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SI.]MI4ARY

This thesis presents ttre solution to the diffraction off the

edge of a partition by using the theory of geometrical diffraction"

The partitíon is placed along the medial. plane of symmeÈry of a dis-

tributed radiating system in order to produce navigational patterns

free of false courses. The solution has been obtained for the general

case of two line sources and two aPertures with a propagation normal

to or at an oblique ¿rngle witl¡ the edge of the partition.

Three experimental nodels have been used to verify the diffrac-

tion soluÈion. They are: two slot di¡nles, two travelling wave slot

lines and two parabolic cylinders having each a slot line at its focal

Ìine. The slot line is a new type of leaky wave slot antenna \^/hose

characteristics have been analysed by solvÍng i,ts transverse resonance

equation. The new slot line has been shown to ¡rosse5s some interest-

ing properties viz. Iow characteristic impedance, beam shaping and

sidelobe suppression.

The theoretical and etçerirnental results have been found to

agree reasonably wetl. ttavigational patÈerns free of false courses

can be produced when tbe partition is sufficiently high.
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TNTRODUCTTON

The work presented Ín thÍs thesj-s aonsÍsts of three major parts:

(a) The sol-ution for the dj.ffractíon off the edge of an E pJ-ane

or H plane parti.tùon i"n the ptrane of symmetry of two identical

source distri"but,ions.

(b) The anal-ysis for a ne\^r type of a slot antenna whíeh can be

used as a ground based anÈenna or a feed for a parabolic''

cyj-índer.

(c) The experj:nenÈaL verifi.cation of the díffractåon solution

using the slot aneenna as a suitabl-e lj-ne source and a paraboJ-i.c

cylinder as a suitabtre aperture"

The idea of usi.ng a partåÈion in a system of two identical"

souree dj"stributÍons has been j-nvestígated in an effort to prodr-ace

navígationaJ- patterns free of, fal"se courses. The basic j-d.ea under-

Iying the príneJ"ple of navigafulon wj"thor¡t false.courses is to arrange

for the nr:l-Is enC sj"delobes of the sr¡.m and dj"ff erence patterns to line

up one by " one " In such an aJrralrgement the product of the sr¡m and

differenae patterns \r\¡j.Il have the sane sign everlnrhere on eíther

sides of the main nr¡IJ" of the di"fference pattern, thus the instnuctío

for an ai"rcraft to go ríght or to go J-eft accordì"ng to the sign of th



product is noÈ ambÍguous and no possíble false courses could resul-ü"

Since any horizontally polarized source will have a posJ-tive image

in an H plane partåtion, such a partition has no effect on the sum

pattern but could create a sharp nuII in the difference pattern wit'h

the sídelobes exactty the same as those of the sum pattern"

Diffraction off the edge of the partition has no effect on th¡e

sum pattern but is a decj-ding factor in the difference pattern sirrce j

has been found that an electromagnetic wave polarized at ríght angÏes

to the partition'bends round the cornerr much more than a wave polar-

ized parallel to the partiÈion. The so}:tion for Èhis diffractj'on

problem has been obtained usJ-ng the extended cylindrical- wave formu-

lation of the geometrical theory of diffraction" The two dj:nensíonaÏ

and three djnensional cases of two lj-ne sources and two apertr:res ha\¡'

been treated in detail,for normaÏ as well as obliqtre incídence to an

H plane partition" The,advantages of the geometrical theory of dif-

fraction are ttre fact that rays are easÍer to vísualize arrd the

expressions for the diffracted fíeld are given in terms of well

tabulated functions which could be programmed on a digitaJ- computer"

The diffracted field is -found to consist of the incident and reflecte

components. These components are dominant along the correspondi"ng

shadow boundaries a1d thus help removJ-ng the discontinuities left by

the incÍdent and reflected field"



A suitable låne source wfrîch coul"d be used to verÍfy thre above

solutdon ås a new tlzpe of. slot antenna. It i-s virtualj-y a str.i-p J-ine

backed by a cavity" This ^slot antenna has a veJ"ocity of propagation

very cLose to.that of, light. Its characteni"sÈics have been anaJ-ysed

using ttre technique of -transverse reson¿ulce. Sj-delobe suppnession,

beam shaping, low characteristj"cs impedance, wíde bandwidth if used

as a traveJ-lÈng"wa\re anbenna,and. ru¡ltimode operation.are among its

interestj-ng potenti"altties- The.problem of a .paraboU"c aylínder

using such a slot lÈne as a feed at i"ts focal trength has also beer¡

carefully studied" The conÍcal- wavefront around the slot l-j-ne can

be assumed. at a distance as close as 0"3å fnonr the source wíthout any

serious errors. - The behavíour of a parabolíc cylinder has bee,n

shown experimentally not to díffer.mueh fro¡n an approxi:nate eorner

refi-eetor, This is a.very usefutr property in the construction of such

an antenna system"

The di"f,fraction, solutåon has been put to test by using two sl"c,t

dipoJ-es, two s'lot trÍnes^and tvrc apentures" The experi¡nentalt resuLÈs

tend to show reasonably good agreemer¡ù in all three cases" It, ãppears

from the th¡eoretical and experi-mental" results that the partJ-ti.on will

be prohib5-t5"vely high for present aircrafÈ navJ-gatíonal systems how-

ever the study may have so¡ne usefuJ- appJ"icatj-on in f'uture rnj-cnowave



slrstems" Some efforts have also been made to suppress the edge

dj-ffractj-or¡ in the dj"ff erence pattern and the j-dea of r:sJ-ng a slc t

i-n the partÍtion seems to gS"ve some suppressÍon in the diffener¡ee

pattern and at the same tirne neaving the stun pattern unchanged.

The presentation of, the thesis j-s as fo.l"lows:

The diffract,ion probl"ern whích ari-ses out of the study of navÍ-

gatíonaJ" patterns free of fal-se coutrses :J-s presented and j"ts

physJ"cal 5-urp3-i"catJ-on is described J"n chapter or¡e. The possibJ-e

methods of solutíon are also disct¡ssed here"

The solution to Èhe diffrastion probJ-em usíng the geometricai

theory of dj-ffractíon Ís given in ehapte:r Èwo wj-th a speeial ernphasi-s

on the H plane partÍtion because of its potenEiatr appJ-ication in,

aíreraft navigatÍonatr sysÈerns.

The l-j"ne source and aperture ha¡re been sÈu.d.j-ed ín ch'apter three

as mateni-a1s for -rerj"fyi"ng the sol"utior¡ for the di-ffracti-on problern"

Extensi-ve studies have been made to Lhe new sJ-oL antenna as wel..li- as

tJle panabo:-Ía cyfinder.

The experj-mental" ver j"f Ícati-on j-s g5-ven in chapter four. The

three model,s are described and the teqh¡rirque of measurement is dís-

cussed" The theoretj-cal- resuLts are pJ"otùed against ühe experimerrtaJ-

-.#



ones to verify the solution for the dj-ffractj.on problem"

The co,nclusion Ínstrudes a brj-ef dj-scr-lss.j-on on the diffracti-on

sol_r¡tion, the slot antenna, and its bnoadband feedJ-ng, the suppres-

sion of the edge dj-ffract:Lon and the potentíaJ- applj"aation of thj-s

work.



CHAPTER ONE

THE PROBÍJEM

The problern of dj-ffraction off the edge of a partj-tion separa-

ting two identiaal antenr¡a systems arj-ses out of the study of a

navj"gatj-onaJ- system tI.u, of faLse courses" In Èhís chapter, Èhe

pri"nci"ple of navi-gation free of false courses [t] is briefl-y ex-

plained together wíth some of its areas of application. The dj-f-

fractíon problern and its methods of solution are presented in

general terms here Èo act as a prelude to the detailed sol-ution
:

Iater "

I" NAVIGAT]ON FREE OF FALSE COURSES

To provide surcessful lateral guidanee for a fJ"yÍng aírcraft,

a trocatrízer should have an anLer¿na system with a hybrid feed. arnange-

rnent the basíc unj-t of which j-s shown 5-n Fig " j-. The LHS anLennas

are fed by the carrier ph-ts the difference of the two sidebands and

' the RHS antennas atre fed by the carrj"er mínus Èhe dj-fference of ùhe

two sidebands. The sr¡¡n pattern j,s the sum of the LHS and RHS

antennas, i"e" the radi-at5"on pattern of the carrier frequency" The

dif,ference pattern :-s Lhe d.ifference of the LHS and RHS antennas i.e.

the radiatíon pattern of the di"fference of the two sidebands. A



LHS A¡tenna

C+ (SBP-SBq)

c

RHS Antenna

c- (SBp-SBq)

Fig. I.

SBp-SBq

Hybrid feed arrangenent

C : Carrier
SBp : First sideband
SBq : Second sideband



Ioaalizer should have the fotrIowing major aharacteristics:

2

A sharp nuf,I j-n the difference pattern.

Very low sidelobe levels in both of the sum and díffer-

ence patterns.

The nul-l-s of the surn and difference patterns should

coi-ncide "

(a)

(b)

(c)

Information on whether to go left or to 90 right on board an

aj-rcraf t is obtained by using an AVC recej-ver to detect thre sign of

the product of the carrier and sideband signals from a l-ocalizer"

Requirement (a) is necessary to al-early define the loaaLizer ¡:lane

and when associated with a strong carrier signal, Èo nJ-ními"ze the

effect of taII structures sueh as bui-l-dings, towers or mountain sides

eta" RequiremenÈ (b) :r-s to reduce stray reflectj-on from sidelobes

whi-ch could j-nterfere with the true aourse. I'Vhen the requírement

(c) is not met, the aj'reraft may be steered fugLher away S"nstead of

towards the nutrtr planeo by the combined, effect of AVC, the surn

carnj-en signal- and the correspondJ-ng difference signal" Consj-derin'g

the situation j-l-}¡strated 5-n Fig" 2(a), apart frorn the true coutrse

in the middle, there are two other eoursesr one on each sJ-de, these

are false courses. Any one of these false courses could lead an

aj_rcraft astray and the consequence could be d'isastrous!

The above stated requírements of a sharp nuII and very J"ow
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sidelobe levels could be realised in pracLice at greaL expense by

employi-ng arrays of antennas consisti-ng of, many elements with wide

spacing and elahoraÈe field strength dístribtrtíon" These are far

Èoo complj-cated and expensive for many a small ad-rport and moreover

require very large clear areas" It is in an effort to look for

si¡npler anÈenna Systems for r¡se as a loCaLizer on srnall aerodromes

that the idea of using a pJ-ane partition to cor¡t:nol the poJ-ar di-a-

grams of a distributed antenna system has been cxosely str¡Cj-ed.

There are tr¿o types of ¡rartitj-on which need be considered here: the

electrie pJ-ane partj-tion made of a perfect conducting maÈerial- and

the magneti-c p]-ane partitJ-on made of a perf ect magnetJ-c material "

From practicat consj-deration and al-so frorn the syrnmetry ín Maxwell's

eguations, only the former type of partitio:l needs be cor¡sådered"

An electric plane partition when placed aJ.ong the plane of symn*et::y

of two dj-poJ-es wj-ll- have no effecù on the ,Eesulting fj-eld if the

dlpoJ-es are at ríght angl-es to the partiti'on and fed in phase or

paraJ.IeJ- to th¡e parLítion and fed' in opposibe phase" The parcitíon

j-n the for¡nen sef up is in f,aat ín the H plane of slznunetr'y and rn

the }aüter set up in Lhe E plane of symrnetry of the two di-poJ-es "

Thus by usJ-ng a slzmrneLrical- H plane parti-t5-on j-n a dist:'r'ibut'ed rad-

iating system, the sum pattern j.s not going to be affected by the

parti-tion'but the difference pattern witrl have a sharp nul-I in the

regiorts where tþe two sides 'seeu each other a?rd sidelobes more otr

l-ess in tl-¡e sarne posi-tJ-ons as those of the sunt pattern in the regions



where Èhe two sides do not 'see' each other" this is the basis foc

the principle of navigation free of fal"se coilrses"

To clarify the above point, considerj-ng a speci'fic example of

asystemoftwocolineardipoi.esortwoparallelslotdipoleswhich

when fed in phase wiII have a radiation pattern in the E plane as

showninFig.2(b).Sucharadiationpatternwil]-notbeaffegted

byj-ntroducinganelectriopartitionofinfinitehej.ghtalongtheH

pJ.aneofslrmmetrywíththeelectricfie]-dbeíngatrightanglest'oiþ*"

Sincettredipolesarefedinphase,theaboveradj.ationpatternís

thesumpattern.No\nI\^IithÈhesamej-nfj-nj-teelect,ricpartJ.tionbut

thedipoJ-esarefedinphaseoppositionotheresuttingradj-at'ion

pattern instead of rese¡nbling its counterpart j-n Fig" 2(a1 ' remaj-ns

the same as the sum pattern but each half has a different sign due

to the opposite phase feeding of the ùwo dipoJ-es" No cancellation

frorn the two dipoles oecutrs because they never tseet each other"

The differerÌce pattern does have a very sharp nuII in the míddle

and iùs sjldelobes líne up beautifully with those of the surn pattern'

Thi-s is the situatíon in which, even with hi-gh srdelobe levels as

seeninîLg.2(b),nofalsecoursesexist.Thusbyusinga¡linfínite

e}ectricpartitj.on,therequírement(b)aboveofve.rylowsidelobeI

levers courd be reraxed whj-re the requirement (a) coul-d be easiry

rnet verY successfulJ-Y"



q

UnforËunately, in practice the idea of using an infinj,te part-

ition is not realizable" The eLectrS-c plane parti-t,ion has to be

finite in height,' r^rhich poses the question of dj"ffraaÈj"on off the

edge of the partítùon by the electrornagnetíc \^Iaves from the sources

on either sides of the partíti"on" The solution for thís diffraction

problem and íts experi:nental verification wiLl constitute the major

part of thj-s thesis. It should be noted that as far as the surn

pattern is concerned, a slzrnmetrical H plane partÍtion of any heJ-ght

wil-I not affect it at all" It will be seen later that the diffraa-

tion in the sum pattern cancels each other out. However, for a

difference pattern, a finite partition wilL prevent the two sides

from 'seeing' each other. Th::saddiËion will- take place because of

the positive image up to the height of the partJ"tion then cancelLa-

tior¡ wíIl begin because of the opposíte phase feeding giving rise

to a sharp nuII" The diffraqtion off the edge of the parLition fron

the two sj-des wj-Il" add because the radiating system is no longer

balanced and resufting fíeJ"d is af,fected throughout. As the pa:rÈi-

tíon height tends to infinj-ty, the dj-ffraction contributíon Èends

to zero d.ue to spati-al aLtenuation of tÌ¡e electromagnetic waves and

the difference pattern will become coincident with the sum pattern"

The areas of appli-cation of an electric partitJ"on in many

dístribut,ed radiatj-ng systems are along tire s1t**etrical E plane or
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H plane depending on whether it is the difference or the sum pat-

tern which needs be preserved" For localj-zer applícation' the su¡r,

pattern could remaín Lhe same whereas the difference pattern has co

have a sharp nuII and the same sj"delobe positÍons as the sum pat-

tern" This is the case for using an electric partition along the

H plane of symmetry. some of the arrays of arrbennas which could be

r¡sed to generate the sum and difference patterns for a localizing

system are:

¿

- An array of two or a multip'Le of bwo

(such as dipoLes, Yagis. " . " )

- An array of two or a multåPle of two

l-ines

- An arraY of two or a multiPle of two

corner reflectors' horns, paral"oidaJ"

cyl5-nders" . " ) "

POSSIBI"E METHODS OF SOLUTTON

colinear antennas

slot dipoles or slot

apertures (such as

reflectors, pardooJ"J"c

There are at least three ways of obtaíning a soh¿tion for Èhe

above problem of diffractíon off the edge of the parti-tíon:

(a)

(b)-

(c)

The bound,ary I'aJ.ue solution

The induced cutrrent approxírnatj-on

The geometrical theory of di-ffraction.
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In rttany antenna problems of this type, only a principal .oolarrÍza-

tion is involved therefore the vector formulation for the diffracc -<;,n

theory could be approximated by using the sqalar diffraction theory"

This sort of approxímatÍon does not cause much error as far as far

field patterns are concerned and wj"l-J- be adopted here to solve the

diffraction probJ-ern presented above" The followÌ"ng is a brj"ef out-

line of the above-ment,ioned three methods of soJ-utions "

(a) The boundary vaJ"ue method of sol-utj"on.

