by the dipole, is
aplit equally between Chamnel A and Channel B and we therefore may summarise
the results in the followving table.

Radiated Parallel Perpendicular Channel Channel
Polarisation Target Companent Companent A __];
Vertical Vertical Dipoles 0 - 00 ddb - -
Vertical Horizontal Dipoles -~ 00 db -~ C0 db - -
Vertical Random Dipoles =42 db -9 ab ) - -
Circular  Vertical Dipoles - - -6 db -6 db
Circular  Randam Dipoles - - -6d -6db
45° Vertical Dipoles - 6ab -6 @ - -

The validity of this argument is not affectcd by the ellipticity of the
drops chosen, and the same ratios obtain when we integrate the power from all
drops, no matter vhat their ellipticity may be.

It is worth noting that the total power returned to the radar from the
random dipoles is half that vhich would be retwrned by dipoles parallel to the
incident polarisation (% + %) and that the samc total power is retumed when

ciroular polarisation is used (% +%) The residual signal in the rain

cancelled channel is, however, 3 db less when using crossed plane polarisation
than vhen using circular polarisciion (.9 db compared with -6 db), which agrees
recagonably with our observations. HMorc than this amount is lost, however, on
wanted targets. (Ref. 3).

Nomal rain in Channel A: On nearly 2ll occasions when measurements have
been made, other than in the bright band, the rain has been made to disappear
completely into the reccoci-rer noize.  Three mez:urcments of the order of
29-30 db have been made during light rain but during thunder showers the ratio
has been less, falling (on 15th Jue 1953) to 23 db.

Nommal rain in Channel C: As mentioned earlier, it has not been casy to
find rain which produces a sufficientl: intensc echo to make an accurate
measurcement of the canccllation railo in Channel C, but there has been onc
measurcment better than 35 75,  The limitation, as usual, was the reduction
of the rain signal to a level comparable to that of the receiver noise.
Further measurcments are reguired tefore confirmation is obtained of the
theoretical figure of 40 db qioted in 6.1.4, and the practical results will, in
any case, depend on the sphericisy of tie raindrops. This does not seem to be
maintained during hecavy thuader showera,

6.1.6 Comparison with other rcsulta

The most recant figures are those of I.C. Browie’ at Cambridge working
on 3.2 cm. and N.P. Robinson?,10 at Malvern, working on 8 mm. For measurament
in the bright band, our fairly consistent figure of 17 db, using ciroular
polarisation, presumobly corrcsponds to 19 or 20 db using crossed planc
polarisation. Browme's figure of 1.9 + 0.3 db using crossed plane
polarisation is lower than our figurc, though not inconsistent vith some of our
oxtreme readings. The other discrepancy is the large spread of our readings
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oompared 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 timo, gave dlffcrent results, It is however possible that the "bright
band", which is not woll dofincd during thunderstorm conditions, is not
striotly camparable to tho woll defined band at uniform hoight normally
implied by the usc of this term. Beforc any close comparison can be made,
it 1s dosirable to know morc about the typea of rain storm being compared,
and tho relative performance of the two radars.

The improved cancellation on roin of 30 db in Channel 4 and up to 35 db
in Channel C londs support to the suggcstion that Brovee's limitation of
22 db + 0.4 db on rain was sot by the serisl of tho radar rather then the
nature of tho droplets. Here again wo have beon unable to ropeat the
cansistcnoy of reosulta of cithor Browne or Robinson.

Only one rough measurcment has been made on snow, so it is unwise to
moake any scrious comparison with Browme's figures. Tho anow took the form
of finc wet slect at ground level, settling as snow at about 700 feet. For
what it is worth, a mcasurement made at 3000 fecet gave a cancellatian of not
less than 26 db., Measwements in the melting band, presumably ncar ground
level, verc not possible owing to interference from permanent ground echoes.

Robinson's rosults on 8 mm, using cross polarised plane wnvcsl*’9 and
adroular polarisationlO agree well with cach other but are clearly of a
different order to those on X band. The substantially lower cancellation
(5-11 ab for the melting band and 17 db for rain) are posgibly duc (as
suggested by Robinson) to the approaching resonance of tho rain and mow
particles. This scems more likely in the casc of the molting band where
there is a large statistical fluctuation, than in the case of normal rain
vhere a large number of Robinson's results agreed very closely. More
rcadings are undoubtedly needed on X band so that the oonsistency of
cancellation ratio can be measurcd.

