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f.
SUl/llil¿iRY

Deep space research by means of sate]lftes has

placed cc¡nsid cr alll.e demancl s on the antenna f nstal-Ia-

tfons used for leceivfng telemeterecl data from the

orbitlng vehf c-i-e ^ The receptÍon of inf ormattott 1'rr-:m

very cl Ístant satel-lttes requf-res that the antenna have

a very high gaÍn and a lotv nol-se flgure so that a

mlnÍmum of e.,-ítraneous nolse enters the system.

Holvever, to receiv'e 'bhts data, the a.ntenna must alirays

be polntecl tolvard. the vehlcle and must be steerable"

Thts requires cíther an antenna system whfch ls able

to track the target automattcally or an antenna control

sys'bem linked to a path predlctor " In the limitlng

sttuation r,vhere the target is far from earth, the

lveak stgnals re ceil'ecl pr"eclucl e the use of automatlc

trackfng sys-bems and complete relfance nust be placed

on the predic'¡ecl orl¡it " Hol'/ever, to establlsh the

actuaf path of the vehlcle, lt mr-ls'b be tracked as

long as possibl-e to al-'] ov¿ a.n.y cìivergence from the

desfned orbit to be determfned and to a1Iow any flfght

path correctf ons to be per"f ormecl .

Thls thests dfscusses the provision of trackfng

facÍ]ftIes fn large 1ol'.¡ nofse refl-ector antennae.

Thi s f-s d esl.rable sLnce it allov¡s greater tracklng

accuracy and range than ls possfbl-e wf th a
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substduary tracktng lnstallatlon. It also aIlov'¡s

more efflcfen'; use of the costly main antenna

reflector. =ù nelv metirod of obtalning tracklng

informatlon usfng the clncularly symmetrfc modes ln

clrcular wavegufcle fs presented. This techntque has

the advantages of complete polarlzatfon dlverslty and

compatibÍ1tty wlth hlgh efftcfency 1ow nolse feeil

systems. In fact, the modlflcatl-ons to wavegulde

feeds to lmprove thetr feed efffciency also satfsfy

the requinements for fmpnoved trackfng capabllfttes

by equalf zLng the performance of the ernor modes ancl

f ncrea.sing the relatlve sf ze of the diff erenee mod. e

aperture. The price palc', for these advantages ln

the antenna desfgn ls the complex recelver necessary

to process the output signals from the antenna, slnce

the dlr.ectfon fnformatton ls denfved fnom the relative

phases of the n ef enenc e ancl er ror mod es.

The multfmode tnackfng system can þe consldered

to be orlented tov,¡ards cfrcuLar polarLzatlon as the

rlght and left hand components may be processed separ-

ately to gtve trackfng fnformation. In the situa-

tlon where the recefved signal has predominantly one

rotatlon component, the other can be fgnored vr¡Íthout

fntroducing trackfng error, and a simpler receiven

conffguratfon can be used.
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iis an extenslon to the problem of tracklng
ìJuIth narrour beamwfd.th antennae, the possibflf ty of

lmpnovlng the search and âcqulsftfon propertfes of

such systems has been Lnvestigated. Impnovfng acqul-

sltfon time tn a given system fs best appnoached by

beam broadenfng to Íncrease the search element sLze.

The lncreases fn beamlvidth obtafned by defocusslng

large neflector antennao has been tnvestfgated vr¡1th

particulan referenee to the multlmode tnacklng system.

Tt has been f ound that, fn both f ocal-Iy excf ted anil

cassegraln systems, seanch efement lncneases of about

one order can be obtalned whflst mafntafnlng adequate

phase tolerances betr¡¿een the enror and refer.ence modes"

Practlcal tests on both plaln and conr.ugeted

ïÍaveguide feeds show that the multfmode tnackf ng f eed

ls feaslble, although 1n fts slmplest form with no

attenrpt to Improve feed efff_ciency tt gtves a hfgh

edge lllumlnatf on fo:: the error modes vr¡1th a resultant
susceptfbtltty to nolse. The spread of the reference

and error mode phase centres fs lnsufffcrent to produce

phase errors large enough to cause trackf ng tnstabfllty.
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1.
CHAPTÐR I

TNTRODUCTION

1 .1 Lar eS teerable Antennae

1.1"'1 Intnoductlon

Theadventofdeepspaceexploratlonbysatell-

fte has placed considerable demands upon antenna

tnstallatlons used for recel-vtng telemetered data.

Broadly, the problems assoctated vuÍth systems deslgned

to collect data from vehtcl-es fn large solan orblts can

be spltt lnto two grouPs:

(u) those concerned. u¡fth ensurlng that the antenna

f s Pof nt lng t ot''iard the targe t t

and (¡) the problem of sensibly recelvlng the lnforma-

tl on requ l-red 
"

As ln any system deslgn, there v¿I11 be conslderable

overlap betlveen these tviro categorf es '

The forne: glroup of problems, vrhlch necessltate

the deslgn of a steerable system, lncludes all the

pnoblems assocfated wlth plactng an object tn a partlc-

ulan orbl-'i;. The lnterest for an antenna engfneer ls

the design of atr aerlal system r,¿htch enables the actual

path of the vehlcle to be tracked as long as posslblet

tndepend.ent of any predlctlons, thus makfng posslìole

companlson betv¿een the deslred or predtcted path ancl the
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actual orbit, and the calculation of necessary correct-

lons " In the lfmlttng situatf on wlth the vehlcl-e at

very large dlstances from earth ancl consequently 1ow

recelved stgnal strengths, tracktng may be no longer

feasfble and reliance must be placed on computed predict-

ed paths 
"

the second group lnvofves productfon of a receiv-

lng system !'/ith a nofse ffgure adequate for the tas]< ln

hand. ì/vlth the capital expendtture and df ff lcultles

lnvolved in experlments of this kind, together wlth the

nature of the signals to be detected, thfs invarlably

means produclng a system lrfth the lolves'b nofse ffgure

poss lble " F:rom the antenna pof nt of vler/ thls means

destgnfng a system of maxfmum slgnal to noise at the

output, f o:: any vrorklng posttlon of the antenna"

Perhaps the t:cst Ímpor tant sÍngle parameter to

be determlnecl in the design is the frequency of opera-

tlon" Th:s choice involves a de-Ltcate balance betlveen

Several f actors, tÌ:-e most lmportant belng nolse consld-

enatlons, aimospher:Lc absorptfon, fonospherlc reflectfon,

the pov/cr and equfpment handllng capabilltles of the

satelLiie and the cost requlrements of the proJect. 0f

these nolse is the most important factor sfnce the

sf gnals to be detected are extremely weak or,vlng to the
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lange space attenuat f on over the transm!.sslon d lstance.

Vülth the tntnoductlon of parametrtc and especlally maser

lovr nolse ampJ.lfle::s, the noise tntroduced fn the flrst

stage'of the recelver fs no longer the ltmftlng factor;

consequently the f::equency must be chosen to mlnlmlze

atmospherfc nolse contrlbuttons, both man made and

natural" Thfs usually places the operatlng frequency

tn the range IOOO to 6OOO MHz. (1.". v/avelengths from

30 to 5 cms). Thls range ls vrel1 above any man made

lnterference and not yet tn the range v¡here atmospherfc

absorpttoo(t ) may ltmit performance. It ts also approach-

tng the upper ltmtt of frequency for whlch transmftters

wfth reasonable polÃ¡er output can be buflt and lles

comfortably tn the range of dlscrete frequencles at vrrhfch

tmaserst operate'

It ls rrvorih notlng that maxlmum signal to nolse

ratio from an antenna does not necessarily mean maxlrnfz-

lng the foi"lvard gaiu, f or no'Ise contr'lbutlons from the

sidelobe structure may be sfgnfffcant and need contnof.

In other words, a minimum effective antenna nolse

temperature fs requlred, the effecttve antenna tempera-

ture befng conveni-ent1y descrr¡eo(2) by

T='a 1[
lr"J " 

G( o,þ),r(o nö) on (r.r )
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v,lher" Tu = effective antenna nolse temperature

C(o , É) = antenna gain functlon

t(ArÉ) = effectlve spatlal nolse temperatune dlstrl-
butlon

d n = eJ.ementarY solld angIe"

For antennae intended f or deep Space research, hovlevent

maxlmum gatn ts normally sought slnce the overall

systems are desfgned to avold the necesslty of tracklng

at l-or,'¡ angles of e-'l-evatlon (hence reductng ground noise

contrfbutions through sfdelobes) or too near hot (radfat-

lng) bodies. The antennae are also sfted 1n remote

areas to mfnimlze man made lnterferenoe.

The physf cal sLze of the recetvlng antenna ivllI

be a functlon of the frequency chosen. The antenna

d lmensf ons can also be 
"rro.r,ro(f 

) to be dtrectly propor-

tlona'l to the distance l-nvolved (aI} othen factors gtven)

TpTi'8.l1ge = D
G r<raF 

^r(fr)

D = diameter of assumed clrcuiar apertune

PT = transmltted potver

GT = galn of i::ansmlttlng antenna

qR = overall efficfency of recefvfng system

k = Bo.-..tzmanrs constant

Tu = effective antenna nolse temperatune

(t .z)

¡rvhere
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F = receiver nofse figure

Lf = sYstem f requency band',vidth
S/* = desfred slgnal to noise ratlo'

In this formula the only parameters affected by recelvlng

antenna design are the antenna noise temperaturer Ta,

the recelvlng efficfency rh and the dfameter D. 0f the

other factoru PT transmltted power and GT transmittlng

antenna gafn l,¡ould have maxÍma set by economlcal payload

and lffe of the satellfte v¡h1lst the bandr,'¡ldth af ls

malnly controlled by the lnformatlon to be transmlttecl'

'i'i.ris dlscu ssf on l-s lntenci ed to e1-'o'¡¡

some of the factors tnfluencfng the design of antennae

fon deep space research and to shov¡ the need for large

steerable ántennae lvlth lor¿v noise temperature. It is

worth notfng at thts stage that the branch of radlo

astronomy dealing rvlth the reception of slgnals from

remote stars ( as opposed to the fntenslve study of our olrn

sun) also requÍres antennae vvlth simllar requlrements to

the above, although ttrey are derived fn a different

manner. The frequencies of lnterest ln radlo astronomy

are no longer uncler the control of the system designer

but ar,e determÍned so]e]y by the structure of the stan

or object of lnterest" Hov¡ever, the lmportant hydrogen

ltne does occur lvl_thin the above range, being at 21 cm

wavelength ( i " ". approxÍmat e1y 14OO llle/ s) . The demand s
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of the sclentlsts 1n thts ffeLd are mainly for htgh reso'-

lutlon and hlgh sensf tivlty. From the Rayleigh I,/O

crlterlon, hfgh resolution necessitates a large antenna

sLze (sÍnce lvavelength f ixed) whlch in turn provldes high

antenna gafn. The htgh sensltivity requlrement to detect

very weak signals means that extraneous nolse ln the

recelving system must be reduceil to a mlnfmum, l.€. need

mlnlmum antenna noise temperature. And, of course,

radfo astronomy antennae must be steerable to accommodate

notatlon of the earth although tracklng facllftles are

not requf:red.

1 .1 "2 LarEe Aperture Àntennae

There are tv,ro approaches to achlevlng antennae

lvlth large effectfve dfametilt-s a:,-l u¡ìl:;ch--may be made

steerable. These aï.e the array of a number of dlscnete

cohenent radfators, and the reflector antenna consl-stfng

of a prima-,ry radlator ( o* radlators) and a pass fve

reflector (or ref -l-ectors). ¡"it f irst the antenna array

seems to be the best proposltion for produclng a narrow

scannfng beam sj-nce the elements may be fixed and beam

steerlng may be achler¡eC electronfcally, offering high

scan rates. Electronic scanning may be achleved by

aitc::l :'.9 the frequency of operatlon, a system vrf th very

restrfcted appllcatlon, or by alterÍng the phase or

amplitucle o:: both of tndfvldual elements. The alray
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also offers great flexlbiIlty 1n synthesfs of an optfmum

secondary r'adiatlol pat';ern since each lndlvldual

element may be 'ua::led in ampl-f "bude, phase and posltf on,

at least at the deslgn stage"

Holvever, f or very large antennas under the

present terms of ltef ei'ence, the arra-' has some severe

lfmltations" The a::::ay has an fnherent property of

gafn reduction as the Scan angle al'ray fnom the nonmal tc

the array lncreases" Thls ls caused by a reductlon fn

the pï'o jected area of the aperture so reduc fng lt s energy

collectlng potentfal. Âs the array conslsts of a large

numben of al-most identf ca1 antenna el-ements v¿hich mu st

be manufactured to c-l-ose tolerances, the lnterconnectlon

and control cfrcults become very complex, although the

random f all-ure of oLle or tr¡vo elements lviLl not degnade

perf ormance severeJ.y. fn practice the scan angle of an

array ls lf mtted by mutu al coup"ll¡1g ef f ects betv'¡een

eleme:rts. Thls r:'li;ual coupllng lncreases vrf th scan

angle causf ::g degracìa-bion of the rad latlon pattern and

probabl- e secondary ef f ects lvi thin the array due to the

ohange f n impeda:lces of the elements. Ffnallyr arrays,

ln general, l:ave a high noise temperature.(h) Consequ-

ently, arrays are bes'i; sulted to moderate galn, lfmfted

scan applications, especially vrhere htgh scan nates

afe neceSSâffo
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Large reflector antennae can be rleslgned to have

wlde scannlng angles v¡ith vlntually no change f-n the

electrlcal performance, slnce the system as a whole

move5. This, hov/ever, places hlgh demands on the megh-

anlcal design, ovring to the large r,'retght of the structune

and the necesslty of malntalnlng the r ef lector shape vr¡l th-

fn close tolenances. Due to the large mass (and hence

lnertta) of such an antenna the scannlng rates must be

slow, and the acceleratlons requlned must also be qulte

1ow to keep the por,ver requlnements of the drfve systems

1ow. On the other hand, stnce maser and other lovr

nolse amplfflers can be convenlently used v'rlth reflector

antennae they are capable of Very lotrv nof se temperatures.

SCannlng wfth reflector antennae can also be achfeved

uslng a. fixed reflector and movlng only the prf-mary

radtatlon ( or f eed ) system. This al-lov¿s hlgher scan

rates to be achieved, but lnvolves somelvhat limf ted

scanning angle and some inefflclency ln the use of the

refl-eçtor sfnce only a portS-on of tt !s illumfnated at

any one tlme.

It ls these arguments that justffy the currênt

çc' .enclf or large f u1Iy steeraþ1e ref lector antennae.

¡\ recent reviev¿ of satelltte ground statlon antennae

has '¡een glven ¡y nee¿,(5) At present the maxl-mum

diameter antennae bullt to operate tn the above-mentfoned
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frequency range (tooO r[t\z- 6ooO MHz) form the Jet

Propul-sfon Labonatory, Pasadenar Callfornla, deep space

expl orat i on tracking netlvork and ar e 21 0 f t . ln di ame ter .

fn this thesis tt ls lntended to dfscuss the

provtsion of tracklng f acilf tte s ln s:. øter.s ¡ueh as those

discussed above. The mafn aim has been to develop a

tracklng system tivhfch v¿l1-1 perform v¡lth the same order

of accuraacy as current technique s, tvhilst allo"vlng an

ultfmate antenna performance in a purely neceÍving role

of the best possÍble quallty. Consequently, under these

terms of refenence, the tnacktng facllfty must only be

consfdered of secondary lmportance to the lolv noise,

hlgh galn recefvlng capablllttes of the antenna"

. Before conslderlng the tracklng system develop-

od, It ls necessary to survey brlefIy the current tech-

nlques for achleving hlgh efflcfency feed systems and

tnacklng feecls for large reflector antennae.

1.2 Hfsh Efftciency Feed Desfqn

From equation (1.2) above, ft can be seen that,

fn a glven app1lcatlon, the size of the antenna requlred

1s dependent upon the receiver efflcfency. The ovenal1

effi-cfenoy of the receiving system v,¡111 be glven by the

Broduct of the eff iciencl-es of the vanlous unlts making

up the system; consequently any lmprovement vr¡hich can
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be made ln antenna efflciency v¡111 be signiffcant.

Because the eost of large neflector antennae fncneases

vuith approxlmately the cube of the dlameten, there |s

much to be safdrfor economlc reasons alonerfor achleV-

lng the hlghest possible antenna efficiency ln a glven

system design es the feed system tends to be a nelatlve-

Iy mlnor part of the ovenall tnstallatlon cost. More-

over, |n the case of exist ing antennae f nstall-atl ons,

lmprovement of feed system efflclency lvtl} extend the

usefulness of the antenna and aLso aLlovr maxlmum use of

the tnitfal capital outlay. It !s for these reasons

that considerable efforts have been macle to improve

feed system Jes5-gn and hence antenna eff f clency.

Inlttally there vúas conslderable s cope f or

f mprovement ln eff Ícl encles l¿hich, ln the case of the

simple f oca1Iy excited parabol-old ref lector ( ¡'f g. '1 .1 ( a) )

virtth an unsophlstlcated feed hornr'v/ere only 1n the

viclnfty of 5Of". The fntroductlon of the optical

Cassegrain telescope prlncfpJ-e to mfcrolvave reflecton

antennae (¡'re. 1 " 1 (¡ ) ) 
(6 

'7 'B '9 '1o) allowed greaten flex-

Lbfltty ln the ll-luminatf on of the maln reflector and

the posslbiltty, iri theory at 1east, of very hlgh

eff lcf encf "".(9) However., the need f or greater control

of the primary radiation pattern characterfstics st111

exlsted. It ts thf s stcle of f eed design vrhlch ls of
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concern r'úhen provision of tracklng facilftfes 1s consld-

er. ed .

Feed systems ln lor¡'l nolse situatf ons are

excluslvely r,vaveguid e and horn comb inatlons f eedlng

dlnectly to a lov¿ nofse ampllf ier. /\rrays are not used

at present owlng to the tnherent losses assoclated wlth

the transmlssfon ancl fnterconnection system. The

posstbllfty of actlve array elements, or ampllflers

dfrectly behlnd the racl f attng element, must not be

dlsmfssed, wlth the lncreastng appllcatlon of seml-

conductors and tntegrated clrcult techniques at htgh

frequencles. Hov¿ever, the coollng of such an array

viould be extremely dfff lcult,

Because of the unknov¿n and shlftfng attitudes of

satellltes ln thelr orblts and the possibtllty of changes

tn stgnal polarLzatLon by the earth atmosphere, the

recelving systems are alriv::ys cf rcularly polarf zed.

Thls fmmedtately nestrlcts the feed systems to either

square or circularwaveguide systems, due to symmetry

condltfons. 0f these tlvo posstbtlltfes, clrcular wave-

gufdes produce more symrnetrical radlation patterns r1l 'lz)
v¿hich also have a better stdel-obe structure' (11)

consequently most of the recent research has concentrat-

ed on thts type of lvavegulde.

¡ì. mor e d etalled dlscu ss f on of neseanch lnto hlgh
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efflclency feed systems wt1l be gfven ln Chapten fV and

v,¡fth particular reference to the multimode tracklng

system developed " For the moment tt suff lces to }<notv

that e.ny tracklng system must be compattble lvlth cfrcul-

ar vraveguf de f eed systems. tr'urthermore, another fmport-

ant aspect emerges from the above dfscusslon: this ls

the need for polarlzatlon dlversfty ln the system. lt

ls essentlal that the system be Independent of the

return signal polarlzatLon both 1n punely receivlng

appllcatlons and where tracklng ls requfred. Even lf a

satelltte has aÌ:tftude control, changes ln slgnal polar-

LzatLon may occur over the stgnal path and ln partfcular

near earth and the posslbÍIlty of faflure ln the attitude

contnol system must also be accommodated.

1,3 Tracklns Feeds for Larse Reflector ¡\ntennae

L3.1 Introduetfon

The ldea of tracklng antennae stemmed from the

mflltary probfem of cletectf ng and tracklng airborne

targets ln situatlons',rhere conventfonal- tv¿o dfmensfonal

radar dicl not glve complete inforrna-tf on on tanget posl-

tlon. Tracklng radan al-so allowed automatf c gun alm

controlo Consequently conventfonal trackfng radar"

rel-ied on a passlve target and the antenna system
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perf ormed a tvro way transmit-recelve f unction, l. €. to

llluminate the area and detect the presence of any neturn

echo, Indlcatfng a target. U/fth the fntroduction of

artlf lcf al satel-lItes, the problem of keeping the ground

statlon receivíng antenna potnted at the satellfte vüas

relatively easfly overcome by aclapting the conventionaL

tracklng radar technfques. There u¡ere some cltfferences,
of course. The satellfte contatned fts ov/n transmltter
and thus the antenna system became a continuous receive-
only fnstallatlon, wlth relattvely strong slgnals at
least from earth orbltfng vehlcles. Secondly, the

satelllte path vras pred ictabre ancl rf necessary could be

follolved by predetermtnlng the path and feedfng the

fnf ormatf on to the antenna drlve system. Hor¡,¡ever, frr

orden to check the actual orblt at least one tnacklng
stat f on woulci be necessary.

In the deep space probe situation, r¿vhere ft fs
expected that the vehfcle v¡fll eventually go out of
tnacklng range due to the Low signal to noise ratro
achlevable, tt ls lmportant that an accurate measure of

the actual orbit be determined and that ft be determr,,çd

sufflciently early to arlolv corrections to the path to
be made and rechecked. The accuracy of the path deter-
mÍned can be fmproved by tnackrng r,vith v¿tdely sepanatecì

antennas (as 1n the usual system of three antennas
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approxlmately equal-ly spread about the earth when over-

lap exf sts) and uslng a rrtriangulatlonrr technlque to

compute the path. Thf s demand for long range tracl<lng

shov'¡s the need to provlde tracktng facllltles on the

maln recelvlng reflector to extend the tracktng distance

to the maxfmum possfble and wf th the best attainabl-e

accuracy. Up untfl novl thf s faclll-ty has not been

lncluded on large antenna tnstal-latfons slnce the track-

lng methods avall-able compromfsed the eff tctency of the

antenna ln a purely recetvlng sltuatforr.

The author does not lntend to glve a cletailed

discussfon of the development of tracking radarr vrhfch

has been adequately covered ln the llterature, li.sted ln

the extenslve, but by no means exhaustfve, blbllognaphy

on tracklng radar i.ncluded lvlth the thesisr but

rather to comment on the baslc types of system avaflabl-e

and thelr developments.

1 "3.2 tr/lonopulse Tracklng Methods

¿ì.11 tracking systems employed today use mono-

pulse technlques for derf vlng cifrect ional error f nf orma-

tlon. Thls name ls derlved from the true nadar situa-

tlon where all dlnectfonaL fnformation can fdeally be

derlved from a slngle transmftted pu1se. Monopulse

technlques for use fn a three dlmensfonal tracklng
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system may be dfvided into three types:

(u) amplftude compart"oo(13'1\) (rre, 1,2)

(¡) phase comparlso,t(th) (rr*. 1.3) and

( 
" ) 

phase-amplrtucle comparlsoo. 
( t5 )

The thtnd type mentfoned fs a combfnation of the ffrst

tvlo, ustng one techntque ln each of tvro orthogonal

nef erence planes. ït can be 
"rrourrr( 

16 ) that 1n the non-

Ldeal nltuatfon where complex targets exlst the pe¡form-

ance of phase-amplltude monopulse clrcults 1s lnferlon

to efther of the other systems. A complex tanget may

be descrtbed as a coll-ectlon of potnt sources wlth

amplltudes, phases and polarLzat,lons dlfferlng; these

parameters may or may not be correlated''

Phase comparison technlques have the dlsadvant-

age of requfrfng reasonable separatlon betlveen the

antennae tn order to achleve good resolutfon; ln fact

the greater the c'llstance bettrveen them the better the

resol-utton, although the possfbflÍty of ambfgulty also

fncreases lvith Separation. In the case r,vhere Very weak

signals rnust be handled and antennae must be physically

large to provlcl e the htgh gatns need s, thls requ irement

for Separated antennae becomes economfca1Iy lmpossLble

and the method ls rarelY used.

r'\mplÍtude comparlson monopulse, on the othen
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hand, ls achteved ustng a stngle refLector and sllghtly

off set feed horns to produce skelved beams (f f g, 1.2).

The sum and diff erence mocles shor,vn 1n the dlagram (f tg'

1.2 (")) may also be regarded as produced by prlmary

lllumlnatlon functfons gfven even and odd apertune

dfstrtbutfons; tn many lnstances thls approach ls far

moro useful.

For three dlmenslonal tracklng lnformatlon a

mlnlmum of thnee horns [s necessary to provlde error

stgnals |n orthogonal planes; however, tt ls usual to

admtt a certaln amount of redundancy a'nd use four horns

(f fe. t .!(a)) because thls al-lows a more symmetrlcal

arrangement, gtvlng slmpler signal processlng circults

and allolvlng better aperture dlstributions to be formed.

1 .3,3 m ons e rH S er
ves

In lts basic form the four horn cluster mono-

pulse feeds has several limltatfons. These stem from

lts lnefflcient illuminatlon of the antenna reflector

(lt the moment the efflciency concerned fs the overall

efficlency of the antenna, not just aperture efflciency.

In loy¡ noise applfcatfons 1t 1s partÍcularly tmportant

to conslcler the sidelobe structure of the primary feed

system). In both the sum and dffference modes thls

tat
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baslc feed
r,7 ,19)leaves much to be desfred\r .

The ffrst of these lnadequacies to neceive rnuch

attentlon stemmed fnom the mllltary necesslty for htgh

tracklng accuracy, From fig. 1.2(c) 1t can be seen

that the tnackfng accuracy requlres a large dtfference

slope. rt has been "no*n(t7) 
that to achieve optlmum

dífference pattern lLlumlnatlon the effective feed

aperture ln the dtfference mode must be tv,rlce that of

the sum mode; several methods have been proposed to

overeome thfs problu*. (1 8 
'2o '21 '22)

The investlgatfons fnto lmprovlng on-axls or

sum mode performance ln trackfng systems was st,lmuLated

by the lntroductfon of communfcatlon satellftes and,

later, deep space probes. Keeprn*(11) appears to have

been the flrst to stress the fmportance of the on-axfs

feed perfonmance 1n low nofse applications, when dlscuss-

fng the tracking feed design for the Haystack tr/ifcrowave

Research Facilfty .(23)

The flnst attempts to produce lovz nolse monopulse

feed systems have used a conventlonal four horn clusten

to exclte htgher order modes f n a pyramldal fro"n( 24 r25,

26 '19) (rrg . 1 ,D). /'11 these systems excf te large

numbers of modes ln the square horn; thls may be up to

tvrelve modes .(25) ,rr" large number of vravegutde modes

means extnemely dtfflcult contnol of the phastng and
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amplltude of the desf red mod es as rivelI as suppre ssion

of any unvvanted modes; the actuaL modes used varles

v¡fth the desfgn. The preservation of ttght contnol on

relatlve amplltucl es and phases v,¡f th these systems also

tends to produce a very narro¡¡¿ bandv¿ld.th system.

rilthough these systems represent a great improvement on

the simple four horn cluster, they stÍlL suffer fnom

some dfsadvantages v¿hen uiewed fn relatfon to tracklng

ln deep space projects. Because the system stlll relfes
on a four vraveguf de feed to generate the lvavegulde modes,

the sum and dtfference tracktng patterns are not derived

fndepenclently and the sfgnal processfng bntdge cfrcuft
(ffg. 1.4(¡)) fs still necessary. Thls tntnoduces

fnevltabl-e loss into the transmf ssf on system wlth a

consequent fncrease fn system notse temperatur.e. Further-

more, none of the technlques for fmprovfng feed and

aperture efficfency of large reflector antennae can be

lmplemented since these are almost lnvarfably based upon

cir.cular v/avegufde modes ancl ln order to achleve the

maxfmum recefvfng eff fciency wlth very 1or,v noise these

teehnfques must be employed.

In the next chapter the author descnfbe uQ7) u

tnacklng system suftable for use tn cfrcular l'lavegulde.

The lnf tLa1 proposal lv as brief ly descrtbed in a

communlcatlon to the Proceedings of Instftute of



Electrlcal and Electronlc Englneers, a copy of whlch 1s

lncl-uded wlth thls thes.iq. The system to be descrlbed
has .three,maln features; these are compJ-ete polar'lzatIon

19.

ratlon of the
on-axls and

1ty wlth all the
feed.s 1n

dlve4stty, lf necessa,ry, lndependent gene

even and,,odd 1Ilumlnàt,1ons .necessary for
trgckln8,,strgnalis ¡' and flnally compatlbll
technlques for achleving hlgh eff,lolency
circular waveguLde. 

:
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CHÂPTER TI

À NÍULTTI/IODE IRiTCKTNG FEED

2,1 Tntroductlon

In the prevlous chapter the problems lnvolved ln

the provlslon of traclrlng facfllttes on large lolv nofse

antenna tnstallations have been dlscussed. these may

be summarlzed by stating that any system devlsed must

be compatlble wlth current technf ques for achievlng lour

nolse, hlgh eff f ciency f eeds, lvlth no compromlse of the

receivfng performance, and must have complete polariza-

tton dfversfty to accommodate changes ln signal polarLza-

tlon characterlsttcs due to stgnal path or sateI]lte

attltude. The first of these condÍtions makes tt

oblfgatory that the system be designed on cfrcular v/ave-

gufde. It ls essentlal for the method to produce the

reference and error stgnals sf-multaneoUsly and contln-

uously.

The reference or on-axis slgnal must have the

form shov¡n as the sum stgnal tn f 1g, 1.2(c), and the

error characterlstfc must be ltke that of the dffference

stgnat tn the same d tagnam" The reference charactenls-

ttc ls 6een to be baslcally the same shape a6 that

required from an antenna fn a normal receiving situatlon

and so the maln receivi.ng modes may be used to provfde

a reference channel" Thf s trnplf es that the reference
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and error slgnals are producecl dlrectly by the antenna,

whtch ts a deslrable feature for lovr noise appllcatlons'

In deference to the conventfonal four horn monopulse

termlnologvr the ref erence and eruor sf gnal character-

lstlcs may stfll be termed sum and difference patterns.

The dtfference patterns may be generated efther

by extra mocles propagatlng vllthin the clrcular trravegufde

sum feed or by some external radlating mechanlsm. liüfth

elther of these methods thene are stringent requfrements

-lo:: cross-couplf ng betvueen the ref erence and error modes

tn onder to preserve the tllumlnatlon efflcfency and

nolse performance of the sum channel" The use of

external apertures to generate the error modes 1s not

suitable' f or ttl/o main reasons " Flnstly, the large

parabolotds 1n use, with f,/D rattos of approxfmately

O.ll r nequire basic feed apertures f n the region '1 .3- 1"5

lvavelengths 1n dlameter; consequently any extennal

aperture, vrhether ft be annular Ín f orm or ttr¡o dlame-

trlcally opposite guldes to produce a dlfferencer can

have an lnner dimensfon no less than thts aperture size.

Such nadtating systems produce a muJ.ttlobe pattern ln

rvhlch the flrst f elv lobes are of muclr the same slze

(cf. an fnterferometer).

Flg" 2"1 lllustnates the shape of such patterns

by glvlng the radlation pattern of a coaxlal wavegulde
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vülth d lmenslons compatlble v¿ith a sf mple vúavegu ide f eed .

The mocle used ls the TÐM mode, lvhich gfves a central
'nu1I as r,equlred for dffference modes, and ls assumed to

be matched at the apertune. The fleld fn the wavegufde

ls assumed to be of the fo"*(e8)

Ep =K 1

I
p

t;
{ã' H0

vrhere (p rO, ,) are the coordlnates for ffelds wfthtn

the wavegulde and Kl f s a c,onstant. The radlatlon
pattern f or a fleld of thls type can be sholvn, fnom

.tippendlx T-, to be

E 1+cos0
sin O '

v¿hene K, = constant

and o1 ,u2 = lnner and outer radil of the co-axlal

guf-de.

ri plot of thls functÍon and the coordinates are glven

tn f fg, 2.1. It lif 11 be noted ln thls case that some tin¡o

end a half lobes are l¡lthLn a nominal 600 panabolold

edge. Thls ls cer"tainly not su ltable for use lvlth a

large neflector antenna. There ls also the posslblllty

of arrfaLse zerott betlveen the second and thind lobes ln

a tracklng system.

K2' I Jo( *a, sLno) - .ro(r a,, stn o)] .#
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The same problem applfes to a cassegna[n system

slnce the baslc aperture slze lncreases ln much the

same ratf o as the effectfve f ocal J-ength v¡hen compared

tvfth the simple parabolofd. Thts multiLobe pattern

would leacl to poor utfl-izatlon of the aperture, the

probability of amblgufties ln tracklng and poor nolse

performance due to spíIIover. The second" dffflculty
1n pnovidfng tracklng feeds external to the maln wave-

gulde feed stems from some of the technlques used to

lmprove the radfation characterfstlcs of the baslc feed.

IVIany methods for improvfng feed eff lclency modffy the

aperture plane (29 ,3o t31 ,32 rU ,46) outsf de the waveguf de

by provfcifng an anisotroplc surface of some klnd.

