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A Full-Wave Electromagnetic Model for the
Waveguide-to-Strip-Line Coupler Using Vias
for Confinement of Parallel-Plate Modes

Allan @stergaard

Slot (width=w, length=1,)
Wavequide
A (width=a heigth=b)

Via
(radius=r, height=h)

Abstract—This paper presents a practical waveguide-to- Printed line
strip-line coupler. An accurate integral-equation model satisfying (width=w )
all boundary conditions for the electromagnetic fields and all edge
conditions for the currents are described. The integral equations
are solved using the method of moments. An experimentai5-dB
coupler has been built. Measured and computed scattering pa-
rameters are in excellent agreement. The waveguide-to-strip-line
coupling terms agrees within 0.1 dB at the resonance frequency.

The discussion and the presented data provides physical insight to L
the operation of the coupler itself. ts(

Cut b and ¢

Index Terms—Coupler, integral equation, slot, strip line, wave-
guide.

Fig. 1. Outline of the waveguide-to-strip-line coupler. The ground planes

(shorted by the vias) and dielectric layers (supporting the strip line) are not

shown.

HE gain of large microstrip antenna arrays has a maximum

at a finite aperture size. This maximum arises at a certaj . . . .
P wr}avegwde operating below cutoff. Thus, power is restricted to

aperture size where the increase in electric and dielectric Ios%%?er/leave the cavity through the slot or along the strip line
with aperture size begins to exceed the increase in directivi '

yAs the waveguide may extend across an antenna array, mul-
[1]. For large microstrip antenna arrays, hybrid solutions Whe{I 9 y Y.

T ; . : I f th ler can for generatin ht for
a low-loss transmission technology is applied for the primar; e use of the coupler can be used for generating a sought fo

level of the beam-formina network are often used ntenna aperture distribution in one dimension while simultane-
Y ) ously providing a low-loss feed mechanism.

thrgouﬁlggegegsigssg I(Ia?]raagdbq;fl(;rf]I'ftre:gr':zr'?]f:lgg tlr']r;ef.s;s\Ne appreciate thatthe coupler is simple from a manufacturing
ubllijs?hedphisl:heor of diffracti(;jn Jb sm:l\II holes iln 1944 2] éné a mechanical point-of-view as self supporting wires and/or
P . y y . 'aprinted lines in the interior of the waveguide are avoided.
In this paper, we shall study the coupling between a rectan-

gular waveguide and a strip line through a slot. A similar ge- We appreciate that the coupler is a four-port. In order to ana-
ometry was first studied by Perini and Sferrazza in 1957 [%ze the coupler, we shall derive a set of coupled integral equa-

One characteristic that seems not to have caused much inte bgf]' The integral equations will be solved using the method of
. . ents applying Galerkin testing. The reaction integrals will
is that the slot tends to excite parallel-plate modes between Eﬁ PRyIng g 9

e
ground planes enclosing the strip line. As these modes may car

I. INTRODUCTION

e formulated in the spatial domain for the waveguide and slot
regéglons, while the strip line and vias region will be formulated

the majority of the coupled power away, the coupler becom% the spectral domain.

impractical. To prevent th'.s’ a nu.m.b(_ar of vias between the tWOThe scattering parameters for the coupling obtained by nu-
ground planes are added in the vicinity of the slot and along the

strip line2 An outline of the coupler is shown in Fig. 1 merical me/angare valilda'lt.ed ggainst' experimental results. In this
The pﬁrpose of the vias is to confine the powe.r df the pae?per’ the:"" time definition is applied.
allel-plate modes and to increase the coupling level by enclosing
the aperture facing the strip-line region in a cavity. The vias
located along the strip line serves to build a short section ofin this section, the theoretical background for the numerical
solution of the coupler is given.

Manuscript received July 21, 1998. This work was supported by the Danish 1 N€ waveguide will be considered infinitely long and with
Technical Research Council under Grant 9400 274 and by TERMA Elektrorfierfectly conducting boundaries. The strip line will be em-
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(e-mail: aog@terma.dk). thickness and each with a complex dielectric constant. The strip
Publisher Item Identifier S 0018-9480(00)00850-4. line will be considered infinitely long, perfectly conducting,

1 . . _ - and of zero thickness. The vias will be considered perfectly
Subsequent to the submission of this paper, an analysis of a similar geometcr)y . .
was published by Kassner and Menzel [4]. conducting. We shall analyze the slot as a short section of
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Fig. 3. Coordinate systems and numbering of coupler ports.

We shall apply a local circular cylindrical coordinate system
(r,8,z = z) for each via and the global Cartesian coordinate
system(z;, yi, z;) for all vias. The centers of the vias are de-

Waveguide wall > ¢ . ) i "
fined by their coordinates in the Cartesian coordinate system,

Cut b !
i.e., (ze, ) = (20, Yu).
N\
FELLELLELE CLLZ B. Derivation and Discussion of the Integral Equations
- Interi . . .
Short circuit or} Zﬂ'i{ The integral equations for tangential components of the rele-
vant fields in the three regions of Fig. 2 may be written as
Waveguide wall w riﬁlggt _ _HN _ .
ng = // ng (_ng) d3/+HV1‘?gC (3)
s
Interior of N, _NWQ Cut ¢
id _ =HN(—t,) — =HN(O0 —
waveguide A ://Gs (—t )ngdsl—i-//GS ()(_Nl) ds' (4)