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

6.1.7 Photographs of rain displays

Fig. 220 and 22b arc photographs of the normal display shewing Channel 4
rain free, except for vestigial bright bond signals and Channel B with rain.
The & + B diasplay is of some interest a3 the test pulse can be secn, super-
imposed on the rain signals. This is an improvement over the conventional
planc polarised radar, which has a similar maxinum range (see Sectiom 4.11)
but in which saturation by rain signals cnbtirely prevents detectian of the
wonted signal.,

Fig, 22c shews a comparable display writh a planc polariged transmitter,
Charmel .. rcpresents the parallel component of the echo mnd Channel B, now
rain free, represents the perpendicular component.

Fig., 22d shows the casc vhere the vertical ond horizontal camponents of
tho ccho are displaycd and vhere the rain is illuminated vith circular
polarisation. The ccho fluctuationa effcct primorily amplitude and not
circularity, so that the V and H compononts fluctuate simultancously. The
V-H displey is thereforc rain free. In passing, it might be noted that if
the Charmol C phase shifter is now adjusted to replace V and H by 45° right
and 45° left respectively, o have a display free simultanocously from
ciroulorly polarised, vertically polariscd engd horizantally polariscd signals.
This 1s probobly only of acadomic interost, as it represonts a rurnl landscape
from which most man-made targets have been romoved.  Tho roverse prooess, is
unfortunately, not so casy.
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6,2 Echoes from Window Jomming

" Whoreas rain ochoes providde onc sort of clementary target, namoly a
oollection of dlelectric spheros, the ocho from the ideal window jJammer
provides another sort of clementary target, namoly a collection of randemly
orlentated dipoles (see also 6.1.3. One srould oxpect a target of this sort
to produce cchoes composcd of cqual mean signals in Channels /[ and B, and with
all types of Vindow so far measurcd this is found to be so, More than 20
drops have taken place in a varicty of wind conditions botween 6 and 20 knots
on the ground and no difference has so far been detected between the moan value
of Channcl 4 and Chamnel B signals, About onc minute after drop, the Vindow -
cloud ocoupies more of the radar beam, so that the beat rate bocames vory rapld
and tho &4 - B display shews a signal fluctuating symmetrically about the zero
line. The rate of boat becomes much faster than that of aircraft ochoos (seo
Section 6.4) which may also shew an anti-symmetrical or symmetriecal tendency
for period of several seconds; and given time for integration, as with a
tracking radar for example, there seems little recason why cchoos from ¥Window
Jamming should not be very greatly reduced in intansity compared with the
wanted ochoes, The valuc of this facility may bc somewhat reduced by the
inarvase in fluctuation rate of aircraft echocs vhen the aireraft is changing
its aspect rapidly. More dotailed analysis will be rcquired to sottle this
point.,

Of more immediate intorcst were measurements made of relative horizontal
to vortical cchoing arca of the different types of Window. The fact that
tihere was a preponderance of horizontal over vertical echoing arca on all
ogeasims in no way invalidates the theoretical basis undorlying the last
paragraph, as the cxcess horizontal dipoles can be rcegarded as producing a
horizantally polarised signal which is balanced out on the 4 - B display,
looving a collection of rondomly oricntated dipoles giving & smaller residual
signal symmotricel about the zero line.

The Window signals, as they appcar in the V - H type of display, are
shevm in Fig. 23a-c. The unbalence is clearly due to the increased horizantal
gohoing area and can be rempved by inserting & known attenuation in the -
harlzontel receiver channel. This gives a measurement vhich is repeatadle to
vilthin 1.5 @b at any onc time, provided that 15 seconds has clapsed since the
dyop., Before this time, the fluctuation rote is slower and the V-H patio is
changing from (presumebly) O db, corresponding to the turbulent conditioms in
th¢ slipatrean, towards that value which is a function of the type of Window
4t801lf, The repeatability of this type of measurement can be cstimated from
FAg, 30, vhich shews the H/V ratio for two types of Window, plottcd as a functiom
of time after drop.

