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The Generalized Scattering Matrix of Closely Spaced
Strip and Slot Layers in Waveguide

Alexander B. Yakovley Member, IEEE Ahmed |. Khalil Student Member, IEEE
Chris W. Hicks Student Member, IEERAmIir Mortazawi Member, IEEEand Michael B. Steefellow, IEEE

Abstract—n this paper, a method-of-moments integral-equation
formulation of a generalized scattering matrix (GSM) is presented
for the full-wave analysis of interactive planar electric and mag-
netic discontinuities in waveguide. This was developed to efficiently
handle a variety of waveguide-based strip-to-slot transitions, espe-
cially on thin substrates. This single matrix formulation replaces
the problematic procedure of cascading individual GSM’s of an
electric (strip) layer, a thin substrate, and a magnetic (slot) layer.

Index Terms—Electromagnetic analysis, generalized scattering
matrix, Green’s functions, method of moments, patch, slot an-
tennas, waveguide transition.

Fig. 1. Geometry of a rectangular waveguide-based strip-to-slot transition
module: strip is 0.6 mnx 5.4 mm, slotis 5.4 mnx 0.6 mm,a = 22.86 mm,
I. INTRODUCTION b=10.16 mm,7 = 2.5 mm,e; = 1.0, = 6.0, 5 = 1.0.
ANY waveguide-based microwave and millimeter-wave
systems are constructed as cascaded blocks. For giscretization of a single block rather than the discretization of
ample, some waveguide-based filters and spatial powte whole system. The memory required to represent the GSM
combiners consist of a number of transverse patterned cefieach block is determined by the number of waveguide modes
ductive layers separated by waveguide sections, as showndquired to represent the field adequately. With the appropriate
Fig. 1. This structure can be modeled as five blocks: one fehoice of blocks, this is relatively small. The second is that, in
each of the three waveguide sections of permittivitye;, and an iterative design procedure, some blocks will be unchanged,
e3, one for the layer containing the metal stripzat= 0, and and the EM characterization of these can be reused.
the other for the layer containing the slot-at= . It would The work reported in this paper was developed for the mod-
be possible to electromagnetically characterize this structwkng of waveguide-based spatial power-combining systems [1],
using a multilayer method-of-moments (MoM) technique ifp]. Spatial power-combining systems generally consist of an
which the conductors are discretized. Such discretization caray of unit cell amplifiers arranged in a regular two-dimen-
result in a very large matrix problem. Also, this approachional array. A GSM approach in conjunction with MoM dis-
cannot be used when a block requires three-dimensional (3-ddgtization was developed in [3] for the analysis of quasi-op-
electromagnetic (EM) characterization obtained, for examplgzal grids used for grid amplifiers and grid oscillators. Active
using the FEM. A solution is to use the generalized scatterigigvice ports are incorporated in the algorithm in terms of nor-
matrix (GSM) procedure, in which the field in the waveguidenalized Floquet harmonics that allows polarizers and periodic
is decomposed into a number of orthogonal waveguide modgsd structures to be modeled without the need of ideal mag-
An EM analysis of one block at a time then enables theetic and electric walls. A full-wave analysis of infinite peri-
coefficients of the forward and backward traveling componengglic grid structures with active devices was proposed in [4]
at each of the two internal waveguide surfaces of a block kaised on the MoM solution for the electric current density dis-
be related. The GSM’s of each block can then be cascadecttetized by rooftop basis functions on the grid surface. The al-
obtain the overall system characterization. The GSM has twerithm was implemented for a single unit cell of the infinite
attributes that are important for system design. The first is thgfid using specific approximations (equiphase conditions with
it uses memory efficiently as the memory is determined by thiee introduction of electric and magnetic walls). Three-dimen-
sional finite-difference time-domain analysis of infinite peri-
Manuscript received May 14, 1999. This work was supported by the ArnQ/diC grid structures was presented in [5] using Floguet boundary
Research Office under the Multidisciplinary Research Initiative on Quasi-ogonditions and Berenger’s perfectly matched layer absorbing

tical Power Combining Agreement DAAG55-97-K-0132. boundary condition. The technique was used to model a mul-
A. B. Yakovlev, A. I. Khalil, C. W. Hicks, and A. Mortazawi are with the Elec-

trical and Computer Engineering Department, North Carolina State Universiw,ayer quaS|-opt|caI ro.tator array and compared with m_easqre'
Raleigh, NC 27695-7914 USA (e-mail: yakovlev@ieee.org). ments. The problem with the above techniques are that idealized

M. B. Steer is with the Institute of Microwaves and Photonics, School Qfonditions are assumed, particularly infinite periodicity. Anovel

Electronic and Electrical Engineering, The University of Leeds, Leeds LS2 9JT .
U.K. (e-mail: m.b.steer@ieee.org). ‘WMoM-based GSM m.odellr)g sch_eme was recently pr_oposed by
Publisher Item Identifier S 0018-9480(00)00225-8. the authors for efficient simulation of large waveguide-based

0018-9480/00$10.00 © 2000 IEEE



YAKOVLEV et al: GSM OF CLOSELY SPACED STRIP AND SLOT LAYERS IN WAVEGUIDE 127

y [7]- A coupled set of the electric- and magnetic-field integral
equations is discretized via the MoM using piecewise-sinu-
soidal overlapping basis and testing functions for the electric
H,™~ Ef - and magnetic current density. The MoM matrix equation yields
a matrix representation for the electric and magnetic current