Fig. 2. Geometry of the waveguide-to-strip-line coupler. Gut, and ¢

(see Fig. 1) show three separate regions with magnetic currents and shorted —HN _ — HF . _
apertures, as required by the equivalence principle. H = // G, Nds' + // G, (K™ + K™ ds'
; ; - _HK
waveguide. !n E|g. 1, the symbols defining the geometry of the + /// G, ZKU v’ (5)
coupler are indicated. —1

A. Decomposition of the Coupler Problem

For the analysis, we shall divide the waveguide-to-strip-line £1 = // Gfm Nids' + // Gfm (szc + Kzscat) ds’
coupler in three separate regions using the left-hand side and v
right-hand side half-space equivalence principle [5]. The result . /// G SR, ©)
is shown in Fig. 2. The coupling between the three regions is ac- ]
complished by a set of magnetic currents located in the shorted ) ) )
apertures. The magnetic currents ensures the continuity of tHaerews denote the waveguide regionthe slot region/ the
tangential electric field across the apertures, while the con®i/iP line region, and” the number of vias. Note that (6) defines
nuity of the magnetic field is enforced by a set of coupled irf@ electric field on the strip line and vias. _
tegral equations. With this procedure, the combined solution of/" (3)-(6), seven Green's dyadics appear. We shall discuss

the three regions are equivalent with the solution to the origin&€se belovxf. _ _ _ N
problem. 1) Green's Dyadic for the Waveguide Regiofhe G,

We shall use three different coordinate systems, one for eds the magnetic field in the waveguide to a magnetic current
of the three regions (see Fig. 3). source in the waveguide. Fat,, andy.,, directed magnetic

The following relations between the coordinates apply: currents, the Green's functions being part of the Green's dyadic
may be derived by expanding the fields of the waveguide in
TE and TM modes. Fok,, directed magnetic currents, this
method unfortunately fails. Therefore, the Green's function has
been derived using an intermediate electric vector potehtial

W ls .
(xlvylvzl)z <—y5+7,$5—5725> (2) We find

niR :FNf,f,/.*f,/ !
whered is thex,,, coordinate of the slot center. F=eo ///,N G ) NG dv ()

w l
(xwg7ng7 ng) = <—y5 =+ d+ ?S, —Rs — t57$5 - S) (1)
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where the volumé/y contains the magnetic sources. The in- Forthose of the inner products, defined in Section 11-D, which

. —FN , . . X _
termediateG ~ dyad for the electric vector potential from ainvolve the vias, the work of [8] have been augmented in order

magnetic current may be expressed in the following form [6]:t0 allow analytical integration in the-direction, i.e., along the
surface of the vias.

G| )
T
X C. Expansion of Currents and Fields
= Z Z 2;;1),1 exp[—jk.|z — '] 1) Incident and Scattered Fields in the Waveguidrar the
m=0n=0 o o e e waveguide, we shall apply an expansion of TE and TM wave-
(Aa? sin(—a:) sin(—a:’) cos(Ty) cos(Ty’) guide modes normalized as described in [9, Sec. 8.1].
“ TN . /nT C/nr We shall assume that the only mode propagating unattenuated
p p )Sln(—y) 8111(79) (not considering losses) is thEE;; mode and that all other

mn nw nw modes are below cutoff. For the incident fie‘[ﬂj‘g‘: in (3), we
(737 ) COS(T*U) COS(T*U )) shall, therefore, apply the magnetic field of tE;, mode. The
(8) voltage of its electric-field mode vector is set to 1 V. Hence, the
complex voltages of th&'E; ; modes scattered from the slot in
either directions of the waveguide give the scattering parameters
©) for the waveguide part.
2) Expansion of Aperture Fields in the Sloin general, the
Note that the(m, ) terms of (8) neither indicat&E,,,,, nor electric field in either ends of a waveguide is given by a sum
TM,.» modes. Rather, (8) is a representation of the comple2éall TE and TM modes. In this paper, we shall assume that
field. The electric and magnetic fields may be computed usifige slots are in the order of one-half free-space wavelength long

where

V=1 m1=7=--=2

the relations and that their width are small compared to the free-space wave-
- 1 - length. Further, we shall restrict the analysis to rectangular slots.
E=——VxF (10) In view of the slot size, one may reduce the number of
£o modes necessary for representing the electric field in the slot to
and TE, (¢ = 1,2,---) modes only. In terms of a representation
- _ UV.F of the equivalent magnetic currents located in the apertures of
H=—jwF (11) the slot, i.e.N,,, and—N; of Fig. 2 we, therefore, obtain
JWHoEo
Q Q
HenCE, \7 W =€ 5 WE —
a1 Mg = DV (T x 2) = 2 Vimg (13)
G e = = k2 +VV)G,, 12 a=1 a=1
& jkomo (k& ) G (12)
, : . =HN(-t,) B Q Q
:ggr((os)re.en s Dyadics fo.r th.e Slpt RegioiThe G, ' and N, = Z Vql (620 v 735) _ Z Vqlmq (14)
G, links the magnetic field in a shorted section of a wave- a=1 a=1
guide, i.e., the slot with the planar magnetic sources located in ) o . )
front of its shorted apertures. v;/]hereQ is the upper limit, wtr)nch tlruncztesf;hg exlpe}nsmn. of
. . . =HN =HK
3) Green's Dyadics for the Line Regiohe G, ", G, < the magnetic current) must e selected sufficiently large in
~EN 5 order to ensure that the electric field can always be accurately

=FEN =FF . . . . .