Thfs fonces the mfnlmum fnternal dimensions of any

tnacklng error system to be greater. îhese llmftatlons
caused by the geometry of an antenna system make the

provlslon of error patterns by extra modes propngatfng

fn the basic fced more attractfve, especially fn the 1ov¡

noise sltuatlons "

2.2 Uïodes fn Cfi'cu.l.ar Wave ufcle

2 "2 "1 Su:m L{od e

TEt't

fig"

The domlnant mode ln clrcular l.ravegufde fs the

mod e " Its f leld lvf thln the wavegu ld e 1s shov¡n Ín

2.2(a) and may be representeit by the follor,vlng
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Hp (z,t)

E =0z Hz=
1

cos o ."t.,, (rcrl,p).e

'T1 1'

2
K1

E0 = Jr¡p *11cos o J.l (r...p).

,p Jr^rp sin 0
t r(rc¡p) -Y1

1
z Ja;u

= Y11
ô

p

where (prT rr) are cyltndrical coordfnates r¡¡tth the z-

rrio colncldcnt wlth the axls of the

wavegu lde

Tll = propagatfon constant = 61t + JFtt

(rc ^^1
ít'v')u

and o11

9rt

= âttenuatfon constant

- phase constant

k= zr/n 
= free spaoe phase constant

and J.t (rc.,,., a) = Or â = rvâv€gulde radlus

.'.K11ã. = 1.Bl+1'lB for" TEtl mode.

The radl-atlon by thls mode from an open lvavegulde end

may be calculatedGll) and ts glven by
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Eo

%

where

@g
2R

E-s*
2R

þtt
k

cos

+ oos

t

a

1+ d
9rJ
k r 1( rc¡f)

Jr(kastno)
sfn 0-.sfnP.e

- jkR

- JKR

= f o(n,a)stn p" u-jkR

t l"r, (rc1,a) ,
rì(ka sfn o)

. cos çt. e

fÉ(R,o).cosg"e - jkR

t

p(Orþ) = povrer radiated, per unit solld angle

- *'-[tÉ rvhere4 = rntr"tnsfc lmpedance of
2r¡

med lum

=¡En 
'o* 

alr

(z.z)

assumfng no fringfng and a perfect match at the open end

of the v¿aveguf de. (ffre coordinate system f s glven ln

flg. 2.3) "

The nature of thÍs radiation pattern fs shov¿n diagnamma-

ttcally fn flg. 2"3(a). The galn function for thls mode

may be calcul-ated ,"o*(35)

c(o'çi) = 4n. YtG,þ)
P (zJ)

and Pt = total pov,rer nadlated
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= total po\"/er propagating ln vravegulde f on matched

condftfons(J6rlZ)

Tfrerl [h,")z - 1] tl( rc,,a)t

Thfs gain functlon fs plotted fn flg. 2.4 and from thts

ft can be seen that the TElt mode has a radlatlon charac-

tenistfc suftable for the reference or sum channel ln
the tr.acklng system. It ls upon thts mode that aLl

clrculan rravegulde feeds for parabolotdal- antennae are

based.

The radlatlon pattern of a parabolofd, fed by

such a vuavegulde radlator, can also be appnoximated and

computed ( see rì.ppenötfx f for notes oti calculatlon of

i:adiatfon patterns)" In thfs case the expresslons are

tr
"t--\ l-r

uul

tó-
"-' 

jkn
-'-R:- o

Ig
(2.tt)

rÁ
Y

where

IE
T0 =øsrnp/o Icos 0"cos€/2 [Jo(u)"ã;fÉ - Jz(u).fl:$

- 2J sln6^sLn€/2",r,, (u)l expl -jkp[1 + coso.cosf]l

p2.sr.n¡; srn€/z de:
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and u = kp.sin0.sinf

fO = tu(p,f ) and fÉ= t
equat I ons (z "z)

27.

( p,€) are defined above ln

T = Trco
þ

rE

"ÉJ o [ro( u) "-q + rr(u)',r¡-3;- ]

exp [ -jkp [1 * cosocosf]Jp2 " sinf.of

þ

The gain functfon may be calculated as befone ("q.oatlon

(Z.l)) and this ls given in f tg. 2,5 together vi¡lth the

coordfnate system" iìn impontant feature of this
pattern 1s that the gain near boresight fs almost constant.

2.2.2 The Diff erence Modes

Trackfng error lnformatÍon can be obtalned ln
clrcular vr¡avegulde if another mode Is excited whf ch has

a voltage rad iation char.acterlstf c, and hence by reclp-
roclty the same receivfng characterfstlcr llke that

shown as the dffference pattern ln ffg. 1.2(e) fon any

p-l-ane p- constant ancl v¡hose phase relattve to a d-omlnant

mod e excltecl l-n the sarne gulde by the same source f s

given by the s7t:"vth angleoS. Tvith this lnf ormatf on,

the distance of the source off the boresight axls is
gfven by the amplltude of the dl-fference mod"e and the

dlrection, from some set of reference axes, by the phase.
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Both these condftfons are sattsfied by the cfrcularly
symmetnfc modes 1n clrcular wavegulce; these are the

magnet f c mod e, TIIO j , and the electr. ic mod e, TEOI . Thelr

f telds vr¡f thfn the vraveguide are gfven aUSl)

TMO.I t

H =Oz

çz .l ) v¡l th the pr tme d enot ing a transver se magnet f c

satlsf f ed by ,Io(rcf.,a) = O or Kóto = 2.bO4B.

Jo(rot p).e*To1z

and lj(rc..,a) = O, t.e. oO1 a = 3.83171 "

E, = *å1.Jo(.ór p),"-Yðt'

Eo = ja+ rc.,, ,rikolp)

rc
o o1

lq1
iue

p).e 01 .H6 Q.5)

%
(2.6)

z
E=p

0

J'ór-vðr

H
p

(

E 0

where the symbols are as deflned unden equatlon

mode. fn this case the boundary condltion fs

and f or TEO,' :

2
olEr=O Hr=K

E =H^=Opu

-T01' -tres
= Yo1.e



29.

These fl-elds are shov;¡n fn ftgs.2,Z(A) and ("). From

symmetry conslderatfons the racii-atlon patterns for these

modes must be of the form shol'rn fn flg. 2J$), v¡f th the

TI\,{OI mocle responcilng only 'bo Eg components of an fncld-
ent sfgnal and the TEO. mode only to Ep. By lnspectfon

lt can also be seen that a reversing voltage chanacten-

lstlc v¡111 be obtained as a source of constant polarlza-
tlon passes through boresÍght for eÍthen mode. It can

be e as lLy ri emonstrated that the phase crf terf on f s also

satlsffed for each of these modes by considerfng a

cfrcularly polarized source at the polnt P shovrn fn

f 1g. 2 "3. l. signal polarf zatfon cllagram can be dralvn

and f s shov¿n tn f ig. 2"6" The source slgnal may be

lvrftten as

and

E = Re (8")

E Eo, e¡ (øt + cr')
ô

0

Since the

Tl,/Io

= Eo cos (ot+ o)

% = rm(n")

= Eo. sin(rr,rt + cl)

circular'ly sJ¡mmetr lc mod es respond only to E 6

1 case and np 1n the TEO.' case the receivedfn the
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slgnals may be u/rltten:

3o

where C1=Cl ( n, o)

cz=c2(n, o)

nocl e :

noCe:

For the reference (ot ln practlce Tt.1t ) mode, provided

the polnt P ts cl-ose to the borestght axis (1.".9 small),

the radfatton pattern may be consldered symmetrlcal and

wrltten as

for ÎMa,,

for TEO.I

vrhere C
3

Er= clEocos(alt + o)

E"= C2Eosfn(ot+ a)

E0 = Cr. sln P

% = Cj"cos t'

= cj(R,o).

By rectproctty, the recefved reference slgnal vrtlll be

of the form

E =ChEo (cos(o,'t+o)stnp + stn(cot+o)cost')

= C4Ilo.sln(c,,rt+ o+ É)

[= ch rm (E",uJÉ)]

The results for a slgnal v¡fth the opposlte hand polarl-

zal,Lon are essentially the same and may be obtalned by

replactng ø lvf th (-ø) tn the above analysf s.

From these results, lt can be seen that the

relatlve phase betvreen a clrculanly polarLzed slgnal

recel-ved uslng a circularly synrnetrl-c mode and sum mode

(from equatLon 2,2)
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vrlth a symmebrlc pattern is a measure of the azlmuth

angle of the source relatlve to the system axes. i\s

lndlcatecl above, thf s ls true ln the vlclnlty of bore-

sf ght r-n the practical case of a T8.., ref erence mode.

Slnce the system would normally be used ln conjunctfon

wlth a servodrtve systern, moderate phase error (t 5o-eOo)

can be toLerated and so non-ldeal off-axfs performance

can be e-cl:.itted.

îhese results shorv that only one clrcularly
symmetric mode need be detected for trackfng error fnform-

atlon u¿hen the s5-gnal fs clrculanly polarized. The sum

mode would normally be desf gned to extract maximum potïer

from the clrcu't arly polar Lzed slgna1 ( f . 
" 
. iletect ln tf me

and Epace quadrature and adci the stgnals). However,

such a system has severe limftatlons in a polarLzatlon

dfverçe sltuatlon" These are caused by the phase shift
betlveen the tr,vo modes no longer befng clepenclent sole1y

upon the azlnuth of the source but also on the elliptfctty
of source poJ.arlzat f on. Thf s may be demonstrated by

considerfngr sây, the slgnal recefved by the TMOI mode"

The general ellipticaJ-Iy polarLzed source sfgnal

can be v','rftten

) eE ("J o,E
oõ

thu s

ø't +e
-.JOT j
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rþ = Re(o*)

= Eo I oos(o,,t + o) + b cos(ort - c) ]

= EooÀ.cos(att+ g)

where Ã2 = (i + b )2"or2o+ (1 - v)zstnzo"rl
ancl B = u*"tunl_ffi-f tan oJ

y'issumlng the sum mode detects the desl-red ctrcularly
polarfzed component tt v¿111 have the same form as

before and the phase dlfference can be seen to depend

upon the elllptlcfty, measured by b. Thls phase error
has the effect of causing cross-coupltng betv¡een the

servodrlve systems. Provtded lt ls only moclerate,

say 15o-"z}o, ft can be tolerated, but tn the gener"al

po'l ar lzatlon df r¡erse sf tuation, greater e?rors are

pnobab-l-e.

Apart from phase error consideratlons, the

slmple tvyo mode trackfng system ts not practicable for
llnearly polarlzed signals slnce the dffference mode lvflI
be lnoperatlr¡e v¿hen the mode and signal polartzations
are orthogonal-. These difffculttes can be overcome by

detecting both the clrcularly symmetrfc modes and then

processlng the slgnals recelved ln such a vray that rlght
and left cfrcuiarly polarLzed components (on vertlcal and

horlzontal components) are treated sepanately, fn thls
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vüay complete poiarLzatlon diverslty can be obtafned

for the tracklng system.

Bef ore plroceedlng '"vlth the anal-ysls of the

recelved signals in the three mode case, some propent-

fes of the radiatlon patterns of the circularly
symmetric mod.es of lnterest ln the tracklng system wilL

be consldened. The approxfmate patterns for the modes

radlatfng f'rom the open end of a î/aveguide can be

calculated and, assuming matched condltions, the

ercpressf ons aï¡ 
"31+)

TMo,' :

E'o

and TE

!" *-ö, .
2 R sfn0 + cosI Pór

Lk
Jo(k a sf no)..1j(rci a) ^-jkR

I

f (nro)."*itn
3

01 '

J
9or IK au¡¿

2R + cost "o("or 
a).¡å(t< a sln g)

, ^- jkR
E1-lt-

Eó=

)( -4-s.In ¿
rce1

2
1

= fl+(nro)"e--jtn

v,¡here the symÌroJ"s are as prevfously deflned. the gafn

f unctions may be ca'1 cu-'l-ated ustng equatton (Z.J) and the
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f ollol-¡f ng polJver expressÍ ons 3t)

Ttil
01

and TE
01

These gafn functfons are,- Þ1otted, together wlth the TElt
Ipattern for comparisonr' :ln flg" 2,1+ for the case of a

1.f¡, dtamcter lvavegufde" Thls fs e suitable slze for

f llumlnatf ng a parabol-otd lvlth un f /n roughly O.Ll . It

Is al-so near the minimum waveguide slze for propagatfon

of the TEOI mode, vrhlch needs a dtameter above 1.22?.., .

In this case ther ra.df atlon patterns of the TEot and TMoi

mocles are seen to be v'ery stmllar. In fig. 2.7 the

radiatfon patterns for the same modes from a lvavegufde

of diameter h.JÀ are glven; thfs fs the approxfmate

aperture necessary to feed a cassegrain system wlth a

subrefl-ector ha-l-f angl e of 15o. Here the radlation

patterns of the t'rvo circular modes are no longer very

slmilar although the ma:limum clffference oVer the range

of lnterest is less 'vhan 2 dB'

These gaÍn functions for radiation from clncul-ar

v,raVeguide do shot'one ilrarr,¿back for use v¿ith reflector

systems: the high edge gatn" The very moderate edge

The questfon occasfonally arfses of the valldity of
comparing gatn functfons dlrectly, especlally In the
recèlvfng õase¡ fn a mul-tÍmode lvavegulde nadlator"
Provlcled the rnodes t'/ithin the guide are uncoupled, lt
ts easy to prove that this ts leglttmate by the
reciproclty theorem (see .Ér.ppendtx II) "

.D

Pt = T"r.,.,e " 9f -¡

= fl''P " 901

(rci, a )' "r|(rc[., a)

[ (r0.,, 
")2 - l] "t2o(rco,^)L

U
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taper means that there ls conslderable loss of efffc-

lency due to spillover" Tþe large spf 11over al-so means

suscepttbflity to nolse. This is partÍcular1y import-

ant ln the case of a front fed parabolofd lr¡here spfll-

over tllumfnates the hot ground r,vlth lts hfgh nolse

contributlon.. The cassegrain system fs less effected

by ground nol se bu t splI1over past the subref lecton 1v111

lntroduce adcl ttlonal unr,vanted sky-noise and vrl11 llmlt

tracklng close to hot radfating bodfes. the problem

of sptllover can be consfd.erecl lnherent tn any simple

system lncludfng the slmple four horn monopulse'

nunnon(t7) has sholvn that to overcome lt the effective

aperture for the difference modes must be tv¿|ce that for

the su:-.. modeS" Because of the stngle aperture nestrlc-

tton, Lmposed earlfer, the posslbiltty of achÍevlng

opttmun tracl<ing perf ormance ts ltmlted to alterlng the

feed aperture dlstrfbutions to this end; tn the normal

usage the ul-tfmate recefvfng performance lvould not be

sacrificed for traeklng performance'

The expressions for radlation fnom a parabololdal

reflector may be v¿rftten as follotvs:

TI/ro1 :

i"q¿¿ n€ f, I cos o"cos €/z,tr(u)- jkR

j stno.s rn€/z"l o(u)J exp[-ihol 1 + cos g cosf]J

fr/:R

+

E
0

p2 stnfsec € /z a € (2.9)



Vr/hef e u = kp sino.sinf and f 3 = f 3(prf)

36.

fh .Jt ( o ) .exÞ [-iicp [1 + coso.cosç]]

and TEOIt

' "-jknS¿ = JC,-tFt" --a-.
v

p , sLn f" dç (z.ro)

where u = kp sf nO.sfnf and fh - fh(p 'f )"

The correspondfng gain function 1s plotted ln ftg. 2.8,

(ffre equivalent case for a cassegraln system has not

been calculated but r,v111 glve results very simflar to

those glven. For varlous methods of t:':eatlng a casse-

graf n system see lippendix l). Once again the tvlo

patterns Dre almost identlcal over the ftrst lobe, the

dlfference belng a naximum near the ffnst off-axis nu1l,

but over the range of 0-0"60 remalnfng less than 1 dB.

The need for the galn functions of the two

tnacktng modes to be slmllar arises from the same reasons

as the deslrabilfty of a symmetric sum mode pattern.

This ts to avotd the tntroduction of ellfptlclty fnto

the system by the mocle characteristlcs and correspondlng

errors fn determÍnfng the azlmoth clfrection" If the

elltptlcf ty of both the ref erence mode ancl the error

mode combtnation v,¡ere ldenttcal for angles ( Orç) of

lnterest, tt could be accommodated by modifyfngrfor

2
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calculatlon purposes, the lnput sfgnal accondingly and

treating the system as perfect. However, it fs un1Íke1y

that thfs sltuatfon v¿ouLd occun fn practlce and more

beneflt dev.fves from d-esignlng for symnetrfc beams,

especially f n the ref erence case lvhere eff lciency vuf 11

also be enhanced.

These radlatlon expresslons also exhlblt anothen

deslrable feature u¡hen consldered 1n terms of a servo-

controlled tracking antenna. Thfs ls a voltage error

characterlstic llnear about boresight, Thls fs easily

seen ln the above expressfons by assumlng 0 ls smaLl

such that

cos0o,1

and sfn0=0

Substltutfng these values and usfng

J

.r o( x/and

x )t)(

x
2

= '-J

cz{

o 1

for x <<1

J (")
1

equations (,2"7-lO)can be reduced to the form

E = r (n)" o for smalI o,

d. comparf son of the slopes near boreslght f or the tlvo

modes glves a good lncllcatlon of system symmetny fn

thfs cnlcical negion. For the examples plotted, the



sLope differences are calculated as:

38.

lMOt:TEO,, slope dlfferonCo = I dB

rr It rl rl = 1.L dB

ll It rt rr 0.1 dB

1.3^ tv.g.

l+.J^ rv.g.

'l 50Àparab olold

These f lgures may be interpreted as the additfonal pov/er

gaLa needed fn the TEO.1 recelven channel to equate the

effectfve slopes. These figures are representatlve of

the ideal system and are probably v¿e1I v¿lthtn the gafn

tolerance of amplifiers used fn a practfcal system.

¡*ccordlngly for practtcal purposes they can be fgncned.

o7¿.) c ar ffferenc e e lvl th 1 tude
ar son u õA

The voltage difference pattern slope on bore-

stght provldes a measure of the potnting accuracy that

can be elrpected from a trackfng antenna, a Larger slope

givfng better accuracy In thls case the performance

of the muftlmode tracklng system can be gauged by

comparing the cllfference slope r,vith that obtafnable

ln the eonventfonal four horn amplftud.e comparfson case.

This ls most easfly clone by forming a palr of equlvalent

stattc split beams from the actual reference and error

mode pattenns.



39.

Ftg. 2.9 glves the reference and error mode gafn

functlons for a multimode system fn clncular v¿avegulde.

¿ì.s bef ore the error mode f s the TEO. racl latf on f::om a

large parabolold and simila.rly, the reference mode ls

the TElt moce, but wtth the addttlon of TMtl toou(11)

to procluce a symmetrlc beam. Thls addltional mode fs

lnclucled by stratght superpositfon of the TEtt and t*1t

f f eld s in the wavegu ld e. The wavegu id e f ield f or TIÍ1 
1

mode fs glven by

E - u'*4r 2 cos 0, J (* H =0z 1 zit) ""-'it'

if ) 'u-"it'"it
Y,ir

Jue 0E = -B.Yp cos 0.Jt (rc
1

H
11

BO sin0
t,(rc:'10) -rit' v11

---T{ Jue "PY'irE
Û

o€p

where the symbols are as pnevlously def lned lvlth the

boundary conditl-on r,,, (rc{f ") = o' henc. *l1a = 3.83171

and whene B ts the amplltude factor nelatlve to unlty

f on the TE11 mod.e. The povrer assoclated lvlth this

mod e ls

al
P11 (*l,")2" t|(rc j.a)

The equlvalent voltage characterlstlcs are

glven ln f lg. 2"1O.
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The equlvalent palr of statlc spllt beams are

formed from the voltage characterlstfc by

À= S +-D
2

and B=

and thus

-Ð--: 
j

a
¿-

These characterlstlcs are shown ln f fgs. 2"9 and 2.1O.

îhls paln of beams ls an ldeal uncoupled paln and v¿ou1d

not be attatnable ln practfc".(38) 
"ottovrlng 

perchat(:e¡

the squlnt angle may be deftned as half the angle betr,veen

the two beams.

.'. From f lg. 2"9 0Ê = O.2o

3 dB beamvr¡ldth = 0311,.= o.hl o foo D,Á 
= 15o

0^

- 
o 

= O.l+9

5dB

This ratf o ls cha.yacterlstlc of any 1ar,ge antenna wlth a

sfmllar l-ll.umfnatfon functf on for the shape of the beam

ts essenttally tndepenc.lent of À./O and only the angular

spread alter 
",(39) *r""ordfngly that class of lange

ref lector antennae (Dzlt zo) v¿ith f /, - o J1j and exciteit

by thls same combinatlon of modes v¡111 aIr,'lays produce an

equlvalent statf c spIlt rvith a squlnt natf o - 0.49 
"

Fig" 2.11 glves curves reproduced from Pelchat

which shor,v that the df ffer.ence slope obtafnabl_e from the
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muli;imode system f s approxlmately 0"! dB less than that

obtainabl-e f rom an optimally matched t¡,vo b eam antenna.

(fnts curye assumes the beam has the form -si4 U v¿hfch Ls
F

a good approxfmatlor f or antennae r,vlth J-arge D^).

Thf s lnclf cates that the trackfng perfonmance of the

mu-l-timod e system f s at least comparable lvlth that obtaf n-'

able f::om nore con./en'blonal systems and can be consiclerecl

competftive in lov¿ nofse systems.

2.14 Si-En.a1 Processlnq in It{ui.tJmod.e Traclçlng S¡¡qternÞ

The actual- processing method used ln a tnackfng

sys'tem lvt-"1..1 d epencl upon antenna desf gn f or the ref erence

or suin node channeL. In general the antenna may produce

eitirer of 'Lr,¡o ou-bput forms. The first Is sfmply the

ou'cput of horl zottl,a-Lly ancl verticaily polarLzed compon-

ents of the reoeivecl signal. The second f orm of clesf gn

ls o:e r,'¡hicÌr p:oclt-lces ou'upu'cs from the rl-ght- and left-

hanil cÍrcr,rlarl-J' po-arízecl collponents of the r eceiVed

signal" fn a practicai lov; nolse system the second

is f,he preferreil sys'bem, for the phase shifting mechan-

l-sm becomes an- iinteg::al part of the antenna desÍgn and

avoiils the necessity of e;lternal hyì:rÍ-cl clrcufts to

f orrrt c j.rcul-ariy polag|zed signals. fn some systems a

separate tracklng fi.equency may be available, ln lvhfch

case the tracktng slgnal lvould be sampled as horizontal
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and vertical components; horvever, fn the deep space

probe satellf te the v,¡etght and porver requtnement woul-d

pneclucle a second t::ansmltter solely for trackfng

purposes.

Both forms of antenna produce the same error

signals, but by diff enent processlng netlvorks. For

convenfence these r,vt11 be termedrrLlnear polarlzatlon
processorrt and rf Circuf ar polar lzatlon pr ocessor.rr . For

the remafnder of thls sectfon lt u¡f]1 be assumed that

the neference mode has a symmetnfc raclfatlon pattern and

no elllptlcity rvl11 be lntroduced lnto the slgnal polar-

Lzatlon by thls mode. Simllarly the radiatlon patterns

of the ti,vo cfrcularly symmetrf c modes v¡111 be assumed

ldentfcel to ellminate polarizatfon ellfpse modffÍca-

tlons by the error channels. In practf ce these l-deals

can be achleved at Least lvhen the target ls close to the

boreslght axfs" The target or sfgnal source vrfll be

assumed to appear at the antenna as a slngle point, P,

ln space (see flg. 2.3),

The slgnal emanatfng from the source wll1 ln

general be elllptf ca11y polarLzed and may be lvrf tten as:

Es = Eo(k1 sjøt *kr"-ï" )"uJt (z.tt )

nefer:red to the E 0, E
ö

radlatfon coordinates at polnt P,
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and lvhere k1 r kZ are the amplltudes of the rlght and

1ef t hancl cf rcu1ar.1y polanf zed components respectlvely.

The phase term, ô, fs as shown fn flg. 2,12" Other

relatfons describfng the sfgnal are

k1

a b

whene a, b are seml-major and seml-mlnon

e1llpse.
r.h. comp.

kz

fru=ne(:} 
")

tÉ = rm(n")

axes of the

kz sin(rrrt s)]

2

= Eo Ikt"in(øt+ ô)

J.h. üomp o

= Eo I k.,, cos(øt + ô) kz cos(øt s)l+

(z.tz)

2.4.1 Lf nean Polar.lzatl onPr ocessor

From flg. 2"1+ and equatLon 2.2, and assumlng a

symmetrlc pattern, the vertfcaL and honlzontal components

derived from the refer:ence channel- may be lvnltten as

Ex = o(nro) [Eo cosp - EÉ sin d]

and Ey = o(nra) [Eo sinp + td cos d]

vr¡here q,(RrA) fs a pattern factor and for angles near

boreslght may be wrltten as
]I

t3

R

fs a constant.

ç2.t 3)

(z.tU)

whene K"
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The correspondlng slgnals recelved by the dlfference
modes are glven by

Et = p(R,0 )"Eo
(z,l S)

E* = p(n,o ).u,.PP

vuhere g'(.n rO) ls a pattern factor" and for targets near

borestght may be approximated by

(2.t6)

where K ls a constant.e

The error voltages to be dertved vyll1 be applled to
orthogonal drfve axes of the antenna system. These

axes may be chosen as the vertlcaL and hortzontal, or

x- and y-t axes. The form of the error slgnals deslred.

fs

Is
R9-

vertf cal error voltage ex = k. å.cos p

and

horlzontal error voltage e

(2.t7 )

k,,É.,. s tn p
v

v¿here k - consta.nt galn factor and 9/o tu a normal Lzed

galn facton depend.ent on the off-axls dfstance of the

source. These signals may be denived as follows¡

Equatlons (2"13) may be rerrvrltten as

Eo -:'-o ä(Ev sfn P + E* cosÉ)

n -!'td = ã(Ey cos d- Ex stnÉ)
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and substttutlng 1n equation (2.15) glves

Et = å(uu stnÉ + E* cosp)

un = 
g,r{nu cos P - Ex stn@)

These equatlons, together wtth equatlon (2.17), glve

Et =Ey."y*Ex.€xk

k Ep uu" e E .exy

e = k.x

e *k

EaE* + untu

x

or 2
+

2

2

Ex E
v (z.rB)

E.E - E Ery D)r
2 uu

These equatlons shol',r that by a sultable multl-

plloatlon and addftton operatfons on the recelved

elgnals, error voltages may be derivedr sultable for use

ln a servodrlve system. The dlvislon by E*2 + ,U'Is

a normalLzatlon process and fs nonmally achleved by

automatf c galn control ln the l.f . ampllf lers. Hovrever t

tt ts diffloult ln practice to represent these equatlons

exactly, since ln the ideal case both the numerator and

denomlnator contatn second harmonlc components. Thls

1s easfly venlfied uslng the follovulng nelatf.ons.

v E +
tc
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From equatfons(z "j2) and (2,13)

E* = o.Re(n r'"Jd )

and

= o.Eoo Ikf cos(øt+ô+É) + kZ cos(ûrt-S-É)]

Ey = o.rm(r.."JÉ) 
(2'19)

= o,oEo I ki sln(art+ S + p) - Ir2 sln ( rrrt- 6- É) ]

and hence

2 22
o+ lu J 'E* E

v

= o' to' Url + ul + zr<ig-2 cos 2<ot l (z.zo)

Llso fnom equattons (z,lz), (2.j5) and (z.lg)

EtEx * EpEy = o,.Bonf,ful * n?, * zlt+t2 cos 2 utf ,cos p

EpE* = o. p. u?" f "? 
* oZ + zt-jl-z cos 2 û,t l. stn pand E Et v

(z.zt )

Practfcal nultlplfers are destgned to glve only the lolv

frequency or rrd oc orr output from the procluct, Í.e. the
average value of the output, rn practtce then, we have

EtE*+ E'EU = q4+E;ç
Eiz

2
1

k(
o= o.B. + u'") "cos p (z.zz)



andE,E -EE =l;ã--ffi-f y px ry px

=,r.F.E2o k? + ic!)."r" þ

vuhere the bar denotes an averaglng process. Thts aver-

aglng process can al-so be applled to the denomfnator
D9Ei * Ui, but lt is possfble to ellmfnate the need for

turo r.ultfpllers to f onm these squarcs ( o" tt¡¡o squarlng

clrcufts) and lncorporate the normallzatlon ln an â.g.c.

system, uslng square lavr detectons. Thls can be sholvn

fnom equatf ons (2.19 ) and (z.zO) , r¿hlch, af ten suf table

manipulatfon, glve

47.

2 ,
E.-

J

= 2.o"2 (z.zi)

Rervrf ttng equatlon (Z.lB) f .t the practlcal fonm glves

u*' + E2xE
v

_D

kôx¿

kô"y-2

+

t"| + 
"3)

E2
o

E,Efx + EEpv
lt)' * luul 

2
= u.f;.cos ç1

= koft,sfnp

(z,zu)

v¿here the gatn factor k can be adjusted to accommodate

the addltlonal trvo factors fn the d.enomlnaton lntroduced

by the power divtd ers. Ff g. 2.13 glves the block
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dfagram of a system capabre of processlng the neoelved

slgnals 1n thf s manner" Ffg. 2.14 shor¿s how equlvalent
ventlcal and hor"lzonta1- slgnals for use ln such a

processor can be obtalned from rtght and left hand

cfrcularly polarfzed slgnals.

The block dlagnam of the system fn ffg. 2,13

shov¡s that the price paf d for a system vulth complete

polarlzatfon dfversfty ancl tndependent opttmfzatlon of
the reference feed fs a tr'ery complex processor contaln-
lng four separate channel-s and requfrrng four. murtlplfers.
rn an essentlalJ-y llnear1y polarlzed sttuatfon, elther
the vertical or horrzontal- slgnal channer, dependlng

on polarizatlon of source, could be onftted to reduce

the system to a three channer one" Thfs, holeven, wfll
lntroduce an error into the determlnatfon of the aztmuth

angle for non f d eal "l ineaz. polar lzatf on, f . e " cross-
cotrplfng l-s introduced l¡etr'¿een the clrlve axes, Thls

can be 11-l-ust:'aiecì by the form of the error slgnals, tf
the hrorLzolrtal chan:el- ts renoved"

o,"ß.82,o
t (k? + ll|)cosþ + 2"^,k, cos(e¡ + É )l2^f2

Þ
x lt*l '

and ev
ct"p.E2

lu"lt
I {xl + rl|,)sÍnp- 2k1kz srn(2ô + É ) l2^tZ

Couplf ng be f:ween ex and
"y is only e'] f mlnated if p = -5
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v,¡hlch corresponds to the maJor axf s of the polarf zation
ellfpse lytng fn the directton of the detected llnearly
polarlzed stgnalr or tf the sfgnal fs elrcurarly polar-
Lzed, 1.e. k.,, or k, zero.

2.\,2 Cf rcular po1 arLzatlon Processor

Reference channel outputs proporttonar- to the
rlght and lef t hancl clrcularly polar Lzed components of an

fnput slgnal are formed by the process lrIust:rated rn
f 1g. 2,15. Thf s Is tr,ue independent of v,¡hethen the
equlvalent delay and hybntd netwonk fonms an integral
part of the antenna or v'¡hether lt is achieved outsf d e

of the antenna.

From ftg. 2.10 and equatron 2.19 the necelved
circularly polarlzed components are

u"n = *. cr(Rro )'
(2,25)

Er_¡ = d2. o(nro)" Eo

sfmÍ1ar1y, sf gnals proportlonal to the circular.ly
polanrzed compon.,.-is of the fncfdent energy can be

produced from the tv¡o dfffer.enee modes by usfng a

clrcnft as fn fig. 2,15 bui substftuttng Etr and Un fon
the vertfcal and horfzontar polarlzatlon signals, Eu and

EH. From equatf ons (2,12)and (2.15) trre output fr.om the
hybrld r,vtl_l be

E
o

k1 cos (r¡t+ o+É)

kz cos (olt-ô-É)
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E;h = ú2 g Eo k1 cos(øt + s)

Ðir, = úz P Eo kz cos(øt ô)

50.

(2.26)

(z ,27 )

Equatlons (2.25) and (2.26) show that the outputs fr.om

the rlght and left clrcular components detected by the

sum and dlfference modes dlffer ln phase by the azlmuth

angle, p . By multf.plytng the sl.gnals, both ln phase

and tlme quadrature, suttable error voltage slgnals can

be derlved ln both the left hand and rtght hand polarLza-

tlon cases. To malntaln senslble outputs the srgnals
rnust be nonmalfzed agafnst the reference channel output.
The error voltages may be calculated as

rlght hand channel:

and

and
1

z .E E ,nl+n/2)e = ko
v

nh

luor' | '

= o,ft"s5n p

vr¡her.e k ls a galn constant and Elfr(+tr/Z) denote" Et"h
clelayed by 9Oo.
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left hand channel:

e kn
ä.8 th E'

I 
urn It

](

and e = k"

k"ê"cos ó
4ct

I

2i

(z,za)

n(- r /z¡
v lurnl'

= o.fr. sin p

vr¡hene Eirr(-n/z) cenotes Eln atlvanced 9oo with nespect to
Erh'

These nelatlons shorv that trackfng wfthout error
may be obtalned by sel-ectfng elther the rlght and left
hand ci-rcuIarly poiaz'Lzed component of the fnput signal"
rn sltuatf ons ¡,¿here the source signal f s pred ominantly
clr'cularl-y polarlzed thfs allov¿s a r"ecefver r,vfth only tvlo

basf c sf-gnar channer s 'co be used, rvlth no err or lntrod-
ueed by the polariza'cLon Ioss. such a system, rnf th a

sfmple sr-rÍtchfng arrangement to select the right or left
hancl component, ls sholn ln f f g " 2.16.