& €3

S

m Ss . . : X

i 1L W H e am_pllt_ude coeff|c_|ents in terms of_ the unknown magnltudes
imp e 2 3 of incident electric and magnetic fields expressed in terms of
Vi \ Ve [© Vs waveguide modes (eigenmode expansions) and the inverse

0 ‘ T z MoM matrix. The magnitudes of scattered (reflected and

Magnetic Layer transmitted) modes are obtained in terms of current amplitude
coefficients using a unity power normalization for the electric
and magnetic vector functions. Finally, this procedure results
in the GSM representation relating magnitudes of incident and
scattered modes. The method is numerically stable for thin as
well as thick substrates and requires the same central processing
unit (CPU) time and computer memory for each separation
between the electric and magnetic layers (in the range from
micrometers to centimeters and larger). Numerical results are
obtained for various waveguide-based interactive electric and
Fig.2. Geometry of awaveguide-based transition module of arbitrarily shapgtagnetic layers and compared with measurement data and data
interactive electric and magnetic layers. obtained using a GSM cascading modeling scheme from [6]
(for electrically large separation between layers) and a 3-D
commercial FEM program.

EM and quasi-optical systems for spatial power combining [6].

The development of field-circuit interfaces to simulate interac-

tion between passive and active [monolithic microwave inte-

grated circuit (MMIC)] devices and circuits is a novel, but nec-1l. INTEGRAL-EQUATION FORMULATION AND GENERALIZED
essary, development for integrated EM and circuit modeling. SCATTERING MATRIX METHOD

The idea of partitioning a whole system into individual mod-

ules (electric or magnetic layer) is implemented and the GSf1 Introduction

qf each layer is obtained bgsed on a fuII-.wave MoM formulg- Consider a waveguide-based transition module with three di-
tion. Internal ports connecting MMIC devices and passive cir-

cuit elements with the distributed structure are established in {] |$Ctr'.c layers, as ;hown In Fig. 2. An arbltrar|!y shaped met-
a\Ellzatmn S, (electric layer) and slot aperturés in a ground

technique and these ports are retained in the cascading of bloc¢ She (magnetic layer) are located on the interfaces of adjacent

The GSM is constructed for all propagating and evanescent gmlectric layers with permittivities, and ez, ande, and es,

and TM modes and provides an accurate simulation of inter- . L . o )
! . . respectively. The incident electric and magnetic fields in the re-
actions between neighboring modules. A problem occurs when : )
Ion V. are generated by an impressed electric current source

the separation between neighboring layers becomes electric%f_y (V x 7., for the magnetic field). It should be noted that
small. This necessitates a significant increase in the number ¢f:" b 9 '

. . . : -an incident magnetic field from regidr; is similarly handled.
waveguide modes (i.e., the size of the GSM) in order to prowc’?%e scattered glectric and magnegcfi:igelds in the )r/egIQand

the adequate interaction of cascading modules. In turn, this i are generated by the induced electric current on the metal-

sults in a dramatic increase of memory and computational rIfazz'ation S, and by the induced magnetic current on the surface

quirements. The solution is to model two closely spaced layer slot aperturess, (note that both electric and magnetic cur-

asa single block rather than as the gascade qf three blocks. ?erﬁs contribute to the fields). The electric and magnetic fields
particular problem addressed here is shown in Fig. 2. The n

e . ) X
block consists of the electric layer (the conductors} at 0, |r\1’\{_he regionv’s are due to magnetic currents 0r_1|y,_ but the conti-

. nuity of tangential components of the magnetic field across the
the volume between = 0 and> = 7, and the magnetic layer

. . surfaceS, provides the interaction of all regions and necessi-

(the slots) at = . It is the purpose of this paper to develop th? ; :
. . ates the formulation of the problem in terms of coupled elec-

GSM formulation for this enlarged block. . L )

. ) . . .tric- and magnetic-field integral equations.
In this paper, a full-wave integral-equation formulation is
developed for EM modeling of waveguide-based arbitrarily

shaped interactive electric (strip, patch) and magnetic (sl&, Electric and Magnetic Layers

aperture) discontinuities. In essence, the MoM-based GSM : . . _ .
formulation is developed for two close layers, which are then A coupled set of integral equations is obtained by enforcing a

modeled as a single block. The incident electric and magnelﬁeundary condition on the tangential components of the electric
fields are expressed in terms of eigenmode expansions wiffid on the conducting surfac,, atz = 0 as follows:

unknown magnitudes, including both propagating and evanes- . _

cent TE and TM modes normalized by a unity power condition Zx (Eim(f) + B (77)) =0 1)
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and a continuity condition on the tangential components of the induced electric/(7) and magneticM (7') currents. The
magnetic field on the surface of the slot apertufgsatz = 7 electric dyadic Green’s funct|on§’(12)(* ), G<22>(~ ")

as follows: have been derived for semiinfinite two-layer waveguide satis-
. o o fying boundary and continuity conditions for the magnetic field
2 X (H‘Q’“C(F) + HY™ (f‘)) = 2 x HY*(7) (2) vector (see the formulation in Appendix B). The electric dyadic