Torminal values in the case of two difforont types of Window have been
foumd to be 8-9 db for RR,12i/U and 13-15 db for XWB/X/1l. The former is
weighted to make polarisation more random, but there is still clearly room for
inprovement in this respoct.

More roceontly, some drops have taken place of Window of different longths
but othorwisc idanticol. Close ropetitive egreement has boen found in the
sosults which arc as follows: -

Langth H : V Ratio ,
%): 7 ab -
A 10 ab
/2 15 db

In this meoasurament, no attempt was mado to weight tho material,
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Superficial examination hos been made alsc of the dilstribution of
naterial in Window clouda. Some minutes after dropping there has bean
rocorded a difference of 3 db in tho H/V ratio betweon the top and the
bottom of the cloud, the ratio being larger at tho top, This difference
is more notiocable when the wind gradiont with hoight is stoop and the
Window cloud nceds different attonuator settings to balanoe it throughout
ite oxtonsion in range.

6.3 Ground Echoes

Tho radar wns situated at a height of approximatoly 230 fect and was
used to survey the torrain which sloped gently away from it, The ground
was fairly woll woodcd but contained no approciasble built up arcas. Thore
were a nunmber of lsolated houscs and farms.

Trangnigsion Circular. Campardison of A and B: As with the rain, throc
types of measurement were made in ordor to investigatoe the nature of the
various cchoes. The most important was the radiation of ciroularly polarised
radiation and the comparison of the signal levels in Channels 4, B and 4A-B.
It wvas found that echoes could be divided into three different types. The
overwhelming majJority of the targets produced ochoes of nearly equal mean
power, although the instantancous power was fluctuating rapidly. The 4-B
display thereforc presents a confused mass of echocs beating on both sides of
the zoro linc. There appeared to be a slight general bias in favour of
syrmoe try, amounting to about l%- db, though of course the amount varied from
target to target. A4s the ground wind speed is reduced the beat rate falls
until dead calm is reached. Under these conditions the traoce is almoat
stotionary, with cach echo being polarised to an arbitrary ellipticity
depondent upen the fortuitous addition and cancellation of the constituent
canponents,

There appears to be a difference betweon winter and swrmer behaviour,
in that in winter a wind velocity less than 8 knots or thereabouts permits
the beat rate to slow dowvm and the individual echoes to develop a positive or
nogative tendency, The corresponding vind velocity in the sumer 1s of the
order of 2 to 3 knots, presumably because the branches of the trees are then
in full leaf. )

ismong these randomly polarised echoes, certain others immediately stand
out on the A-B display. They arc either symmetrical echocs or anti~
symetrical cchoes and arc usually very steady in amplitude and independent
of wind velocity. It is roasonable to cxpect them to come from man-made
structurcs and those which have been physically investigated have, in fact,
done so. Owing to the limitatians of the site, therc have not been a large
number but it is of intcrest that all the symmetrical achoes located have
progsented curved surfaces to the radar. Typical examples, a house with a
large bow front, and a corrugated iron bam-#all are shewn in Figs, 24a-2)b.
It may be that a real plane sheet requires very close tolerances on viewing
anglo, to be seen, so that tho curved surfaccs, though of amaller echoing area,
form a larger proportion of symmetrical targets seen., Change of radar sitc
will sottle this point. One anti-symmetrical target was secn and located.
Ono associatos this type of ccho with a diplanc and in fact the building had
soveral,

Transpmission Planc. Coamparison of Parallol and Perpendiocular: This
last target was olso illwainated with plane polarisation and behaved in an
exenplary manner. When the polarisation waa vertical or horizcntal the echo
was predaninontly parallel to the radiated polarisation. When, however, tho
radiated polarisation was 45° left or right, the ecoho vms polarised
prodominently porpondicular to the radiated polarisation, This is according
to thoory, and it is intoresting to note that a vertical or horizontal diplane
both bohave identically in this respect and cannot be distinguished by any
rador unloss tho total path longth is known to a fraction of a wavclength,
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Tronsmission Circular. QOomparison of V and H: A V-H display of
permanent echoes also gave interesting results. The overwhelming proportion
of the echoes had no bias towards horizontal or vertical so that so far as
rural terrain is cancemed, there is no preferred polarisation on X band to
minimise permanent echoes, 4 amall nunber of echoes stood out as
predominently vertical and are shevm in Figs. 25a and 25b. In the first casc
the VM ratio was no less than 26 @b, and thc reasons are quite clear from
inspection., Elecctricity pylons and church apires also produoced achoes vhich
wexre steadily polarised with a tondency to one particular plane, though usually
not morc than several decibels. It is intereating to note that tho lightning
conductor, which is presumably the chief source of ccho in Fig. 25a, entirely -
masks any diplane tendency there may be, '