To obtafn cor:plete pol_arlzatLon dlverstty lt ls
necessary to conl:ine the outputs of the left and rlght
hand channels. Holvever, lt v¡ourd be unvrise sfmply to
add the error voltage outputs, for, ln the event of one

or other of the lnput components becoming zero, thrs
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channel wf1I be operatfng at maxfmum galn and thus r,vilr

lntnoduce large noise voltages to the dnlve system,

causlng excesslve trackfng jitten. Thls pnoblem can be

overcome by normarrzlng each slgnal against a comblned

amplitude factor from the trvo neference channels. rn
thfs case the error voltage rel-ations become

1

2 ' [Erh Ei¡, * Errr Eirr l- k.x
lu"n I

= o.fr"cosp

I
2o

+ lutn I

(z.zg)

IEr., nfn(+a.

I 
urn l'

/z)

+ I urnl'

* Elh Eíir( -,¡r/z)land e\/ = k.

= k.*. stn t'

These relations are seen to be iilentlcal vr¡lth those founcl

f n the complete ,,f near porarLzatf on processor. *r. block
dla.gnam of the complete clrcular polar rzatLon processors

ls glven ln f ig. Z " 
j7. ¡\s f n the prevlous case, the

pnfce pafcì for complete polar.lzatlon dfversfty tn the
tnacklng system 1s a nather complex fot l channel recefv-
lng system.

consf creratf on of the clr.curar polar Lzatlon proc-
essor relatlons fndicates that a tiracklng system uslng
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the TE.l t refer"ence mode and the TEOI-TMO.' dfff erence

mode combinatlon is cl::cular polarlzatlon orfented.

Thls mcans that one of the cfrcularly polarlzed compon-

ents can be neglectecl vi¡lthout lntroduclng tracklng error,
so allotrving a simpler tracklng necelver" Thls may well

be an advantage v¿hen the slgnals are expected to be

pnedomfnantly cfrcularly polar fzed .

2,U "3 Complex Slgnal .¿\nalysl-s

In the derlvation of error sfgnal relatlons 1n

sectlons 2.\"2 and 2"\.3, the recetved signal vias assumed

to appear as emanatfng from a single polnt source at a

polnt (O rþ) relatfve to the antenna axes. In practlce,

however, this may not be so antì the actual signal may

appear as a comblnatfon of several slgnals, lnclcient at

various elevatlon and azlmuth angles. Naturally the

range of varlation ln the elevatlon anglêr 0 , 1s límlted

by the beamvvidth of the antenna" Such sfgnals may arfse

due to multipath propagatfon 1n the atmosphene or 1n the

conventfonal radar situatfon, the reflectÍon propertles

of the target may be approximatecl as a collection of

polnt sources vrith cì f ff erlng ref lection coeff iclents.

By assumfng that all apparent sources are near

boresight (i.e. angles of elevatLonr 0 e are sma11), the

sum mode gain can be considered constant over the source
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regfon and the error modes lvf 11 have voltage galns

proportfonal to the angular dlstance off boresfght.
The target ls considered to be sufftclently dlstant for
llnes from the antenna to the source pofnts to be near.ly

para1le1" .¿\ ref erence plane ls constnucted near the

target, nonmal to the ltne of sight fr.om the antenna.

The reference axes in this plane correspond to the dnrve

axes of the antenna mount and, stnce 0 fs smaIl, the tvro

coordfnates may be assumed to :remain colncfdent for small

changes ln the antenna attltudeo varlatlons tn dfstance

of source polnts from the reference plane may be accommo-

dated by the phase of the slgnals" The neference plane'

ls shov'¡n 1n flg " 2.18, where

(xrrV¡) = coordlaates of polnt of lntersection of

boreslght axfs

and (xrrV1) = coordinates of source pofnt, 1.

Other parameters to be deflned are

ôt = polalìLzatlon angle (see ffg" Z.1-2)

klLrkZ, = rfght and 1ef t hand circular polarlzatf on

c omponent s lvhlch lncluil e an amplLtud e

factor
and Þ1 = phase angle accountlng for dlfferent

eff ectlve clf stances of 6ource polnts from

the antenna.
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*\ny source polnt has an angle of boneslght glven by

(z Õo)

and aYL azlmuth angle

oL = +. [ (*¡- *r)2* (rb- sr )1L

Ér Ë u""tunfffi] (z.jt)

lhe neference mode galn

CL=

E

Ko

T- (equatlon 2.11+)

kzt cos(øt + pt - ôt - Ét) l

ancl the dtff erence mocle galn

K^
F = 1|. (equatLon 2.16)

Uslng the relations of sectLon 2.h.'1 , the recelved sfgnals

may be rrrttten, (assumlng n source potnts)

Krr Ikt r cos(øt+ pt+ ôr+ É1) +
I

n
L
=]-

o
Ex

ov
EE

Ko

T
n

,Ir lot stn(øt + Pt + ô, + t'r)

sln(øt+ Bf- st-ér)lk2L

(z ðz)



Et
n
f,
=1I

[ot, cos(ot+ n, + ôr) +

I

56,

¿

k cos( ¿ut + p 0.I2L

and

The slgnal prooessfng relatlons are

ô1)l a

K .E n
tn = ff ,t=., 

Io,, stn(ctrt+Þr+ ôr)

kzt stn(a,rt+ pr- ôt)l 0 
L

and e - j-.k.
v

From equatlon (2"32) and after stmplfflcatton

lu*12* lwulz = z
o*uo'

I f t, o.,, cos(Pt * 8r * Ér).R

+[! kar "os(pt--ar-Érll 
2 * tî krr sfn(pr+sr+Ét)]2

+ [Ì kz.l sln(Pr-ôr-Ér)rt] Q.fi)
fCL
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(2,14)

EtE** EpEy = æ i i oJ Iktrht, cos(ôt-ôJ*Ér+Pr-n¡)

+ kzrkz, cos( si-ô 
J+Ér-Pr+PJ )J

and

KoKE4- E;q =
;ã i i uJ ÍoukrJ stn(ôr-ô¡+É1+P1-Þ3)

+ kztkz, stn(ôt-ðJ+øt-pt+o¡) I

(2.15)

tr'or smal-l angles 0 , the polart zatLon angle r,¡f 1I be

lndependent of 0 vrhen measuned fnom the neference aNeE.

Deflnl-ng a neri"/ varlable

Yl = 8t * É t

vr¡hlch measures the polarlzatf on angle from the venttcal
(x) axf s and ls lndependent of (5rv'), equatlons (2.j3-
35) may be rewrltten as

E
2

oe

lu*l '*lnul2 = , 
n'#o '[ti krr cos(pr+y1)J 2*tlkzr cos(pr-rr)]2

* tT krr stn(Pr+rrll2* tl kzt sln(pr-vr)l']

KE ?t # L I i krrkl¡cos(Yr-YJ+pr-n¡) 
\I- i i 

kztkzJcos(Y1-v¡-ur*pl)J Q,36)
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(2,j7 )

EtE** EnEu

and

xt 0,
IJ J [o. ,n,, J coÊ(rr-vr+pJ*pr-pJ )

+ l-rrlr2-J cos(vr-Vr*ÉJ-pr*n¡ ) ]

2

- - 

KtK"Eo
-C, . J:¡ - -er -CJ"t-y "p"x - n2tt I o., ,o., J "tr'( yr-yJ+É 

J*pr-p j )

* kzikzJ sln(Y1-Y¡+o¡-or*nr¡ ]

xD 0lJ J

Equatlon (2.i6) shov¡s that the normallzf ng term n*12* Itul 
t

[ {*r-"0 ) [ kr rkr J cos(Y'-YJ+pr-n: )

-(u¡-y¡ ) [ kt rkr rsf n(rr-TJ+Þt-P¡ ) + t<rri<2¡stn(Yr-YJ-pr*p¡ X]

(z Õs)

ts tndependent of (*Orvo) as ls expected for smalI 0.

From equatlons (2.37 ) and (2,38) and usfng equa-

tlons (2,3o) and (2"31), the error voltages may be

expressed as

v.
e

nn
Kt x

!=1 j=1

* k2rkzj cos(yr-yJ-p,*o¡) J

and

(z ðe)
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+

( z ,l-lo)

where K ls a constant.

These expresslons for the erroi" voltages, equa-

tlons (2.39) and (2.4O), allorv the computatf on of the

traci<lng system response to any gfven set of parametens,

Tl, Þir k1t, kZL, *l and 11. The antenna movement, given

by the locus of (x¡rV¡) fo the refenenee plane, vlf1I be

ln the dfrectlon

,r = anctan çtv/u*)

(v¡-vo ) Ft rkl ,cos( Y1-T¡+.nr-n¡ ) * kztkzrcos(yr-yJ-pr*p¡ ) I ]

a.nd v¿Lth a nate dependent on the magnftudes of the error
slgnals, t.e , ("1 * "?l+. Realiztng that

[ ,-r-xb) [ kr rk* stn(y1-y¡+pr-pJ )

ut uJ stn(o'-oJ) = O

e -Kv
n
t

nn
Xti=1 j-

1J

n
D
_4
-l

t

+ kZfkz. sfn(yr-yj-r1t+rr,) ]

1

the apparently cross-coupled voltage reratÍonsr €euatlons

(2.39) and (2.4o) can be rewnitten as



[o'1 ro, I [*¡ cos(Yr-YJ+Pr-þ¡ )-v¡ etn(Y1-rr+ur-n, ) I
nôv_v 

- 
\'

4-¿-

K l=1

+ kz.trzJ[ *J cos(yr-yJ-Þr*p¡ ) - vt stn(yt-rj-pr*p¡ ) ]]

n
T

L=1

n n(
,t=, ¡lrLor rkt J [xrsrn(Y1-Yr+nt-pJ)'* r'rcos(Yr-YJ+pr-p¡) ]

* kzrkz¡[x¡ stn(yr-yJ-pt+pJ) + vj cos(yr-yJ - pr*p¡)]]
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(z.Lr )

n
f,

J=1

n
)L

D l3l I ot rkt J cos(v1-Yr*nr-Pl )

+ kztkz, cos(Y'-TJ-Pr*PJ) l

= A - xO.C

and

ê:v
K

nn
T'
=1 J=1

vb I kt r:.t , cos( yt-TJ+p,-n j )
1

+ kztkZJ cos(v1-vr-pr+pJ) l

= B - lb.C (z,t+z)

Equatf ons (2,41) and (z.l+z) show that, for a glven set of

system panameters, the ventfcal error voltage "* depends
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only on the vertica.l- antenna position xO and slmflarly

"y 
depends only on yb. Thus there fs no cross-coupltng

betrireen the dnfve channels, even in this conrplex signal

case. .rt balance point vyhere both the error voltages,

€x and 
"y, ane zero lrll1 ah'lays exlst ancl can be obtained

by plactng the lef t hancl slcles of equatf ons (2,41) and

(2"42) equal to zero. Hence the balance potnt (xirvi)

ls glven by

xi = .t'/c

and y¿ = u/c

where the sums B and C are deflneci fn equations (2.4t)
and (2 "l¡z) .

Thls balance, or equflibnlum, point of the antenna

ls of fnterest ln,r trackfng system slnce tt allov¿s the

final pofntfng dfrection of the antenna to be rel-ated to
the spreacì of the f nC Ívtdual source poÍnt s. It f s

d eslrable that the antenna. point r,vrthf n the area d ef ined

by the source for thts allolvs the reference mode to
openate at lts maxlmum galn posÍtfon, and in the milftary
situatlon, r,vhen the system ls usecl to afm a passfve

projectile, thls is partlcularly lmportant. Ffg. Z.1g

shov¡s a table givfng some incÍcation of the frequency

a partlcular relatfve mlss dlstance mfght þe expected.

Thls table tl/as generated by randomly selecting the
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system parameters, k1l, k2L, yt and Þt, and calculatfng

the balance point ("ü, v¿). From the balance point a

reLative dlstance outsicle the tanget lvas caleulated

and the r esults grouped as shori./n in the table . .'is ls
expectecì lvith a random process, the results for vertical
and horízontal mfss df stances and almost ldentl_caI ancl.

thts affords some check on the slze of the samples and

the ranclomness of the parameter chof ce,

fn the above dlsc':ssion, the system parametens

vrere assumed constant, 1n e. the sÍgna1s tvere assumed to

have constant amplltudes, polarlzatlons and phases wtth

tlme. fn practfce, the signals from the lndfvtdual
sources may rvell have approxlmately constant amplftudes

and po'larlzatfons, but 1t Ís unlikely that phases of the

r , f o slgnals ',¿f 11 be correlateci " In thf s case, by

avenagfng the error voltage stgnals over a sufffcfent
length of time, the cross-product terms ln equations (2"\1 ,\

and (2 "ItZ) d isappeal:, -1-eaving
n

"* = K rt=r (rrt- "o)( 'f i + o\i (z"t+s)

=K r (vi-- vo)(a 't i
aL

n
5-

f=
2and e +lc (2.u)r)I

1r

rvlth a corresponcl lng balance pof nt
( x? i -r ufir)

--?i.-
b

I x.
¡1
J (z .t+s )

x
t

( k2
1

+ k7 )f t

2L
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and
(z,lt6)

+ )I t

Àceordlngly, virhen the phases may be oonslilene¿l

uncornelated, the balanoe polnt ls glven by the eentrofd

of the souree polnts, vrrelghted aecondlng to theln Bolrrerst

anil thls polnt ls always vrlthln the llmlts of the source

pofnts 
"

XV¡
{r

k?k?T
t_

( r.1r + u|r)
vt=

(



65.

3"1

CHAPTT]R

B1ifilül BROÍÐENING IN REFLECTOR AIVTENN¡IE

fntroductJ-on

VÏtth lange steerable antennae, whlch have very

narrow beamt'/fdths, the proìl1em of locatf ng a tanget may

be d iff lcult and time consumfng unl-ess the dfnectlon of

the source ls known preclsely. The acqulsitlon tlme for

such an antenna 1s dependent on tv¡o maln factors. These

are the beamivtdth of the antenna and lts maxlmum drlve

rate. Together these propertf es determlne the tl-me

taken for the antenna to search a given area, and an

fncrease ln elther reduces the ti-me necessary"

Largo steerable antennae are very heavy fnstalla-

tlons lvfth comparatfvely Iow maximum clrlve rates, v¿hf ch

are f lmlted by drlve polrer consld eratlons ancl accel-eratlon

r.ates. In space probe usage the drlve rates need only

be approxfmateJ-;r 'r,he sldereal. rate (t¡o p"t houn),

although earth sate1." ltes nay requf re tracklng nates up

to '1 o per second " Systems are usually deslgnecl only to

meet the trackl-ng rate specff ied by the appllcatfon,

because of the cost of provf cling adclf tlonal clrlve speed t

and lncneases ln order to lmprotre acqufsttÍon tlme on

unknov¿n targets afc :ot consfdered. (fn the normal

usage of satellfte tracklng thts does not lmpose a
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severe lfmitation since the orbtts are pnedictable.)
Naturally, ln an exf stf ng tnstall-atton the d.r fve rates
are ffxed and cannot be alterecl to fmprove seanch tfme"

The other factor fnftuenclng acqufsftton time -
the beamtr'r¡ldth - f s of more f nterest, sÍnce thls can be

controll-ecl by the antenna feed system and cloes not

requfre J.arge mechanical a-r-terationø tc¡ be ai-1justed.

The sfze of search et ement of the antenna fs convenfently
described by the solfd angle contalned by the antenna

beam" The sfgnfficant angle may be defÍned as

(s,l)

(3.2)

tr'or

AS

v¿here U1 
OUU f s ilre 1 O clB beamivfd th of the antenna.

small beamwfdths eclua'blon (l"l) may be approxfmated

t!n.=tr 2
" o1 oog

Thls fndlcates that tire síze of a search element, and

accordlngly the acqu-'isttio:r tlme, rs depencrent upon the
square of the beam",,?id'thn and that eve:f mocl.enate changes

ln beamr,vld'i;h can ha.ve a sÍg;:rif f cant eff ect.

In Iar"ge ref Lector r or aper ture, antennae r,vf th
a constant phase dfstrfbution, the beamwfdth ts
de¡rendent upon the slze of the apertune (D/x) and the
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feed lllumlnatfon functionr(ho) a more severe taper

i:roducfng a langer beamr,vlc1th, lÏlth a gfven antenna

the actual physlcal sLze of the aperture ls f fxecl but

the variatlons ln feed taper may be consfcered. as caus-

lng changes ln the effectlve aperture of the antenna.

L¡tihen there ls no longen a constant phase dfstrlbution
f n the aperture, the racl f atlon pattern may be severely

modlf leil . iHth od.cl phase d f strtbutf ons skerrvness occurs

together v¡ith coma and loss of symmetry in the maln beam.

In the prevlous chapter eymmetry i-:
the mafn beam lvas sholvn to be destrable for recetving
efffciency and especially desfrable ln the case of
tracking systems " riny skev¿ness ln the racriatlon pattern
ls also uncl eslrabre since the ¡:hysf car anc electrf ca1

axes of the antenna no longer aIlgn, Even dtstrfbutfons,
on the other hand, pnocluee symmetrfc patterns wlth no

beam tflt. Si1v"r(4t ¡ shov¡s the effect of smal1 quad-

ratic errors to be an f ncrease 1n sfcr erobe level, a f f 11-

lng of the null-s and a reduction ln absolute gafn. The

beamwfclth ls slfghtly fncreased. rn any case an lncnease

fn the beamìiltdth ls accompanfed by a recluctfon [n galn or

ln other v¡oril.s bearnv¿f dth ts tracl ed f or galn.

fn a focally excfted parabolofdal neflecton,
lncneases f-n beaml¿idth are restr"icted to lncreaelng the

taper or providtng a curved phase front fn the aperture.
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¿Ln lncnease ln tapen or decneaee ln effectfve apent-

ure can be achleved by usfng a prlmary feed horn r,vtth

a larger aperture and a consequent naruoTven beam"

Howeven, thls ls genenally not practlcable, sfnce the

antenna only requlnes lncreased beamwidth whlle tt ls
ln the search mode and, on target acqulsltlon, ft must

be able to reve::t to lts maxfmum receivlng eff tcf ency

conflgunatfon. tis beam broadenlng must only be

consldered as an ald to target acqulsltfon and has a

secondary role ln the case of lange lolv nolse antennae,

the feed system l¡111 be desfgned to gfve maxlmum

efflcfency and. must be reganded as ffxed; Thfs

restrlcts beam broadenlng to phase effects ln the apert-

uFoo Dven distributlons can be obtalned by defocussfng

the antenna by movlng the feed horn axlally alvay fnom

the parabolold focus"

In a cassegrafn antenna system the same restrlc-

tlons ap-ply to the feed horn" In thls case, however,

thene are thrccpossjbi.ll-tLes for defocusslng the antenna,

slnce 'r,lte sub-r'ef lector r ot the 'cc.d horn , ,.,? both,
may be dlsplaced axiaIIy" The cassegrafn sub-reflector

also allows the posstbflfty of rnodiflcatlon of the basfc

hypenbolofcl shape to produce a dlfferent amplltude or

phase dlstrlbutf on [n the maln apertune. i\s the sub-

reflector fs a passlve devfce, many schemes could be

proposed to effect thfs modfffcatlon. Howeven, ft
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must be remembenecl that any methocl must allor,v a quf ck

ancl automatlc retunn to the orlglnal conflgunation.

The authon conslders that one of the felv feasfble
¿pproaches fnvolves a splft refl-ector conslstfng of an

outer annulan sectlon and an lnner circular sectfon which

ls movable lndeirenclent of the outer part. The eff ect

of thls provisfon, v¿hlch ls ln fact a step change l-n the

apertune phase dlstr'lbutfon, 1s dlscussed 1ater.

iì.lthough the provlsf on of def ocusslng equ tpment

may appear to acld complextty to a system, the modenn

trend tovrrarcl computen llnked antenna tnstallations Ql)

trvhlch compute the best-fit parabolold and adJust the

feed system accordfngly, nequires a feed posltfon control
system ln any case. These technlques are probably most

su lted to cassegraln lnstalLatlons vuhene all corr.ectf ons

and changes can be contr.olled by the sub-reflecton, lvhlch

ls a passfve element ancl ellminates any neecl for flex-
lble electrfcal connectlons,

3.2 DefocussÍng Foeallv-f ed Parabol-ofdal R fl ec tor s

3.2,1 Derlvatfon of Radlatton Fonmula

The fonmula for the radiatlon fþom a defocussed

pana"bolold antenna ts dertved by usfng the cunrent

fntegnatron technrqu". (t+z; Thts method ts used f n
prefenence to an apertune fntegnatfon technlque slnce
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defocusslng causes lange phase vanlations across the

aperture and the usual approxlmatioqs' made ln apertune

methods assumes an almost constant ¡rhase.Qú) ,rr"

cunrent distrfbutfon method, lvhfch develops the nadfa-

tlon pattern from the ap¡-,roxfmate surface current

dtstributfon over the reflecton, ls genenal ln fts

applfcation and has no restrlctions on the amplltude or

phase dlstrfbutÍonso

The developn'ent of the radiatlon fntegnal

follorvs closely that gl-ven ln rlppendlx I fon the focuss-

ed case,

Sf lver(Llh ) gfves the scattered f leId lntensf ty

1n the far zone as

ùE -iq¿É --jkR t
ZrR" " I [fix H,

NI
t ($" Sr)' R̂ l krj

I
¿\
R

+

3.t ¡

^'B ut
S

and Ss = (3"2)

where the coord inates have been altered to cornes¡rond to

ffg. 3"1, the primary feed being centred at polnt G

tr - magnetlc fncluctive capacitY

s - electrlc lnductlve capacity

fi. = normal to the surface, S,

and H. = hagrretic fleld component of the prlmary
1

radlatfon at the reflector surface.

(i)t.(flx g,)
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.Iis the reflecton ls assumed ln the far fleld of the

pr fma::y rad lator

(3.1)IH (i)å â * E-r

and as equatlon (3,1) shows that there ls no radtal
component ln the far fleld, the scattered ffeld becomes

]-

ï

E 1-â(i)" I ;rp
6

I I

r
0

uÉ

,Lø-u
2trR

S

- JKRe 3,u)

3.s)

3.6)

ß,7)

(¡.4 )

a

where

ï Â*(â-xgr)
aì

^+ Jkø"R
9ñd s^tLI

For a parabololdal surface, S,

ds - p2 sfnf sec €/z a€ an

v¿her" e

2î
p 1 + cos{:

urlth f = focal length of the antenna.

From flg. 5r1(b)

cosçl
1

2q =lf + d2 - Zpd

vuhene d = displacement of the feed phase centne toward

the vertex,



+ f stnâ
p_ú̂

(ê n,. * ñ n^)
d \ ru ll

fisin(e-f)

cos^n̂ = -p
dN

(c -c) (e-f)cos

€/2,.Ê
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(3.g)

(i. t o)

(i.ti)

and sfn

The radl-atlon fnom the feed at G may be repnesented by

E e -Jlr..r (r.rt )l-

ln the far ff eLcl n Thus, usfng

+

ç,t/z

$"ou(e-f) (3.12)

€/, *ìun cos(c -€/z)fu, cosâ ue stn € /z+î" (t x 
-81) 

=

ŝ-

Uslng the relatfons

o0=â cos 0 "sÍnç ,oos(p-4) + sin g.cos f
sin ç " stn(p-4)

cos O " cos er " cos(p -n) - sfn g .stn f
cosf "sfn(öz) 3,1+)

cos o " sra(É-4)

cos (p - 4)

D '¿l=

5" 2=
5"É=
^^TÌ " A=

A 4_n"9-

tÊ* (â x g1)1e n [cos g" c os(p- r7) . 
"os€/z -

€to-sln 0 . sln(

+E cos
q

(3.t s)

o . cos k* € /z) . srn(P -4)



t â" 1fr " pt)lp
C rl

cos(a -p) 3,1ø¡

fn order that a flxed set of radlation coondlnates

(nrOrø) wlth the onlgln at F may be used, the phase term

must be modlf led to lnclucl e the eff ect of the f eed

dlsplacement, d" From flg. 3.1(c) the new phase term

must be

and

efnce d
d

-d.z ancl
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=E "o, 
€ /z srn(4-p) + D cos(C -€ /z).

u-Jk [R+ o- -g"Ê - g.Êl

= "-Jk 
I R + d cos P]. e-itqø[1 -.â.Êl (3.tT)

R"z = cos 0

Usf ng equatlon (3.9) and

Ê =â [ sfnç,sfn o "cos(ç-l) - cos 0. cosf ]

êt"tyL 0.cosf .cos(ç-n)+ sfnf .coe0]+

+ f srn o.srn(p-r)

11 -î.t] = 1 + cos ( cos 0- stn (,sÍn 0.cos( þ-t)



74,

The expanded expnesslon fon the scattered electrlc fteld

may nou/ be rrrltten as

Eo

E.
Y

where

- #. "-Jk 
[n+ o cos 6,.,1r*. I 

ro
(J.t a¡

rp

I
0 =

Ztr rE

A Ira fcos0.cos € /z,cos( þ-ù stn 0 ,srn€/27Io

+E cos0.cos( c-€/z).stn(p -n) l.€xp [-¡rrø [ t +
q

cos ( .cos0- sf nC.sln 0.cos(S-q)]l f et-nf sec €/z aça,

and (3.tg)

(3,2o)

rÉ= Io

2n E

"[ 
t t, "or€ 

/2. srn(4-É) + on cos(e -€/r)cos(zi-É)

exp [ . . .. J .p2 s1n6: ""o 
€/z d€ d,r1

and E = edge angle of the reflector.

fn most cases of practlcal lntenest, and espec-

lally ln the case of vravegulde feed horn nadlatlon, the

prlmary ffeld for a Llnearly poLarLzed antenna may be

expressed aE¡
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E( = r.,(e).sln4

and ur.t = rz(e )"cos ?

Then, by penformlng the substftution

exp I Jk6 sf n( sln0 cos(t'-n)l - Jo(ko- sln( sln 0 )

n (t<6 sin ( .sln o )cos n(þ-n)+2 Jjoot
n=1 n

and fntegratlng over the feed azfmuth anglat e ¡

I
nE

= rf .sfnp / trjo [cos0¡cos €/r{ro(o)-Jz(o))- z; stn 0.
0 I

and

stn €/2,r., (u)1 + î2 cos0.cos(e -€/r) [Jo(u) + ¡r(u)]J

exp [ -Jko-tl + cos(cos0]ìdsrn ç see€/z d€r

(3.2t )

I ¿,r = 7T. CoS p I rl "or€/z I Jo( u)+Jz( u ) ]+ fz cosg-€¡2¡
E

0I
[,ro(u )-Jz( o )]l exp [ -ikø[1 + cos ( cos o]l

pz stn6: u". €/z df

where u = kø sln C sfn 0

= kp stnf sfn 0

(3,22)
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îhfs form for the scatterecl ffelci lntenslty Is used to

calculate the radlatfon pattenn v¿hen the domlnant TEtt

mode radiatlon from v/aveguf de provldes the pnlmary

fleld. The functions, f.,, and fZ, ln thfs case are

deffned by equatfon (2.2) fn the prevfous chapter.

For the clrcularly symmetnfc modes, TEOI and

TMO., r the prlmary nadÍatlon pattern has no azfmuthal

vanlatfon and only one ffeld component ls present ln

each case. Thus for the TMO. mode

-JkøC.o

r( e). i."-Jot

3r= ue

and the radlatlon from a par,abolold reflector, ln a

slmllan mannerr frây be reduced to

E
0 #.. u-lk [R + d coeo] {f )å. r, (j.zl)

where

ro = 2tT Æ t t¡ coso.cos €/2,r.,(u)- stnosrr,€/z,ro(u)J

exp t-¡xo- [1 + cos( coso]1f, slnf t""€/z d€r

(j.zl)
and ü = ko- slnf slnâ.

Fon the ÎEO. mode, the correspondlng expregslons are
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-t tr

E ^- Jkcr=E Àn .4,

= r(rù ì,
-Jkø

e )i l*u It
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ter an oc I

- J up ^-Jk [n+ o coso] rq tIzrrR'o tp" I0 (3,2i)

(3.27 )

,þ = Z¡rJ f cos( C-€/z).r1 (r<østn(slno)
0

exp [-Jr.r[1 + cos(cos 0]Jp2stn f sec €/z a€ (3.26)

The galn functlons fon these scattered flelds may þe

der"lved usfng the usual formuLa

I
E

c(0,É) = + (

uenc e An ônna
e on

The slze of a reflector antenna ls qulte obvfously

glven by lts dlameten, u¡hich tt fs usual to measure ln
r.¡avelength or to express as the ratlo O/^. ft can be

shovi¡n that, for a focussed antenna l¡lth an essentlally
plane wavefront fn the aperture, the bearnwldth of the

secondany radlatfon pattenn ls proportlonal to the stze

of the rnt"nnu(4o) and the galn ts depencr.ent upon the

asseoc
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square of the sLze. 3s) HovÍev er , the ac t ual shap e of

the secondary pattern ls almost

f actor, D/x .3g)
lndepenc1ent of the slze

The shape of a parabolofdal r.eflector ls most

convenfently descnlbed by fts focal- length to dlameter

natlo. In a ffrst oriler apitroxlmatfon thts parameter

has no lnfluence on the radfatton pattern of an antenna,

but as the factor becomes small and the refLector
becomes deeper, the approxfmatlon that the radll of

cunvature of the reflector surface are very large ccmpar-

ecl lvlth rvavelength ls no longer va1td. .rinother concern
f'with lolv - /D antennae Ís the lncreased cross-polar" f zation

energy fn the nacl iatecl f ield caused by hf gh curvature.

ïn practice an antenna desÍgn fs a compromlse betr,veen a

relatively shalloriv, nfgn f /D stru ctune v,¡lth the necessf ty
of suir1lortlng a feed system a long vray from the reflector
surface ancl. lmposfng meohanfcal deslgn problems, ancl a

ftdeep, lorv '/D df sh.wi.th lts high attenCant cross-polarLza-

tion. The antennae used have, lÂ general, on f/O in
the reglon 0.4- O"\3, allowfng reasonabl-e surface tolen-
ances to be maintai-ned for all lvorklng positf ons, lvhf Ie

keepf ng Iovl cross-polar Izaf,lon"

fn order that typlcal results fon defocussed

antennae may be obtafned, lt fs deslrable to lnvestigate
the tnfluenoe of the tlvo parameters , f /D anð 'r\, rvhlch
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descrlbe the parabolofcl. nef lector r otr the def ocussed

system nadfatlon patterns. From purely geometrfcal

consfderatlons, the effect of clefocussfng has lftt1e
fnfluence on the amplltude dlstrlbution over the

refJecton aperture, but causes large phase varlatfons.

tr'rom f f g. 5.1 (b ) the phase cl f ff erence betlveen the centre

and edge of the nef lector, by ray o¡:tlcs, ls approxf -
mately

ct *- 4
À' d(cos E- 1) radians 3.ry)

rvhere E = edge angle of the reflecton

2. anctan

and d = f eed c1f splacement .

So the focal length-diameter ratlo ls a slgnlflcant

factor, nequirfng smaller displacements for the same

phase taper aci the f h ,atlo ls decr"eased.. Thls slmpIe

a¡rproach lndlcates that the slze of the antenna has no

influ ence on the f lnal- nad f at ion pattern. li more

complete apprafsal of the lnfluence of these factons

can be macle by lnvestlgatfng more closely the radlatlon

lntegnals equatlons (l"zl ) and (3.22). only the

O-component of the scatter ecl f f eId ne ed be cons f d ered

slnce the p-component has a sfmflar form and the results

fnom one can be applleC to the other.

tRÐ;rl
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rì.ssumlng that the antenna ls large, over the

range of lnter"est

cos0 e, 1

andsln0o0

and, maklng the substLtutlon

1

whene a = radlus of the antenna aperture, equatlon

(5,21) becomes

T cr fl.slfr f
0

þ,/, t Iro(u)-rz(u)] + r2 cos(e- €/ùr""€/z

[to(u) + ,rr(u)J] exp [-iko-[1 + cose]]r dr ç3.2\)

and u = kaF sln0

c, kar 0 (3,2i)

*\ssuming that the feed dlsplas¡¡lnent, d, ls small compared

with the radlus of the antenna and also that the focallength

ts of the same onder as the r"adlus, the terme lnvolvfng

the dlsplacement may be expanded to glve the followfng

appnoxfmate fonms

cos(ç - €/z). s€c €/z = cos ( + stn ( .tan € /z

d-ã' a
(3.2a)

ah

Ã¿+
a t'

I
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3,27)

(j.ze)

rno-[r + cos (] * ,.o.å. fa-ô
I +
a

d

l
Hencd

exp [ -jkø[1 + cos(]J = "*p [ -¡ z ut l.

""nI Jz"å d

Equatlon (3,26) repnesents an amplttude term in the

fntegrand, and for large reflector ântennae, y¿here the

feecl df splacement f s only a fev¿ percent of the dlameter,

may be assumecl to be unlty ,,vÍth ltttIe error. Equation

(3.29), hol,¡ever, ls a phase term consf sting of a

constant and variabl-e part. The vaniable phase tenm

f s seen to be cependent upon both the f eed disi:lacement

ancl the f ocal length to ::adius, or focal length-
diameter, ratÍo, Consequently, the radfatj.on pattern
from a defocussed antenna fs shorvn to be rnsensftive to

varfatlons ln the slze of the aperture but qutte depenil-

ent utlon the f ocal length-clfameter ratto for a glven

f eed. d I splae eme nt .