Green'’s function of the second klm’ﬂg2 7, 7') is obtained for
where B2 (7), Hy¥*'(7), and Hy*(7) are scattered electric @ single-layered semiinfinite waveguide termmated by a ground
and magnetic fields. Note th&fi*<(7) is a part of the incident plane atz = 7 (details are given in Appendix C). Green's
magnetic field transmitted from the regid{i through the di- functions in this formulation are obtained in terms of double
electric interface at = 0. series expansions over the complete system of eigenfunctions

The integral form of the boundary condition (1) is obtaine@f the Helmholtz operator. Dyadic Green’s functions in terms of
by combining the vector-wave equation formulation for théectangular vector-wave functions have also been constructed
electric field and the corresponding formulation for the electri®r @ semiinfinite rectangular waveguide with multilayered
dyadic Green’s function. The integral-equation formulation dading [9]. _ S .
the second vector-dyadic Green’s theorem [8] with appropriateThe incident electric and magnetic fields introduced in inte-
boundary and continuity conditions is gral form in (3) and (4) are determined at the point of observa-

tion+ due to current sourceb,,(¥) andV’ x J i, (7) at the

. = o AL, o , source point”’. This representation naturally comes from the
T JWhoE X A Jimp(7)  Gey (7, 7 AV integral-equation formulation using the second vector-dyadic
v _ Green’s theorem, but at the same time, it requires an explicit
= JwpoZ X / J(7) - GLV G P ds’ form for the electric current source. An alternative to the in-
Sm tegral representation, a series eigenmode expansion, including

_ 5% / M) - [V’ x G2V (7 F):| ds’. (3) bothpropagating and evanescent TE and TM modes, is proposed
S, here. The total incident electric field introduced by the boundary

Here, the integral on the left-hand side of (3) represents the In gondition (1) atz = 0is given as

cident electric field due to impressed electric currépt, (7')
and the integrals on the right-hand side are the scattered elecEmc (7) = Z Z aTE et TE(y )(1 + RTE)

rnn rnn mn

fields due to induced electrig(7"') and magnetuM( ") cur- =0 mEne0

rents. The electric dyadic Green’s funcUo@é1 7, 7') and oo o0

Gﬁl)(i 7'} are obtained as the solution of the boundary-value + Z Z e G (2 )(1 + RrTan)
problem for a semiinfinite two-layered waveguide terminated m=l n=1

by a ground plane at = 7 (similar formulations for elec- (®)

tric Green’s dyadics are presented in [8]). The electric dyadic
Green’s functions satisfy boundary and continuity conditionghe total incident magnetic field that appears in the continuity
for the electric-field vector on the surface of a conducting shief@ndition (2) atz = 7 is determined similarly as

and on the interface of adjacent dielectric layers with permittiv-

itiese; ande,. The formulation of the boundary-value proble mc TE ~TE T+TE @) -

for the electric Green’s dyadics and some analytical details aré (1) = Z Z 20 Lo B (2, )™

provided in Appendix A.

m=0 m#n=0

The continuity condition for tangential components of the + Z Z 9T 'TM h+TM(x U)eﬂgs};
magnetic field (2) is obtained in integral form using a similar g g o T T
procedure as that described above for the electric-field vector re- (6)
sulting in the magnetic-field integral equation for the unknown
currentsJ () and M (') as follows: wherea™, o™ are unknown magnitudes of all propagating

. and evanescent TE and TM modes, respectlvelymé,ﬁd (i=
25 x / V' x 711111,(7?’)} G, ) av! 1, 2) is the propagation constant defined as
€1 Vmp
P / G [/ < G2 7] ds’ o [ESR kR
€ mn
L VRS, R <
— Jweg? ></ M) and
2m
2=k k2 k=8 k=" =L/
.[CGS&;)( ) + GO (7 ',f*)]ds'. (4) e =ha Ry a YT NV

The integral on the left-hand side of (4) represents the incident B
magnetic field introduced in the regioi, and the integrals The vector function®,,, (x, ¥) and hy,(z, v) introduced in
on the right-hand side are the scattered magnetic fields d& and (6) for the electric and magnetic fields of TE and TM
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modes, respectively, satisfy the unity power normalization con-
dition [7]

e (z,y) xhE (z,y)| - (£2)dS=1. (8)
Sw

Here, the “+” sign corresponds to waves propagating in the pos-

itive (+) and negative) z-directions ands,, is the waveguide

cross section. The expressions for the electric and magnetic %42

vector function components for TE and TM modes have been X;-¢ X; x;te X ¥e

derived using the procedure described in [7]. ) ) ) o o )
The total reflectiong,,,,, and transmissipffmn coefficients_ Eléqs.ig.funr\;?igtr?srllgular cells with thedirected overlapping piecewise-sinusoidal

for TE and TM modes at = 0 are determined as the solution

of the boundary-value problem for a two-layered waveguide ter- . . . )

minated by a ground plane at= 7 in the absence of electric Here,W?7(z) are locally determined basis functions defined as

and magnetic currents (no strip metallization and slot apertures).