Using the famous sol"ution of Èhe diffractÍon of a plane wave

by a half plane by SommerfeLd as the starti-ng poínt, in

pri-nciple, the solutíon of Èhe díffract,íon probi-em for any

source distribution can be br.lj-l-t up frorn the solutj-ons for

the índividr-lai" plane \4laves because a fieLd radiated by any

source distributÌon can be represented by a spectrum of plane

!{aves" Based on this approach Born and Woi-f {21 give Èhe

soluti"ons for the diffraction of an infinite line source and

a point soutrce by an ed.ge, From these soluÈions and, by usj"ng

the prÍnci-p1e of supposJ"tíon, the soluti-on for the present

diffractÍon problem could be obtaíne.d at least for Èhe -i-nfj-nite

Iine source and point source cases. These cases are involved

but nevertheless quÍte tractabLe" Thíngs begin to get dj-ffi-

cult when the diffraction a¡f an aperture or a finíùe líne
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source is needed as is often the case in practice. The

expressions for the plane \^Ia\re spectrum are just sÍmp1y Loa

formi-dable to taakle" It is a method of solution whi-ch eouild

not be adopted here"

(b) The induqed current method of solution"

The current induced. on the parti-tion by a source could be

approximated by using the geornetrj-cal optics current for

points away from the edge" There j-s a narrow strip along the

edge where the geometrical optics current approximation breaks

down" The discontinuity at the edge can be Èaken j-nto accor¿nt

by assuming the existence of an equívalent line source whose

far field is not uniform atrI round and can be assumed to have

the dístribution of the far field pattern of the Sommerfel-d's

solution fon a half plane" Since the diffraction of a poi"nt

source by a half plane is known, the soluÈion for the dj-ffrac-

tion of a distributed source can be obtaíned by integrat-ing

the contrj"butíons of aJ-l- poínts over the sourÇe and usÍng uÏ¡e

principJ"e of superpositíon to obtain the solutj-on for the

diffraction off the edge of a partiLion separating two such

sourqes. Most distributed systems tend to have a principal

polarizatíon in sr¡ch a way that the systems corlJ-d be treated

as an aggregation of eÍther electric or magnetåc l-ine sourees"
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Tn such cases the formulation of the solution of the presenÈ

problem of diffraction using the solution for the diffracË,r-o.TÌ

of a line sourse by a half, plane is attracÈive" Plonsey [3]

and MouIIin [4] are the champions in the study of dj"ffraction

by an edge usi-ng the i"nduced eurrent method. This method ís

suited to the needs of the engineer since íÈ teLi-s him the

area where there is a large cunrent so that he can take tJl-e

approprÍate measure to Ímprove the conductivity at that area

in order to reduce Èhe l"ossrand Èhe area where there 5"s very

small currentrso that he can either ignore it or does not

bother much a-bout good cond.uctivity" It is conceptuaJ-Iy rnore

or less the same as that of the geometricaJ- theory of díffrac-

tion"

(c) The geometrj-cal theory of dÍffractj"or¡ method of

sol-uLi-on"

The geornetrical- theory of diffraetj"on was developed by KeLlen

t5l and extended by Rudduck t6l to Lhe antenna theory" It ís

an aslzmptotJ-c approximation of the exacÈ tLreory. Vlhen the

partition is plane, the expression for Sommerfeld's diffrac-

tion function aan be wri"tten in tenns of the Fresnel integrals

and is exact so the soJ-utj-on to the present, problem of díf-

fraction incl-ines more towands the exact method. of sol-ution"
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The geometrical theory of diffraction method of solution offers tt¡¡o

main advantages: (a) it is much easier to visualize physíca1J-y in

terms of rays and (b) it contains expressions of well tabulated

functions which can be easily programmed on a digital compuÈer" The

solutions for the normal- as weII as obli-que incj-dence of the dif-

fraction of a plane r^rave and cyli-ndrical wave by a wedge of (2-n)q

included angle have been obtained. BuÈ again they are the solutíons

for the two dimensionatr case and therefore cannot be readily applied

to any three dimensional- cases of fj-nite length" For such cases'

the diffraction in the direction aÈ right anglæto the edge ís taken

to be the same as that of the two dimensional case above and the

diffraction in the dimension in whiah the rays are parallel is

assumed to be the same as the radiation pattern of a line source of

fínÍte length. The results obtained so far do confirm the above

assumption" ThiE method of sol-ution r-lsing the geometrical theory

of diffractÍon will be adopted to obtaj-n the solution for the present:

problem"

In the next chapter, the soluÈions for the problem of dj"ffrac-

tj-on off the edge of the partiÈion will be Eiven in detaíLs for the

following two cases:

(a) The case of a partition separating two Ii"nes and two

apertures infinite i-n length"
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(b) The case of a partiti-on separatíng to trines and two

apertures finite in length"

The solutions wíi-I be gíven'for both of the normal and

obJ-ique incídence"
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CHAPTER TVIO

THE SOLUTION

In this chapter, the solutj-on to the problem of diffraction off

thre edge of a partition descrj-bed j-n the prevj-ous chapter is presented

The general case of two lines and two apertures of finite and infj-nÍte

Iengths wiLl be considered. The incj-Cence to the partítion ean be

normal or oblique" In aLl sases, the partS-ti-on is assumed Èo have a

finiÈe height and an infj-nite length" The case of a finite partS-tÍon

thickness can be extended and the case of a wedge partition of arbi-

trary included angle (2-n)m, \dhere n i-s an Ínteger is S.nplicítJ-y

covered as seen in the survey of the wedge dj-ffraqtíon theony"

The problem of the diffraction of an el-eqtromagnet5-c wave by a

wedge is a diffi-cul-s* boundary val-ue probJ-ent. lt,s soluÈion hegan wj"tJr

the wel-l known Sornrnerfel-d.'s sol-uti.on for a pJ-ane \¡/ave. When appn-i-ed

to a half plane, Somrnerf eld's solution leads u¡ the f amil"juar I'resnel-

dj-ffractj"on by an ed.ge. Hoh/ever for a generai wedge, the solution

cannot be expressed in closed forrn using Fresnel- ùntegrals. Some

tlrirty years later, PaulÍ I7l deveJ"oped a rapíd1y convergÈng series

representation for the scl-r¡j--íon of a Eeneral- wedge" Paul,i's serj-es

is apptricable to a srtuation wher.'e the dj-stance from the source to

ùhe wedge is large and for points of observation weJ-J- away fnom the
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- The plane wave formulatj"on

- The cylindrS-cal wave functj"on forrnuLat.j"on

- The cylindrícal wave forzni-ll-ation

The materi-al presented in thj-s sr:rvey is based on an interestJ"rrg

report on 'the applicati"on of wedge dÍffraatj-on to antenna' by

Rudduck t6l and a paper by Paulí {71.

(a) Pl-ane lVave Díffraction Fonnulation

It \das Sommerfeld who gave the soJ-utj-on to the probJ-em of

dÍffraction of a plane efectromagnetS"c wave j-ncj"dent normally to a.

wedge of incfuded..angle (2-n)n as showç in Fig. J-.

''["- e'r, ,, ,.t ',i i { t

When the wedge ao ncides wj-th the z-axi-s of the cylindricai-

coordj-nates (rrrlrz), the diffractj-on problen'" becomes åndependent of

z and thus scal-ar in nature. The f"i"eJ"d u(rrú' ) Ís a sclution of the

two di-mensional scalar v¡ave equatj-on ?2u + k2u = O sat.j.sfy:-ng l-..he

boundary cond.itÍons u = O or ffi = 0 dependÍng on whether the e.,1,=ctríc

potrarization is panallel or norrr"al- to the wedge. The total" fi-ei,o.

u(rrt) can be separated. j"nÈo the incådent and reflected wave by putti-ng

u(r,ü) = v(r,ü-rþC) t v(r,r! +rlo) "".(r)

where v(rrô) is the Somrnerfel"d's funct5-on, a sol-ution of the wan"e

equatÍon" Íhe mj"nus sign applåes to the boundary conditj-orr u = 0 i"e.
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when the electric field ì-s paral-J-el to the wedge and the plus sJ.gn

applies to the boundary condítion ffi = o i"e" when the electric fi-e*d

is normal to the wedge.

The function v(rrÖ) has the period 2mn in $ and is a one valued

functi.on of the variable cos$y'n i"e.

v(r,O + 2Ín) = v(r,0) ""'(2)

v(r,O) =v(r,-0) ""'(3)

v(rr{) can be separated ínto components:

v(rr$) =v*(r,{) +v"(r,ö) """(4)

where v* is ttre geometrical opti-cs field and v" is t'he diffracted

fie1d. v:t is given bY

exp(jkrcos (Ô+z'nnw) ) - m < + + 2rnN < Tr

andN=0rtL,!2,
v* (rrÔ) = ". " (5)

otherwise

v*(rró) represents the incident f,åeld when $ = Û - rf'rg and the reflec-

ted fieLd when $ = u + ü0 " From (5) , ít is clear that, the Íncident

fietd consists of the incident plane wave in the ÍllumÍnat'ed reg5"on

(O < ú < n + rlo) and zero in the shadow region (n +Ùo < Ü < nn);

ttre two regions are separated by the incident shadow bor'lndary at' tp =

î,+ riro as shown in Fíg. t" símÍJ.anly, the reflected field congisLs

0
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of the reflected plane wave Ín the i-L1umj-nated region (0<ü<T - Vc)

and zero ín the shadow regÍon (n - üo < ú < mn); the two regions are

separated by the ref trected shadow boundary at (r = xt - tl,O.

v" is given by:

v
I

(r,ö)
2Tn

exp (jkrcosß )
) dÊ "".(6)B I-exp1-i ($+$)/n)

\¡¡trere C is the appropriate path in the plane of the compJ-ex varia-ble.

The associated diffracted f,íelds combime wÍth the i-nci-dent and

refJ-ected field to ei-iminate ttre discont,i-nuity at the appropri-ate

shadow boundary" Using the method of steepest descent, SommerfeLd

obtained an as¡mptotíc expressíon for equation (6) as:

sin rln
to 2xkr exp (- j (kr+w/4) j

n (cosïfn-cosÖ/n)

Thj-s leads to the interpretat.ion that tlle díffracted field can be

thought of as a cylindrical wave radj-aÈing frcrn the wedge and havíng

a rf dependent amplÍtude " (Z ) is val-j-d onXy when

kr (cosmln - cosg /n)2 >> J-

and becomes infinj"tety large in the neighbounhood of the shadow bound-

aries, tn/here cos nfn = cos ôln" Somrnerfeld tried, wÍthout rnuch

sìrccess, to obtaín an asymptotic representatj-on of (5) whích woul-d

v"(r,ô) " " " (r )
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also be valid in the vicini-ty of the shadow boundanies"

It should be poS-nted out here that in the special case of n = 2

i"e" the hatf plane problem, the diffracted fíeld can be expressed

in terrns of the Fresnel integral" as:

"2 -I/2 I

v"(r,0) = -eXp finl41( .J exp(jkncosþ), 'icosþ/2'*kgi
¿-

j (r/4)
(r,0) = 

- 

e
lTr

exp(-jr2)¿r

. .. (8)

"".(e)

f L

.) = :L c'ç-d

where l= (kr(I +cosô)) Ll2

and the total fíeld becomes:

V
ikrcosó ez -f"t2

: e' ctr
B

-@

where z can be simpli.fied to (2kr)

regutrarató=n.

Ll2 eosþ/2" The expressÍon (9) ís

Pauli took the hj,nt frorn the above specS-al case to develop ,*

serj-es asymptotj"c representation for (6). He transformed the :nte-

grand of (5) without changing the path of i-ntegration to deveL,op a

ra¡15-dly covenging serj-es for v" which is also valid near the shadow

boundaries ô = r but infiníte at other shadow boundaries 0 = nr+2ITnN,

(NlO) " Pauli expressed vB as:

z"i'/4 sinnlnl cosQ/z 
I L

dr + lHùgher order

"'iil1, o,

'ìkrcosó r -i'r'e- ")2" _v^(rr9l = 

-

IJ {Í n (cosm/n-cosôln)



where Z = (kr(l + cos$ ))I/2 and all the higher order terms may be

neglected for Large kr. It is worth noting that when n = 2¡ aJ.J- the

higher order terms become zero and (10) becomes (8).

llkre value of the di-f,fnacted field on the shadornr boundaries car,r be

approxímated by:

-forÔ=rr

L8,.

" . . (j.r)
-1

(rrn') =*-€
2

-jkr + io(r
ylz)

.IB

+forÔ=n +

and the value of the total fíel-d on the boundarÍes Ís

v (r rß) = v* (Í r?:)

which ¡¿il-I converge to one haLf the i-ncident field on the i.l"luminated

side of the shadow boundary for J-a,rge r.

v(rro) is perj-odic in 0 wj-th a period 2nn buÈ v"(rrÔ) is, roto

Since v"(rr$) is only regular ín the v5-cinity of $ = n, i-f v"(i,"rÔ) is

to be e,valuated near 2îrn - r¡ d substitution of v"(rrÔ) f,or v"(r'd-2'r;-r

wilJ- give a rapJ-dly converging ans\^rer fon v"(rrÖ-2qn) near the shadow

boundaries 2fi'n - r"

retler I5l used the aslzrnptotj-c expressi-on given in (T0) for l"argre

values of kr (1 + cosþ) to devetop hís geometricaJ- theory of diffraatåo

by plane waves:

+v"(r,xT) =t"-:ot + rcqr-L/2r,
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Eor graztng incidence (tþo = 0) ' 
(13) reduces to

u(rró) "."(14)

thus only the incident field is j-nvoIved"

(b) Cylindrícal Vüave Functions Formulatíon

As mentioned earlier, when n = 2, all ttre higher order terms j"n

the series representation of v"(rrÖ) are zeto and so (10) aan be

used to obtain the field for any point at any dÍsÈance away from the

edge " Ho\¡rever, when n I 2, the higher order terms are not zero and.

cannoù usually be neglected for distance which is srnall compared to

the wavelength. One way of obtaj-ning the field at such a distance ís

to use the cylindrical- wave fu¡rctj-on f,ormulation given by Vüait [81

and Harrington [9]:

m/nv (r,0) = Lln ^l
"^/n JB m=0rI

where v*(rr0) is the geometrical optics j"ncident or reflected field"

e, =Iform/n=0my'n

(exp (jkrcos (rl-rlo ) ) )
()
()
(o)

+ v"(r,1t-üo)

æ

L

e =2for m,/n>0
m/n
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v"(rr0) is pretËy accurately represer¡ted for r < tr when mln 5 15,

accurate values for v"(rrÔ) can also be achieved for r ñ À by

including more terms"

(c) Cvlindrical lfave Forrnulation

The solution for a cylÍndrical wave diffraatiQn can be deter-

mined in several ways. The usual way 5.s to represent the cylíndrieal-

wave by a spectrum of plane waves. trn f,act, in principler the probla

of diffraction of any source distribution can be built up from t'he

individual plane wave Ín the spectrum. Ho'hTever when far fJ-e1d pat-

terns only are of ínterest, there is a sirnplen way of determining ëhe

díffracted wave by usÍng the príncíple of reciprocity together witÏ¡

the solution for plane wave dj"ffraatÍon by Pau1i [7J.

When a wedge is ilJ-urnínated by a plane lrave, the toLaJ" f i"e1d

ur(rO,rfO) J-n Fig" 2a is given by (13) " If the wedge is now j"Il"umína-

Èed by a cylindrica,l wave uO wíth its source at P(rOrÚC) ín Fíg'" 2b,

the f íeld at infinity is a plane \fa\re. Thus thj-s Ís a situatÍon wher

the poi-nt of observatÍon and the souree are interchanged Í.e" the

pri-nciple of rec5-proc$-ty appl5-es. SÍnce:

u.(ro,to) = v(ro,úc-rþ) t v(rorÙc+ü) " " . (J.6)
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upon using v(rró) = v(rr-ö), ob(rOrú) becomes:

u,(ro,rl) = v(rg,r!-üo) t o(ro,il+rþo) ...(n7)

(LZ¡ is the solutíon for the dÍffraction of a cylindrical wave by a

wedge" The radial distríbution of the l-j-ne source must be includedo

thus:

-ikre-
u(r,Ù) = 

-
G

[ [."" 
(jkrçcos (r!-üo ) )

LL' .Tl-[
exp ( jkrse os (rl¡+úo ) )

0

I+ v"(rc,rf-rþo) tv¡tro,,þ*úo)l ...(18)

where (rOrrþO) is the coordínates of the source and (rrÚ) is that of a

point of observation. The exponential terms aríse because the phase

centre is assumed to be at the wedge. P}ane wave diffraction j-s a

speci-al case of (tr8) when the line so1lrce recedes to infinity. The

diffraation for a cylindrical wave inci"dence in regions suffj"cíently

removed from any sha<low bound.ary j"s virtualJ.y the same as ttrat of a

plane wave incidence" The region about the shadow boundary where the

t\do are signifS-cantly different depends on the distance r¡ to the

line source"

A general line Eource has a pattern F(rl.¡) I I, thus (Ls¡ shot-lld

be written as:
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-ikre-
u=-

'E
(v)

[ "*n 
( jkrecos (r!-ú0, 

[,."n 
( jkrscos (rf +rþo ) ]

I t I e(2r-rr)

[o t

I 
o" tro ,û-úo ) t ve f to ,U*Uo)]l+ r (m+úo ) .."(re)

(10¡ is vaLid for r tu r0.

For distance r from the wedge comparable to that of the souree,

some modification to (19) should be carried out along the lÍne

suggested by ohba I10l and Rudduck [6] "

Tkre cylindrical wave formulation of edge diffraction together

with the principle of superposj-tion have been used successfultry in the

treat¡nent of quite a nurnber of two dimensional antennas and scatter-

íng bodies such as paral-Iel plate waveguides, walls of f inj"te thi-ckness

principal plane cross sectj-ons of pynamid horn antennas and poly-

gona]" cylinders etc" " " 16l "

It ean be seen c}earJ-y that the diffraction problem arising out

of, the study of navigational- systern f,ree of faLse courses involves

the use of line sources or an aggreEation of line sourses at finj-ùe

distances from the edge of a partition, the cylindrJ-caL wave dj-ffrac-

tÍon formulation seems the most appnoprÍate choice" Before discussing

the solution by the cylindrical wave fo:¡nulation, ùt is worth men-

tåonÍng the interestrng properties of the díffracted field funatíon.



2" PROPERTIES OF THE DIFFRACTED FIELD FUNCTTON

To j-ll"ustrate the properties of the díffracted fiel-d functír;:r

only the plane partitÍon case j-s considered here" other cases sueh

as a thj-ck partition or a wedge partitJ"on could be extended by

making r¡.se of (10) and its line source characteristj-cs"

When the partition J"s plane i"e" n = 2¡ L}:,e díffracted fíel-d

functj-on given by (8) can be re-wrítten as

-jr@e
.""(20)

where Ô = ü -Û0,

z = kr(I+cos$) and v"(rrÓ) takes the + sígn when $ < m and -

sígn when $ > n i.e" v*(r,ö) changes sign everytirne a shadow boundary

is passed.

The d-nüegral" i"n (20) can be wrÍtÈen ín terms ,cf the sÈandard

Fresnel íntegraJ-s:

v"(r,ó) = t &+il12 exp(jkrcosó) i (c ("n- L2)-j (s(z)- årr... (21)

v¡here
cos (t)

dt and Ë(z) =

'æ

v"(r,0) = t (1+j )y'2exp(jkrcos$ ) Í, 7- dt
v 2rE

c(zj =
1)

) I
%

o " " " 
("zz¡

rf

The total diffracted fj-eld by the part5-tion due to one of the two

sources l-s:
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v"(r,û) = v"(r,ü-üo) + ve(r,{¡+úo) " ". (23)

IVhen the partition líes in the H pl-ane (23) takes the + si"g'n and when

it lies in the E planer the - sS"gn" It j"s more convenj-ent to use

the coordinates (r'ró) instead of (rrú) as shown ín Fig" 3a, thus:

v"(r,ó) = vB(r,n-$-r¡r) t ve(r,n-$+ilg) . ""(24)

By using (24) and the fact that every Lime a shadow boundary is

passed v"(rró) changes si"gn as mentioned in (20), v"(rrÖ) can be

shown to have the foll-owing characteri"stics:

v" (rrÔ) = - VB (r,-Ó) for H plane parÈition " " " (25)

and v"(rrô) = v"(rr-Ô) for E plane partítion ' a ". (26)

It, ís obvious that:

(a) From (25) total diff,raction due to a ,H plane partitionr of

two identícal sources haroing syrnmetrícal" field pat*t-erns

F(ô) fed in phase i-s zeroo i"e" the partiÈåon has n,o effect

on the resuJ-ting sum pattern of the tv¡o sources. On the

other hand, the total diffractj-on contr j-bution when Èhe

sources are fed I80' out of phase is not zero but equaJ- to

twj-ce vr(r,ö) Ín (25).
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(b) Similarly, from (26) the total diffraction due to an E

plane partition of two identical sources having symmetri-

cal field patterns F (ó) fed 180' out of phase is also zero

i.e" the parÈitj-on has no effect on the resulting difference

pattern of ttre two sources" But when the sources are fed.

in phase, the total díffraction is different from zero and

equal to twice v"(r,ó) in (26).