The lnfluence of focal length on the modlffca-
tlon of an antenna nadtatfon pattern by defocusslng is
lllustratecl fn fig" 3o2o These patterns are calculated
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usf ng equatlons (3,21) ancl (3.22) r,vlth

f f
¿ - 0"6838 121

1

to produce a'10 dB tapered aperture dÍstributton.

;ì.lthough the phase term, equatl_on (3.28), ln the

radf atlon lntegnal cloes not alIolv a slmple connectlon

beti'¿een feed dlsplacement and focaL length-dlameten

natf o, the patterns ln f 1g . 3"2 shovrr that the distontf on

of the focussed pattern, caused by defocusslng, ls
slmfla: for all tne f/n ratfos consldered, Slnce the

values considened more than span the range of values

useci ln pnactlce, patterns from an antenna v¿lth a ftxed
focal length-diameten ratf o niay ìre taken as typical.
The value chosen for convenlence fn calculatton fs
f /D * o.U33, correspondrng to an edge angle of 600.

3"2"3 Paraboloici t'¿fth Def ocussed Multlmod e Trackl nø
_&sg

tr'rcm the dfscussÍon of the multlmode t:rackfng

f eed ln Chapter If , the raci tatl on patterns f on the sum

and dlfference must have the follor;vlng propertles fn an

fdeal system:

(u) the sum mode pattenn must be symmetrlcal

l.o" tndependent of azLmath angIe, / .

(U) the radtatlon pattei:ns of the TEO.1 and ÎMO1

dlfference modes must be ldentlcal,
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(") the phase dffference between the tv¿o dtfference

modes must remaln constant for all angles,

0and Ó,
and (0) the phase dfff erence betr,'¡een the sum and

cllfference moCes must be lndependent of the

angles 0 ancl p.

rilthough these cond itf ons are the fd eal-, 1rr practlce some

variatlons J.n phase and ami:lftude charactertstfcs can be

tolerated, and l-n specf fylng 1f mlts the vr¡hole of the

recelver amplffier ancl servo drive system characterlstfcs
and tol-er,ances must be consldered " In the def ocussecl

antenna ft fs necessary that these condittons be met fo::

each feecl dlsplacement, c1 , although relative shifts
betrveen the mocles as the d f splacement ls varled can be

comlletlsated ì:y variabl-e phase shÍfters mechanically or

el-ec b:.ÍcaJ.-1-y l-inked to -bhe cl ef ocusslng mechanism"

Figs " 3.5, 3.\ and 3"5 glve the amplitude char*

acterí stf c s of r"ad lat Í.on by TE. t -Tl/11 1 r TEO.1 ancl TMO,'

f ed parabo-l-oic-l ::ef -1-ectors f or f eed d f splacements up to

2 "i wave,l-erg¡hs " rìs prevlously mentf oned. , the tvro mod e

comblnatlon used for the sum mode allovrs a symmetrlcal

beam to be f ormed " Or-Ly the E-piane charactentstlcs
are pl-otteil for the sum mode because the feecl comblna^

tfon used gfves cal-culated values of gafn l'¿fth less

than 0"2 ciB cliff elence betu¿een the E- and H-plane
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chaï"acteristics at least up to 20 dB beamwfclth. Stmllar*

iy the phase characteristics are 1./íthin one clegree over

the same range, Iror cornparison of the increase ln beam*'

wldths attai-nable, tle 3 clB, 10 dB and. 20 dB beamtyidths

of the sum mocl e al'e 'l;a'oul-atecl agaÍnst f eed d isplacement

in ftg" 3"6.

Taki-ng the 20 dB beam¡,"¿idth of the sum mode as a

typical v,¡orking r.ange:in each case, the clffference mode

pa-tterns for TEOI and Tlloj mocles have gain dffferences

-]-ess than a 1"5 clB maxfmurn anci typlcal-ly less than 1"0 dB.

These f lgui:es encl.rrde the curves f or d - 2,5 
^ 

, lvhere â

net/ -l-obe has def inite]-y appearecì ln the centre of the

:rad iation patter.n cau sing iarge diff erence s betlveen the

tvro pa'tter'ns at 'lhe f Írsi; minÍmuin off boresf ght, although

::'i, other i:oJ.ir-hs rvi.l:hi-i-r.-bhe rîanÉle the above tolerances

appJ.¡r 
"

In f'i-g" t,7 the r.ange oi- phase dlffercnces betiveen

'¿ne lEO_i anc1 TÌ,üO I riioal es anC. -bÌre Tl,{O 1 and TD1 
1 

-'Tl/1.1 ., mod. es

are -babr-ria'Lecl for each f eecl dlspì-aceme nt. The large

phase dlff e ence range f or' -l;he T'ùlOl tE.it -TUI11 case t¡r¡lth

d - 2.0À ancl 2.!). ls caused bir the development of the

smal-I Ínner lobe ln the clifference patterns" Fig. 3.8

graphlca"lly tl-lustrates horiv the centres of these phase

ranges, relatfve to the focussed case, vary v¿ith feed

dÍsplacement. These curves gÍ-ve 'uhe phase compensatlon

character lst 1c f or a r,vorkable tra-cklng s;'stem,
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Fon the tlvo large f eed dlsplacements consid ered

there ls a considerable range of phase dffferences as

the el-evatlon angle, 0 e ls varied " ¡ts 1t ls unltkely
that a practical- ærvo sys'bem could tolerate much more

¿^than - 30" phase difference about the deslgn centre,
defocusslng to thts degree ls not feasfble and a maxirnum

feed dlsplacement of between 1 "5 À and 2.0}. only fs
alLor¡r¡abre. Over this range of dlsplacements the phase

dlfference betv¡een the circularly symmetrlc modes can

b e negl-ected .

¡L feed Cf splacement of .l .5x gtves an approxlmate

three times lncrease fn the j dB beamr,v!.dth and about a

tv¡o and a half tfmes lncrease tn the 10 dB beamv,¡idth.

Thls corresponds to an lncr"ease fn the seaneh element

sfze of between stx and nine tlmes, whlch can be

consldered a slgnificant lncnease 1n search el-ement sfze
and v;rould produce a much lotven acqulsltion tfme.

However, the fncrease 1s probably not great enough to
vrarrant the specia-l- lncluslon of defocussfng apparatus,

although fn cases whene the feed system fs destgned to
compensate automatlcalì-y for the parabololdal reflector
deflectlons, basic equlpment for defocussfng ls avalLabre

and coulil be read iiy mocllf led to make use of beam

broad enlng propertf es.
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3"3 Defocussed CasseErain .¿int ennae

The use of the cassegraln geometny for lange

lorrv noise ref-]-ector antennae has sever"al advantageE

over the sfmple focally exci.ted panabolold. These

advantages nearly aLl stem fnom nolse consldenatfons,
The contrfbution of ground nolse due to.sprrloven fs
gneatly reduced and ultra-low nofse ampltffers, such aÊ

the maser, v¿lth their heavy ancillany equlpment, can be

placed at the base of the antennar so avofdfng the

mechanfcal problem of designfng an antenna to retaln
reasonable tolerances r'¿hfre caryying a heavy load at the

focus, or the electrtcal problem of 1o:..g transmission
llnes introducing addltional no1se" Âgalnst these

advantages must be v¿eighed the pnovlsfon of a second

preclsfon reflector, although thfs ls much smallen than

the maln surfaceo The use of a tr,vo reflector system

also gives greater flexfbilfty to the system deslgn,
partlcularly l;rfth relation to the lllumtnatton of the

maln reflector 
"

ïn cieslgning a cassegraln system, the same

condltlons as before apply to the cholce of the mafn

paraboloid l'¡fth regarcl to cross-pol-arlzation and focal
length-d iame ter ratl o, v¡f th the exc eptf on that , viil th the

reduceci problem of wefght at the f ocus and no acttve
elements requfring long transmlssron Itnes, sllghtly
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shallor,ver dlshes may be used. The cholce of the sub-
refLector lnzolves the consfderatlon of many faotors"

rf the feed prrase centre f s to nemaln rn front
of the nafn r.efLector, the focal length of the hypen-

þo.ì.olcl sub,-:rcj-i-ector" rirust be Less than the focal length
of the mai-n ref-r'.eeton, The drameten of the sub-

::efl-ector must be chosen in relatlon to lts focal
J-engi;h so that i-ì--'r-umJ.natton can be achleved senslbly
from a rvavegufcte clerived f eed sys.tem" The shape of
the sub-ref lector, d ic'bated by the eccentnlclty, ls a

compromlse betr'¿een the lncrease ln the effecttve focal.
J-ength of the ent Íre system and the curvature of sub-
reflector ' The eccentnfcity of the hyperbolotd
dec:eases from inf tni-ty to one as the hyperboloid changes

from a fi-at pJ-ate to a surface of lnf fnf te curvatur.e l,€o
a line f ol-ded baci< o;l ftsel-f " The eff ective focal
length oÍ a cesseg¡ain system is glven by

v,¿here f" = effeettve focal length
fn = focal _!-eltgth of the panabolotd

ancl il = *âBi1j-f f cation å++ rvf th e = eccentrr-oity.

rn general, the magnffrcatton is chosen to be e.bou t h-5,
correspondlng to eccentnlcttles of 1.6 to 1.5, The

magnlf lcatlon f s roughJ-y approximated by the ratto of

I - f olltp
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the parc"bo-Loicl eilge angJ-e to the hyi:erbolord edge ang1e,

so 'lhat a parabol o:,-cl ¡¡yÍth an edge arngle of 600, ln a

cassegr.ain sy's'lem, v'¡oull-d require a pr fmary f eed angle

of 120 -.10o ,

Tìte one ..ena j-nÍng f act or to be consf d erecl f n

'uhe choj-ce of a sub-ref lector. is lts d fameter f n relatlon
'to the na'in lef -lector c or t f.n other worcìs, the extent of

ap er tur e bloclc Írrg 'Ln 'che f ocal- plane " For a ¡:1ane

circul.ar aperture rvlth a syrnmetric fllumlnatfon functfon,
the shape of the r,acliat ion patt ern is given OU(41)

e(u) = f(r ) Jn( ur) r dr 3"zg)

,;¡here g(u) -- vcltage racli.atlon characterÍsttc
f(r) = feecl di-strfbution

anil r.ì = i¡i;.re¡ racl lus of the aperture.

Ilor a uÌ:.::f o.,:m feecl f unction, f (r) o and f or a feed r,vf th a

'10 dB 'ba¡ter, the eff ec't of aperi:ur.e blocking on gafn and

sÍC el-obe 1e',¡e1 i.s surrimar Lzed in the f o11o',,vtng tab1e.

f'
I
.l r"I

1

(r
o%
6/
/o

2Olo

u7;
rad 

"area)
rad,

area)

-o.35

-15 "2

-0 .09

-16 "9

-.o.1h

-D4 0

*o "57

-18"0

o

0

-17 "6

0

-23.9

,rp erb ui' e lt -"1. ock ii-..g

gaín (oe)
s i:cl el ob e
icve-i ( og

1O clB -bape

uniform

)

dBl- eve 1

gatn (as)
sÍdel-obe
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These ffgures lndfcate that aperture blocklng reduces

the galn and lncreases the sidel-obe l-evel of the

secondary radfatlon lrattern. The dfameter of a sub-

reflector ts generally chosen fn the range 10-15% of

the mafn reflector "

3.3 "1 T)en I r¡¡t Õn nf Rnrlf ntlo n mult 1lnr, À

The derfvatlon of a formula for the radiatfon

from a cassegrain antenna systern may be consldered fn

tv'ro parts. The ffrst fs the calculation of the field
1l-l-umlnating the main reflector fnom the prlmary r,adlat-

or and sub-reflector proper.tfes and, havlng performed

thls calculatlon, the derl-vatfon of the secondary

radlation pattern from the mafn neflector. .ris the

derlvatlon of the radtation pattern from a paraboloidal

reflector ls consfclered elservhere (iìp¡rendlx I ancl

sect,lon J"2.1), thf s sectf on v¿111 be prlmarf ly concerned

tvlth the former irrobJ-em"

the illumÍnatlon fof the mafn reflector may be

calculated eíther as the ffeld fnctdent at the reflector

surface on directly as a sunface current dfstnlbutfon.
¡Lt thls stage lt fs more convenfent to derive the

lncldent field at the reflector surface, which a11ov'rs

the already establfshed formulae for nadlatfon fnom a

paraboloid to be used.
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The tv'¡o methods avallable for establlshf ng the

d iffr,ac'becl fÍe1d of the hyperboLofd are the geometrlc

o¡rtÍcs alJproach and the surface current fntegratton
technique ( see ri¡:pend ix T) " The f ormer methoci f s only

accurate ln the l-lmtt of zero rvavei-ength and has the

dfsacl-¡an-bage of gÍvfng a hígh edge lllumlnatfon wfth a

suCden cut-off on the mal-n reflector, vrhlch does not

occur ln practfce, ::esultlng ln apparently hfgh sfdelobe

1evels. The current integratlon technfeuer although

st 1li onJ.¡r an allpl. oxf mate nethod , gives a much better
ind f cat Íon of the dlffraeied f f eld " ;\l-though a

casseg:alu. sysiem, r¿fth parametens fn the ranges dfscuss--

ed above, strictl-y speaking ¡:nocluces a sub-reflecton

for tr¿hf ch the main ref -'l-ecto:' 1les in the Ftesnel f le1ci,

It lvll-l be assunecl here that the Fraunhof en on f ar f ield
approzÍmations can. l:e a¡,rp1Íed. The im¡:i5-catlons of

thls further aillrro-:cfrrratfon are consldered In -l.:r¡-tpendÍx IIf"

Usí.::.g the coo:.d f:late sys'r,em shown 1n f f g" 3"9,

f rorn eq_uat ions (3 "ll ) anci (S .S) , the scattered electrf c

fteld nay 'be ap¡rroxima-bed by

EsJ

E)
n

. -€ . ï
(î')" I - 

d

". ^-flo t
Nry

- ¡-et u ."-J1þ2,ff P
(i Õo)

(3, jt )

Yr¡hef e

ï cr
L)

r Èr.* (f * -Er¡." 
jkX"Ë 
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f or tire orlgln at H"
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For the hyperbolofd surface, Se

dS= 1-e cos o
dct, dB

and m(o) = [(1- e cos ù2 + (e sin o)')i 3,zlt)

rvlth e = "/u.

From ffg. j.9(b)

vøhere

tvher. e

and

and

Þec (1-å)

(3.s2)

(1.3s)

3.tT )

3,fi)

v=

x

1-

t

e cos cr

+
2 (a+p)2 2v (ô+D) cos olå (z"ls)v

D = sub-neflector dtsplacement avüay fnom

panabolofd focus

I = feed df splacement tolvand the sub-neflecton,

n.
-n ;lO [(r - " cos 

")È eslno0l (3.36)+

cos +

The pnlmary raötiatlon from the feecl at H may be v¡::itten

x dlr- ") î sln (rlr- cr) 3,

tE (r +E î, ) , "-Jkx,! l̂r I

ln the fan fleLd. Thus, using



sin(ú - ùî cos(ry' - c) Ê+

92.

3.sg)

x

From the relatlons

n̂.
-n

(ix P.t ) n'O Í û- E|,
Âeslno-llEø(t-"coso)

^- f tp [cos (rt/ - cosr/ll (3,|-to))o o

€'u = cos é: s ln cos( n-þ) + slnf cos oo

slnf sln cr
A.

Ë"j = cosf cos cr cos(n-g)

5. I = cos f stn(a -p )

^ê"v=-slnosln(A-p)

fr"Q= - cos cr sln(a-p)

fr,þ = cos(4-B)

[3ir * (Îxu")l-
ñ d¡L -f tetO Io* [cosf ( e-cos o)cos(q-9)

r.. sln ç srn o] uB cosf Icos(r¿ -o) - u cosry'] srn(a-B)l

(3.u2)

(3.ttt )

,\

and

#O-l In* ( cos o-e ) stn(?-9 )

3.43)tp [oos(r¿-r)-" cost/] oos(4-p) l
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From f 1g, 3.9(c), shlfttng the orlgtn to Fr Þroduces a

modlfled phase term

exLl [ -¡x lp + x- 3,f ll

whene O l(zc + D)2 + 2u (2c+ D) cos q,
1z2

v l

þ, = é[ "lnf sln o cos(a-p) cos f cos o]

cos(4 -B ) + cos f stn o]

sln ç sf n(a-p)

and - î.os(o+ y)

From

ff feed or

separately

* 3,t stnf cos ct

à.+p

+t¿ Ê sfn(y+ q.)

p=ô cosf cos T+ sfnf siny coe(a-B)

sub-reflector d lsplacements

the followlng relatlons alre

are consldered

u sofu I

Q cos '( 2c+D -ucog o

2o- ô-acosry'

and Qsfn y =X cfnry'

=vÊln o



The expanded expresslon for the

from a hypenbolofd becomes

%l_ _- J ar u --Jkp re¡L
)- 2rP ' v tP'

94.

îar fleld radlatlon

I Ê
s (t,h4)

E
17

Vi¡hef e

àt li

/.
tf [nr[cosf(e- cos o)cos(rt-l)+ stnEstn o]

rn

I 0

up cosf Icos(r¡- o)- e cost/.] sln(4-P)l

exir[ -Jk[)?n (cosfcos y + stnf slny cos(4-B)]]

ds(o) oo op

2n

and

where

ds( o)

r
n In*( cos G-e ) sin(4 -p ) - uUI cos(r/r-o)-e cos ry']I o

cos(4-B)J exp [ ,...J ets(a) do dB

2v Eiln cl

1-e cos cr

and A edge angle of the sub-reflector.
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For a clrcularly syrnrnetrlc 1lnearly polar lzeti f eed ,

Erl, = f (,/) sf :: B

and E = f(V) cos ga
P

and slnce O Í.s lnilependent of the azfmuth angie I

exp I Jkn sinfsrn .r cos(rl-F)l =,ro(u) + tr[.¡n.lo(u).

cos n(4-B)

where u = kO slnf sln y

and the Integratlon over the azlmuth angle can be

performed. Hence

rÀ
rf =rrsln, ,ot [[(e-cos o) [Jo(o)-Jz(o)] -[cos(,¿-")

e cosry'l IJo(u)+Jr(o)]l cosÊ+ 2J slnfsln o,r,,(u)l

exp t- Jk [x-n cosf cos y ]l es(o) do

3.1+5)

and

d.t

,rl =7 CoS , lO
f [ (e-cos o) [ Jo(u)+Jr(o)] - [ cos(,/-")

e cosr¡l[.ro(u)-Jz(u)]l .exp [ -ik[X-o cosf cos y]l

3.\6)ds(o) da
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Simllarl.y, expresslons for. clrculanly symmetrfc wave-

gufde feeds can be derlved and together wtth equatlorì

(3,t+3) glve the soattered fleld.
Magnetlc mode (Urrl..,, ):

glvlng

and

tr/

upand

(f

o

,! )

,.d.

tf = zolO f Islnf stn o to(u)+ J cosf(e- coÊ o) ,r.'(u)l

exp [ - Jt<[ x -fi cosf cos y ]l dS(o) do

3.47)

Electnlc mode (foo., ):

Eçr= 0

and Ep = r(ø)

glvlng

I, = O.

I =2rrJ
7'l /å t [e cos ú - cos(r¿-o)],r', (u)

exp [ -Julx e cosf cos i ]] os(o) do (¡.he)

and T-
s = O.



Âs before the gafn functfon may be derfved as

97.

G(f ,? ) = çi (i)å lpnl 
2

It¡her" Pt = tota-r- pov'/er

GÐ2 oaI 2r7

vr¡ith dQ = eLemental solfd angle

and

= sf.ary'dú dp

= lntr.fnslc tmpedance of afr
1

= lg)ãt6 '

Tire corresi:ond f ng expnesslons f or r.adtatton
from the parabolold, wlth the l-ncfdent f tel-d gtven
by equatlon (3À3), are easily f ound from expresslons
for radfatfon from a focussed parabolofd (see

$.ppendt:; I),

For the surn or 1fnearly polanl,zeð mode,

the fncfdent fte-]-d ean be rivrltten

and

tç = tr(O rf ) "stn rt ,e'JkP

ßn = tr(p, f) "cos ? ""-Jþ

and the scattered f teld fr.om the parabolold

e-ikn,løg2¡ )
ê

tr

T6

TÁ
Y

(
R

I

2

ß.4g)



rÏhere

r
0

and

=?r st.É/i Icos o.eos€/z lrr (,ro(w )- rz(w))

+ rz (.ro(vl) * Jz(on) ) I - z J ît €/z t,(un)lsf n 0 sf.n

gB.

(3.52)

exiJ [-jxp It + cos 0 co. f]l p2 stn f sec €/z ot

(3,ro)

IE
tÉ = ?r cos ø Jo lrr I ro(w) + ¡r(w)] + r2l.ro(rru)- rz(vn)lJ

exp [-jrp [ ''l + coso cosf]l ,' etnf df (3.5t)

where ï¡ = kp sf n 0 sfn f.

rf the fnctdent f tel-d at the panaboloid reflector ls
cfrcularly symmetnfc

1
(p,€) = rz Ø,€) = rf

and equatlons (3,1+g ) and (3,5o) become

r0 Ztr sr^øß r Icos 
'cos 

€/z to(u.,) - J srn' sh€/2.rl (w)]

exp [-Jrcp I i + cos0 cosf]l pz stnf sec €/z a€

and
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rEIó= 2r cosdjO r .ro(w) 

"*p [ -Jkp[1 + cos a cosf]J

2
3.sz)p sfnÉ: Er

For the clnculanly symmetric magnetlc mode (îMot ) tne

= f(p,f) u-Jk

lncldent fleld at the maln reflector ls

f
and =On

and the scattered fLeld ts obtalned fnom equatlon (l.hA)
wLth

ï =0þ

E

E

and f
0

To-o

f t¡ cos0 
"ou€/z ,r.,, (r,v) stn0 sn€/z ,ro(w) I

exp t-jþ[1+ coso cosf]] pz stnf sec €/, €

3.s4)

The clncularly s¡rmmetrrc el-ectric mode (TEot ) gfves the

followlng relatlons
lncldent fleld:

E_= 0i
un = r(p Ê ), "-JkP

,þ = 2T r.,ß t ,r,t(w) exp [ -Jrqo[l + cos ó eos €]lpzrtnfdf

and

(z.ss)
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3.3.2 Radfatlon from Cassegraln Feed System

.¡ts the nature of the secondary radtation from a

neflector antenna system can be predlcted fr,om the feed
functlon for the apertune, fon the cassegrafn system
vr¡hlch lnvorves i. lengthy computatton to determfne the
flnal radfatlon charactenfstic, lt is convenfent to
flrst consfder the effectfve flrumlnatton of the matn

neflector by the primary feed - sub-reflector combfnation.
rn thls vrray the effect of both feed and sub-neflecton
displacements on the flnal nadlatfon pattern can be

pred1cted.

(a) Feed Displacement

conslderrng ftrst the dispracement of the pnfmary
feed alone, the gain and phase charactenfstfcs in the far
ffeld for diffnactfon by a hyperbolofd are shown tn
fig. 3.1o, where the pnfmary feed ls rtneanly polantzed
and has a 10 dB tapen to the edge angle of the sub_
reflecton and is represented by

J (t0.5 srnr/)t(x,V) = I
x

Q.Og5 (1 + cos r¿)

3.se )

S n

whfch glves a shape approxtmately that of a v,ravegufde

nadfator.. The curves are gfven fon the E_plane only
slnce the H-p1ane has very sfmtlar patterns. The

chanacteristlcs shown tndfcate that the fllumtnatfon of
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the mafn reflector ts only slightly dependent upon the

feed dfsplacement. For a maximum feed dfsplacement of

5à, vrrhlch ls close to a practlcal upper lfmlt, the gain

characterlstl-cs have very simflar. shapes and, together

vulth the centnal absolute gafns, lndlcate that the

average amplltude dlstnfbution remafns almost constant.

The phase characterfstfcs sholv a slowly lncreaslng phase

tapen vr¡lth feed df splacement and fon ô= 5À the phase

taper ls approxlmately loo or abou t\ /8. Thls

connesponds to the maxlmum allowab1e phase tapen(¿+t )

whlch does not slgnlftcantly reduce the antenna galn or

upÊet the sidelobe stnucture.

The property of lnsensltfvity to feed posftton,
at least on the axls, ln the cassegnaln system ts as

expected, slnce thf s type of antenna !.s geometnlcally

equfvalent to a sfngle reflecton antenna wtth the focal
length lncreased by the magnfffcatfon of the sub-refrector
assembly. fn this case the panabolotd has uo f /Ð=O.U33

vrhtle the complete system has effectfv"ly f /n=1 .gO.

rt fs due to thfs lnsensttfvfty that fnordfnately large

- 
prlmany feed df splacements vr¡ould be nequired to pnoduce

slgnfffcant phase tapers fn the main apertune, maklng

ft an lmpnacttcable method cf pnoductng beam bnoadenfng.
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(¡) Sub-reflector DÍso1acement

Ffg. 3.11 sholvs an equlvalent set of phase and

gafn characterlstfcs fon sub-reflector dlsplacements

along the axis. Às before, the gain charactenistlcs
show that the amplltude dtstrfbutfon varles only slfghtry
fn shape ancl average 1evel as the system fs defocussed;

hovveven, the phase characterlstlcs shov'¡ lange variations
ln phase taper wfth sub-neflector shfft. Comparfng

these phase characterlstlcs vrf th those glven by ftg. 3,12,
whlch shows the equlvalent phase taper causetl by a shfft
of the feed ln a focally exclted refrector antenna, a

shfft of the sub-reflector ts seen to be equfvalent to
a shift of the prlmary feed in the single neflector caseo

¡ì.ccordfng1y, the same fncreases tn secondany beamwfdth

companed vrrfth the sf ngle refrector system can be expected

ln the cassegrafn case for slmllar shffts of the sub:

neflector. simllar results would be obtalned by movlng

the cassegrafn feed system, l.e. prfmary feed and sub-

neflector, as a r¡vhoIe. However, the effect of moving

the prfmary radlator as weI] wrlr be fnslgnlficant and

only serves to fncrease the practical dffftcultfes.

In 1ow nolse cassegl:afn systems, the pr"lmany

f eed wlII be dlz'ect1y connected to a low nof se ami:lifier
mounted at the base of the parabolofd and so the avofd-
ance of movfng the pnfmany feed ls neoessary to ensure
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mlnl-mum nolse fn the transmlssf on system. consequently,
modlflcatlon of the antenna radtatfon pattern by move-

ment of the passive sub-reflector only Ls a hlghly
desfrabl-e feature. Defocussfng system coulcl easfly be

incorporated wfth a sub-nefrector" contror destgned to
make use of the best-fft parabolofd at all tlmes,

Fon conrpleteness, flg. 3.13 gtves a comparf son

of the geometrf c optfcs approxfmation to the hy¡renborold

dlffnactfon lvlth that calculated from the far fteld current
fntegnatlon f or.mula. iþart fnom the phase and amplltude
nlpples near boresfght, the marn difference to note ts
the edge tapen fn the fan fteld or more accunate case

rvhlch vrllL gfve a more accunate plcture of sidelobe
stnuctune than the sharp cut-off produced by the ray
optlcs technlque.

Flgs, 3.14 and 3,15 gfve the ¡rhase and gafn
pattenns for the cfrcurarly symmetrfc modes for the
focussed case, together v,¡rth a geometric optlcs approxl-
matf on, ancl for a representatfve value of sub-reflector
dÍsplacement. The large amplftude fluctuatfons near

borestght fon both phase and gafn are caused by fnterfer.-
ence phenomena between cunrent zones on the sub-reflector.

ensat DI 1ac tso P Sub-
ec

)( c c

Frorn the geometny of the cassegratn system (flg.
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3.9) tt can be E¡een that large dfsplacements of the feed
tovra:rd the sub-reflecton vrllll produce a nar"nowlng of the
dfffnaetlon patter:n from the hyperboLotd. Thfs fn turn
wfl-r produce a bnoadentng of the main reflector. r.adla-
tfon.

From geometrf.c optfcs, for the standard eystem

chosen tn whfch e= 1 ,5gj, .ii= J50 and sub-reflecton
dfameter = 20 , a shtft of feed ten wavelengths toward
the sub-neflecton v¿flr cause a reductLon of z@o Ín the
apertune measured to the edge ray (1.u. leaves prlmany
feed at j5o) v¿lth a phase taper ot \/\ to thfs pofnt,
whfch would, lndLcate a bearnur¡tdth Lncneage of about the
same amount (zo%).

Ff.gs. 3.11 , 3.1U and 3,10 shoi¡¿ that sultable
movement of the sub-reflector couLd compensate fon the
phase taper across the apenture caused by the feed
dfsplacement, allowrng the secondary r"adfation to
malntafn a chanacterlsttc wfth r¡¡ell-deffned lobes and

mfnlma, v'rhlch ls necessary f or constant phaee dffferences
between the modes.

Flg. 3.16 gfves some examples of the sub-
reflecton nadlatron fon compensator.y dlsplacements,
Owlng to the large feed dtsplacements necessary to
achfeve only moderate rncneases rn beamwfdth, thr.s
techntque has ltttle pr.actlcal uBGr
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3.3.3 Bg4lqtfon from Cassegnafn System Defocussed
by Sub-reflector MoverneF

Fnom the d. lscusslon ln the prevlous sectlon,
the only technlque of intenest for beam loroadening tn

cassegraln antennae Ls the axfal dtsplacement of the

hypenbolofdal sub-refiector. For convenlence and to

reduce computatfon tlme the lllumfnatfon functfon fon the
paraboloidal reflector ls taken to be circularly symmet-

rlc and glven by the average of the E- and H-plane

dlstrfbutlons calculated from the hyperborold dfffrac-
tlon formulae. rn the case of the clrcularly symmetric

wavegulde mode feeds, the dtffractlon patterns are truly
symmetnf-c and thf s lnvoLves no error. However, tn the

1lnearIy polanlzed radtatton case, the dlffractlon
patter"n ls 1dea11y not symmetr.lc, but the orthogonal
patterns are sufffcÍently stmllar, wfthtn O.! dB fn
amplltude and a felv degrees fn phase for all examples

glven, that the error fntroduced ts negltgfble for a

practfcal companfson of patterns.

f'lgs. 3.17, 3"18 and 3,19 gÍve nadf atlon patterns
for a llneanly pol-artzed prlmar,y feed wlth a 1O dB

amplltude taper and for the cLrcularly symmetrfc wave-

guide feeds, calculated fr.om equatfons 3.48 and j.D1-DU.

The beamvuldths for the reference mode are tabulated in
ffg. 3"2O. The nature of the radtatton patterns
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obtalned ls seen to be very sl-mllar to those found fn
the sfngle reflector. case (f f gs. 3.3, 3.4 and 3.5) at

least wlth regard to the amplltude chanactenfstlcs and

beamlvfdths. Thls suggests that a slmllar d.egree of

beam broadenfng may be obtalned fnom the oassegnafn

system.

/is 1n the prevf ous case, the propertles of the

radlatfon pattenns of lntenest are the slmflanlty between

the amplftude functtons for the tv¡o dtfference modes, the

phaee dlfferences between the modes for a gtven dtsplace-

ment, and. how thts phase dffference var.les wf th df splace-

ment. The dffferences ln amplltude for the cfrcularly
eymmetrlc modes are eltghtly greater than before.

Taklng the 20 dB beamr¡,rfdth of the reference mode aE

maxlmum wonklng angle, the maximum dlfferenee between the

TMOI and. TEOI pattenns ls 1.6 dB for all dlsplaoomento

up to 2.0 À; however, the average value 1s much less than

thls, befng approxlmately 0.5 dB. fn rnost practtcal
systems thfs ls an al1ov¿abIe tolenance.

The nange of vanf atLon of ¡:hase dlfference wlth
the elevatlon anglêt 0 t ts tabulated agafnst sub-

ref lector dtsplacement ln f 1g. 3.21. The mâJclmum uEable

sub-reflector dlsplacement, vrlth phase compensatfon wlth
elevatlon ang1e, 1s seen to lle somelvhere between 1.5À

ancl 2.0}. . The phase compensatton curves f or the
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def ocussed system are given in f ig. 3.22. Once again,

ln practfce the d ffferences ln phase between the tvro

difference modes may be lgnored.

-l's bef ore, a displacement of 1.5I grves a three
tfmes lncrease ln beamv¿fdth, resultfng fn a search
element lncnease of nfne tlmes. This v,rtll allow the

acqulsitfon tlme to be reduced by approxtmately one order.
¡\s mentfoned prevfouslvr thfs may not be lange enough to
warrant the expense of a specfal defocussfng system to
fmprove acqutsitton tfrne, but where feed control ts
desfred to malntafn optfmum efftcfency in normal opera-

tfon, 1t may be provfded wtth Ittt1e extra capltal outlay.