\ f | 1

Note that the induced electric and magnetic currentsin the ab B sin [ks (c—lo— sz
formulation are due to total incident electric and magnetic fields? t) = d sin(k,c) ’
that include direct and reflected (transmitted) parts associated lo— 2| < |y—wil <d/2

only with incident fields. The problems of determining total re-

flection and transmission coefficients have been solved sepad functionsV/ (y), T, (x), andZ¥(y) have a similar defini-
rately for TE and TM modes by matching continuity conditionion. A parametef, = ko//¢max determines in some sense
on the dielectric interface at = 0 and boundary conditions ata degree of smoothness of the basis functions. Note that these

z =T functions are continuous with a discontinuous derivative at
B TAL RTE, T™ _ =297 x; and, for smallk,c, they approach triangular basis functions
R " = 1 _ RIE TN 3,01 (sin (ksc) = ksc). As an example, rectangular cells with the
— 19 nT

z-directed overlapping basis functions are shown in Fig. 3.

TR, T™M _ T ™ A matrix system of linear equations is obtained for the un-
e 1— RIE ™20 known coefficients in the currents’ expansion (10)
where inc
1 (2) AX=F" (11)
RTE _ mn T fmn
%(521 + ’yff% whereA is the total MoM matrix of all self and mutual interac-
L (2 tions of electric- and magnetic-field components with the elec-
TTE — 2y/ YmnYmn tric and magnetic current components
1 2
2) (1) A |Ion0Z(w) (w)
RTM _ €1Ymn — €2Ymn W(w) —j(x)éoY(w)
F1’7/7(717)1 + fQ'Yr(nr)L . . .
> W X is the vector of unknown currents’ coefficients, akitl® rep-
TIM _ 2\ evmneatmn ) resents tested incident electric and magnetic fields associated
6177(717)1 + 62%(71% ’ with magnitudest,,,,,
The coupled set of integral equations (3) and (4) with the in- J _ v
cident electric and magnetic fields expressed in terms of eigen- X = [M} e = [I} .

mode series expansions (5) and (6) is discretized via the tra-
ditional MoM using thez- andy-directed overlapping piece-  The elements of the impedance block mafik) are asso-
wise-sinusoidal basis and testing functions for the electric agrhted with the electric-field components due to electric current

magnetic currents components, obtained in the following integral format »' =
Z - 0:

= zig =[] Wr@GRL s w Wie) dS dS

=2 Wi zig= [ [ WG o W) as'as

ZM”T” 7= | m / WG, e W) as s

/ WG, (@ o5 2, )W) () dS' dS.
S.

2= |
My(y) =Y M!TY(y). (10) st,
=1 (12)
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The elements of the block matrb{(w) are associated with regions, resulting in a divergent double series of the Green’s
the electric-field components due to magnetic current complomnction expansion. However, the MoM discretization provided
nents(z = 0, 2/ = 7), shown in (13), at the bottom of thisin this paper enables a singular integral operator to be partially
page. reduced. The result is that a slowly converging double series

The elements of the block matri¥ (w) are associated with [the results of integrating (12) and (15)] is obtained. An accel-
the magnetic-field components due to electric current comperation procedure to facilitate a convergence of a double series
nents(z = 7, 2/ = 0), shown in (14), at the bottom of thisand speed up the MoM matrix fill is demonstrated in [10] and
page. [11]. An efficient technique to improve a convergence of sincle

The elements of the admittance block malrikv) are asso- and double series was also presented in [1616].
ciated with the magnetic-field components due to magnetic cur-The incident electric and magnetic fields (5) and (6) tested
rent components, obtained in the integral format »* = 7, with the overlapping piecewise-sinusoidal and y-directed
shown in (15), at the bottom of this page. functions introduced in (10) can be expressed in matrix form

The electric Green’s functions introduced in (12) and (1%) terms of the unknown magnitudes,,, of the TE and TM
have a singularity on the surface of the elecfticand magnetic modes, as shown in (16)

S, layers where a point of observati@rand a source poirit’

are co-located as a result of the boundary (3) and continuity (4)
conditions. This singularity is associated with the primary part {V} = BCa (16)
of the electric Green’s function and it is not integrable in those 1
o= T (x G(21) e 0 gy o (x)dS' dS
kp — s Jsr a7 Tz, el(x Y T, y) a 7 Tyx, el(x y x, y) Wk (.’L’)
Urq =/ / () [—,Gfil)el(w y's y)—ngil)el(w Yz, y)} Wi () dS" dS
Sk S‘Z 4
- . ] ,
Uy = /53 /SP T [ Ggf’)el(a: y's @, y) — % /Gﬁi)el(a: Y x, u)} W (y)ds'ds
, a ,
W = /S j /S T [ GO0 o ) — G o, u)} W(y)ds' ds. (13)
W = W) | LG9 oy 0 G2 (ot T (z)dS’ dS
e T - Js a/ zx,e?(x7y7x7y)_y yz, 62( 7y7x7y) 7(]})
Wy =2 / Wi(y) —iG(m) (@, z, y) — 0 G (2 ;s =, y) T(z)dS’ dS
ré €1 - Jse £ _ax/ zx, e2 g FT e2 ] r
yx €2 . 9 2 J 12 ,
Wgz = - — /S 5i m (xl) |:ay G,(.y,)GQ(x y &€, y) 82/ G;y,)GQ(‘/E/? y/7 x, y):| Tey(y) dS/ ds
, [ o g 1...
Wi == / W) |55 G, s, y) = 5= GO oy ) | TV (y) dS' dS. (14)
€1 Js sS4 _a.’f a ]
ng /T /SP T;(xl) Ga(r;ac )e2( /7 y/? €Ly y) + 63G§cac) e2 7 y y L Y :| dS/ ds
Y= /T /sq TY() |e G;w )62(37 Y5 x,y) —i—rgG;w) @ Yz, y } x)dS’' dS
YYr = /5 /SP T;”(x’) :EQG;zQ)GQ(.T Y5 x,y) +F3G;y) @ Yz, y } y)dS' dS
Y = /S /S TY(y/) [@G(y Lo s e ) + G oy, y } y) dS’ dS. (15)
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where #03 aliRE  ) a8)
'(e;rE7 W2) (CEMv W) 0 0
(CEE7 W,) (651\17 W,) 0 0 Note that the reflect_ed part of the tqtal incident field is mclude_d
B= " . in (18). An alternative representation of the reflected electric
0 0 (hy™ T2)  (hy ", 1) field is obtained in terms of the eigenmode series expansion with
0 0 (hy B, T,) (WM, T,) unknown magnitudes of reflected TE and TM modes
'U—‘,—RTE 0
- TTE 0 ref TE——TE
0 TTM E .’L’ y Z Z brnn Cmn .’L’ y)