It has been mentioned earlier on that the associated dÍffracted

fields combine with the inci-dent and reflected field to elÍmínate the

discontinuity at the appropriate shadow boundary" ThÍs ís clearly so

when v"(rr0) given by (Zf¡ is cornputed, each díffracted field sonpo-

nent, i"e. íncident or reflected, takes the dominance over íts own

shadow boundary. The ampJ-itude of total diffraqted field v"(rrÓ) j-s

plotted for a typical case of r = Z/ZI' and rþ9 = Tt/A in Fig" 3(b) and

3(c) " !'lhen phase j-s taken into account v"(rr$) is antíslmmebrícal foz

ttre H plane diffraction and symmetr5-cal for the E plane díffracti-otl

wj-ttr respect to Ö = 0"

In Èhe following sections, tJle toù,a1 diffracted field contribu-

tion given by (23) will be used together with (25), (26) t (21) and

(,22) and the principle of superpositj-on to obtaån a solution for the

diffract,ion off the edge of a fj-nit,e height part,ition separating two

j-denËical sources" OnIy the case of a H plane partition is presented,
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in detail here because of its Ímmediate potential applicat5"on to the

design of a local-lzet without faLse courses and. also because of the

facÈ ttrat the case of an E plane partitíon is irnplj-cít ín the forrner

case and can be readÍly extended with only a few changes 5-n sign"

The dif,f,racÈion contribuÈion will be added to that of the geometrícal

optics to give the resultÍng radiatj-on pattern of the whol-e antenna

system"

3 " R.ADIATION PATTERNS FOR TVÍO SOI'RCES SEPARATED BY A PARTTTION

Expressions for the radiati-on patterns of two líne sources and

two apertures of infinj-te and finite J-ength will be derived. The

partition will have a fínit,e height but an ínfiníte length and wiLl

Iie along the H plane of symmetry of the two Èdentícal" sources havínq

symmetricat fieLd patterns F (ô) . lVhen the fíe1d patterns F ({) are not

slzmmetrical, the total diffracted contríbution will not be zero ín

ühe sum pattern invotving an H plane partition and in the d.iffe:rence

pattern involvång an E plane partítion. The case of a partÍt:i"on of a

finite length wilL be bríefly discussed"

A. TVüO DIMENSTO}ÍAL CASE

Using a cylindrÍcal coordj-nates system (rrÖrz)., when a lÍne

source or an aperture source is j"nfj-nite ín length in the z directåon
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say, its radiation pattern wj.l,l be two dimensional j"f there is no

variation along z or a variation of Èhe form exp (-)k"zJ, where k, is

the propagation constant. the formå='ä"=" corresponds to a ntr*af

j¡rcidence whereas the latter corresponds to an oblique incidence.

Normal incidence wiII be considered fírst.

a, Normal Incidence

(i) Two Line Sources" ':

The first case to'be consídered here Ís that of two ínfínite

"'---'*T-ine sources separated by a half plane placed j-n Èhe H plane of

slmmetry of the sources" As shown onFig. 4(a)r Yo ís the distance

. from O to a source and x" is the distance from 0 to the edge of the

partition. Let O be the phase centre of the whole system.

' since the partition fies in the H plane of symmetry of the two

sources having symmetrical field patterns r(0), the resuLt'ing dJ-f-

fracted field j-s zero for the sum pattern" The sum pattern Ís given

by:

+.E'(0) = 2 cos(kvosin$) F(Ô) """(2x)

wittr e-jk'/G a"irrg suppressed throughout. !,lhere k = 2w/A. and F (Ô)

is .the $ varíation"

Vltren the line sources are fed 180' out of phase, the diffracted
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uo(O) - zlve(ro,n-0-0o) * ve(ro,n-ó+Qo)] .F(-Oo) "exp(jkxocos0)

"".(28)

where v"(rr0) is gÍven by (2I) and the exponentÌal term arises

because the phase of v"(rr$) is refer:red to the edge" Proper sign

must be used for v"(rrÖ) on each side of a shadow boundary as rnen-

tioned in (20) " Thus the difference pattern Ís given by:

For Q n 0o,

E-(ô) = 2jsin(kVosing)F(0) + ED(ö) " " . (29a)

field is not zero but equal to:

E-(ó) = 2cos(kv"sin$)F(+) + ED(O)

For 0 n 0o,

... (2eb)

There is no second order diffracti"on i-n ühÍs case.

. $ftren Èhe line sources and. tl¡e H plane parti-tion are pJ.a,ced aborre

an j-nfinj-te ground plane as seen in Fig" 4 (b) , the image fíe3rls shouL<

be added and þ varíes in the region -rl2 S þ 3 m/2.

For the sum pattern:

E+(O) = IF(0) + F(?r-0) exp(-j2kxncosg)l.2.cos(kyosfnþ)

For the di-ffracted fíeld

4*

a,

"."(30)
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ED(ö) = uf tol * 
"lto¡ ". . (31)

where

"f 
tOl - z lve(ronn-ô-rfo)*r" (r",n'-ô+üo) ]F (-óo) exp (jkxocos{) . " " (31a)

d tOl - 2lva(rr,n-O-qril+v¡ (rl,n-ô+rþr) ]F (-n+0r )exp(jkxocos$) . . . (3Lb)

The diffracted fiel-d is also reflected by the infinite ground

plane, thus one has:

"o*tol 
=r3*(o) +"1*tol ... (3rÂ)

where

{*(O) = E3(ö) exp(-j2k(xo+2xr)cos$) . . . (3J-c)

"l*tO¡ = "f tOt exp(-j2k(xo+2xr)cos$) . " . (3td)

For Ètre difference pattern:

when$<ót:

E- (0 ) = IF (ö ) +F (m-ô ) exp (- j 2kxrcosô )1, 2 j sin (kyosing ) nuD (ô ) *ufl tO I

. . . (32a)

whenQl<0<ô0,

t- tó ) = r (ó ) " 2 jsin (kyosinQ ) +r (n-0 ) exp (-j 2kxrcos$ ) . 2cos (kyosin$ ¡ *no {O )

o "ltO) ".. (32b)



andwhen0>00,

E (0) IF (ö ) +F (n-ô ) exp (-j 2kxrcosö I2cos (kvosing ) *"D (O ¡ u"l eO ) . . " (¡z :)

once again there is no second order diffraction.

The most important case is when the ground plane ís finite" Thi,Ér

is a situatj-on which is of,ten encountered in practíce, The diffrac-

tion due to the edge of the finj"te ground plane should be taken ínto

account" Source (I) and Íts írnage at source (2) will have rays

diffracted by edge R and símilarly source (2) and its $mage at source

(I) will have rays diffracted by edge L. The dj-ffraction at R and L

will present two more 'line' sources and the sum and difference

patterns wii"l- be af f ected. Second orden dj"f fraction does exi"st in

this case" Rays from the 'line' sources at R and L wiJ-L be dj-ffraoted

by edge C and rays frorn the 'Iine' source at C wi.ll be dif fracted b"-'

edges R and L. HJ"gher order dj-ffraction terms can be j"nclucì,ecl if

necessary buÈ in general aJ-I higher orden terms courl-d be igrr'o,r-eC for

J-arge distance from an edge and for angral-a;r di"rection weII away f,rorn

a shadow boundary.

Diffracted fíelds due to edge R by source (I) and its i:nage at

E3(O) = E (nl}+þz:, trv"(r, ,xlz+$-þr)+v"(r, ,nl2+þ+þr))

(2) are:

exp ( jky", sinþ ) exp (- jkxrcosQ ) . " " (3aa¡
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a 't)

r! tOl =F (- (r,/2+rþ:) ) [v, (r, ,n/z+$-þr) + vs Vr,n/2+ö+113) ]

exp(jkyrsi-ng) exp(-jkxrcosô) ...(rel;

Simitarly, diffracted fieJ-ds due to edge L by source (2') and its

i:nage at (I) are

EÏ(ô) = F(- (n/z+r¡r'¡) Ivs Vr,w/2-ö-trI + v"(r, ,r/2-þ+,1)2þ1"

exp (-jkyrsinô) exp (-jkxrcos$) " . " (34a)

u!tOt = sþ¡12+þz) [v"(r, ,w/2-þ-úz) + ve @"Ã/2-ö+ú3)].

exp(-jkyrsinô) exp(-jkxrcosÔ) ".. (34b)

It should be noËed tfrat n! ana n!, e! and r! are not equal as indí-

cated by the expression fon the djrff,racted field funcÈion vr(r'Q) "

The sum pattern ín this case is the sum pattern of 4 J.j-ne sollrces

at (I) , (2) , R and L which can be obtaj-ned for the various regÍ-ons as

fo1lows, asstrming ül < tl3 < ü?_ < rþo and consideríng'the fírst quadrant

only:

when$<'rî/2-þZz

E+(O) = IF (0)+F(n'-g) exp(-j2kxrcosg)J 2cos (kyosinö) .

*u!*u!*n!*{ " ". (35a)



w}aen r/2 - þz < Ö 1 n/Z- rP3,

¡+ (O) = ¡'(ô) 2cos (kyosin$)+¡'(m-ó) expl-1 (2kxrcos$ +

kv sinó-o

whenn/2-üa1þ<n/22

)l * "! u r! * r! * u!

*u!uufuu!*u!

2')

." . (3sb)

" " " (35c)+
E (0) = F (0) 2cos (ky^sinó)

Expressåons for the difference pattern j-s rnore involved than the surn

pattern because of the existence of higher order díffracti"on ter:ns"
a^

Before attempting t" pi*=""tt expressj-ons for second order dif-

fraction terns, the foJ-Iowíng convention shoul-d be adopted to desJ-gn-

ate the doubly dj-ffracted fiel-d: if a fj-rst order diffracted ray comes

from a 'line' sourcer at c say, and is diffracted agaj-n by an edge,

R say, then the resulting doubly diffracted field wiLl be deneted by

fiE:-(0)" Thr¡s the first subscript d.esignates the source and the(-K-' -

second. subscript designatethe edge" a similar convention wi-l-l. be

adopted for hÍgher order diffraction terms if they need be taken

into account.

AII Èhe second order dj"ffraction terms can now be given as

follows:



E|R(ö) = [vB (ll.n,nl2+ö-t4) + vr(rn ,nl2+þ+tl)4)J "

nD ¡n¡z+rp n) exp ( jkyrsinþ) " exp (-jkxrcos$)

u!"tO) = Ivg (rn.m/2-ö-!a) + v"(rn,n/2-þ+þ4)1.

P tn/z*,¡ n) exp ( jkyrsÍnö ) . exp (- jkxrcosQ )

up*"tOl = [vB(rn,n-ô-rfu) + v"(rn,m-ô+ú5)] "

tE; (U4) nn! tUrl exp (jkxocosQ)

34"

" " " (33a)

" " . (33b)

. " " (33c)

,d

nl.tO¡ = -e|cto) rrom (2s) . " . (33d,)

It is quite obvious that there ís no second order di.ffracti"on

contributj-on to the sum pattern because the contribution gj.ven by

çafa) and (33b) is zere due to Uo(Ô) = O¿ and that gíven by (33c)

and (33d) car¡cel each other out" This situation is only true when

the f,ie}d patterns F (Ô) of the sor¡rces are symmetrical r¿íth respect

to the pl4ne Partítíon.

Assr,rming rfr < rfs < tz < üo < üs < ü4, expressÍons for the

difference pattern can be obtained for the various regíons ín the

first qr.ladrant, bearing in mind that two corresponding tsms from



either side of.tb-e partition wiLl subtraet if they rsee' each othe.:

and wÍII add if they do not"

For $ I úrt

E (ö) = [F(0)+F(r-0) exp(-j2kxrcosg)J 2jsin(kyosing)

f + uD¡ + n! + u! - rn! + ufl u æ1" u 
"3* 

* 
"åo

.""(34)

For ül < 0 : rþo'

s- (ô) = tr (0) 2js5.n(kyosÍn$)+r (r-ó)exp(-j2kxrcosô) 2cos (kV sinó) lo

eD * nfl * n! * r! -trl*"!r o ,"oo * u3* * u|o
"".(35)

For{so05,l,u'

E (ô) = IF (+)+r(n-g)exp(-j2kxrcosQ)l 2cos (kyosing)

f. 
"R 

u n! * "! -c"! o "!t u r"T" * 
"Ë* 

n uä" "".(36)

For{5<0:r12- þ2:.

E (ó) = IF(ô)+r(n-$) exp(-j2kxrcos$)J 2cos(kyosin$)

* sÞ * s! * "! u u! * n! * znl" u 
"3* 

* u3" .""(37)



Eor r/2 - þz < þ 1 t¡/z - rl,a'

E (ö ) = tF (ô ) 2cos (kyosinQ ) +r' (n-d ) exp (- j 2kxrcos$ ) . exp ( jkyosín{ ) lì

"D 
* n! * "! * u! * "! * r"o*" * 

"3* 
* 

"Ëo ". . (38)

Eornl2-üg<þ<n/22

E-(ô) = r(ó)2cos(kyosing)+ ED + u! * r! u u! u u! u 2"fu * "!* 
*

...(3e)

The procedure can be readily extended to the back region i""e.

tr12 < $ < r of the ground plane. It ås omítted here to prese:nre the

cla:rity of the presentation.

Vlt¡en the line sources lie ín the fjunite ground plane the above

expressíons have to be modifj"ed for grazíng åncidence along iJle l"i"ne

suggested by (14).

(ii) T\^Io Apertutres.

Asswrdng there exists the sane artrangemênt as above but nov¡ the

two lÍne sources are replaced by two infín5"te apertures whose cross

sectÍon is gíven ån FÍ9" 5(a). Let a ilnj-fonn plane wave travel" ín

tl¡e x directi-on.

D
F

CL
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The field variation across each aperture in general ås given by.

u(y) = e(y) exp (jf (y)) where A(y) j-s the amplitude dístrj-butic;¡ e.*c

f(y) is the phase variation, the eorresponding radiatíon pa.Ltern in

the x-y pJ-ane, Fig" 5(b), is:

E (y) exp ( jkysinÔ ) dy .".(40)

where exp(-jkr) /G wiJJ- be suppressed throughout. SÍnce an aperture

is supposed Èo be bounded by an j"nfínj-te ground planen if the fíetd

variation e(y) is slanmetrical- wíth respecÈ to the H plane partítiorr,

the sum pattern j-s not, affected by the presençe of the partj-t5"on"

Thus the sum pattern is gíven by Èhe radj.atj"on pattern of the two

apertures separated by a distance 2s i.e"

n+(O) : Ju"(y)exp (jkysing)dy .".(4X)
-d

wlrere d is def ined as in F5-g " 5 (a) 
"

The integratíon can be broken down j..nto:

-s . " " (ata)

eA(ó) = iu'

ju
-d

j rd
1l

c-d

Fon a plane wave, f (y) = 0 Í"e. E(y) = e(y), (4) can be further si:n¡rÏi.

fied to:

ll" e ol 2cos (kysinó ) dyE
+ (ó) =

-æg+

"""(42)
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The difference pattern of the two apertures when there is no partt-

tion j-s given by:

E (ó) .. . (43)

Since the 5-rnage of an aperture in the H plane partÍtÍon Ís positJ"r,,",e,

which is the same for a lÍne source the íncident and refl-ected fields

wiLl add" The geometrical optics dj"fference pattern of,the two

apertures separated by a partition ean be divíded Ínto three reg5-ons;

- The region where the two apertures qan tseet each other

completeJ-y, the dífference pattern is given by (43).

- The regi"on whene the two apentures do not tseet each other

at al-i- i.e. they are compJ-etely separated by Èhe partd"t5-on,

the difference pattern is aetual"J-y the sum pattern gi-ven by

(,42) 
"

* The negÍon where the two apertures can parti"alJ-y 'see' each

other¡ the d.ífference pattern ís given by the combination of

(4s) and (42]', i"e"

xhtan0

E- (ó) = Í"I(y) 2cos (kysín+)dy + Jdn tv) 2jsín (kysinQ)dy .. " (44)

xntan0

f!" aol 2 j si-n (kysin+ ) dy

The dÍffrasted fietd conÈributi-on shoul"d be added to Èhe above



42"

geometrical- optics Èerms to gj-ve the resul-tinE dåfference patte,rn

for the two apertures separated by an H plane parti"tion Ín thej-r

plane of slzmmetry.

The diffracted fíeld contribr¡tj"on can be approxj-mated by assurn-

ing that each el"ement dy acts as a l"ine source. The diffraction off

the edge of a partítj"on by two l"i"ne sources has been presented abcve

in Sectíon a(i) and can be put i-nto use here" By integratS"ng the

diffracted field contribution of al-I elemental line sources dy aoross

each aperLure in a particulan direetÍon the total" diffract,ed fíel"d

contribution due to the parti"ti-on in that directíon wj-lL be obtai.r¡eC"

n
rf 'e- (y) j"s the dåffracted fi-el-d in the directÍon $ due to an

element dy of unít amplj"tude, 5-t can be written as:

D,E (y) lv" (r (y) , r-ö-ó" (v) ) + ve (r (y) , m-ô+ôo (y) l

exp (ikx. si-nô )n

where v"(rrô) is gj-ven by (20) and the phase qentre is at o"

The total d"i-f fracted f ¡-eld is:

d D"E(y) E (y) dyEl (o)

. .. (4s)

"..(46)s

The sign of vo(rnQ) should be correctl']¡ observed when each shaCow



boundary is crossed. as mentj"oned in (20) 
"

Referring to Fig. 5(c), the difference pattern for two apetrÈur*i:

separated by a partitÍon can no\^r be given as:

For ô I ó" i.e. the apertures 'see' each other:

E(0)= il" tol 2jsin(kvsínó)dv + 
"! nO f .""(4v)

For $ i.e" the apertures 'see' eaeh other onJ.y partialJ.y;
s

xntanÔ

050¿

E-(O) = J= "(y)2cos(kysÍnô)dy 
+ Jd etvl2jsin(kysinþ)dy + {aol

xntanS

"."(4s¡

For óU < ô j-"e" the apertures do r¡ot'seen each other:

rd,s .""(4e)E (0) = E(y)2cos(kysin$)dy +
"lror

!úhere
"!tOl 

is síven by (45).