G, ,andG;  allpertain to the line region. In this region, theggeled. In case of a slot, a conservative choicefds the
Green's functions cannot be derived in closed form in the spatil, et integer of, /w,. A practical limit of Q is somewhat
domain. Furthermore, since the region is unbounded in at leggter as the modses éorresponding to increasing valued of

two dimensions, the Green's dyadics will not be given as a syf-omes strongly evanescent. Tt are the unknown weights
of discrete modes, but rather as a continuous spectrum of mo the electrit, and magnetic.¢, mode vectors (and their
q q

One_may obtain the Green's dyadic_s in the spat?al domain I[&ﬁgitudinal components) of the TE field are given by
numerical computation of the double inverse Fourier transform
of their spectral-domain counterparts [7]. e (z,y) = 25 X V& (z, ) (15)
In this paper, we shall apply a different formulation where the
integral equations are discretized in the spectral domain. It is

important to note that a spatial-domain formulation and a spec- ct(z,y) =0 (16)

tral-domain formulation gives identical results when applied for

the same problem. ﬁe(a;’y) = -V (z,y) a7
Although the spectral-domain Green's dyadics for a general

multilayered medium linking the electromagnetic fields with its B2 _ )2

electric and magnetic sources can be derived in closed form, it Re(z,y) = Fj 2 “p(z,y) (18)

will not be done in this paper. Instead, a formulation in which
the spectral-domain Green's dyadics are computed numeric&liyther, the eigenfunctiong)®(z,y,2) is a solution to
[8] will be used. (V2 + EHye(z,y,2) = 09, p. 387]. For the rectangular
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waveguide, the boundary condition for the TE field in terms of Hence, the strip-line current may be written
¥* is 9y /On = 0. For the transverse dependence, we obtain - o -
Kl — Klmc +Klscat

Pe ( ) _ l lswsymn mm nw _. _ _ ! _
mn L, Y) = p —(mb)2 T (na)2 COSs ls s ) COS w, Ys — llnc _ RKref +TKtr + lefz (29)

(19) i=1

wh3ereEfym and.% s?tgfy 9). he Strib Lin&or th . 4) Expansion of Currents on the ViasVe may think of a
) Expansion of Currents on the Strip Linor the strip via as a circular cylinder connecting the two ground planes en-

line, we shall apply an expansion of the electric surface currepf,qin the strip line. In this paper, we shall assume that the ra-
The current will be modeled by incident, reflected, and trang; s of a via is small in terms of guided wavelengths in the di-

. e
mitted waves. qukthese waves, we shall assume a long'tgd'géctric layers surrounding the via. At this point, we, therefore,
dependence ofF#*<*  In order to determine the propagation, ¢

constant:., we shall analyze the strip line with neither the pre

ence of the ap_ertur(_a nor the vias, using a method similar to t 8n order to select an expansion for the currents on the vias,
one in[10]. Using this method, the transverse dependence of {pe oo 1 investigate the behavior of the current flowing on

current is also determined. For future reference we shall dengtgia embedded by a number of dielectric layers with different
the y dependence of the-directed current a%; (). Hence, thicknesses and dielectric constants.

ki..(y) will be a weighted sum of so-called Maxwellian expan- Abusing the notation somewhat, we may write the current

sion functions [11]. - . o tﬂowing on the surface of via as
In order to model the strip-line current in the proximity o

the aperture, we shall include a number of piecewise sinusoidal _ 3
modes (PWS) in the expansion. The incident, reflected, and Ko(r.0,2) =
transmitted modes are

sume that the current on the surface of a via is dependent of
he » coordinate only.

S 8(r — ry) Koy (2) (30)
. wherer, is the radius of the via antlis the Dirac delta function.
K™ =z (fcos (z) — jfsin(-T))kl,w (y) (20) Using the continuity equation for the via current, the
boundary condition for the displacement flux vector normal to
the surface of a via, and the boundary condition for the electric
field at an interface between adjacent dielectric layets '
embedding a via, we obtain

Kref

‘%(fCOS(x) +jfsin($))kl7m(y) (21)

Ktr:‘/i'( gos &x _j stinx)klw Y (22) . .
( ) ( ) ; ( ) iaKl/(z IZ+lm) B iaKu(z :Z—lnt) (31)
where el 9z Cer Oz
Fin = {Sin(/feﬂf), if —Mn <kex<0 (23) Wwherez*" andz~™" denote positions infinitesimally above
0, elsewhere and belowz'™, respectively. As the derivative &, is discon-
. . tinuous across the interface between two dielectric layers, it is
) cos(kex), if —Mnr——-<kax<—— o4 not feasible to expand thedependent current on a via into a
Jeos = 0 elsewhere 2 2 (24) " set of entire domain modes. Therefore, the following expansion
is chosen for the current on via
t {Sln(k}el’), if 0<kex < Mm (25) LM
sin 0, elsewhere Ko (r,0,2) = Z Z Cotm K oim (7,6, )
=1 m=0
L T m
+ cos(kex), if = <kex <Mn+— . L M
= 26 z
s { 0, elsewhere2. 2 (26) = QW,,_&(T —7y) Z Z CotmEotm(z)  (32)

=1 m=0
For a discussion of the parametef, the reader is referred to
[12]. M is chosen to be an integdd > 4.

The PWS modes are

where

cos( %= 2) , if z € layer no.