For compar f son purposes f lg. 3.Zj f s f nclud ecl ,

showlng the radiatton patternc for the three modes wfth
the sub-reflector moved 1.5À away fnom the panabolofd and

the feed moved toward the sub-reflecton 17.51 to produce

an essentfally constant phase in the apentune. ,/rÊ can

be pred lcted from the feed functlons gtven tn the
prevl0us sectlon, thfs nesults ln an lncrease ln beam-

vr¡ldth of about 25% vr¡hÍrst mafntainlng a def fnf te sfdelobe
structune fon the lineanly polarLzed and rMol type feeds,
The same effect ls not evldent tn the TEo.1 case, slnce by

movtng the feed closen to the sub-reflector, the angro

eubtended at the feed ls lncreased and, together wfth
the nature of the prtmany feed (ffg.2.T), thte nesults fn
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more efffcfent usage of the prÍmary energy and a hlgher

galn, wlth much the same bearfl,"i ldth. Ignorfng thts

effect, hovr/ever, the galns 1n beamv¡tdth achleved by such

large clisplacements are too small to make the technf que

practfca-ble, even though the nelatlve phases betlreen

all three modes remaln essenttally lndependent of the

eLevatlon anglêe 0 o

3.h Su b -r ef lector Mod l-f t t to 1n Casseorafn Svstemn

In the above di.scusslon, only the defocussfng

effects of shlfts in the prfmary feed and sub-reflector

vúer,e consl-dered. It ts obvtous from ray optf cs that

very large defocussfng dtsplacements are requfred to

achfeve any signfflcant change ln the effectlve apertune

of the complete system and that, because thts change fs

always accompanled by large phase changes, the nesultfng

curvature of the v¿avefnont ts a far more slgnlfleant

eff ect and causes clegradatlon of the beam shape before

sfgniflcant changes tn aperture usage occur. In the

cassegratn dual reflector system, a change fn the sub-

reflector shape can achfeve e slgntflcant change ln

apertune uSage. The changes possÍb1e may be separated

for convenlence fnto tvr¡o separate categorfes¡ the

replacement of the ercfstfng sub-reflecto¡ by a completely

new surface, and the modfficatfon of the exlstfng surface'
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¡ì.s tt ls necessary to malntafn symmetrtcal radfa-
tfon patterns, the sub-reflector. must remaln a surface

of revolutfon. Tn the general caÊe, thls may take any

form and wtlL produce an evenly distributed phase taper

togethen vlf th any amplltude effects. Because of the

parabolfc natune of the mal-n reflector, r'etalntng a plane

wavefront ln tho maln aperture requlres that the sub-

reflector remaln a conrectly placed hyperbolotd (not

aclmlttlng at thls stage derlvatlves of the Gregon.lan

telescope). ¡\chlevlng reductf ons fn the effecttve
apertune fn thts v/ay would nequlre a hyperbolof.dal sub-

reflector v,¡ith fncr.eased eccentnfctty and placed nearer

the prfmary feed. fn the ltmltlng case the sub-neflector
rvould degenerate fnto flat plate placed mfdviray between

the hypenbolofd focl. fn thls case, usfng the prevfous

example of a cassegr"aln system, the nei¡r¡ aperture dlameten

would be reduced to abou t 31A the orfginal- value, b ased

on a 15o prl-mary feed edge nay and resultfng ln an

approximate beamwldth lncrease of three tlmes. Other

shapes lntroducfng phase tapers could extend thts change,

but add the problem of malntatntng reasonable phase shtfts
between modes. In practlce, thls schome ls only suftable

for sltuatlons where an l-ncneased beamwfdth and neduced

galn ls nequlred for a pantlcular Job and the sub-

neflecton can be manually changed. IVhen beam bnoadentng
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fs only requlred durlng the search mocle of a tnacklng

antennar âÞ automatlc devlce for changlng the sub-

reflector ls requfred and Is practlcally fmpossLble to

lmplement, especlally when ft ls reallzed that on large

antennae the sub-neflector may be some 15-20 ft. ln
d Lameter.

the most obvlous modlflcatfon to an exfstfng

sub-reflector, r,vhf ch pnoduces an lncrease ln bearnr¡ldth

of the overall system, ls the complete removal of an

outen annulan sectlon of the sub-reflector so that only

a smaLl centre portlon of the main reflecton ls fllumln-
ated. .¿\ slmllar approach, oIectrfca11y, ls to cover the

outer annulas by some flange whfch causes the contnlbu-

tfons from thfs sectlon to have rapldly vanylng phases

and produce 1ttt1e contntbutfon to the secondary pattern.

Etthen of these technf ques, hovrrever, rruouId be dtff l-cuIt

to achleve automatlcally. One of the fevr posstbllltles,
which remains relatively sfmple mechanfcally, fs the

spllttlng of the sub-r.eflector lnto lndependently movable

lnner and outer secti-ons. fn thfs v,ray a step ohange ln
the phase ln the main aperture could be achl-eved.

IdeaIIy, thls vrould requlre an lnner sectlon deslgned to

give the requlred beamvuldth, surrounded by a numben of

narrow sectfons producfng annulf fn the lllumfnatfon
functlon alternatlvely ln anil out of phase and thus
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contrfbutlng nothrng fn the far ffeId. Thls ls analo-
gous to the Fresnel zone technique of physical optlcs.
I' practicaL system r;ould probably only allow tv¿o orl three

movable sectf ons, v'thlch only penmlts moderate f ncreases

in beamv¿fdth and produces very hfgh sidelobe levels.
Fig. 3.24 glves the exanrple of a plane aperture, iivlth a

taperecl dlstrlbutlon, spllt at 2/l rad rus such that the

lnnen and outer neglons are anti-phase" rt can be seen

that the 10 dB beamlvidth lncreases only two tfmes ancl the

sid.elobe Ievel fncreases from -27.0 dB to -11 .5 dB.

thf s technf-que f s not very amenable to the differ.ence
mocle patterns where there are relatively hfgh lllumfnatfon
Ievels at the spltt and ln the outer regfon (f f g. 3.ZU),

Overal1, the modtficatfon of the sub-neflector
fn a cassegrafn system to a.chfeve an rncrease in beam-

width sultable for tnacklng purposes ls not a very
attractfve proposftfonr esÞecla1Iy vrhen such changes must

be achfeved automatÍcal1y.

3,5 Con.c.l-usfon

The lnvestfgatlon fnto the defocussfng of
reflecton antenna systems has sholvn that the simple

focally excfted antenna and, the dual reflector oassegrafn

system can be consÍdered armost equfvalent, if movements

of the prfmary feed fn the former are tneated as equlv-
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alent to sub'reflecton movements tn the latter. The

range of lncrease ln beamwldths by these technfques ls
up to three tfmes whflst mafntatnfng adequate phase

tolerances for use wlth a multfmode tracktng system and

servodrlve controL. rncreases of th-ts orden alror¡¿

reductfon ln acqufsltlon tfme of about one orden. The

sLgnlflcance of thts neductlon v¡f1r depend langely on

the applfcatfon and the caprtal cost of the defocusslng

equlpment. one advantage of the defocusslng technfque
pnoposed ls that tt can be treated as an extensl0n of
any servo controlled feed system d esfgned to make use

of the best-fft reflector surface under varfous loading
o ond ft ions.
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CIL,IPIER IV

TïUiCKING IiIODES +IIID HIG-H EFFICIENCY FEEDS

4,1 _Lgv_p_þpq94!__9f__E!Êh Eff lcf ency Feeds for Reflecton
-A.ntennae

It u/as establf.shed ln Chapten I that hlgh efftc-
lency feed research for large clrcular apertune refrector
antennae has centr.ed upon circular ïyavegulde systems.

Thls fs due to the lnher.ent cfrcular symmetry of clrcular
liiavegulde, whlch makes tt sultable for use wlth clrcul-
arly polanlzed systems, and due also to the more

symmetrlcal radlatlon pattern compared v¿lth that prod-

uced by the alternatlve square ï/avegulde.

The flrst step towand htgh efftctency feeds is
the productlon of a feed horn wÍth a symmetrrc nadlatlon
pattern, 1.e. equal beamvrldths ln a1] planes. The

second ls to Ínstltute some means of beam shaping to

produce the deslned lllumlnatlon functlon tn the apert-
ure, whlch controls aperture efflclency and sldelobe

structure.

Research ln the formen case has developed fnom

two maln dlrectlons. The flrst has been the empirtoal
modlffcatlon of the phystcal apertuire condltlons of the

radlaton, The modfffcatfons have taken several forms,
The provlslone of radLal metal pfns or posts(Jl ,\6)
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both wlthln and wf thout the wavegufde, at the r.adlatlng

aperture lmproves the symmetry of the domlnant mode

radlatfon fnom cfncular ruaveguLde by neduclng the effect-
lve aperture fn the E-plane, vr¡here the conductlng flns
are parallel to the electnic fLeld vector, whllst havlng

llttle effect on the H-p1ane condltfons¡ fon whlch the

electrlc fleld le normal to the flns. The other maLn

modlflcatlon used 1s to provlde a clrcular metaIllc

flange or ground plane around the apertune and to place

on thts a serLes of concentrle annulan chokes ,(3o'32)
The chokes are deslgned to trap near fteld energy on the

ground plane surnoundtng the radlattng aperture and re-
radlate lt wlth the correct phase and amplttude so that- J^(x),
the feed aperture dtstrlbutlon approxlmates the ' /x'

form and glves a radlatlon pattern v¿lth low sldelobe

energy. In both cases, the modfffcatfons to the wave-

gufde apenture structune have effectlvely pnoduced anlso-

tr"oplc boundary conilltlons at the aperture.

The other approach to obtalnfng symmetrlc wave-

gulde feed horns ls the modlffoatfon of the wavegulde

fl,eld reachlng the aperture to produce a more deslrable

aperture dlstnlbutlon, Thts technfque lnvolves the

mlxlng of transverse electrlc and transverse magnetic

mode pafns In clrcul-an ïvavegulde. ?l 
'l¿7 '48'49) the

ffrst orden solutlon conslsts of a comblnatlon of the
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domlnant TEt 1 mode v¡lth the Tlilj l mode to produce an

essentfally symmetnic beam wlth the normal angulan taper "

This method has been extend"o(50) ou ,n" addftfon of

hfgher modes as v'¡ell as the basf c T8.,,,' and Tùi1 I modes to

a1low beam shapfng ancl consequent control of the apert-

ure dlstributfon, The hlgher or.der modes used are the

tEl o- TIil1n combinations, The diff 1culty vrrlth thls
technlque 1s the excftatlon and control of the many

modes present so as to gfve the rtght amplftude and phase

relatfons at the aperture"

These two approaches to the problem of lmpr.oving

feed radlatlon propenties have been placed on a theoret-
fcal basis by the conslderation of the focal plane ftelds
of J-arge parab olold al ref lectors v¿lth an incldent plane

wave. Koch(ft ¡ has produced a structure of concentrfc

chokes surrouncìlng the waveguide aperture, essentfally
the same as Geyert""(Jo) ooo"" notable is the approach

of l!ïinnet ancl Thomas ,QS) r,"¿ho have developed vr/aveguide

feeds based on gulcles v¿fth anfsotropÍc boundar.ies. The

boundarles of the r,vaveguide are made to approximate an

lnffnfte ratlo of cfrcr-rnferentfa'l to longltudfnal conduct-

anee by clrcumf ereittlal s_l_ots, approximately a quarter"

vr¡avelength deep" l,Theneas these slots act as quarter

wave chokes to longftudlnal electrfc fferd components,

the tangential components are shorted by the metal
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surf ace betlveen the s1ots. These ïuavegu j_des aîe

conveniently described as corrr-rgated. lvavegutdes of
thl-s form propagate hybnld modes, nel_ther transverse

el-ectrfc nor transverse magnetlo, whfch exactly match

the f ocal ;.-l-ane f teld of the reflector. Thts technlque

ls convenlently compared wlth the mixed mode technf.que

of Potr""(tt ) descrlbed above, except that each TE- TI/l

pafr 1s nolv replacecl by a single hybrtd mode, thus

reduclng the number of mocles to be controlled to half .
rt ls also reported by tllnnet and rhomas that to avord

an abrupt change Ín þoundary condltfons at the apenture,

caused by the radtal face of the last slotr âR anistnopic
flange must also be provtded arouncl the aperture. Thfs

techntque wourd then seem to combrne both the emplrfcal
approaches mentioned above"

Á.s the provf sf on of any surface other. than a pure

conducton ln a v,ravegutde causes cross-couplfng betlveen

the transverse el-ectrlc and transverse magnetlc modes,

the author has fnvestigated the hybrfd modes assoclated

wlth thfn llningsr Þarttcularly dtelectnfcs, fn normal

wavegufde. The fornnuLae and pertlnent results of thls
work are gfven ln n\ppendix fV. It ls necessary that
the wavegulde llnlng be thtn because rt fs onry posslble
to satf-sfy the condltlons for a symmetr.ic radtation
pattern ln the f nner regl,on and so contrlbutlons to the
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radl-ated ffeld from the field v¿lthfn the llning must be

negltglbLe, ancì als..r because a practf cal dleLectnf c has

loss and any loss assoclated wlth a vúaveguld.e llning

would add to the system noise temperature. The assess-

ment of the usefulness of such a llning woulci involve a

comparLson of the lmprovement in noise flgune by the

modifled fllumtnatton functions vrri'¡,h the degraclatlon

caused by a llntng fn the short length of gufrie near the

apenture. The lnvestLgatlon shovrs that 1t fs possfble

fn theory to produce a mode tn the fnner (afr fllled)

reglon, lvtth symmetrlc radlatlon propenties, by usfng a

unlaxf a1J-y anlsotnopf c dlelectrf c. To p:oiluce thf s

wlth a thin lfntng requlres that the dtelectnlc either

have a 1or'¿ dlelectric constant and a htgh anisotropy

(Í.", r'atlo of longftudfnal to clrcumferentfal dlelectnlc

constant) o" have a high clrcumferentfal illelectric

constant and Lolv anisotropy. In either case the

practical provis-'ion of such a 1lning wtthtn a wa\regulde

ls very diffteult.

l+.2 Tr ackí nÍv l,iiodes in H JEh ffcfencv Feed SvstemsEf

The effect of methods to improve the radfatlon

pattern of the domlnant mode in clncular wavegulde upon

the cfrcularly symrnetrlc modes can be dfscussed by

conslilerlng three types of f eed: 'Lhose wlth radlal
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posts or flns at the aperture, those wlth anfsotnoplc
flanges and, flnalIy, corrugated wavegulde feeds. The

f orm of feed usfng mfxed modes fn normal vra.vegulde need

not be conslcl er ed sf nce the n ad t atl on charact er I st tc s

of the cfrcular modes are unchanged by the addftfon
of extra modes, assumlng no lnteractf on betr,veen the

modes fs present.

The crlterlon for. Judglng the effect of efftc-
lency lmprovlng technfques on the tracktng morres fs the

degree of lmprovement fn radlatton pattern equaltty
between the two dlfference modes, lf any.

\ .2 .1 F f n or Pos t Load ed lVavesu td es

the assessment of the effect of broadly spaced

posts or fl-ns, elther fnstde or outslde the wavegulde,

at the aperture of a feed horn fs dtffÍcult to detenmfne

accurately because the overa]l effect is a complex

functlon of thelr spaclng and slze. f* qualitatlve fdea

of the effects can be obtafned by consfderfng the lvave-

guide electnfc fteld fntensfty fn the apertune.

tr'or the TEO., or clrculanly ÊytTmetnlc electrlc
mode, the electrlc ffeld tntenstty tn the wavegulde ls
punely transverse and only a tangenttal component

extsts (see ffg. 2.2(c)). The eLectrlc fteld f.s alr,vays
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nor.mal to any radial object and the electrlc fteld
dlstrLbutlon should be unaffected " So the radtatton
pattern of the TEO.I mode fn vravegufde, J-oaded by radial
fins or posts at the apertune, shouJ-d be the same as

f or normal lvavegu f d e .

If the radLal ffns are fnternal and thefr depth

and spaclng are such that they appear as a serles of

quarter r/Tave slots around the boundãryc the waveguf de

can be treated as one v'¡lth a itlameter measuned to the

fnner ends of the ffns and wlth an anfsotnopic boundany

rvlth fnflnite clrcumferentlal and zero longitudfnal

lmpedance. The resultlng fteld dtstrlbutfons for. the

TEOI mode in thls rvavegulde rivould then be lclentical
v¡Ith the TL'IO1 Ín pr ¿1¡. rrvavegulde of the same size.

fhfs feature 1s dlscussed further under oor:rugated vr¡ave-

guldes"

The Tìi..'_l node may be consldered an onthogonal

moile to the TEO.1 node and has only a radlal component

of electi.Íc f f e1d :tn the trans-¡erse plane ( see f 1g.

Z,Z(ø)) . Hor,veve;., beÍng a transverse mangetlc mode, a

longltudlnal componen',, of el-ectrtc fielci also exlsts.
-t\ny :raclf a1 conducting ob jects wf l-1 tend to short out

'r,he components of the electl.ic fiel.d existtng normally

ln the outen region of the wavegufde anil so the effect
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fs a compresslon of the mode fnto the lnner area of the

ï¡avegufde. Thfs reduces the effecttve nadlatfng
aperture fon this mode and tends to equate the beam-

v¡ldths fon the dlfference modes, whlch ts a desrrable

feature. rn the 15-mfttng cBSe v¿here the ffns approxl-
mate an anl-sotropic surface, slnce the TMO., mode has

only longftudfnal surface currents on the vravegulde

vra1Is, the flelds v¡fIl be the same as ln ondlnany wave-

gulde of the neduced dtameter and they r¡¡f 11 have tdentlc-
al dfstrfbutlons to the TEot moder resultfng ln the same

radlatlon patterns.

4.2.2 4nLs_gt-{ oplc_¡ipentur e planes on [t/aveEuid e
Eeg-!e!-or_s

The provlsl_on of a flange tn the aperture plane

of a Tr/avegulde radlator, consisttng of a senf es of con-

centric quarten ïvave s-!-ots or chokes, can be agsumed, to
a flrst onder of appr."oxlmatfon, to appear as a short
cft'cult to tangentfal eLectric ftelcl components due to
the meta.! Ilc walls separatfng the slots, and as an

open circult to radlal- conponents. For a flnst order
ansvver., the TEot mode fn such a system can be treated as

radlatlng from an apeT?ture fn an fnftnfte, conductlng
ground plane vr¡hllst the TnÍ01 mode can be assumed to be

unaffected.

Uslng the equfvalence theor.emGz¡ nadfatLon from
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an aperture ln an lnffnrte ground plane ls calculated

as the radiatfon of equivalent magnetlc currents

,\l1/l-nv¡tt ¡ t¿ /L E

ad jacent to an fnf lnlte ground p1ane. The for.m of the

radfatf on pattern for ihe TEO., fs found by substf tutfng
tO fnom equatlon (2.6 ) :.nto the radiatton lntegnal given

ln l:i.ppendlx I and assumlng the radfatfon contnfbutf on

from Hp to bo zero. Hence

Jo(rc.,, a) Jå(k a stn o ) (¿+. t )
% = i.ka, p" +I.cos o

I
t{ sln 0 2

tc 01
(

Thls expression is ldentlcaI to equatfon Q.A), gfvlng

norma'] TEO, radlatfon, except for the factor

",9l- -\ãt-F-+ cosO) vrrhlch ls replaced by cos 0. For smal1

vúaveguldes, the natio of phase constants 'ot/o fs small

and the radlatfon pattç::n ls not stgntf lcantly changed,

except that a t:rue nul-1, occurs at 0 - g.Oo " fn lange
ß

Tvaveguid es , 'Q1 /t, applroaches unf ty and the d lf f erence

1s gr,eater " Hov¿ever ¡ âs the apenture slze lncneases

the beamvrldth decreaÊes and the range of angles of

lnterest also decreases and so oyer the mafn beam the

term cos 0 remalns essentially constant, and the tv¿o

patterns are slmflar. Over.al1 the effect fn any vuave-
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guicle produces a slfght narrovrlng of the maln beam and

a f aster dnop-off of gain at v¿fde angles. Ftgs. h..l and

4.2 gtve exampies of 'r,he normal TEO.I and Tlilol nadfatlon
patterns together v'¡fth the TEot mode when usecl wfth a

grouncl plane. These curves fndicate only a slight
fmprovement Ín the equal.ity of the difference mode beam-

vr¡fdths.

It shoul-d be noted that equation (4.t ) lnd lcates
equal radlatlon ln the forvrrard and backward dfrectlons.
*is thls back r.ad f ation must ext st as ref lected energy

returning along the wavegulde, the addftfon of an apert-
ure plane may result ln a poor i:atch at the aperture.
Thfs fs true ln the case of a sma11 diameter nadfator,
but for large aper-i;unes the approximatlon ls not good

and must be taken as an fndfcatfon only.

\ .2 .3 Ç crL-\tg.qle0 vrteyqrulgs

Co:lruga'bed i"raveguld e can be prod uced r,vith etther
longltudfnal or clrcumferentfal slots fn the gufde

boundary. Provi-ded the depth of the slots appnoaches a

quarter vrravelengÌ;h and the slot pf tch rs small- compared

wf th a v¿avelength, the corrugated surface can be approx-

lmated by a contfnuous anfsotropfc surface v'rtth zel"o

lmpodance para11el t: the sl-ots and a very htgh impedance

normal to the sLots. rn p:ractice longftudinal slots are
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not attractlve for they have zero longÍtudlnal lmpedance

on the boundary whlch does not lnternupt the sunface

cunrent str"ucture of any normal tr,ansvense magnetlc modes

and a1lows these modes to pnopagate freely ,(zg) However,

clncumferentlar slots, v,rfth an inflnlte longftudLnai
lmpedance, a1Iov¡ netther the nonmal tnansver:se electr"fc
nor magnetlc modes of greaten than zero order to propag-

ate, so simpllfying the problem of mode control.

ïn the ldeal- case of conrugated wavogufde wlth
resonant clrcumferentlal slots, the boundany condltions
at the walls of the wavegutde requlre that

E0 H0-0r (4,2¡

sfnce the surfaoe lmpedances are

z0 = o and Zr=æ.

For the TEO.1 mode which has onlJr E6 r np and Hz

components the boundany condrttons remaln the same as

fn praf n waveguf.de and the wal'egufde ff e1d components

are glven by equatlon 2,6. Hor¡¡ever", the TMol mode, whtch

has Eo , Ez and rt| components, has fts boundany conditlon
changed fncm Ez = O to H 0= O.

The general solutfon for a TI\40., mode fn cylln-
dnlcal coordtnates fs (from equatLon 2,5)
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t2

= K01E,

ßp=

"-Yåt'

- rðr "òt ,ri(rci,' n ). e

J I
c1

(rc p )o

-våt" vór
,Hg

Jue

and the boundary condition requines that

J K a)-o
01

where a = radf us of waveguide. The r"adlaL varlatfon
for the TMoi mode ls now seen to be rdentlcar wfth that
f or the TEO.' mode.

Substituttng these expressÍons into the nadLa-

tton fntegnal, gfven ln :þpend lx r, the radf ated f f e1d"

from the TIt/10., mode Ln corrugated. guide becomes

(
o

E
^-jkR<''-T-- ;o(rcðr u) rå(k a sin d ) (l-+.1)

)( -
tr 2

'l

comparlng thls expresslon wfth the equivalent for the

TEot mod e (equatf on 2, B) shor¡,¡s that the theoretf cal TMo1

radl-ati.on fs now identf caL Ín form, save for a constant

facton. Accordf ngly the tvr¡o dffference modes wf 11 novù

give fdentfcal performance ln a tracklng system.

The expressions fon the lvavegulde ffeld dfstrl-
butfon of the domlnant mode ln corrugated gutde can be
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developed bJ' taklng a lf near conrìrtnatf on of the general

finst orden solutl-ons for tnansverse electrfc and

magnetf c modes !-n cyllndnIcal coondinates and applying

the boundar"y condf tf ons of equatlon (ll.Z¡. Hence the

flrst order hybrld mode has

r 1(K1.,o ) l+ at t_r p

cos 0 oe
-1fu 1z

3
p

E
0 -j

E, = - ^1,'zo'J1(Krr')'co" o '"-i911'

, I u,r K.r 1 zo ti(t<,p)

,]oz oo
Hp = J

o ¡1./) ó.J.o1

I u,, r.ryfl +ûrp K11 rì (K1,0 
|

- i91,2 (4.h )

2K

sLn 0. e

-i91,2frr=
11

J1 (K1.1p).srn 0.e

r1(\p)* 
o 

*9ll litt rl(\tp
-J91,2

sln 0 .e

tH j K11 * (t<.,,,p) + grr

,r., (x,,.,,a)

J j?<i 1P

cos 0.e
'J Bl rz

wher e (f)t unO the boundany condftrons requlre

p

zo

r.i (r., .' a)
P11

(4.5 )Kliu+ k o
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These ffeld components satt sfy a sufff.clent condttlon
namely

Ep (p) = zo no(o)

and Euþ) = -Zo Hob).

f or a s¡rmmetrloal nadtation pattern, whioh can be deten-

nfned as

'J=
uø

+ + . coÊ0

feoep

fstnf,

.r, ( r.',,, a) .r,, (t a sin o )
2

(r)P. (4.e ¡

whene

I= 9tt
t +coa0 l a

k

K11u J1 (K1 ., a,).r.i (ua stn 0) - lra sln o ,r.i (tt, t o)Jt (t<a srn o )

K k
11

i, l9tt
k

(4.7)
k sfn 0

and the boundany condttfon, equatfon h.5, applLes.

îheonetfcal plots of the nadlatlon patterns for
the domlnant hybrfd mode and the zero orden eÍroulanly
symmetrlc modes ln clrcumfenenttar corrugated gufde are
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gfven 1n f lgs. 4.3 and l+.h. Thu.se may be cornpared v¿lth

the equfvalent patterns f or plaln wavegulde ln flgs. 2,4

and 2.7. The hybrfd mode radiatlon corresponds closely
to the H-plane pattern of the normal TEtl mode. ,\lthough
the dlfference modes novi have tdentical radtatlon patterns,
there ls no reductLon ln the hÍgh edge taper fon these

modes, assumLng a reflector edge angle correspondlng to
a 1Q-12 dB taper fn the sum mode. However, when the

baslc sum mode radlatlon fs modffLed by the addftfon of

hlgher modes correspondfng to addltfonal zeros of the

boundary condttlon, equatfon (h.5), a langen wavegufde

aperture rs requfred to contaln the addltlonal modes

and the dlffenence modes r¡¿111 have a narrower nadlatfon
charactenlstlc. The change ln beamwtdth for the sum

mode, th thfs sftuatfon, ts small, but the shape of the
pattern 1s modfffed to glve a htgher reflector apertune

efflcÍency at the expense of the wavegulde apertune

efflcfency. The overall effect ls to produce a larger
effectlve apertune for the dlfference modes wlth the

posslblltty of achlevfng the fdeal two to one ratlo.

fn theory, ft 1s also posslble to control the

shape of the dffference mode patterns by the additlon
of higher zero order modes - TEO^ and TMO' modes- but
thls fnvolves ln the sfmplest case the productfon of a

further tvuo modes to be controlled in phase and
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amplltude at the vuavegulcie aperturor Vtlhene tracklng can

only be consldered as a secondp.,ry roIe, such addf tlonaI
complexlty ls not justlf f ecl.

\,2.lJ TVavequfdes wtth Dlelectrfc LfninEs

i\s can be deduced fnom the d lscussfon of clncular-
1y Eymmetrlc modes ln corrugated wavegufcle, the zero

order transverse eLectnLc and magnetfc modes ln waveguide

t¡'¡l11 have ldentf caI radlal f 1eId varlatlon vr¡lthln the

gulde and ldenticaL radlation patterns lf the phase

eonstants for the two mocles can be made equal . It ls
shown ln.,\ppendlx fV that thls can be achleved by a

unfaxlally anfsotnopf-c dlelectrlc llnlng fn a wavegufde,

wf.th a ratlo of clrcumferentlal to longftudlnal dlelectnlc
constants gneater than one. Thfs anlsotropy ls of the

oBposlte for.m to that required for equal beami¡¡tdths from

the domlnant hybrld mod,e. r\part from the practfcal
dffflculty of manufactunlng a dielectrlc wlth a speclfied

anisotroplr thls method of obtalntng equal dlfference
mode radtatlon patterns ls undeslrabLe ln a hfgh efflc-
lency system because of fts deleterlous effect on the

sum mode radfatlon pattern.

Exner lmen tal Results f ômC ntroef.ed ïllaveørrf d e1l or4,3

Some tests for the exfstenco of the zero order
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transverse magnetic mod.e, TMOI, and the nadlatlon char-

actertstlcs of both the TEO., and T¡/lOj modes have been

carrled out wfth a section of corrugated waveËufde,

deslgned and manufactured at the Radlo Physlcs Branch

of the Commonrrr¡ealth fndustrlal and $clentif lc Research

Onganf zatlon (C. S" I"R.O, ) " The faclltttes of thls
department v¿ere also used to cayry out the tests.

The corrugated v/avegulde vr¡as fabnfcated from a
serles of annular alumlnlum nfngs vrlth alternately small

end lange lnternal illametens so that, rrhen bolted

together, they f ormed a i¡vavegufde vulth cf rcumf erentfal
slots. .'! sketch of the stnucture ís glven Ln f l-9. l-1.5.

¿i concentrtcally gnooved fJ-ange used to preserve the

bounilary condftlons in the aper-bure pl-ane ls shown ln

ffg. \.6.

Other equfpn:ent to be useöl rivas

General Rad f o l/llcrowave Osclll-aton type 1l,60-$

Hetrlett Paclrai'd S'bandtng lir/ave fndicaton

Scfentlf fc-¿l'c-Lanta SerÍes 152O ¡iutomatic

Rectangu-l-ar Rad latlon Pattern Reconden

and assorted Generai Radlo tnre 37ll attenuator pads,

The automatic rad latloir pattern recorder enables poui er

patterns to be plotte d d frect1.y,. assun:f ng ltnear cnystal

chanactenLst lcs "
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l,1.3.'l I|MO_,, Mode !n Corrueated_liqlde

The general solution for. a zero orden tr,ansverse

magnetfc mode ln cylindrfcal coordfnates ls

-J9[.2

-Jp z

rokðrp).eßu=*åf

.rf ( rcðrp).e

Ep = -J B& "ü.ri(rci.,p).e
0'l (L.e¡

-Jlf,qz
Ha = -Jue rc o1

whene

B 01

ro(rf., a)

ri(rcf., a)
(4.to¡

lx2 ("ðr)rlL

råkôr")

rn a general wavegulde wtth an anfsotnopfc boundary, the

boundary condltfons are sattsfled by matchfng the wave

fmpeclance to the sur.face fmpedance at the boundâpJ/r = âr

Thus

(l+ .9 )

j
Jo(rc[, a)

Z, T,z

q
"åt
u€

t
f-oj

i{
xr=
z

on

o
a



and d

"o

whlch ls undef lned f or the TI/IO1 modeo

ïn a clrcumf er"entially slot ted lraveguf de, the sunf ace

lmpedances are approxrmat e5y$3)

0

and

Jo(ka) tvo(xn) - tlo(r<a) Jo(t<r )

%
H

131 ,

(4.tt¡

Z
0

Z"= JX"= J.ô.
.r!(xa) No(a¡ ) - llj(ru) ,ro(ru )

wher"e

= 0.5 f or lvavegutde used

and ârb = râdfr measuned to top and bottom of slots
respecttvely (rrg. b.5),

and a radfal TEIÍ mode ts assumed to extst Ln the slots.
Matchlng equattons (h.to) and (h.l.t ) a11ows a solutlon
for the nadfal vaniatton constant rcf,, and hence

Pór E lk2 t2 l
1a-K 01

and rg= zr/ 
Båt

Flgs. 4.7 and 4.8 show the change of gufde wavetength
wlth fnequency for two dtffenent corrugated wavegufdes,
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the dfmenslons of whfch are

2b - 12,35,, f or both cases

and 2a = 8.97,,

and 2a - '10 .00rr .

Equlvalent experÍmental cr.::r"7es uiere obtafned by usÍng a

sectf on of the corrugated vravegufd e as a tr"ansmf sston

cavlty (ffe. 4.9) and the gulde v,ravelength rvas obtafned

by measurlng the dtstance tnavelled by the shont cfncuft-
lng plunger betv¡een successlve ou tput peaks. irs the
length of vrlavegufde avaflabLe u,/as only ap¡rroxfmatery one

foot ln length ancl the slot depth requfres the frequency
ranges shown to oper.ate near resonance, only one half
wavelength ls obtafnable fs the smaller wavegufde and two
Ln the longer. Thfs fntroduces an error because the end

plates must be assumed perfect short clncuits to determtne
the gulcle luavelength in the sma]Ier fnternal dfmenslon
gufde. Thfs assumptfon was substantfated ln the tests
on the larger gutrie vuhÍch gave the half gufde wavelengths,
when measured from the back plate and between maxfma,

t¡¡fthfn 1 m.m., the approxrmate measuring accuracy wf th
the equ lpment.

e'ì. c or]ìp an f s on of the pr ed f c t ed and measur ed gu td e

vuavelengths shows goocl agreement tn both cases, vrf th the
error slfghtly lncreasfng tolrard cut-off fnequency. The
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maxfmum error ln the smaller lvaveguide ts lJ.5% of the

gufde rvavelength and ln the larger gulde the correspond-

fng ffgure fs 1 .6%. These errotas are suff f cÍently small

to justtfy any approxlmattons made and the technfque

outllned predlcts the nature of the Tl,{01 mode adequately.

u ,3,2 Rad fatÍ 1-4.!JUs1 mod es 1n CornuEateclnb
lVave Eu id e

The wavegulde used to record radiatfon patterns

of the clrcularly symmetrlc modes in cornugated gutde

vúas the langer of the two avallabl-e and, choosing an

operatfng frequency of 2600 Mc/s, the lnternal dfmension

of 10rr corresponcls to an aperture of 2.2 vrlavelengths.