m=0 mzn=0

m=1 n=1

(19)

Here,(e, W) and(h, T) define the inner product of the vector,

function components and correspond to the testing funcuor{ ge unlt)k/)lpov;/ﬁ r normgltlzgtlon C]? n(:l't'otn ﬂgpplfg,&) (183 and
R™ andR™ are total reflection coefficients defined in (@, ) enables the magnitudks, of reflecte an modes

is the identity matrix, and to be expressed in the following form:

bTE
{ bT]\T }
with 7T andZ’T being total transmission coefficients (forthe = —jwuo/ / [J GV x {

+ M|V x @(21)} X P
s Js “ b

incident field only) atz = 0, as defined by (9). The above matrix
representation (16) leads to a relationship between magnitudes
~ 1 arnn REIE
(oyds { Y

— 9V TTE  pTM _

TE 7"/mn 7 TM
T mn? 26 T’n

h’rnn ~ /
s H (—2)dS' dS

of incident and scattered modes—the GSM.

Using the above matrix transformations, the vedasf mag-
nitudes of electric and magnetic currents can be obtained in
terms of the unknown magnitudes of incident TE and TM modes
using the following matrix product:

=

C. Reflection Coefficient

(20)

The above system of equations can be written in matrix form
relating magnitudes,,,,, of the reflected TE and TM modes to
magnitudes:,,,,, of incident modes using unknown magnitudes
of the electric and magnetic currents (details of the integration
over S,,, S5, and.S,, are omitted here due to their algebraic
simplicity) as follows:

'BCa. (17)

J

The next step in the determination of the GSM for waveguide- M

based interactive electric and magnetic layers is to represent the
scattered electric field (reflectedat= 0) in terms of the eigen-
mode series expansion and relate it to the integral representatitstie. D is a2 x 2 block matrix obtained as a result of integra-
of the scattered electric field due to induced electric and man of surface integrals introduced in the system of (20), and
netic currents. Following the electric-field integral-equation for is a diagonal matrix with elements being the total reflection
mulation (3), the reflected electric field at= 0 (interface of CoefficientsRI7 or RN determined in (9).

adjacent dielectric layers with dielectric permittivitigsande,) ~ Substituting the vector of electric and magnetic current mag-
has the form nitudes determined as the matrix product (17) into the matrix

equation (21), the matrix relationship of the reflected and inci-
dent modes is obtained as follows:

b:D[ }—FRa. (21)

B (z, y)

:—jwuo/ J(z'

Son
+/S M, ) - [V/ x GOV (!, of; =, y)} ds’

o o
E : E : TE pTE +TE

+ amann mn (.’IZ’, y)
m=0 m#n=0

y/) C_:Sl) (xlv y/; z, y) ds’ b=511a
with

S11 =DA'BC+R. (22)
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This is the reflection coefficient part of the GSM of the whole 0 ' ' ' ' '
structure.
-5 | 4
D. Transmission Coefficient a
. . . LT
In this section of the paper, we derive the GSM transmission = -10 | T
o

coefficient relating magnitudes of incident and transmitted 3
modes associated with the whole structure. The transmittedg -15
electric field due to the magnetic current induced on the surface 2

of slot apertures; atz = 7 is obtained in the integral form E" -20 AN
> —— GSM-MoM (module)
=25 ---- HFSS
EY(z,y)= — / M, ) ——- GSM cascading [6]
Ss
— — 0 1 L 1 1 ‘
.[v’ x G (2, of; @, y)} ds’  (23) 185 188 191 194 197 200 203

Frequency (GHz)

where ﬁg?i) is the electric dyadic Green’s function of theFig. 4. Magnitude of the transmission coefficieft; against frequency for

3 o . . P a strip-to-slot transition module. Numerical results are compared with data
flrs_t kind qbtalned for a smgle-layered Semllﬂflnlte WaVesptained using a GSM cascading modeling scheme and a 3-D commercial
guide terminated by a ground plane-at= . This Green’s FEM program.