Target disorimination

The comparative stability of the polarisation properties of echoes fram
mon«made targets offers o prospect of separating these fram 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 minimm if the unwanted
ochoes aro to be properly intograted and temd to zero. For X band the minimum
1s of the oarder of 3 lmots in summer and 8 knots in winter. For higher
frequencics it is rcasonable to expect the minimum usable wind speed to be
daoreased and vice versa,

The sccond condition is that there must be time anough to integrste the
unwanted echo, and here ogain conditions favour the use of a high frequency.
In general, difficulty will be experienced with a scanning radar on this
accowmnt, unless the scanning rate is kept low, The fluctuation time will, of
course, vary with wind speecd and appears to be of the order of 0.1 - 0.2
seoonds for this minimum usable speed.

The third conditicn is that imposed by the use of the radar in a moving
vehicle or aircraft. The reflection lobes of any complex target will
undoubtedly vary with polarisation, so that echoes will fluctuate as the
searching radar moves, even if the constituent components of the target arc
stationary. The ratc at which the radar flies through the lobes is likely to
be considernbly slower than the movement of the lobes fram rural areas,
particularly if there is a large companent 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 arcas compored 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 nmore when the aspect is
changing, canpared with the ratc vhen the aircraft is yresenting a nominally
constant nose or tail aspect.

One might expect that the ccho from a towm might come primarily from
Jeface cormmer reflector (two walls at right angles and the growmnd) and from
diplancs (one wall and the ground). If this is so, there might be some
edvantage to an HoS type of radar to tranamit 45° right hand plane polarisation
and to receive 45° left hand plane., Such a system will recduoe rural echoes by
about 10 db, a figure supported by practical measurement (Fig, 26) but echoes
from vertical or horizontal diplancs will be unaffected. The extent to which

these contributc to the echoing arca of a town can only be found by measuremants
fram a suitsble raiscd site.

6.4 Aircraft Echoos

These are the most difficult targets not only from which to produce
repoatable results but to produce figures at all, because the echoing propertics
are a very critioal function of the aspect which is ocmstantly ohanging. We
have canfined ourselves to measurements of a nominal nose and tail aspect but,
oven undor thesc conditions, the results may vary considerably from seocnd to
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second. It would, of course, be possible to photograph the various
oamponenta of the echo which wo wish to compare and then plot out pulse by
pulse the power level in each channel. Integration gives the mean power in
the echo, Such a proocess would be extraordinarily tedious so a shorter
method was attempted. The echo was photograsphed for periods of the order
of seven seconds spaced arbitrarily during its run. For each frame (about
30 pulses) o note was taken of whether A was greater than, equal to or less
than B. It was then intended to repeat the runs with differential gain
asettings until approximate equality between A and B vas achieved.

In practice this was not very satisfactory owing to the large
variations in results not only betvcen runs, but at dlifferent times during
the run, Therefore a slightly different approach was adopted. A number of
permanent echoes were photographed with a succosaion of different differentiol
gain sottingsa. The relative number of A> B, A =B and B> A frames was
noted and plotted as a finetion of the gain difforence, All the curves were
of tho same general shape, difforing only in thc position of the crossover
point. A4 sample curve is plotted in Fig. 27a, and this was used to give an
ostimate of the relationship between differential signal power and the
proportion of exocess or deficit A to B signals. The curve does not agree
with the thearotical curve (Fig. 27b) derived from tho scalar differcnoe
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. .

Jnalysis does not reveal any obvious reason for this factor of two but
a possible explanation lios 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). 4ctunl targets arc likely to lie somewhers between
the limits of Fig. 27b and 27c, and aircraft, which presumably have a smmaller
number of echoing points, might on this reasoning lie between 272 and 27b,
l.e., the curve 272 gives a pessimistic impression of the amplitude
fluctuntions in relation to the actual observations recorded. Such errors as
there are will be greater for large povier differences and will tend to zero
when the powers in the two signals tend to equaiity.

