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A b.stmct- Parallel and crossed rectangular waveguide

broadwall couplers with apertures of arbitrary shape

and number are analyzed rigorously by the efficient

and flexible boundary -contour/mode-matching (BCMM)

method. The modal S-matrix combination technique

takes adequately into account both the finite wall thick-

ness and the higher order mode interaction between the

discontinuities. Examples with circular, elliptical, and

cross apertures demonstrate the flexibility of the design

method. The theory is verified with measurements.

I. 1NTRODI;(2TIOX

A PERTURE coupling in the broad wall of waveg-
uides is a well-known technique to build a useful

class of directional couplers for a large variety of apph-
cations [1] - [7]. lMany refined equivalent-network syn-
thesis methods are available for deriving the necessary
coupling coefficients for desired directional coupler char-
acteristics [1] - [3], [5], [7]. The design of the practical
aperture geometries, however. is still mostly based on
the approximate Bethe-Cohn theory [8], [9], together
wit h thiclmess correction factors [2], [3], [5], [7], [10].

For small rectangular slots in the common waveguide
wall improved calculations based on the variational [11],
or moment method [12] are available. A mode-matching
analysis for large rectangular apertures in the broad wall
of n-aveguides has been deri~-ed just recently [17]. For

coupling apertures of arbitrarj- shape, no rigorous anal-

ysis has been reported so far. The increasing demand for

higkquality - low-cost co~lplers and the requirement, for

shorter development cycles have prompted the need for

accurate field theory based C.\D methods which ti]ke

adequately into account the effects of large apertures,

apertures of more complicated shape, finite wall thiclc-

ncss. and the higher-order mode interaction at, all dis-

cout inuitics.

This pape~ presents a rigorous yet, efficient, d(:-

sign lllL’tJllOd fOl 1)211’allPl 01’ (’lOSS(>(l l(X”tjilIlg’lllilI’ WilVf2g-

lli~ic broad-w:dl couplers Ivith aptvturcs of arbitrary

S]lapc all(l numl)e[. Figs. la. b. ‘rh( al)crtlm:s ill(!
cal[’lddtc(l !vitll tllc tlcxibl[’ lJcJllll~lilrj~ -c:[~lltJollr/l llo(l(!-”

ll~at[llil~g (BCMN1) lllrtll(xi [1s]. [19]. With the

with

known mode-rnat,ching T-junction key-building block,

the modal S-matrix combination takes rigorously into

account both the finite wall thickness and the higher

order mode interaction between the discontinuit,ies.

a

Ipig. 1. IIrowl!i,all coul)ler with a[)crturws of arbitrary slIapc, aIId

Illlrr)ber. (a) I)arall<,l t,ypw (1)) (;r[Mserl (Mol{E No) Lyl>(,

Ill (;orltri~st to c.g. recent momf:nt, mct,hod Sollltiolls
for Uilrrow S101,S [1’2], 1,11(! (:ffect c~f large apcrt,ures is

:LCCllliLt(!l~ ill(’lu(lcd. Moreover) tllc suit,ablc modal S-
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[tl;ltrix Lwlllldat)ioll for I[mllilmrtl st)rtlctllrc lmscd on

t,li(: il.s,)”l~lI~l(’tli(’ (lolll)](!-StCp (lis(:ollt,illl~it,y [1.5] or t,l](;

;Is,ylulllrlri( trarlsitjiorl frolll rxx:tjaugldar to srnallcr cir-

cular wavc~liiflc [14] idloVJS th(: rigorous fOIHlllliltjiOrl for

(Iolll)l(’-:ll) (’rtllr(” strllctrlrcs which have turne(l ollt, to be

11101(! (’ollVolli(!Ut” for Slldl t,,ypoS of CO1lP1(XS [~]. ~lOSS

(MOR [;~o) ty]x: c(]llplf!r’i (Fig. 11)) ar(! included by the

a(iequat,c al)l)li(’at,ion of’ the T-junction huil(lirrg block

[13] twisted I)y 900.