function has been extensively studied by many authors and

it is presented, for example, in [7], [8], and [12]. Note that 200 ' ' ' N '
AVAY @gi)(a:’, yix,y) =V x @S’f (@', 'z, u), where@f{ 160 N ]
is thg vector potgntial dyadic Gregn’s function of the fir_s't kind 120 | — GSM-MoM (module) E v i
obtained as a diagonalized dyadic for rectangular cavities ancg 80 | ---- HFSS : ]
waveguides [13], [14]. - o § 4~ GSMcascading[6) ]
The electric field transmitted in the regidr; is also ex- < !
pressed in terms of the eigenmode series expansion with un—~ 0 i 1
known magnitudes of transmitted TE and TM modes @ i |
Z !
= ' e
= :
ES(w,y)= Y Y Gty (2, y) '
m=0 m#n=0 ]
o0 o0 =200 1 L 1 ) £
+ Z Z cg}ﬁféj;zl\“(x’ y). (24) 185 188 191 194 197 200 203
m=1 n=1 Frequency (GHz)

Fig. 5. Phase of the transmission coefficiefy; against frequency for a

Note that the components of vector functi@ng, are obtained strip-to-slot transition module.

in the regionV; filled with dielectric of permittivityes (charac-

teristic wave impedances for TE and TM modes are determingflis i the transmission coefficient part of the GSM of the whole
in this region). o = _ structure. The matrif, is analogous to the matri® and it is
The unity power normalization condition (8) applied t0 (23} 5nstrycted in such a way to provide a connection with the ma-
and (24) results in the expression for the magnitudes of trafsy nroduct (17). (The electric current is not present in the result
mitted modes in terms of the induced magnetic current (25) and this requires the introduction of zero-element blocks in
the matrixL).
TR - _ RHTE The S,> andS» coefficients of the GSM are obtained sim-
{ iy } = —/ / [M. [V’ X GS)} X {_:’;M H ilarly. It should be noted that the integral-equation formulation
Cmn Sw /S hen in conjunction with the GSM method does not require the di-
2dS’'dS. (25) rect calculation of electric and magnetic currents. Instead, those
currents are used to relate magnitudes of scattered (reflected and
Following the procedure implemented above for the refletransmitted) modes to magnitudes of incident modes by means
tion coefficientS;;, a matrix relationship between the transof matrix transformations.

mitted and incident modes is obtained as follows:
I1l. N UMERICAL RESULTS AND DISCUSSION

The GSM elements, the reflection and transmission coeffi-

. cients in (22) and (26), are calculated numerically for a variety
with of waveguide-based interactive electric and magnetic discon-
S.1 =LAT'BC. (26) tinuities used in EM and quasi-optical power-combining sys-

Cc = Sgla
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Fig. 7. Geometry of a rectangular waveguide-based patch-to-slot transitiong
module: stripis 10.4 mnx 9.0 mm, slotis 10.4 mnx 0.2 mm,a = 22.86 mm, 100 E
b=10.16 mm,7 = 0.381 mm,e; = 1.0,e3 = 6.0,¢e3 = 1.0. -

-150

P
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tems. In the first example, results are obtained for a waveguide:

based rectangular strip-to-slot transition module (Fig. 1) and -20011.5 12'.0 12'.5 13;'0 13;.5 14.0 1‘;'5 15.0

compared with those generated by the GSM cascading schem Frequency (GHz)

[6] and the commercial HFSS program (Hewlett-Packard, ver-

sion 5.2). Figs. 4 and 5 demonstrate dispersion characteristigsg. Phase of the reflectiof,, and transmissiorS,, coefficients against

(magnitude and phase) for the transmissin coefficient in  frequency for a resonant patch-to-slot transition.

a narrow resonance frequency range (18.5-20.3 GHz) for the

dominantTE;q mode. Very good agreement of the MoM nua high dielectric permittivity, and it does not require additional

merical solution with the GSM cascading and HFSS results@PU time and memory.

observed. It can be seen that for electrically large substrates\ wide resonant strip (or patch) coupled to a thin slot in a

(= = 2.5 mm), the MoM algorithm developed in this paper andectangular waveguide with a layered environment is shown in

the GSM modeling scheme proposed in [6] can both be usedrig. 7. Numerical results are obtained in the 11.5-15-GHz fre-

generate the accurate solution for waveguide-based interactiuency range for the dominafitt:; mode showing a strong

discontinuities. patch-to-slot coupling at 12.475 and 14.225 GHz (Fig. 8). Fig. 9
Note that even though the dispersion behavior of the scatiows the dispersion behavior of the phaseSof and S»,

tering parameters is shown for the dominditt;, mode, the which changes in sign passing through tlide¥el at the res-

X-band waveguide in the above frequency range is overmodathnce frequencies. The GSM result for the magnitude of the

and all self and coupling parameters, given by (22) and (26), dransmission coefficiens;, shown in Fig. 8, is compared fa-

calculated. Fig. 6 shows the behavior of the transmissign vorably to experiment. The experimental results were obtained

coefficient of theTE;, mode versus separationbetween the using an HP8510C Network Analyzer. The difference observed

strip metallization and slot aperture. The results are obtainedpeak values of the transmission coefficient is due to con-

at 19.635 GHz (the resonance frequency from Figs. 4 anddBctor loss, dielectric loss, and imperfect connection between

for 7 = 2.5 mm). It can be seen that the structure resonattéee ground plane containing slot at= 7 and the waveguide

at the same frequency for different distances between the striglls, which causes a current discontinuity at the edges.