With this tentative hypothesis in mind, it is possible to draw acme
conclusions from the preliminary results shewm in Figs. 28 (a-d). 41l
aircraft runs serc nominally for nose or tail aspect, but the tolerance on
bearing at any one time was probably not closer than + 5° and may have been
rather more during some of the nose runs during conditions of bad visidility.
When the results have been integrated they are found to be clustered olosely
about the 0 db mark (Fig. 29) with no very great difference between the mean
level of the i and B signals., The total spread is of the order of + 2 4db,
which.correspands to a rain-free signal level between 1% and 3% db below that
obtained from a practical plane polariscd rader of similer design parameters.

The shorter termm fluctiatams are, of course, more extensive, and our
figures shew the result of integration over periods of the order of scven
seconds. The extreme ratios of A to B obtained  Vere =7 db and +10 db, which
correspond to a rain free signal of -7-5 db and <% adb respectively campered
with a plane polarised radar., The likely extremes are probably woll within
those limits because the mothod of assesament gives wundue prominence to steady
and extreme vnluos.

8til1l shortor term fluctuations (e.g., pulse to pulse) have not yet been
studiod with this cquipment. Exposure at 64 frames per second, and reducticn
of ropetition rate, ylelds frames each the integral of five pulses. With
smoll Jet aircraft, which have an amplitude fluctuation rate slower than that
of piston ongined airoraft, therc is 1ittle evidenoco of rapid pulse to pulse
fluoctuntions in tho 4 to B ratio, unlcss the airecreft aspeot is changing
rapidly.
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In the measurements so far made of the ratio of vertical to horizontal
soholng area (vhen illuminated with a C.P.V.), again integrated over perlods
of seven seoonds, the fluctuation amplitude is appreciably less than that of
+hc A Yo B ratio. For such periods, the V to H ratio seldom exceeds the
limite of + 2 db and for the intograted run, the difference between V ond H
eohoing area doca not cxoeed 1 db for tho airoraft so for measured,

This information gives aome food for thought on tho mechanism of
airaoraft rofleoctions and it is olear that our original gmoeption of an
airoraft as o randomly orientated ocollectiom of dipoles® must be abandoned.
While it 1s true that such a target could momentarily producc signals which
are predominently anti-symmotrical, it is soaroely conocivable that the
airoraft oould maintain its orientation for fifteon secondsor so, to such an
axtont that the vertical-horizontal phase displscoment in the camplex echo
doos not shift by more than & 900 (1.5 am).

Wo must also regard with suspecoion the theory that tho airoraft moy be
regarded as o number of discrete bounce points normel to the inoident
radlation. The natwe of any such point must be ossentially symmetricel and
tho addition of any number of similar points, though producing fluctuations of
applitude, cannot altor the goneral nature of the polarisation, The daminance
of Channel B, whioh one would oxpect from this thcory, is in no way supported
by tho faots. ’

The substitution of a theory which fits in with the cbsorvations is, of
ogurac, moro diffioult and at this stage suggestions nust be rogarded as
tentative. Onc possibility is that diplanes do, in fact, mako a significant
contribution to the cohoing arca of the aircraft. Thoy would be broadly
directional and fram ccrtain aspects thoy might well produce larger signals
than those caming from the "symmctrical® parts of the alroraft, though
producing an amplitude interferenoc pattern among themsclvaes. Such diplanos
might oxist betwoen the wings and the fuselage, the wings and the engine
naocelles, "and among the various protuberanccs around saxc older aircraft
ongincs, 1I% is not so clear where they could ocour when viewing from the
tall aspect, since the treiling edges of the vings, tailplane and rudder
usunlly have sharp cdges. There is not yet enough statiatical backing to
say that the slightly reduced tendency to anti-symmetry in the tail aspact
supports this suggestion.

It is intorcsting to note that the apparently coarser scattering diagram
for the symmetrical and anti-syrmetrical oomponents of the eche compared with
the vortiosnl and horizontal components is consistont with the above hypothesis.
With the type of radar deacribed, tho 4 and B signals arc soparatc and oannot
interfere with cach other, vhereas the vex'ticnl"?zay) ompents of doth
aymmetricol and anti-symmotrical parts of the target oan so interfere.