ït shoutd be noted that e-jk'VG n^, beerr suppressed thror:ghouL"

b" oblique Incidence

The above results obtained for normaL incj-dence can be extended,

to oblique incidence. For an obli-que1y i-ncídent plane \,rave3

-jks -jk (nsJ"n0 + zcosO ) " ". (50)
e'=e
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where 0 is the angle of incidence i.e" the angle each ray makes,¿i-.r.

the z axis. The wave equation V2v + kZV = O reduces to:

v2v +r

transverse \¡tave nu¡nber and V,

t2v =eXT

i-s the transverse scalar field.

by making the substj- tj-on v = v -"--tkcosoz where k = ksinO,TT

"""(51)

the

From (5I) , ít Ís qu5-te clear that the express5"ons for the tv¡o

dimensional obj.íque incÍdence qar¡ be ded.uced from those of, the r¡ormal

incidence by simply replacíng k for íts transverse component, ko =

ksínO and multiplying throughout by exp(-jkcosgz). r in r.'"(rrô) is

st.i.Il- the distance from the source to the edge"

B" THREE DIMENSÏONAL CASE

Thís i-s the most useful soluti.cn si"nae i-t i"s a soJ.ution for a

praet.i-ca1 situatåon. The part5-tåon :Ls agaÌ"n ass'urned" to be j-¡rfj"¡rtÈ,e

in J"engt-Ïr fj-rst and a discussio!L on a partitåon of fÍnj"te l"er.ãtb wi.l-l-

be given later"

lfhen a line s,ource or an apertr-lre has a finit,e length, Ít is

considered, as a point source for pc'J-nLs beyond the Frau¡rhof f er's

bounda-ry. Thus spherj-cal coordinates shouLd be employed to describe

the far f íeld radiatj-on patterns " Howe\¡er cylindrisaJ- wave f,r,rrnul-:,rii:
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can sti1l be used for the treatment of diffraction off the edge cf "

parÈition since ít ís normalJ-y placed in the vicinity of a source.

Tt has been pointed out i-n chapt,er one that the basic assumpt5"on

in a three dímensional case is that the diffracti-on i-n the directi-cn

normal to the partítion ís gÍven by the ap¡rropriate two dimensj"onal

case whereas the diffraction j"n the dírection paral"l-e1 to the ¡rartí-

tíon j-s given by the radiatíon pattern of a finÍte líne source [6] "

again two cases of j"ncidence will- be qonsj.dered here and the nor:maJ-

incidence treatment wí11" be given f j-rst.

a. NormaJ" Incidence

(i) T\¿o Line Sources

Assuming the line sources have a length I" the rad.iat,j-on

patterns can be deduced from the ù.wo d.j-mensj-onal expressicns for two

l-j-ne sources r,+ith some slJ-ght modi-fíeation"

(t) ¿)k'/rE is repJ-aced by iuik'|zxr whích r¡¡i-IL be su¡,presseii

throughout.

(2) k is replace<ì. by ksinO for the phase terms in the y and

x directíons.

(3) Al-1 expressions for the radiation patterns should be

mr-r1t5"pJ"j"ed by;
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z2

Tr-Ô+Ô )l.F(-0 )o o

LF,

"".(sz¡

...(53)

. . " (53a)

sinO ! s (z) ejkcotQ' ð,"
z7

where ,L = ,o - L/2 and z, = =o * Ll2,E(,2) is the fieJ-d varÍation

al-ong z and the line source centres are (O,yotzo) and (Or-yorzo)

The su¡r pattern in the directÍon (0r0) is now gíven by:

s+(ö ¡e) = 2cos(kyosinosing) "F (S) "sinef ,i""r.jkcosozut

The díffracted field is:

The difference pattern isq

rqr 0 I 0ot

E (ô,û) = 2jsin(ky^sinâsinö)" F(+)'

exp ( j kxosÍno cosg I "tno [12 ø4, ¡ .jkcoso td,

uP(ô,eI = 2[v"(ro,îr-ö-öo) + v"(ro,

=r"e t:in(=)"jk'o'o'd., + ED(ono)

For Q > 0o:



4t

E (0,0 ) = 2cos (kyosin0sÍn$) . F (0) .

,r"o l::E(z¡"ikcotu'u, + ED(o,e) . " " (s3b)

(ii) Tvro Apertures "

From Appendix o, the radÍatíon pattern for an aperture

wÍth no:rral incidence is gíven by D (33) :

l d/2 h12

E(ó'0) = 
-

Ee
o

-.1ì-e-JKr (sÍno+ cosq)j
ùtr -ð,/2 -L/2

exp[jk(ys5-n0s5.n0+zcos0)] dydz .".(54)

The modifícatÍon of the expressions for the radj-atÍon patterns of the

two di:nensionaL case i-nvolves:

(1) 
"-)kt ¡G is repraced by 3"iw ¡zxr whích wj-tL be suppressed

throughout.

(2) k Ís replaced by ks.i"nO for the phase terms in the y and z

dÍrections 
"

(3) AII expressions for the radiatÍon patterns shouLd be

nuJ.tfplied by:

"22(sino+cosÖ) X n (z) 
"jkco=o' d.,,ZL
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Because of normal incj-dence, k in ttre expressÍon for vu(rrô) í¡¡ th-l

U"ne sourse as well as aperture case remaíns the same.

b. Oblicrue Incídence

In a three dimensional case of obJ-ique j"nci"dence, the radj-a'bj"eln

pattern of interest is no longer Ehe azimuth pattern as Ín the norrnal

incidence case but an azimuth on elevati-on pattern especía3.Jly when Èhe

angJ.e of elevatj"on is that of maximr.rm radiation" Such a radiat,j-on

for¡n a cone of revoLr¿tåon of half angte Trl2 - 0 where t is the an¡'l.e

of elevatj-on. The Ij-ne sources and a¡r,ertures wj"IL be assumed. to have

a J-ength L" Let k, = ksinOo and k, = kcos0o where 0o 5-s the angJ.e

an incident ray rnakes wi"th the edge " Expressions for the radiatj"o¡r

patterns can be d.erÍved by modJ-fyi"ng those of the three d.j"mensíonaL

normal ínqi-dence"

(n) Two l"ine Soi¡rqes"

Referring to Fùg " 7 , Eke foJ-J-owÍng modíficat.j.on nee,cl.; be

carried or¡t.

" -ikr(I) )e ¿'-- l2)\r wj-I} be suppressed thror.lghout as in tlie nor:naJ-

inci"dence "

(2) k is replaced by ksínG for the phase terms in the y and

z directi"ons "
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(3 ) From the azj-muth on elevation radiati"on pattern gíven in

Appendix D on the radiatj"on pattern of an aperture \^rj"tÌì

oblj-que incidence, a1"1 expressíons for the normaL j"ncidenca

radiation patterns shor¡l"d be multj-plJ-ed by:

cosolcostrt Í"' "(,)ej 
(kcoso-kt j' 

ð.,
zL

to give the far fj-el-ds Ín direati-on (¿¡r0) 
"

For a line source and its ímage:

- L/2 and. z, = zo + L,t2

For an edge dùffract,åon rl-ine' and J-ts åmage

+ Ll2

because of the obJ-ique incj-dence, the diffracteo 'Ij-ne'

source has been shifted in the z dírection a dístanÇe zd.

For each edge, tl¡ere will be a dÍfferent zU"

(4) k in v"(rrô) is replaced bY kr" lt shouid be poÍnted' out

that the sum and d.ifference patterns are 
"ow 

E*(uirJ¡i) and

E (trorOn) where the spherieal- coordinates (rrtrlrOtr) ere

shown in Fig" 7(b) together with (r'Ör0) " The relatS-onshJ-p

between the two coordj"nate systerns j"s as foLlows:

J-o

,J- = 
^d. 

* "o - L/2 anð' 22 = zd + za



Ei

sinO tr

ó=arccos I
(l--cos2o n.."2*¡ 

1l

0 = arc cos (cos01 coso)

(ii) T\^to AperÈures 
"

ExpressÍons for the azimutl¡ on elevatj-on radíatÍon patterns

can be obtai-ned from those of the thnee di-mensionai- normal i-ncidence

of two apertures" The nodÍficatior¡ ís basícally the same as that of

two line sources above. Appropriate z shift due to the obJ.S-que ínai-

d.ence for each elemental l-ine source dy shor.rld be carefully i-ncorpor-

ated into the express j-on for the total dif fracted f íeld ¡? ('¡, e I )t'

modified from (45) " As seen in Appendj-x D on obJ-ique incídence, the

multiptyíng f actor for a two l-ine source case shoul-d now be:

'22 i(kcosO-k iz2cos01.o"*/ ¡ (z) eJ \^evÈe '"zo ' d.z

zL

r¿here ,L = ^. - L/2 anà z, = ,, * L/2, E]¡¿e centre of the aperture is

aE z i-n the z direetion"
o

It can be seen from the above presentatÍon that startÍng frorn the

dj.ffraction of a line source by a wedge and by using the princi"pJ-e of

æ--
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superposition, the solution for the diffractj-on problem descri-becr. :,r,

Chapter one involving the wedge of a partj-tj-on has been constrtrecei "

llkren the partition is plane, the sol"ution Ís exact as far as uhe

diffractíon expressions are concerned. It is only approx:-mate j-r¡

the fínj-te lj"ne source case as well- as the fÍnåÈe length apertr.lre

case due Èo the approximati-on to the diffracti"orr ín the direction

parallel to the partS-tíon by the radi"ation pattern of a finite LÍne

source or finite length aperture" Expressíons for a thi"ek pa::t5-tiort

or a general wedge wÍLl be approximate and will give a good. agreement

onJ-y when the conditions for the asyrnptotic approximation are met.

The above analysís is expected to, gíve a fairly good agreeme:lt, ir¡

the directíon of insÍdence. The partitÍon heJ-ght rnust be l"ess ehari

tl1e length of the li-rr* =ootce or aperture j-n the fåníte lengila case

i"e" three dj-mensional- case Èo ensure that the cyJ.S"ndri-ca} v'ta\"e

assr-unpt5-on j-s stj"ll- ."rl"id" The treali¡nent fc:r ar¿ E pï-ane i:.a::u5"t:Lari

can be sj-mp1y exüended by usi-ng the negatS"ve sígn i¡¡ the ic u;il

diffracted fieLd and Èhe refle,,ted field functi-or:s. The Lir.e s.-urce

case has been given a great ernphasS-s because :¡..t wílL prov"e tc be a

most r¡seful buj-Iding block for the anal-ysJ-e of al"l" aperture.s 'lärÍ-ùng

a prj"neipa} poJ-arizatÍon" An aperÈure can be arbitrary and needs not

be restrj-cted to a reetangulan shape as having been assurned.,

When radåat;i-on paùterns away from the direstion of j-ncide¡rce
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(1) Trrro slot dipotes Ín a fínj-te ground plane" The radÍat,íon

patterns in tl¡e princiBal plane of such an arrangement

will be the same as tt¡ose of two infinite líne sources

" having a normal incidence to the partition.

(2') Tvo travelling wave slot lines on a ground pJ-ane; The

azi¡ruth on elevation radiation patterns of such,a system

have been given in the three dimensi-onal case of two line

sources havi.ng an oblíque, incidence.

(3) T\"to travelling wave apertures. Thås is the three dimen-

sionaL case of two apertures having an oblíque Íncidence.

The theory and desi-gn for a slot dipole is quite weJ-I known" A

suitable Line source and a sr¡ítable aperture \,üi11 be studied j"n the

next chapter.
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CHAPTER THREE

LINE SOURCES AND APERTURES

A suitable line souree for use in conjunation with an H p]-ane

partition is a new type of J-ong slot treaky wave antenna consj-sting of

a paraltrel strip tranàmj-ssíon Ij-ne backed by a cavity as shown j"n

Fig" I" It has been investigated by Ì{iltoughby tlll and the au'i:hor

tf2l. The properties and characteristj-cs of the antenna wiLi" be given

ín this chapter"

1" A LTNE SOURCE

(a) PhYsica1 Background

IÈ has been found that when the characterisEic ímpedanee of the

strip line is designed to be much srnal-Ier than '"hat presented by the

cavity, the velocíty of propagatj-on witl- be very close to that of

Iight" The anter¡na when radiatíng Ånt'-o the whotre space, qan be con-

si-dered aÞ tre duaL of a long wire anLer¡¡ea. By dual-ity, the f,a"r fiel-d

of a magnetic cu.rrer¡t l-ine soutrce may be obtai-ned from that of an

electric current líne source by the substitutions:

Etrectric MagneÈic

E

Ll

TC
o

"à

.+

-Þ

H

ê

m
T

o
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If j-t is properly terminated at one end by a graphite impregnated

bakelite wedge (Appendix C), the slot antenna will support a travel"-

15-ng wave and have a wide bandwidth of at least 2:1" The character-

istic impedance could be made smal-I by naJcj-ng the strip j-ine

i:npedance small. The directivity of such a líne source is comparabJ-e

to that of a terminated long wire antenna. For instance a slot J-íne

of tength IItr, of \^tidth .01À and of depth "083tr has a directj-vity of

4 dB over the dipole. As the cavi-ty cross sectj-onal area decreases,

tt¡e velocity ratj-o , c/v, where c is the veJ-ocity of 15-ght and v j"s

the velocity of propagation' appears to decrease quíte sJ-ow1y" The

field distribution along the slot is given in Fig" 2" The field

distributions insid.e the cavity and along the depth of the slot (i.e"

tÏ¡e width of the strip line) t¡.ave also been studied. The field dis-

tribution, in the former case, Fig" 3(b), is measured by insert5"ng

a small E probe into holes along the wide side of the cavity" The

slot is mounted in a large ground plane" The polarity of the field

j-nside the cavity is establ"ished to be as shown in FÍ9" 3(c). The

fieLd di-stributj-on in the lattetr case, Fig" 4(b) is obtaír¿ed ùn a

sj-milar manner by introducíng the E probe into holes in the ptrane MM'

as seen in Fi-g.  (a), MMr is the pJ-ane of symmetry perpendi-cular to

the electric field. Al-1 the holes ane tapped so that they can be

plugged up when not being used to avoíd discontinuity" The plane

of slzmmetry and the ground pJ-ane are useful in preventing the actíve

.t t'
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field from entering the measuring equipment. The field strength is

strongest at the slot and remains fairl-y constant al-ong the depth

of the slot but f aIls of f rap j-dj-y to zero towards the bottorn si"de 
"

Wtren the cavity depth is increased, the fiel-d strength in the cavJ-ty

beyond the slot deptlr, appears to take on the shape of a half sine walre.

This suggests the existence of a hd-gher order mode, j".e' the TEO' mode

j-n this case. Multimode operation for thj-s type of anÈenna j"s stj-Li

being investigated"

(b) Analysis for the New SIot Antenna

The above physical ground \^/ork ser\res as a very useful guide

for the anal-ysis of the new slot anter¡na.

Foratravelling\¡/aveantennaofthistypertheaËtenuationco'n-

stant and the veloci-ty ratio, cl's ' are some of the most useful

information for the desi-gner. There are se\retral anal"ytj"eal- rnethods

which cor¡Id be used here: the dif,fererrtiatr equatJ-on method us'i-ng

Maxwell's equations, the variaÈj-onal method, usíng J-:nUegra1 equations

or the method of transverse resonar¡qe" The last method due to

Marcuvitz t13l is favoured since ít deals wJ-th imped'ance and adrnit-

tance which are more j-n trine with many electrical engineerJ-ng str:dies"

Assuming,that the antenna is infíníteLy long and has a uniform cross

section" I¡Ihen the z vaniatj-on of the antenna j-s in the form of



qì

"-)krz where k is the wave mmber along zn Ehe wave equation besonee
z

sepanable in z and the rernaining transverse wave equation is;

22
tV. + K I II_ = O "..(l)

2^
whererc =k2-x2,Y=2n/), .""(2J

z"

Thus thene is a \^tave propagatíon Ín the transverse di"recti-on with a

wave nu¡nber K- From (2) íf r is known then k, will be known" < Çan

be obËained by solvíng the comptrex transverse resonanse equation

derived from the transmíssion l-ine network representi"ng the crass

section of the antenna.