and slot. The algorithm is numerically stable for different mate- Many spatial power-combining systems are arranged as a

rial and geometrical parameters, including thin substrates wittultilayer structure with an array of input antennas on one side
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b

a 0

Fig. 10. Geometry of a waveguide-based cross-polarized2strip-to-slot arraye = 7.11 mm,b = 3.56 mm,L = 1.4 mm,w = 0.1 mm,! = 0.4 mm,
h = 0.05 mm,7 = 0.075 mm, e, = 2.8, = 12.9,¢5 = 8.5.

and an array of output antennas on the other [1], [2]. An active

device, a MMIC amplifier, is inserted between an input—output

antenna pair. Some structures use an array of coupled slot anc
strip pairs (Fig. 1) and others use coupled slot and patch antenne . -5
structures (Fig. 7). A more complicated structure is shown,
in part, in Fig. 10. This structure is a cross-polarized double
2 x 2 strip-to-slot transition module and is placed in a lateral
position across a waveguide. Actual structures could have larger:
arrangements Gf x 5 or more cells. A special property of these

tude S (dB)

-10

Magni

structures are that the individual antennas, in this case slots,= _,s | 521/,'/ ————TE10— TEyq )
are subresonant. It is only as an array that the structure has the TEj90— TE10

desired bandpass characteristics and, therefore, it is important ------ TE19— TEo

to model the array in its entirety. In Fig. 10, and referring to /! . ) . ) ) .

Figs. 1 and 7, the input angled microstrips are located at the —2026.0 26.5 27.0 27.5 28.0 285 29.0 29.5 30.0
interface of dielectric layers with permittivities (typically Frequency (GHz)

air) ande,. The energy of vertically polarized modes is coupled

to the energy of horizontally polarized modes from the inptfig. 11. Magnitude of the reflectiofi,; and transmissiotb, coefficients

slot antennas (horizontally oriented slots at 7) to the output against frequency for the 2 2 waveguide-based strip-to-slot array.

slot antennas (vertically oriented slots alsa at 7) by means

of the angled microstrips. At subresonant frequency, input simstermoded (even though it operates in #ie-band frequency
antennas are strongly coupled to microstrips designed to couggage) due to the presence of dielectric layers allowing the
the energy of vertically polarized modes to the output antennaggher order modes to propagate. Figs. 11 and 12 show the
which are subresonant for horizontally polarized modes. Tleeupling properties of the transition module: the energy of
input and output slot antennas are located at the interfabe TE;, mode is transmitted not only through the horizontal
(ground plane) of dielectric layers with permittivitiesandes  input slots TE;9 to TE;, coupling), but also through the
(again, typically air). Note that the strips and slots are separateattical output slotsTE;o to TEy; coupling), which change

by a very thin substrate-(= 0.075 mm) with a high dielectric the field polarization. When this structure is used in a spatial
permittivity (e2 = 12.9). The resonant properties of thepower-combining system, wherein the input and output signals
structure are mostly determined by the resonance frequencyacd separated by vertical and horizontal polarizers, we are
the input slot antenna array. The resonance occurs at frequepasticularly interested in providing maximum cross-polarized
28.15 GHz for this particular geometry enclosed in a layeredupling from theTE;, mode to theTEy,; mode. Note that
Ka-band rectangular waveguide. Note that the waveguidernsany modern waveguide-based spatial power-combining
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' APPENDIX A
150 =~ m———n__ _ ] ELECTRIC DYADIC GREEN S FUNCTION OF THE THIRD KIND
} Su FOR THEELECTRIC-FIELD VECTOR
100 ! . . = L o .
7 { The electric dyadic Green’s functid#,, (7, 7*) is obtained
g 50 T { 1 as the solution of the coupled set of vector-wave equations [8],
o h ] 15
S : ] [15]
) ————-TEq4w— TE \]\\ Sn =] —
g -so; e V x Vx GV 7y — 2GEV (7, )
= 107 e Tl Zo o -
L E— TExg— TE¢1 ! Su 1 = I8(7 — i), 7,7 eVl
! =021) /5 H21) o
-150 } ', ] VX Vx Gy (7 7)) — kyGey (7, i)
YT =0, TeVuiew 27)

00 1 1 ] 1 1 1 1
26.0 26.5 27.0 27.5 28.0 28.5 29.0 29.5 30.0

Frequency (GHz) subject to two sets of boundary conditions. The first one is of

the first kind on the surface of a conducting shield and ground

Fig. 12. Phase of the reflectidy ; and transmissiol§z; coefficients against plane atz = 7, including the surface of slot apertures (Fig. 2)
frequency for the 2« 2 waveguide-based strip-to-slot array.

N (R} PR .
. . ) = 1=1, 2. 2
systems are developed with the use of large strip-to-slot (or Ax Gy (1, 7) =0, =5 (28)

patch-to-slot) arrays where a strong cross-polarized coupling

is provided. The examples demonstrated in this paper shdWwe second set describes the mixed continuity conditions for
the principles of a waveguide-based cross-polarized couplitige electric Green’s function dyadics of the third kind on the
which can be effectively used for the development of large EMterface of adjacent dielectric layerszat= 0 as follows:

and quasi-optical systems.