II. TIII;OR.Y

For the u1o(M S-matrix combination of the composed

structure, the requir(!d kcy-builc]ing block elements, the;

general T-junction, the general rectangular waveguide

step discontinuity, and the transition from rectangular

to smaller circular waveguide are already given in [13],

[14], respectively. The technique for solving the problem

of multiple discontinuities in a cross-section (e.g. mul-

tiple apertures), if the single discontinuity is known, is

described in [15].

For the general cross-section of the coupling apertures

with an analytically or numerically given contour func-

tion r-(p), the fields are expanded in terms of the com-

plete set of cylindrical wave functions [19]

T(r, ~) = f Jn(kcr) [Uncos(mp) + bnsin(rup)] (1)

1’C=O

Equation (1) is then multiplied with appropriate weight-

ing functions cos (jp), .sin(j~), and integrated along the

arbitrary contour in order to satisfy the given field peri-

odicity with respect to the angular coordinate p. This

relates the still unknown coefficients an, lrn in equation

(1) and the corresponding Fourier coefficients aj, ~j re-

sulting from the contour integration, in the following

manner

?7.=0

+

[/

‘2r

J,,(kcr)a,,cos(np)cos(jp)dp
o

27(

[ 1J,, (kc7’)bn,,$in,(7Lp)co.s(jp)dp, (2)

0 J

[

2X

P,j = f / J), (~c7’)~J17~05(779)$~ 7t(:;9)~P

17,=0 b

27T

+
I

1

rJ,l (k,./) b,,. siTt(~/p),si T/,(jp)(lq (3)

i)

Tllc requircmcut that t,llc tlangcntlial (!l(’~tri( iicl(l

st,rcn~tll il.loll~ the iris boundary contour” is z(x) ,yivl(is a

ll(jr~log(:rl(!(~lls systlcln of f!qUiltiOUs which IUiiy 1X: writtcu

iu mat, rix f’orrn

()[(Y 1()_ [cc] [s’c] a

/) - [Cs] [ss] b = ‘)‘
(4)

~~
[c] ,,;

where the sul~matrices arc denoted i~(;(:or(lillg to the

,si~j,— and cm —terms in c!qlmtions (2) - (3). Tile nontriv-

ial solutions of this system of equations (4) result from

det[C’] = O which yiel(ls the eig,envalucs, i.e. tjhe cut-off’

wave-numbers kc, of’ the iris waveguidc section of arbi-

trary shape ancl finite length. The eigenvalucs and the

eigenvectors a, b are efficiently calculated by the singular

value decomposition (SVD) rnet,hod.

The modal scatterin~ matrix of the discontinuity rect-

angular to arbitrarily shaped waveguide at z = O is o11-

tainecl in the usual form [13] - [19], by matching the

tangential field components. This yields the following

equations where e, }). are the transverse vector fields,

Z, Y the wave impedances and admittances, N are the

normalization expressions of the corresponding waveg-

uide sections. 1 and 11 denote the larger (rectangular)

and smaller (arbitrary) waveguide section, respectively-,

and where z is assumed to be directed from the smaller

to the larger section

(
E{ = ~ef>’N~’Z~f a~’ - b;”)

(5)

(6)

(7)

(8)

,4ppli(atiorl of tllc c~rt,ll{)gc)ll~llitj of the eigrmfrrnctlious

an(l rear~all~irlg the collations ~“iclds the modal scatter-

ing matrix of tile (liscolltinuit,y dirmtl~” in a similar nlarl-

ncr as in [13] - [19]. For the sinll)lificatiou of the calcm

liltlioIl of the (L)lll)lirl~ iIltr:grals. all ({oul)l(! integrals ar(:
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rwluc(xl to (:OIktJolirillte;rals. The 1I1O(M scattt!rilig lrla-

trix of C;I.S(;J,(l(!([ Slr’llctllr(!s ((!.g. iris of finite tllicknoss)

is Cal[:lllat, (xl ljy t,ll(? Imowrl g(!rl(!r’idi~(!( 1 modal S-nmt,rix

(:( JlrlkJi Il;Jt, ioIl t(!(’h Ili(~ll(!.