Koim(z) = {07 otherwise ¢

I
KPVVS _ Z szz (27)
e} where C,;,, is a complex weight (constant) for thexth
expansion function in layet and % is the distance between
Fi= o fPVS (ko (v) the ground planes enclosing the strip line. We appreciate that
! o 0K ,(z)/0z = 0 is satisfied at the surface of the two ground
sin (ke(hi e — xi|)) planes.
=z sin(ko ) ki, (y) (28) The current on a via must be continuous and (31) must be

satisfied. Therefore, we may impose the following conditions
whereh; is the half width of theth PWS mode ang; its center. petween the weights of the expansion functions for the
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dependence of the via current at the interface £ ~™)

between two neighboring dielectric layers: [ HNO)
) = (o [[ & Cmpar)y a0
Z Cnlrn, Ccos <¢Zint> .
m=0 ! i = (—my, HYXS) . (41)
M
= 3" Cograrym cos T int (34)  We shall denote?Z, the waveguide self admittancg;? the
0 h slot self admittance, ang/? the slot transfer admittance.
2) The Aperture Facing the Strip Linen the aperturéz, =
o 0) facing the strip line, we shall weight the magnetic field (4)
Z mCuim sin <m7im> and (5) using the magnetic curren}, defined in (14). We obtain
m=0 Ert h Q Q
Ly Gt g (7 ) gy 2V 2 V) = R T
- m=0 67’(l+1) h’ ) ' o=t =t
I ] vV L M
We appreciate that (34) and (35) define a set of relations be- A LAY DTN CumP =i (42)
i=1 v=1 =1 m=0

tween the expansion modes on the vias that enforces the proper
behavior of the current and charge distribution along the surfaggere

of the vias. )
5) Substituting the Unknown Currents$n (3)—(6), the inci- Yt = <_mp, // C_?f” My ds’> (43)
dent magnetic fieIo‘Ij",“gC in the waveguide and the incident cur-
rent ;™ on the strip line are assumed known. Substituting the _HN(0)
aperture currentsy,'s, the line currenf™*f, K**, and f;, and Yt = <mp, // G, (—mmyq) ds’> (44)
the current on the via& v using (13), (14), (29), and (32), re-
spectively, yields four equations witt®) + 1 +2+V L(M +1) s = éHN(_ts) _— 45
unknown (complex) expansion coefficient§™s, V!, R, T, I;, t =\ s Mg &5 (45)
andC,,,.
ref = =HK ref 7./
_ N o prret = <—mp,// G, K™ds > (46)
D. Enforcing the Boundary Conditions and Weighting the
Integral Equations -
In order to obtain a quadratic linear system of equations in the pr = <—m,,, // Gy Ktrd5/> (47)
unknown expansion coefficients, the continuity of the magnetic
field across tr_le two apertures z_;md a zero tangential electrlcfleld g — iy, // élHk 7. ds (48)
on the strip line and the vias is enforced. Thus, the equations
obtained are discretized using the Galerkin method. K
We introduce the notation in (36) in order to define an inner grvtm — <—mp, // G, SK,,.l,,,,dz/> (49)
product between a field quantify and a weight functio® in
terms of a surface (or volume) integral in field point coordinates “HK _.
&= <mp,/ G, e ds’> (50)
<VT/,B>:// W-Bds:/// W . Bdv. o o _
Domain Domain 3) The Strip Line: On the strip line, we shall deviate from

_ _ _ (36)  the strict use of the Galerkin method of moments procedure. The
1) The Aperture Facing the Main Waveguid the aper- jystification is thati* and K ©* are not suited as weight func-

ture (z, = —t,) facing the main waveguide, we shall weightions. Bothi**f andK ** are derived from a solution of the infi-
the magnetic field (3) and (4) using the magnetic curi@pt nite strip-line problem. Hence, the boundary conditions for the
defined in (13). We obtain electric field on the strip line are automatically satisfied when
o o consideringk**f and K'** as expansion functions (sources) for
Z VIB(yPd 4 yP7) 4 Z Vqu{’q =P (37) the field_. I_—|ence, two a_ddi_tional weight function§ are required
=l =t for obtaining a quadratic linear system of equations in the un-
known expansion coefficients (see Fig. 4). Weighting the elec-
where tric field (6) on the strip line yields
—HN
r1 _ (7 G Zmy) ds' 38) & ! 4
Ywg <mP7 // wg ( mq) s > ( ) Z V‘(Ilur,!] _ Rzr,ref + Tt + Zlizr,z
q=1 =1

vV L M
= T (—t, rvlm _ 7
yg)q _ <—mp7//GfA( t.)mq d$/> (39) =+ E E E Cotm? = (51)

v=1 =1 m=0
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Fig. 4. Expansion (and weight) functions on the strip line.

where
= < / / &N m, ds’> (52)
el — < F // Gy et ds’> (53)
2 — < 7., / / e e ds’> (54)
. < 7., / / & vy ds’> (55)
vt < 7. // G R dv’> (56)
o = < Frm / / Gy N Rine ds’>. (57)

4) The Vias: On the vias, we shall weight the electric field,q <qnsider— .
(6) using the expansion for the electric currény,,, in (32). We  ihe main wav

231
Zs,tr — <K57// GlEKKtrds/> (61)
#i= (K. / / &t ds’> (62)
Zs,'vlrn — <K5,// éfI(lenl dU/> (63)
5 _ =EK — e oy
v = K, — Gl Kl ds (64)

where K,,s € {1,---,VL(M + 1)} denotes one of the
weighting modes (identical to the expansion modes (32) as we
apply the Galerkin technique).

At this point, it should be noted that part of the equations ob-
tained from (58) may be replaced by the current/charge relations
for the via currentin (34) and (35). Care should be taken in order
to avoid that linear dependent equations are introduced into the
matrix equation for the full method-of-moments solution.