2 x GEVF 7Y =2 x GEV(F, 7)
% x (v x GV (7, F’)) —5x (v x G2V(F, F’)) . (29)
IV. CONCLUSION

A full . | ion f lati has b q It should be noted that the location of tléesources in
ull-wave integral-equation formulation has been dene apave formulation is considered to be in the regi@n

vel(_)peq for the mOde"Ug of_waveguide-based, inte_raCtivgimilarIy, the boundary-value problem for the electric Green’s
arbitrarily shaped electric (strip, patch), and magnetic (sloc} adics @22 and G2 can be formulated foB-sources
aperture) layers with application to spatial power-combining/ el el

0

. ositioned in the regiort;. Solution of the boundary-value
systems. The MoM-based GSM algorithm was developed roblem (27)—(29) yields nine components of the electric

handle a variety of interactive electric and magnetic disconfi: , . ; , S
o : . . . . o reen’s function dyadics expressed in terms of double infinite
nuities with thin substrates of high dielectric permittivity. The__ - X
. . individusEres expansions over the complete system of orthonormal
GSM of a transition module is constructed as an individua . . ) .
. . ; . igenfunctions of the Helmholtz operator with one-dimensional
GSM in the cascading algorithm for the composite GSlﬁ . : .
e . z-directed scalar Green'’s functions
of power-combining systems. Numerical results are shown
for various waveguide-based transition modules, includin I 1
. X . oty oo 00 f( )
strip-to-slot, patch-to-slot, and cross-polarized strip-to-sigt < _ Z Z (el ()
array. Modeling of the patch-to-slot and strip-to-slot transition¥ 1) [ — mn\Lr Y)Pmn L5 Y (21) ?
. . . i m=0 n=0 frnn i
is also compared with measured data and numerical results */ i :’xf Y,z
generated using a GSM cascading modeling scheme from [6] ’ T
(for electrically large separation between strip and slot) and a
commercial FEM program, respectively. The method is stableA scalar form of the vector wave equation (27) for Green’s
for different material and geometrical parameters and can fumction dyadicsGSl) and Ggil) is combined into three
effectively used for the simulation and analysis of closelypdependent systems of equations. The first system of scalar
spaced interactive discontinuities. These cannot be cascadedmqstions, obtained fa%,.., Gy, andG., components of the
individual layers due to the computational problems that ari§&een’s functions, is reduced to the second-order differential

from the small separation of the layers. equations for the-directed one-dimensional functioffs,,,_ ;.
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Those functions are obtained as a superposition of primary andNote that the location of th&-sources in the above formula-
scattered parts tion (31)—(33) is considered to be in the regign This is neces-
sary in order to formulate the magnetic-field integral equation in
this region and to satisfy the continuity conditions on the surface

2 2 ’
(kl - kw) e~nlz==1 of slot apertures. The boundary-value problem for the electric

(11) _ V/ Y12 e Ve
T,z k2 27 (e Green’s function dyadio@’gl) andeQl) has also been formu-
FRU = (2)eT " 4 ()2 lated foré sources positioned in the regida, and the Green'’s
e P A functions derived have been implemented in the determination
fgj;)ym = _ 2231 627 + a2 )eM? of the GSM transmission coefficiest;,.
’ i gt
fOY L =as(d)e 7 + ag(2)e? =TT APPENDIX C
Fu 19 (k FAD g ) ELECTRIC DYADIC GREEN'S FUNCTION OF THE SECOND KIND
TEE A @y NI L v The electric dyadic Green’s functid® ;) (7, 7') is obtained
Fey 19 (k FEL g 21 ) (30) for a semiinfinite waveguide filled with dielectric with permit-
T ED T N2 Gy T EE Y mn, ) tivity ez and terminated by a ground plane at= 7. This

Green'’s function is determined as the analog of the magnetic
The unknown coefficients,, ('), (p = 1, ---, 6) in (30) are field vector satisfying the vector-wave equation at each interior
P\~ /o - b b

obtained subject to the boundary and continuity conditions (2B§int of the regionV’s and the magnetic-type boundary condi-

and (29). tions on the ground plane, including the surface of slot aper-
The other components of the Green’s functions are derivB§€S ak = 7. Components of the Green’s dyadic are expressed

from the second and third systems of scalar equations usinlj! 4&&'ms Of double series expansions over the complete system

similar approach to the above for thi&,,, G,., andG.,, com- of eigenfunctions (shown in the Appendix A) with one-dimen-
ponents. Y sionalz-directed Green'’s functions determined in the following

form:
O (kg’ _ k"%) —ysle=2| | —ya(a4z —27)
APPENDIX B frum, = 2v3k3 [6 e }
ELECTRIC DYADIC GREEN'S FUNCTION OF THE THIRD KIND RO -  kaky [G_MZ_M I G_WS(ZJF/_QT)}
FOR THEMAGNETIC-FIELD VECTOR LY, Y 2y3k3
(k3 — k5)

Only the formulation of the boundary-value problem for f,(,f’,), gy =

[6—”/3|z—2'| +e (Z+Z,_2T)} . (34)

.2
dyadic Green’s functions will be shown here due to the sim- 2vsks ’ .
ilarity of the approach to that discussed in the Appendix Ai?;)e that the transverse components of the Green’s function
The electric dyadic Green’s functioﬁa(;’ ') is obtained G5 are prlmarl!y of interest as it appears in the scattering in-
satisfying the coupled set of vector-wave equations tegral in (4). This Green’s function has been also obtained in
_ _ terms of rectangular vector-wave functions [12].
VXV x GO0 ) - G (7, )

=I6(F—7"), 77 eV

V%V x GRO(7, ) — KGR (7, )
=0, TeV;7 eVa (31)
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