4 difforent treatment is to regard parta of the target such as tho wings
aa ocoharont olectrical structures whioh have a2 ascattoring disgram consistent
with a particular induced voltage and phasc dlstritution, It has been
suggested by J.D, ClarcE, that if the radii of curvaturc over the swfaces arc
dorger oompared with the wavelangth, the scattering diagroma for vertical and
horizontal polarisation vA1l not be very different, and the lobe width will be
slightly different for the two polarisations. If thore ia a range of aspect
angles over which the width of the reflection lobes is oonstant for each
polarisation, there will be angles covering soveral lobes where the V and H
lobes arv in phase, and then after o gradual orcop in phase, anglos ocovering
sovaral lobes where the V and H lobes are out of phase. Whan using circular
polerisation, this corresponds to aspeot angles of symmetry and antli- symmetry
respotively.

R Radar Rosoarch snd Development Establishmont.
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Tho oxporimontal cvidence so far obtained is insdoquato to difforontiate
between these two thoorics, and further work will have to be dme. One
poasibility is to ndd to the offcctive diplane contont of an aircreft, by,
for example, putting dovm air brokes, vhore theso are of suitable shape.
inother possibility is to usc polarised light to cxamine the naturc of
reflections from various aircraft surfaces, and o laboratory oxnmination of
o painted diplanc illuminated by 45° polarised light has confirmed tho
posaibility of this mecthod. It is hoped that both typos of investigation
will be carried out in the ncar futuro,

7. CONCLUSIONS /ND RECOMMEND.TIOHS

7.1 4L radar of this sort is a uscful tool in the analysis of the
polarisation propertics of radar cchoes of all sorts. Where there is reason
to supposc that the polarisation proportics of tho targets differs markedly
with frequency, thero scems Justification for bullding a similar equipment to
work at other frequencies.

7.2 The potontial cancellation of procipitation echoes is considerably
in oxcess of the limits imposed by the precipitation itself. This is
achioved without necessitating closc dosign 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. Thoe paximum range of the
rader is wimpaired when there is no rain. Extrapolating to S band, there
may be some slight improvement in these figures.

7.3 Vhen it is essential to use a plane polarised radar and when
interference from Window Jomming is a dominant factor in choosing the
polarisation, vertical polarisation should be used. Where there is time to
integrate the signals received, there is the possibility that cchocs fram
Window Jemming can be reduced relative to aircraft cchoes., Intensity
modulation of the display tube with V- signals, will reduce window echocs
rolative to aircraft echoes.

7.4 When used on the ground, a rader of this sort offers hopes of
amphasizing echoes from man-made stationary structures relative to echoes
from rural terrain (e.g., trees, shrubs, ctc.). 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
botween the symetrical and anti -symmetrical components of the echoes from a
number of aircraft, when viewed from ncar-nosec or near-tail aspect. This
implics a "rain free" signal of level about 2% db below that of a planc
polarised radar, Over periods up to scven scconds the difference has been
found to vary betvween -7 and +10 db., This implics a rain-free signal level
varying vetween 7% and —12' db respectively below that of a plane polarised radar,
These are extrome figures and it is possible that they exaggerate the
dlscrepancy. Both the short term and long temm differcnce betweon the vertical
and horizontal cchoing arca of aircraft so far tested are less than the
corresponding difference betwecn symetrical and anti-symetrical camponents,

7.6 The treatment of an aircraft cither as a randomly orientated
collection of dipoles, or as a scries of bounoce points nomal to the incident
radiation, is unsound. Therc is not yet sufficient evidence to substitute
another theory. '

7.7 The cquipment should be made transpcrtable so that an analysis can
be mado of cohoes from built up arcas as seen fram high ground, and also of
sca and marine cchoes.

7.8 Consideration should be given to the possible identificatiom of
aircraft from their polarisation characteristica. This would probably have
to be donc at a lower frequency than X band and might take the form of the
rotation of the planc of polarisation of the tranamitted wave in synchroniam
with a suitoble cathode ray tube dlsplay.
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7.9 lleasurements should be made na soon as possille an the newest
types of mircroft. Their echoing properties, including area, mey well be
different from those airoraft in current service.
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