The openatlng frequency fs sufftciently close to the

nesonant frequency of 261O NIc/s that the radlatfon
characterfstics of both modes can. be expected to be

ldent l-caI.

Detafl-s of the mode excftation technlques are

glven ln f fgs. 4.'1 0 ancl l+.11 . In both the TEOI and TMO,,'

cases the fan ftom fdeal step transftion was used as an

expedÍent method of achfevfng the excltatlon. Thfs

method ls particularly poor f or the Tl/lO1 mode r¿htch has

a hlgh electnlc ffeld strength at the vuavegutde boundary.

The abnupt change at the step v¿fll cause excitatfon of

the TMO, mode ln the corrugated guide and, a.s this mode
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has a cut-off frequency of 263O \ltc/s 1n thls S.nstance,

ft may propagate along the short dÍstance to the apert-

ure and modffy the radiatlon pattern"

lxclta'ulon of the Tllol rnode ln a nominal 5"

waveguf-de ensur:es 'r,hai the next hfgher transverse magnet-

f c mode (uø..,, ) i" beyond cLrt-off (zgoo t|c/s) *pd wt1I

not be exclted. SlrnflarJ-y the TEO,, nod e f s excf ted

Ln a v/aveguf de f or v¡hich it is the hf ghest propagatfng

mod e " The loal-anc ed }oop c onf igur at i on f or the TEO.'

mode mlnlmfzes the possibflity of excftatfon of other

modes t¡r¡ith radial- electnlc ffeld coìnponents by the

supp oi. t o

Ffg" 4"12 gives the radiatÍon pa-hterns for the

TUOI ancl TIIO.,, rilodes f:om corrugated gulcle, together

urÍth the precllctecl pattern. The TlÍ01 pattern shotrs a

rfppled nature and ihis is due to the presence of

extra rrlodes y predon::-nantly 'che Tl\ilo2 mod e " Thf s makes

it drfffcu-l-t to assess the relative beam:¡¡ldths of the

TEO', and TMO.I modes anJ onl-y general cc;ilments can be

made. The average angle off the a::fs foi" the finst
peak fs th.e sane rn both cases; ho';ire'/er, the 10 dB

beamwldth f s qui-te d fff erent fn each case. ,Àssumf ng

the posftion of the fírst peak to be a more slgniffc-
ant factor when other modes.,i"e present, the radtatfon



':$f

2f 3G' t+g' 6o'

rE ôl

rzl

2ê

3o

2

ç

C

a

2

t+

/
/

/
/

/
I

I
I

I
I
I
I

I
I
I

I
I

I
I 6

A

7'€
3
I

tt
z
0

É
3
o
Þ

t¡l2-
v
J
ltt
4

I
Í
I

I
.l
I
I
I

I
I
I

I
I
I

I
I
I

I
I

I

rË 12' 6oo r+8' 3G' 2ç' t20

o

a

b

G

e

FrS lr. t2 R o åielion ?qttcvag

to" ô-"å. eorr,..,Xo,te-J h¡a\¡eS.'iáa,

f -- zCoo Hllr
wilho-t f lange,

\
pre JÍ.*e d .urju.

\

\
\
\
\
I

\
\

\
\
\
\
\

a
totS'



135 .

patterns can be assumed

to thls pofnt.
to be very slmllar at least up

¡\n undeslraþl_e f eature of the TMO., mode shown

by these patterns fs the hÍgh sfdeLobe level compared

wlth the TEo1 pattern. rn practf ce, thf s would constrt-
ute hÍgh spfllover and lntnoduce suscepttbtlfty to nolse.
Tn thts case lt l s ci f ff f cult to assess what contnlbutLon
to the stdelobes ls marle by the desfred mode and what by
the spunlous modes.

comparlng the TEol pattern uvrth the predfcted
shape shor¡s that the experimental result gfves a sllghtly
narrovuer beam. This may be caused by the df ect of the
smal1 shortlng flange at the aperture on by mlsmatch at
the aperture.

Flg. 4.13 shovr¡s the same pattenns repeated but
vvlth the arldltlon of the corrugated f lange at the
apenture. The TEol patter.n nemalns essenttally the same

as before but wfth a slfghtry narrower beamwfdth and a
hLgher gafn. These changes are to be expected, srnce,
fon thls mode, the flange appears a-s a shont crrcuft.
companlson of the changes ln beamr,vfdth wf th those to be
expeeted from an lnffnfte conductfng apertune plane
shovrs that the decrease tn beamv.¡fdth rs sllghtly greater
than predfted by thrs assumptton of the effect of the
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fl.ange. This narrowlng may also be due to the greater

effoctlve apertune produced by the curved sectfon and

to the poss fble bet'uer match achieved by thl s.

the TL{01 mod e characte:¡f stlcs appear to have

broadened considerabJ-y" Hovr¡ever, the still- evfdent

ripples suggest that the add.l-ti-on of the flange has

pnoduced a more effectfve radfa.tlng aperture for the TMOZ

mode. Fig. l+.14 gives plots of the r.elatlve voltage

charactenistfcs for fnil..l anil TL4O2 modes from equatfon

(h.3) and indtcates how a suitable combinatlon can

produce the radiatlon pattern obtalned.

4 . l+ 8*9¿c_l_g_.=s-|gS

Thf s Chapte¡' has shown that, wlth the notable

exception of thÍn dfelectrlc linfngs ln waveguldes, all

the teohnlques used to impnove the efftclency of large

reflecton antennae by modfffcatfon of the pnlmary

radfator lmprove the tracktng mode characterlstlcs. In

all cases the changes to the feed systems fmprove the

ratlo of the effective apertures between the sum anil

d lf f er ene e mocl es and , r,vher:e str uctunal changes ar e

made, there ls also an improvement ln the srmllarity

between the two d:-ffenence mode radtatf on chanacter'-

lst ics -
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CILr'PTER V

¡\ MODEL ]MODE HORN

lvhen d tscussf ng the multimode tnacktng system

ln the prevlous chapters, parttcular emphasfs has been
placed upon the equalfty of the nadfatfon pattenns of
the two dlffer"ence modes, TEO.I ancl TMO.,. Idea11y,
these pattenns shourd have f.dentfcal amplltude and

phase charactenfstlcs, ¡lLso, the neratfve phase between
the sum mode, based on the TElt mode f.n crr,cura-n wave-
gulde, and the dlffer.ence modes ts tmportant tn obtaLn-
lng the azfmuth angre fon the tnackrng system. .ts the
secondary nadlation charactenlstfcs of lange nefLector"
antenna systems can be predlcted fr"om the pnlmany radfa-
tron patte'n with sufffcrent accuracy fon practfcal
purposes, ãt least over the frrst few sldelobes, only
the feeil assembly need be rnvestfgated practfcarly.
Thrs ls tnue, r'' genenal, âlthough rn a pantfcular case
the effect of sunface tolerance and dfstontlon errors
must be fnclucled tn the pred fctf on.

Provtded the mar.n ape:rture rs suff fcrently large
fon the secondary beamv'/tdth to be small enough for
co. Q = 1 and sln 0 <<1, equalfty of the secondary galn
functlons fon the drffenence modes ts obtarned tf the
pnlrnary gaf n f unctions are tdentlcalo The phase
oondltlons nequlre that ali- thnee modes have fdentLcal
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phase fronts orr assuml-ng that the yravefronts from the

feed are truly spherfcal, the phase centres must be

cofncfdent. These restnÍctlons are the ldeal, but tn

the practical situatfon clepartures from these ldeals

must be accepted " The toleranc es allowabl-e f n a gfven

sf tuatf on are large-l.y d epend ent upon the system usage.

A defocussing error of a queLrter vuaveiength between the

true focus and the actual feed phase centre causes a

À/B pnuue taper in the mafn aperture of a r.eflector wtth
f /D* O.4 and results fn a drop of about 0.25 dB ln gain,

an fncrease ln the flrst sfdelobe Ievel of 1-2 dB ancl a

phase varfatfon of some 15o-2}o over the matn lobe for
a partfcular mode" this can be consfdered the maxfmum

allowable mfsalig..rment fn most caÊes, but may cause an

excesslve Lncrease ln sf d elobe 1eveI ln very 1ov,r nof se

appli cat ions .

In a mul-timocle tnacklng system, tolerances, such

as those above, are qutte acceptabl-e fon a servo drtven

steenlng system ln the nominalLy focussed case" Hov,/ever,

tf the antenna is intentfonally defocussed to achfeve

beambroadenlng, each of the modes fs defocussed to a

dffferent degnee, dependlng on the relatfve phase centres"

The resultlng amplttude differences between the dtffer-
ence modes will be sm,rll and acceptable in practlce,
but the phase d iff ere rces wtl1 novr¡ be f ncreased and vr¡f LI
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lncnease more ra¡rldIy vrlth f eed d isplacement compared

with the fdeal case. so the maxfmum allowable defocuss-

tng df splacement and consequent beamr.¡ridth lncrease ls
nestrfcted by relatfve phase centne posftlons tf stable
tracklng ls to be mafntained. liccordfngly, tests on a
multlmode feed system must tnclude determfnatlon of the

phase centres,

5.1 I/iu l- t f mod e },{od e Tr ackl nø Feed l,{od.e1

The deslgn of a model tracking feed system was

lfmlted by the avatlabre test equfpment and facrlfttes.
The equlpment available was

t\lrborne Inst::uments Laboratony type 124 power

Oscf Llator 2OO-25OO MHz

Lorrv power coa;:lal Ltne oscf Llator 1BO-2OOO MHz

Hewlett Packard Tnansfer 0scfllaton type 5l+On

Sanders V"S.V[.R. Åmpl_tffen Mk"fII
Phtlfps D.C. Mfllfvoltmeter. type GM6O2O

and GeneraL Rad f o type 87\ coa,rta] 1f ne components,

lnc-Ludlng a slotted l_iner plston attenuators,
voltage detectors, tubtng stubs, lfne stretch-
er Et , att enuator pad s , e tc o

The cfrcuLar wavegufde avafrable was standand copper,

brass or alumlnLum pfpfng wfth a maxfmum nomfnal dlameter
of 6rt :readily aval-labre and a short t 3 ft., length of 11r
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l.d. tube f abrlcated firom sheet steel and copper plated.

By operatlng at a fnequency of jj94 I;IHa ( ¡*= 8.47 lns)
a f eed system ,vï1th an apertr-tne of 1 . j^ v/as posslble.

Thfs ls appr.oachlng the mlnlmum slze sultable fon use

v'¡fth the TEO1 mode, whlch has a cut-off of 1310 \lftlz fn
11rr plpe, and ls approxfmately the s f ze requlred to
focally exclte a parabolofd reflecton vr¡tth a 600 edge

angl e.

The wavegufde feed ls designed to excite the

thnee baslc modes necessary fon the multlmode tracklng
technlque. These are the TEtt, TEOI and TMOI modes tn

clncular wavegulde. No atternpt has been made to

fmpnove the radÍatlon characteristfcs of any of the

modesr âs would be deslrable ln a practtcal situatfon,
especfally for the domfnant TE11 mode. The desfgn ls
such that the thnee modes can be fndependently excfted

and the three excf tens can b e consfdered sepatlately.

Constructfonal detalls of the antenna are gfven ln fLgs,

5.1 and 5.2 "

(u) Err Exc i.t er

fn orden to mfnlmfze cl'oss-coupllng problems,

the domlnant TEll mocle ls excf ted Ín a wavegulde capable

of propagatfng only thís mode" For the sfx lnch dtam-

eten gulcie chosen, the cut-off frequencf es f on the TE1t

and TMO. modes are 115U MIIz and 1510 iVIHz respectlvely.
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-Ä. taper.ed tr"ansÍtfon ls used between the smarr and

Ia::ge wavegu Ides.

. The actual method of excftati_on of the domlnant
mode ls sfm:lLar to thai; used by Be1l Telephone Labora-
tonles f o:: both the Echo ancl reL star proJ 

" 
*t"( 54 ,55)

and conslsts of a wavegulde excfted longttudlnal slot
ln the cylfndrlcal- waveguide v¿aL_L rivfth a r.eflecttng vane
to pnoduce propagatfon 'Ln the rfght dtrectfon. The

rectangul-ar r¡'/aveguide f eed ls exctted by a coaxfar lfne
thr"ough a transf tf on a6 shoyrn fn flg " 5 .j. îhe posl-
tf on and I ength of the prob e rs adJusted b;r tnral ancl

errot to gf.ve a reasonable mateh"

Pro'¡rsf.on ls rnade for trre sspa::ate excftatr_on
of ver i;;lca]-iy and ho¡ f zont a1ly po-!-arf z ed v/aves.

cl.rcurar poiar f zatåon cour d be achf eved by f nser"ttng a

seotf on p:rf or to the taper, whf ch gfves a !Oo phase

shlf t to rrvaveÍ:, p ol-arízed ln the h5 
o plane mrdway

between tl:e e-zcrter eiots, :el-atlve to vraves polarfzed
f n an orthogonaJ. d j.::e ctf on.

(¡ ) ${or--ÐicJ_,i;al:t

The Îl,,tol mod e 'Is e::elted d J_rec.biy fn the maln

wavegu ld e. Because thi. s mod e Ì:.as l ongi tud fnal warl
currents, clrcunf,er"e nt::. ar slo'L s nus.L b e used to excf te
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the mode. A mfnlmum of four equally spaced slots ls
necessary to proviile d"fscrfmfnatfon agalnst the TEZI

mode v¡hlch may propagate ln the v,¡avegul_de. In the

final design a continuous slot ls fed by cable at 6tx

equally spaced poÍnts to approxlmate to a continuous

distribution. The numben of potnts chosen should

provlde dl scr.lmfnat lon agaf nst mcd es up to the f ourth

order, The slot is shfeLded agafnst back radfatton
by a quarter vrave coaxlal-_stub on the outsld e of the

wavegulde, whfch also provldes mechanlcal stabillty
across the separate Êectfons of wavegulde.

the excftatÍon of the TMOI mode ls made tndepend-

ent of the other modes by f eedlng trlro slots, spaced

îg/U apart, 9oo out of phase, so that only a forvrar,d

propagutf ng lrave f s prod uced. In the ontgtnal deslgn

the wtd th of the tr,vo slot s wac to be mad e aclJustable to

f acf 1Ítate optlmf zatlon of the excf ter. Hovrever, mech-

a.nlcaÌ s tabflt ty problems made ad justment dlff f cuLt

and a flxed wtdth of 3¡g, was used fon each slot.

The attachment of the cable inputs across the

slots ls detailed tn fig. 5,4.

(") LEO,,_Exctter

¡\s the TEO.' mode has only clrcumfer"entf aL walI
curnents ln the wavegufde, thls mode can be exotted by
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a 6erles of half-wave slots equally spaced anound the

penfpheny of the guld e. As for the îMOt case s1x

slots are used to appr oxlmate a cont inuous d.lstrfbutlon
around the vyaveguld e u¡a11, The slot s are cabl-e f ed

ln a manner slmllar to the TMOI mocle, except that extenn-

aI attachment of the cable to the vravegufd e 1s possfble

ln thls case, and are backed þy quarter rríave shleldlng

boxeg.

The TEO,' mode ls tuned by the sIf-dlng taper,ed

sectlon between the mafn waveguide and the îE1l exclter

wavegutde. ¡is the TEO'' mode cuts-off at some pofnt

f n ttrre taper, the wave Eees an tnf lnlte reactance DÌi,-ì. i s

wholly reflected. The posltlon of the tapen can be

adJusted to glve maxlmum forwand propagatlon.

The pou/er cllvf slon necessary to feed the TMO,'

and fEOt exclters is achleved by comblna,tions of two-

and thr ee-tivay porver d iv lders, as shown ln f ig . 5.5,
The po\ffer dfv Íder s used wer e sfmple resls tfve d fvld ers,

manufectured using carbon composftlon resfstors and

lnd fv I du ally che cked u slng a tlme d oma in r.ef lect ome ter .

Detaf ls of the dtvf ders are gfven ln ftgs . 5.6 and 5.7.
The losses lncurred by uslng reslstfve pov/er dfvldens

Tuere aooepted as a reasonabLe compnomlse for ease of

manufaeture and fnsensltivfty to frequency. The losses
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for each unft aîe

3 pont devfce:

4 port devfce:

The ovenaLl losses are

14h ,

6 dB l-oss between any two tenmfnals

9.6 dB ll lr ll tl ll

thus

7.8 dB

10.8 dB.

6 way d lvld er:

12 vray dtvld er:

5 2 IVIeasunl nq Technf qu es

The meaÊurements of the voltage standfng u/ave

ratf os f on the antenna inputs and the cross-cotrpllng

between the mocl es are stnalght f orwand and the clrcults
used are shown In flgs.5.8 and 5,9.

The site avallable for measurlng the antenna

radlatlon chanacterlstfcs vras a beach slte to be used

wlth a moblle laþoratory. The turntable avaLlable was

appnoxlmate-'1,y 4t6" hteh and fixed the helght of the test

antenna, lvhfch vras used as a re celv er. In ond er to

achleve adequate recefved slgna-'l- strength, the tnans-

mission dlstance rvas requlred to be as short as pos6lbl-e.

The flnal set up and a sl<etch of the site ls glven 1n

f 1g. 5 .1O " The transmf tt Íng hoi:n ls a squ are aperture

pyramldal horn, shown ln flg. 5"11 . The length of the

test re.nge 1s

-þrÐ2
ì.

I .65
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whero Ð = apcr.buye of transmitting horn = 2 ft,.
and d = dlameter of test antenna = O,92 ft.

Thts ls a sat I sf actor.y distanc e f or. maintafnfng sma1l

phase varlatf. ons over the aper tur.e. The gnound ref lec-
tlon ray corresponds to a transmtttfng angle of Z7o

which ls approxfmately the positlon of the ff nst null-
(5Oo) of the transmlttfng horn. Âl-though the test
range ls far. fnom fdea1, befng nef ther a true ground

reflectfon rânge nor a hfgh 1eve1 testfng range, the

results obtalned do not fndlcate any anomalies due to
the slte.

The amplltude patterns f or the TEtt mode luere

obtalned dlrectly in dB usfng a ptston attenuaton to
malntain a constant pov/er leveI tn a crystal detector.
The circuft used ls shown ln fig. 5.12. It was found

that, wlth thfs circuft, the addittonal loss fn the

excf ters f or the TEo-, and ri/lo1 moiles, together rnrlth t he

fnsertion loss ln the pfston attenuator, lfmlted the

range of measurement to only a few dB efther sfde of the

maxlma f or these nrod. es. consequ ent1y, the measur tng
technlque tvas changed to that glven in f ig. 5.1j, fn
thfs method the r,f. sfgnal fs detected dlrectly by the

crystal detector and the pattern recorded using a
standf ng vra.ve f nd f cator v.¡f th a moduLation frequency
attenuator'. The crystal and standlng vrrave indlcator
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combinatfon ü¡ere caribrated dtnectly agatnst a pieton
attenuaton (rfg, 5,1:(¡)) arter each pattern measuÍ.ement.

the phase front measunements were cannled out
usi-ng the clrcuft cf flg, j.1U. The relative phase

change of the necelved slgnal was obtatned by adjustfng
both the arrplftucle ancl phase of the ref erence sfgnal,
uslng the plston attenuator and l-lne stretcher nespect-
lvery, to obtafn minfmum neadlng for each angulan
posltlon. The phase ïuas slmply record od by meaeunlng

the extenslon of the llne stretcher wlth a nule. [he
attenuator ls necessary slnce a sharp nulI, necessary
for an accurate phase readlng, requfres that the

amplltud es of the nec elved and nef æenc e slgnar be

approxfmately equal. ¡\ plston attenuator fs used

because ft provldes a vanfable attenuatfon wtth neglig-
lble phase shtft.

Thls technlque of phase measu*ement, although
somewhat sIow, gfves reasonably eccurate resu lts. iin
estfmatlon of the measurfng accuracy, conslderlng the
settlng accuracy of the lfne stnetcher, the fnequency
stabfllty of the oscllrator (virrthin 1 Mc/s) monltor.ed

by the transfer oscfllaton and the dffferentlal path
lerrgth ( 2o^) between the ref enence and test paths,
glves an erron of about t 1oo at vrorst, and under good

teutfng condltlons approxlmately I 5o. Good test



înb¡"1-I +ve\darñsvàL¡ãsÞ,,1.¡ \r.s.9rJ tv

:Fl¡l *o
'+eÞ'Þì

Æ¿P.rÀtrq

âãroè

avt_ì

a¡1v1soJyp

'+uD
S\lbAl-

lqu

ka|ìþ
*oì8rò

4-rprè

'ìãs.

ret-x

't\

Î"w +

'esô

I

i

I

i

,? jr r,.Þ.r_L

':SO



1l+7 .

oondttlons for phase measurements malnly requlre that

thene be lIttle wlnd.

Dunfng a1i radlatlon chanacterfstfc meacurements

the tnansmftted povrer ïùas monltored by the meter provfd-

ed on the povrter osclllator.

5.3 Experfmental Results

- The voltage standfng wave ratlos measur"ed at the

feed points for the dl-ff enent modes over a frequency

range, 1375 MHz and 1425 MHz, gfvlng appnoxlmately

50 MHz range around the centre frequency, vúere as

f ollou/s:

TEtt aft excfter
It fo::ward rr

TMot

TEol

VSIìIR = 1"ll- 1.8

VSTIR = '1 ,h - 2.2

vsït/R - 1.2- 1.3

VSTiTR = 1 .3

These are all l'¿lthin practlcally acceptable lfmltst

Berhaps wlth the exceptt on of the T8.,., forward exclter.

Howeverr âs a VSIÄÍR = 2 corresponds to only å Og loss by

refLectlon and as the maln lnterest ln the antenna ls

the radlatlon characterfsttc, thls ls an acceptable

ftgur.e for testlng purpose sr

The pyramtdal transmfttfng horn to be used for

testlng gave a constant VSWR of 1.15 over the same
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frequency range.

In order that the radlatton patterns of the

varfous modes may be treated tndependently and compared

dfnectly, the cross-coupllng between the modes must be

low (r"ppendlx f I). ThIs ls also important ln a tracklng
sftuatfon sfnce the effect of cross-coupllng betvreen the

modes ls to modì-fy the error sfgnals so that mlsallgnment

of the antenna may occur. thfs lfmfts the polntlng

accuracy of the antenna. fhls problem ls unavoldable

In the conventlonal f our horn cluster tracl<lng feedr(lA)
but with the mu ltlmod e f eed ln clr culan v¡avegulde tt ts
posslble to desfgn exclters which produce 1ow coupltng

between the modes. It ls most lmportant that the mutual

couplf ng betvr¡een the dønfnant or sum mode and the df ffer-
ence modes be veny lor¡u because departures from the ldeal

for thls case have a sfgnfffcant effect on the error

slgnals near boresfght. In practlce, dlscrtmlnatlon

agalnst the domf nant mode by the tv¿o cfr"cularly symmetrf c

modes can be achieved by using the different clrcumfer-

entf al varf atlons to provfde canc ellatfon of ilominant

mode slgnals ln the excfter. ÐlscrÍmfnatfon between

the TEO.,, and TI/10,, modes, hovrever, must rely on the

excltlng slots only respondfng to the desired mode.

Slnce the vral1 currents f or these two modes are ortho-
gonal, lD general, good discrimlnatf on can be achleved.
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ïn the present case, the cross-coupllngs between

mocl es are:

orthogonal

TEol - TMot

TEt t aft

TEt t feed s:

TEol

TIVro.l

TEot

Ttviol

-36d8
<-4odB
o-50d8
<-hhdB

-h7dB
- L+5 dB

TE f orward
11

These measurements were perfæmed at a fnequency of 1393

mc/s usf ng a low pov/er ooarcial lrne oscrrlator. ovutng

to the low pou/er avaflaþle together wtth the fnher.ent

losses fn the measurement technfgu€r measurementsabove

¿+O dB are not very accunate and are probably no better
than t j dB.

The lsolatlon figures Involving the TMO.1 and TEO.,

modes fnclude about 10 dB of loss assoclated wfth the

power¡ d j-vfd ers f.n the exctting clr.cu rt. However,

account lng f or this, lt 1s e sttmated ttrat the lsolatf on

between modes ls better than j0 dB do.wn, whfch can be

consldered adequate for the test antenna.

The radiation patterns fon the th::ee modes are

glven fn f lgs . 5,15 and 5 .16. These arle typl_ca1

patterns selected f?om the results obtalned. ft was

found that the TE.lt and TEO. modes gave conslstent
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results but that the fIÍ01 mode was partl-cularIy sensit-
fve to tunlng. The ffnal nadlatf on pattenns for the

TMO. mode were obtalned by exclttng the slots and tuning

for an optimum pattern rvtth the slfdfng taper. Thf s

su gges ts that the spacing of the sl ots ls not opttrilum¡

Ovrlng to the long tlme lnvolved ln necordlng the

pa t ter ns p ol nt by po f nt , and B,s th e test s et up had to

be completely erected and dfsmantled each day¡ an

lnvestÍgatfon fnto the effect of vanylng the relatlve
phase of slot feeds as weLl as the tunlng taper was not

carrted out because the lnterest at thf s stage was ln
the radfatlon charactenlsttcs nather than the excltfng
mechanlsm. Álso, the proxlmÍty of the TMO', exclten

to the aperture (about one guld e vyavelength) a1l ovt¡s

littLe dlstanc e f on the mod e to settle d.otun.

The predlcted radlatlon patterns are plotted
together tutth the experl¡rænta1 ounves for comparlson.

In aII cases lt is seen that the beamwldths obtalned

fnom the model a.ne approxlrnately 20% narrovüer than

predlcted. Thts f ndlca,tes that thene ls consld erable

frlnglng of the wavegulde f tei-ds at the aperture, caus-

tng the effectlve nadfatlng area to lncrease. The TEO.'

modee especlally at hlgher angles, shows less dfscrep-

ancybetvr¡een the actual and pnedfcted ourves. Thls ls
expected sfnce this mode has zero electrlc f leld
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stnength at the vyaveguld e boundary and only clrcumf en-

ential walI cur¡pents, wheneas the TE.1 arìd TMO.,, both

have longltudfnal componento. Other faôtons, v,rhlch

lnfluence the shape of the radtatfon patter.n and whtch

are neglected fn the theory, are mfsmatch at the

aperture and the effect of the smal1 shorting flange
around the apertune.

The othen feature of lnterest ls the slmllarfty
between the r.adlatlon patterns for the TEO., and TMO.

modes. These pattenns are wlthfn 1 dB over the lO dB

H-plane beamwtdth, uilrtch fs the regf on of lnterest for
a neflecton antenna feed. The measuntng error ls of

the onder t 0.5 dB and so the patterns are suff ictently
simllar to be used as dffference modes ln a tracklng
syst e m.

The deep nulls on borestght 1n the symnetnlc

mode cases Lndlcate that the croÊs-coupltng betvr¡een the

sum and dl.fference modes ls very lovrr and betten than the

40 0B measurfng range possfble üalov,¡ the sum mode peak

galn.

The phase centre for the three modes were

obtalned by measurlng the phase varlatfon of the

receLved slgnal agalnst a neference (f fg, 5.1U) and by

assumlng that rays from the transnltting horn to the

centre of :rotatfon and phase centre æe Barallel , Thls
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assumptlon 1s Justlffed slnce the turntabLe allowed the

recelvlng antenna to be mounted vrif th lts apertune a

mlnlmum of a half-wavelength ln front of the plvot and

a c onservatlve es tl rnate plac es the phase cent re vuf thf n

a ï/avelength of the pfvot. ¡t one wavelength Eeparatlon,

togeUher. with the J0), path length, v¡l1l produce a maximum

error of \/6O tn phase fnont and error of thts order tn
tho posltlon of the phase centre. These errors are

neglf gfb1e.

The phase centnes determlned for the tlrnee modes

are:

ÎE.l t H-p1ane O.11, ln front of apen ture

E-plane ln apenture

TMOI 0.1^ ln f?ont of apertune

TEO. O.1^ behlnd aper tune.

The phase fnonts ane gtven ln f fgs. 5.17-ZO.

The epread of the phase centnes l_s aeen to be

0.2 
^, 

whfch fs small and al1ows a compromlse focussfng
posltlon for all three mode6. Defocusslng phase errorEt

ln the aperture for small dlspla.cements up to 0.1 tn
an antenna wl th f /D o, 0.4 vrfII have an almost negllglþle
effect on th.e galn and sldelobe structure of the

secondary patterne except for a fllltng of the nulls.
rn p:ractice the focussfng rrtrould be based on the ilomlnant

TEtt mode, producfng a mtnLmum phase error for thls
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mocie and the TMot mode, The f nerease ln def ocussfng

f or the TEOI mode u¡ould be snal1 and the ohange in
secondany radfatf on Insfgnlf fcant .

The effect of the dlfferent phase centres for
each of the modes wfI1 produce lfttle dtscrepancy

betleen the c1f frerenc e mod e amplttude patterns, but w1ll
cause the phase errors to Lncrease nore raptd1y vølth

feed cif splacement, The phase errors may be separated

lnto tv,ro pants. The flrst fs an absolute error clue to
the dlff erent path lengths caused by the c1f fTenf ng phase

centres and wilL be approximately the same magnftude as

the phaoe centre separatf on. This lvould be automatlc-
aIly compensated when alignlng the system ln the focuss-
ed case. The second and more lmpor:tant type of error
1s due to the dfffer!.ng varlatfon !n phase with eleva-
tlon for the two mocles wfth diff enent degrees of defoc-

usslng. rt ls thf s error vt¡hi ch v¡lll caus e a reductlon
1n the maxfmum f eed dts¡rl a_cement permlssfbl e.

Sfmilarly the phase eruors between the dlf fen-
ence modes and the sum mode vuLll- be increased by the
d fff er entfal foc ussÍng ancì ll mf t the extent of def ocuss-

lng permfsslble,

It ls dlfficult ln general to estlmate the
rnaxlmum defocusstng allowable in practf ce because other
factors such a,s ampltffer tolerances and neflector



154.

surface torerance must also be consid.ered, Hourever,

wf th sma1I dff fer"ences, such e.Ei the o.â f n thls case,
the maxlmum alLowable movement wfl_l remaln at the order
of 1 .5 - 2 .oÀ anci gfve beamwld th lncreases of appnoxl mate-
J.y thnee tfmes.

5 .4 encf ugl o.qg

The nultf mode f eed system for use wtth a focally
exclted reflector demonstrates that the provlston of
tracklng f acflf tles r¡¡f th such a system ls f easfbl e.

Thts model shcu¡s that the dfff erence mode radlatlon
patterns are suff lclenil-y aLtke to be regard ed as the
aame ln a practfcal servo system; that the phase centnes
of the th::ee modes necessary fn the fd eaI system, arthough
not coincfdent, are sufftcfently close together not to
clegnade stgnf f fcantly the performanee of the antenna
companed rvf th the perfect case; and f fnally that the
cross-couprlng beb¡reen the modes can be reduced to lor,v

levers v¿lth reratfvely unsophtstfcated technlques.

The mod er has severar obvious drsadvantages whfch
precrude fts use fn a practlcal antenna system. The

cabl-e feed system f s und eslrable be cause of the losses
assoclated vrlth the cable lntrodu clng nolse and the
dlfflcurty ln obtalning a good match between the cabr.e

and the slots. The contfnuous annurar slot s used to



155.

exclte the îMO1 mode Broduces hfgh mutual coupltng

betv¡een the feed polnts. Thfs slot and lts coaxlal
shleld may also eLffect other desfrable modes tn the

wavegulde. .¿is the TEtl mode ln coarcfal shfeld fs vrell
above cu t- of f , the qu art er wavelength se cti on nef l-e cts

an lnflnite lmpedance for thf s mod.e at the slot,
causfng a mlsmatch for the mod e ln the nnin ruavegufde.

However as the TE.', mode ln wavegulde has predomlnantly

cfrcunferentlal walI currents, the dfect ls not great.

More lmportant ls the effect of such a slot on anf TM.,.,

mode present. Thts mod e has soIeIy Longttud f.na1

currents and wll-l excf te the sJot. In tfrrls case the

correspondfng mode ln the coaxfal ïiravegul_d e l_s we1l

below cut-off and wfIl present a hlgh reactance to the

f ncfd ent ïreve. The eff ect of thf s vr¡ou ld be to prevent

propagatf on of the TMtt mode to tJre aper ture.

Most of these pnoblerns assoclated wlth the TMO.'

feed could be overcome by ustng the mlnfmum foun slots
nequlred for dlscrlmlnatfon agalnst the second order

node and by uslng dlelectrl_c loadfng to r"educe the
physlcal length of the sl-ots to a less stgnfffcant
propontfon of the wavegutde perlphery; fon half wave

slots take approxlmately one half the lravegufde pent-
phery. Such sI ots c o uLd then be vravegu ld e exclt ed .