E. Method-of-Moments Matrix for the Coupler Problem

By means of the Galerkin method, with the small modifica-
tions of two additional PWS functions on the strip line, we have
obtained (37), (42), (51), and (58). We may write these in matrix
form (65), shown at the bottom of this page. Solving (65) yields
the scattering parameters on the strip line. In order to obtain the
reflected and transmitted modes in the main waveguide, we need
wg = — > V,"#m, radiating into the interior of
eguide. We shall treat this problem in Section II-F.

obtain We shall treat the numerical computation of the elements of (65)
Q I ‘ below. Most of the elements concerned with the waveguide and
S Vit = R+ T+ L2 slot can be derived in closed form. Thesegitg, 42, 4%, and
q=1 =1 'Lg
vV L M 1) The Waveguide Self AdmittancEor the waveguide self
+ 33 Cumz™™™ =0 (58) admittance (38), using (12) and (13), we obtain
v=1l=1 m=0 1 4
Y= @
where Ve ko mw2lw,b
oo 0o 2 mrd L. 2 mrws
s — =EN YnYm COS “a Sin a
s <KS’// G m, ds’> (59) > > QU @) (66)
n=0m=0 kaz <('§_ﬂ—) — k-g)
s,ref __ I ~EK rref 7 1 .
# - <KS’ / / Gy K™ds > (60) where~,,, and-, satisfy (9).
: : : : : : ‘/qu :
~~y{2,’{g+y§’1~~ yf’l 0 0 ..0-- ..0-- ‘}l i
TR CoyPl 4 yPT grrel  gptrogpd oL gpvtm —;R &
: : : : : : T =1 : (65)
..0-- .. Nr,q .. Zr,ref Zr,tr . Zr,i .. Zr,'vlrn . ) U;’
..0-- copsT gorel st osi L psulm IZ vf
. . . Cvlrn .
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The @, and@- terms are given by ments. (As a consequence of reciprogity? = —32:*"™ when
5 5 vlm = s andp = q.)
prmgr ki — k2 4 . )
Q.= __072~ (1 + cos(pr) cos(gn) Due to the techniques used for the numerical computation
L s PN g2 of the inner products, a direct integration of the electric field
ls = on a via (with a cylindrical surface) from the magnetic current
ikl (within a rectangular slot), i.e* or vice versa, i.e 37V is
e 75 (cos(pm) + COS(‘?”))) not feasible [5], [12].
(67) For thep*? and/37>*'™ elements, we shall, therefore, apply
q the approximation that the currents on the vias are not cylin-
an drical surface currents, but line currents located on the axis of
0, whenp # ¢ the vias. The corresponding currents are defined as
— 2
@2=19 kL, <k§ - (3—7’) ) ,  Whenp=gq. (68) X
blrn( 0 7) - h 0 27” 6(7 - T'U)Kvlrn(z)

2) The Slot Self Admittanceie appreciate that the slot self

admittanceg?? given by (39) and (44) agree. The general result 28w = 20)8(y = yo) Kum(z) - (72)

IS where the local cylindrical coordinates are assumed for each via,
cot(k.ts) h _ while global Cartesian coordinates are used with the centers of
Yyl = 3% ’ whenp =g (69) the vias located at,, y.
0, whenp # q. In order to maintain the reciprocity relation betwgert and

) Artm we shall test the electric field on a via along its center
3) The Slot Transfer Admittancefhe slot transfer ad- .yis instead of on its surface.

mittancesy;” given by (40) and (45) may be obtained using The approximation of (72) holds when the radius of a via is
(13)—(15) and (17) as follows: small compared to the guided wavelength in the dielectric layers

- _HN@©), ) embedding the via.
= <—mp,// G, (—mg)ds > 6) Inner Products Corresponding to Self and Mutual Cou-
pling Between Vias:The inner products corresponding to the
_ he 1 sin(k.t,) self and mutual coupling between vias are t#h&’™ elements.
%o ©_jze, A direct integration of the electric field on a via (with a cylin-
—1 drical surface) from its electric current, i.e., the self coupling, is
_ m whenp = ¢ (70) possible [5]. .However, a direct integration of the mutual terms
0, whenp # ¢. are not possible.

Nevertheless, it is possible to compute the electric field, from
4) The Current due to an IncidefltE;o Mode in the Main the true cylindrical electric surface current on a via, along aline
Waveguide: In this paper;Z is derived by combining the deriva- at a distance from the source, i.e., on the line defined(by-

tions of Section II-F with the reciprocity theorem rg)8(0 — 6g). As a consequence of the rotational symmetry of
) the geometry, the field shall be independent gf
i In terms of the numerical effort, we save one integration, as
( cos < kels ) the dé integration may be performed analytically.
B 4 dpm Cos(zd) o (st) 2 We may, therefore, compute the mutual coupling terms be-
J ablsws Lskon a 2a pr 2 2’ tween a via ¢) and a via §) using the value of the electric
<Z) = field radiated from via) at a number of positions, i.ef(r —
_ whenpisodd 7r)6(6 — 6r), selected such that they encircle vé (nterpo-
o (kL lation has been applied as a mean for increasing the numerical
4 4prm L /Tws Sm( ) efficiency. The surface integration of vi&) directly follows.
+ abl,w, L kon Cos(gd) Sm( % )pwi?’ Hence, all elements of*"" are computed numerically
<Z) —k without approximation.
L whenp is even. 7) Inner Products Corresponding to the Coupling Between

(71) the Strip Line and Vias:The inner products corresponding to
the coupling between the strip line and vias areAhg™m zorel
Note that the result depends of the propagation direction of the'r, %%, andv; elements. (As a consequence of reC|prOC|ty,
incident TE;, mode. The upper sign (whenis even) foriZ the elements of™vim = %7 wheni = r andvim = s.)
applies to incident waves propagating in the positive direction As a matter of simplification, we shall not compute any of
of the > axis and the lower sign to incident waves propagatirthese inner products. The electric field scattered or radiated of
in the negative direction of the axis. a symmetric strip line is antisymmetric with respect to thei-
5) Inner Products Corresponding to the Coupling Betwearcted electric field along the axis of a via. The corresponding,
the Slot and Vias:The inner products corresponding to the cou-e., antisymmetric, current on a via may be obtained from (33)
pling between the slot and vias are thg? and 5™ ele- with m odd. Although antisymmetric current on the vias will be
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is weak. The reason being twofold is as follows.