Fig, 5 shows a Çross sectíon of the sLot antenna together with.

its transverse equivaS-ent network" The transverse resonance equation
d

can be set up by equating the sum of the admittance Ïooking :-nto t-he

cavity and that looking out into the whol-e space or half space to

zeto" The inwards admj-ttance noflnaU-zed to Yor the admittance of

the section of rectangular !ùavegu:i-de of r¡arrow wídth b, can bê $fr')r^7n

to be

Y b (s- (btanra*2b1 Lanrd¡ ) tanrd )
B "..(3)

-=-
j

Y s (btanra4-2b tr tanrcdn +b 1 tanrd )
o

The outwards admittance is given by Marcuvitz [l"3l:
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"..(5)

for a slot radíating into a half spaee ar¡d:

Yc Kb rb fie

-=-?l-j-rr-Y_2nysK
o

Y- Kb rb 4ne
Þ

-=-.r]-j_n-Y^ 4 2n ysK
o

"""(4)

for a.slot-radiaÈing into the whol-e space" t< is the trans\rerse

propagation constant, e = 2"7L8, Y=1"78I and other constants are

shown in Fig. 5" The transverse resonanee equation i-s given by (3)

and (4) or (3) and (5), inê.

b (s- (btanKa+2b1 tanrdn ) tanrd)
r (i<) = -j

s (btanra+2bn tanrdl+tanrd)

rcb Kb rle

-+j-ln-2 "ñ Y=;
=Q .""(6)

rb Kb  me

or 
-fj-In-4 2n ys¡(

trn practicer.Èhe antenna finite thickness shouLd be taken into

accor¡nt. Eor large.wavelength, the thi"skness can normally be assu¡ned.

to be zetol thus dr å ¿ in (6), where d is equal- to the width of the

parallel strip lÍne plus the frj-nging effect ô:

+



:v, "

b2btbsb
ô+-(-tn-+-ln-)

2nb2bl.bs
. " " (r)

wkren the thickness is not zeÊat apart from d1 f d, a further frÌ"ng1ng

eff ect A6 comes from the thickness È of, the strip line, thj-s j"s gd-ven

by Roünan [16]

2

Àôê-ln
1T

2-2tlb 2E

--In
-t'b

2Elb(2-2Elb)

r-2Ylü2
"".(e)

2ll-28/b)

F(r) = 0 is a complex transcendental eguatJ"on which can be sojlved by

numerical analysis usíng Müllerrs method t14l " On a CDC 6400 cornpr-ate:

the progranuning is straight forward t15l " Due to the many varj"abl-es

involved, solutions for (6) cannot be expressed in a generatr fornr"

Ho\^rever a study of a few specific cases wilj- give an ínsígrht into

t}¡e characteristics of the solutíons and ttrerefore of behavíour of

Èhe sl-ot anteru:a. A parametri"c sÈudy of the i-deaJ- slot l"ine i-s pre-

sented in AppendÍx A. The only commerciaJ-Iy avaiJ"able guides for the

frequency af 2 GHz are the al-u¡nini-u¡r rectanguJ.ar cyj-5"nders cf eross

sections 3 x l" and 4 x L" respectiveJ.y" Fj-g" 6 shows the resu-'Es fo:t

the j"deal" and practicaf case of, a slot having a width "01)" and backed

by a 3 x 1" guide, the fínite th¡ickness has practicalJ-y no effect orr

the vetrocity ratio , clvo and only a smallJ- effeot on the attero.uatj-on

corrstant" Fig" 7 (a) shows the resuLts f,or the ideaL and the praetical
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case of a slot having a widttr "01À and backed by a 4 x l" guide"

F(r).= 0 in fact has two sets of solutions" The first set corres-

ponds to the strip lj-ne mode and the second. set corresponds to the

tf', mode" The results from the second set are shown j-n Fig. 7 (b),

The antenna with a 4 x l-" ctross section when excited will radiate

on a multimode basis.

A model aE 2 GHz was set up to measure the voltage standing wave

ratio along the slot, at a short distance from ít" The model v/as a

bj-sected realization of the original- structure with a conducting pJ-an

through the plane of slzmmetry IUIM! as seen in Fig. 4(a). The space

between the single strip line and the conducting plane was set at

exacÈly one half of the actual sl-oÈ width s " The VSI¡íR was plotted

by using a small E probe introd.uced into small holes in the plane MM'

The unused holes were plugged up to avoid di-scontinuity. The wave-

length and attenuatj"on were deduced. frorn the VSVüR curve. The results

shown in Fi-g" 8 were for the pracüicaJ- sl-ot backed by the 3 x l-"

guide" .The velocity ratio agreed wel-I with the theoretical values

whereas the attenuatÍon constant was too sma1l to be measured accur-

ately. It should be poínted out here that the ohmic Loss for ah¡nin-

ium at 2 GHz is quite large compared to the radiation loss and this

had complicated the rneasurement" The results given in Fig" 7 had
t

al-so been tested" The elevation radj-ation pattern when such a sl-ot
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antenna(IlÀ long) was used as the feed for a paraboli-c cylinder is

given in Fig. 9. The existence of the TE* is clearly shown on the

graph. The first maxj¡rum at l7o corresponds to the strip line mode

and. the second maximum at 55o corresponds to the TEO, mod.e. The

ùt¡eoretical angles are expected to be = 17o for a line source having

c/v = "985 and fu 560 for a line source having cfv = "56" The fact

that the strip line mode is more dominant than the TEO, mode does not

contradict the theoretical resuLts shown in Fig. 7. The guide sup-

porting the TEO, mode is not matched to the generator"

Even though it, was not possible to measure ùhe attenuation con-

stant, its varÌation with the slot depth suggests that sidelobe

suppression and beam shapíng can be realj"sed in such a slot antenna"

The tlreory for sidelobe suppression and beam shaping has been given b¡

Dur¡bar t17l " For sidelobe suppressi-on, the field distributÍon along

the slot must be gaussian and for beam sha¡ring, it must be tapered."

Two sets .of strj"p lines were desj-gned to gíve such distribuÈions and

ttre plots of the near fíel-d along the slot are given in Fig. LO(a)

and (b). The g,aussian distríbuti"on was obtained when ttre slot depth

d was shaped approxlnately proportional to exp (-Ll2(z/2Lj2¡, where L,

tJ'..e slot length and z, the length from the slot centre, \^Ihereas the

tapered distribution was produced. by a linear depth taper along the

slot,length. It can be seen in Fig. 1.9 and Fig" 22 EJc.al- the amount

of sidel-obe suppression for the above galrssian distrj"bution is as
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much as 10 dB compared to the uniform case.

An.int,erestíng limiting case is when tl¡e strip lÍne thickness

extends-to-the waII of the cavity as shown in Fig. II" The trans-

verse resonance equation for such a cross, section ís written as:

-jb s (Br-cot(ra)+btan(rd) )

s (-b+s (Br-cot, (rca) tan (rcd) )

rb rb ITe

-+j-In-=02 T1 YKs

. ". (e)

where B. is the internal susceptance given by Marcuvitz tISl " The
I

contributÍon to tJee slot susceptance due to the interior region can

be ignored when d >> s" When d is comparable to s or smaller (9)

becomes [I6a]:

rb rcb ,lTS ITe

-jcot(ra) + 
- 

+ j 
- [r"(asc -) 

a 1tt 
-) 

= e ."' (1o)
2n2byKs

Tt¡e results from (9) are shov¡n i-n Fig" L2" The velocity ratio and

the attenuation constant still have the same characteristíc variation

as before; V'lhen the depttr of the cavity becomes large enough, ttre

TeO, mode will be excited.

fhe near field azimuth pattern of the slot antenna,is given in

+
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...(14)

where f (z'l is the field varíatíon along z"

2f y2++fz
p .".(1s)

l+cosr! 4f,

and the phase is exp(=jksin0cosó(xo+2f) since 0 = 0 and ksin0 = h
3 l*l for small attenuation, thus the phase term becomes exp(-jh(xo+

2f)). It should be noted that j-n the above phase expression, the
(2)'.
o

phase of H (rcp) has been taken into account"

(b) Aperture Radiation Patterns

The aperture radiati-on patterns of interest for this type of

aperture are,tåe.el-evation.pattern j.n 0 when uJ = 0 and the azjmuth

on elevation pat,tern.in"ul when 01 is fixed. Such radiation patterns

can be obtained from the analysís gi-ven in Appendi-x D for oblique

incidence. Let U(y) be the fíeld distribution in y, the generaJ-

expression for Èhe'radíation pattern of the aperture in direction

(r¡ ,01 ) is given by:

ea (utr01 ) = E.2cost.rcos01.f,lf (z) exp (j (kcosO- rz) zld.z.

lrr(v,ùl-¡rtrl fo ¡r(2) (*pl 
I

exp (-jh (xo+2f ) ) u (v) exp (jkysinOsin$) dy .."(16)





x

01

v

Fig. 16- Spherical coordinates used to evaluate âperture
radiation patterns.

p



Para]¡ol-ic
cylind.er

Slot l-izie feed

\ 4,1

L;
i
I

f - "5À

(b) Cross section

FLg. 23" Parabolic cyffndrical refiector and travellirig
wave slot line.



ü
F.l
o..{

l+-l

q,
li,
+)
Í{
oq{
é

1.0

.2

0

xo

0

f

I

6

4

-l- '.5 0 +. 5 +t

Fig. L7. Field distribution across the
aperture for a uniform line source
havinE "/un .985"

0

x
i

cl

E

Half plane
v

Farabola úE

Frg. 18" Edge diffraction for paraboiic cylinder.



69

a constantro'Eê'(r,tro) gives the azimuth on elevatj-on pattern wd-th

Èhe elevation angle 9Oo - o.

rn practice', the'back-radi"ati.on and. aperture blocki.ng hrave to.

be taken into account" The back radiatj-on ís given by

ub(t¡,0r) = \coscc o=urf,''' f (z)exp(j (kcoso- tczlz)dz .."(Is¡
-L/2

Due to a rSoo phase change in the azj-muth paÈtern, (rg) has ,the same

sign as (17) " The aperture bl_oeking is given by:

where the-terms ín the'brackets (..,) are the same aç in (rz¡ and ð

is the effectj"ve.bJ-ockj.ng.rridth-taken to be 50? more than the actual

wj"dth as suggested by Cumming et al. I31l "

The diffraction of f , the edge of the panabotíc cyr.j-:ad,er al_so playr

a dominant'.rcLe j"n'.affecting.the sj.del-obe revels. The first order

diffracted field-contributåon can be obtaj-ned by usíng the analysis

presented j.n chapter'-tv¡o-assr:rnJ.ng that the edge is repraced by a

tangential hal-f plane'. Thås ,is a three dimensional case'with obJ-ique

íncidence. For the right hand sj-de edge:

ud(ur,01) = IvB(ruúE+O) + vs(rrúE+2o+ö)J E,(úE).

,

(cont'd next page)

tl



zz

70"

"""(20)(. ., " ) dr"*P 
(jk (yosi-nOsin$+x"sin0cosÔ) )

zI

where (""") is as in'(18) and ztr = ro- Ll2¡ zy = ^o* Ll2 anð. zo

is the z shifÈ due'to"oblique incj-dence" v"(rró) is given in

Chapter two, equatÌon' (20). The expnession for the left hand side

edge is obtained from (20) by.usÍ.ng úu - o - g and rlu + a - $ instea

of the existing angles and F (-rf.ru) instead of F (rf") .

Ihe final radiation pattern Ís the sum of ai-l the above

expressions.

The above expressj"ons for the, radÍatíon pattern have been

tested by'using'a slot antenna J-1Å. 1ong, having a cross section

3 x 1" for the backing c.avity" The slot width is .01À and slot

depth is .083À" Such'a slot antenna has a measured velocity ratio

equal to "985 and since'"the attenuation is very small j"t can be

taken to be' zero, h is k(1=ç"985)2)l/2 *rrur" k = 2nl',.. The para-

bolic cytr-inder has a focal length .5À and a length 18À" The fre-

quency used is 2'GHz." The elevatÍon and azimuth on elevatÍon paÈ,ter

of the antenna system'are shown on Fig" 19(a) and Fig. 20 together

with the theoretical' results. . It can be seen that the agreement

between.theory and experiment is very good in the vicini"ty of the

main beam" The disagreernent in the sÍdelobe level-s in the eleva-

tj-on and. azjmuth on elevatíon patterns is due to phase errors and
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the nature of the approximatÍon given in Fig. J-3

v[ith the ]-ine source'-having a,gaussían dístributíon of Fig"

I0 (a) , the elevation pattern j"s shown in Fig" 19 (b) . The experirnent-

al .resulËs are given in qontj.nuous l-j¡e and the theoretical resr¡lts

are given Ín dotted--LLne" .The agreement is qui.te good and the side-

Iobe suppression is as much as l-0 dB when compared to the uniform

IÍne"

Fig; 2O is the'azåmuth,on elevation radiation pattern for an

angle of- elevatÍon equal to -159" . The resulÈs for the angles of

eLevation'equal to'59'and 2.5o are shown on FÍg. 2L. Here again the

agreement- is quite good;.'The dif,fractíon off the end and. the

corners of the reflector tends to bring the sÍdelobe levelLs up"

The parabolic cylinder can be replaced by a corner cylinder

having an angle of 12Oo without serÍous deterioratj-on ín both the

elevatj-on and azimuth on eLevatÍon patterns" The bean widths j"n

both patterns are a bít narrovrer" The measured directj.vity for the

corner reflector j-s 11.7 dB over a dJ"pole at 2 GHz and that for the

parabol-i-c reflector ís 12"4 dB. The elevat,ion pattern for the

corner reflector is gíven 5-n Fig. 22" A corner reflector has an

advantage over a parabolic cylinder in that Ít is m,uch easÍer to

construst"



0 'Iheory

Experiment

2 GHz

Para.bo1a f =
t

ø

â
ÉI
h
q)

3
oq
o

.r1
Ð
rú

F{

o
&

-10

-24

-30

-40

tr1

r /r
1

t
I

o

0102û304050
Azimuth angler oi, degrees

i-ig. 21ta). AzimuÈh on 2.5" elevation radiation
pattern (uniform l-ine feed) .

Theory

Experiment

2 GHZ

Parabol-a f : .5À

a
E
}{
o
7
o
o.

0)

..{
+i
(lt

.-.1
0,ú

-20

-30

rt
t,
¡l

,r\i r l\
,1, t,

rl tl

\
t

I

f
t

-4r)

0r020304050
.A,zimuth angle , tll. degrees

Fig. 2I(b). Azirouth on 5o elevation radiation
pattern (uniform Iine feed).



0 n
Experiinent

l20o corner
refLecLion
2 GHz

^5

--1 0

*15

-20

-ttr

30

*35

oIo20304050600
Elevation angle, degrees

Fig. 22(a\. Uniform Iine feed, Fíg

10 20 30 40 50 60

Elevation ang1e, degrees

22(bJ: G;ússian Line feed.

ã'g
¡{
o
3
o
O.

(u

.F{

+.¡
d

F{

CJ

E(

-5

-r0

-15

"-20

-25

-30

-35



72"

The method of measuring the radÍation patterns has been

omitted here and will be discussed fuJ-Iy in Chapter four.

The finite length of the parabolic cylinder couLd be taken

into account by solving for the diffraction by a parabolic edge and

two plane corners due to the postulated existence of a point source

at the end of the li.ne source. A brief d.iscr¡ssion on the correction

for the finite length partition has already been given in Chapter

two" Such an analysis is beyond the scope of this thesis"

In conclusion, it must be said that the above interesting ne\4r

travelling \¡lave slot antenna can be used as a ground based antenna

at close distance to the ground by vi-rtue of the opposite poJ-arity

of the eLectric fietd on the upper side and lower side of the slot"

It can be used in conjunction with a corner reflecÈor or a parabolÍc

reflector to produce azi¡nr-rth on el-evation patterns with very low

sidei-obe levels" Sidelobe suppressi"on j-n the etrevation pattern

together wíth its capabilJ-ty of beam shaping make the anter¡na quite

versatile and attra"tìt" in aircraft navigational systems.

In the folj-owing chapter, the anteffia will be used as a line

sollrqe and as a feed for a parabolic cylinder to produce an aperture.

A l-ine source and an aperture togeLher with a slot dipole will put

the solutj"on for the diffraction off the edge of a partition pre-

sented in'Chapter two to a good test"
¡
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CHAPTER FOUR

EXPERIMENTAL VERIFICATTON

The experimental verification of tJle solution for the

diffraction off the edge of a partition is presented in this cha¡rter.

Three models have been built for the frequency of. 2 GHz"

(i) Two slot dipoles j-n a finite ground plane.

The equatorial pJ-ane radiation pattern of this mod.e1 is the same

as the radiation pattern of two ínfinj-te lj-nes having a propagation

normal to the parti"tion"

(ii) T\¿o travelling wave sLot lines on a large ground plane.

The radiation patterns in azimuth on elevation of such a model

are those of two line sources having fini-te length and a propagatj-on

with an oblique incidence io *r" partS-tj-on. Since the lines are

finite in length, this is a three dimensional case.

(j-íi) Two travel-Iing \^lave apertures"

Two parabolic cylinders having each a travelling wave IÍne

Source feed ai-ong its focal line L¡ave been used to sj-mulate two aper-

tures. This model does not represent the two ideal apertures in its
,ií_.

proper sense in that the direct radiatíon from the feeds and'edge

diffraction from the parabolÍc reflectors are not zeto" Hoülever
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tlrese effects can be easily taken into account" rf only the apertur

fj-eld distribution of the parabolic cylinders is considered., i-ts

radiation patterns in azimuth on elevation are those of two apertr-lre

having a finite rength and a propagation with an oblique incidence

to the partition" This is another practical three d.imensional case.

The expressions for the radiation patterns of the above three

models have been derived and presented ín chapter Tr,ro. The theoreti

cal results for the three mod.els will be compared with the experimen

al ones" Reasonably good agreement has been obtained in alr cases.

I" BRIEF' DESCRIPTION OF EXPERTMENTAL MODELS

(a) Two Slot Dipoles:

The fírst model consisted of Èwo paralrel slots cut in a groun

plate and backed by a rectangular eavity as seen j_n Fig. l. Each

slot was 0.4À long, .005À wide" The two slots \^¡ere separated. by a

distance À12" The ground plate was 6), x 3À. The backing cavity was

a guide section 2À deep and had a cross section "67À x "17r" Thís

cross section supported the TEo, mode at 2 GHz which in turn excited

the srot" The ground ptate was boLted onto the backing cavities by

a number of screws less than .051, apart to ensure good. electrical

contact " Two parÈÍÈions \¡íere used :
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(a)

(b)

3tr wide and 6À high

31. wide and 16À high

(b) Two Líne Sources:

The second model consisted of two travelling \^rave sl_ot 1Ínes

which have been discussed in chapter Three" The srot was .orÀ wide,

"083À deep and 12À 1ong. V'Ihen the effective length of the tapered

termination \¡¡as taken into account, the effective slot length was

onry 11À. Each srot line was excited at about Ig/4 f,rom a short cir-

cuited end by a coaxial slit bal-un inserted through tlre backi-ng

guide as seen in FÍ9. 2(a)" sirver ptating was used to enabLe sorder-

ing whÍch would improve the electrical contact" Ihe strip line for¡n-

ing the slot was bolted to tJle baeking guide by a nr-unber of screhrs

Iess than )t/4 apatl.. The sl-ot lines \¡rere mounted parallel to each

oËher at a distance ),/2 apart on a rectangular ground plate l_8À x 16À

(i"e" 9' x 6' at. 2 GHzI " The ground plate was reinforced by a sheet

of 7 ply marine wood to ensure flatness. A partition IBÀ long and 3À

high was used"

(c) Two Apertures:

The third model consisted of two parabolic cyJ-inders each havinç

a u,ne source described above as its feed" Each paraboric cyrinder

had a focal length 0"5À, a width of 2À and a length of 18À" Due to

the fieLd distribution around the slot, each was mounted upsíde d,own
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so that most, of the radiation from the sLot was intercepted by the

parabolic cylinder. The feed cables coming out on top were kept at

right angles to the electric field and made as short as possible to

reduce loss and also to make tuning less sensitive" Each paraboJ-i-c

cylinder was made of tÏ¡Jn aluminium sheets bent accordi-ng to the

parabolic shape of a wooden frame" The parabolic cylinders were

mounted on a 7 ply marine board havíng their foci 2.5À apart" A

partiLion I8l long and 3À high was used "

Two corner reftrecÈors of j-ncLuded angle 120o were also built

to approximate the parabolic cyU"nders" Each had the same width as

a parabolic cylinder but a somewhat shorter tength of 16)'.