The provtsf on of porffer dividtng netwonks to
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erccfte the dLfference modes ls unavofdable, although

the number can be minlmfzed. In a v¿orkable system,

the pou¡er dfvls lon must be loss1ess.

r\ d lagransnat lc repre sentat f on of a mod ff t ed

f eed system suf table for use ln a I orrv nolse system Is
glven ln flg. 5.21. fr thls feed the domlnant TE11

mod e f s agaln excf ted ln a sectlon of r/vavegu lde fon

whlch all other modes are cut off . ,i\ny convenlent

means of excltatlon can be used. Thts sketch shows a

turnstlle jurptlon whlch allovr¡s rlght and lef t hand

cLrcular polarLzaf,ions to be detected and ls relatlvely
compact. The wavegulde fs then expanded thnough a

tapered transltlon to a sLze v¿hene only the TMO., and TEtt

mode may propagate, all other modes belng evanescent.

îo dlscnlmlnate agalnst the TEtt mode, tvro clncumferentlaL

slots are nequlred to excfte the fMOt mode. Thfs nec-

essltates a slngle two v,/ay power dlvfder, whfch may be

a nelatlvely slmple ïuavegufde y-type.

The next transltlon converts the vr¡avegutd e tnto
one ln which the TEot mod e may pnopagate and thf s rnod e

ls exclted by four" longftudfnal srots to dlscnf-mlnate

against the 181,' , TI1l11 and TEZ' modes vrhlch may also
propagate, Couplfng to the TMOI, and also the TM11r

ls mlnlmlzed by the longf tudf-nal slots whtch âne not
excfted by the longftudfnal v'rarl ourrents of these modes.
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r\ny mod e c onv er sf on from the TEt t to th e TM., ,' rnod e,

deslred to lmprove sum mode eff lcf ency, can be achf eved

at thf s last transltlon sLnce the T%Z mode Ls stllI
evanescent and the TEZI ls not exclted fnom symmetry

consLdenatlons. The fEOl excfter requlres thtee tm¡o-

vray p ower d Lv ld êr s¡

The posttlon of the excltlng sl ots must be made

an f ntegral number of half, v,ravelengths from the cut off
polnt f n the pnocedlng taper ln orden to achleve maxlmurn

foward propagatlon. Thls dtstance fs necessary sfnce

the wavegufde at cut off presents a hÍgh reactance to
the lnclilent wave whlch ts ref lected ln phase. The

determinatf.on of thts posttlo,n can be fcund experlment-

aI1y, orr ff the taper Ís slow, f t may be esttmated by

f lrst obtafnlng the approxlmate phase shtft one way in
the tapen by tntegnatlng the phase constant with
dlstancee l.êr !

1Ê-
! aper Pdz

zz

z

vr¡here p = [k citzt +

I

2n

^
k=

2

,

u derfved from the boundary condttfons

.ri(u)=OfonTEo.'

.fo(u)=OforTMO,

wlth
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and â = a(z) ls the radlus of the waveguide at z.

,1, tZ are the llmlts of the tapen glven by the maximum

dlmensfon and the polnt at vrhlch the mode cuts off , 1.o.

Ê = O. Thls techntque aIlows reasonable accuracy

because the rate of clrange of phase docreases to zero

at cut-off.

Because of the large physlcal length of thfs

type of feed horn, the multlmode technique of provldlng

tracklng facllltles 1s more sulted to Cassegraln antennae

than the focally exclted antennae, except |n the case of

extremely Iarge reflectors where the feed system ls

ema1l compared with the reflecton ft self. the casse-

graln system also has other advantages whtch lnclude

the gneater flexfbflfty 1n deslgn for hfgh efflcfency

and low nolse 111-umtnatton and also shorter transmlsslon

ll-nes from the feed to the recelving equipment. It

was shov,ln tn Chapten III that the cassegraln antenna

was relatfvely fnsensftlve to the feed honn focussfng,

and that, even though the larger prfmary feed aperture

necessary to lll uminate the su b-refl-ecton lntr oduces

more uncertalnty tnto the phase centre posltlonsr the

penf ormance of the overall system v'rll-L not be degraded

by the focusstng errors of the feed system. If a

caSSegraln system [s to be defocussed, \¡/ave cqrvature
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Ls achf.eved by movlng the sub-reflector so that, over

the f ew wavelengths of movement permlselble, the

addLtlonal phase errors caused by dlffenentfal feed

f oousslng w111 be negIlglble.
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CI{,I'PTER VI

CONCLUSTONS

The provlsfon of tnacklng faclltttes ln antenna

lnstal-latlons deslgned for use tn deep space research

programs, ls necessary to all-olv the fIlght path of the

vehf cl-e to be ascentalned . iiny correctlons requ Ired

can then be made. The fnclusion of the tracklng
system ln the feed system f or the matn reflector vuould

allow more effl-clent use of the reflector, as weLl aÉt

fncneaslng the trackfng accuracy and range avallable,
as companed vrlth those pr ovfded by the current technlque

of uslng a subslduar,y lcw gatn tracktng antenna to

establlsh the path.

The appllcatfon of the conventlonal fourhornmono-

pulse technlque and f ts derlvatives to hlgh gafn J-ovri

nolse neflecton antennae fs ltmlted by the difflculty
Ln achlevlng efffcfent aperture tllumtnatfon fn the sum

mode, and by the addftl_ona1 loss assoclated v¡lth br"tdge

cfrcultry used to procer¡s the necefved slgnals. In
thf s thesls, a nerv method of obtalntng trackf ng tnforma-
tlon has been presented. The techntque uses the zeno

order mocles ln cfrcula^lr Tiravegutci es t o generate d trectLy
the dlfference mode patterns of a tracklng s¡rstem.

The dlrectlon of the target relatfve to the antenna

boneslght axls i-s obtalned by comparlng the phases of
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the error mode slgnals vufth those der'ived from the usual

domfnant or sum mode. Thls syetem has the advantage of

belng corn¡:lete]y compattble vrilth an¡r of the curyent

technlques fon fmprovlng the sum mode feed character-

lstlcs, and of aLLowing the tracktng fnformatton to be

obtalned wlthout Jeopardizlng the ulttmate recelvtng
capablllty of the antenna. ,;galnst thts f eature mu st

be welghed the lncreased complexity of the stgnal process-

fng clrcults. However, the coet of a conplex recefven

ls much less than the lncrease tn cost neceÊsary ff the

same perfonmance ls achleved by ustng a larger antenna

and a less efftcLent feed system.

The multfmotle tracklng feed system can be

descrlbecl as clrcular polarLzatlon orlented. The rather
complex ctr.cult nequlred tf tnaokf ng fn a completely

polarLzation dtverse sf tuatf on ts neceÊsar'y, can be

concilderably sfmpllffed where predomfnantly one type of
clrcular polar tzatfon wl11 be recetved. The sLmpllffed
processor, whlch requfres approxfmately half the number

of components compar ed v'i t th the co m¡:l ete c lncu lt ,

lntroduces no tnacklng emor, but only results ln the

loss of lnformatlon contafned tn the fgnoned cfrçu1an

polar Lzation component.

The system ls completely compattblc with the

technlques used to lmprove the aperture efffcfency and
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noise performanee of large reflector antennae tn r.ecefv-

lng roles ¡ or t f n other Tvord s, the trackf ng penformance

ls not degraded by the applicatron of these technlques.

In fact, fn all usabl-e methods, t,t.e tnacklng perform-

ance ls lmpr,oved by these technlques, because the bound-

ary condltlons near the feed horn apertur.e to provlde

symmetnfcal sum mode radlatton also satlsfy the condltlons
f on ldentlcal radlatf on pattenns f or the tr"ansverse

magnetlc and transverse electrlc dtfference modes.

The methods ueed for achlevlng hfgh apenture effrcrency
also cause the aperture efflclency of the pnimary nadta-

tor to decrease, thus maklng the relattve dlffenence

feed apertur.e greater compared wlth the sum rnode.

rdeal1y, for maxLmum dffference slope and hence polntfng
accuraayt the dffference mode aperture should be twice
that of the sum mode. The rnulttmode tr:ackfng feed

has a polntfng performance comparabl-e wtth that achleved

by the sJ.mple f our horn cluster.

¡Is an extenslon to the Froblem of provfding
tnacklng factlltles on narrovir beam antennae, the posstb-

tllty of beam broadenLng by rlef ocuss íng vuas consfdered

v'¡lth a vlevu to decreaslng acqutsftton tfmes. rt was

found that the stmplest methods gf achievfng Lncreased

beanwfclth lvor e d ef ocu sstng by axral di spracement of the
feed ln a focally exclted panaboLoid and by axlal
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dfsplacement of the sub-reflector ln a cBasegnaln

system: tv,¡o technÍques whlch can be consldered equlva-

1ent. The usable increases obtafned ìJvere only mocer-

ate, belng abou t three tlmes ln beamvr¡f dth corre spond lng

to about an or der lncrease f n search element slze ancl an

equlvalent reductlon ln acquisltfon tfme. the maximurn

attafnabl-e lncnease 1n beamwidth ls llmited by phase

errors, lntroduced betrveen the sum and dffference modes,

vr¡hlch must be consfdened ln conJunctfon with the ampll-

fler and servo dnlve system toleranees. Some form of

phase compeneatlon wlth f eecl d ì.splacement 1s necessary

between the sum and dtffer.ence mocìes.

fn a pnactlcal system there are funther ltmlta-
tlons to the degree of def ocu ssf ng permf ssl-bl-e. In

gener.al, a practlcal feed system u¡fIl not have coincid-

ent phase centres for a]I three modes, nor necessarlly

for the same mode fn different planes, causfng dffferen-

tlaL defocusslng of the entlre system. Thls further
aggravates the phase cond ftions.

The neflecton surface ls never ldeal and has

enrors v¡hlch may be separated lnto manuf acturf ng ernors

and errors caused by deflectlons In the antenna caused

by gravftatlon, wind loadlng, thermal expanslon, etc.

fn an article d escrlbfng the Haystack lVficrov/ave Research

Facllf tV, ll/els ,(23) gt.r"" the manufac turlng tolenances
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of some large antennae. The best accuracy ls achleved
on the Haystack antenna, fon,r¡¡hl_ch the ratio of dfameter
to r.B.s. sunface tolenance ls Tzrooo. usf ng a eonserv-
ative ffgune of 10r0OO for a 150À dÌameten antenna
glves an r.rn. s. surface tolerance of O.01 51,. VfLth

sunf ace errors of thf s ordenr phase er'nors of the order
of a f ew hundredths of a lvaverength could be expected

and would not sfgnlflcantly effect the phase chanacter-
f st lcs of the ant enna rr a.clf a t ton. More f mportant, how-

everr are the errors produced by antenna cleflectf ons ln
',vorktng po si tl on s. These ane u sually severar times
greater than the manufacturlng tolenance, but are a

speclff c property of an antenna fnstaIl.^.tf on ancr cannot
be pn ed lcted . pr ovided that the surface phase erï"or s

do not become a sfgnffrcant part of a waverength, perhaps
one tenth, thefr effect on the phase characterlsttcs can

also be lgnored.

OveraLl, beam broadenfng by defocussfng fs not
pantlcularly attractfve because the galne fn acqufsitfon
tlrne are not great compared wfth the added complexíty fn
the system. rts apprfcatfon is more sulted to casse-
gnaln antenna systems urhere only a passf ve sub-reflecton
need be moved. Tn systems whene automatfc focussfng 1s
requfu'ed to ensure that the best fft panabolofd surface
le alvr ays us ed, the ba.stc feed contro 1 equ f pment f s
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neoeesary ancl the extenslon to a defooueslng eystem ls

more easLly achfeved. Once agalnr the cassegraln

system wtth sub-refleoton posftlon contnol ls mone

attrao tLvo,
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]ì"PPMIDIX T

R.IIDT¡I.T ION TIìIIEGR/IIS

General fonmulae for radiatfon by mlcnowave

curnent and ff elcl dlst:ributlons have been deveroped by

srrv"oJ56) Thts appendfx gfves panttcular forms sult-
abLe for the conputatlon of radtatron ftelds fnom plane

ape:rtures, parabololdal reflectors and hyperbolotdal
reflectors.

.¡\1 .1 Radfatlon from Plane o\Þertur.e

The gener.al lntegnal fon radlatlon from a plane

apertur"e ln the Fraunhofer r eglon t.(lZ)

õE Iù 3* r$x E- (Ðà îx (f x g)J
" 
Jk ',3 ds'

(¿r .t )

where 
-Er 5 ane the electrlc and magnettc fleld rntensf t-

les ln the apertune and the coord.lnates are deflned ln
f lg. t'i1 .1 .

For a clrcular aperture

dSt =pdp d4

and the flelds ma.y be wrltten aË
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and

Perfonmlng the scalan and vector products of
equ atf on (¿"i1 . 1 ) gf ve s the f oLl ovrl ng express I ons

(ø'n)

s rn(p-4) l

p srn(p-4) - r Ø-ùl cos 6cos
n

and

s ln(p-a) H cos G-n)l cos 0

+E An,!
A+H nn:

p.X= p sln 0. cos

= - Q loo cos(p-a)
a ,^,

3x (tx g)

Eêt+

Hence equati on (;i.1 
" 1 ) *uy be rewrltten aE

E=E âN p,_

\= npâ

E+
n

^=olH'p-Ê* t Ê" (âx g)J
rl

*61n, cos (6 -4 ) s fn( þz) l+H
n

E
a

Eo
r

where

]=

I

tE.
4r

To

,þ
(i.'1 .2)

r
2r

lZ , *o cos(þ -n) - En srn(p- 4)

lno srn (þ -n)

+
LI

@ -ùl cos oJ

(
I

)4.
0 0

H cos
n

"*p I j kp sino cos(p -n)l p dp dr1

€

(¡i1 .3)
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ï
ø

rZr ra
= Jo /oti uo

i 68.

a v'lavegu ld e nadLat or,

may be vnr ltten

E

+ (

sln(p- a) n
cos@ -rù I cos 0

I Hp cos(p- n) + n, sin( p-4)]l .*p [...J p 4o dr7€

lat .L )

These expresslons are most often used for the evaluatlon

of racllatlon from a v/aveguld e radlat on.

ll _t
2

m+'1

E=
p

E=
q

H=p
H
n

(p).
(p).
(p).
(p).

coS m n
sin m n
sfn m n

cosm4

the aperture flelds fon

propagattng the *th orden mode,

E
p

E
rl

Hp

H
17

substltutfng these expresslons tnto equatlons (¿t.j) and

(ri1 . l-¡ ) t ogether wi th the relat lon

II=* çp

=>
n=-oo

e)rp I JkpsLn o. cos(þ-ù]
"o(kp 

stn d) cos n (t ,)

and lntegnatlng over the ar:gJ.e r¡ ,

"". *øff[-Ep 1(!)z n, eosol4(I( pstn o )

n

I
0 = -2rr J

+ in'n
I(!)z no cosol

m .l*(kpsfno)
kp srno I PdP

(ar .t )
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= É 2,¡rJm+1

E

the slml] ar radlatlon expresslons are

ï

a

0

and

+[E
n

and

I =2ri rn'F I
þ

+

s tn npÆ t tnp c oso + (!)L u,
mJ (trp sfno)
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Qt

m ,r*(u)
u

IE 7'l

whene the fteld 'ierms are only dependent on p,

If the aperture fleld ls rotated through one

quadnantr so that

kp sin 0

,¡

cos o - (å)z%f rå(kp sln o )l p ap (¡ì.i .6)

Ep = ur(o).stn m4 Hp= nob).cos m n

E (p).cos m nn
HrJ = nr(o)'sln m

tU=2ri sln mp
1

[[ uo + (!)z n, co s d] ,rfi( u )
n:+ ''l

(f )ã no

cos 'ø /. rr

pdp (ar .7 )

Eo cos0+ (å)
1z nnl

[nn coso - (5) 2

vr¡here U = kpsf.n 0.

npl .rfi(u)l pap (*,r . e)
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From equations (*i1 "5) and (¡rt.6) or equatrons (¡t1 .7) and

(at.A) ft ls oasily cleduced that symmetrtc radlatfon
patterns requÍre ef ther

and

1

Eo(n) = (Ë)u nr(o)
ixr(ù =-. (+)"nr(o)

%

n
p l¿

I

2and E )

1i,t.t)

(¿.t , t o)
or (p)=-(Ë)unr(o)

()( nr( o)€

h1 .2 R d a"a I 11oe tr sS rab o1 o1 Refl ention f?om a ed Þe al Ô11d t

The fonvrand radiatlon f?om a large parabolofdal

reflector can be treated ln tvr¡o r¡iays: tf the aperture
f ield distrlbution ls known and has a plane u,fave f ront,
the radlatlon fntegrals developed above can be used, et¡
f.f the surface current dtstrÍbutÍon ov er the r"ef lector
is knov/n, this can be used to determlne the radfatf on

Battern"

In the apertune fntegnation technieuer the

expresslons developed [n the prevfous sectlon can be

furthen sfmplffied since the aperture ffelds noïu 6attsfy
the fan fleld condftion

€

F
(H ) (tx g)2
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fi/her e ^I = dlrectlon of proBagatlon of the fncfdent

energy
.\

=zforaplaneaperture.

l/últh thf s condltton ancl for f le1ds v'¡lth symmetric

radfal dlstributÍons, the integnal portfons of equatfons

("'i1 .5) to (¡'-1 .B) reduce to the famtllar

(t + cos o ) r(p). J*(kp sfn o) pdp (¿.t.tt)I
a

0

where t(p) = radfal dtstrlbutfon functlon,

The aperture lntegnatlon technlque provldes a

convenlent method of assesslng the effect of changes fn

radlal d i.strfbutl on on the radf at lon pattenn. Hoïuever,

v¡here only the prfmary feed rad f atio n ls specif led , the

aperture fleld must be approximated by the simple

optlcal reflection 1av¡ at the reflector surface, wl th

lnherent error e,.:cept ln the llmlt of zero wavelength.

this 1Ímf ', atlon, together" wlth the recÌulrement that the

v¿avefront ln the aperture must be pIane, makes the

method unadaptable to sftuatfons where large phase

errors may occur. fn these cases, the r,adiatlon can be

approxfmatod by lntegrating over the surface cunrents

lnduced on the reflector surface by the prlmary ffeld,

Refernlng to flg. Ã1.2, the far zone scattered
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ffeld fntensJ-ty of a current dfstnLbutton on a neflector.
surface can be 

"¡o*n(i+h) ,o o"

l¿u u ^-JkR I2'rr R' " l
ll

lÊ* $, - t ($" Er ).Êl 3l "iþ 'E dSEÈs

^

D

where n = normal to the neflecton surface

(¿r .r z)

(ar.rf )

5t = lncldent magnetic ffeld tntenslty
and Z(["Jff) = surface current densfty.

t\ssumlng the neflector to lte wholly fn the far
fleld of the prlma:ry feed

H = (Í)å á" prI

and

whene

equatlon (¿1 .tz) beoomes

T'o

#. s-JkR (f)å=r-
0̂,f

Ia
uø 3̂

xI = /"

+ tri)(uc 
€

n̂x tp Et )
,

"*p IJkp.RJ ds (et.rh)

The fncldent fteld may be wrftten

.3r = e-Jkp (rir .r 5 )
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ti" (ó" P1)lu

if* i[x 91)Jp

produclng a new phase tenm

exp t- Jrrp[i -B.3ll

Evaluatfng the vccton trlple product

-) Eç [cos 0. cos €/r,"o"(É -4) - stn 0 .eLn€/z)

+ E, I cos o. cos €/, stn (þ-rù]

and (ri1.t6)

+

¿f an
(ar.r7)

-+ [Eç "Ln(?r-Ð * rq cos(?-Ø)] cos €/ ,

The phase term may be expanded as

exp [-¡tp I t + "os 0.cos f- sln 0.'tnf .cos(ø-?)]l

and the elemental surface element

dS - p2 stn f sec €/, df dry

Equatton (at.ti+) may nouú be vr¡rltten as

= I:" /t tEE I cos o.eos€,/z cos(p 41) - stn 0.Êr.n € /r]

Erl cos g ..ou€,/, stn(S -ùl exp t-¡rcp[1 + cosocosf

ï
0

slnosfnfcos(ø-ùll ê srnf ur"€/z



and
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sfn(ø-?) + E cos(þ-q) J "*p [....][-nf n

2 (¡i1.18)p stn6: df dq

In general the lncident fteld components may be

wrftten 1n the fonm

T

þ

and

Ef = f1(f) stn m n

un = f 2(Ð cos n n

m .r*(w)

(:i1 .19 )

Ì

Substltutfng these expressions tnto equatLons (r\1.17)

and (¿t .t a) and ustng

exp I Jkpsfn o. sfn6:.cos(ø-tl) ]=

Il=* oo

fl=-oo

the lntegrals may be neduced to

lr
1

I Jt tn(kp stn o.stn f ) cos n (ø-rt)

ru = - zlr Jm+1 stn -Éf; [cos d ."o"€/2, ,1fi(w)

- j slng.s n€/z Jr(v'r) ] + fz cos0, 
"or€/z W

exp [-Jr<p[t + coÊ 0cos €]I& stnf sçc €/" df (ar.zo)



and

,þ--2nJ
rE

cos mø |
JO
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+ r, .rfi(w)i exp [... J

m+1

and

m+1

V,/

2
p sinf d f

where !i/ = kpsfnf sln O

The stmllan expresslons obtalned lf

Ef =f1 (f) cos mn

ßn= fz?) slil m n

(,tt .Zt )

m,rr(w)

m .r'n(w)
lrr

[- r

Ío = - 2o J^*1 cos mt/: Irr þou o,cos€/2..rfi(w)

are

and

,þ - -2rr i sin mp m .rr(w)

J srng. s rn€/z ,rr(w) J - f z cos o. oot€/z

exp [ - Jupl l + coso cosf]J p2 stnf u""€/z oE,

+ rz .tfi(w) I

w

(t*1 .22)

I
E

0 I

sInÉ: dérexp [. .. .l p2

w

(¿\1 .23)
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fn the lfmft of zero v¡avelenÊth, for whi-ch

cosO+1 ancl sj.n0+0,

equatlons (r'lt.eO) to (t-,1 ,2J) ""duce to the oorrespondlng

aper ture in tegrat f on ex¡:re ssl ons .

¡\1 .3 I act ion lrr¡ a ITI ffn n lTrr-no v¡Ïr n n{Àq'l Pafle t nrr

lis an hyperbol old al re fl ector prod uces a d lv erg-

ent lrave, the aBerture f ntegnatfon technlque does not

app1y. Hor,',¡ ev er , ther e are s tilI tvr¡o me thod s aval f abL e

for esttmatfng the reflected fteld¡ the geometrfc optfcs

approximatlon and the current lntegratlon technlque.

the former of these methods provldes a stmple, but poor',

approxf mat f on to the scattered field, vrhereas the latten

gÍves a more relf able r esult at the expencie of much

more complexfty.

ti1 .3.1 t' etr c t ù oximat f

From attu""(5e) the expresslon for the geome tnlc

optles approxlmatfon to the scattered fleld 1s

E
^p ," t {}rr.u¡)}n * în" (Êir* 3r) I DL 

"-Jkn
(;tt.zh)

v,¡hene â* = normal to the hyperboLotdal surface
-II
E, = lncldent eLectrlc ffeld Intenslty at the
J

nefle ctor surface
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and Ð = ratfo of scattered powerper unlt sorfd angle

to the lnclclent power per unlt soltd angle

cocr I
(l+ * *,Rn) cos I + z p, fnasr 0.1 + R4sfn 2l

vr¡lth *f ," ? = the prf nclpa1 rad lf of curvatune

I = angle between lnciC ent r:ay and normaL to
sur,f ace

and 01t02 = angles betr¡veen the fnctdent ray and the

pr f ncf p aI Ðces € , e of the ref lec tor.

A
n
-n 'ofu 

[(t - " cos o) â+ e srn " ê] (r1.t .2!)

Fn om f lg " (r\1 .5)

v¿hene m(o) = [ (1- e cos o)2 + (e srn o)2] +

The prf ncfpal axes are def ined by

-f;7 [esrn oî (t-"coso)þJ

and

Hence the prlnctpal radf f of curvature can be neadlly
establlshed as

A

s

A .,\

! -ß



sãÌÞ\*r.F¡o-Ð Jìo\of.r=t¡ E'\v'9u oa-)

à

n{J w.rJ =¡.o-1^o t = õ YY

jH

((
å

Ë



178.

R u n(a,)
n

and 3/,
2v yt

D"f- u2 + 2v'

v"

2

wtt

*)
*f(o)

(l - " cos ¿

vr¡here V =

¡l1so c os t

and sln 0 2

Hence
1

¡z

^À=1) " n-N dll
1- e cos o

:r-:

m(q,/

)lr

^2(o)

e.c

'1 -e cos o

?-+)
e

sfn 0l =
'1 -e cos o,

m( o/
¡ âr
u xfl

rlt.Â¡

=l zxnl

z(1-ecoso)-*2(o)

The poranLzatlon of the reflected fteld can be obtalned

fn om

[( br.u¿ )Êr, * tn " (,ôi, * E^,r ¡¡ = -uo Ê p

A
p

ô
ctE tpt

A
ß.vuhene =E ct

+

E (*\1 .25 )
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¡\ccordlngly, the magnftude of the neflected. fteld 1s

Ep =E

,i ø_u --JkR t2r.Ro " \

(¿t .27 )

(¿t .ea)

(tg .29 )

t
I

LL Dãp

Equatf on (¿ú,26) lndtcates that the reflecteil vüave ts

spherlcal- wlth an apparent source at F (f fg. ,,1 ni),

A1 "3.2 Current Dlstr"J b u tf on rì.oonoxi matl-on

The development of the fan zone scattered fteld
by curnent lntegratlon over the surface of an hyperbolold

reflecton closely follovrrs that of the paraboloid.

¡Lssumlng the reflector to 1le entlnely ln the f ar fteLd

of the pnfmary radlatorr €euatlon (¿t.tz) can be wnltten

AS

e
l.r

ut 
l=

E
n

'l
2 F̂.ï

A
Qt l

)

where

I Is iir* (i * Er) "ikg'áas

and the coordl-nates are glven in ftg, (;1 .l+).

Expresslng the fncfdent fteld by

3r = (Eo i + uu 3) u-Jku

the new phase tenm becomes

exp [ - J:r-lu -g.j]]
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Ustng equatlon (n.25) the vector tniple product can be

expand ed

t Èr.* ([x gr)Jç tfo [no,¡cos€'(e- cos o)cos(ry-Ê) + srngsrn o]

and

t âr, " (û- x p, )J, -*¿Ð [8,, (cos ü- €) sln(q-F)

- Ep cosf(i - e cos o) sln (rf p)l

e c (r-Lrl
e-

- Ep (t - " cos o) cos (rt- B)l

The ercpanded phase term ls

exp [ - flrlv -c (cosftosAr + stnfstnrc s.. þl- pD]

and the elemental surface area ls

2v sf n o m(o)
ds=- 1-ecoÊo 'dodP

ds(o)" m(o) do dÊ

tvf th V=

1 - e co6 o

The lntegraI, equatl0n (¿1 .zg), may novù be rnnrltten aÊ
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If

and

ràr Ê\

=/ o /o I 
t*tcosç(e - coÊ o) cos(4-p) + sln €: s fn

Err cosf (t-" coso) stn(a-B)J "*p[...o]

dS(o) dcr dB

cr,- e) stn(a-B) E (t - " cos cr)cos (q*P )l

lo

hr ¡ì.

¿ [no (cos

(r\1 . 50 )

(.r.t ,31 )

r =[n Jo p

exp [."""J dS(o) ao oB

!'ürftlng the Incfdent ff eId components ln the form

1(") sfn mBE -fo

and tr(a) cos mB

and using the ezpresslon

exp [+ Jko-sf^fstn¡ç.cos (q-p)]

¡ ¡-oo

(to ,r 
" 

fn f sf nrc) n(n-9)cos
Il=-oo

tB

.nJ Jn

equatlons (i,1 .29) and (i,1 "JO) muy be neduced to



tf - - 2n i**1 "rr *, /; lrr I cos f (e- cos o) r'(u)

+ j slnç stn cr, ,f*(u)J
m J*(u)

- f2 co€(t- e cos o)-# j

exp[- jk [u-øco{:cosrc]Jas(p) oo (ttt Jz)

and

m ,r*(u)
m+1

182.

(rl Õ3)

ï = -2r J cos -4 A I 
rr (e- cos o)q u

-tz(1 -ecosa),1fi(u)] exp [....] as(o)do

vrhere u =lcqsinf sln K

= Eu stnf sfn o

The slmflar expresslons derlveil for

Eo = r.,(o) cos mP

and Ep = rr(o) sfn mB

are

m+'1If =-ZrJ cos m?

+ J sÍn fsin o .fr(u)J + fZ cosf(1 * e cos o)

"lì.I

J o Irr I cosç(€- cos o) ,1fi(u)

m rr(u)

exp [. . .,J as(o) do

u



and

I = -2r j
n

m+1 r ''fi m ,f*( u )sin m4 / t f. (cos o- e)Jo'| ' u

183,

the true

the actual

- f 2(t - " cos cr,) ,1fi(u) Ì exp Io,. o J as(o) do

¡\1,3"3 l-va Lent o 1oJ. d a Cassegnain Syst_etor

¡trrrouo( 6 ) has pr opo sed an equ lvalent panabolo id

to replace a dual- refrecton cassegratn system fon calcu-
latlon purposes . Hovr¡ever, th [s must only be r.egarded

as an aplJroxlmatron to the geometnlc opttcs appnoach

and f.s thus Less accurate"

Refenrlng to ffg. ¡\1 .5, the equlvalent parabolofd

fs descrfbed by

O4.LI
eu- 1 + cos cr

where f =
â e+ I

I

Hence the ffeld dlstrfbution on the equlvarent paraboLold

can be represented as

EtD ¡(-ç'.*P-) (¿r.rh)
F

e

e

Expanding equatlon (t\1 "27 ) to glve

geomet:rlc optlcs ampJ-f tude dtstnlbutf on on

reflector gfves
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E.Lq'-g)
ú -u

Comparison of this equatlon wtth equatlon (+:,.1 .54) shows

that the equl-valent parabolold f s only useful vrhere the

d lstance f rom the f eed sourlce to the sub -nef lector t s

negltgible compared. wlth the d lstance to the equlvalent

parabolold surface.

fn the standard Cassegnaln system used, the

panameters \,ïere chosen to gfve the same apertune dlstrt-
butfon as the feed gatn functlon and these parametens

are

parabolold: E = 60 (r /n = o. \i3)

Ea

D/¡ = t5o

hyp erb olo fd : c = 21 .5147

e = 1,591
D

( /¡ = 20)

l/Tf th thls system, the sub-nefle otor dlstance Le

appnoxlmately 1/A of the distance to the equlvalent

reflector and cannot be negLected.

150¡\
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.f-PPENDIX II

TNDEPENDfrVCE OF G¡\TN FUNCTIONS IN IIULTTMODE RECEIVERS

' Àny antenna system conststlng of a tnansmitten

and recelver comb f nat lon can be consf.der ed a llnear
network. The numben of por"ts present ls glven by the

number of modes detected fn the maln antenna pLus one

for. the antenna located at some polnt ln spâc€r

Conslden an antenna system wlth a two mode

maln antenna (¡'fg, ii2.1 (a)), By careful deslgn of

the exclter" systems f or e ach mode tt ls poes tble to

neduce cross-couplfng between the rnodes to a very 1ow

level. Thus tn f fg, i\2 .1 ( b ) Tïe can as sume d no mut ual

coupllng betv¡een ponts (t ) and (Z),

From ftg" r\2.'1 16¡

À voltage v.,, ln Bort (t ) produces currents

tt't = v11 v1

'3r = Y13'l

and LZI = O (no rnutual coupltne)

and the cunrent t. a fn pont (l) ts tnclependent of

lmpedanee zZ. r\ voltage u3 ln port (Z) produces

c urr, ents
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Lj3 = ,jr uj

Lr3 = Y3z u3

and
'33

v3i uj

By the recfpnoclty theorem,

Y13 = Yjj

hv-t
b
t1

l.e.

and consequently the curnent ln port (t) due to a drtv-
tng voltage ln port (S) ls tndependent of the fmpedance

,2. A sf rnllan argument applf es for ports (2) and 3)
regardlng the impedance ,j.

fn the antenna situatfon thf s means that the

nelatlon between elther of the modes fn the naln antenna

anil the dlstant antenna f s f ndependent of the socond

mode, whlchever mfght be recelvfng or transmlttfng,
provlded that there ls no mutual coupllng between the

tu/o.
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APPENDTX ITI

S R/- nôlÍÞ T nT\T ôl¡' IìPIi.ls']\Tf,lT, .,iNn TtPITTNTT-TnÏIRP /.ÞÞÞllYTì\[.:TTr-ìNS r'CI

SUB-REI¡LECTOP. DIFFRÀCTIOIT IN ¡'i C"ì.SSEGR-¡r,fli ¡'NTENN/¡.

In calculatlng the radiatton from cassegraln

antennae, the naln reflector vuas assumed to lle entlrely

ln the far fteld of the sub-reflector. In the example

chosen, however, thls was not strlctly truer âs fs

evtdent fnom the geometry of the system: the sub-

reflector subtends an angle of 2Oo at the parabolotd

ver,tex and the varlatlons fn dlstance from the ventex

to polnts on the sub-neflector surf ace have a maxf-mum

of one v/avelength. In order to assess the error

tntrocl uced tnto the secondary radlatf on pattern by thf s

assumptlon, the far-fiel"d approxlmatlon ls compared tvlth

the Fresnel fteld approxlmatlon for the partfcular case

of a focussed system,

From lllver, the near fleld solutlon for the

scattered magnetic fteld lntenslty of a surfa"ce current

dlstrlbutlon on a perfect conductor ls

oH
J_
2r ($nxqr) x yl, dst S

(.rj. t )

vithere _Jkre(
t=--Vr

and H{ = Incfdent magnetlc fleld at the reflector
ruJ-

surf ace,
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The coordlnate systen for a complete cassegnaln

system ls glven In flg. /*J.1 .