» The antisymmetric currents (corresponding to (33) with
m odd) are expected to have much smaller amplitude thar s=A == ]
the symmetric current (corresponding to (33) with = Waveguide
0). Hence, their scattered/radiated field also have smallet
amplitude.

» The field scattered/radiated from the symmetric current
(m = 0) propagate as an unattenuated parallel-plate Zug T2 Zug — 2

mode. The symmetric mode does not couple to thFe 5 Th de-to-slot interface. Th © siels located af
. . . . O. -10- nter . rren
symmetrlc Stl’lp line. 19 e waveguide-to-siot interface e currents ocated ab

or Ss.

The field scattered/radiated from the higher order currents on the

vias, i.e.m € {1,2,- - -} propagate as evanescent parallel-plate

modes. Hence, their attenuation ensures that the coupling to\t]{)g shall selectV,

strip line can be neglected. b
Therefore, all elements of th&vim | zref o str 550 andys

inner products are set equal to zero. _ i o
8) Remaining Inner ProductsFor the remaining inner N® = =24y x (Vee /%) = —2Vhe /M=% (76)

products, the inherent fourfold (spatial domain) integrals are

reduced by analytical means to two-dimensional (spectmhereV is understood to be the voltage of a single TE or TM

domain) integrals. No other option exists than performing thesgode.

integrations by numerical computation [12]. For z > 71, the magnetic surface curret® supports the

magnetic fieldH®

excited due to the presence of the slot, the coupling to the line 5‘1 NG !Sz
I !
I |
I |
|
!
|
|

|
fLng

such that a single mode propagates in the
positive direction of the:,, axis forz > z; in Fig. 5. Hence,

F. Scattered Modes in the Waveguide

Once the magnetic current, i.e., the electric field in the slot H' = ZK(E + 2h,)e k=7 (77)
0

aperture has been found, we need to determine the waves prop-

agating n either direction of the main wayegmde. ) ¥Ve substitute (74)—(77) into (73). Using the orthogonality rela-
Assuming that all sources are magnetic and confined to at- s [9, Sec. 8.1], we obtain
nite volumeV/, the reciprocity theorem [13, p. 128] reduces to ' R

o o J[ Yy
H’ - N%dV = H®. - N°dV (73) Aperture ZO
v v < 2 qm [
_ _ _ .5 we inf 22 il
where H* is the field to be determined amdl® = —N,, is Zz_:lv’l V w0, Sm( I, <Z + 2 )) du dz
known from solving (65). -
N is defined (in the waveguide coordinate system) by = // (_Ireﬁ_n(ﬁjnn + fzi mn)ejk:z)
S
(=2V RS, e 7MY ds (78)

Q
_ [ 2 ls
N = 2y E qug sin<ﬁ <zwg + —)) . (79
=1 wsls s 2 which may be written in the compact form

Since N@ is solely z,, directed, it does not support TM Q
modes in the main waveguide. The three remaining quantities, In = Z Y Ve ® (79)
i.e., H*, N* and H® will be formulated differently in the case =1
of backward and forward scatterd waves in the main waveguide.
We shall, therefore, treat these two cases independently.  where
In the remainder of this section, the subscripts of the Carte-

sian waveguide coordinatésy, ywe, 2wg) Will be suppressed. 1 2 L opdte
Hencex = Twg, ¥ = Ywe, aNdz = zyy,. Y = Q—ZOV @ /—zs /d "
1) Scattered Waves in the Negative Direction of the IR
Axis: With H* unknown, we shall expand it into a sum of B e 9% Sin(q_ﬂ <Z_|_ li)) dz dz. (80)
known waveguide modés,,,, with unknown coefficientd,,, ls 2

propagating in the negative direction of thg, axis
Hence g4, is the ratio between the curreffl;, of themnth

mn

o oo mode propagating in the negative direction of the main wave-
H =— Z Z I (A 4 2R ) €947 (75) 9uidez axis and the voltag&* of the gth TE,, mode in the
e s aperture of the slot.

m=0n=0
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Substitutingh. of (80) using (18) and (19) witlgm,n) =
(1,0) and performing the indicated integrations yields

2r )42

ablwslkon <<W>2 )
i)™

_ .<m@>

4 2¢w m . TW 2

q—
Y10

. [ TWs
sm
2a

wheng is odd

(81)

2) Scattered Waves in the Positive Direction of thg
Axis: Following a similar line of reasoning, we obtain

uly
( k-,
. 4 2qm cos(ﬂd)si (wws) R W)
—J — n —
J ablsws lqkon a 2a <<g) X2
I, )
_ wheng is odd
_ (%)
4 2gqn TN . /W, i W
B G/blsws lskoncos(gd)sul( 20/ )W’
i)
\ wheng is even.