All the above three models despite the strong supports presente<

many difficult situations in windy conditions"

2 PREPA.RATORY TUNTNG AND I4ATC}TTNG FOR EXPERIMENTS

To obtain the sum and difference patterns from the above models

the two aerj-als need to be fed in phase and 180" out of phase" Thj-s

could be achieved by using a ring hybrid" The principle of a ring

hybrid is quite well known and it can be constructed in the form of

a strip line using rexolite, a dielectric material having uniform

dielectrj-c constant in all directj-ons" The design and construction
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of a ring hybrid are discussed in Appendix C" To maintain good

Ísolation between the first and thj"rd ports' every port must be

weII matched" This leads to tlre problem of tuning the above models

to a 50 ohms source to obtain a good match.

Tuning for each model was done by using two idenÈical dotlbl-e

stub tuners at a conveniently short distance from the antennas"

Prior to f ine tuning, one antenna was tuned roughly to a VSÌriR of

about l-.2 then the sounce h/as disconnected and replaced by a 50 ohms

load" Ttris was necessary to elimínate any nísmatch reradiatj"on due

to coupling when the untuned antenna \^las being excited for tunJ-ng.

The source \das then connected to the untuned antenna which was

properly tuned to a VSÌVR of better than I.03 " The source \¡las agad"n

discor¡nected from this anterula and a 50 ohms load was put ín íts

place. Proper Èuning was carried out on the roughly tuned. antenna

to obtain a match with a VSVüR better than 1.03" The whole process

was quite tedious when there \¡ras two double stub tuners to tune. rn

the models involving the two terminaÈed line sources a match of a

VSVIR of 1.03 or even better \¡/as easily achieved" However for the two

sJ-ot dipole case, the best match achievable had a VSI¡lR somer¿hat less

than ]"I.

Every time a pararneter of any one of the models was al-tered,

rettming was carried out to ensure a good match" It was found that

the slot dipoles and the slot trines were pretty well isolated when

-ær-,9=-
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the partition was about a wavelength high sj-nae a further increase

in partition height did not, alter the VS!ùR significantly. Each

tuned antenna was then connected. to an appropriate port on a ri-ng

hybrid to generate either a sum or a difference pattern" The VSVIR

of the model together with ùhe ríng hybrid was measured. and found to

be better than I"05 for the mod.els involving the slot línes and

better than I"2 f,or the two slot d5-po1es model"

The bandwídth of each model was obtained by measuring the 3dB

points of the radiated signals as the frequency was altered and was

found to be better than 2%.

3. METHOD OF R.A,DIATTON PATTERN MEASURE¡4ENTS

(a) Ground ReflecÈion Technique

lfith an experímental mod.el- of dimensions 9 x 6 x 3', it is not

practS-cal- to make the sÍmulated free space measurement by the r-lsr¡al

talL towers technique. Henee the ground. reflectj-on technígue whereby

the ground reflection j-s combíned with the d.irect signal shoul-d be

used" The V'Ieapons Research Establ-ishment, Salisburyr S".4" has such

a tesÈ range together with a turntabLe and good automatic plotting

facilities" Thi"s al-l-ovrs conveni-ent and accurate measurements of

radiation patterns to be mad.e" Sj-nce the ground reflectJ-on technS-gr:e

is guite well known, only a brief suIrunary needs be given here"
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ThetechniquewasstudiedandreportedbyCoheneta]-.[25]

and has been used quite extensively ever since"

Normally to measure the radj'ation patterns of an antenna in a

simulatedfreespaceconditioninvo].vestheuseoftwotalltowers"

There are two conditions to be met:

(i) The distance between the antennas, R must be such that

> 2D2/),

where À is the waveJ-ength and D is the largest dimension

of the antenna'

(ii)Thetowerheightsmr-lstbesuchthattheimageofthetrans-

mitting anteruxa with respect Èo ground does not 'see' the

receíving antenna" Unden such a cor'¡dition' no ground

reflectíon will enter the receiving antenna and the

radiationpatternissai'dtobeequivatrenttothatoffree

space "

ThegroundreflectiontechnS-quemakesuseofthegroundreflecte

ray and so tall towers are no longer needed' ror a grazing inci"dence

of the order of 2, or smaller, the reflection coefficient is L/ßa'

for both verticatr and horizontal- polarization, the Èransmitting antenr

and its image can be treated as an array of two oppositeLy Phased

R
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antennas in free space (provided that the ground j-s flat) and the

phase centre of the transmítting signal- is situated at the foot of

the transmitting antenna on the ground"

The field strength of the array j-n direction 0 is given by:

E (e ) o F (0 ) Iexp (jkhasinO ) -exp (-jkhrsinO ) l

o F (0) sin(khasin0)

.".(r)

"..(2)

where F(0) is the radiation pattern of the tranemÍtting antenna"

Since

0 = arctan (h lR) = }:rlF. * sin0 " ". (3)"t'

Thus

E(e) aF(0)sin(kh-hr/R) "..(4)t

The variation of F(0) is so slow that iÈ can be considered uniform,

therefore (4) implies that the receiving antenna is illuminated by a

source placed on the ground at the foot of the transmitting antenna

with an elevation beamwidtÏ¡ approximaËely equal to that of the first

lobe of the array and a horÍzontal beamwidth equal to ttrat of the

transmitt,ing antenna" For the condition that the antenna under test

be positioned at the peak of the first lobe of the array:

sin(kh*hr,/R) = ] "".(5)

i"e" khthr,/R =Tt/2 .."(6)
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ÀR

orhhtr "."(7)
4

So the two condÍtÍons the ground reflection technique should meet

are:
t(i) R >_ 2D'/x as above 

,
I

(j.i) h-h_ = \R/4ET

To obtain good results, the profile of the field variation at

the receiving antenna needs to be probed to establ-i-sh if there is a

uniform plane wave arriving at the receiving antenna at the correct

height setting h, corresponding to ha given by (7).

The technique does away wi-th ta1l towers and results j"n many

advantages.

(b) ElecÈrical Eguipmer¡t and. Characteristics

The experimental arrangement j"s as shov¡n in Fig. 7 " Each model

was used as a tranmitting anterrna" The receiving antenna \^Ias a para-

bolic dish having a diameter 4À and a focal length I.2À. The feed was

a X/2 slit balun dipole with a smal-l circular reflector to reduce the

back radiation [26) " The slit balun was se]-ected because it had a

broader bandwidtlr than the choke type, presented no blockage and gave

virtuatJ-y no squint in ttre radíation patterns of the parabolic dish"

The receiving antenna has a gain 12 dB over a dipoJ-e and the
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bandwidth was much better than 2%"

ample for a test range of 200 ft"

output"

42"

Such a transmitting gain was

and an nF oscillator having 0 dB

(Í) The Electrical Characteristics:

RF po\der output: 0 dB*r CVI wíth internal ALC at 2 GHz.

Bolometer current: 4 rnA for square law operatÍon"

Crystal mixer bias: -2mA for square law operation.

Microwave receiver: Gain control wíÈh linear rangei AFC on

lower; bandwidth 0"5 MHz; IF Sweep Vüidth

wide; Local oscj-llator po\¡rer within linear

range and its frequency peaked for maximum

response.

Crystal amplÍfier: gain set at zero for linearity.

The receÍving equipment was calibrated. before use and the error

was found to be about + "5 dB.

(ii) The Equipment:

On Ètre transmitting side, there r¡rere:

* A turntable with provision for azímuth on elevatÍon rotation"

* f\^ro double stub tuners (lrteinschel Engineering Mode1 DS109

and DS 1095).
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* A ring hybríd (balanced strip line type, characteri-stÍcs Ín

Appendíx C, made at the University of Adelaide) with better

than 30 dB isolation at 2 GHz"

* A 3 dB fixed attenuator (874-G3L GeneraL Electric) + 0"4 dB

up to 2 GHz" Signal- generator, model 86144 Hewlett-

Packard (0.8 - 2"4 GHz) with provision for varÍab1e cali-

brated po\¡rer output, internal AI,C and square hrave modulation.

on the receiving side, there hrere:

* A crystal míxer, Model i-4-3 Scientj-fic Atlanta, a broadband

coaxial mÍxer (I"O - 15" GHz) with a series diode requÍrS-ng

minimum locaL oscilLator pourer, gíving good ísolation between

Iocal oscillator and signal input"

* A micro\¡¡ave recei.ver, series 17L0 Scj-entj"fic AtlanÈa,

extremely wide frequency range, high sensj-tivity, exceptional

Iinearity and good stabilS-ty" Fast acting electronic AI'C

circuit and continuous tnacki-ng motor AFC correct Èhe 55 MHz

local osciLlator frequeney in the I.F. amplifier unit for

changes in the incoming 45 MHz lst I.F. signal caused by RF

signal frequency changes" The end result is a constant 10 MHz

2nd I.F" Dynamic range 40 dB with deviation from linearity

less than t 0.25 dB" I"F" step attenuator" Signa1 level

di-splay permits accurate calibraÈion of R"F. attenuation"
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O¡eral1 receiver R"F" - I"F" bandwidth selectabLe at 5 MHzt

0"5 MHz, or 0.I MHz.

* A crystal-Bolorneter Amplífier, model 1554-2 Scientific

ALlanta, a sensitive amplífier with wÍde band (t I.5B centre

frequency) or narrow band (1 Sttz¡ operations"

* A Rectangular Recorder, Series 1520 Scientifi-c Atlanta for

rectanguj-ar plot in tJ-e three ranges 360o, 1800 or 60e.

* A stotted line for tuning, model 874'Lv wiÈh residual VSVÍR

< 1.035 from 300 MHz to 9 GHz (General Electric) and a

4158 SvÍR meter, tuned amplS"fier at I kHz (Hewlett Packard)"

4 THEORET]CAT, VS EXPERIMENTAL RESULTS

In what follows, the theoretical vs experimental results are

presented" Reasonably good agreement has been obtained for aLl three

models "

(a) Two slot Dipotres:

The tlreoretiaal expressions for the radíation patterns of two

infínÍtely long låne sources seParated by a finíte heíght partitíon

of infinite length are also those in the equatorial plane of two slot

dipoJ-es j-n an ÍnfÍnj-te ground pJ-ane separated by the same partition.

In practice, the situation is dÍfferent because the ground plane has
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to be finite and the partition car¡'t, be infinÍteIy long. Diffraction

from the edges of the ground plane can be treated reasonabl-y accur-

ately but that due to various plane corners is still untractable. To

reduce such a contribution, the ground plane has been made large and

the partition long.

(i) The Case of no Partiti"on

To appreciate the effect of the partition, it is necessary to

examine first the sum and difference patterns of an array of two slot

dipoles placed at a distance )tl2 apart and having no partitj"on

between them" If the interaction between the two dipoles are elj-min-

ated, the sum and difference patterns are as shown in fig. 9. It can

be seen that the maximum of the difference pattern occurs at the same

position as the mínimum of the sum pattern and the null of the di"ffer-

ence pattern is far from being sharp"

(ii) The Case of a Partj"tíon of Various Heiqhts

When an H plane partitJ-on of a certain height is introduced

betv¡een the dipoles, the theoretj-cal results show that ttre sum pattern

re¡¡ains unaltered whereas the difference pattern undergoes three basic

changes:

(i) The central null becomes deepened and concentrated near

the central pIane.
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(ii) The region outsíde the cenÈraL null tends to assume Èhe

same shape as the sum patËern.

(iii) Rípptes appear on either side of the central nulL"

The first two characterísti"cs are the desirable characterÍstics

for a navigational system free of false courses but the last one j_s

undesirable and should be reduced or suppressed.

As the partition height increases, the central nu1l gets deeper,

the region outside the central- nuLl- assumes more and more the same

shape as the sum pattern and the rípples become more numerous but less

pronounced. As the partition heíght t,ends to infinity, the sum and

difference patterns become coincident with the exception that the

latter has opposite polaríty on either sides of the central null plane

Two special cases wilÌ ill-ustrate the above results more

cJ"earIy"

(o) For a Partition Heiqht = 6)"

The theoretical sum pattern ís shown ín Fig" 10 (a) in dotted

lines" This is exactly the same as the sum pattern plotted J-n

Fig" 9. The experimental results for the sum pattern are also

plotted in continuous lines ín Fig. 10 (a) . The theoretical

difference pattern is shown ín Fig. tO(b) in dotted lj"nes" The

difference between the difference pattern in Fig. 9, and Fig"

I0(b) is quite considerable" The experimental results for the
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difference pattern are also plotted in continuous lj-nes in

Fig" 10(b) .

(ß) For a Partition Heisht x. = 16ÀrI-
The sum pattern remaíns the same as seen 5"n Fig; IO(a), Èhis

confi-rrns the characteristi-cs of ttre diffracted fÍeld function

discussed in Chapter llnro and verifies the physical reasonÍng

that a conducting sheet at right angles to ttre electric fj-eld

in a balanced distributed system wíll have no effect on the

radiation patterns of that system" Both the experinental and

theoretical results for the difference pattern are sho\¡In j-n

Fig" 11 in continuous lines and dotted lj-nes respectively" By

comparing this figure with FÍ9" 9 and Fig" 10(b), the effects

of the heÍght of a partj-tíon can be readÍly seen"

It can be seen in Fig. 10(a), Fig. 10(b) and Fig. 11 that the

agreement between the theoretj"cal and experímentaL results is good.

The deviation from the symmetrical- patterns in the azj:nuth plane J-s

due mainLy to.ttre vrind effect on the model, wh5-ch very often cannot

be avoided in an open space test" The theoretical results onJ"y

include the first and second order effects. To obtain a better

agreement. hi-gher order terms have to be included together with the

contribution due to the díffraction off tl.e pJ-ane corners of the

partition and the finÍte ground plane. The effect of a pJ"ane corner

is to produce sphericaj- diffracted waves having components in ttre
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equatorial H p1ane" The effect of the finj-te length partÍtion

should also be added. V'lhen the partition length is fi-nite, it

presents another edge to the incj-dent glancing rays which are then

diffracted into a conical wavefront. Rays from this wavefront have

components which lie in the equatorj-al H plane and thus effect the

radiation patÈerns"

No experimental measurement of the phase varÍation of, the sum

and didfferenqe patterns was carried out" The theoretical phase

variation is shown in Fig. 12 where j-t can be seen that the sum and

d,ifference patterns do not dif,fer rnuch in phase in the immediate

regions outside the central nuJ-l pJ-ane. The J-arge phase variaËion

at large S will not cause any coneern since the signatrs in these

regions are insignificantly small.

(b) [\so slot Li-nes:

The theoretical expressions for the radi-atÍon patterns of two

finite length slot lines separated by a partiti"on and placed above a

ground pJ-ane are derived and presented in Chapter Í\¡ro" Each slot

line is a Èravel-ling wave antenna wj-th a uni"form amplitude distribu-

tion along the sl-ot" The directÍon of maximum radiation is dictated

by the veJ"ocity raLj.o cfv = "985 and the slot length" The sl-ot lj-nes"9

are mounÈed with their feeds towards one síde of the ground p1ane"
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This arrangement will enable the ground plane to capture most of the

radiated \¡taves. Because the ground plane has been made quíte J-arge,

it can be assumed to be infinite" The contribut,íon due to the dif-

fractíon off the edge of the fini-te ground plane has been J-gnored Ín

tlre theoreticai- computation" This ís justified because the angle of

incidence of the rays from the líne source to the edge is almost

gxazLng" The diffracted contribut,íon will have very small effect j"n

the region of the maj-n beam and ímmediate sidelobes" As seen i"n Fig"

13, the model is unfortunately large. Probably a smaller model at a

higher frequency to be used in an anechoic cha¡nber wíIl be more

suitable. Due to contj"nuous h/indy condi-tions r many tests had to be

abandoned half way through" Hor¡re\rer the modest results obtained are

considered quite sufficient to ill:strate the effect of the partítion

and to give a better physical insight j"nto its behaviour"

FÍg" I4(a) and Fig" l-4(b) show the theoretj"caL sum and differ-

ence patterns in dotted lines. On the sanne graphs, the expenimental

results are plotted in contùnuous lines" The agreement between the

theoretíaa1 and experimental results are quite good consS-dering the

approxirnatj-ons made. Fig" f4(c) shows the experimental sum and dj"ffel

ence paÈterns. From the figure, it can be seen quite clearJ-y that tht

partition has deepened the null in the central plane consíderably and

also has caused the alígnment of the nulls and the sj-delobes. The

partition has no effect on the sum pattern" As the partition height
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increases, it is expected. that the dífference pattern will assume the

same shape as the sum pattern wÍth an exception that the phases on

eíther sides of the central plane are opposite.

Better agreement between the theoreÈical and experimental

results will be achieved if hígher order dÍffractj'on terms due to the

finite ground plane and finíte J-ength parti-tion are incLuded. This

slot Line mod.el is unl"ike the slot dipole model in that the slot línes

are noË cut into the ground plane but are À/2 above 5-t. The presence

of the backing cavities will com¡rlicate the situation somewhat"

(c) T\,¡o Apertures:

The theoretj-cal expressions for the sum and dÍfference patterns

of two parabolic cylinders can be obtained as foLlows:

(i)

(ii)

(i j"i)

The expressíons for two fínite J-ength apertures can be

appJ.ied to the aperture fieLd distributj"ons, of the two

parabo3.5"c cylinders "

The expressions for the dinect radiatj-on from the slot

U-nes are those of two finj-te line sources separated by

a partition.

The expressions for the diffraction off the edges of,

each paraboLic cylinder have been given in Chapter Three.
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The edge diffraction behaves l-ike a line source thus the

edge diffraction contríbution can be deduced by appJ-ying

the expressions for two fini"te l-ine sources separated by

a partition.