~’fjr ;11] (!xarrll)i(!s (’d(llliLhXl in thiS l):Lp(!I’, only tw(!nt,y

C~]in(lli(;al wavo f’UIICt,iOnS ((!(lUiJ,tioIl ( 1 ) for th(! field (!X-

r~arlsion in tile iris cross-section strwcturu, and all cigcrl-

rnodc!s u[j to rn(!r’cl,y 120GHz cu,-off f’r’equenc,y (in t,h(!

sul~sequentj order of incrx!asing cut-off frequency) arc rc

~iuirwl. The res{llts arc calculated I)y using a standard

11311 RISC6000 workstation.

4 ‘~
S12 — SII - S14theory

H S]l measured

–20r\&”
❑ S14

-30

‘~h(’ s(!colld (! XiLrrl~Jl(! is a (“l(WS iris with rollndf!d c[Jr-

rl(!r’s (17ig. 3). Also this (:tJul)lillg structure (l(!rrl(Jrl Strilt(!S

g(ml :igrxx:menl with rrl(!i~sllr(:rrr(:rkts. The next exarrl-

lJIC cOIL(TtIM t,h(! (;ross(!(l (or .Mol{ I;N()) type of Cou[)lf!rs

(l?i~. 11)). Fig. 4 shows tllc calculate{] aII(l rrleasured rw

sultls f’ol a triple cirudiw i)rl(!rtlrr’(! coupler with dirrleri-

siom+ according to [2]. Note that, this sirnplc coupler

stjruct,rwe demonstrates alreacly a ratjher flat, coupling

behavior for nearly t)hc whole wavcg’uide 13iirld. It’ith

the excel) t)ion of the the isolation S] 4 which was Leyond

tjllc dynamic range of the measuring equipment used

good agreement, between t,hcory alld rneasurement.s may

be stated.
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Fig. 2. Parallel R-140 (Ku-band) waveguide broad wall coupler

structure \vith a displaced elliptical aperture. Dimensions in
mm: al = 12, bl = 5,z0 = 4.39, thickness t= 2.5.

III. RESULTS

For the verification of the analysis, first some sin-

gle coupling apertures in the parallel R-140 (Ku-band)

waveguide broad w-all coupler structure (Fig. la) are

investigated. Fig. 2 shows the calculated and measured

scattering parameters of a displaced elliptical aperture

~vith finite thickness. Good agreement can be stated.
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Fig. 4. Crossed R-140 (Ku-band) waveguide broad wall coupler
(MORENO type) structure with a triple circular aperture. Di-

mensions [2], thickness t = 2.5mm.

A typical design example for a -30dB parallel ~va\-eg-

uide broadwall coupler with multiple circular apertures

[3] is shown in Fig. 5. The coupler shows good broadb-

and behavior between 7.8 and 11.5 GHz by usirlg only

a double row of six apertures. The theoretical results

agree well with those reported in [3].

i’ ~

o
— Sll ----- S]3
–—–s12s]$

-20 00 Experiment [3]
. Q.. o.. .. n.. . ..0 .0 ..’. 0

f/GHz .

Fig. 5. I’arall(l 1{-100” (X-l} aIId) wai.(,~[li(l( lll-COa(l \Yclll <ou~>l[ii

wit,ll trllilt,i~)lc rircular aI)(rl ur(,s.Ilitlt(,llsit)tis[:1].
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IV. CON(:I,(JSION”

A rigc)rc)lui +Ul(l (:[lici(mt, l)ollll(liLr~-( O1ltjollr/lYlo( l(!-

illat,clliug (13CMM) lnctll(xl for the (Icsigrl of’ [);],riillol

illl(l (“~ OSS(’({ l(’(’tl?lll&lll:Lr wav(!gui(lc 1)10:1(1 WtLll iL1){!rtjll K’(!

cou[)lms is I)rrs(!llt,(!(l wllicll tiLl<OSf’or t,hc first time accll-

ratcl,y lllto accollnt, !Jhc arl)]ljrary shape of the apertures.

Morxxnwr, tll(! (!ff’ccts of multiple apcrtur(!s, finite wail

t,llicl<n(x+s(’s, am(l lliglm-ord(:r rnodc irlt,(:ractions I)(:t,wc(m

ir,ll (liscolltilluiti(!s arc rigorously irlvolvccl. The t,hcory is

v(:rific(l 1)~ pjx)d ;i~rcrm(!rlt, wit,ll rllc:i~sllr(:rrl(;rlt,s.
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