(82)

L wheng is even.
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G. Normalization of Scattering Parameters

The numbering of the four-ports of the coupler are as indi-
cated in Fig. 3. The reference planes are locateg} at 0 for
ports 1 and 2 and at,, = 0 for ports 3 and 4. For normaliza-
tion purposes, the power incident in the waveguide and the strip
line are computed. For the waveguide, we obtain [9, Sec. 8.1]

(1 V)2 — (1 V)QE

PW = “oTE -
A wi

(85)

For the strip line, we integrate the Poynting's vector between the
ground planes on the surfagg= 0. The numerical integration

is performed in the spectral domain [12]

1 00 h B B
Plz—Re/ / Z-(Ex H)dzdy
h
= Re / / (GER G — GEE G

kl,w(ky)kl,x(ky) dky (86)

where all elements of the spectral-domain Green's dyads are
functions of(—ke., ky, 7).

1) S,,1 Parameters: In order to derive the5,; parameters,
we apply the incident current of (2@ on port 1, while the
waveguide modé& i*¢ incident on port 3 (and 4) is left out. With

wg

all i# elements equal to zero, we solve (65). We then obtain

(5117 5217 5317 541)

TR €

Z _
_ R,T, Fl)(l) U(llo Wg7 10 Z q+vwg

=1

(87)

3) Concluding RemarksWe may summarize the deriva-
tions made in this section by defining a slot to waveguide 2) S,,; Parameters:In order to derive thes,,; parameters,
admittancey? , which links the mode voltage of BE,, mode we apply the incident waveguide moalﬁ} on port 3, while
in the slot aperture facing the waveguide with theth mode the incident current on port 1 (and 2) is Ieft out. With#&llv;,
current scattered in either direction of the main waveguide andv; elements equal to zero, we solve (65). We then obtain

}:yﬁiV“g

q=1

(83)

rnn

(S13, 523, 933, 543)
ZTE

Pz il <
_~10 q—
T oy 2 Vo Vi'™
where P P q=1

+ ZTE @
7/110 1 S 10 /1+ng

1 volt 10
q=1
ANIAY
() =)

wheng is odd 1

(88)

The remainings,,2 andsS,,, elements are readily obtained using
reciprocity and the geometrical symmetry of the coupler.

= bl . RESuLTS
4 2qn T W, sin 1) Geometry: To validate the electromagnetic model, an ex-
+ COS(_d>Sin( ' ) TN erimental coupler containing the waveguide-to-strip-line cou-
abl w, L kon a 2a qm p -oupler | g g 0-Strip
1. —kZ pler was built. In Fig. 6, a photograph of the individual parts
wh;nq is even Ccomprising the experimental coupler is shown. In Fig. 7, the

(84)

position of the vias with respect to the strip line, aperture, and
waveguide is shown. In Fig. 8, the cross section of the dielec-

where the upper sign pertains to waves scattered in the positive layers is shown with the location of the strip line indicated.
direction and the lower sign pertains to waves scattered in thable | contains the relevant geometrical data. Note that the
negative direction of the main waveguide. cross section of the slot used in the experimental coupler is,
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1 line losses are to be extracted from the measurements in order

; —E; to compare with the computed scattering parameters obtained
s Vi ! using the electromagnetic model. Therefore, the following mea-
£ S g 9 surements have been made.
1 / 1 1) Prior to measuring the coupler, the inner surface of the
; oodo0000a 1 s0odscacso 1 _ waveguide containing the slot have been covered by con-
g'—°°°**°°°°°§ | } ductive copper tape, leaving a 20-mm section open in the
£ o 1] ! vicinity of the slot. Hence, the waveguide losses become
l ‘o | Strip line identical in the present item and in item 2. All six combi-
iL | nations of two-port measurements have been made using
2.onn an HP8722D network analyzer. For the port (1, 2) and (3,

4) measurements, standard two-port calibrationin 3.5 mm
and X-band waveguide have been applied, respectively.
For the port (1, 3) (1, 4), (2, 3), and (2, 4) measurements,

Fig. 7. Position of vias.

Layer Thickness & the so-called adapter removal calibration [14] has been
Ground plane applied. . _ _

] . 2) The waveguide losses have been measured with the inner
Duroid 6002 0.762mm (2.94-j0.0035) surface of the waveguide containing the slot fully covered
CuClad 8700 0.019mm (2.35-j0.0074) by copper tape and with a 20-mm section left open at a
CuClad 6700 7 L 0.019mm (2.35—j0.0074) location without the presence of the slot.

. . 3) The connector losses are obtained from reflection mea-
Duroid 6002 0.762mm (2.94-j0.0035

' ( ! ) surements on shorted SMA ports (port 1 and 2). The mea-
Ground plane - surements have been made directly on the connector of

Strip line .
— b the network analyzer. Hence, no cables were involved.
Fig. 8. Cross section of dielectric layers. 4) The combined SMA connector and and strip-line losses
have been measured with the slot in the ground plane of
TABLE | the strip-line circuit covered by copper tape.
GEOMETRICAL DATA OF THE Using the measurements of items 2—4, the lumped loss of the
WAVEGUIDE-TO-STRIP LINE COUPLER connectors, lumped loss the copper tape/no copper tape transi-
— tions (within the waveguide), and loss factors, i of ¢,
‘; =_262'§§ :n“;‘ i=jllll€;‘:r‘1’:‘n R 9omnrlnm of the strip line and of the waveguide, respectively, were quan-
=17 am o = 586 am - tified. These lumped and distributed losses have been extracted
ry = 375 um h =1.56 mm V=178 from the measurements of item 1.