To illustrate the effect of the partiti-on, the following cases

are considered:

(i) The Case of No Partíti-on:

!!hen Èhe two paraboU-c cylinders have no partit5-on Ín between

them, the experimental sum and difference patterns are shown in Fig"

16 (a) " The null in the central plane of the d.ifference pattern is not

very sharp and the sidelobes of the sum pattern do not line up with

ttrose of the differenee pattern" Sush sum and difference patterns

will- contaÍn inherent false courses" Fig. 16(b) and Fig" f6(e) com-

pare the theoretical results with the experimentaL ones. The agree-

ment is quíte good in the regions of the naj-n beam and immediate

sidel-obes.

(ii) The Case of a Partiti"on 2.4À Hiqh:

When the two parabolic cylinders are separated by a partiÈion

2"4À, lnLg!l., the experimental sum and difference patterns are as shown

in Fig. 17(a). The sum pattern remaíns unaltered. once again the

theoretical prediction i-s verified" The nulL j"n the central plane

of the difference pattern becomes deeper and the sidelobes are broughù
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closer to the central nuII. It is expected that the difference

pattern will resernble the sum pattern more elosely when the parE5"tíon

height is increased. Fig. l-7(b) comPares the theoretical resuLt's

for the difference pattern with the experirnental" ones. The agreement

is quite good in the víciníty of the nul-I j-n the central plane but

deteríorates rapÍd1y towards the sídeLobes. The disagreement is due

to the fact that other contributj-ons such as hi"gher order díffractior¡

finite length partítion, f,inite length ref,lectors and plane corners

due to finite length have been omitted" The most' significant higher

order diffraction contribution is that due to a 'Iine sourcer due to

diffraction at the edge of the partJ-tion illurninating tlre parabolic

reflectors and theír edges. The edge díffraction effect can be

easily taken into acaount but it never plays a dominant role j-n the

vici-nity of the main beam so it can be safel-y ignored. However the

itlumÍnation of the parabolic cyj"inders by the 'Iine source' at the

edge of the part,ition wiLl play a dominant nole in the maj-n beam but

it j-s too diff icult and too invollved to analyse. This is so becatlse

the parti-tion edge j-s not the foaal line of the parabolic cylinders"

Sj-nee the length of the partS"tion and the parabolic reflectors has

been made as long as practj.cably possible, the finite length effect

has at least been greatly reduced" ÐependS"ng on hthether a pLane

corner is illuminated by a strong or weak signal, its diffracted

contribution coul-d become qr:íte serj-ous. Fig" 18 shows the effect
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- the lining up of the nulls and sidelobes of the sum and

difference patterns.
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CONCLUSTON

The analysis and experimental verification of the problem of

diffraction off the edge of a partition placed along the medial pJ"ane

of symmetry of a distributed radiating systern have confirmed the

behaviour of the partition as predicted by physical reasoning"

The geometrical theory of diffractíon i-n its cyJ-Índrical wave

formulatj-on gives quite an adequate solution to the antenna problem

presented in this thesis" It has an advantage in visualization and

also the solutíon is expressed mostly in terms of the well known

Fresnel Integrals. The Fresnel Integral representation is exact in

tl¡e case of thin partitions but only approximate ín the case of a

partiti-on of any included angle for points well away from a shador¿

boundary" For points on a shadow boundary' the diffracted field can

be taken to be one haLf of ùhe j-ncident fie1d. Vühen the propagation

is at right angles to the edge of, a partition, the propagation con-

stant in the Fresnel Integrals shoul-d be taken to be k = 2nl7' where

À is the wavelength. Vùhen the propagation is at an angle 0 with the

edge of a partition, the transvêrse propagation constant kr
2nT in0

should be used in the Fresnel Integrals; the diffraction of the com-

ponent paraltrel to the edge can be taken to be the radiation pattern

of the edge IÍne. Genera1ly for most pracËical cases, first order

diffnaction terms are quite adequate. Hohrever better results can be
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obtained by including higher order diff,ractj-on terms. This is done

by treating a diffracting edge as a lj-ne soutrce"

The partition can be used j-n the medial plane of symmetry of

any distributed antenna system. Its effect, on the radíation patterns

depends upon the electric polarization with respect to the edge" This

has been discussed in Chapter T\^ro.

The new type of long slot leaky wave antenna described in Chapter

Three can be used together with an H plane partition to form a ground

based localizer" Because of the opposite polarity of the electric

field at tt¡e top and bottom of the slot and, because of the phase

reversal upon refJ-ection, direct and reflected signals are expected

to reinforce at angles of elevatj-on of the order af 2" to 5'" This,

together wiÈh the fol}owing characteristics due to a partition:

(i)

(ii)

a sharp nuII in the difference pattern,

Èhe lining up of i:he nutLs and sidel-obes of the sum an'd

difference patterns,

will make the proposed. ground based localizer an attractive system"

For broadband operation, the tonE slot should be Èerminated and a

broadband tapered strip line baLun shoul-d' be used for a coaxial feed

Iine or a tapered waveguide for a waveguide feed l-ine. However the

proposed ground based localizer is not perfect" At hígher angles of
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elevation, d.ue to the phase reversal of the sidelobe in the sum

patÈern, fal-se courses could be set up by the siderobes of the surn

and difference patterns. This is not at. aLlserious because the side-

robes can be suppressed and what is more an aircraft does not often

come to land at a steep angle of d.escent" Low silhouette require-

ments dictate the height of the partÍtíon" For a low partition,

diffraction ripples appear in the dj-fference patterns" Thus the

proposed ground based. Iocalizer appears to be more attractive in

microwave systems. One way of reducing the dj.ffractíon rippj-es in

the difference patterns is to use a slotted partition. Thj_s type of

partition will still leave the sum pattern unchanged. whii-e the sl-ot

can be designed in such a \^/ay that the diffracted. contributions from

the same sj-de of the partition caneel each other out in the differ-

ence pattern" The desi-gn.J-ng concept l30l 5-s given in Fig. L and the

results of sr¡ch a design is seen in Fig. 2" It is demonstrated

clearly tt¡at Èhe díffracted ripples in the difference pattern are

considerably suppressed when the results 5"n Fig. 2 are compared wÍth

those in Fig" 10(b), Chapter Four.

The work done in thÍs thesÍs is by no means compJ.ete" The

solution to the problem of diffraction off the edge of a partition

has been presented in general forms" The use of a partition in a

paraboloidal reflector system d.eserves some serious consideration and

the need to suppress the large díffracted ripples due to a l_ow partÍ-

tion in the resulting difference patterrÉ should be studied mone thoroug
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APPENDTX A

A SLOT LTNE PARAMETR.TC STLIDY

As discussed in chapter three, because of the many parameters

involved in the equation for the transverse resonance of the J-ong sJ-ot

J-eaky wave antenna, viz" slot width (SW), slot depth (SD), narrow

side (AN) , wj"de side (Avl) r strip l"Íne thickness (T1) and cavity waJ"l

thickness (T2) , it is not, possibl-e to present the solutions j"n a

general fonn which wilL then apply to aIJ- cases or at l-east a rnajon-

ity of cases" However by assuming zero thickness, some physical

insight into the behavÍour of the slot antenna can be gained by

obtainj-ng solutíons of the tnansverse resonance equation fob varj-or:s

AI,VI AN and SW and plott5"ng the results obtained for the attenuation

and vel-ocJ"ty ratío against SD. of course there ís an ínfinj-te nr-rmber

of possible combinations and to obtaj"n al-I sueh solutions is impossi-bÏe

.Sínce mult,jmode operation depends on the dimension of AV't, Ít

is therefore consÍdered that AVü shou,l"d have values above and beLow

that of the cut off djmensj-on of the TEO, mode j-"e. AW = .3À, .6À,

.9À.

SorneÈj:nes large depÈh is not practical.J-y a good virtue, \^/hereas

a wj"d.er AN and a shallower AIV couLd do the job better. In such a

case AN qould be expecÈed, to be larger than Lhe cut off d.imensÍon
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thus the chosen values for AN are .1À, "15). and .6À"

Fnom the stríp line theory, only the TEIvI exists if the width of

the line is made less than l-/4 ' i"hLs puts the Ij-mitatÍon on the var-

íatj"on of SD" It can vary from a small val-ue of .25À" The lj-mj"ta-

tion can be waved if muLtimode operation involving one more higher

order mode is anticipaLed"

The slot width (SÍl) is fj-nal-ly seJ"ected by taking AN and the

characteristic i-mpedanae of, the line into consideration" Some useful

values of SW are 0"005À, "0IÀ and .04À.

The results obtained for the attenuatj-on and veJ-ocity rat5"o can

be divided into two types as fol"lows¡

Type I inch¡des the folJ.owing:

(a) eW = .3r AN = "15, SVü =
SW=
SV'I =

(b) AVq = "6, AN = .trS, S!ú =
S!Í =
SVü =

(c) AIV = "9, AN = "I5, SIV =
Sltl =
SVü =

" 005

"0I
"o4

"00s )

"01 )

"o4 )

.00s )

.01 )

.04 )

(Fis.
(Fis"
(Fi9.

Fig "

Fig "

Fig "

Fig "

la)
lb)
lc)

2a far

2b f,or

3a for

3b for

Ist

2nd

l"st

2nd

soluti-ons

solutions

solut.i"ons

soluti-ons

Type II includes the following;
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(a) Atrl = "3r SI\l = .01 ' AN =
Al{ =

I
6

(r' j-g " ¿)

(b) AW = "6r

(c) AW = "9, Sv'I = "0I, AIrl =
AN=

SW = .01, AN = 'I
AN=.6

5a for Ist solutions
5b for 2nd sol"utions

6a for l"st solutions
6b for 2nd solutions

) Fis,
) Fis"

I
6

)

)

Fis.
Fig

It j-s j-nteresting to note ttrat for the dirnensions in type I (a)

and II (a) , there is only one aceeptable set of solutions to tt¡e

transverse resonance equatÍon.

EromFig.Iarl-bandlcoft'ypelrtheveJ"ocityratioisseen

to be very close to unity and does not change very much wítl¡ the

slot depth (sD) . The attenuation is large when tt¡e slot wj"dth (sw)

is large, which is to be expected from physicaJ- consideratíon. Its

change with sl-ot depth (sD) is more rapi-d as the slot widÈh (sw¡

decreases "

Fig. 2a presents the first set of solutions for the transverse

resonanqe equation with the characterist,j-as that the velocity rati-o

is close to unity and the attenuation j-s J-arge for a large slot

width (svü) and decreases as the sLot depÈÏr (sD) increases" Fig. 2b

showsthe2ndsetofsolutions,t}tevelocityratioismuchless

trran unity. tt is in fact sentred around 0.5 and the attenuatj"on ís

a couple of order of magn$-tude larger than that given in Fig " 2a"

This means that the first hJ-gher order moder the TEo, mode¡ cannot
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travel far down the slot before being completely attenuated.

Fí9. 3a and 3b represent the first set and 2nd seË of solu-

tions respectively. The veLoaity rati-o of the 2nd set of soh¡tj"ons

is closer to the first i.e" uníty, whereas the attenuation main-

tains the same trend as described earlier for the type I (a) and I (b)

solutions. Since the attenuatÍon is about the same order and

velocity ratio is quíte cl-ose to one another, it Ís anticipated that

a multimode operatj-on could be used here"

The above discussion also applS"es to the solutions type II (a) ,

(b) and. (c). Type II(b) and ltr(c) have each two sets of soLutions

like type I(b) and I(c), Èhe second set of soh¡tions as above corres-

ponds to the TEO, bei-n9 excited ín the backing cavity.

The approxj:nate constanÈ varíation of the velocÍty ratj-o

together with the variation of the attenuation wíth the sl"ot width

(SW¡ and more signifícantJ"y wíth the slot depth (So¡ suggest that

distributÍons other than u¡¡ifo¡:n can be created al-ong the slot.

Good.gaussian and tapered dÍstni"br-rtions have been obtained and g5-ven

in chapter three. The antenna is capable of sidelobe suppressj-on as

much as I0 dB and beam shapS"ng.

ThLs modest paranelrj-c study of the slot antenna mounted ín an

infinite ground plane Ís by no means compJ"ete" It 5-s hoped that j"t
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will give a good insight into the behaviour of the slot ar¡te¡¡r¡a.

The case of the antenna in free space is not much different, frorn

the infinite ground plane case as far as the velocity rat5"o is con-

cerned, but the azimuth directívity J-s expected to be l_ess due to

the spreading of the radÍated energy into the whole spaee"
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APPENDÏX B

SLOT LTNE AZIMUTH PATTERNS

The azimuth pattern of a slot l"íne described in chapter three

is not necessarily cj.rcular. ït depends on the geometry of the

backing cavity and the depth of the slot i.e. the width of the

strip line" The near field azimuth pattern is usefr¡l in estimatíng

the arnount of direct radiaèi-on when such rine source is usêið-ueg a

feed for a parabolic reflector, in minimizing the aperture blockj-ng

and. in suppressing the back l-obe due to diffraction by havÍng a

steep slope for the field variatj_on along the edge ttgl " The con-

trol of the azimuth paËterns can be achíeved by adding narro\¡r strips

of metar bent at varíous angres along the sides borderíng the slot"

The method of measurement eonsi-sts of mountíng a terminated

sl"ot antenna on a vertj"cal stand weJ-J" away frorn the gror:nd with tl¡e

maj"n beam shooting to the sky, and picki"ng up the signal the slo.L

radiates at various azi:nuth angtreby a smaJ"l probe. The cabre i.s

kept at right angres to the el-eaÈrj-c fÍerd to reduce the current

bej-ng set up on iÈ to a minimum" The signal reqeived is fed

through a variable attenuator and ther¡ a cryst,aJ- detector whj"ch in

turn d.rj-ves a tuned arnplj-fier level- rneter (at 1 rHz) . The read.ing

is taken from that of the variabi-e attenuator which brings the
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Ievel meter to the same value" Thus the measurement depend.s on

the accuracy of the variable attenuator and no calíbratíon ís

necessary f-or the crystal detector"

The fÍgures presented here are self explanatory and the

results obtaíned show that some success has been achieved by

using -two simple sideplates to shape ttre azj-muth pattern" It

should be added here that the azimuth pattern of the slot antenna

could be obtained in prÍncíple by soi-víng the boundary value

problem of the anterura geometry but such an approach is dÍfficul"t

and ti:ne consurnÍng. One such exa.urple j-s seen j"n [18], and. there-

fore Ëhe experimental approach has been adopted here.
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APPÐ{DTX C

tA] DESIGN FOR A RTNG HYBRID

A.ring hybrid is used extensj"vely where there ís a need for

two eqr.lal po\4rer outputs of the same phase or l-8Oo out of phase üo

feed -two i-dentical loads" Good isolation could be easily reaLised

between a l"oad and the generator and between the two loads. Due

to Íts designed nature, the ring hybrj-d is frequency sensitíve and

so narrow-banded"

The Theory

e ring hybrid in parallel fonn consists of a ri"ng of trans-

mission tine of mean cÍrqumference of f, f and four ports as seen i-n

FiS. 1. A sÍgnal fed into the ring at port I, say, will spt5"t at

the junction into two parts of egual po\¡rer and. set up a pure volü-

age standíng wave withín the ring since the ring is assumed to

be Lossl"ess" The voJ"tages at the various points B, C, D on the

r5-ng seen in Fig" l- are as follorss;

(i) at B, a voJ-Lage maxj-rnurn because the two paths le an¿

->
ADCB have the sanne electrícal l,ength.

(¿n) at C, a voltage minimum becan-lse the two paths eËC anA

->
ADC differ by a hal-f wavelength in electrical length.
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(iii) at D, a voltage maximum because the two paths eËCo an¿

.>
AD differ by one whole wavelength Ín el"ectri"cal length.

Thus the positions of voltage maxi:num and minj-mum wj-IL a1ter-

nate every )'14 on the ring. A matched load pJ-aced at a posj"tion of

voJ"tage maxi:num will derive maximum power output whereas at a vol"t-

age minimum wj-Ii- derj-ve no output" It j"s essential- that each arm

should be termínated by a matched load to preserve the bal-ance of

the ring"

Using the above characterístÍcs of the ring¡ two signaLs of the

same phase or 18Oo out of phase can be easily achíeved" For i¡lstance

an input fed j.nto port I wilJ- gíve an or:tput each at port 2 and 4 of

eguaJ" po\4ter and opposite phase and n'o power output at port 3. SÍmi-

IarJ-y, an J"nput fed into port 2 wilJ- give an output each at port I

and 3 of equal power and sa¡ne phase and no power output at port, 4"

For an inpuÈ u¿ 2t say, any smaltl" mísrnatch from ùhe load at l wii"L

tend to eancel out at 3 and v.i,ce rzersa, and any mismatches frorn the

two i-dentical loads at I and 3 wilL cancel one another out at 2"

Thus good isolation j"s obtained between the two loads themsel"ves and

between them and the generator " Port 4 ís r¡suall-y termJ-nated in a

durnmy matched load "

By using the reaÍproc5"ty theorem, any two signals may be added
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to or subtracted. from one another " lrtre signals when fed i"nto ports

I and 3 will give the sum at port 2 and the difference at port 4, if

the fourth port is termínated in a rnaÈahed dummy load"

The DesÍqn

The equivalent circuit for a r5"ng hybrÍd in paralJ-eJ- form is

given in Fig. 2" Assuming Z, = 2", the Ímped,ance presented at A

by eaeh 3-oad Z" at B and D must, be 2Zo, thus the characterístíc

j:npedance of the quarter wave transformer Z, must bes

"."(1)

Lf. zL -L o then

z. = @^ "."(2)lo

Thus the eharacterj-stic impedance of a ring arc is /2 tj-mes the

characteristic imped.ance of a sidearm"

Sinae the ring hybrj"d ås intended for use with SOQ loads arad

source i:npedance, the characteristj"c i:npedanee of Ëhe ring w5"IJ- be:

z. = /2 x 50 = 70.2CI ".. (3)I

Such a ring hybrid could be mad,e out, of strip transmission line

ar¡d, there is availabre on the market a dierectric materi-aI caLred

Rexolj-te 22QO af diei"ectric cor¡star¡.V 2"62 (this remaj-ns unchanged

ffi oLl_



c4"

over a wide bandwidth from 3 cm to 20 sn) and of thickness l/9" 
"

The characteristic i:npedance of a para3-lel plate transmissÍon

lj.ne Ís given by H. Jasik I20l ;

94 L - t/ð,
o-- """(4)o ,rr vt

2
t * 0"4v + o"6s tlÐ - I"J-2(E/D,

for t < 0.5D and W ì .35 (D-t).