¡\.s the sub-reflector lles entÌ.rely ln the far
fleld of the prLmary radlator

e_
1z

u
)(IH

Consequ ently,

¡.1so

lvhere dS = - u 2-s-t-q-g-m( o) do dp
1 e cog cr

parabololcl ¡

hyperbolold:

^_vx¿"'dI

1 - e cos cr,

D/x 
= 150 '/o = 0,433

e = 1,591

y4, = (rx+ Ð ¿F t

e c u-41
e"

Eu= ItÂ."(!*.,81)I ¡c tl fr- J #).u-Jk"dsIitr'E
2n

T

GJ,z)

lpzr f -zg (cosfoosK+ stnf slnrcoos(n-B)lå

Fon the exanple chosen, wlth Barameters:

c = 21 .5\7
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kr> J00

and (r-fr).r

The lncldent electrtc fleld may be wrltten as

t$rr" (!xp1)J "i = {t.ånl(å*Er) -1T,.(û_*Et) lÊh

The components of thts ex¡rresslon are

+Ð [p I srn o 6f n €: oos( 7B) coq5(cos o-e) ]

+ ep + 2c(cos o- e) Ì Q$.3)

+ EB [ -R(srn o cosf+ stnf cos o coe (n-ù)

(Eoi*rp0)EI

The vector" product rs most convenlently evaluated by
uslng the tAenttty

n̂.
-II

T̂

= + [ Ðop stnf srn( n-F){" Ðr).(T̂

(tú,4)+ 2c stn o]]
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it x 8.,èruI Eo stnfsfn(n-g) - Ep Isf nfcos o cos (rt-g)

+ cos f stn o]

A

fv

Eo cos f sf n(4-O) - nU I cos f cos o cos (n_p)

Q:Õ,0)

f.: cos fsin o cos(4-p) + sfnf(cos o_ e)

sln o stn (q -p) l (t:6.6)

By makfng the substttutlons

., sln Ê

^

stn ç sln o, ]

Eo cos( n-F) + rp cos o srn(4-p)

,t
n.
^rn tt6 æ sln f sln a cos(4-B) + cos(ê- cos o)

n

^

2̂

o
E =f

opand ll cos p

and lnspectrng the for.m of the resulttng rntegnal, the
scattered magnetfc freld ls seen to have the form

E-plane rl =T /Z n, component onLy

H-Plane n = o Hp, H, comÞonents only.

Hence, the Fresnel ff eld may be approxlmatecl by
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Iu - Goâ, * nCâ )cos 4 + n, stn q fi (r$.7)

Equatf on (tv-7) negrects any hf gher onder. varfa-
tlons v¡f-th the angle 4, that may be f ntroduced by the
phas e tenm. Hou¡ever , as th e nad f at ron p att ern fþ om

the sub-reflector rs approxrmately qynmetnrcal, Ifttle
enror ls lntnoduced.

The secondary radratton f?om the parabolordal
reflecton may noïu be d ertved from the results of rì.ppendlx
ï.

Jø u ^-JkRavZTK ('ø.0¡

exp Iloe.$]

0̂.7

r:N\ d .f
kd

Eaì
J=

E.(
v

where

Expandtng the tntegnal (Ã3.g) glves

E

+

fs
: = /,3*Hu dS (,¿¡. g )

Iu = 2rr J "r"p/ Hn[ cos o cos € /z t¡(w)

- J stn o ttn€/z ,r, (w)J (Hp stn€/z + y"ou€/z) cos o

and

È ] "*p [-l xp cosf cosolp2 stnf ,""€/z dgr
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T = 2Tr J cosp
þ

ç. J.(w)
Tl, coss /2 -il-I

E

o
I

+ (Hp si.n €/z * nf 
"or€/p) exp [. .. ,l

pz sinf ,"" € 1z df

whero Vr/ = kpSlnf sln 0.

fn f Íg. t\J.2 the scatte:red flelc1 flom the hyper-
bolof.d ls shou¡n on the panabolold surface for both the

tr'nesnel approxlmatf on and the far ff eld approxfmatron.

the resurts for the Fnesnel case are presented as an
t'equivalentrr el-ectrlc field for clrect comparlson wfth
the far ffeLd results. îhe equrvarent erectrtc freld
ls derlved from the magnettc fteld components by

"rj ( vr )l

E = (Ë) v.'here (ålä2 .H = characterlstlc
lmpedance of alr.

The phase curves for the nf and. Hn components alte

reduced to an equlvalent sphenlcaL surface for ease of
plottlng. coneequently, both the galn and phase curves

can be tneated as the aperture dtstnibutlons of the
mafn reflector for a qualltattve assessment, onry the

E-prane characterlsttcs are plotted fon the far ffeld
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case as the E- and H-plane characterlstr.cs are almost
ldentlcal- The far field E-plane chanactertstic, Ef ,
f s equf va,-ent to t.ne H, pattenn f n the Fresner case.

rgnorfng the Ho component fn the Fresnel ffe1d,
the dlagram shovr¡s that the Fr,esner- ftelcl produces an
al-most synmretrf c trr-umf natf on fu netÌon. comparing thts
ir¿lth the far fle Ìd curves shotrvs that the tu¡o approxima-
tions glve simllar results, producrng fnterference
rfpples fn the gaf n and phase curves of âpp*oxfmately
the same magnf tud e6. ,:ilthough the rlppl_es d o not
correspond exactly, the small sfze of the vartations
(peak to peak amprituces of about 1 dB and 1oo), and
large number of cycles over the matn aperture (fourteen
ln the Fresner- case and twerve tn the other), wf 11
pnoduce smal] dffferences fn the secondary nadfatlon
patterns calcurated from the two dtstributfons.

;ilthough there ts a lange longtturirnal magnetrc
f 
'e'd 

compone nt tn the F,resnel f ield, it s phase f s
constant over the maln reflector. surface and corresponds
to an apertune fteld wfth a very large phase tapen,
equl-valent to a path length variatÍon of 20À from the
centne to the eilge of the aperture. r¡ccordingly, the
contrf butf on of thf s component 1n the far fr.erd of the
secondany pattcrn wf11 be neglfgfble at least over the
flr st few sld elob es.
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F1g" î,3.3 gives the H-plane fan fleld patterns

fon the maln reflector using the far fleld and Fresnel

approxfmations to the lllumlnation functfon. The

Fresnel patterns are ,plotted for the cases when the

longitudfnal component, n p , ls Included, and for v,¡hen

ft ls lgnored and assumed to contnfbute nothing ln the

far ff el-d " 0f the t'.'¡o curves, the latten ls a better
lndlcat f on of the actu aI f ar ff el-d rad iatl on pattern,

slnce the numerfcal lntegratlon process used cnly

produces accurate results when the equlvalent apertune

pha se tap er ls smaIl " n'iny attempt to incr ease the

lntegr.atfon accuracy rrould result fn a prohibftlve tlme

f or the calcul-at l-on of the tr'resnel fÍelci of the sub-

r ef -l.ect o:: 
"

4:. compar Íson of the resu l-ts of the f u1l f ar

f f elcl câ se and the Fre snel- f 1eId case r¡¿here the HO

contrfbutf on f s assumed neglf glble, ln f 1g. ÌrJ,J and f n

the tab ulated resui'cs ln tabl es ì,3 .2 and Ì,3.3, shows

that the galn and phase characterlstfcs are almost

ldentfcal- over the mafn lobe and flrst three slde lobes

and can be assumed the same fon practlcal purpos€s¡

Consequently, the f ar. f leld a¡:proach to the ca F segraln

feed system provLdes a sufflclently accurate appnoxfma-

tlon to the galn functfons.
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lODB-TAPER

THETA

E-PLANE

GAIN(dB) PHASE

H-PLANE

GAïN(oe¡ PHASE

0
0
0
0
0
0
0
0
0
0
I
1
1
I
I
1
]
I
I
1
2
2
2
2
2
2

-34 .00
-u2.L5
-41.56
-38.52
14 B. 87
156.\9
167. Br

-176. 38

0
I
2

3
4

5
6
7I
9
0
I
2

3
4

5
6
7I
9
0
I
2
3
4

5

5 . 0 B56E+01
5.0295E+01
4.8549E+ol
4 .53BBn+ot
4.0202E+01
3.oTT B¡+ot
1.8495E+01
z.T326n+ot
z.j667n+ot
1.6BBtn+ot
1,5B4oE+o1
2.oj42E+ol
I.B523E+01
9.36198+0o
1.2300E+01
I.59 09E+01
I . 36 e4r+ol
3. 15 36n+OO
8.124tp+oo
1.2100E+01
r. o4 3oE+o1
1. 8342E+00

-6 . Bo 8oE-01
6.T39ZE+oo
7.063ZE+oo
3.57 6 3n+oo

-96 .4 B

-86.56
-86. B3
-87,tl2
-88.79
-93.58
rr6.5o
96. B4
90.77
70. Bo

-51 .25
-72.85
-81.97

-115. 30
136.45
r2r.t7
113.98

82.97

5. oB56n+or
5.0302E+01
4. B5Zon+ol
t+.i396¡+ot
4 . 00 3gE+01
2.9326n+or
z,460rE+o1
3. o5B3E+ol
2 .89958+01
z.o5\ 8e+or
1.74808+01
2.5O3BE+01
2.50728+Or
2.00808+01
5.71108+00
1 . B6 5rE+ol
2.0383E+01
r.6845E+01
8.99 328+oo
1.58558+01
r.7T 54E+ol
1. 4 2678+01

-L 27 7 98+OI
1.4103E+01
1.7858E+01
I.7 332E+01

126.97
1rg.0B

100.
107.
-Bz.
-75.
-7 3.
-75.

-17r.
130 .

4B
25
54
23
B6
5B
64
64
B7
oB
t+l
6I
42
54
2\
7B

-86.
-86._85.
-84 .

-Br.
-ltt -
86.
96.

53.32
-5.01
-9. 11
-4. Bg
83. 54

-t75.3L
-:.62.99
-l-46.23

Table A3.I Fresnel Field Secondary Radlatlon

(lncludlng longltudlnal eomponent,
but wlth low lntegratlon accuracy)



lODB-TAPER

THETA

E-PLANE

GATN(dB) PHASE

H-PLANE

GAIN(dB) PHASE

I
6
1
1
I
1
I
1
9

-ll
9
6
6
2

BZ
9T
23
95
62
02
98
L7
63
6t
29
89
67
22
25

77
oB
64
03
90
72ttl
B6
23
4B

84
-84.
-85.
_85.
-BZ.
-9/4.
115.

oo

92-
65.

-Ão
-72.
-81.

-121.
133.

-55.
r6B.
16 3.
171.

-\76.

0
1
2

3
4

5
6

7
B

9
0
1
2

3
4

5
6

7I
9
0
1
2

3
4

5

0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1
1
I
1
2
2
2
2
2
2

5. 0776E+01
5" 0203E+0t
4 . 84 lgE+O1
4 .5r8oE+01
3. g 825E+01
2.9837E+01
z.o665n+or
2.759 BE+oI
2.5324r+ot
1.4865E+or
1. 7802E+01
2. 14 B9E+0r
r. 8957E+01
B. BgorE+oo
t. 37068+01
r.69 33E+01
1.4525E+01
\.T59zE+oo
B.g6g3E+00
r.265IE+ol
1.07858+Or
1. 839gE+o0
r .n6 BE+o o
7 . 5 BolE+oo
7.3685E+oo
2,87668+00

trg.77
111.
'77 .
-30.
-llz.
-44.

5. oZT6n+ot
5,O201E+01
q. B41oE+01
4.5r59E+01
3.97 78E+01
z.96ZoE+01
2.0225E+01
2 .7 4 BlE+01
2.5:-248+01
r. 36 628+0r
L .7 \ 318+01
2.I233E+01

.8523E+01

. 364 oB+o o
rB5u+ot
4g6E+01

. 3BlBE+o1

.3181{E+00
,zT7 6g+0o
.1994E+01
. Bzr6n+oo
.7750E-01
,297gE-jr
.6zt4n+oo
. 2 B4 on+oo
.4668¡+o o

-88.
105.
97.5r
o?/).
7\.

-64 .
-ltt '
-Bo,

-113.tz[.
rr7.o2
rr3 .52

17 3.75
-16t.14

3
6

B2
B5
95
22
93
9tt
B9

-84.
-84.
-84.
-85._85.

85
23
24
B3
0g
03
T6

88. 87
-4 3. r5
-\6.22
-42.90
-33.42
t4 3. t4
156.96

Table A3.Z Fresnel Field Secondary Radlatlon

(neglectlng longitudlnal component )



MAIN FTELD IODB-TAPER FEED

E-PLANE

THETA GAIN(DB) PHASE

H-PLANE

GAIN(DB) PHASE

0
I
2

3
4

5
6

7
B

9
0
1
¿

3
4

5
6

7I
9
0
1
2

3
4

5

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
l.
1.
1.
1.
1.
1.
1.
1.
1.
2.
2.
2.
2.
)
¿.

5.oT44n+ot
5.0l-7 3E+01
4.8395E+01
4. ¡1698+01
3.9 8398+or
2.99 t6n+Ot
2,021IE+01
2 .754 2E+01
2.5387E+01
1.5058n+Ot
t.Tz\ 3E+oI
2.13138+01
1. 89958+01
B.8ro3E+oo
I.262 1E+01
1.6465¡+or
1.44158+01
4.72oon+oo
6,4928E+oo
1. 14 B5E+01
1.03508+01

. 56 56n+oo
,9776n+oo
.5 B22n+oo
.56t3n+oo
.4 BB4o+oo

-84.65
-84.72
-84.95
_85. 4 B

-86 -lg
-9r.95
t14 .0 B

99.35
94.00
7r.77

-59. 3B
-7r.69
-78.40

-1oB.oZ
133.
I22 "118.
101.

171. o B

-120.16
-151.9r

5.0744n+ot
5.0r7 3E+01
4.8¡g5E+01
4.5r69E+01
3.98374+or
z.99o4E+01
2.0l-5 3E+01
z.T536n+or
2.537T8+Or
1.1r944n+ot
I,TI9 3E+01
2.13018+01
I . Bg 76n+o r
B . 5 B66E+oo
r.zD56n+ot
r.6453E+01
1.4403E+01
4.5498E+oo
6.41BZn+oo
1.1493E+ol
1.0377E+01
3.6336e+oo

-6.60828+oo
\.6683E+oo
6.6503E+oo
5.57238+00

-2r.79
138. 16
rTo.zB

-I70.22
-151. 38

9t
43
lo
o7
BZ
\9
6z
79
5o

-30.
-37.
-33.
-23.
14 3.

-84.
-84.
-84.
-85.
-86.
-91.
113.

oo
94.
73.

-60.
-7l..

-106.
r32.
r22.
118.
103.
-32.
-37.
-33.

65
7T
91
3B
57
34
05
29':
34
r5
75
72
B9
z4
94
37
81
6r
42
69
06

3
6
4

6

5

Table 43.3 Secondary Radiation uslng far fleld,

approximatlon to illumination functlon
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/IPPEND]X TV

DIELECTRIC LTNED IJI/Í,VEGU TDE

All "1 fntroductlon

Thtn llnlngs of elther dlelectrlc or magnetlc

materlaLs fn a vravegufde modffy the boundary condltlons,

so arterlng the propagatlon constants of the wavegufde

modes, ancl, ln the case of modes of orclers greaten

than zero, provldfng cross-couplfng between equlvalent
transvense magnetlc and transverse electrrc modes. rn
the context of htgh efflcleney trackfng feeds, ltnings
are lnterestlng because they may aI1ow the equattng of
the trackfng mode radlatfon patterns and the productton

of a symnetrlcal llnearly polarLzed radfatlon pattern.
The former condltion requfres that the TEO., and T¡/lO1

modes ln the -l-f ned v,ravegulde have identf car propagatf on

constants, and. the 'latter requfres that the wavegulde

flelds satf sfy the condttf ons derlved tn ¡æpendfx I,
namely

nr(ù=t(:-)åHpÇ)
oþ(o) = I (å)å Hþç)

The slgn fs chosen so that a non-zero central gain fs
produced. tls the radlatlon condittons above can only

be satlsfled fn the lnner regton and not wlthtn the
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11ni-ng ttself , the vravegufde rtnrng must be kept suffr_c-
f ently thf n f or the contr"ibu tf on to the radr_aL.ed ff erd
f*om the ffeld r¡¿fthin the lrnfng to be neglfgfble.

Because a practtcal antenna system must be cap_
able of receivrng any sfgnaÌ polarlzatl0n, the wavegufde
llnfng used must not be polarfzatron sensf ttve. ,This

restnlcts the llning to anfsotropl_c linfngs vr¡l.th Lnduct_
lve capacity tensors of the fonm

o 0,^
¿

0

0

0ctj

CL

oooj

Gynomedta whfch have non-zero terms on othen than the
leadfng dlagonal cause Faraday rotatfon of lineanly
polar.lz ed signals and d tf f er.ent propagat ion constants
for right and left hand circulanly polartzed signals,
maklng ft rmpossibre to satisfy the radratfon synmetr.y
condltions for all polarLzatfons. rn thfs +rppendlx
only unlaxlally anfsotropic medfa vrflL be conslder"ed so
that

o1 az

IJl .2 -aþe^{-ActeII_s_US_ISatt on and Ff.eId Contp onents

Ref eming to ffg. l.b.1r the f nner region f s
assumed to be unr.form anil homogeneous and to have



ã
r.e.Aion I, €,r1,

rradcn 2. : C1 P.

r'<u A\r.t C r'rc.gtry \rJo.u iÅc. - ¡+L Lïh



197.

electrlc and magne tic f nduc tive capacf tÍcs e .,, and Fr.1

respectlvely. The outer regfon ls uniaxially anfsotnopic
and, 1n generai, has fnductive capacltles

€ o o

o

vzt o o

o

2

e 2 0 6 ^,'¿T' and p, - o Fzt
0 O €2, 00v2

The boundary at p= b ls assumed to be perfectly conduct-

l ng,

Foll-owtng Harrington ,(59) uoute functlons for the
transverse electrrc and transvense magnetlc components

of a r'üaveguide fleLd may be chosen to satf sfy the

boundary condttfons

atp=b

The v,¡ave functl_o:rs are

neglon 1 t

þn =fiJn(*p1p) "osnÉ e
-jkz

(Alr .1 )

Ve1 - B Jn(kpjp) si.n nþ
-Jkz

E.*=Do=O
V ¿.1

z

z
e

where ú, = o1 - k

ana rcf = u2v1e1

2 (r<"< k., )z



1gg.

k.i = free space p::opagatlon constant for regf on .l

k, = rravegulde propagatfon constant for gfven modo.

reglon 2:

þmz = c I tn(Yoy )ttn(tcorn) - mnlopf),rn(r<orn)1

-Jkz A

cos nþ" e

þez s D tr"(% ¡p)Nn'(kp!b ) - mnl xo4ùtn'(Þ 
Uo )l

(rur 
" z¡

- jkzD

sin np, e

where

and

€22 -2
.fL€zt

.2
-ç
pj

ú,
Vc-
vz";

¿

2
¿-

2k
z

vz-t, ezl;

-2K2 2k¿p

'l:¿
¿-

2u

lz:
u1

2
1

o k
ê"2t
ä;

Jn

Nn

= Bessel functton of the ftrst kLnd, order n _

= Bessei functton of the second kfnd, order n"and



1gg.

The field components are dertved flom the wave

functlons f rom the followf ng forrnulae:

TE

H

E

g¡4

tr, ún

1

juv

1

J(^)p

1

iarp

lre

a2ú e
ôpðz

alte

k7z

Hpt

z
,1

j ue'

I aþnpaþ

2
1-a þn

iate Çaz

ak
òp

aþ
-Jpupt

2
uÉt -,7_. 7. a úm

Jue p ôþòz
oþe

ap

whene € = €1r2t¡ F = v1 ,2t, and kp = kpi 
12'

contfnuous tangenttal components of the electrlc
and magnetlc flelds at the boundary between reglons 1

and 2 (p= a) requtre tJrat



(") Hr)t = Hr)z (u) ßùt = Eu)z

(c) nø)t =nþ), (a) tÉ)r = Eø)z

200.

(¿l+.¡)

(/Jl .4 )

ur'(p¡ = tn(kr3o) mn(ro5b) - nr.lop7c) ,rnlorzo)

vn(p) = Jnt(u,r4ù Nn'(kp4b)- mnr(uo4ù ,rn'(t<o'u)

vün(p) =,rrt(r.o4c) Nn'(kphb) - rvnltrphp) ¡nt(kphb)

r,n( p) = Jn t (ko 
3p ) wn(r<orn) - Nn , (kp.,p) ,rn(r<o ru )

atp= a the condftions (l'ü.¡) r.equlre

Def li-nlng

(')

(u)

k2, g2,
B. 

Ë 
..ln(ko1a) =, Ë,irr/n(a)

a

À. !V, ",rn(r. a) = , ft. un(a)
€ 1 91 €2r-

(.) Å, kp.Jn,( uptu) + 
" 

,¡ft.,rn(ro.'a) á

, or: zn(a) + D *;Fïtln(a)
nk

(0 ) A. --z- ,rn(ro.' r) + B.kp1.rn r (rc, a) =@ e1a, 

*r"ïrn(a) + p 5u vn(a)



on dfvfdr.ng throughout by ¡i rn the above .eIa-
tlons, f t f s seen that there are fou.: equati ons ln three
unkno"vns , B/lr, C /rt una D/¡r. ..t non-trfvf al sol utf on
requlres that the detenmfnant of the coefflctents tn
equatf.orì (,\ll .ll) r" zero. Eval-uatLng thts detormlnant
glves the cha*acterfstic equatton for the system

2Q1 ,

-à

-o (¡ù.¡)

2k k
p1

2l-u (r¡'r)t zrl ,-Êl^P1_---_'m-K
"1

Jn rl
p2 -ñ 

_)
P=a

(vç)2 1

2

t kP1 pl
vÊ-r. J¿lïn '-p2 Jn

o2k2z k2
I

2a

þzt
--c

tr1

?"2t7i Í
1

where k z k1 '

This characterfstic equatr.on may be solved for
the propagatlon constant k, and thts value may then be

u sed to d etermLne the amplf t ucle rat ios f?om the stmultan_
eous lrnear" equatf ons (¿ll .4 ) , sf nce thf s equatl0n 1s
even ln the mode order, n, there 1s no Fa¡raday rotatf on
op, ln othen wonds, the same propagatlon constant
applles for nlght and left circularry poranfzed compon-
ents.



2Q2.

The development of the characteristfc equatlon
assumed that the wavegulde phase constant was arvrays

less than the free space constant for the lnner medl_um.

ïIov,'ever, lf the permttt ivity or permeab f ltty of the

outen negfon ls made sufftcrently lar"ge, or tf the outer
reglon ls alLor¡ved to al-most cornpletely ftll the gulde,
a wave can propagate wlth a. phase constant greater than
ihe free space value for the fnner reglon. (tf the
fnner regfon ls assumed to be aln, the sttuatlon where

the phase constant may exceed the free space vaLue for
the outer reglon requ ires the relatlve penmeabirtty or
penmltttvfty rn the outer region to be less than unlty.
For practÍcal purposes, thts case ca n be fgnor:ecl).

The characterfstlc cquation for the case where

k"t k.1 can be derived by replacf ng the v¡ave functf ons

(¡¿+.t ) by

Úml = t rn(kplù cos n É,
-Jkzz

e

(rU+. e ¡
-Jk zzúel = B rn(t p) sln n p" ô

p1

and ca:rryfng out a srmflar procedure to that abover or
the equatfon may be obtalned dfrectly f?om eguatton
(¡V+.¡) by the substf tutf ons

Jn(Jx) * Jn rn(x)
Jnt(Jx)- jn-1 rnt(x)
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IJVhero rn = modlffed Besser function of the flnst ktnd¡
ord er tr.

Henc e

€1
o'0, 

"?0, [ ç,
1(ere)22 zn + v rntl
t '-p2 rn f 

o=u

(p*)2
P1

1

2

t p1
Vn
ffik +k tnrl

p2fr _l
P=a

l-1 e0
2

a t
vzt

tr1

€o+
LU

\
(¿4. Z)

2 2where kr t k1 and k =kp1 z

The modes of fnterest are those fon whlch n=0

and rr=1 . The zeyo ot'der modes correspond to the dfffer-
ence modes ln a tnacktng antenna and the flnet orden

modes correspond to the sum or refenence modes. sub-
stltutlng these values tnto the chanacterlsttc equatfons

and clerlvlng the tnansverse fleld components¡ !v€ f lnd

n=0:g

TMO. mode:

characten f st lc equa tfon

r<1.

khr. k.l t Jt
o

r
o

p

1

( ttt ,)ru . l€1
.,1

z
--9,U

o
-k p2 p=a

sO



(e € )t ¿

1

T

.B t lt<
o

Ep=

1

2

t=0

=0

=0

201{.

(¡ù.8)

I oo,kr'kj
z ro *l

4lo=*
+kp̂¿

zo
t-

o
€1 I

fleld components:

lnner reg fon:

whero B
o

Hø =*p1 Bo'(t<o1P)

p1 p)

[,"
o

ku. k1

k"t kJ

outen regton:

TSO. mode:

oharacterl stfc equatlon:

E = - 9.p{r . zoØ)

-f;.kpjzr(p)né=

tku1

kp1ku'

kt kp1
G.. r) 2

P1
- kpz

rh* np, dJ

Vñ
fr-o

V
o

ui
o

J|-lol
JJo p=a

kt t
(rrtrrr)z

tr1

'l
2

Ept ei(to1c)%=Ë

p =A

fleld components:

lnner reglon:

np=-fr,ryBo'(kr1p)
(¡i¿r . g )
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.J
lvhere Bo =l_o

Lro

k < k.z1
k1k>z

outer regfon: E

D
r\

0l'
and

TEot t Íþ -E cosO+

= ,!i kpu vo(a)

vo(p )H

IEp - (f)z"oso,)Jrt (kp stn o) pdpIa
JOlo

Cf lå not 11 (kp stn o) pdp

kk,z p4
l.tz t

From "\ppendix I, the nadlatlon integrals for
zero onder modes are

rM

t"
JO t n

substltutlng equatrons (¡u+.8) and (¡J+.9) tnto these

lntegrals and notlng that

ul 2
= u v1€1

lt fs seen that the radlatfon patterns for the

TEO. patterns wl11 ha.ve identfcal ehapes tf

k, )ruo', = kr)rnot

n=1 ;

characterlstic equat ton:

rMot and



2 2 ('t') 
z

tl

ze6.

p=a

p=a

1z
1

p2kpl
kr,

r.|
k1 k

7t"

\-oo,
r l

lp2 p=a

1

E

Ioo,
Tlu1

-q
vt
q

l*oo,

B.
r-i Kpt=f ku t, 

*
l-r rt p

[n ,'i . å

-k

t , €zt uzt ¡=O

I rr.1

(eteu)z

€1

)'a

l_
2

kr'k1
Ylt1 -1

TJo' ,, $rl"r, kp+
zl
ut

Tt_*1 
IriJ

2

P=ã

=0

1

I

[*t

2

t

E!=-
p

H.¡
p

, €zt þzt
€1 F1 l

fteld components:

fnner neglon: B'r'.å ?]t
,ø lB
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where 81 = 
[
J1 Eurk:'

I
1

krt k.l

outer reglon:

E
p

H

; .,,,.,] cos p

- * %u v, ]uro

nÉ = - [n* 
oo, zt . irfu

z1 -Ït

E=
þ

-[ f; 1u,p

]<

U
@, zt 1 þ

I1
sln 6

lW
cos ö

0n cornparlng the fleld components fon the lnne:r
regf on, equatlon (¡U+,10) , wf th the f f eld components

for the ffnst onder hybrrd mode fn conrugated wavegulde
( 
"q-oatlon 

(4.h ) ) , t t can be seen that a syÍmetr tc nadla-
tfon pattenn from thls regfon requlres that

up(p) = zo noØ)

nU(ù - -zo np(a)

vrhene zn = (11)å.o .rj

Hence, the requfu.ed amplltude condftton ts

1

Bl= Z.
o
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iJ1.' qgg

rn assessrng the effect of lf nlngs ln vravegutde

only dlelectnlcs have been consldered, because fn
practlce they al1ow a greater range of varues of fnduct-
fve capacÍty, and with modern plastics are amenabre to
f abnlcatf on of rfnf ngs. Àccord tngry, f.n the above

equatlons,

I,l1 = V2t = p2ã = $.

The particular results presented are calculated
for a vúavegufde of 1.jtr fnternal dlameter. The curves
glven are typtcal for. any waveguide slze,

IJt Õ ,1 Zero Orci en M odes

rt has been shown that for fdentfcal nadlatton
pattenns the t'wo z ero onder modes must have equal phase
constan'bs. The tr¡¿o modes, TEOI and TIViOI , ca.n ext st
lndependently fn the lfned wavegu lde and lt can be shown

that for an tsotropic rtnf ng the Tr/ro, wilr arways have a

hlghen phase constant than the TEo1 mode. consequently,
anfsotrophlc dfeLectrlcs are necessary tf the phase

constants are to b e equated.

/' study of the characteristrc equatfons fon the
tvr¡o modes shows that the phase constant for the TMol

mode ls dependent on both er, and ,Zl and the TEOI mode

only on ê2t. Thfs rs to be erpected f?om the nature
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of the wavegu lde f f eld s.

Flg. I\h,2 shor,'ys the varlation of the TMO,, phase

constant plotted agafnst the ratl o Í= u,/b *hu"" (U-a) =

llnlng thickness, v¡f th the anlsotnopy , ("/rt)2, as a
pa-nameter. The curves show that f or an alr lnner dtel-
ectrf c, v,¡htch clemands 'u/ rr r|, tt ls imposstbLe to
achleve equal phase constants. The curves conrespond!,ng

to '"/rrrÇ can produce the deslned condftion, but

require a dlelectrfc rod ln the mlddle of the gulde so
€zthat ') €1. However, a wavegutde completely ftlled

with dfelectrlc fs lmpractleal ln a hlgh efflclency
system due to the losses lncurred. ¿\lternatfvery thfs
case can be treated by ffxlng the alclal dtelectrfc
constant and by varyfng the transverse value.

The effect of maintatnlng a constant longrtucltnal
dlelectrtc constant tn the lfntng and of vanylng the

cfrcumf erential value is sholvn ln ftg. J¡¡. j. fn thf s

case, lt fs seen that the phase constants can be

equated. Ho¡,vever, fn order to achleve thls, virlth a

thln llnlng, a hfgh degree of anf sotnopy f s r"equfred and

the slope of the TEO. phase constant curve near the

cross-over polnt Is extremely steep, maklng the fteld
stnuctune very sensitíve to lfntng thlckness.

For a glven llnlng thfckness, increases ln the

dlelectrfc constant of the outer medfum wtrl allolv the
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phase constants to be equated with less antsotnopy and

vr¡fth a lower nate of change of phase conÊtant between

the two modes, although the absol-ute phase constant wtrl
sttLL change r.apfdly wlth lfnfng thickness.

i'J1"ð.2 Ftrst JrQSr Mg&.q:

Fon flrst onder modes the phase constant ts
no longen of lntenest and the ratlo of the amplltudes

of the transvense electrfc and transverse magnetfc modes

ln the centre r egl on be corÞ s rmpor tant . (Thl s assumes

that the phase constarnt does not approach too close to
the fnee space value fon the lnner reglon t ãt v¿hf ch

pofat the charactenlstfc equatlon becores tdent1.cally
zer:o and the f f elds tn the wavegulde become zero, f .e,
no mode propagates for thfs phase constant).

r\ prellmlnary investlgatlon showed that the

hybr'ld mode whfch reduced to the TMtl mode ln the enpty

wavegu 1de, rrquasf-Tl\{11rrr rvas the mode of lnterest ancl

produced cross-couplfngs wtth thfn lfnlngs Êo that
B/r - zo.

Ffg. Ài+.4 gives the change fn cnoss-ooupltng
B/nx urfth an homogeneous dielectnlc lf ning. Thf s curve

shovr¡s tha.t even very hfgh natlos of dLelectnlc constant
betv'¡een the outen and lnner reglons does not achleve
the nequlred nesult.
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Ffgs. iU+,5 and /\l+.6 gfve curves fon anf sotro¡rlc
ltnlngs vr¡1th two dfff enent constant values of cfrcum-
fenentlal dtelectrfc constant, where the longltudtnal
value Ls vanled. From these diagnams ft can be seen

that the desired ratt o B/i 
= zoe 377 can be achfeved

el-then by a neratlvely 1ov/ clrcumfenentiaL constant and

a hlgh anlsotropy or by a hrgh base dlelectnfc constant
and Low anrsotroÞf " Genenally, for" hlgher 'øarues of
the outen regfon rerattve to the centre, a thlnner llnlng
ls nequfned. Ff g. i;4 "6 sholvs that by caneful chofce of
the ltnfng parameters, the anplttude natfo can be obtafn-
ed at a statlonary potnt of the curve, gfvfng 1ow

senelt lvlty to 1l nlng thfckness..
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