3) Refinements of the Electromagnetic Mod&he finite
thickness of the strip ling; has been included in the analysis
in fact, rectangular. First, a rounded-end slot has been millacing Wheeler's formulation [15] providing a correction term
Second, the slot ends have been reamed using a broach blade to the width of an equivalent zero thickness strip line.
into their final right-angled shape. As the vias are closely spaced (see Fig. 7), the electromag-
2) MeasurementsThe location of the reference planes (asetic field inside the cavity (formed by the ground planes and
defined in Section 1I-G) implies that the waveguide and striias) is nonzero, while the electromagnetic field outside the
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Fig. 9. Computed.S) and measure(\) scattering parameters of the coupler. “Center of current” displacement not applied.

cavity tends toward zero. Accordingly, we will encounter thdbr the strip line and slot currents, as well as the proper cur-

the electric current on a via will be nonzero on the part of itent and charge distributions on the vias at the interface between

surface facing the inside of the cavity, while the current on thike dielectric layers/ground planes, the numerical solution con-

part of its surface facing the outside of the cavity will be zeroverges rapidly in terms of the number of expansion functions
As afirst-order approximation, we, therefore, assume the falsed. For the computations presented in this pdpe(y) is a

lowing # dependence of the surface current of a via located witteighted sum of four Maxwellian modes [12]= 15, L = 4,

its symmety axis conincident with theaxis of a circular cylin- A =0,V = 78, and@ = 9.

drical coordinate system and with thexis pointing toward the  All possible checks involving reciprocity among the elements

slot: of the matrix in (65) agrees. Further, the conditions for the scat-
, o tering parameters of a dissipationless and reciprocal four-port
K, (8) = cosf,  if o< 5 are fulfilled.
v 0, if = < |6] <. (89) 5) Computed Scattering Parametert Fig. 9, the com-

2 puted (without moving the vias) and measured scattering pa-

We shall define the “center of current ” (i.e., cc), in analogy withameters for the coupler is shown. Note théit;| = |Sa],

the center of gravity concept as follows: |S12| = [S22], |S13| = |S14] = |S23| = [So4| = [S31] =

|S32| = [Sa1| = |Sazl, [S3s| = |Saa|, and[Szs| = |Sag].

_ S Ko(0)(& cos 6 + §sin6) df . (90) In Fig. 10, the computed (with the vias moved according to

jfﬂ K, (6)do the “center of current” concept) and the measured scattering

o . . parameters for the coupler is shown. The agreement between
Substitution of (89) in (90) yields the computed and measured scattering parameters of Fig. 10 is
_ T within the measurement accuracy, except forghg Sz, Sa1,

Tee =&y (91) andS», parameters. We expect the discrepancy to be due to the

cC

4

For this study, the consequence of neglectingétaepen- ZT"Ulm_' AT #>*, andvj inner products, i.e., the direct
dence of the via current is that the cavity becomes electricafifUPling between the vias and line, being set equal to zero. This
slightly oversized. Computed data confirms this, as the red92y also explain that the resonance apparent at 10.45 GHz is
nance frequency is 125 MHz, i.e., 1.3%, off the measured redtt predicted. , ,
nance frequency of the experimental coupler. The experlmenta_l coupler couple_S dl_3 in two ports, which

As an alternative to modifying the expansion functions uséB2y be combined inteS dB. Investigations prove that use of
for the currents on the vias, we have chosen to decrease the §igeslot offset is not feasible for an increase of the coupling.
of the cavity by artificially moving all vias. The upper row (ofStronger coupling may be obtained by matching the difference
vias) and the upper part of the cutoff section are displaced doWRode scattered off the slot onto the strip line by altering the
wards, the right-hand-side column is displaced to the left-haSHiP lin€ into & matching circuit (see Fig. 11). Weaker coupling
side and the remaining vias are displaced such that point syoPtained by moving the slot toward the center of the broad
metry with respect to the center of the slot is maintained. Using g€ Of the waveguide. _ _ o
displacement of 27Gm ensures perfect agreement between the!n Fig. 12, the currents (which are virtually identical in all

computed and measured resonance frequencies. We apprel@gfs) on each individual via is shown. The currents have been
that 275pm is in close agreement with ther/4 = 295 pm normalized with respect to the maximum current that flows on

center of current. the four vias being located closest to the center of the slot.

4) Convergence and Consistency Aspedsie to the use of The height of a cylinder indicates the computed and normalized
expansion functions, which provide the proper edge conditionsy, [4], a similar resonance was attributed to the vias.
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Fig. 10. ComputedS) and measure(l}/) scattering parameters of the coupler. “Center of current” displacement qfr@ &pplied.
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Fig. 11. Strip-line matching circuit for increased coupling.

Fig. 12. Computed amplitude of via currents at resonance,fi.es, 9.75
GHz. The source is an incideits, , mode in the waveguide, i.e5 # 0, ¢ =
v = v = 0.

current” concept is shown to improve the predicted resonance
frequency of the coupler. Future improvements of the electro-
magnetic model may include the azimuthal variation of the cur-
rent on the surface of the vias. Investigations of this kind are
underway.

Computed and measured scattering parameters are in excel-
lent agreement. The computed and measured scattering param-
eters corresponding to the coupling terms, %, etc., agree
within 0.1 dB at the resonance frequency.

Computed data for the currents on the vias demonstrate that
the vias surrounding the slot operates as four sides of a cavity.
Also, the cutoff operation of the vias located along the strip line
is demonstrated.

In summary, this paper has described a theoretically well-
founded electromagnetic model that enables accurate design of
practical waveguide-to-strip-line couplers.
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