For Rexoli-lue 22OO, t = 0"001", D = l/4" and e, = 2"62"

= 0.0867"EorZ =70"7Olrlo -- ---l

z = 50. 0 IrI = 0"170995"o

andforf=2GHz

À9**
À

= i = 3.628',
,æt

The ConstrucÈion

Íhe hybri.d was drawn up ín índj-an j"nk at five ti¡nes its fuII

síze for aÇcuracy with calibrated dímensíon markJ"ngs for reducing

purposes" The drawing was photographed and reduced to the correct

size. A rposíti"ver negatÍve was then made and etched onto the

rexolite in the normaL fashion" The resulting hybrid was gold



3^/4

),/ 4

x/4
2

Fig. 1. ¡Ling HybrÍd.

B

3^/4

^/4
zI

Fig. 2: Fquivalent Circuit.

4I

3

ì,/4

zo

1000 -->

wt

+w l*
| 'i

f
I

w

T

T
D

!

z

zs 500

Fig. 3. Strip line ring hybrid.



^tr

plated before beS-ng assembled and hetrd together by a series of screws

not, more lhan X/4 apart weJ-l away from the ring. Female N-type con-

nectors were then carefuJ-J-y mounted and the whole set up was bolted

onto a solid bakeLite ptrate for support"

The Performance

The performance of a ring hybrid is measured in terrns of the

equal po\¡rer division and the dB isol-ation between an inpuÈ port

and the third port. The bandwídth must also be known. The per-

formance of a typical ring hybrid designed for the frequency of

2GHz is shown in the following table:

TABLE Ï

Frequency (cHz)
->

Relative
Power
(dB)
-*

Port 2

Port 4

Port 3

r"92 L"94 1"96 1"98 2"OO 2"O2 2"O4 2"06 2"O

The results in TabLe tr were some typi-cal ones obtained by feed-

ing a sígnal kept at a predetermined constant level into port 1"

SJ"gnaI was also fed into i;he other porÈs and the measurements indj"-

cated that the order of magnS"tud.e was the same as that given 5-n

0

o"7

-23 "O

0

o"2

-28 "8

0

0"3

-25"L

0

0

-30"1

0

0"L

-32 "9

0

0"3

-29 "7

00
0.05 0"1

-25"2 -28.8

c

0.1
_4"7 1
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Table I" The method of measuring the performance of a ring hybrid

is set out in Microwave Measurements by !{ind and Rappaport t21l "

Thus from the above table, it can be said that the ring

hybrid have a practically equal- po\^¡er divj-sion and an isol-atj-on

between port I and 3 better than 30 dB in a bandwj-dth of approxi-

mately 2%" The VSVIR of such a ríng hybrid at the centre frequency

is better than I"02.

[B] MAKING A LOSSY TERMTNATION

As mentj-oned in chapter ttrree, there is a need for a lossy

termination for the long slot leaky \,{ave antenna to make it a

travelJ"i-ng antenna" There is no commercially available lossy

ter¡ninations which coul-d be used for a slot of width of the order

of J-/L6" wide and Lo/2" Eo 1" deep" G"K" Teal- eÈ aJ- " l22J rnade an

intensive study of the lossy materials and apart from others' eame

up r^rith the idea of using graphite and sÍlica dispersed in phenol

formaldehyde (bakel-j-Èe) as a microwave absorber. [he basic

requÍrements of a good microwave absorber are:

(i) The loss tangent (tanô) must be of the order of 0"1- to

I or even largero

(ii) or else the diel-ectria constant value of the material
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must be greater than 40.

The díelectric constant of bakelite at 3 GHz Íncreases front 3

to about 70 at 45å graph5-te by wei-ght. The loss tangent j-ncreases

in a sjmilar manner and reaches 1"I at 458 graphite by weight"

This daÈa indicate a loss range frorn "9 to 2I9 dB per wavelength"

For practical reasonsra lossy termination f,or the slot shoul-d be as

short, as possible or else the length of the antenna wj-II becorne

prohibitively long" Tlrus the J-ength of the lossy terminatj"on vras

fixed at 1"5À or less. To reduce the amount of reflectíon the

èetermination must have a gradual- taper" To achieve a VSVIR ratio

near l-, there was no opti-on but to experiment wÍth various aomposi-

tions of silica, graphite and bakelj"te" The followíng compositj-ons

appeared Èo give the besÈ result,:

(242c + 762 Bakelíte)

842
+ J-68 (f ine si )

AII the above íngredients were commerei-alty available" After having

been thoroughly rnixed, they were poured into a mould of a desired

tapered shape and subjected to a pressure of LOTOOO lbsr/in2. The

moul-d was heated slowJ-y from room tempenatrlre up to 2OOoC and kepL

there for 4-6 mins in an oven" It was then taken out and a bakeli-te

tapered termination hras obtained. It took up to half a year to
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achieve some success r¡rith the above experiments. An a¡rbitious

program of analysing and measuring the dielectric constant of the

varj-ous composítÍons \¡ras abandoned for lack of time and irunedíate

relevenÇy to the present work.

Moulded bakelite with dispersed silica and graphite partici-es

is capable of high poh¡er applieatS-ons "
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APPENDTX D

APERTURE FAR FIELD DERIVATTON

A comprehensive analysís of aperture radj-ation fíel-ds has been

given by E"A" !{ol-ff I23l " The radiation fields from a t\^¡o dj"men-

sÍonal aperture can be determined. when the fiel-ds and geometry of

the aperture are specified" This appendi"x applies the radíat,íon

from an el"ementar area to a rectangurar aperture with normaL and

oblique plane wave 'j-ncidence'.

An Elemental Area

ConsÍdering an elemental anea of an arbitrary aperture lyíng

in the plane x = o" Such an elemental- area in generaJ- can be

excited. by both electric and magnetie fields" Let ,f and M be the

erectrie and. magnetic sr¡rface curtrent densitj"es and n be the unit

vector normal to the eLemental" area, then

,J=nxHand.tr=-nxE """(r)

The el-ectric and magnetic vector potentíals are Èhen given by:

u
-ikRe'

,l-ds
R

" " " (2)å
4r¡S
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E e
-jkR

I M- ds
R

where S is the area of the aPerture,

ds is the elemental area"

From Fig. I, R = t - x' costf , and for far field condi-tion:

-ikrue-
L=- \

4nr

-ikrÊe-
F=- L

4wt

where ,r .jkr'costP u=
s

F ";"(3)

.."(4)

"..(5)

"""(6)

4n S

N=J

L f U "jkr'cosrl 
u" """(7)

if the vector potentùals are knov¡n, Èhe elecirÍc and magnetic

fields are gÍven bY,

ju l-

n=-joå--'V(V.A)--V*l .."(8)
KE

S

jo
H=-ir¡F--V(V.F)

k

l_

+-VxA
u

"..(e)
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Each expression contains the far field contributions from the

el-ectric and magnetic vector potentj-a1s, i.e"

a
-vVxV=å

rsin0
L q"irrov
ðe

0
)

% I âVr

inO Eô

D3

...(10)

"""(12)

where H- =!v*a+,p-

9=å+5andg=äu+'

I
Ho'=-jt¡ tL+;V (V"Ðl

k

I
.".(11)

t

e

The fíeld components in the directions 0 or Q can be obtained by

expressing V * I in sphericaL coordinates:

0
+

d

--(rv
âr

a. (à

* I l; u'u,
äVr

a0

where V i-s eitt¡er A or F.

Vlhen r is very large , (L2) becornes:
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av0
VxVs-â^ -t

ôr
à.{

4nx

-jke-jkr
H

A0
4nx

*o

.- -ikr-lKe -
!

4¡r

jke-jkr

4nr "e

-1re-jkr r,
e

"..(13)

" . " (14a)

" . ' (14b)

" . . (lsa)

" . " (r-sb)

, ". (1"6a)

. ". (16b)

Ave

är

Applying (13) to the magnetic vector potential:

"- -ikrlKe -
Hae N"

a

and plane \¡Íaves can be assumed for the far fields, thus:

-ikr_lJre -

"oe Attr
Ne

-jke-jkr
F-Aö

zo

Nz
o 04nr

SÍmilarly, by applyíng (13) to the electric vector potential

together with the plane v/ave assu¡nption:

\'e

"ro

ö

o

and
Hro

4¡r z
. . . (17a)



-jke -jkr

-je

1.

ô 
u to*r)
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" ". (r_7b)

. , " (Lsa)

".. (r8b)

. . . (lga)

. " . (leb)

5o
4nr zo

fhe electric field components of the far field are given by:

-jke -jkr
Ee=EAe+%'e

o 
* 

'o*r'4nr

jke-jkr
uo="oo*%o (ro 

'o*o)

= (r,

=-
4wr

and the magnetic fÍeld courponents are:

-j e-jkr
He=HAe*So= (".-zour)

2\rz )

-jkr
*o="aô*tho =-(L

2),,t2
o

An Aperture with Normal Plane lrlave

Considering a rectangular aperÈure in the pJ.ane x = o as

shor¡rn in Fig" 2" The electrÍc field. Ís parallel to y axis and the

magnetic field is paraller to the z axis. Thus lhe prane wave is

traverring in the direcÈion normaL to the aperture¡ the x axis.

Since
E

iI =gxg= Z^* Z.Ho = -fu *o= -3oi "."(20)
z

o



EM=-nXE=-a Xa E =-(no -a o

Ð6"

...(2I)

"""(2zX

'" " (23)

"""(27)

Hence
Eds

dN = ,Ids = -a?
o

z
o

dL=Md.s=-a
4 o

s

=dNv

dE

The 0 and $ components of N or L- are given by the rectangular com-

ponents as follows:

NO = (N*cosd + 5sínô) coso - N"sino """(241

Nr=-N*sin$+N'cos0
" .. (2s)

Therefore:

dN^ = dN sinóeos0=uy
-Eod.s sin$cosO

.""(26)
z

o

dN.
0

d"e = -dr.rrsinO = Eods sinO ...(28)

dL --0 "..(zg)ó

The component of the far fíeril which is of inÈerest here is that

in the direction ôrgiven by:



dE

or dE

E

ô 2ÀR

(dr"^ - z dNó)UO

. -ikRle -
= 

- 

ds (sin0 + cosÖ)
2lR

-jkr

-jkRle

iee-o

D7"

...(30)
0

Hence
(sinO+cos0 )

Í Í "iot' 
.o=Úuou,

0 2À.r

It can be shown that

rrcosiþ a_-.rt = yisin0sinQ.r zcos0+

Thus (3I) becomes:

iue -jkr (sín0+cosf ) d,l2 L/2
E

" .. (3r)

".. (32)

expIjk(ysinOsin$+
0 2Xr -d./2 -Ll2

zcosO ) I dydz .""(33)

An Aperture with Obli-crue Plane lfave

Now considering the same rectangular aperture with the plane

\,rave Èravelling in a plane which passes through the y axÍs and makes

an angle 0 with Elne z axís" This is the oblique 'incidence' case.

The etectric field is again paralle1 to the y axis and the magnetic

fÍetd makes an angle 9oo - 0 with Ehe z axis" The far field compo-

nent of interest for such an aperture Ís the u; component of Èhe
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electric field on a cone of half angle 9Oo - 0 = 0

Fig" 3"

Using thg spherical coordinates (r, 0rrtrr)

âVo ãV01

âr âr

dN=ilds=-a n

dL=Mds=-a n

E

cosol i ds
z
o

as shov¡n in

" .. (aa¡

" ". (3s)

"".(36)

"""(37)

"""(38)

" .. (3e)

.".(40)

I

a
-úJ

from (L2) 
"

Since

Hence

E
iI = n x H = a x a cos0rH = -a cosOr o

-xza.Z
o

M=-nXE=-a Xa E =-aE
-ç. -1/ O ZO

dsEo

The Otr and o components of N and L are given by

tU, = -NZsin0t+ (ursint: + NzcosüJ) cos01

N = -lt[ coso + N sinozv

Therefore:

u)

dLe
I = -cos{¡)coso1 Eods "."(41)
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d*, = -cost¡cosotrEods """(4ZX

The component of the electríe far field in the directj.on üJ on a

cone of half angle 01 ís:

. -ikRle '
dE

û)

Using (32) in (44') z

E
u)

(dLe
t o üJ

)dNz
2ÀR

ie e-jkrzcosr¡cos0 1 .-_ -oF - -------¡ rr -jkrtcost!=-----(¡ 
2ì,r

. -ikRle-
= r 

- 

2costrrcosOld.s
2ÀR

" .. (43)

"""(44)

f/2 fl2 expljk(ysinosÍnô) +
-d,12 -L/2

i¡ "-jkr-o3 

- 

2costrtcos0l
2I"r

zcosO)l dydz .."(4s)

IL should be pointed out that the resutts obtained in (33) and (45)

are for aperture fierd of uníform amprj-tude, rf the amplítude is

noÈ constant but dependent upon y and z then function lÍke E(y)

and E(z) should be ínserted into (33) and (4S¡. This is the case

for many applicaËions especially the aperture disÈribution mentioned,

in chapters three and four.
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APPENDTX E

BEAM COIJLIMATTON FOR OBLIOUE TNCIDENCE

The analysis of beam eol-rimation for a scanning rine source

feeding a parabolic cylinder is given by N"A. Begovich t24l " If a

line source feed il-lu¡ninating a paraboJ-ic cylinder radiates at

broadside, then the rays refrecÈed fnom the cyrinder are coLLimated

to a plane wavefront. The refl-ected rays from the parabolS-c cylinder

will stilL be coltÍmated i-f the li-ne source rad.iates off broadsi-d,e.

r,et the rays leav.ing a point 0 on the ri-ne source shown i-n

Fig. r form a cone of harf angle 0 with the axis of the line souree.

The path J-ength of one of such rays being bounced off the reflector

to a plane P making an angre 9oo - 0 with the rine source is con-

stant" This can be proved by consJ"dering the contributions to the

path length" The equatj"on of the plane p is

z-sx"þk=0 ...(1)

where s = -tan0 and k is a constanÈ"

on the reflector hit by a ray from O,

to the reflector is given by:

Let (xr ' yl. , z\)be the point

then tt¡e dj-stance dn from O

dtr= (xf+v?*r31rl2 """(2)
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where zr = (xf + yhl/2 
"oæ .."(3)

and yî=+t(x1 +f) " ". (4)

By adding xf:

"î + v? = 4f (xr + f ) + x3

xl + yl = g1 +2r.)2 .""(5)

usins (5) in (3):

zL = (x1 +2f) cot0 ...(6)

d1 can now be written as:

dl"=(xn+2f)cscO """(7)

A line paral-lel to x axis passíng through (xl, yl , zL) wiII neet p at

(xz¡ yL, z\) where x2 is gíven by (1) :

xz = þ1 + k)/s . ". (8)

The distanÇe from (xl, yL , zZ) to the plane p is therefore:

d2 = (x2 - x1) sinO """(9)

From (3),

d3 = -(x1csc0 + 2fcos20 csc0 + kcosO) """(10)

Thus the path length of a ray from 0 to the plane p after bei"ng
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reflected off the reflector is:

d = dI * d2 = 2fsinO = kcosO " ". (11)

Since f and k are constant, d is a constant if 0 is constant" It

can be seen from (tl) that al-I rays from 0 to the plane P off the

reflector have the same path length"

It now remains to be proved that P is a wavefront of ai-I rays

coming from the line source and beS-ng bounced off the parabolic

reflector" As seen from Fig. 2, L}l.e progressive phase delay betv¡een

any two elements t= *Ày cosO. The phase of a ray leaving o' lags

thaË of a ray leaving O by + Ay cos0 but it reaches P ahead ín phase

by + Ay cos0. Hence, the rays from O and 0' arrive at P in phase"

Thus it can be concluded thaÈ al-I rays leaving the line source

placed at the focus of a parabolic cylinder will- collimate for any

angJ.e of scan"
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APPENDTX F

COMPUTER PROGR.AMS

To obtain the theoretícal- results for the work presented Ín the

thesis, extensive automatic computatj-on has bee¡r perfornned on a CDC

6400 computer" Generally speaking, all computer programs used consj"st

of:

(i) Maj-n Pnoqrams

The main program defines the problem, supplies d.ata, perfonris

the computat,j.on and displays the resul_ts in appropriate for¡ns "

(ií) Functions Subprograms

The expressions to be processed are entered in the form of

EXTERNAL FUNCTTONS.

(ij-n) Subroutines

Several subroutines are used" Eaeh perfotrms a certain specific

aomputation. Some are wrÍtten whereas others are made avaj-l-abl-e

through the -University of Adelaide Computing Centre. Some u.seful

subprograms are:

(a) Bessel functions .T' and yr, (first and second kind) IZ'11"

This routine eval-uates tables of Bessel functions cr, (x) and yr, (x)

for n = 0, I; 2"." If n < 0 only Jrr(x) is qal-cuLated. A recursj-ve

procedure j-s used. to obtain the Bessel functions Jr, (x) , yr, (x) is then
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computed through a summation ínvolving the lower order of Jrr(x) "

(b) Fresnel integral-s I28l .

This routine computes the Fresnel j-ntegrals of C (x) =
;ç)(

jo 
""" 

(Lilffi dt and s(x) = f" sin(t)ÆE dt" E\¡aluation usJ-ng

diffenent approximations for x < 4 and n Þ 4"

(c) Complex roots of a cornplex equation Il-51 "

This subroutÍne MULRooT uses Mül1-ers algorithm and complex

ari-thmetic to:compute a zero of an arbitrary cornpJ-ex function f (x).

rt compares the moduli of F (xU-r) , F (xn-I, , F (xO) at each step and

discards the point (xj,f (xj)) for which lrt"i¡ | ís maximal (j=k,

k-1, k-2). That poi-nÈ is replaced by the latest iterate' xk+l" This

device often provides a sense of direction to tÌ¡e search phase.

(d) Simpson's rule integration [29] "

This routine obtains the quadrature by adaptj-ve Simpson method

subdj-vidj"ng the range of integratíon non-unifo:mJ-y as requi"red to

obtain the desired accuracY"

(e) .simpsonls rule i-ntegnat5-on for a compJ-ex integrand.

Ihj-s routine obtaíns the complex quadrature when the i-ntegrand

is complex" The limits of íntegration are real"




